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Preface to ”Fungal Nanotechnology”

A number of topics such as the application of myconanotechnology in antimicrobials, plant

and food science, management of plant disease, reducing mycotoxins in antifungal nanotherapy,

management of plant diseases and veterinary applications are covered in the current Special

Edition. The opportunities myconanotechnology can offer in Fungal Nanotechnology 2 are becoming

increasingly interesting, both in academia and industry. We sincerely believe that we have provided

a balanced, fascinating, and original perspective on the subject not only for sophisticated readers, but

also for industry decision makers and individuals entering the sector with limited understanding.

The present book’s target readership includes academics, undergraduates, postgraduate students,

and others from various sectors of science and technology. We are grateful to the publishers for

providing us with this collection of high-quality manuscripts. We would like to express our heartfelt

gratitude to all of the writers who contributed to the book’s chapters and provided comments and

useful insights in this edited issue. MDPI publishers are highly commended for their high level

of competence, durability, and tolerance during the project. We want to thank MDPI personnel,

especially Ms. Man Lou, Ms. Sabrina Sang, and the JoF team, for their strong support and efforts in

achieving this. We also thank all reviewers who extended their valuable time to review and provide

guidance. We would also like to thank my family members for their continuous support and support.

Kamel A. Abd-Elsalam
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1. Introduction

Fungal nanotechnology (FN) or myconanotechnology is a novel word which was
originally introduced in 2009 by Rai M. from India (Myco = Fungi, Nanotechnology =
material production and utilization in the 1–100 nm size range). It is described as the
manufacture and subsequent use of nanoparticles via fungus, especially in biomedical,
environmental and agricultural commodities [1,2]. FN investigates numerous syntheses of
metal nanoparticles: processing techniques, preservation of the environment and prospects
of the future. Certain nanomaterials, such as silver, magnesium, gold, palladium, copper
and zinc, have also been found, such as selenium, titanium dioxide, metal sulfides, cellulose,
and other key fungal species, including mushrooms, Fusarium, Trichoderma, endophytic
fungus and yeast. Studying the actual process of nanoparticle production and the impact of
various variables on metal ion reduction might assist in developing cost-effective synthesis
and nanoparticle extraction techniques. It will also address mycogenic nanoparticles, risk
assessment, protection and control. Fungi have the ability to generate many extracellular
enzymes that hydrolyze complicated macromolecules and to produce a hydrolyte in the
wake of these enzymes. The metabolic capability of its usage in bioprocesses has been a
strong source of concern for the application of fungus as a main producer for various types
of metallic NPs [3,4].

For example, Rhizopus oryaze metabolites were utilized as a biocatalyst for the green
synthetization of magnesium oxide (MgO-NPs) nanoparticles [5]. Additionally, biogenic
selenium nanoparticles (Se-NPs) was produced by Bacillus megaterium and was used as an
antifungal agent against R. solani, the causal organisms of damping and root rot disease in
Vicia faba, as well as for induction of plant growth [6]. Bacillus-mediated AgNPs with an
onion-isolated endophytic bacteria Bacillus endophyticus strain H3, bactriosynthesized
AgNPs with a concentration of 40 µg/mL, had a high rice-blast antifungal activity with an
inhibition rate of 88% mycelial. In addition, spore germination and M. oryzae appressorium
have been considerably suppressed by AgNPs [7]. The Fusarium genus, one of the most
common fungal species, plays an important role and can be considered a nanofactory
for the production of various nanoparticles. Fusarium spp. is a type of fungus. This
issue discusses the production of silver nanoparticles (AgNPs) from Fusarium, as well
as its mechanism and uses [8]. Although the function of lichens as natural factories for
synthesizing NPs has been documented, the production of NPs using lichens has remained
completely unexplored until now. Lichens have the ability to produce several forms of
NMs, such as metal and metal oxide NPs, bimetallic alloys and nanocomposites, through a
reducible activity [9]. Mycofabrication can be described as the synthesis of various metal
nanoparticles via fungal species. Several fungal species are eco-friendly, clean, non-toxic
agents for the synthesis of metal nanoparticles, using both intracellular and extracellular
methods.

Due to the vast spectrum and diversity of fungi, the mycogenic synthesis of nanopar-
ticles, an essential element of myconanotechnology, leads to an intriguing new and prac-
ticable multidisciplinary science with significant results [10]. Myconanoparticles have
been used extensively to detect and control pathogenic agents, to clean wastewater, to
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conserve food, as nematicides and for many other products. The mycogenic nanoparticles
produced by various fungal species may be used in some potential agricultural applications
to improve crop production by increasing growth and protection from infections. In addi-
tion, this will improve the toxicity to plant ecosystems of chemical pesticides, insecticides
and herbicides [11]. In the near future, myconano-functional agrochemical products, crop
protection pre-harvest and post-harvest, sensing systems and genetic equipment will be en-
hanced for direct use in farms and fields [12]. Fungal-mediated nanoparticles have shown
effective inhibition against pathogens causing infectious diseases in humans, especially
against those deemed multi-resistant to traditional antibacterial agents [13]. Fungi-based
nanosorbents are also a novel study path in the field of heavy metal biosorption from
wastewater pollutants [14].

Fungal-mediated nanoparticles have been used effectively in a wide range of scientific
domains, including medicines, pharmaceuticals, agriculture, and electronics. As a result,
some evaluations concentrated on the application of mycogenic nanoparticles against plant
diseases, post-harvest antibiotics, mycotoxin management, and plant pests, as well as
certain animal pathogens. Furthermore, fungal nanomaterials have a high potential and
promise for enhanced diagnostics, biosensors, precision agriculture, and targeted smart
delivery systems. For example, soil mycobiota can influence zinc mobilization from ZnO
NPs in soils and thus zinc mobility and bioavailability. As a result, Aspergillus niger, a com-
mon soil fungus, was chosen as a test organism to evaluate fungal interactions with ZnO
NPs. As expected, the A. niger strain had a significant effect on the stability of particulate
forms of ZnO due to the acidification of its environment [15]. The macrofungi-derived NPs
produced by major mushroom species such as Agaricus bisporus, Pleurotus spp., Lentinus spp.
and Ganoderma spp. are widely recognized to have strong nutritional, immune-modulatory,
antibacterial, antifungal, antiviral, antioxidant and anticancer activities [16]. In addition,
the existing and potential applications of zinc-based nanostructures in plant disease di-
agnosis and control, as well as their safety in the agroecosystem, are discussed [17]. The
development of antifungal nanohybrid agents containing conjugates of organic or inorganic
compounds, biological components and biopolymers was researched in order to generate
cheaper, more dependable and effective product(s) against most fungal infections of plants
and animals [18,19]. Metal-bionancomposites such as Cu-Chit/NCS hydrogel are novel
nano-fungicides created by metal vapor synthesis (MVS) that are used in food and feed
to promote plant defense against toxigenic fungus, such as Aspergillus flavus linked with
peanut meal and cotton seeds [20].

In conclusion, Fungal Nanotechnology 1 and 2 provides an updated and comprehen-
sive knowledge dealing with the green and sustainable production of metal and organic-
based nanostructures by various fungal species. In addition, intracellular and extracellular
mechanisms will be investigated, focusing on fungal nanotechnology applications in
biomedical, environmental and agri-food sectors. FN is still in its infant stage; therefore,
significant studies should be focused on this area; plants, animals and humans will benefit
greatly, and efficient and ecologically friendly approaches should be created.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: A round-the-clock photocatalyst with energy-storage ability has piqued the interest of
researchers for removing microbial contaminants from indoor environments. This work presents
a moderate round-the-clock method for inhibiting the growth of fungus spores on bamboo mate-
rials using Ag-modified TiO2 thin films. Photoactivated antifungal coating with catalytic memory
activity was assembled on a hydrophilic bamboo by first anchoring anatase TiO2 thin films (TB)
via hydrogen bonding and then decorating them with Ag nanoparticles (ATB) via electrostatic
interactions. Antifungal test results show that the Ag/TiO2 composite films grown on the bam-
boo surface produced a synergistic antifungal mechanism under both light and dark conditions.
Interestingly, post-illumination catalytic memory was observed for ATB, as demonstrated by the
inhibition of Aspergillus niger (A. niger) spores, in the dark after visible light was removed, which
could be attributed to the transfer of photoexcited electrons from TiO2 to Ag, their trapping on
Ag under visible-light illumination, and their release in the dark after visible light was removed.
The mechanism study revealed that the immobilized Ag nanoparticles served the role of “killing
two birds with one stone”: increasing visible-light absorption through surface plasmon resonance,
preventing photogenerated electron–hole recombination by trapping electrons, and contributing
to the generation of •O2

−and •OH. This discovery creates a pathway for the continuous removal
of indoor air pollutants such as volatile organic compounds, bacteria, and fungus in the day and
night time.

Keywords: bamboo; Ag/TiO2; visible light photoactivity; antifungal activity; energy storage

1. Introduction

Indoor air pollution has been described as the most significant environmental cause
of death globally, accounting for an estimated 3.8–4.3 million premature deaths each year
over the past decade [1]. In major cities around the world, people spend more than 90% of
their time in confined indoor environments. There is evidence that short-term exposure
of human subjects to air pollution may exacerbate asthma and lead to hospitalizations,
whereas long-term exposure to air pollution is repeatedly associated with a higher incidence
of cardiovascular and respiratory diseases, birth defects, and neurodegenerative disorders.
Fungi are ubiquitous and are a serious threat to public health in indoor environments [2].

Fungi can grow on almost all natural and synthetic materials, especially if they are
hygroscopic or wet. As common indoor building materials, inorganic [3], wood-based [4],
and bamboo-based materials [5] could serve as good growth substrates for fungi. In recent
years, bamboo has received considerable attention because of its high strength, fast growth,
renewability, and carbon sequestration potential [6]. All types of bamboo products have
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been developed and used in interior construction, decoration, and furniture materials
worldwide. Nevertheless, bamboo is highly vulnerable to fungal attacks, especially during
the rainy season. Therefore, efficient and environmentally friendly methods for fungi
inhibition are highly desirable.

Semiconductor photocatalysis has been considered one of the most promising tech-
nologies for environmental purification, as additional chemical compounds such as strong
oxidants are not introduced into the environment, and energy consumption is much lower
than that of other advanced oxidation technologies [7]. Among semiconductors, TiO2 has
proven to be the most suitable photocatalyst because of its abundance, chemical stability,
nontoxicity, and low cost [8]. Nevertheless, TiO2 can harvest only ultraviolet (UV) light
and has a high recombination rate of electron–hole pairs, leading to low photocatalytic
efficiency [9]. The key issue for TiO2-based photocatalysts is tuning their photoactive range
toward the visible light region (λ > 400 nm); thus, more solar energy can be used. To
overcome this problem, we recently conducted studies to enhance photocatalytic efficiency
and antifungal activities, such as decorating ZnO nanoparticles (NPs) on TiO2 film or
doping Fe3+ into TiO2 films [10,11].

Photocatalysis requires a continuous light source to facilitate redox reactions. From the
practical application perspective, we do not want antifungal photocatalysts to be constantly
exposed to light. Presently, increasing efforts are being made to develop photocatalysts
for photocatalytic reactions in both light and dark conditions, termed “round-the-clock
photocatalysis” or “memory catalysis” [12]. Energy-storage substances such as carbon
nanotubes [13], C3N4 [14], Se [15], Bi [16], WO3 [17] and MoO3 [18] have been developed
for catalytic memory reactions. In addition to these nanomaterials, Ag NPs can also store
electrons because of their capacitive activity [12]. The capacitive nature of Ag NPs impedes
the charge transfer of trapped electrons out of their surface. Kamat et al. [19] suggested that
electron storage depends on the amount of Ag deposited on TiO2 NPs. Choi et al. [20] inves-
tigated a sequential photocatalysis-dark reaction, where organic pollutants were degraded
on Ag/TiO2 under UV irradiation and the storage of electrons in Ag/TiO2, which were
then used to reduce Cr(VI) in the post-irradiation period. Liu et al. [21] and Jiao et al. [22]
presented a new strategy to improve the catalytic memory activity of Ag/TiO2 for organic
contaminant removal under UV light. In addition, Ag nanomaterials are widely used as
antimicrobials [23]. In addition to their toxicity, they could produce a synergistic antibacte-
rial effect with other nanomaterials such as TiO2 [24]. Chen et al. [25] also showed that the
size of the Ag nanostructure is a critical factor in antibacterial capacity. Despite research in
this area, few studies have focused on the use of energy-storing photocatalysts for mildew
control, let alone under visible light conditions.

In this study, a photoactivated antifungal coating with catalytic memory activity
was assembled on the surface of a hydrophilic bamboo by first anchoring anatase TiO2
thin films and then decorating Ag NPs. Different characterization methods were used to
analyze the structural and optical properties of Ag-modified TiO2 thin films grown on the
bamboo surface. The Ag/TiO2 composite films grown on the bamboo surface produced
a synergistic antifungal mechanism under both light and dark conditions. Remarkably,
post-illumination catalytic memory was observed for ATB in the dark after visible light was
removed, as demonstrated by the inhibition of A. niger spores. The mechanisms involved
in the antifungal processes of Ag/TiO2 under both dark and visible-light conditions are
discussed and proposed.

2. Materials and Methods
2.1. Materials

Air-dried moso bamboo (Phyllostachys edulis (Carr.) J.Houz.) specimens with dimen-
sions of 50 mm (longitudinal) × 20 mm (tangential) × 5 mm (radial) were purchased from
Zhejiang YoYu Corporation. All chemicals used in the experiments were of analytical
reagent grade. Potato dextrose agar (PDA; 1 L of water, 6 g potato, 20 g dextrose, and 20 g
agar, pH = 5.6) was obtained from Qingdao Hope Bio-Technology Co., Ltd. Deionized
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water was prepared using a Milli-Q Advantage A10 water purification system (Millipore,
Billerica, MA, USA) and used throughout all experiments.

2.2. Preparation of Ag-Modified TiO2 Thin Films on the Bamboo Surface

The TiO2 thin films were synthesized on the bamboo surface via a modified procedure
according to our previous work [26]. In particular, the mixed solution of (NH4)2TiF6
and H3BO3 was sufficiently transferred into a 50 mL Teflon-lined autoclave without pH
adjustment and heated at 90 ◦C for 4 h in an oven. A TiO2 thin-film-coated bamboo sample
was denoted as TB. Loading of Ag NPs on the surface of TB was achieved in the dark
with a simple and rapid silver mirror method. Ammonia solution (25–28%) was added
dropwise into 100 mL of AgNO3 solution until the brown precipitate was dissolved. Then,
a TB sample was submerged in the silver ammonia solution under feeble stirring for 1 h.
Subsequently, the sample was transferred into a 0.2 M glucose solution until [Ag(NH3)2]+

ions absorbed on the TB sample were completely reduced. Finally, the samples were
repeatedly washed with deionized water and dried at 50 ◦C for 24 h in an oven. The
Ag-NP-decorated TB samples were denoted as ATB-x, with x representing the solution
concentration (5, 10, 30, 50, and 200 mM) of AgNO3 as one of the raw materials. For
example, ATB-10 indicates that the solution concentration of AgNO3 was 10 mM, which
was used to load the Ag NPs on the TB surface. Ag/bamboo (AB) samples were also
prepared following the above-mentioned procedure.

2.3. Characterization

The crystal structures of the samples were determined by X-ray diffraction (XRD,
Bruker D8 Advance, Germany) using Cu Kα radiation (λ = 1.5418 Å) and scanning over a
2θ range of 10◦ to 80◦. The surface morphologies of the samples were observed using a
scanning electron microscope (SEM, Hitachi S3400, Tokyo, Japan) equipped with an energy-
dispersive X-ray spectroscopy (EDS) system. The UV–visible (UV–Vis) absorption spectra
of the samples were obtained using a Scan UV–Vis spectrophotometer (Hitachi U-3900,
Tokyo, Japan). The spectra were recorded in the range of 200–800 nm at room temperature
in air. The compositions of the samples were inferred following X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250Xi, Waltham, MA, USA) results, which were
obtained using an ESCALab MKII X-ray photoelectron spectrometer with Al Kα X-ray
radiation as the excitation source. The photoluminescence spectra (PL) of the samples
were obtained using the Edinburgh FLS 980 (Edinburgh, UK) fluorescence spectrometer.
The electron spin resonance (ESR) signals of radicals trapped by 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) were detected at ambient temperature using a Bruker (E580, Rheinstetten,
Germany) spectrometer under visible-light irradiation (λ > 400 nm).

2.4. Antifungal Test

Antifungal tests of the as-prepared samples were conducted according to the Chinese
Standard GB/T 18261-2013, with some modifications. For all experiments, A. niger was
used, which is a common fungus that infects bamboo. A. niger spores were obtained from
BeNa Culture Collection (BNCC, Beijing, China) and were activated before use. After being
activated, the A. niger spores (approximately 1 × 106 CFU/mL (CFU = colony-forming
unit)) were inoculated on each PDA plate at 28 ◦C and 90% relative humidity for 7 days
until sporulation. Prior to inoculation, the as-prepared samples and U-shaped glass rod
were sterilized using a steam sterilizer at 121 ◦C and 0.1 MPa for 30 min using an autoclave
(SANYO, MLS-3750, Osaka, Japan). A sterilized U-shape glass rod (4 mm in diameter)
was placed on the PDA substrate, which was covered with mycelium, and two specimens
were placed separately on the glass rod. Subsequently, the dishes were placed in a climate
chamber (Boxun, BIC-400, Shanghai, China), where temperature and relative humidity
were fixed at 28 ◦C and 90%, respectively. The tests were conducted for 28 days.

The as-prepared samples, including the original bamboo, TB, AB-10, AB-30, ATB-5,
ATB-10, ATB-30, and ATB-200, were used for the antifungal tests with and without visible-
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light irradiation (Figure S1). One group was analyzed under visible-light radiation (Philips
TLD30W/54) for 6 h every day and then the light source was turned off, whereas the other
was analyzed in the dark. All experiments were sextuplicated.

3. Results and Discussion
3.1. Structural Investigations

Figure 1a presents the SEM image of the original bamboo, which comprises numerous
sizable parenchyma cells. No other substances were observed on the bamboo surfaces,
except the microstructure of the bamboo. After the first step, the TiO2 thin films with
an average thickness of 1.07 µm were self-aggregated by homogeneous TiO2 NPs on the
bamboo surface (Figure 1b,(b1)). Figure 1c–g display the SEM images of the as-prepared
samples with different concentrations of AgNO3. As shown in Figure 1c, few Ag NPs
appear for an AgNO3 concentration of 0.005 M. As the AgNO3 concentration increased
from 0.005 to 0.01 M (Figure 1d), the nanosized Ag particles with an average size of ~35 nm
were uniformly deposited on the TiO2 thin films. As shown in Figure 1e, as the AgNO3
concentration increased to 0.03 M, the particles were self-aggregated together, increasing
the average diameters of the Ag NPs accordingly. Most of the uniform Ag NPs gradually
vanished, and the particles became denser and even dissolved one another, forming Ag
thin films on the TiO2 surface (Figure 1g). The average thickness of composite thin films is
approximately 1.15 µm (Figure 1(g1)).

μ

μ

 

Figure 1. SEM images of (a) unvarnished bamboo, (b) TB and its corresponding cross-sectional
profile (b1), (c) ATB-5, (d) ATB-10 and the size distribution of Ag nanocrystals (inset), (e) ATB-30,
(f) ATB-50, and (g) ATB-200 and its corresponding cross-sectional profile (g1). TB: TiO2/bamboo,
ATB-x: the Ag-NP-decorated TiO2/bamboo samples were denoted as ATB-x, with x representing the
solution concentration (5, 10, 30, 50, and 200 mM) of AgNO3 as one of the raw materials.

The structure of the ATB-10 sample was further studied by EDS. EDS results confirmed
the presence of Ti, Ag, O, F, and C, whereas elemental mapping revealed that the Ti and Ag
components were broadly and densely dispersed over the entire sample surface (Figure S2).
Figure 2 shows the relative intensity of each element in the EDS spectrum measured along
the thickness direction (yellow line). The signals of C, Ti, and Ag at different positions
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indicated that the Ag-modified TiO2 composite thin films were successfully anchored to
the bamboo surface.

 

Figure 2. SEM in the line-scanning mode and the element distribution for a cross-sectional profile of
ATB-10. ATB-10: Ag/TiO2/bamboo; the solution concentration of AgNO3 used is 10 mM.

The detailed crystal structures and chemical composition of the as-prepared samples
were analyzed by XRD and XPS. As shown in Figure 3a, all samples exhibited similar
diffraction peaks at approximately 16◦, 22◦, and 35◦, which can be ascribed to the crystalline
cellulose in bamboo. The samples all exhibited a typical anatase TiO2 phase (JCPDS
NO.71-1167), except the original bamboo. Additional diffraction peaks appeared at 38.1◦,
44.4◦, and 64.6◦, which were assigned to the (111), (200), and (220) lattice planes of Ag,
respectively [27]. No other characteristic diffraction peaks for impurities were observed in
the pattern. However, the Ag diffraction peaks of the ATB-5 (green) sample could not be
observed because of the relatively small amount and high dispersion of Ag metal. Notably,
increasing the AgNO3 concentrations from 0.01 to 0.2 M had no discernible effect on the
diffraction peak intensity of the Ag metal phase. However, the diffraction peak intensity of
crystalline cellulose decreased, suggesting that more Ag NPs were self-aggregated together,
forming Ag thin films on the TB surface. This result is consistent with the SEM analysis,
which also supported the conjecture of growth mechanism of Ag NPs on the TB surface, as
shown in Figure 4b.

Research has previously suggested that only metallic Ag NPs have electron-storage
ability. The chemical compositions and valence of Ag were further confirmed by XPS
analysis. As shown in Figure S3, the survey spectra of ATB-10 revealed the existence of
Ag, O, Ti, F, and C, which was consistent with the EDS results. As shown in Figure 3b,
the XPS result of TB shows the core levels of Ti 2p1/2 and Ti 2p3/2 to be approximately at
464.6 and 458.9 eV, respectively, which was assigned to the Ti4+ in anatase TiO2. However,
the Ti 2p binding energy of ATB-10 is slightly shifted from 458.9 to 459.2 eV compared
with that of TB. This is because the Fermi level of Ag is lower than that of TiO2, so the
conduction-band electrons of TiO2 may be transferred to the Ag deposited on the surface
of TiO2, which decreases the outer electron cloud density of Ti ions [28]. Figure 3c shows
the high-resolution XPS scans over the Ag 3d peak. The main peaks at 368.5 and 374.5 eV
were ascribed to Ag metal, while the binding energies at 367.8 and 373.8 eV were attributed
to Ag2O. The two peaks detected at 368.8 and 374.7 eV could be attributed to Ag(NH3)2

+

ions [29]. This observation and XRD analysis results suggested that a small portion of
Ag on the NP surface was oxidized to Ag2O during sample drying and handling under
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normal ambient conditions, and the amount of Ag2O was too small to be detected by XRD.
Many researchers have reported that a small amount of Ag2O on the Ag NP surface could
enhance its stability [30].
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Figure 3. (a) XRD patterns from top to bottom are those of original bamboo, ATB-5, ATB-10, ATB-30,
ATB-50, and ATB-200. The inset shows a part of the amplification of the XRD pattern (ATB-10). The
high-resolution XPS spectra of (b) Ti 2p and (c) Ag 3d. ATB-x: the Ag-NP-decorated TiO2/bamboo
samples were denoted as ATB-x, with x representing the solution concentration (5, 10, 30, 50, and
200 mM) of AgNO3 as one of the raw materials.

 

Figure 4. (a) Mechanism and process of nanosized Ag-modified TiO  thin films anchored to
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Figure 4. (a) Mechanism and process of nanosized Ag-modified TiO2 thin films anchored to the
bamboo surface; (b) schematic representation of the mineralization model proposed for the depo-
sition of Ag nanocrystals on TiO2 thin films with low, medium, and high densities of [Ag(NH3)2]+

solution concentration.

3.2. Formation Mechanism of ATB Samples

Bamboo is hydrophilic, with plentiful active hydroxyl groups, and the hydroxyl
groups in a bamboo substrate can react with certain metal oxides such as ZnO [31], TiO2 [26],
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γ-Fe2O3 [32], and Cu2O [33]. This method uses the hydrolysis of a solution containing
TiF6

2− in the presence of H3BO3 as a fluoride scavenger. The fabrication of TiO2 thin films
on the bamboo surface was accomplished by heterogeneous nucleation and homogeneous
growth. For the initial heterogeneous nucleation on the bamboo surface, the existence of
plentiful R–OH groups as active sites promoted the formation of R–O–Ti linkages between
the bamboo surface and TiO2 particles (Figure 4a).

(bamboo)R-OH + HO-Ti → (bamboo)R-O-Ti + H2O (1)

The nucleated TiO2 layer on the bamboo substrate could serve as the seed layer to
further boost the homogeneous condensation of the TiO2 NPs. For the further growth of
TiO2 NPs, the Ti–OH groups present on the surface of previous TiO2 NPs connected with
bamboo could continue to act as the active sites for the subsequent particle growth via
olation and oxolation, forming Ti–O–Ti linkage (Figure 4a) [34].

Ti-OH + HO-Ti → Ti-O-Ti + H2O (2)

From the cross-sectional profile of TiO2 thin films, columnar crystal growth in the (001)
direction can be seen on the bamboo substrate (Figure S4). This columnar morphology
is consistent with the XRD measurement, which showed a significantly enhanced peak
of (004) reflection (Figure S5). Previous research has demonstrated that the selective
adsorption of anions on specific surfaces parallel to the (001) direction can inhibit crystal
growth perpendicular to the (001) direction [34]. In our project, different types of anions,
such as F−, BO3

3−, BF4
−, and TiF6

2−, were included, which could influence the growth
orientation of TiO2 crystals. Furthermore, the ζ potential of TiO2 particles obtained using
this reaction system was also confirmed to be negative owing to the strong adsorption
of anions contained in the solution [34]. The XPS results also supported this standpoint
because the presence of F− anions on the surface of TB and the F− ions on the TiO2 surface
could act as the active sites for the subsequent Ag nanocrystal growth (Figure S6).

In step II, when [Ag(NH3)2]+ was introduced, positively charged anions were drawn
to a negatively charged TiO2 surface covered by F− or OH groups owing to an attractive
electrostatic force [35]. The silver mirror reaction generally involves the chemical reduction
of the Ag compound into elemental Ag in the solution. The formed Ag subsequently
nucleated on the surface of TiO2 thin films. Figure 4b illustrates the nucleation mechanism
of Ag nanocrystals that can be proposed based on SEM observations (Figure 1c–g). TB
surfaces provide a certain number of nucleation sites to synthesize Ag nanocrystals. At
low-level concentrations of [Ag(NH3)2]+, the nucleation sites are sufficient to deposit
Ag nanocrystals. Ag nanocrystals are uniformly deposited on nucleation sites as the
concentration of the precursor solution increases. If a high concentration of the precursor
solution is provided, the nucleation sites are insufficient for grafting the Ag nanocrystals,
resulting in the formation of Ag thin films coated on the surface of TB, as shown in
Figure 1c–g.

3.3. Optical Properties

Figure 5a presents the UV−Vis absorbance spectra of the original bamboo, TB, AB-10,
and ATB prepared in the presence of AgNO3: 5, 10, and 30 mM. The original bamboo
exhibits strong absorption in the UV region and poor light absorption in the visible-light
region from 400 to 800 nm as well as the TB sample. The samples exhibited strong visible-
light absorption after the addition of Ag NPs owing to localized surface plasmon resonance.
In other words, they react to visible light. Moreover, the smaller the size of Ag NPs, the
greater the intensity of light absorption [36]. When comparing ATB-30 with ATB-10, the
intensity of visible-light absorption decreased, implying that the Ag NPs began to grow
and agglomerate. The results in Figure 5a are consistent with SEM experimental data.
The efficiency of plasmon-mediated electron transfer is dominated by the size of the Ag
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NPs, which plays a critical role in determining the reduction potentials of the electrons
transferred to the TiO2 conduction band [37].

 

Figure 5. (a) UV–Visible DRS and (b) PL spectra (excited wavelength: 300 nm) of the original bamboo, TB, AB-10, and ATB
prepared in the presence of AgNO3: 5, 10, and 30 mM. TB: TiO2/bamboo, ATB-x: the Ag-NP-decorated TiO2/bamboo
samples were denoted as ATB-x, with x representing the solution concentration (5, 10, and 30 mM) of AgNO3 as one of the
raw materials, AB-10: Ag/ bamboo; the solution concentration of AgNO3 used is 10 mM.

For semiconductor nanomaterials, the PL spectra are related to the transfer behavior
of the photoinduced electrons and holes, so the separation and recombination of photoin-
duced charge carriers can be reflected. Figure 5b shows the PL spectra of the original
bamboo, TB, AB-10, and ATB prepared in the presence of AgNO3: 5, 10, and 30 mM. We
discovered that the original bamboo had a much higher PL intensity than other samples.
Compared with TB, the intensity of the PL signal for the Ag-decorated samples was much
lower, indicating that the deposition of Ag reduced the recombination rate of electrons and
holes under light irradiation. The PL intensities of these samples varied in the following
order: original bamboo > TB > ATB-5 > AB-10 > ATB-10 ≈ ATB-30. This result could
be attributed to the existence of Ag NPs decorated on the TiO2 thin films, which act as
electron trappers to inhibit the recombination of photogenerated electrons and holes and
decrease the PL intensity. Generally, the low PL intensity showed a high separation rate of
photogenerated electron–hole pairs, resulting in a high photocatalytic activity. Therefore, a
lower PL intensity indicates that the ATB samples have higher photocatalytic activities [38].

3.4. Antifungal Performance of Ag-Modified TiO2 Thin Films

3.4.1. Inhibition of A. niger Spores in Darkness

The antifungal activity of the original bamboo, TB, AB-10, AB-30, ATB-5, ATB-10,
ATB-30, and ATB-200 and their inhibition ability against A. niger spores in the dark are
shown in Figure 6. A U-shaped glass rod was used to support the test specimens on the
mycelia-covered PDA substrates, preventing their direct contact with the spores. Only five
days were required for the mycelia to grow over the entire surface of the original bamboo
(Figure 6a, left), indicating that the original bamboo had no resistance to A. niger. Peculiarly,
mycelia could grow well on the bamboo surface of the AB-10 sample after incubation for
five days, even though many Ag NPs were coated on the bamboo surface (Figure 6b, left).
Although we increased the concentration of [Ag(NH3)2]+ ions to prepare more Ag NPs on
the bamboo surface, the AB-30 could not inhibit the growth of mycelia completely after
incubation for five days (Figure 6c). These results indicate that the AB samples had poor
resistance to A. niger.
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Figure 6. Antifungal properties of (a,a1) original bamboo (left) and TB (right), (b,b1) AB-10 (left) and
ATB-5 (right), (c,c1) AB-30, (d,d1) ATB-10, (e,e1) ATB-30, and (f,f1) ATB-200 (left) and original bamboo
(right) to inhibit A. niger growth in darkness. We can clearly see the mycelia in the red rectangle.
Incubation period: (a–f) 5 days, (a1–f1) 28 days. TB: TiO2/bamboo, ATB-x: the Ag-NP-decorated
TiO2/bamboo samples were denoted as ATB-x, with x representing the solution concentration (5, 10,
30, and 200 mM) of AgNO3 as one of the raw materials, AB-x: the Ag-NP-decorated bamboo samples
were denoted as AB-x, with x representing the solution concentration (10 and 30 mM) of AgNO3 as
one of the raw materials.

Our previous work similarly showed that nanosized Ag-treated bamboo samples
have poor resistance to P. citrinum and T. viride [35]. In addition, we did not observe any
mycelial growth on the surfaces of the TB, ATB-5, ATB-10, ATB-30, and ATB-200 samples
after incubation for five days. After incubation for 28 days in the dark (Figure 6(a1–f1)), all
samples displayed varying degrees of fungus infection. The surfaces of the original bamboo,
AB-10, AB-30, TB, and ATB-200 were almost entirely covered with mycelia in the optical
images (Figure 6), indicating that they had no resistance to A. niger in the dark. A few
mycelia were directly observed on the surfaces of the ATB-5, ATB-10, and ATB-30 samples.
Mycelia were mainly found on the side of the samples, especially in ATB-10 and ATB-30
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samples. These results indicate that the ATB-5, ATB-10, and ATB-30 samples had a certain
degree of resistance to A. niger in the dark. These observations suggest that the Ag/TiO2
composite produces a synergistic antifungal effect that is unrelated to photoactivity.

3.4.2. Inhibition of A. niger Spores under Alternating Visible-Light Irradiation and
Dark Conditions

The as-prepared samples, including the original bamboo, TB, AB-10, AB-30, ATB-5,
ATB-10, ATB-30, and ATB-200 samples, were used for the antifungal test to inhibit A. niger
spores under visible-light irradiation. The samples were tested under light radiation for
6 h every day, and then the light source was turned off. Figure 7 shows that the original
bamboo and AB-10 samples were almost entirely covered with mycelia after incubation
for five days, indicating poor resistance to A. niger under visible light. However, in
addition to the original bamboo and AB-10, the TB and AB-30 samples also failed to inhibit
the growth of A. niger after incubation for 28 days, even under visible-light irradiation.
Optical images showed that their surfaces were almost entirely covered with mycelia
(Figure 7(a1,c1)), indicating that they had no resistance to A. niger. Multiple fungal clusters
were observed on the surface of ATB-5 after incubation for 28 days (Figure 7(b1), right).
However, the ATB-10 and ATB-30 samples showed better antifungal activity than other
samples, as A. niger mycelia failed to cover the entire surface of the samples after incubation
for 28 days (Figure 7(d1,e1)). Note that ATB-200 exhibited better antifungal activity for
A. niger under visible-light irradiation (Figure 7(f1), right) than under dark conditions
(Figure 6(f1), left). This may be due to the plasmonic resonance effect of Ag metal under
visible-light irradiation, inhibiting the growth of A. niger spores [39].

3.4.3. Discussion of the Antifungal Mechanisms

In this work, the hybrid Ag/TiO2 films grown on the bamboo surface produced a
synergistic antifungal mechanism under both light and dark conditions. According to data
from the experiments conducted in the dark, the Ag/TiO2 NPs showed more effectiveness
at inhibiting A. niger growth than pure Ag NPs or TiO2 NPs, even though they could not
completely inhibit the growth of A. niger. The mechanism for the enhanced antimicrobial
effect of Ag/TiO2 hybrids in the absence of light is still not completely understood. Their
enhanced antimicrobial qualities originated from the generation of reactive oxygen species,
the release of toxic Ag ions, and cell membrane damage through their contact with the
Ag NPs.

Hoek et al. [24] reported that hybrid Ag/TiO2 NPs exhibited stronger bactericidal
activity than pure Ag and TiO2 in the absence of light. The observed synergistic effects
under dark conditions were most likely caused by the variation in the dissolution and repre-
cipitation kinetics and equilibrium between pure Ag NPs and Ag/TiO2 NPs. Kim et al. [40]
hypothesized that the toxicity of Ag NPs is mainly caused by oxidative stress and is not
related to the activity of Ag ions. Perkas et al. [41] proposed that the antibacterial activity
of Ag/TiO2 composites originates from the presence of reactive oxygen species (ROS)
as well as Ag ions on the surface of TiO2 in the dark. Chen et al. [25] reported that the
antibacterial activity of Ag/TiO2 nanocomposites under dark conditions appears to be
superior to that of some pure Ag NPs. They suggested that the smaller Ag particle size
should account for the higher antibacterial activity of their Ag/TiO2. Perkas et al. [41]
and Esfandiari et al. [42] both reported a similar observation, noting that the bactericidal
capacity depended on the size characteristics of the Ag/TiO2 coating. Under similar testing
conditions, our previous work showed that TiO2 thin films modified by Ag NP (diameter
of 2–10 nm) have better antifungal activity for bamboo than those modified by large Ag
NPs (diameter of 50–100 nm) [35]. In addition, the antifungal performance of Ag/TiO2
nanocomposites was greater than that of AB and TiO2/bamboo in the absence of light,
indicating that the Ag/TiO2 nanocomposite produced a synergistic antifungal effect that
was unrelated to photoactivity.
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Figure 7. Antifungal properties of (a,a1) original bamboo (left) and TB (right), (b,b1) AB-10 (left)
Figure 7. Antifungal properties of (a,a1) original bamboo (left) and TB (right), (b,b1) AB-10 (left)
and ATB-5 (right), (c,c1) AB-30, (d,d1) ATB-10, (e,e1) ATB-30, and (f,f1) TB (left) and ATB-200 (right)
to inhibit A. niger growth under LED light. We can clearly see the mycelia in the red rectangle.
Incubation period: (a–f) 5 days, (a1–f1) 28 days. TB: TiO2/bamboo, ATB-x: the Ag-NP-decorated
TiO2/bamboo samples were denoted as ATB-x, with x representing the solution concentration (5, 10,
30, and 200 mM) of AgNO3 as one of the raw materials, AB-x: the Ag-NP-decorated bamboo samples
were denoted as AB-x, with x representing the solution concentration (10 and 30 mM) of AgNO3 as
one of the raw materials.

As mentioned above, under dark conditions, the ATB samples could not completely
inhibit A. niger growth on their surfaces. It is widely considered that photocatalytic
microorganism disinfection depends on the interaction between microorganisms and ROS
generated from photocatalysts under light illumination, such as •OH and •O2

−, which
can kill microorganisms [43]. Therefore, we further evaluated the antifungal activity of
as-prepared samples to inhibit the growth of A. niger under light radiation. From the
practical application perspective, photocatalysts should not be constantly exposed to light.
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Therefore, we attempted to perform our experiment under visible-light irradiation for
6 h every day and then turn off the light source. Interestingly, some of the as-prepared
samples could achieve complete antimicrobial activity. The ATB samples exhibited strong
visible-light absorption after the addition of Ag NPs owing to the localized surface plasmon
resonance. They could generate electron–hole pairs under visible-light irradiation and then
migrated to the surface of the catalyst to initiate redox reactions. Most interestingly, the
as-prepared ATB samples could store electrons after visible light was removed.

Figure 8 presents the ESR spectra of the ATB-10 sample. After 10-min visible-light
irradiation, the strong characteristic peak DMPO-•O2

− signals were observed, which
demonstrates the formation of •O2

− radicals by ATB-10 under light illumination (Figure 8a).
When illumination was turned off, the four peaks associated with DMPO-•O2

− adducts for
ATB-10 could still be distinguished. The intensity of the DMPO-•O2

− signals was slightly
reduced after the sample was kept in the dark for 20 min. This result demonstrates that
•O2

− could be produced by ATB-10 during a dark discharge process. Similarly, we also
verified the formation of •OH radicals in the dark. The ATB-10 sample exhibited slower
decay kinetics of DMPO-•OH adducts after being kept in the dark for 20 min, as shown
in Figure 8b. This result indicates that a considerable number of electrons in ATB-10 may
remain when illumination is stopped, providing additional •OH to mitigate the decay of
DMPO-•OH, which is consistent with previous work [44]. Based on the experimental data
and analysis, a possible mechanism for the memory antifungal activity can be proposed as
follows (Figure 8c):

 
−

−

Figure 8. Time evolution of (a) DMPO-•O2
− and (b) DMPO-•OH ESR spectra for ATB-10. (c) Possible

mechanism of the catalytic memory reaction. ATB-10: Ag/TiO2/bamboo; the solution concentration
of AgNO3 used is 10 mM.

During the photocatalytic disinfection period, excess electrons can be trapped on Ag
NPs because of the capacitive nature of Ag nanomaterials. Stored electrons will be released
in the dark and subsequently discharged to appropriate electron acceptors, such as O2 and
H2O, to produce the corresponding active free radicals to inhibit the growth of fungi [44].
The combination of photocatalytic disinfection and catalytic memory reaction provides a
new pathway for producing novel catalysts to achieve round-the-clock pollutant removal.
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4. Conclusions

In summary, Ag-modified TiO2 thin films were successfully anchored on bamboo
material through a facile hydrothermal process, followed by an Ag mirror reaction for
photoactivated antifungal coating. Upon decorating Ag NPs on anatase TiO2 thin films,
the composite films showed an enlarged optical response region and improved quantum
efficiency. The antifungal test results show that the Ag/TiO2 composite films grown on the
bamboo surface produced a synergistic antifungal mechanism compared with pure Ag NPs
or anatase TiO2 film under both light and dark conditions. However, the antifungal activity
of Ag/TiO2 composite films under visible light is superior to that in the dark, owing to the
transfer of photoexcited electrons from Ag to TiO2, their trapping on TiO2 under visible
light illumination, and their release in the dark, which could give this photocatalyst a
catalytic memory for producing •O2

−and •OH radicals in the absence of light illumination.
We believe that this discovery could open a door for the continuous removal of indoor air
pollutants such as VOCs, bacteria, and fungus in the day and night time.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7080592/s1, Figure S1: Antifungal test. Figure S2: EDS spectrum of ATB-10. Inset images
are corresponding elemental mapping results. Figure S3: XPS survey spectra of (a) original bamboo,
(b) TB, and (c) ATB-10. Figure S4: SEM micrograph for a cross-sectional profile of the TiO2 thin film
on bamboo substrate. Figure S5: XRD pattern of the as-prepared TB. Figure S6: High-resolution XPS
spectrum of F 1s.
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Abstract: The global recognition for the potential of nanoproducts and processes in human biomedicine
has given impetus for the development of novel strategies for rapid, reliable, and proficient diagnosis,
prevention, and control of animal diseases. Nanomaterials exhibit significant antifungal and antimy-
cotoxin activities against mycosis and mycotoxicosis disorders in animals, as evidenced through
reports published over the recent decade and more. These nanoantifungals can be potentially utilized
for the development of a variety of products of pharmaceutical and biomedical significance including
the nano-scale vaccines, adjuvants, anticancer and gene therapy systems, farm disinfectants, animal
husbandry, and nutritional products. This review will provide details on the therapeutic and preven-
tative aspects of nanoantifungals against diverse fungal and mycotoxin-related diseases in animals.
The predominant mechanisms of action of these nanoantifungals and their potential as antifungal
and cytotoxicity-causing agents will also be illustrated. Also, the other theragnostic applications of
nanoantifungals in veterinary medicine will be identified.

Keywords: nanoantifungal; mycotoxin degradation; theragnostic; veterinary

1. Introduction

Fungal diseases are manifested as active infections and/or secretion of mycotoxins
on growth of fungi in different tissues of animals. The specific fungal disorders include
bovine mastitis, fungal diarrhea in calve, respiratory disorders, superficial, subcutaneous,
and systemic infections and mycotoxicosis [1,2]. The variability of the extent of serious
public health risk effects of fungal infections in livestock and other domesticated animals
spans carcinogenic, nephrotoxic, and hepatotoxic effects following their consumption in
the contaminated grains/animal food products [1,3]. Animal production holds consider-
able economic importance for humans, particularly in low-income countries [4]. Hence,
published literature searches included different studies which evaluated the extent of
incidences of fungal diseases claiming morbidity and mortality in animals of economic
importance besides diverse techniques that can be followed to control the growth of fungal
pathogens and secretion of mycotoxins [1,5]. The global prevalence of mycosis and myco-
toxicosis related diseases in livestock is about 25%. The traditional treatment procedures
including the use of amphotericin (AmB) have been evaluated to be relatively ineffective in
most cases due to reactivation of latent fungal infections post medication treatment [2,6].
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Likewise, the treatment of fungal infections with azoles (such as fluconazole, voriconazole
and itraconazole) may lead to the emergence of resistant fungal pathogens due to excessive
and frequent use [7,8]. To solve these issues of fungal disorders in animals, the search for
novel effective nanotechnology-enabled antifungals has gained impetus. Further, dual ben-
efits can be reaped through use of nanomaterials for both therapy and diagnosis of disease
pathogens separately and for developing conjugate systems for simultaneous diagnosis
and targeted release of the therapeutic agent, theragnostic systems [9]. Moreover, novel
nano-based disease diagnosis and therapeutic systems have been developed for effective
treatment of different animal diseases caused by fungal, parasitic and viral pathogens [3,5].
The antifungal nanomaterials can be applied for the diagnosis of the problems related to
reproductive system of the animals [10] and for the protection of the physiological activities
of animal genital organs and secretions [11,12]. Also, nanomaterials can be utilized to
generate effective vaccines [13]. Nanomaterials can exhibit improved killing or inhibitory
activity on fungal pathogens at lower doses and can also be utilized as drug delivery vehi-
cles to help in targeted delivery of drugs [10]. Besides, novel formulations of antifungals
or new devices that increase the likelihood of the medication being administered to the
site of infection tend to be important in order to boost drug efficacy [14,15]. Therefore,
the aim of the present review was to investigate the types of nanoantifungals and their
applications in animal health. Also, their uses for mycotoxin degradation in animal feeds,
and their therapeutic and preventive aspects were illustrated. Moreover, the mechanisms
of nanoantifungal actions, toxicity, and ways to overcome the suspected toxicity will also
be discussed.

2. Nanoantifungals: Diversity and Relevance for Applications in Veterinary Medicine

Metal/metal oxides and their nanocomposites such as zinc, silver, selenium, copper-
chitosan nanocomposite and other nanomaterials exhibit prominent fungicidal activity
compared to their bulk counterparts [9,16]. These antifungal nanomaterials can be cate-
gorized into various forms according to their chemical sources and morphology [17,18].
A variety of nano-antifungals have been developed to cure different fungal diseases in
animals and human beings (Figure 1).

 

Figure 1. Nanovehicles for effective and smart delivery of therapeutic drugs and other anti-fungal agents.
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2.1. Categories of Nanoantifungals in Veterinary Medicine on Basis of Their Chemical Origin,
and Structure

2.1.1. Organic Synthetic and Natural Polymeric NPs

A diversity of nanoparticles and nanoscale products can be developed from synthetic
and natural polymers. These NPs are formed from natural and synthetic materials includ-
ing saccharides and their derivatives such as chitosan, lipids and other biomolecules. A
huge variability in the size of these nanomaterials has been reported, with size dimen-
sions spanning from 0.5 to 100 nm. These nanomaterials have high loading/conjugating
capacities and have also been used for the development of hydrogel nanoformulations,
particularly for the sugars and their derivatives [17]. Synthetic polymeric NPs can be com-
posed of amphiphilic polymers such as caprolactone or PLGA which form a hydrophobic
core that facilitates the transportation of hydrophobic drugs encrusted with a water-soluble
coat [19]. These NPs have been used for transportation and delivery of drugs with low
water-solubility such as amphotericin [20].

Solid lipid nanoparticles developed from a variety of lipids are upcoming drug deliv-
ery vehicles which exhibit great potential for lipophilic anti-cancer drugs. These can be
easily combined with other materials to induce improved humoral antibody dependent
immunity in the animals [21], besides their role in gene therapy by development of nu-
cleic acid-based conjugates [22,23]. The oral, skin and parental routes of solid lipid NPs
application are more effective in drug delivery and are highly absorbed [23].

Another category of polymeric nanoparticles includes the most popular forms called
liposomes. These are non-toxic PEGylated NPs which are comprised of a two lipid (bi-
layer) cover shell having high solubility for fatty (hydrophobic) drugs. The first layer of
the liposome is coated with a PEG layer to prevent any immune response towards the
particles [17,24]. However, due to their vulnerability to get digested in the alimentary canal
leading to loss of function, these nanoformulations are preferentially administered through
parental and topical routes. Conjugating liposomes with biologically active antibodies can
be useful for cancer cell treatment [23]. Further, liposomal formulations of dead pathogens
can be utilized to develop vaccines [25]. The liposomes can also be conjugated with DNA
to develop DNA vaccines [17]. Furthermore, the liposomes enable drug delivery and
diffusion to targeted cell sites within the organism (Figure 1). Despite these benefits and
potentially useful activities, these formulations are prone to changes during storage and
also the encapsulated compounds may exhibit rapid destruction of their content on account
of oxidation processes [26].

Similar to liposomes are the polymeric micelles with one basic difference from the
former type that the latter are formed from exfoliated lipid bilayers and thus exhibit
great potential to encapsulate lipophilic drugs. Therefore, micelles are hydrophobic core
surrounded by a hydrophilic coat which increases their solubility in water [23].

Nano-cochleates are a specialized category of sub-micron to nanoscale solid particulate
lipid-based drug carriers [27] which can be derived by the fusion of liposomes with metal
cations and involve spiral rolling of continuous lipid bilayer [28,29]. These carriers can
be efficiently loaded with both hydrophobic as well as hydrophilic drugs ensuring higher
protection from gastrointestinal degradation of anti-fungal drugs particularly Amphotericin
and thus enabling oral administration [30,31].

Synthetic polymeric nanoparticles primarily including dendrimers are derivatives of
long-chain branched polymers such as polyamidoamines. Similar to micelle nanoparticles,
dendrimers are water-soluble, exhibit high biological activities and possess comparatively
a much smaller size than the other polymeric NPs discussed so far [26,32]. These attributes
of the dendrimers do not allow stimulation of the immune response after parental ad-
ministration. Dendrimers can be combined with drugs to improve their efficiency for
treatment of a variety of animal disorders [26]. The dendrimer formulations have been
successfully used for effective cancer treatments and may showcase multiplexed functions
including detection of the tumor cells, entry through the cell membrane, targeted release of
the conjugated anticancer drugs in the cytoplasm and finally the destruction and death of
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cancerous cells [23]. Dendrimers can also conjugate with the lipids of the cell membranes
and this can create wide pores in the membrane that potentiate improved entrance of the
drug containing dendrimer nanoparticles for targeted delivery leading to higher cell death
rates [26].

2.1.2. Nanoemulsions

These are aqueous mixtures of oil or other hydrophobic components prepared by
addition of oil to water overlaid by non-chemical surfactants [1,16,33,34]. The micelle size
in the prepared nanoemulsions may vary from 0.5 to >500 nm. Nanoemulsions exhibit
significantly high antifungal, bactericidal and virucidal activities. It may be attributed to
greater adherence of the oil droplets on the surface of the microbial cells which facilitates
the entrance of drugs to the cell [5,17,35].

2.1.3. Inorganic Metal/Non-Metal Nanomaterials

These NPs are the first-choice nanomaterials to be used as nanoantifungals due to
their low cost, easy application, eco-friendly characteristics and wide viability [1,5]. They
exhibit potential as antifungals [29,36,37], besides the other biomedical benefits [24]. These
nanomaterials may have individual particle size dimensions ranging from 1 to 100 nm
with aggregate sizes have a higher size range.

Magnetic Iron Oxide Nanoparticles

Magnetic FeO NPs mainly consist of iron core (Fe3O4 or Fe2O3) particles which have
been used in several studies as significant antifungals against mycotoxigenic molds [34].
Drug delivery, heat therapy and imaging are other beneficial uses of iron core parti-
cles [23,38,39]. Moreover, the iron core can be conjugated with fluorescent shells and
drugs or antibodies against targeted cancer cells [24]. Further, surface functionalization of
these NPs by polyethylene glycol (PEG) can potentially help to prevent elicitation of the
immune response.

Semiconductor Quantum Dots

Zinc selenide/telluride/sulphide quantum dots exhibit substantial antifungal po-
tential [39]. QDs are core-shell aqueous materials which exhibit conjugation with drugs
or other biological materials including nucleic acids (DNA/RNA), proteins and other
biomolecules [17]. The biomolecule conjugated QDs have specific use for detection and
diagnosis of diseases or their causative pathogens [23]. Further, QDs find peculiar applica-
tions for improved imaging and genetic analysis by observing cell activities under disease
conditions, and targeted drug delivery [40].

Silicate Nanomaterials

These nanomaterials are comparatively biosafe, and do not exhibit high reactivities.
Further, the silicate nanomaterials possess diverse morphologies spanning over different
particle shapes and sizes which can be easily modified [23]. These silicate nanomaterials are
also amenable to functionalization, and other coating treatments. Nanoshells are a specific
class of silica nanomaterials which involve a thin metallic coating of the glass core [41].
These nanoparticles have been utilized for the diagnosis of the tumorous tissues [23,42]
and simultaneous therapeutics applications [42–45].

2.1.4. Carbon Nanomaterials

Carbon nanomaterials have significant antifungal and antimycotoxin potential [3,5].
The carbon atom contents enable the destruction of pathogen cell walls [40]. These nanoma-
terials are insoluble in water and do not get digested in the alimentary tract or get excreted
on oral administration [26]. The SE nanomaterials pass through the cell membranes of
targeted cells to reach to the cytoplasm of the pathogens or cancer cells causing multiplexed

24



J. Fungi 2021, 7, 494

damage resulting in the cell death [46]. Besides, buckyballs can ameliorate pH levels which
help in drug delivery to targeted tissues [47]; gene therapy and DNA delivery [48].

2.1.5. Nanobubbles

These are gas core particles suspended in aqueous medium having general size
dimensions ranging from 70–120 nm and function as carriers of gas molecules [49]. The
nanobubbles are different from the other types of nanoparticles or nanoemulsions as these
contain a shell comprised of polymer, phospholipids, proteins or anti-cancer therapeutic
agent encasing a gas (generally oxygen) [50–52]. These nanomaterials are finding useful
applications in diagnosis and targeted delivery of anticancer drugs [49,53].

2.1.6. Nanovaccines and Nanoadjuvants

Today, there are progressive advances in the application of nanotechnology for the pro-
duction of vaccines. Nanovaccine formulations effectively activate the humoral immunity
by a slow elaboration of antigens and thereby elevating the usefulness of vaccination [17,54].
These can be targeted to lymph tissues which significantly enhances the vaccine activi-
ties [55]. Nanomaterials conjugated with antibodies and other biological molecules can be
used for the quick detection of pathogens and for effective treatment of the diseases caused
by them [39]. However, the nanomaterials possess excellent adjuvant properties as these
can bind to a variety of antigens/proteins of pathogenic origin to obtain nano-vaccines
thereby replacing the use of the adjuvant material [55]. Different forms of nanomaterials
used in animal antifungal nanotherapy was shown in Figure 2.

 

 
Figure 2. Various types of nano-based materials employed in antifungal nanotherapy in veterinary medicine.

3. Applications of Nanoantifungals in Veterinary Medicine
3.1. Therapeutic and Preventive Aspects of Nanomaterials

3.1.1. Metal/Metal Oxide/Non-Metal Oxide NPs and their Hybrids as Nanoantifungal Agents

The use of nanomaterials as antifungal agents is an established attribute. The nano-
materials that exhibit antifungal potentials have been evaluated in several studies with

25



J. Fungi 2021, 7, 494

primary inhibitory impact on the vegetative growth of the fungal mycelia. The noble metal
nanoparticles including the silver and gold nanoparticles possess potent antifungal prop-
erties. Nasar et al. [56] have evaluated the broad antimicrobial activity of AgNPs against
human pathogenic bacteria (Escherichia coli, Klebsiella pneumonia, and Bacillus subtilis), and
common fungal pathogen Aspergillus niger. The AgNPs have been found to be effective
antifungals against dermal infections [57] Moreover, AgNPs can remove the human oral
microbial infections caused by S. aureus and C. albicans [58], and C. albicans, and Trichophyton
mentagrophytes infections in buffaloes [59]. The nanosized silver can inhibit the growth of
Fusaium sp. at very low concentrations (<100 ppm) [16,60] and led to decreased mycotoxin
production [1,61]. Also, Kischkel et al. [37] observed the antifungal activity of the AgNPs
against C. albicans, F. oxysporum and M. canis.

Abd-Elsalam et al. [62] have discussed the fungal growth inhibitory potential of a
variety of metal oxide NPs. Among the metal oxide NPs, the most promising candidates are
zinc oxide NPs which inhibited the Candida albicans growth at very low concentrations of
1.013–296.0 µg/mL [63]. The shape and size of ZnO NPs has been an important characteris-
tic that decides for the extent of the antifungal activity. Flower-shaped ZnO nanostructures
inhibited the development of Aspergillus flavus and aflatoxin production at concentrations
below 5 mM [64]. The next metal oxide NPs showing considerable antimicrobial potential
are the iron oxide NPs. A study on magnetic NPs (Fe2O3 NPs) described the antifungal
activity against A. flavus and prevention of the aflatoxin production [38]. While, Mouhamed
et al. [65] documented the inhibitory effect of iron oxide NPs on ochratoxigenic Aspergillus
sp. Moreover, Abd El-Tawab et al. [66] have detected the growth inhibitory properties of
Fe2O3 NPs against causative pathogens of bovine skin diseases (Trichophyton verrucosum,
T. mentagrophytes, and Dermatophilus sp.).

The coating or surface functionalization of the metal/metal oxide nanoparticles can
further improve their antimicrobial properties. The chitosan NPs derived from deacetylated
derivative of chitin can prevent growth of Fusarium sp., Rhizopus sp. and Aspergillus niger
and thus can be used as an alternative to chemical pesticides [67]. Further, chitosan NPs
have also been observed to inhibit fish pathogens under in vitro conditions [68]. Chitosan
polymers can also be utilized to develop surface coatings on metal oxide NPs to improve
their interactions and passage through the biological membranes. Recently, Abd-Elsalam
et al. [69] have detected significant antifungal activity of CuNPs singly and in combination
with chitosan against mycotoxigenic fungi, which also led to the prevention of aflatoxin
production. The use of an acrylic resin reinforced with ZnONPs and Ag NPs can inhibit
the growth of Candida albicans [70].

Nowadays, combinations of nanomaterials with beneficial biological active com-
pounds are used to produce nanocomposites of significant use for animal health [1]. The
conjugation and overlay of nanomaterials by other biological molecules are related to their
chemical properties and used in detection of pathogens inside the body [71]. In this respect,
Hassan et al. [1,5] have reported that the conjugation of metals nanomaterials with natural
oils significantly improved the antifungal activity. They have detected that the composites
of AgNPs, ZnONPs, and essential oils can effectively prevent the growth of fungal and
bacterial pathogens. Hybrids of Ag NPs/essential oil were employed in therapy of bovine
skin and udder infections [5,72] and carbon NPs [73]. Hassan et al. [5,16,74] have reported
the efficient conjugation of ZnNPs and AgNPs with cinnamon and olive oils for use at
low safe doses for inhibition of growth of toxigenic A. flavus and E. coli and production
of respective toxins, whereas, Wang et al. [75] successfully detected that the hybrid of Au
NPs with antibodies help in immune-chromatographic exploration and diagnosis of toxic
AFM1 in milk. Similar activities were obtained for QDs to observe events and activities of
body cells that were found to be better than the use of traditional dyes and this helped for
release of drug to the required site of infection [9,76].

Nanoparticles can also be conjugated with known standard antifungal agents or other
molecules where these NPs function as nanovehicles for better delivery of the antifungal
therapeutic agents at the targeted site. Therefore, common antifungal agents can also
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be conjugated on the metal or metal oxide NPs to enhance their antifungal activities.
Kischkel et al. [29] have illustrated the potentials of different types of nanoantifungals
for the treatment of mycosis caused by Candida sp. and Aspergillus sp. Hamad et al. [77]
have developed a gold nanorod-fluconazole nanoconjugate which exhibited significantly
high antifungal activity (9 to 12-fold) against C. albicans compared to either component
alone, whereas, Huang et al. [36] reported the possibility of using AgNPs as antifungals
singly or in conjugation with epoxiconazole (8:2 and 9:1), respectively. The concentration
of AgNPs required to suppress the growth of 50% of the fungal colony was 170.20 µg/mL.
The combination of AgNPs with fluconazole and florfenicol produced more antimicrobial
potential against the causes of animal diseases than their single forms [5].

Inorganic mesoporous silica nanoparticles (MSNs) can also act as nanocarriers for
drug delivery to target affected cells inside the body [78]. Functionalized silica NPs can
be tethered to drug molecules or they can also adsorb or sequester the drug compound
on the surface or inside the nanopores thereby elevating their delivery to the target or-
gans [79,80]. Kanugala et al. [81] have developed phenazine-1-carboxamide-functionalized
MSN-based antimicrobial biomaterial surfaces to prevent the formation of bioflms on
medical implants. The developed MSNs exhibited superior anti-Candidal activity besides
polymicrobial antibiofilm potential. Silica NPs can also be used for the development
of topical cream formulations to treat skin fungal infections. Montazeri et al. [82] have
synthesized and evaluated an aminopropyl functionalized MSN-econazole topical cream
formulation against Candida albicans skin infections and observed improved antifungal
activity at lower concentrations of the loaded drug.

3.1.2. Polymer Nanoparticles for Antifungal Drug Delivery

Recent drug and vaccine delivery strategies in biomedical research advocate the
use of nanomaterials for successful delivery of drugs to targeted cells and tissues [10].
These strategies are beneficial as they can ensure the delivery of drugs to target tissues
resulting in a decrease in the amount and required doses for the treatment of diseases.
The most promising nanodelivery agents for drugs can be the polymer nanoparticles
encapsulating antifungal drugs. In these respects, chitosan (CS) NPs which themselves
possess considerable antifungal potential can be used for the delivery of the antibiotic
drugs [68]. The encapsulation of antifungal drugs or development of their formulation
as nanoemulsions can improve their action potential. Deaguero et al. [83] observed that
nanoencapsulation of miconazole in cholesterol/sodium oleate vesicles have significant
antifungal activity against several fungal pathogens. Siopi et al. [84] have reported that the
liposome-encapsulated amphotericin B possess significant therapeutic potential against
mycotic respiratory infections in animals caused by A. fumigatus.

Drug molecules can also be nanoformulated as nanomicelles comprised of a hy-
drophobic core and hydrophilic shell which improves the water solubility and therefore
bioavailability of the hydrophobic drugs [85]. Further, these nanosystems can be used for
the targeted delivery of the drug [86], treatment of cancer in animals [87] and to ensure
drug delivery without stimulation of immunity [88].

3.1.3. Carbon Nanomaterials as Nano-Antifungals

Different forms of carbon-based nanomaterials also exhibit antimicrobial activity
against bacterial and fungal pathogens causing diarrhoea [3]. These nanomaterials can
inhibit the growth of E. coli and mycotoxigenic fungi [89]. Furthermore, conjugation of
sugars with CNTs improve the ability to affect the viability of C. albicans, A. flavus [5].
Several benefits of nanoantifungal applications were detected, as illustrated in Figure 3.
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Figure 3. Theragnostic applications of nanoantifungals in animal science. 
Figure 3. Theragnostic applications of nanoantifungals in animal science.

3.1.4. Nanocomposites for Antifungal Drug Delivery Agents

The nanocomposites of natural materials such as carbohydrates and proteins with
polymers have the ability of effectively releasing of these materials at targeted sites [40].
However, the modified CS NPs are capable of drug delivery to diseased tissues at lower
doses than traditional chemical cancer therapy. They can be used as an adjuvant for
effective animal vaccination against infections. The parental administration of nanoshells
comprised of silica core attached with metals NPs and drugs in animals can be useful to
search and can be directed to target cancer cells [90].

The nanocomposites qualify quite uniquely considering the non-stimulation of the
elaborate immune response aspect [91]. The embedding or encapsulation of the drug in
polymer blend-based nanocomposite also improves its antifungal potential. Terbinafine
hydrochloride was introduced into the polycaprolactone (PCL)/gelatin nanofibers gener-
ated by the hydrothermal method [92]. The resulting wound dressings were tested for their
antifungal potential.The researchers were successful in inhibiting the T. mentagrophytes
and Aspergillus fumigatus due to slow release of the embedded drug molecules from the
nanocomposite fibers over time [92].

3.2. Antifungal Nanomaterials for Management of Mycotoxins in Animal Feeds

The morbidity and mortality caused due to global incidences of mycotoxicosis in
animal and poultry industry have serious economic repercussions affecting the produc-
tivity [1,3,5,93]. Recently, it was reported that ZnO NPs and Fe2O3 NPs have antifungal
activity against ochratoxigenic Aspergillus and hence prevent mycotoxin synthesis [57,65].
The supplementation of Zn NPs in aflatoxicated feed of rats and rabbits resulted in the
removal of the carcinogenicity of aflatoxins on the kidney and liver [72,94]. The ZnNPs and
AgNPs can inhibit the growth of Fusarium poae and prevent formation of trichothecenes
mycotoxin [16]. The Ag NPs can eliminate aflatoxins in chickens feed [95,96]. Biosynthe-
sized spherical SeNPs produced by Saccharomyces cerevisiae and originated from selenous
acid and sodium sulfite were able to inhibit pathogenic saprophytes, yeasts, and dermato-
phytes [97]. Fadl et al. [98] have reported that CuNPs inhibit ochratoxigenic molds and
prevent ochratoxin production in a fish feed.
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Apart from the metal/metal oxide nanoparticles, carbon nanomaterials, particularly
carbon nanodiamonds, can ameliorate the adverse effects of mycotoxins by the process of
immobilization of the mycotoxins [99]. While, another report by Hassan et al. [3] detected
the activity of CNTs in suppression the toxicity of A. flavus at a concentration of 125 µg/mL.
Therefore, the primary modus operandi for the anti-mycotoxigenic effects of both nanoma-
terials and nanocomposites such as iron NPs [100] and MgO-SiO2 nanocomposite [101] is
through adsorption of the mycotoxins.

Nanohybrids such as polyene-functionalized magnetic NPs possess enhanced anti-
fungal activity against opportunistic oral fungal pathogens such as Candida sp. [102]. A
miconazole nanocarrier (MCZ) based on iron oxide nanoparticles (IONPs) functionalized
with CS was prepared, characterized and screened for antifungal activity against Candida
albicans and Candida glabrata biofilms. A nanocarrier with less than 50 nm dimeter pre-
senting MIC values lower than those observed for high diameter and showed synergism
against C. albicans [103]. Similarly, nanoformulations of known antifungal agents can
improve the action spectrum of these agents and enhance the antibiofilm potential. The
antimicrobial and antibiofilm effects of a colloidal nanocarrier for chlorhexidine (CHX) on
yeast and bacteria such as Candida glabrata and Enterococcus faecalis were evaluated. The
CHX nanocarrier has an excellent ability for the management of oral diseases linked to
C. glabrata and E. faecalis [104].

The nanocomposites derived from metal oxide and carbon nanomaterials have also
been evaluated for anti-mycotoxin properties. A magnetic carbon nanocomposite derived
from bagasse was observed to degrade AFB1 [105], while graphene oxide nanocomposites
caused a reduction in the occurrence of three prominent Fusarium toxins i.e., ZEA, FB,
and deoxynivalenol [106] and modified halloysite nanotubes [96,107]. Also, detoxifica-
tion of AFB1 by a magnetic graphene oxide nanocomposite has been reported by Ji and
Xie [108]. González-Jartín et al. [109] observed that nanocomposites of carbon, bentonite,
and aluminum oxide eliminated up to 87% of the mycotoxins with an adsorption effi-
ciency of 450 µg/g. Chitosan-stabilized selenium nanoparticles have a significant ability
to improve the toxic effects of aflatoxicosis in rats [35,110]. Further, the SeNPs exhibited
important inhibitory effects on A. parasiticus, A. ochraceus, and Aspergillus nidulans growth
at concentrations varying from 0.1–0.5 mg/L and ameliorate the dysfunction and hepatic
apoptosis induced by AFB1 [30]. Chitosan-coated Fe3O4 particles have been reported to be
substantially useful for patulin decontamination with no toxic response or histopathology
in treated mice [106,111]. Recently, Hassan et al. have also assessed the efficiency of the
copper-CS nanocomposites for the removal of the aflatoxins and ochratoxins in poultry
(personal communication).

Conjugating metal oxide nanoparticles with other antimicrobial components such
as essential oils, curcumin or ozone can improve the antimycotoxigenic activities. Also,
the antimicrobial, anti-aflatoxins, and anti-shigella toxins potentials of nanoemulsion of
cinnamon oil and ZnO NPs towards to fungal causes of dysentery in buffaloes were
detected [16]. Hassan et al. [72] observed that conjugating ZnO-NPs along with probiotic
and curcumin improved the inhibitory activities on mycotoxin producing Fusarium sp.
besides significantly decreasing their ability for mycotoxin production. The combined
application of ZnO NPs, probiotic and curcumin (ZnO NPs (100 µg/mL) + probiotic
(0.5%) or curcumin (0.5%)) resulted in complete detoxification of Fusarium mycotoxins [72].
Hassan et al. [16] reported alteration in the gene expression profile of the ZnO and essential
oil treated E. coli and A. flavus through RT-PCR studies that helped to elucidate the efficacy
of the treatments. When the treatment doses of ZnO NPs, cinnamon oil, and olive oil
increased, the AflR and Stx toxin genes expression efficacy, the molecular weight of DNA,
and cycle threshold were decreased. The synergistic activity used lower doses of combined
form than each alone. Hamza et al. [112] used hybrid β-glucan mannan lipid particles
(GMLPs)-humic acid iron nanoparticles (HA-FeNPs) as an AFB1 binder provides a high
binding capacity and a safe enhanced mycotoxin binding material.
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3.3. Cancer Theragnostics

Nanoantifungals and their hybrids have the potential to penetrate cancer cells and
accumulate in the cytoplasm of cancer cells leading to damage, followed by an inhibitory
action leading to death [111]. Similar properties of nanoparticles can help in early and
reliable detection of various types of cancer tissues [112]. Hybrid nanocarrier and natural
body sugars-derived NPs can help in carrying and release of drugs as in cases of lung
cancer [88].

3.3.1. Cancer Therapeutic Applications
Nanoantifungal Agents and Their Hybrids

Zn NPs enable killing of the tumor cells that may also help to preserve the immune
cells intact and this activity can be used for both tumor detection and therapy (cancer
theranostics) simultaneously [113]. Anticancer drug-functionalized iron or zinc nanopar-
ticles can improve the adherence of the drug-NP conjugate to the target tumor cell and
can ensure targeted release of the anticancer drugs to malignant or tumor cells [114–116].
Another study detected that magnetic NPs encapsulated with silica can be effectively used
as antitumor drugs [117]. Polymeric nanoparticles such as solid lipid nanoparticles and
dendrimers are also potent smart nanovehicles ensuring the targeted delivery of drug
molecules in cancer tissues. Nanoencapsulation of 5-fluorouracil in solid lipid nanopar-
ticles improved the specific problems associated with rapid metabolism and shorter life
time [118]. This nanovehicle therefore improved the use of the 5-fluorouracil for treatment
of colorectal cancer conditions. Meena et al. [40] and Hassan et al. [3] detected the major
benefits of CNTs fungal and tumor infections treatment. Xie et al. [119] successfully demon-
strated the relevancy of a carbon nanoparticle suspension injection for the diagnosis of
thyroid carcinoma.

Nanocomposites

The combination of nanomaterials and drugs, sugars, proteins and DNA potentiated
detection and control of animal tumors [120]. The parental inoculation of nanocomposite
of Au NPs and gum Arabic act as fluorescent agents in canine cancer therapy [121]. Osama
et al. [76] found a significant ability of liposomes to reach the targeted tumors tissues and
effective drugs release. Osama et al. [76] estimated the viability of liposome hybrid NPs
in detection and therapy of canine tumors in the spleen. Furthermore, dendrimers, the
hybrid nanomaterials have the potentials to be conjugated with biological materials and
anticancer drugs and released them in targeted tissues in the body and hence excellent
tumor detection and treatment were achieved (Figure 4). The combination of MSNPs/folic
acid resulted in possibilities of direction of a drug to tumor cells and hence treatment of
tumors in mice [122].

3.3.2. Cancer Diagnosis Applications

The essential role for the correct disease diagnosis involves clear observation of the
affected tissues activities via imaging.

Nanoantifungal-Based Diagnostic Approaches

The majority of antifungal nanomaterials such as magnetic nanoparticles (MNPs)
can be employed in MRI imaging of body tissues [123]. A particular benefits of these
NPs is their greater ability to penetrate through the cell membranes and reach blood
supply to contrasts of targeted cells as canine stem cells [124]. Superparamagnetic iron
oxide nanoparticles functionalized with PEG and 64Cu exhibited encouraging PET and
MRI imaging properties besides possessing good stability [125]. Packed graphene oxide
also possesses significant potential for quick and sensitive detection and treatment of
infections [126]. QDs, the semiconductor materials exhibit huge potential for disease
diagnostic applications [127–129].
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Figure 4. Immuno-modulatory and other functions of nano-antifungals for cancer therapeutics.

Nanocomposites

QDs as Co@Cd-Se core-shell nanocomposites and FePt-Zn nanosponges have fluores-
cence properties that help in imaging biological events [130]. However, the conjugation of
QDs with biological materials (AS enzymes, antibodies and DNA) caused markers imaged
by a fluorescence signal [131,132]. In addition, QDs are more photostable than traditional
chemical dyes which makes them to be appropriate for use in bioimaging [133,134].

3.4. Nanoantifungal-Enabled Improved Animal Nutrition, and Breeding

Recent research focused on the use of nanomaterials for improving the efficiency of
animal production has gained the attention of veterinary experts. Some relevant aspects
include the reports on the supplementation of CuNPs, ZnNPs and SeNPs in chicken feed
that elevated their productivity of egg and meat [135,136]. Addition of ZnO NPs to broiler
chick feeds resulted in elevation of their health status and growth performance [137,138].
Moreover, multiplexed positive effects of these nanomaterials can be identified such as the
fact these materials increased the growth rates, reproductive viability, and meat and egg
quality of animals and poultry [4]. Also, the supplementation of coated nanomaterials kept
their viability against the worst environmental conditions such as digestive enzymes, light
and oxidation [40,76]. Another study on injection of Ag NPs alone or in combination with
cysteine/threonine amino acids in chicken embryos increased the formation of breast tissue
and also improved the chicken immunity through the immunomodulatory properties of
the NPs [139]. Also, semiconductor QDs have been successfully utilized for the detection
and imaging of physiological events related to functioning of the spermatozoa and female
gametes [140] and imaging of fertilization events in male pig gonadal tissue [128]. QDs
have the potential to determine the spermatozoon and oocyte movements, hence significant
improvement in animal production occurred [12]. NPs can be used not just imaging for
the elucidation of the gamete functions, but also as antibody or lectin conjugated metals
for the segregation or fractionation of abnormal sperm from active healthy sperm if the
functionalized antibodies can detect the defective sperms [141].

Antifungal nanomaterials showed significant activities for elevation of the efficacy
of animal reproduction aspects [9,12]. Nanomaterials can be utilized to improve the life
and efficacy of preserved semen specimens. The supplementation of polyethyleneimine or
propyltriethoxysilane-functionalized mesoporous silica NPs did not exhibit any negative
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impact on any sperm activity-related properties [142]. Thus, these NPs may help in
preservation of the semen quality during in vitro artificial insemination [142]. Another
report showcased an improvement in the fertilization potential of the buffalo sperm on
addition of titanium oxide NPs (TiO2 NPs, 10 µg/mL) [143].

Administration of NPs of antioxidant compounds or vitamins can improve the ability
of the organism to withstand and avoid oxidative stresses. Oral administration of α-
tocopherol NPs in equine animals showed significantly improved rates of absorption and
α-tocopherol plasma levels because of maintenance of the high oxidative status in race
horses undergoing strenuous training [144]. The pig health status can be elevated by
supplementation of micellar NPs conjugated with vitamin E to pigs [145]. Nanosized
nutrients and vitamins used as a feed additive in feeds and pass through the alimentary
tract of an animal to the blood vessels and distributed to different biological tissues cause
their significant improvement [146].

4. Nanoantifungals: Can These Be the Future Innovations in Veterinary Biomedicine?
4.1. Mechanism of Action of Nanomaterials as Antifungal Agents

Nanomaterial possess a range of activities to inhibit the growth and multiplication of
fungal-pathogens resulting in cell damage and loss of functions [3,5,35,38]. Nanomaterials
exhibit a large surface area compared to the corresponding bulk materials [147]. These
materials interact with the various biomolecules in the biological milieu eliciting formation
of reactive oxygen species. The action of several nanoantifungals leads to an augmentation
of intracellular ROS, an important mediator for exerting antifungal effects. The antifungal
activity of nanosilver has been associated with the induction of mitochondrial dysfunc-
tional apoptosis through an increase in oxidative stress via ROS generation especially
hydroxyl radicals [148]. The ROS generation is initiated as a response to attachment of
antifungal nanomaterial with targeted cells leading to elaboration of O2 atom and metal
ions [149], whereas, the elaborated O2 increases the oxidative stress causing damage of the
mitochondria proteins, leading to denaturation and loss of their functions. These potentials
of ROS production have been observed on supplementation of C60 fullerenes, SWNTs, and
QDs [1,5,150].

4.2. Cytoxicity Risks of the Use of Nanoantifungal Agents

The continuous awareness about the toxicity risk of nanomaterials to animal and the
environment have led to refusals of applications of nanomaterials in animal science by
several international authorities [151]. The toxicity of nanomaterials can be affected by a
variety of factors such as particle size, dose level, type of animal species and the period
of exposure [94] and the physico-chemical characters of the nanomaterials used [152].
Chronic exposure of buffalo sperm to ZnNPs and TiONPs (100 µg/mL) caused several
abnormalities resulting in suppression of viability and diminished fertility [143], while,
sperm exposure to 100–500 µg/mL of Zn NPs caused their damage and rapid death [153].
Hence, the estimation of safe doses of the used nanomaterial should be investigated in
laboratory animals before application to field animals [35,72,94].

Furthermore, upon ingestion of nanomaterials by humans and animals they enter
the alimentary tract, reach the circulatory system and are carried over via the liver and
spleen [35,154,155], whereas, inhalation and skin exposure to nanomaterials allows for their
penetration through the skin tissues and nerve cells [152,155]. Inhalation of TiO2 NPs was
identified to have an effect in the development of lung cancer [154]. When NPs reach blood
vessels, pathological effects occur such as blood clots and disorders in the cardiovascular
system functions [156]. Inhalation of low doses of TiO2 NPs can cause vascular disorders
in rats [157], besides inhalation of single wall and multiwall CNTs [158,159]. We have
little knowledge about toxicity and the journey of the nanoparticles in the animal body
from the site of administration, passage through absorption, blood vessels, distribution
in body tissues and their further journey. Hence, broad toxicological studies are needed
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before launching commercially viable nanotechnology applications in biomedicine and
animal health.

4.3. Safety Concerns of Nanoantifungals

There are many challenges related to the potentially toxic effects of nanomaterials.
Incorporation of nanomaterials into polymeric hydrogel matrices may reduce the toxicity
and improve its efficacy because of sustained and controlled release of the incorporated
NPs. The effective delivery of the nanomaterials can be ensured by their functionalization
with polymers at low doses to avoid elicitation of the cellular toxicity [1,3,5,160]. Moreover,
several benefits of nanomaterials use for improvement in biomedical applications have
also been realized. Although, information related to their harmful impacts is not sufficient
and special attention is required for identification of their toxicity risk before practical
biomedical applications can be approved for use.

5. Conclusions and Future Perspectives

Over the past decades, nanotechnology has offered progressive novel advances to
improve animal health and production. Today, several nanomaterials are used as nanoan-
tifungals, besides having other benefits such as disease detection, diagnosis and therapy,
use of additives to animal feed and their products, and finally food safety. The essential
therapeutic and preventive activities of nanoantifungals, particularly the zinc and copper
nanomaterials, have been evaluated against a variety of fungal diseases and mycotoxi-
cosis in animals. Also, super paramagnetic iron, semiconductor quantum dots and gold
nanoparticles are finding applications for early and sensitive detection followed by detailed
prognosis and therapy of cancer. Both inorganic and organic polymeric nanomaterials have
also been utilized for targeted delivery of various vaccines, quick and on-site detection of
pathogens or their signature protein and other biological molecules. The mechanisms of
nanoantifungal activity are related to their ability to penetrate the cell membrane, damage
the cytoplasmic contents, leading to loss of function and death of the cells. Therefore,
further studies illustrating the cellular toxicity mechanisms that result in oxidative stress
and leading to genotoxicity and cancers need a detailed evaluation to manipulate the roles
of nanomaterial in animal health. Moreover, the toxicity risks of nanomaterials must be
determined before application of nanomaterials in veterinary medicine for safeguarding
the health of the animals and their role in animal production.
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Abstract: The metabolites of the fungal strain Rhizopus oryaze were used as a biocatalyst for the
green-synthesis of magnesium oxide nanoparticles (MgO-NPs). The production methodology was
optimized to attain the maximum productivity as follows: 4 mM of precursor, at pH 8, incubation
temperature of 35 ◦C, and reaction time of 36 h between metabolites and precursor. The as-formed
MgO-NPs were characterized by UV-Vis spectroscopy, TEM, SEM-EDX, XRD, DLS, FT-IR, and XPS
analyses. These analytical techniques proved to gain crystalline, homogenous, and well-dispersed
spherical MgO-NPs with an average size of 20.38 ± 9.9 nm. The potentiality of MgO-NPs was dose-
and time-dependent. The biogenic MgO-NPs was found to be a promising antimicrobial agent against
the pathogens including Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa, Escherichia

coli, and Candida albicans with inhibition zones of 10.6 ± 0.4, 11.5 ± 0.5, 13.7 ± 0.5, 14.3 ± 0.7, and
14.7 ± 0.6 mm, respectively, at 200 µg mL–1. Moreover, MgO-NPs manifested larvicidal and adult
repellence activity against Culex pipiens at very low concentrations. The highest decolorization per-
centages of tanning effluents were 95.6 ± 1.6% at 100 µg/ 100 mL after 180 min. At this condition, the
physicochemical parameters of tannery effluents, including TSS, TDS, BOD, COD, and conductivity
were reduced with percentages of 97.9%, 98.2%, 87.8%, 95.9%, and 97.3%, respectively. Moreover, the
chromium ion was adsorbed with percentages of 98.2% at optimum experimental conditions.

Keywords: MgO-NPs; optimization; antimicrobial; mosquitocidal and repellence activity; tannery
effluents; chromium ion

1. Introduction

The revolution of nanoscience has been intensely grown daily. Nanoscience refers
to the production of new materials at the nanoscale (1–100 nanometers). The prepared
materials have unique properties that are not found in bulk materials [1]. Among these
unique properties are shape, size, compatibility, surface charge, chemical stability, catalytic
activity, and small size to a large surface area [2]. These properties enable them to integrate
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into various biotechnological and biomedical applications. The nanomaterial compounds
have been fabricated using different routes including chemical, physical, and biological
methods [3]. The physical methods were achieved under harsh working conditions and
consumed high energy with complicated experimental devices [4], while the synthesis by
chemical routes took place using deleterious organic solvents with dangerous reducing
agents and produced undesirable by-products with negative impacts to the surrounding
environment [5]. Therefore, the researchers’ attention is directed to biological approaches
to overcome or avoid the disadvantages associated with physical and chemical methods.

Biological synthesis or green synthesis has been described as cost-effectiveness, bio-
compatible, eco-friendly nature, and scalable, avoiding harsh conditions and not utilizing
hazardous chemicals [6]. Therefore, it can be incorporated into various applications such
as textiles, wastewater treatment, paper preservation, the food industry, cosmetics and
pharmaceuticals, optics, and smart devices [7–11]. Various biological entities such as bac-
teria, fungi, yeast, actinomycetes, and plant extracts are utilized in the green synthesis of
different metal and metal oxide nanoparticles, such as Ag, Cu, CuO, ZnO, TiO2, Se, and
Fe2O3 [12–16].

Among important metal oxide nanoparticles, magnesium oxide nanoparticles (MgO-
NPs) are characterized by biocompatibility, high stability, cost-effectiveness, high ionic
properties, and having a crystal structure and safe and high contaminant adsorbents [17].
Miscellaneous applications and unique properties of MgO-NPs has made it highly attractive
to researchers everywhere during the past two decades over other metal oxide nanoparti-
cles [18]. Chemically, MgO-NPs can be synthesized through numerous processes including
solvent modification, co-precipitation, moist chemical, sol-gel, and hydrothermal, but these
methods have drastic effects on the environment [19]. Recently, the biological synthesis
of nanoparticles using fungi has become the preferable method because of the flexibility
of handling, multiplication, high growth rates, species diversity (more than 1.52 million
species), cost-effectiveness, novelty, and environmentally friendly nature [20,21]. The
synthesis of MgO-NPs using fungi can be achieved either by intracellular method through
the transportation of metal ions inside the fungal cell and then reduced by enzymes, or
extracellular method through the reacting of metal ions with fungal biomass filtrate [22]. It
has been reported that MgO-NPs can be used in novel applications including the removal
of toxic waste, catalysis, antimicrobial property, refractory materials and wastewater treat-
ment, ceramics, heavy fuel oils, enhancement of the potential of antioxidant and substrate
in ferroelectric thin films, biomedical fields, sensing, adsorbents, lithium batteries, and
agriculture sectors [18,23–25]. MgO-NPs are characterized by long-lasting antimicrobial
activity, and this phenomenon can be attributed to its ability to tolerate high temperatures
and low volatility [26].

The common house mosquito Culex pipiens L. is present in Egypt and plays a critical
role in the transmission of different human pathogens such as malaria parasites, filarial
worms, and viruses of Rift valley fever, West Nile, and Japanese encephalitis [27]. This
insect acquired resistance against different insecticides in Egypt [28], and therefore it is
necessary to urgently discover new alternative insecticides.

The current study aims to myco-synthesize MgO-NPs by harnessing metabolites of
the fungal strain Rhizopus oryaze isolated from a soil sample. The characterization of myco-
synthesized MgO-NPs was attained by UV-Vis spectroscopy and TEM, SEM-EDX, XRD,
DLS, FT-IR, and XPS analyses. Moreover, factors including pH, contact times, incubation
temperature, and precursor concentrations that affect the myco-synthesis of MgO-NPs
were optimized. The biomedical activities of MgO-NPs including antibacterial, antifungal,
larvicidal, and repellency activities were investigated. Finally, the efficacy of MgO-NPs in
decolorization and chromium adsorption from tanning effluents were assessed.
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2. Materials and Methods
2.1. Chemicals Used

In the current study, magnesium nitrate hexahydrate (Mg (NO3)2·6H2O) and sodium
hydroxide (NaOH) were used as analytical grade and obtained from Sigma Aldrich, Cairo,
Egypt. The Malt Extract agar (MEA) media used for fungal isolations and Mueller-Hinton
agar media used for antimicrobial activities were ready-made (Oxoid, Cairo, Egypt). All bi-
ological reactions were carried out using distilled water (dis. H2O). The tannery wastewater
was collected from Robbiki Leather City, 10th of Ramadan, Cairo, Egypt (GPS: 30◦17′898′′ N,
31◦76′840′′ E).

2.2. Isolation and Identification of the Fungal Strain

The fungal strain used for biosynthesis of MgO-NPs was isolated from Qalyubia
Governorate, Egypt (31◦18’522.07” E, 30◦15’524.13” N), and has a code E3. The isolation
procedure was achieved according to Fouda et al. [29] as follows: approximately 1.0 g of
soil sample undergo diluted in sterilized dis. H2O. After that, 100 µL of the fourth dilution
was inoculated onto MEA plates and incubated for 3–4 days at 30 ± 2 ◦C. The appeared
colonies were picked up and re-inoculated onto the same media for purifications. The
purified colony was preserved on an MEA slant for further use.

The identification was accomplished by cultural and microscopic characteristics
and confirmed by molecular identification using internal transcribed spacer (ITS) se-
quence analysis. The ITS rDNA region was amplified using primers for ITS1 f (5-CTTG
GTCATTTAGAGGAAGTAA-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3) [30]. The
PCR mixture contained: 1X PCR buffer, 0.5 mM MgCl2, 2.5 U Taq DNA polymerase (QI-
AGEN, Germantown, MD 20874, USA), 0.25 mM dNTP, 0.5 µL of each primer, and 1 µg
of extracted genomic DNA. The PCR was performed in a DNA Engine Thermal Cycler
(PTC-200, BIO-RAD, Hercules, CA, USA) with a program of 94 ◦C for 3 min, followed by
30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, followed by a final extension
performed at 72 ◦C for 10 min. The PCR product was checked for the expected sizes on
1% agarose gel and was sequenced by Sigma Company for Scientific Research, Egypt,
with the two primers. The sequence was compared against the GenBank database using
the NCBI BLAST tool. Multiple sequence alignment was done using the Clustal Omega
software package (http://www.clustal.org/clustal2, accessed on 17 November 2010), and
a phylogenetic tree was constructed using the neighbor-joining method with MEGA (v.6.1)
software, with confidence tested by bootstrap analysis (1000 repeats).

2.3. Green Synthesis of MgO-NPs

2.3.1. Preparation of Fungal Biomass Filtrate

Three disks (0.8 cm in diameter) of the old culture of fungal strain E3 were inoculated
into 100 mL of malt extract broth (MAB) media and incubated for 5 days at 30 ± 2 ◦C
under 150 rpm shaking condition. At the end of the incubation period, the inoculated MAB
was centrifuged and fungal biomass was collected. About 10.0 g of fungal biomass was
resuspended in 100 mL dis. H2O for 48 h. at 30 ± 2 ◦C and 150 rpm shaking condition. The
previous mixture was centrifuged at 10,000 rpm for 5 minutes and the supernatant (fungal
biomass filtrate) was collected and used for green synthesis of MgO-NPs.

2.3.2. Green Synthesis of MgO-NPs

Approximately 102.5 mg of Mg(NO3)2·6H2O was dissolved in 10 mL dis. H2O, then
mixed with 90 mL of fungal biomass filtrate overnight to produce a final concentration
of 4 mM. At the end of the incubation period, the Mg(OH)2 was formed as turbid white
precipitate, which was collected and rinsed with dis. H2O to remove any impurities before
being oven-dried at 100 ◦C for 1 h (Equation (1)).

Mg(NO3)2 · 6H2O + H2O
Fungal
→

Metabolities
Mg(OH)2 (1)
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The formed Mg(OH)2 was calcinated at 400 ◦C for 3 h to form MgO-NPs, as represented
in Equation (2) [31]. The controls including fungal biomass filtrate and Mg(NO3)2·6H2O
solution ran alongside the experiment under the same conditions.

Mg(OH)2
400◦C
→ MgO (2)

2.4. Optimizing Myco-Synthesis of MgO-NPs

The MgO-NPs production and distribution were affected by the environmental factors
such as pH, contact times, incubation temperature, and precursor concentrations. These
factors were investigated at maximum surface plasmon resonance (SPR) detected by using
a UV-Vis spectrophotometer (Jenway 6305, Staffordshire, UK). The effect of pH values at
6, 7, 8, 9, 10, and 11 on MgO-NPs sorption properties was investigated. The contact time
either between fungal biomass and distilled water to produce biomass filtrate (24, 48, 72,
and 96 h) or times between biomass filtrate and precursors (6, 12, 24, 36, 48, and 72 h) were
also investigated. The incubation temperature (25 ◦C to 40 ◦C with intervals of 5 degrees)
and precursor concentrations (1–5 mM) were assessed. At the end of each parameter,
1.0 mL of the sample was withdrawn and measured at maximum SPR at λmax = 282 nm.

2.5. Characterization of Biosynthesized MgO-NPs

The particle sizes and shapes of biosynthesized MgO-NPs were detected using Trans-
mission Electron Microscopy (TEM) (JEOL 1010, Japan, acceleration voltage of 120 KV).
A drop of NP solution was loaded on the carbon-copper grid and underwent vacuum
desiccation for 24 h and placed after that onto a specimen holder [32]. The elemental com-
positions of biosynthesized MgO-NPs were assessed using scanning electron microscopy
connected with energy dispersive X-ray (SEM-EDX) (JEOL, JSM-6360LA, Akishima, Japan).
The crystallographic structure of biosynthesized MgO-NPs was determined using X-ray
diffraction (XRD) analysis by X’Pert pro diffractometer (Philips, Eindhoven, Netherlands).
The operating conditions were, 2θ values measured in ranges of 4◦ to 80◦, X-ray radiation
source was Ni-filtered Cu Ka and the operating voltage and current were 40 KV and 30 mA,
respectively. The average NP sizes were measured using the Debye–Scherrer equation [33]
as follows:

D = Kλ/β cos θ (3)

where D is average particle size, K is the Scherrer’s constant (0.9), λ is the wavelength of
X-ray radiation (0.154 nm), and β and θ are the half of maximum intensity and Bragg’s
angle, respectively. Moreover, the size distribution of MgO-NPs in colloidal solution was
investigated by dynamic light scattering (DLS) analysis. The sample was subjected to
measurement by Zeta sizer nano series (Nano ZS, Malvern, UK).

On the other hand, the functional groups present in fungal biomass filtrate involved
in reduction, capping, and stabilization of MgO-NPs were investigated using Fourier
transform infrared (FT-IR) spectroscopy (Agilent system Cary 660 FT-IR model). The MgO-
NPs sample was ground with KBR pellets (1% w/w), pressure was applied to form a disk,
and scanning was done in the range of 400–4000 cm−1.

Finally, the X-ray photoelectron spectroscopy (XPS) analysis was analyzed by ES-
CALAB 250XI+ instrument (Thermo Fischer Scientific, Inc., Waltham, MA, USA) connected
with monochromatic X-ray Al Kα radiation (1486.6 eV). The analysis was conducted under
the following conditions: the size of the spot was 500 µm, the samples were prepared under
a pressure adjusted at 10−8 mbar., the energy was calibrated with Ag3d5/2 signal (∆BE:
0.45 eV) and C 1s signal (∆BE: 0.82 eV), and the full and narrow-spectrum passed energies
were 50 eV and 20 eV, respectively [34,35].

2.6. Antimicrobial Activity

The antimicrobial activity of MgO-NPs synthesized by fungal metabolites was inves-
tigated against various pathogenic microbes, including Staphylococcus aureus ATCC 6538,
Bacillus subtilis ATCC 6633 (Gram-positive strains), Pseudomonas aeruginosa ATCC 9022,
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Escherichia coli ATCC 8739 (Gram-negative strains), and unicellular fungi Candida albicans
ATCC 10231. The bacterial strains were subcultured on nutrient agar media (containing
g L–1: peptone, 5; beef extract, 3; NaCl, 5; agar, 20; distilled water, 1000 mL) while C. albicans
was subcultured on yeast extract peptone dextrose (YEPD) agar media (containing g L–1:
glucose, 20; peptone, 20; yeast extract, 10; agar, 20; distilled water, 1000 mL) for 24 h. To
check antimicrobial activity, each strain was homogenously streaked over Mueller-Hinton
agar (for bacterial strains) and YEPD agar plates (for C. albicans) using a sterilized cotton
swab. Three wells (0.7 cm diameter) were cut in the streaked Mueller-Hinton plates and
filled with 100 µL of biosynthesized MgO-NPs (200 µg mL–1). The minimum inhibitory
concentration (MIC) was assessed by using different concentrations of MgO-NPs (150, 100,
50, and 25 µg mL–1). The loaded Mueller-Hinton plates were kept in the refrigerator for 1 h
before being incubated at 35 ◦C for 24 h. The results were recorded as a zone of inhibitions
(ZOIs) around each well by mm [36]. The experiment was achieved in triplicate.

2.7. Mosquitocidal Bioassay

2.7.1. Mosquito Rearing

Culex pipiens L. mosquitos’ vectors were reared in the Laboratory of Medical Entomol-
ogy, Animal House, Department of Zoology and Entomology, Faculty of Science, Al-Azhar
University, Cairo, Egypt. The mosquitoes were preserved at 30–35 ◦C and 60–80% relative
humidity with a photoperiod of 12:12 h light: dark. Larvae were reared in white plastic
cups (30 cm × 35 cm × 5 cm and containing 500 mL tap water). Fish was added to each
tray for 2 weeks for optimum feeding of the larvae as follows: 0.1 g for 1st and 2nd instar
larvae, 0.3 g for 3rd instar larvae, and 0.5 g for 4th instar larvae per day, until the pupation
stage appeared. New pupae were transferred from the trays to plastic cups containing
water and placed in screened cages (size 30 cm × 30 cm × 30 cm) until they emerged as
adults. The adults were constantly provided with 5% sucrose solution on saturated cotton
pads. The adult female mosquitoes of 5 days were destitute of sugar for 12 h, then fed on
human blood by artificial membrane feeding technique [37] for 30 min. After two days of
blood-feeding, plastic cups full of tap water were placed inside the cage for oviposition,
which occurred on day 3 or 4 after blood feeding.

2.7.2. Larvicidal Activity

The larvicidal activity (at room temperature) was assessed by the standard method
of the World Health Organization (WHO) with slight modifications using the method
described by Velayutham and Ramanibai. [38]. Twenty-five 3rd instar larvae of C. pipiens
were moved separately from their colony in the laboratory to a plastic beaker (250 mL)
containing 100 mL of the biogenic MgO-NPs (10 µg mL−1). The control was set up using
chlorinated tap water. The same experiment was repeated with different concentrations of
MgO-NPs (8, 6, 4, and 2 µg mL–1). The larval mortality percentages were counted every
24 h for 72 h using the following equation [39]:

Mortality percentages(%) =
mortality percentages of treatment−mortality percentages of control

100−mortality percentages of control × 100
(4)

The lethal concentrations (LC50) and higher lethal concentrations (LC90) values were
calculated at their 95% confidence intervals, as previously reported [40].

2.7.3. Repellent Activity

The repellent study was conducted according to the method described by WHO [41].
This test was monitored by the Faculty of Science, Zoology and Entomology Department,
Al-Azhar University, Cairo, Egypt, according to WHO ethics. Briefly, 3-day-old, blood-
starved female C. pipiens were held in a net cage (45 cm × 30 cm × 45 cm). The volunteer
had no contact with perfumes, lotions, perfumed soaps, or oils for one day before the
experiment. From each volunteer arm, only 25 cm2 of skin, upper side, were uncovered and
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exposed to female C. pipiens, while the residual arm area was covered with elastic gloves.
The biosynthesized MgO-NPs were applied at 1.0, 2.5, 5.0, and 10.0 mg/cm2 separately to
the uncovered arm area. The commercial DEET (N, N-Diethyl-meta-toluamide) was used as
a positive control. The repellent experiment was achieved during the night from 7:00 p.m.
to 3:00 a.m. The volunteer introduces their arm (control and treated) simultaneously into
the cage, gently tapping the sides of the experimental cages to activate the mosquitoes.
The experiment was repeated three times for each concentration used. The volunteer was
asked to insert their arm (control and treated) into the experiment cage simultaneously
for 1 minute every 5 minutes. The mosquitoes that settled on the arm were recorded and
then shaken off before sucking any blood. The percentages of repellency were calculated
according to the following equation [42]:

Repellency percentages(%) =
Ta − Tb

Ta
× 100 (5)

where Ta and Tb denote the number of mosquitoes in the control and treated groups,
respectively.

