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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,
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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 pg/mlL, 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.
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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 TiO; thin films. Photoactivated antifungal coating with catalytic memory
activity was assembled on a hydrophilic bamboo by first anchoring anatase TiO, thin films (TB)
via hydrogen bonding and then decorating them with Ag nanoparticles (ATB) via electrostatic
interactions. Antifungal test results show that the Ag/TiO, 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 TiO, 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 O, ~and eOH. 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/TiO,; 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, TiO; has
proven to be the most suitable photocatalyst because of its abundance, chemical stability,
nontoxicity, and low cost [8]. Nevertheless, TiO, 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 TiO,-based photocatalysts is tuning their photoactive range
toward the visible light region (A > 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 TiO, film or
doping Fe®* into TiO, 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], C3Ny [14], Se [15], Bi [16], WO3 [17] and MoOj3 [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 TiO, NPs. Choi et al. [20] inves-
tigated a sequential photocatalysis-dark reaction, where organic pollutants were degraded
on Ag/TiO, under UV irradiation and the storage of electrons in Ag/TiO;, 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/TiO, 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 TiO, [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 TiO,
thin films and then decorating Ag NPs. Different characterization methods were used to
analyze the structural and optical properties of Ag-modified TiO, thin films grown on the
bamboo surface. The Ag/TiO, 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/TiO, 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.) ].Houz.) specimens with dimen-
sions of 50 mm (longitudinal) x 20 mm (tangential) x 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 TiO, Thin Films on the Bamboo Surface

The TiO; 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),TiFg
and H3BO; 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 TiO; 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 AgNOj 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),]*
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 AgNOs; 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 K« radiation (A = 1.5418 A) and scanning over a
20 range of 10° to 80°. The surface morphologies of the samples were observed using a
scanning electron microscope (SEM, Hitachi 53400, 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 Ko 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 (A > 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 x 10 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 TiO, thin films with
an average thickness of 1.07 um were self-aggregated by homogeneous TiO; NPs on the
bamboo surface (Figure 1b,(b1)). Figure 1c—g display the SEM images of the as-prepared
samples with different concentrations of AgNOj3. As shown in Figure 1c, few Ag NPs
appear for an AgNOj 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 TiO, 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 TiO, surface (Figure 1g). The average thickness of composite thin films is
approximately 1.15 um (Figure 1(g1)).

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: TiO, /bamboo,
ATB-x: the Ag-NP-decorated TiO, /bamboo samples were denoted as ATB-x, with x representing the
solution concentration (5, 10, 30, 50, and 200 mM) of AgNOj 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 TiO, composite thin films were successfully anchored to
the bamboo surface.
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Figure 2. SEM in the line-scanning mode and the element distribution for a cross-sectional profile of
ATB-10. ATB-10: Ag/TiO;/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 TiO, 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 AgNOj3 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, E 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 2p;/, and Ti 2p3; to be approximately at
464.6 and 458.9 eV, respectively, which was assigned to the Ti** in anatase TiO,. 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 TiOy, so the
conduction-band electrons of TiO, may be transferred to the Ag deposited on the surface
of TiO,, 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 AgpO. The two peaks detected at 368.8 and 374.7 eV could be attributed to Ag(NH;),*
ions [29]. This observation and XRD analysis results suggested that a small portion of
Ag on the NP surface was oxidized to Ag,O during sample drying and handling under
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normal ambient conditions, and the amount of Ag,O was too small to be detected by XRD.

Many researchers have reported that a small amount of Ag,O 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 TiO, /bamboo
samples were denoted as ATB-x, with x representing the solution concentration (5, 10, 30, 50, and
200 mM) of AgNOj as one of the raw materials.
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Figure 4. (a) Mechanism and process of nanosized Ag-modified TiO; thin films anchored to the
bamboo surface; (b) schematic representation of the mineralization model proposed for the depo-

sition of Ag nanocrystals on TiO;, thin films with low, medium, and high densities of [Ag(NHj3),]*
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], TiO; [26],

10
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v-Fe; O3 [32], and CupO [33]. This method uses the hydrolysis of a solution containing
TiF2~ in the presence of H3BO; as a fluoride scavenger. The fabrication of TiO, 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 TiO, particles (Figure 4a).