2.8. Bio-Adsorption and Treatment of Tannery Effluent

The decolorization of tanning effluents using biosynthesized MgO-NPs was investi-
gated at different concentrations (50, 75, and 100 mg/100 mL) for different contact times
(60, 120, 180, and 240 min). The experiment was conducted on a 250 mL conical flask
containing 100 mL of tanning effluent mixed with specific NP concentrations. The mixture
was stirred for 30 min before the experiment to reach absorption/desorption equilibrium.
At the end of each incubation time, 1.0 mL of the mixture (tanning effluent with NPs) was
withdrawn and centrifuged at 10,000 rpm for 3 min, and its optical density was measured
at the maximum absorption band (λmax) of tanning effluent (550 nm) by a spectrophotome-
ter (721 spectrophotometers, M-ETCAL). The decolorization percentages (%) of tanning
effluents were calculated according to the following equation [10]:

Decolorization percentages(%) =
C0 − Ct

C0
× 100 (6)

where C0 is the absorbance at zero time and Ct is the absorbance after specific time t (min).
Based on the most suitable MgO-NPs concentration at the optimum contact time,

the biological oxygen demand (BOD), chemical oxygen demand (COD), total dissolved
solids (TDS), total suspended solids (TSS), and conductivity were assessed according to the
standard recommended methods [43].

The major common tanning heavy metal represented by Cr was measured before
and after MgO-NPs treatment using atomic adsorption spectroscopy (A PerkinElmer
Analyst 800 atomic spectrometer). The Cr heavy metal was detected by atomic absorption
spectroscopy according to the absorption of light by free metallic ions.

2.9. Statistical Analysis

All results presented are the means of three independent replicates. Data were sub-
jected to statistical analysis by a statistical package SPSS v.17. The mean difference compar-
ison between the treatments was analyzed by t-test or the analysis of variance (ANOVA)
and subsequently by Tukey HSD test at p < 0.05.

3. Results and Discussion
3.1. Isolation and Identification of Fungal Isolate

The fungal isolate E3 was isolated and underwent primary identification according to
standard keys. Based on morphological and culturable characteristics, the fungal isolate E3
was belonging to Rhizopus sp., which was subjected to molecular identification based on
amplification and sequencing of the internal transcribed spacer (ITS) gene. The sequence
analysis revealed that the fungal strain E3 was highly related to Rhizopus oryaze (accession
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number: NR103596), with similarity percentages of 99%. Therefore, the fungal strain
obtained in this study was specifically identified as Rhizopus oryaze strain E3 (Figure 1). The
obtained ITS sequence was deposited in the gene bank under accession number MW774584.

Figure 1. Phylogenetic tree of the fungal strain E3 with the sequences from NCBI. The symbol � refers to ITS fragments
retrieved from this study. The tree was conducted with MEGA 6.1 using the neighbor-joining method.

Rhizopus oryaze are characterized by their platform’s highly secondary metabolites
such as chemicals (fumaric acid, lactic acid, and ethanol), enzymes, fermentative com-
pounds, and a wide range of by-products [44,45]. This wide range of metabolites increases
the possibilities of R. oryaze to incorporate into various biomedical and biotechnological
applications. To date, this is the first report that utilized R. oryaze as a biocatalyst for the
green synthesis of MgO-NPs.

3.2. Myco-Synthesis of MgO-NPs

The myco-synthesis of metal and metal oxide NPs has recently drawn more attention
due to high scalability, easy handling, high metabolite secretions. Moreover, fungi are
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characterized by high accumulation and high tolerance to metals, as well as high biomass
production that is used to produce high active metabolites [46]. In this study, biomass
filtrate of R. oryaze strain E3 was utilized as a biocatalyst for the green synthesis of MgO-NPs.
The first monitor for successful fabrication was the color change of fungal biomass filtrate
from colorless to turbid white after mixed with precursor (Mg (NO3)2.6H2O). Changing of
the color indicates the activity of metabolites involved in biomass filtrate to reduce nitrate
(NO3) to nitrite (NO2) and the liberated electron used to reduce Mg2+ to form Mg(OH)2,
which was calcinated at 400 ◦C to form MgO-NPs (Equations (1) and (2)) [47].

To confirm MgO-NPs formation, the color change was monitored by UV-Vis spec-
troscopy to detect the maximum surface plasmon resonance (SPR). The size, shape, and
well distribution of green synthesized NPs were usually influenced by SPR, as reported
previously by Fedlheim and Foss [48]. In this regard, Jeevanandam et al. [49] reported that
the size of biosynthesized MgO-NPs tends to be small when the SPR is less than 300 nm,
whereas it became more anisotropic at SPR greater than 300 nm. In the present study, myco-
synthesized MgO-NPs showed SPR at a wavelength of 282 nm (Figure 2), which indicates
the presence of particles at the nanoscale, as reported previously [50]. The presented data
are compatible with those reported by Abdallah et al. [51] and Nguyen et al. [50]; these
studies showed that the maximum peaks of MgO-NPs synthesized by Rosmarinus officinalis
L. and Tecoma stans (L.) were at 250 nm and 281 nm, respectively. Moreover, the chemically
synthesized MgO-NPs showed a broad absorption peak at 290 nm [52]. Therefore, we
can assume the efficacy of metabolites involved in biomass filtrate to reduce, cap, and
stabilize MgO-NPs.

Figure 2. UV-Vis spectroscopy of myco-synthesized MgO-NPs showed maximum SPR at 282 nm.

3.3. Optimizing Myco-Synthesis of MgO-NPs

Several environmental factors affect the biosynthesis processes, the stability of NPs,
and their applications. These factors can affect the reducing agents such as enzymes,
proteins, carbohydrates, and others present in biomass filtrate, which directly influence
the biosynthesis processes [53]. The optimization of these factors has positive impacts on
reducing and capping agents, decreasing the biosynthesis time, increasing NP stability,
and decrease aggregation [32]. Among these factors, contact time, pH, temperature, and
concentrations of precursor are investigated in the current study.
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The incubation period of fungal biomass in distilled water to secrete bioactive com-
pounds that acts as reducing and capping agents is considered a critical factor. In the present
study, the optimum contacting time between fungal biomass and distilled water was 72 h.
At this time, the color intensity drastically increased, referring to the efficacy of active
compounds involved in biomass filtrate to reduce the highest amount of Mg(NO3)2·6H2O
(Figure 3A). The concentration of Mg ions is considered an important factor that influ-
ences the myco-synthesis of MgO-NPs; therefore, different concentrations of precursor
were used. In this study, the absorbance at λ282 was increased gradually by increasing
Mg(NO3)2·6H2O concentration until 4 mM, after which the absorbance was decreased
(Figure 3B). This indicates the efficacy of active metabolites including enzymes and protein
to reduce Mg(NO3)2·6H2O, whereas the MgO-NPs tend to aggregate or agglomerate by
increasing precursor concentrations and hence decreasing the absorbance [54]. Compatible
with our study, Ibrahim [55] reported that the color intensity of Ag-NPs synthesized by ba-
nana peel extract was changed from yellowish-brown to dark reddish-brown by increasing
the precursor (AgNO3) concentrations.

Another important factor affecting the myco-synthesis of MgO-NPs is the contact
time or the reaction time between biomass filtrate and optimum precursor concentration
(4 mM). The color changes to white precipitate offer evidence for the successful fabrication
of MgO-NPs, which is monitored by detecting the absorbance at λ282. Our data showed
that the highest absorbance was achieved at 36 h of reaction time between fungal biomass
filtrate and Mg(NO3)2·6H2O by constant the previous optimum conditions (Figure 3C). At
the early stages of reaction time, the SPR peak was broadened due to the slow reduction
of metal ions to NPs. At the optimum reaction time, the large number of metal ions were
reduced to NPs and identical SPR bands were formed. By increasing the reaction time, the
absorbance gradually decreased due to the aggregation of some particles, consequently
reducing the color intensity and particle size [55].

In addition, pH is considered an important factor that influences reducing agents,
which affects the green synthesis. In the current study, different pH values were adjusted
ranging from 6 to 11, and their impact on the reduction process was investigated through
measuring the absorbance at λ282 after the constant of the other parameters. Data analysis
showed that the alkaline solution was preferred for the myco-synthesis of MgO-NPs by R.
oryaze strain E3. The highest absorbance at λ282 was attained at pH 8, which was evidence
for maximum MgO-NPs production (Figure 3D). The lowest absorbance was attained at
an acidic solution (pH = 6) with an absorbance value of 0.845 ± 0.01, which indicates
that the activity of reducing groups present in biomass filtrate was reduced at acidic
medium. Our recently published study showed that the activities of metabolites secreted
by Aspergillus carbonarious strain D-1 were highly active at alkaline medium for reducing,
cap, and stabilizing of α-Fe2O3-NPs and MgO-NPs [56]. The charges of biomolecules
present in biomass filtrate can be altered due to differences in pH values and thus, the
reducing capacity is affected [57].

Finally, the temperature is considered the main factor effect on the enzymes, proteins,
carbohydrates, and other reducing agents present in biomass filtrate and consequently influ-
ence the NP synthesis process. In this study, different incubation temperatures (25–40 ◦C)
were investigated to detect the preferable incubation temperature by measuring the ab-
sorbance intensity at λ282. Data analysis showed that the capacity of metabolites as reducing,
capping, and stabilizing agents were accomplished at 35 ◦C (Figure 3E). The intensity of
color as indicated by absorbance was decreased at a temperature greater or less than 35 ◦C.
This phenomenon could be attributed to the inactivation of reducing agents at low and high
incubation temperatures. Rai et al. [58] reported that the incubation temperature of the NP
synthesis process can influence the nature, size, and shape of NPs formed. Interestingly,
Patra and Baek [53] reported that the synthesis of NPs using physical methods needs
an incubation temperature >350 ◦C, whereas chemical approaches require an incubation
temperature <350 ◦C; in contrast, green approaches required ambient temperature.
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Figure 3. Optimizing factors for myco-synthesis MgO-NPs using R. oryaze strain E3. (A) is contact time between fungal
biomass and distilled water, (B) is precursor concentrations, (C) is contact time between biomass filtrate and optimum precursor
concentration, (D) is the effect of pH values, and (E) is the effect of incubation temperature on the biosynthesis process.

3.4. Myco-Synthesized MgO-NPs Characterization

3.4.1. Transmission Electron Microscopy

The morphological characteristics of myco-synthesized MgO-NPs including size and
shape were investigated using TEM analysis. As shown in Figure 4A, the capability
of metabolites secreted by R. oryaze strain E3 for reducing, capping, and stabilizing of
well-dispersed spherical shape with sizes ranging from 8.0 to 47.5 nm with an average
diameter of 20.38 ± 9.9 nm (Figure 4B). Recently, spherical MgO-NPs were successfully
fabricated through harnessing metabolites of Aspergillus carbonarious D-1 with a size range
of 20–80 nm [56]. Moreover, leaf aqueous extract of Carica papaya L. was used to synthesis
of spherical MgO-NPs with an average size of 100 nm [59]. In this study, the obtained
data evidence the potential for green synthesis of MgO-NPs with small size by harnessing
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metabolites of identified fungal strain. The activities of NPs are correlated to their size
and shape, where the small sizes have more activities [36,60]. For instance, synthesized
MgO-NPs with a varied size of 35.9, 47.3, and micron-size of 2145.9 nm exhibited bacte-
ricidal efficacy against Bacillus subtilis with percentages of 96.12%, 94.46%, and 75.71%,
respectively [61]. The difference in the sizes and shapes of NPs synthesized by green ap-
proaches could be attributed to metabolites between different biological entities (bacteria,
fungi, actinomycetes, algae, and plants), and even between the different species in the same
genus [32].

Figure 4. Characterization of myco-synthesized MgO-NPs. (A) TEM image, (B) size distribution, (C) SEM image, and (D)
EDX spectrum.

3.4.2. Scanning Electron Microscopy—Energy Dispersive X-ray (SEM-EDX)

The surface morphology of myco-synthesized MgO-NPs, agglomeration, and qualita-
tive and quantitative chemical compositions were investigated using SEM-EDX analysis.
The SEM image showed well-dispersed spherical MgO-NPs without any aggregation
(Figure 4C). Furthermore, the EDX profile contains Mg and O with weight percentages of
19.3% and 7.9%, respectively, and with atomic percentages of 16.1% and 4.3%, respectively
(Figure 4D). Moreover, the EDX profiles showed that the weight percentages of other
elements present in the sample were 71.07%, 1.2%, and 0.6% for C, Cl, and Ca, respectively.
Dobrucka [62] reported that the presence of peaks at an energy between 0.5 and 1.5 KeV
indicates the successful synthesis of MgO-NPs, which is confirmed by our study. Consis-
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tent with the obtained data, the EDX profile of MgO-NPs synthesized by water extract of
Artemisia abrotanum contains Mg, O, Al, Si, K, and Ca with weight percentages of 13.9%,
39.4%, 1.4%, 0.3%, 0.8%, and 0.5%, respectively [62]. The presence of peaks other than
Mg and O could be attributed to the hydrolysis of capping and stabilizing agents such as
proteins, enzymes, polysaccharides, and amino acids by X-ray [63].

3.4.3. X-ray Diffraction (XRD) Analysis

The crystalline nature of myco-synthesized MgO-NPs was investigated using XRD
analysis. Data showed five intense peaks at 2θ◦ of 36.9◦, 42.6◦, 62.2◦, 75.4◦, and 78.6◦ that
correspond to planes of (111), (200), (220), (311), and (222), respectively (Figure 5A). These
data confirmed that the as-formed MgO-NPs by R. oryaze strain E3 were crystallographic
structures according to the JCPDS standard (JCPDS file No. 89-7746) [64]. The observed
XRD peaks indicate the presence of oxide in the sample as Mg(OH)2 and MgO, confirmed
by XPS analysis. Lekota et al. [65] reported that the peaks observed at 2θ◦ of 36.9◦ (111)
and 75.4 (311) correspond to Mg(OH)2, whereas the diffraction peaks at 2θ◦ of 42.6◦ (200),
62.2◦ (220), and 78.6◦ (222) signified cubic MgO-NPs. The crystal size of myco-synthesized
MgO-NPs was measured as 50 nm from the XRD pattern by the Debye–Scherrer equation.

Figure 5. (A) XRD analysis showed the crystalline nature; (B) DLS analysis of myco-synthesized MgO-NPs.
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3.4.4. Dynamic Light Scattering (DLS)

The size distribution of MgO-NPs in colloidal solution was assessed using the DLS
technique by reacting light beams with myco-synthesized MgO-NPs [66]. In this study,
the average diameter size of MgO-NPs calculated using DLS was 56.1 nm, 60.5 nm, and
54.9 nm for volume intensities of 39.6%, 55.5%, and 4.9%, respectively, of colloidal solution
(Figure 5B). In most cases, the size obtained from DLS is bigger than those obtained
from TEM and XRD. This phenomenon can be attributed to the metabolites coating the NP
surface which act as capping and stabilizing agents [63,66]. Moreover, the non-homogenous
distribution of NPs in colloidal solution and hydrodynamic residue measured by DLS can
give a bigger size [67,68].

Furthermore, the polydispersity index (PDI) that indicates the homogeneity of NPs in
the colloidal solution can be measured based on DLS analysis. The homogeneity increases
or decreases if the PDI values are below or higher than 0.4, while the colloidal sample is
considered completely heterogenous if PDI values are higher than 1. The obtained data
demonstrate that the PDI value of MgO-NPs synthesized by R. oryaze strain E3 was 0.2,
which indicates the high homogenous colloidal solution.

3.4.5. Fourier Transform Infrared (FT-IR) Spectroscopy

The bioactive compounds present in biomass filtrate of R. oryaze strain E3, which is
responsible for the reduction of metal precursors to form MgO-NPs, are identified by FT-IR
analysis which recorded a wavenumber between 400 to 4000 cm–1, as shown in Figure 6.
The peak observed at 3700 cm–1 signifies to –OH stretching band [69]. The broadness
peak at 3431 cm–1 is corresponding to the O–H stretching vibration mode of the hydroxyl
groups overlapped with the NH stretching mode of amines [62]. The medium observed
peaks at 1650 cm–1 are signified to the bending mode of primary amine (N–H) overlapped
with either amide and carboxylate salt (see XPS analysis). The medium peak at 1435 cm–1

corresponds to the C=O stretching of carboxylate salt as well as the adsorption of CO3
2–

and CO2 at the surface of MgO-NPs [70,71]. The adsorption of such functional groups on
the surface of MgO-NPs has a critical role in catalytic reactions [72]. whereas the peak
at 1030 cm–1 matched the Mg–OH stretching [73] with C-H out-of-plane bend. The peak
located at 930 cm–1 corresponds to C-O stretching, trans-C-H out-of-plane bend, and P–O
which refers to phosphate-containing molecules [74]. The successful fabrication of Mg-O
was confirmed by peaks observed at a wavenumber between 400 to 700 cm–1, as reported
in various published studies [69,75,76]. The peaks observed in FT-IR spectra reflect the
role of metabolites involved in biomass filtration of R. oryaze strain E3 for reducing and
stabilizing of MgO-NPs.

Figure 6. The FT-IR spectrum of myco-synthesized MgO-NPs fabricated by metabolites of R. oryaze

strain E3.
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3.4.6. X-ray Photoelectron Spectroscopy (XPS) Analysis

The XPS survey spectra of MgO-NPs synthesized by R. oryaze strain E3 is shown in
Figure 7A. The magnesium was mainly characterized at different bending energies with
different species Mg (1s, 2s, 2p, KL1, KL2, KL3 KL4, and KL5); other associated ions were
detected as O (1s, 2s, KL1, and KL2), Cl (2p and 1s), and N 1s. The high-resolution spectra
were performed for the most familiar peak, as shown below.

Figure 7. The X-ray photoelectron spectroscopy (XPS) analysis of biosynthesized MgO-NPs. (A) Overall view; (B) C 1s; (C)
O 1s; (D) N 1s; (E) Mg 1s; (F) Mg 2p; (G) Mg 2s.

The nano-MgO included carbon in the main polysaccharide ring that was character-
ized by the presence of different peaks for O-C-O at 290.68 eV [77], O-C=O at 289.64 eV [78],
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N-C=O at 288.19 eV [79], while the other two peaks at 284.2 eV and 285.65 eV for C(C, N, H)
and C(=H, O), C-O-C, respectively [79,80] (Figure 7B). This indicated the presence of amide
and carbonyl groups in the polysaccharide’s skeletons (these results are parallel to the FT-IR
analysis). Khan et al. reported that the presence of carbon labelled as C 1s in MgO-NPs
could be attributed to the exposure of the sample to air before characterization [18]. The
carboxyl group appeared in the O 1s (which split into two different peaks) at 532.12 eV,
which is related to O-C=O, while the other peak is at 530.77 eV for O (N, C, H) [81,82]
(Figure 7C). The N 1s deconvoluted into two peaks at 398.94 eV for N (C, H) [83] of the
saccharide and 405.72 eV for NO3 originated from the precursor [84] (Figure 7D).

The HRES XPS spectra for Mg show a different types of species; the Mg 1s splitting
into two peaks at 1304.24 eV and 1305.8 eV with At% 95.35% and 4.65% for MgO and
Mg(OH)2, respectively [85], the Mg 2s has two different peaks at 87.97 eV and 89.21 eV with
At% equivalent to 83.53% and 16.47% for both MgO and Mg(OH)2, respectively [86,87],
while the Mg 2p shows 4 peaks at 49.22 eV and 50.08 eV with At% (i.e., 87.47% and 4.42%
(major), respectively) for MgO, the other two peaks at 50.66 eV and 51.23 eV with At%
ranged 6.18% and 1.92% (minor), respectively, for Mg-OH [87] (Figure 7E–G). This indicates
that the majority of appearances of Mg is in MgO form with a trace amount of Mg(OH)2

3.5. Antimicrobial Activity

The antimicrobial activity of biosynthesized MgO-NPs was evaluated against different
pathogenic Gram-positive and Gram-negative bacteria represented by Staphylococcus aureus,
Bacillus subtilis, Pseudomonas aeruginosa, and Escherichia coli as well as unicellular fungi
represented by candida albicans. The presented data showed that the activities of MgO-NPs
against different pathogenic microbes were dose-dependent. Compatible with recently
published studies, the activities of nanomaterials such as Ag, Fe2O3, Se, CuO, and ZnO were
dose-dependent [88–91]. Analysis of variance showed that the zones of inhibitions (ZOIs)
caused by 200 µg mL–1 were 14.7 ± 0.6, 14.3 ± 0.7, 13.7 ± 0.5, 10.6 ± 0.4, and 11.5 ± 0.5 mm
for C. albicans, E. coli, P. aeruginosa, S. aureus, and B. subtilis, respectively (Figure 8). Similarly,
the MgO-NPs fabricated by Rhizophora lamarckii’s extract have antibacterial activity against
Staphylococcus aureus, E. coli, and Streptococcus pneumoniae and with a zone of inhibitions of
26.5, 26.1, and 26.3 mm, respectively [5].

The lowest concentration of MgO-NPs that inhibits microbial growth is defined as
the minimum inhibitory concentration (MIC), which differs based on the microbial used.
To detect the MIC value for each tested organism, different concentrations of MgO-NPs
were investigated. Data analysis showed that the MIC value for S. aureus was 150 µg mL–1

with ZOI of 8.3 ± 0.6 mm, whereas C. albicans, E. coli, P. aeruginosa, and B. subtilis have
MIC values of 100 µg mL–1 with ZOI of 9.7 ± 0.7, 9.0 ± 0.0, 9.8 ± 0.3, and 8.3 ± 0.6 mm,
respectively (Figure 8).

The antimicrobial activity of biosynthesized MgO-NPs has been reported by several
researchers [5,18,69]. These activities could be attributed to different mechanisms such as
the enhancement of the production of reactive oxygen species (ROS), interactions between
MgO-NPs and microbial cell walls, discharge of Mg2+ upon the entrance of microbial cells,
and the alkaline effects of MgO-NPs on the microbial cells. Rai et al. [21] reported that the
toxicity of nanoparticles synthesized using fungal species are dependent on size, shape,
concentration, and surface charge of nanoparticles used.

The production of ROS, primarily superoxide radicals (–O2), hydrogen peroxide
(H2O2), and reactive hydroxyl radicals (•OH), interferes with nucleic acids and proteins,
ultimately leading to cell death [73]. In the current study, Gram-negative bacteria are
more sensitive to biosynthesized MgO-NPs than Gram-positive bacteria and this phe-
nomenon can be related to variations between two bacterial kinds in cell wall structures.
The Gram-positive bacterial cell wall contains a thick layer of peptidoglycans; on the
contrary, Gram-negative bacteria contain a thin layer of peptidoglycans and possess rich
lipopolysaccharides (LPS). The interaction between NPs and bacterial cells is due to the
negative charge of LPS and the positive charge of NPs [92,93]. Moreover, due to the thin
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peptidoglycan layer in Gram-negative bacteria, the MgO-NPs can penetrate the cell wall
and deposit on the cell membrane, which changes the selective permeability function
and is followed by cell death [94]. Furthermore, the MgO-NPs can disrupt the quorum
sensing, which is responsible for communications between microbial strains, leading to the
inhibition of microbial activities and functions [94,95].

The Mg2+ formed due to the penetration of MgO-NPs into the microbial cells can
interact with thiol groups of amino acids, leading to the disruption of protein structure and
ultimately cell death [75]. Sawai et al. [96] reported that a thin layer of water was adsorbed
on the surface of MgO-NPs, resulting in a higher pH value in an aqueous solution than the
equilibrium value, leading to microbial cell membrane damage upon contact.

Figure 8. The antimicrobial activity of MgO-NPs at different concentrations against Gram-positive and Gram-negative
bacteria, and unicellular fungi. Different letters (a, b, c, and d) on bars at the same concertation denote that mean values are
significantly different (p ≤ 0.05) (n = 3).

3.6. Larvicidal Activity

The diseases caused by mosquitos are considered key challenges to public health
worldwide and many efforts have been established to control these diseases. The conven-
tional methods (either biological or chemical methods) have been utilized to control the
spread of mosquitos, but these methods have drawbacks with effects such as toxicity to
consumers and an increase in mosquito resistance to these compounds [97]. Recently, due
to the unique characteristics of NPs, they have been used as an alternative source to control
mosquito-borne diseases instead of conventional methods. To date, this is the first report
to investigate the efficacy of myco-synthesized MgO-NPs against C. Pipiens.

The mosquitocidal mechanism of MgO-NPs may be related to two mechanisms: the
production of ROS and lipid peroxidation and the leakage of internal cellular contents due
to cell membrane damage [73,98]. Once MgO-NPs is sprayed over one stage of mosquito
life cycles such as egg, larvae, pupa, or adult, it is dissociated into Mg2+ and O2– ions
in the surrounding environment. The high concentration of O2– ions forms ROS, which
ultimately leads to oxidative stress and lipid peroxidation. Moreover, the small size of MgO-
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NPs can react with nucleic acid and deform it, then inhibit the growth of mosquitos [99].
Moreover, the high concentration of Mg2+ leads to the destabilization or damage of cellular
equilibrium, causing more stress, leakage of cellular components, and finally mosquito cell
death [75] (Figure 9A).

Figure 9. Mosquitocidal activity of MgO-NPs against C. Pipiens. (A) Proposal mechanism of MgO-NPs as mosquitocidal;
(B) larvicidal activity of MgO-NPs against C. Pipiens at different concentrations (2, 4, 6, 8, and 10 µg mL−1) after different
contact times (24, 48, and 72 h); (C) repellence activity of different concentrations of MgO-NPs as compared to a positive
control (DEET).

In the current study, data analysis showed that the mortality percentages differed
based on MgO-NPs concentrations. More than 50% mortality was observed in all concen-
trations after 72 h. The lowest mortality percentages (52%) were recorded after 3 days of
treatment with 2 µg mL–1 of MgO-NPs, whereas the maximum mortality percentages (96%)
were obtained at 10 µg mL–1. At MgO-NPs concentrations of 4, 6, and 8 µg mL–1, the mor-
tality percentages reached 64%, 72%, and 84%, respectively, after 72 h (Figure 9B). The LC50
(concentration of MgO-NPs that inhibit 50% of the population) and LC90 (concentration
of MgO-NPs that inhibit 90% of the population) were 2.21 µg mL–1 and 10.71 µg mL–1,
respectively. Recently, several studies have reported the efficacy of different metal and
metal oxides NPs to control or inhibit the mosquito populations [15,37,39]. The rod-shaped
MgO/ hydroxyapatite nanoparticles showed potentiality to inhibit Aedes aegypti, Anopheles
stephensi, and Culex quinquefasciatus through the accumulation of Mg2+, which destroys the
mosquito cells [100].

3.7. Mosquito Repellent Activity

Data analysis showed that all tested concentrations exhibit more than 60% repellency
against female C. Pipiens mosquitoes. However, the repellent activity of MgO-NPs was
decreased with time increase (Figure 9C). The MgO-NPs concentrations of 10 mg/cm2,
5 mg/cm2, 2.5 mg/cm2, and DEET (as a positive control) showed repellency percentages
of 95.16%, 90.34%, 87.45%, and 100%, respectively, for more than 60 min (Figure 9C).
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Interestingly, the repellency percentages between 10 mg/cm2 and the positive control do
not show any difference after 240 min (94.1% and 94.2%) and 480 min (87.3% and 87.5%).
After maximum time (8 h), the repellence percentages were 78.6%, 67.1%, and 46. 78%
for MgO-NPs concentration of 5 mg/cm2, 2.5 mg/cm2, and 1.0 mg/cm2, respectively, as
compared with DEET (87.6%). Based on the obtained data, the MgO-NPs have repellence
activity at high concentrations as compared to commercial substances (EDDT). The TiO2-
NPs exhibit repellence activity against Aedes aegypti with a value of 80.43% at 100 ppm [101].
The present study provides an eco-friendly, cost-effective, and simple approach to control
the spread of C. Pipiens populations, as well as new repellent agents that can be used
instead of commercial compounds.

3.8. Decolorization and Degradation of Tanning Effluents

The materials at the nanoscale are characterized by their eco-friendly and large surface
area, and these features enable them to absorb many contaminants. The tanning wastewa-
ter is characterized by its greenish-blue color due to the extensive use of chrome ions and
dyes during various processing steps [102]. Disposing of this effluent without treatment
prevents the penetration of sunlight and hence decreases or hinders the oxidation of the
pollutants [103]. Recently, global trends have been directed to reduce the chemical methods
used for remediation and degradation of environmentally hazardous materials by newly
advanced, eco-friendly, and safe methods. Hence, the efficacy of biosynthesized MgO-NPs
as adsorbents to treat the tannery effluent was investigated at different concentrations
(50, 75, and 100 µg/100 mL) and different contact times (60, 120, 180, and 240 min). Data
analysis showed that the potentiality of MgO-NPs was dose- and time-dependent. The
decolorization percentages were increased by increasing NP concentrations and contact
time. This phenomenon could be attributed to the adsorption sites being increased by
increasing the adsorbent concentrations [104]. The highest decolorizations were accom-
plished at 100 µg MgO-NPs after 180 min, a record of 95.6 ± 1.6% (Table 1). Analysis
of variance showed that the difference between decolorization after 180 and 240 min is
not significant and the time is considered a critical factor at a large scale. Therefore, the
treatment of 100 mL tanning effluent with 100 µg of MgO-NPs for 180 min was selected as
the optimum condition to study the physicochemical parameters of tanning effluents.

Table 1. Decolorization percentages (%) of tanning effluents using different concentrations (50, 75, and 100 µg/100 mL) of
myco-synthesized MgO-NPs at different contact times (60, 120, 180, and 240 min).

MgO-NPs Concentration /100 mL
Tanning Effluent

Decolorization Percentages (%) after Time (min)

60 min 120 min 180 min 240 min

Control 2.3 ± 0.2 a 3.5 ± 0.4 b 4.6 ± 0.3 c 5.4 ± 0.4 c

50 µg 34.3 ± 2.2 a 48.7 ± 3.7 b 54.2 ± 2.02 c 59.6 ± 2.5 c

75 µg 44.5 ± 3.3 a 57.7 ± 2.4 b 71.3 ± 2.3 c 75.2 ± 1.7 c

100 µg 65.4 ± 1.9 a 81.1 ± 1.6 b 95.6 ± 1.6 c 96.7 ± 0.7 c

Different letters in the same row are significantly different (p ≤ 0.05) by the Tukey LSD test. Data are represented by mean ± SD (n = 3).

Tanning effluents are characterized by high contents of hazardous chemicals, chlo-
rides, calcium phosphates, bicarbonates, sulfates, sodium, nitrates, potassium, and varied
dissolved salts. Therefore, the physicochemical parameters including pH, TDS, TSS, BOD,
COD, and conductivity are usually high [105]. Moreover, the physicochemical parameters
of tanning effluents are varied based on tannery size, chemicals used according to the type
of products, and the amount of water used [106]. Data presented in Table 2 show a high
level of physicochemical parameters of crude tanning effluents before MgO-NPs treatment.
The pH of crude tannery effluent is usually alkaline because of the usage of bicarbonates
and carbonates [107]. Furthermore, the values of TSS, TDS, BOD, COD, and conductivity of
crude tanning effluents are 8745.3 ± 5.5 mg L–1, 15,704 ± 4.1 mg L–1, 2355.7 ± 7.0 mg L–1,
651.7 ± 4.7 mg L–1, and 26,738.7 ± 6.0 S m–1, respectively (Table 2). The high values of TSS
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and TDS may be attributed to the high concentrations of salts and inorganic or organic
insoluble substances, which make tanning effluents unsuitable for plant irrigations [108].
The high level of electrical conductivity can be attributed to the high usage of acid and
salts such as chromium salts and sodium during various tanning processes [109]. The
high level of BOD and COD of untreated effluents have negative impacts on aquatic and
environmental ecosystems [110]. Data analysis showed that the MgO-NPs have high effi-
ciency to highly reduce the physicochemical parameters of tanning effluents. As shown
in Table 2, the removal percentages of TSS, TDS, BOD, COD, and conductivity due to
MgO-NPs treatment were 97.9%, 98.2%, 87.8%, 95.9%, and 97.3%, respectively. This activity
can be due to high MgO-NPs concentration, which provides the large adsorption sites and
large surface area that facilitate the adsorption of most organic ions and other pollutants,
especially at high contact times [111].

Table 2. Physicochemical characterizations and chromium ion adsorption from tanning effluents by MgO-NPs.

Physicochemical Parameters Control After MgO-NPs Treatment Removal Percentages (%)

pH 10.5 8 -
TSS (mg L–1) 8745.3 ± 5.5 a 177.7 ± 5.1 b 97.9
TDS (mg L–1) 15,704 ± 4.1 a 286.7 ± 4.2 b 98.2
BOD (mg L–1) 2355.7 ± 7.0 a 287.3 ± 4.9 b 87.8
COD (mg L–1) 651.7 ± 4.7 a 26.7 ± 2.1 b 95.9

Conductivity (S m–1) 26,738.7 ± 6.0 a 708.7 ± 4.0 b 97.3
Cr (mg L–1) 822.3 ± 2.5 a 14.5 ± 0.9 b 98.2

Different letters in the same row are significantly different (p ≤ 0.05) by the Tukey LSD test. Data are represented by mean ± SD (n = 3).

Heavy metals are considered one of the most damaging environmental pollutants
and can cause severe human and animal problems due to their accumulation in the food
chains [112]. The tanning industry is one of the main sources of the discharge of heavy
metals into the environment. Among these heavy metals is chromium ions, which, despite
their presence in some daily diets, can cause skin allergies and lung cancer [113]. MgO-NPs
have various advantages to be used as a bio-adsorbent for different heavy metals, such
as cost-effectiveness, high adsorption capacity, nontoxicity, eco-friendly, abundance, and
biocompatibility [17]. In the current study, data analysis showed the efficacy of biosynthe-
sized MgO-NPs to reduce chromium ion in tanning effluents from 822.3 ± 2.5 mg L–1 to
14.5 ± 0.9 mg L–1 with removal percentages of 98.2%. This high removal efficacy can be
attributed to the precipitation and adsorption of metals on the MgO; on the contrary, for
other nanomaterials such as Al2O3 and TiO2, the removal mechanism was adsorption only
as mentioned previously [114]. Yang et al. [115] reported that the high adsorption efficacy
of MgO-NPs is due to the dissociation of OH– from Mg(OH)2, along with the synergistic
effects of the adsorption and precipitation process. Interestingly, MgO-NPs showed the
adsorption efficacy of Pb (II) and Cd (II) with values of 2614 and 2294 mg g–1 [116], respec-
tively. Recently, the MgO-NPs synthesized by Aspergillus niger F1 showed the removal of
Cr with percentages of 94.2 ± 1.2% [76]. Moreover, Seif et al. reported the high potentiality
of MgO-NPs to adsorb Cr3+ with values of 1033.8 mg g–1 as compared to montmorillonite
nanoparticles, for which the maximum adsorption was 3.6 mg g–1 [117].

4. Conclusions

In this study, synthesis of MgO-NPs was pursued by using the metabolites on the
biomass filtrate of Rhizopus oryaze with Mg (NO3)2.6H2O as a precursor. The production
technique was optimized by studying the precursor concentration, the contact time between
the fungal biomass filtrate and precursor, incubation temperatures, and pH values. The
color change to turbid white and the maximum SPR at 282 nm confirmed the successful
synthesis of MgO-NPs, which is characterized by TEM, SEM-EDX, XRD, DLS, FT-IR
spectroscopy, and XPS analyses. These analyses revealed that the biosynthesized MgO-NPs
are crystalline, spherical, and well-dispersed, with sizes ranging between 8.0 to 47.5 nm.
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The fungal-induced MgO-NPs offer potential anti-microbial activity against S. aureus, B.
subtilis, P. aeruginosa, E. coli, and C. albicans, with varied inhibition zones based on NP
concentrations. Moreover, these NPs provide a modest, eco-friendly, and cost-effective
way of controlling C. Pipiens populations with enhanced repellent activity as compared
with commercial compounds. Additionally, they could be used efficiently to decolorize
tanning effluents through the reduction of physicochemical parameters such as TSS, TDS,
BOD, COD, and conductivity. Moreover, the biosynthesized MgO-NPs exhibit high efficacy
to bio-adsorb chromium ions from tanning effluents. This study provides a simple, eco-
friendly, cost-effective, and rapid approach to inhibit the growth of the microbial pathogen,
prevent the spread of adverse insects, treat some of the worst environmental contaminants,
and adsorb the most hazardous heavy metal.
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Abstract: Green synthesis of nanoparticles (NPs) is a safe, eco-friendly, and relatively inexpensive
alternative to conventional routes of NPs production. These methods require natural resources
such as cyanobacteria, algae, plants, fungi, lichens, and naturally extracted biomolecules such as
pigments, vitamins, polysaccharides, proteins, and enzymes to reduce bulk materials (the target
metal salts) into a nanoscale product. Synthesis of nanomaterials (NMs) using lichen extracts is a
promising eco-friendly, simple, low-cost biological synthesis process. Lichens are groups of organisms
including multiple types of fungi and algae that live in symbiosis. Until now, the fabrication of NPs
using lichens has remained largely unexplored, although the role of lichens as natural factories for
synthesizing NPs has been reported. Lichens have a potential reducible activity to fabricate different
types of NMs, including metal and metal oxide NPs and bimetallic alloys and nanocomposites. These
NPs exhibit promising catalytic and antidiabetic, antioxidant, and antimicrobial activities. To the
best of our knowledge, this review provides, for the first time, an overview of the main published
studies concerning the use of lichen for nanofabrication and the applications of these NMs in different
sectors. Moreover, the possible mechanisms of biosynthesis are discussed, together with the various
optimization factors influencing the biological synthesis and toxicity of NPs.

Keywords: lichen; nanoparticles; green synthesis; eco-friendly; antimicrobial; antioxidant

1. Introduction

Nanotechnology has recently created a revolution in the scientific world, particularly
in the industrial, medical, agricultural, and electronic sectors [1,2]. This revolution is
due to the ability of this technology to generate new products in the nanoscale (at least
one of their dimensions in the range 1–100 nm) with unique and desirable physicochem-
ical and biological characteristics that are missing in their precursor forms [3,4]. These
nanomaterials (NMs) have a high surface-area-to-volume ratio and can therefore be used
in drug delivery [5], catalysis [6], therapeutics [7,8], theranostics [9], and detection and
diagnostic fields [10]. For instance, the specific surface properties, porosity, and ability for
functionalization render silica nanoparticles (NPs) appealing options for drug delivery [11].
Fullerenes can be loaded with different therapeutic agents such as antibiotics and anti-
cancer drugs [12,13]. Silver NPs show unique reactivity, selectivity, and stability, as well as
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recyclability in catalytic reactions [14]. Magnetic NPs have a high magnetic moment and
consequently are attractive tools for magnetic resonance imaging for cancer diagnostic [15].

Furthermore, the smaller size of NPs has facilitated the development of new thera-
peutic agents against serious global illnesses such as cancer and infectious and parasitic
diseases [11]. Platinum [16], selenium [17], and palladium NPs acted as potent anticancer
agents [18], while zinc oxide [19], copper oxide [20], and titanium dioxide NPs exhib-
ited significant inhibitory activity against different microbes including bacteria, fungi,
and viruses [21,22]. NPs also play important roles in communication and electronic fields
due to high electro-optical activity, enabling them to be used in electronic and optical
industries [23,24]. The thermal conductivity of NPs provides scope for researchers to
develop numerous energy cells such as solar cells and batteries [25,26], while the unique
photothermal properties of NPs mean they are a promising therapeutic for various types
of cancers [27]. The localized surface plasmon resonance (SPR) of gold NPs enable these
particles to absorb specific wavelengths, leading to photoacoustic and photothermal char-
acteristics; consequently, these NPs are promising tools for hyperthermic cancer therapies
and bioimaging [27].

These unique features of NPs facilitate the creation and development of new tools,
processes, and products with applications in many sectors, including medicine, industry,
and communication; thus, enthusiasm for producing novel nanoproducts has rapidly
increased. However, this swift growth has resulted in harmful effects on living organisms
and their environments [4,28]. This damage arises from using and yielding hazardous
materials during the production of NPs via chemical synthesis approaches. Moreover,
the approach of using physical methods in the fabrication of NPs consumes more energy
and money than other synthesis methods. To minimize these drawbacks, eco-friendly
alternatives to traditional synthesis methods (chemical and physical routes) have been
sought. One of these alternatives is the green fabrication of NPs.

Biofabrication, biological synthesis, green synthesis, and biosynthesis are synonymous
terms corresponding to the use of eco-friendly, rapid, simple, and low-cost technology
for NP production. This technology has numerous advantages, including high scalability,
variation in size/shape and chemical compositions, and high mono-dispersity of NPs [29].
Moreover, this approach uses living organisms or their products to reduce bulk materials
into NPs and stabilize the NPs without needing chemical materials or producing any
hazardous materials [4]. Multicellular and unicellular organisms (plants, algae, worms,
lichens, fungi, bacteria, cyanobacteria, yeast, actinomycetes, etc.) and their biomolecules,
such as proteins, pigments, enzymes, vitamins, polysaccharides, and lignin were used
as reductants and surfactants for fabricating precursors into their nanoforms [4,30–32].
These biogenic NPs can be consumed in numerous industrial and medical processes due to
their unique physicochemical and biological features such as efficiency, biocompatibility,
bioactivity, and stability [33].

Although there are limited reports about the lichen-based green synthesis of NPs, this
method is considered a promising technology for NP production. Lichens are composite
organisms, which live in both obligate and beneficial symbiosis with fungi, algae, perennial
trees, or cyanobacteria [34]. Lichen cells contain many types of secondary metabolites and
other bioactive molecules, rendering them valuable for industrial, pharmaceutical, biotech-
nological, medical, and cosmetics applications [35]. Some researchers have demonstrated
the potentiality of different species of lichens to fabricate unique NPs with different shapes,
sizes, and physicochemical and biological activities [36]. Rattan et al. demonstrated the role
of different lichen species to synthe-size different types of NMs and their potentiality to act
as promising antimicrobial agents [36]. Alqahtani et al. reported that methanolic extracts of
two lichen species, Xanthoria parietina and Flavopunctelia flaventior, were recently shown to
have the po-tential to reduce silver nitrate into Ag-NPs extracellularly [37]. The resultant
Ag-NPs were spherical, had a nanosize range of 1–40 nm, and reduced the proliferation of
human colorectal cancer (HCT 116), breast cancer (MDA-MB-231), and pharynx can-cer
(FaDu) cell lines, and the growth of methicillin-resistant Staphylococcus aureus (MRSA),
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vancomycin-resistant Enterococcus (VRE), Pseudomonas aeruginosa, and Esche-richia
coli [37]. This review provides, for the first time, an overview of the main published studies
concerning the use of lichen for nanofabrication and the applications of these nanomateri-
als in different sectors. Moreover, the possible mechanisms of biosynthesis are discussed
together with the various optimization factors influencing the biological synthesis and
toxicity of NPs.

2. Classification of Nanoparticles

Classification of NPs varies according to their origins, structures, shapes, dimensions,
chemical and phase compositions, physical and chemical properties, and crystallinity [29,38,39].
For example, NPs can be obtained naturally from dust, volcanic eruptions, and living or-
ganisms such as bacteria, fungi, algae, plants, etc., and artificially by utilizing chemical,
physical, and biological synthesis routes such as colloidal, chemical precipitation, laser abla-
tion, sputtering, and micro- and macro-organism-mediated synthesis approaches [30,31,40].
Furthermore, NPs can be classified into organic, inorganic, and semi-organic types ac-
cording to their chemical nature [29,41]. Similarly, NPs can be categorized according to
their shape, including rod, spherical, cubic, triangular, octahedral, pentahedral, flower,
star, etc. [4,39], and on the basis of the number of their dimension in nanoscale, including
zero dimension (0D) such as quantum dots, one dimension (1D) such as nanowires and
nanorods, two dimensions (2D) such as nanolayers and nanoplates, and three dimensions
(3D) such as nanocoils and nanoflowers [42]. In terms of magnetic properties, NPs can
belong to either the paramagnetic category, which includes iron oxide and zinc sulfide NPs,
or the diamagnetic category comprising titanium oxide and magnesium ferrite NPs [43]
(Figure 1).

Figure 1. Classifications of nanoparticles (NPs).

3. Synthesis Routes of Nanoparticles

Nanofabrication routes can generally be classified into two main groups: top-down
methods, such as physical synthesis approaches, and bottom-up synthesis methods, such
as chemical and biological synthesis processes (Figure 2) [44].
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Figure 2. Synthesis routes of nanoparticles.

3.1. Physical Synthesis

This route is a top-down synthesis process in which precursors are reduced into NPs
using physical approaches such as ultra-sonication, laser ablation, mechanical milling,
sputtering, microwave irradiation, and electrochemical methods [31]. Quantum dot NPs
have been physically synthesized using molecular beam epitaxy, ion implantation, e-
beam lithography, and X-ray lithography [45,46]. Recently, carbon nanostructures were
prepared from elemental graphite powders using a mechanical milling method in air [47].
Niasari et al. synthesized silica NPs using rice husk ash at ambient temperature by utilizing
a high-energy planetary ball mill [48]. The scholar reported that silica NPs were synthesized
after 6 h of ball milling. Fe-SEM and transmission electron microscopy (TEM) micrographs
exhibited that silica NPs have a spherical shape and nanosize of 70 nm. They reported
that silica NPs acted as a promising drug delivery system for controlling penicillin-G drug
releasing. Recently, simple green- microwave-assisted synthesis route of fluorescent carbon
quantum dots (CQDs) was conducted using roasted chickpea as the carbon source in one
step without using any chemicals [49]. The study provided an eco-friendly method to
fabricate CQDs with advantageous properties such as high fluorescence intensity, excellent
photostability, and good water solubility. The physicochemical features of CQDs were
determined using UV–Vis spectroscopy, fluorescence spectroscopy, Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron microscopy
(TEM), and selected-area electron diffraction based on TEM micrographs. The data revealed
that CQDs emitted blue fluorescent at a UV wavelength of 365 nm and have a spherical
shape with an amorphous structure and nanodiameter less than 10 nm.
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3.2. Chemical Synthesis

Chemical synthesis is a bottom-up process in which atoms are assembled into nuclei
and grown to NPs [50]. The predominant components of this route are the reducing
(such as sodium citrate and ascorbate) and capping agents (such as sodium carboxyl
methylcellulose) [51,52]. Chemical vapor deposition, spinning, pyrolysis, and sol-gel
process are examples of chemical synthesis approaches [41]. Titanium (Ti) dioxide NPs were
fabricated from the precursor Ti-isopropoxide and calcined at 300, 350, 400, and 450 ◦C
using a simple sol-gel method [53]. The chemical reduction was used to reduce silver
nitrate into Ag-NPs using sodium citrate (TSC) and sodium borohydride (NaBH4) as
reducing agents [54]. The authors used the face-centered central composite model with
four abiotic parameters including AgNO3, TSC, and NaBH4 concentrations and the pH of
the reaction. They revealed that optimal conditions to synthesize spherical Ag-NPs with a
nanosize of less than 10.3 nm were pH 8 and 0.01 M, 0.06 M, 0.01 M for the concentration
of TSC, AgNO3, and NaBH4, respectively. Yu et al. synthesized hollow silica spheres
(HSSs) through a self-templating route in acidic aqueous media under hydrothermal
conditions [55]. The resultant HSSs have a spherical shape with a nanodiameter of 190 nm.
They found that the hollowed-out interior space of HSSs was dependent on reaction time
and silica concentration, while their porous structure in the shell can be mitigated by
tuning the acidity of the silica dispersion. Moraes et al. synthesized tadpole-like gold
nanowires (AuNWs) by mixing 0.1 mmol of HAuCl4·3H2O with 12 mL of the oleylamine
as a reducing agent at 65 ◦C under stirring for 72 h [56]. The scholar exhibited that AuNWs
were polydispersed and branched with length ranging from a few nanometers to larger
than 500 nm with a diameter of 23 nm.

3.3. Biological (Green) Synthesis

Biological synthesis is a modern alternative to both physical and chemical synthesis
processes and is considered a type of bottom-up route [57]. This approach utilizes natural
sources such as microorganisms, macroorganisms, and biomolecules (proteins, lipids,
polysaccharides, pigments, etc.) to fabricate NPs from their bulk materials without the
need for toxic chemicals during the fabrication process [4,58]. Various significant properties
of biosynthesis routes such as the absence of poisonous chemical compounds used as
reducing or stabilizing agents, no toxic yields generated from the process, the low energy
consumption, inexpensive cost, and high scalability have resulted in green synthesis
methods becoming more attractive than other traditional methods [4].

Biological synthesis routes are categorized into two main approaches—extracellular
and intracellular synthesis routes.

3.3.1. Extracellular Synthesis

In extracellular synthesis routes, the fabrication process occurs outside living cells [57,59].
This process can be achieved via three different patterns:

(i) Cell-biomass-filtrate synthesis of NPs: In this pattern, cells of living organisms are
dried with a lyophilizer, oven, or air-based methods and then crushed into fine powders
that are mixed with distilled water for boiling. The mixture is cooled, passed through a
filtration system such as Whatman filter paper, and then the resulting filtrate is mixed with
a defined concentration of bulk material to fabricate it into NPs [28,58,60]. An alternative
procedure involves washing the natural sources such as Streptomyces sp., algae, etc., then
soaking the cells in water for a number of days, followed by centrifugation and use of the
resulting supernatant as a reducing and stabilizing agent to synthesize NPs [61,62]. Other
methods achieved the extracellular synthesis of NPs by sonicating or boiling the natural
sources under certain conditions, then filtering the mixture and using the filtrate in the
synthesis process [33,63];

(ii) Cell-free, culture-medium-based synthesis of NPs: This method is suitable for
cultured microorganisms. First, the culture is centrifuged and the supernatant used for
bioreduction of bulk compounds into their NPs under suitable conditions. Keskin et al.

71



J. Fungi 2021, 7, 291

demonstrated that cell-free culture media of Synechococcus sp. had a reducible activity that
resulted, under light conditions, in the formation of Ag-NPs with an average nanosize
of 140 nm [64]. However, this process is sometimes unsuitable for NP synthesis because
many types of media used for the culture of microorganisms contain components that act
as reductants and stabilizing agents. These compounds interfere with the reducible activity
of active biomolecules of the cultured microorganisms [65];

(iii) Biomolecule-mediated synthesis of NPs: This approach uses biomolecules such
as pigments, carbohydrates, proteins, enzymes, etc. as reducing and capping materials
to produce NPs. Briefly, target biomolecules are extracted from their micro- or macro-
organisms, purified, and mixed with a defined concentration of bulk material solutions
to start the NP fabrication process under specific conditions of temperature, illumination,
and pH [66,67] (Figure 3).

Figure 3. Green synthesis methods include intracellular synthesis route (I) and extracellular synthesis routes including
cell-free, culture-medium-based synthesis of NPs (II), cell–biomass-filtrate synthesis of NPs (III), and biomolecule-mediated
synthesis of NPs (IV).
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3.3.2. Intracellular Synthesis

The intracellular synthesis method refers to the production of NPs inside living cells,
with biological processes such as metabolic activity, respiration, and growth stage, playing
crucial roles in the biosynthesis process [68]. Intracellular synthesis can be performed
according to two protocols, each composed of three steps: (i) culturing the target living
organism, (ii) the reaction between precursor materials and living cells, and (iii) separation
and purification of NPs and subsequent characterization using different physicochemical
methods [4,69]. The first protocol includes the incubation of bulk materials solution with
microbe cultures during their growing period under standard culture conditions until the
microbes reach a certain growth [70]. In the second method, living cells in the logarithmic
phase are collected by centrifugation, washed multiple times to discard any undesired
materials, and then the cleaned microbial biomass is dissolved in water and mixed with a
suitable amount of bulk material solution [71].

Intracellular synthesis is more complicated than extracellular fabrication due to the
additional steps required to extract and purify NPs from inside the cells [72]. Both types of
biological synthesis methods are eco-friendly routes, do not usually need toxic chemical
materials, and are easily performed under normal laboratory conditions [4,65] (Figure 3).

4. Green Synthesis-Based Systems
4.1. Biomolecule-Mediated Fabrication of NPs

Recently, natural products have become a target area for many researchers due to
their promising applications in numerous sectors including biotechnology (e.g., biofuel
and biofertilizer production), bioremediation, and the cosmetics industry (e.g., synthesis
of natural sunblock creams). Moreover, natural biomolecules exert broad biomedicinal
and therapeutic potentials for serious diseases including cancers and infectious, parasitic,
and immune diseases, etc. [7,73]. For instance, scytonemin, a natural pigment extracted
from cyanobacteria Scytonema sp., is an extremely potent modulator of mitotic spindle
formation [74]. In addition, calothrixins, quinone-based natural products extracted from
cyanobacteria Calothrix sp., exhibit potent antiproliferative activity against cancer cell
lines [75]. Normavacurine-21-one, isolated from Alstonia scholaris leaves, displays antibac-
terial activities against Enterococcus faecalis ATCC 10541. Conversely, biomolecules exhibit
significant reducible properties and thus have the ability to fabricate numerous metal
precursors into their nanoforms [76].

Biomolecules such as proteins, amino acids, or secondary metabolites from microor-
ganisms or plant extracts, can act as reduction, stabilization, functionalization, and capping
agents for NPs [77]. For the green synthesis of metal NPs, aqueous extracts of dried
plants or algae are commonly used [33,78]. The water extract classically contains phenolics,
terpenoids, polysaccharides, flavonoids, alkaloids, lipids, proteins, and carbohydrates,
which collectively represent the reducing power needed for the process. Generally, plant
extracts contain enzymes and amino acids that can act as reductants for silver ions and are
therefore utilized as scaffolding to facilitate the formation of silver NPs [79]. This unique
synthesis strategy provides several kinds of functional groups for NP functionalization [80].
Numerous studies have attributed the synthesis mechanisms for NPs to the potentiality of
biomolecules to reduce and stabilize NPs, thereby providing more provision to improve
and control the shape, size, and crystallinity of nanomaterials [81].

4.1.1. Pigments

A vital constituent of most photosynthetic organisms is the pigments, including chloro-
phylls, carotenes, and anthocyanins [82]. Natural pigments produced by plants, algae,
and microorganisms are distinctive biomolecules that have been used in the biological
synthesis of NPs. Although studies on the use of biopigments for bioreduction of NPs
are limited, these biopigments are known to act as potent reducing and stabilizing agents
during biofabrication of NPs [80]. Photosynthetic accessory pigments, such as carotenoid,
cochineal, flexirubin, fucoxanthin, melanin, phycocyanin, and C-phycoerythrin and R-
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phycoerythrin, are the predominant pigments in many organisms, including cyanobacteria,
microalgae, actinomycete, algae, etc., and have been extensively exploited in the synthesis
of NPs [4,66,83].

Actinorhodin isolated from Streptomyces coelicolor successfully reduced silver nitrate
(AgNO3) into stable Ag-NPs [84]. El-Naggar et al. synthesized Ag-NPs using phycocyanin
extracted from Nostoc linckia and studied the anticancer, antibacterial, and antihemolytic
activities of these NPs [66]. The blue pigment was observed to be an efficient reductant
and surfactant material for the production of Ag-NPs. Moreover, pigment-coated Ag-
NPs exhibited significant antitumor properties against MCF-7 cell lines, with an IC50 of
27.79 ± 2.3 µg/mL, and act as a tumor progression suppressor against Ehrlich ascites
carcinoma-bearing mice. Green pigment extracted from Alfalfa plant leaves extracellularly
reduced AgNO3 into Ag-NPs [82]. The particle size of the resultant quasi-spherical biogenic
Ag-NPs was 25 nm, and the reducible activity of the green pigments was attributed to
chlorophylls and carotenes.

The pigment produced by Talaromyces purpurogenus was also used as a reducing agent
to manufacture Ag-NPs [85]. A reaction mixture (5 mL) was prepared by mixing 0.5 g/L
of extracted pigment with 2 mM AgNO3 and adjusting the pH to 12 using 5 N sodium
hydroxide solution. The mixture was vortexed then incubated at 28 ◦C with 2000 lux of
light for 48 h. The formation of Ag-NPs was monitored by color change from light orange
to brown and by UV–visible (UV–Vis) spectroscopy detection. The UV–Vis spectrum
displayed a peak at 410 nm, the known SPR of Ag-NPs. The size of the resulting NPs
was in the range of 4–41 nm. To investigate the functional groups present in the pigment,
Fourier transform infrared spectroscopy (FTIR) analysis was conducted at a fixed pH of 12,
the conditions in which Ag-NPs were generated. At alkaline pH, phenolic groups were
reported to donate electrons that reduce the silver ions to Ag-NPs.

4.1.2. Carbohydrates

Polysaccharide-based green synthesis of NPs has been a more attractive method
in nanobiotechnology due to the stability, hydrophilicity, nontoxicity, bioactivity, and
biodegradable properties of these NPs [86]. Ebrahiminezhad et al. synthesized Ag-NPs
using the carbohydrate secreted by Chlorella vulgaris [87]. The resulting green Ag-NPs were
uniformly dispersed and spherical shaped, with an average size of 7 nm and positive zeta
potential of +26 mV. The authors suggested the carbohydrate coat surrounding the Ag-NPs
was 2 nm based on a comparison between the size of the NPs in transmission electron
microscopy (TEM) micrographs (7 nm) and their hydrodynamic diameter (9 nm).

Palladium NPs (Pd-NPs) have been fabricated from palladium chloride using car-
boxymethyl cellulose as a reducing and capping agent at 80 ◦C for 30 min [88]. The Pd-NPs
were spherical with a crystallinity structure and an average size of 2.5 nm. Pd-NPs have
a negative zeta potential value of −52.6 mV, which is indicative of their high stability.
Furthermore, the biogenic Pd-NPs showed high catalytic activity against azo-dyes.

4.1.3. Enzymes

Enzymes are complex globular proteins present in living cells where they act as
catalysts to facilitate chemical changes in substances. With the development of biochemistry
came a fuller understanding of the wide range of enzymes present in living cells and their
modes of action [89]. Although enzymes are only formed in living cells, many can be
extracted or separated from the cells and can continue to function in vitro. This unique
ability of enzymes to perform their specific chemical transformations in isolation has led to
the use of enzymes in industrial and food processes, bioremediation, and medicine [90].
Furthermore, enzymes are nontoxic and biodegradable, making them environmentally
friendly and attractive for medical applications [91]. All these characteristics of enzymes,
plus their unique and precise structure, have rendered them desirable for green synthesis of
NPs [31]. A prime example is the synthesis of Au-NPs by the action of extracellular amylase
from Bacillus licheniformis on AuCl4 at pH 8 [92]. Another example is the sulfite reductase
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enzyme extracted from E. coli by ion-exchange chromatography and used for the production
of Au-NPs that exhibit antifungal activity [93]. NADH and NADH-dependent enzymes
were investigated for their role in the biosynthesis of metal NPs. These extracellular
enzymes are highly effective reducing agents due to their ability to shuttle electrons in the
reduction process of metals to produce NPs [94,95].

4.1.4. Proteins

NP biosynthesis in the presence of proteins from several biological sources can pro-
duce NPs with uniform size and shape and minimal particle aggregation. In these pro-
cesses, the functional groups of proteins act as the reducing and capping agents to metal
ions [96,97]. Proteins were utilized in the bioreduction, capping, and assembly of sele-
nium oxyanion, contributing to controlling the size and morphology of selenium NPs
(Se-NPs) [98]. Proteins are crucial in the reduction of selenites and selenates and the sta-
bilization of Se-NPs, which exhibit a unique nanostructure contrary to those obtained
chemically [98]. Sanghi et al. found that the production of Au-NPs was facilitated by
proteins of the fungus Coriolus versicolor [99]. Characterization of these Au-NPs by UV–Vis
spectroscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM),
revealed that the NPs had high stability (they can be stored up to six months without any
aggregation) and a size of 5–30 nm. FTIR data demonstrated the crucial role of different
fungal proteins in the fabrication of Au-NPs. A study in 2018 reported the synthesis of
Au-NPs with high stability by using the supernatant of fermented fungi containing the
extracellular proteins [65]. This process resulted in the formation of Au-NPs with sizes
ranging from 6 to 40 nm.

4.1.5. Lipids

Mannosylerythritol lipids were used as a reducing and stabilizing agent in the green
synthesis of Ag-NPs [100]. The process commenced with the addition of 0.01 g manno-
sylerythritol lipids to 1 mL acetone diluted with 10 mL dechlorinated water; pH of the
whole solution was adjusted to 7 utilizing 0.1 M sodium hydroxide. The solution was
added dropwise to 100 mL of 2 mM silver nitrate solution and kept at room temperature
with continuous stirring. The mixture changed from pale-yellow to brownish-red, and the
UV–Vis absorption spectrum of the synthesized Ag-NPs was recorded at 430 nm. This
confirmed that mannosylerythritol lipids were effective as reducer and stabilizer agents in
the formulation of Ag-NPs. An energy dispersive spectroscopy (EDS) instrument equipped
with the SEM was used to determine the chemical composition, size, and morphology
of Ag-NPs. The structure of the Ag-NPs was perceived by TEM after dispersing pow-
dered NPs in methanol and sonicating the solution. The TEM structure provided more
information about the crystallinity and average size of the Ag-NPs.

X-ray diffraction (XRD) of the produced Ag-NPs showed four characteristic peaks of
28.4◦, 33.2◦, 47.4◦, and 56.3◦ at 2θ, which correspond to the lattice planes (111), (200), (220),
and (311), respectively, confirming the crystalline and face-centered cubic (fcc) structure of
the NPs. Meanwhile, the FTIR spectrum of the mannosylerythritol lipids Ag-NPs demon-
strated significant peaks at 3337, 2923, 1742, 1562, 1344, 1093, 718, and 534 cm−1, which
indicate the presence of various functional groups in the mannosylerythritol glycolipid
capping the Ag-NPs. The peak at 3337 cm−1 may be due to –OH from polysaccharides,
while the peak at 2923 cm−1 might indicate (C–H) stretching of alkanes. The strong
band at 1562 cm−1 could be due to the carbonyl stretching vibration. The peaks at 1466
and 1344 cm−1 can be assigned to (C–N) and (C–C) stretching vibration of aromatic and
aliphatic amines, while the band at 1093 cm−1 could be assigned to (C–O) of alkoxy groups,
and peaks at 718 and 534 cm−1 to CH2 groups.

A different study used Lactobacillus casei to synthesize of Au-NPs and the L. casei com-
ponents were compared before and after the addition of auric acid (0.5 mM K[AuCl4]) [101].
The levels of unsaturated lipids decreased significantly after the addition of auric acid.
Moreover, the formation of Au-NPs caused a reduction in the levels of diglycosyldiacylglyc-
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erol (DGDG) and triglycosyldiacylglycerol (TGDG). DGDG extracted from L. casei induced
the formation of Au-NPs, suggesting that these glycolipids can act as potent reducing
agents for the conversion of Au(III) to Au(0) and that results in the formation of small NPs.

4.1.6. Vitamins

The utilization of vitamin B2 as a reducing and capping agent in the green synthesis
of Ag and Pd nanowires and nanorods is a distinctive technique in the field of green
nanotechnology [102]. Ascorbic acid (vitamin C) is used as a reducing factor in combination
with chitosan as a stabilizing agent to fabricate sodium alginate-silver NPs [103]. Malassis
et al. demonstrated a prompt and effective method to fabricate Au-NPs and Ag-NPs by
exploiting ascorbic acid as a reducing and stabilizing agent [104]. The size of the NPs
produced was 8–80 nm for Au-NPs and 20–175 nm for Ag-NPs. The method yielded
versatile NP surface modification with a large variety of water-soluble surfactants that
can be neutral, positively, or negatively charged. Ahmed et al. reported that ascorbic
acid in Desmodium triflorum was the predominant biomolecule in the reduction process for
Ag-NPs [105].

Production of Se-NPs coated with ascorbic acid was achieved through the bioreduction
of selenite (Na2SeO3) [106]. Selenite was mixed with ascorbic acid and the mixture turned
orange red after 30 min, confirming the fabrication of Se-NPs. The produced Se-NPs
were analyzed by TEM and dynamic light scattering (DLS) and were observed to have
an average size of 23 ± 5.0 nm. These NPs were shown to be an excellent candidate for
radiopharmaceutical imaging techniques used in the diagnosis of liver and kidney cancers.

Another important vitamin exploited for the synthesis of NPs is vitamin B12. To syn-
thesize Ag-NPs, Au-NPs, and Pd-NPs, vitamin B12 solution was mixed with silver nitrate,
gold (III) chloride, and palladium acetate solutions, respectively [107]. All mixtures were
tested in the presence and absence of microwave (MV) irradiation. The results exhibited
that in the absence of MV irradiation, vitamin B12 did not reduce bulk material to their
nanoform. However, MV irradiation enhanced the reduction ability of vitamin B12 to fabri-
cate metals into NPs. XRD analysis of the resultant metallic NPs confirmed the efficiency
of this vitamin as a reducing agent. The morphological features of the synthesized Ag-
NPs, Au-NPs, and Pd-NPs were examined by using SEM and TEM techniques, and large
aggregates with irregular shapes and diameters in the range 70–600 nm were observed.
Ag samples treated with MW irradiation for 6 min produced NPs with diameters less
than 30 nm. While Au samples treated with MV irradiation for 3 min showed irregular
shapes and small-size particles with an average diameter of 40 ± 11.7; larger Au NPs with a
diameter > 500 nm were observed after a longer period of irradiation (i.e., 6 min). Pd sam-
ples irradiated with MV for 3 min resulted in NPs with an average size of 40.2 ± 7.3 nm,
whereas that irradiated with MV for 6 min produced two different diameters of 43.9 ± 7.1
and 6.6 ± 2.1 nm. The NPs were spherical, triangular, and decahedron shaped. It was
concluded that MV irradiation duration is the key to mitigate noble NPs size.

4.1.7. Secondary Metabolites

Secondary metabolites of different microorganisms, plants, and animal collagen waste
were noted to have several properties that enhance the synthesis of NPs and could po-
tentially be deployed in major pharmaceutical studies. Some of the notable secondary
metabolites that serve as NP stabilizers include alkaloids, cardiac glycosides, flavonoids,
phenols, tannins, and terpenoids [108–110]. Of these compounds, flavonoids are the most
utilized secondary metabolites for green synthesis due to their practical structure and the
favorable qualities they provide for human health. Pertaining to the flavonoid family are
anthocyanins, which have been thoroughly investigated for their antioxidant activity [110].
One study tested the effects of anthocyanins as secondary metabolites on the green syn-
thesis of Ag-NPs by using an aqueous extract of saffron wastage and reported a marked
reduction of silver ions and antibacterial activity against several bacterial strains [109].
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A study on Ag-NP synthesized using an aqueous extract of Pteris tripartita proved
the anti-inflammatory activity of flavonoids-coated Ag-NPs by conducting an in vivo
investigation on mice with edema, and reported a success rate of nearly 60% [111]. These
findings provide an optimistic outlook for the future of NPs in biotechnology and drug
discovery applications since they present an efficient way of producing metal NPs without
chemical stabilizers or reducers through the use of abundant and natural compounds such
as flavonoids, phenols, tannins, terpenoids, reducing sugars, and proteins.

4.2. Living Organisms-Mediated Fabrication of NPs

Many micro- and macro-organisms are used as biofactories to produce NPs with
unique physicochemical and biological activities.

4.2.1. Plants

Plant-mediated fabrication of NPs, or phytonanotechnology, is a recognized branch of
green synthesis of NPs due to being an eco-friendly, low-cost, rapid, and simple method.
Other beneficial features of phytonanotechnology processes are their scalability, bioactivity,
biocompatibility, and broad medical applicability [112]. Plant extracts act as reducing
and capping agents for the synthesis of many types of NPs [33]. Different parts of plants,
including leaves, fruits, stems, seeds, and roots, showed their reducing ability during the
synthesis of metallic NPs [113,114]. Singh et al. successfully synthesized Au-NPs and
Ag-NPs using Panax ginseng leaf and root extracts within 3 and 45 min at 80 ◦C [115].
Saratale et al. fabricated silver nitrate into Ag-NPs using Acacia nilotica leave extract as
reducing and stabilizing agents to investigate their antineoplastic, free radical scavenging
activity and sensing potency for H2O2 [116]. The scholars reported that Ag-NPs formed
within 20 min of mixing 10 mL of plant leave extract to 100 mL of 1 mM AgNO3 solution.
The resultant NPs have a spherical shape and nanosize range of 5 to 30 nm.

Krishnan et al. biosynthesized Ag-NPs from Piper nigrum extract and investigated their
antitumor activity [117]. TEM images revealed that the Ag-NPs were spherical with a size
of 20 nm. The cytotoxicity of Ag-NPs and Piper nigrum extract at various concentrations in
the range of 10–100 µg/mL was investigated against breast and liver cancer cell lines (MCF-
7 and HepG2 cells, respectively) and confirmed their potent cytotoxic effect. In a different
study, biosurfactant extracted from corn steep liquor was used to biosynthesize Ag- and Au-
NPs. The bioreduction process was completed in one step under a controlled temperature
at 60 ◦C and resulted in a mixture of nanospheres and nanoplates. Biosurfactants were
essential for the bioreduction process and also for stabilization of the produced NPs, which
improved the antimicrobial activity of the NPs [118].

Green synthesis of Au-NPs by Salicornia brachiata (Sb) plant extract and characteriza-
tion of the formed NPs revealed that mixing plant extract (50 mL) with 10 mM NaBH4 was
sufficient to yield the purple color that indicated the formation of Sb-Au-NPs [119]. TEM
micrographs showed that the size of Sb-Au-NPs was approximately 30 nm, while XRD and
EDS data proved that Sb-Au-NPs had a pure crystalline form.

4.2.2. Algae, Microalgae, Cyanobacteria, and Diatoms

Algae, microalgae, and cyanobacteria have emerged as attractive biofabrication ma-
chines for many NPs [4,68]. The synthesis and antimicrobial and antioxidant applications
of Au- and Ag-NPs produced through the exploitation of cell-free extracts of the microalga
Neodesmus pupukensis were explored [120]. Zone of inhibition tests showed that Ag-NPs
were active against Pseudomonas sp. (43 mm), Escherichia coli (24.5 mm), Klebsiella pneumoniae
(27 mm), and Serratia marcescens (39 mm). In contrast, Au-NPs only showed activity against
Pseudomonas sp. (27.5 mm) and Serratia marcescens (28.5 mm). Antifungal tests indicated
that Ag-NPs had mycelial inhibition of 80.6, 57.1, 79.4, 65.4, and 69.8% against Aspergillus
niger, A. fumigatus, A. flavus, Fusarium solani, and Candida albicans, respectively, while Au-
NPs had 79.4, 44.3, 75.4, 54.9, and 66.4% against A. niger, A. fumigatus, A. flavus, F. solani,
and C. albicans, respectively. The free radical scavenging power of Au-NPs and Ag-NPs
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was 68.9 and 41.21%, respectively. The authors concluded that Au- and Ag-NPs fabricated
by Neodesmus pupukensis have significant potential as antimicrobial and antioxidant agents
and could be used for various biotechnological applications.

Colin et al. reported an eco-friendly green synthesis method to produce Au-NPs with
enhanced biocompatibility [76]. The method used an extract from the alga Egregia sp.,
which naturally contains biomolecules that are important for shell formation around the
Au-NPs to improve their biocompatibility. The algae extract functions as the reducing
agent and as the stabilizing capping shell for the Au-NPs colloid. The yielded Au-NPs had
a diameter of approximately 8 nm with a narrow size distribution.

El-Kassas et al. revealed that the formation and stabilization of Au-NPs using Corallina
officinalis extract could be attributed to the existence of the hydroxyl functional group
of polyphenols and the carbonyl group of proteins [121]. Hamida et al. extracellularly
synthesized, for the first time, Ag-NPs using the novel cyanobacterial strain Desertifilum
IPPAS B-1220 [28]. The green Ag-NPs ranged from 4.5 to 26 nm in size, were spherical,
and exhibited potent anticancer and antibacterial activities. Similarly, Nostoc Bahar M sp.
exhibited a potent reducible activity to fabricate silver nitrate into Ag-NPs at ambient
temperature after 24 h under dark conditions [58]. The biogenic Ag-NPs were spherical
with an average diameter of 14.9 nm and showed antiproliferative activity against colon
cancer cells.

Diatoms are unicellular photosynthetic microalgae that are distinguished by hydrated
amorphous silica exoskeletons of different sizes and shapes [122]. The use of live diatoms in
biotechnology and their applications in ecological monitoring and biofuel production were
reported in several studies [123,124]. The biosynthesis of metal NPs using live diatoms
as a reducing agent has been demonstrated [125,126]. Jena et al. reported the formation
of Ag-NPs by a light-dependent reaction in an aqueous cell extract of diatom Amphora
sp. [127]. The aqueous extract of Amphora sp. was light yellow, indicating that only yellow
pigment was extracted but not the chlorophyll. The aqueous extract was added to the silver
nitrate solution for the biosynthesis of Ag-NPs. The reaction mixture started to change color
from light yellow to brown within seconds and became red brown within 30 min. Ag-NPs
were formed only in light conditions because no color change was observed when the
reaction was conducted in dark conditions. UV–Vis spectroscopy of the Ag-NP suspension
showed a peak at 413 nm. The authors reported that the increase in peak intensity at
413 nm, which was linked to the time of reaction, confirmed the rise in the number of
Ag-NPs in the reaction mixture. TEM analysis revealed that Ag-NPs were polydispersed,
spherical, and ranged in size from 5 to 70 nm, with an average particle size of 20–25 nm.
XRD spectra revealed four intense diffraction peaks at 2θ values of 38.48◦, 44◦, 64.74◦,
and 77.4◦ corresponding to (111), (200), (220), and (311) planes, indicating the crystallinity
of Ag-NP. These findings indicated that aqueous extract of Amphora sp. diatom was highly
effective in reducing Ag ions to formulate scattered Ag-NPs.

4.2.3. Actinomycetes

Extracellular synthesis of Au-NPs was explored using the supernatant of Streptomyces
griseoruber, an actinomycete culture isolated from soil [128]. The development of NPs
was confirmed by UV–Vis spectroscopy, which showed a peak between 520 and 550 nm.
High-resolution TEM (HRTEM) analysis revealed that the formed Au-NPs were in the
range of 5–50 nm and exhibited catalytic activity to degrade methylene blue.

The marine actinomycete, Nocardiopsis alba, isolated from mangrove soil, was utilized
to produce Ag-NPs, and several bioassays were performed to evaluate the antibacterial
and antiviral activities of these NPs [129]. UV–Vis spectroscopy showed the absorption
peak at 420 nm, while SEM and XRD analysis revealed that the Ag-NPs were spherical and
crystalline, respectively. The Ag-NPs showed antiviral activity and significant antibacterial
activity against Pseudomonas aeruginosa, Klebsiella pneumonia, Streptococcus aureus, and E. coli.
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4.2.4. Bacteria

Bacteria, especially thermophilic bacteria, have huge potential in the extracellular
green synthesis of Ag- and Au-NPs [130]. These extracellular mechanisms facilitate the pro-
duction of metal NPs in an eco-friendly manner, which reduces the downstream processing
of these metals.

Patil et al. investigated the effectiveness of the marine bacterium Paracoccus haeundaen-
sis in the extracellular synthesis of Au-NPs and assayed the antioxidant and antiprolifera-
tive effects of the Au-NPs on both normal and cancer cells [131]. The formation of Au-NPs
was confirmed by following the development of a ruby red color with a UV–Vis absorbance
peak at about 535 nm. The resultant Au-NPs were spherical and had an average size of
20.93± 3.46 nm. The results showed no growth inhibition effect of the Au-NPs on normal
cells, while the growth of cancer cells was inhibited in a concentration-dependent manner.
These findings indicated that the biogenic Au-NPs were nontoxic to human cells and could
therefore be used in biomedical applications.

Bacillus brevis (NCIM 2533) was exploited in the green synthesis of Ag-NPs [132].
The synthesized Ag-NPs, which were characterized by several spectroscopic and micro-
scopic techniques, were spherical, had a size range of 41–68 nm, and presented with an
SPR peak at 420 nm. In addition, the antibacterial effect of the Ag-NPs against multidrug-
resistant pathogens, including Salmonella typhi and Staphylococcus aureus, was verified
in vitro.

4.2.5. Fungi

Fungi contain a plethora of biocompounds; approximately 6400 have been extracted
from filamentous fungi making these organisms attractive in many applications [133].
Furthermore, these microorganisms have a potentially reduced ability to produce NPs
from many bulk materials owing to their tolerance against heavy metals and potentiality
to accumulate metals [134].

Molnár et al. synthesized Au-NPs using 29 different thermophilic fungi and com-
pared the results of the extracellular fraction to those of the intracellular fraction of the
fungi [65]. The fabricated Au-NPs had a size ranging between 6 and 40 nm, and the sizes
vary according to the fungal strain and experimental conditions.

Another study focused on exploring the anticancer activity of Au-NPs synthesized
using Fusarium solani [135]. Properties of the Au-NPs were observed by UV–Vis spec-
troscopy, FTIR, SEM, and XRD. SEM images revealed that the average diameter of the NPs
was between 40 and 45 nm. These Au-NPs demonstrated dose-dependent cytotoxicity
against cervical cancer cells and human breast cancer cells by inducing apoptosis path-
ways. The findings of this research present a safer chemotherapeutic agent with lower
systemic toxicity.

4.2.6. Lichens

Lichens are composite organisms that live in both obligate and beneficial symbiosis
with fungi, algae, perennial trees, or cyanobacteria [34]. These organisms have been used
globally in enceinte traditional medicine. Some lichens are recognized as an effective
treatment for gastritis, diabetes, hemorrhoids, dysentery, dyspepsia, amenorrhea, vomiting,
and respiratory tract illnesses such as pulmonary tuberculosis, throat irritation, bronchitis,
and dry cough [136]. Many countries are using commercial lichen-derived pharmacological
products. For example, usnic acid was used in antiseptic products in Germany (Camillen
60 Fudes spray and nail oil) and Italy (Gessato™ shaving) [137]. Icelandic lichens were
used in cold remedies by the trade names of Isla-Moos® (Engelhard Arzneimittel GmbH
& Co. KG, Germany) and Broncholind® (MCM Klosterfrau Vertriebsgesellschaft mbH,
Germany). The riminophenazine was demonstrated as antimycobacterial drugs [138].
Generally, lichens contain high proportions of phenolic compounds and polysaccharides
such as lichenan and isolichenan, and various secondary metabolites, including protolich-
esterinic acid and fumarprotocetraric acid [34,139]. These biomolecules make the lichen
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extracts have many biological activities such as antioxidant, antimicrobial and anticancer
potencies. Moriano et al. investigated the antioxidant potency of 10 lichen species of
Parmeliaceae spp. using oxygen radical absorbance capacity (ORAC) and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical scavenging activities and the ferric reducing antioxidant
power [140]. The data exhibited that antioxidant capacities were variable between lichen
species. For instance, methanolic extract of Flavoparmelia euplecta showed the highest
ORAC value (3.30µmol TE/mg dry extract), Myelochroa irrugans methanolic extract demon-
strated the maximum DPPH scavenging activity (EC50 = 384µg/mL), and the extract of
Hypotrachyna cirrhata showed the highest reducing power (316µmol of Fe2+ eq/g sample).

Felczykowska et al. studied the antiproliferative potency and antibacterial activity of
acetonic extracts of three lichen species, namely, Caloplaca pusilla, Protoparmeliopsis muralis,
and Xanthoria parietina [141]. The scholars exhibited that P. muralis significantly suppressed
the growth of Bacillus subtilis, Enterococcus faecalis, Staphylococcus aureus, and Staphylococcus
epidermidis. Moreover, X. parietina showed antiproliferative activity against both Hela
and MCF-7 cancer cells with IC50 values of 8 µg/mL, and C. pusilla revealed the highest
potency to reduce Hela, MCF-7, and PC-3 cancer cells viability with IC50 values of 6.57,
7.29, and 7.96 µg/mL, respectively.

Usnic acid, along with isodivaricatic acid, 5-propylresorcinol, and divaricatinic acid
derived from Protousnea poeppigii and Usnea florida, showed potent antifungal activity
against Microsporum gypseum, Trichophyton mentagrophytes, and T. rubrum [142].

Furthermore, lichen extract has been established as an efficient reducing and capping
agent for NPs due to the vast abundance, rapid growth, and most importantly, environmen-
tal sustainability of these organisms [143]. The functional groups of secondary metabolites
from lichen extracts are instrumental in preventing aggregation of NPs and hence improve
the fabrication and stabilization of NPs [144]. Lichen-based NPs show great potential as
therapeutic agents, serving as antimicrobials, antidiabetics, and antioxidants [145,146].

5. Lichens as Biosynthesizers for Nanoparticles
5.1. Metallic Nanoparticles (MNPs)

MNPs have become the most fundamental NMs in many applied and research areas
due to their unique physical, chemical, and biological properties that make them promising
candidates in the fields of industry, medicine, electronics, etc. [4,147]. The most frequently
studied MNPs are Ag-NPs and Au-NPs due to their significant therapeutic activity against
many serious diseases and their smaller-size-to-large-surface-area ratio, which enables
them to be used as drug delivery systems and catalysts [8,148].

Siddiqi et al. reported that aqueous-ethanolic extract of Usnea longissima has the poten-
tial to fabricate silver nitrate into Ag-NPs extracellularly under laboratory conditions [136].
The lichen samples were washed, dried at 60 ◦C, and then crushed into fine powder [136].
Next, 10 g lichen powder was refluxed into 100 mL ethanol-distilled water (50:50) for 3
h. The samples were centrifuged to remove debris and 10 mL of supernatant was mixed
with 1 mL of 0.01 M solution of AgNO3. The reduction process was completed after 72 h of
incubation under stirring and dark conditions at room temperature. The resultant Ag-NPs
were stable for weeks; however, the yield of NPs was extremely low at approximately 35%.
TEM of the synthesized Ag-NPs indicated that the NPs were spherical with an average
nanosize of 10.49 nm. FTIR peaks of the Ag-NPs exhibited distinct bands at 3500–3300
cm−1 that refer to primary amines, while bands at 1600–1500 cm−1 correspond to C–O
stretching and amide bands (N–H). Additionally, at 1650 cm−1, amide I and amide II
bands were reported, and at frequencies of up to 1600 cm−1, a COO band overlapped with
the amide II band. The authors speculated that organic molecules of U. longissima were
responsible for the reduction of silver nitrate into Ag-NPs.

The bioreduction ability of Cetraria islandica extract for the fabrication of silver nitrate
into Ag-NPs was first studied by Yıldız et al. [139]. They reported that C. islandica can
extracellularly fabricate Ag-NPs with diverse morphologies and sizes under different
parameters such as time of exposure, the concentration of both silver nitrate and lichen
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extracts, and temperature. Increasing the time of exposure resulted in an increase in UV
absorbance values, indicating higher production of NPs. Low AgNO3/lichen ratio and
low temperature caused increases in absorbance values, which again indicated higher
production of NPs. The authors suggested that the higher production of Ag-NPs may
be due to an increase in bioreducing agents (low AgNO3/lichen ratio) represented by
the lichen extract. It was also speculated that the average size of the Ag-NPs (5–29 nm)
may be controlled by varying the silver nitrate and lichen concentrations, time of reaction,
and temperature.

Khandel et al. studied the catalytic activity of Parmotrema tinctorum to form silver-
NPs [149]. P. tinctorum could effectively synthesize Ag-NPs from silver nitrate in an
eco-friendly manner. These NPs are distinguished by their high stability, spherical shape,
and average diameter of 15.14 nm. Leela and Anchana reported for the first time the
potentiality of aqueous extracts of Parmelia perlata and their purified fractions (secondary
metabolites) to fabricate silver nitrate into Ag-NPs [150]. Briefly, the lichen extract was
prepared with a cold extraction method utilizing methanol and water, in which 50 g
pulverized lichen was mixed with 500 mL methanol and incubated under dark condi-
tions on a rotary shaker for three days at ambient temperature and the same amount of
lichen powder was mixed with 500 mL distilled water and boiled for 1 h at 65 ◦C. Each
mixture was filtrated using Whatman filter paper No. 1, and the filtrates were used for
the synthesis of NPs. Thin-layer chromatography (TLC), column chromatography (CC),
and gas chromatography-mass spectroscopy were performed to obtain purified secondary
metabolites to use in Ag-NP synthesis. Both aqueous extract of lichen and their secondary
metabolites were potent reducing and stabilizing agents for the fabrication of Ag-NPs.

Aqueous extracts of Parmotrema praesorediosum and Ramalina dumeticola were also
exploited for the extracellular fabrication of Ag-NPs after 72 h at room temperature [151].
Both lichen species could form Ag-NPs, but R. dumeticola showed the highest bioreduction
activity. R. dumeticola induced the formation of spherical Ag-NPs with an average size of
20 nm, while those synthesized by P. praesorediosum were spherical with an average size of
42 nm. P. praesorediosum was recently reported to extracellularly synthesize Ag-NPs with
a cubic structure and a nanodiameter of 19 nm [152]. Similarly, Cetraria islandica was an
effective biosynthetic source for both Ag-NPs and Au-NPs [144]. This lichen could produce
spherical silver-NPs and gold-NPs with a dominant nanosize of 6 and 19 nm, respectively,
after 30 min at 80 ◦C. The authors suggested that oxidation of phenolic compounds was a
result of the reduction process of metal ions into their nanoform.

Dasari et al. used in vitro cultures of four species of lichen, Parmeliopsis ambigua,
Punctelia subrudecta, Evernia mesomorpha, and Xanthoparmelia plitti to synthesize Ag-NPs
extracellularly [153]. These lichens were collected from Goolapalli, Ramakuppam Mandal,
Chittoor (District), Andhra Pradesh, India. Five grams of lichen thalli was cut, washed
with water, and then sterilized with 0.01% HgCl2. Small pieces of the thalli were then
inoculated on plates of malt yeast extract medium and incubated at 28 ± 5 ◦C for 7–10 days
before transfer to fresh culture media. Four types of mycelial mat were collected separately
by filtering the cultures through Whatman No. 1 filter paper. Each type of mat was
separately added to 100 mL of 1 mM silver nitrate solution and incubated for 24 h at room
temperature with shaking and light conditions. The solutions were then centrifuged for
10 min at 12,000 rpm to collect the synthesized Ag-NPs. UV–Vis spectrum analysis was
used to examine the reduction of Ag+ ions into Ag-NPs. The absorbance peak maximum
was at 410–420 nm, which is typical for Ag-NPs, while the control solution (incubated
without silver nitrate) did not show any peak of absorbance. The samples displayed a
broad resonance (390–420 nm), suggestive of the aggregation of Ag-NPs. SEM analysis of
the formed Ag-NPs disclosed their different sizes ranging between 150 and 200 nm and
that the Ag-NPs were in a polydispersed mixture. FTIR analysis was conducted to identify
the biomolecules present in the mycobiont mat and responsible for Ag-NPs synthesis.
Briefly, samples were mixed with KBr at a ratio of 1:100, and the spectra were recorded
at 1000–3500 cm−1. Ag-NPs synthesized by Parmeliopsis ambigua had an IR spectra peak
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at 3332 cm−1 that confirmed the presence of polyphenolic –OH group and peaks at 1639
and 1252 cm−1 that reflected the presence of amide I and carboxylic groups, respectively.
Similar findings were obtained for the Punctelia subrudecta sample. Ag-NPs of Evernia
mesomorpha also showed the same functional groups, –OH and –NHCO, at peaks of 3248
and 1739 cm−1, respectively. However, spectra of Ag-NPs synthesized by Xanthoparmelia
plittii revealed the presence of C–N at a peak of 1015 cm−1 and the asymmetric mode
of both the aliphatic and aromatic functional group –C–H peaking at 2923 cm−1. The
presence of C–H stretching was confirmed by a peak at 2853 cm−1, and a peak at 3234 cm−1

corresponded to primary aliphatic amines. The presence of carbonyl group C=O from the
phenols was indicated by the peak at 1656 cm−1, and the C–O single bonds were indicated
by a peak at 1000–1200 cm−1, while the aromatic C–H functional group was found below
700 cm−1. The predicted phenols in the samples included catechin gallate, epicatechin
gallate, and gallocatechin gallate. The authors speculated that polyphenolic compounds
were the essential molecules in the bioreduction process of Ag-NPs.

The efficiency of aqueous extract of the lichen Ramalina dumeticola as a reducing and
stabilizing agent for extracellular fabrication of silver nitrate into Ag-NPs was recently
explored [154]. The reaction between the lichen aqueous extract (10 mL) and 30 mL of
1 mM silver nitrate solution was conducted at room temperature for 24 h. The formation
of Ag-NPs was confirmed by the solution turning yellowish brown. NPs were obtained
from the solution by centrifugation at 5000 rpm for 20 min and were subsequently freeze
dried. UV–Vis spectral analysis, which was taken with a resolution of 2 nm at a range of
400–450 nm, monitored the formation of Ag-NPs and revealed the characteristic SPR band
of Ag-NPs at approximately 433 nm. XRD analysis to define the chemical composition
and crystal structure of the sample showed four peaks of 38.1◦, 44.3◦, 64.4◦, and 77.4◦ at
2θ, which corresponded to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) crystallographic planes
of face-centered cubic of silver, respectively. The average of crystal size was calculated
by utilizing the Debye-Scherrer equation, i.e., D = (0.94λ)/(β cos θ), where D is the mean
crystallite domain size, λ is the wavelength of Cukα, β is the full width at half maximum
(FWHM), and θ is the Bragg diffraction angle. The average size of the Ag-NP crystals was
17.1 nm. TEM revealed that Ag-NPs were polydispersed and mainly spherical with a size
between 6 and 28 nm and an average diameter of 13 nm.

Rai and Gupta tested the possibility of biofabricating Ag-NPs by exploiting the re-
ducing capacity of aqueous extracts of the lichen Cladonia rangiferina [145]. The lichen was
collected from the Govind wildlife sanctuary in the Uttarkashi District of Uttarakhand,
western Himalaya, at an altitude above 3500 m. Silver nitrate solution (45 mL of 1 mM)
was mixed with 15 mL lichen aqueous extract and 2–3 drops of 0.1 M sodium hydroxide to
reach an alkaline pH. After 72 h at room temperature, the reaction mixture turned yellow
brown, verifying the presence of Ag-NPs. UV–Vis spectrophotometry indicated that the
spectral band peak at 402 nm corresponded to the specific color change that resulted from
the reduction of silver ions to Ag-NPs by secondary metabolites of the lichen. The presence
of these secondary metabolites was consolidated by the detection of their functional groups
by FTIR analysis. The FTIR scan taken at a range of 450–4000 cm−1 showed several func-
tional groups corresponding to specific biomolecules in the extract such as polyphenols
that could participate in the fabrication and stabilization of Ag-NPs. Peaks were observed
in the range of 1000–4000 cm−1, demonstrating the presence of O–H (3400 cm−1), C–H
(2853 cm−1), C=O (1742 cm−1), C=O (1691 cm−1), C=O aldehyde (1651 cm−1), C=C vibra-
tion (1573 cm−1), CH2, CH3 (1443 cm−1), and C–O (1273 cm−1). For TEM analysis, the
solution was sonicated for 15 min, loaded onto a carbon-coated copper grid, and incu-
bated under a fume hood for 30 min for the solvent to evaporate. The Ag-NPs visualized
by TEM were spherical and rod shaped, with a particle size ranging from 5 to 40 nm
and an average diameter of 20 nm. Similarly, different studies were reported that lichen
species including Xanthoria elegans, Usnea antractica, Leptogium puberulum, Cetraria islandica,
Pseudevernia furfuracea, Lobaria pulmonaria, Heterodermia boryi and Parmotrema stuppeum have
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potentiality to reduce silver nitrate into Ag-NPs with different shapes (bimodal and cubic)
and sizes [155–157].

Ethanolic extract of the lichen Parmotrema clavuliferum was used for the biological
synthesis of Ag-NPs from silver nitrate [158]. The extraction was carried out by adding 10 g
dried lichen to 100 mL ethanol and incubating with shaking at 80 ◦C for 24 h then filtering
through 25-mm pore-sized papers. The extract was added to silver nitrate solution at room
temperature and the production of Ag-NPs was indicated by brown color development.
The brown color appeared immediately, which verifies the high potency of Parmotrema
clavuliferum extract as a reducing and capping agent for NPs. For further confirmation,
the excitation of SPR provided by the Ag-NPs was measured spectrophotometrically at
400–450 nm. The plasmon absorption bands showed an absorbance peak at 440 nm. The
DLS and zeta potential data indicated that the particle size distribution of the biogenic
Ag-NPs was in the range of 80–120 nm and the particles had negative charges suggesting
their stability at room temperature. TEM and SEM revealed that the Ag-NPs were spherical
and approximately 106 nm in diameter. Potential biomolecules in the lichen extract were
explored using FTIR spectroscopy, and broad peaks at 3264 and 1634 cm−1 were recorded,
which correspond to O–H of phenolic compounds stretching groups and C=O of the
peptide bond, respectively. These findings imply the role of phenolic compounds and in
the bioreduction of silver ions.

Abdolmaleki et al. used two lichen species, Usnea articulata and Ramalina sinensis,
to reduce 1 mmol of silver nitrate solution into Ag-NPs [143]. The resulting Ag-NPs were
spherical with a nanosize range of 10–50 and 50–80 nm, respectively.

Recently, aqueous extracts of two novel lichen species, Acroscyphus sphaerophoroides
Lev and Sticta nylanderiana, were utilized to fabricate chloroauric acid (10−3 M HAuCl4)
into Au-NPs at room temperature for 12 h [159]. Physicochemical analyses confirmed the
potentiality of both lichen species to generate gold-NPs. The UV–Vis-spectra of biogenic
Au-NP was at 535 nm and the XRD pattern confirmed the face-centered cubic of Au-NPs.
FTIR spectra of both types of Au-NPs featured bands at 3446 and 1041 cm−1 that relate
to N–H and C–O stretching, respectively, bands at 2922 and 2849 cm−1 corresponding to
C–H stretching, and bands at 1638 and 1456 cm−1 that relate to the amide and carboxylate
groups, respectively, in the amino acid residues of the biomolecules. The authors speculated
that the presence of these functional groups might help prevent agglomeration of the NPs.
Moreover, TEM revealed that A. sphaerophoroides-mediated Au-NPs are multiply twinned
quasi-spherical and prismatic with a size range between 5 and 35 nm, while S. nylanderiana-
mediated Au-NPs were exclusively multiply twinned with a nanosize range of 20–50 nm.

An extract of the lichen Parmelia sulcate was used to synthesize Au-NPs; for its prepa-
ration, 90 mL of a 1 mM HAuCl4 solution (to provide Au3+) and 10 mL of the 5% Parmelia
sulcata extract were heated to 60 ◦C and kept on a magnetic stirrer for 20 min [160]. The color
change of the reaction mixture from yellow to purple was monitored to observe the forma-
tion of Au-NPs then the solution was dried in an oven (70 ◦C) for 48 h to obtain powdered
particles. The UV–Vis spectrum from 300–700 nm confirmed the reduction of Au3+ to gold
NPs (Au0). The peak observed at 540 nm represents the SPR, verifying the formation of the
Au-NPs. The XRD spectrum had peaks at 38.3◦, 44.6◦, 64.7◦, and 77.7◦, which revealed the
crystalline feature of gold and the face-centered cubic particles depending on the angular
positions of the Bragg peak. SEM and TEM demonstrated that the particles had an average
size of 54 nm and were spherical. TEM with energy-dispersive spectroscopy (EDS) was
utilized to determine the elemental composition. The EDS pattern displayed a strong signal
for the gold peak, indicating successful fabrication of Au-NPs. FTIR spectra were measured
over a range of 400–4000 cm−1 to follow the reaction between the Parmelia sulcata extract
and chloroauric acid. Biomolecules in the lichen extract were confirmed to interact with
Au-NPs. The peaks at 3443 cm−1 corresponded to the O–H strong stretch of the alcohol,
while a peak at 1640 cm−1 corresponded to the C=C of the alkenes, and the peaks at 1544
and 1384 cm−1 were related to the N–H and N–O bending and stretching of the amide
and nitro groups, respectively. The peaks at 1272 and 1206 cm−1 were related to the C–O
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stretch of esters. The presence of proteins in the solution, indicated by the amide and nitro
group peaks, might contribute to the stabilization of the newly formed NPs. DLS and
zeta potential analyses revealed that the average size of the hydrodynamic diameter of the
Au-NPs was 54.14 nm and their charge was negative (−18.4). This indicates the existence
of lichen biomolecules surrounding the Au-NPs, which provide stability to the Au-NPs.

Devasena et al. used the Soxhlet extraction method to obtain the lichen extract to
use in magnesium nanoparticles (Mg-NPs) synthesis [161]. They reported that Cladonia
rangiferina has the ability to reduce magnesium sulfate into Mg-NPs extracellularly. UV–Vis
spectroscopy analysis revealed that the absorption peak of Mg-NPs was at 262 nm, while
the DLS technique revealed that Mg-NPs have an average hydrodynamic diameter of
23 nm.

Protoparmeliopsis muralis was first used for the synthesis of different metallic and metal
oxide NPs (MONPs) by Alavi et al., who utilized the aqueous extract of this lichen to
extracellularly fabricate silver-NPs and copper-NPs under dark and stirred conditions
for 24 h at ambient temperature [162]. Synthesis of the MNPs was confirmed by UV–Vis
spectroscopy, TEM, SEM, EDAX, XRD, and FTIR analyses. The resulting data demon-
strated that the maximum absorbance peak for Ag-NPs and Cu-NPs was 378 and 567 nm,
respectively, and that the MNPs were spherical with an average nanosize of 33.49 ± 22.91
and 253.97 ± 57.2 nm, respectively. EDAX data demonstrated that Ag- and Cu-NPs were
present in the sample at 87.72 and 26.42%, respectively. Furthermore, the 2θ degree values
of both Ag- and Cu-NPs were 35.5◦, 43.6◦, 65.6◦, and 72.1◦, and 35.9◦, 39.6◦, 44.3◦, 54.3◦,
and 57.2◦, respectively, indicating the crystallinity of these NPs. Based on FTIR data, there
were three dominant functional groups, C=C, S=O, and C-Br, in all samples (lichen extract,
Ag- and Cu-NPs, and metal oxides NPs). However, O–H bond bending corresponding
to secondary metabolites such as phenol was observed for the MNPs, suggesting that
these secondary metabolites may act as a potential reducing and stabilizing agent during
the synthesis process of both Ag- and Cu-NPs. To prove this hypothesis, the authors
analyzed the total phenol, flavonoid, flavanol, and tannin contents (TPC, TFC, TFLC, and
TTC, respectively) of the samples via Folin-Ciocaltue assay. The Ag-NP solution contained
higher amounts of TPC, TFC, TFLC, and TTC, compared with the lichen extract and other
MNPs and MONPs. The same study also screened the effect of time exposure (24, 48, 72,
and 96 h) on the biosynthesis process of MNPs and demonstrated that the concentration of
MNPs increased as the time of exposure increased. The authors noted that the synthesis
process of MNPs using lichen aqueous extract was slower than that using plant watery
extract suggesting the cause of the slow reaction is the lower reducing capacity of lichens
(Table 1).

Table 1. Lichen-based synthesis of nanoparticles (NPs).

Strains Type of NPs Size (nm) Shape Illumination
Time of

Expo-
sure

pH Temperature
(◦C)

Mode of
Synthe-

sis
Application Reference

Usnea
longissima

Ag-NPs 9.40–11.23 Spherical Dark 72 h 7 RT - Antibacterial
agent [136]

Parmotrema
praesorediosum

Ag-NPs 19 Cubic
structure NM 24 h NM RT - Antibacterial

agent [152]

Cetraria
islandica (L) Ach

Ag-NPs 5-29 Spherical NM
19.09,

60 120,
180 and
220.91 min

NM
16.48, 25,
37.5, 50,

58.52
- NA [139]

Parmotrema
praesorediosum

Ag-NPs 42 Spherical NM 72 h Alkaline RT - NA [151]

Ramalina
dumeticola

Ag-NPs 20 Spherical NM 72 h Alkaline RT - NA [151]
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Table 1. Cont.

Strains Type of NPs Size (nm) Shape Illumination
Time of

Expo-
sure

pH Temperature
(◦C)

Mode of
Synthe-

sis
Application Reference

Ramalina
dumeticola

Ag-NPs 13 Spherical NM 24 h NM RT - NA [154]

Cetraria
islandica (L.)

Ach

Ag-NPs 6 Spherical NM 30 min NM 80 -

Catalytic
activity [144]

Au-NPs 19 Spherical NM 30 min NM 80 -

Ag-Au NPs 6 and 21

Polygonal
and

Spheri-
cal

NM 30 min NM 80 -

Parmelia perlata Ag-NPs NA Spherical NM 30 min NM 60 -
Antimicrobial,

antioxidant and
antidiabetic

agents
[150]

Ramalina
sinensis

Fe3O4 NPs 20-40
Uniform
Spheri-

cal
NM 1 h NM 70 -

Removing
heavy metals

such as Pb and
Cd

[163]

Lecanora
muralis

ZnO@TiO2@SiO2
nanocomposites 55–90 Spherical NM 5 h NM 80 -

Antimicrobial
agent [164]

Fe3O4@SiO2
nanocomposites 55–85 Spherical NM 5 h NM 80 -

Ramalina
sinensis

Iron oxide
nanoparti-

cles
31.74-53.91 Uniform

spherical NM 1 h 7 70 - Antibacterial
agent [165]

Protoparmeliopsis
muralis

Ag-NPs 33.49 ± 22.91 Spherical NM 24 h 8 RT - Antibacterial,
antibiofilm,
antiquorum

sensing,
antimotility,

and antioxidant
activities

[162]

Cu-NPs 253.97 ± 57.2 Triangular NM 24 h 8 RT -

Fe3O4 NPs 307 ± 154 Spherical NM 24 h 8 RT -

TiO2 NPs 133.32 ± 35.33 Polyhedral NM 24 h 8 RT -

ZnO NPs 178.06 ± 49.97 Cubic NM 24 h 8 RT -

Parmeliopsis
ambigua

Ag-NPs 150–250 NM Light 24 h NM RT +, -

Antibacterial
and

antioxidant
agents

[153]

Punctelia
subrudecta

Ag-NPs 150–250 NM Light 24 h NM RT +, -

Evernia
mesomorpha

Ag-NPs 150–250 NM Light 24 h NM RT +, -

Xanthoparmelia
plitti

Ag-NPs 150–250 NM Light 24 h NM RT +, -

Cladonia
rangiferina

Mg-NPs 23 NM NM 24 h NM NM NM NA [161]

Parmotrema
tinctorum

Ag-NPs 15 ± 5.1 Spherical Dark 24 h NA RT - Antibacterial
agent [149]

Acroscyphus
sphaerophoroides

Ag-NPs 5–35

Twinned
quasi-

spherical
and pris-

matic
shapes

NM 12 h NM RT -
Antioxidant

agent [159]

Sticta
nylanderiana

Ag-NPs 20–50 Multiply
twinned NM 12 h NM RT -

Parmotrema
clavuliferum

Ag-NPs 106 Spherical Dark 48 h NM 80 ◦C - Antibacterial
agent [158]

Parmotrema
perlatum

Ag-NPs NM NM NM NM NM NM NM Antibacterial
agent [166]

Xanthoria
parietina

Ag-NPs 1–40 Spherical Dark 72 h NM 40 ◦C - Anticancer and
antibacterial

agents
[37]

Flavopunctelia
flaventior

Ag-NPs 1–40 Spherical Dark 72 h NM 40 ◦C -

Parmelia perlata Ag-NPs NM NM NM NM NM NM NM Antibacterial
agent [167]

Umbilicaria
Americana

Ag-NPs NM NM NM NM NM NM NM NM [168]

Cladonia
rangiferina

Ag-NPs 20 Spherical
and rods NM 72 h Alkaline RT - Antibacterial

agent [145]
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Table 1. Cont.

Strains Type of NPs Size (nm) Shape Illumination
Time of

Expo-
sure

pH Temperature
(◦C)

Mode of
Synthe-

sis
Application Reference

Usnea articulata Ag-NPs 10–50 Spherical NM 72 h Alkaline 27 ◦C -
Antibacterial

agent [143]Ramalina
sinensis

Ag-NPs 50–80 Spherical NM 72 h Alkaline 27 ◦C -

Parmelia sulcate Au-NP 54 Spherical NM 20 min NM 60 ◦C -
Antioxidant

and
mosquitocidal

agents
[160]

Ramalina
fraxinea

ZnO-NPs 21 Spherical NM Up to 2 h NM 60 ◦C - Neuroprotection
activity [169]

Aspicilia lichens
Nanohyaluronic

acid 29–89 Spherical NM 48 h
Alkaline
then neu-

tralize
by acid

50 ◦C - Antidiabetic
agent [146]

Xanthoria
elegans

Ag-NPs

Bimodal 5-100 NM 2 h NM NM - Antibacterial
agent

[155]
Usnea antarctica Bimodal 5-100 NM 6 h NM NM - Antibacterial

agent

Leptogium
puberulum Bimodal 5-100 NM 6 h NM NM - Antibacterial

agent

Cetraria
islandica Bimodal 5-100 NM 2 h NM NM - Antibacterial

agent

Pseudevernia
furfuracea

Ag-NPs

Bimodal <10-100 NM 2 h NM NM -
Antibacterial

and antioxidant
agents

[156]
Lobaria

pulmonaria Bimodal <10-100 NM 2 h NM NM -
Antibacterial

and antioxidant
agents

Heterodermia
boryi

Ag-NPs
Cubic 27.91–

37.21 NM NM NM NM - Antibacterial
agent

[157]
Parmotrema

stuppeum Cubic 27.69–
36.00 NM NM NM NM - Antibacterial

agent

Abbreviation: (-), extracellular synthesis; (+), intracellular synthesis; NM, not mentioned; NA, no applications; RT, room temperature.

5.2. Metal Oxide Nanoparticles (MONPs)

MONPs are one of the widest used nanomaterials due to their unique properties
including high stability, porosity, and easy functionalization with different molecules
because of their negative charge; these properties mean MONPs are particularly suited to
biomedical applications [170].

Alavi et al. utilized the aqueous extract of Protoparmeliopsis muralis to biosynthesize
three different types of MONPs—ferric oxide, zinc oxide, and titanium oxide (Fe3O4, ZnO,
and TiO2, respectively) NPs [162]. Briefly, lichen samples collected from Kane Gonabad
Mountains were washed with distilled water, air dried for six days, then crushed into a
fine powder, and boiled with 250 mL distilled water at 90 ◦C for 30 min. The mixture
was filtered through Whatman filter paper No. 40 and 10 mL of the filtrate, was mixed
with 50 mL TiO(OH)2 or Zn(NO3)2·6H2O (0.01, and 0.001 M concentrations, respectively),
and incubated for 24 h with stirring. For fabrication of Fe3O4 NPs, the same amount of
lichen extract was added to flasks containing FeCl3·6H2O (0.2 M) and FeCl2·4H2O (0.001,
0.01, and 0.1 M), and the pH was adjusted to 8 by adding 0.1 M NaOH solution. Mixtures
were kept under stirred conditions for 24 h at room temperature. The resultant NPs were
collected by centrifugation at 4000 rpm for 30 min, washed, and dried at 70 ◦C for 8 h.
Physicochemical analyses showed that the UV-spectra peaks of Fe3O4, ZnO, and TiO2
NPs were 216, 328, and 283 nm, respectively. TEM and SEM images demonstrated that
all the MONPs were spherical with an average nanodiameter of 307 ± 154 (Fe3O4 NPs),
133.32 ± 35.33 (TiO2 NPs), and 178.06 ± 49.97 nm (ZnO NPs). The presence of Fe (84.07%),
Ti (66.41%), and Zn (25.61%) in the Fe3O4, ZnO, and TiO2 NPs samples was detected
by EDAX analysis. XRD and FTIR analyses proved that these MONPs had nanocrystal
structures and were coated with organic molecules such as secondary metabolites (phenols,
O–H), which have a significant role in reducing and stabilizing NPs.
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The hydrolytic capacity of aqueous extracts of a new strain of lichen, Ramalina sinen-
sis, was recently reported to extracellularly fabricate ferric chloride salts into iron oxide
NPs [165]. The UV-spectra curve of the NP samples appeared in the range of 280–320 nm,
indicating the formation of magnetic iron oxide NPs. The XRD pattern of the biosynthe-
sized iron oxide NPs showed distinct diffraction peaks of 30.5◦, 36.1◦, 43.3◦, 53.9◦, 57.5◦,
and 63.3◦ at 2θ, indicating the cubical nanocrystalline structure of iron oxide NPs. Fur-
thermore, FTIR analysis demonstrated that π-electrons of carbonyl groups of flavonoid
and phenolic compounds of R. sinensis were responsible for the reduction of iron ions into
their nanoforms. Field emission scanning electron microscopy (FESEM) revealed that the
particle size of the iron oxide NPs was between 31.74 and 53.91 nm and that pores existed
in the iron oxide NPs structure. EDX analysis showed that Fe and O elements were the
main constituents in the iron oxide nanostructure.

Similarly, Arjaghi et al. performed extracellular reduction of ferric chloride salts
(FeCl2·4H2O and FeCl3·6H2O) into Fe3O4 NPs by utilizing R. sinensis [163]. Sharp absorp-
tion peaks were observed between 300 and 350 nm owing to the interaction between the
chemicals, and tensile vibration resulted from the formation of a new bond between iron
and oxygen and the synthesis of Fe3O4 NPs. The authors hypothesize that the existence of
biomolecules in R. sinensis might prevent the agglomeration of NPs, that polysaccharide
sulfate acts as a potent reducing agent, and that sulfate groups have significant roles in the
extracellular synthesis of iron oxide NPs by oxidizing the aldehyde group into carboxylic
acids. XRD and SEM data revealed that Fe3O4 NPs were nanocrystalline and 20–40 nm
in size.

ZnO-NPs were biologically synthesized by Koca et al. using Ramalina fraxinea ex-
tract [169]. Lichen samples were carefully washed, dried in a 70 ◦C oven overnight,
and extracted in water by heating (80 ◦C) for 1 h, and the resulting extract was filtered
through Whatman No 1 filter paper. For the synthesis of ZnO-NPs, 100 mL filtered extract
was added to 5 g Zn(NO3)2·6H2O and incubated at 60 ◦C with continuous stirring until
the color changed, indicating the formation of NPs. The solution was then heated at
400 ◦C for approximately 2 h to obtain a fine powder of ZnO-NPs. The characteristic SPR
band of the ZnO-NPs was determined by UV analysis at a wavelength range between 200
and 900 nm. Peaks were observed at 269 nm, which related to Ramalina fraxinea extracts,
and 330 nm, suggesting synthesis of ZnO NPs was successful. FTIR analysis of the ZnO-
NPs revealed O–H (alcohol) band vibrations at 3128 and 1398 cm−1 and stretching bands
at 1620 and 1575 cm−1 that were correlated to the alkenes (C=C), while absorption peaks
at 1480 cm−1 were for alkanes (C–H). Bands at 1379 and 1335 cm−1 related to O–H (alcohol
and phenol), and the presence of amine groups (C–N) was observed at 1192 cm−1. The
peak at 1295 cm−1 represented the aromatic ester (C–O) and aromatic amine groups (C–N),
while the bands at 1121 and 1087 cm−1 were identified as amine (C–N) and aliphatic ether
(C–O) groups. Stretching bands at 1038 and 960 cm−1 were allotted to ether (C–O) and
alkene (C–H), respectively. The bands at 871, 842, 773, 671, and 605 cm−1 confirmed the
presence of halo compounds (C–Cl), and the peaks observed at 407, 444, and 535 cm−1

were assigned to Zn-O (metal-oxygen) vibration. In conclusion, FTIR analysis disclosed
that functional groups in the extract of Ramalina fraxinea are crucial for the synthesis of
ZnO-NPs. XDR spectra at 2θ showed a group of diffraction peaks of 31.7◦, 34.4◦, 36.2◦,
47.5◦, 56.5◦, 62.8◦, 66.4◦, 67.9◦, 69.1◦, 72.5◦, and 77.1◦ indicative of the crystal planes of
(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4), (2 0 2), and (1 0 4),
respectively. Collectively, the XDR analysis demonstrated that the Ramalina fraxinea extract
delivered ZnO-NPs with a characteristic hexagonal and crystalline structure. The biogenic
ZnO-NPs were spherical with a size of around 21 nm, as evidenced by SEM and FESEM
imaging. The authors reported the existence of aggregation of NPs that resulted from the
impact of Van der Waals forces between NPs (Table 1).
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5.3. Other Nanomaterials

Abdullah et al. introduced the green synthesis method of ZnO@TiO2@SiO2 and
Fe3O4@SiO2 nanocomposites (NCs) utilizing the novel lichen species Lecanora muralis [164].
Lichen specimens were collected from Grdmandil mountain and the chemical compositions
of the rock-inhibiting lichen samples were analyzed via XRD assay. The samples comprised
quartz, hematite, magnetite, and maghemite Q. Similarly, biomolecules inside the lichen
cell extract were determined using gas chromatography-mass spectroscopy, and there
were a variety of secondary metabolites present that have many medical applications
through their antioxidant, anticancer, analgesic, and antipyretic activities. To synthesize
ZnO@TiO2@SiO2, 2 g of L. muralis (LM) was mixed with 30 mL distilled water and the
mixture was boiled at 80 ◦C for 1 h then filtrated. Next, 20 mL LM filtrate was mixed
with 0.5 g ZnCl2, 1.5 g TiO(OH)2 (titanyl hydroxide), and 2.5 g Na2SiO3 at pH 8 and 80 ◦C
for 5 h under stirring conditions. Similarly, Fe3O4@SiO2 NCs were formed by mixing
20 mL LM filtrate and 2 g Na2SiO3 with 0.7 g FeCl2 and 1.2 g FeCl3 at pH 9 and 80 ◦C for
5 h under stirring conditions. After the incubation period, NP precipitates were filtrated,
washed with hot distilled water to discard any impurities, and then dried. Physical and
chemical analyses of the ZnO@TiO2@SiO2 and Fe3O4@SiO2 NCs showed that L. muralis
has the potential to fabricate NCs from their bulk materials. XRD demonstrated that the
biosynthesis of ZnO@TiO2@SiO2 and Fe3O4@SiO2 NCs generates crystallinity nanoforms
of 55 and 53 nm, respectively. Furthermore, the authors reported that Fe3O4 NPs coated
the surface of the silica oxide nanoparticles. SEM micrographs of ZnO@TiO2@SiO2 and
Fe3O4@SiO2 NCs revealed that these NCs were spherical and had a nanosize range of 55–90
and 50–85 nm, respectively. Some agglomeration was observed by SEM in both types of NC.
EDX and elemental mapping showed that ZnO@TiO2@SiO2 NC was synthesized from Zn,
O, Ti, and Si with no further elements, indicating the purity of the formed nanostructure;
however, the compositional elements of Fe3O4@SiO2 NCs involving Fe, O, and Si indicated
the binding of Fe3O4 NPs on the surface of SiO2 NPs (Table 1).

Bimetallic NPs (Au–Ag NPs) were extracellularly synthesized using Cetraria islandica [144].
In brief, 1 mL lichen extract was mixed with 10 mL of 1.5 mm HAuCl4 and AgNO3 solutions
and 0.5 m NaOH solution (pH 10) and incubated for 30 min at 80 ◦C under continuous
mixing and stirring conditions. The reaction was repeated with different molar ratios
of the Ag and Au solutions (1:1, 1:2, and 2:1), and the resulting bimetallic NPs are de-
fined as Ag50Au50, Ag33Au67, and Ag67Au33, respectively. Only one absorption band
appeared between the SPR of both monometallic Au- and Ag-NPs, and as Au content
increased, the absorbance band redshifted. UV absorbance peaks of Ag50Au50, Ag33Au67,
and Ag67Au33 were 412, 519, and 523 nm, respectively. This finding implied that bimetallic
NPs may have only one alloy. FTIR spectra peaks for Ag33Au67 were at 1383 cm−1, which
relate to C=O of carboxylic acid and methyl interactions in large, branched molecules
that play an important role in stabilizing and capping NPs. TEM images of Ag33Au67
bimetallic NPs showed that these NPs were spherical and polygonal with nanosizes of 6
and 21 nm, respectively. The narrow particle size indicates a large active surface area for
catalytic activity.

Esmaeili and Rajaee explored an eco-friendly synthesis method using lichen usnic
acid as a nanoparticle mediator to produce nanohyaluronic acid [146]. In brief, usnic acid
(UAL) was extracted from Aspicilia lichens with acetone using a Soxhlet apparatus for 8 h.
The FTIR spectrum of purified UAL was similar to the standard usnic acid spectrum. The
stretching of O–H in the Ar–OH intramolecular hydrogen bond showed strong bands
at 3421 and 3371 cm−1. Additionally, (–CH3) of the alkane groups in UAL had peaks
at 2925 and 2854 cm−1 caused by stretching of the C–H bond. The presence of the C=C
group in UAL was indicated by a peak at 1658 cm−1, which is due to the presence of the
aryl group. The aromatic methyl ketone at 1625 cm−1 is related to the hydrogen bonds.
Similarly, the conjugate cyclic ketone group is confirmed by a peak at 1739 cm−1. UAL
also showed hydroxyl phenolic signals at 3095 cm−1, which is likely due to the stretching
of a symmetrical or nonsymmetrical group C–O–C that bonded to an aryl-alkyl-ester at
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1265 and 1074 cm−1. SEM micrographs demonstrated that UAL NPs were spherical with
a mean size of 29–89 nm and no agglomeration. For the preparation of nanohyaluronic
acid, 2 g hyaluronic acid (produced by mixing Bifidobacterium sp. and the solution of
UAL extract) was added to 50 mL distilled water and 200 mL of a UAL solution with
acetone and methanol (5:2) at 50 ◦C for 48 h with stirring. The NPs were then collected
by centrifugation at 12,000 rpm for 30 min. SEM micrographs showed that hyaluronic
NPs have an average nanosize of 55 nm. FTIR spectra of nanohyaluronic acid showed
that the usnic acid extracted from Aspicilia sp. has strong redox activity that enables these
compounds to reduce the hyaluronic acid into their nanoform (Figure 4).

Figure 4. Types of nanoparticles (NPs) synthesized by lichen species.

6. Prospective Applications of Lichen-Based Nanoparticles
6.1. Antimicrobial Activity

Khandel et al. studied the inhibitory activity of Ag-NPs synthesized by Parmotrema
tinctorum and the activity of silver nitrate and lichen extract against five pathogenic
bacteria—Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, Bacillus subtilis,
and Klebsiella pneumoniae—for 24 h at 35 ◦C using the agar well diffusion method [149].
Ag-NP (10, 30, and 50 µL) was the most potent antibacterial agent, causing greater in-
hibition of bacterial growth compared with silver nitrate and lichen extract. Ag-NPs
suppressed the growth of both Gram-negative and Gram-positive bacteria at the three con-
centrations tested. At the highest concentration of Ag-NPs (50 µL), the greatest inhibition
zone (IZ) was detected against P. aeruginosa (17 ± 0.50 mm), K. pneumoniae (14 ± 0.10 mm),
and E. coli (11 ± 0.10 mm), while the lowest IZ was observed against B. subtilis (8 ± 0.30 mm)
and S. aureus (7 ± 0.30 mm). The authors reported that Ag-NPs were more effective at
inhibiting Gram-negative bacteria than Gram-positive bacteria due to the difference in
the cell-wall structure of the bacteria; Gram-positive bacteria have a thicker cell wall than
Gram-negative bacteria, and hence, penetration of their cell wall is difficult. Furthermore,
the authors conclude that the mode of action of Ag-NPs against bacteria is via their ability
to change the membrane structure and permeability, leading to bacterial death.

Iron oxide-NPs (0.075–0.00046875 mg/mL) bioformed by Ramalina sinensis signifi-
cantly inhibited the bacterial growth of both P. aeruginosa and S. aureus after incubation
for 24 h at 37 ◦C [165]. Iron oxide-NPs at 0.075 mg/mL exhibited the highest antibacterial
activity, while 0.0075 and 0.000234375 mg/mL of iron oxide-NPs were the lowest inhibitory
concentrations of NPs against both P. aeruginosa and S. aureus, respectively. The antibacte-
rial activity of iron oxide-NPs was almost equivalent to that of tetracycline. The authors
suggested that the expected killing mechanism of NPs against bacteria may be related
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to the electrostatic activity between iron oxide-NPs and the bacterial membrane. This
interaction might result in the release of the iron ions by the NPs, and these ions can then
interact with the thiol group on membrane proteins, causing bacterial membrane oxidation,
subsequent stimulation of reactive oxygen species (ROS), loss of membrane permeability,
disruption of cell membrane respiration, and ultimately, bacterial death.

Abdullah et al. studied the antibacterial and antifungal activities of both ZnO@TiO2@SiO2
and Fe3O4@SiO2 NCs synthesized by Lecanora muralis against S. aureus, E. coli, Pseudomonas
sp., and five species of fungi, i.e., Candida albicans, Candida spp., Aspergillus flavus, Aspergillus
niger, and Aspergillus terrus, utilizing both disk diffusion and agar well diffusion assays
and compared the results with those of lichen extract alone [164]. Both NCs showed higher
inhibitory activity than lichen extract alone against bacterial and fungal species, with the
exception of the three species of the genus Aspergillus (zero inhibition zone). Fe3O4@SiO2 ex-
hibited the highest bioactivity among the treatments, suggesting more bioactive molecules
were precipitated on Fe3O4@SiO2 NCs than on ZnO@TiO2@SiO2 NCs. The authors noted
that the increased antioxidant molecules adsorbed on Fe3O4@SiO2 NCs contributed to the
long-term stabilization of NCs against decomposition and deformation conditions.

Lichen ethanolic extract (Parmotrema clavuliferum) and the corresponding lichen-
synthesized Ag-NPs were investigated as an antibacterial treatment in a recent study
by Alqahtani et al. [158]. Biogenic Ag-NPs showed a significant inhibitory effect against P.
aeruginosa (11.5 ± 0.9 mm), Streptococcus faecalis (7.6 ± 1.7 mm), B. subtilis (8.1 ± 1.5 mm),
and S. aureus (8.1 ± 1.5 mm). However, the ethanolic extract of the lichen caused had
the highest zone of inhibition (19.8 ± 0.9 mm) against B. subtilis and the lowest zone of
inhibition (3.6 ± 0.9 mm) against S. aureus. Furthermore, S. faecalis and P. aeruginosa showed
inhibition zones of 15.5 ± 1.6 and 13.8 ± 0.9 mm, respectively, after spiking with lichen
extract. The authors suggested that Ag-NPs could have this bactericidal effect due to one or
more of the following actions: Ag-NPs may induce cell lysis, hinder transduction, change
membrane permeability, or destroy the bacterial genome through DNA fragmentation.

Ag-NPs produced using four lichens, Parmeliopsis ambigua, Punctelia subrudecta, Evernia
mesomorpha, and Xanthoparmelia plitti, were screened for antibacterial activity against
several Gram-negative and Gram-positive bacteria, including Pseudomonas aeruginosa,
Escherichia coli, Proteus vulgaricus, Staphylococcus aureus, Streptococcus pneumoniae, and
Bacillus subtilis [153]. The disk diffusion method was used for screening with 0.02 mg of the
produced Ag-NPs. Pseudomonas putida was the most susceptible to Ag-NPs synthesized
by X. plitti (2.3 cm), followed by Pseudomonas aeruginosa with Ag-NPs synthesized by
E. mesomorpha extract (1.9 cm) and Bacillus subtilis, which was the least susceptible with
Ag-NPs synthesized by X. plitti extract (1.3 cm).

The antibacterial activity of Ag-NPs synthesized using an aqueous extract of Ramalina
dumeticola were examined against four Gram-positive pathogenic bacteria (Staphylococ-
cus epidermidis, methicillin-resistant Staphylococcus aureus (MRSA), Bacillus subtilis, and
Streptococcus faecalis) and four Gram-negative strains (Proteus vulgaris, Pseudomonas aerugi-
nosa, Serratia marcescens, and Salmonella typhi) by applying the disk diffusion method [154].
Gentamycin (30 µg disks) was used as a positive control, and the negative control was
sterile distilled water. A total of 10 microliters of 100 µg/mL of the Ag-NPs solution was
applied to the sterile disks on agar plates, and inhibition zones (IZs) were measured after
incubation for 18–24 h at 37 ◦C. The results demonstrated the potential of the Ag-NPs as a
bactericidal factor. The Ag-NPs were effective against both types of bacteria but showed
more efficacy towards Gram-negative bacteria than Gram-positive bacteria. The largest
IZ was observed in Proteus vulgaris (10.5 ± 0.7 mm), followed by Pseudomonas aeruginosa
(9.5 ± 3.5 mm) and MRSA (9.5 ± 0.7 mm). The Ag-NPs were less effective in Salmonella
typhi (IZ diameter of 8.5 ± 2.1 mm) and Serratia marcescens (7.5 ± 0.7 mm). Bacillus subtilis
and Streptococcus faecalis had identical IZ (7.5 ± 0.0 mm), while the least inhibitory effect
of the Ag-NPs was observed on Staphylococcus epidermidis with an IZ of 7 ± 0.0 mm. The
same concentration of aqueous extract (100 µg/mL) resulted in a lower inhibition zone
diameter of 6 mm against all tested microbes compared with the IZ diameters produced
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with Ag-NPs. This suggested that the Ag-NPs have higher antibacterial activity than the
lichen extract. The authors hypothesize that the increased susceptibility of Gram-negative
bacteria to Ag-NPs compared with Gram-positive bacteria is likely due to the thinner
peptidoglycan layer of Gram-negative bacteria, which provides the Ag-NPs with better
anchoring and penetration of the cell wall.

Ag-NPs synthesized by Usnea longissima were evaluated for antimicrobial potency
against six-Gram positive bacteria (Staphylococcus aureus, Streptococcus mutans, Streptococcus
pyogenes, Streptococcus viridans, Corynebacterium diphtheriae, and Corynebacterium xerosis)
and three Gram-negative bacteria (Escherichia coli, Klebsiella pneumoniae, and Pseudomonas
aeruginosa) by agar well diffusion method [136]. The bacteria were incubated with Ag-
NPs for 24 h at 37 ◦C. A negative control (DMSO) and positive controls (ciprofloxacin
(5 µg/disk) for Gram-positive bacteria and Gentamicin (10 µg/disk) for Gram-negative
strains) were used to compare the inhibitory activity of NPs. The Ag-NPs displayed
the highest antibacterial efficiency against E. coli and K. pneumoniae with IZ diameters
of 20.8 ± 0.02 and 16 ± 0.31 mm, respectively. In contrast, S. mutans (6.5 ± 0.89 mm),
C. diphtheriae (6.2 ± 0.37 mm), and P. aeruginosa (7 ± 0.31 mm) were not affected by the
Ag-NPs. The Ag-NPs were suggested to have a low antibacterial effect on the basis that
the antibacterial effect can be amplified by reducing the NP size and hence increasing the
surface area. As the surface area of the Ag-NPs increases, contact with microorganisms
improves, which mediates penetration of the particles into the bacterial cell membrane or
attachment to the bacterial surface. When silver ions reach the bacterial cytoplasm, they
can denature the ribosome, thus directing the suppression of cell enzymes and proteins.
Consequently, the metabolic function of the bacterial cell will be disrupted and the cell
will undergo apoptosis. The authors reported that the lethal effect of Ag-NPs against
bacteria can be achieved by different mechanisms including (i) interfering with cell wall,
(ii) suppression of protein synthesis, and (iii) disruption of transcription and primary
metabolic processes.

Kumar et al. studied the synergistic antibacterial effect of the extracts of two lichens,
Parmotrema pseudotinctorum and Ramalina hossei, combined with chemically synthesized Ag-
NPs, against several strains of Gram-positive and Gram-negative bacteria known to cause
food poisoning [171]. The tested strains Staphylococcus aureus, Bacillus cereus, Escherichia coli,
and Salmonella typhi were treated with the lichen extracts and Ag-NPs individually and
with a combination of both, utilizing the agar well diffusion method. On Muller-Hinton
agar plates, bacterial broth cultures (108 cells/mL) were swabbed then wells of 6-mm
diameter were loaded as follows: lichen extracts (10 mg/mL in DMSO), Ag-NPs (1 mg/mL
in DMSO), standard (chloramphenicol, 1 mg/mL), a combination of lichen extract and
Ag-NPs (1:1 ratio), and control (DMSO). The plates (two replicates of each) were incubated
at 37 ◦C for 24 h and the IZs were measured and the mean value was calculated for each
sample. According to the IZs, the lichen extracts were more effective than the Ag-NPs
alone on most plates. The Ag-NPs were more effective against Gram-negative bacteria
than Gram-positive bacteria. However, the combination of the lichen extracts and Ag-NPs
showed more bacterial inhibition than that of the extract alone or the NPs alone. After
exposure to the combined treatment, S. typhi had an IZ of 2.8 cm, followed by E. coli
(2.6 cm), B. cereus (2.1 cm), and S. aureus (1.9 cm). The enhanced antibacterial activity
of the combined treatment might be attributed to the presence of effective secondary
metabolites in the lichen extracts, and also the smaller-size-to-large-surface-area ratio of
Ag-NPs. In the lichen extracts experiments, Gram-positive bacteria were more affected
than Gram-negative bacteria. However, in the combined treatment assays, the antibacterial
activity was more pronounced against Gram-negative bacteria. The authors attributed this
to Gram-negative bacteria being naturally more resistant due to their thick outer membrane
that prevents harmful substances from entering the cell. This barrier comprises an exterior
lipopolysaccharide layer and a thin layer of peptidoglycan at the interior. TEM imaging
confirmed that Ag-NPs can be effective bactericidal agents by rupturing the bacterial
membrane even at low concentrations.
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6.2. Antioxidants

The antioxidant activity of biomatrix loaded with Au-NPs synthesized by Acroscyphus
sphaerophoroides and Sticta nylanderiana was screened by Debnath et al. using a modified
diphenylpicrylhydrazyl (DPPH) method. Powdered samples of 2 and 5 mg were treated
in two separate test tubes with 3 mL of 100 M methanolic solution of DPPH. The surface
reaction for both mixtures was amplified by sonicating them in the dark. To confirm
time-dependent DPPH scavenging, centrifugation was performed and the absorbance of
the supernatants over time was measured at 517 nm with DPPH as a reference and a gap of
15, 30, 45, and 60 min. Measurement of the scavenging potential (SC50) of biomatrix-loaded
Au-NPs synthesized by A. sphaerophoroides and S. nylanderiana is achieved via a similar
process, where absorbances are documented at 30 min after administering 1, 1.5, 2, 2.5,
3 mg and 1, 3, 5, 7, 10 mg of the samples, respectively. The concentrations of gold-NPs
synthesized by A. sphaerophoroides and S. nylanderiana responsible for scavenging of 50%
of DPPH (SC50) were 1.66 and 4.48 mg, respectively, suggesting biogenic gold-NPs were
potent antioxidant agent [159].

An extract of the lichen Parmelia sulcata was exploited for the biological formulation
of Au-NPs [160], and the resulting Au-NPs and P. sulcata extract were tested for their
free radical scavenging potential in antioxidant bioassays involving DPPH and hydrogen
peroxide. For the DPPH method, 2.96 mL of 0.1 mM solution of DPPH was added to
0.4 mL of the extract or Au-NPs at different concentrations (250, 500, 750, and 1000 µg/mL)
and incubated under dark conditions at ambient temperature for 30 min. The absorbance
was recorded at 517 nm and used to calculate the percentage inhibition of scavenging
potential. For the hydrogen peroxide scavenging test, 40 mM H2O2 solution was prepared
in phosphate buffer at pH 7.4 and then several concentrations (250, 500, 750, 1000 µg/mL)
of extracts and Au-NPs were added and incubated for 10 min at room temperature. The ab-
sorbance was measured at 230 nm and was subsequently used to determine the percentage
of inhibition. The outcomes of these bioassays consolidated the ability of the lichen extract
and Au-NPs to scavenge free radicals; the IC50 values of DPPH were 1020 and 815 µg/mL
and the IC50 values of H2O2 were 694 and 510 µg/mL, respectively. These results indicated
that the Au-NPs had greater potential for free radical scavenging (FRS) compared with the
lichen extract. In addition, the FRS activity of both lichen extract and Au-NPs appears to
be concentration dependent.

6.3. Other Applications

A recent study used ZnO-NPs biosynthesized by Ramalina fraxinea extract as a cyto-
toxic agent for human neuroblastoma cells [169]. The study focused on evaluating the
neurotoxicity and neuroprotective effect of lichen-synthesized ZnO-NPs against SHSY-5Y
human neuroblastoma cells. Several concentrations of ZnO-NPs were prepared to identify
the cytotoxic doses of these NPs. A concentration of 25 µg/mL ZnO-NPs significantly
increased the cell viability (p < 0.05) when compared with the control group. However,
a lower concentration (5 µg/mL) of ZnO-NPs did not affect SHSY-5Y cells. ZnO-NPs at 50,
100, 200, and 400 µg/mL caused a marked reduction (p < 0.001) in cell viability, compared
with those of the control group. To estimate the neuroprotective effect of ZnO-NPs, the au-
thors exploited the ability of hydrogen peroxide to induce apoptosis of SHSY-5Y cells via
oxidative stress; for this purpose, 300 µM H2O2 was used to treat the cells. This treatment
resulted in a significant reduction (p < 0.001) of cell viability compared with the control
group. ZnO-NPs (at all tested doses) did not increase H2O2-induced death of the SHSY-5Y
cells. Moreover, the higher doses (100, 200, and 400 µg/mL) of ZnO-NPs markedly reduced
(p < 0.001) the cell viability compared with the H2O2 group. In summary, ZnO-NPs at high
doses (≥50 µg/mL) can induce neurotoxicity in SHSY-5Y neuroblastoma cells but provide
neuroprotection against the neurotoxic effect of hydrogen peroxide at a low to moderate
doses (25 µg/mL).

Iron oxide-NPs fabricated by Ramalina sinensis were able to remove lead and cadmium
(82 and 77%, respectively) from aqueous solution at an initial concentration of 50 mg/L

92



J. Fungi 2021, 7, 291

and with pH in the range of 5–4, indicating the potential of these NPs to be heavy metal
eliminators [163].

Çıplak et al. conducted the first study on the catalytic activity of biogenic monometal-
lic NPs (Ag- and Au-NPs) and bimetallic NPs (Au-Ag NPs) synthesized by Cetraria is-
landica [144]. Bimetallic NPs showed higher catalytic activity than monometallic NPs
for the reduction of nitrophenols (4-nitrophenol; 4-NP) to aminophenols (4-aminophenol;
4-AP) with sodium borohydride (NaBH4). The higher catalytic performance of Au-Ag NPs
might be attributed to the higher ionization potential of Au (9.22 eV) than Ag (7.58 eV),
which causes electronic charge transfer from Ag to Au and results in an increase in the
electron density on the NP surface. Similarly, Au-NPs exhibited better catalytic potentiality
than the Ag-NPs.

The reducing power, hydrogen peroxide scavenging ability, and antidiabetic activ-
ities of Ag-NPs synthesized by both Parmelia perlata aqueous extract and their purified
glycoside and alkaloid fractions were screened by Leela and Anchana [150]. Biogenic
Ag-NPs generated from lichen fraction biomolecules have significant antidiabetic potential,
reducing power, and free radical scavenging ability, compared with the Ag-NPs fabricated
by lichen aqueous extract. The antidiabetic properties of the biogenic Ag-NPs were tested
using an alpha-amylase inhibition assay and the percentage inhibition of alpha-amylase
was 11.11% for Ag-NPs synthesized by lichen aqueous extract, and 51.85 and 29.62% for
the Ag-NPs fabricated by the glycoside fraction and alkaloid fraction, respectively. This
indicated that glycoside-mediated-Ag-NPs exhibited the strongest antidiabetic activity.
The authors suggest that these biogenic Ag-NPs may lead to improvements in type 2
diabetic disease. Furthermore, the reducing activity of the same Ag-NPs was explored
in a reducing power assay in which Ag-NPs interact with potassium ferricyanide (Fe3+),
leading to the generation of potassium ferricyanide (Fe2+), which then reacts with ferric
chloride to form a ferric-ferrous complex that is readily detected by UV spectrophotometer.
Glycoside-mediated-Ag-NP had the greatest reducing activity among the three types of
Ag-NPs (absorbance of 0.771, compared with 0.639 and 0.4 for Ag-NPs fabricated utilizing
lichen aqueous extract and the alkaloid fraction, respectively). The hydrogen peroxide
scavenging ability of the Ag-NPs was also examined. Glycoside-mediated-Ag-NP had the
highest scavenging activity (28.89%), compared with Ag-NPs biofabricated by alkaloid
fraction (21.86%) and lichen aqueous extract (7.21%).

Parmelia sulcata extract (PSE) and PSE-synthesized Au-NPs were investigated for
their mosquitocidal activity against Anopheles stephensi and Anopheles aegypti mosquito
larvae, pupae, adults, and egg hatching [160]. Varying concentrations of the lichen extract
(75, 150, 225, 300, and 375 ppm) were tested and deemed toxic against larval instars I–IV
and pupae of A. stephensi and Anopheles aegypti. The registered lethal concentration50
(LC50) values of instars of A. stephensi were: 172.16 ppm (I), 201.39 ppm (II), 219.04 ppm
(III), 243.89 ppm (IV), and 288.03 ppm (pupae), and the ones for Anopheles aegypti were
281.71 ppm (I), 244.46 ppm (II), 283.90 ppm (III), 330.35 ppm (IV), and 346.99 ppm (pupae).
The green-synthesized Au-NPs showed exceptionally high activity against larvae and
pupae. At concentrations of 15, 30, 45, 60, and 75 ppm, the Au-NPs presented LC50 values
of 29.82 ppm (I), 33.83 ppm (II), 37.55 ppm (III), 44.26 ppm (IV), and 50.44 ppm (pupae) for A.
stephensi, and 34.49 ppm (I), 38.72 ppm (II), 44.72 ppm (III), 51.41 ppm (IV), and 59.00 ppm
(pupae) for A. aegypti. For the adulticidal experiments, the PSE concentrations were 25, 50,
75, 100, and 125 ppm, while those of the Au-NPs were 10, 20, 30, 40, and 50 ppm. The LC50
and LC90 values of PSE and Au-NPs for A. stephensi were 59.35 and 132.80 ppm, and 22.43
and 49.02 ppm, respectively. For A. aegypti, the LC50 and LC90 values of PSE and Au-NPs
were 70.16 and 149.66 ppm, and 24.55 and 52.74 ppm, respectively. Multiple concentrations
of PSE and Au-NPs (60, 120, 180, 240, 300, 360, and 420 ppm) were tested for their ovicidal
effects, and it was concluded that both A. stephensi and A. aegypti hinder complete egg
hatchability at 360 and 240 ppm, respectively. The Au-NPs impose a high toxicity risk on
A. stephensi and A. aegypti. Importantly, the synthesized Au-NPs worked at a far higher
efficacy when compared with the PSE. These experiments proved that PSE-synthesized
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Au-NPs have a markedly successful mosquitocidal effect against Anopheles. The study
was concluded to provide evidential support for the use of PSE and Au-NPs as a solution
towards mosquito-manifested environments (Figure 5).

Figure 5. Application of lichen-based nanoparticles.

7. Analysis and Characterization of Nanoparticles

Physicochemical characterization analyses of NP samples are the initial and most
significant step following the fabrication process of NPs. These analyses are required
to confirm the synthesis of NPs and their unique properties such as increased surface
area, stability, crystallinity, charge, dispersion, magnetic, thermal, and optical properties,
and morphological features such as shape and size. The techniques utilized include
spectroscopic analyses such as UV–visible spectroscopy, FTIR, zeta potential, dynamic light
scattering, and nuclear magnetic resonance spectroscopy. These spectroscopic methods
estimate the corresponding wavelength ranges of NPs, the functional groups surrounding
NPs, and evaluate the charge and hydrodynamic diameter of NPs. X-ray-based analyses
such as XRD, X-ray photoelectron spectroscopy (XPS), and energy-dispersive spectroscopy
(EDAX or EDS) are performed to reveal the chemical composition and crystal structure and
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phase of the NPs. Microscopic analyses such as TEM, SEM, high-resolution TEM (HRTEM),
and atomic force microscope (AFM) are used to demonstrate the morphological features of
NPs [153].

8. Nanoparticle-Based Green Synthesis-Regulated Parameters: Clues to Enhance Their
Activity

Different parameters should be used to optimize synthesis and obtain high efficiency,
stabilized, and applicable NPs. These parameters include the type of synthesis method,
temperature, pH, time of exposure, concentration of reductants and stabilizing agents,
concentration of bulk materials, type of natural sources, illumination, and microorganism
growth phase (Figure 6).

Figure 6. Nanoparticle-based, green synthesis-regulated parameters including (1) growth phase of organisms, (2) tempera-
ture, (3) concentrations of reductants and bulk materials, (4) protocols of green synthesis, (5) time of exposure, (6) type of
natural sources, (7) illumination conditions and (8) pH.

8.1. Temperature

Temperature is an important factor in controlling the nature of NPs. Generally, biosyn-
thesis processes using natural sources require temperatures ranging from room temperature
to 100 ◦C [172]. Liu et al. synthesized Ag-NPs using Cinnamomum Camphor leaf extract
at different temperatures including 70, 75, 80, 85, and 90 ◦C [173]. The temperature had
impressively different effects on the nucleation kinetics constant k1 and growth kinetics
constant k2 resulting in the generation of NPs with different sizes.

8.2. pH

pH is another significant parameter mitigating the green synthesis of NPs. pH influ-
ences the size and texture of NPs [174]. Mohammadi et al. synthesized zinc oxide-NPs at
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different pH (4, 6, 7, 8, and 10) using cherry extract and found that the optimum pH for the
fabrication of hexagonal, small NPs was pH 8 (alkaline medium) [175].

8.3. Time of Exposure

Wei et al. studied the effect of reaction time (0, 1, 2, 3, and 4 h) on the yield of Ag-NPs
using berry extract of sea buckthorn [63]. As the reaction time increased, the absorption
intensity of NPs increased steadily, reaching a maximum at 4 h, which was indicative of a
high concentration of Ag-NPs. The UV spectra also showed a slight blue shift from 415 to
413 nm with the increase in time of exposure, indicating the formation of smaller-sized NPs.

8.4. Concentration of Natural Reductants, Stabilizing Agents, and Bulk Materials

The concentration of biological entities and the salts used for the synthesis of NPs
influence the size and shape of the NPs. Hamouda et al. revealed that a surge in the amount
of Oscillatoria limnetica extract during synthesis of Ag-NPs shifted the UV-spectra peak of
the Ag-NPs from 420 to 430 nm, which reflected an increase in the size of the NPs [176].
Similarly, Vellora et al. synthesized copper oxide NPs using different concentrations (1, 2,
and 3 mM) of copper chloride (CuCl2·H2O) and a constant concentration of Gum karya
(10 mg/mL) with incubation at 75 ◦C and 250 rpm for 1 h in an orbital shaker [177]. The in-
crease in the concentration of precursors promoted the generation of NPs of increasing
sizes; the nanosizes were 4.8, 5.5, and 7.8 nm, respectively.

8.5. Illumination

Light energy is critical for accelerating the reaction rate of NP fabrication. The illumina-
tion factor affects the intracellular and extracellular synthesis of NPs using photosynthetic
organisms [178]. In contrast, some organisms do not need a light source to synthesize
NPs. This phenomenon can be attributed to the fact that some organisms secrete different
biomolecules capable of NP fabrication, only some of which need light activation [178].
Light intensity may be another important factor controlling the stability and production
of NPs [179]. Recently, Ag-NPs were completely fabricated after 5 min using Azadirachta
indica leaf extract under sunlight [180].

8.6. Protocol of Green Synthesis Method

The type of method(s) used for synthesizing NPs is a crucial parameter controlling
the physicochemical and biological properties of NPs. Molnár et al. studied three different
methods—extracellular fraction, autolysate of the fungal cells, and intracellular fractions—
for synthesizing Au-NPs using 29 thermophilic filamentous fungi [65]. NPs were formed
using all three methods; however, the extracellular methods were the most acceptable,
yielding NPs with a smaller size and low polydispersity. The authors also recommended
washing the fungal mycelia several times before extracellular biofabrication to avoid the
influence of residual growth media components on the NP synthesis process.

8.7. Type of Natural Sources

The nature of organisms used in NP fabrication processes significantly influences the
nature of the resulting NPs. Biomolecules such as pigments, proteins, polysaccharides,
etc. vary between different organisms and in strains of the same species, and this leads
to variations in an organism’s potentiality to produce NPs [30]. Recently, Ag-NPs were
produced using three different strains (Nostoc sp. Bahar M [58], Nostoc HKAR-2,98 [181],
and Nostoc muscorum NCCU-442,56 [60]). These strains produced Ag-NPs with a range of
different sizes including 8.5–26.44 mm, 51–100 mm, and 42 nm, respectively.

8.8. Growth Phase of Organisms Used for NP Fabrication

The effect of the growth phase on the fabrication process of NPs was studied by
Sweeney et al. [182]. Cadmium sulfide nanocrystal production varies dramatically depend-
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ing on the growth phase of E. coli. The formation of NPs increased approximately 20-fold
in the stationary phase of E. coli, compared with that grown in the late logarithmic phase.

9. The Mechanism of Biological Synthesis of NPs

Different speculations about the mechanism of NP synthesis using living organisms
were reported, but until now, the exact mechanism remained unclear. However, each
organism was found to have its own synthesis mechanism against different metals [4,183].
One hypothesis is the ability of living organisms to synthesize NPs occurs via two general
steps—(i) metal ions are trapped on the surface of an organism and/or inside their cells
and (ii) these ions are reduced to NPs aided by biomolecules such as enzymes, proteins,
pigments, or polysaccharides, or by the union effect of different molecules [4,67,183,184].
These biological molecules are responsible for the electron shuttle reduction and stabiliza-
tion of NPs. Sneha et al. reported that metal ions, particularly Au or Ag ions, are captured
on the fungal cell surface through the electrostatic force between the metal ions and cell
wall, which carries a negative charge from the enzyme carboxylate groups. The enzymes
then fabricate the metals into Au or Ag nuclei, which sequentially grow by reduction
and accumulation [185]. Kalishwaralal et al. reported that nitrate reductase produced by
Bacillus licheniformis facilitates the bioreduction of Ag-NPs. The nitrate ions of silver nitrate
were found to activate the nitrate reductase enzyme, resulting in reducing silver ions to
metallic silver via an electron shuttle enzymatic metal reduction process [186]. During the
biosynthesis of MNPs, NADH and NADH-dependent nitrate reductase enzymes (espe-
cially nitrate reductase) are essential factors [187]. These enzymes are known to be secreted
from B. licheniformis and may be linked to the biofabrication of Ag+ to Ag0 and subsequent
synthesis of Ag-NPs. Divya et al. reported that the existence of NADH and NADH-based
reductases in the supernatant of Alcaligenes faecalis was responsible for the reduction of
silver nitrate into Ag-NPs [188]. Hamedi et al. studied the synthesis of Ag-NPs using
Fusarium oxysporum66 cell-free culture filtrates [189]. They reported that a surge in C:N
ratio resulted in the enhancement of the nitrate reductase activity, causing an increase in
the Ag-NPs fabrication process rate. Furthermore, they obtained small Ag-NPs with a
narrow size distribution.

Exopolysaccharides (EPSs) are predominantly composed of carbohydrates (such as D-
glucose and D-mannose) and noncarbohydrate components (such as carboxyl, phosphate,
and sulfate), which characterize them with anionic properties. These organic molecules
enhance the lipophilicity of EPSs and directly influence their interaction with polysac-
charides and cations. It was found that EPSs chelate metal ions. Then, sugar molecules
of EPSs reduce metal ions into NPs to be capping with different functional groups of
EPSs [190–192].

Kang et al. synthesized Ag-NPs using EPSs in an E. coli biofilm. They reported
that EPSs aldehyde and hemiacetal groups of rhamnose sugars were responsible for the
reduction and stabilization of NPs [193].

Moreover, the synthesis of heavy MNPs can be due to the genetic and proteomic
responses of a metallophilic microorganism to toxic environments [194]. Heavy metal ions
such as mercury, cadmium, zinc, and copper ions are a hazard to microbial survival and
consequently, microorganisms have developed genetic and proteomic responses to tackle
these threats [195]. Microorganisms contain many gene clusters of metal resistance that en-
able cell detoxification via different mechanisms, such as complexation, efflux, or reductive
precipitation [196]. Recently, a mechanism for the synthesis of magnetites using Shewanella
oneidensis was suggested and comprised both passive and active processes [197]. Initially,
Fe2+ is actively produced when bacteria use ferrihydrite as a terminal electron acceptor,
accompanied by elevation in the pH round the cells due to the bacterial metabolism of
amino acids. The passive mechanism then uses the localized concentration of Fe2+ and
Fe3+ at the net negatively charged cell wall, cell structures, and/or cell debris, which
enhances a local rise of supersaturation of the system with respect to magnetite, resulting
in precipitation of the magnetite phase.
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Another hypothesis discussed the role of c-type cytochromes redox proteins for elec-
tron transfer during the reduction of metals. Ng et al. synthesized Ag-NPs using a mutant
strain of Shewanella oneidensis missing cytochrome genes (MtrC and OmcA) and a wild-type
strain of S. oneidensis. They found that c-type cytochromes aid in electrons transfers to
metal ions outside the cells. Similarly, Liu et al. reported that c-type cytochrome protein
complexes (ombB, omaB, and omcB) in the outer membrane of metal-reducing bacterium
Geobacter sulfurreducens PCA was responsible for the extracellular reduction of Fe (III)-
citrate and ferrihydrite (Figure 7).

Figure 7. The potential mechanism of biological synthesis of NPs.

10. Toxicity of Nanoparticles

Although nanotechnology is rapidly growing with a wide range of applications in
different areas such as industry, agriculture, medicine, biotechnology, etc., there remain
many barriers with this technology such as the toxicological effects of NPs on ecology
and living organisms. Many in vitro and in vivo investigations revealed that metallic
and non-metallic NPs have serious side effects on human health and the environment.
Senut et al. reported that mercaptosuccinic acid-capped Au-NPs (1.5 nm) at a concentration
of 0.1 µg/mL enhanced cell death of human embryonic stem cells (ESCs). However,
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other Au-NPs (4 and 14 nm) at the same concentration showed almost no toxic effect on
ESCs [198]. Chen et al. studied the relation between the toxicity of Ag-NPs and their
size against fresh red blood cells. The scholars used three different characteristic sizes (15,
50, and 100 nm) of Ag-NPs [199]. They reported that smaller sizes of Ag-NPs enhancing
the hemolysis and membrane damage of blood cells, compared with that of other sizes.
Wan et al. investigated the genotoxicity of the chemically synthesized cobalt NPs in vivo
by utilizing guanine phosphoribosyltransferase delta transgenic mice [200]. The authors
reported that cobalt NPs induced oxidative stress, lung inflammation and injury, DNA
damage, and mutation.

The toxic effects of TiO2 NPs against human cells, vertebrates, and invertebrate animals
might be attributed to their potency to form free radicals with water in the presence of
sunlight. TiO2 NPs caused DNA damage with or without light and induced the cell death
pathway in hamster fibroblasts with stretched micronuclei [201,202]. Although biological
synthesis processes have become a simple, eco-friendly, low-cost alternative to traditional
methods of NPs fabrication, there are few studies in the literature discussing their toxicity
on humans and the environment. Some investigations reported the biocompatibility of
green NPs, compared with that synthesized by chemical and physical methods. This could
be assumed to the synergetic effect between synthesized NPs and their biological coats [203].
Devasena et al. reported that Mg-NPs synthesized by Cladonia rangiferina extract exhibited a
better antimicrobial activity and lower toxicity [161]. Khorrami et al. reported that Ag-NPs
synthesized by walnut green husk (as reducing and capping agents) showed high selectivity
toward breast cancer cells (MCF-7) than normal cells (L-929) [203]. However, the chemically
synthesized Ag-NPs showed high toxicity against L-929 cells, compared with biologically
synthesized Ag-NPs. Ag-NPs formed by biological synthesis using Lycium chinense fruit
extract showing low cytotoxicity against normal murine macrophage RAW264.7 cells [204].
On the other hand, Krishnaraj et al. exhibited that Ag-NPs synthesized by Malva crispa
plant caused morphological alterations in adult zebrafish gills and reduced the biological
connection and the homogenous distribution of their liver parenchyma cells [205]. To fill
the gap in knowledge regarding this association, many additional in vitro and in vivo
investigations are required to test the toxicity of green NPs against normal cells, explore
the biocompatibility of biogenic NPs, and determine the precise lethal mechanism of NPs
against living cells to increase the potentiality of using these NPs as FDA-approved drugs.

11. Future Prospects and Conclusions

The current review discussed the biological synthesis methods in depth with emphasis
on the lichen-mediated synthesis of NPs. The biological synthesis of NPs has recently
become an increasingly active area of research. Through exhibiting several advantageous
qualities and numerous potential applications, biological synthesis methods of NPs have
proven to be superior to the traditional chemical and physical methods. These qualities
include being cost effective, eco-friendly, and vastly applicable in biomedical fields due to
biocompatibility. Lichen species are seldom considered as biomachinery for the biofabrica-
tion of NPs. In this review, we have highlighted the potential of these organisms as natural
biofactories for NP formation. The symbiosis between fungi and cyanobacteria or algae or
sometimes plants makes lichen a promising alternative biomachinery for NPs fabrication.
Due to the variation in their biomolecule contents and structures, which are responsible for
reducing metal ions into NPs. Devasena et al. reported that lichen-mediated synthesis NPs
are distinguished from other alternative biological methods by being lesser toxic and need-
ing low-processing conditions [161]. Lichen species have a reducible activity to fabricate
different types of NPs, including gold (Au)-NPs, silver (Ag)-NPs, metal oxide-NPs such as
iron oxide- and zinc oxide-NPs, and other nanomaterials such as bimetallic alloys (Au-Ag
NPs) and nanocomposites such as ZnO@TiO2@SiO2 and Fe3O4@SiO2. These biogenic NPs
have significant antimicrobial activities against both Gram-positive and Gram-negative
bacteria, and fungi, and they also display mosquitocidal activity. Additionally, these NPs
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act as potential catalytic materials, bioremediatory agents for heavy metals, antidiabetics,
antioxidants, and neuroprotection agents against neurotoxin.

Extending the utilization of lichen-mediated green synthesis methods and exploring
the optimum conditions of these processes to fabricate applicable, bioactive, scalable,
and biocompatible nanoproducts may lead to the development of novel green NPs with
unique physicochemical and biological features that can be applied in different sectors,
including agriculture, industry, medicine, biotechnology, and pharmaceutics. Moreover,
there remain many barriers against the biological synthesis process, including toxicity and
agglomeration, polydispersity, stability, and the nonuniform size of NPs. These issues
can be solved by increasing the optimization studies for green synthesis of NPs to obtain
the desirable NPs. Additionally, exploring the synthesis mechanism of NPs using natural
sources will facilitate the development and launch of nanodrugs in different fields.
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Abstract: The present study aimed for the synthesis, characterization, and comparative evaluation
of anti-oxidant and anti-fungal potentials of zinc-based nanoparticles (ZnNPs) by using different
reducing or organic complexing-capping agents. The synthesized ZnNPs exhibited quasi-spherical
to hexagonal shapes with average particle sizes ranging from 8 to 210 nm. The UV-Vis spectroscopy
of the prepared ZnNPs showed variation in the appearance of characteristic absorption peak(s) for
the various reducing/complexing agents i.e., 210 (NaOH and NaBH4), 220 (albumin, and thiourea),
260 and 330 (starch), and 351 nm (cellulose) for wavelengths spanning over 190–800 nm. The FT-
IR spectroscopy of the synthesized ZnNPs depicted the functional chemical group diversity. On
comparing the antioxidant potential of these ZnNPs, NaOH (as reducing agent, (NaOH (RA)) derived
ZnNPs presented significantly higher DPPH radical scavenging potential compared to other ZnNPs.
The anti-mycotic potential of the ZnNPs as performed through an agar well diffusion assay exhibited
variability in the extent of inhibition of the fungal mycelia with maximum inhibition at the highest
concentration (40 mg L−1). The NaOH (RA)-derived ZnNPs showcased maximum mycelial inhibition
compared to other ZnNPs. Further, incubation of the total genomic DNA with the most effective
NaOH (RA)-derived ZnNPs led to intercalation or disintegration of the DNA of all the three fungal
pathogens of maize with maximum DNA degrading effect on Macrophomina phaseolina genomic DNA.
This study thus identified that differences in size and surface functionalization with the protein
(albumin)/polysaccharides (starch, cellulose) diminishes the anti-oxidant and anti-mycotic potential
of the generated ZnNPs. However, the NaOH emerged as the best reducing agent for the generation
of uniform nano-scale ZnNPs which possessed comparably greater anti-oxidant and antimycotic
activities against the three test maize pathogenic fungal cultures.

Keywords: metal oxides; nano-fungicides; pathogenic fungi; protein profiling; radical scavenging
activity
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1. Introduction

Fungal pathogenic diseases are responsible for yield losses in staple calorie and com-
mercial commodity crops posing a major threat to crop productivity globally. The yield
gaps have enhanced due to the emergence of new fungal crop pathogens [1] as a con-
sequence of intensive monoculture and environment variations arising due to aberrant
climatic conditions [2,3]. Therefore, the agronomic interventions, land management prac-
tices, and climate change have been the primary agents that have altered both abiotic and
biotic components affecting crop growth and yield [4].

Maize, a versatile cereal-food, feed, and industrial crop, is sensitive to attacks and
diseases caused by several fungal pathogens [5]. It is the second-largest considering the
area under production and is ranked fourth in productivity among cereals [6] across the
globe. Substantial annual yield decreases and depreciation in grain quality in maize are
two quantifiable manifestations of the fungal infection and disease [5]. The primary fungal
pathogens of maize include the Macrophomina phaseolina, Curvularia lunata and Fusarium
oxysporum which cause charcoal rot, leaf spot, and stalk rot diseases respectively in maize.
The infected plants are generally treated with anti-fungal compounds or fungicides to
curb the spread of the pathogen. However, for continuous monoculture predominated
agroecosystems, spraying of these antifungals only provides ephemeral protection to
the plants due to the single target site mechanism and the emergence of resistant fungal
strains [1]. This necessitates the development of effective analogous antifungals without
compromising the ecological and bio-safety aspects.

The present decade has witnessed the emergence and use of nano-scale materials as
potent anti-microbials particularly anti-fungal agents. The zinc nanomaterials including
the nano-zinc particles possess excellent anti-mycotic properties against a variety of plant
fungal pathogens [7–12]. The predominant mechanisms governing the anti-mycotic effect
of ZnNPs include the reactive oxygen species enabled stress besides Zn2+-based toxicity
occurring due to the formation of these ions on dissolution of ZnNPs in the cell environ-
ment [7]. The size of ZnNPs and their crystal chemistry can affect the fungicidal potential
as these characteristics alter the ability to trespass the fungal cell wall and membrane struc-
tures to elicit ROS response besides varying the dissolution of the ZnNPs within the fungal
cell cytoplasm. The anti-fungal activity of ZnNPs have been identified against Alternaria
alternata [13], Aspergillus flavus [14], Botrytis cinerea [11,15], Candida albicans [16], Fusarium
graminearum [17], Fusarium moniliforme [8], Fusarium solani [18], Penicillium sp. [19–21], Peni-
cillium expansum [22], Pythium ultimum and P. aphanidermatum [23], Rhizopus stolonifera [24]
and many more fungal pathogens of plants.

This investigation aims for the wet chemistry-based synthesis of ZnNPs through the
use of different (three each) reducing and complexing/capping agents. The generated
ZnNPs were characterized through UV-Vis spectroscopy, transmission electron microscopy
(TEM), X-ray diffraction spectroscopy (XRD), and Fourier transform Infrared Spectroscopy
(FT-IRS). These ZnNPs were evaluated for anti-fungal potential against three prominent
fungal pathogens of maize viz., Curvularia lunata, Fusarium oxysporum, and Macrophomina
phaseolina in an agar well diffusion assay. The variation in the anti-oxidant potential of
these ZnNPs was assessed through scavenging of the DPPH radicals while the genomic
DNA degradation potential was determined through a DNA-ZnNPs incubation study
followed by agarose gel electrophoresis of the samples.

2. Materials and Methods
2.1. Chemicals and Microbial Cultures

The zinc precursor salts (zinc acetate dihydrate (Zn(OAc)2·2H2O), zinc nitrate hexahy-
drate (Zn(NO3)2·6H2O), and zinc chloride (ZnCl2)) utilized in the study were analytical
grade and purchased from HiMedia (HiMedia Laboratories, Mumbai, India). The re-
ducing agents (sodium hydroxide (NaOH), sodium borohydride (NaBH4)) and other
chemicals (ammonium hydroxide or ammonia solution (NH4OH, 25%), and thiourea
(NH2CSNH2)) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The analytical
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grade complexing-capping agents (starch, cellulose, and bovine serum albumin) were
procured from Himedia (Himedia Laboratories, Mumbai, India). The HPLC grade water
(CAS No. 7732-18-5, Sisco Research Laboratories Pvt. Ltd., Mumbai, India) was used for
the preparation of all the solutions and broth and agar-based media. The broth (CAS No.
M403) and agar-based (CAS No. MH096) potato dextrose media were purchased from
Himedia (Himedia Laboratories, Mumbai, India).

The maize crop-specific three major test fungal cultures, Curvularia lunata (ITCC 7170),
Fusarium oxysporum (ITCC 7093), and Macrophomina phaseolina (ITCC 5467) were purchased
from Indian Type Culture Collection, Division of Plant Pathology, Indian Agricultural
Research Institute, New Delhi, India. The cultures were subcultured on Potato Dextrose
Agar media and incubated at 25 ◦C in the dark.

2.2. Synthesis and Characterization of NMs

The ZnNMs were synthesized using two different approaches: Wet chemical and
Sol-gel synthesis methods. Six different ZnNMs samples were prepared using soluble zinc
salts (zinc acetate/zinc nitrate/zinc chloride) as the precursors. The reducing/complexing-
capping agents used in the study were sodium hydroxide [25], thiourea [26] and natural
polymers such as starch [27,28], and cellulose-nanocomposite [29], and protein (Bovine-
serum albumin (BSA)) [30]. The brief protocols depicting the schematic steps have been
provided in Figure 1.

Figure 1. Schematic representation of steps for the synthesis of zinc nanomaterials using different reducing and complex-
ing/capping agents.

2.2.1. UV-Vis Spectroscopy

The spectral absorbance behavior of the synthesized nanoparticles was analyzed on a
Double Beam UV-Vis Spectrophotometer (model Elico SL 218, India) through screening
over wavelengths ranging from 190 to 800 nm.

2.2.2. Transmission Electron Microscopy

The morphology of the synthesized nanoparticles was determined by the transmission
electron microscopy (Hitachi H-7650, Japan) analysis. The powdered ZnNMs were ground
in a polystyrene pestle mortar, homogenized, and suspended in a known volume of
deionized water. The suspension was bath sonicated for 15 to 30 min and 20 µL of the
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suspension was then placed on a copper grid (carbon film-coated, 200-mesh size). The
prepared grids were air-dried and viewed under high-resolution imaging mode in TEM
operated at 80 kV acceleration voltage.

2.2.3. X-ray Diffraction Spectroscopy

The crystal structure and size of the synthesized ZnNMs were obtained through X-
ray diffraction spectroscopy analysis. The X-ray diffraction patterns for the six different
ZnNMs were obtained on X-ray diffractometer (Bruker D8 Advance, Germany) using Cu
(Kα λ = 0.150595 nm) radiations at specific operation conditions (voltage: 40 kV, current:
30 mA). The samples were scanned with a scanning angle (2θ) range of 5◦ to 80◦ and a step
size of 0.02◦ respectively.

2.2.4. Fourier Transform Infra-Red Spectroscopy

The FT-IR spectroscopy (Thermo Nicolet 6700, USA) equipped with DTGS (deuterated
triglycine sulfate) detector and KBr beam splitter system was used to characterize and iden-
tify the functional group diversity of the prepared nanoparticles. The summation spectra
were generated in transmittance mode by placing dry, homogenized ZnNMs powdered
samples on zinc selenide (flatbed configuration) crystal of the Attenuated total reflection
(ATR) (Smart assembly, Thermo Fischer, USA) assembly with operational parameters of
32 scans at 4.0 cm−1 spectral resolution and acquired for the mid-IR region spanning over
4000 to 600 cm−1.

2.3. Anti-Oxidant Activity of the ZnNMs

The anti-oxidant potential of the ZnNMs was determined as the free radical scav-
enging potential through neutralization of the 1, 1-Diphenyl-2-picrylhydrazyl (DPPH)
radicals [31,32]. The aqueous suspensions of the ZnNMs were prepared by dispensing a
known amount of the ZnNMs in a defined volume of HPLC-grade water. The prepared
dispersions (1 mL) were bath sonicated, incubated under the same conditions with 3 mL
methanolic solution of DPPH (0.1 mM) for half an hour. Variable color development in the
incubated solutions indicating the radical scavenging rate was measured as absorbance at
517 nm. The percent inhibition was compared with the values obtained for the butylated
hydroxytoluene (BHT) as standard.

2.4. Anti-Mycotic Activity of the ZnNPs

2.4.1. Agar Well Diffusion Assay

The anti-fungal activity of the ZnNPs was evaluated through agar well diffusion as-
say [33] involving estimation of the mycelial growth-inhibiting potential of the synthesized
ZnNPs on the three test maize pathogenic fungal cultures [31]. The PDA media was poured
in sterilized petri dishes (90 × 14 mm, Tarsons triple vent radiation sterile polystyrene,
Code: 460091, Tarsons, Kolkata, India) and allowed to gel. The wells in the solidified media
were prepared using a sterile cork borer (diameter 8.0 ± 0.2 mm, CAS No. LA737, Himedia
Laboratories, Mumbai, India). The ZnNPs stock solutions were prepared in the HPLC
grade water and these suspensions were bath sonicated for 30 min at room temperature.
The stock solutions were then utilized for the preparation of the working concentrations
(0, 5, 10, 20, and 40 mg L−1). These suspensions were then given a quick bath sonication
treatment for another five minutes and 20 µL of the suspensions were loaded in the agar
wells. The respective fungal growth on PDA media served as the negative control. The
fungal disc (8.0 mm diameter) of the freshly grown confluent growth (one-week old culture
plate) was placed at the center of each plate and the inoculated petri plates were incubated
in a BOD incubator at 27 ± 2 ◦C for seven days. The diameter of the zone of inhibition of
the mycelial growth at or near the well containing the ZnNPs was taken as indicator of the
decreased mycelial growth.
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2.4.2. Optical Research Microscopy Studies of the Fungal Hyphae

For the optical microscopy (Leica DM5000 B, Leica Microsystems, Germany) studies,
fresh slides were prepared to observe the effect of ZnNPs on the hyphal morphology
and structure representing the morphological damage caused to the fungi by the ZnNPs.
The slides were stained with lactophenol-cotton blue dye to visualize the variations in
the hyphal morphology at 200 and 400× magnifications and imaged (Leica DFC 420C,
Germany).

2.5. Fungal Genomic DNA Degrading Potential of the ZnNPs

The fungal biomass of the three fungi was generated in potato dextrose broth. The
fungal mats were filtered and washed through sterilized filter paper (Whatman qualitative
filter paper No. 1, Sigma-Aldrich, USA). The mycelial mat was then placed in a ceramic
pestle containing liquid nitrogen and finely ground to obtain a powder. The fungal genomic
DNA was extracted [34], quantified for quality and quantity and known quantity (10 µL)
was incubated with 40 µg mL−1 of ZnNPs (NaOH as reducing agent) for 2 and 24 h at
37 ◦C. The incubated genomic DNA was resolved on 1.5% (w/v) agarose gel containing
ethidium bromide (0.05 µg mL−1). The resolved gel was viewed in a Gel Documentation
and Analysis System (Uvitec, Cambridge, UK), and images were captured.

2.6. Statistical Analyses

The antioxidant profile data obtained for five replications were subjected to analysis
of variance (ANOVA) by using the generalized linear model (Proc GLM) command for a
completely randomized experimental design and results were obtained on analysis using
SAS software (version 9.2, Cary, NC, USA). The mean comparisons were performed with
the least significant difference (LSD, p ≤ 0.05) approximation.

3. Results
3.1. Characterization of ZnNPs

3.1.1. UV-Visible Spectroscopy

Among the primary spectroscopy techniques utilized for the characterization of
nanoparticles, this absorption spectroscopy technique is used to evaluate the light-matter
interactions and has profound relevance for the determination of the optical properties
of nanoparticles including key characteristics such as shape, size, and stability [35,36].
The UV-visible absorption study of the six different ZnNPs illustrated distinct and sharp
absorption peaks to vary between wavelengths ranging from 210 to 350 nm (Figure 2). All
the reducing and capping agents derived ZnNPs exhibited a single and sharp peak at 210
or around 210 to 220 nm except Starch (RA) (dual distinct peaks at 212 and 350 nm) and
Starch (CA) (triple peaks at 212, 260, and 330 nm) derived ZnNPs.

3.1.2. Transmission Electron Microscopy

The TEM micrographs exhibit the occurrence of spherical to hexagonal-shaped ZnNPs
having well-defined crystal edges and planes (Figure 3a–f). Partial (Figure 3c,e,f) to high
(a, b, and d) agglomeration can also be observed. The nanoparticle size distribution
was substantially variable for the reducing/capping agents used for the generation of
ZnNPs. The lowest size distribution ranges of 8 to 26 nm and 6 to 22 nm were observed
for thiourea (RA) and starch (CA) ZnNPs respectively. However, the starch (CA) ZnNPs
appeared to be adorned on electronically less dense substrate material possibly derived
from burning/charring of the starch during the calcination process. The average mean
diameter of the nanoparticles (nm ± S.E.) was as follows; NaOH (RA) (31.37 ± 2.48),
thiourea (RA) (15.86 ± 0.59), starch (RA) (36.82 ± 2.41), albumin (CA) (82.94 ± 3.64), starch
(CA) (11.78 ± 0.74) and cellulose (CA) (209.18 ± 15.02).
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Figure 2. Variable UV-Vis absorbance spectra of the synthesized ZnO nanoparticles. RA: reducing
agent, CA: capping/complexing agent.

Figure 3. Transmission electron micrographs depicting the variation in the ZnO nanoparticle di-
mensions for the reducing (RA) and capping/complexing (CA) agents. (a) Sodium hydroxide
(RA), (b) Thiourea (RA), (c) Starch (RA), (d) Bovine serum albumin (CA), (e) Starch (CA), and (f)
Cellulose (CA).
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3.1.3. X-ray Diffraction Spectroscopy

The XRD patterns varied in peak intensity and width according to the reducing/capping
agent used. In general, the peak widening could be observed for all the six types of syn-
thesized ZnNPs which represents the nano-scale crystalline size of the prepared ZnNPs.
The XRD peaks obtained showed close agreement with the characteristic Bragg peaks
of hexagonal ZnO zincite (pattern: PDF 00-036-1451), and hydro-zincite (pattern: PDF
01-072-1100). Mixed crystal phases including the simonkolleite (pattern: COD 9004683)
along with zincite and hydro-zincite specific peaks can be identified in ZnNMs derived
from ZnCl2 salt as substrate (Figure 4). The use of starch as a reducing agent resulted in the
formation of nanoscale hydrozincite crystals. While Starch (CA) ZnNPs had both zincite
and hydrozincite as the predominant crystal phases. This variation may be attributed
to the use of NaOH as a reducing agent during the synthesis of the Starch (CA) ZnNPs.
Cellulose (CA) ZnNPs possessed a mixed crystal phase with simonkolleite as one among
the predominant crystal structure. As indicated above, it can probably be due to the use
of a high concentration of zinc chloride (65 wt %) as the precursor salt for the synthesis
of ZnNPs.

Figure 4. X-ray diffraction spectroscopy of the synthesized ZnNPs depicting the formation of wurtzite
hexagonal crystal structure zincite (ZnO) on the use of various reducing and capping/complexing
agents i.e., Sodium hydroxide (RA), Thiourea (RA), Starch (RA), Bovine serum albumin (CA), Starch
(CA), and Cellulose (CA).

3.1.4. Fourier Transform Infra-Red Spectroscopy

The characteristic FTIR peaks for metal oxides appear in the fingerprint region of 1700
to 600 cm−1 due to vibrations among the metal and other atoms (O or OH) associated
with it [37]. The NaOH (RA) ZnNPs exhibited specific peaks in this region at 663.0, 815.2,
952.0, 1016 (ν1 frequency), and 1624 cm−1 featuring Zn-O bond deformation and stretching
vibrations respectively [37]. The presence of adsorbed water molecules can be identified
due to the appearance of a broad peak at 3443.0 and a sharp peak at 1103.0 cm−1 which
can be ascribed to stretching and deformation vibrations of the O-H bond (Figure 5).
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Further, the occurrence of the hydrozincite phase in the starch (RA), albumin (CA), and
starch (CA) ZnNPs, the stretching vibrations of the C=O and C–O bonds in the carbonate
functional group (CO3

2−) can be ascribed to bands at 1360 and 1407 cm−1. The conspicuous
broadband (3690 to 2975 cm−1) was observed in starch (RA), and albumin, starch and
cellulose (CA) which can be ascribed to hydroxyl (O–H) and amine (N–H) group vibrations.
Similar peaks have also been reported for thiourea derived ZnNPs [26].

Figure 5. FT-IR cumulative spectra of the prepared ZnNPs for the mid-IR region (2000 to 650 cm−1

wavenumbers) indicating variability in the occurrence of chemical functional groups.

3.2. Anti-Oxidant Activity of the ZnNPs

The DPPH synthetic radicals are considered relatively stable to evaluate the radical
scavenging potential of nanoparticles or other compounds. The prepared ZnNPs exhibited
significant free radical scavenging activity (DPPH FRSA) which ranged from 25 to 84%
inhibition (Figure 6). The NaOH (RA) ZnNPs possessed the highest antioxidant activity.
The order of the FRSA was NaOH (RA) > Starch (RA)/(CA) > Albumin (CA) > Cellulose
(CA) > Thiourea (RA).

Figure 6. Comparative antioxidant potential of ZnNPs as determined through scavenging activity
(%) of DPPH radicals. Different letters denote a significant difference (p ≤ 0.05) among six different
types of ZnNPs.
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3.3. Anti-Mycotic Activity of the ZnNPs

3.3.1. Agar Well Diffusion Assay

Post three days of incubation, the prepared ZnNPs were evaluated for five differ-
ent concentrations (0, 5, 10, 20, and 40 mg mL−1) to exhibit an inhibitory effect on the
mycelial growth for all three test fungi. Among the three fungal cultures, maximum
mycelial inhibitory activity was recorded in order Fusarium oxysporum > Curvularia lunata >
Macrophomina phaseolina (Figure 7). The efficacy of the NaOH (RA) derived ZnNPs was
identified by the formation of a larger inhibition zone compared to the other ZnNPs evalu-
ated. The control well containing only sterilized HPLC grade water did not exhibit any
antifungal activity (Figure 7). The radial diameter of all the three-test fungi was the smallest
for the NaOH (RA) derived ZnNPs particularly clear cottony-white hyphal inhibition could
be observed for Macrophomina phaseolina (Figure 7d). Moreover, the sparse, aerial, and fluffy
fungal growth of the Fusarium oxysporum indicates the response of hyphae to ZnNPs stress.
This is the first report on variability in the anti-mycotic efficacy of the ZnNPs derived from
different reducing/complexing agents on maize crop-specific pathogenic fungi.

Figure 7. Effect of different ZnNPs and zinc salts on hyphal growth of three maize pathogenic cultures, Curvularia lunata,
Fusarium oxysporum, and Macrophomina phaseolina. (a) Zinc acetate, (b) Zinc chloride, (c) Zinc sulphate, (d) Sodium
hydroxide (RA) ZnNPs, (e) Thiourea (RA) ZnNPs, (f) Starch (RA) ZnNPs, (g) Bovine serum albumin (CA) ZnNPs, (h) Starch
(CA) ZnNPs, and (i) Cellulose (CA) ZnNPs. The figures from 0 to 4 indicate different concentrations of the zinc salts and
ZnNPs. 0 = distill water, 1 = 5 mg L−1, 2 = 10 mg L−1, 3 = 20 mg L−1, 4 = 40 mg L−1.

3.3.2. Optical Research Microscopy Studies of the Fungal Hyphae

The optical research microscopy of the mycelial growth at the fringes of the colony
exhibited variation in the hyphal morphology as observed through appearance of swelling/
rolling, thinning, fragmentation, and hyper-branching of the mycelia. The hyphae of all the
three fungal genera sampled near the well containing NaOH (RA) (40 mg L−1 concentration)
showed cell wall distortion, cytoplasmic shrinkage, oozing out of the cytoplasmic material,
and hyphal fragmentation. The optical micrographs of the Fusarium oxysporum hyphae in
NaOH (RA), Albumin (CA), and Starch (CA) ZnNPs (40 mg L−1 concentration) treatment
showed extensive leakage of the cytoplasmic material from the hyphal tissue (Figure 8).
The swelling of the hyphae cells can also be identified in the Thiourea (RA) ZnNPs and
NaOH (RA) ZnNPs for Curvularia lunata, and Macrophomina phaseolina respectively.
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Figure 8. Optical micrographs of the three test fungal cultures depicting cytological events such as hy-
phal fragmentation, clearing of the cell cytoplasm, hyphal thinning, and dissolution of the fungal cell
wall on incubation with ZnO nanoparticles derived from various reducing and capping/complexing
agents. (a) Control, (b) Sodium hydroxide (RA), (c) Thiourea (RA), (d) Starch (RA), (e) Bovine serum
albumin (CA), (f) Starch (CA), and (g) Cellulose (CA). Magnification-400×. The solid arrow indicates
the thickening of the hyphae, dotted arrow indicates the clearing of cell cytoplasm.

3.4. Fungal Genomic DNA Degrading Potential of the ZnNPs

Incubation of the genomic fungal DNA with NaOH (RA)-derived ZnNPs resulted in
fragmentation of the DNA which can be identified as smeared DNA appearance in the
1.5% agarose gel compared to the intact DNA band in the control lane of the three test
fungi (Figure 9). After 2 h of incubation with the NaOH (RA) derived ZnNPs (40 µg mL−1

concentration), a slight decrease can be noticed in the genomic DNA of all the test fungi in
lanes 4, 5, and 6 (Figure 9). Therefore, the incubation was extended until 24 h to observe
any further impact on the genomic DNA of these fungal genera. A clear fragmentation and
decrease in the genomic DNA content can be visualized in lanes 7, 8, and 9 as compared to
lanes 1, 2, and 3 respectively (Figure 9).
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Figure 9. Fragmentation and degradation of the fungal genomic DNA on incubation with NaOH
(RA)-derived ZnNPs. Lane L = Marker ladder, Lane 1 = gDNA of Fusarium oxysporum (FO), Lane 2
= gDNA of Curvularia lunata (CL), Lane 3 = gDNA of Macrophomina phaseolina (MP), Lane 4 = FO

gDNA incubated with ZnNPs for 2 h, Lane 5 = CL gDNA incubated with ZnNPs for 2 h, Lane 6 =
MP gDNA incubated with ZnNPs for 2 h, Lane 7 = FO gDNA incubated with ZnNPs for 24 h, Lane 8
= CL gDNA incubated with ZnNPs for 24 h, Lane 9 = MP gDNA incubated with ZnNPs for 24 h.

4. Discussion

The UV-Vis absorption peaks exhibited all the ZnNPs are way below the characteristic
excitonic absorption peak value of 370 nm attributed to intrinsic band-gap absorption
phenomena exhibited by the bulk ZnO under valence to conduction band electron transi-
tions [36,38]. Similar reports of blue-shifted UV vis absorption peaks have been reported
for ZnNPs synthesized through sol-gel [25,39], microemulsion route [37], and green syn-
thesis approach [40]. Moreover, a similar UV-Vis peak at 347 nm has been observed for
the starch (CA)-ZnNPs on laser ablation synthesis in an aqueous starch solution for 15 to
20 min which could be ascribed to the formation of a layered nanocomposite comprised of
starch-β-Zn(OH)2 sheets [41]. The occurrence of a single sharp peak indicates the formation
of monodispersed ZnNPs and therefore, the narrow size distribution pattern of the synthe-
sized ZnNPs [42]. The dual or triple peaks indicate the polydisperse nature of the aqueous
nano-sol probably due to the formation of larger agglomerates by coalescence during or
post-nucleation process [43]. The albumin (CA) ZnNMs showed a sharp peak at 220 nm,
and multiple stout peaks at 400, 620, 700, and 760 nm wavelength which showcased the
highly polydisperse nature of the albumin (CA) ZnNMs aqueous sol. However, the small
area under these multiple peaks is also indicative of the presence of variable larger-sized
ZnNPs in low amounts.

On the estimation of the bandgap energy of different ZnNMs according to Einstein
equation; Energy = hC/λ, where h = Plank’s constant (6.626 × 10−34 Joules sec), C = Velocity
of light (3 × 108 m s−1) and λ = wavelength (nm), the calculated values were 5.90, 5.64,
3.76 and 3.50 eV for the sharp and distinct absorption peak wavelengths of 210, 220, 330
and 350 nm respectively. These values are quite high compared to the moderate band-gap
energy (3.35 eV) of ZnO which corresponds to UV and deep blue region indicating O2p to
Zn3d electron transitions [44]. These blue shifts in the band-gap energy may be ascribed
to the inadvertent occurrence of other metal atom impurities that may have altered the
electronic movement across the valence and conduction bands [45]. Similar blueshifts
have been observed on doping of zinc with IIIa group metal atoms [46] and 3d transitions
metals [45].

The particle size of less than 10 nm have been reported for NaOH-ethanol reaction
mix [43] while ZnNPs generated from NaOH-isopropanol reaction mixture formed particles
with the mean size dimensions of 189.0 ± 6.0 and 447.0 ± 22.0 nm by sonochemical and
hydrothermal techniques respectively [47]. However, unlike Chen et al. [30] the ZnNPs size
was larger for the albumin (CA) ZnNPs while similar size distribution and average size
have been observed for thiourea (RA) [26], cellulose (CA) [29], and starch (CA) ZnNPs [27].
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The use of a high concentration of ZnCl2 can lead to the formation of hexagonal layered
plate-like crystals of simonkolleite [18]. However, the XRD spectra for NaOH and thiourea
reducing agents exhibited the presence of only hexagonal zincite phase crystals. Similar
diffraction peaks have been reported for ZnNPs obtained by green synthesis from fruit
parts of Citrullus colosynthis [14] and cotton linter pulp [11]. The XRD spectra of the albumin
(CA) ZnNMs showed a very broad peak spanning over 30 to 50 20◦ diffraction region
with several substantially indistinct peaks within this range indicating the occurrence of
mixed crystal phase. As Bovine serum albumin (BSA) exhibits affinity to adsorb or form
protein corona structure on the surface of the ZnNPs [19,20], it may have restrained the
coalescence of the smaller-sized particles to form larger aggregates during the nucleation
process. However, the transmission electron micrograph indicated the formation of plate-
like hexagonal ZnNPs (Figure 2).

The DPPH FRSA of the ZnNMs may be ascribed to the transfer of electron density
from oxygen atom in ZnNMs to N-atom odd electron in DPPH compound [48]. The
antioxidant properties further depict the efficiency of the redox-catalysis reactions, elec-
tronic configuration, surface-interface effect, and biocompatibility of the ZnNMs. From
the results obtained for the FRSA potential, it appears that the NPs of a particular size
is critical beyond which any further reduction in the size of the NPs does not contribute
significantly to the antioxidant behavior. These observations are in line with the antici-
pated size-dependent phenomena and larger surface area to volume ratio to be involved
in improved neutralization/deactivation of the hydroxy (•OH) radicals [49]. Similar to
observations of this study, the report on electron spin resonance (ESR) spectroscopy study
of 4 to 15 nm AuNPs, showcased maximum antioxidant activity by 9 nm NPs and not by
NPs with a size smaller than 9 nm [49]. Therefore, it can be argued that the dose [50,51] or
concentration [52], specific surface, and crystallinity status [49] of the ZnNMs are relatively
more critical features for altering the efficiency with which the ZnNMs interact with the
DPPH radicals.

The fungal radial growth inhibition in the agar-well diffusion assay for the three test
fungi indicated superior antimycotic activity of NaOH (RA) derived ZnNPs. Similar radial
growth inhibition has also been reported for ZnO NPs by He et al. [11] for Penicillium
expansum and Botrytis cinerea. The hyphal thinning effects can be observed for most of
the ZnNMs evaluated in the study which appears to be a characteristic feature of any
fungal tissue in response to nanoparticle challenge [53,54]. However, the morphological
manifestations such as breakage of the cell wall and leakage of the cytoplasmic contents,
and appearance of swollen hyphal cells indicate the alteration in the osmotic conditions and
formation of physical pores in the cell wall/membrane of the treated fungal cells [19,23].
Coherent to the results of the mycelial inhibition in agar well assay as described in the
previous Section 3.3.1, maximum impact on the hyphal morphology was recorded for the
Fusarium oxysporum. However, the hyphal fragmentation can be observed in Macrophomina
phaseolina, unlike the agar well assay which indicates the subtle cytological changes that
occur in the fungal hyphae on treatment with ZnNMs. A substantially low concentra-
tions of the ZnNMs have been evaluated in this study unlike the studies performed on
Pythyium [23], F. graminearum, A. flavus, and P. citrinum [19], and Aspergillus flavus [14].

The genomic DNA fragmentation may be attributed to the physical and chemical
properties of the NPs [55] including the size, concentration [56,57], chemistry [56–58], and
surface functionalization [59]. Though within a fungal cell the predominant mechanism
of degradation of the cellular DNA by ZnNPs is through formation of reactive oxygen
species (ROS) which causes extensive DNA scissoring and fragmentation [7]. However,
direct interactions of ZnNPs with DNA molecules involve the binding of DNA with ZnO
nanoparticles to nucleobases [60]. The specific conjugation of the DNA on ZnO NPs surface
has been further identified by Das et al. [61] evidenced through varied conductivity and
mobility under electric field on an agarose gel. The results of this study effectively demon-
strate that the ZnNPs can intercalate with the DNA and exhibit non-photocatalytic DNA
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degradation unlike the sunlight-induced fragmentation of Leishmania DNA on incubation
with Ag-doped ZnO NPs [62].

5. Conclusions

This study provides evidence on variation in the anti-mycotic, anti-oxidant, and DNA
degrading effect of the ZnO nanoparticles generated through wet chemical synthesis meth-
ods by using different reducing or complexing/capping agents. Both the anti-oxidant and
anti-mycotic potentials were not observed to follow strict nanoparticle size-dependence.
Thus, the NaOH (RA) derived ZnNPs had zincite crystal phase and the particle size distri-
bution ranging from 10 to 90 nm and possessed the highest antioxidant and antimycotic
activities. This study also illustrates the subtle hyphal morphological changes occurring
on the use of lower concentration of the ZnNPs which may span over a variety of mani-
festations ranging from thinning, fragmentation, swelling, and lysis of the fungal hyphae.
These alterations in the hyphal morphology could be attributed to variability in the func-
tionalizations or chemical functional groups present on the surface of the ZnNPs. Further,
the fungal DNA-NaOH (RA) ZnNPs incubation study enunciated the DNA degradation
and exacerbation of the total genomic DNA of the test pathogenic fungi in a concentration
and time-dependent manner with complete degradation of the Macrophomina phaseolina
genomic DNA after 24 h of incubation. It could also be inferred from the study that the
DNA damaging effect of the ZnNPs is also fungal genera/species-specific and may vary
according to the fungal culture being studied. Therefore, this work establishes the impact of
the appropriate nano-crystallite size dimensions and surface functionalizations as the key
factors that vary the anti-mycotic, anti-oxidant, and DNA degrading potentials of ZnNPs.
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Abstract: Metal nanoparticles used as antifungals have increased the occurrence of fungal–metal
interactions. However, there is a lack of knowledge about how these interactions cause genomic and
physiological changes, which can produce fungal superbugs. Despite interest in these interactions,
there is limited understanding of resistance mechanisms in most fungi studied until now. We
highlight the current knowledge of fungal homeostasis of zinc, copper, iron, manganese, and silver
to comprehensively examine associated mechanisms of resistance. Such mechanisms have been
widely studied in Saccharomyces cerevisiae, but limited reports exist in filamentous fungi, though they
are frequently the subject of nanoparticle biosynthesis and targets of antifungal metals. In most
cases, microarray analyses uncovered resistance mechanisms as a response to metal exposure. In
yeast, metal resistance is mainly due to the down-regulation of metal ion importers, utilization of
metallothionein and metallothionein-like structures, and ion sequestration to the vacuole. In contrast,
metal resistance in filamentous fungi heavily relies upon cellular ion export. However, there are
instances of resistance that utilized vacuole sequestration, ion metallothionein, and chelator binding,
deleting a metal ion importer, and ion storage in hyphal cell walls. In general, resistance to zinc,
copper, iron, and manganese is extensively reported in yeast and partially known in filamentous
fungi; and silver resistance lacks comprehensive understanding in both.

Keywords: resistance; homeostasis; toxicity; nanoparticles; fungal–metal interaction

1. Introduction

The increasing applications of fungal–metal interactions have led to the need for
research on their contributions to fungal resistance [1,2]. In nature, metals serve as mi-
cronutrients required for fungal growth, however, in excess they can influence homeostatic
systems. In agricultural and human medicine, there is an increasing occurrence of pathogen
resistance to traditional antifungal agents which has expanded the incidence of fungal
superbugs; this has led to increased research on metals as alternative fungistatic and fungi-
cidal agents [3,4]. Fungi are also being employed in the green biosynthesis of nanoparticles
due to their economic viability, high levels of natural metal resistance, and ease of mass pro-
duction as antimicrobial agents [5–7]. Both instances highlight contributions to increased
incidence of fungal-metal interactions, demonstrating the importance of further divulging
the intricacies of their relationship.

1.1. Fungal–Metal Interactions

Metals can exist in various forms such as salts, oxides, sulfates, and nanoparticles.
Fungi are able to utilize metal ions from these compounds after dissociation, which leaves
unbound ions available for uptake and transport. For example, in the presence of water,
copper sulfate (CuSO4) hydrates to copper (II) sulfate pentahydrate (CuSO4 5H2O) and
then dissociates into Cu2+ + SO4

2−. Upon dissociation, Cu2+ can then be reduced by fungal
proteins for uptake. More recently, metals in the form of nanoparticles have gained interest
for use as antifungals, which has fueled the escalation of nanoparticle production [8–10].
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Nanoparticles are particles that range from 1 to 100 nm in size and vary in shape, physio-
chemical, optical, and biological properties [11]. Ions dissociate from nanoparticles at a
much lower rate, but are also available to interact with homeostatic systems [12,13].

In general, most ions have dedicated homeostatic systems to control import, export,
storage, and transport within the cell (Table 1). Metal ion import and export often occurs
through transmembrane channels, which are proteins that span the entirety of the mem-
brane and protrude from both sides (e.g., transmembrane proteins Fet4, Zrt1, and Zrt2
in Figure 1) [14,15]. In some species, chelators, such as siderophores, also play a role in
uptake. These organic, low molecular weight compounds have a binding capacity for
certain metal ions, such as iron, and are imported into the cell through transmembrane
channels [16,17]. As a mechanism of ion storage or detoxification, metallothioneins (MTs),
cysteine-rich proteins that use metal ions as cofactors, bind free cytosolic ions which may
be released back into the cellular environment in metal deficient conditions [18,19]. For
the movement of ions to organelles for storage or as cofactors for protein functioning,
intracellular transporters, such as Zrc1 (Figure 1) or Pic2 (Figure 2), are utilized [20,21]. If
these systems are interfered with, homeostatic imbalance can cause toxicity.

Figure 1. S. cerevisiae zinc homeostatic systems.
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Figure 2. Yeast copper transport systems. In S. cerevisiae, cupric reductase, Fre1 reduces extracellular
cupric oxide for transport across high and low-affinity copper membrane transports Ctr1 and Fet4.
From the cytoplasm, Ccc2 shuttles Cu+ to Golgi bodies, and Pic2 shuttles Cu+ to the mitochondrial
matrix. During meiosis in S. pombe, Mfc1 transports Cu+ across the forespore membrane.

Table 1. Fungal proteins involved in metal transport.

Metal Transport Type
Yeast

Transporters
Reference

Filamentous Fungi
Transporters

Reference

Zinc
Import Zrt1, Zrt2 [15,22] zrfA/B/C, UmZRT1/2,

Zip1/2 [23–27]

Vacuolar Cot1, Zrc1 [20,28] - -

Vacuole to Cytosol Zrt3 [29] - -

Copper Import Ctr1, Ctr3, Fet4, Ctr4,
Ctr5, Mfc1 [30–36] CtrA2, CtrC, Ctr1,

PaCtr2 [37–39]

Cytosol to Golgi Atx1, Ccc2 [34,40–42] - -

Mitochondrial Pic2, Cox17 [21,43,44] - -

Cytosol to Sod1 Lys7, Pccs [45,46] - -

Mitochondrial Inner Membrane
Space to Cytochrome c oxidase Sco1, Sco2, Cox11 [42,47,48] - -

Export - - CrpA [49]

Iron Import
Fet4, Smf1, Fet3/Ftr1,
Fip1, Str3, Shu1, Str1,

Str2, Str3
[50–59] Fer2 [60]

Within the Nucleus Npb35, Nar1, Cfd1, Cia1 [61,62] - -

Vacuolar Pcl1, Ccc1 [63,64] - -

Mangan-ese Import Smf1, Smf2, Pho85 [52,65–67] PcPho84, PcSmfs [68]

Mitochondrial Mtm1 [69] PcMtm1 [68]

Cytosol to Golgi Lumen Pmr1, Gdt1 [70–72] - -

Cytosol to Endoplasmic
Reticulum Lumen Spf1 [73] - -

Vacuolar Ccc1, Ypk9 [64,74–76] PcCCC1 [68]

Export Pmr1, Hip1 [77–79] PcMnt [68]

Silver Import Ctr1 [80,81] - -

Mitochondrial Pic2 [21] - -
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1.2. Metal Toxicity and Resistance

Metal toxicity occurs via the oligodynamic effect, which was initially described in
1893 in algae Spirogyra nitida and Spirogyra dubia, as toxicity or death in organisms due to
exposure to trace amounts of metals, such as copper, lead, iron, or zinc [82]. In fungi, this
exposure can have effects ranging interference in ergosterol biosynthesis to reduced MT
activity (Table 2) [83,84].

Table 2. Mechanisms of toxicity in yeast and filamentous fungi.