(bamboo)R-OH + HO-Ti — (bamboo)R-O-Ti + H,O 1)

The nucleated TiO; layer on the bamboo substrate could serve as the seed layer to
further boost the homogeneous condensation of the TiO, NPs. For the further growth of
TiO; NPs, the Ti-OH groups present on the surface of previous TiO; 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 + H,0 )

From the cross-sectional profile of TiO, 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~, BO33~, BF,~, and TiF¢?~, were included, which could influence the growth
orientation of TiO; crystals. Furthermore, the ¢ potential of TiO, 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 TiO, surface
could act as the active sites for the subsequent Ag nanocrystal growth (Figure S6).

In step II, when [Ag(NHj3),]* was introduced, positively charged anions were drawn
to a negatively charged TiO, 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 TiO, 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(NHj3),]", 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 lc-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 AgNOj3: 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 TiO, conduction band [37].
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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 AgNOg: 5, 10, and 30 mM. TB: TiO, /bamboo, ATB-x: the Ag-NP-decorated TiO, /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 AgNOs3 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 AgNOs: 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 TiO, 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 TiO, 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,
myecelia 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);]" 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 6¢). These results indicate that the AB samples had poor
resistance to A. niger.
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Figure 6. Antifungal properties of (a,al) 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,£1) 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: TiO, /bamboo, ATB-x: the Ag-NP-decorated
TiO, /bamboo samples were denoted as ATB-x, with x representing the solution concentration (5, 10,
30, and 200 mM) of AgNOj3 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 AgNO; 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(al—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/TiO,
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(al,cl)), 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,el)). 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/TiO; 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/TiO, NPs showed more effectiveness
at inhibiting A. niger growth than pure Ag NPs or TiO, NPs, even though they could not
completely inhibit the growth of A. niger. The mechanism for the enhanced antimicrobial
effect of Ag/TiO; 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/TiO, NPs exhibited stronger bactericidal
activity than pure Ag and TiO; 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/TiO, 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/TiO, composites originates from the presence of reactive oxygen species (ROS)
as well as Ag ions on the surface of TiO; in the dark. Chen et al. [25] reported that the
antibacterial activity of Ag/TiO, 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/TiO,. 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/TiO, coating. Under similar testing
conditions, our previous work showed that TiO, 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/TiO,
nanocomposites was greater than that of AB and TiO, /bamboo in the absence of light,
indicating that the Ag/TiO, nanocomposite produced a synergistic antifungal effect that
was unrelated to photoactivity.
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Figure 7. Antifungal properties of (a,al) 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: TiO, /bamboo, ATB-x: the Ag-NP-decorated
TiO, /bamboo samples were denoted as ATB-x, with x representing the solution concentration (5, 10,
30, and 200 mM) of AgNOj 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 AgNOj 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 O, ™, 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-e0O, ™ signals were observed, which
demonstrates the formation of O, ™ radicals by ATB-10 under light illumination (Figure 8a).
When illumination was turned off, the four peaks associated with DMPO-e0O,~ adducts for
ATB-10 could still be distinguished. The intensity of the DMPO-e0O,~ signals was slightly
reduced after the sample was kept in the dark for 20 min. This result demonstrates that
O, 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-eOH 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 eOH to mitigate the decay of
DMPO-eOH, 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):
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Figure 8. Time evolution of (a) DMPO-eO, ™ and (b) DMPO-eOH ESR spectra for ATB-10. (c) Possible
mechanism of the catalytic memory reaction. ATB-10: Ag/TiO,/bamboo; the solution concentration
of AgNOs3 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 O, and
H,O, 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.

16



J. Fungi 2021, 7, 592

4. Conclusions

In summary, Ag-modified TiO, 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 TiO, thin films,
the composite films showed an enlarged optical response region and improved quantum
efficiency. The antifungal test results show that the Ag/TiO, composite films grown on the
bamboo surface produced a synergistic antifungal mechanism compared with pure Ag NPs
or anatase TiO, film under both light and dark conditions. However, the antifungal activity
of Ag/TiO; composite films under visible light is superior to that in the dark, owing to the
transfer of photoexcited electrons from Ag to TiO,, their trapping on TiO, under visible
light illumination, and their release in the dark, which could give this photocatalyst a
catalytic memory for producing ¢O, ~and eOH 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 /51, 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 TiO; 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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Micelles

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).
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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 (Fe304 or Fe;O3) 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
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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.
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Figure 2. Various types of nano-based materials employed in antifungal nanotherapy in veterinary medicine.