Metal Mechanism of
Toxicity in Yeast Reference Mechanism of Toxicity in Filamentous Fungi Reference

Zinc Interference of synthesis of iron-sulfur clusters [85,86] increased chitin deposition within the cell wall,
preventing hyphal extension [87,88]

Interference in ergosterol biosynthesis [83] increased hyphal branching and apical swelling [88]

Cellular leakage, polarization, and increased
membrane potential [83] interruption of conidia and conidiophore development

(interference of reproduction) [87]

Reduced cell wall integrity [83] - -

Copper Reduced ergosterol biosynthesis [12,89] Generation of reactive oxygen species [90]

Reduced metallothionein activity [84] - -

Iron Interference of vacuolar transport encoding
gene CCC1

[91,92] Inability to acquire iron [60,93]

Manganese Down-regulation of HTB2, HTA1, HTA1, HTBI,
HHF

[94,95] potentially associated to reduced functioning of
manganese peroxidase [96–98]

Silver Interference in ergosterol biosynthesis [80,99,100] - -

In an effort to counter metal toxicity, and toxicity in general, fungi develop methods of
resistance which can include the alteration of the target protein to inhibit substrate binding,
cellular antimicrobial efflux, antimicrobial inactivation or degradation, restricted uptake to
prevent cellular interference, overproduction of targeted proteins to prevent the complete
inhibition of biochemicals, and compensation for loss of function directly related to the
antimicrobial [101]. Some of these resistance mechanisms are relevant to excessive metal
exposure in fungi (Table 3). Presently, research utilizes yeast such as Saccharomyces cerevisiae
to investigate cellular and molecular impacts of fungal–metal interactions, but thorough
knowledge is lacking in filamentous fungi [102–104]. Due to the increase in fungal-metal
interactions, we should ensure that metal resistance mechanisms in multiple types of fungi
are well-understood. In this review, we summarize existing knowledge on fungal metal
homeostasis of zinc, copper, iron, manganese, and silver. Conclusions and indications are
presented to pave the way for further research.

Table 3. Mechanisms of metal resistance in yeast and filamentous fungi.

Metal Mechanism of Metal Resistance in
Yeast Reference Mechanism of Metal Resistance

in Filamentous Fungi Reference

Zinc Up-regulation of ZRC1 and COT1 [83,105–108] storage of excess zinc in vacuoles and cell walls of
spores and hyphae [109,110]

- - zinc efflux [111]

- - zinc metallothioneins [112]

Copper Up-regulation of CUP1 and CRS5 [113] Up-regulation of crpA [81,114–116]

Down-regulation of FRE1 and FRE7,
and CTR1

[113] increased production of chelator copper oxalate [117–119]

Iron Up-regulation of CCC1 [64,120] Unknown, but could associated with reduction of
siderophore biosynthesis [60,121]

Expression of plant ferritin genes [122–124] - -

Manganese Up-regulation of MNR1 [65,67,125,126] Deletion of PcPHO84 [68]

Down-regulation of PHO84, SMF1 [67,125,126] Expression of PcMNT [68]

Silver Expression of CUP1-1, CUP1-2 [81,115,116] Expression of crpA [90]

Down-regulation of PHO84 [116] - -
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2. Fungal–Metal Interactions

Metals play critical roles in fungal homeostasis. They are required for various biochem-
ical processes, usually as enzymatic cofactors. Metals most recognized for their importance
in fungi are copper, iron, zinc, and manganese. Pertaining to zinc, approximately 5% of
fungal proteomes correlate to zinc-binding proteins, and 8% of yeast genomes correlate to
zinc-binding proteins. In the model yeast S. cerevisiae, large portions of these zinc-binding
proteins are related to critical functions, including DNA binding (31% of zinc-binding
proteins), the regulation of transcription (25%), transcription factor activity (19%), and
response to chemical stimuli (15%) [105,107,108]. Fungal–copper interactions are necessary
for the activation of metalloproteins involved in biochemical processes. This includes the
activation of superoxide dismutase, which is responsible for cellular detoxification of reac-
tive oxygen species (ROS), virulence in pathogenic species, and activation of cytochrome
c oxidate, a catalyst within the electron transport chain [39,48]. Iron is also essential for
fungal virulence in pathogenic species, most importantly as an integral component of
iron-sulfur clusters which are required for the activation of nuclear proteins involved in
DNA repair [61]. Manganese also plays a critical role in fungi, in particular, in filamen-
tous species where it (or copper) is required for the activation of manganese peroxidase.
Dependent on nutrient availability, white-rot fungi utilize manganese peroxidase as a
secondary metabolite to depolymerize lignin for nutrients; others are manipulated for
increased manganese peroxidase production and extraction for use in the degradation of
organo-pollutants [96,98].

Very few metals that are not considered essential have also been identified in some
fungal–metal interactions; these include magnesium and molybdenum. Magnesium is a
well-known micronutrient in other eukaryotic organisms, however, its homeostasis in fungi
is undetermined. Only in recent years has magnesium been identified as a requirement
for virulence in the agriculturally relevant fungus Magnaporthe oryzae [127]. Molybdenum
is a metal that is discussed significantly less in eukaryotic homeostasis. It has only been
identified as a cofactor for four human proteins, and in fungi it has only been suggested that
it plays an unidentified role as a nitrate reductase and a xanthine dehydrogenase [128,129].
Other metals such as silver, gold, lead, nickel, and cadmium have only been implicated in
fungal–metal interactions related to toxicity, nanoparticle myco-synthesis, and heavy metal
myco-remediation, but information pertaining to homeostasis is limited [103,130,131].

2.1. Zinc

Zinc is a transition metal required for fungal survival and is necessary for various
functions, including the structuring of nucleic acids, physical growth and, most predom-
inately, protein folding [132,133]. In its role in DNA binding, zinc presents itself in class
III zinc finger proteins, also known as zinc cluster proteins (Zn(II)2Cys6), found only in
Ascomycetes (with the singular exception of Lentinus edodes) [107,134–136]. This protein
class binds DNA, which is critical for the transcriptional activation and regulation of gene
products [105,134].

In agriculture, fungal infections threaten food security by increasing global crop
loss [137,138]. Traditionally, antifungal azoles have been used to combat disease, but with
the emergence of azole-resistant pathogens, scientists have begun to develop possible
alternatives, such as zinc-containing compounds [138,139]. Reports have demonstrated
that zinc oxide nanoparticles (ZnO NPs) can control postharvest mold, plant wilts, and
grey mold disease caused by Aspergillus niger, Fusarium oxysporum, and Botrytis cinerea,
respectively [7,140–143]. It has also been demonstrated that ZnO NPs can significantly
reduce the production of the mycotoxin fusaric acid from F. oxysporum [144]. This is
significant because mycotoxins are common secondary metabolites of fungal pathogens
with high rates of toxicity against cereal crops that can result in crop loss, and if consumed
can result in a wide array of diseases in livestock [145,146]. Fusaric acid, in particular,
can inhibit the production of dopamine-beta-hydroxylase, which acts as a messenger of
signals within the nervous system and is responsible for altering the enzyme tyrosine
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hydrolase, which is involved in a rate-limiting step in catecholamine synthesis [147–149].
Zinc perchlorate Zn(ClO4)2 and zinc sulfate (ZnSO4) also inhibit mycelial growth that
produces mycotoxins and reduces the production of mycotoxins themselves [150,151].

2.1.1. Zinc Transport and Homeostasis

Many fungi have mechanisms of zinc transport similar to that of other eukaryotes,
through the ZRT (zinc regulated transporter)-IRT (iron-regulated transporter)-like protein
(ZIP) family and the cation diffusor facilitator (CDF) protein family [152,153]. In S. cerevisiae,
zinc transport occurs through several protein groups; the ZIP protein family (via Zrt1, Zrt2,
and Zrt3), the CDF protein family (via Zrc1, Cot1, and Msc2), the ferrous transport protein
Fet4, and others (Figure 1) [105,107,108,133,154,155]. Zrt1 and Zrt2 are high and low-
affinity plasma membrane transporters, respectively; both ZRT1 and ZRT2 are upregulated
in zinc-deficient conditions and repressed when zinc conditions are favorable [15,22,156].
In an excess-zinc environment, Zrc1 and Cot1 mediate zinc transport from the cytosol into
the vacuole to prevent toxicity [20,28]. In a zinc-limiting environment, zinc is released back
into the cytosol from the vacuole via Zrt3 or is scavenged by zincophore Zps1 [106,157,158].
Zap1 regulates the transcription of ZPS1 and contains two activators, Ad1 and Ad2, either
independently activated or inactivated by the direct binding of zinc ions [105,108,159,160].
These mechanisms effectively control intracellular zinc uptake and help prevent excess
accumulation in S. cerevisiae.

In filamentous Ascomycota, such as Apergillus fumigatus, genes in the ZIP family
(zrfA, zrfB, zrfC, zrfD, zrfE and zrfH) also regulate zinc transport [23,27,161]. zrfA and
zrfB, orthologues of S. cerevisiae ZRT1 and ZRT2, respectively, encode zinc membrane
transporters that operate in acidic, low-zinc environments and are activated by transcription
factor ZafA [161,162]. Conversely, the zrfC gene product is an alkaline zinc transporter
activated in high pH, zinc-limiting conditions [23,27]. zrfD/E/H are not restricted by pH
and can function in either acidic or alkaline environments [23]. In F. oxysporum, zrfA and
zrfB are also zinc importers regulated by transcription factor ZafA [163]. During infection,
ZafA allows F. oxysporum to adapt to a zinc-limiting environment, such as if the host
enacts nutritional immunity to deprive it of this essential metal [163]. Basidiomycetes
have similar homology. Ustilago maydis UmZRT1 and UmZRT2 genes, and Cryptococcus
neoformans Zip1 and Zip2 are homologous to S. cerevisiae ZRT1 and ZRT2, respectively,
with similar transport function [20,24,26]. Similarities also exist in the prevention of zinc
over-accumulation. C. neoformans Zrc1 is homologous to S. cerevisiae Zrc1 and mediates
zinc transport into the vacuole to prevent toxicity and decrease zinc sensitivity [20].

Mechanisms of zinc uptake and transport in fungi are mostly conserved through S.
cerevisiae ZIP proteins and homologs. The next section will discuss how negative homeo-
static interventions can result in toxicity.

2.1.2. Zinc Toxicity

Zinc-based antifungal compounds have mechanisms of toxicity that vary between
species. Zinc pyrithione (ZPT), is a zinc ionophore often used to treat fungal dandruff
caused by Malassezia spp. and induces toxicity by increasing cellular zinc uptake [164,165].
ZPT also causes partial mitochondrial malfunction by inhibiting mitochondrial synthesis of
iron-sulfur clusters, which are integral in electron transport, respiration, and DNA repair
and replication [165,166]. In contrast to Malassezia spp., ZPT toxicity in S. cerevisiae is
not a result of increased zinc uptake, rather of increased copper uptake which overloads
homeostatic systems [164,167,168]. ZnO NPs are also being explored for their antifungal
properties. In S. cerevisiae, ZnO NPs reduce ergosterol biosynthesis which, in turn, increases
cellular leakage (up to 24%) and depolarization, reduces cell wall integrity, and increases
the occurrence of ROS [83]. In filamentous fungi, mechanisms of toxicity are not well-
studied. In ericoid fungi, zinc ions reduced hyphal growth by increasing chitin deposition
within the cell wall, preventing hyphal extension; zinc also increases hyphal branching and
apical swelling, resulting in atypical hyphal morphology [88]. In the molds, excessive zinc
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exposure reduces hyphal growth, alters hyphal morphology and interrupts conidia and
conidiophore development, limiting reproductive capabilities [87]. Zinc sensitivity can aid
in the reduction of fungal pests; however, the development of tolerance and resistance can
be an impedance.

2.1.3. Zinc Tolerance and Resistance

High-zinc environments can be detrimental to fungi; therefore they must possess
resistance mechanisms to overcome toxicity. In yeast, resistance relies on the upregulation
of Zrc1 and Cot1, which sequester Zn2+ to the vacuole (up to 100 mM) in S. cerevisiae, or the
endoplasmic reticulum in C. albicans (Zrc1) [105–108,169]. Khouja et al. also described a
resistance mechanism via OmFET in S. cerevisiae, though it is not yet fully understood [170].
They suggest that OmFET plays a role in Zn2+ uptake, and in that role increases tolerance
through interactions with Mg, where Mg competes with Zn2+ for uptake, increasing
intracellular Mg and restricting Zn [170]. In filamentous fungi, zinc resistance is not
only attributed to vacuolar sequestration, but also to storage in the cytoplasm, storage
in cell walls of spores and hyphae, and cellular efflux; and in ectomycorrhizal fungi, the
presence of metallothionein-like peptides confers Zn2+ resistance [110,171–173]. To further
investigate how fungi cope with toxic levels of other micronutrient metals, this review also
assessed cellular interactions with copper.

2.2. Copper

Copper is also a transition metal and presents itself in oxidation states copper(I), Cu+,
and copper(II), Cu2+ [32,48]. It is essential to agriculture and human medicine where it can
serve as a fungicidal or fungistatic agent, or be the determining factor for virulence [174,175].
Some fungal pathogens heavily rely on copper exporters to prevent host-enacted copper
toxicity or import machinery to maintain virulence. In both clinical and agricultural settings,
fungal exposure to excess copper can result in ionic imbalance. Therefore, homeostatic
mechanisms to maintain healthy intracellular copper levels are critical.

2.2.1. Copper Transport and Homeostasis

Generally, copper cannot permeate the plasma membrane and requires membrane
transporters for uptake [32,48]. Before internalization, copper must exist as Cu+ (cuprous
oxide); however, in the environment, it often exists as Cu2+ (cupric oxide) and must un-
dergo reduction. In S. cerevisiae, cupric reductase Fre1, transcribed by Mac1, reduces
Cu2+ to Cu+, making it readily available for uptake via high–affinity membrane trans-
porters of the copper transporter (Ctr) protein family, Ctr1 and Ctr3 or low-affinity copper
transporter Fet4 (Figure 2) [30–33,176]. Transcription of CTR1 and CTR3 is also regulated
by transcription factor Mac1, which regulates transcription based on copper availability;
copper depletion results in the upregulation of CTR1/3, and copper repletion results in
downregulation [30,177].

After uptake, Cu+ serves as enzymatic cofactors. Apoproteins within the secretory
pathway require copper for proper functioning, such as the multicopper oxidase Fet3,
which is necessary for ferrous iron, Fe(II), uptake, and oxidation [53,178–180]. FET3 is
regulated by transcription factor Aft1 (activator of ferrous transport) in iron-deficient
conditions and its gene product contains four Cu+ binding sites where copper serves as
a cofactor for enzyme activation [53,178,181]. Unmetalated Fet3 reduces cell growth in
iron-limiting conditions, demonstrating the importance of copper transport [44,182].

Another enzyme dependent on copper is the cytoplasmic Cu/Zn superoxide dismu-
tase (Sod1). This is an antioxidant for superoxide anions (O2

•−) [183,184]. O2
•− are ROS

that cause cellular damage and toxicity and must be effectively dismutated to prevent
stress; therefore, delivery of copper to Sod1 is critical [45,185,186]. In S. cerevisiae, the
cytosolic copper chaperone Lys7 acquires Cu+ and delivers it to Sod1, with high speci-
ficity [45]. Once Sod1 is metalated, it is then able to catalyze the dismutation reaction that
results in O2

•− being successfully detoxified to hydrogen peroxide (H2O2) and molecular
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oxygen (O2); H2O2 is now readily available for further detoxification to water via catalyst
Cct1 [183,187,188]. Cu+ transport to MTs Cup1 (also known as Cup1-1 and Cup1-2) and
Crs5 is also integral to cellular detoxification [18,189]. Both MTs are regulated by transcrip-
tion factor Ace1 (also known as Cup2), which activates the transcription of CUP1 and CRS5
at elevated copper concentrations [167,189]. Cup1 and Crs5 contain 8 and 11-12 Cu+ bind-
ing sites, respectively, and are responsible for buffering cytosolic copper to maintain safe
intracellular copper concentrations [189–191]. Though Crs5 has a greater copper binding
capacity, it plays a much smaller role in detoxification due to its promoter region, which
only has one recognition sequence, compared to four in CUP1 [189–191].

S. pombe follows a pattern of copper transport similar to S. cerevisiae. Extracellular
Cu2+ is reduced to Cu+ by cell surface reductases before uptake [34,36]. Cu+ can then be
transported across the cell membrane, depending on the current cell cycle [34–36]. During
mitosis, an integral membrane complex composed of proteins Ctr4 and Ctr5 are responsible
for Cu+ uptake, and during meiosis, Mfc1 (localized in the forespore membrane) is respon-
sible [34–36]. Expression of ctr4+ and ctr5+ is regulated by transcription factor Cuf1, and
expression of mfc1+ is regulated by transcription factor Mca1, both of which are activated
or deactivated by the absence or presence of sufficient copper levels, respectively [34,36].
Once inside the cell, copper chaperones such as Cox17, Pccs, and Atx1 transport Cu+ to
respective organelles [46]. Pccs is a four domain, cytosolic chaperone. The first three
domains are responsible for transporting Cu+ to unmetalated Sod1 in a copper-limited
environment, activating Sod1 [46]. In high copper environments, the fourth domain acts as
a copper buffering system, sequestering Cu+ to prevent toxic cytosolic levels [46]. Atx1 in
S. pombe plays a similar role to Atx1 in S. cerevisiae. In S. pombe, Atx1 is also located in the
cytosol and responsible for carrying Cu+ to Ccc2 [34,42]. Peter et al. and Beaudoin et al.
described how Atx1 was also used for copper transport to copper amine oxidases (CAOs),
a group of catalysts not present in S. cerevisiae [34,42]. Atx1 shuttles Cu+ to an active site on
the CAO, where copper (and another required cofactor, 2, 4, 5-trihydroxyphenylalanine
quinone) activates it [34,42,192]. S. pombe‘s Cox17 is an orthologue to S. cerevisiae Cox17,
sharing 38% identity and is located in the mitochondrial intermembrane space [42,48].
Once Cox17 acquires Cu+ it is delivered to Sco1, Sco2, and Cox11 for copper loading to
cytochrome c oxidase subunits [42,47,48].

Filamentous fungi are also important in assessing copper homeostasis, as these organ-
isms depend on copper for growth and virulence in pathogenic species. In the pathogenic
Ascomycete Aspergillus fumigatus, studies have shown similarities to S. cerevisiae and
S. pombe in copper uptake. Cu2+ must also be reduced before uptake, however, there is
some ambiguity regarding the reductases responsible [39]. This reductase has been referred
to as unknown ferric reductase (“Fre?”), a general Fre reductase, and metallo-reductase
Afu8g01310 (homolog of S. cerevisiae FRE or FRE3) [39,193,194]. After reduction, CtrA2
and CtrC (both homologs of S. cerevisiae Ctr1) transport Cu+ into the cytosol and serve as
enzymatic cofactors [37,39]. CtrA2 and CtrC are regulated by transcription factor MacA
(also referred to as AfMac1) which senses low copper concentrations and activates CtrA2
and CtrC [39,49,195,196]. Conversely, in high copper concentrations, transcription factor
AceA activates P-type ATPase CrpA as a defense mechanism for copper export and is
responsible for extended life and virulence [39,49,195,196].

Limited knowledge exists on copper homeostasis in Basidiomycetes. Studies in two
Basidiomycetes, the brow-rot fungus Fibroporia radiculosa and the edible white-rot fungus
Pleurotus ostreatus, reported some details. In F. radiculosa, only the regulation of intracellular
Cu+ concentration has been unveiled, by three, unnamed copper ATPases and one gene
of unknown function, CutC, [197]. In P. ostreatus, membrane protein Ctr1 is involved in
copper uptake and shares homology with the low-affinity copper transporter PaCtr2 of the
Ascomycete Podospora anserine (20%) and the high-affinity S. cerevisiae copper transporter,
Ctr1 (20%) [38]. This review shows that copper homeostasis is well-studied in S. cerevisiae
and S. pombe; however, more research is needed in other Ascomycetes and Basidiomycetes.
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2.2.2. Copper Toxicity

Copper contains antifungals that have been investigated against various fungi. In
S. cerevisiae, cupric sulfate (CuSO4) and copper oxide nanoparticles (CuO NPs) significantly
reduce growth in a dose dependent manner, with the toxicity of both potentially related
to Cup2 [113,198,199]. Deletion of CUP2 increases copper sensitivity, suggesting that
a mechanism of toxicity could be reducing or inactivating its regulation, resulting in
decreased Cu+/MT binding and increased cytosolic Cu+ [200,201]. Giannousi et al. found
that CuO NPs cause DNA damage that interferes with replication and increases lipid
peroxidation, reducing membrane lipid content, resulting in porous cells [202]. In Candida
spp., CuO NPs have also shown toxic capabilities by inducing porous cell membranes [12].
Copper(II) complexes which have been shown to exhibit fungicidal and fungistatic activity
in species that have a history of azole resistance appear to have a similar mechanism
by reducing ergosterol content [203–207]. In filamentous fungi, copper also has dose-
dependent toxicity. In the agricultural pathogen Rhizoctonia solani, a copper (II)–lignin
hybrid had high efficacy and significantly reduced the number of plants attacked by
R. solani [84,208]. In some instances, fungi can overcome toxicity by increasing their
tolerance, which may be beneficial in the case of nanoparticle production, but can become
a nuisance in pathogenic species.

2.2.3. Copper Tolerance and Resistance

Since copper is implicated as an antifungal agent, its ability to evade copper toxicity
must be continuously evaluated. In S. cerevisiae, short-term exposure to CuSO4 causes
significant regulation of open reading frames (ORFs) responsible for cellular detoxification
and Cu+ uptake [113]. Exposure results in the upregulation of CUP1 (~20-fold,) and CRS5
(~8-fold) and the downregulation of FRE1, FRE7, and CTR1 (0.07, 0.08, and 0.10-fold,
respectively) [113]. This fold change, and increased CuSO4 sensitivity in cup2∆ mutants
indicates MTs, coupled with decreased Cu2+ reduction and decreased Cu+ uptake, are
likely to be employed as mechanisms of copper resistance [113,200].

Less is known about copper resistance in filamentous fungi. In Aspergillus spp., P-type
ATPase CrpA has Cu+ exporting activity that aids in cellular detoxification, increasing
Cu+ resistance [90,193,209]. High-affinity copper importers, CtrA2 and CtrC, may be
involved in resistance, but are still under investigation [37,49]. In Fusarium graminearum,
copper exposure upregulates FgCrpA (ATPase exporter) and the MT FgCrdA as a means to
prevent over accumulation, with the predominate method being Cu+ export activity [14].
In F. oxysporum, upregulation of oxidoreductase activity may decrease susceptibility to
oxidative stress that can be induced by excessive copper exposure [210]. In Basidiomycetes,
some progress has been made in identifying resistance mechanisms in F. radiculosa, where
increased production of copper oxalate increases resistance [119]. However, this is the
extent of the knowledge.

2.3. Iron

Iron (Fe) is a transition metal belonging to group eight of the periodic table and
can exist as ferrous (Fe2+) or ferric (Fe3+) iron [211,212]. As an essential nutrient, Fe is
significant for the virulence of fungi that cause disease. In A. fumigatus and F. oxysporum,
survival depends on the ability to sequester iron from the host and a well-functioning
homeostatic system to maintain this delicate balance [213,214]. Incapacitating the ability
to do so reduces virulence and becomes a growth limiting factor, such as in the use of
excessive amounts of Fe to completely overrun homeostatic systems [215–217]. Thus,
homeostatic mechanisms are integral.

2.3.1. Iron Transport and Homeostasis

Generally, in S. cerevisiae, two iron uptake systems are described, the reductive and
nonreductive systems. The reductive system recognizes Fe2+ salts and chelates for uptake
through importers, while the nonreductive systems utilizes iron siderophores [218–221].
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In the reductive system, high-affinity (aerobic) and low-affinity (anaerobic) transporters
are responsible for ferric and ferrous iron transport, respectively [222,223]. For low-affinity
uptake, iron must be reduced by ferric reductases Fre1 or Fre2, initially described by
Lesuisse et al. in 1987 and later coined Fre1 and Fre2 by Georgatsou and Alexandrakin
in 1994 [221,224]. Since then, both metallo-reductases have also been found to reduce
both cupric and ferric ions, where FRE1 expression induces the reduction of Cu2+ when
transcription factor Mac1 is bound, and Fe3+ reduction occurs via binding of transcription
factor Aft1 [176,181,225]. After Fe3+ reduction, Fe2+ is then ready for uptake by a six domain,
transmembrane, metal transporter, Fet4 [54,55]. Fet4 can also import other metals, but is
mostly responsible for Fe2+ uptake in iron-restricted cells [223]. In anaerobic conditions,
transcription factor Aft1 is required for activation, and in aerobic conditions, expression of
FET4 is repressed by Rox1, which has two binding sites in the FET4 promoter region [223].
This repression is necessary to prevent the unintended uptake of toxic metals, such as
Cd, where it is demonstrated that rox1∆ mutants have increased sensitivity to Cd under
aerobic conditions [223,226]. A second, less utilized iron transporter in the low-affinity
uptake system is Smf1, responsible for the uptake of the Fe2+/H complex [51,52]. This
metal transporter is mostly known for the uptake of Cu, Mn, and Cd; however, in a
study completed by Cohen et al. in 2000, it was shown that overexpression of SMF1 also
results in significant iron uptake [52,65,227]. High-affinity iron uptake is also part of the
reductive system. In low-iron conditions, this system dissociates and reduces ferric iron,
via Fre1 and Fre2, from a wide array of Fe3+ substrates such as ferric chelates, salts, and
siderophores [218,219]. Fe2+ then transitions through the Fet3/Ftr1 complex [58]. Fet3
is activated by transcription factor Aft1 in iron-deficient conditions and contains four
Cu+ binding domains that must be metalated for activation [53,178,181]. Activated Fet3
goes through an aerobic reaction that oxidizes Fe2+ to Fe3+ for passage to the cytosol via
iron permease Ftr1 [58,178]. The final destination and the cell’s utilization of Fe3+ is not
fully elucidated.

The nonreductive system utilizes siderophores. S. cerevisiae is incapable of produc-
ing siderophores, but can sequester siderophores produced by other microorganisms via
siderophore iron plasma membrane transporters Arn1—Arn4 [16,224]. Arn1 transports
ferrichrome into the cell for iron acquisition; however, Arn1 is not always readily available
in the plasma membrane because it is localized to endosomes or is routed to vacuoles for
degradation when ferrichrome is unavailable [16,220,228]. When ferrichrome is present,
Arn1 is routed through the plasma membrane, where ferrichrome adheres to either the
low or high-affinity binding site and is transported to the cytosol [16,220,228]. It remains
intact in the cytosol and serves as an intracellular Fe3+ storage reservoir until the cell needs
iron; in this event, Fe3+ is reduced via metallo-reductases, or released via ferrichrome
degradation [16,220,228,229]. Arn2 (also known as Taf1) is the second siderophore trans-
porter in the ARN family, responsible for transporting tri-acetyl-fusarinine to the cytosol;
it is unclear if Arn2 is located anywhere else aside from the plasma membrane when
tri-acetyl-fusarinine is unavailable [220,230,231]. The literature is not very informative on
the functions of tri-acetyl-fusarinine, but it does appear to have a similar role to ferrichrome
as a store reservoir for ferric iron [230,231]. Arn3 (also known as Sit1) is a transporter for
ferrioxamine B and is situated within intracellular vesicles. It appears to have a similar
function to Arn1 and can progress to the plasma membrane when ferrioxamine B is avail-
able [229,232]. After ferrioxamine B is transported inside the cell, it is stored in the vacuole,
likely for subsequent dissociation [232]. The first three mentioned siderophores trans-
ported by Arn1–Arn3 belong to the hydroxamate class of siderophores. However, the final
transporter Arn4 (also known as Enb1) transports a siderophore of the catecholate class,
ferric entero-bactin [220,233]. Unlike the other siderophore transporters, Arn4 remains
at the plasma membrane regardless of the presence of its substrate [218]. Philpott and
Protchenko suggested the difference in plasma membrane cycling between hydroxamate
and catecholate transporters may be due to the possibility that there are toxins that can
adhere to the hydroxamate transporters and not the catecholate transporters [218]. In
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the act of self-preservation, those transporters remove themselves as a potential source
of toxicity [218]. Ferric entero-bactin is not well-studied in S. cerevisiae, but based on the
function of other siderophores it may be reasonable to conclude that, upon cellular entry,
ferric entero-bactin is also used as an Fe3+ storage system.

After Fe uptake, there are many intracellular destinations. Two briefly discussed
here are the cytosol and the nucleus [61,62]. In the cytosol, iron–sulfur assembly (CIA)
proteins Npb35 (binds two Fe–S clusters), Nar1, Cfd1 (binds one Fe–S cluster), and Cia1
form an iron–sulfur complex [61,62,234]. These complexes transfer Fe–S clusters to various
apoproteins for activation [61,62,234]. In the nucleus, CIA proteins deliver Fe–S clusters to
various nuclear proteins involved in DNA repair and replication [61,235].

Iron homeostasis in the fission yeast S. pombe is also well-studied and has three
mechanisms of iron uptake [236]. One involves cell surface ferric reduction, and the other, in
contrast to S. cerevisiae, involves the production of siderophores to capture extracellular iron
and heme [236]. The first iron uptake system described here is through use of siderophore
synthesis [237]. Under iron-deficient conditions, Sib2, a catalyst for ferrichrome synthesis,
hydroxylates ornithine to N5-hydroxyornithine, a newly formed hydroxy-mate group
molecule, and then undergoes processing by Sib1 [236,237]. This non-ribosomal peptide
synthase yields the desferri-form of ferrichrome [236,237]. Schrettl, Winkelmann, and Haas
suggested that the resulting ferrichrome is excreted from the cell to capture extracellular
Fe3+ from the surrounding environment [237]. In an iron-dependent response, transcription
factor Fep1 activates ferrichrome transporters Str1, Str2, and Str3, and the iron-loaded
ferrichrome re-enters the cell (predominately by way of Str1) [59,63]. S. pombe is also
able to import exogenous iron-loaded ferrioxamine B via Str2 [63]. In addition to the
previously mentioned siderophore functions, it had also been suggested that, as in S.
cerevisiae, imported siderophores also serve as iron storage vesicles [63,237].

The second iron uptake mechanism employed by S. pombe is the high-affinity, reductive
system that depends on cell surface ferric reductase Frp1. frp1+ shares 27% homology
with the S. cerevisiae Fe3+/Cu2+ reductase encoding gene, FRE1, and reduces extracellular
Fe3+ to Fe2+ [238]. Transcription of frp1+ may also have some functional relation to the
vacuole/cytoplasmic transporter Abc3 that transports iron from the vacuole to the cytosol
in iron-deficient conditions [238,239]. Pouliot et al. found that abc3∆ mutants resulted in
the activation of frp1+; however, a nucleotide-based transcription factor directly linked to
frp1+ has not yet been determined and it appears to be solely activated or repressed by the
absence or presence of iron, respectively [238,239]. After ferric reduction, Fe2+ enters an
oxidase-permease complex, similar to that of the S. cerevisiae Fet3/Ftr1 complex, composed
of proteins Fio1 and Fip1 [50]. Fio1 is a Fe2+ oxidase that shares 37% homology with the
S. cerevisiae Fet3, and in an iron deprived environment, oxidizes Fe2+ in preparation for
transfer across the plasma membrane via Fip1 [50]. fip1+ is a ferrous permease having 46%
homology with the S. cerevisiae Ftr1 [50,236].

Heme is an iron-containing compound and its acquisition and biosynthesis are the
finally discussed mechanisms of iron uptake in S. pombe. It is notable to state that while
S. cerevisiae does utilize heme in other processes such as respiration and ergosterol biosyn-
thesis, it has not been determined to be used to acquire iron [240,241]. S. pombe imports
exogenous heme for iron uptake through Str3 and Shu1 [56,57]. Shu1 is a plasma membrane
protein induced during iron deprivation, when heme biosynthesis is not attainable, or if
Fep1 is inactivated [56,57]. The second protein involved in heme uptake is Str3, previously
mentioned as a part of a ferrichrome transporter family (Str1, Str2, and Str3). Str3 shares
the lowest homology (25.1%) with Str1 when compared to Str2 (29%), and its substrate
specificity is undetermined [57,59,63]. Iron release and utilization from heme is not yet fully
understood in S. pombe; however, studies in C. albicans (and other fungi) show that heme
degradation is catalyzed upon cellular entry via heme oxygenase [56,57,242]. S. pombe also
biosynthesizes heme and is encoded by hem1+, hem2+, hem3+, hem12+, hem13+, hem14+,
hem15+, and ups1+ [56,57]. In iron-deficient conditions, a cascade of events between the mi-
tochondria and the cytoplasm occurs to synthesize heme for further utilization [56,57,243].
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In addition to iron acquisition in S. pombe, regulation mechanisms must be in place
to prevent over-accumulation. Mercier, Pelletier, and Labbé identified the gene pcl1+ to
play a role in vacuolar iron storage [244]. pcl1+ shares homology to S. cerevisiae Ccc1,
an iron vacuolar transporter, and it has been shown that pcl1∆ mutants have increased
sensitivity to iron; this together with the study of Mercier, Pelletier, and Labbé suggests
that Pcl1 might play a similar role in iron storage in S. pombe [63,239]. As mentioned, the
final destinations of heme are somewhat unclear, but based on research in other fungi,
heme may be degraded, and literature suggested that there may be a group of proteins
responsible for transporting those ions to the vacuole for degradation or storage [56,57,245].
Much is known about iron homeostasis in S. pombe; however, there are apparent gaps in
knowledge of specific processes.

In filamentous fungi, iron homeostasis is less documented. It has been investigated
in U. maydis, a pathogenic fungus that causes corn smut disease and whose virulence
is associated with iron acquisition [60,121]. There are two iron uptake mechanisms, one
through hydroxamate siderophores, and the other an oxidase-permease system, similar
to S. pombe [60,233,246,247]. In the latter, exogenous ferric iron is reduced by a seemingly
unknown reductase (possibly Fer9) and then re-oxidized by ferroxidase Fer1 for uptake
through the high-affinity ferric iron permease Fer2 [60,121]. In the former, siderophore iron
uptake is mediated by siderophore biosynthesis encoding genes Sdi1 and Sid2, and both
are negatively regulated by transcription factor Urbs1 [60,121,246,247]. These siderophores
play a role in iron acquisition; however, deletion mutants showed they are not necessary
for virulence [121].

2.3.2. Iron Toxicity

Iron is involved in many biological processes, but can be toxic in excess. Studies have
shown its toxicity in S. cerevisiae and fungal pathogens, but they have also demonstrated
that targeting and interfering in iron acquisition mechanisms can also be detrimental.
Reports indicate that iron or iron compounds are fungistatic against F. oxysporum and its
mycotoxins in a dose dependent manner [216,217]. In discussing iron toxicity, it is also
important to note that the interference of homeostatic systems can result in the inhibition of
iron acquisition, which can also be toxic. Leal et al. demonstrated this with the utilization
of lactoferrin, an iron-binding glycoprotein, as a topical agent to obstruct iron uptake
mechanisms of A. fumigatus and F. oxysporum in mice [92,93]. Results indicated that,
during corneal fungal infection, these fungi acquired iron through siderophores and that
the iron-binding agent blocked the ability of the pathogen to acquire siderophore-bound
iron, highlighting the inability of the fungi to proliferate without access to iron [93]. In
S. cerevisiae, iron toxicity is related to the ability of the cell to transport cytosolic iron to
the vacuole via Ccc1 [91,248]. Lin et al. showed that ccc1∆ mutants could not transfer
cytosolic iron to the vacuole under anaerobic conditions, even with the overexpression
of iron mitochondrial transporter Mrs3, effectively inducing toxicity [248]. The ability to
alter and control homeostatic mechanisms are determinants of the fungal ability to resist
excessive iron concentrations.

2.3.3. Iron Tolerance and Resistance

S. cerevisiae achieves iron resistance through the downregulation of iron import sys-
tems via Aft1, or activation of vacuolar transporter Ccc1 [64,249]. Ccc1 is regulated by the
iron sensitive transcription factor Yap5; removal of YAP5 increases iron sensitivity, while
its overexpression dramatically reduces cytosolic iron [120]. It may be worth the effort
to investigate how the overexpression of CCC1 affects iron resistance and the vacuolar
ability to store excess iron in order to prevent toxicity. Another vacuolar gene, VMA13,
might also play a potentially novel role in iron tolerance [250]. Vma13 is commonly known
as a vacuolar H+-ATPase subunit that plays a role in vacuolar acidification; however, a
study involving vma13∆ mutants showed that they experienced increased sensitivity to
iron deprivation, suggesting Vma13 plays a role in iron import [250]. The function of
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VMA13 in iron homeostasis combined with its role in vacuolar acidification should be
studied to determine if mutants can also help increase iron resistance. Another method of
iron resistance in S. cerevisiae is the expression of ferritin related genes. Ferritin is an iron
storage protein found in many other eukaryotes, but is not native to fungi [122–124]. Its
effects on increased iron resistance and storage capacity in yeast has been investigated and
results indicate that the expression of human, soybean, and tadpole ferritin genes (HuFH,
SFerH1/SFerH2, and TFH, respectively) resulted in the increased ability of yeast to store
and carry higher concentration of iron [122–124]. Llanos et al. showed the ability of soy-
bean ferritin genes, SFerH1 and SFerH2, to increase iron resistance in ccc1∆ mutants [122].
This is significant because, even without the natural vacuolar detoxification system, yeast
cells with soybean ferritin were still able to store increased concentrations of iron and
evade toxicity.

Fewer studies report on iron resistance in other fungi, but several inferences can
be made based on knowledge of iron homeostasis. In S. pombe, ferrichome production,
excretion, and subsequent uptake are used to acquire extracellular Fe3+ in iron-deficient
conditions [59,63,236,237,251]. The engineering of cells to overexpress Sib2 and Sib1 could
potentially serve as extra storage vesicles for any excess cytosolic iron acquired by the
cell [59,63,236,237,251]. It is not clear how ferrichrome is excreted from the cell after
production, therefore this exact mechanism would first need to be identified and well-
studied to determine if inhibiting excretion would have any other adverse effects on cellular
health. U. maydis also biosynthesizes siderophores (hydroxamate) via sid1 for iron uptake
which could also be investigated for increased production for storage of excess iron [60,121].

2.4. Manganese

Manganese (Mn) is a transition metal and also an essential micronutrient in fungi.
In agriculture, Mn compounds reduce mycelial growth of fungal pathogens [252,253]. In
other pathogenic fungi, Mn2+ is required for virulence [254]. Some lignocellulose degrading
enzymes also require Mn2+, such as manganese-dependent peroxidase, which white-rot fungi
express during lignocellulose degradation, integral to nutrient uptake [255,256]. Many fungal
species rely on Mn2+ and homeostatic mechanisms must exist to ensure proliferation.

2.4.1. Manganese Transport and Homeostasis

Within S. cerevisiae, Mn2+ transporters Smf1 and Smf2 (part of the Nramp metal
transporter family) and phosphate transporter Pho84, have a diverging consensus on their
roles in Mn2+ homeostasis. In the case of Smf1, it was initially determined to be a high-
affinity plasma membrane transporter, which acquired extracellular Mn2+ in Mn2+ deficient
environments [65,66]. Smf2 is localized in golgi-like vesicles and shares approximately
50% identity with Smf1 (at the amino acid level), but does not share functionality and
is a low-affinity Mn2+ transporter [77,257]. Once inside the cell, the fate of Mn2+ is as a
cofactor for proteins such as Sod2 [126,258]. Sod2 is a mitochondrial manganese superoxide
dismutase that receives Mn2+ via Mtm1 for activation [69,126,258,259]. In smf2∆ mutants,
the Sod2 primary protein structure accumulates in the mitochondria; however, they were
mostly inactive due to inadequate Mn2+ transfer to the mitochondria, indicating that Smf2
is a requirement for S. cerevisiae Sod2 activity [126,258]. Smf1 and Smf2, unlike many other
metal ion transporters discussed in this review, are not regulated at the transcriptional
level, rather post-translationally by protein turnover and localization, which is directly
related to Mn2+ availability [260]. When Mn2+ concentrations are stable or in excess
(~100 nmol/(1 × 109 cells)), Smf1 and Smf2 are ubiquitinated via Rsp5 (a NEDD4 family
E3 ubiquitin ligase) with the aid of Bsd2 and transferrin receptor-like proteins (Tre1 and
Tre2) [260–262]. Smf1 and Smf2 are then trafficked to multivesicular bodies, which deliver
the proteins to the vacuole for degradation [260,263,264]. This mechanism of action is
supported by reports that tre1∆, tre2∆, and bsd2∆ mutants resulted in the accumulation
of Smf1 and Smf2 [260–262]. Conversely, when Mn2+ starvation occurs, Bsd2 is depleted,
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Smf1 is localized to the cell surface, Smf2 is localized to intracellular vesicles, and Smf1
and Smf2 resume their Mn2+ uptake functions [257,260,261].

The final transport system discussed here is the phosphate transporter Pho84. It
was initially characterized in S. cerevisiae as a high-affinity, six-domain, transmembrane,
inorganic phosphate transporter [265]. However, Pho84 is now also known as a low-
affinity Mn2+ transporter, along with other metals such as cobalt, zinc, and copper [67].
Through pho84∆ mutants, it was shown that Mn2+ uptake was the most commonly affected
(in relation to the other metals) when PHO84 was removed, further proving its Mn2+

transporter role [67]. PHO84 transcription is regulated by transcription factor Pho4, which
inhibits Pho84 activity when it is phosphorylated in the presence of excess phosphate; Pho4
resumes transcription when phosphate levels are low [265,266].

Once Mn2+ is inside the cell, there are an array of destinations. Pmr1 (high-affinity
Ca2+/Mn2+ P-type ATPase) and Gdt1 (calcium/manganese transporter) both transport cy-
tosolic Mn2+ to the Golgi lumen, where Mn2+ serves as a cofactor for mannosyl-transferases,
such as Mnn1, Mnn2, Mnn5, and Mnn9, which glycosylate proteins in the secretory path-
way [70–72,267–271]. This type of protein modification provides protein stability by pre-
venting degradation, protecting against oxidative damage, and increasing thermodynamic
equilibrium [272]. Concerning the ER, P-type ATPase Spf1 transports Mn2+ to the ER
lumen; this is supported by a study showing that spf1∆ mutants had decreased luminal
Mn2+; its overexpression had the opposite effect [73]. This same study also stated that
Mn2+ depletion observed in spf1∆ mutants negatively impacted luminal Mn2+ dependent
processes. On the contrary, it positively impacted Mn2+ associated cytosolic processes,
indicating that Spf1 is integral to S. cerevisiae manganese ER and cytosolic homeostasis [73].

Mn2+ accumulation can have severe consequences on cellular health, and systems
must be in place to prevent subsequent events. We will discuss two defense mechanisms
in S. cerevisiae, Mn2+ trafficking to vacuoles for storage and degradation and Mn2+ ex-
port. Pmr1, previously characterized as an Mn2+ Golgi lumen transporter, also serves
as a detoxifier. Presented with toxic Mn2+ levels, Mn2+ is still transported to the Golgi
lumen from the cytosol, but excess ions are delivered to secretory pathway vesicles, which
ultimately exit the cell, completely removing toxic Mn2+ (Figure 3) [77,273]. The HIP1 gene
product also expresses export activity. Hip1 was initially characterized as a high-affinity,
plasma membrane histidine permease, but has since been shown to play a role in Mn2+

resistance [78,274]. Farcasanu et al. investigated S. cerevisiae mutants having defects in
Mn2+transport and found that a mutation in the HIP1 gene was responsible [78]. This
mutation, originally a single base deletion, introduced a cascade of mutations that led to
the protein Hip1-272 (272 amino acids long). Subsequent experiments showed that hip1-272
mutants had significantly less cytosolic Mn2+ accumulation, increased Mn2+ efflux, and
increased resistance than null mutants and wild type strains [78]. Further studies into the
hip1-272 mutant could elucidate the exact mechanisms of action of Mn2+ transport, deter-
mining how ions are trafficked to Hip1-272 and expelled. The second defense mechanism
against Mn2+ toxicity in S. cerevisiae was Mn2+ trafficking to vacuoles through Ccc1 and
Ypk9. Ccc1 (and possibly Cos16) is localized in the vacuolar membrane and is responsible
for trafficking cytosolic Mn2+ to vacuoles; CCC1 overexpression results in reduced Mn2+

toxicity, lower concentrations of cytosolic Mn2+, and increased vacuolar concentrations
(Figure 3) [64,75,77]. Ypk9 is also localized in the vacuolar membrane and shuttles Mn2+

to the vacuole. Gitler et al. and Schmidt et al. both demonstrated that ypk9∆ mutants
expressed Mn2+ hypersensitivity when compared to wild type strains, further affirming
Ypk9 involvement in Mn2+ homeostasis [74,76].
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Figure 3. Mn2+ uptake and detoxification systems in S. cerevisiae.

Manganese homeostasis has not been well characterized in higher fungi, but Phane-
rochaete chrysosporium has received some attention. P. chrysosporium is a white-rot fungus
that produces lignin-degrading enzymes, which have been useful in the biodegrada-
tion of various plant biomass and an array of organo-pollutants [275–277]. Manganese
peroxidase is a common lignin depolymerizing peroxidase utilized by white-rot Basid-
iomycetes [278,279]. It acts in combination with other enzymes to convert various biomass
to useful bio-products of commerce and agricultural operations [255,280–283]. Homologs
of the S. cerevisiae Pho84 and Smf1/2 proteins have been found in P. chrysosporium, PcPho84
and PcSmfs, respectively. PcPho84 is a plasma membrane protein involved in Mn2+ uptake,
having a similar function to its S. cerevisiae homolog [68]. Smf1/2 are predicted to have
similar functions in P. chrysosporium to their S. cerevisiae homologs [68]. Intracellular Mn2+

transport has also been investigated. Yeast homolog PcAtx2, localized in the Golgi mem-
brane, was shown to function as an antioxidant through sod1∆ mutants [68]. When grown
on 600 µM paraquat (inducer of oxidative stress), sod1∆ mutants experienced almost no
growth; however, in mutants expressing PcATX2, growth was restored, indicating that
PcAtx2 exhibits similar antioxidant functionality as Sod1 [68]. In the case of mitochon-
drial transport, S. cerevisiae Mtm1 traffics Mn2+ to the mitochondria for Sod1 activation;
however, the function of the P. chrysosporium homolog, PcMtm1 (localized in the mito-
chondrial membrane), has yet to be identified, but predicted to have a similar antioxidant
activity [68]. PcMnt and PcCcc1 engage in Mn2+ storage and export in P. chrysosporium,
respectively. In Phanerochaete sordida, PsMnt was found to be a homolog of yeast Smf2
and plays a role in Mn2+ uptake, suggesting that it could have dual functionality, but
this is still unknown [77,284]. Limited information exists on Mn2+ homeostasis in other
fungi; however, due to the impact of Mn2+ on lignin-degrading enzymes in wood-rotting
fungi, more studies should be conducted. Overall, Mn2+ homeostasis is critical to cellular
functioning to prevent toxic Mn2+ accumulation, detoxify cells of free radicals, and provide
white-rot fungi with their capacity to degrade lignin. In the absence of such mechanisms,
toxicity can impede proper functioning and cause cellular damage.
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2.4.2. Manganese Toxicity

In the model yeast S. cerevisiae, excessive Mn2+ can overrun homeostatic systems
and create a toxic ionic imbalance that negatively impacts survival rate [104,285,286].
Expression profiles show that high levels of Mn2+ down-regulate genes associated to
histidine proteins (HTB2, HTA1, HTA2, HTB1, and HHF) that are compulsory in chromatin
assembly chromosome functioning, and interface in this functioning can end in cell cycle
arrest [94,95,114,287]. Filamentous fungi are often studied for their lignin degradation
properties which focus on how Mn2+ impacts manganese peroxidase activity, but there is a
lack of knowledge on how excess Mn2+ can be toxic towards this activity [96–98]. Due to
the reliability of much of the lignin degrading properties on manganese peroxidase in many
white-rot fungi, effects of Mn2+ over accumulation should be further investigated [96–98].
In some cases, toxicity can be avoided by resistance mechanisms.

2.4.3. Manganese Tolerance and Resistance

As with other metals, Mn2+ resistance is usually contingent upon homeostatic systems.
In S. cerevisiae, several genes involved in resistance emanate from mutations. MNR1
(also known as HUM1 and VCX1), encodes a vacuolar H+/Ca2+ antiporter, but has been
implicated in Mn2+ resistance [125,288,289]. A single nucleotide alteration may affect
Mnr1 function and result in increased Mn2+ sequestration to the vacuole [125,289,290]. A
mutation in PHO84 is also implicated in Mn2+ resistance, where pho84∆ mutants have
increased resistance, likely due to the acquired inability to import and accumulate excess
Mn2+ [67]. In filamentous fungi, Diss et al. elucidated potential resistance mechanisms
through P. chrysosporium, where it was demonstrated that PcPho84∆ mutants increase
Mn2+ resistance, as well as expression of PcMNT, which is likely to engage in Mn2+export
activity [68].

Up to this point, metals that serve as essential nutrients have been reviewed. In
recent years, there has been an increase in studies on the usage of metals with no nu-
tritional purpose, but which serve as antimicrobial agents, such as silver. This increase
gives cause for further investigation into how these metals are metabolized and their
intracellular functioning.

2.5. Silver

Silver (Ag) is a transition metal that shares similar properties to other transition met-
als in groups three through twelve, and closely resembles the properties of Cu and gold
(Au) [291,292]. In fungi, silver is implicated in the eradication of pathogens. As part of agri-
cultural research, silver nanoparticles (Ag NPs) and Ag ions (Ag+) have demonstrated their
ability to control plant pathogens [293–295]. As a feed additive, silver has a positive effect on
the intestinal microflora, aflatoxins, and mycotoxin absorption in farm animals and in the food
industry is used in food packaging for its antimicrobial properties [291,296,297]. Thus, the
development of silver as an antimicrobial agent should continue to be investigated, especially
on the development of fungal resistance and the impacts on non-target organisms.

2.5.1. Silver Transport and Homeostasis

Silver is a non-essential metal that has no designated cellular receptors or membrane
channels for ion uptake. Much of the literature has focused on silver as an antimicrobial
agent, but some studies have begun to clarify homeostatic mechanisms [81,114,116,298].
Silver has properties similar to copper, which has initiated the evaluation of copper
homeostatic systems to investigate how they may contribute to silver uptake and trans-
port [21,81,114,116,298].

In S. cerevisiae, Ctr1, high-affinity Cu+ transporter, has been identified as a Ag+ im-
porter. This is based on observed reduced Ag+ uptake in ctr1∆ mutants exposed to low sil-
ver concentrations, and transcriptional analysis that shows exposure to Ag NPs upregulates
CTR1 throughout the entire transcriptome [80,81]. The involvement of copper-related genes
in Ag+ homeostasis was also investigated by Hosiner et al. and Niazi et al.; both found
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that short-term exposure to silver resulted in increased expression of copper MTs Cup1-1
and Cup1-2, suggesting these MTs sequester Ag+ in response to silver stress [114,115]. The
competitiveness of Cu+ and Ag+ for Cup1-1 and Cup1-2 should be further investigated
to determine which ion the MTs have a higher affinity for. Other metal ion transporters
(Pho84, Fet3, and Smf1) have been investigated for their involvement in Ag+ uptake, but
results indicate they are not [81].

Once inside the cell, there are not many known Ag+ destinations. AgNO3 exposure
results in Ag+ accumulation in the mitochondria, which, in return, reduces Cu+ accu-
mulation in the mitochondrial matrix [21]. The direct result of this action is reduced
copper-dependent cytochrome c oxidase activity, suggesting that cytosolic Ag+ is trafficked
to the mitochondria via Cu+ mitochondrial transporter Pic2, potentially with a higher
affinity, which can be toxic to cells by reducing the rate of cellular respiration [21]. No
other intracellular destinations have been identified in yeast, and silver homeostasis in
filamentous fungi is still unknown.

2.5.2. Silver Toxicity

Efflux systems are integral to cellular homeostasis, preventing the accumulation
of toxic compounds within a cell. In S. cerevisiae, Ag+ uptake can affect these systems,
resulting in toxicity. Exposure to Ag+ can increase the efflux rate of potassium ions (K+)
from S. cerevisiae, resulting in almost complete K+ efflux from the cell. S. cerevisiae requires
a minimum 30mM K+, suggesting those events can be toxic if the ion concentration is
not restored [299,300]. Another mechanism of Ag+ toxicity is its ability to alter cellular
structure [100,103]. Ionic fluids can affect cell membrane integrity of yeast Yarrowia lipolytica,
reducing the amount of ergosterol, which fluidizes the membrane, and increases internal
lateral pressures [100]. Ag+ exposure can also deform the cell wall, which is a likely a
response to the down-regulation of genes involved in ergosterol synthesis (ERG3, ERG5,
ERG6, ERG11, ERG25, and ERG28) in S. cerevisiae [80,99]. In the aquatic fungus Articulospora
tetracladia, transcriptome analysis via RNAseq revealed toxicity of Ag+ and Ag NPs may
result from interrupted functioning of plasma/organelle membranes and downregulation
of genes associated with cellular redox [301]. Silver toxicity has also been studied in other
agriculturally relevant processes and it has been determined that AgNO3 and Ag NPs
can be useful in pathogen control of plant diseases [174,293,295]. It may be worthwhile to
investigate silver homeostasis in addressing long-term effects of exposure.

2.5.3. Silver Tolerance and Resistance

The worldwide increase of silver usage makes studies on mechanisms of silver re-
sistance important; presently, few studies have reported on this. CTR3 is implicated in
Ag+ resistance after an observed fold increase in its expression in a silver evolved strain
of S. cerevisiae [116]. Insight into the expression of the Ctr3 transcription factor MAC1 in
the presence of Ag+ may clarify its role in resistance. It is possible that MTs Cup1-1 and
Cup1-2 are also involved in resistance. It was previously described that exposure to AgNO3
and Ag NPs resulted in the increased expression of CUP1-1 and CUP1-2, proposing that
the encoded MTs may also bind Ag+ and decrease sensitivity [81,114,115]. Similar results
were observed in AgNO3 exposure, where yeast had increased expression of CUP1-1 and
CUP1-2 (4.79-fold and 4.71-fold, respectively) in an extended study that resulted in an
evolved yeast strain, confirming the potential role of copper MTs in silver resistance [116].
Other Ag+ transporters, Pho84, Fet3, and Smf1, were not implicated in Ag+ uptake; how-
ever, significant down regulation (68.56-fold) of PHO84 in silver evolved yeast has been
observed, which may indicate that Pho84 plays a role in Ag+ uptake, and may serve as a
mechanism of Ag+ resistance [81,116]. The effect of Ag+ on genes involved in ergosterol
biosynthesis was also investigated in a silver evolved yeast [116]. Results indicated down-
regulation of those genes, suggesting that one mechanism of action of resistance against
Ag+ toxicity could be the ability to inhibit their down regulation [116]. In the filamentous
fungus A. nidulans, silver induced expression of copper exporter crpA, indicating that it
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may play a role in silver export and resistance [90]. In A. tetracladia, resistance may be
due to increased vacuolar function [301]. Overall, there has been some progress made in
unveiling silver homeostasis in fungi, mostly by way of S. cerevisiae. Due to the increasing
silver and Ag NP usage in many aspects of human life, silver–fungal interactions should be
further investigated at the molecular level to decipher precise homeostatic and resistance
mechanisms.

3. Omics and Metal Homeostasis

As the potential for commercial use of antifungal metals increases, so does the need
to further investigate fungal homeostasis of essential and non-essential metals. Currently,
research in this area is heavily reliant on assay based methods, which can be subjective and
ambiguous. In this review, many of the discoveries of homeostatic mechanisms stemmed
from the use of deletion libraries, microarrays, and PCR-based methods. This can restrict
the scope of the research by only analyzing known genomic or transcriptiomic signatures.

The incorporation of an omics based approach is a resolution to this issue. The most
popular omics utilizes bioinformatics to analyze fungal–metal interactions at a nucleotide
and protein level, which can reveal novel genes and mutations. In genomics, the entirety of a
genome is assessed and compared to others for similarities and differences that can contribute
to an organism’s characteristics [302,303]. Transcriptomics relies on RNA sequencing to
survey gene expression through fold-changes in transcripts and proteomics assess fold-
change in subsequent proteins. In fungi, omics is already incorporated into the identification
of characteristics of multi-drug resistance, analysis of genomic divergence based on species
origination, some analysis of metal tolerance due to short term exposure, and the analysis of
the effects of exposure to non-metal selective pressures [210,301,304–306].

Bioinformatics analysis is used to translate omics results via computer programming
methods. In nucleotide based omics, DNA or RNA is fragmented into segments or reads
prior to sequencing. After sequencing, base calling assigns a nucleotide base to an intensity
signal linked to a chromatogram peak and quality control measures are taken to trim reads
of adapters used in the sequencing process and trim low quality bases [307]. Next, species
that have a reference genome or transcriptome are mapped or aligned to that reference
(resequencing). After genomic mapping, variant calling identifies distinctions between the
re-sequenced organism and the reference [307]. After transcriptomic mapping, transcripts
are quantified and analyzed for differential expression. Species that do not have a reference
undergo de novo assembly, which constructs a genome or transcriptome from scratch. De
novo assembly utilizes the fragmented reads by overlapping or matching them based on
areas of similarity until the entire -ome is constructed [308]. Genome or transcriptome
annotation can then be used for further interpretation of the sequencing data. In other
omics, molecules produced by an organism are also analyzed and compared to chosen
reference samples.

Steps within these bioinformatics pipelines require the use of computational tools
written into the command line. Multiple tools with varying parameters exist to complete
the same function; however, the user must decide which tools fit their scientific needs. This
can result in variation between datasets and across scientific disciplines, based on accepted
standards and norms. However, this limitation does not deduct from the vast amounts of
data received.

With the increasing affordability of high-throughput omics, organisms can be analyzed
at multiple omics levels. This is leading to a more comprehensive understanding of
characteristics, especially in fungi where there is limited knowledge of their complexity.
This type of research will also illuminate unique features of fungal metal homeostasis,
toxicity, and resistance, especially of non-essential metals that are becoming conventional
antimicrobial agents.
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4. Conclusions

Fungal–metal interactions such as the synthesis of nanoparticles and metal used as
antifungal agents are on the rise. Studies on metal toxicity and resistance have uncovered
preserved homeostatic mechanisms. This review discussed metal homeostasis in various
fungi types and has shown that essential metals have designated uptake and transport
systems that regulate metal ion balance, mostly through the model organism S. cerevisiae.
However, there was a significant lack of fundamental knowledge of such mechanisms in
filamentous fungi, which play critical roles in nanoparticle biosynthesis and are targets of
metal antifungals, further accentuating the need to investigate molecular systems involved
in metal homeostasis. Fungal homeostasis of the non-essential metal silver was also
highlighted. It showed that homeostatic mechanisms were reliant on existing copper
transport systems, but were largely unclear regarding overall cellular processing. There
is a need to further investigate other non-essential metals’ cellular homeostasis as their
commercial usage increases, due to the current lack of knowledge of future implications.
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Abstract: Rhizoctonia root-rot disease causes severe economic losses in a wide range of crops,
including Vicia faba worldwide. Currently, biosynthesized nanoparticles have become super-growth
promoters as well as antifungal agents. In this study, biosynthesized selenium nanoparticles (Se-NPs)
have been examined as growth promoters as well as antifungal agents against Rhizoctonia solani

RCMB 031001 in vitro and in vivo. Se-NPs were synthesized biologically by Bacillus megaterium

ATCC 55000 and characterized by using UV-Vis spectroscopy, XRD, dynamic light scattering (DLS),
and transmission electron microscopy (TEM) imaging. TEM and DLS images showed that Se-NPs
are mono-dispersed spheres with a mean diameter of 41.2 nm. Se-NPs improved healthy Vicia

faba cv. Giza 716 seed germination, morphological, metabolic indicators, and yield. Furthermore,
Se-NPs exhibited influential antifungal activity against R. solani in vitro as well as in vivo. Results
revealed that minimum inhibition and minimum fungicidal concentrations of Se-NPs were 0.0625 and
1 mM, respectively. Moreover, Se-NPs were able to decrease the pre-and post-emergence of R. solani

damping-off and minimize the severity of root rot disease. The most effective treatment method
is found when soaking and spraying were used with each other followed by spraying and then
soaking individually. Likewise, Se-NPs improve morphological and metabolic indicators and yield
significantly compared with infected control. In conclusion, biosynthesized Se-NPs by B. megaterium

ATCC 55000 are a promising and effective agent against R. solani damping-off and root rot diseases
in Vicia faba as well as plant growth inducer.

Keywords: Vicia faba; plant disease; root rot; R. solani; Se-NPs; nano-biosynthesis; plant promotion

1. Introduction

The global population will increase to about eight billion people in 2025 and nine
billion people in 2050, which requires an increase in agricultural production to feed a
rapidly expanding world population [1]. Unfortunately, food security is threatened by crop
losses due to attacks of pathogens, including fungi [2,3], and it is estimated that around one-
third of the global crop is lost each year due to plant diseases [4]. Phytopathogenic fungi
cause losing crop-yield (20–40%) annually worldwide [5]. Vicia faba is the main important
economic legume over the world that is used as human food, livestock fodder, and silage
production [6]. In Egypt, Vicia faba (Faba Bean) is one of the most important economic
legume crops as a source of protein (18–32%), carbohydrates (55–63%), minerals (2–3.5%),
fat (0.5–5.6%), phosphorus, iron, calcium, and vitamins in food [7]; also, it has an ecological
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role in improving soil quality by the nitrogen fixation and enhances N and P nutrition of
cereals [8]. Generally, Vicia faba plays a vital role in crop rotation and limiting the disease
cycles of various plant pathogens. Unfortunately, Vicia faba suffers from many abiotic and
biotic stresses that have reduced crop production and led to a decrease in the cultivated
area of bean plants around the world from 5 million in 1965 to 2.4 million hectares in
2016. It is susceptible to soilborne fungal pathogens, including Rhizoctonia solani, which
causes serious root rot disease that harms the quality and quantity of crop yield [9–13],
causing a significant gap between production and consumption of Vicia faba in Egypt [6].
Moreover, R. solani has a broad host range including solanaceous crops, cereals, fruits and
vegetables such as potatoes, cucumbers, eggplant, peppers, sugar beet, lettuce, tomatoes,
and melon, cotton, and forest trees for a long time [14,15]. R. solani is an aggressive fungal
plant pathogen with a highly resistant structure called sclerotia, which allows the fungus
to survive under environmental conditions [15]. Although fungicides are effective for
controlling R. solani, they pollute the environment, have a high cost, and also affect other
beneficial organisms in the soil [16]. Fungi are the largest group among microbes, where
are used in different applications as nanotechnology, bioremediation, bio-deinking, food
products, enzyme production, organic acids, and biofuels [17–23]. Dong et al. [24] reported
that the management of plant diseases can be achieved by Gly-Cu(OH)2 NPs by reducing
the phytotoxicity to plants and improving the utilization of copper-based bactericides.
Krutyakov et al. [25] proved that silver nanoparticles are an effective agent for increasing
yields as well as decreasing plant diseases besides having a low harmful effect on humans
and animals. The application of nanoparticles in agriculture is beneficial for improving
the growth and yield of crops as well as inhibiting plant pathogens [26] by facilitating the
uptake of macromolecules needed to increase resistance to plant diseases and promote
growth [27]. The biological synthesis of metal nanoparticles provides an eco-friendly and
cost-effective method. An alternative approach to the synthesis of metal nanoparticles
is to apply biomaterials such as plants, microorganisms encompassing groups such as
bacteria, yeasts, fungi, and actinomycetes as manufactories [28]. Ag-NPs can be utilized
as a management and control agent against various fungal diseases of plants especially
Rhizoctonia solani and have antifungal activity against mycelium as well as sclerotia [29].
Selenium nanoparticles (Se-NPs) synthesized from a biological source has been shown
to have antimicrobial activity against pathogenic microorganisms including fungi [30].
Se-NPs is suggested to be used as a fungicide in agriculture because it has the advantage
of being less toxic to humans and animals than synthetic fungicides [31]. In the same
context, selenium is an essential trace element for plants growth. It is usually involved in
coenzyme activation and physiological facilitation in crop plants, which contributes to food
production and quality [32]. In our understanding, bacteriogenic Se-NPs antifungal action
against Rhizoctonia diseases of faba bean plants is not thoroughly studied. The main aim
of the current research is to (1) biosynthesize Se-NPs by B. megaterium, (2) characterize the
physicochemical properties of the produced nanoparticles by UV-Vis spectroscopy, XRD,
dynamic light scattering (DLS), and transmission electron microscopy (TEM) imaging,
(3) assess and evaluate the antifungal activity of Se-NPs against Rhizoctonia RCMB 031001
root rot of Vicia faba in vitro and in vivo, (4) analyze photosynthetic pigments, metabolic in-
dicators, protein, and phenolics compounds of Vicia faba, and (5) understand the antifungal
mechanisms and the effects of Se-NPs on oxidative enzymes such as polyphenol oxidase
(PPO) and peroxidase (POX) in Vicia faba under pot conditions using assays.

2. Materials and Methods
2.1. Biosynthesis of Se-NPs

Se-NPs were produced using Bacillus megaterium culture supernatant (as reducing and
stabilizing agents). Bacteria were subcultured on nutrient broth media in conical flasks
and incubated with shaking aerobically at 37 ◦C for 48 h. After an incubation period, the
bacterial cells were removed from the suspension by filtration through a 0.44 µm PVDF
filter; then, they were centrifuged at 10,000 rpm to remove occasional bacterial cells and
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macromolecules [33]. The next step was mixing cell-free supernatant with the selenious acid
suspension (1 mM) by quotient (1:1) v/v. The mixtures were stirred at a controlled room
temperature of about 25 ◦C. The process of selenious acid reduction was monitored by color
change of the cell-free supernatant from colorless to reddish color [22–25]. The suspension
of SeNPs was further centrifuged at 12,000 rpm for 30 min, and the collected precipitate
pellet was dried and weighed. The concentration was calculated as follows: 1 mg of SeNPs
was dissolved in 1 mL of DMSO, where the final concentration was 1000 µg/mL.

2.2. Characterization of Se-NPs

The characterization of Se-NPs was performed by using JASCO V-560, UV-Vis.
spectrophotometer, Tokyo, Japan, at the wavelength range from 200–900 nm and at a
resolution of 1 nm. Cell-free supernatant without SeO2 was used as blank to adjust the
baseline. Toward particle size investigation, the specimens were diluted ten times by
deionized water before being estimated. To determine the morphology and size of the
manufactured Se-NPs, TEM microscopy, model JEOL JEM-100 CX (Peabody, MA, USA)
was used. TEM imaging was carried out by drop covering the Se-NPs upon carbon-coated
TEM layers. Dynamic light scattering (DLS) was used to determine the size distribution,
while the average particle size was determined by PSSNICOMP 380-ZLS particle sizing
system (St. Barbara, CA, USA). For XRD analysis, the adjusted sample was centrifuged,
and the precipitate was dried under vacuum and taken for XRD analysis. X-ray diffraction
patterns were obtained with XRD- 6000 series, including stress analysis, residual austenite
quantitation, crystallite size/lattice strain, crystallinity calculation, and materials analysis
via overlaid X-ray diffraction patterns Shimadzu apparatus using nickel-filter and Cu-Ka
target, Shimadzu Scientific Instruments (SSI), (Kyoto, Japan). The average crystalline size of
the Se-NPs was also determined by using Debye–Scherrer equation: D = kλ/β Cos θ. Here,
D is the average crystalline size (nm), k is the Scherrer constant with the value from 0.9 to 1,
λ is the X-ray wavelength, β is the full width of half maximum, and θ is the Bragg diffrac-
tion angle (degrees). The estimations included stress investigation, remaining austenite
quantitation, crystallite capacity, crystallinity consideration, and materials examination
through overlaid X-ray diffraction models. Finally, Se-NPs concentration assessment was
performed using UNICAM939 Atomic Absorption Spectroscopy, Cambridge, UK, and
implemented with deuterium experience improvement. All suspensions were prepared
using ultra-pure water [34–41]. Furthermore, the morphology size of the manufactured
NPs was read by practicing TEM microscopy, JEOL JEM-100 CX, (Peabody, MA, USA).

2.3. Control of Rhizoctonia solani by Se-NPs

2.3.1. Source of Pathogen and Culture Conditions

Rhizoctonia solani RCMB 031001 was purchased from the Regional Center for Mycology
and Biotechnology (RCMB), Al-Azhar University, Cairo, Egypt. R. solani was cultured on
potato dextrose agar medium (PDA) plates, incubated for 3–5 days at 28 ± 2 ◦C, and then
kept at 4 ◦C for further use [42–45].

2.3.2. In Vitro Assessment of Antifungal Activity and Growth Inhibition

• Well diffusion method

The well diffusion method was applied to study the antifungal activity of biosynthe-
sized Se-NPs [46] with a few modifications. R. solani was inoculated on PD broth medium
and then incubated at 28 ± 2 ◦C for 3–5 days. Fungal inoculum of R. solani RCMB 031001
was spread thoroughly on the sterilized solidified potato dextrose agar (PDA) medium. At
the same time, eight wells with 5.5 mm diameter were made using a sterile cork-borer on
each agar plate (120 mm). The wells were filled with 50 µl of different concentrations of
Se-NPs individually with triplicates. The culture plates were incubated at 25 ◦C for 7 days,
and the zones of inhibition were observed and measured.
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• Radial growth method

PDA medium was prepared and amended with different concentrations of Se-NPs
(1, 0.5, 0.25, 0.125, and 0.0625 mM) before the pouring stage. After medium solidification,
culturing of R. solani was carried out according to Joshi et al. [47]. The inhibition percentage
of pathogen growth was calculated using the following equation:

Inhibition of pathogen growth (%) =
Growth in the control − Growth in the treatment

Growth in the control
× 100.

2.3.3. In Vivo Assessment Efficacy of Se-NPs on Vicia faba

The inoculum of the pathogenic fungus R. solani was prepared according to Büt-
tner et al. [48] that comprises mixing contents of 5 pure R. solani culture Petri dishes
with 1000 mL of distilled water using electrical blender for two minutes. This experiment
was carried out in the garden of Plant and Microbiology department, Faculty of Science,
Al-Azhar University, Cairo, Egypt. The source of faba bean cv. Giza 716 was obtained
from the Legume Research Department, Field Crop Institute, Agricultural Research Center,
Egypt. The sandy loam soil was autoclaved (1.5 atm, 121 ◦C for 30 min) and distributed
equally in disinfected pottery pots (30 cm in diameter) with 12 sterilized seeds per pot.
The Vicia faba seeds were washed with distilled water then sterilized using 2% sodium
hypochlorite for 2 min before conducting the treatments shown in Table 1.

Table 1. Treatments used in this study.

Treatment Number Treatment

1 (Control healthy) The sterilized Vicia faba seeds submerged in distilled water for
three hours and sowing in sterilized soil.

2 (Control infected) Sowing the sterilized Vicia faba seeds in distilled water for three
hours and sowing in inoculated soil with R. solani.

3 (Healthy + Nano soaking) Soaking the sterilized Vicia faba seeds in Se-NPs (0.0625 mM) for
three hours and sowing in sterilized soil.

4 (Infected + soaking) Soaking the sterilized Vicia faba seeds in Se-NPs (0.0625 mM) for
three hours and sowing in inoculated soil with R. solani.

5 (Healthy + soaking and
spraying with Nano)

Soaking the sterilized Vicia faba seeds in Se-NPs (0.0625 mM) for
three hours and sowing in sterilized soil, then spraying 15 mL
of Se-NPs after emergence.

6 (Infected + soaking and
spraying with Nano)

Soaking the sterilized Vicia faba seeds in Se-NPs (0.0625 mM) for
three hours and sowing in inoculated soil with R. solani, then
spraying 15 mL of Se-NPs after emergence.

7 (Healthy + spraying Nano)
Sowing the sterilized Vicia faba seeds in distilled water for three
hours and sowing in sterilized soil, then spraying 15 mL of
Se-NPs (0.0625 mM) after emergence.

8 (Infected + spraying Nano)
Sowing the sterilized Vicia faba seeds in distilled water for three
hours and sowing in inoculated soil with R. solani, then
spraying 15 mL of Se-NPs (0.0625 mM) after emergence.

2.3.4. Disease Symptoms and Disease Index

Pre-emergence damping-off was measured after 15 days from sowing, while post-
emergence damping-off and survival were measured after 30 days from sowing according
to Mousa et al. [49]. In addition, disease symptoms were assessed, and the disease index
was recorded after 45 days from sowing according to Grünwald et al. [50]. The disease
index scale (0–5) based on disease progress developed by the authors was used to measure
the disease severity of Rhizoctonia root rot, in which 0 indicated no visible symptoms; 1, a
few small soft lesions on a part of the root system and hypocotyls; 2, elongated, discolored
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lesions spread on the entire root system and hypocotyls; 3, deep brown necrosis grind the
stem, partial root disintegration, and yellowing of leaves; 4, stem canker, root disintegration,
yellowing of leaves, and stunting; and 5, collapse and death of the plants. Disease index
= (i (rating no. × no. of plants in the rating)/(total no. of plants × highest rating) × 100.
Shoot length, root length, fresh and dry weight, and pigments were also measured (one
gram of fresh leaves was extracted by 100 mL of 80% aqueous acetone (v/v), filtrated,
and then completed the volume to 100 mL using 80% acetone). The optical density of the
plant extract was measured using the spectrophotometer of three wavelengths (470, 649,
and 665 nm). Pigments were calculated using the equations mentioned Mg chlorophyll
(a)/g tissue = 11.63(A665) − 2.39(A649), Mg chlorophyll (b)/g tissue = 20.11(A649) −
5.18(A665), Mg chlorophyll (a + b)/g tissue = 6.45 (A665) + 17.72(A649), and Carotenoids =
1000 × O.D470 − 1.82 Ca − 85.02 Cb/198 = mg/g fresh weight. “A” denotes the reading of
optical density, phenol (one gram dry leaves was extracted with 80% cold methanol (v/v)
three times at 0 ◦C. The extract was filtered; then, the volume of sample was completed
to 25 mL with cold methanol. The total phenol and total soluble protein of plants were
determined in the following manner: one gram of the dried leaves was added to 5 mL of
2% phenol water and 10 mL of distilled water was added; the solution was shaken and
kept overnight, filtered, and completed volume to 50 mL with distilled water; then the
protein content was determined according to Alhaithloul et al. [51].

2.4. Statistical Analysis

Experimental data were subjected to one-way analysis of variance (ANOVA) and
the differences between means were measured using Tukey’s method. The values are
given as means ± SD (standard deviations). Levels of significance were considered at
p ≤ 0.05 unless otherwise stated, and the (L.S.D) at 5% level of probability using Co-state
software [52].

3. Results and Discussion
3.1. Synthesis and Characterization of Se-NPs

In the current study, the supernatant of Bacillus megaterium ATCC 55000 was used
to synthesize Se-NPs. The process of selenious acid reduction was monitored, while the
cell-free extract changed from colorless to reddish color [53,54]. The UV-visible spectrum
of Se-NPs synthesized indicated that it had maximum absorption at (0.860 abs) and 435 nm.
DLS was performed to evaluate the particle size distribution, and the average particle
size was found to be 45.9 nm, as shown in Figure 1B. On the other hand, the TEM result
demonstrated that particles had a spherical shape within a nanoscale range from 29.72 to
74.36 nm with an average of the main diameter of 41.2 nm, as shown in Figure 1C. The XRD
pattern for the Se-NPs was presented in Figure 1D. Several peaks were observed at nine
theta (degree) as 23.2◦, 30.5◦, 41.7◦, 44.3◦, 46.4◦, 52.3◦, 56.7◦, 62.5◦, and 72.6◦ corresponding
to the (100), (101), (110), (102), (111), (201), (113), (202), and (210) planes of the standard
cubic phase of Se, respectively. The XRD pattern indicated that Se-NPs were in the face-
centered cubic (FCC) structure and crystal in nature. The observation of diffraction peaks
for the Se-NPs indicated that they were crystalline, while their refining was related to the
particles in the nanometer size regime. The strong interaction of the Se-NPs with light was
the result of the electrons conducting on the metal surface that were subjected to a collective
oscillation when excited by light at specific wavelengths, which is known as surface plasma
resonance (SPR) [55,56]. In another study, the culture supernatant of A. terreus with SeO2
(100 µg/mL) produced Se-NPs with an average size of 47 nm [57]. Bacillus megaterium
(a halophile strain) strongly reduced selenite (up to 0.25 mM) to Se-NPs after 40 h of
incubation [58]. A microbial source Bacillus cereus-mediated synthesis of Se-NPs showed
an absorption maxima at 590 nm, whereas nanoparticles synthesized from lemon leaf
extract exhibited a maximum absorption at 395 nm [59]. The band gap energy calculated
for chemically formed nano-Se was 2.1 eV, which significantly different from a biological
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source (band gaps for nano-Se from Sulphurospirillum barnessi, Bacillus selenitireducens, and
Selenihalanaerobacter shriftii were 1.62, 1.67, and 1.52 eV, respectively [60].

 

Figure 1. Characterization of bacteriogenic Se-NPs produced by B. megaterium (A–D); (A) UV-Visible spectrum; (B) dynamic
light scattering (DLS); (C) TEM image; (D) XRD.

3.2. In Vitro Control of R. solani

3.2.1. Antifungal Activity of Se-NPs and Minimum Inhibition Concentration

Metal nanoparticles such as silver nanoparticles [61,62], copper nanoparticles [63], and
zinc nanoparticles [64] are wildly used for controlling fungal plant pathogens. However,
selenium nanoparticles have strong antifungal activity, while they are rarely used for
controlling fungal plant pathogens. Therefore, selenium nanoparticles were biosynthesized
in this study to control R. solani. The antifungal activity of Se-NPs was assessed against
R. solani using the agar well diffusion method; different concentrations of Se-NPs ranging
from 1 to 0.0078 mM were tested as antifungal agent, as shown in Figure 2. Results
illustrated that concentrations of Se-NPs of 1, 0.5, 0.25, 0.125, and 0.0625 mM had antifungal
activity against R. solani. Moreover, 1 mM of Se-NPs had the maximum antifungal activity
and gave an inhibition zone of 45 mm, whereas 0.0625 mM had the lowest antifungal
activity against R. solani and gave an inhibition zone of 12 mm. From these data, 0.0625
was the minimum inhibition concentration for the controlling of R. solani.
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Figure 2. Antifungal activity of different concentrations of Se-NPs against R. solani. Data are expressed
as means ± standard deviations of triplicate assays. The different alphabetic superscripts in the same
column are significantly different (p < 0.05) based on Tukey’s multiple comparison test.

3.2.2. Effect of Se-NPs on Linear Growth of R. solani and Minimum Fungicidal Concentration

The linear growth of R. solani was assessed at different concentrations of Se-NPs with
different incubation periods from 1 to 7 days, as shown in Figure 3A,C. Linear growth was
performed to detect the inhibition percentage for each concentration of Se-NPs against R.
solani. Results illustrated that the inhibition percentage increased with increasing of concen-
tration Se-NPs, while linear growth decreased, as shown in Figure 3B. At concentration 1
mM, R. solani could not grow on a PDA surface, as shown in Figure 3C, inhibition percent-
age was 100%, and this concentration had the minimum fungicidal activity. Additionally,
Se-NPs at 0.5 mM gave a high inhibition percentage but less than at 1 mM, where it was
92.9%; also, inhibition percentage decreased gradually with decreasing the concentration
of Se-NPs [47]. Biosynthesized Se-NPs could suppress the growth and proliferation of
Sclerospora graminicola [65]. Moreover, selenium nanoparticles were used in controlling
the leaf blight of tomato caused by Alternaria alternate, and Se-NPs at a concentration
of 100 ppm gave an inhibition percentage 89.6% [66]. In addition, Se-NPs used against
Alternaria solani caused Early Blight Disease on Potato, and inhibition percentage was 100%
at 800 ppm [67].

3.3. In Vivo Control of R. solani

3.3.1. Efficacy of Se-NPs on Rhizoctonia Root Rot Disease of Vicia faba under Pot Conditions

The results presented in Table 2 and Figure 4 indicated that R. solani RCMB 031001
caused an emergence damping-off disease of 58.33% seeds and 88% Rhizoctonia root
rot disease index of Vicia faba cultivar (treatment 2 infected control). On the other hand,
the healthy control treatment pots resulted in 100% emerged and survived plants. These
results confirmed that the cv. Giza 716 faba bean cultivar is susceptible to R. solani RCMB
031001. Application of the Se-NPs by soaking and/or spraying to Vicia faba infested with
fungus R. solani showed greater potency in controlling the pathogen. The best treatment
for controlling R. solani was treatment 6, which resulted in 83.33% survival as well as
72.27% protection followed by treatment 4 with 66.67% and 59.2%, respectively, and
treatment 8 by 50% and 63.63%. These results are similar to studies by Nandini, Hariprasad,
Prakash, Shetty and Geetha [65], which reported that Se-NPs had a highly effective role in
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controlling plant pathogenic fungus Sclerospora graminicola as a causative agent of downy
mildew disease. However, several reports showed that the application of selenium in
plants activates the defense plant mechanism against abiotic [68] and biotic stresses such
as R. solani [69].

Figure 3. Effect of Se-NPs on R. solani (A–C): (A) Linear growth at different incubation periods from 0 to 7 days; (B) Inhibition
percentages of R. solani at different concentration of Se-NPs; (C) Linear growth on potato dextrose agar medium (PDA) plates
at 7 days. Data are expressed as means ± standard deviations of triplicate assays. The different alphabetic superscripts in
the same column are significantly different (p < 0.05) based on Tukey’s multiple comparison test.

Table 2. Effect of selenium nanoparticles (Se-NPs) on the disease index of R. solani damping-off and
root rot diseases under pot conditions.

Treatment
Pre-Emergence
Damping of %

Post-Emergence
Damping of %

Survival
Plant %

Disease
Index %

Protection
%

H
ea

lt
h

y

Control 0 0 100 0 -

Nano soaking 0 0 100 0 -

Nano
spraying 0 0 100 0 -

Nano (soaking
+ spraying) 0 0 100 0 -

In
fe

ct
ed

Control 50 8.33 41.67 88 0

Nano soaking 16.66 16.66 66.67 36 59.2

Nano spraying 50 0 50 32 63.63

Nano (soaking
+ spraying) 16.667 0 83.33 20 77.27
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Figure 4. Disease index scale (0–5); (A): 0, (B): 1, (C): 2, (D): 3, (E): 4, and (F): 5; the disease index was
recorded after 45 days from sowing.

3.3.2. Growth and Yield Responses of Vicia faba by Se-NPs under Pot Conditions

Results presented in Tables 3 and 4 indicated that all investigated growth parameters
(shoot and root length, number of leaves, fresh and dry weight plant biomass), as well as
yield (number of bods per plant, number of seeds per plant, the weight of 100 seed and
protein content of yield) of infected Vicia faba cv. Giza 716 plants with R. solani RCMB 031001
were significantly decreased compared with healthy control plants. The most effective
treatment was treatment 6, which increased the yield and growth parameters, especially
shoot dry weight 203%, root fresh weight 178.8%, root dry weight 163%, plant height, and
number of seeds 116.6% compared with infected control (treatment 2). These results are
similar to Abdel-Monaim [70], who reported that R. solani had significantly decreased fresh
and dry weight compared to healthy control. Akladious et al. [71] reported that R. solani
caused a significant decrease in shoot length, root length, number of leaves, and fresh and
dry weight of shoot and root of Vicia faba.

The obtained results revealed that all investigated growth parameters of Vicia faba
cv. Giza 716 plants were significantly increased in response to the application of Se-
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NPs compared with the control. The simulative effects of Se-NPs on plant growth were
explained by many mechanisms—firstly, the increased starch content in chloroplast [72].
Secondly, the plant cell can be protected by selenium from oxidative damage by antioxidant
defenses [73]. Thirdly, selenium is a beneficial element for plants and has a bio-stimulant
effect, as photocatalysis and plant growth increase plant metabolism and crop quality and
stress tolerance [32,52,74]. However, the application of selenium in plants stimulates the
growth and quality of fruits [75]. Our results showed that the most effective treatment was
achieved by soaking and foliar spray followed by soaking and finally spraying.

Table 3. Effect of biogenic Se-NPs on morphological indicators of Vicia faba L. under pot conditions.

Treatments
Plant Height

(cm)
Root Length

(cm)
Number of

Leaves
Shoot F. wt.

(g)
Shoot D. wt.

(g)
Root F. wt.

(g)
Root F. wt.

(g)

T1: Control (H.) 32 ± 1.50 b 11.33 ± 0.85 cd 16.33 ± 0.57 bc 10.48 ± 0.72 bc 3.71 ± 0.24 b 1.25 ± 0.04 d 0.37 ± 0.00 bc

T2: Control (Inf.) 19.36 ± 0.70 e 9.73 ± 0.75 d 11.66 ± 0.57 d 7.38 ± 0.33 e 1.31 ± 0.28 d 0.82 ± 0.06 g 0.19 ± 0.02 d

T3: Soaking Nano
(H.) 35.83 ± 1.89 b 13.56 ± 0.51 ab 18.33 ± 1.52 b 13.56 ± 0.40 a 4.6 ± 0.35 a 1.64 ± 0.06 b 0.52 ± 0.04 a

T4: Soaking Nano
(Inf.) 20.5 ± 1.80 de 10.7 ± 0.75 cd 15.33 ± 1.15 c 10.25 ± 0.67 bc 2.48 ± 0.14 c 1.07 ± 0.06 ef 0.22 ± 0.00 d

T5: Soaking + Spray
Nano (H.) 42.66 ± 2.25 a 15.66 ± 1.10 a 22.33 ± 1.52 a 14.76 ± 0.92 a 4.59 ± 0.22 a 1.87± 0.03 a 0.57 ± 0.04 a

T6: Soaking + Spray
Nano (Inf.) 24.5 ± 0.50 cd 10.84 ± 0.74 cd 11.66 ± 0.57 d 8.37± 0.10 de 2.67 ± 0.30 c 0.93 ± 0.06 fg 0.31 ± 0.00 c

T7: Spray Nano (H.) 34.5 ± 1.32 b 12.06 ± 0.62 bc 16.33 ± 0.57 bc 11.16 ± 0.35 b 3.92 ± 0.13 ab 1.45 ± 0.09 c 0.44 ± 0.00 b

T8: Spray Nano (Inf.) 26.66 ± 1.52 c 10.6 ± 0.65 cd 13.66 ± 0.57 cd 9.46 ± 0.47 cd 2.65 ± 0.16 c 1.13 ± 0.01 de 0.35 ± 0.00 c

L.S.D at 0.05 2.667 1.329 1.694 0.963 0.422 0.099 0.041

H. means Healthy and Inf. means infected. Data are expressed as means ± standard deviations of triplicate assays. The different alphabetic
superscripts in the same column are significantly different (p < 0.05) based on Tukey’s multiple comparison test.

Table 4. Effect of Se-NPs on the yield of (Vicia faba L.) plants.

Treatments No. of Pods/Plant No. of Seeds/Plant wt. of 100 Seeds(g) Protein Yield mg/g (g)

T1: Control (H.) 20.33 ± 0.57 a 51 ± 1.0 bc 101.33 ± 0.57 c 116.94 ± 0.09 c

T2: Control (Inf.) 17.66 ± 0.57 b 47 ± 2.0 c 99 ± 1.0 d 96.1 ± 0.28 f

T3: Soaking Nano (H.) 21.33 ± 0.57 a 54.66 ± 1.52 ab 105 ± 1.0 b 120.6 ± 0.46 b

T4: Soaking Nano (Inf.) 18.33 ± 0.57 b 49 ± 1.73 c 101.66 ± 0.57 c 99.02 ± 0.14 e

T5: Soaking + Spray Nano (H.) 21.66 ± 0.57 a 57.66 ± 1.15 a 107.03 ± 0.45 a 123.21 ± 0.38 a

T6: Soaking + Spray Nano (Inf.) 17.33 ± 0.57 b 49 ± 1.73 c 101.16 ± 0.28 c 101.28 ± 0.51 d

T7: Spray Nano (H.) 20.33 ± 0.57 a 54.33 ± 1.15 ab 103.5 ± 0.05 b 118.17 ± 0.32 c

T8: Spray Nano (Inf.) 18 ± 1.0 b 51 ± 1.0 bc 101.30 ± 0.02 c 100.21 ± 1.05 de

L.S.D at 0.05 1.125 2.523 1.095 0.856

Data are expressed as means ± standard deviations of triplicate assays. The different alphabetic superscripts in the same column are
significantly different (p < 0.05) based on Tukey’s multiple comparison test. LSD (p < 0.05) values are indicated in the data differing
significantly are indicated with different letters.

3.3.3. Effect of Se-NPs on Photosynthetic Pigments of Vicia faba under Pot Conditions

The observed results in Figure 5 showed that chlorophyll content and carotenoids had
significantly decreased by R. solani RCMB 031001. These results are explained with [76],
which stated that phytopathogenic fungi inhibit the photosynthetic activity of plants. These
reductions in chlorophyll a may be due to the more selective destruction of chlorophyll
biosynthesis or degradation of chlorophyll precursors according to Saha et al. [77] or may
be due to a decrease in the uptake of minerals (e.g., magnesium) that are required for
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chlorophyll synthesis and interfere with the photosynthesis reactions [78]. Data presented
in Figure 5 indicated that the application of Se-NPs caused a significant increase in total
chlorophyll content and carotenoids compared with controlled plants and the best result
was achieved by soaking and foliar spraying. Several reports show that the application of
selenium in plants improves photosynthesis [79].

 

Figure 5. Effect of Se-NPs on the photosynthetic pigment’s indicators of (Vicia faba L.).

3.3.4. Effect of Se-NPs on the Metabolic Indicators of (Vicia faba L.)
Effect of Se-NPs on Phenol Contents of Vicia faba under Pot Conditions

Results revealed that the contents of total phenols were significantly increased in
shoots and roots of cv. Giza 716 plants in response to the infection with R. solani RCMB
031001, as shown in Figure 6. Moreover, results demonstrated that application of Se-NPs
induced responses regarding the total contents of phenols compared with healthy control.
In contrast, total phenols contents in shoots and roots-infected plants were significantly
decreased in response to the treatments with Se-NPs. These results are similar to those
in [80,81]; they demonstrated that the treatment of plants with NPs resulted in increasing
phenolic content. This increasing in phenolic contents resulted in antifungal activity by
several mechanisms including (i) cell rupture and release of intracellular proteins and
carbohydrates that prevent fungal growth; (ii) inhibition of mitochondrial respiration
causing reduction of ATP production, and (iii) oxidative lesions and chelation of iron
ions [82,83]. Correspondingly, total phenols play a vital role in the regulation of plant
metabolic process and overall plant growth as well as lignin synthesis [84]. Phenols act as
free radical scavengers as well as substrates for many antioxidant enzymes [85]. Finally,
Mellersh et al. [86] reported that reactive oxygen species (ROS), especially phenolic com-
pounds, prevent penetration, restrict fungal growth, and provoke cell death and tissue
necrosis, which would prevent further fungal development toward plant tissue.
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Figure 6. Effect of Se-NPs on the phenolics compounds of (Vicia faba L.).

Effect of Se-NPs on a Total Soluble Protein of Vicia faba under Pot Conditions

The presented data in Table 5 showed that the total soluble protein in shoot and
root were significantly decreased in cv. Giza 716 plants in response to the infection with
R. solani RCMB 031001. Weintraub and Jones [87] recorded that pathogen attack resulted in
a reduction of several thylakoid membrane proteins and decreasing leaf soluble protein.
These results are explained by several different mechanisms; firstly, the stresses may affect
the process of protein synthesis, Secondly, it is also possible that the pathogens consume
nitrogen, which could have been utilized for synthesizing proteins [88]. In addition, the
application of Se-NPs resulted in an increase of total soluble protein compared with control.
Also, the best treatment was soaking and foliar spraying, which agree with Hajiboland [89],
who illustrated that the application of Se-NPs resulted in a significant increase in total
soluble protein. Increasing protein content could be due to the activation of the host defense
mechanisms as an indicator of resistance [88].

Table 5. Effect of Se-NPs on the total soluble protein of (Vicia faba L.).

Treatments Protein Shoot mg/g d. wt. (g) Protein Root mg/g d. wt. (g)

T1: Control (H.) 20.22 ± 0.15 c 18.27 ± 0.17 c

T2: Control (Inf.) 16.8 ± 0.24 f 16.63 ± 0.35 f

T3: Soaking Nano (H.) 21.83 ± 0.06 b 19.14 ± 0.17 b

T4: Soaking Nano (Inf.) 18.06 ± 0.48 e 17.39 ± 0.07 e

T5: Soaking + Spray Nano (H.) 22.93 ± 0.05 a 21.03 ± 0.07 a

T6: Soaking+ Spray Nano (Inf.) 19.09 ± 0.08 d 17.59 ± 0.07 de

T7: Spray Nano (H.) 21.62 ± 0.04 b 20.9 ± 0.09 a

T8: Spray Nano (Inf.) 18.08 ± 0.31 e 18 ± 0.17 cd

LSD at 0.05 0.412 0.283
Data are expressed as means ± standard deviations of triplicate assays. The different alphabetic superscripts in
the same column are significantly different (p < 0.05) based on Tukey’s multiple comparison test.

Effect of Se-NPs on Oxidative Enzymes of Vicia faba under Pot Conditions

Vicia faba showed variation in relative mobility and density polypeptide bands as
pathogenicity indicators and or treatment with Se-NPs, where healthy control (treatment 1)
gave three isozyme bands with a low density of isozymes but soaking infected (treatment 4)
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and soaking + foliar spray Se-NPs (treatment 6) gave the same number of bands, three
isozymes with moderate density. While infected control (treatment 2), as well as Se-NPs as
a foliar spray on infected (treatment 8), gave three isozymes bands with a high density of
isozymes, as shown in Figure 7, these results demonstrated that infected control recorded
high activity as a high density of bands. Our results are similar to those of [90], who
reported that the minimum activities of peroxidase enzymes were observed in healthy
control. In this regard, Hasanuzzaman and Fujita [91] found that spraying with selenium
increased the activity of many enzymes. In addition, [92] reported that nano selenium acts
as a promoter and/or stressor, enhancing the antioxidant defense systems of plants, which
leads to the improvement of plant tolerance under sandy soil conditions.

 

Figure 7. Effect of Se-NPs on peroxidase isozymes of Vicia faba under pot conditions 1: Control (H.). 2: Control (Inf.). 3:
Soaking Nano (H.). 4: Soaking Nano (Inf.). 5: Soaking + Spray Nano (H.). 6: Soaking + Spray Nano (Inf.). 7: Spray Nano
(H.). 8: Spray Nano (Inf.).

In addition to the lowest polyphenol oxidase (PPO) activity recorded in healthy control,
Se nanoparticles and R. solani infection application showed variation in number, relative
mobility, and density polypeptide bands more than healthy ones, infected control, as well
as treatment with Se-NPs as a foliar spray on infected plants (four isozyme bands) with a
high density of isozymes (Figure 8). Meanwhile, plants treated with soaking or foliar spray
Se-NPs (either individual or combination) gave the same number of bands (four isozymes)
with moderate and high density. Variation in isozyme shows knowledge of resistant genes
in the biological system to physiological changes, genetic traits, and growth in various
species _ENREF_ [90]. Finally, anti-oxidative enzymes such as polyphenol oxidase (PPO)
and peroxidase (POX) are most importantly involved in the scavenging system of excess
reactive oxygen species (ROS) [90].
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Figure 8. Effect of Se-NPs on Polyphenol oxidase isozymes of Vicia faba under pot conditions Control (H.). 2: Control (Inf.).
3: Soaking Nano (H.). 4: Soaking Nano (Inf.). 5: Soaking + Spray Nano (H.). 6: Soaking + Spray Nano (Inf.). 7: Spray Nano
(H.). 8: Spray Nano (Inf.).

4. Conclusions

In the current study, Se-NPs were bio-synthesized by the culture supernatant of B.
megaterium ATCC 55000, which was characterized by mono-dispersed spheres with a mean
diameter of 41.2 nm. The green Se-NPs have promising antifungal activity against R. solani
in vitro and in vivo; hence, it could use as a promising agent for the controlling of R. solani
diseases in faba bean. Se-NPs effects on faba bean plant growth and development at the
working concentration were determined. Vicia faba plant growth promoters in Se-NPs
were the enhancement of Vicia faba’s morphological, metabolic and genetic parameters.
Photosynthetic pigments, metabolic indicators, and phenolics compounds of Vicia faba were
analyzed; Se-NPs caused a significant increase in total chlorophyll content and carotenoids
compared with controlled plants, and the best results were achieved by soaking and
foliar spraying. Moreover, results demonstrated that the application of Se-NPs induced
responses regarding the total contents of phenols and total soluble protein compared with
healthy control. In contrast, total phenols contents in shoots and roots-infected plants
were significantly decreased in response to the treatments with Se-NPs. The effects of
Se-NPs on oxidative enzymes such as polyphenol oxidase (PPO) and peroxidase (POX) in
Vicia faba under pot conditions were assayed. Se-NPs act as a promoter and/or stressor,
enhancing the antioxidant defense systems of plants, which leads to the improvement of
plant tolerance. It is widely demanded that biogenic selenium NPs may be effective and
economical alternatives for treating fungal plant pathogens. In the future, the adverse
effects of these biogenic NPs on agriculture and ecosystems should be ascertained before
their commercial use in plant disease control in the field.
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Abstract: Fungal mycoses have become an important health and environmental concern due to
the numerous deleterious side effects on the well-being of plants and humans. Antifungal therapy
is limited, expensive, and unspecific (causes toxic effects), thus, more efficient alternatives need
to be developed. In this work, Copper (I) Iodide (CuI) nanomaterials (NMs) were synthesized
and fully characterized, aiming to develop efficient antifungal agents. The bioactivity of CuI NMs
was evaluated using Sporothrix schenckii and Candida albicans as model organisms. CuI NMs were
prepared as powders and as colloidal suspensions by a two-step reaction: first, the CuI2 controlled
precipitation, followed by hydrazine reduction. Biopolymers (Arabic gum and chitosan) were used
as surfactants to control the size of the CuI materials and to enhance its antifungal activity. The
materials (powders and colloids) were characterized by SEM-EDX and AFM. The materials exhibit a
hierarchical 3D shell morphology composed of ordered nanostructures. Excellent antifungal activity
is shown by the NMs against pathogenic fungal strains, due to the simultaneous and multiple
mechanisms of the composites to combat fungi. The minimum inhibitory concentration (MIC) and
minimum fungicidal concentration (MFC) of CuI-AG and CuI-Chitosan are below 50 µg/mL (with
5 h of exposition). Optical and Atomic Force Microscopy (AFM) analyses demonstrate the capability
of the materials to disrupt biofilm formation. AFM also demonstrates the ability of the materials to
adhere and penetrate fungal cells, followed by their lysis and death. Following the concept of safe by
design, the biocompatibility of the materials was tested. The hemolytic activity of the materials was
evaluated using red blood cells. Our results indicate that the materials show an excellent antifungal
activity at lower doses of hemolytic disruption.

Keywords: copper (I) iodide; composites; antifungal; chitosan; atomic force microscopy

1. Introduction

Fungal infections and fungal contamination have become an important worldwide
public health problem with a considerable impact on human morbidity and mortality.
Immunosuppression, cancer treatment, and immunological dysfunctions result in dissem-
inated or systemic fungal diseases, that might evolve into a life-threatening condition.
In recent years, mycoses have increased their incidence, thus, the development of novel
targeted therapeutics is an important challenge to treat them. Changes in etiology, in-
cluding the emergence of new pathogens, resistance to antifungals, and opportunistic
and immunosuppressive factors that many patients experience, add to the difficulties in
diagnosing and treating fungal infections, a fact that increases costs in the health sector [1].

173



J. Fungi 2021, 7, 158

Sporothrix schenckii is a widely distributed dimorphic fungus that is mainly recovered
from environmental samples (plant or soil). It can cause sporotrichosis, which is a subcuta-
neous mycosis, with a subacute or chronic course in humans and other animals, and like
the fungus, it has a wide geographical distribution. The infection usually occurs because
of the traumatic inoculation of fungal conidia or fragments of hyphae, corresponding to
its mycelial morphotype, into the skin or subcutaneous tissue. The clinical outcome of the
infection depends on the immune response of the host, resulting in severe disseminated
disease with visceral and osteoarticular involvement in immunocompromised individuals,
particularly people with AIDS [2]. In infected tissue, the fungus differentiates into the
pathogenic yeast form and may spread to other tissue. In addition, it can form resistance
structures such as biofilms [3]. The gold standard for the treatment of the subcutaneous
disease is itraconazole, although, in Mexico and some other underdeveloped countries,
potassium iodide is still used, due to its low cost and safety.

Candida albicans is a pathogenic and opportunistic fungus responsible for numerous
diseases. It is one of the most common causes of hospital-acquired systemic infections due
to its adhesive and invasive properties, and its capability to form biofilms. The capacity of
C. albicans to form biofilms increases their resistance to antifungal therapy and the ability
of the yeast cells within the biofilm consortium to withstand host immune response [4].
Miconazole and fluconazole are commonly used for candidiasis treatment; however, side
deleterious effects, fungal resistance, and relapse cases have been observed with the use of
these anti-fungal agents.

As previously mentioned, antifungal therapy for systemic mycosis is limited, most
of the time expensive and causes important toxic effects. Nanotechnology has become
an interesting strategy to improve the efficacy and specificity of traditional antifungal
drugs, since it allows lower toxicity, better bio-distribution, drug targeting, potent activity,
and broad antifungal spectrum. Nanotechnology has positively impacted the advances
in the development of novel strategies for the cure of infectious diseases. For instance, it
has been demonstrated that trypanocidal therapy based on nano-systems, renders higher
accessibility, improved selectivity, and specific delivery of the active principle to intra-
cellular targets [5]. Different nanomaterials have been evaluated for the development of
antimicrobial agents: Metallic nanoparticles (Ag, Cu, Au, Al), metal oxides (ZnO, TiO2,
Fe3O4, CoFe2O4), fullerenes, carbon nanotubes, antimicrobial peptides and chitosan [6].
Lately, the use of CuI NPs was shown to inhibit the growth of Gram (+) and Gram (-)
bacteria [7].

Biopolymers are valuable and flexible materials for biomedical and pharmaceutical
applications. Their use as an excipient has increased since stable colloidal suspensions of
different nanostructured materials can be formulated. In addition to the colloidal stability,
the biopolymer might enhance the therapeutic efficacy of a compound. For example,
chitosan composites are of interest due to the bioactivity of the polymer [8]. Chitosan has
been investigated for its antimicrobial activity. This is shown by its multiple mechanisms:
damage to peptidoglycan and/or cell membrane, damage to DNA or inhibition on the
synthesis of mRNA, decreases the metalloproteinase activity of the microorganisms by
metal chelation [9]. Formulations that involve the use of chitosan and nanoparticles
exhibit increased surface area. Also, at physiological pH values, an increased density of
positive charge on the surface of the composite favors the interaction to negatively charged
biomolecules on the cell walls of microorganisms. This increases its antimicrobial activity.
In this study, Copper (I) Iodide (CuI)-Arabic Gum (CuI@AG) and CuI-Chitosan (CuI@Ch)
composites were prepared and evaluated for the inhibition of biofilm-forming pathogenic
fungi (S. schenckii, C. albicans).

CuI is an interesting material that has found important industrial and biomedical
applications [7,10,11]. Previous studies from our research group have demonstrated the
antimicrobial activity of different metal oxide nanostructured materials [12–18]. We have
also reported that the toxicity of metallic nanostructures is partly due to the lixiviation of
ions to the medium, observing a direct correlation of toxicity and ion concentration. We
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explore the use of hybrid materials, to reduce toxicity and increase bio-activity (in this par-
ticular case, anti-fungal activity). In this work, we report on the synthesis, characterization,
and antifungal activity of CuI composites. The composite under study contains three ele-
ments (Cu, I, chitosan) that show antifungal activity, which facilitates their administration
at low doses. Moreover, the components of the composite exhibit activity under different
mechanisms limiting the capacity of the pathogen to overcome their bioactivity.

2. Materials and Methods
2.1. Materials and Reagents

Copper sulfate pentahydrate (Karal, León, Mexico), potassium iodide (J.T. Baker,
Estado de Mexico, Mexico), hydrazine hydrate (Sigma-Aldrich, St. Louis, MO, USA, 60%)
chitosan (Sigma-Aldrich, Reykjavik, Iceland, medium molecular weight, deacetylation
≥ 75%, viscosity 200–800 cP, 1 wt% in 1% acetic acid, 25 ◦C), Arabic gum (Golden Bell,
Zapopan, Mexico), Agar dextrose sabouraud (BD Bioxon, Estado de Mexico, Mexico),
potato dextrose agar (BD Bioxon, Estado de Mexico, Mexico), were all analytical grade and
used as received.

2.2. Synthesis of CuI Nanostructured Materials

CuI nanostructured materials were prepared by a modification in the method reported
by Pramanik et al. [7]. In brief, a 6.0 mM potassium iodide solution was added to 6.0 mM
of copper sulfate solution containing 5% (w/v) Arabic gum as a stabilizing agent. After
that, a 30 µL concentration of hydrazine were dropwise added to the above mixture and
the reaction was continued for 1 h at 60 ◦C. The nanostructured materials were collected
by centrifugation at 4000 rpm for 10 min. These particles were washed several times with
deionized water followed by centrifugation. The CuI NPs were recovered and dried at
60 ◦C in hot air oven for 6 h. These particles were fairly stable at room temperature for
1–2 weeks. They were stable in the sense that Cu did not oxidize and the composite did
not aggregate (precipitate) during those 1–2 weeks. For the CuI@Ch composites, a 1.5%
(w/v) solution of Medium Molecular Weight (MMW) chitosan was prepared in a 1% acetic
acid solution. CuI nanostructured materials were prepared as powders and colloidal
suspensions.

2.3. Characterization of CuI Nanostructured Materials

CuI nanostructured materials were characterized by scanning electron microscopy
(SEM-EDX) (Carl Zeiss, Sigma-HDVP and EDX detector QUANTAX Brucker) and atomic
force microscopy. Thin films of CuI@AG and CuI@Ch were deposited on a glass sub-
strate using doctor blade technique. The surface roughness and morphology at micro-
and nanometer scale were measured with a ScanAsyst atomic force microscope (Bruker,
Dimension Edge with Scan Assist). The samples were analyzed in tapping mode in air with
OTESPA-R3 tips (silicon; f0: 300 kHz; k: 26 N/m). Data was acquired on square frames of
10 × 10, 5 × 5 and 2.5 × 2.5 µm. Images were recorded using height, amplitude and phase
channels. Amplitude mode was used to evaluate the topography of the films; height mode
images were used to obtain quantitative measurements, and phase images to evaluate
changes in composition. A resolution of 512 × 512 pixels was used. Measurements were
made by triplicate on different zones of each sample.

2.4. Evaluation of the Antifungal Activity of CuI Nanostructured Materials

Fungal strains and culture conditions. A general scheme for the antifungal eval-
uation of CuI@AG and/or CuI@Ch is illustrated in Figure 1. The antifungal activity of
Cu@AG against C. albicans was used as a reference to demonstrate the enhanced activity of
CuI@AG. The concentration of copper in the Cu NPs is the same as the concentration used
for CuI NMs.
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Figure 1. Schematic representation of the methodological approach for the evaluation of the antifungal activity of
CuI@biopolymer against pathogenic fungi (C. albicans, S. schenckii).

Sporothrix schenckii. The S. schenckii sensu stricto wild-type strain UAA-307 was ob-
tained from a human lymphocutaneous sporotrichosis case. The fungus identification was
previously performed by biochemical, morphological, and molecular biology techniques
(polymerase chain reaction sequencing of the calmodulin gene, accession number KJ921740
in GenBank) [19]. Conidial suspensions were prepared as previously reported [20]. Briefly,
fungal mycelium was incubated at 28 ◦C for three days in sabouraud dextrose broth un-
der orbital agitation at 150 rpm (Shaker Lumistell, IR0-60, Temperature Control). The
fungal suspension was filtered on sterile filter paper (pore size 0.45 mm) and harvested
by centrifugation at 750× g, for 20 min at 4 ◦C. The fungal cells were washed then with
sterilized phosphate buffer solution (PBS) and counted in a Neubauer chamber before
all experiments. The bioavailability of the fungi was determined by trypan blue staining.
In all the experiments, a stock fungal suspension of 1 × 107 conidia/mL in distilled water
was used.

Candida albicans. C. albicans strain used in this study was a clinical isolate, and iso-
lates were cultured in Sabouraud Dextrose Agar (SDA), then incubated at 37 ◦C for 48 h.
Fungal biomass was collected afterwards by a sterile loop from the surface of SDA medium
and resuspended in 1 mL of PBS. An inoculum of C. albicans was placed in 3 mL of Potato
Dextrose broth and left to grow in a shaking water bath (60 rpm) at 35 ◦C for 48 h (re-
sulting in 1 × 107 CFU/mL according to the growth phase). The fungal suspension was
centrifuged next at 3500 rpm for 5 min, decanted, and suspended in distilled water (stock
fungal suspension).

Fusarium oxysporum. Fusarium oxysporum strain was isolated from samples that
present fungal infection. The infected samples were placed in a PDA medium to allow
fungal growth. After a small portion of the growing mycelium is reseeded in a box
with fresh PDA medium and allowed to grow at 28 ◦C or room temperature for 5 to
7 days. Analysis of conidia production is conducted by optical microscopy. Conidia
were concentrated in phosphate buffer. Fungal concentration was determined by UV-Vis
spectroscopy (1 × 107 CFU/mL).
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Drip dilution test. For the drip dilution test, six decimal dilutions were made in
sterile distilled water (by duplicate) to evaluate the fungal growth in each dilution and
to demonstrate fungal bioavailability under the experimental conditions. The initial con-
centration of fungal cells was 1 × 107 CFU/mL. From each dilution, an aliquot of 10 µL
was laid on a Petri dish with SDA. The drops were allowed to dry to avoid movement
displacement. They were left in an incubator at 28 ◦C for 48 h (C. albicans) or 72 h (S.
schenckii).

Interaction test. 100 µL are taken from the stock fungal suspension, placed in Eppen-
dorf tubes and diluted to 1 mL. The dilution of the fungal suspension is 1 × 106 CFU/mL.
The interaction of fungi with NMs at different concentrations was performed then accord-
ing to Table 1. Each experimental condition was evaluated by duplicate. The interaction
was carried out for 5 h in a water bath at 37 ◦C. The tubes were removed next from the
water bath, then 100 µL were taken from each Eppendorf tube and placed on SDA (two
boxes per tube), dispersed with boiling pearls and left in an incubator for 48 h (C. albicans)
and 72 h (S. scenckii) for their subsequent analysis or counting at 28 ◦C. The fungicidal
activity of the materials was checked by determining the MIC (minimal inhibitory concen-
tration) and MFC (minimal fungicidal concentration). The MIC was defined as the lowest
concentration of the composite that significantly (visually) inhibited fungal growth with
respect to CFU. The MFC was defined as the lowest concentration of the composite that
completely inhibited fungal growth.

Table 1. Determination of the MIC and MFC of CuI@polymer composites. The exposure of pathogenic
fungi was evaluated at different composites concentrations.

CuI (µg/mL) Distilled Water (µL) CuI@AG Colloidal Suspension (µL)

0 900 0

12.5 896 4

25 892 8

50 884 16

75 876 24

100 868 32

125 860 40

Evaluation of the interaction of S. schenckii and C. albicans with CuI by Atomic
Force Microscopy (AFM). The analysis of the interactions of CuI@AG and CuI@Ch with
the fungi was carried out by Atomic force microscopy. A 10 µL sample of the different
treatments specified in the paragraph Interaction test was withdrawn after the exposure
time was finished. The sample was deposited on a mica substrate and fixed with absolute
ethanol. The samples were analyzed using a Dimension edge with a scan assyst microscope
(Bruker) on tapping mode. Topography, phase, and amplitude images were collected using
tapping mode in the air at room temperature. OTESPA-R3 probes (K: 26 N/m, f0: 300 kHz)
were used for the analysis.

Evaluation of the biocompatibility of CuI colloidal materials. In vitro toxicity stud-
ies were carried out using human whole blood. Heparin-stabilized human blood was
freshly collected. Physiological saline solution (PSS) was added to test tubes (10 mL of PSS
in each tube). Different amounts of CuI@AG were added to each tube according to Table 2.
A 100 µL sample of whole blood was added to each tube. All samples were prepared in
triplicate, and the suspension was briefly vortexed before putting the samples in a water
bath (37 ◦C) for 5 h. The mixtures were centrifuged next at 3500 rpm for 5 min. The amount
of hemoglobin was determined by UV–Vis spectroscopy (Thermo Scientific, Helios Omega
UV-Vis) and measured with the reference wavelength of 525 nm.
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Table 2. Determination of the biocompatibility of CuI@polymer composites. The exposure of RBCs was evaluated at
different composites concentrations.

Tube Concentration (µg/mL) CuI (µg) PSS (mL) Distilled Water (mL) Blood (µL)

Control − 0 – 10 0 100

1 12.5 40 9.96 0 100

2 25 80 9.92 0 100

3 50 160 9.84 0 100

4 75 240 9.76 0 100

Control + – – – 10 100

3. Results and Discussions
3.1. Synthesis of CuI Nanostructured Materials

CuI powdered materials show a fine powder consistency and light creamy color.
A high yield of the synthesis reaction was observed (>90%). White homogeneous colloidal
suspensions of CuI were also fabricated (Figure 2). The colloids show stability for about two
weeks. There are no significant differences in the appearance of the colloidal suspensions,
concerning the polymer employed. The absence of greenish-blue tonalities confirms the
reduction of Cu2+to Cu1+ species.

Figure 2. Synthesis of CuI nano-structured materials by a controlled precipitation method followed of reduction. Biopolymer
(Arabic gum and chitosan were employed to increase colloidal stability). The materials (powders and colloids) exhibit a
white color, characteristic of Cu(I) materials.

3.2. Characterization of CuI Nanostructured Materials

SEM-EDX. Figure 3 shows the SEM characterization of CuI nanostructured materi-
als. At low magnifications, the materials exhibit a shell-like morphology (Figure 3A,C).
Figure 3C clearly shows the 3D shell-like architectures with controlled internal microstruc-
tures. Figure 3B,D show the materials at higher magnifications. The materials are composed
of smaller particles that are orderly aggregated in 3D shell structures. SEM-EDX analysis
(Figure 3E,F) reveals the composition and purity of the materials. The weight percentages
of the elements are in agreement with a CuI formulation (33.4% Cu and 66.6% I). Figure S1
(Supplementary information) shows a representative micrograph of CuI with the corre-
sponding EDX elemental mapping for copper and iodine. Only Cu and I are present and
well dispersed in the CuI lattice, demonstrating the successful preparation of the material.

178



J. Fungi 2021, 7, 158

Figure 3. SEM-EDX analysis of CuI powdered nano-structured materials. (A) low magnification SEM micrograph of CuI
powdered material, the shell like morphology of the materials is easily seen. (B) high magnification SEM micrograph of CuI
powdered material, illustrating the ordered nanostructures that compose the 3D shell microstructures. (C) magnification of
dotted zone in A. (D) magnification of dotted zone in B. (E) SEM micrograph for EDX analysis. (F) EDX analysis of CuI
powdered materials.
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AFM. Figure 4 portrays the AFM analyses of AG and CuI@AG thin films. Figure 4A–C
show the morphology of AG films. The polymeric films (AG) are very thin (≈4 nm) and
exhibit a uniform structure and composition. In comparison, CuI@AG films are thicker
(≈30 nm) due to the insertion of CuI NMs in the polymeric matrix (Figure 4D–F). AFM
analysis confirms the shell morphology of the CuI materials observed with SEM analysis.
Tapping phase analysis (Figure 4C) of AG demonstrates the presence of pure polymer,
while the CuI@AG phase analysis (Figure 4F) denotes phase changes due to inorganic (CuI)
and organic (polymer) composition [21].

Figure 4. AFM analysis of Arabic gum (AG) and CuI@AG films. (A–C) Arabic gum thin films; height, amplitude and phase
analysis, respectively. (D–F) CuI@AG thin films; height, amplitude and phase analysis, respectively.

AFM analyses of chitosan and CuI@Ch films are presented in Figure 5. Two-
dimensional topography analysis of chitosan is shown in Figure 5A, illustrating its smooth
surface and homogeneity. Figure 5D–L display the height, amplitude, and phase images
of CuI@Ch composites at increasing magnifications. The AFM images at low magnifi-
cations reveal the presence of uniformly distributed CuI nanostructured materials with
shell-like morphology. At higher magnification, a detailed inspection of the composite
nanostructure denotes the presence of small (≈50 nm) ordered particles with a hierarchical
3D shell-like morphology.

In tapping mode, phase analysis is capable of imaging the nanostructure of blend or
multiphase materials with high resolution of submicron length scales. We can observe
evident differences in the phase images of chitosan films (Figure 5C) in comparison to
CuI@Ch films. For Ch films, only one phase is observed, corresponding to the biopolymer,
whereas for the composite, inorganic (CuI) and organic (polymer) phases are represented.
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Figure 5. AFM analysis of Chitosan (Ch) and CuI@Ch films. (A–C) Chitosan thin films; Height, amplitude and phase
analysis respectively. (D–L) CuI@Ch composite films; height, amplitude and phase analysis at different magnifications.
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3.3. Evaluation of the Antifungal Activity of CuI

Following our methodology, different variables were evaluated to optimize the in-
teraction of CuI materials and pathogenic fungi. Our first attempt involved the use of
CuI powdered material at different doses (0.5, 2.5, and 12.5 mg/mL). Although still a
common practice, the use of powdered nanomaterials for biomedical applications is cum-
bersome, since stable colloidal suspensions in exposition media are difficult to be obtained
(Figure S2). The evaluation of the antifungal activity of CuI against S. schenckii was ham-
pered by the aggregation of CuI materials in phosphate buffer, decreasing the interactions
of NPs and fungi and limiting the reproducibility of observed results.

Because of the above results, stable CuI colloidal suspensions were prepared by
using biopolymers as surfactants. Their antifungal activity was evaluated next at different
concentrations of CuI colloids and times of exposition of pathogenic fungi. To avoid the
aggregation of the NMs, their interactions with fungi were evaluated in distilled water.
Initially, the following concentrations (75, 100, and 125 µg/mL) were evaluated at short
exposition times (2 and 3 h). We observed good antifungal activity of the materials at all
tested concentrations (Figure 6A). For instance, CuI@Ch shows antifungal activity with
very high inhibition growth percentages (>90%). In addition, CuI@AG shows moderate
activity after 2 h of exposition with an inhibition of 28% for the highest tested concentration.
However, after 3 h of exposition, the activity of CuI@AG is very similar to CuI@Ch with
inhibitions near 100%. Figure 6B shows that the fungi are viable (under the experimental
conditions) in the growth controls at different serial decimal dilutions. Figure 6C illustrates
the antifungal activity of the materials at different doses evaluated by the drop dilution
method. Fungal growth is only registered for control groups. Figure 6D–G and Figure S4
show that longer exposition time (5 h) of fungi to these materials concentrations, result in
complete growth inhibition. Figure S4 illustrates a slightly decreased antifungal activity of
non-freshly prepared CuI@Ch colloidal suspension.

Freshly prepared CuI@Ch shows an enhanced antifungal activity in comparison to
CuI@AG due to the synergic action of CuI and the polymer. However, its improved an-
tifungal activity varies with time (Figure S4). A recent report remarks the importance to
study the stability of biopolymers in different exposure media [22]. Accordingly, under ex-
perimental conditions, CuI@Ch tend to form aggregates, decreasing antifungal activity.
Lixiviation of copper ions is one of the proposed mechanisms of CuI antifungal activity.
For CuI@Ch composite, complex formation (Cu-NH2) results in decreased bioavailability
of Cu ions or amino groups, the chemical species responsible for antifungal activity [23,24].
In addition, decreased solubility in the exposure media lowers the stability of CuI@Ch
colloidal suspension. Earlier reports point out the role of the physicochemical properties
of chitosan and its antifungal activity. For example, the high molecular weight chitosan
shows a better antifungal activity. Moreover, the susceptibility of the fungi specie is an
important consideration [25].

Figure S5 shows the results of the antifungal activity of Cu NPs. Figure S5A illus-
trates the presence of fungi after their interaction with Cu NPs treatment. In contrast,
CuI materials inhibit the growth of the fungi under the same experimental conditions.
Figure S6 illustrates the viability of the fungal cells under experimental conditions (top row
Figure S6A). It is evident the effect of Cu NPs treatment at different doses. CuI composites
achieve more than 90% growth inhibition. For Cu NPs, lower efficiencies are attained under
the same experimental conditions (Figure S6B). Accordingly, a recent study discusses the
effect of Cu and CuO NPs to inhibit Colletotrichum gloeoesporioides. Cu and CuO NPs affect
fungal growth at high doses (500 mg/mL) and long exposure times [26]. Cu NPs exert
morphology-dependent antifungal activity. For example, the sharp edges of marigold-like
petal nanostructures injure the cellular wall and membrane, and cause the death of the
yeast (C. albicans) [27].
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Figure 6. Evaluation of the antifungal activity of CuI@AG, CuI@Ch and chitosan to inhibit C. albicans growth. (A) Log
reduction on the CFU/mL of C. albicans exposed to different amounts of CuI colloids or chitosan. (B) Viability of control
group (decimal dilutions) under experimental conditions. (C) Evaluation of the fungicidal activity of CuI@AG against C.

albicans (drop dilution test). (D–G) Enumeration of the CFU/mL of C. albicans exposed for 5 h to different amounts (0, 75,
100 and 125 µg/mL) of CuI NMs (spread plate procedure).

Our results indicate that the conidia of S. schenckii are more susceptible than the yeast
of C. albicans to CuI treatment. For example, after 5 h of the exposition of these fungi to
CuI@Ch, total growth inhibition is observed at all evaluated concentrations. Also, if the
time of exposition is reduced (2 h), then the fungal growth inhibition is achieved at a
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concentration of 75 µg/mL of CuI@Ch. CuI@AG shows similar behavior for the treatment
of S. schenckii. For example, after 5 h of the exposition of S. schenckii to CuI@AG composite,
the minimum inhibitory concentration (MIC) is 12.5 µg/mL, whereas the minimum fungi-
cidal concentration (MFC) is 25 µg/mL. At shorter exposition times (2 h), 125 µg/mL of
CuI@AG composite must be used to inhibit the fungal growth (Figures S7 and S8). To our
knowledge, there are not many reports regarding the development of effective and specific
compounds for the treatment of S. schenckii infections. Potassium iodide, azoles, and am-
photericin B are among the very few options for fungal infection treatment. However,
these treatments result in side deleterious effects. Except for KI, the cost of the treatment is
elevated, a barrier for general application in developing countries [28]. In this work, we
demonstrate the effective antifungal activity of CuI materials at low doses. Their affordable
cost and biocompatibility suit them as strong candidates for the development of new
broad-spectrum antifungal agents.

As previously discussed, C. albicans is more resistant to CuI treatment. For example,
after the exposition of these pathogenic fungi to CuI@AG for 5 h, fungal growth is observed
at the lower evaluated doses (12.5 and 25 µg/mL). However, good inhibition activity is
reached, since the fungal growth in the control group is abundant, impeding the total
(CFU), direct count. On the other hand, after treatment with 12.5 µg/mL, only 50 CFU
are observed. Also, treatment with 25 µg/mL decreases the growth to 5 CFU. CuI@Ch
colloids exhibit the same behavior discussed for S. schenckii. The materials inhibit the
growth of C. albicans at all evaluated concentrations after 5 h of exposition. However,
variable effectiveness is also observed. The variability might also be a consequence of the
instability of the polymer at the exposure media (pH and ionic strength).

Figure S9 shows the preliminary results on the fungicidal activity of CuI@AG against
Fusarium oxysporum. Our results indicate fungal growth inhibition at high doses (75 µg/mL)
and 20 h exposure. Future studies aim to optimize the different interaction variables to
increase antifungal efficiency. Previous studies discuss the advantages of the use of NMs
for the control of fungal plant diseases. Carbon, silver, silica, non-metal oxides, polymer
composites and aluminosilicates show efficient activity to promote plant growth and
to inhibit plant pathogens [29]. CuI@AG is a potent candidate for the development of
fungicidal agents for crop protection. Also, NMs are efficient for the treatment of superficial
fungal and yeast infections. Among the therapeutic agents, Ag, CuO, polymers and ZnO
NPs have been investigated. NPs can also be used as antifungal carriers for the treatment
of superficial fungal infections (liposomes, nanofibrous) [30] (Chapters 5, 6). From all
the above, it is evident that nanotechnology offers numerous strategies to overcome the
challenges that currently face the health sector.

In summary, CuI@AG shows the best antifungal activity among the different materials
evaluated in this study (Cu@AG, Chitosan, CuI@Ch). Figure 7 summarizes the effective
doses of the materials to inhibit the growth of pathogenic fungi. Figure 7B shows the
efficiency of CuI@Ch as fungicidal at low doses. However, Figure S4 shows the variable
behavior of this material. This behavior is due to its instability in the exposure medium.
Figure 7C shows the enhanced antifungal activity of CuI@AG in comparison to chitosan.
Although numerous reports remark the antifungal activity of this polymer, CuI@AG is
more effective. Figure 7D resumes the MIC and MFC for the antifungals under study.
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Figure 7. Summary of the antifungal activity of CuI NMs (5 h of exposure). (A) CuI@AG against S. schenckii. (B) CuI@Ch
against S. schenckii. (C) CuI@AG and chitosan against C. albicans. (D) MIC and MFC values.

The materials presented in this study offer numerous advantages against some previ-
ously reported antifungal compounds (Table 3). For instance: (a) the compounds can be
synthesized using a green route under ambient conditions; (b) the materials show excellent
antifungal activity at low doses and short exposure times; (c) the materials exhibit different
mechanisms to inhibit the growth of different pathogenic fungi; (d) the materials show
biocompatibility at the doses that exhibit antifungal activity; (e) Low cost.

185



J. Fungi 2021, 7, 158

Table 3. Comparison of the properties of non-conventional antifungal agents.

Material Advantages Disadvantages Reference

CuI NPs Broad-spectrum antibacterial and antifun-
gal agent.

Long exposition times (24 h). The biocompati-
bility of the materials was not evaluated. High
doses (100–150 µg/mL).

[7]

Ag NPs Good antifungal activity at low doses (2
µg/mL)

Low fungal cell density (1 × 104/mL), Synthe-
sis protocol indicates AgCl formation.

[31]

Chitosan NPs Broad-spectrum antifungal activity High doses [25]

Cuprous iodide complexes
with phenantrolines

Good antifungal and antibactericl activity
at low doses (1.25–2.5 µg/mL)

Cumbersome synthetic procedure. Long ex-
position times (24 h). Elevated cost.

[23]

Farnesol-containing chitosan
NPs

Reduces the pathogenicity of C. albicans
in a murine model. Fungicidal activity at
low doses

Long exposure times (48 h) [3]

PVP-I, PEO/PVP-I complexes Antibacterial and antifungal activity.
Short time of exposure.

High doses. [32]

PVP-I liposome hydrogel In vitro model of oral candidosis Irritation in epithelium. External use (oint-
ment)

[33]

Schiff base zinc complexes with
thiocyanate an iodide

Antibacterial and antifungal activity Soluble in organic solvents, High MIC values
(256 µg/mL). Expensive.

[34]

Pd@Ag Nanosheets Broad-spectrum antifungal agent. Bio-
compatibility with Red Blood Cells.

Long exposure times (24 to 72 h), cumbersome
synthetic procedure, expensive.

[35]

Co, CuO NPs Antifungal activity against devastating
plant fungi pathogen

High doses (500 mg/mL), long exposure times [26]

Cu NPs Inhibition on the growth of fluconazole
resistant C. albicans

High doses [36]

3.4. Evaluation of the Interaction of Fungi and CuI by AFM

Because of their physicochemical properties, NMs can display different mechanisms
to destroy pathogenic microorganisms. Thus, numerous analytical techniques are applied
to elucidate the antimicrobial activity of NMs. In this study, we use AFM to investigate the
capacity of CuI NMs to inhibit the growth of pathogenic fungi. As previously discussed in
this work, CuI NMs exhibit antifungal activity at very low doses. This capacity is not only
due to their composition but also to the different and individual antifungal mechanisms
shown by the elements present in the composite.

The analysis of the interaction of CuI and Candida by optical microscopy (Figure S10)
shows the capacity of the materials to inhibit biofilm formation. The colony-forming ability
of C. albicans decreases as the amount of CuI NMs increases. The inhibition of biofilm
formation is a result of the high affinity between fungi cells and NMs. Our observations are
supported by previous studies that discuss the effectiveness of iodine-containing polymers
to inhibit the growth of biofilm-forming microorganisms. The materials avoid the adhesion
of bacteria (S. aureus) or fungi (C. albicans) to surfaces, limiting biofilms formation [32].

AFM allows a closer examination of the interactions of CuI colloids and pathogenic
fungi. There are no differences in the affinity exhibited by the colloids to adhere and
penetrate the fungal cell (Figures 8–10). Short interaction times (1 h) demonstrate the
adherence of the materials to fungi cell membranes. We can also observe differences in the
stability of the colloids in the exposition media. For example, CuI@AG materials do not
agglomerate, facilitating their interaction with fungal cells. This close interaction (CuI@AG-
C. albicans) results in cell damage at all evaluated concentrations, as represented in Figure 8.
Contrarily, CuI-Ch materials form big aggregates at the surface of the C. albicans membrane
(Figure 9). Their increased size due to agglomeration decreases their antifungal activity.
As previously discussed, the low stability of the materials renders poor reproducibility.
This observation supports our results of the antifungal activity of these materials evaluated
by classical microbiology methods.
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Figure 8. Evaluation of the exposition of C. albicans to different doses of CuI@AG for 1 h. Height, amplitude and phase
images are presented for: Control group (A–C), and C. albicans exposed to different doses of CuI@AG: 75 µg/mL (D–F);
100 µg/mL (G–I); 125 µg/mL (J–L). Blue dotted circles indicate the presence of NMs disrupting fungal cells.
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Figure 9. Evaluation of the exposition of C. albicans to different doses of CuI@Ch for 1 h. Height, amplitude and phase
images are presented for: Control group (A–C), and C. albicans exposed to different doses of CuI@Ch: 75 µg/mL (D–F);
100 µg/mL (G–I); 125 µg/mL (J–L). Blue dotted circles indicate the presence of aggregated NMs on the surface (D–F) or
penetrating the cells (G–L). Figures E and F denote the presence of nanomaterials on the surface of the fungi. In particular,
face change in F corroborates the presence of the nanomaterials on the surface. On the other hand, K and L illustrate the
penetration of nanomaterials in fungal cells.
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Figure 10. Evaluation of the exposition of S. schenckii to different doses of CuI@Ch for 1 h. Height, amplitude and phase
images are presented for: Control group (A–C), and S. schenckii exposed to different doses of CuI@Ch: 75 µg/mL (D–F);
100 µg/mL (G–I); 125 µg/mL (J–L). Blue dotted circles indicate the penetration of the material on the fungal cell and
exposition of its components. White dotted circles indicate morphological changes in S. schenckii due to the almost complete
fungal cell coverage of the composites.
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The AFM analysis of the morphological changes experimented by fungi after inter-
acting with CuI materials indicates the penetration and disruption of the cells (Figure 8).
Previous studies reported that the adherence of NMs to the membranes of microorganisms
increases the lag stage of the bacterial growth period, extending the reproduction time of
the microorganisms [37,38]. In accordance, in this study, the growth of pathogenic fungi
was slower as a result of their exposure to CuI composites.

Kim et al. [31] reported that as a result of the interactions of C. albicans and nano-Ag,
the fungi membranes exhibit significant changes which were manifested by the formation
of “pits” on their surfaces, followed by pore development and cell death [31]. Our results
indicate similar findings, the formation of a pit on the surface of C. albicans due to CuI
penetration (Figures 8 and S11). Following the adherence of NMs to the membranes,
different mechanisms of antifungal activity become active. For instance, the adhesion of
CuI@Ch to fungal cell results in increased permeability of fungal membrane, then leakage
of cellular contents, followed of cell death [25].

To our knowledge, there are not many reports regarding the antifungal activity of
iodine based materials [32,39]. For example, the preparation of PVP-Iodine liposome hydro-
gels and their capacity to inhibit C. albicans growth was reported [33]. Human keratinocytes
infected with C. albicans underwent antifungal treatment (PVP-iodine liposome hydrogels
and commercially available Betaisodona). The iodine-based treatment results in epithelial
alterations of the keratinocytes. Additionally, PVP-iodine liposome hydrogels show a
multi-step antifungal mechanism. First, the adherence of the material to the cell wall of
C. albicans, followed by membrane damage and adsorption of the active agent into the
fungal cell. Our results illustrate similar findings. However, lower doses and exposure
times are required.

The alteration on the morphology of S. schenckii due to interactions with CuI were
evaluated by AFM. The results are presented in Figures 10 and S12. The high affinity of CuI
colloidal materials to the S. schenckii cell surface results in the total coverage of fungal cells
at all evaluated concentrations. AFM images show the typical morphological characteristics
of these fungi by observation of the control group, demonstrating its bioavailability under
test conditions (Figure 10A–C). CuI@Ch firmly adheres to fungal cells, causing damage
at short exposition times (Figure 10G–L). As previously discussed by C. albicans, CuI@Ch
forms bigger aggregates in the exposition media. Treatment of S. schenckii with doses of
100 and 125 µg/mL (for one hour) results in damage to fungal cells.

Figure 10G,H illustrate the formation of a cavity in S. schenckii (dotted blue circles).
This asseveration is supported by tapping phase analysis (Figure 10I), which highlights the
location of interfaces within the sample. Phase contrast is evident in the circled region, indi-
cating the interface between NMs (light zones) and fungi (dark zone). The penetration of the
materials disrupts the membrane exposing fungi cellular components. Figure 10J,K illus-
trate the changes in the morphology (dotted white circles) of S. schenckii due to interaction
with the highest dose of composites. Figure 10I confirms the presence of morphologically
modified fungi due to the almost complete coverage of fungi surface.

By AFM studies, we demonstrate that the highest susceptibility of S. schenckii to CuI
materials is due to closer interactions of the materials and fungal cells. There are evident
differences in the size of the fungal cells evaluated in this study (conidia of S. schenckii vs. C.
albicans yeast), a variable that might influence the reported results. There are no significant
differences in the activity of CuI@Ch or CuI@AG. For practical applications, CuI@AG is
more suitable. Because of its abundance, low-cost, high hydrophilicity, and low toxicity.
These properties suit it as an excellent candidate for the development of composites for
biomedical and environmental applications.

3.5. Evaluation of the Bio-Compatibility of CuI@AG

Due to the membrane-damaging effects of CuI@AG composites in pathogenic fungi,
we studied the outcomes of the interaction of composites and human red blood cells (RBCs).
An in vitro toxicity assay to evaluate the hemolytic activity of the composites at different
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doses was conducted (Figure 11A). As shown in Figure 11B,C, the composites exhibited
little hemolytic activity at doses where the effective antifungal activity occurs. Side effects
in host cells (RBCs) result in their exposition to composite materials at 12.5 µg/mL. We
can also observe a decreased hemolytic activity at higher doses of the materials. This
behavior might indicate the aggregation of the composite materials in the exposure media.
The homo-aggregation of the materials decreases its surface area, thus its reactivity toward
surrounding RBCs.

Figure 11. Evaluation of the hemolitic activity of CuI@AG. (A) Schematic representation of the interaction of red blood cells
and CuI@AG. (B,C) Qualitative and quantitative evaluation of the hemolitic activity of CuI@AG at different doses.

It is important to remark that the interactions of NMs and living cells are complex
and depend on the surface properties of the NMs and the functional groups present in the
different cell membranes [40,41]. Exposure media also influence the surface properties of
NMs, thus also their bio-activity. For example, Ag NPs can inhibit the growth of some,
but not all, fungal strains. Another example indicates that the preparation of ketoconazole-
loaded chitosan–gellan gum nanoparticles are more effective against Aspergillus niger than
unmodified NPs and ketoconazole alone [42,43]. Current findings are not contradictory:
the differences arise from the lack of uniformity in the experimental conditions among
research groups.

Also, numerous reports indicate increased biocompatibility of metallic NPs after
polymer functionalization. In the present study, we use Arabic gum and chitosan as
CuI coatings. It is important to point up that Arabic gum is negatively charged under
experimental conditions, whereas chitosan has a positive charge. RBCs are also nega-
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tively charged, avoiding electrostatic interactions with Arabic gum coated CuI materials.
The AFM study of the interactions of fungal cells and CuI@polymers shows the adsorption
of the composites to the fungal cells. After adsorption, the NMs enter the fungal cell,
causing its death. Fungal cells contain a cell wall that can serve as a reservoir for CuI
accumulation. RBS lack a cell wall. Numerous reports indicate that lixiviation of ions
is favorable after a direct interaction with biological entities. CuI@AG does not interact
closely due to the electrostatic repulsion of negatively charged surfaces. Penetration of
NMs into the cells is not favorable under such conditions.

Although in this manuscript we present the most relevant findings related to the
antifungal activity of CuI materials, previous studies show that CuI@Ch become unstable in
the exposure media (aggregation), decreasing their antifungal activity. We also observe that,
due to their positive charge under physiological conditions, these materials exert hemolytic
activity. Our results show the same trend during the antifungal or bio-compatibility
evaluation. The activity of CuI@Ch NMs is dose and time-dependent due to their instability
in the exposure media. Current studies of our research group aim to improve CuI@Ch
stability.

Finally, in a previous work, Pd@Ag nanosheets were studied as potential alternatives
to develop efficient antifungal agents. The materials exhibit enhanced antifungal activity
and biocompatibility at low doses [35]. The composites (CuI@AG) under study in the
present manuscript also exhibits enhanced antifungal activity and biocompatibility in
human red blood cells. CuI@AG composite materials can be a better option for large scale
applications due to their lower cost and simple fabrication.

4. Conclusions

In work work, CuI@AG and CuI@Ch composites were synthesized using a facile and
reproducible technique. The materials exhibit a 3D shell ordered structure that might suit
them for numerous applications. We demonstrated antifungal activity at low doses and
short exposure times. We also demonstrate the enhanced activity of CuI by comparing
it with Cu NPs antifungal activity. The CuI NMs are bio-compatible with RBCs at the
doses required to exert antifungal activity. The materials display excellent antifungal
activity against biofilm-forming pathogenic fungi. The materials are also efficient to inhibit
the growth of filamentous fungi (Fusarium oxysporum). To our knowledge, this is one of
the first studies that demonstrate the efficacy of nano-antifungals to inhibit S. schenckii
growth. Future studies will investigate the activity of the materials using S. schenkii yeasts.
Commercially available fungal therapies show limited effectiveness due to their reduced
fungal cell penetration and the development of drug-resistant strains. In this work, we
demonstrate the multistep antifungal mechanism of CuI composites. Multiple studies
have shown the strong antimicrobial effects of single metallic NPs on several species of
microorganisms. However, some NPs are effective against certain species but have little or
no effect on others. Aiming to formulate a broad-spectrum antifungal, Cu, I, and chitosan
integrate the present formulation. The combination of different antifungal agents renders
enhanced activity at low doses. This favors its biocompatibility with host cells and reduce
the capacity of the pathogen for resistance development. It is important to remark that the
synthesis of CuI@AG develops within minutes under ambient conditions. The materials
are efficient, bio-compatible, broad-spectrum fungicidal agents, and of low cost. Due to all
the above considerations, CuI@bio-polymer composites turn out to be potent candidates to
develop efficient antifungal agents for biomedical or environmental applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/2309-608
X/7/2/158/s1, Figure S1. SEM-EDX analysis of CuI nanostructured materials. (A) SEM micrograph
of powdered CuI NMs. (B) EDX analysis highlighting copper content. (C) EDX analysis highlighting
iodide content. The mass (wt) and atomic (at) percentages of the elements confirm the formation of
CuI materials; Figure S2. SEM micrographs illustrating the behavior of powdered CuI nanostructured
materials at different doses in phosphate buffered medium in the presence (A*–C*) and absence
(A–C) of S. schenckii; Figure S3. UV-Vis characterization of Cu@AG colloidal suspension.The spectra
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shows the characteristic plasmon of Cu NPs; Figure S4. Evaluation of the antifungal activity (C.

albicans) of CuI@AG (A), chitosan (B) and CuI@Ch (C) at different doses; Figure S5. Evaluation
of the antifungal activity (C. albicans) of Cu@AG (A), growth from dilution (10−3) (B) at different
doses; Figure S6. Evaluation of the antifungal activity of Cu@AG to inhibit C.albicans growth. (A)
Viability of control group (decimal dilutions) under experimental conditions (Top row). Evaluation
of the fungicidal activity of Cu@AG against C. albicans (drop dilution test) at differen NPs concen-
trations. (B) Log reduction on the CFU/mL of C. albicans exposed to different amounts of Cu@AG;
Figure S7. Evaluation of the antifungal activity (S. schenckii) of CuI@AG at different concentrations
and exposition of 5 h. (A) Fungal cell are viable in the growth controls at different serial decimal
dilutions under experimental conditions. (B) Evaluation of the antifungal activity of CuI@AG by
the drop dilution method. Fungal growth is only observed for growth control. (C–F) Evaluation
of the antifungal activity of CuI@AG by the pour plate method. Fungal growth is only observed
for growth control (C); Figure S8. Evaluation of the antifungal activity (S. schenckii) of CuI@Ch at
different concentrations and exposition of 5 h. (A) Fungal cell are viable in the growth controls at
different serial decimal dilutions under experimental conditions. (B) Evaluation of the antifungal
activity of CuI@Ch by the drop dilution method. Fungal growth is only observed for growth control.
(C–F) Evaluation of the antifungal activity of CuI@Ch by the pour plate method. Fungal growth is
only observed for growth control (C); Figure S9. Evaluation of the antifungal activity (F. oxysporumi)
of CuI@AG at different concentrations and exposition of 20 h. (A) Fungal cell are viable in the growth
controls at different serial decimal dilutions under experimental conditions. (B–D) Evaluation of the
antifungal activity of CuI@AG at different doses by the drop dilution method. Fungal growth is only
observed for the fungi exposed to 75 µg/mL of NMs; Figure S10. Optical microscopy examination
of CuI-C. albicans interaction at diferent CuI doses. (A) Big aggregates of C. albicans are observed
for control group. (B–D) The aggregates decrease as the concentration of NMs increases (50, 75 and
100 µg/mL respectively); Figure S11. AFM analysis of the morphological changes in C. albicans due
to exposure to CuI@AG (50 µg/mL × 1 h). Formation of a pit in fungal cell is observed due to NMs
penetration (red dotted circles). A,B,C are the low-magnification images, whereas D,E,F are the high
magnification images; Figure S12. AFM analysis of the morphological changes in S. schenckii due
to exposure to CuI@Ch (50 µg/mL × 5 h). (A–C) Control group. The fungi maintain their typical
morphology under test conditions, demonstrating the bioavailability of the MOs at the end of the
experiment. (D–I) The NMs interact closely with fungal cells resulting in their destruction.

Author Contributions: Conceptualization, I.E.M.-R.; methodology, I.E.M.-R.; software, I.E.M.-R.
and J.E.M.-D.; validation, I.E.M.-R.; formal analysis, J.H.M.-M., I.E.M.-R., Y.R.-L. and A.G.-G.;
investigation, J.H.M.-M., I.E.M.-R. and Y.R.-L.; resources, I.E.M.-R. and J.E.M.-D.; data curation,
J.H.M.-M., I.E.M.-R., Y.R.-L. and A.G.-G.; writing—original draft preparation, I.E.M.-R. and J.E.M.-D.;
writing—review and editing, I.E.M.-R. and J.E.M.-D.; visualization, J.H.M.-M., I.E.M.-R. and Y.R.-L.;
supervision, I.E.M.-R.; project administration, I.E.M.-R.; funding acquisition, I.E.M.-R. and J.E.M.-D.
All authors have read and agreed to the published version of the manuscript.

Funding: One of the authors (I.E.M.-R.) was financially supported by the National Council for
Science and Technology of Mexico (CONACyT) through the award No. 299078. Meanwhile, J.E.M.-D.
was supported by CONACYT via grant A1-S-45928.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in insert article or
supplementary material here.

Acknowledgments: This work is a submission to the special issue of Journal of Fungi on Fun-

gal Nanotechnology. Beforehand, the authors wish to thank Kamel A. Abd-Elsalam for handling this
submission. The authors also wish to thank the anonymous reviewers and the associate editor in
charge of handlight this paper for their comments and suggestions, which helped to improve the
quality of this work.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of all the compounds are available from the corresponding author.

193



J. Fungi 2021, 7, 158

References
1. Friedman, D.Z.; Schwartz, I.S. Emerging fungal infections: New patients, new patterns, and new pathogens. J. Fungi 2019, 5, 67.

[CrossRef] [PubMed]
2. López-Romero, E.; Reyes-Montes, M.d.R.; Pérez-Torres, A.; Ruiz-Baca, E.; Villagómez-Castro, J.C.; Mora-Montes, H.M.;

Flores-Carreón, A.; Toriello, C. Sporothrix schenckii complex and sporotrichosis, an emerging health problem. Future Mi-

crobiol. 2011, 6, 85–102. [CrossRef]
3. Fernandes Costa, A.; Evangelista Araujo, D.; Santos Cabral, M.; Teles Brito, I.; Borges de Menezes Leite, L.; Pereira, M.;

Correa Amaral, A. Development, characterization, and in vitro–in vivo evaluation of polymeric nanoparticles containing
miconazole and farnesol for treatment of vulvovaginal candidiasis. Med. Mycol. 2019, 57, 52–62. [CrossRef]

4. Lal, P.; Sharma, D.; Pruthi, P.; Pruthi, V. Exopolysaccharide analysis of biofilm-forming Candida albicans. J. Appl. Microbiol. 2010,
109, 128–136. [CrossRef] [PubMed]

5. Romero, E.L.; Morilla, M.J. Nanotechnological approaches against Chagas disease. Adv. Drug Deliv. Rev. 2010, 62, 576–588.
[CrossRef]

6. Huh, A.J.; Kwon, Y.J. “Nanoantibiotics”: A new paradigm for treating infectious diseases using nanomaterials in the antibiotics
resistant era. J. Control. Release 2011, 156, 128–145. [CrossRef] [PubMed]

7. Pramanik, A.; Laha, D.; Bhattacharya, D.; Pramanik, P.; Karmakar, P. A novel study of antibacterial activity of copper iodide
nanoparticle mediated by DNA and membrane damage. Colloids Surf. B Biointerfaces 2012, 96, 50–55. [CrossRef]

8. Muzzarelli, R.A. Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids. Carbohydr. Polym. 2009, 77, 1–9.
[CrossRef]

9. Pelgrift, R.Y.; Friedman, A.J. Nanotechnology as a therapeutic tool to combat microbial resistance. Adv. Drug Deliv. Rev. 2013,
65, 1803–1815. [CrossRef]

10. Parveen, I.; Ahmed, N. CuI mediated synthesis of heterocyclic flavone-benzofuran fused derivatives. Tetrahedron Lett. 2017,
58, 2302–2305. [CrossRef]

11. Zhang, Y.; Lin, C.; Lin, Q.; Jin, Y.; Wang, Y.; Zhang, Z.; Lin, H.; Long, J.; Wang, X. CuI-BiOI/Cu film for enhanced photo-induced
charge separation and visible-light antibacterial activity. Appl. Catal. B Environ. 2018, 235, 238–245. [CrossRef]

12. Liu, J.; Medina-Ramirez, I.; Luo, Z.; Bashir, S.; Mernaugh, R. Green chemistry derived nanocomposite of silver-modified titania
for disinfectant. Nanotechnology 2010, 1, 920–923.

13. Medina-Ramirez, I.; Luo, Z.; Bashir, S.; Mernaugh, R.; Liu, J.L. Facile design and nanostructural evaluation of silver-modified
titania used as disinfectant. Dalton Trans. 2011, 40, 1047–1054. [CrossRef]

14. Medina-Ramírez, I.; Liu, J.L.; Hernández-Ramírez, A.; Romo-Bernal, C.; Pedroza-Herrera, G.; Jáuregui-Rincón, J.; Gracia-Pinilla,
M.A. Synthesis, characterization, photocatalytic evaluation, and toxicity studies of TiO2–Fe3+ nanocatalyst. J. Mater. Sci. 2014,
49, 5309–5323. [CrossRef]

15. Medina-Ramírez, I.E.; de León-Macias, C.E.D.; Pedroza-Herrera, G.; Gonzáles-Segovia, R.; Zapien, J.A.; Rodríguez-López, J.L.
Evaluation of the biocompatibility and growth inhibition of bacterial biofilms by ZnO, Fe3O4 and ZnO@ Fe3O4 photocatalytic
magnetic materials. Ceram. Int. 2020, 46, 8979–8994. [CrossRef]

16. Garcidueñas-Piña, C.; Medina-Ramírez, I.E.; Guzmán, P.; Rico-Martínez, R.; Morales-Domínguez, J.F.; Rubio-Franchini, I.
Evaluation of the antimicrobial activity of nanostructured materials of titanium dioxide doped with silver and/or copper and
their effects on Arabidopsis thaliana. Int. J. Photoenergy 2016, 2016, doi:10.1155/2016/8060847.

17. Martínez-Montelongo, J.H.; Medina-Ramírez, I.E.; Romo-Lozano, Y.; Zapien, J.A. Development of a sustainable photocatalytic
process for air purification. Chemosphere 2020, 257, 127236. [CrossRef]

18. Pedroza-Herrera, G.; Medina-Ramírez, I.E.; Lozano-Álvarez, J.A.; Rodil, S.E. Evaluation of the photocatalytic activity of copper
doped TiO2 nanoparticles for the purification and/or disinfection of industrial effluents. Catal. Today 2020, 341, 37–48. [CrossRef]

19. Romo-Lozano, Y.; Hernández-Hernández, F.; Salinas, E. Sporothrix schenckii yeasts induce ERK pathway activation and secretion
of IL-6 and TNF-α in rat mast cells, but no degranulation. Med. Mycol. 2014, 52, 862–868. [CrossRef]

20. Curtiellas-Piñol, V.; Ventura-Juárez, J.; Ruiz-Baca, E.; Romo-Lozano, Y. Morphological changes and phagocytic activity during the
interaction of human neutrophils with Sporothrix schenckii: An in vitro model. Microb. Pathog. 2019, 129, 56–63. [CrossRef]

21. Bhatt, R.; Bisen, D.; Bajpai, R.; Bajpai, A. Topological and morphological analysis of gamma rays irradiated chitosan-poly (vinyl
alcohol) blends using atomic force microscopy. Radiat. Phys. Chem. 2017, 133, 81–85. [CrossRef]

22. Otulakowski, Ł.; Kasprów, M.; Strzelecka, A.; Dworak, A.; Trzebicka, B. Thermal Behaviour of Common Thermoresponsive
Polymers in Phosphate Buffer and in Its Salt Solutions. Polymers 2021, 13, 90.

23. Starosta, R.; Stokowa, K.; Florek, M.; Król, J.; Chwiłkowska, A.; Kulbacka, J.; Saczko, J.; Skała, J.; Jeżowska-Bojczuk, M.
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Abstract: Nanotechnology is a new and developing branch that has revolutionized the world by its
applications in various fields including medicine and agriculture. In nanotechnology, nanoparticles
play an important role in diagnostics, drug delivery, and therapy. The synthesis of nanoparticles
by fungi is a novel, cost-effective and eco-friendly approach. Among fungi, Fusarium spp. play an
important role in the synthesis of nanoparticles and can be considered as a nanofactory for the fabri-
cation of nanoparticles. The synthesis of silver nanoparticles (AgNPs) from Fusarium, its mechanism
and applications are discussed in this review. The synthesis of nanoparticles from Fusarium is the
biogenic and green approach. Fusaria are found to be a versatile biological system with the ability to
synthesize nanoparticles extracellularly. Different species of Fusaria have the potential to synthesise
nanoparticles. Among these, F. oxysporum has demonstrated a high potential for the synthesis of Ag-
NPs. It is hypothesised that NADH-dependent nitrate reductase enzyme secreted by F. oxysporum is
responsible for the reduction of aqueous silver ions into AgNPs. The toxicity of nanoparticles depends
upon the shape, size, surface charge, and the concentration used. The nanoparticles synthesised by
different species of Fusaria can be used in medicine and agriculture.

Keywords: Fusarium; synthesis; nanoparticles; mechanism; medicine; agriculture; nanofactory; toxicity

1. Introduction

Nanotechnology is an emerging branch of science having enormous applications
in almost all fields related to human life. It is mainly concerned with the synthesis and
applications of materials having a size in the range of 1 to 100 nanometers [1]. Nanomate-
rials possess exceptionally novel properties such as a high surface-area-to-volume ratio,
high reactivity, enhanced catalytic and biological properties. All these unique properties
make the nanomaterials appropriate for a variety of applications including in biomedicine
and agriculture [2–4]. To date, a variety of nanomaterials have been developed and many
more are currently under investigation to be applied in biomedicine with the emphasis on
various life-threatening diseases including cancer. Therefore, some precious metals (like
silver, gold and platinum) and some magnetic oxides (i.e., magnetite Fe3O4) nanoparticles
received much attention [5]. Similarly, various nanoparticles have been reported to have

197



J. Fungi 2021, 7, 139

many beneficial applications in agriculture which mainly include plant growth promotion,
usage as nanofertilizer, and nanopesticides [6].

It is well demonstrated that various nanoparticles can be synthesized using physical,
chemical, and biological methods [7]. The conventional physical and chemical methods
used for the synthesis of nanoparticles usually involve the usage of toxic chemicals and also
generate waste, which can cause environmental pollution [8,9]. However, the synthesis of
biogenic nanoparticles using different biological agents such as plants, microbes, and their
products has gained considerable attention worldwide due to the rapid synthesis and their
eco-friendly nature compared to physical and chemical methods.

Among the biological agents, fungi have been preferably used for the synthesis of a
variety of nanoparticles. Synthesis of nanoparticles using fungi is referred as mycosynthe-
sis [10–13] and is being dealt with under myconanotechnology [14]. Gade et al. [15] stated
the advantages of using filamentous fungi over other biological agents (e.g., bacteria) for
the synthesis of nanoparticles. These mainly include high tolerance towards heavy metals,
it is easy to culture fungi at mass level, synthesis of nanoparticles is extracellular which
reduces the cost of down streaming, etc.

To date, several fungi have been successfully exploited for the biological synthesis
of nanoparticles, but from the available literature, it is evident that different species of
Fusarium are the prime choice for scientists. Various species of Fusarium such as Fusarium
oxysporum, Fusarium semitectum, Fusarium acuminatum, Fusarium solani, Fusarium culmorum,
etc. and their different strains [16–21] have been used for the synthesis of nanoparticles
like silver, gold, platinum, silica, palladium, etc. Several other fungal species could also be
employed in nanoparticle synthesis as described in Mahmoud et al. [22], Elamawi et al. [23],
Noor et al. [24], and many more. Considering these facts, in the present review, we have
discussed the importance of Fusarium for biosynthesis of nanoparticles. Moreover, various
other key aspects such as the mechanism of nanoparticle synthesis from Fusarium and their
applications in biomedicine and agriculture and toxicity have also been discussed.

1.1. Diversity of Fusarium spp. for the Synthesis of Different Nanopartilces

Fungi play a very important role in solving major global problems for sustainable
development as compared to other biological systems. They enhance resource efficiency,
converting waste to valuable food and feed ingredients, making crop plants more robust to
survive in climate change conditions, and functioning as host organisms for the production
of new biological drugs [25]. Fungi are the most promising hotspots for finding new drug
candidates, metabolites, and antimicrobials [8]. They are also responsible for the shift
from chemical processes to biological processing, achieved by fungal enzymes instead of
chemical processes in industries, such as textiles, leather, paper, and pulp, which have sig-
nificantly helped to make the process eco-friendly by reducing the negative impact on the
environment [16,26]. The fungal system has been found to be a versatile biological system
with the ability to synthesize metal nanoparticles intracellularly as well as extracellularly.
Moreover, they are preferred over other biological systems because of their ubiquitous
distribution in nature, and therefore, many fungi have been explored for the production of
various metal nanoparticles of different shapes and size. Out of diverse fungal genera used
for the synthesis of nanoparticles, the genus Fusarium has been the choice of many investi-
gators [13,16]. The advantages of using Fusarium spp. for the synthesis of nanoparticles are
enlisted in Figure 1.
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Figure 1. The advantages of using Fusarium spp. for the synthesis nanoparticles (NPs).

There are several reports on the synthesis of metal nanoparticles by different Fusarium
spp. The exhaustive list of different Fusarium spp. involved with synthesis of different
metal nanoparticles is given in Table 1.

Table 1. List of Fusarium spp. synthesizing metal Nanoparticles.

Fusarium spp. Type of Nanoparticles Reference

Fusarium acuminatum Silver, Ingle et al. [10]

Fusarium solani Silver Ingle et al. [11]

Fusarium semitectum Silver Basavaraja et al. [19]

Fusarium acuminatum Gold Tidke et al. [27]
Fusarium culmorum Silver Bawaskar et al. [28]

Fusarium chlamydosporum NG30 Silver Khalil et al. [29]
Fusarium equiseti, Fusarium tricinctum Silver Gaikwad et al. [30]

Fusarium proliferatum Silver Gaikwad et al. [30]

Fusarium keratoplasticum A1-3
Zinc oxide

Silver
Mohamed et al. [31]
Mohamed et al. [32]

Fusarium monoliforme Silver Gaikwad et al. [30]

Fusarium oxysporum

Silver,
Gold,

Lead and Cadmium Carbonate,
Strontium Carbonate, Cadmium Sulfide,

Silica and Titania,
Silica, Barium Titanate,

Zirconia
Platinum
Magnetite

CdSe Quantum dot
CdTe Quantum dot

Titanium oxide
Chitosan

Zinc Sulfide

Birla et al. [33]
Bansod et al. [34]
Sanyal et al. [35]

Rautaray et al. [36]
Ahmad et al. [37]
Bansal et al. [38]
Bansal et al. [39]
Bansal et al. [40]

Gupta and Chundawat [41]
Bharde et al. [42]
Kumar et al. [43]

Senapati et al. [44]
Ganpathy and Siva [45]
Boruah and Dutta [46]

Mirzadeh et al. [47]
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Table 1. Cont.

Fusarium spp. Type of Nanoparticles Reference

Fusarium oxysporum f. sp. cubense JT1 Gold Thakker et al. [48]
Fusarium oxysporum 405 Silver Rajput et al. [49]

Fusarium oxysporum f. sp. lycopersici
Platinum

Cadmium Sulphide
Riddin et al. [50]

Cardenas et al. [51]
Fusarium oxysporum PTCC 5115 Silver Karbasian et al. [52]

Fusarium graminearum Silver Ajah et al. [53]
Fusarium scirpi Silver Rodríguez-Serrano et al. [54]

Fusarium semitectum
Gold and Gold-silver alloy

Silver
Selenium

Sawle et al. [55]
Madakka et al. [56]

Abbas and Baker [57]
Fusarium semitectum (KSU-4) Silver Mahmoud et al. [58]

Fusarium solani Zirconium Oxide Kavitha et al. [59]
Fusarium solani ATLOY–8 Gold Clarance et al. [60]

Fusarium verticillioides Silver Mekkawy Mekkawy et al. [61]

1.2. F. oxysporum as a Novel Organism for Synthesis of Nanoparticles

Several fungi have been used for the biosynthesis of various nanoparticles as they
exhibit many advantages over other biosystems. After directing to the mycosynthesis of
nanoparticles especially from Fusarium, nanoparticles with better size and monodispersity
could be achieved. Additionally, the extracellular production of enzymes has an added
benefit in the downstream handling of biomass [62] as compared to other biosystems like
bacteria and plants. Consequently, using these expedient properties of Fusarium, it could
be comprehensively used for the rapid and eco-friendly biosynthesis of nanoparticles [53].
Gaikwad and colleagues [30] have screened eleven different Fusarium species isolated from
various infected plant materials for the synthesis of silver nanoparticles (AgNPs). All the
screened species revealed the ability for synthesis of AgNPs. Based on transmission electron
microscopic (TEM) analysis, six Fusarium species—viz. F. graminearum, F. solani, F. oxysporum,
F. culmorum, F. scirpi, F. tricinctum—synthesized smaller-sized particles, which signifies
their prominence in AgNPs synthesis (Figure 2). Moreover, AgNPs synthesis from F. scirpi,
F. graminearum, F. tricinctum was reported for the first time.

Khalil and coworkers [29] successfully synthesized and characterized AgNPs from
F. chlamydosporum NG30 and P. chrysogenum NG85 which showed promising antifungal
activity. The cellular mechanism of nanoparticle synthesis is yet to be completely under-
stood; therefore, researchers have been trying to understand the mechanism at the cellular
and molecular level [63]. They have reported the synthesis of gold nanoparticles (AuNPs)
using F. oxysporum f. sp. cubense JT1 in 60 min. Naimi-Shamel et al. [64] also proved
that F. oxysporum has benefits like fast growth rate, low-cost biomass management, safety
and easy processing for synthesis of AuNPs. AuNPs synthesized from F. oxysporum are
found to have a high tendency of conjugation with β-Lactam antibiotics, and this affinity
makes them a better detoxification agent as well in various areas including medicine [65].
An endophytic strain of F. solani isolated from Chonemorpha fragrans plant was used to syn-
thesise nanoparticles with anticancer activity [60]. El-Sayed and El-Sayed [66] synthesized
silver, copper and zinc biocidal nanoparticles from F. solani to combat multidrug-resistant
pathogens. F. oxysporum-mediated AgNPs surface coated with different proteins and
biomolecules act as a potential antimicrobial agent and proved by protein–ligand inter-
action in silico studies [66]. In another study by Birla et al., F. oxysporum produced more
protein at an optimized temperature between 60◦ and 80 ◦C which showed the progressive
increase in the rate of nanoparticle synthesis [33].
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Figure 2. TEM micrographs presenting sphere-shaped AgNPs synthesized by various Fusarium species. (A) F. graminearum;

(B) F. solani; (C) F. oxysporum; (D) F. culmorum; (E) F. scirpi; (F) F. tricinctum. (Reproduced with permission from Gaikwad
et al. [30]).

2. Mechanism of Nanoparticle Synthesis from Fusarium

As discussed earlier, members of the genus Fusarium can synthesize metal nanopar-
ticles both intracellularly and extracellularly. As far as the mechanism of extracellular
mycosynthesis is concerned, it is proposed that metabolites such as enzymes, proteins,
polysaccharides, flavonoids, alkaloids, phenolic and organic acids, etc. secreted by fungus-
like Fusarium for their survival when exposed to different environmental stresses are mostly
responsible for the reduction of metals ions to metallic nanoparticles through the catalytic
effect [67]. Moreover, the same metabolites act as reducing and stabilizing agents which are
further responsible for the growth and stabilization of biogenic metal nanoparticles [13,22].
Figure 3 represents the schematic illustration of the general mechanism involved in the
synthesis, growth, and stabilization of metal nanoparticles using fungus such as Fusarium.

One of the hypothetical mechanisms proposed is that NADH-dependent nitrate
reductase enzyme secreted by F. oxysporum is responsible for the reduction of aqueous
silver ions into AgNPs [16]. A similar mechanism has been proposed by Ingle et al. [10] in
case of synthesis of AgNPs from F. acuminatum, and they also pointed the involvement of
cofactor NADH and nitrate reductase enzyme in the biosynthesis of AgNPs because they
reported the presence of nitrate reductase in fungal cell-free extract using specific substrate
utilizing discs for nitrate purchased from Hi-Media Pvt. Ltd. Mumbai, India.
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Figure 3. General mechanism involved in the synthesis, growth, and stabilization of metal nanoparti-
cles using fungus.

In addition, Duran et al. [68] and Kumar et al. [69] proposed almost similar mecha-
nisms for the biosynthesis of AgNPs from F. oxysporum. In the former study, the authors
reported the role of anthraquinone and the NADPH-nitrate reductase in the biosynthesis
of AgNPs, and it was hypothesized that the electron required to fulfill the deficiency of
aqueous silver ions (Ag+) and convert it into Ag neutral (Ag0 i.e., AgNPs) was donated
by both quinone and NADPH. However, in the later study, it was demonstrated that the
reduction of NADPH to NADP+ and the hydroxyquinoline possibly acts as an electron
shuttle transferring the electron generated during the reduction of nitrate to Ag+ ions,
converting them to Ag0 (Figure 4).

There are reports suggesting various hydroquinones to act as electron shuttles re-
ducing the metal ions. F. oxysporum f. sp. cubense JT1 demonstrated to have the capacity
to reduce the gold ions to AuNPs [48]. Moreover, as per Ahmad et al. [16], the capac-
ity of reducing metal ions is species-specific. The reductase specific to F. oxysporum and
F. moniliforme were not able to synthesize AgNPs intracellularly and extracellularly. In ad-
dition to extracellular mechanisms, there are few mechanisms proposed for intracellular
mycosynthesis of metal nanoparticles. In the case of Fusarium-mediated intracellular my-
cosynthesis, metal nanoparticles usually formed below the cell surface and this may be due
to the reduction of metal ions by metabolites (i.e., enzyme) present in the cell membrane.
Generally, a two-step mechanism has been proposed for intracellular mycosynthesis of
nanoparticles. In the first step, aqueous metal ions are attached to the fungal cell surface by
the electrostatic interaction between lysine residues and metal ions (M+). However, in the
second step, the actual mycosynthesis of nanoparticles occurs by the enzymatic reduction
of metal ions (M0), which leads to the aggregation and formation of nanoparticles [49]
(Figure 5).
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Figure 4. Hypothetical mechanism of AgNPs biosynthesis from F. oxysporum (Adapted from Duran
et al. [67], an open-access article).

−

α
α β

Figure 5. Hypothetical intracellular mechanisms for the synthesis of metal nanoparticles from F. oxysporum (Adapted and
modified from Yadav et al. [13]; with copyright permission from Springer).

Moreover, various other studies performed on mycosynthesis proposed the role
of different other enzymes and proteins. However, among all these mechanisms for
extracellular mycosynthesis, the hypothetical mechanism involving the role of NADH-
dependent nitrate reductase enzyme has been widely accepted.

2.1. Biomedical Applications of Nanoparticles Synthesized Using Fusarium Spp.

Biomedical application is an expanding field of research with tremendous prospects
for the improvement of the diagnosis and treatment of human diseases [70]. The dispersed
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nanoparticles are usually employed in nanobiomedicine as fluorescent biological labels [71],
as well as drug and gene delivery agents [72].

The biologically synthesized AgNPs could have many applications in areas such as
non-linear optics, spectrally selective coating for solar energy absorption and intercala-
tion materials for electrical batteries, as optical receptors, catalysis in chemical reactions,
bio labelling [73], and as antibacterial agents [74–76]. The biomedical applications of
Fusarium-mediated synthesized nanoparticles are shown in Figure 6.

Figure 6. Biomedical applications of biogenic NPs synthesised from different Fusaria.

2.1.1. Antibacterial Activity of Nanoparticles

Gupta and Chundawat [41] used Fusarium oxysporum for the production of platinum
nanoparticles. The zones of inhibition against microbes were studied by the agar well
diffusion and agar dilution methods. It helps to know the minimum inhibitory concen-
tration of platinum NPs. The minimum inhibitory concentration of platinum NPs was
found to be 62.5 µg ml−1 for E. coli, which is relatively better than that of commercially
available drug ampicillin. Also, the antioxidant activity was studied by the α, α-diphenyl-
β-picrylhydrazyl (DPPH) method and platinum nanoparticles showed 79% scavenging
activity. Duran and his co-workers [68] synthesised AgNPs by Fusarium oxysporum and
integrated into the textile fabric for the inhibition of bacterial contamination such as
Staphylococcus aureus.

The uropathogenic Escherichia coli (UPEC) form biofilms. The prevalence of urinary
tract infections (UTIs) is due to the inaccessibility of the antibiotics into the highly complex
structure of the biofilm. However, with the appearance of antibiotic multi-resistant UPEC
strains, alternatives to the treatment of UTIs are fewer. AgNPs are an effective treatment
of UPEC infections due to its physicochemical properties that confer them antibacterial
activity against biofilm structured cells [54].

2.1.2. Antiviral Activity of Nanoparticles

The interaction between AgNPs and viruses is attracting pronounced interest due
to the potential antiviral activity of these particles. Elechiguerra et al. [77] reported that
the smaller AgNPs are capable of reducing viral infectivity by inhibiting attachment to
the host cells. It has been established that AgNPs undergo a size-dependent interaction
with herpes simplex virus types 1 and 2, and with human parainfluenza virus type 3. Also,
the authors confirmed that smaller nanoparticles were able to decrease the infectivity of the
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viruses [78]. Gaikwad et al. [30] synthesized AgNPs using Fusarium oxysporum and other
fungi, which showed potential for reducing the replication of HSV-1, HSV-2, and HPIV-3
in cell cultures. The AgNPs formed by F. oxysporum were the most effective and presented
low cytotoxicity [9].

2.1.3. Anticancer Activity of Nanoparticles

Husseiny et al. [79] reported the antibacterial and antitumor potential of AgNPs
synthesized from Fusarium oxysporum. The nanoparticles were effective to inhibit E. coli
and S. aureus, and also a tumor cell line. A low IC50 value (121.23 µg cm−3) for MCF-7
cells (human breast adenocarcinoma) was gained following exposure of the cells to the
nanoparticles, indicating high cytotoxicity and the potential for tumor control. The effect
was recognized by the involvement of the AgNPs in the disruption of the mitochondrial
respiratory chain, which led to the production of reactive oxygen species and hindered the
production of adenosine triphosphate (ATP), consequently damaging the nucleic acids.

Clarance et al. [60] explored the anticancer potential of the AuNPs obtained by the
green synthesis method using an endophytic strain Fusarium solani ATLOY—8 isolated
from Chonemorpha fragrans. The AuNPs were tested for their cytotoxicity on cervical cancer
cells (He La) and human breast cancer cells (MCF-7); the NPs exhibited dose-dependent
cytotoxic effects. The results delivered an apparent and versatile biomedical application
for a safer chemotherapeutic agent with little systemic toxicity.

2.1.4. Antifungal Activity of NPs

Bansod et al. [34] reported bioconjugate-nano-PCR as a rapid and specific method
for the identification of Candida species in less time. The DNA sample of Candida albicans
was conjugated with AuNPs and AgNPs synthesized from F. oxysporum. The use of this
nanoparticle-altered template enhances the sensitivity and specificity of the traditional
PCR assay. It is helpful in molecular diagnostics and therapeutics. It is demonstrated as an
effective method for the identification of Candida sp. with a low concentration of DNA and
less time. In another study, it was demonstrated that AgNPs synthesized by F. oxysporum
were inhibitory to pathogenic fungi such as Candida and Cryptococcus [76].

Horky et al. [80] summarized the current findings of mycotoxins and their elimina-
tion by nanoparticles. They concluded that nanomaterials have interesting adsorption
properties, which make them promising for mycotoxin elimination.

2.1.5. Antiparasitic Activity Against Vectors

Some studies showed that AgNPs synthesized from different fungal species can be
employed in pest control [81]. In a study, Dhanasekaran and Thangaraj [82] evaluated the
larvicidal activity of biogenically synthesized AgNPs against the larvae of Culex mosquito
vector, which causes filariasis. The authors reported that 5 mg/L AgNPs were responsible
for 100% mortality of the Culex larvae. This research has opened a new area of research
that the biogenically synthesized AgNPs can be used for the control of mosquito vectors
causing diseases like filaria, malaria. dengue, etc.

3. Applications in Agriculture

Agriculture plays a major role in the economy as it is the backbone of most develop-
ing countries. The worldwide population is growing day-by-day very rapidly and it is
predicted that it will reach about eight billion by 2025 and 9.6 billion by 2050. It is widely
recognized that global agricultural productivity must increase to feed a rapidly growing
world population [83–85]. For the improvement in crop productivity, nanotechnology
provides new agrochemical agents and new delivery mechanisms, and it promises to
reduce pesticide use as NPs could be used in the variable applications concerned with
agriculture. The applications of nanotechnology (as shown in Figure 7) can boost agri-
cultural production, which includes the nano-formulations of agrochemicals to use as
pesticides and fertilizers for crop improvement, nano-biosensors in crop protection for the
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identification of diseases and residues of agrochemicals, and nano-devices for the genetic
manipulation of plants, etc. In agriculture, nanobiotechnology is used to improve the
food production, with corresponding or even higher values of nutrition, quality and safety.
Efficient application of pesticides, fertilizers, herbicides and plant growth regulators is
the very critical way to get better crop production [86,87]. Nanocarriers could be used to
achieve the controlled release of herbicides, pesticides, and other plant growth regulators.
For example, poly (epsilon-caprolactone) nanocapsules have been recently developed as a
herbicide carrier for atrazine [88]. The mustard plants (Brassica juncea) when treated with
atrazine-loaded poly (epsilon-caprolactone) nanocapsules more significantly boosted the
herbicidal activity than that of commercial atrazine, demonstrating a drastic decline in net
photosynthetic rates. Moreover, the stomatal conductance and oxidative stress increased
considerably, which ultimately reduced the weight and growth of the plants [88]. Likewise,
other nanocarriers such as silica nanoparticles [89] as well as polymeric nanoparticles [43]
have also been developed for delivering the pesticides in a prescribed manner. Nanocar-
riers could be employed to perfectly achieve the delivery as well as the slow release of
these species, which is known as “precision farming”. This helps to improve the crop yield
without damaging the soil and water [90].

Figure 7. Applications of Nanotechnology in agri-food, veterinary medicine, and environment.

Most significantly, the application of nanoencapsulation could lower down the her-
bicide dosage leading to a safer environment. In addition to nanocarriers, NP-mediated
gene transfer in plants was employed for the development of insect-resistant crop vari-
eties. The detailed account for the gene or DNA transfer could be established in earlier
available reviews [91,92]. Al-Askar et al. [75] demonstrated that AgNPs biosynthesized
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by F. solani isolated from wheat were shown to be effective for the treatment of wheat,
barley, and maize seeds contaminated by different species of phytopathogenic fungi. More-
over, metal oxide nanomaterials such as CuO, TiO2, and ZnO are extensively studied for
plant protection from pathogen infections because of their intrinsic toxicity. For example,
ZnONPs efficiently inhibited fungal growth such as F. graminearum [93], Aspergillus flavus,
Aspergillus fumigatus, Aspergillus niger, F. culmorum and F. oxysporum [94]. The use of CuNPs
as an antimicrobial agent against plant pathogens has been reported in several publica-
tions [95,96]. Mineral fertilizers used conventionally undergo substantially high losses
besides lower uptake efficiencies of the nutrients. Those economic losses will be overcome
by the development of nanofertilizers, which could be the novel solution. Nanofertilizers
can reduce the nutrient loss as well as increasing nutrient adaptation by soil microbes and
crops [97]. Nanofertilizers are mainly the micro-nutrients at nanoscale for Mn, Cu, Fe, Zn,
Mo, N, and B, and are commercialized and available under different brand names in the
market such as Nano-Ag Answer®, NanoPro™, NanoRise™, NanoGro™, NanoPhos™,
NanoK™, NanoPack™, NanoStress™, NanoZn™, pH5®, etc. [87]. The use of other nano-
materials as an alternative for the typical conventional crop fertilizers, such as carbon
nano-onions [98] and chitosan nanoparticles [99], was noted to boost the crop growth and
quality. Shende et al. [100] reported the plant growth-promoting activity of biogenic CuNPs
on pigeon pea (Cajanus cajan L.) crops that suggested the use of these nanoparticles as a
nanofertilizer for the development of sustainable agriculture. It is estimated that the novel
nanofertilizers will encourage and makeover current fertilizer production industries in the
next decade [87].

Because of several advantageous characteristics of nanomaterials, nanosensors, par-
ticularly wireless nanosensors, have also been developed to monitor nutrient efficiency
in crop plants, crop diseases, and growth, along with the environmental conditions in
the field. Particularly, engineered nanosensors are capable of detecting chemicals like
pesticides, herbicides, and pathogens at trace amounts in food and agricultural systems.
Such an in situ and real-time monitoring system facilitates the remediation of probable
crop losses as well as perking up the crop production, accompanied by the suitable appli-
cation of nanopesticides, nanoherbicides, and nanofertilizers. Abbacia et al. [101] reported
that the copper-doped montmorillonite will possibly be used for on-line monitoring of
propineb fungicide in an aquatic environment i.e., in both fresh and salty water, with a
low detection limit of about 1 mM [101]. In another study, it was demonstrated that the
nanomaterials such as graphene could be developed for the detection of the pathogen in
wastewater [102] and purification of drinking water can be carried out [103], signifying its
potential application in aquaculture. Moreover, various other nanomaterials like carbon
nanotube [104], CuNPs [105], AgNPs [106], and AuNPs [107] can be used as nanosensors
designed for the real-time monitoring of crop health and growth along with the environ-
mental conditions in the field. Table 2 showed different Fusarium isolates used in the green
synthesis of nanoparticles.

Table 2. Fusarium isolates used in the green synthesis of different NPs.

Name of Fungi Synthesised NPs Localization Size (in nm) and Shape References

Fusarium oxysporum Ag Extracellular

10–20 and Spherical Birla et al. [33]
25–50 and almost spherical Korbekandi et al. [108]

- Ishida et al. [76]
5–13 and Spherical Husseiny et al. [79]

23 and Spherical Hamedi et al. [109]
Fusarium verticillioides Ag Extracellular - Mekkawy et al. [61]
Fusarium semitectum Au - 25 and Spherical Sawle et al. [54]
Fusarium oxysporum Au - 2–50 and Spherical, monodispered Zhang et al. [110]
Fusarium oxysporum Au-Ag bimetallic Extracellular 8–14 and Quasi-spherical Senapati et al. [111]
Fusarium semitectum Au-Ag alloy - 25 and Spherical Sawle et al. [55]
Fusarium oxysporum Fe3O4 Extracellular 20–50 and Irregular, quasi-spherical Bharde et al. [42]
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Table 2. Cont.

Name of Fungi Synthesised NPs Localization Size (in nm) and Shape References

Fusarium oxysporum Pt - 70–180 and Rectangular, triangular,
spherical and aggregates Govender et al. [112]

Fusarium oxysporum f.
sp. lycopersici

Pt Extra-and intracellular 10–100 and Hexagonal, pentagonal,
circular, squares, rectangles Riddin et al. [50]

Fusarium spp. Zn Intracellular 100–200 and Irregular, some
spherical Velmurugan et al. [113]

4. Toxicity of Fusarium Nanoparticles

Nanoparticles are unique materials as they have property combinations compared
with conventional materials [114]. There is a wide range of applications of NPs such
as in human health appliances, industrial, medical and biomedical fields, engineering,
electronics, and environmental applications [115]. Among all nanomaterials, AgNPs are
the most widely used in medicine, medicinal devices, pharmacology, biotechnology, elec-
tronics, engineering, energy, magnetic fields, and also in environmental remediation [116].
Their highly effective antibacterial activity has found applications in industrial sectors
including textiles, food, consumer products, medicine, etc. [117].

The unique physical, chemical and biological (e.g., antimicrobial, anticancer, antipara-
sitic) properties of nanoparticles differ largely from corresponding bulk materials and make
them a high-demand material in different sectors. However, the widespread and increased
use of nanoparticles may pose a risk to both the environment and living organisms by
increasing the level of toxicity [118]. To date, several studies have used different model
cell lines to exhibit the cytotoxicity of nanoparticles from Fusarium species, mainly AgNPs,
and their underlying molecular mechanisms [31,60,65,119]. Biogenic nanoparticles are
capped with natural molecules like proteins [120–122]. This capping is defined as corona.
This nanoparticle corona significantly affects the biological response [123]. Based on the
surface affinity and exchange rate, the corona can be divided into two forms: hard corona
and soft corona. The soft corona proteins are ’vehicles’ for the silver ions, whereas the hard
coronas are rigid for the trespass into the cellular system [124]. The functional groups of the
corona play a key role in the formation of the nanoparticle–protein corona [125]. These func-
tional groups along with the protein charges also regulate the cytotoxic properties of the
nanoparticle corona [123,125]. The surface charge of nanoparticles plays an important role
in their bactericidal activity against both Gram-positive and Gram-negative bacteria, as
exemplified by AgNPs [126]. It was confirmed using transmission electron microscopy
(TEM) that AgNPs can penetrate cellular compartments such as endosomes, lysosomes,
and mitochondria [127]. Several reports indicate that the proteins contained in the nanopar-
ticle corona interact with the cells and not the nanoparticles themselves [128,129]. Thus,
the corona formation and composition have important implications for both toxicity [130]
and internalization [131].

To sum up, particle size [132], particle shape [133], particle surface properties [134],
biological fluid properties, and composition affect the corona structure and thus the adverse
effects on human health and the environment [131,135].

4.1. Effect of Size and Shape of Nanoparticles on Cytotoxicity

It is claimed that apart from the size, the shape of nanoparticles affects their toxicity to
cells. Mohamed et al. [31] investigated the cytotoxicity of the two different shapes of zinc
oxide nanoparticles (ZnONPs) biosynthesized from Fusarium keratoplasticum (A1-3) and
Aspergillus niger (G3-1). These nanoparticles displayed a similar size (10–42 and 8–38 nm)
but different shapes, namely hexagonal and nanorods, respectively. It was reported that a
safe dose of these nanoparticles for applications in animal cells should be lower than 20.1
and 57.6 ppm, respectively. Therefore, the rod ZnONPs were more applicable to safety at
high concentrations in contrast to hexagonal ZnONPs [31]. Soleimani and co-authors [136]
studied biological activity of different shapes (cube, sphere, rice and rod) of AgNPs synthe-
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sized using chitosan in acetic acid solution and 0.2 M of AgNO3 (cubes) and F. oxysporum,
starch and 0.08 M of AgNO3 at pH 6.8 (spheric) or 1.0 M of AgNO3 at pH 3.0 (nanorice),
and finally, F. oxysporum, starch and 1.2 M AgNO3 at pH 3.0 and 30 ◦C for 3 days (blunt
ends rods) or with 10-days incubation (sharp-ends rods). They found that silver nanostruc-
tures with different shapes are not inherently toxic to human cells at concentrations lower
than 10 µg ml−1, whereas for higher concentrations cell viability decreased in a shape and
dose-dependent manner. Nanocubes, nanorice and sharp-nanorods were found to be more
toxic than spheres and blunt-nanorods. The former significantly decreased cell viability at
concentrations 25 µg mL−1 or higher, and the latter at concentrations of 50 and 75 µg mL−1.
Moreover, they showed that cubic nanoparticles inhibited the growth of all tested bacteria
(Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa) at the
lowest-used concentrations (10 ppm). The toxic effect of nanostructures against bacterial
cells increased in order spheres, blunt-rods, nanorice, sharp-rods, and nanocubes [136].
It was concluded that due to stronger vertex in sharp ends of silver nanostructures, some ge-
ometries of AgNPs, especially cubic structures, have more interaction with the bacterial
cell membrane, resulting in stronger biological activity [136]

4.2. Mechanisms of Nanoparticle Cytotoxicity

The increased use of AgNPs also increases the concentration of silver ions in soil and
water that can adversely affect human and animal health or the environment [137,138].

Little is known about the diversified mechanisms of the action of nanoparticle cytotoxi-
city, as well as their short- or long-term exposure outcomes on human physiology [139,140].
Many authors claim that the silver ions released from AgNPs through the surface oxidation
are the main mechanism that induces cytotoxicity, genotoxicity, immunological responses
in biological systems and even cell death [141–145].

Several recent studies revealed that cytotoxicity of AgNPs occur due to the minimum
release of silver ions [146–148]. Sambale et al. [149] showed that the mechanism of cell
death is different when cells are cultivated with silver particles or ions. Cells treated with
particles suffered apoptosis while those cultivated with ions die due to necrosis. They also
reported that AgNPs that translocate into cytoplasm through diffusion or channel proteins
are oxidized by cytoplasmic enzymes, thereby releasing silver ions. These ions may interact
with thiol groups of mitochondrial membrane proteins, causing mitochondrial dysfunction
and generating reactive oxygen species (ROS) production [149].

4.3. Effect of Nanoparticles on Cell Membranes

Nanosilver can interact with cellular membranes and cause toxicity. In particular,
nanosilver can interact with the bacterial membrane and this is considered the main mecha-
nism for the antimicrobial toxicity of nanosilver. The AgNPs damaged and destroyed
bacterial cells by penetrating and accumulating in the bacterial membrane [150–152].
Khan et al. [153] studied the interaction of nanosilver with five types of bacteria. They found
that the adsorption of nanosilver on the bacterial surface or interaction with extracellular
proteins is dependent on pH, zeta potential, and NaCl concentration. Baruwati et al. [154]
studied “green” synthesized nanosilver from Chinese green tea (Camellia sinensis) and
found that exposure to these particles alters the membrane permeability of barrier cells
(intestinal, brain endothelial) and stimulates oxidative stress pathways in neurons [154].

Metal nanoparticles (copper, silver and zinc oxide) from Fusarium solani KJ 623702
were tested against multidrug-resistant bacteria (P. aeruginosa and S. aureus), E. coli, Klebsiella
pneumoniae and Entreococcus sp. and mycotoxigenic Aspergillus awamori, A. fumigatus and
F. oxysporum. The antimicrobial activity of metal nanoparticles increased as follows: CuNPs,
ZnONPs, and AgNPs. Besides the internalization of AgNPs with the cell wall resulting
in the presence of pits, the fragmentation, complete disappearance of cellular contents,
disorganization and leakage of internal components were observed after treatment of
microorganisms with mycogenic AgNPs. Authors claimed that AgNPs attach to the
microbial cell membrane and alter its structure, transport activity, penetrability, prompt
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neutralization of the surface electric charge and produce cracks and pits through which
internal cell contents are effluxed [44].

Moreover, AgNPs synthesized using F. oxysporum filtrate containing reductase en-
zymes and quinones showed a toxic effect on the human liver cell line (Huh-7). The IC50
values were found to be 11.12 µM for propidium iodide assay which is an intercalating
fluorescent dye and does not permeant to live cells [155]. Similarly, cell viability (hamster
lung fibroblasts, V79) after the treatment with AgNPs synthesized from F. oxysporum was
studied using neutral red uptake (NRU) assay [156]. These small (around 8 nm) nanoparti-
cles showed a non-cytotoxic effect on fibroblasts at concentrations until 16 µM. The IC50 of
mycogenic AgNPs was recorded at a concentration of 22 µM [156].

Vijayan et al. [157] estimated the release of haemoglobin from red blood cells due
to the disruption of the cell membrane by the AgNPs from F. oxysporum. The percent-
age of haemolysis increased from 3.8 to 32.0 with an increase in AgNPs concentration
from 25 to 150 µg ml−1 (at 25 µg ml−1 interval unit). The authors concluded that these
biogenic AgNPs are safe to use as a drug because at safe concentrations they showed
antibacterial effect against Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and
Salmonella typhi [157].

4.4. Effect of Nanoparticles on Mitochondria and/or Metabolic Activity

Nanoparticles by mitochondrial membrane damage disturb respiratory chain activ-
ity and ATP synthesis may generate ROS production, leading to oxidative stress and
eventually apoptosis [158,159]. Many authors reported the effect of metal (Ag and Au)
and non-metal (selenium) nanoparticles from Fusarium species on the viability of human
or animal cells on the basement of activity of cell/mitochondrial enzymes using mainly
spectrophotometrical MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay [155,156,160,161].

The toxicity of AuNPs produced by F. oxysporum with sizes of around 20 to 50 nm was
measured by MTT assay [161]. The biologically produced AuNPs had a dose-dependent
toxic effect on the human fibroblast cell line (CIRC-HLF). The IC50 value of the NPs was
determined as 2.5 mg mL−1 [161]. The AuNPs from Fusarium solani ATLOY-8 strain were
studied against cancer cell lines, namely HeLa na MCF-7 (breast cancer cells) and the
human embryonic kidney (HEK) cell line using MTT assay. The anticancer potential of
NPs against both cancer cell lines (IC50 values of 1.3 and 0.8 mg mL−1, respectively) and
their insignificant activity on the HEK cell line was reported [60].

AgNPs from Fusarium oxysporum were studied on mouse fibroblasts (3T3), hamster lung fi-
broblasts (V79 line), and human liver (Huh-7) cells using MTT and calcein assays [155,156,161].
AgNPs showed dose-dependent toxic effects on the mouse fibroblast. IC50 of mycogenic
nanoparticles using MTT assay were found to be 0.312 mg mL−1 (= 1.187 ppm mL1). The ap-
plied concentrations of the silver NPs equal to 0.625 mg mL−1 (2.375 ppm mL−1) was
determined as the toxic dose [60]. Marcato and coauthors [156] reported that AgNPs syn-
thesized using Fusarium oxysporum showed a non-cytotoxic effect toward the V79 fibroblast
cell line until 16 µM, evaluated by MTT assays with an IC50 of 22 µM; this was similar in
NRU assay. AgNPs synthesized using F. oxysporum filtrate demonstrated a comparable
dose-response relationship and similar IC50 values of 10.61 µM for MTT and 9.10 µM for
calcein assay [155]. Small AgNPs (5–13 nm) produced by F. oxysporum were also found to
be toxic to the human breast carcinoma cell line (MCF-7). The IC50 value of these NPs was
found to be 121.23 µg mL−1 [78].

Another species of the genus Fusarium, namely F. semitectum, was used for the synthesis
of selenium nanoparticles (SeNPs) which were tested for their anticancer potential on Caco-
2 human colon cancer, A431 skin cancer, and SNU16 stomach gastric cancer cell lines, as well
as toward THLE2 normal liver and Vero normal kidney cell lines [57]. These biogenic
SeNPs showed anticancer potential toward colon, skin, and stomach gastric cancer cells
(IC50 of 10.24, 13.27 and 20.44 µg mL−1, respectively), no cytotoxic effects on normal liver
cells, and weak toxicity on normal kidney cells [57].
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4.5. Effect of Nanoparticles on Cell Proteins

Many authors have reported that silver ions and AgNPs can interact with various
chemical groups, including sulfide and chloride [162,163]. Thiol molecules are found
to be conjugated to several membrane proteins in the cell membrane, cytoplasm and
mitochondria, which may serve as targets for AgNPs or Ag+ ions [164]. AgNPs also bind
to thiol groups in enzymes, such as NADH dehydrogenase, and disrupt the respiratory
chain, finally generating ROS. As shown in studies by Soleimani et al. [136] the cubic
AgNPs from F. oxysporum at a concentration of 30 ppm not only caused a toxic effect
in MCF-7 cells and inhibited growth of the Gram-positive and Gram-negative bacteria,
but also completely degraded proteins (albumin), whereas other shaped nanoparticles
(rods, rice and spheres) had no denaturing effect on protein structure. They concluded that
cubic nanosilver displays stronger biological activity when compared to rod and spherical
AgNPs [136].

4.6. Effect of Nanoparticles on Cell Nucleic Acids

AgNPs, especially those smaller than 10 nm, have been shown to diffuse through the
nuclear pores into the nucleus, causing DNA damage, chromosomal aberrations, and cell
cycle arrest, resulting in genotoxicity in human cell lines (e.g., fibroblasts and glioblastoma
cells) [162,163].

Clarance et al. [60] studied the effect of mycogenic AuNPs on cancer cells using dual
AO/EtBr (acridin orange/ethidium bromide) staining. The cell line appeared as a dense
red colour after treatment with nanogold, which was mainly due to apoptotic cell death.
The DAPI staining revealed nuclear fragmentation and condensation in MCF-7 cells treated
with AuNPs. It is well-proven that when cells undergo an apoptotic death, their DNA
becomes dense, fragmented and with condensed chromatin [165,166].

It was also reported that the interaction of AgNPs synthesized from Fusarium mangiferae
with DNA in Staphylococcus aureus cells resulted in an enormous reduction or degradation
of both chromosomal and plasmid DNA in bacterial cells when compared with untreated
cells. This gel electrophoresis study of AgNPs-treated nucleic acids also revealed that the
RNA smearing was immensely decreased. These results suggest that AgNPs may prevent
DNA replication via binding, and lead to cell death [167].

Spherical AgNPs synthesized by using aqueous extracts of green Calligonum comosum
stem and Fusarium sp. (mean size of 105.8 and 228.4 nm, respectively) were tested for
genotoxicity in bacterial cells (S. aureus). The agarose gel electrophoresis and (UV)–Vis
spectrophotometer were used to evaluate the antimicrobial activity of AgNPs by their
influence on DNA. A low concentration of DNA was observed in bacterial cells treated
with plant-synthesized and mycosynthesized AgNPs when compared to untreated cells.
Based on the obtained results, it was concluded that the smaller-sized nanoparticles diffuse
more easily than the larger ones, which partially explained the higher toxicity of plant-
synthesized than myco-synthesized nanoparticles on S. aureus cells. The destruction of the
membrane integrity or inhibition of DNA replication were proposed by authors as AgNPs
mechanisms of antibacterial action [58].

4.7. Other Nanoparticle Activity

Salaheldin et al. [119] reported that AgNPs synthesized by F. oxysporum caused remark-
able vacuolation in the human breast carcinoma cell line (MCF-7), thus indicating potent
cytotoxic activity. Al-Sharqi [168] tested these mycogenic AgNPs on mice for 21 days and
showed dilation in the collecting tubule and dilation in the renal corpuscle with haemor-
rhage in the interstitial space between the tubules. Based on performed studies, the authors
conclude that AgNPs can enter and translocate within the cell, and that the size of the
AgNPs varies with its toxic effects on the cell and the cell organelles. Therefore, it was
assumed that all nanoparticles are toxic and most likely only free nanoparticles that can
penetrate small organelles such as mitochondria may trigger adverse health effects [168].
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5. Conclusions

The potential of applications of nanotechnology particularly as nanomedicine and
in agriculture has generated revolution. The bioinspired synthesis of nanoparticles using
fungi is a novel and emerging field of green and sustainable nanotechnology. Among these,
Fusarium spp. are the most studied fungi for the biosynthesis of nanoparticles. The process
is green, eco-friendly, and economically viable. The applications of different nanoparticles
as antimicrobials, and antiparasitic and anticancer agents have attracted the interest of
the researchers globally. Moreover, these biogenic nanoparticles, synthesized by Fusaria,
have huge potential in agriculture for plant growth promotion, as nanofertilisers and as
fungicidal agents of the new generation. However, the mechanism of the synthesis of
nanoparticles remains unclear and warrants further studies to unravel the mechanism.
Looking at the potential applications of Fusarium-mediated nanoparticles, the toxicity is a
major issue that depends upon shape, size, surface charge, and the dose of nanoparticles
used. Thus, it can be recommended that Fusarium is a promising and novel fungus for the
biosynthesis of nanoparticles and its potential biomedical and agricultural applications.
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Abstract: The changing climatic conditions have led to the concurrent emergence of virulent microbial
pathogens that attack crop plants and exhibit yield and quality deterring impacts on the affected
crop. To counteract, the widespread infections of fungal pathogens and post-harvest diseases it
is highly warranted to develop sustainable techniques and tools bypassing traditional agriculture
practices. Nanotechnology offers a solution to the problems in disease management in a simple
lucid way. These technologies are revolutionizing the scientific/industrial sectors. Likewise, in
agriculture, the nano-based tools are of great promise particularly for the development of potent
formulations ensuring proper delivery of agrochemicals, nutrients, pesticides/insecticides, and
even growth regulators for enhanced use efficiency. The development of novel nanocomposites for
improved management of fungal diseases can mitigate the emergence of resilient and persistent
fungal pathogens and the loss of crop produce due to diseases they cause. Therefore, in this review,
we collectively manifest the role of nanocomposites for the management of fungal diseases.