( Quantum Dots

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
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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 pg/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 (Fe;O3 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
Fe,O3 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 CulNPs 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
AFM; 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 pg/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.

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 Fe,O3 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 cerevisine 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 CulNPs 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 pg/mL.
Therefore, the primary modus operandi for the anti-mycotoxigenic effects of both nanoma-
terials and nanocomposites such as iron NPs [100] and MgO-5iO, 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]. Gonzalez-]Jartin 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 png/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 Fe3O, 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 pug/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 AfIR 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 3-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 ®Cu 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. Inmuno-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 (TiO, NPs, 10 pug/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 -
tocopherol NPs in equine animals showed significantly improved rates of absorption and
a-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 O, atom and metal
ions [149], whereas, the elaborated O, 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 Cg 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 pg/mL) caused several
abnormalities resulting in suppression of viability and diminished fertility [143], while,
sperm exposure to 100-500 pg/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 TiO, 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 TiO, 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 4+ 0.6 mm, respectively, at 200 g mL™!. 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 png/ 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, TiO,, Se, and
Fe,0; [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),-6H,0) 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. HyO). 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. HyO. After that, 100 uL 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 MgCl,, 2.5 U Tag DNA polymerase (QI-
AGEN, Germantown, MD 20874, USA), 0.25 mM dNTP, 0.5 uL of each primer, and 1 ug
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. HyO for 48 h. at 30 4= 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),-6H,O was dissolved in 10 mL dis. HyO, 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), was formed as turbid white
precipitate, which was collected and rinsed with dis. H,O to remove any impurities before
being oven-dried at 100 °C for 1 h (Equation (1)).

1
Mg(NO;), - 6H,0 + H,O ¥ Mg(OH), (1)
Metabolities
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The formed Mg(OH), 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(NOs3),-6H,O
solution ran alongside the experiment under the same conditions.

Mg(OH), ‘¢ MgO ?)

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 Apax = 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, 26 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 =KA/pBcosB 3)

where D is average particle size, K is the Scherrer’s constant (0.9), A is the wavelength of
X-ray radiation (0.154 nm), and § and 6 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 K« radiation (1486.6 eV). The analysis was conducted under
the following conditions: the size of the spot was 500 um, the samples were prepared under
a pressure adjusted at 108 mbar., the energy was calibrated with Ag3ds,, signal (ABE:
0.45 eV) and C 1s signal (ABE: 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 Lt 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™
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 puL of biosynthesized MgO-NPs (200 ug mL™). The minimum inhibitory
concentration (MIC) was assessed by using different concentrations of MgO-NPs (150, 100,
50, and 25 pg mL™!). 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
(Z0OIs) 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 x 35 cm X 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 x 30 cm X 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 ug mL~!). 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 pug mL™!). 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 4)
100—mortality percentages of control

The lethal concentrations (LCsg) and higher lethal concentrations (LCqg) 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 x 30 cm x 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 cm? 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/cm? 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]:

Ta—T
Repellency percentages(%) = aTib x 100 (5)
a
where T, and Ty, 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 (Amax) 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]:

Co—Ct

Decolorization percentages(%) = C x 100 (6)
0

where Cj is the absorbance at zero time and C; 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.