Keywords: chitosan; nanohybrids; polymer-metal composites; antifungal; postharvest

1. Introduction

Agriculture is the major backbone of a country’s economy; in recent years, the agri-
cultural production and yields have been increased along with pesticides and insecticides
usage [1–3]. But in the present scenario, the practices of agriculture methods are fretful
about the extensive usage of chemical pesticides used to combat microbes/insects. Among
microbes, the fungal genera belonging to class Ascomycetes (Verticillium, Alternaria, and
Fusarium) and Basidiomycetes (Rhizoctonia, Sclerotium) can cause growth as well as yield-
deterring effects on plants leading to significant economic losses to the farmers [4]. To curb
these disease manifestations, a stringent dynamic approach should be implemented with
novel technology encompassing smart materials with biological ingredients for sustainable
delivery with prolonged efficiency.
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Recently, nanoscale engineering approaches have posed a new advanced entity de-
rived from a biological source and self-assembling systems [5]. At present, the nano concept
is playing an immense role in medicine and pharmacology; in both these fields’ nanotech-
nology has attained a decisive role in drug delivery, diagnosis, imaging, antimicrobial
agents, and sensors [6]. In the agriculture sector, nanotechnology products and devices are
being eventually utilized in plant hormone delivery, nano-barcoding, development of rapid
and sensitive nano-sensor systems for easy diagnosis of diseases, pests, and nutritional
deficiencies, the targeted/controlled/slow-release of agrochemicals, seed germination
enhancers, nano-vectors for efficient gene transfer and several other applications [7].

Engineered nanoparticles (NPs) possess the desired size and shape with specific opti-
cal properties that enable them to be used for various agricultural applications particular
instance is as novel pesticide formulations exhibiting improved pest and pathogen control
efficiencies [8–10]. The most widely used nanoparticles for the control of plant diseases
are carbon, silver, silica, and non-metal oxides or alumino-silicates. The research studies
performed on carbon nanomaterials have shown diverse and promising agri-applications
including the promotion of plant growth and development, besides effective control of
several plant pathogens such as Xanthomonas, Aspergillus spp., Botrytis cinerea, and Fusar-
ium spp. A study revealed that silica nanoparticles were effective in maize conferring
resistance to the phytopathogens such as Fusarium oxysporum and Aspergillus niger [11].
However, the action spectrum and pest/pathogen control efficacies of the nano-enabled
pesticides can be improved through the development of nano-hybrids or composites [12,13].
The components of the nano-hybrids or nanocomposites can have diverse chemical origins
spanning over biological-inorganic, as well as natural/synthetic organic-inorganic mate-
rials. These composites do not involve physical mixing of the components and therefore,
possess peculiar properties which may or may not essentially represent additive or aug-
menting effect considering the properties of the individual components [12]. Escalated re-
search interest for the development of potent, effective and multi-functional anti-microbial
nano-hybrids has been witnessed in the present decade for instance, alumino-silicate
nanoplates have been used for the development of pesticide formulations that exhibit twin
benefits of improved biological activity and better environmental safety compared to use of
engineered NPs [14]. Therefore, nano-formulated particles/composites have the potential
to tackle disease outbreaks caused by fungal pathogens effectively. In this review, we em-
phasize the development of antifungal nano-hybrids encompassing conjugates of organic
or inorganic molecules, biological components, and biopolymers to develop the cheaper,
reliable, and effective product(s) against most fungal pathogens of plants (Figure 1).

−

Figure 1. Nanohybrid antifungals for plant diseases control.
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2. Nanotechnology Advances for Improved Pathogen Diagnosis

In agriculture, the outbreak of pathogenic infections is to be monitored at the earliest,
else the crop yield might get heavily compromised. Therefore, prompt diagnostic methods
are urgently required as the old conventional methods such as immunological techniques
and other molecular tools require specialized skilled man-power and are not cost-effective.
To pace up with the rapid spread of the plant pathogenic infections, rapid, robust, sensitive,
and low-cost smart material based diagnostic protocols are required to be designed for
counteracting bacterial and fungal infections in agriculture crops.

Nanotechnology-based pathogen diagnosis is gaining overwhelming attention from
the research community due to the functional optical properties and ease of handling tech-
nology of these materials [15]. The added advantage of nanotechnology is that nanopar-
ticles can be conjugated with nucleic acids, proteins, and other biomolecules, a feature
that enables rapid, sensitive, and reliable diagnosis of pathogens [16]. Among the various
nanomaterials, quantum dots are a special class of nanocrystals that exhibit tunable size-
dependent fluorescence characteristics for which these are explored widely in agriculture
and allied sectors. A specific quantum dot-based nano-sensor has been developed for
diagnosing Candidatus Phytoplasma aurantifolia in the infected lime even at low occurrence
of 5 phytoplasma cells µL−1 [17]. Fluorescent silica nanoparticles conjugated with antibody
molecules can rapidly detect the Xanthomonas axonopodis pv. vesicatoria a causative agent
for spot diseases in tomato and pepper [18].

Gold nanoparticles are widely used in pathogen diagnosis due to the unique optical
or electrochemical properties enabling simple and easy protocols for the quick diagnosis of
pathogens. Singh et al. [19] developed an immunosensor based on nanogold using Surface
Plasmon Resonance (SPR) that could detect the Karnal bunt disease in wheat (Tilletia indica).
Wang et al. [20] developed an electrochemical sensor comprised of copper nanoparticles to
detect the fungus Sclerotinia sclerotiorum in oilseeds. They have utilized this electrochemical
sensor to measure the level of salicyclic acid accurately. Schwenkbier et al. [21] developed
a chip-based hybridization technique incorporating silver nanoparticles for the detection
of Phytophthora species. Copper oxide nanoparticles and nanolayers have been synthesized
and applied for easy detection of Aspergillus niger in crop plants. In another approach,
portable equipment was used to detect bacterial, fungal species in stored food grains.
Likewise, Ariffin et al. [22] formulated a nanowire biosensor to detect Cauliflower Mosaic
Virus and Papaya Ring Spot Virus. Thus, with the above scientific evidence, it can be
identified that nano-based sensors and kits play a vital role in crop health care including
products for rapid testing, disease diagnostics, and environmental monitoring aspects.

3. Nanocomposites and Their Mode of Action on the Fungal Phytopathogens

Nanocomposite materials include multi-phase components. These materials may be
comprised of components with variable phase domains with atleast one continuous phase
while another having nano-scale dimensions [23]. These hybrid nanomaterials can be gener-
ated through co-synthesis/impregnation of diverse inorganic and organic components [24].
Nanocomposites have been extensively studied due to the properties of inorganic and
organic materials that enact concurrently to perform the desired activity [25]. Generally,
nanocomposites are derived by the addition of nano-particulate materials in long-chain
or short-chain polymeric matrices. The derived nanocomposites exhibit improved proper-
ties not observed for any of the individual components. Most likely, the combination of
polymers with nanoparticles is anticipated to increase the properties of the polymer signifi-
cantly [26]. Such kind of nanocomposites are now widely being used in food processing,
pest detection and management, food health screening, water treatment, disease detection,
drug-delivery systems, and improvement of sustainable agriculture [27–30]. Likewise, the
polymer composites act as fertilizers which increase the nutrients uptake, decrease soil
toxicity [31,32]. Moreover, nanocomposites are well being used to increase the shelf life of
food materials by acting as antimicrobial dispositions and as sensors [33].
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Plant disease management using hybrid polymer nanocomposites is focused on
making mulch films to control weeds; as nano pesticides and as a biostatic agent [34].
Min et al. [35] demonstrated that silver nanoparticles can effectively inhibit the phy-
topathogens such as Rhizoctonia solani, Sclerotinia sclerotiorum, and S. minor. Further, silver
nanoparticles can cause extensive damage by breaking the hyphal wall membrane fol-
lowed by internal damage of the hyphae. Sepiolite, a magnesium silicate, was blended
with MgO to form a (SE-MgO) nanocomposite that exhibited excellent antifungal activity
against rice pathogen Fusarium verticillioides, Bipolaris oryzae, and Fusarium fujikuroi with
ED90 > 249 µg/mL compared with MgONPs [36].

Carbon nanomaterials have shown to possess strong antifungal activity against
pathogens Fusarium graminearum and Fusarium poae [37]. Six carbon nanomaterials (CNMs),
single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs),
graphene oxide (GO), reduced graphene oxide (rGO), fullerene (C60), and activated carbon
(AC) were evaluated against the phytopathogens. The outcome imposes that SWCNTs,
MWCNTs, GO and rGO at varying concentrations decreased the biomass, mycelia growth
and inhibited spore germination of the fungal pathogens. However, the C60 and AC didn’t
exert any activity against the tested pathogens.

In another study, GO-AgNPs nanocomposite was synthesized through interfacial
self-assembly and was evaluated for its antifungal activity against the pathogen Fusar-
ium graminearum under in vitro and in vivo conditions [38]. The fungicidal activity of
GO-AgNPs against the F. graminearum spores was 4.68 µg/mL; the nanocomposite also
constrained the germination of spores and hyphae. Moreover, the authors demonstrated
response to GO-AgNPs through the SEM analysis of the events of spore germination of
F. graminearum. The images portray that F. graminearum conidia were crumpled, widened,
and damaged heavily as seen in Figure 2. The fungicidal activity of nanocomposite is due
to the adsorption of nanoparticles to the fungal cell wall membranes and oxygen groups of
GO form hydrogen bond with lipopolysaccharide subunits of the cell membrane which
contains sugars, phosphates, and lipids.

 

 Figure 2. SEM images of F. graminearum spores incubated with sterile water (C) control and treated with GO-AgNPs
nanocomposite (T). Images obtained with permission from Chen et al. [38]. (Cited from Chen et al., with permission
from ACS).

Downy mildew is a disease caused by Plasmopara viticola in grapes plants that leads
to extremely heavy yield loss. To combat the disease, a nanocomposite construct consist-
ing of Graphene oxide (GO) and Iron oxide (Fe3O4) as GO-Fe3O4 nanocomposite was
developed [39]. The study demonstrated that the pretreatment of the leaf discs with
nanocomposite followed by inoculation with P. viticola sporangium suspension strongly
inhibited the spore germination. This effect may be attributed to the blockage of the water
channels of sporangia by surface adsorption of the nanocomposites. From the images, it is
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evident that bare GO and Fe3O4 possessed moderate spore germination inhibition activity
while the nanocomposites triggered stupendous activity [39].

Silver-Titanate nanotubes (AgTNTs) nanocomposite was synthesized through a one-
pot chemical method and functionalization with AgNPs. These nanocomposites were
further evaluated against the phytopathogenic fungi Botrytis cinerea by the photoinacti-
vation method. The nanocomposite stimulated Reactive Oxygen Species (ROS) cascades
and damaged the conidia which eventually led to cell death [40]. In a microwave-assisted
method, a magnetically separable Fe3O4/ZnO/AgBr nanocomposite was synthesized.
These synthesized nanocomposites inactivated the Fusarium graminearum and Fusarium
oxysporum within a short period of 120 and 60 min. Thus, the efficacy of nanocomposites
can be identified as the combined aggregation of the inorganic metal complexes [41].

The leaf extract of Adhatoda vasica was utilized as a reducing agent to synthesize
Copper oxide nanoparticles/Carbon nanocomposite through the green chemistry ap-
proach [42]. These nanocomposites exhibited effective growth inhibitory activity against
Aspergillus niger. Thus, from these reports, it is evident that inorganic metals possessing
inherent properties when combined as nanocomposites as a result of synergistic effects
result in the fabrication of nanocomposites which exhibit activities on comparison with
bare metals. However, the behavior of metal alloys during nanocomposite synthesis will
differ according to the synthesis methods; elemental composition, and the applications.

Nanocomposites can be manufactured from any combination of materials like poly-
mers, metals, and ceramics [43]. Among the materials, polymers and inorganic/organic
materials will have a high aspect ratio and surface properties which enable them to be
widely used in a different range of industries. In agriculture, polymers play an indis-
pensable role in the release of chemical moieties such as fungicides, insecticides, growth
stimulants and germicides [44]. The promising advantage of polymers is to control the
release rate and rate of biodegradability of the embedded or encapsulated compound.
These features make polymers widely used as a delivery agent in medicine and agrochemi-
cals [45,46]. Polymers such as cellulose acetate phthalate, gelatin, chitosan, gum Arabic,
polylactic acid, poly-butadiene, poly-lactic-glycolic acid, polyhydroxyalkanoates, polyvinyl
alcohol (PVA), polyacrylamide, and polystyrene are widely used as delivery agents for
drugs and agrochemicals [13,23].

In agriculture, the usage of polymer nanocomposites is to be critically chosen ac-
cording to the application. Further, natural polymers are preferably chosen for the agri-
applications owing to the nature of degradability and controlled release behavior. Chitosan
polymer is gaining a new avenue in the plant protection field due to its outstanding
properties. Nanochitosan exhibits anti-microbial potentials against bacteria and fungi
at varying levels of concentrations. Combined formulation comprised of metal or metal
oxide nanomaterials encapsulated or embedded in chitosan exhibit improved antimicrobial
potentials. For instance, nanocomposite Ag-chitosan prominently exhibited antibacterial
activity to a higher extent. Likewise, the fungicidal activity of clay chitosan nanocomposite
was evaluated against Penicillium digitatum under in vivo and in vitro conditions [47]. The
results were promising in terms of the superior activity exhibited by the nanocomposite for-
mulation. Likewise, copper nanoparticles (Cu NPs), zinc oxide nanoparticles (ZnNPs), and
chitosan, zinc oxide, and copper nanocomposites (CS–Zn-Cu NCs) were chemically fabri-
cated and evaluated against plant pathogenic fungi A. alternata, R. solani, and B. cinerea [48].
The results intrinsically acclaimed that nanocomposite displayed higher activity at a con-
centration of 90 µg mL−1. Antifungal activities of Bimetallic blends and Zn-Chitosan, and
Cu-Chitosan at concentrations of 30, 60, 90 µg mL−1 effectively inhibited the growth of
Rhizoctonia solani. Further, it indicated effective control of cotton seedling damping-off
under greenhouse conditions [49]. Silver/chitosan nanocomposite portrayed incremental
growth-inhibitory effect against phytopathogens isolated from chickpea seeds [50]. More-
over, the individual metal and polymer components exhibited inhibitory activity lower
than the Silver/Chitosan nanocomposite against the test pathogen, Aspergillus niger. A
combination of chitosan/silica nanocomposite was evaluated against Botrytis cinerea under
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in vitro and in vivo (natural and artificial infections) conditions [51]. The in vitro study
revealed complete reduction of the fungal growth by the nanocomposite compared to 72%
and 76% inhibition potential of chitosan and silica nanoparticles respectively. Moreover,
under natural conditions, the Chitosan/silica nanocomposite effectively hampered the gray
mold disease in Italian grapes by 59% and in Benitaka grapes by 83% without affecting the
grape quality.

The chitosan conjugated Ag nanoparticles functionalized with 4(E)-2-(3-hydroxyna-
phthalene-2-yl) diazenyl-1-benzoic acid were prepared which demonstrated improved
effectiveness against A. flavus and A. niger forming larger inhibition zone of 20.2 mm and
27.0 mm respectively [52]. Likewise, chitosan hydrogel with cinnamic acid encapsulating
Mentha piperita essential oil markedly inhibits the growth of mycelia of A. flavus at a
concentration of 800 mg/mL [53]. Thus, with the above appropriate scientific evidence,
it can be inferred that organic/inorganic-metal-polymer hybrid nanocomposites exhibit
exceptionally superior anti-fungal activities under in vitro and in vivo conditions.

3.1. Antifungal Mechanism of Nanoparticles/Nanocomposites

A promising nano-fungicide should possess an equivalent or superior activity cor-
responding to the bulk metal at relatively lower concentrations. Moreover, it is desirable
to understand the phyto and eco-toxicity issues due to the release of metal ions. Multi-
farious mechanisms were involved in the antifungal activity executed by nanomaterials.
The generalized antifungal activity is provided in the Figure 3. The antifungal activity of
nanomaterials can be accomplished by the following events. Generally, fungal cell wall and
cell membrane architecture involves chitin, lipids, phospholipids and polysaccharides with
specific predominance of mannoproteins, β-1,3-D-glucan and β-1,6-D-glucan proteins [54].
Internalization of the nanomaterials occurs through three mechanisms; (i) direct internal-
ization of nanoparticles in the cell wall, (ii) specific receptor-mediated adsorption followed
by internalization, (iii) internalization of nanomaterials through ion transport proteins [55].
Post-internalization, the nanomaterials may inhibit the enzyme β-glucan synthase thereby
affecting the N-acetylglucosamine [N-acetyl-D-glucose-2-amine] synthesis in the cell wall
of fungi. As a consequence of enzyme inhibition, abnormalities like enhanced thickening
of the cell wall, liquefaction of cell membrane, dissolution or disorganization of the cyto-
plasmic organelles, hyper-vacuolization, and detachment of cell wall from cytoplasmic
contents indicating incipient plasmolysis might occur [56].

At the molecular level, the nanomaterials interact with various biomolecules and
form complexes with different biomolecules thereby causing structural deformation in
the biomolecules, inactivation of the catalytic proteins, and nucleic acid abnormalities like
DNA breakage, and chromosomal aberrations [57,58]. Reactive Oxygen Species (ROS) play
a critical role in antifungal activity mechanism of nano-composite materials. The metal ions
trigger ROS and damage the biomolecules leading to cell death. Further, to authenticate
the role of ROS in antifungal mechanism; Lipovsky et al. [59] deciphered that the increased
expression of lipid peroxidation is a clear indicator of ROS generation. Meanwhile, stress
enzymes like superoxide dismutase, glutathione dismutase, ascorbate peroxidase were
upregulated/downregulated upon nanomaterials treatment in fungi [60].

3.2. Nano-Hybrid Antifungals for Control of Toxigenic Fungi and Mycotoxins Degradations

Mycotoxins are the natural contaminants in food and feed worldwide. Changing
climatic patterns have significantly affected the agricultural production due to limiting
water, and land resources, temperature extremes and elevated humidity conditions [61].
The elevated humidity and temperature allowed for the proficient growth of a variety of
mycotoxigenic fungal genera, Aspergillus spp., Penicillium spp., and Fusarium spp. which
produce a variety of mycotoxins including aflatoxins (AFs), fumonisins (FBs), ochratoxins
(OTs), trichothecenes (TCs), and zearalenone (ZEA). These mycotoxins cause detrimental
health impacts in humans manifested as liver cancer, aflatoxicosis, malabsorption syndrome
and reduction in bone strength [62].
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Figure 3. Antifungal activity mechanisms of hybrid nanomaterials.

Conventionally, mycotoxins can be detected by chromatographic techniques like High-
Pressure Liquid Chromatography (HPLC), Gas chromatography-Mass Spectrometry (GC-
MS), and Liquid Chromatography-Mass Spectrometry (LC-MS) [62,63]. These techniques
are robust, sensitive and specific but have high cost of analysis per sample and are therefore,
expensive and time consuming. Further, to advance with innovation a simple, cheap
and sensitive technique can be achieved with the aid of nanotechnology. Nano-based
mycotoxin detection, and management involves specific properties such as selectivity,
sensitivity, simplicity and multiple capabilities [64]. Hybrid nanomaterials are a new
paradigm to counteract mycotoxin management. Generically, hybrid nanomaterials are
having superior properties and multimodality (simultaneous detection, detoxification, and
management abilities) when compared with polymers/metals, organic molecules when
used individually in mycotoxicology [65].

Hybrid nanomaterials consisting of polymers/metals/organic molecules can synergis-
tically interact with each other and accelerate the reaction kinetics (Figure 4). In mycotoxin
management, nanohybrid materials are used for detection, detoxification and manage-
ment [61]. For instance, Bhardwaj et al. [66] developed an immunosensor comprising
graphene quantum dots (GOD), gold nanoparticles (AuNPs). Further, GOD-AuNPs were
fabricated onto an indium tin oxide (ITO) electrode modified with an antibody (anti-AFB1)
(anti-AFB1/GQDs-AuNPs/ITO) to detect Aflatoxin (AFB1). The hybrid immunosensor
detected the AFB1 with high sensitivity for the presence of aflatoxin B1 even at very low
concentrations (0.1 to 3.0 ng/mL) in the food sample.

Another important concern is mycotoxin detoxification. Hybrid nanomaterials are
smart detoxifying agents. The hybrid nanomaterials can be incorporated in feed to se-
quester mycotoxin by forming a complex in the gastrointestinal tract so that the severity of
the toxin gets ceased. To detoxify mycotoxin, Hamza et al. [67] devised a hybrid nanomate-
rial comprised of β-glucan mannan lipid particles (GMLPs) encapsulating the humic acid
nanoparticles (HA-FeNPs). The specificity of this hybrid material was that the β-glucan
molecules produced 3 to 4 µm hollow porous microspheres. Moreover, the addition of
humic acid increased the binding affinity of Aflatoxin B1. The bare GMLPs and HA showed
a moderate binding affinity for aflatoxin (10.8 µg AFB1/mg HA for GMLP HA). However,
the addition of Fe increased the adsorbent capacity for GMLP HA-FeNPs AFB1 mass to
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13.5 µg AFB1/mg HA and 16.8 µg AFB1/mg. This study showcased that this nanohybrid
material can be used as a safe detoxification agent.

β
β

Figure 4. Hybrid-nanomaterial categories used in plant science: carbon nanotubes, including single-walled carbon
nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs), fullerenes); metallic and metal oxide NPs, silica-based
nanostructures, and polymeric (dendrimers and liposomes) for the fabrication of biosensors for mycotoxin detection,
detoxification of mycotoxin-contaminated food and feedstuffs through binders and management for sustainable control
over fungal growth and mycotoxin contamination. (Cited from Thipe et al. with permission from Elsevier).

Recent findings related to nanocomposites (NCPs) based on organic polymeric and
inorganic matrices or hybrid materials as effective antifungal agents against mycotoxigenic
fungi and mycotoxin reduction have been summarized by Jampílek and Kráĺová, [68].
Spadola et al. [13] have identified an interesting alternative technique to inhibit afla-
toxin production in Aspergillus flavus. They have formulated nanoparticles of poly-ε-
caprolactone polymer and loaded the generated nanoparticles with two thiosemicarbazone
(benzophenone or valerophenone) compounds to curb mycotoxin production in A. flavus.
Pirouz et al. [69] investigated the use of hybrid magnetic graphene oxides (MGOs) as an
adsorbent for DON, ZEA, HT-2, and T-2 in naturally contaminated palm kernel cakes
(PKC). At optimum reduction conditions at pH 6.2 for 5.2 h at 40.6 ◦C, the MGO was able
to reduce the amount of DON, ZEA, HT-2. In the same direction, MGO adsorbents have
been used to detoxify polluted AFB1 oils, their absorbents are made of MGO and magnetic
reduced graphene oxides (MrGO) both of which are incorporated with Fe3O4 nanoparticles.
The MGO and MrGO were renewable, however, after seven cycles, with no major losses in
the adsorption activities [70]. Copper-chitosan nanocomposite-based chitosan hydrogels
(Cu-Chit/NCs hydrogel) have been prepared using metal vapor synthesis (MVS). Also,
SEM measurements revealed damage to A. flavus cell membranes. Current findings indicate
that the antifungal activity of nanocomposites in vitro can be beneficial depending on the
type of fungal strain and the concentration of nanocomposites (Figure 5A). Cu-Chit/NCS
hydrogel is a revolutionary nanobiopesticide developed by MVS used in food and feed
to induce plant protection against mycotoxigenic fungi [71]. The fungicidal behavior of
chitosan-silver nanocomposites (Ag-Chit-NCs) against Penicillium expansum from the feed
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samples was investigated. Ag-Chit-NCs < 10 nm in size have an important antifungal
inhibitory effect against P. expansum, the causative agent of blue mold-contaminated dairy
cattle feed [72]. P. expansum treated with Ag-Chit P. expansum treated with Ag-Chit NCs
was investigated by HR-SEM, alterations in conidiophores, metulae, phialides, and mature
conidia characteristics had been observed to obtain information about the mode of action of
Ag-Chit-NCs (Figure 5B). Therefore, nanocomposites can be utilized as viable alternatives
to the already available arsenal of fungicides (Table 1).

  
A B 

Figure 5. (A) Antifungal activity of Ag-Chit NCs against A. flavus collected from feed samples. (i), control (without
nanocomposite treatment), (ii), (iii), and (iv) fungal mat treated with 30, 60, and 90 milligrams of nanocomposites. All
petri dishes treatment was incubated at 28 ◦C for 10 days. (B) Fungal mycelium of P. expansum treated with Ag-Chit NCs
referred to the morphological changes in fungal hyphae, SEM images depicted markedly shriveled, crinkled cell walls, and
flattened hyphae of the fungi (a), hyphal cell wall and vesicle damaged (b), irregular branching (a and b), and collapsed cell,
formation of a layer of extruded material (d) Source (Abd-Elsalam KA. unpublished data).

To prevent fungal growth and mycotoxin production in food materials and packaging;
hybrid nanofiber mats composed of cellulose acetate encapsulated with AgNPs were
prepared by electrospinning. Due to close tight assembly of packaging in food materials,
these nanofiber mats allowed low penetration of air permeability preventing fungal growth,
and silver nanoparticles inherently inhibited the growth of yeast and molds [73]. Thus,
these nanocomposite materials have shown great potential for future applications in the
food packaging and preservation industry.

3.3. Postharvest Management of Nanocomposite Against Pathogenic Fungi

Perishable vegetables and fruits are spoiled due to transport, storage and growth of
spoilage and opportunistic microbes. Therefore, microbial decay of fruits and vegetables
is a great concern for researchers to formulate a driven strategy control measures with
long-standing efficiency. Nanotechnology is an alternative solution to develop sustain-
able horticulture in preserving and managing post-harvest diseases of fruits and vegeta-
bles [74,75]. This technology offers various products such as packaging thin films; helping
for labeling fresh products using the multiple chips (nanobiosensors), improvement of
packaging appearance and prevention of the impact of gases and unsafe rays.

Conventionally, fungicides like imazalil, thiabendazole, pyrimethanil, fludioxonil
and chloride-based chemicals have been used for management of post-harvest diseases
of horticultural produce [61]. Though effective but prolonged use of these fungicides has
led to development of among the fungal genera. Further, the active ingredients of the
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fungicides are toxic to humans and also to the ecosystem. Post-harvest diseases can be
classified into two groups (i) diseases from field infection (ii) diseases due to post-harvest
infection ([76,77]).

Citrus orange fruit, Citrus sinensis L. Osb., is often spoiled by P. digitatum during
the post-harvest storage/transportation periods. To counteract against the pathogen a
nanocomposite clay-chitosan nanocomposite (CCNC) was synthesized and evaluated
under in-vitro conditions; at 20 µg/mL the nanocomposite completely inhibited the growth
of P. digitatum. In in-vivo trials, the nanocomposite reduced the lesions by 70% and inhibited
the disease in orange [47]. The CNCC coated orange were observed to be free from the
disease, and exhibited high pH, chroma, peel moisture, and firmness in comparison with
the control [47].

A chitosan-Titanium dioxide composite film (70 µm thickness) was used as a pack-
aging material to extend shelf life during the postharvest storage of grapes by preventing
spoilage microbial infection. The composite film enhanced the shelf life and resisted the
mildew infection in stored grapes for up to 22 days [78]. Similarly, a nanocomposite of
silver/gelatin/chitosan was applied as a hybrid film in grapes to improve the storage shelf-
life under cold conditions. The hybrid film stored grapes didn’t show signs of infection,
had a fresh appearance and showed no leakage of the grapes [79].

Banana (Musa acuminata L.) is a famed fruit consumed by all peoples and is considered
to be one of the high-valued fruit in horticulture. During post-harvest, the banana fruits
get deteriorated on storage and transportation periods due to its climacteric nature i.e.,
increased respiration rate. To overcome this and ensure delayed ripening, maintenance
of fruit firmness and reduced mass loss of fruits coating of a nanocomposite containing
soybean protein isolate, cinnamaldehyde, and ZnO NPs on the banana fruit was observed
to be very effective [80]. In another study, a predominant disease (anthracnose) caused by
Colletotrichum musae in banana causing a major loss to the farmers was prevented by use of
metallic nanoparticles (silver, nickel, copper and magnesium) prepared from ajwain and
neem leaf extract. In postharvest period, silver nanoparticles were sprayed on the banana
at different concentrations ranging from 0.02 to 0.2 percent resulting in reduction in the
anthracnose infection (6.67 percent disease index) on use of the least concentration of 0.2%
AgNPs [81].

Apple (Malus domestica Bork) is a perishable fruit consumed by all ages worldwide.
Since it is a climacteric fruit, it is indeed useful to pro-act for development of a sustainable
methodology to prevent post-harvest losses of apple fruit. Polylactic acid incorporated
with ZnO nanoparticles was applied as a thin film in a fresh-cut apple stored at 4 ◦C for
14 days. PLA-ZnO NPs exhibited effective inhibition of yeast and molds in fresh-cut apples.
This showed the possibility that PLA nanocomposite can be used as a packaging material
in apples during the storage period [82].

Mango (Mangifera Indica L.) is also supposed to be highly prone to infections by
post-harvest pathogen(s) causing anthracnose diseases. A chitosan-silver NPs compos-
ite was prepared and evaluated for the antifungal effect against conidial germination of
C. gloeosporioides. The prepared chitosan-silver nanocomposite (at 100 µg mL−1) completely
suppressed the spore germination. Under in vivo conditions, mango fruits were inoculated
with the fungal spores. The infected mango fruit were then coated with the aforementioned
nanocomposite and evaluated for the disease incidence. The nanocomposite prominently
lowered the disease incidence with 45.7% and 71.3% at 0.5 and 1.0% of nanocomposite
respectively [83]. Likewise, a nanocomposite containing aloe vera gel, ZnOPs and glycerol
was coated on an edible mango and stored for 9 days at room temperature. After the
storage days, the edible mango didn’t show any sign of infection/diseases [84]. Similarly,
nanoemulsion containing chitosan was effectively inhibited C. musae and C. gloeosporioides.
However, the chitosan nanoemulsion showed better prospective results than chitosan
nanocomposite in banana, papaya and dragon fruits [85]. New biopolymers composite
oligochitosan (OCS) and OCS/nanosilica (OCS/nSiO2) hybrid materials with impressive
synergistic action are likely to be considered potential protections for plants infected with
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Colletotrichum sp. Conjugated nanomaterials may be considered possible biotic elicitors that
not only avoid anthracnose disease but also efficiently enhance plant growth [86]. The same
team found that silica and hybrid material had good antifungal properties against P. infes-
tans, the causal organism for late blight in tomato and potato, but the antifungal properties
of hybrid materials, due to their synergistic effect, had better antifungal capacities than that
of each individual component. Interestingly, the inhibition zone diameters of OCS/nSiO2
were approximately 4–5 mm and 7–9 mm larger than those of OCS and nSiO2, respec-
tively [87]. Bio-synthetized MgO nanoparticles are produced using the native bacterial
strain like Bacillus sp. The RNT3 strain was used to render CS-Mg nanocomposite. CS-Mg
nanocomposite has demonstrated impressive antimicrobial activity against Acidovorax
oryzae and R. solani and substantially inhibited development compared to the non-treated
control [88]. In vivo assays with two plant hosts including tomatoes and peppers affected
by Fusarium wilt and root rot diseases in which traditional chemical fungicides were used
for comparative purposes displayed better antifungal activity of rGO-CuO NPs and a
long-lasting impact at a very low concentration of 1 mg/mL. Interestingly, as CuO is a
plant nutrient, the study of treated plants showed a positive impact on flowering, plant
height and dry weight, as well as the aggregation of photosynthetic pigments [89].
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Table 1. Nano-composite formulation and their application for curbing the plant fungal pathogens.

Type of Nanocomposite
Applied

Method of Synthesis
Effective Working

Concentration
Application Method Pathogen Studied Remarks References

Inorganic-inorganic composites

AgNPs-titanate
nanotubes

Photo-assisted
functionalization of

AgNPs on hydrothermal
micro-wave-assisted
synthesis of titanate

nanotubes

30 mg/30 mL

In vitro study performed in PDB
supplemented with 30 mg

photo-activated AgNP-titanate
nanotube composite

Botrytis cinerea
Fungal conidial death due to

ROS damage [40]

Fe3O4/ZnO/AgBr Microwave-assisted
synthesis

1:8 weight ratio
nanocomposite

In vitro spore broth incubation
study performed in a cylindrical

Pyrex reactor

Fusarium graminearum,
Fusarium oxysporum

Complete inactivation of test
fungi within one hour of

incubation with the
nanocomposite

[41]

Bimetallic (Au/Ag) NPs
with metal oxide
NPs(ZnO NPs)

Physical mixture
technique 50:10 µg/mL

In vitro poison food study
involving the addition of NP

suspension in SDB

Aspergillus flavus/
A. fumigatus

-Augmented inhibition of
fungal growth by bimetallic

and metal oxide NPs
[90]

ZnO:Mg(OH)2
composite

Hydrothermal/co-
precipitation

technique
5 to 0.002 mg mL−1

In vitro study involving
DMSO dissolved NPs
supplemented in PDB

Colletotrichum
gloeosporioides

-Addition of MgO
diminished the antifungal

potential of ZnO NPs
[91]

Inorganic-carbon composites

CuO NPs functionalized
graphene-like

carbon composite

Green synthesis using
Adhatoda vasica leaf

extract and
0.01 M CuSO4

5:4 ratio proportion of
leaf extract: CuSO4

In vitro agar well diffusion
assay on PDA media

Aspergillus niger,
Candida albicans

growth inhibition due to the
disruption of the
cell membranes

[42]

GO-AgNPs Interfacial electrostatic
self-assembly synthesis 9.37 µg/mL-MIC value

In vitro assay using growth
media and detached wheat

leaf bioassay
Fusarium graminearum

Improved anti-fungal
efficiency [>3-fold for

AgNPs and >7-fold over
pure GO] through two

mechanisms (physical injury
and ROS mediated

chemical injury)

[38]
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Table 1. Cont.

Type of Nanocomposite
Applied

Method of Synthesis
Effective Working

Concentration
Application Method Pathogen Studied Remarks References

Inorganic-organic composites

ZnO NPs/CS-Zn-CuNPs Wet chemical method 0 to 90 µg mL−1
In vitro study involved

supplementation of
nanocomposite in PDA media

Alternaria alternata, B.
cinerea, R. solani

-Highest mycelial inhibition
by chitosan mixed Zn-Cu

nanocomposite
[48]

Cu-/Zn-chitosan and
bimetallic

nanocomposites
Wet chemical synthesis 30, 60, and 100 µg mL−1

-In vitro study using
agar based media

-In vivo seed priming assay for
damping-off disease in cotton

cultivar Giza 92 seedlings

Rhizoctonia solani

-highest hyphal inhibition at
100 µg mL−1

-Augmented effect of
bimetallic NC along with

biocontrol fungus
(Trichoderma)to suppress

disease in vivo

[49]

Clay-chitosan
nanocomposite

Anion-exchange
technique 5 to 60 µg mL−1

-In vitro study using PDA
-In vivo assay in mature fruits of

Citrus sinensis (L. Osbeck)
cv. Valencia

Penicillium digitatum

-Complete inhibition of
fungal hyphae in different

weight ratios of
clay/chitosan

nanocomposite (1:0.5, 1:1,
1:2) (conc.20 µg mL−1)

[47]
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4. Challenges

Food production and safety is a primary concern for all researchers to ensure that what
we are consuming is a safe food free from contamination and an assurity of maintenance of
the characteristic quality traits of the food. The primary problem of food is contamination
by microbes affecting the plants at varying degree levels at seedling, rooting, flowering,
and fruit stage, post-harvesting stage. Though we are practicing, routine intensive usage of
chemical fertilizers, pesticides, inoculants, agrochemicals, and chemical sprayers during
the postharvest period, but concerning the toxicity and accumulation of toxicants in food
products causes major health allied problems in humans and also to the environment [3].

In this modern age of science, every decade is witnessing the advent of innovative
scientific concepts and applications catering to the well-being of the human population and
the environment. Likewise, this decade is comforted by the emergence of nanotechnology.
This technology can resolve daunting problems persisting in all the sectors of physical,
chemical, and biological sciences. In agriculture, the use of nanotechnology is indispensable
owing to the reasons of superior properties.

Despite the usage of nanotechnology in agriculture, certain challenges have existed
that need to be rectified or eliminated. In antifungal management, nanohybrid materials
are being used. These consist of elements like silver, gold, copper, iron, graphene, silica;
polymers like chitosan, PVC, PLGA, and other organic molecules that are incorporated to
obtain composites or nano-hybrids. The nanohybrid production methods are cost-intensive
since these involve the use of expensive chemicals, reagents, and physical energy. Thus,
the produced nanohybrids may exhibit high effectivity against phytopathogens but on
application under field conditions, these nanohybrids may exhibit off-target movements
and may enter into the plant system or may get accumulated in the vegetative parts
of the plants.

The effect of nanoparticles on crop plants must be understood before developing any
kind of nano-formulations for antibacterial/fungicidal applications. Many researchers have
suggested that nanoparticles can potentially harm plant growth and development. Dimpka
et al. [92] reported that CuONPs can affect the root and shoot growth in wheat. Further,
the chlorophyll content and enzyme activities peroxidase and catalase activities were
reduced in CuONPs treated plants. Likewise, AgNPs at higher concentrations (10 mg/L)
can have altered on the metabolism and cell defense mechanism in wheat [93]. TiO2
when exposed to Oryza sativa has shown to result in reduced biomass contents, changes
in metabolite concentrations, and alterations in the respiration pathways [94]. Likewise,
Carbon nanotubes reduced the length of root and shoot of a rice plant besides inducing the
DNA damage [95].

Nanoparticles not only exert negative effects in plants but also may have altering
effects on the soil microbial communities. All metallic/metal oxide nanoparticles reduce
the microbial abundance at varying levels. Pseudomonas putida an important bacterium
in nitrogen recycling was affected by carbon nanotubes and ZnONPs [96]. The same
ZnONPs were also reported to have negatively affected the soil beneficial fungi also. Soil
Microbial Biomass Carbon (SMBC) was observed to be drastically very low in fields where
the soil microbes were exposed to AgNPs, NiNPs, CuONPs and carbon nanotubes [96].
The induction of reactive oxygen species (ROS) by Ag-SiO2 core-shell nanocomposites
were responsible for radial hyphal growth inhibition of a few plant pathogenic fungi [97].

Another important challenge is that nanoparticles can trespass through food chains
and accumulate at higher trophic levels. A report of Vittori Antisari et al. [98] documented
that tomato plants exposed to engineered metal oxides resulted in increased concentrations
of K and decreased in the Mg, P, and S contents in the fruits of tomato. When such
fruit will be consumed by humans, their fate remains questionable. Therefore, the usage
of nanoparticles remains a big and unresolved challenge for agricultural applications
particularly involving their use in open field conditions.
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5. Future Perspective

With the pros and cons of nanotechnology challenges; it is a time to explore the
correct and beneficial usage of nanotechnology in agriculture management. To obtain
the nanocomposite as a safe, clean, and eco-friendly agent for the management of fun-
gal diseases in plants and postharvest period the following criteria can be accomplished.
At present, chemical-based synthesis of nanocomposite is reported so far. However, the
researchers are now endeavoring to fabricate nanocomposite through a green chemistry
approach involving the utilization of agri-wastes such as banana or orange peels, wheat
whiskers, straw, cotton or corn stalks, coconut or almond shells, corn silk, rice husks
for the production of nanoscale carbon, silica, graphene, cellulose, and chitosan poly-
mers. Further, tremendous opportunities of use and application of green synthesized
inorganic metal/metal oxide nanoparticles can be identified in agriculture and particu-
larly for the control and management of plant diseases caused by several fungal phy-
topathogens [99–101]. The biological synthesis protocols can improve the cost, time and
energy requirements besides will help decrease the amounts of environment-corrosive
chemicals required for the industrial production of nanomaterials and their composites
through the most prevalent physical/chemical synthesis techniques [100]. The most strik-
ing benefit of the use of biodegradable polymers for development of nanocomposites by
conjugation of metal/metal oxide nanoparticles is their ease of translocation within the
plant tissues and the ability to exert in planta antifungal activity. Therefore, the use of
biodegradable polymers must be encouraged in future research due to their biocompatible
and eco-friendly characteristics.

Size and stability are two important factors for designing a novel nanocomposite.
Producing a size-controlled nanocomposite will be a key success in antifungal management.
Stability should be maintained till the end of the period. Before applying a nanocomposite
material under field conditions; researchers should ensure the toxicity of the applied
nanocomposite to the non-target organisms. Many nanocomposite materials are developed
from toxic nanomaterials, for example, TiO2 is reported to produce colon cancer. Therefore,
the derived nanocomposites can be toxic to plants, microbes, and the environment, and
hence, a careful preparation of nanocomposite with minimal toxicity must be preceded.

The prepared nanocomposite must not exhibit undesirable effects in plants and fruits.
In certain cases, the fruit ripening process may get delayed more than the expected period.
Prompt application of nanocomposites as spray/emulsion can be encouraged during the
post-harvest period (storage) (Figure 6). Novel nanomaterials (sensors, kits) should be
developed to detect, quantify, and analyze the fungal pathogen during the post-harvest
period. The toxicity of nano-composites depends on the concentration used. Compared to
chemical-based pesticides/fungicides, the working concentrations of the nanocomposites
are relatively very low. Another pressing challenge for the nano-products is hurdles faced
in the marketing of these products possibly due to production cost, unclear technical
benefits, public opinion, and legislative uncertainties. Compared to other sectors, the usage
of nanotechnology in agriculture is marginal and needs attention.
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Figure 6. Application of nano-composite formulations to decrease post-harvest losses of horticul-
tural produce.

6. Conclusions

A product that can attribute positive outcomes to our intended purpose must be wel-
come. Likewise, identification of the boons and banes of the nanocomposite smart materials
as effective antagonistic agents to curb the fungal pathogens is critical. In this review, we
have clearly emphasized the significance of nanocomposites in fungal disease management
in a comprehensive approach. Post-harvest management of fruits by nanocomposites offers
a successful tool to combat diseases and infections leading to produce loss through spoilage
and decay.

Our findings have indicated that the control of toxigenic fungi and the detoxification of
mycotoxins are not adequate for sustainable agricultural ergonomics. Therefore, novel treat-
ment methods for improving the food safety and protection must be applied. Nanohybrid
antifungals are thus, of primary importance for a synergistic approach to resolve diverse
problems in the management of fungal pathogens causing agricultural/post-harvest dis-
eases in the 21st century, with a focus on Green Nanotechnology, which is environmentally
sustainable and provides a continuum for the plant, animal and human health. The nano-
hybrid anti-fungals are anticipated to cater to the need of the growers, consumers as well
as the environment activists through rapid, effective, and comparatively improved eco-
safety attributes for controlling the yield and produce quality deterring potential of the
fungal phytopathogens.
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Abstract: Research and innovation in nanoparticles (NPs) synthesis derived from biomaterials have
gained much attention due to their unique characteristics, such as low-cost, easy synthesis methods,
high water solubility, and eco-friendly nature. NPs derived from macrofungi, including various
mushroom species, such as Agaricus bisporus, Pleurotus spp., Lentinus spp., and Ganoderma spp. are
well known to possess high nutritional, immune-modulatory, antimicrobial (antibacterial, antifungal
and antiviral), antioxidant, and anticancerous properties. Fungi have intracellular metal uptake
ability and maximum wall binding capacity; because of which, they have high metal tolerance
and bioaccumulation ability. Primarily, two methods have been comprehended in the literature to
synthesize metal NPs from macrofungi, i.e., the intracellular method, which refers to NP synthesis
inside fungal cells by transportation of ions in the presence of enzymes; and the extracellular
method, which refers to the treatment of fungal biomolecules aqueous filtrate with a metal precursor.
Pleurotus derived metal NPs are known to inhibit the growth of numerous foodborne pathogenic
bacteria and fungi. To the best of our knowledge, there is no such review article reported in the
literature describing the synthesis and complete application and mechanism of NPs derived from
macrofungi. Herein, we intend to summarize the progressive research on macrofungi derived NPs
regarding their synthesis as well as applications in the area of antimicrobial (antibacterial & antifungal),
anticancer, antioxidant, catalytic and food preservation. Additionally, the challenges associated with
NPs synthesis will also be discussed.

Keywords: oyster mushroom; application; antibacterial; anticancer; antioxidant
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1. Introduction

The enormous impact of nanobiotechnology on almost all life forms has intrigued researchers
globally [1]. In 1959, Richard Feynman introduced the theoretical concept of miniaturization, and, for the
first time, provided hidden hints on nanotechnology (directing towards technology, using materials
that have dimensions of approximately 1–100 nm) [2]. Nowadays, microorganisms (bacterium, fungi,
including mushroom, yeast) and green plants are used for green synthesis of metallic nanoparticles [3].

Pleurotus mushrooms, commonly known as oyster mushrooms, belong to the family of genus
Pleurotus, and they are edible and nutritious in nature [4]. Oyster mushrooms are readily available
and naturally grow in nearly all latitudes, tropical and subtropical forestry, except Antarctica [5].
The worldwide geographical distribution of different Pleurotus species, with optimum growth
temperature, is shown in Table 1. The primary role of the fruiting bodies of oyster mushrooms is to
absorb amino acids, proteins, vitamin B (niacin, thiamine, and riboflavin), vitamin D, carbohydrates,
and mineral salts (iron, calcium, and phosphorus) [6,7]. Additionally, they show important antifungal,
anti-inflammatory, antibacterial, and immunomodulatory activities.

Table 1. Geographical Distribution of Pleurotus spp.

Species Geographical Distribution Optimum Growth Temperature ◦C Reference

Pleurotus citrinopileatus Russia, China, Japan 21–29 [8,9]
P. cornucopiae Europe, USA, and Mexico >25 [8,9]

P. djamor
Tropical region, Indonesia,
Malaysia, Japan, Mexico 21–35 [8,9]

P. eous Sub-tropical part of the world 23–28 [8,9]
P. eryngii Europe, Asia, Africa 20–25 [8,9]

P. flabellatus India, Mauritius 25–28 [8,9]
P. florida Hungary, Kenya 20–28 [8,9]

P. giganteus Thailand, Sri Lanka 15–35 [8,10]
P. ostreatus Widespread around the world 18–22 [8,9]

P. sajor-caju
Kenya, India, Philippines,

Australia, Mauritius 20–28 [8,9]

P. tuber-regium Africa, Australia, Asia 25–30 [8,9]
P. platypus India 15–25 [8,9]

P. pulmonarius Warm tropical area 20–28 [8,9]

Moreover, they have the ability to reduce sugar and cholesterol levels in the blood [11]. P. ostreatus

contains β-1,3-D-glucan and pectin, which are water-soluble gel-forming substances, having the
ability to bind with bile acids. They inhibit cholesterol-bile micelle formation, cholesterol absorption,
and endogenous synthesis, while increase the removal of plasma cholesterol by reducing the production
and secretion of very low density lipoproteins (VLDL) [12]. The content of the nutrients depends on the
nature, age, and size of the fungus, as well as their growing conditions [13]. Several nutrients, such as
carbohydrates (40–46%), protein (20–25%), fiber (10–21%), and amino acids (20–41%) are present in
considerable amounts, while the content of fat is very low, ranging from 10–20% of the dry matter.
Fungi fruiting bodies are a rich source of micro- and macro-elements, such as sodium, magnesium,
phosphorus, calcium, manganese, potassium, iron, copper, and zinc. Mushrooms of the genus Pleurotus

have their own importance, more than the commercially employed basidiomycetes, because they
possess better superior nutritional, gastronomic, and medical properties than mushrooms (which can
be easily cultivated on a broad range of substrates) [14]. Nowadays, mushrooms show significant
potential in metal nanoparticle (NP) synthesis and multifaceted applications [15].

In recent decades, several reports on mycogenesis derived NPs have been published [11]. However,
the precise mechanisms of synthesis of mycogenic nanomaterials with variable size dimensions and
topologies are not well understood (yet). Members of the fungi kingdom include various heterotrophic
multicellular eukaryotic organisms. These microbes play an essential role in diverse ecosystems,
particularly in the nutrient cycling paradigms. Fungi can be reproduced by both processes, i.e.,
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sexually as well as asexually, and have shown symbiotic relations with bacteria and plants. Fungi groups
mostly consist of mildew, mold, rust, yeast, and mushrooms [16].

The benefits and relevant use of fungal cells, such as NP factories, are attributed to the release of
high amounts of extracellular enzymes that can serve as bio-reducing (as well as stabilizing) agents
for NP synthesis. Moreover, fungal-derived NPs are much better than the bacteria-derived NPs.
Constituents, such as enzymes and metabolites secreted by fungal cells, play an important role in
synthesizing metal NPs, which reduce the toxicity of substances [15]. Ions are often liable for toxicity.
When metal ions in solution are exposed to bacterial cells, they become uniformly distributed in the
environment surrounding the bacterial cell, with no specific localization. In contrast, NPs that interact
with the bacterial cell wall produce a focal source of ions through continuous release of ions, and cause
enhanced toxicity to the cells [17]. Positively charged metal ions can easily bind with the fungal
cell surface containing negative charge through electrostatic and cell receptor-specific interactions.
Both types of intracellular (as well as extracellular) fungi could be used to synthesize NPs. Fungi exhibit
high metal-binding capabilities in comparison to bacteria, and, hence, fungal biomass has gained the
attention of researchers, for the production of NPs, at a large-scale. Various metal NPs, such as PdNPs,
AgNPs, AuNPs, CuNPs, FeNPs, ZnNPs, TiNPs, and PtNPs could be synthesized using their oxides,
nitrides, sulfides, and fungal biomasses [18].

NPs derived from fungal biomasses exhibit distinct optical, physical, and chemical properties,
such as high quantum yield, excellent biocompatibility, high photostability, and adequate near-infrared
(NIR) light-absorbing capacity, owing to which, they can be used in various chemical and medical
fields, such as sensing, medicine, catalysis, and food packaging [19,20]. Oyster mushrooms mediate
myco NPs by using spent mushroom substrate (SMS), and have medical importance towards many
pathogenic microorganisms, as reported for the first time in 2007 [3].

To the best of our knowledge, many review articles, based on the synthesis of metal NPs derived
from diverse sources and their applications, have been reported. Still, few review articles have discussed
the synthesis of distinct metal nanoparticles (MNPs) and several applications of oyster mushroom
derived NPs, and we attempted to fill the gap. In this article, we intend to discuss NP synthesis derived
from oyster mushrooms, using various techniques and different applications. First section discuses
the synthesis of nanoparticles by using intra-and extra-cellular methods. Later, different applications
involving antioxidant, anticancer, antibacterial, and catalysis, with possible mechanisms of action,
have also been discussed.

2. Green Synthesis of Metal-Based Nanoparticles Mediated by Genus Pleurotus

Fungal exploration and implications in the area of nanotechnology are very significant. In previous
literature, it was reported that microorganisms, including bacteria, fungi, and yeast, could be used for the
synthesis of metal NPs (metal = calcium, gold, silicon, iron, silver, lead, and gypsum) [21]. We observed
that fungi have received immense attention owing to their metal bioaccumulation properties, to produce
metal NPs [22]. The fungal material includes mycelia, polysaccharides, and proteins are used in the
formation of metal nanoparticles; metal NPs of oyster mushroom species were synthesized using
mineral salts [23]. Fungi have intracellular metal uptake capabilities and maximum wall binding
abilities because they have high metal tolerance plus bioaccumulation abilities [24–27]. In comparison
with other plants and microbes, the mycelia of fungi provides effective hold ability in the bioreactor,
as well as in agitation and high flow pressure [28]. Moreover, fungi secrete extracellular enzymes in
high amounts, leading to the massive production of enzymes [29]. Reduction of the enzyme, using both
intracellular and extracellular ways, help in metal NP synthesis, nanostructure, and biomimetic
mineralization [30,31].

During synthesis, fungi extracts serve the function of capping and reducing agents. At the same
time, the fungal mycelium exposed to the metal precursor induces fungus to liberate metabolites and
enzymes for its survival [11]. Both the fruiting bodies and mycelium of the mushrooms can be utilized
for the synthesis of NPs. It has been reported that the Pleurotus species, such as P. ostreatus, are capable
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of synthesizing NPs, both intracellularly and extracellularly, while other species, such as P. florida,
P. cornucopiae var. citrinopileatus, P. platypus, P. ostreatus, P. sajor-caju, P. eous, and P. djamor var. roseus

synthesize NPs extracellularly [32–37]. Synthesis of Pleurotus derived metal NPs is shown in Table 2
and Figure 1.

Figure 1. Graphical representation of green-synthesis of nanoparticles from Pleurotus (Oyster) 
Figure 1. Graphical representation of green-synthesis of nanoparticles from Pleurotus (Oyster) mushroom.
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Table 2. Varieties of Pleurotus spp. and their nanoparticles.

Species
Types of Nanoparticles

Synthesize and Their Size (nm)
Chemical Used

Reaction
Time (hour)

Reducing
Agent

Stabilizing
Agent

Specific
Temperature

(◦C)
Morphology References

Pleurotus
citrinopileatus

Ag, 6–10 AgNO3 24
mushroom

extract,
Nitrate

mushroom
extract 60 spherical [38]

P. cornucopiae
(citrinopileatus)

Ag, 20–30 AgNO3 24 aqueous
extract

aqueous
extract 25 spherical [37]

P. cystidiosus Ag, 2–100 AgNO3 24 aqueous
extract

aqueous
extract 25 ND [39]

P. cystidiosus Au, ND HAuCl4 24 aqueous
extract

aqueous
extract 29 ND [39]

P. djamor Ag, 5–50 AgNO3 48, 24 aqueous
extract

aqueous
extract RT spherical [40–42]

P. djamor ZnO, 70–80 Zn(NO3)2.5H2O 24 ND ND RT spherical [43]

P. djamor TiO2 TiCl4 20 min aqueous
extract

aqueous
extract RT spherical [44]

P. eryngii Ag, 18.45 AgNO3 5 days aqueous
extract

aqueous
extract RT spherical [45]

P. flabellatus Ag, 2–100 AgNO3 24 aqueous
extract

aqueous
extract 25 ND [39–41]

P. flabellatus Au, ND HAuCl4 24 aqueous
extract

aqueous
extract 29 ND [39]

P. florida Ag, 20 AgNO3 Overnight; 72 aqueous
extract

aqueous
extract RT spherical [33,34,40,41,

46–48]

P. florida Au, 2–14 HAuCl4 1.5 aqueous
extract, glucan glucan 70 spherical [49]

P. florida Au, 20 HAuCl4 24 aqueous
extract

aqueous s
extract RT spherical [50]

P. giganteus Ag, 5–25 AgNO3 3 days aqueous
extract

aqueous
extract 37 spherical [51]
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Table 2. Cont.

Species
Types of Nanoparticles

Synthesize and Their Size (nm)
Chemical Used

Reaction
Time (hour)

Reducing
Agent

Stabilizing
Agent

Specific
Temperature

(◦C)
Morphology References

P. ostreatus Ag, 4,28,50 AgNO3 24; 72; 1

aqueous
extract;

mushroom
broth

aqueous
extract 28; 75 spherical; [36,39,52,53]

P. ostreatus Au, 22.9 HAuCl4 24 h aqueous
extract

aqueous
extract 29 spherical [39,54]

P. ostreatus ZnS, 2–5 ZnCl2 Over night mushroom mushroom
extract 70 spherical with

crystalline [55]

P. ostreatus Zn, 15 ZnS-N3 1 aqueous
extract

aqueous
extract,

sodium azide
4 uniform [56]

P. platypus Ag, 0.56µm AgNO3 72 aqueous
extract

aqueous
extract 37 spherical [34]

P. pulmonarius Ag, 2–100 AgNO3 24 aqueous
extract

aqueous
extract 25 ND [40,41]

P. pulmonarius Au, ND HAuCl4 24 aqueous
extract

aqueous
extract 29 ND [39]

P. sajor-caju Ag, 5–50 AgNO3 48 aqueous
extract

aqueous
extract 25 spherical [32,57–60]

P. sajor-caju Au, 16–18 HAuCl4·3H2O Over night aqueous
extract

aqueous
extract RT spherical [60]

P. tuber-regium Ag, 50 AgNO3 2 aqueous
extract

aqueous
extract 80 spherical and

cubical [61]

Note: RT—room temperature; ND—not detected.
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2.1. Intracellular Method

This method includes synthesis of NPs inside the fungal cells by transporting ions during the
exposure of enzymes [62,63]. First, the mycelia cultures are treated with a metal precursor and then
they are incubated in the dark for 24 h. For intracellular identification, mycelia are resuspended
in phosphate buffer saline (PBS, pH 7.4) and homogenized with a sonicator. NPs formed by the
intracellular technique have a smaller size when compared with the NPs fabricated by the extracellular
method [64,65]. Nucleation of particles inside the fungus could be the cause behind the variation
in sizes. This technique is slower when compared with the extracellular method for synthesizing
metal NPs [64]. As the NPs synthesis starts within the cell, their downstream processing becomes
complicated, increasing cost of synthesizing NPs [66–68]. However, this type of synthesis technique is
suitable for making composite films [69].

2.2. Extracellular Method

The extracellular synthesis method is a facile and cost-effective approach that involves the treatment
of fungal biomolecule aqueous filtrate with a metal precursor, where these metal ions are adsorbed
on the surface of the cells [31,70–73]. In this technique, downstream processing is not required,
which makes this approach more effective in comparison to the intracellular method. Therefore,
the extracellular approach is predominantly used for NP synthesis [74]. Extracellular metabolites
synthesized by fungi play a crucial function in their survival when exposed to various environmental
stresses, such as temperature variations, toxic materials (e.g., metallic ions), and predators [75].
Moreover, this synthesis method shows the capability of immobilization of metallic ions in a suitable
carrier [69].

The accepted mechanism for the metallic NP synthesis is the enzymatic reduction via enzyme
reductase, within the fungal cell or on the cell membrane [76]. This probable mechanism proposes
fungus-mediated NP synthesis, i.e., the action of electron shuttle quinones, nitrate reductase, or by both.
It is observed that, in bacteria and fungi, mainly two forms of enzymes: (1) nitrate reductase, and (2)
α-NADPH-dependent reductases, are responsible for the metal and metal oxide NP synthesis [69].
Extracellularly synthesized NPs were stabilized by the enzymes and proteins formed by the fungi.
Moreover, it has been observed that high molecular weight protein is associated with the synthesis of
NPs, such as NADH-dependent reductase [69]. Furthermore, the phytochemicals found in plants play
a vital role in the bioreduction of NPs [76]. In the mushroom extract of Pleurotus spp., phytochemicals,
including alkaloids, saponins, anthraquinones, flavonoids, tannins, and steroids are present [14].

3. Different Types of Nanoparticles Derived from Oyster Mushroom

3.1. Silver Nanoparticles (AgNPs)

AgNPs play a significant character in the areas of biological and medical sciences. These NPs
could be synthesized by various methods, such as physical, chemical, ionizing radiation methods,
etc. [70]. However, all of these methods possess potential drawbacks; particularly, the chemicals
utilized in AgNP synthesis through wet chemistry routes are less eco-friendly, expensive, and have
high toxicity [46,77,78]. However, fabrication of AgNPs by green synthesis methods can be a better
alternative as it is cost effective, non-toxic, and ecologically safe than the other synthesis methods [79].
Various studies on the biosynthesis of AgNPs using powdered basidiocarps and mycelia of different
oyster mushroom species, such as P. ostreatus, P. sajor-caju, P. florida, P. cornucopiae var. citrinopileatus,

P. giganteus, P. platypus, and P. eous have been reported. These basidiocarps and mycelia were soaked in
distilled water, boiled, and then filtered [23–33]. The filtrate was freeze-dried to prepare aqueous extract.
Various concentrations of this aqueous extract were incubated with AgNO3 solution to synthesize
AgNPs by the reduction of Ag+ ions to Ag◦ (metal). Unboiled mycelia extract of Pleurotus has also been
used to synthesize AgNPs [38]. In their report, they crushed the fruiting bodies and mixed them with
deionized water. The content was filtered with filter paper, and then the filtrate was used to synthesize
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AgNPs, with a size of 6–10 nm, with a spherical shape. Moreover, the synthesized AgNPs were further
assessed for antibacterial potential against Escherichia coli and Staphylococcus aureus.

Synthesis of AgNPs was carried using P. tuber-regium mushroom extract and 1 mM AgNO3

solution. The mixture of solutions was stirred at 90 ◦C for 2 h. Cubical and spherical shaped AgNPs,
with an average size of 50 nm, were obtained as a black powder [61]. Debnath et al. synthesized
spherical shaped AgNPs with the help of aqueous extract of mushroom (5 mL) and mixed with 95 mL
silver nitrate (1 mM, AgNO3) solution to reduce Ag+ to Ago. This solution was kept in an incubator
for 3 days at 37 ◦C, resulting in color change from light yellow to yellowish-brown. The obtained
AgNPs were crystalline with a size ranging from 5 to 25 nm. Authors evaluated the antibacterial
activity of AgNPs against E. coli, B. subtilis, P. aeruginosa, and S. aureus [51]. Similarly, the synthesis of
predominantly spherical shaped AgNPs with a size ranging from 2 to 100 nm was carried by various
researchers using mushroom extract and AgNO3 solution [34,37,52,57,80].

3.2. Gold Nanoparticles (AuNPs)

AuNPs synthesis was performed by using edible P. florida mushroom by the photo-irradiation
method, and evaluated for anticancer potential against A-549, HeLa, K-562, and MDA-MB cell lines.
Initially, 5 g of fresh biomass of P. florida mushroom was washed with deionized water and then cut to
small pieces. Later, the chopped pieces were added in 500 mL of double-deionized water, under stirring,
for half an hour. These contents were then incubated overnight. That content was then filtered via
filter paper. Later, the filtrate of mushroom was used to reduce Au+ into Au◦ in the presence of bright
sunlight to form spherical to triangular-shaped AuNPs in the range of 10–50 nm [48].

3.3. Zinc Sulfide Nanoparticles (ZnS) and Zinc Oxide Nanoparticles (ZnO)

ZnS NPs were fabricated using P. ostreatus extract, ZnCl2, and Na2S solution as the precursor
material [55]. Firstly, small pieces of mushrooms were boiled and filtered. Then, different concentrations
of the resultant filtrate were mixed with aqueous solutions of ZnCl2 and Na2S solution, and resulting
solutions were dried at 120 ◦C for 2 h. Here, the resultant filtrate was used as a stabilizing (as well
as a capping) agent for the fabrication of spherical shaped ZnS NPs. Obtained ZnS NPs was highly
crystalline with sizes varying from 2.30 nm to 4.04 nm. The author observed that the diameter of those
spherical ZnS NPs was decreasing with the increase in extract amount [55]. ZnONPs were synthesized
by using P. djamor extract, 20 mL of mushroom extract added into 80 mL of Zn (NO3)2. The 5H2O
(5 mM) solution was continuously mixed for 24 h at room temperature until the color transformed into
light pink, which confirmed the synthesis of ZnONPs [43].

3.4. Cadmium Sulfide Nanoparticles Quantum Dots (CdS QDs)

In contrast to traditional fluorescent organic dyes and green fluorescent proteins, CdS QDs seem
to be superior as they overcame the limitations associated with different factors, such as spectral
overlapping, weak signal intensity, and photobleaching [81]. The multiple characteristics of QDs are
high photostability, symmetric, slow decay rates, fine emission spectra, wide absorption cross-sections,
and broad absorption spectra. The emission color of QDs depends upon their size and surface
chemistry; chemical composition used can be altered from the UV to visible or near NIR wavelengths.
The increasing interest in the use of CdS QDs is because they act as luminescent probes and labels
for biological imaging, disease diagnosis, and molecular histopathology. The studies revealed that
the QDs derived from plants did not aggregate [82]. Borovaya et al. synthesized CdS NPs with the
help of aqueous extract of roots of Linaria maroccana, CdSO4, and Na2S. First, the mixture solution was
incubated for 4 days at 28 ◦C resulting in the formation of the clear homogeneous solution with a bright
yellow color. This indicates the formation of CdS NPs, which are water-soluble and spherical, with sizes
of 5–7 nm [82]. In 2015, again biosynthesis of luminescent CdS NPs using mycelium of P. ostreatus,
CdSO4 and Na2S. In brief, CdSO4 solution was mixed with mycelium followed by the incubation for
10 days at 26 ◦C, followed by the addition of Na2S solution. Obtained NPs were spherically shaped,
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having the size in the range of 4 to 7 nm. In particular, cadmium sulfide QDs are highly useful in
investigating the biomolecules interaction and cellular signaling pathway with the help of fluorescent
microscopy [81].

3.5. Titanium Dioxide Nanoparticles (TiO2)

TiO2 NPs were synthesized by using edible P. djamor mushroom and evaluated for anticancer
potential against A-549 (human lung carcinoma) cell lines, as well as for larvicidal and bactericidal
activity. Initially, 10 g of fresh biomass of P. djamor mushroom was washed with deionized water
for 10 min and then cut to small pieces. Later, the chopped pieces were added in 100 mL of double-
deionized water, boiled at 60 ◦C for 15 min, and then filtered. Then, 20 mL of filtrate was added to
80 mL of TiCl4 (5 mM) solution, stirred for 2 h, and kept to room temperature for 20 min until the
color changed to brown. The intensity of the color of the extract was determined at the wavelength of
345 nm. The synthesized TiO2 NPs formed, spherical in shape, with sizes of 31 nm [44].

3.6. Synthesis of Other Nanoparticles

3.6.1. Iron Nanoparticles (FeNPs)

FeNPs were intracellularly synthesized by using hypha of Pleurotus sp. The reduction process is
involved in uptake of FeNPs via the fungal cell membrane, in which reduction of ferric ion (Fe+3) to
ferrous ion (Fe+2) takes place. The reduction process is involved during the iron uptake by fungi [83].

3.6.2. Selenium Nanoparticle (SeNP)

SeNPs were synthesized via mushroom polysaccharide-protein complexes (PSPs) isolated from
P. tuber-regium sclerotia. These NPs have anticancer activity, excellent bioavailability, and low toxicity.
SeNPs have been recorded for inhibiting the proliferation of human breast carcinoma MCF-7 cells
by apoptosis; results obtained from the study revealed that cytotoxicity was cancer-specific [84].
PSP–SeNPs have the efficiency to enhance the reactive oxygen species (ROS) generation, and inhibit
dose dependently the growth of MCF-7 human breast carcinoma cells, through induction of apoptosis,
with the involvement of Poly (ADP-ribose) polymerase (PARP) cleavage and caspase activation.
The size of PSP–SeNPs with an average diameter < 50 nm spherical in shape [85]. The synthesis of
SeNPs from P. ostreatus extract have been reported for in vitro anticancer activity [86].

3.6.3. Copper Nanoparticles (CuNPs)

Monodispersed copper nanoparticles (CuNPs) were synthesized from aqueous fermented
fenugreek powder (FFP), polysaccharides, such as chitosan, sodium alginate, citrus, and pectin,
with the help of fungal strains of P. ostreatus, under the exposure of gamma radiation. The CuNPs
synthesized have size ranges from 25.0 to 36.0 nm. Because of the stability and the minute sizes,
these synthesized CuNPs show antioxidant and antimicrobial activity, and were found beneficial in
cosmetics, medical, pharmaceutical, and industrial applications [87].

4. Applications of Pleurotus Derived Nanoparticles

Different types of metal NPs synthesized from oyster mushrooms are discussed above.
Recently, they have been considered as valuable in various fields of medicine and industries.
Schematic representation of different applications of metal NPs derived from Pleurotus is summarized
in Figure 2.
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Figure 2. Schematic diagram showing the applications of oyster mushroom derived nanoparticles.

4.1. Antimicrobial Activity

In the past few decades, the microbial infection has become a major health issue across the world,
due to its continuously evolving nature and ability to develop resistance against the existing regime [64].
Therefore, search for a strong alternative candidate that can kill or inhibit multidrug resistance microbes
is needed [88]. Metal nanoparticles (MNPs) are known to possess potent antimicrobial activity against
a wide variety of microbes, including bacteria (Gram-negative and Gram-positive) and fungi, via their
photodynamic effects and strong oxidative stress [89]. Furthermore, the direct physical contact of
MNPs to bacterial membrane results in the release of intercellular material, loss of cell membrane
integrity, and cell death [88]. In literature, several reports are offered on MNPs’ (AgNPs, AuNPs,
ZnSNPs) exhibiting bactericidal activity. However, only a few reports focus on the support of their
antifungal and antibacterial activity with appropriate mechanisms [88–91]. Moreover, many reports
available in literature that favor the mechanism involved in bacterial and fungi cells are almost similar.

In the year 2009, Nithya and Ragunathan synthesized AgNPs (5–50 nm, spherical) derived from
Pleurotus sajor-caju fungi as the starting material and evaluated their bactericidal activity against the both
Gram-negative (Pseudomonas aeruginosa, E. coli) and Gram-positive (S. aureus) bacteria. Authors claimed
that the inhibitory action of AgNPs was attributed to the generation of Ag+ ions by NPs that resulted
in DNA damage, protein denaturation, enzymes inhibitions [32]. Two years later, in 2011, Bhat et al.
also fabricated AgNPs (20 ± 5 nm, spherical) using P. florida mushroom, and studied their antibacterial
activity against S. aureus, Salmonella typhi, Providencia alcalifaciens, and Proteus mirabilis. The prepared
NPs show higher activity against the Gram-positive microbes than Gram-negative, especially in the case
of P. mirabilis [33]. A similar kind of study was presented by Shivashankar et al. (2013) using AgNPs
derived from P. pulmonarius, P. djamor, and Hypsizygus (pleurotus) ulmarius as the precursors [40,41].

Yehia and Sheikh (2014) synthesized AgNPs (4–15 nm, spherical) derived from P. ostreatus extracted
via the green synthesis route and evaluated their antifungal activity toward the various Candida species,
i.e., C. tropicalis, C. albicans, C. parapsilosis, C. krusei, and C. glabrata. The (minimum inhibitory
concentration) MIC (IC80) results demonstrated that AgNPs showed higher toxicity against all of the
candida species (5–28 µg/mL) than the amphotericin B (5–8 µg/mL) and fluconazole (13–33 µg/mL) [36].
The tiny size and capping ability of the bioactive white NPs derived from P. tuber-regium extract and silver
nitrate showed higher therapeutic efficacy against the various diseases and disorders [61]. Devi and
Joshi (2015) synthesized AgNPs derived from three different endophytic fungi, i.e., Aspergillus niger,
Aspergillus tamarii, and Penicillium ochrochloron isolated from the ethnomedicinal plant Potentilla fulgens
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leaves via the green synthesis method. The electron microscopy results revealed that all of the
AgNPs derived from different fungi were spherically shaped. However, NPs synthesized from
A. tamarii showed the smallest size (~3.5 nm) than A. niger (~8.7 nm) and P. ochrochloron (~7.7 nm),
respectively [74]. In the year 2018, Bawadekji et al. fabricated Au NPs (~22.9 nm, spherical) from
P. ostreatus extract and evaluated their antimicrobial activity toward the bacteria Enterococcus faecalis,
E. coli, Klebsiella pneumonia, S. aureus, P. aeruginosa, and C. albicans. The results demonstrated that
synthesized NPs showed significant toxicity against C. albicans, P. aeruginosa, and S. aureus. In contrast,
no toxicity was observed in the case of E. faecalis, E. coli, and K. pneumonia [54].

Acay and Baran (2019) reported the green synthesis of AgNPs derived from Pleurotus eryngii

(PE) extract and their antimicrobial activity against the various human pathogen microorganisms,
such as E. coli, S. aureus, Streptococcus pyogenes, P. aeruginosa, and C. albicans. The authors used drug
vancomycin, colistin, and fluconazole as the control over the gram-positive, gram-negative, and fungus
microorganisms. The observed MIC values for S. aureus, E. coli, S. pyogenes, C. albicans, and P. aeruginosa

were 0.035, 0.07, 0.018, 0.07, and 0.035 mg/L, respectively. Authors claimed that AgNPs derived from
(PE) Pleurotus eryngii extract could be used as a better alternative, as an antibiotic, compared to the other
silver nitrates and antibiotics [45]. After that, Debnath et al. (2019) also fabricated AgNPs from Pleurotus

giganteus and analyzed their antibacterial activity [51]. The TiO2 NPs mediated from extract of P. djamor

exhibited significant bactericidal activity against human pathogenic bacteria with maximum zone of
inhibition P. fluorescens (33 ± 0.2 mm), Corynebacterium diphtheria (32 ± 0.1 mm), S. aureus (32 ± 0.4 mm),
and showed higher levels of the inhibitory effect [44]. The P. djamor ZnONPs showed a maximum
zone of inhibition against C. diphtheriae (28.6 ± 0.3 mm), P. fluorescens (27 ± 0.5 mm), and S. aureus

(26.6 ± 1.5 mm) [43]. The general mechanism of microbial cell death is summarized, as below and in
Figure 3.

 

 

Figure 3. Graphical representation of mechanism showing anticancer and antimicrobial activity.
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4.1.1. Antimicrobial Mechanisms

Physical Destruction

In this case, positively charged metal NPs can easily bind to the negatively charged components
(i.e., porins, peptidoglycans, and proteins) of the cell membrane via electrostatic interaction, leading to
damage of bacterial/fungi membrane, intercellular leakage and, finally, cell inhibition [92].

Oxidative Stress

Another primary mechanism for the antimicrobial activity is based upon the occurrence of
oxidative stress, either in the presence of light or under dark conditions. In the microbial cell,
the metal NPs can generate ROS, such as •OH and •O2, leading to protein denaturation, DNA damage,
enzyme activation, ribosome disassemble and, finally, cell death [92,93]. Furthermore, metal NPs can
also act as photoabsorber material upon excitation of light (most often NIR), resulting in cell death.
The photothermal effect comes in origin when the emitted electrons from a higher energy state returns
to a low energy state, and release their energy in the form of heat and vibrational energy [94].

4.2. Antioxidant Activity

In the human body, excessive reactive free radicals are formed from various sources, such as
low diet, mental stress, smoking, and other ailments [95]. Metal NPs exhibited profound antioxidant
activities in both intracellular and extracellular environments, as summarized in Figure 4.
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Figure 4. Schematic diagram of the antioxidant mechanism.

In the year 2012, Adebayo et al. synthesized metabolite derived from P. pulmonarius extract
and evaluated their radical scavenging ability via α, α-diphenyl-β-picrylhydrazyl (DPPH) radical
scavenging assay and the β-carotene-linoleate model method. The metabolite derived from
P. pulmonarius extract showed dose-dependent radical scavenging activity. It was found that the
existence of glutathione, ascorbic acid, cysteine, tocopherol, polyhydroxy compounds, and aromatic
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amines in metabolite reduces and decolorizes the violet color of DPPH via hydrogen transferability.
Authors claimed that, at a concentration of 2 mg/mL, metabolite showed butylated hydroxyanisole
(BHA) (75%), LAU 09 (80%), and α-tocopherol (90%) of inhibition, which attributes to of the presence
of phenolic compounds in the extract [14]. A few years later, in 2017, Madhanraj et al. synthesized gold
(Au) and silver (Ag) nanoparticles derived from edible mushroom (basidiomycetes) and studied their
antioxidant activity via various radical scavenging assays. Both the prepared NPs (Au & Ag) showed
significant antioxidant activity in a cell-free system [39]. Acay and Baran (2020), synthesized P. eryngii

AgNPs and evaluated their radical scavenging ability via DPPH, chelation of ferrous ions reducing
power, and the β-carotene-linoleate model method, and found that, at a concentration of 10 mg/mL,
antioxidant activities were 85%, 82%, and 77%, respectively [96]. Zinc plays a role in protecting cells
from oxidative stress and acts as an antioxidant. The ZnONPs derived with the help of P. djamor

possess strong antioxidant properties (DPPH 59%, H2O2 59.65%, and ABTS 59.30%), with IC50 values
of 428.35 µg/mL, 417.22 lg/mL, and 500 lg/mL), respectively [43].

Two possible primary mechanisms for the antioxidant activity are; (i) hydrogen atom transfer,
and (ii) single electron transfer [92]. Excessive free radicals could be neutralized or terminated via
donating a hydrogen atom that includes total oxyradical scavenging capacity assay, inhibition of
induced low-density lipoprotein oxidation, oxygen radical absorbance capability, and radical-trapping
antioxidant parameters [78]. On the other hand, the single-electron transfer involves the reduction of
compounds, such as radicals, metals and carbonyls by transferring one electron, including change
in the color when the compound is reduced, such as Ferric Reducing Antioxidant Potential (FRAP),
2,2-diphenyl-1-picrylhydrazyl radical (DPPH) [92]. However, in the intracellular level, metal NPs
enter inside the cells via endocytosis and decrease the ROS levels generated by any probe; for example,
2, 7′-dichlorodihydrofluorescein diacetate (DCFDA) [92].

4.3. Anticancer Activity

In addition to antibacterial and antioxidant activity, metal NPs derived from fungi and other
sources have been known to possess outstanding anticancer activity because of their profound ROS
generation ability under the dark and light exposure [92,97–99]. Sankar et al. (2013) studied the
anticancer activity of AgNPs (~136 nm) derived from Origanum vulgare extract against the human
lung epithelial cells (A549 cells). AgNPs exhibited dose-dependent toxicity against the A549 cells
by 85% inhibition at the dose of 500 µg/mL [100]. Bhat et al. (2013) fabricated Au NPs (12–15 nm,
spherical) derived from P. florida mushroom extract via the photo-irradiated method and evaluated
their anticancer activity against the A-549, MDA-MB, HeLa, and K-562 cell lines. The prepared AuNPs
showed concentration-dependent activity against all cell lines in between 10 and 30 µg/mL [48].

Gliga et al. (2014) attempted to understand the coating and size-dependent toxicity of the
AgNPs toward the human lung cells (BEAS-2B cells) with an appropriate mechanism. The results
confirmed that prepared NPs with size <10 nm showed the highest toxicity against the BEAS-2B
cells, which attributes for its aggregation in cell medium, intracellular localization, cellular uptake,
and formation of Ag ions intracellularly. However, it is confirmed that all of the AgNPs showed
toxicity against BEAS-2B cells via an increase in overall DNA damage within 24 h [101]. In the same
year, Yehia and Sheikh (2014) used P. ostreatus derived AgNPs (4–15 nm, spherical) as an anticancer
agent against the MCF-7 cells. The prepared AgNPs showed dose-dependent cell inhibition ranging
from 5% to 78% at concentration 10 to 640 µg/mL [36].

Similarly, in the year 2015, Ismail et al., fabricated AgNPs derived from P. ostreatus extract
and studied their anticancer effect against the HepG2 and MCF-7 adenocarcinoma cancer cell lines.
The authors claimed that NPs induced cytotoxicity toward cancer cells attributes for the formation
of ROS species, apoptosis, necrosis, and cell death. ROS are the highly reactive species that result
in oxidative damage of proteins, DNA, and induce mitochondrial dysfunction, as summarized in
Figure 3 [102]. Similarly, Raman et al. (2015) used P. djamor var. roseus derived AgNPs as anticancer
agent toward the human prostrate carcinoma PC3 cells [42]. In the year 2013 and 2014, Priyaragini and
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Kim et al. demonstrated that metal NPs are harmless at a lower concentration and may be lethal at a
higher dose toward normal healthy cells. Many reports revealed the biosynthetic routes to synthesize
AgNPs as an anticancer agent against various cell lines. However, AgNPs synthesized using green
methods also showed a sort of cytotoxicity against tumor cells [103,104]. Even the extensive use of
artificial AgNPs has been already reported, but still, there are limited studies to regulate the cytotoxic
effects of AgNPs [36]. Studies on P. eryngii (PE) AgNPs showed cytotoxic activity of HeLa with
maximum inhibitory effect 73.46% at 60 µg/mL concentration, PC-3 99.02% at 10 µg/mL and MCF-7
cells 93.89% at 20 µg/mL concentration with IC50 values of 46.594, 2.185, and 6.169 µg/mL, respectively,
during a 24-h incubation period [90]. Chaturvedi et al. (2020) studied cytotoxic activity and revealed
that the AgNPs and AuNPs mediated from P. sajor-caju extract (PS) showed effective results against
HCT-116 cancer cell line. HCT-116 cancer cells viability showed inhibition by P. sajor-caju extract,
Au NPs as well as Ag NPs showing IC50 value of 60, 80, and 50 µg/mL respectively. The study
revealed that the green synthesized AgNPs showed high antiproliferative activity in contrast to other
PS extract and Au NPs, and the reason behind the mechanism was due to the generation of more ROS,
leading to oxidative stress, resulting in undeviated damage of protein functionality and integrity [60].
The anticancer activity of TiO2 NPs showed potential toxic effect against human lung cancer (A549) cell
lines with maximum inhibited growth of 64% at concentration of 100 µg/mL, after 24 h of exposure [44].
The anticancer activity evaluated from P. djamor ZnONPs showed potent inhibitory on A549 cancerous
cells with (LC50(Lethal concentration required to kill 50% of population) value as 42.26 µg/mL) in a
dose-dependent manner [43].

4.4. Histopathological Study and Larvicidal Activity

The histopathological profile of TiO2NPs mediated from a P. djamor extract treated mosquito
(Aedes aegypti and Culex quinquefasciatus) resulted in the complete collapse of caeca, digestive tract,
and desertion of the cuticle and epithelial layer, with harsh damage to the mid-and hind-gut, muscles,
as well as nerve ganglia of the brush border. The treating of TiO2 NPs on IVth instar larvae of
Ae. aegypti and Cx. quinquefasciatus resulted in larvicidal activity with LC50 (5.88 and 4.84 µg/L) and
LC90 (22.80 and 19.33 µg/L) [44]. The Ae. aegypti larvae treated with ZnONPs showed morphological
alteration in the digestive tract, wrecked membrane, midgut, and severe damaging of the brush border,
cortex with hyperplasia of gut epithelial cells, and variations in the cytoplasmic masses. The larvae of
Cx. quinquefasciatus showed the complete putrefaction of abdominal parts, specifically in the caeca,
mid-gut, and epithelial layer [43].

4.5. Antidiabetic Activity

The antidiabetic activity was investigated in vitro through the inhibition of α- amylase, an enzyme
that digests starch. AgNPs synthesized from P. giganteus possess good α-amylase inhibition activity,
which helps in making diabetic drugs; inhibition percentage can be increased with increasing
concentration of biosynthesized AgNPs [51].

4.6. Removal of Dyes

El-Batal et al. (2014) extracted fungal laccase derived from P. ostreatus via solid fermentation.
The authors demonstrated that this enzyme could be used to decolorize/degrade numerous dyes, i.e.,
methyl orange, trypan blue, ramazol brilliant red, and ramazol brilliant yellow with more than fifty
percent decolorization in their color within 3 h, confirming the laccase degrading ability. The highest
reduction was observed for the methyl orange and trypan blue. Furthermore, laccase enzyme was
used to synthesize gold NPs, proving that laccase obtained from P. ostreatus had strong potential in
many significant industrial applications, for example, in biological pretreatment processes [105,106].
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4.7. Catalytic Activity

The recent use of the 4-nitrophenol and derivatives in the manufacturing of insecticides, herbicides,
and dyestuffs cause harm to the environment as common wastewater pollutants. Because of their
high toxicity, it is challenging to eliminate these pollutants, which is a primary environmental concern.
In the year 2007, Panigrahi et al. prepared citrate-capped negatively charged Au NPs (8−55 nm,
spherical) for the catalytic degradation of aromatic nitro compounds. The authors claimed that the
rate of the reaction rose with the rise in the loading of the catalyst, and decreased in particles size,
clearly reflecting the catalytic behavior of gold nanoparticles against aromatic compounds, resulting in
amino-compounds [107]. Similarly, Lim et al. (2016) prepared gold nanoparticles (AC-Au NPs,
16.88 ± 5.47~29.93 ± 9.80 nm, spherical) from Agrostis capillaris extract, and studied their catalytic
efficacy in the presence of NaBH4 against the 4-nitrophenol. They demonstrated that particle size falls
with the rise in extract concentration during the synthesis process. It was observed that the catalytic
degradation of 4-nitrophenol rises as the particles size decreases [108].

In the same year, 2016, Rostami-Vartooni et al. developed AgNPs (8–35 nm, spherical) loaded
on perlite (sheet-like) using Hamamelis virginiana leaf extract and evaluated their catalytic activity
against the 4-nitrophenol and Congo red (CR) dye. The authors demonstrated that, with the rise
in the concentration of NaBH4 and AgNPs/perlite, the degradation time of 4-nitrophenol decreases,
respectively. The AgNPs supported on the surface of perlite facilitate the electron relay from BH4- to
4-nitrophenol as well as CR dye. Furthermore, they claimed that AgNPs/perlite showed high stability
and could be used up to 4 times with significant degradation efficacy [109]. Later, Gopalakrishnan et al.
(2017) reported the catalytic degradation of 4-nitrophenol to 4-aminophenol via NaBH4 in the presence
of PdNPs (<20 nm, spherical) derived from seed extract of Silybum marianum. The total reduction
action was attained within 27 min and is attributed to the relay of electrons from BH4- to 4-nitrophenol,
resulting in 4-aminophenol. However, the authors claimed that no reduction was detected in the case
of bare NaBH4 [110]. A similar kind of 4-nitrophenol reduction was also performed by Sen et al. (2013)
using P. florida derived AuNPs and NaBH4 [49].

4.8. Food Packaging and Preservation

Biocompatible fabricated zinc NPs might be efficiently applied in the biomedical and food
packaging fields. The potential antimicrobial action of mushroom against many foodborne bacteria,
such as Escherichia coli, Streptococcus faecalis, Bacillus subtilis, Micrococcus luteus, and Listeria innocua

could be considered as a boon for the food industry since, by using metal NPs, the contamination of
foodstuffs can be avoided, besides for long-time preservation [55,111].

5. Conclusions

Nanomaterials derived from oyster mushrooms have been found to possess great potential over
a wide range of applications, especially in the biomedical field. In the present review, we discussed
the progress of research, to date, on metal nanoparticles and other nanomaterials derived from oyster
mushrooms, regarding their synthesis and applications, particularly in the areas of antimicrobial,
larvicidal, antioxidant, anticancer, and catalysis. Generally, AgNPs derived from Pleurotus spp. have
a higher synthesis and biomedical applications among mushrooms. The importance of derived
nanoparticles is due to their unique characteristics, such as cost effective, crystalline nature, nanosize,
and non-hazardous nature. Mainly there are two well-known methods of synthesis, i.e., intracellular
and extracellular. It is noticed that nanomaterials derived from oyster mushrooms showed profound
applications in the areas of biomedicine and catalysis, but some areas of research are needed to be
addressed, which are as follows:

• To date, oyster mushroom derived NPs are not directly applied to the live samples. Hence,
the progress can be made in this direction.
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• Available literature provides evidence that considerable work has been carried out for ascertaining
the efficacy of oyster mushroom derived NPs under in vitro conditions against the various
cancer cell lines. As less information is available regarding in vivo studies, there is a need for
further exploration.

• More studies are needed to define oyster mushrooms that can be genetically engineered to produce
more enzymes primarily involved in NP synthesis, and to expand the knowledge and functions
of nanomaterial, so that significant achievements could be attained in the fields of medicine,
electronics, cosmetics, agriculture, the environment, and many more.
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Abstract: Biosynthesis of silver nanoparticles (AgNPs) using endophytic bacteria is a safe alternative
to the traditional chemical method. The purpose of this research is to biosynthesize AgNPs using
endophytic bacterium Bacillus endophyticus strain H3 isolated from onion. The biosynthesized AgNPs
with sizes from 4.17 to 26.9 nm were confirmed and characterized by various physicochemical
techniques such as Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD),
UV-visible spectroscopy, transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) in addition to an energy dispersive spectrum (EDS) profile. The biosynthesized AgNPs
at a concentration of 40 µg/mL had a strong antifungal activity against rice blast pathogen
Magnaporthe oryzae with an inhibition rate of 88% in mycelial diameter. Moreover, the biosynthesized
AgNPs significantly inhibited spore germination and appressorium formation of M. oryzae.
Additionally, microscopic observation showed that mycelia morphology was swollen and abnormal
when dealing with AgNPs. Overall, the current study revealed that AgNPs could protect rice plants
against fungal infections.

Keywords: endophytic bacteria; silver nanoparticles; Magnaporthe oryzae; antifungal activity

1. Introduction

Rice (Oryza sativa L.) is the largest food crop in the world [1,2]. One of the basic hindrances to the
growth of rice crops is the infection of various fungal diseases, particularly rice blast disease caused by
Magnaporthe oryzae, which poses a serious threat to global food safety through the loss of 10–30% of rice
production, enough rice for about 60 million people [1,3,4]. Current control of rice blast disease mainly
depends on the use of fungicides. However, the desired goal of controlling the disease has not so far been
achieved and there are serious consequences of the excessive use of fungicide on humans, ecosystems
and the production of fungicide-resistant strains [5,6]. For all these risks, it is extremely important to
find an alternative way to control rice blast disease. Nanotechnology can revolutionize the agricultural
and food industry with new tools such as molecular plant disease management, fast disease revelation
and the improvement of plants’ ability to uptake nutrients. Furthermore, nanotechnology can enhance
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our biological knowledge of a variety of plants and therefore can improve crops or nutritional values
as well as develop improved systems to monitor environmental conditions and enhance plants’ ability
to uptake nutrients or pesticides [7]. Therefore, the application of nanotechnology in agriculture for
the control of plant diseases is a safe and eco-friendly alternative to synthetic chemical fungicides [8,9].
It has been instrumental in suppressing many of the fungal pathogens that attack the plants, causing
them huge loss. For example, silver nanoparticles (AgNPs) had a significant effect in suppressing many
of the air, seed and soil-borne fungal plant pathogens [9,10]. AgNP synthesis was documented using
various methods including physical, chemical, and biological [11,12]. However, biological methods are
safer than conventional physical and chemical methods [13,14]. It is a simple process (single vessel
installation), rapid, cheap and eco-friendly. Furthermore, the polyphenols and various proteins existent
in bio-sources work as a reducing agent, decreasing the use of dangerous external chemical reducing
agents and, thus, toxicity. The green synthesis procedure does not require any additional capping
agents, which further reduces the cost and simplifies the synthetic process. In contrast, chemical and
physical methods are highly restricted in large scale applications, and also have high cost, use high
energy, waste time and have difficulty in removing waste [15]. One of the most important biological
methods to biosynthesize silver nanoparticles is the use of microorganisms such as bacteria, fungi and
algae [11]. In this study, for the first time we biosynthesized new AgNPs using cell-free supernatants
(CFSs) of endophytic bacterium B. endophyticus strain H3 and examined their characterization as a
fungicide to inhibit M. oryzae.

2. Materials and Methods

2.1. Microorganisms

The virulent strain Gry of M. oryzae, was obtained from the Institute of Biotechnology, Zhejiang
University, Hangzhou, China. Strain H3 of the endophytic bacterium isolated from onion plants was
used for biosynthesis of AgNPs.

2.2. Isolation of Endophytic Bacterium

The entophytic bacterium was isolated from healthy onion plants collected from different locations
in Hangzhou, China, according to [16] with slight modification. In brief, onion plants were collected at
the seedling stage. The plants were washed carefully with tap water to remove the soil, then dried,
and classified into leaves and roots. Onion leaves were cut into small pieces (2–3 cm) and disinfected
with alcohol (70%) for 1 min followed by sodium hypoxy-chloride (1%) for 5 min and rinsed three
times with sterile water under sterile conditions. One gram of sterile tissues was crushed separately in
9 mL saline water (0.85% NaCl), followed by serial dilution up to 10−5. For each of these dilutions,
0.1 mL was spread on nutrient agar (NA) medium [8,11,12] bought from Sangon Biotech, Shanghai,
and incubated for two days at 30 ◦C. The colonies were purified by transferring single colonies to a
new NA plate. The isolated strains were stored in 30% (v/v) glycerol at −80 ◦C until use.

2.3. Identification of Endophytic Bacterium

The isolated endophytic bacterium was identified through 16S rRNA gene sequence analysis.
The isolate was grown for 24 h in NA medium and a single colony was transferred to NA broth
and incubated in a shaker at 30 ◦C overnight. Bacterial DNA was isolated using a genomic bacterial
DNA isolation Kit (Sangon Biotech (Shanghai) Co, Ltd., Shanghai, China) following the instructions
in the protocol. The 16S rRNA gene was amplified by the bacterial-specific primer pairs 27F
(AGAGTTTGATCGCTGCTCAG) and 1492F (GGTTACCTTGTTACGACTT) [17,18]. Complete volumes
of PCR amplification in 50 µL were performed using the Bioer XP Thermal Cycler (Hangzhou Bioer
Tech. Co., Ltd., Hangzhou, China) in 2× TSINGKE PCR Master Mix (TsingKe Biotechnology, Beijing,
China). PCR parameters including the following cycles: the initial denaturation stage was 95 ◦C for
5 min and 30 cycles followed, each of which consisted of denaturation at 94 ◦C for 30 s, annealing at
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53 ◦C for 30 s, and extending at 72 ◦C for 1 min. The final extension step was carried out for 5 min
at 72 ◦C. PCR amplicons were verified by using Agarose Gel electrophoresis (1%). PCR products
were purified by StarPrep Gel Extraction Kit (GeneStar, Beijing, China) and finally submitted for DNA
sequencing in TsingKe Biological Technology, Beijing, China. The 16S rRNA gene sequence of the
endophytic bacterium was aligned against a reference database using the BLAST server at National
Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov). The phylogenetic tree
was constructed using the MEGA 6.0 program and the neighbour-joining method [19]. The sequence
was deposited in the NCBI database.

2.4. Preparation of the Cell-Free Supernatants of Endophytic Bacterium

The cell-free supernatants (CFSs) of the selected endophytic bacterium were prepared according
to [20], with slight modification. In brief, Bacillus endophyticus strain H3 was inoculated in NA liquid
medium and incubated at 30 ◦C and 200 rpm for 2 days. The CFSs were purified by centrifugation of
bacterial culture (approximately ~1 × 108 CFU/mL) at 10,000 rpm, at 4 ◦C for 20 min, and twice by
using filter sterilization 0.22 µm. To rule out possible contamination, 100 µL of CFSs were spread on
NA agar for one day. The CFSs were kept at 4 ◦C till their use in the biosynthesis of AgNPs.

2.5. Biosynthesis of AgNPs

Silver nitrate (Cat. no. 10018461; Sinopharm, Shanghai, China) was used to synthesize AgNPs
according to [9], with slight modification. Briefly, 10 mL of CFSs were added to 90 mL of 3 mM
AgNO3 aqueous solution in a 250 mL Erlenmeyer flask and then incubated at 30 ◦C in a rotary shaker
at 200 rpm for 3 d in the dark. As a control, 10 mL of NA broth with the same volume of AgNO3

was used. The successful biosynthesis of AgNPs will convert the colour from yellow light to dark
brown, which can be determined by using UV–Visible spectrometry (Shimadzu UV-2550 spectrometer)
in the wavelength range of 200–800 nm at a resolution of 1 nm. The resulting pellets were collected
from AgNPs by centrifugation at 10,000× g for 20 min, purified by washing twice with sterile double-
distilled water (ddH2O) and stored at −80 ◦C.

2.6. Characterization of the Biosynthesized AgNPs

Characterization of the biosynthesized AgNPs was performed by using several techniques. Fourier
transform infrared (FTIR) was performed to identify the functional groups of the CFSs responsible for
reducing Ag ion to AgNPs; transmission electron microscopy (TEM), scanning electron microscopy
(SEM) and energy dispersive spectrum (EDS) as well as X-ray diffraction (XRD) were performed
to study the size and morphology and to ensure the presence of silver ion in the resulting pellets
of AgNPs.

2.6.1. FTIR

The functional group of the biosynthesized AgNPs was planned by FTIR as described by [14].
Briefly, 1 mg (freeze-dried) of AgNPs powders were blended with KBr (300 mg) and the FTIR were
measured with an AVATAR 370 FTIR spectrometer (Thermo Nicolet, MA, USA) at a spectral range of
500–4000 cm.

2.6.2. XRD

The crystalline phase of AgNPs was determined based on XRD analysis, which was carried out
on an XPert PRO diffractometer (Holland) with a detector voltage of 45 kV and a current of 40 mA
using CuKo radiation as described in the methods of [13].
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2.6.3. TEM, SEM and EDS

The structural morphology and AgNP sizes were studied by TEM and SEM observation using
a Transmission Electron Microscopy (JEM-1230, JEOL, Akishima, Japan) and Scanning Electron
Microscopy (TM-1000, Hitachi, Japan) according to the method of [12]. In short, the AgNPs powder
was equipped with a copper-coated grid and a carbon-coated grid, respectively, for one day at room
temperature to form a film of the sample. The existence of silver ion was confirmed by energy dispersive
spectrum (EDS).

2.7. Antifungal Activity of the Biosynthesized AgNPs

2.7.1. Effect of AgNPs on Mycelium Growth

The inhibitory effect of AgNPs at four concentrations (10, 20, 30 and 40 µg/mL) on mycelium
growth of M. oryzae strain Gry was determined using an agar medium test as described by [9],
with slight modification. In brief, a disk (10-mm in diameter) of 7-day-old mycelium was inoculated
in the centre of the petri dishes (9 cm in diameter), containing the blend of Potato Dextrose Agar (PDA)
medium (pH 7.0), at several concentrations of AgNPs. The PDA plates were used without AgNPs as a
control. The diameter of the fungus colony was measured after 7 d of incubation at 27 ◦C and then the
inhibition of mycelium growth was calculated.

2.7.2. Effect of AgNPs on Cell Wall Morphology

Damage to the cell wall of M. oryzae strain Gry was determined using AgNPs according to the
method of [21], with minor modification. In short, a mycelial disc of M. oryzae strain Gry (10-mm in
diameter) was brought from PDA medium, treated and not treated by AgNPs, and examined by using
both SEM (TM-1000, Hitachi, Japan) and TEM (JEM-1230, JEOL, Akishima, Japan).

2.7.3. Effect of AgNPs on Spore Germination and Length of Germ Tubes

The influence of four concentrations (10, 20, 30 and 40 µg/mL) of AgNPs on the germination
of spores and length of germ tubes of M. oryzae strain Gry were identified as described by [22],
with slight modification. Briefly, 500 µL of spore suspension (1 × 105 spores/mL) that were prepared
according to the method of [23], were added to the same volume of AgNPs in 1 mL tubes with a final
concentration of 10, 20, 30 and 40 µg/mL. Mixed spore suspensions with ddH2O were used as the
control. The germination rate of spores and length of germ tubes of M. oryzae strain Gry was recorded
after 24 h of incubation at 28 ◦C in the dark, using the light microscope. The experiment was repeated
twice with three replicates.

2.7.4. Effect of AgNPs on Appressorium Formation

The influence of four concentrations (10, 20, 30 and 40 µg/mL) of AgNPs on the appressorium
formation of M. oryzae strain Gry was assessed according to [6], with slight modification. In brief,
500 µL of spore suspension (1 × 105 spores/mL) was added to the same volume of AgNPs in 1 mL tubes
with a final concentration of 10, 20, 30 and 40 µg/mL. Spore suspensions with ddH2O were added as a
control. The inhibitory effect of AgNPs on numbers and sizes of appressoria were recorded after 72 h
of incubation at 28 ◦C in the dark, using the light microscope.

2.8. Statistical Analysis

All experiments were performed randomly and the results were shown as the mean± SD (standard
deviation). Statistical analysis was performed with the SPSS version software package 16.0 (SPSS Inc.,
Chicago, IL, USA). Differences between the groups were estimated using different test analyses.
When the p value is < 0.05 or 0.01, the result is statistically significant.
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3. Results and Discussion

3.1. Isolation and Identification of the Endophytic Bacterium

Endophytic bacteria live inside of plants without causing harm to the host plant [24]. In our study,
we obtained a total of 17 endophytic bacterial isolates from the interior of onion leaves. One isolate,
namely, H3 was selected based on its ability in the biosynthesis of AgNPs. This isolate was subjected
to molecular identification. Partial 16S rRNA gene sequence analysis revealed that the selected
isolate was belonging to the genus of Bacillus (Figure 1), and subjected to GenBank under accession
number MN611116.
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Figure 1. Phylogenetic tree of endophytic bacterium B. endophyticus strain H3 isolated from onion leaves
in the seedling stage constructed by using 16S rRNA gene sequences. Bootstrap analysis (1000 replicates)
for node values greater than 50% are given. Bar 0.02 substitutions per nucleotide position.

3.2. Biosynthesis and Characterization of AgNPs

CFSs obtained from endophytic bacterium B. endophyticus strain H3 were tested in the biosynthesis
of AgNPs in 3 mM of AgNO3 solution. Incubation of 10 mL of CFSs with 90 mL of AgNO3 for three
days resulted in color conversion from light yellow to dark brown, demonstrating the development of
nanoparticles in the reaction mix. Differences in the color of AgNPs have been reported due to the
formation of the biomolecules responsible for the synthesis of nanoparticles and the reduction of Ag+ to
Ag0 [9,12,13,25]. The reduction of silver ion (Ag+) of AgNO3 has been found in many bacterial species,
such as the Bacillus siamensis strain C1 [14] and Pseudomonas rhodesiae [13]. During the reduction of
AgNO3, the nitrate ions (NO3

−) are reduced to nitrite (NO2
–) by firstly accepting two protons and then

releasing two electrons and water. The electrons emitted in the reduction reaction are transferred to
the Ag+ to form the silver element Ag0 [26,27].

Furthermore, the formation of nanoparticles in the mixture was confirmed by a UV
spectrophotometer, which showed a spectrum of surface plasmon resonance (SRP) at 412 nm (Figure 2),
which is within the range reported earlier [13,28,29]. Similarly, Ahmed et al. [30] confirmed the
formation of biogenic AgNPs in the reaction mixture by the presence of the peak at 418 nm.

TEM and SEM observations showed the nanoparticle to have spherical shape with sizes ranging
from 4.17 to 26.9 nm in the reaction mixture (Figure 3). The present observations are consistent with the
results from previous reports [13,31,32]. The toxicity of AgNPs depends on the variation of particle size.
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AgNPs have an important influence on fungal cell’s viability and ROS generation in a size-dependent
manner. It is evident that the surface area, the volume ratio and the interaction of the surface with the
particle size can be changed. Furthermore, sedimentation rate, mass diffusion, binding efficiency and
sedimentation rate of NPs on biological or solid surfaces are highly influenced by particle size [33].
For example, Carlson et al. found that the 15 nm AgNPs can produce more ROS compared to 55 nm
AgNPs in a macrophage cell line [34]. Furthermore, the EDS result showed that the element peak
of silver, silica and sulfur are 92.77, 5.53 and 1.70%, respectively, in the reaction mixture (Figure 4).
The results of this study are in agreement with the literature related to silver nanoparticles, where the
silver ions peak was confirmed at 3 KeV [30,35].                     
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Figure 2. UV-vis absorption spectra of green silver nanoparticles (AgNPs) in the reaction mixture.
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Figure 3. Characterization of AgNPs biosynthesized by using culture filtrates of B. endophyticus strain
H3 isolated from onion. (A) Transmission electron microscopy and (B) scanning electron microscopy.
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Figure 4. Characterization of biosynthesized AgNPs by using energy dispersive spectrum (EDS).

The functional groups of the biosynthesized AgNPs were confirmed by using FTIR analysis. In fact,
6 peaks at 3416, 2924, 1635, 1395, 1062 and 516 cm−1 were observed in the FTIR spectra of the synthesized
AgNPs, which are shown in (Figure 5A). The main peak of 3416 cm−1 is due to the N–H stretching
vibrations; a characteristic peak at 1635 cm−1 represents C=O carbonyl group and C=C stretching
vibrations; the peaks at 2924, 1395 and 1062 cm−1 represent the C–H stretching vibrations, C=N bond
of Amide II, O–H deformation vibrations, and C–N stretching amine vibrations, respectively; the peak
at 516 cm−1 represents C–Br stretching. The existence of such groups in the chlorofluorocarbons (CFCs)
from endophytic bacterium confirms the presence of proteins and indicates that these functional groups
have a major role in reducing Ag+ to Ag0 [13,32,36]. Similarly, various studies reported the presence
of functional groups representing different macromolecules, such as nucleic acids, proteins, lipids,
carbohydrates and sugars, surrounding the green NPs which prevents the oxidation and deterioration
of nanoparticles [30,37,38].
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Figure 5. Characterization of the biosynthesized AgNPs. (A) Fourier transform infra-red (FTIR) spectra.
(B) X-ray diffraction (XRD) spectra.
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The crystalline structure of the biogenic AgNPs was determined through the XRD analysis result,
that showed five emission peaks of 2θ = 28.81◦, 32.41◦, 46.24◦, 57.37◦ and 76.77◦, compatible with
crystalline silver planes (101), (111), (200), (220), (311), respectively (Figure 5B). Similar results have
been reported in other studies [11,14,38].

3.3. Antifungal Activity of AgNPs

The result of antifungal activity revealed that the mycelium growth of M. oryaze strain Gry was
robustly suppressed by AgNPs, shown in (Figure 6). The inhibitory effect on the growth of mycelium
increased with the increase of AgNP concentrations. In fact, AgNPs at 10, 20, 30 and 40 µg/mL
caused an 18%, 49%, 65% and 88% reduction, respectively, in mycelial diameter. Similarly, previous
studies have shown that AgNPs can be used as an antifungal agent to prevent plants from fungal
infection [9,10,39–43]. Although there are different hypotheses available, the antimicrobial mechanisms
of AgNPs have not yet been clearly defined. The proposed mechanisms were summarized based on
the current literature, as follows: attachment of AgNPs to the surface of the cell membrane, altering
the lipid bilayer or increasing permeability of the cell membrane, microbial cell intrusion of AgNPs
causing damage to intracellular micro organelles (such as mitochondria, vacuoles and ribosomes)
and biomolecules including DNA, protein and lipids, and modulation of the intracellular signal
transduction method towards apoptosis [44].
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Figure 6. Effect of the biosynthesized AgNPs at four different concentrations (10, 20, 30 and 40 µg/mL)
on the mycelial growth of M. oryaze strain Gry. The AgNPs at 10, 20, 30 and 40 µg/mL caused an 18%,
49%, 65% and 88% reduction, respectively, in mycelial diameter. Data are a mean value ± standard
error of three replicates, and bars with different letters (a–d) are significantly different in LSD test.

The fungal cell wall is a flexible structure that performs several functions in determining the shape
of the cell. In addition, the cell wall can protect the fungal cells from environmental stresses, such as
pH, temperature and changes in osmolality [9,45]. Therefore, interference by causing harm to the
fungal cell wall may lead to loss of content and death. In our results, the hyphae of M. oryzae strain Gry
that were treated with AgNPs showed abnormal structural, swelling and damage to their cell walls
causing some loss of contents. In contrast, the cell walls of M. oryzae strain Gry had normal structural
characteristics in the absence of the AgNPs (Figure 7). Similarly, the antifungal activity of AgNPs and
Cu-NPs have been found on the cell walls of many pathogenic fungi such as Fusarium graminearum,
Fusarium oxysporum, Fusarium solani and Colletotrichum gloeoesporioides [9,45,46].
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The germinated spores of pathogenic fungi are known to perform a major role in colonizing and
infecting plants [9,47]. Therefore, inhibition rate of spore germination will significantly reduce the
threat of rice fungal pathogens. The biosynthesized AgNPs were able to efficiently inhibit the spore
germination and germ tube growth of M. oryzae strain Gry, and the antifungal activity increased with
the increase in AgNP concentration. In fact, the germination rate of spores was 83%, while the length
of the germ tubes was 77.63 µm in the negative control. However, the germination rate of spores
was 68%, 53%, 31% and 13%, respectively (Figure 8A), while the germ tubes length was 54.62 µm,
33.73 µm, 21.74 µm and 8.11 µm, respectively, (Figure 8B) in the presence of AgNPs at four different
concentrations (10, 20, 30 and 40 µg/mL). Similar results have also been reported in other studies [9,48].
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Figure 7. Scanning electron microscopy (SEM) [scale bar = 5 µm] and transmission electron microscopy
(TEM) [scale bar = 1 µm] images of M. oryaze strain Gry in the absence of the biosynthesized AgNPs;
the hyphae showed a normal structural property (A,C), and in the presence of the biosynthesized
AgNPs, it had abnormal structure, swelling and damage to the cell walls’ contents (B,D).
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Figure 8. Effect of the biosynthesized AgNPs of four different concentrations (10, 20, 30 and 40 µg/mL)
on spores’ germination rate (A) and germ tube growth (B). Data are a mean value ± standard error of
three replicates, and bars with different letters (a–e) are significantly different in LSD test.
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Many fungi form a specialized infection structure called an appressorium that is necessary and
required to penetrate the plant cell walls [1,6]. Therefore, appressorium inhibition significantly reduces
the risk of rice fungal pathogens. The biosynthesized AgNPs were able to effectively inhibit the
appressorium formation and appressorium diameter of M. oryzae strain Gry, while the inhibitory effect
increased along with the increase in AgNP concentration. In fact, the appressorium formation rate was
83%, while appressorium diameter was 14.00 µm in the negative control. However, the appressorium
formation rate was 66%, 34%, 11% and 0%, respectively (Figure 9A), while the appressorium diameter
was 11.00 µm, 8.00 µm, 5.38 µm and 0.00 µm, respectively (Figure 9B) in the presence of AgNPs at
different concentrations (10, 20, 30 and 40 µg/mL).
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Figure 9. Effect of the biosynthesized AgNPs of four different suspensions (10, 20, 30 and 40 µg/mL) on
appressorium formation (A) and appressorium diameter (B). Data are a mean value ± standard error of
three replicates, and bars with different letters (a–e) are significantly different in LSD test.

4. Conclusions

The green synthesis of AgNPs is a safe alternative to physical and chemical methods. The present
study reports for the first time the biosynthesis of AgNPs by using endophytic bacterium isolated
from onion. The formation of biogenic AgNPs was further confirmed through UV-vis spectroscopy,
FTIR, XRD, SEM, TEM and EDS. In addition, the biosynthesized AgNPs exhibited robust antifungal
activity against rice blast pathogen M. oryaze strain Gry, which may be mainly attributed to their ability
to inhibit spore germination, germ tube growth, appressorium formation and damage of cell well.
Overall, these results suggest that biosynthesized AgNPs have the potential to protect rice plants from
fungal diseases.
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Abstract: A facet of nanorenaissance in plant pathology hailed the research on the development and
application of nanoformulations or nanoproducts for the effective management of phytopathogens
deterring the growth and yield of plants and thus the overall crop productivity. Zinc nanomaterials
represent a versatile class of nanoproducts and nanoenabled devices as these nanomaterials can be
synthesized in quantum amounts through economically affordable processes/approaches. Further,
these nanomaterials exhibit potential targeted antimicrobial properties and low to negligible
phytotoxicity activities that well-qualify them to be applied directly or in a deviant manner to
accomplish significant antibacterial, antimycotic, antiviral, and antitoxigenic activities against diverse
phytopathogens causing plant diseases. The photo-catalytic, fluorescent, and electron generating
aspects associated with zinc nanomaterials have been utilized for the development of sensor systems
(optical and electrochemical biosensors), enabling quick, early, sensitive, and on-field assessment or
quantification of the test phytopathogen. However, the proficient use of Zn-derived nanomaterials in
the management of plant pathogenic diseases as nanopesticides and on-field sensor system demands
that the associated eco- and biosafety concerns should be well discerned and effectively sorted
beforehand. Current and possible utilization of zinc-based nanostructures in plant disease diagnosis
and management and their safety in the agroecosystem is highlighted.

Keywords: ecotoxicity; nanomaterial; nanosensors; phytopathogens; zinc

1. Introduction

Microbial pathogenic diseases of crop plants account for substantial annual loss (in the relative
manner depicted as a percentage), approximately 16–40%, of production tonnage [1]. The bacterial and
fungal pathogens of various crops exhibit enormous yield and productivity losses during production
and postharvest storage as well as during transportation of the crop produce [2]. To safeguard the crop
from crop health and yield deterring pathogens, pesticides- organic or inorganic compounds, or their
composites have been used by agriculturists or farmers. Among the diverse pesticidal agents utilized
to curb weeds and plant pathogens, zinc and copper formulations have emerged as the best performers.
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1.1. Use of Zinc Element as a Pesticide

Zinc alone or in combination with copper has been widely used for the development of several
commercially available agricultural bio-/pesticides [3]. In the early 1970s, zinc salts for pesticide use were
first registered in the United States. Later in the 1990s, the US Environment Protection Agency (US-EPA)
approved three zinc salts, namely, zinc chloride, zinc oxide, and zinc sulfate for use as herbicide and
the industrial preservative (to control spoilage by bacterial and fungal contaminants in carpets) [4].
Zinc phosphide, another Zn-salt, is applied as an effective rodenticide [5,6]. Further, zinc oxide has been
approved to be used as a stabilizer in pesticide formulations with concentration not exceeding 15% (w/w
or w/v) of the formulation [7]. Later, the zinc formulations have got popularized for the antimicrobial
activity against various phytopathogens. The antimicrobial potential of the zinc formulations render
its use as a considerably low cost, less environmentally toxic, and effective microbicide exhibiting
broad-spectrum activities including bactericide [8], fungicide [9–11], or algaecide [12] and other
activities. A growing interest exists for the development of novel zinc formulations possessing enhanced
efficacy and action specificity. Generation and use of nanoenabled formulations of pesticides are one
among the emerging and pertinent alternatives to manage plant diseases causing phytopathogens.

1.2. Status of Use of Nanomaterials in Plant Pathology

Changing climatic patterns and intensive agriculture has contributed enormously to the
development of more fastidious and virulent pathogens, which exhibit resistance to several pesticides
(bactericides, fungicides, and similar action compounds) [13–15]. These strains of microbes can
survive through higher concentrations of the -cidal compounds/composites besides requiring multiple
applications and therefore, have become a big menace for the farmers to avoid or control the yield
losses caused by these pathogens [16]. The use of nanomaterials for control of phytopathogens has
been envisioned by agriscientists after the evidence for -static to -cidal properties of various types
of nanomaterials that appeared for human/livestock pathogens in journals of repute of biomedicine
or pharmacology [17–21]. Amenability to fabrication/alteration of size and surface morphology and
functionalization of nanomaterials is of tremendous significance considering the quick and sustainable
eradication of pesticide-resistant phytopathogens [22–27].

Various categories of nanomaterials have been evaluated for their diverse agriapplications such
as nanofertilizers, nanopesticides, and pesticides degradation to achieve plant growth promotion and
protection [28] (Figure 1). Thus, the current manuscript entails the published research on the use of
zinc nanomaterials for management and early diagnosis of phytopathogens. Further, the application
of zinc nanomaterials as potent antimicrobial agents and their use for curbing the growth, virulence,
and diseases caused by plant pathogens have been elaborated. The use of zinc nanomaterials as
functional elements in biosensor systems for robust and sensitive identification of phytopathogens is
also discussed.
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Figure 1. Zinc-based nanomaterials applications in plant pathology.

2. Nanomaterials: Can Nanosizing Matter Alter Its Properties?

Nanomaterials (NMs) exhibit enormous chemical diversity and can be categorized on basis of
their chemical origin as natural, organic, synthetic, metal/nonmetal, or their oxides, sulfides, nitrides,
and other forms [29]. These are considered as an intermediate state of matter with at least one of
the size dimensions existing between size scales of 1–100 nm. The dimensionality classification of
NMs segregates these as zero-, one-, two- and three-dimensional materials [30,31]. The nanomaterials
exhibit novel physical, chemical, and biological properties [32,33]. The reason for the unusual
properties of nanomaterials may be attributed to the basic phenomena of “quantum confinement”
and “surface-interface effects” [34–36]. These two characteristics may alter the mechanical, optical,
electrical, magnetic, and chemical catalysis properties of nanoscale materials compared to their bulk
counterparts [37,38]. Thus, nanomaterials exhibit properties that are size dependent, i.e., the size
of grain or particles, phase inclusions, pores, or other morphological features affect the properties
exhibited by the substance [39].

2.1. Mechanism of Antimicrobial Activity

The antimicrobial potential of the nanomaterials gets improved possibly due to enhanced surface
of contact with the microbial surfaces or biomolecules [17,40,41]. On interaction with the microbial cells,
NMs can adsorb to oppositely charged functional groups [42] and exhibit the advantage of trespassing
the intact cell boundaries/membranes. Further, NMs can generate photocatalytic or redox driven
electron/hole or electron–hole pair leading to the formation of reactive oxygen moieties (superoxide
anion radicals, hydroxyl radicals, singlet ion, and hydrogen peroxide), which can cause random
and rapid oxidation of diverse biomolecules of critical structural, functional, and hereditary role
in the cell such as proteins, enzymes, lipids, and nucleic acids [25]. Alternatively, NMs may form
complexes with the biomolecules leading to damage and inactivation of biomolecules particularly the
proteins [27,43]. These interactions and transformations of the biomolecules result in inhibition of cell
growth and division [44]. The distortion of the cell morphology and topography is a common feature
epitomized by disruption of cellular membrane including exfoliation or erosion of the membrane
bilayer structure, appearance of pits due to preferential dissolution of extrinsic proteins, and leakage of
cell cytoplasm or even bursting of the cell [17] (Figure 2). Therefore, the complex cascades, diversity,
and multiplicity of these interactions may not allow the pathogen to develop the neutralizing or
counter-acting mechanisms to address all these interactions. Thus, NM-based antimicrobials will
exhibit durable efficacy as there are fewer chances of development of profound resistance in the
pathogen [25].
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Figure 2. Mechanisms governing the antibacterial potential of different types of nanomaterials.

2.1.1. Metal/Metal Oxides, Metalloid, and Nonmetal Nanomaterials

Plants are affected by diverse biotic stress agents, particularly the phytopathogens that cause
various diseases and claim the growth and yield losses in crop plants. The incidences of quick
emergence of novel pesticide-resistant phytopathogens and reduced efficacy of already available
arsenal of antipathogenic compounds/formulations have led towards a possibility of use of antimicrobial
potentials of the nanomaterials to curb plant pathogen, which cause diseases culminating to high
economic losses due to crop failure. Metal/metal oxide nanoparticles exhibit appreciable antimicrobial
activities, which may span over -cidal to static potentials and help in curbing bacteria (bactericide) [17,18],
fungi (fungicide) [40], virus (viricidal) [45], and algae (algicidal) [46].

The antimicrobial effect of metal/metal oxide, metalloid, and nonmetal nanomaterials on the test
pathogens have been reported to be size and dose dependent [26,47,48]. Further, substantially low
concentrations of nanomaterials are required to achieve significantly improved antimicrobial efficacy

278



J. Fungi 2020, 6, 222

as compared to the standard reference antimicrobial agent (such as antibiotics and pesticides) [8,49].
Interestingly, the combinatorial use of nanomaterials along with the conventional antimicrobial
agents [50] or a combination of metal/metal oxide/nonmetal oxide NPs can enhance the action-spectrum
and reduces the minimum inhibitory concentrations (MIC) values [51].

Among the various inorganic nanomaterials, the antimicrobial activity including the antimycotic
potential of the noble metal nanoparticles (Au/Ag NPs) against plant pathogenic microbes was identified
initially [51–55]. Later, nanoparticles/nanomaterials of Group IIa metals including magnesium [56,57];
calcium [58]; other transition metals such as copper [57,59–62], iron [61], manganese [57], nickel [63,64],
titanium [61,65], zinc [56,57,60,62,66–68], and zirconium [21,69]; and nonmetals such as silicon [57],
selenium [70–73], and tellurium [74,75] have been evaluated for their antimicrobial potentials. However,
chemically, physically, and biologically synthesized noble metal NPs (Au/Ag NPs), copper/copper
oxide, zinc/zinc oxide NPs, and magnesium NPs have been mostly reported for the plant pathogenic
microbes, whereas the rest of the NP-microbe studies involved evaluation of antimicrobial activity
against human or food pathogenic microbial cultures.

Mechanism of Antibacterial Activity of Nanomaterials

Nanomaterials exhibit antibacterial potentials manifested as disintegration of the cell membrane
leading to leakage of the cytoplasmic contents followed by the lysis of the bacterial cells [47,76,77].
Passive internalization of the NPs can occur through porin-ion channels in Gram-negative bacteria [78],
whereas in Gram-positive bacteria, presence of thick cell wall hinders passive internalization and
therefore, dissolved ionic species (e.g., Zn2+, Cu2+, and Fe2+ ions) released by the nanoparticles in
vicinity of the cell surface get chelated by lipoteichoic acid [79]. Once inside the cell, the internalized
NPs may elicit Fenton- or non-Fenton-based ROS-mediated damage of the plasma membrane,
internal macromolecules, and other soluble and catalytic biomolecules [78]. Eventually or simultaneous
release of ions by the dissolution of NPs leads to metal/nonmetal ion toxicity culminating to cell
death [25,76]. Another interesting mechanism involves inhibited expression of the quorum-sensing
regulated genes or functions in bacteria leading to inhibition of the biofilm formation [41,80].
The nanostructured materials can also help in the inhibition of the preformed biofilms of the plant
pathogens, which is of great significance for the eradication of resistant bacterial pathogens [81] or
pathogens related to food spoilage [80,82].

Mechanism of Antimycotic Activity of Nanomaterials

Enormous literature on antifungal potential of nanoscale silver [52–54,59,83,84], copper/copper
oxide [59,62], and zinc/zinc oxide [40] materials exists (Figure 3). The fundamental benefit of the
nanoparticulate fungicide is the performance of these formulations equivalent or superior to the
respective bulk salt formulations at relatively lower application doses thereby effectively addressing
the phyto- and ecotoxicity issues posed due to the release of the metal cations [85]. There exist
multiplexed nanomaterial–fungal cell interactions. The nanomaterial internalization in the fungal cell
occurs through three possible mechanisms; (i) nonspecific but direct internalization of the small-sized,
mostly, spherical nanoparticles, (ii) specific receptor-mediated adsorption followed by internalization
of the NPs, or (iii) internalization of dissolved metal/nonmetal ions through membrane-spanning ion
transport proteins (Figure 3). Nanomaterials particularly the metal/metal oxide and nonmetal oxide
nanoparticles can curb fungal growth through mechanisms that can be dichotomized as (a) antimycotic
effect due to generation of ROS and dissolution of the nanoparticles in the cell environment to release
specific ions leading to metal/nonmetal ion toxicity and (b) regulation of the mycotoxin-producing
genes for decreased or no expression. A detailed illustration of the same for zinc nanomaterials will be
incorporated in Section 3.
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Figure 3. Effect of application of different types of nanoparticles on cellular components and organelles
in a fungal cell.

Mechanism of Antiviral Activity of Nanomaterials

The M/MO/NM/NMO nanomaterials possess antiviral activity against microbial [86],
animal [87–90], and human viruses [91–97] as depicted in several published reports. The green
synthesized (microbial/plant cell extract-derived) nanoparticles particularly silver [98] and gold
nanoparticles [99] or their composites [98] have been documented to exhibit virus-neutralizing
or -inhibiting properties. Likewise, the role of zinc nanomaterials for the virostatic effect [100],
virus neutralization, and for immune-modulatory significance against the emerging COVID-19
causative agent [101] has been well identified.

The application of nanomaterials for the control and treatment of viral disorders in crop plants has
also been evaluated and established through molecular biology and in planta assays [45]. One-week
preapplication of silver NPs at low concentration (50 ppm) on tomato plants decreased the disease
severity and induced systemic resistance against two common tomato viruses, namely, Tomato mosaic
virus, and Potato virus Y [102]. However, another in planta study showed significant inhibition of
Tomato spotted wilt virus on foliar spray of AgNPs (200 ppm) 1 day after artificial inoculation of the
TSWV, whereas the lowest and substantially low inhibition was recorded when AgNPs were applied
along with and before the virus inoculation, respectively [103]. Similar results have been documented
by Elbeshehy et al. [104] on foliar spray treatment of biogenically synthesized AgNPs derived from
cell-free extracts of three Bacillus bacteria species (B. pumilus, B. persicus, and B. licheniformis). Complete
inhibition of typical disease symptoms was recorded when the AgNPs were applied (concentration:
0.1 µg µL−1) 24 h postinoculation with bean yellow mosaic virus in fava bean cv. Giza 3 variety, whereas
weak symptoms were recorded when AgNPs formulation was sprayed on foliage simultaneously
to that of swab inoculation of the fava bean plants. Low concentration of fungus generated AgNPs
formulation (derived from Curvularia lunata cell extracts, concentration: 100 ppm) on spray treatment
on the foliage of approximately 1 month (35 days) old tobacco plants (Nicotiana tabacum cv. Xanthi nc)
followed by mechanical inoculation of two leaves (5th and 6th true leaf) with PVY-Ros1 virus after
2 days resulted in 2.67-fold decrease in the appearance of characteristic red lesions/infection loci in
AgNP-treated plants. Development of nano-Ag composites can further improve the antiviral activity,
for instance, graphene oxide-AgNP composite treatment (at 1 µg mL−1) reduced the visible symptoms
of disease caused by Tomato bushy stunt virus in test lettuce plants [105].
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Apart from silver NPs, daily foliar spraying treatment for approximately 2 weeks (12 days) of
micronutrient iron oxide NPs (Fe3O4 NPs, size: 20 nm, concentration: 100 µg mL−1) enhanced the
resistance of tobacco plants against Tobacco mosaic virus [106]. Another report involved daily foliar
spray treatment on Nicotiana benthamiana plants with Fe2O3 (concentration: 50 mg L−1) or TiO2 NPs
(concentration: 200 mg L−1) (amount: 5 mL) for 21 days. When these plants were challenged with
Turnip mosaic virus (green fluorescent protein-tagged TuMV), the plants exhibited significant inhibition
in the proliferation of the inoculated TuMV, particularly decrease in coat protein content as identified
through a decrease in the fluorescent intensity of GFP marker in new emerging leaves [107].

3. Zinc Nanomaterials and Their Use for Curbing Plant Disease-Causing Pathogens

Metal oxides exhibit substantially high antimicrobial activities. However, the eco- and cytotoxicity
aspects associated with the application of these novel antimicrobial formulations have hampered their
quick commercial applications. Among the various metal oxides, ZnO nanoparticles appear to be one
of the most propitious candidates as these NPs can be generated through low-cost synthesis techniques
in bulk amounts. Further, their better biosafety and lower cytotoxicity indices for mammalian cells
have been proven through several cell line studies [108–110] including the report on the preferential
killing of human cancer cells compared to normal cells by ZnO NPs [109]. The antimicrobial action
spectrum of Zn nanomaterials includes antibacterial, antifungal, and antiviral characteristics [111].
Therefore, the research insights on relative multifunctional properties of the zinc nanomaterials
exhibiting antimicrobial actions are based on a fundamental hypothesis of spontaneous generation of
ROS species and intracellular oxidative stress leading to killing of the microbial cells [79,112].

3.1. Antibacterial and Mollicute Controlling Potential

The studies involving zinc nanomaterial-antibacterial assay against plant pathogenic bacteria are
scarcely reported as the majority published research includes the antibacterial activity against pathogenic
bacterial genera/species causing human or animal health diseases [113–115]. However, plant pathogenic
bacteria-Zn nanomaterial interactions have been studied including the reports showcasing the
inhibitory effect on the causative agent of citrus canker (Xanthomonas citri subsp. citri) [116],
rice leaf blight pathogen (Xanthomonas oryzae pv. oryzae) [81], tomato bacterial spot
pathogen (copper-tolerant strains of Xanthomonas perforans) [117], the causative agent of lentil
bacterial leaf spot (Xanthomonas axonopodis pv. phaseoli) [118], the causative agent of bacterial
blight of lentil (Pseudomonas syringae pv. syringae) [118], and eggplant bacterial wilt pathogen
(Ralstonia solanacearum) [119].

On the evaluation of the relative antibacterial potential of the Zn-nanomaterials, studies established
higher efficacy in comparison to the absolute or conventional bulk controls. Among the green
synthesized ZnO NPs derived from three different plant extracts, Olea europaea extract-derived ZnO
NPs exhibited the highest inhibition zone (2.2 cm at 16.0 mg mL−1) for Xanthomonas oryzae pv. oryzae [81].
Likewise, Graham et al. [108] have compared the relative efficacy of nano-ZnO formulations,
Zinkicide SG4 and SG6, in an in vitro assay and showed twofold and eightfold lower MIC for
SG4 and SG6, respectively, against X. alfalfae subsp. citrumelonis.

The antibiofilm forming potential of nanozinc material is of remarkable significance for commercial
application. The specific benefit of the antibiofilm property of the zinc nanomaterials [82] spans over
the decontamination of the food articles [82], surfaces [120,121], produce processing equipment [122],
and packaging systems [80,123–125].

Apart from the bacterial pathogens, the crop plants are also affected by obligate parasitic, axenically
unculturable prokaryotic cell wall lacking eubacterial plant pathogens [126], the “phytoplasma”
or “mollicutes” [127], which are associated with >600 plant diseases across the globe [128–131].
These initially classified as wall-less bacteria possess a trilaminated unit membrane, a small genome
(~680 to 1600 kb), exhibit morphological pleomorphism (size ranging between 0.2 and 0.8µm, and shapes
varying from helical, filamentous, beaded, or simply spheroid), dwell in sieve tubes [132] and therefore,
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are mainly transmitted by phloem sap-feeding or sucking pest vectors, particularly planthoppers
and psyllids, and by vegetatively propagated grafts or tissues [133,134]. Being obligate parasites,
phytoplasma diseases can be effectively controlled by managing the vector pest population. Therefore,
research efforts to develop RNAi- or dsRNA-based nanoenabled pesticides have been initiated that
can effectively control the psyllids and/or leafhopper population [135,136]. However, a few reports
have appeared including the development and use of nanoemulsion formulations of antibiotics [137],
essential oil or aldehyde compounds (such as cinnamaldehyde), and silver nanoparticles [138] for
management or eradication of Candidatus liberibacter asiaticus causing Huanglongbing or citrus greening
disease. Foliar spray and trunk injection treatments of zinc oxide and zinc sulfide nanoparticles
alone as an isopropanol-based emulsion or in combination with cinnamaldehyde-isopropanol have
been reported to effectively decrease the occurrence of this bacteria in the phloem tissue [139].
Likewise, published reports indicated in planta inhibition of Candidatus liberibacter asiaticus by trunk
injection application of aqueous formulations of 4 nm-sized zinc oxide nanoparticles and ZnONP-2S
albumin protein composite [140]. A qPCR assay revealed that 1:1 proportion of ZnONPs: 2S albumin
(concentration of 330 ppm each) most effectively decreased the bacterial pathogen to about 97% of the
initial concentration.

3.2. Antimycotic and Mycotoxin Neutralizing/Inhibiting Activity

The antimycotic potential of zinc oxide nanoparticles or its composites has been well identified
against phytopathogenic fungi belonging to diverse taxonomic groups/classes such as zygomycetous
oomycetes genera (Peronospora tabacina [141], Pythium ultimum, Pythium aphanidermatum [142]),
ascomyceteous genera (Alternaria alternata [59,62], Aspergillus flavus/A. fumigatus [51],
Aspergillus niger [143], Botrytis cinerea [61,62,144,145], Colletotrichum gloeosporioides [56,59],
Fusarium graminearum [146], Fusarium moniliforme [40], Fusarium oxysporum [66,144,147],
Penicillium expansum [50,66,144,148]), and basidiomycetous genera (Erythricium salmonicolor [68]).

Zinc-derived nanomaterials (nanoparticles/composites) at substantially low working
concentrations can kill spores or exhibit inhibition of spore germination (sporostatic/sporicidal
activities) besides inhibiting the vegetative mycelial growth of the filamentous fungal plant pathogens,
e.g., a significant decrease in fungal growth of B. cinerea and P. expansum has been observed on ZnO NPs
(3 mM L−1 concentration) treatment [144]. Likewise, events of spore germination of Peronospora tabacina

were observed to be completely inhibited on treatment with Zn NPs, ZnO NPs, and ZnCl2 soluble salt
at concentrations ranging from 15–20 mg L−1 [141].

3.2.1. Mechanism of Antimycotic Activity

Multifarious mechanisms govern the antimycotic activity of the zinc nanomaterials. The primary
inhibitory symptoms that appear postincubation of an alive culture of fungi with nanoscale zinc/zinc
oxide material include adsorption of nanozinc on the hyphal cell surface, hyphal deformation leading
to morphological alterations in the cell wall and cell membrane, formation of sunken or swollen
mycelia besides extensive thinning, and branching of the mycelia [144]. The same could be or may
not be accompanied by suppression of spore or conidia-forming structures or formation of distorted
sporangiophore/conidiophore and absence of formation of perennation structures (spores/conidia) or
their number is decreased. Fungal spore nanozinc incubation studies have revealed a delay in spore
germination, formation of abnormal stout/short germination tubes, or complete inhibition of spore
germination indicating the sporistatic to sporicidal properties of nanoscale Zn material [141].

At the cell ultrastructural level, changes in the cell wall and membrane structure epitomized as
enhanced thickening of the cell wall, liquefaction of cell membrane, dissolution or disorganization of
the cytoplasmic organelles, hypervacuolization, and detachment of cell wall from cytoplasmic contents
indicating incipient plasmolysis like features appear [68].

At the molecular biology scale, the nanoscale Zn materials exhibit interactions with a variety of
biomolecules leading to complexation with structural and soluble proteins, inactivation of catalytic
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proteins, ROS-mediated damage to nucleic acid, particularly the scission of DNA strand, and breakage
leading to chromosomal aberrations [25,143,149]. Interaction of zinc nanomaterials with the hyphal
cell surfaces also specifically elicit synthesis of nucleic acid and/or production/secretion of the
carbohydrates as depicted through increased Raman spectra signal intensities corresponding to
these biomolecules [144]. The production of these components may indicate the increased expression
of genes involved in subduing the ROS damage induced by the nanozinc material, particularly the
osmolytes such as trehalose oligosaccharide. Further, the cell growth cycle also gets altered thereby
inhibiting cell division.

3.2.2. Mycotoxin Neutralizing/Inhibiting Activity

The effect of nanoscale zinc materials for mycotoxin production by the filamentous fungal
hyphae have also been evaluated [150,151]. Mycotoxins exhibit enormous structural and chemical
diversity. Several fungal genera produce different types of mycotoxins primarily including
aflatoxins (B1, B2, G1, G2, and M10), ochratoxins, deoxynivalenol, trichothecenes produced by
ascomycetous genera Aspergillus (sexual stage name: Eurotium) [152]. Likewise, various species
of another ascomycetous fungus, Penicillium (sexual stage name: Eupenicillium), synthesizes
and secretes a variety of secondary molecules considered as mycotoxins such as penicillic acid,
brevianamide A, griseofulvin, patulin, citreoviridin, citrinin, roquefortine, cyclopiazonic acid, PR-toxin,
fumitremorgin B, penitrem A, luteoskyrin, ochratoxin A, rugulosin, verrucosidin, verruculogen,
viridicarumtoxin, and xanthomegnin [153,154]. Ascomycetous member belonging to order
Hypocreales, Fusarium, produces trichothecenes (including fumonisins, zearalenone, deoxynivalenol,
and diacetoxyscirpenol) besides fusaproliferin, beauvericin, enniatins, and moniliformin [155].
Alkaloids of Claviceps sp. are also considered mycotoxins and include clavines, lysergic acids and their
amides, and ergopeptides [156–158]. Besides these genera, Alternaria sp. produces diverse types of
mycotoxins such as altenuene, alternariol, and its methyl ether, altertoxin, and tenuazonic acid [159].

The engineered NPs including ZnO NPs can control mycotoxin production by the mycotoxigenic
fungi besides neutralization or adsorption of already formed/secreted mycotoxins [160] (Figure 4).
The antimycotic potential of the nano-Zn formulations has already been discussed in Section 3.2.1.
The other two mechanisms that are directly responsible for alteration in mycotoxin production by
the mycotoxigenic fungi on supplementation of nanozinc formulations in culture/growth media will
be dealt with here. Metal oxide nanoparticles exhibit classical size quantization effect such that
discrete energy state appears and the number of surface atoms to bulk ratio gets altered besides the
changes in the surface topology, which result in enhancing the reactive surface area [161]. Likewise,
the thermodynamics of chemical reactivity is varied due to variations in the surface free energy
of the NPs. These features adorn NPs the excellent adsorption characteristics. Though classically,
carbon nanomaterials, including the amorphous carbon, graphene oxide, carbon nanotubes, and carbon
fullerol nanoparticles [150], carbon nanocomposites [162], and inorganic nanocomposites such as
MgO-SiO2 nanocomposite [163] and organo-silicate composites [164], exhibit higher potential for
mycotoxin adsorption. However, a recent study on the application of fullerol nanoparticles (FNP)
on the aflatoxin biosynthetic pathway in Aspergillus flavus has been performed which suggested a
concentration-dependent eliciting effect of FNP on aflatoxin synthesis after 120 h of incubation [165].
Therefore, other nanoadsorbent alternatives including the metal and metal oxides particularly the iron,
copper, silver, and the zinc NPs [150,166] can be evaluated for mycotoxin adsorption and removal.
A research study on flower-shaped zinc nanostructures (Znstr) revealed that supplementation of low
concentrations of Znstr (1.25, 2.5, and 5.0 mM) in the liquid growth media led to substantial suppression
(97%) of aflatoxin biosynthesis by Aspergillus flavus besides reducing the content of aflatoxin (69%) in
maize grains [167].
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Figure 4. Zinc nanomaterials can exhibit a threefold impact on the production and neutralization of
mycotoxins produced by mycotoxigenic fungi.

Apart from the use of nanomaterials for adsorption of mycotoxins, a recent study deciphering the
mycotoxin inhibition mechanism of the AgNPs reported a fungus-growth-independent decrease in
the aflatoxin B1 production in Aspergillus parasiticus [160,168,169]. Unlike the above study, a report
documented inhibition of both growth and mycotoxin production potential of Fusarium graminearum

on the application of biogenic zinc oxide nanoparticles [170]. However, Savi et al. [168] have
reported appreciable antifungal and antimycotoxigenic potential of various zinc compounds against
Fusarium graminearum, Aspergillus flavus, and Penicillium citrinum. Therefore, zinc nanomaterials have
great potential for curbing the growth and mycotoxin contamination of food and feed material [171].

3.2.3. Zinc Nanomaterials for Curbing Plant Viruses/Viroid Diseases

Viruses and viroids cause diverse diseases in crop plants on infection and are responsible for
enormous losses posing a great threat to crop productivity and food security. Further, there is a
lack of an effective plant viral disease control strategy besides the occurrence of a few commercial
antiviral formulations, which enhance the threat for effective control of plant viral diseases. The use of
nanomaterials for curbing the spread and disease severity of plant viruses is rather in its incipient stage
and research reports on the use of silver [102,103], silver-graphene composite [105], iron oxide [172],
and Fe3O4 [106] nanomaterials have been published. However, there is one recent report on the
application of zinc oxide nanoparticles on the plant foliage to curb Tobacco mosaic virus infection
in Nicotiana benthamiana [45]. The details regarding the antimicrobial potential of various zinc
nanomaterials against plant pathogens have been summarized and presented in Table 1.
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Table 1. Antimicrobial potential of zinc nanomaterials on plant pathogenic microbes.

Type of
Zn-Nanomaterial Used

Zn-Nanomaterial
Characterization

Working
Concentration

Study Conditions
(Exposure Technique)

Zn-Nanomaterial
Application Method

Pathogen Inoculation
Technique

Pathogen Studied Impact References

Bacterial pathogens

Zinkicide SG4,
Zinkicide SG6

2-D nanoplate-like
structure

(dimensions:
0.2–0.5 mm,

thickness: ~10.0 nm)
nanoparticulate
(size: 4–6 nm)

2000 to 1.96 mg/mL
In vitro assay

(broth microdilution
technique)

Addition in broth at
different working

concentrations
Broth inoculation X. alfalfae subsp.

citrumelonis

Two-fold and 7/8-fold
lower MIC for

Zinkicide SG4 and
SG6, respectively

[116]

ZnO NPs
Commercial
formulation

(size <100 nm)
0.1 mg mL−1 In planta assay

Foliar spray of ZnO NPs
suspension (10 mL per
lentil plant) under pot

culture conditions

Nutrient broth culture
(10 mL of 1.2 × 105

CFU mL−1) added
around the seedling

Xanthomonas axonopodis
pv. phaseoli

Reduction in disease
severity on

pathogen challenge
[118]

Zinkicide SG4,
Zinkicide SG6

2-D nanoplate-like
structure

(dimensions:
0.2–0.5 mm,

thickness: ~10.0 nm)
nanoparticulate
(size: 4–6 nm)

Zn (30% w/v) In planta assay

-Foliar spray of Zn
formulation (10 mL per

grapefruit seedling)
using air-brush in
greenhouse assay

-Foliar spray of Zn
formulations (3.0 L per
grapefruit tree) with a

handgun sprayer

Broth culture
(104 CFU mL−1) in PBS
injection-infiltrated in

midrib of leaf 3 each site
at both surfaces

Xanthomonas citri
subsp. citri

-Reduction in citrus
canker disease

-Effective disease
control comparable or

better than
Cu2O/Cu2O-ZnO
bactericides (no
phytotoxicity)

[116]

ZnONPs TEM: 41–51 nm 4, 8, and 16 µg mL−1 In vitro assay

Variable concentrations
of ZnO NPs (10 µL each)

dropped on 1-day old
bacterial lawn culture

Lawn growth obtained by
spread plating of (100 µL,

108 cfu mL−1) broth
culture followed by
incubation for 24 h

Xanthomonas oryzae pv.
oryzae (strain GZ 0003)

Effective
antimicrobial agent

for bacterial leaf
blight of rice

[81]

Cu-Zn hybrid NPs TEM: 40–100 nm 1000, 500, 200,
and 100 µg mL−1 In vitro assay

NP formulations added
to broth at different

concentrations

Broth culture (20 µL,
105 CFU mL−1)

Xanthomonas perforans
(Cu-tolerant GEV485)

Complete inhibition
of growth till 24 h of

incubation
[117]

Cu-Zn hybrid NPs TEM: 40–100 nm 500, 200, 100,
and 50 µg mL−1 In planta assay

Foliar spray on 4-week
old seedlings of tomato

variety FL 47 under
growth chamber

conditions

Pathogen
inoculation-foliar spray

Xanthomonas perforans
(Cu-tolerant GEV485)

Statistically highest
decrease in disease

symptoms at
500 µg/mL

[117]

Fungal pathogens

ZnO NPs

Commercial
formulation

(< 50 nm
particles size)

0, 1, 10, 100, 500,
and 1000 µg/mL

In vitro assay
(poison food technique)

Supplementation of PDA
with different working

concentrations

Mycelial plug (5 mm) cut
from master culture PDA
plate (4-day old growth

from edge)

Alternaria alternata

-Mean inhibition rate
(EC50) range 235 and

848 µg/mL
-higher efficacy

compared to ZnSO4

[59]
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Table 1. Cont.

Type of
Zn-Nanomaterial Used

Zn-Nanomaterial
Characterization

Working
Concentration

Study Conditions
(Exposure Technique)

Zn-Nanomaterial
Application Method

Pathogen Inoculation
Technique

Pathogen Studied Impact References

ZnO NPs/CS-Zn-CuNPs DLS: 1.5–20 nm
TEM: 6–21 nm

0, 30, 60,
and 90 µg mL−1

In vitro assay
(poison food technique)

Addition various
working concentrations

of prepared
nanomaterials in

PDA media

Mycelial plug (5 mm) cut
from edge of 1-week old

fungal growth on
PDA media

Alternaria alternata,
B. cinerea, R. solani

-Highest mycelial
inhibition by chitosan

mixed Zn-Cu
nanocomposite

[62]

3D flower-shaped
nanostructured ZnO

FE-SEM:
700–800 nm

XRD: crystallite
size—42.0 ± 0.8 nm

0.3125–5.0 mM
In vitro assay
(broth culture
experiment)

Supplementation of broth
with different

concentrations of Zn
nanomaterial

Aqueous conidial
suspension (125 µL,

4 × 106 spores mL−1)
added to Sabouraud

dextrose broth (100 mL)

Aspergillus flavus Link
(UNIGRAS-1231)

-For 1.25–5.0 mM
concentrations

-78.0% decrease in
mycelial growth

-99.7% decrease in
aflatoxin synthesis

[167]

Metallic (Au/Ag) and
ZnO NPs

Commercial
formulation

DLS: 7 and 477 nm,
respectively

50:10 µg/mL

In vitro assay
(A. broth microtiter

plate test,
B. Kirby-Bauer disk
diffusion technique)

A. NP suspension (20 µL
in 75 µL SDB)

B. NP impregnated on
sterilized filter paper

disks (6 mm diameter)

A. Spore suspension
(5 µL, 1 × 105 spores/well)
B. Spread plating of spore

suspension

Aspergillus flavus
(NRRL 3518)/A.

fumigatus
(ATCC 1022)

-combination of mix
metallic NPs and

ZnO-NPs effectively
inhibited the

fungal growth

[51]

ZNPs

DLS: 30–40 nm
TEM: 15–20 nm

(average particle
size)

50, 100, 250, and 500
ppm

In vitro assay
(poison food technique)

Different ZnO NPs
concentrations mixed in

sterilized PDA media

Fungal spore suspension
(3 µL, ~104 mL−1) spot
plated in center of PDA

media plate

Aspergillus niger
-dose-dependent
decrease in radial
growth diameter

[143]

ZnO NPs
Commercial
formulation

(TEM: 70 ± 15 nm)

0, 3, 6,
and 12 mM L−1

In vitro assay
(poison food technique)

ZnO NPs mixed in
different concentrations

in PDA media

Aqueous spore
suspension (~104 mL−1)

Aspergillus niger
(MTCC-10180),

Fusarium oxysporum
(NCIM-1043,
NCIM-1072)

-Significant inhibition
in hyphal growth at

concentration of
3 mM L−1

[144]

ZnO NPs Leaf extract of
derived NPs

200, 300 and
400 µg mL−1

In vitro assay
(poison food technique)

Supplementation of PDA
with different working
concentrations of NPs

Fungal disc (5 mm
diameter) from 5-day old

culture growth

Alternaria alternata,
Botrytis cinerea

-Concentration-dependent
decrease in fungal

growth
[145]

A. ZnO NPs,
B. ZnO:MgO NPs
C. ZnO:Mg(OH)2

composite

A. TEM: 22–37 nm
B. TEM: 23–30 nm
C. TEM: 23–49 nm

Serial dilution
ranging from 5 to

0.002 mg mL−1

In vitro assay
(broth microdilution and
agar-media based poison

food technique)

DMSO dissolved NPs
were diluted with PDB in
a geometric progression

Aqueous spore
suspension (1 × 106

conidia mL−1) added
in PDB

Colletotrichum
gloeosporioides

-ZnO NPs alone
exhibited highest
inhibition of the
hyphal growth

-Addition of MgO
diminished the

antifungal potential
of ZnO NPs

[56]

ZnO NPs
TEM: 20 nm

(spherical), 37 nm
(acicular)

3, 6, 9,
and 12 mM L-1

In vitro assay
(poison food technique)

Supplementation of PDA
with different working
concentrations of NPs

Mycelial plug (1.5 cm
diameter) from 16-day

old fungal culture

Erythricium
salmonicolor

-substantial mycelial
growth inhibition at

6 mmol L−1
[68]
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Table 1. Cont.

Type of
Zn-Nanomaterial Used

Zn-Nanomaterial
Characterization

Working
Concentration

Study Conditions
(Exposure Technique)

Zn-Nanomaterial
Application Method

Pathogen Inoculation
Technique

Pathogen Studied Impact References

ZnO NPs
Commercial
formulation

(size <100 nm)

0, 100, 250,
and 500 mg [Zn] L−1

In vitro assay
(poison food technique)

Different concentrations
of ZnO NPs

supplemented in mung
bean agar media

Mycelial plugs
(~0.5 × 1.0 cm) cut from
the margins of the 5-day

old fungal growth

Fusarium graminearum
-dose-dependent

inhibition of fungal
growth

[146]

ZnO NPs

TEM: 30–40 nm
SEM: triangular- to
hexagonal-shaped

particles
XRD: crystallite
size—35.69 nm

25, 50, 75, 100, 125,
and 140 µg mL−1

In vitro assay
(broth culture
experiment)

Different concentrations
of ZnO NPs

supplemented in Czapek
Dox broth

Spore suspension (10 µL,
106 spores mL−1 in

peptone water + 0.01%
Tween 80) in Czapek Dox

broth (100 mL)

Fusarium graminearum

In dose-dependent
manner

-ROS accumulation in
treated mycelial

-reduction in
deoxynivalenol and

zearalenone
production

[170]

ZnO NPs

TEM:
spherical-shaped
30 nm size NPs
XRD: wurtzite
crystal nature

10, 25, 50,
and 100 mM

In vitro assay
(poison food technique)

-Variable concentrations
added to PDA

-Highest Zn-compounds
concentration added

to PDA

Mycelial disc (6 mm)
obtained from 7-day-old
fungal cultures from edge

Fusarium graminearum,
Aspergillus flavus,

Penicillium citrinum

-concentration-dependent
decrease in hyphal

growth
-significant decrease

in deoxynivalenol
and aflatoxin B1 only

by ZnO NPs
compared to control

[173]

ZnO NPs

DLS:
111.53 ± 1.3 nm
TEM: < 100 nm
ζ-potential:
−15.89 mV

100–800 ppm In vitro assay
(poison food technique)

-Different concentrations
of ZnO NPs added to

Czapek Dox agar

Mycelial disc (5 mm
diameter) was cut from

5-day old culture
Fusarium moniliforme

-Less hyphal growth
inhibition due larger

sized particles
[40]

ZnO NPs
Commercial
formulation

(size: 70 ± 15 nm)

0, 2, 4, 6, 8,
and 12 mg L−1

In vitro assay
(poison food technique)

Different concentrations
of ZnO NPs with

autoclaved PD agar
medium

Fungal mycelia plug
(1 cm diameter) taken

from the edge of
one-week old culture

Fusarium oxysporum

-19.3–77.5% hyphal
growth inhibition

corresponding to for
2–12 mg L−1 ZnO NP

concentration

[66]

ZnO NPs

Commercial
formulation

(spherical-shaped
20–30 ± 10 nm NPs)

25, 50, and 100 ppm In vitro assay
(poison food technique)

Working concentrations
of ZnO NPs derived from
1000 ppm stock solution
added to sterilized PDA

medium

Fungal disc (0.5 cm
diameter) obtained from

7-old culture

Fusarium oxysporum f.
sp. betae

-49.3% inhibition of
radial hyphal growth

at 100 ppm
[147]

ZnO NPs
Commercial
formulation

(size: <50 nm)

0–15 mM equivalent
to 0–1221 ppm

In vitro assay
(automated turbidimetric

assay)

ZnO NPs
suspension-soaked filter

papers

Spore suspension
(1.73 × 103 conidia mL−1)

were serially diluted
Penicillium expansum

-MIC: 9.8 mM
(798 ppm) and NIC:
1.8 mM (147 ppm)

[148]
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Table 1. Cont.

Type of
Zn-Nanomaterial Used

Zn-Nanomaterial
Characterization

Working
Concentration

Study Conditions
(Exposure Technique)

Zn-Nanomaterial
Application Method

Pathogen Inoculation
Technique

Pathogen Studied Impact References

A. Zn NPs
B. ZnO NPs

A. TEM: mean
diameter 264 nm;

hydrodynamic
diameter: 615.8 nm;

ζ-potential:
−1.6 ± 3.7

B. TEM: mean
particle diameter

19.3 nm;
hydrodynamic
diameter: 453.3;

ζ-potential:
23.3 ± 5.0

0–65 mg L−1
In vitro spore

germination and
infectivity tests

Different concentrations
of nano-Zn formulations

incubated with fungal
spore suspension

Spore suspension
(106 spores mL−1) mixed

with DI
Peronospora tabacina

-Inhibition of spore
germination

frequency spore by
Zn NPs, ZnO NPs,
and ZnCl2 (<10 mg

L−1)
-Significantly higher

inhibition by ZnO
NPs compared to

bulk ZnO
-Reduction in leaf

infection in tobacco
leaf assay

[141]

ZnO and CuO NPs Commercial
formulation

50, 100, 250,
and 500 mg L−1

In vitro assay
(poison food technique)

Different concentrations
of NPs amended in

autoclaved PDA media

Fungal growth plug
(0.5 cm2) placed in center

of PDA media

Pythium ultimum,
Pythium

aphanidermatum

-Inhibition of growth
at low concentrations

-morphological
changes in the hyphae

[142]

Viral pathogens

ZnO NPs
TEM: 18 nm

spherical-shaped
particles

A. 100 µg mL−1

B. 100 µg mL−1

(5 mL NP solution
foliar spray for 3, 7,

and 12 days)

A. In vitro assay
B. In planta assay

(Nicotiana benthamiana)

A. ZnO NP suspension
mixed with purified TMV

particles
B. Foliar spray of NPs

suspensions

A. Purified TMV particles
mixed with NPs

B. Inoculation by rubbing
infected leaves onto the

oldest leaf

Tobacco mosaic virus

A. aggregation or
breakage of tobacco

mosaic virus particles
B. marked

suppression (35.33%)
of TMV invasion in

the inoculated leaves

[45]
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4. Zinc Nanoformulations: In Planta Studies and Crop Plant Responses to Pathogen Attacks

Zinc nanoformulations have been evaluated to curb phytopathogenic infections in various
crop plants. The major test crop plants that have been utilized as models to evaluate the
antimicrobial potential of the nanozinc products include tomato [67], tobacco [141], pepper [145],
rice, and wheat [174]. The antibacterial potential of ZnO NPs against Pseudomonas syringae pv.
tomato DC3000 that causes bacterial speck disease in tomato [67] has been reported. In planta
greenhouse study performed with Lycopersicon esculentum cv. Pantelosa transplants involved foliar
spray treatment of ZnO NPs (100 µg mL−1) at a five-leaf stage, which significantly reduced the
disease severity as compared to untreated control post-1 week of inoculation of the bacterial
pathogen. Further, the researchers also indicated elicitation of the plant’s innate defense system
through physiological and biochemical studies including antioxidant enzyme activities and
profound vegetative growth [67]. Another interesting study involving the effect of ZnO NPs on
synthesis and secretion of signal compounds (siderophores-pyoverdine) by plant growth-promoting
rhizobacteria-Pseudomonas chlororaphis O6 improved the lateral root formation in wheat plants
besides enhancing the immunity of the treated plants [174]. The use of ZnO quantum dots (QDs)
surface-functionalized with kasugamycin antibiotic has been evaluated for on-demand pH-responsive
release of the loaded antibiotic in a greenhouse study to effectively control Acidovorax citrulli and
alleviate the disease severity symptoms of bacterial fruit blotch in watermelon seedlings [175].

The mixed formulation developed as zinc/copper nanocomposites have also been evaluated for
their antimicrobial efficacy under field conditions. Suppression of disease symptoms caused by the
Citrus canker causative agent, Xanthomonas citri subsp. citri were investigated under field conditions
on the application of a ZnO-nanoCu-loaded silica gel (ZnO-nCuSiO2 composite) nanocomposite.
Young et al. [176] investigated the ZnO-nCuSi for controlling citrus canker disease under field
conditions and found that this was effective in suppressing disease at less than half the metallic
rate of the commercial cuprous oxide/zinc oxide pesticide, and no phytotoxicity was observed.

Antifungal activities of ZnO NPs biosynthesized from leaf extracts of Olea europaea and
Origanum majorana plants were evaluated. These NPs significantly reduced the appearance of gray and
black mold disease symptoms on artificial inoculation with Botrytis cinerea and Alternaria alternata in
test pepper plants compared to chemically synthesized ZnONPs and untreated control plants [145].
Likewise, a comparative in vivo efficacy study for suppression of Botrytis cinerea causing gray mold
disease on plum fruits (Prunus domestica) by treatment with Ag, Cu, and ZnO NPs at two different
concentrations (100 and 1000 µg mL−1) was performed [59]. The researchers observed complete
inhibition of disease symptoms by AgNPs only while ZnO and CuNPs could help control disease
symptoms numerically higher or equivalent to copper hydroxide treatment. A simulation study
conducted by Wagner et al. [136] on tobacco leaves revealed the high antifungal potential of Zn
nanomaterial against Peronospora tabacina primarily through inhibition of the spore germination process.
An interactive protective effect of nano-ZnO particle seedling spray/seed soaking followed by seedling
spray treatments along with the biocontrol agent, Trichoderma harzianum, improved plant’s resistance
against the causative agent of damping-off disease (Rhizoctonia solani) in sunflower seedlings [177].

Zinc nanomaterials also possess elaborate antiviral properties though the reports on in planta
studies involving management of the plant viral diseases are recent and incipient. Hence, little literature
is available on this aspect. An in vivo experiment on Nicotiana benthamiana involved marked inhibition
of replication of the Tobacco mosaic virus on foliar spray treatment of ZnO NPs for approximately
2 weeks (12 days). The replication inhibition process may be attributed to improved growth and
induction of plant defense responses as indicated by an escalation in accumulation of ROS, and activity
of the ROS mitigating enzyme besides upregulation of pathogenesis resistance-related genes [45].
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5. Zinc-Derived Nanomaterials for the Development of Tools/Devices for Plant
Disease Diagnosis

Pathogenic disorders or diseases in plants can be identified through various imaging, spectroscopy,
and conjugate imaging and spectroscopy techniques [178]. Most likely, the role of diagnostic
techniques is to achieve quick, early, sensitive, simple, in situ, reliable, and automated high throughput
identification and quantification of the causative agent so that the extent of virulence can be obtained
before the appearance of the actual visual symptoms of the disease [179]. Nanomaterial-based sensor
technologies provide flexible and diverse sensing platforms or methods for elucidation/quantification
of the single or multiple analytes [180] and can help ensure early, rapid, and sensitive identification of
the plant pathogen [181].

The plant produces a myriad of signal molecules in response to a pathogen attack. Few abundant
and signature signal molecules including specific enzymes, gaseous molecules (e.g., nitrous oxide,
volatile organic compounds), reactive oxygen species, secretory compounds such as oxylipins
and expression of a crucial gene (pathogenesis-related proteins-PRPs, PAMPs) can be aptly
utilized as key biomarkers for the development of nanobiosensor platforms [178]. As discussed
in Section 3.2.2., several mycotoxigenic fungi produce diffusible exotoxins, which can also be
utilized as markers for the identification and confirmation of phytopathogenic fungi. A nano-ZnO
film-indium-tin oxide electrochemical impedance sensor was developed by coimmobilization of
antibodies and BSA protein to detect ochratoxin-A in produce and other plant-derived products [182].
Likewise, DNA aptamer-functionalized ZnO/ZnS quantum dots can help in easy detection of plant
pathogens [181].

Sensors systems based on zinc nanomaterials primarily include the semiconductor quantum dot
(core–shell, CdSe/CdTe core ZnS shell QDs, and ZnTe or ZnSe QDs)-enabled optical (fluorescence-based)
sensors [183]. High luminescence QDs are fascinating nanomaterials that can be used to develop
protein–protein/protein–ligand detection assays including the fluorescence resonance energy transfer
technique [184]. In fixed cell systems, the QDs can be extensively used as immunohistochemical
labels [185].

The protein—antibody immunofluorescence-based biosensors are finding sensing applications
for plant virus pathogens [186]. Medintz et al. [187] have developed a CdTe/ZnS core-shell QD-based
sensor by labelling NeutrAvidin on the surface of biotinylated Cowpea mosaic virus (CPMV) and
avidin-decorated QDs, which interacted through the biotin-avidin groups. Further, CdTe/ZnSe
core–shell QDs can also be utilized for easy detection of DNA sequence change mutation events [188].
The nano-Zn-based QDs exhibit low cytotoxicity and produce high-intensity fluorescence signals,
which have resolutions far beyond the diffraction limit of light [183]. Therefore, these can also be
utilized for in planta or in vivo assays. Early and sensitive detection (detection limit of 25 µg mL−1)
of plant pathogenic Fusarium oxysporum has been reported through the use of 3-Mercaptopropionic
acid-functionalized CdSe/ZnS QD in a fluorescence-based assay [189].

Other than fluorescence-based sensors, nano-Zn enabled optical biosensors have also been
developed. One of the most promising applications of these nano-Zn-enabled optical biosensors
is quick and sensitive detection of plant pathogenic viruses. A sensitive immune-optical biosensor
was developed, which involved immobilization of antibodies against Grapevine virus A-type (GVA)
antigenic proteins on a ZnO thin film prepared by the atomic layer deposition technique [190].

As zinc nanomaterials exhibit electron-hole generation due to their semiconductor behavior;
these have also been used to develop another category of a sensor system, the electrochemical
sensors. Zinc oxide nanorod cyclic voltammetry-based electrochemical sensor has been developed as a
disposable sensor for a rapid, cost-effective, and label-free detection of E. coli in food matrices [191].
Tahir et al. [192] have investigated the potential of a ZnO-nanocomposite prepared by decorating
zinc nanoparticles (25–500 nm) on the surface of multiwall carbon nanotubes to immobilize probe
DNA strands having complementarity to Chili leaf curl virus beta satellite. They have assessed the
electrochemical performance of this DNA biosensor through the binding of the DNA by cyclic and
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differential pulse voltammetry scans. A similar kind of electrochemical DNA biosensor has been
reported to be developed involving ZnO nanoparticles-chitosan membrane-doped gold electrode to
conveniently identify Trichoderma harzianum biocontrol fungus [193].

6. Potential Application of Zn-Based Nanomaterials and Future Use

Zinc nanomaterials have found elaborate applications in diverse fields of agrirelevance such as
for fertilizer nutrient delivery [194] through foliar application [195] or sustained release of nutrient
from a nanodelivery vehicle [196,197], as novel antimicrobial agent [40,198,199], pesticide [200],
and for environmental remediation [201–203]. The role of zinc nanomaterials in nanodiagnostics has
been already dealt with in Section 5. Several reports delineating the role of zinc nanomaterials for
elicitation of the systemic acquired immunity (SAR) in plants to combat and curb attack by various
phytopathogens have been indicating towards the gross positive impact of their use in plant crops [204].
The specific aspects that need to be delved on regarding the voluminous and wide-spread usage of
zinc nanomaterials for management of phytopathogens include the development of stable nanozinc
formulations and their environmental impacts in the soil food-web on nontarget organisms.

6.1. Ecosafety Issues of Nanozinc-Derived Products and Devices

Agriculture is a pivotal global enterprise thrusting the economies of most of nations. Therefore,
the products or chemicals utilized for improving the nutritional status (fertilizers) [194,196,197]
and for management of the plant pathogenic infections (pesticides) are anticipated to be utilized in
quantum amounts. Therefore, a cautious and critical approach is desirable considering the atypical
behavior in open, dynamic, and complex multicomponent systems. Further, the ecological nanotoxicity
concerns of these materials need to be identified before approving the use of zinc nanomaterial-based
agriproducts [205–207].

A pride and prejudice dilemma exists as zinc nanomaterials, particularly the ZnO NPs, are being
exponentially synthesized due to amenability for easy and low-cost production processes [208,209].
Further, the functional versatility of nanomaterials renders them affordable for applications or use
in diverse fields spanning over electronics, biomedicine [17,18], environment remediation [210],
catalysis [211], agriculture [40], and cosmetics industries. However, the release of Zn nanomaterial
through municipal wastewater/sewage water, industrial effluent, and surface wash water drifts these
nanomaterials to contaminate diverse soil and water ecosystems posing gradual and subtle to drastic
effects on soil and aquatic biota thereby exacerbating the health and sanctity of the contaminated
eco-niches [212]. The semiconductor (oxidative stress-inducing) properties and heavy metal nature of
the zinc nanomaterials (bioaccumulation) further complicate their ecotoxicity concerns [213] besides
the fundamental nanoscale aspects (quantum size effects-size, shape, surface charge-dependent
properties, and agglomeration/complexation processes), which lead to diverse cyto-/genotoxic and
onco-/mutagenic effects [214]. The nano-Zn material and their dissolution product, i.e., Zn2+ ions exhibit
toxicity to all types of organisms or biotic components of all trophic levels [215]. Further, the occurrence
of other pollutants may enhance the pernicious effects of nano-Zn-based products [214]. Therefore,
long-term field studies need to be designed besides improvement in the in silico simulation modeling
studies to well predict the aftermaths of the rampant use of nano-Zn-based products in agriculture.

6.2. Improved Nanozinc Formulations: The Scar and Sanctity of Stability and Biosafety

Zinc nanomaterials can be synthesized using physical and chemical techniques [216]. However,
several reports have considered the biologically synthesized nanozinc formulations to be cost-effective,
ecosafe, and stable even under ambient storage conditions [217]. Further, higher antimicrobial efficacy
and improved photocatalytic activity were reported for the zinc oxide nanoparticles synthesized from
the neem leaf extracts [217]. Although the researchers reported a slight difference in the mean size of
the ZnO NPs (sol–gel: 33.20 nm and biosynthesized: 25.97 nm), they have argued that the improved
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efficacy of the neem extract-derived ZnO NPs was due to greater stability of the dispersion owing to
surface functionalization by the leaf phenolics or terpenoids.

The stability of nanozinc formulations is governed by size-dependent phenomena. Further,
the zeta potential and the surface charge ensure the aggregation, flocculation, or sedimentation of
the nanoparticles [218]. Most likely, the zinc nanoformulations are made stable by altering either
the charge (charge-stabilized dispersions) or the steric hindrance (sterically stabilized dispersions).
The former mechanism slows down the rate of aggregation of the nanoparticles due to electrostatic
repulsion forces [219], whereas the latter involves grafting of polymer coating due to the addition
of polymers acting as steric stabilizers (e.g., polyvinyl pyrrolidone, polysorbate 80, polyethylene
glycol, and many more) on the surface of the dispersed nanoparticles inducing thermodynamic
stability [220,221]. However, the surface charge of the ZnO nanomaterial suspensions also decide
for the eco- and cytotoxicity of these nanomaterials [222]. The nano-ZnO particle dispersion bearing
positive charge at cell physiological pH exhibits an enhanced ability to penetrate the cells than the vice
versa [223].

7. Conclusions

The nano-Zn products, particularly the nanoformulations developed for suppression of bacterial,
phytoplasma, fungal, or viral diseases in crop plants, can have a gross impact on decreasing the extent
of voluminous use of conventional metal(s)-based pesticides. These formulations can be designed
for the management of diseases in both open field and closed greenhouse/screen-house conditions
and can be applied to crop plants through several application modes. The prior research has shown
high effectivity of nano-Zn formulations to curb phytopathogen owing to versatile antimicrobial
mechanism of action including photo-oxidation leading to generation of reactive oxygen species,
destabilization of the cell membrane, organelles, and other cellular macromolecules, and toxicity due
to the release of zinc ions. The zinc nanomaterials have also been utilized for the development of
affordable sensor systems for sensitive and early detection of pathogen attack that can be used for
predicting the crop losses and for surveillance purposes. Although there are apparent advantages
of the use of zinc nanomaterials for diverse benefits, however, their proficient use is limited due
to rising concerns about ecohealth deterring aspects of nanomaterials and the bio-/econanotoxicity
issues that need to be addressed. The problems such as bioaccumulation across the food chain and
food web, complexities of events and components of the plant-soil-atmosphere-pathogen continuum,
photo-oxidation properties, and the unprecedented fate of applied nanomaterials in the environment
depreciate, comprise, or even negate the advantages of zinc nanomaterials as novel plant disease
suppression or eradication agents. Carefully designed protocols and assays dissecting the dimensions
and role of nanoscale particles/materials on pathogen and plant can improve our know-how and may
direct novel paradigms for adaptation and application of zinc nanomaterials to overt the global food
production challenges posed by phytopathogens.
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129. Jurga, M.; Zwolińska, A. Phytoplasmas in Poaceae species: A threat to the most important cereal crops in
Europe. J. Plant Pathol. 2020, 102, 287–297. [CrossRef]

130. Rao, G.P.; Madhupriya; Thorat, V.; Manimekalai, R.; Tiwari, A.K.; Yadav, A. A century progress of research
on phytoplasma diseases in India. Phytopathog. Mollicutes 2017, 7, 1. [CrossRef]

131. Kumari, S.; Nagendran, K.; Rai, A.B.; Singh, B.; Rao, G.P.; Bertaccini, A. Global status of phytoplasma diseases
in vegetable crops. Front. Microbiol. 2019, 10, 1–15. [CrossRef]

132. Namba, S. Molecular and biological properties of phytoplasmas. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2019,
95, 401–418. [CrossRef]

133. Fletcher, J.; Wayadande, A.; Melcher, U.; Ye, F. The phytopathogenic mollicute-insect vector interface: A closer
look. Phytopathology 1998, 88, 1351–1358. [CrossRef]

134. Bendix, C.; Lewis, J.D. The enemy within: Phloem-limited pathogens. Mol. Plant Pathol. 2018, 19, 238–254.
[CrossRef]

135. Cagliari, D.; Dias, N.P.; Galdeano, D.M.; dos Santos, E.Á.; Smagghe, G.; Zotti, M.J. Management of pest
insects and plant diseases by non-transformative RNAi. Front. Plant Sci. 2019, 10. [CrossRef]

136. Liu, S.; Jaouannet, M.; Dempsey, D.A.; Imani, J.; Coustau, C.; Kogel, K.H. RNA-based technologies for insect
control in plant production. Biotechnol. Adv. 2020, 39, 107463. [CrossRef] [PubMed]

137. Yang, C.; Powell, C.A.; Duan, Y.; Shatters, R.; Zhang, M. Antimicrobial nanoemulsion formulation with
improved penetration of foliar spray through citrus leaf cuticles to control citrus huanglongbing. PLoS ONE

2015, 10, 1–14. [CrossRef] [PubMed]
138. Yang, C.; Zhong, Y.; Powell, C.A.; Doud, M.S.; Duan, Y.; Huang, Y.; Zhang, M. Antimicrobial Compounds

Effective against Candidatus Liberibacter asiaticus Discovered via Graft-based Assay in Citrus. Sci. Rep.

2018, 8, 1–11. [CrossRef]
139. Gabiel, D.W.; Zhang, S. Use of Aldehydes Formulated with Nanoparticles and/or Nanoemulsions to Enhance

Disease Resistance of Plants to Liberibacters. US Patent (US20170006863), 12 January 2017.
140. Ghosh, D.K.; Kokane, S.; Kumar, P.; Ozcan, A.; Warghane, A.; Motghare, M.; Santra, S.; Sharma, A.K.

Antimicrobial nano-zinc oxide-2S albumin protein formulation significantly inhibits growth of
“Candidatus Liberibacter asiaticus” in planta. PLoS ONE 2018, 13, 1–20. [CrossRef]

141. Wagner, G.; Korenkov, V.; Judy, J.D.; Bertsch, P.M. Nanoparticles composed of Zn and ZnO inhibit
Peronospora tabacina spore germination in vitro and P. tabacina infectivity on tobacco leaves. Nanomaterials

2016, 6, 50. [CrossRef]
142. Zabrieski, Z.; Morrell, E.; Hortin, J.; Dimkpa, C.; McLean, J.; Britt, D.; Anderson, A. Pesticidal activity of metal

oxide nanoparticles on plant pathogenic isolates of Pythium. Ecotoxicology 2015, 24, 1305–1314. [CrossRef]
[PubMed]

143. Patra, P.; Mitra, S.; Debnath, N.; Goswami, A. Biochemical-, biophysical-, and microarray-based antifungal
evaluation of the buffer-mediated synthesized nano zinc oxide: An in vivo and in vitro toxicity study.
Langmuir 2012, 28, 16966–16978. [CrossRef] [PubMed]

144. He, L.; Liu, Y.; Mustapha, A.; Lin, M. Antifungal activity of zinc oxide nanoparticles against Botrytis cinerea

and Penicillium expansum. Microbiol. Res. 2011, 166, 207–215. [CrossRef] [PubMed]

299



J. Fungi 2020, 6, 222

145. Hassan, M.; Zayton, M.A.; El-feky, S.A. Role of green synthesized ZnO nanoparticles as antifungal against
post-harvest gray and black mold of sweet bell. J. Biotechnol. Bioeng. 2019, 3, 8–15.

146. Dimkpa, C.O.; McLean, J.E.; Britt, D.W.; Anderson, A.J. Antifungal activity of ZnO nanoparticles
and their interactive effect with a biocontrol bacterium on growth antagonism of the plant pathogen
Fusarium graminearum. BioMetals 2013, 26, 913–924. [CrossRef]

147. El-argawy, E.; Rahhal, M.M.H.; Elshabrawy, E.M.; Eltahan, R.M. Efficacy of some nanoparticles to control
damping-off and root rot of sugar beet in El-Behiera Governorate. Asian J. Plant Pathol. 2016, 11, 35–47.
[CrossRef]

148. Sardella, D.; Gatt, R.; Valdramidis, V.P. Assessing the efficacy of zinc oxide nanoparticles against
Penicillium expansum by automated turbidimetric analysis. Mycology 2018, 9, 43–48. [CrossRef] [PubMed]

149. Shoeb, M.; Singh, B.R.; Khan, J.A.; Khan, W.; Singh, B.N.; Singh, H.B.; Naqvi, A.H. ROS-dependent
anticandidal activity of zinc oxide nanoparticles synthesized by using egg albumen as a biotemplate.
Adv. Nat. Sci. Nanosci. Nanotechnol. 2013, 4. [CrossRef]

150. Horky, P.; Skalickova, S.; Baholet, D.; Skladanka, J. Nanoparticles as a solution for eliminating the risk of
mycotoxins. Nanomaterials 2018, 8, 727. [CrossRef]

151. Gacem, M.A.; Gacem, H.; Telli, A.; Ould El Hadj Khelil, A. Mycotoxins: Decontamination and nanocontrol
methods. In Nanomycotoxicology: Treating Mycotoxins in the Nano Way; Rai, M., Abd-Elsalam, K.A., Eds.;
Elsevier Inc.: Amsterdam, The Netherlands, 2020; pp. 189–216. ISBN 9780128179987.

152. Tsang, C.C.; Tang, J.Y.M.; Lau, S.K.P.; Woo, P.C.Y. Taxonomy and evolution of Aspergillus, Penicillium and
Talaromyces in the omics era—Past, present and future. Comput. Struct. Biotechnol. J. 2018, 16, 197–210.
[CrossRef] [PubMed]

153. El-banna, A.A.; Pitt, J.I.; Leistner, L. Production of mycotoxins by Penicillium species. Syst. Appl. Microbiol.

1987, 10, 42–46. [CrossRef]
154. Frisvad, J.C. A critical review of producers of small lactone mycotoxins: Patulin, penicillic acid and

moniliformin. World Mycotoxin J. 2018, 11, 73–100. [CrossRef]
155. Jimenez-Garcia, S.N.; Garcia-Mier, L.; Garcia-Trejo, J.F.; Ramirez-Gomez, X.S.; Guevara-Gonzalez, R.G.;

Feregrino-Perez, A.A. Fusarium mycotoxins and metabolites that modulate their production.
In Fusarium—Plant Diseases, Pathogen Diversity, Genetic Diversity, Resistance and Molecular Markers; InTech:
London, UK, 2018. [CrossRef]

156. Hulvová, H.; Galuszka, P.; Frébortová, J.; Frébort, I. Parasitic fungus Claviceps as a source for biotechnological
production of ergot alkaloids. Biotechnol. Adv. 2013, 31, 79–89. [CrossRef]

157. Bennett, J.W.; Klich, M. Mycotoxins. Clin. Microbiol. Rev. 2003, 16, 497–516. [CrossRef]
158. Schardl, C.L. Introduction to the toxins special issue on ergot alkaloids. Toxins 2015, 7, 4232–4237. [CrossRef]
159. Ostry, V. Alternaria mycotoxins: An overview of chemical characterization, producers, toxicity, analysis and

occurrence in foodstuffs. World Mycotoxin J. 2008, 1, 175–188. [CrossRef]
160. Jesmin, R.; Chanda, A. Restricting mycotoxins without killing the producers: A new paradigm in nano-fungal

interactions. Appl. Microbiol. Biotechnol. 2020, 104, 2803–2813. [CrossRef] [PubMed]
161. Kaur, A.; Saini, S.S. Nanoadsorbents for the preconcentration of some toxic substances: A minireview.

Int. Lett. Chem. Phys. Astron. 2013, 21, 22–35. [CrossRef]
162. Zahoor, M.; Ali Khan, F. Adsorption of aflatoxin B1 on magnetic carbon nanocomposites prepared from

bagasse. Arab. J. Chem. 2018, 11, 729–738. [CrossRef]
163. Moghaddam, S.H.M.; Jebali, A.; Daliri, K. The use of MgO-SiO2 nanocomposite for adsorption of aflatoxin in

wheat flour samples. In Proceedings of the NanoCon 2010, Olomouc, Czech Republic, 12–14 October 2010;
pp. 10–15.
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Abstract: Zinc oxide nanoparticles (ZnO NPs) belong to the most widely used nanoparticles in
both commercial products and industrial applications. Hence, they are frequently released into the
environment. Soil fungi can affect the mobilization of zinc from ZnO NPs in soils, and thus they can
heavily influence the mobility and bioavailability of zinc there. Therefore, ubiquitous soil fungus
Aspergillus niger was selected as a test organism to evaluate the fungal interaction with ZnO NPs.
As anticipated, the A. niger strain significantly affected the stability of particulate forms of ZnO due
to the acidification of its environment. The influence of ZnO NPs on fungus was compared to the
aqueous Zn cations and to bulk ZnO as well. Bulk ZnO had the least effect on fungal growth, while the
response of A. niger to ZnO NPs was comparable with ionic zinc. Our results have shown that soil
fungus can efficiently bioaccumulate Zn that was bioextracted from ZnO. Furthermore, it influences
Zn bioavailability to plants by ZnO NPs transformation to stable biogenic minerals. Hence, a newly
formed biogenic mineral phase of zinc oxalate was identified after the experiment with A. niger

strain’s extracellular metabolites highlighting the fungal significance in zinc biogeochemistry.

Keywords: biotransformation; biomineralization; metal oxide nanoparticles; nanoparticle dissolution;
nanoparticle mobility; fungal leaching

1. Introduction

Engineered nanoparticles (ENPs) have been increasingly used in diverse applications concerning
renewable energy, electronics, material science, medicine, and agriculture [1]. The increase in ENPs’
release to the environment also greatly raises the environmental risks in both frequency and severity [2].
This is especially true for soils and sediments, which represent the major sinks for released ENP.
There, the mobility and transformation of ENP are strongly influenced by biogeochemical processes
and, thus, they have been increasingly studied in the last two decades [3,4]. This also includes zinc
oxide nanoparticles (ZnO NPs) of which, by estimate, up to 8.7 kt end up in soils annually [5].
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Zinc oxide, in both bulk and nanosized form, has been extensively used in the industrial and
commercial sphere with the estimated global annual production of 1337 and 30 kt in 2014, respectively [6].
Since then, the production of both bulk ZnO and ZnO NPs has shown a rising trend [7,8].

Two main pathways are important to ZnO NP entry to soil environments—(1) unintentional
applications with activated sludges that are used as fertilizers, and (2) intentional direct application
as a nanofertilizer to supply plants with Zn. Nanotechnology increases the growth and productivity
of plants and is used to protect plants from pathogens, and is, thus, increasingly used in agriculture.
Therefore, it is expected that the intentional application of ZnO NPs will play a larger role in soil
contamination [9–14].

The mobility of ZnO NPs and other Zn forms in the soil is influenced by factors such as pH,
the content and quality of clay minerals, oxyhydroxides of Al, Fe, Mn, and organic matter [15–19].
Living organisms also have a direct effect on bioavailability and the transformation of ZnO NPs.
ZnO NPs have antimicrobial and antifungal properties and, hence, can affect the composition of
microbial communities in soils and affect the growth of soil fungi [17,20–22].

Fungi may dissolve and transform ENPs, including ZnO NPs, and, under the right conditions,
recreate them through biomineralization [23]. They have a big influence on the cycling of elements and
the transformation of organic matter, with both processes heavily affecting the bioavailability of the
elements in soils. Together with other soil organisms, they mechanically and chemically interact with
soil particles and enhance weathering. This results in the translocation of trace elements from the solid
phase to soil solutions. Thus, these elements become bioavailable to plants and other soil organisms.

Thanks to their ubiquitous activity, fungi have a considerable role in biogeochemical cycles of
different elements, including Zn [24]. Fungal-mediated mineralization is ubiquitous in nature and has
been used in industrial, biotechnological, and environmental applications [25]. Biomineralization also
affects the ZnO NPs released to soil environments and has not been thoroughly studied.

Many fungi, including Aspergillus niger, were observed to produce extracellular metabolites
capable of complexolysis and/or ligand-promoted dissolution [26,27]. The amino acids, carboxylic
acids, phenolic compounds, and siderophores are some known metabolites with the aforementioned
properties [28]. Among the strong chelating agents, oxalic acid was shown to be produced in large
quantities by A. niger and other fungi [29,30]. The extraction efficiency of oxalic acid is pH-dependable
and increases with decreasing pH [31]. Thus, it is possible that, in soil microenvironments close to the
fungi, oxalic acids and protonation of the environment dissolve Zn, and the Zn is locally redistributed
and reprecipitates as Zn oxalate elsewhere [32].

To find out how ZnO NPs interact with filamentous fungus A. niger and how they differ from
bulk and ionic Zn forms, A. niger was grown statically for 7 days in growth media enriched by 6.5 mg
Zn·L−1 in form of ZnSO4, ZnO NPs or bulk ZnO. Changes in the pH of the growth media and dry
biomass were recorded. The influence of extracellular metabolites of A. niger was observed in a separate
experiment, where the metabolites were applied on ZnO NPs and after 5 days, a transformation into
biominerals was recorded.

2. Materials and Methods

2.1. Preparation of ZnO Nanoparticle Suspensions and ZnSO4 Solution

For the experiment with fungal growth, three Zn forms were used, ionic Zn in the form of a
solution of ZnSO4, suspension of ZnO NPs, and bulk ZnO. Bulk ZnO was acquired in the form of
powder (p.a. quality, Chemapol, Prague, Czech Republic). ZnO NP dispersion used in the experiment
was purchased from Sigma Aldrich, St. Louis, MO, USA (<100 nm particle size (TEM), ≤40 nm Avg.
part. size (APS), 20 wt. % in H2O). ZnO NPs used in this work were also used in the article by
Kolenčík et al. [16], and additional characterization of the nanoparticles can be found there. Right before
the experiment, the suspension of ZnO NPs with a concentration of 65 mg·L−1 (1 mmol Zn·L−1) was
prepared by adding 65 µL of ZnO NP dispersion to a 200 mL volumetric flask that was filled to mark
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with distilled water. The suspension was then sonicated for 15 min in an ultrasonic bath. An ionic
zinc solution of 65 mg·L−1 (1 mmol Zn·L−1) ZnSO4 was prepared by dissolving 0.2876 g ZnSO4·7H2O
(p.a. quality, CentralChem, Bratislava, Slovakia) in 1 L of distilled water.

2.2. Cultivation of Aspergillus niger

Microscopic filamentous fungus Aspergillus niger (Tiegh.), strain CBS 140837, originally isolated
from the mercury-contaminated soil [33], was grown in Sabouraud growth medium (HiMedia, Mumbai,
India) in 250 mL Erlenmeyer flasks using a 7-day static cultivation in a growth chamber (dark, 25 ◦C).
Four different types of growth media were created with three forms of Zn at 6.5 mg Zn·L−1 (0.1 mmol
Zn·L−1), ZnSO4, ZnO NP, and bulk ZnO, and one control without added Zn. The concentration of
6.5 mg Zn·L−1 was selected in a preliminary experiment with ZnSO4 (Supplementary Material Table S1,
Figure S1), where a concentration of 13 mg Zn·L−1 in the form of ZnSO4 prolonged sporulation with
negligible effect on dry biomass weight; a concentration of 26 mg Zn·L−1 was inhibitory for fungal
growth and no compact mycelium was formed after 7 days.

In the case of ZnSO4, and ZnO NPs, 5 mL of either 1 mmol Zn·L−1 ZnSO4 solution or ZnO NP
suspension were added to 45 mL of Sabouraud growth medium in Erlenmeyer flask. Bulk ZnO in
the form of 0.0033 g of ZnO powder was added to 45 mL of growth medium and 5 mL of sterilized
distilled water put into Erlenmeyer flask. The control experiment was done in Erlenmeyer flasks filled
with 45 mL of the growth medium and 5 mL of sterilized distilled water. Each of the Zn forms and
control had six replicates. All the Erlenmeyer flasks with the growth media were then put into the
ultrasonic bath for 15 min.

After the aforementioned procedure, each of the growth media in Erlenmeyer flasks was inoculated
with 50 µL of A. niger spore suspension and grown in the dark in the growth chamber for 7 days.
After a 7-day growth period, the weight of dry biomass, the concentration of Zn in dry biomass, pH in
the growth media, and the concentration of Zn in growth media in form of ionic Zn and Zn bound in
organic or inorganic colloids was measured.

The biomass grown on the top of the growth media was collected and washed several times
with distilled water. Afterwards, it was dried out at 60 ◦C, then weighed, and transferred into PTFE
containers and 5 mL of 65% HNO3 was added to digest the biomass. The PTFE containers were put
into high-pressure acid digestion vessels, and the vessels were closed afterwards. Then, the vessels
were placed into an oven heated to 150 ◦C for 4 h to digest the biomass.

To discern between Zn bound to colloidal form and ionic Zn, the removed growth medium was
centrifuged at 700 g for 1 min, to remove big clusters of residual biomasses bigger than 1000 nm.
Then, part of the supernatant was removed and analyzed for Zn concentration (C1000). The concentration
of ionic Zn (< 1 nm, C1) was acquired after the ultrafiltration of the supernatant, 6 mL of supernatant
was transferred to ultrafiltration centrifugation units (Sartorius Vivaspin® 6 mL, 3 kDa, Goettingen,
Germany) which were centrifuged at 3500 g for 20 min. 0.5 mL of filtrate was collected, stabilized with
HNO3, and analyzed for Zn concentration. The concentration in filtrates, supernatants, and digested
biomass was measured by flame atomic absorption spectrometry (Perkin-Elmer 1100, Perkin-Elmer,
Rodgau, Germany). A concentration of Zn bound to colloidal forms (1–1000 nm, C1-1000) was calculated
by subtracting the concentration of ionic Zn from the concentration of Zn in colloidal supernatant
(C1-1000 = C1000 − C1).

The dry weight of mycelia and pH was compared for all applications via a two-tail t-test at a
significance level α = 0.05. Before the t-test, data were analyzed for differences in variances by F-test,
and then a t-test for either equal or unequal variances was used. The statistical evaluation was done
with Analysis ToolPak add-in for Microsoft Excel (Redmond, WA, USA).

2.3. Transformation of ZnO Nanoparticles by Extracellular Metabolites of Aspergillus niger

In our experiments with A. niger mycelia, the used concentration was very low, and most, if not
all, the ZnO NPs and bulk ZnO were dissolved. Therefore, the experiment with fungal extracellular
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metabolites, which were also used in other studies of ZnO NPs synthesis [22], was undertaken to find
out if these metabolites are able to dissolve ZnO NPs and transform them into Zn biominerals.

To achieve this, the A. niger was statically grown for 7 days on Sabouraud growth media in the
growth chamber. It was grown the same way as the control group was grown in the previous experiment.

After the 7-day cultivation period, the mycelium was removed from the Erlenmeyer flask and
was put for 3 days into 50 mL of sterilized distilled water. After 3-day cultivation, the mycelium was
removed, and the acquired solution was filtered through 0.45 µm membrane filter paper. A small
amount of the solution was removed and used for the analysis of oxalic acid produced by the
fungal mycelium.

An Erlenmeyer flask was filled with 47.5 mL of a solution of extracellular fungal metabolites,
and 500 mg of ZnO NPs was added in the form of 2.5 mL of ZnO NP dispersion. After 5 days of static
reaction, the solution was decanted and analyzed for the content of oxalic acid and the white sediment
was dried out and sent to X-ray powder diffraction (XRD) analysis and analysis by transmission
electron microscopy (TEM). The solutions containing extracellular metabolites were analyzed for
the content of oxalic acid by isotachophoresis (ZKI-1, Villa Labeco, Spišská Nová Ves, Slovakia) in
itp-itp mode. The acquired isotachopherograms were evaluated by a software suite supplied with the
analyzer [34].

2.4. Characterization of ZnO Nanoparticles and Bulk ZnO

Crystalline phases in ZnO NPs, bulk ZnO, and ZnO NPs transformed by the extracellular
metabolites of A. niger were identified by XRD [35,36].

Surface morphology and the size of ZnO NPs, and bulk ZnO was examined by TEM. TEM images
were collected on instrument JEOL-1200 EX (JEOL Ltd., Tokyo, Japan) operating at accelerating voltages
of 120 kV. Samples of ZnO NPs and bulk ZnO were diluted in distilled water and ultrasonicated in
order to break up large aggregates. A drop of the suspension was placed onto a carbon-coated grid
and then air-dried at room temperature overnight. The ZnO NPs and bulk ZnO used here were also
used and characterized in our previous study [9].

3. Results

3.1. Interactions of Aspergillus niger with ZnO and Aqueous Zn

Fungal mycelia of Aspergillus niger were grown statically in Erlenmeyer flasks with Sabouraud
growth media spiked with either ZnSO4, ZnO NPs, or bulk ZnO and control without added Zn.
The overproduction of protons (H+) by microscopic filamentous fungus A. niger during the 7-day
cultivation period generated a substantial decrease of pH from 5.6 to 2.4. It was even more intensified
in the presence of Zn where the final pH values decreased to 2.0, 2.1, and 2.2 for ZnSO4, ZnO NPs,
and bulk ZnO, respectively (Figure 1).
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Figure 1. pH of the growth media after the experiment; a and b represent the statistically similar means
between different groups at α = 0.05 (two-tail t-test).
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Zn was determined primarily as dissolved in the growth media (Figure 2) regardless of the Zn
form applied. Only a negligible fraction was bound to colloidal particles. Thus, the distribution of Zn
in colloidal, dissolved and bioaccumulated fractions were similar for ZnSO4, ZnO NPs, and bulk ZnO
(Figure 2). The bioaccumulation of Zn by A. niger was very effective for all Zn forms (Figure 2) and
represented up to 76% of the total Zn added to the cultivation system.
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Figure 2. Distribution of Zn in the experimental system (a) and concentration of Zn in (b) particles
sized 1 to 1000 nm, (c) dissolved fraction, and (d) dry biomass.

The applied concentration of 6.5 mg Zn·L−1 had no adverse effects on fungal growth and a positive
effect of Zn on the growth of the fungal biomass was observed (Figure 3). The application of all Zn
form resulted in a higher dry weight of mycelia compared to control. The highest mean dry weight of
mycelia was observed for ZnO NP application. The weight was significantly higher than both dry
weights in bulk ZnO application and in the control experiment without additional Zn.
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Figure 3. The dry weight of biomass of Aspergillus niger after the experiment; a, b and c represent the
statistically similar means between different groups at α = 0.05 (two-tail t-test).
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3.2. Transformation of ZnO Nanoparticles by Fungal Extracellular Metabolites

To experimentally confirm the transformation of ZnO NPs into zinc oxalate, extracellular
metabolites of A. niger were applied to ZnO NPs. A partial transformation of ZnO NPs was observed,
and a new mineral phase—zinc oxalate dihydrate—was identified (Figure 4).
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Figure 4. Diffractogram of the partially transformed ZnO NP to Zn oxalate dihydrate.

At the end of the experiment, the oxalic concentration decreased from the initial 11.6 mmol·L−1

to 1.2 mmol·L−1. Thus, a 90% decrease in the initial oxalic acid concentration was observed, further
confirming the ZnO NPs transformation into the zinc oxalate dihydrate by A. niger. Quantitatively,
approximately 43 mg or 8.6% of ZnO NPs was transformed into the zinc oxalate dihydrate in the
process. Only a partial transformation was observed. The recrystallization did not result in a significant
change in the size of the most particles, and it ranged between 40 and 100 nm (Figure 5).
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Figure 5. Transmission electron microscopy image of (a) Pristine ZnO nanoparticles (b) Partially
transformed ZnO nanoparticles to Zn oxalate dihydrate.

4. Discussion

4.1. Interactions of Aspergillus niger with ZnO and Aqueous Zn

ZnO NPs are relatively easily dissolvable in soils, especially in more acidic ones [9,37,38].
The dissolution of ZnO NPs is also enhanced by soil organisms, including filamentous fungi,
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via exudation of various acidic and chelating metabolites. The microbially induced acidification
led to the dissolution of ZnO NPs, and bulk ZnO [39] and, therefore, nearly all of the Zn in the solutions
of growth media was dissolved regardless of the Zn form.

Since Zn is an essential micronutrient [40,41] and our selected concentration was below the
threshold of growth inhibition, all forms of Zn at the applied concentration had a positive effect on the
dry weight of biomass after 7 days of cultivation. It was reported that the Zn concentrations as low as
0.065 mg Zn·L−1 enhanced the fungal growth [42]. The minimal inhibitory concentration of Zn for
microscopic filamentous fungi were reported to be as high as 100 mg Zn·L−1 in the literature [43,44].

4.2. Transformation of ZnO Nanoparticles by Fungal Extracellular Metabolites

Filamentous fungi are capable of releasing extracellular metabolites that chemically deteriorate
natural mineral Zn phases in soils and sediments via processes of protonation and chelation. However,
under specific conditions (e.g., high biogenic chelate concentrations, alkalic pH), the bioextracted Zn
can be reprecipitated from the soil solution to form new mineral phases. It has been reported that
fungi react to the presence of ZnO NPs by increasing the production of the extracellular metabolites in
order to detoxify and immobilize excessive Zn, and thus the transformation of ZnO NPs occurs in the
soil environment [39,41]. Immobilization of Zn dissolved by fungi is facilitated by precipitation with
oxalates [39].

We used extracellular metabolites of A. niger to transform ZnO NPs into a zinc oxalate biomineral.
A. niger is well known for the high rate of extracellular metabolite production. Oxalic acid is the most
produced of organic acids by the fungus when grown on Sabouraud growth media [30].

In our experiment, at the given applied volume and concentration of oxalic acid applied, only a
partial transformation of ZnO NPs to zinc oxalates was observed. No significant change in the size
of particles was observed. It is most probable that the transformation occurred on the surface of the
nanoparticles, creating a surface of Zn oxalate with the core still being ZnO, or the newly formed
zinc oxalates did not have time to grow to larger sizes in five days. If a larger volume of the organic
acids was applied, both larger amounts of ZnO NPs might have been transformed, and the size of the
particles could have seen a bigger change.

A change in Zn minerals into Zn oxalates had been observed before, albeit the minerals were not
nanoparticles [32,39,45]. When silicate and sulfide minerals containing Zn were transformed by fungal
extracellular metabolites, the resulting crystals of zinc oxalates had various shapes and sizes, with most
of the crystals measuring between 50 and 100 µm [39]. When ZnO microparticulate powder was
transformed into zinc oxalates by Aspergillus species, the biominerals had a different habitus compared
to the minerals formed abiotically. The size of these biominerals was above 50 µm.