Aspergillus heteromorphus CBS 117.55 (NR 103606)
3| Aspergillus ellipticus CBS 707.79 (NR 103605)
84| L Aspergillus niger strain ATCC 16888 (NR 111348)
74 Aspergillus terreus isolate 2011F5 (MT558939)
Aspergillus alliaceus strain NRRL 315 (NR 121331)
96 Aspergillus flavus isolate F 002 (MK989660)
100 e Aspergillus flavus isolate LWU 31 (MK299130)
Aspergillus fasciculatus strain CBS 110.55 (NR 138285)
Penicillium egyptiacum CBS 244.32 (NR 111818)
Penicillitan rubens CBS 129667 (NR 111815)
100 64 Penicillium rubens CBS 129667 (NR 111815)(2)
Penicillium tricolor CBS 635.93 (NR 077206)
Penicillitan turbatum NRRL 757 (NR 121257)
Penicillium paradoxum NRRL 2162 (NR 138266)
Alternaria vaccariicola CBS 118714 (NR 126051)
499L Alternaria tropica CBS 631.93 (NR 136111)
Rhizopus caespitosus CBS 427.87 (NR 137056)
Rhizopus azygosporus CBS 357.93 (NR 103653)
Rhizopus homothallicus CBS 336.62 (NR 103616)
Rhizopus schipperae CBS 138.95 (NR 077174)
Rhizopus orvzae isolate Z190609 (MN242807)
& Rhizopus orvzae strain E3
Rhizopus orvzae CBS 112.07 (NR 103595)
—— Mucor guilliermondii CBS 174.27 (NR 103636)
Rhizopus koreanus CNUFC EML-HO95-1 (NR 164543)
Mucor lilianae K M 196153 (NR 152978)
Mucor zychae var. Zychae CBS 416.67 (NR 102641)
Mucor odoratus CBS 130.41 {(NR 145287)
Mucor indicus CBS 226.29 (NR 077173)
Mucor azygosporus CBS 292.63 (NR 103639)
Mucor ellipsoideus ATCC MYA-4767 (NR 111683)

[=-]

99

67

01

Figure 1. Phylogenetic tree of the fungal strain E3 with the sequences from NCBI. The symbol 4 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-NDPs.

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),.6H;0). Changing of
the color indicates the activity of metabolites involved in biomass filtrate to reduce nitrate
(NO3) to nitrite (NO,) and the liberated electron used to reduce Mg2+ to form Mg(OH),,
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.

282

200 300 400 500

Wavelength (nm)

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(NOs3),-6H,0O
(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 Ayg; was increased gradually by increasing
Mg(NO3),-6H,O 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(NOs3),-6H,0O, 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-NDPs 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 Aygp. Our data showed
that the highest absorbance was achieved at 36 h of reaction time between fungal biomass
filtrate and Mg(NOj3),-6H,O 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 Ayg, 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 Ayg, 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 «-Fe,O3-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 Aog>. 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].

L i
< . 2 ) = 164 Mean = 20.38
J StDev =9.96

Frequency

N

5 10 15 20 25 30 35 40 45 50

? 200 kV_X20000 aen )
Elements Weight (%) Atomic (%)
CK 71.07 78.9
0K 7.9 43
Mg K 19.3 16.1
ClK 1.2 0.4
Cak 0.6 0.2

Mg

Ca

dltaldondd 4 . s PR BT

110 2.10 3.10 4.10 5.10 6.10 7.10 8.10 9.10 1010 KeV

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 20° 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), and MgO, confirmed
by XPS analysis. Lekota et al. [65] reported that the peaks observed at 20° of 36.9° (111)
and 75.4 (311) correspond to Mg(OH),, whereas the diffraction peaks at 26° 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.
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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 (FI-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 FI-IR
analysis which recorded a wavenumber between 400 to 4000 cm™, as shown in Figure 6.
The peak observed at 3700 cm™ signifies to —OH stretching band [69]. The broadness
peak at 3431 cm™! 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™ 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™!
corresponds to the C=0 stretching of carboxylate salt as well as the adsorption of CO3%
and CO, 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™! matched the Mg—OH stretching [73] with C-H out-of-plane bend. The peak
located at 930 cm™! 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 cam™, as reported
in various published studies [69,75,76]. The peaks observed in FI-IR spectra reflect the
role of metabolites involved in biomass filtration of R. oryaze strain E3 for reducing and
stabilizing of MgO-NPs.
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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), C1 (2p and 1s), and N 1s. The high-resolution spectra
were performed for the most familiar peak, as shown below.
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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=0 at 289.64 eV [78],
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N-C=0 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 FI-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=0O, 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 NOj 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),, 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),, 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),

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, Fe;O3, Se, CuO, and ZnO were
dose-dependent [88-91]. Analysis of variance showed that the zones of inhibitions (ZOls)
caused by 200 pg mL were 14.7 + 0.6, 14.3 £ 0.7,13.7 + 0.5, 10.6 4+ 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 pg mL™
with ZOI of 8.3 £ 0.6 mm, whereas C. albicans, E. coli, P. aeruginosa, and B. subtilis have
MIC values of 100 pg mL™! 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 Mg?* 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 ("O,), hydrogen peroxide
(H20,), 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 Mg?* 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.
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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, ¢, and d) on bars at the same concertation denote that mean values are
significantly different (p < 0.05) (1 = 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 Mg?* and O? ions
in the surrounding environment. The high concentration of O?% 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 Mg?* leads to the destabilization or damage of cellular
equilibrium, causing more stress, leakage of cellular components, and finally mosquito cell
death [75] (Figure 9A).
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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 ug 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 g mL™! of MgO-NPs, whereas the maximum mortality percentages (96%)
were obtained at 10 pg mL~!. At MgO-NPs concentrations of 4, 6, and 8 pg mL™, the mor-
tality percentages reached 64%, 72%, and 84%, respectively, after 72 h (Figure 9B). The LCsg
(concentration of MgO-NPs that inhibit 50% of the population) and LCqj (concentration
of MgO-NPs that inhibit 90% of the population) were 2.21 pg mL™! and 10.71 ug mL?,
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 Mg?*, 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/cm?,
5 mg/cm?, 2.5 mg/cm?, 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/cm? 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/cm?, 2.5 mg/cm?, and 1.0 mg/cm?, 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 TiO;-
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 ng/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 pg 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 pg 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 pg/100 mL) of
myco-synthesized MgO-NPs at different contact times (60, 120, 180, and 240 min).

MgO-NPs Concentration /100 mL Decolorization Percentages (%) after Time (min)
Tanning Effluent 60 min 120 min 180 min 240 min
Control 23+02% 35404P 46+£03° 54+£04°
50 ug 343+222 487 +3.7b 542 42.02°¢ 59.6 £25¢
75 ug 445+332 57.7 £24b 713 £23°¢ 752+17°¢
100 pg 654+19°2 811+ 1.6° 95.6+16°¢ 96.7 £ 0.7 €

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', 15,704 4+- 4.1 mg L', 2355.7 + 7.0 mg L},
651.7 £ 4.7 mg L™}, and 26,738.7 + 6.0 S m™?, 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) 87453 +£5.52 177.7 £5.1° 97.9

TDS (mg L) 15,704 £ 412 286.7 +4.2° 98.2

BOD (mg L) 2355.7+7.0° 2873 +49° 87.8

COD (mg L) 651.7 £ 4.7 267 £2.1P 95.9
Conductivity (S m™) 26,738.7 £6.0° 708.7 +£4.0° 97.3

Cr (mgL™) 8223 +£252 1454 09° 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 ™! to
14.5 £ 0.9 mg L 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 Al;O3 and TiO;, 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),, 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‘l [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 Cr** with values of 1033.8 mg g™! as compared to montmorillonite
nanoparticles, for which the maximum adsorption was 3.6 mg g™ [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 (NOj3),.6H;O 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).
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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 AgNOj3, TSC, and NaBH, 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 NaBHy, 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 HAuCls-3H,O 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.
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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).
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Figure 3. Green synthesis methods include intracellular synthesis route (I) and extracellular synthesis routes including
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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 MCE-7 cell lines, with an ICs of
27.79 £ 2.3 ng/mL, and act as a tumor progression suppressor against Ehrlich ascites
carcinoma-bearing mice. Green pigment extracted from Alfalfa plant leaves extracellularly
reduced AgNOj 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 AgNO; 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 441 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 AuCly 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.

4.15. 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 26, 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 ™! may be due to ~OH from polysaccharides,
while the peak at 2923 cm~! might indicate (C-H) stretching of alkanes. The strong
band at 1562 cm~! could be due to the carbonyl stretching vibration. The peaks at 1466
and 1344 cm ™! can be assigned to (C-N) and (C—C) stretching vibration of aromatic and
aliphatic amines, while the band at 1093 cm~! could be assigned to (C-O) of alkoxy groups,
and peaks at 718 and 534 cm ! to CH, 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(Ill) 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 (NaySeO3) [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 HyO, [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 AgNOj5 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 pg/mL was investigated against breast and liver cancer cell lines (MCEF-
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 NaBH,4 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 26 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].