The mineral size and shape are also dependent on the place of formation. Minerals of zinc oxalate
associated with a fungus have a different shape compared to both biomineral and abiotically formed
Zn oxalate. However, the biominerals formed farther away from the fungal mycelium had a shape
that was more similar to the abiotically formed Zn oxalate [32]. Since our experiment was only done
with extracellular metabolites, the smaller change in the size and shape upon partial transformation
may also result from the same processes that led to the increase in similarities between the biomineral
formed further away from the mycelium and the abiotically formed mineral.

Aspergillus spp. and other fungi can biomineralize inorganic nanoparticles [46] and transform
these nanoparticles into more stable oxalate compounds [25,47]. They play a large role in the cycling
of elements in the soil environment, and their abilities can also be used for the bioremediation of
contaminated areas [48].

5. Conclusions

Fungi, through their ability to acidify their environment, producing strong chelating agents, and the
ability to bioaccumulate trace elements in their mycelia, can considerably affect the mobility of elements
in soils and locally increase their bioavailability. Our observations affirm that the transformation of
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ZnO NPs into biogenic mineral phases occurs under the influence of ubiquitous soil fungus A. niger

and that these processes may happen, under the right circumstances, in the soil environment. The role
of soil fungi is seminal in the distribution of ionic and nanoparticulate forms of Zn. Therefore, fungi
should be taken into consideration when models of bioavailability and mobility are constructed for soil
environments. Furthermore, these fungal abilities can help us develop new methods of bioremediation
in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/4/210/s1,
Figure S1: Photographs of Aspergillus niger mycelia after 7-day cultivation in the preliminary test, Table S1:
Weight of dry biomass after 7-day static cultivation in the preliminary test.
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and stability of ionic, nano- and microsized zinc in natural soil suspensions. Sci. Total Environ. 2020, 700,
134445. [CrossRef]

10. Raliya, R.; Saharan, V.; Dimkpa, C.; Biswas, P. Nanofertilizer for Precision and Sustainable Agriculture:
Current State and Future Perspectives. J. Agric. Food Chem. 2018, 66, 6487–6503. [CrossRef]

11. Prasad, R.; Bhattacharyya, A.; Nguyen, Q.D. Nanotechnology in Sustainable Agriculture: Recent
Developments, Challenges, and Perspectives. Front. Microbiol. 2017, 8, 1014. [CrossRef]

312



J. Fungi 2020, 6, 210

12. Medina-Velo, I.A.; Barrios, A.C.; Zuverza-Mena, N.; Hernandez-Viezcas, J.A.; Chang, C.H.; Ji, Z.; Zink, J.I.;
Peralta-Videa, J.R.; Gardea-Torresdey, J.L. Comparison of the effects of commercial coated and uncoated ZnO
nanomaterials and Zn compounds in kidney bean (Phaseolus vulgaris) plants. J. Hazard. Mater. 2017, 332,
214–222. [CrossRef]

13. Raliya, R.; Tarafdar, J.C.; Biswas, P. Enhancing the Mobilization of Native Phosphorus in the Mung Bean
Rhizosphere Using ZnO Nanoparticles Synthesized by Soil Fungi. J. Agric. Food Chem. 2016, 64, 3111–3118.
[CrossRef]

14. Liu, R.; Lal, R. Potentials of engineered nanoparticles as fertilizers for increasing agronomic productions. Sci.

Total Environ. 2015, 514, 131–139. [CrossRef] [PubMed]
15. Kabata-Pendias, A.; Szteke, B. Trace Elements in Abiotic and Biotic Environments; CRC Press: Boca Raton, FL,

USA, 2015; pp. 355–366.
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Abstract: The Plant Growth Promoting Fungi (PGPF) is used as a source of biofertilizers due to
their production of secondary metabolites and beneficial effects on plants. The present work is
focused on the co-cultivation of Trichoderma spp. (T. harzianum (PGT4), T. reesei (PGT5) and T. reesei

(PGT13)) and the production of secondary metabolites from mono and co-culture and mycosynthesis
of zinc oxide nanoparticles (ZnO NPs), which were characterized by a UV visible spectrophotometer,
Powder X-ray Diffraction (PXRD), Fourier Transform Infrared Spectroscopy (FTIR) and Scanning
Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDAX) and Transmission Electron
Microscope (TEM) and Selected Area (Electron) Diffraction (SAED) patterns. The fungal secondary
metabolite crude was extracted from the mono and co-culture of Trichoderma spp. And were analyzed
by GC-MS, which was further subjected for antibacterial activity against Xanthomonas oryzae pv.
Oryzae, the causative organism for Bacterial Leaf Blight (BLB) in rice. Our results showed that
the maximum zone of inhibition was recorded from the co-culture of Trichoderma spp. rather than
mono cultures, which indicates that co-cultivation of beneficial fungi can stimulate the synthesis of
novel secondary metabolites better than in monocultures. ZnO NPs were synthesized from fungal
secondary metabolites of mono cultures of Trichoderma harzianum (PGT4), Trichoderma reesei
(PGT5), Trichoderma reesei (PGT13) and co-culture (PGT4 + PGT5 + PGT13). These ZnO NPs were
checked for antibacterial activity against Xoo, which was found to be of a dose-dependent manner.
In summary, the biosynthesized ZnO NPs and secondary metabolites from co-culture of Trichoderma

spp. are ecofriendly and can be used as an alternative for chemical fertilizers in agriculture.

Keywords: fungal nanotechnology; Trichoderma spp.; ZnO nanoparticles; antibacterial activity
Xanthomonas oryzae pv. oryzae; co-cultivation; secondary metabolites
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1. Introduction

Rice (Oryzae sativa L.) is one of the most vital and essential nourishment sources for half of the
world’s population, it belongs to the family Poaceae, and it is the most widely cultivated food crop in
the world [1]. Across the world, annually, about 40% of rice crops are lost due to biotic stresses such as
insects, pathogens, pests and weeds [2]. Some of the most important of these diseases are Bacterial
Leaf Blight (BLB) caused by (Xanthomonas oryzae pv. oryzae), Blast (Magnaporthe grisea), Sheath Blight
(Rhizoctonia solani), Sheath Rot (Sarocladium oryzae) and Tungro virus [3].

Rice’s BLB is one of the most damaging causes of disease, which is caused by Xanthomonas

oryzae pv. Oryzae (Xoo) [4]. This bacteria restricts annual production of rice in both tropical and
temperate regions of the world [5]. In the tropics, the damage is more severe than in the temperate
regions [6]. The BLB disease incidence has been recorded in various parts of Asia, USA, Africa, and
northern Australia [7]. Various disease management strategies are used to minimize BLB damage,
such as chemical control, host–plant resistance, crop system modification, and biological control [8].
In the 1950s, chemical management of BLB in rice fields started with the preventive application of
the Bordeaux mixture, other chemicals such as phenazine oxide, tecloftalam and nickel dimethyl
dithiocarbamate directly sprayed on plants [9]. Synthetic organic bactericides were also recommended,
such as nickel dimethyl dithiocarbamate, phenazine noxide and dithianon phenazine [10]. Overuse
of chemical substances often adversely affects the environment, farmers and consumer health [11].
Biological control is an alternative method, which is ecologically sensitive, cost-effective and sustainable
in BLB management [12]. An effective means of managing plant diseases can be by using antagonistic
microorganisms [13]. Interaction between plant pathogens and biocontrol agents has been extensively
studied, and the use of biocontrol agents is promising in protecting some commercially valuable
crops [14]. Plant growth-promoting rhizobacteria (PGPR) are the most widely studied group of
plant growth-promoting bacteria (PGPB) and plant growth-promoting fungi (PGPF), which colonize
root surfaces and closely adhere to the soil interface—the rhizosphere—and can also be used for
plants [15,16]. Species of Trichoderma were identified as potentially environmentally safe biofertilizer
and are non-toxigenic [17]. Trichoderma species are effective in agriculture as biological control agents
and their frequent addition to soil leads to increased crop yields and control of soil-borne pathogens
worldwide [18]. Plant growth-promoting rhizobacteria are root-colonizing, free-living bacteria with
beneficial effects on crop plants which work by reducing disease incidence and increasing yields [19].
It contributes to the suppression of disease by various modes of action such as antagonism, space
and nutrient rivalry and induction of systemic resistance (ISR) [20]. By eliciting induced systemic
resistance, PGPR indirectly mediates biological control in a variety of plant diseases [21].

The co-culture of two or more beneficial fungi can interact, stimulate or enhance the production of
secondary metabolites, which are not presented in the mono or single cultures when grown separately
in in vitro conditions. The co-culture also triggers certain genes which are not activated in mono or
single culture, it can also stimulate various pathways when grown together in in vitro conditions [22].

The introduction of nanotechnology to agricultural science seems to offer promising solutions
including the release of modified fertilizers and pesticides [23]. The unique and different properties
of nanoparticles such as electrical conductivity, active area, hardness and chemical reactivity can be
achieved by reducing the size to nanometers [24].

Biological production of nanoparticles based on natural resources has recently attracted
scientific interest. Nanoparticles synthesized using natural resources are called green synthesis or
biosynthesis [25]. Nanomaterial biosynthesis has provided a common point between nanotechnology
and biotechnology and has led to the development of new materials used in many fields [26]. Fungi have
become one of the choices in nanotechnology because of its wide variety of advantages over the bacteria,
actinomycetes, plants and other physic-chemical properties. The capability of tolerance and metal
bioaccumulation in fungi has made fungi a significant branch in the biosynthesis of nanoparticles [27].
Non-toxic and safe reagents are used in the green synthesis of nanoparticles, which makes them cost
effective and environmentally friendly [28].
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Surface atomic arrangements influence the antibacterial properties [29]. The specific arrangements
of atoms on the surface are selected inorganic oxides and work by a fine-tuning of the morphology.
By modifying the conditions and by examining the morphology, synthesis of inorganic oxides can be
controlled morphologically [30]. Nano-particles are an alternative method that has gained significant
attention in the field of plant defense [31]. In comparison, compared with other metal-NPs, the ZnO
NPs have been found to be less harmful to plants and beneficial to soil micro flora [32].

Our study is mainly focused on a biological method for the management of the BLB caused
by Xoo, a rice disease using co-culture and monoculture of Trichoderma spp., which is eco-friendly.
The studies were carried out in vitro using the biosynthesis of Zinc Oxide Nanoparticles synthesized
from Trichoderma spp., which is a new approach in agriculture for the management of the disease. To
our best knowledge, this work is reported for the first time.

2. Materials and Methods

2.1. Collection and Isolation of Bacteria from Infected Rice Leaf

The infected leaf samples were collected from different places of Karnataka and were subjected for
the isolation of Xoo. The infected parts of the leaves were cut into 0.5 cm2, the surface was sterilized
with 1% sodium hypochlorite for one minute followed by 3–4 sterile distilled water washes and was
then blot dried. The sterilized leaf segments were inoculated onto an agar medium of yeast extract
dextrose calcium carbonate (YDC) incubated at 28 ± 2 ◦C for 72 h. The plates were observed for convex,
mucoid and yellow color [33].

2.2. Identification of Isolated Bacteria by Biochemical and Molecular Characterization

The bacterial isolates were identified based on morphological, microscopic, biochemical and
molecular characterization. Biochemical tests such as gram staining, catalase, oxidase test, KOH test,
gelatin liquefaction, starch hydrolysis, casein hydrolysis and pectin hydrolysis were carried out as
described in [34]. Molecular characterization was carried out to identify the organism at a molecular
level. Using a Chromous bacterial genomic DNA isolation kit, the genomic DNA of bacterial samples
were isolated following the standard protocol. PCR amplification was carried out using universal
16s rRNA primers. The obtained sequences were deposited in an NCBI GenBank and an accession
number was obtained [35]. The GenBank accession numbers are as follows: Xanthomonas oryzae pv.
oryzae (MBXoo53) MF787295.1, Xanthomonas oryzae pv. oryzae (MBXoo70) MF787294.1, Xanthomonas

oryzae pv. oryzae (MBXoo69) MF579736.1.

2.3. Collection and Isolation of Trichoderma spp. from Rhizosphere Soil

Rhizospheric soil (soil around the root zone) samples of different crops were collected from
different parts of Karnataka. Five grams of rhizosphere soil was collected by uprooting the plant with
the soil attached to the roots. The collected soil samples were preserved in polythene bags and stored
at 4 ◦C until further use [36]. The collected soil samples of the rhizosphere were diluted into various
concentration solutions, were well-vortexed and 0.1 mL of the supernatants were poured onto PDA
medium (potato dextrose agar, with chloramphenicol antibiotics) plates and incubated at 28 ◦C for
7 days. Colonies that appeared on the plates were isolated and reinoculated on a new PDA petri plate.
After 7 days of subculturing, single-spore colonies were obtained by incubating the plates at 28 ◦C, and
the fungal colonies were further assayed for morphological and physiological characteristics [37].

2.4. Morphological and Molecular Characterization of Trichoderma spp.

The identification of fungi was carried out based on the cultural and microscopic properties
using standard manuals [38]. By using a Chromous genomic DNA isolation kit, the genomic
DNA of the microbial sample was isolated following the protocol as described by the manufacturer.
PCR amplification was carried using universal 18S primers. The obtained sequences were deposited in
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NCBI GenBank and an accession number was obtained [39]. The GenBank accession numbers are as
follows: Trichoderma harzianum (PGT4) MH429899.1, Trichoderma reesei (PGT5) MH429901.1, Trichoderma

reesei (PGT13) MH429900.1.

2.5. In Vitro Screening of Plant Growth-Promoting Fungi (PGPF) Strains of Trichoderma spp. for Its
Antibacterial Activity by Agar Plug Method against Xanthomonas oryzae pv. oryzae (Xoo)

The mycelial disc of Trichoderma spp. fungi isolated from rhizosphere soil was screened for its
antibacterial activity against plant pathogenic bacterial strain Xanthomonas oryzae pv. oryzae (Xoo)
isolated from the infected leaf parts of rice. The different Plant Growth-Promoting Fungi (PGPF) strains
of Trichoderma spp. were grown on a PDA petri plate for 5–7 days at 24 ± 2 ◦C with alternate light and
dark periods. From seven-day-old, culture the fungal discs were pierced using a sterile cork borer of
5 mm in diameter. The fungal discs were transferred to a Mueller-Hinton agar (MHA) plate which was
previously swabbed with the bacteria Xoo. The MHA plates were kept for incubation at 28 ◦C for 24 h
and after incubation, the results were observed [40].

2.6. Trichoderma–Trichoderma Interactions through Co-Culture

In our study, co-culture was carried out to evaluate the ability of selected Trichoderma spp. cultures
to produce secondary metabolites. This was carried out on solid culture medium potato dextrose agar
(PDA) for three selected fungi: T. harzianum (PGT4), T. reesei (PGT5) and T. reesei (PGT13) based on
its antibacterial activity against Xanthomonas oryzae pv. oryzae. These fungi were cultured on PDA
and incubated at 25 ◦C for 7 days. After incubation, 10 mm of fungal discs were taken from actively
growing margins of Trichoderma spp. on PDA plates. Two different Trichoderma spp. cultures of 10 mm
were placed on PDA plates at the opposite ends of the petri plates, making a total of 3 dual cultures
(pairwise combinations). Triplicates of both dual and monocultures were made and incubated under
dark conditions for 9 days at 25 ◦C [41].

2.7. Production of Secondary Metabolites from Trichoderma spp.

The agar plugs of Trichoderma spp., measuring 7 mm in diameter, were taken from actively growing
margins of T. harzianum (PGT4), T. reesei (PGT5) and T. reesei (PGT13) cultures grown on PDA media
and were inoculated individually: dual cultures (T. harzianum (PGT4) and T. reesei (PGT5); T. reesei

(PGT5) and T. reesei (PGT13) and T. reesei (PGT13) and T. harzianum (PGT4)) and co-culture sample
PGTA (T. harzianum, T. reesei and T. reesei) were inoculated into 250 mL Erlenmayer flasks containing
100 mL of potato dextrose broth medium (PDB, HIMEDIA) supplemented with chloramphenicol
antibiotics, incubated in static condition for 9 days at 25 ◦C [42]. After the incubation period, to avoid
fragmentation of the mycelium, it was removed using a microbial loop and the cultures were filtered
under vacuum through filter paper (Whatman No. 4). The final filtrate was called a crude extract of
secondary metabolites. A control assay was performed to ensure an optimum filtration (to check for
the absence of conidia and mycelia) procedure by spreading 30 µL of the final filtrate on petri plates
under sterile conditions containing PDA medium. The plates were examined for fungal growth [41].

2.8. Extraction and Identification of Secondary Metabolites

The secondary metabolites were extracted by a solvent extraction method from filtrates, where
ethyl acetate and filtrate in a ratio of 1:1 (v/v) was used to extract exhaustively. The upper layer of the
solvent contains the compounds which were collected separately from the aqueous layer (PDB medium)
using a separation funnel. The solvent ethyl acetate was evaporated from the filtrate using a vacuum
rotary evaporator at 40 ◦C, 70 rpm until the extract got reduced to 4 mL; it was maintained at −20 ◦C in
the deep freezer until further use. Ethyl acetate extracts were analyzed by Gas Chromatography Mass
Spectroscopy (GC-MS) analysis. The GC-MS analysis was performed using Thermo Scientific, Ceres
800, MS DSQ II (Waltham, MA, USA) and the silica column was packed with Elite-5MS (5% biphenyl
95% dimethylpolysiloxane, 30 m × 0.25 mm ID × 250 µm df). For the separation of components, helium
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gas was used as a carrier gas, which maintained the constant flow of 1 mL/min. The temperature of the
injector was maintained at 260 ◦C, which was set for the chromatographic run. The sample of 1 µL of
extract was injected into the instrument where the temperature of the oven was 60 ◦C (2 min), followed
by 300 ◦C at the rate of 10 ◦C·min−1 and 300 ◦C for 6 min. The conditions for the mass detector were a
temperature of 230 ◦C for the transfer line, a temperature of 230 ◦C for the ion source, an ionization
mode electron impact at 70 eV, a scan time of 0.2 s and a scan interval of 0.1 s. The comparison of
spectrum of components were carried out with the database of spectrum of known components stored
in the GC-MS NIST (2008) library [43].

2.9. In Vitro Screening of Secondary Metabolites Produced from Mono and Co-Culture of Trichoderma spp. for
Its Antibacterial Activity by Agar Well Diffusion Method against Xanthomonas oryzae pv. oryzae (Xoo)

The Xanthomonas oryzae pv. oryzae (Xoo) bacterial cultures were inoculated to 100 mL conical
flasks containing nutrient broth and were incubated at 28 ◦C overnight. The petri plates were swabbed
with Xoo cultures whose concentration was adjusted to 108 CFU/mL. The agar petri plates were made
with the required number of wells using a sterile cork borer, ensuring the proper distribution of wells
in the periphery and one in the center. Tetracycline was used as a positive control and distilled water
as a negative control. The secondary metabolite crude extracts were loaded in each well. The plates
were incubated at 28 ◦C for 24 h and after incubation, the plates were observed, and the results were
recorded [44].

2.10. Mycoynthesis of Zinc Oxide Nanoparticles (ZnO NPs)

The green synthesis method was used to prepare ZnO NPs using the following fungi: T. harzianum,

T. reesei, T. reesei and a co-culture of Trichoderma spp. The zinc nitrate hexahydrate (Zn(NO3)2·6H2O)
was utilized within the test without any further purification, which was procured from Sigma-Aldrich
analytical grade. The Zn(NO3)2·6H2O taken in 1 g were dissolved in 10 mL of double-distilled water to
the above mixture of 2 mL of fungal extract T. harzianum, T. reesei, T. reesei and co-culture of Trichoderma

spp. was added and stirred for ~5−10 min using a magnetic stirrer. The mixture obtained was kept in
a preheated muffle furnace, which was maintained at 400 ± 10 ◦C at which temperature the reaction
mixture boils, froths, and heat-forming foam dehydrates in less than 3 min. The product obtained was
calcinated at 700 ◦C for 2 h, and the obtained final product was used for further studies [30,45].

2.11. Characterization of Mycosynthesized Zinc Oxide Nanoparticles

The UV-visible spectrophotometer (SL 159 ELICO) was used for recording the UV-visible absorption
in the samples. The particles were then characterized by evaluating their chemical composition through
FTIR spectroscopy. Powder X-ray diffractometer (Shimadzu) using Cu Kα (1.5418 Å) radiation with a
nickel filter was used to examine the phase purity and the crystallinity of the superstructures. The surface
morphology of the nanoparticles was examined by SEM (Hitachi Tabletop TM-3000) along with
EDAX. Studies were carried out using JEOL JEM 2100 TEM transmission electron microscopy (TEM),
high-resolution transmission electron microscopy (HRTEM), and selected area electron diffraction
(SAED) [46].

2.12. Antibacterial Activity of Mycosynthesized ZnO NPs against Xanthomonas oryzae

A disc diffusion method was carried out to assess the presence of antibacterial activity of ZnO
NPs. A bacterial culture of 0.5 McFarland standard was used to lawn Muller Hinton agar plates evenly
using a sterile swab. The discs loaded with ZnO NPs 1 mg/mL (PGT4, PGT5, PGT13 and PGTA) were
placed on the Mueller Hinton agar plates. Each test plate had a positive control, a negative control and
four treated ZnO NP (PGT4, PGT5, PGT13 and PGTA) discs. The standard tetracycline (0.5 mg/mL)
was used as a positive control, and the negative control used was distilled water. The plates were
incubated at 28 ± 2 ◦C for 24 h. After the incubation, the plates were examined and results were
recorded in mm [47].
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The synthesized ZnO NPs were subjected for antibacterial activity by minimum inhibitory
concentration (MIC), which was determined using a broth microdilution method with minor
modifications [30]. The desired different concentrations in 100 µg/mL, 50 µg/mL, 25 µg/mL, 12.5 µg/mL
and 6.25 µg/mL was obtained by diluting the ZnO NP stock solution (1 mg/mL) with dilution in Mueller
Hinton Broth (MHB) medium, which was added to a 96-well sterile microtiter plate. The bacterial
suspension measuring 10 µL was added to each well, which were then incubated for 24 h at 28 ◦C.
MHB served as a negative control, the positive control being the tetracycline at the concentration of
100 µg/mL; all these tests were conducted in triplicates. After 24 h of incubation, the addition of 20 µL
of iodonitrotetrazolium chloride dye (INT) (0.5 µg/mL) to each well determined the MIC values of the
synthesized ZnO NPs. The microtiter plates were incubated for 60 min at 28 ◦C. MICs determine the
lowest concentration of the drug that prevents the change of color from being colorless to red, where
colorless tetrazolium salt acts as an electron acceptor and gets reduced to a red-colored formazan
product by biologically active organisms [30].

2.13. Statistical Analysis

All data of antibacterial experiments were analyzed statistically, using SPSS software (version
20.0) and Microsoft Excel. The obtained data were further subjected to analysis of variance (ANOVA),
and the means were analyzed using Duncan’s new multiple range post test at p ≤ 0.05.

3. Results and Discussion

3.1. Collection and Isolation of Bacteria from Diseased Rice Leaf

The infected leaf samples were collected from different districts of Karnataka like Kolar,
Chikkaballapura, Mysuru, Tumkur, Mandya and Bellary; thirty-five bacterial isolates were isolated
from samples of 85 different infected samples collected from different rice fields of Karnataka
(Table 1). The Xoo was recovered from the samples collected, showing typical Xoo bacterial colony
characteristics such as a yellow color and mucoid, convex colonies on plating the samples as explained
by Jabeen et al. [33] (Table S1)

Table 1. Antibacterial activity of Trichoderma spp. isolated from rhizosphere soil on screening against
Xanthomonas oryzae pv. oryzae (Xoo) (Mean ± standard deviation).

Trichoderma spp.
Culture

Xoo Isolates (Zone of Inhibition)

MBXoo69
(mm in Diameter)

MBXoo70
(mm in Diameter)

MBXoo53
(mm in Diameter)

PGT1 20.33 mno
± 0.577 22.33 qrs

± 0.577 19.33 lmn
± 1.155

PGT2 19.67 lmn
± 0.577 21.00 mno

± 1.732 19.33 mno
± 1.155

PGT3 20.00 mnop
± 0.000 20.33 lmn

± 1.528 19.00 lmn
± 1.000

PGT4 18.33 jk
± 0.577 22.67 pqr

± 1.155 24.67 v
± 0.577

PGT5 19.67 lmn
± 0.577 22.00 pq

± 1.000 19.67 lmn
± 0.577

PGT6 19.33 lmn
± 0.577 21.33 pq

± 0.577 21.33 pqr
± 0.577

PGT7 19.67 lmn
± 0.577 19. 67 lmn

± 0.577 20.33 mno
± 0.577

PGT8 19.67 lmn
± 0.577 19.67 lmn

± 0.577 19.67 lmn
± 0.577

PGT9 19.67 lmn
± 0.577 19.67 lmn

± 0.577 20.00 mno
± 0.000

PGT10 19.67 lmn
± 0.577 17.67 ijk

± 0.577 19.67 lmn
± 0.577

PGT11 19.67 lmn
± 0.577 21.33 pq

± 0.577 19.67 lmn
± 0.577

PGT12 19.67 lmn
± 0.577 16.67 gh

± 0.577 20.00 mno
± 0.000
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Table 1. Cont.

Trichoderma spp.
Culture

Xoo Isolates (Zone of Inhibition)

MBXoo69
(mm in Diameter)

MBXoo70
(mm in Diameter)

MBXoo53
(mm in Diameter)

PGT13 20.00 mno
± 0.000 21.67 pqr

± 0.577 19.67 lmn
± 0.577

PGT14 19.67 lmn
± 0.577 21.67 pqr

± 0.577 19.67 lmn
± 0.577

PGT15 16.00 fg
± 0.000 18.33 jk

± 0.577 20.00 mno
± 0.000

PGT16 17.67 ijk
± 0.577 18.67 kl

± 0.577 19.67 lmn
± 0.577

PGT17 19.67 lmn
± 0.577 17.00 hi

± 0.000 19.33 lm
± 0.577

PGT18 17.67 ijk
± 0.577 14.67 cd

± 0.577 18.33 jk
± 0.577

PGT19 19.67 lmn
± 0.577 18.33 jk

± 0.577 18.00 jk
± 0.000

PGT20 19.67 lmn
± o.577 18.33 jk

± 0.577 19.67 lmn
± 0.577

PGT21 17.33 hij
± 0.577 18.33 jk

± 0.577 18.33 jk
± 0.577

PGT22 19.67 lmno
± 0.577 21.67 pqr

± 0.577 18.33 jk
± 0.577

PGT23 18.33 jk
± 0.577 19.67 lmno

± 0.577 19.67 lmno
± 0.577

PGT24 20.67 nop
± 0.577 19.67 lmn

± 0.577 20.00 mno
± 0.000

PGT25 14.00 c
± 0.000 21.67 pqr

± 0.577 14.67 cd
± 0.577

PGT26 12.33 b
± 0.577 18.33 jk

± 0.577 15.67 ef
± 0.577

PGT27 11.00 a
± 0.000 18.00 jk

± 0.000 15.00 de
± 0.000

PGT28 11.00 a
± 0.000 18.33 jk

± 0.577 15.00 de
± 0.000

PGT29 12.33 b
± 0.577 17.67 ijk

± 0.577 19.67 lmn
± 0.577

PGT30 24.67 v
± 0.577 24.67 v

± 0.577 20.67 nop
± 0.577

PGT31 22.67 st
± 0.577 23.67 u

± 0.577 21.00 opq
± 0.000

PGT32 24.67 v
± 0.577 25.00 v

± 0.000 21.67 pqr
± 0.577

PGT33 22.67 st
± 0.577 25.33 v

± 0.577 23.00 uv
± 0.000

PGT34 21.00 opq
± 0.000 21.67 pqr

± 0.577 19.67 lmno
± 0.577

PGT35 22.67 st
± 0.577 20.00 mn

± 0.000 20.67 nop
± 0.000

Positive 25.00 v
± 0.577 26.00 v

± 0.000 25.00 rs
± 0.000

Negative 0 a 0 a 0 a

The mean values are recorded and the values are not significantly different according to Duncan’s Multiple Range
Test indicated by different alphabets in the superscripts at p < 0.05.

3.2. Identification of Isolated Bacteria by Biochemical and Molecular Characterization

Morphologically identified samples were pure cultured and further used for biochemical and
physiological identification methods according to [33] for the tests such as Gram’s reaction, oxidase
test, catalase test, KOH test, starch hydrolysis test, casein hydrolysis test, gelatin liquefaction test and
pectin hydrolysis test. The isolated bacteria were Gram-negative, short rods producing yellow-colored
pigment. The bacterial isolates tested were positive for catalase, oxidase, 3% KOH, gelatin liquefaction,
starch hydrolysis and pectin hydrolysis. Our results correlate with the results of Arshad et al. [48]
The isolates were positive for all the tests except for the Gram’s reaction, which showed it to be negative,
indicating that it is a gram-negative organism. The identification of the isolated bacteria was confirmed
to be Xanthomonas oryzae pv. oryzae (Xoo) by molecular analysis. The isolates were sub cultured and
maintained for further antibacterial studies.
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3.3. Collection of Rhizospheric Soil Samples

A total of 180 rhizospheric soil samples were collected from different crop-growing regions of
Karnataka districts like Chikkaballapura, Kolar, Ramanagara and Tumkur and are shown in Table S2.

3.4. Isolation and Identification of Selected Trichoderma spp. by Molecular Characterization

The colonies of Trichoderma spp. were grown on PDA plates by incubating for 6–7 days at 28 ◦C.
A total of 35 isolates of Trichoderma spp. were isolated from 197 different rhizosphere soils collected
from different parts of Karnataka. Standard techniques were used for DNA isolation, agarose gel
electrophoresis and PCR amplification. Three fungal cultures of Trichoderma spp. were identified by
molecular identification and were found to be Trichoderma harzianum (PGT4) isolated from Cucumis

sativus (cucumber) rhizosphere soil, Trichoderma reesei (PGT5) isolated from Solanum melongena (brinjal)
rhizosphere soil and one more strain of Trichoderma reesei (PGT13) isolated from Coriandrum sativum

(coriander) rhizosphere soil sample collected from the Chikkaballapura district. These isolates were
further confirmed by database searches which were carried out with the BLAST programs available
at the National Centre for Biotechnology Information (Bethesda, MD, USA), which showed the
identification matching to 99%, 100% and 100%, respectively. Our findings co-related with that of Ru
and Di [37], where the isolates were isolated from rhizosphere soil of potato (Table S3).

3.5. In Vitro Screening of PGP Strains of Trichoderma spp. for Its Antibacterial Activity by Agar Plug Method
against Xanthomonas oryzae pv. oryzae (Xoo)

The control of a broad range of plant pathogens, including fungal, bacterial and viral diseases,
through elicitation of Induced Systemic Resistance (ISR) by Trichoderma spp. or localized resistance
has been reported. Some Trichoderma spp. rhizosphere-competent strains have been shown to have
direct effects on plants, increasing their growth potential and nutrient uptake, fertilizer use efficiency,
percentage and rate of seed germination and stimulation of plant defenses against biotic and abiotic
damage by Hermosa et al. [49]. A total of 35 Trichoderma spp. were subjected for preliminary
antibacterial activity screening on solid media. The plates were pre swabbed with Xoo and the agar
plugs of 7 mm of fungi taken from an actively growing region of 7-day-old culture were placed on
the Mueller Hinton agar (MHA). The plates were kept for incubation in the incubator for 24 h at
28 ◦C. After the incubation period, the plates were observed for zone of inhibition and in each plate, a
standard tetracycline was used as a positive control and distilled water was taken as a negative control.
All the isolates showed activity against the tested three plant pathogenic bacteria Xoo. The majority of
these isolates showed a wide range of inhibition of the Xoo cultures. The zone of inhibition ranged from
11 mm to 25 mm. There are reports of Trichoderma harzianum isolate which showed strong antagonism
against fungal species by Leelavathi et al. [50] (Figure S1) (Table 1). Based on the zone of inhibition,
three Trichoderma spp. were selected for further analysis.

3.6. Trichoderma–Trichoderma Interactions through Co-Culture

The co-culture of selected Trichoderma spp. isolates showed the production of secondary metabolites
on incubation, showing growth compatibility when grown on solid media. However, no dual cultures
were found to be incompatible. Our findings co-related with the results of that of the development of
secondary metabolites on a laboratory scale; fungal isolates containing the largest areas of secondary
metabolite accumulation on mono and dual cultures on semi-solid media were used by Ortuno et al. [41]
(Figure 1).
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Figure 1. Co-culture of Trichoderma spp. plates showing the compatibility: 4—Trichoderma harzianum,
5—Trichoderma reesei and 13—Trichoderma reesei.

3.7. Identification of Secondary Metabolite Compounds by GC-MS Analysis

The ethyl acetate extract of the monocultures of T. harzianum (PGT4), T. reesei (PGT5) and T. reesei

(PGT13) and co-cultures of Sample A (PGT4, PGT5, PGT13) were analyzed by GC-MS and the analysis
has led to the identification of different compounds present in mono and co-culture of Trichoderma spp.
Co-cultivation of beneficial fungi can stimulate the synthesis of novel secondary metabolites rather
than in monocultures. The significant compounds that were found in the ethyl acetate solvent extract
for PGT4 (Table 2), PGT5 (Table 3) and PGT13 (Table 4) and Sample A (Table 5). Gas chromatographic
(GC) methods are usually done for the determination of volatile fungal metabolites for different fungi
such as Aspergillus, Fusarium, Mucor, Penicillium and Trichoderma (Siddiquee et al. [51] (Figure 2)).

Table 2. List of compounds of Trichoderma harzianum (PGT4) detected by Gas Chromatography Mass
Spectroscopy (GC-MS). RT—Retention Time.

SL. No. RT (mins)
Name of the Compound

Trichoderma harzianum (PGT4)
Molecular
Formula

Molecular Weight

1 10.70 4-Propylbenzaldehyde C10H12O 148

2 13.37 6-Pentyl-2H-pyran-2-one C10H14O2 166

3 14.02 2,4-Di-tert-butylphenol C14H22O 206

4 15.76 4,6-O-Furylidene-d-glucopyranose C11H14O7 258

5 16.55 Trimethyl-3,4-undecadiene-2,10-dione C14H22O2 222

6 17.37 1,5-Diphenyl-3-(3-cyclopentylpropyl)pentane C25H34 334

7 18.10 1-[2-Methyl-2-(-4-methyl-3-pentenyl)cyclopropyl]ethanol C12H22O 182

8 21.44 Phthalic acid, diisobutyl ester C16H22O4 278

9 22.36 Dibutyl phthalate C16H22O4 278

10 22.77 Phthalic acid, butyl 2-pentyl ester C17H24O4 292

11 23.38 Phthalic acid, 6-ethyl-3-octyl butyl ester C22H34O4 362

12 24.17 Dibutyl phthalate C16H22O4 278

13 31.79 3-Ethyl-3-hydroxyandrostan-17-one C21H34O2 318

14 32.44 Mono(2-ethylhexyl) phthalate C16H22O4 278

15 35.87 Digitoxin C41H64O13 764
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Table 3. List of compounds of Trichoderma reesei (PGT5) detected by GC-MS. RT—Retention Time.

SL. No. RT (mins)
Name of the Compound

Trichoderma reesei (PGT5)
Molecular
Formula

Molecular Weight

1 8.02 n-Nonaldehyde C9H18O 142

2 10.82 p-propylbenzaldehyde C10H12O 148

3 12.95 4-(2-Hydroxyethyl)phenol C8H10O2 138

4 14.13 Phenol, 2,4-di-tert-butyl C14H22O 206

5 19.14 (3E)-3-Octadecene C18H36 252

6 20.65 Phthalic acid, butyl isobutyl ester C16H22O4 278

7 22.52 Dibutyl phthalate C16H22O4 278

8 22.93 Phthalic acid, butyl 2-pentyl ester C17H24O4 292

9 23.54 1,2-Benzenecarboxylic acid, bis(2-methylpropyl) ester C16H22O4 278

10 24.34 Dibutyl phthalate C16H22O4 278

11 27.11 1-Hydroxy-4-methylanthra-9,10-quinone C15H10O3 238

12 28.82 3-Chloro-6-(phenylsulfsnyl)bicycle(3.1.1)hept-2-ene C13H13CIS 236

13 32.57 Mono(2-ethylhexyl) phthalate C16H22O4 278

14 33.27 (10E)-10-Henicosene C21H42 294

15 21.59 Phthalic acid, diisobutyl ester C16H22O4 278

Table 4. List of compounds of Trichoderma reesei (PGT13) detected by GC-MS. RT—Retention Time.

SL. No. RT (mins)
Name of the Compound

Trichoderma reesei (PGT13)
Molecular
Formula

Molecular Weight

1 7.93 5,6-Dimethylundecane C13H28 184

2 9.36 1-Methylene-1H-indene C10H8 128

3 10.72 Benzaldehyde, 4-propyl C10H12O 148

4 14.03 Phenol, 2,4-di-tert-butyl C14H22O 206

5 14.35 Maleic acid, dibutyl ester C12H20O4 228

6 15.31 Phthalic acid, ethyl 2-methylbutyl ester C15H20O4 264

7 19.65 Tetradeconic acid, 1-methylethyl ester C17H32O2 270

8 21.44 Phthalic acid, butyl isobutyl ester C16H22O4 278

9 22.34 Dibutyl phthalate C16H22O4 278

10 22.77 Phthalic acid, butyl 2-pentyl ester C17H24O4 292

11 24.15 Phthalic acid, butyl hexyl ester C18H6O4 306

12 26.92 Anthraquinone, 1-hydroxy-2-methyl C15H10O3 238

13 30.73 Cis-4,7,10,13,16,19-Docosahexanoic acid,
tert-butyldimethyldilyl ester C28H46O2Si 442

14 32.46 9-t-Butyltricyclo[4.2.1.1(2,5)]decane-9-10-diol C14H24O2 224

15 36.62 (5E,7E)-25-[(Trimethylsilyl)oxy]-9,
10-secocholesta-5,7,10-triene-1,3-diol C30H52O3Si 488

16 38.21 2,6-Ditert-butyl-4-methylphenyl
2-methylcyclopropanecarboxylate C20H30O2 302

324



J. Fungi 2020, 6, 181

Table 5. List of compounds of Trichoderma spp. co-culture (PGTA) detected by GC-MS.
RT—Retention Time.

SL. No. RT (mins)
Name of the Compound

Sample A (4,5,13)
Molecular
Formula

Molecular Weight

1 10.71 Benzaldehyde, 4-propyl C10H12O 148

2 18.11 1-[2-Methyl-2-(-4-methyl-3-pentenyl)cyclopropyl]ethanol C12H22O 182

3 5.79 4-Hydroxybenzenephophoric acid C6H7O4P 174

4 7.94 Nonanal C9H18O 142

5 14.03 Phenol, 2,4,-di-tert-butyl C14H22O 206

6 21.55 1-Oxa-spiro[4,5]deca-6,9-diene-2,8-dione,
7,9-di-tert-butyl C17H24O3 276

7 22.28 Hexadecanoic acid C16H32O2 256

8 23.91 Chrysophanic acid anthranol C15H12O3 240

9 25.58 Trans-13-Octadecenoic acid C18H34O2 282

10 26.95 1-Hydroxy-4-methylanthra-9, 10-quinone C15H10O3 238

11 29.29 10,12-Pentacosadiynoic acid C25H42O2 374

12 30.35 4-(2-Oxiranyl)-9H-fluoren-9-ol C15H12O2 224

13 32.47 9-t-Butyltricyclo[4.2.1.1(2,5)]decane-9,10-diol C14H24O2 224

14 33.14 6,9-Octadecadiynoic acid, methyl ester C19H30O2 290

15 36.61 Ledene oxide-(II) C15H24O 220
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Figure 2. (a–d) Gas Chromatography Mass Spectroscopy (GC-MS) of compounds identified from
secondary metabolite crude extracts of (a) T. harzianum (PGT4), (b) T. reesei (PGT5), (c) T. reesei (PGT13)
and (d) co-culture of Trichoderma spp. (PGTA).

Interpretation of Mass Spectrum Gas Chromatography Mass Spectroscopy (GC-MS) was carried
out using the database of the National Institute of Standard and Technology (NIST) with more
than 62,000 patterns. The unknown spectrum of components was compared with that of the known
components contained in the NIST library. The name, molecular weight and structure of the components
of the test material were ascertained.
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3.8. In Vitro Screening of PGPR Trichoderma spp. Co-Culture Secondary Metabolites for Its Antibacterial
Activity by Agar Well Diffusion Method against Xanthomonas oryzae pv. oryzae (Xoo)

In our study, we analyzed the effects of growing the fungal cultures in single cultures or in
combination cultures of T. harzianum (PGT4), T. reesei (PGT5) and one more culture of T. reesei (PGT13)
for the production of fungal secondary metabolites in liquid media.

The zone of inhibition was found to range from 26 mm to 29 mm in diameter for the co-culture
of (PGTA) followed by T. harzianum (PGT4) and T. reesei (PGT13) ranging from 23 mm to 26 mm in
diameter, followed by a mono culture of T. reesei (PGT13). The zone of inhibition for T. reesei (PGT5)
and T. reesei (PGT13) ranged from 20 mm to 26 mm. The zone of inhibition was found to be highest in
the co-culture rather than in the mono cultures. Our findings co-related with the results of T. harzianum

M10 and T. pinophilus F36CF on the production of fungal secondary metabolites in the liquid culture
both in single and combined treatment by Vinale et al. [22] (Figure 3) (Table 6).
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MBXoo70 and MBXoo53, respectively.

Table 6. Antibacterial activity of Trichoderma spp. co-culture secondary metabolite against plant
pathogen Xoo (Mean ± standard deviation).

SL. No.
Trichoderma spp.

Coculture Secondary
Metabolite

Xoo Isolates (Zone of Inhibition)

MBXoo69 (8SB)
(mm in Diameter)

MBXoo70 (9SB)
(mm in Diameter)

MBXoo53 (21)
(mm in Diameter)

1 PGT13 24 defgh
± 1.00 25.33 gh

± 1.15 24.67 fgh
± 0.577

2 PGT4,5,13 22.33 cde
± 1.528 28 i

± 1.00 21.67 cd
± 1.528

3 PGT4,13 22 cd
± 2.000 24.67 gh

± 0.577 22.00 cd
± 1.000

4 PGT4 15.67 b
± 1.155 15.67 b

± 1.155 13.33 a
± 1.528

5 PGT5 20.33 c
± 0.577 23.33 def

± 1.155 24.33 efg
± 0.577

6 PGT5,13 20.67 c
± 0577 23.33 def

± 1.528 21.67 cd
± 1.528

7 PGT4,5 21.67 cd
± 0.577 21.67 cd

± 0.577 20.67 c
± 0.577

Positive Positive 26.00 gh
± 1.732 29.33 hi

± 1.155 27.67 i
± 0.577

Negative Negative 0 a 0 a 0 a

The mean values are recorded and the values are not significantly different according to Duncan’s Multiple Range
Test indicated by different alphabets in the superscripts at p < 0.05.

3.9. Characterization of Synthesized Nanoparticles

The UV-visible absorption spectra was observed within the range of 372–374 nm. The obtained
results matched with that of the UV–vis spectra of ZnO NPs for olive leaves (Olea europaea), chamomile
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flower (Matricaria chamomilla L.) and red tomato fruit (Lycopersicon esculentum M.) and showed strong
absorption bands at 384, 380 and 386 nm respectively according to Ogunyemi et al. [52] (Figure 4a).
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Figure 4. (a). UV−vis spectra of co-culture of Trichoderma sp. (PGTA), Trichoderma reesei (PGT5),
Trichoderma reesei (PGT13) and Trichoderma harzianum (PGT4); (b) FT-IR Spectrogram of synthesized ZnO
NPs Trichoderma harzianum (PGT4), Trichoderma reesei (PGT13), Trichoderma reesei (PGT5) and co-culture
of Trichoderma sp. (PGTA); (c) PXRD patterns of ZnO NPs of Trichoderma spp.; co-culture of Trichoderma

spp. (PGTA), Trichoderma reesei (PGT5), Trichoderma reesei (PGT13) and Trichoderma harzianum (PGT4).

The FTIR spectrum showed the absorption at 400 cm −1 to 600 cm −1 which further confirms the
presence and formation of ZnO nanoparticles by using Trichoderma spp. Similar results were observed
from nanoparticles synthesized by the biological method using plant extracts Ogunyemi et al. [52]
At 700 ◦C, the obtained fungal secondary metabolites were converted to their respective oxides, leading
to the formation of ZnO NPs. This implies that most of the compounds present in the sample do not
have a high thermal stability. Hence there were no other vibration modes detected in the FT-IR spectra
as shown in (Figure 4b) other than ZnO NPs.

The biosynthesized ZnO NPs PXRD patterns showed noticeable peaks and it was well-matched
to JCPDS No. 75-576. Similarly, nanoparticles from Trichoderma spp. are synthesized with ZnO.
The biosynthesized ZnO-NPs of the crystalline structure was confirmed by stiff and narrow diffraction
peaks with no significant variance in the diffraction peaks, suggesting that the crystalline product was
free of impurities. Similarly, Lakshmeesha et al. [30] reported the green synthesis of Nerium oleander

ZnO-NPs with no impurities in the obtained crystalline product. The size of the present study’s
crystalline particles of green synthesized ZnO-NPs was calculated using Scherrer’s formula, which was
within a range of 12–35 nm. Accordingly, Dobrucka and Dlugaszewska [53] reported the biosynthesis
of ZnO nanoparticles using Trifolium pratense, with a hexagonal wurtzite shape and the sharp peaks
calculated using Scherrer’s formula were 60–70 nm according to Murali et al. [54] (Figure 4c).

The formed shapes of ZnO NPs were displayed in SEM images with different surface morphology.
The elements involved in the formation of nanoparticles were subjected for the EDAX analysis to
know the qualitative difference as well as the quantitative difference. The analysis revealed the highest
proportion of zinc (50.36%) in nanoparticles and oxygen (49.64%) in all the synthesized nanoparticles
according to Prasad et al. [55] (Figures 5–8).

327



J. Fungi 2020, 6, 181

J. Fungi 2020, 6, x FOR PEER REVIEW 13 of 18 

 

 
Figure 5. SEM image of zinc oxide nanoparticles synthesized from Trichoderma harzianum (PGT4) at 
lower (a) and higher magnification (b); (c) represents energy-dispersive X-ray spectroscopy (EDAX) 
analysis. 

 
Figure 6. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT5) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 7. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT13) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 8. SEM image of zinc oxide nanoparticles synthesized from Trichoderma spp. co-culture of 
(PGTA) at lower (a) and higher (b) magnification; (c) represents energy-dispersive X-ray 
spectroscopy (EDAX) analysis. 

Figure 5. SEM image of zinc oxide nanoparticles synthesized from Trichoderma harzianum (PGT4) at lower
(a) and higher magnification (b); (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis.

J. Fungi 2020, 6, x FOR PEER REVIEW 13 of 18 

 

 
Figure 5. SEM image of zinc oxide nanoparticles synthesized from Trichoderma harzianum (PGT4) at 
lower (a) and higher magnification (b); (c) represents energy-dispersive X-ray spectroscopy (EDAX) 
analysis. 

 
Figure 6. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT5) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 7. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT13) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 8. SEM image of zinc oxide nanoparticles synthesized from Trichoderma spp. co-culture of 
(PGTA) at lower (a) and higher (b) magnification; (c) represents energy-dispersive X-ray 
spectroscopy (EDAX) analysis. 

Figure 6. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT5) at lower
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis.

J. Fungi 2020, 6, x FOR PEER REVIEW 13 of 18 

 

 
Figure 5. SEM image of zinc oxide nanoparticles synthesized from Trichoderma harzianum (PGT4) at 
lower (a) and higher magnification (b); (c) represents energy-dispersive X-ray spectroscopy (EDAX) 
analysis. 

 
Figure 6. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT5) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 7. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT13) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 8. SEM image of zinc oxide nanoparticles synthesized from Trichoderma spp. co-culture of 
(PGTA) at lower (a) and higher (b) magnification; (c) represents energy-dispersive X-ray 
spectroscopy (EDAX) analysis. 

Figure 7. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT13) at lower
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis.

J. Fungi 2020, 6, x FOR PEER REVIEW 13 of 18 

 

 
Figure 5. SEM image of zinc oxide nanoparticles synthesized from Trichoderma harzianum (PGT4) at 
lower (a) and higher magnification (b); (c) represents energy-dispersive X-ray spectroscopy (EDAX) 
analysis. 

 
Figure 6. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT5) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 7. SEM image of zinc oxide nanoparticles synthesized from Trichoderma reesei (PGT13) at lower 
(a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy (EDAX) analysis. 

 
Figure 8. SEM image of zinc oxide nanoparticles synthesized from Trichoderma spp. co-culture of 
(PGTA) at lower (a) and higher (b) magnification; (c) represents energy-dispersive X-ray 
spectroscopy (EDAX) analysis. 

Figure 8. SEM image of zinc oxide nanoparticles synthesized from Trichoderma spp. co-culture of
(PGTA) at lower (a) and higher (b) magnification; (c) represents energy-dispersive X-ray spectroscopy
(EDAX) analysis.

328



J. Fungi 2020, 6, 181

TEM and SAED patterns correspond to ZnO compounds were obtained. The TEM image shows
the agglomerated small particles of ZnO. The high resolution TEM image shows the well-defined
crystal planes. The SAED patterns are well matched with the (hkl) values corresponding to the
prominent peaks of the PXRD profiles (Figure 9a–d).J. Fungi 2020, 6, x FOR PEER REVIEW 14 of 18 
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Figure 9. TEM micrographs (at different magnifications) and SAED patterns of Zno NPs synthesized
from (a) Trichoderma harzianum (PGT4); (b) Trichoderma reesei (PGT5); (c) Trichoderma reesei (PGT13); and
(d) Trichoderma spp. co-culture (PGTA).

3.10. Antibacterial Activity

The antibacterial activity of ZnO NPs has been evaluated by measuring the zone of inhibition
around the disc. The antibacterial activity of biosynthesized ZnO NPs was tested by an agar disc
diffusion method, which was placed on the pre-swabbed Mueller-Hinton agar plate. The zone of
inhibition is represented in Figure S2 and tabulated in Table 7. Further MIC values were determined
for the biosynthesized ZnO NPs by the 96 well plate method, which is tabulated in Table 7 and is
represented in Figure S3. The pronounced antibacterial activity of ZnO NPs can be due to its relatively
small size and high surface-to-volume ratio. The present study clearly signifies the potentiality of ZnO
NPs as antibacterial agents against Xoo (Figure S3) (Table 7). Our results correlated with the results of
Ogunyemi et al. [52], where the zone of inhibition was recorded and the antibacterial activity of ZnO
NPs was checked against Xoo when used in different concentrations.
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Table 7. Evaluation of the bactericidal activity of biosynthesized zinc oxide nanoparticles from different
species of Trichoderma against different strains of Xanthomonas oryzae pv. oryzae (Xoo) (Concentration
expressed in µg/mL).

ZnO NPs Disc Diffusion Values (in mm) MIC Values (µg/mL)

PGT 4 00 50

PGT5 14.33 ± 0.33 25

PGT13 00 50

PGTA 15.67 ± 0.33 25

Positive 13.67 ± 0.33 25

Negative 00 00

4. Conclusions

Biological control provides an alternative for chemical fertilizers and reduces costs as well as
environmental pollution. Trichoderma spp. are a good source of secondary metabolites. Co-cultivation
of these beneficial fungi can stimulate the synthesis of novel secondary metabolites better than in
monocultures. These Trichoderma cultures in combination can be used in field trials as they are able to
inhibit the growth of the Xanthomonas oryzae pv. oryzae in in vitro conditions. The maximum zone of
inhibition was recorded from the co-cultures rather than the monocultures. Biosynthesized ZnO NPs
were also able to inhibit the growth of the Xanthomonas oryzae pv. oryzae in in vitro conditions, which
was found to be dose-dependent.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/3/181/
s1, Figure S1. Screening of fungal discs (Trichoderma spp.) for antibacterial activity against Xanthomonas
oryzae pv. oryzae A- MBXoo69, B- MBXoo53 (+- tetracycline - distilled water). Figure S2: Antibacterial
activity of zinc oxide nanoparticles (ZnO NPs) against Xanthomonas oryzae pv. oryzae(Xoo) by disc diffusion
method (+ ve = tetracycline; − ve = distilled water). Figure S3: Bacterial sensitivity test of biosynthesized zinc
oxide nanoparticles from Trichoderma harzianum (PGT4) (MH429899.1), Trichoderma reesei (PGT5) (MH429901.1),
Trichoderma reesei (PGT13) (MH429900.1) and co-culture of Trichoderma sp. (PGTA) against different strains of plant
pathogen Xanthomonas oryzae pv. oryzae (MF579736.1) (concentration in µg/ml) (a- Trail 1, b- Trail 2, and c- Trail
3). Table S1: Place of collection of infected samples from different crop-growing regions of Karnataka. Table S2:
Places of Rhizospheric soil sample collection. Table S3: Morphological and physiology characters of Rhizosphere
Trichoderma spp. fungi.
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Abstract: The integration of copper nanoparticles as antifungal agents in polymeric matrices to
produce copper polymer nanocomposites has shown excellent results in preventing the growth
of a wide variety of toxigenic fungi. Copper-chitosan nanocomposite-based chitosan hydrogels
(Cu-Chit/NCs hydrogel) were prepared using a metal vapor synthesis (MVS) and the resulting
samples were described by transmission electron microscopy (TEM), X-ray fluorescence analysis (XRF),
and small-angle X-ray scattering (SAXS). Aflatoxin-producing medium and VICAM aflatoxins tests
were applied to evaluate their ability to produce aflatoxins through various strains of Aspergillus flavus

associated with peanut meal and cotton seeds. Aflatoxin production capacity in four fungal media
outlets revealed that 13 tested isolates were capable of producing both aflatoxin B1 and B2. Only 2
A. flavus isolates (Af11 and Af 20) fluoresced under UV light in the A. flavus and parasiticus Agar
(AFPA) medium. PCR was completed using two specific primers targeting aflP and aflA genes
involved in the synthetic track of aflatoxin. Nevertheless, the existence of aflP and aflA genes indicated
some correlation with the development of aflatoxin. A unique DNA fragment of the expected 236 bp
and 412 bp bands for aflP and aflA genes in A. flavus isolates, although non-PCR fragments have been
observed in many other Aspergillus species. This study shows the antifungal activity of Cu-Chit/NCs
hydrogels against aflatoxigenic strains of A. flavus. Our results reveal that the antifungal activity of
nanocomposites in vitro can be effective depending on the type of fungal strain and nanocomposite
concentration. SDS-PAGE and native proteins explain the apparent response of cellular proteins in
the presence of Cu-Chit/NCs hydrogels. A. flavus treated with a high concentration of Cu-Chit/NCs
hydrogels that can decrease or produce certain types of proteins. Cu-Chit/NCs hydrogel decreases
the effect of G6DP isozyme while not affecting the activity of peroxidase isozymes in tested isolates.
Additionally, microscopic measurements of scanning electron microscopy (SEM) showed damage to
the fungal cell membranes. Cu-Chit/NCS hydrogel is an innovative nano-biopesticide produced by
MVS is employed in food and feed to induce plant defense against toxigenic fungi.
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1. Introduction

The contamination of agricultural and dairy products with aflatoxins is a major problem for
economic and public health. Aflatoxins (AFs) are fungal subsidiary products mainly developed by
Aspergillus flavus and Aspergillus parasiticus strains on cereals, nuts, dried fruits, dairy, and animal
feed under warm and humid conditions [1,2]. The significant source of AFs spoilage is A. flavus,
especially aflatoxin B1, which has received a lot of attention in the food and feed industry [3].
High concentrations of aflatoxin could even prompt the disease of aflatoxicosis, an infection that affects
serious disease and can lead to cancer in severe cases [1,4,5]. Additionally, chronic absorption of
aflatoxins causes various adverse effects, such as increased susceptibility to various pathogens, loss of
production, and a decrease in milk production yield and quality in dairy cattle [6]. The nanotechnology
approach seems to be an encouraging, effective, and affordable way to reduce the health problems
of mycotoxins in humans and animals. There are three different approaches to reduce mycotoxin
risks: effects on mold and flour retention, mycotoxin, and minimization of toxic effects by various
nanomaterials [7–9]. Chitosan and self-assembled benzoic acid polymers were synthesized, and it was
found that the encapsulation of CS-BA nanogels significantly enhanced the half-life and antifungal
activity properties of thyme oil against A. flavus strains [10]. The antifungal efficacy of mycogenic silver
nanoparticles hybridizing with simvastatin against three species of the Aspergillus Flavi group was
measured. Some nano-formulations regulated the development of the toxigenic Aspergillus species [11].
Plant-mediated CuO NPs were synthesized from Cissus quadrangularis and applied as antifungal agents
against A. niger and A. flavus. The produced nano-copper showed a better performance than the
carbendazim fungicide [12]. In addition, hybrid nanocomposites based on organic polymeric and
inorganic matrices as effective anti-aflatoxigenic strains were explored [3,4,13,14]. Chitosan-based
nanocomposite film vapor assays were applied to hybrids between thyme-organo, thyme-tea tree,
and thyme-peppermint EO mixtures and demonstrated strong antifungal action against some toxic
fungi, including A. flavus, A. parasiticus, and P. chrysogenum, limiting their production ranged from 51
to 77% [15]. There is a direct association between the concentration of aflatoxin M1 (AFM1) in milk
and aflatoxin B1 (AFB1) in dairy cattle feed which results in AFM1 being found in the milk of animals
on contaminated feeds with AFB1 [16]. To our understanding, antifungal action of copper-chitosan
nanocomposite-based chitosan hydrogels (Cu-Chit/NCS hydrogels) against A. flavus strains from
animal feed samples is not previously studied. Present study aimed to: (1) recognize alfP and aflA

as two essential genes that lead to development of aflatoxin in animal feed via Aspergillus genus.
(2) determination of AFB1 and AFB2 frequency and distribution of A. flavus strains in relation to feed
delivered to dairy cows in small farms. (3) copper-chitosan nanocomposite was produced utilizing
metal vapor synthesis (MVS), the physicochemical characteristics of the nanocomposites formed were
described by electron microscopy (TEM) transmission, X-ray fluorescence analysis (XRF), and X-ray
scattering (SAXS) small angle. (4) The fungicidal effect of the hydrogel Cu-Chit/NCs were screened
against three A. flavus strains. (5) Protein, isozymes, and DNA fragmentations were investigated using
two electrophoresis techniques, finally, scanning electron microscope was used to assess morphological
changes in NCs-treated fungi.

2. Materials and Methods

2.1. Chemicals and Reagents

High-quality Acetone with a special purity 99.5% was used as a solvent for the production of metal
nanoparticles via metal vapor synthesis (MVS) technique. Prior to the synthesis solvent, it was dried
under molecular sieves (4 Å) and degassed in a vacuum pump under 10−1 Pa by freezing and thawing
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cycles. The metal source was Cu foil (99.99 percent) with a surface pre-treated with concentrated
HNO3 and diluted H2O to remove oxide film.

In this work, two types of chitosan were used. Chitosan with a high molecular weight (ChitHMW)
was purchased from ACROS Organics (Wheaton, IL, USA). Chitosan with a low molecular weight
(ChitLMW) was bought from Wirud (Hamburg, Germany). Until impregnation, the chitosan
powder was degassed at 40 ◦C for 12 h under a vacuum of 10−1 Pa. Oxalic acid dihydrate was
of analytical consistency.

2.2. Preparation of Chitosan Powder Modified with Cu NPs

Chitosan powder decorated with Cu NPs was prepared according to the procedure described in the
previously published works [17–20]. For the preparation of organosol, 0.56 g of Cu foil (about 200 µm
of thickness) was resistively dispersed from the tantalum boat (90 mm × 5 mm) and co-condensed
with 160 mL of acetone on the liquid nitrogen-cooled walls of a quartz 5 L vessel. This procedure was
carried out at a residual pressure of 10−5 within 1 h. Then the cooling was removed and the reactor was
filled with pure argon. Under these conditions, the cryomatrice warmed to room temperature naturally
within 15 min. As a result, the Cu-acetone organosol was obtained. The calculated solvent-to-metal
molar ratio in the synthesis was 250:1 and the concentration of the copper organosol was 5 10−2 M.
Cu-acetone organosol was then infiltrated with chitosan powder (HMW or LMW) in an evacuated
Schlenk vessel. During the deposition procedure, the flask was stirred manually to obtain homogeneous
material. Thereafter, the solvent was removed and the chitosan powder containing Cu NPs was dried
in a vacuum of 10−1 Pa at 40 ◦C for 6 h. As a result, two types of powdered Cu-carrying composites
based on ChitHMW and ChitLMW were prepared.

2.3. Preparation of Chitosan Gels Modified with Cu NPs

The following technique was used to prepare chitosan gels filled with Cu NPs. Cu-carrying
chitosan powder (1.32 g, 5 percent w/w) was dissolved in an oxalic acid solution (25 mL, 1 M)
with vigorous stirring at 80 ◦C for 30 min. The mixture was poured into the cylindrical molds
(20 mm × 10 mm) and put in the water bath below 22 ◦C to maintain a steady gel formation temperature.
Each mold had 4 g of chitosan solution. After 12 h, the prepared gels were soaked in a beaker filled
with distilled water and cleaned thoroughly from excess acid until neutral pH was reached. With the
methods described above, two types of gels were prepared:

Cu@ChitHMW—chitosan hydrogel doped with Cu NPs based on ChitHMW
Cu@ChitLMW—chitosan hydrogel doped with Cu NPs based on ChitLMW
For best solidification, chitosan gels were stored in a water/isopropanol (6:1, v/v) bath at room

temperature (RT).

2.4. Characterization Techniques

2.4.1. Transmission Electron Microscope (TEM)

TEM images were performed with a transmission electron microscope LEO 912AB OMEGA,
Zeiss (Oberkochen, Germany) at an acceleration voltage of 100 kV. Cu-carrying chitosan composites
for measurements were previously suspended in deionized water (resisting 18 MΩ) and sonicated in
an ultrasonic bath for 15 min at RT. Then, a small drop of the suspension was dripped onto a copper
grid (200 mesh) previously coated with formvar film. Then, the samples were dried at RT for 15 min
and placed under the microscope.

2.4.2. X-Ray Fluorescence (XRF) Analysis

To determine metal concentration (% w/w) in the composites, a VRA 30 X-Ray fluorescent analyzer
(Leipzig, Germany) was used. To excite XF, an X-Ray tube with a Mo anode was used at the acceleration
of 50 kV and current of 20 µA. For analysis, Cu-chitosan powders or gels in an amount of 10–12 mg
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was thoroughly ground and pressed into pills. Then the XRF spectra of the composites and reference
samples were recorded. The standard buffer solution for spectrometer calibration was composed of a
mixture of polysterene/metal salt. Quantity analysis was conducted through comparison of the peak
intensity of Cu Kα line in XRF spectrum of the composite with the values of the calibration curve
obtained previously.

2.4.3. Conventional Small-Angle X-Ray Scattering (SAXS) Analysis

SAXS measurements were done on laboratory diffractometer “AMUR-K” (developed in A. V.
Shubnikov Institute of Crystallography, Moscow [21]). Wavelength of X-rays λ = 0.1542 nm was used,
applying Kratky type geometry covered the range of scattering vector modulus 0.12 < s < 6.0 nm−1

(s = 4πsinθ/λ; 2θ is the scattering angle). Experimental data were normalized to the intensity of the
incident beam, and then a correction on collimation error was made according to standard procedure [22].
Further data processing and interpretation was done using the program suit ATSAS [23].

Volume size distribution functions DV(R) of heterogeneities in the specimens and distance
distribution functions p(r) were computed by means of the regularization technique realized in
program GNOM [24]. The low-resolution shapes of the Cu nanoparticles in the Cu-carrying chitosan
were reconstructed ab initio using distance distribution function p(r) and program DAMMIN [25].
The program utilizes a simulated annealing algorithm to build models fitting the experimental data
Iexp(s) that minimizes the discrepancy:

χ2 =
1

N − 1

∑

j

















Iexp
(

s j

)

− cIcalc

(

s j

)

σ
(

s j

)

















2

where N is the number of experimental points, c is a scaling factor and Icalc(sj) and σ(sj) are the calculated
intensity from the model and the experimental error on the intensities at the momentum transfer sj,
respectively. The program DAMMIN was run of about a dozen separate calculations to identify the
most typical models.

2.5. Aflatoxin-Producing Ability Medium

Selected isolates from A. flavus (21 isolates) associated with dairy cattle feed samples collected
from different governorates in Egypt were screened for aflatoxins production by four solid media.
Four culture media recipes including A. flavus and parasiticus Agar (AFPA) (20 g/L yeast extract; 10 g/L
bacteriological peptone; 0.5 g/L ferric ammonium citrate; and 15 g/L agar) [26], coconut agar (CA),
PDA+ 20% NaCl, and PDA were employed to confirm aflatoxins production. All tested media were
equipped as described earlier by some mycologists [1,27]. Aflatoxins production was detected via UV
fluorescent light, light brown circle closed to fungal colonies was appeared after one-week incubation
at 28 ◦C.

2.6. VICAM Aflatoxins Assay

Culture broth filtrates of 21 aflatoxigenic Aspergilii collected from peanut cake and cotton seeds
were analyzed for aflatoxins production (B1, B2, G1, and G2) (Figure 1) using AflaTest Immunoaffinity
(VICAM) Chromatography assay that quantifies total aflatoxin concentrations according to the
manufacturer’s instructions. Briefly, 5 mL of diluted sample extract (2:3, extract:water) was filtered
through the column with immunological properties with a drop per second. The column was cleaned
with 10 mL of water by running two drops per second through the column. Aflatoxin was eluted
by transferring 1 mL of methanol at one drop per second from the column. A volume of 1 mL of
bromine developer was added to the methanol elute and the total aflatoxin concentration was read in a
pre-calibrated VICAM Series-4 Fluorometer set at 360 nm absorption and 450 nm emissions with a
detection limit of 2 ppb (2µg/kg). Results for each sample were averaged and reported in ppb [28].
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Figure 1. Structural formula of two type of aflatoxins produced by A. flavus isolated from peanut
meal and cotton seed. Aflatoxin (B1) C17H12O6 (6aR,9aS)-4-Methoxy-2,3,6a,9a-tetrahydrocyclopenta[c]
furo[3′,2′:4,5]furo[2,3-h]chromen-1,11-dion. Aflatoxin (B2), C17H14O6 (6aS,9aR)-4-Methoxy-2,3,6a,8,9,9a
hexahydrocyclopenta[c]furo[3′,2′:4,5]furo[2,3-h]chromen-1,11-dion. Formula available online from:
http://www.chemspider.com.

2.7. DNA Extraction

For the PCR amplification and DNA degradation assays, Aspergillus mycelium was grown in
20 mL of potato dextrose broth liquid medium (24 g/L of potato dextrose broth (Difco Laboratories,
Detroit, ML, USA)). Fungal mats were gathered by separation through mesh sieves (40 mm), finally
washed using sterile deionized, and dropped inside a Whatman filter paper to eliminate extra water.
For homogenization, fungal mycelium was milled to acceptable powder in a mortar employing liquid
nitrogen. The DNA protocol modified by Bahkali et al. [29] was used to obtain a highly purified
DNA amplicon.

2.8. PCR Assay for A. flavus Detection

For specific detection of A. flavus, 64 PCR reaction contained 2 µL of the extracted DNA and 23 µm
PCR mix containing 11.5 µL Taq DNA polymerase (Jena, Germany), 5 mM of two specific primers
for A. flavus aflP (F-5′-CATGCTCCATCATGGTGACT-3′), (R-5′ CCGCCGCTTTGATCTAGG-3′) [30],
aflA (F-5′-GGTGGT GAAGAAGTCTATCTAAGG-3′), and (R-5′AAGGCATAAAGGGTGTGGAG-3′) [31].
PCR thermal cycler program was adjusted as follows: 7 min at 94 ◦C tracked by 40 amplification cycles at
94 ◦C for 30 s, annealing temperature 62 for 30 s, 72 ◦C for 30 s, and then 72 ◦C for 3 min for the final
extension. The amplified DNA was separated via 2% agarose gel electrophoresis containing ethidium
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bromide at 90 V for 30 min. Agarose gel was detected in UV transilluminator light via Gel Documentation
System (Uvitec, Cambridge, UK).

2.9. Antifungal Assay

To determine the inhibition of mycelial growth of A. flavus, four Cu-Chit/NCs gel concentrations
(60, 120, 180, and 240 ppm) were prepared as hydrogel discs for every disc containing 60 ppm.
The anti-fungal efficacy of Ag-Chit-NCs was assessed by determining the reduction in fungal growth
of A. flavus using agar-well diffusion assessment [32]. Each concentration of Cu-Chit/NCs gel has been
applied to PDA plate, and petri dishes were inoculated with A. flavus fungal disks. Flavus isolates were
incubated at 28 ◦C for 10 days. The inhibition factor of growth was estimated and evaluated by the
equation below. [33]. Growth Inhibition (percent) = (R1−R2)/R1 × 100 where R1 was the control’s radial
growth and R2 for each therapy was the radial growth. After one week, the photographic record and
the development of the radial colony was calculated. The experiments were conducted in three folds.

2.10. Protein Profile Degradation Assay

To investigate the Cu-Chit/NCs gel mediated protein expression in A. flavus, SDS-PAGE analysis
was performed by Laemmli method [34]. The extracted protein from the fungal mycelium was treated
with 180 ppm of Cu-Chit/NCs gel concentrations and incubated for 8 h. SDS-PAGE was performed
using a 5–10% gradient of polyacrylamide gels containing 0.1% SDS. Proteins were investigated
in 1.5 mm and 15 cm gels that work in dual vertical electrophoresis glass plates (Hoefer Scientific
Instruments, San Francisco, CA, USA). Twenty microliters of the extracted protein were inoculated
into polyacrylamide gels. SDS-PAGE samples were differentiated by separating the acrylamide gel at a
stable electrical current of 30 mA, and by using a separate gel at room temperature at 90 mA, the gel
was stained with silver staining. [34]. The typical molecular weight used for gel analysis was the Sigma
protein marker, which is between 66,000, 45,000, and 22,000 kDa.

2.11. Native PAGE Isozyme Assay

Fungal isozymes were purified by grinding 100 mg of fungal mats in 1.0 mL extraction buffer
(0.1 M Tris-HCl + 2 mM EDTA, pH 7.8). The extracted enzyme from fungal mats was treated with
180 ppm of Cu-Chit/NCs gel concentrations and incubated for 8 h. Native-PAGE was used to separate
two enzymatic activities under native conditions [35]. Electrophoretic technique were conducted
with the electrode buffer Tris/Glycine (pH 8.3) using 5 percent of the stacking gel and 6 percent of
the separating gels. The 5 µL enzyme samples were placed over each well of the stacking gel and
the gel was initially run at 60 V replaced by 100 V later. After running native acrylamide gel, and for
staining glucose 6-phosphate dehydrogenase (G6PD) (EC.1.1.1.49), native protein gel was incubated in
a staining solution (0.1 mM tris-HCL buffer, pH8.8, 7.5 glucose 6-phosphate (di-sodium salt), 20 mg
NADP, 10 mg MTT, 10 mg PMS, 0.2 M MgCl2) in the dark at 37 ◦C until dark blue band appear. To stop
the reactions, the isozyme gel was washed and fixed in 50% ethanol [36]. Peroxidase isozyme (EC 1.11.
1.7) was stained with incubated gels in a staining solution (50 mM phosphate buffer, pH5.0, 50 mg
benzidine dihydrochloride, and 3% hydrogen peroxide), and the gel was washed in water and fixed in
50% glycerol [37].

2.12. Binding/Degradation of Genomic Fungal DNA

To check DNA quality, 10 microliters of A. flavus DNA were treated with Cu-Chit/NCs hydrogel
(180 ppm) for 2 h at 37 ◦C. The DNA amplicon treated NCs gel was separated on 1.5% (w/v) agarose
gels prepared in 1× Tris-acetate-EDTA (TAE) and stained with ethidium bromide (EtBr, 10 mg/mL).
Five microliters of extracted and treated DNA from every pattern, along with 1 µL DNA loading dye,
become loaded into the wells. Agarose gel was run for 30 min at 90 V and visualized to check for DNA
degradation inside the GelDoc (Uvitec, Cambridge, UK).
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2.13. Scanning Electron Microscopy (SEM)

Agar disks of A. flavus had been inserted into sterile cellophane films and transferred to PDA
mixed with 180 ppm of Cu-Chit/NCs hydrogel in Petri dishes, with one plugin keeping in the middle
of the plate, and 3 replicates were used for every strain. The Petri dishes were incubated at 28 ◦C for
7 days. Cellophane coated with A. flavus was transferred and stuck in 2% (w/v) glutaraldehyde at 4 ◦C
for 12 h in 0.1 M phosphate buffer (PB; pH 7.0). Aspergillus specimens will be put in the desiccator
before further use. Upon drying, the samples prepared are assembled into the Poutron SEM coating
system using standard double-sided adhesives with 1

2 inch SEM nozzles and with a gold-palladium
gold coating (60 s, 1.8 mA, 2.4 kV). All samples were tested with JEOL JXA-480 SEM (JEOL, Tokyo,
Japan) at the National Research Center in Giza, Egypt.

3. Results

3.1. Preparation and Characterization of Cu-Carrying Chitosan Powders

Chitosan modified with metal NPs was prepared in two steps. Firstly, Cu NPs were prepared by
interaction of metal vapors with acetone vapors according to the MVS protocol (see experimental part).
During the second step, freshly prepared Cu-acetone organosol was deposited in situ onto chitosan
powders. During the deposition procedure, the flask was stirred manually to obtain homogeneous
material. Discoloration of organosol indicated the completeness of the nanoparticle’s deposition on the
biopolymer support and the color of powders changed from beige to dark-green. XRF analysis shows
that the metal proportion of the Cu-carrying powders based on ChitLMW and ChitHMW is 0.5 and
0.83%, respectively. Previously, the same method for preparing Cu-carrying chitosan powders with a
high copper concentration of 3–5% w/w was used [20].

The TEM images in the bright field and the selected area diffraction pattern (SAED) for the newly
prepared Cu-acetone organosol have been seen in Figure 2A. As can be shown, SAED has diffuse
reflexes suggesting the production of a significant number of very small particles. NPs have a mainly
spherical shape and blurry boundaries. The NPs’ sizes estimated from Figure 2B are in the range of
1 < d < 4 nm. The good solvating properties of acetone for preparing Cu NPs were shown in previously
published works [38,39].

 

Figure 2. TEM image in bright field (A) and selected area diffraction pattern (SAED) (B) from a region 
Figure 2. TEM image in bright field (A) and selected area diffraction pattern (SAED) (B) from a region
for Cu-acetone organosol.

Five rings correspond to the lattice planes of Cu and Cu2O. As a result of the proximity of some
interplanar distances of Cu and Cu2O and relatively broad rings, their superposition was observed.
The formation of a core-shell structure of copper NPs with metallic copper as a core and copper oxide
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(I) as a shell can be assumed. A similar structure of Cu NPs in organosols prepared with different
solvents via MVS was detected [40].

In Figure 3 TEM images in bright/dark field and SAED of powdered chitosan doped with Cu NPs
using the impregnation step are shown. It was detected that Cu-carrying chitosan composite contains
Cu and Cu2O phases as well as Cu-acetone organosol (Figure 3B). The crystallite sizes estimated from
dark field image are in the range of 2–4 nm (Figure 3D).

 

 
Figure 3. TEM images in bright (A,C) and dark fields (D) of chitosan with a high molecular weight
(ChitHMW) doped with copper nanoparticles (Cu NPs) as well as SAED (B) of highlighted field.

It was previously demonstrated that the surface of the composite prepared with Cu-acetone
organosol contains two oxidized copper states Cu2+ and Cu+, with concentrations (at. %) of 10.7 and
3.6%, respectively [20]. Experimental SAXS curves of Cu-carrying chitosan and pristine non-modified
chitosan (ChitLMW) are described in Figure 4A.

Volume size distribution functions DV(R) of heterogeneities presented in pristine non-modified
chitosan and that of Cu nanoparticles embedded in the chitosan are shown in Figure 4B. To obtain DV(R)

only for the Cu nanoparticles, a difference SAXS curve was calculated by subtraction of the scattering
of the pristine non-modified chitosan from the scattering of the Cu-carrying chitosan (Figure 4A insert).
As we can see from Figure 4B, Cu nanoparticles in this system are practically monodisperse and
more compact (average size is about 1.5–2 nm) to compare with the sizes of the pores of the pristine
non-modified chitosan (about 3 nm), where the Cu nanoparticles are located. A small detectable
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number of larger particles (possible aggregates or clusters of Cu nanoparticles) is also present in the
sample. Due to the practically monodisperse character of the DV(R) function for Cu nanoparticles,
one can reconstruct an average shape of the Cu nanoparticles [21]. For the ab initio restoration by the
program DAMMIN [24], distance distribution function p(r) was calculated. A shortened curve with no
initial part at the range of momentum transfer < 0.7 nm−1 was used for the calculation to minimize
the influence of scattering from large aggregates on the result of the shape restoration. The distance
distribution function p(r) is shown in Figure 5 (insert on the top right) along with a model scattering
curve from a restored shape and with a smoothed curve after the of collimation corrections.

Figure 4. (A) Experimental (SAXS) curves: 1—Cu-carrying chitosan; 2—pristine non-modified
chitosan (chitosan low molecular weight (ChitLMW)). Insert—difference SAXS curve for the embedded
Cu nanoparticles. (B) Volume size distribution functions DV(R): 1—Cu nanoparticles; 2—pristine
non-modified chitosan (ChitLMW).

 

−

χ

Figure 5. Reconstruction of the shape of the Cu nanoparticles in the Cu-carrying chitosan: 1—difference
SAXS curve; 2—a model scattering curve calculated from the restored shape of the Cu nanoparticles;
3—extrapolated to zero angles smoothed scattering curve after the introduction of collimation
corrections. Inserts: top right—distance distribution function p(r); bottom left—restored shape
of the Cu nanoparticles.

The restored shape of the Cu nanoparticles is a cluster consisting of 5–6 individual Cu nanoparticles
with the average sizes of about 1.5–2.0 nm and with the length of the cluster of about 5 nm. Due to the
presence of some amount of large aggregates it is impossible to restore the shape of the individual
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Cu nanoparticles. However, the shape of the cluster is restored with very good accuracy: χ2 = 0.92,
and the separate nanoparticles in the cluster are clearly visible.

Chitosan gels have been produced by ionic physical gelation of the oxalic acid-biopolymer [41,42].
Two types of Cu-carrying chitosan gels were obtained with the consecutive procedures of dissolution
in oxalic acid at high temperature, gelation and thorough washing procedures (Figure 6).

 

−

χ

 
Figure 6. Scheme of preparation of chitosan hydrogels from Cu-carrying chitosan powders.

3.2. Aflatoxins Production Ability

The production ability of toxigenic isolates was screened on four solid media. Beige rings seen without
light are observed in aflatoxigenic fungal cultures. It is also possible to visualize the blue fluorescence ring
that surrounds the aflatoxigenic colony under ultraviolet light. The aflatoxigenic A. flavus ◦C. The detected
beige ring diameter and the strength of its fluorescence emission were improved under UV over time
with the maximum observation by the end of the week (Table 1). It is possible to use AFPA media that is
suitable for fast screen aflatoxigenic fungi associated with feeds. Four forms of aflatoxin activity have
been quantified and measured (B1, B2, G1, and G2). Production patterns of AFs by aflatoxigenic A. flavus

isolates are presented in Table 1. Thirteen of these were producers of AFB1 and AFB2 aflatoxins and 8
were nonproducers of aflatoxins. Thirteen of the isolates produced aflatoxin B1 ranging from 4.50 to
19.44 ppb, while B2 was produced in the same isolates with a 0.02–5.29 ppb. A. flavus (Af1) produced
the highest AFB1 concentration (19.44 ppb) while A. flavus (Af13) produced the intermediate quantity of
AFB1 (9.10 ppb) and Af13 produced the lowest quantity of AFB1 (4.50 ppb). None of the tested isolates
produced aflatoxins G1 and G2.

Table 1. Fast screen aflatoxins by various cultural media and concentration of aflatoxins assayed by
VICAM test in 21 Aspergillus flavus isolates collected from peanut meal and cottonseeds.

Isolate
Code Feed

Fluorescence Detection under UV
Light (365 nm)

The Concentration of Aflatoxins
(ppb)

AFPA CA PDA + Na Cl PDA AFB1 AFB2 Total Aflatoxins

Af1 Peanut meal + − + − 19.44 0.03 19.47

Af2 Peanut meal + + + − 13.54 0.02 13.56

Af3 Peanut meal + + − − 10.13 0.05 10.18

Af4 Peanut meal + + + − 14.22 5.29 19.51

Af5 Peanut meal + − − − 10.14 1.30 11.44

Af6 Peanut meal + + − − ND ND ND

Af7 Peanut meal − + + − 12.10 3.20 15.30

Af8* Peanut meal + + + − 12.10 3.56 15.66

Af9 Peanut meal + + − − ND ND ND

Af10 Peanut meal + + + − 10.13 0.05 10.18
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Table 1. Cont.

Isolate
Code Feed

Fluorescence Detection under UV
Light (365 nm)

The Concentration of Aflatoxins
(ppb)

AFPA CA PDA + Na Cl PDA AFB1 AFB2 Total Aflatoxins

Af11 Cotton seeds + − − − ND ND ND

Af12 Cotton seeds + + + − 7.20 2.13 9.33

Af13 Cotton seeds + + + − 9.10 2.50 11.60

AF14 Cotton seeds + + + − 8.14 1.34 9.48

AF15 Cotton seeds + − + − ND ND ND

AF16 Cotton seeds + + + − ND ND ND

AF17 Cotton seeds + + − − 10.64 1.36 12.00

AF18 Cotton seeds − + + − ND ND ND

AF19 Cotton seeds + + + − 4.50 1.30 5.80

AF20 Cotton seeds + − − − ND ND ND

AF21 Cotton seeds − − − − ND ND ND

AF: Aflatoxin, +: Positive fluorescence, −: Negative fluorescence, ND: Not detected, Aspergillus flavus and parasiticus
Agar (AFPA), Coconut agar (CA), potato dextrose agar (PDA), *Af4, highly producer isolate. Af13, Intermediate
producer isolate. Af19, Low producer isolate.

3.3. Aspergillus flavus PCR Detection

A total of 21 Aspergillus flavus, and Aspergillus related isolates such as two isolates for both
Aspergillus clavatus, Aspergillus ochraceous, Aspergillus niveus, Aspergillus terreus, Aspergillus fumigatus,
Aspergillus versicolor, Penicillium paneum, Penicillium expansum, Penicillium citrinum, Penicillium verrucosum

in addition to one isolate from Alternaria alternata were used for testing specificity of primers. Figure 7
indicates the findings of the PCR product inspection of the agarose gel assay; the presence of a band
at 236 bp for primers aflP and 412 bp aflA primers, respectively and suggested the same predicted
PCR product. The samples were prepared independently from individual strains, with an identical
amount of DNA (60 ng/µL). Figure 7 shows the results for screening the specificity of the tested primers.
Thus, two sets of primer pairs (aflP and aflA) are specific for the detection of A. flavus (Figure 7A,C).
The results show that only A. flavus DNA can be amplified (lines 1 to 21), no PCR products from other
Aspergillus species and Penicillium were obtained from lane 1 to 21 (Figure 7B). For rapid and accurate
detection of A. flavus isolates tested in the current report, two PCR primer sets (aflP and aflA) were
employed. The applicable primers amplified a PCR fragment sited near the 18SrRNA region with 95.3%
efficiency and 100% specificity. Ultimately, existing examinations suggest the powerful specificity of the
aflA PCR primer over different typically available diagnostic primers for correct, speedy, and large-scale
identification of A. flavus isolated from feeds. Most A. flavus strains were detected with the aid of
specific-PCR by using the examined primer sets.
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Figure 7. PCR amplicons obtained using primer pairs developed for the aflP (omtA) and aflA genes in
21 Aspergillus flavus (Lane1–21) tested with aflP primers (A), and an Aspergillus related isolate such as
two isolates for both of Aspergillus clavatus, Aspergillus ochraceous, Aspergillus niveus, Aspergillus terreus,

Aspergillus fumigatus, Aspergillus versicolor, Penicillium paneum, Penicillium expansum, Penicillium citrinum,

Penicillium verrucosum and one Alternaria alternate isolate (Lane 1–21) tested with aflP primers (B). A total
of 21 Aspergillus flavus (Lane1–21) tested with aflA primers (C).

3.4. Antifungal Activity of NCs

Various concentrations of Cu-Chit/NCs hydrogels were used to study the inactivation of A. flavus

mycelia growth. The antifungal activity of the synthesized Cu/NCs chit gel was assessed by measuring
the radial growth of mycelium for all treatments (Figure 8). The highest mycelial growth inhibition
was found at a concentration of 240 ppm followed by 180, 120, and 60 ppm concentrations of
Cu-Chit/NCs hydrogel. The antifungal activity of Cu-Chit/NCs hydrogel did not increase with
increasing concentrations ranging between 60 and 120 ppm, while the inactivation rate constant
increases with the concentration of 240 ppm of the nanocomposite. The mycelial growth inhibition
varies from 100% to 5.14% in different concentrations of prepared nanocomposites (Table 2).
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Figure 8. Antifungal activity for different concentration of Cu-Chit/NCs gel (C1 = 60, C2 = 120, C3 = 180,
and C4 = 240 ppm) against A. flavus isolated from feeds by the plate assay. All Petri dish treatments
were incubated at 28 ◦C for one week.

Table 2. Antifungal activity of Cu-Chit/NCs gel against three Aspergillus flavus strains.

Serial Number NCs Gel Concentrations (ppm) Strain Code % Inhibition

1 C1 = 60 LP 27.89

2 IP 28.66

3 HP 5.14

4 C2 = 120 LP 25.67

5 IP 28.43

9 HP 6.48

7 C3 = 180 LP 29.75

8 IP 29.20

9 HP 6.57

10 C4 = 240 LP 100

11 IP 100

12 HP 100

3.5. Protein and Isozymes Profile Degradation

SDS-PAGE analysis was carried out to evaluate the change in gene expression of A. flavus handled
with a hundred and eighty ppm of Cu-Chit/NCs gel. Some of the protein bands in the A. flavus

isolates were not seen in the Cu-Chit/NCs gel treatment. In the control group, the protein pattern
gave enhanced protein bands. In particular, there were 3 principal bands within the protein maker,
inclusive of 66, 45, and 22 kDa, respectively. In high producer (HP) isolate from A. flavus treated
with 180 ppm of Cu-Chit/NCs gel, five bands completely disappeared with molecular weights of
12, 17, 26, 38, and 55 kDa, respectively. While in intermediate producer (IP) and low producer (LP),
isolates were treated with the same concentration of nanocomposites, this resulted in the induction of
three newly expressed proteins with approximate molecular weights of 10 kDa, 32 kDa, and 40 kDa
(Figure 9A). Native-PAGE results observed that the activity of tested isozymes changed in the treated
mycelium. For G6PD activity, six different banding patterns of enzymes appeared in untreated A. flavus
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isolates while enzyme activity in treated isolates with nanocomposites decreased to four isozymes
(Figure 9B). Analysis of peroxidase isozymes revealed that from 4–6 peroxidase isozyme loci in both
treated and untreated isolates. As a result, Cu-Chit/NCs gels have no effect on peroxidase isozymes
activity in fungal mats (Figure 9C). In the present report, we divide A. flavus isolates based on their
aflatoxins ability into three types: high producer (HP), intermediate producer (IP), and low producer
(LP). The same isolates were treated with Cu-Chit/NCs gel as a fellow T1, T2, and T3, respectively.

 

   

A B C 

Figure 9. (A) Protein expression profile of SDS-PAGE extracted from A. flavus mycelium treated with
a high Cu-Chit/NCs gel concentration. Lane M shows a standard protein molecular weight marker.
Protein marker including three molecular bands ranging from 66, 45, and 22 kDa was used. Isoenzymes
electrophoresis of G6PD (B) and peroxidase (C) isozymes extracted from A. flavus mycelium treated
with a high Cu-Chit/NCs gel concentration.

3.6. DNA Binding and Degradation

Separation of genomic DNA of fungi treated with Cu-Chit/NC gel by agarose electrophoresis is
broken and DNA band are faint for selected samples, while no serious harm has occurred for untreated
DNA. On the other side, the fungi treated with 180 ppm of nanocomposites a slightly less intense
band can be observed compared to the untreated sample (Figure 10). The genotoxic effects for fungal
mycelium were investigated after treatment with Cu-Chit/NCs gel DNA degradations was separated
especially at high concentrations of Cu-Chit /NCs gel.

 (A) (B) 

Figure 10. Agarose gel electrophoretic pattern of the fungal genomic DNA treated with 180 ppm of
Cu-Chit/NCs gel, (A) Lanes 1–3: DNA for untreated A. flavus isolates, Lane 1: A. flavus (high producer
(HP) isolate), Lane 2: A. flavus (intermediate producer (IP) isolate), Lane 3: A. flavus (low producer (LP)
isolate). (B) Lanes T1, T2, and T3, three A. flavus isolates DNA treated with Cu-Chit/NCs gel, showed
total damage to fragmented DNA bands.
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3.7. Fungal SEM

Concerning the morphological structure of A. flavus investigated by SEM, adjustments in conidiophore
attributes were watched. A. flavus was refined on PDA corrected with 180 ppm of Cu-Chit/NCs hydrogel
caused slight changes in mycelial structure, highlighted by hyphal twisting and by decreasing of
regenerative structures, for example, conidia and conidiophores.

SEM investigation of conidiophore changes showed that fungal spores turned into glaringly
extraordinary, in which mycelia and conidiophores were contracted in comparison to untreated controls
(Figure 11). Alterations of hyphae structure have been determined as proven in Figure 11A–C along with
lower of cytoplasmic content material and adjustments of membrane integrity. whilst, in untreated control,
development of mycelium and conidiophore was regular with considerable conidia (Figure 11D–F).

 

conidia (Figure 11D–F). 

 
Figure 11. Scanning electron micrographs showing shriveled conidiophores (A–C) and the healthy
mycelium or conidiophores (D–F) of A. flavus on PDA treated with Cu-Chit/NCs hydrogel. The yellow
arrows mean hyphae or conidiophore.

4. Discussion

There is an enormous interest to expand effective and eco-friendly fungicides anti-toxigenic fungi
with low level or zero mycotoxin residues without affecting the plant growth and crop productivity of
the essential agriculture ingredients [9]. The primary target of the current examination is to evaluate
the antifungal impacts of bio-polymers like chitosan cross breed with copper metals against A. flavus

aflatoxin-creating strains. Measures of aflatoxin formed in cultural media show some alarms on the
toxigenic capability of various fungal isolates to deliver a high quantity of aflatoxin in agricultural
supplies [43]. In the present work, analysis of aflatoxin-producing ability by fluorescence in CA an AFPA
medium showed a good correlation with the biochemical examination of aflatoxins, a cutting-edge
finding in a harmony with Monda et al. [44]. However, for most purposes, we found the CA media
screening technique to be simpler, faster, and much cheaper than any of the different techniques
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examined [45]. Although the data indicate that the aflatoxins distinguished producer media such as
AFPA is not completely persistent in differentiating between aflatoxin-producing and nontoxigenic
strains of A. flavus, it is important that the fungal medium did not yield false-positives [46].

Our results show that 62% percent of A. flavus is aflatoxin-producing isolates. Fifty percent of
the screened isolates of A. flavus collected from discolored rice grains in India can produce aflatoxin
B1 [47]. These results are in agreement with Abbas et al. [48] who investigated more noteworthy
producer A. flavus strains. Lai et al. [49] indicated that more than 35% of A. flavus strains secreted
various quantities of aflatoxins in the rice grain. The diverse aflatoxin production capacities of the
A. flavus isolates would be affected by the various resources of the strains and also ecological problems.
The aflatoxin production pathway includes roughly 30 genes, some having unsure functions in aflatoxin
biosynthesis [50].

In the present work, A. flavus isolates were tested for the presence of gene alfA, which is code for
fatty acid synthases, while structural gene aflP is one of the main genes responsible for transforming ST
into O-methylsterigmatocystin [51]. Our findings show that the two primers sets are specific for fast
detection of A. flavus. Based on specific target genes such as aflA and aflP, the present findings confirmed
the applicability of PCR assays for the detection of A. flavus isolated from the feeds. Researchers reported
strong antifungal activity of Cu NPs and chitosan nanocomposites against A. flavus, for example,
benzoic acid nanogel (CS-BA) [10], CuO NPs [12], nanocomposites anti-aflatoxigenic [3,5,13,14]. In the
current work, Cu-Chit/NCS hydrogel showed complete inhibition of growth against A. flavus strains at
the highest concentration (240 ppm). Furthermore, we reported that the antifungal efficacy is influenced
not only by nanocomposites concentration but also by type of tested strain. The antifungal efficacy of
copper oxide nanoflowers as an antifungal agent against some phytopathogenic fungi like, A. niger,

A. flavus, Penicillium notatum, and A. alternata were reported [52]. In addition, CS-Cu and CSZn NCPs
show strong in vitro antifungal activity against A. alternata, Rhizoctonia solani, and A. flavus and are
introduced as potential materials for innovative antimicrobials in cosmetics, foodstuffs, and textiles [53].
In in vitro assays, Cu-chitosan NPs were found to be effective in inhibiting fungal growth of some
plant pathogens such as Alternaria solani and Fusarium oxysporum [54]. The antifungal activity of
CS NPs against two aflatoxin producers such as A. flavus and A. parasiticus was demonstrated [55]
and CS NPs succeeded in reducing total aflatoxin production and inhibiting the extent of fungal
growth. The main protein composition in the absence or presence of Cu-Chit/NCs gel was analyzed
by SDS-PAGE in comparison with protein markers and depending on the amino acid composition.
Many protein bands have not been seen in nanocomposite treatment. Subsequently, the treatment
of chitosan nanocomposites generates some biological reactions, such as oxidative stress-induced
metabolic changes, which in turn affect the protein synthesis rate [56]. The toxicity of nanocomposites
in fungal cells is due to severe metabolic changes, in particular protein synthesis, which resulted in a
maximum protein reduction, as verified by the absence of the most important protein synthesis [57].

G6PD is a housekeeping enzyme that primarily regenerates adenine dinucleotide phosphate (NADPH)
nicotinamide to sustain cellular redox homeostasis. Since NADPH is necessary for NADPH oxidase
(NOX), synthase of nitrogen oxides to generate reactive oxygen species, and for signaling nitrogen, several
new cellular functions have been established for G6PD [58]. Lack of glucose-6-phosphate dehydrogenase
isozyme can make nanoparticles more susceptible to oxidative stress [59]. Several experiments can be
checked that they explain the impact of metals on G6PDH activity, also Cd++ greatly influences on G6PDH
activity in bacteria, fungi, and vertebrates; Ni++ inhibits the enzyme ‘s kinetic properties in mammals;
Zn++ has extreme effects from a variety of influences on G6PDH; Cu++ has severe effects from bacteria
and animals on G6PDH [60].

G6PD stimulates xenobiotic metabolism via the Nof2 signaling pathway and impacts the
xenobiotic-metabolizing expression of the enzyme [61]. The full sense is that the inhibition of A. aculeatus

G6PD activity by zinc and many other metal nanoparticles may be reinforced by potential production
or otherwise formulation of polyketide mycotoxins in toxigenic fungi, including Aspergillus [62].
Additional attempts and modes of action study are needed to examine the molecular mechanisms
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on which G6PD interacts with the Nrf2 pathway. This is the first report showing G6PD isozymes
activity in A. flavus strains treated with prepared nanocomposites to understand the antifungal
mechanisms. SEM images of the treated pathogen above show that the hyphae also had a swollen
appearance, damaging the plasma membrane of both fungal spores and mycelium. Similar outcomes
were investigated by Rubina et al. [20], who discovered that Cu-chitosan nanocomposites deteriorate
fungal mycelia of R. solani from cotton and also S. rolfsii pathogenic to onion. Gold nanoparticles
may alter and disturb the fungal cell membranes of A. flavus, F. verticillioides, and P. citrinumdue [63].
Weak sporulation with shrinking spores and defects was found in all A. versicolor strains treated with
the modified nanocomposites [64]. More omics tools such as functional genomics, transcriptomics,
proteomics, and metabolomics are required for the identification of different antifungal mechanism
pathways for various nanomaterials that can be used against aflatoxigenic strains of Aspergillus and
also suppress their aflatoxins production.

5. Conclusions

Dairy cattle feed is prone to fungal infections and major fungus infecting peanut meals, and cotton
seeds are A. flavus with aflatoxins producing nature. Therefore, an urgent need to produce novel
and safer nano-biocides to prevent fungal contamination of food and feed. Current research shows
that these two media can only distinguish between aflatoxigenic and non-aflatoxigenic isolates from
A. flavus. Most A. flavus strains react positively with aflP primers and aflA covering regions 236 bp
and 412 bp, respectively. Current results suggest that the prepared nanocomposites hydrogel could
be used not only as an effective fungicide against plant pathogens but also can be effectively used
for the management of toxigenic fungi. In addition, omics technologies can be extended to improve
our knowledge of toxigenic fungi, classify fungal species, predict fungal contamination, and may
also facilitate the progress of plant breeding by gene insertion technologies to improve host plant
tolerance, deter or minimize contamination of mycotoxins in feed. In addition, omics technologies
can be extended to improve our knowledge of toxigenic fungi, classify fungal species, predict fungal
contamination, and may also facilitate the progress of plant breeding by nanobiotechnologies to
improve host plant tolerance, deter, or minimize contamination of mycotoxins in feed.
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