Molnar 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 (3.30 umol TE/mg dry extract), Myelochroa irrugans methanolic extract demon-
strated the maximum DPPH scavenging activity (ECsg = 384 ug/mL), and the extract of
Hypotrachyna cirrhata showed the highest reducing power (316 pmol 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 MCEF-7 cancer cells with ICsq values of 8 pg/mL, and C. pusilla revealed the highest
potency to reduce Hela, MCF-7, and PC-3 cancer cells viability with ICsy values of 6.57,
7.29, and 7.96 ug/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 MNDPs 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~! that refer to primary amines, while bands at 16001500 cm ! correspond to C-O
stretching and amide bands (N-H). Additionally, at 1650 cm~!, amide I and amide II
bands were reported, and at frequencies of up to 1600 cm~!, a COO band overlapped with
the amide I 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 Yildiz 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 AgNOs/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 AgNOs;/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% HgCl,. 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 . Ag-NPs synthesized by Parmeliopsis ambigua had an IR spectra peak
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at 3332 cm ! that confirmed the presence of polyphenolic -OH group and peaks at 1639
and 1252 cm~! 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 ™!, respectively. However, spectra of Ag-NPs synthesized by Xanthoparmelia
plittii revealed the presence of C-N at a peak of 1015 cm ™! and the asymmetric mode
of both the aliphatic and aromatic functional group ~C-H peaking at 2923 cm~!. The
presence of C-H stretching was confirmed by a peak at 2853 cm !, and a peak at 3234 cm ™!
corresponded to primary aliphatic amines. The presence of carbonyl group C=0 from the
phenols was indicated by the peak at 1656 cm !, and the C-O single bonds were indicated
by a peak at 1000~1200 cm~!, while the aromatic C-H functional group was found below
700 cm~!. 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
20, which corresponded to the (11 1), (200), (22 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 = (0.94A) /(3 cos ), where D is the mean
crystallite domain size, A is the wavelength of Cuy, 3 is the full width at half maximum
(FWHM), and 0 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 ! 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=0 (1742 cm 1), C=0 (1691 cm~ 1), C=0 aldehyde (1651 cm '), C=C vibra-
tion (1573 cm™1), CH,, CHj (1443 cm™ 1), and C-O (1273 cm™!). 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

82



J. Fungi 2021, 7, 291

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 ™! were recorded,
which correspond to O-H of phenolic compounds stretching groups and C=0 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 (1073 M HAuCly)
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 ! that relate
to N-H and C-O stretching, respectively, bands at 2922 and 2849 cm ! corresponding to
C-H stretching, and bands at 1638 and 1456 cm ™! 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 HAuCly solution (to provide Au*) 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 Au®* to gold
NPs (Au’). 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 ! 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 ™! corresponded to the O-H strong stretch of the alcohol,
while a peak at 1640 cm™! corresponded to the C=C of the alkenes, and the peaks at 1544
and 1384 cm~! 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 ! 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 20 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, 5=0, 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).

Time of Mode of
Strains Type of NPs Size (nm) Shape Illumination Expo- pH Ten;opgature Synthe- Application Reference
sure sis
Usnea - Antibacterial :
longissima Ag-NPs 9.40-11.23 Spherical Dark 72h 7 RT - agent [136]
Parmotrema Ag-NPs 19 Cubic NM 24h NM RT _ Antibacterial [152]
praesorediosum structure agent
19.09
) . 16.48, 25
Cetraria . 60 120, ey
islandica (L) Ach Ag-NPs 5-29 Spherical NM 180 and NM 3;5,{) gO, - NA [139]
220.91 min )
Parmotrema . .
praesorediosum Ag-NPs 42 Spherical NM 72h Alkaline RT — NA [151]
R li . .
du%‘tliclzfla Ag-NPs 20 Spherical NM 72h Alkaline RT - NA [151]
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Table 1. Cont.

Time of Temperature Yiode of
Strains Type of NPs Size (nm) Shape Ilumination  Expo- pH ("PC) Synthe- Application Reference
sure sis
;fl‘:n”;?llc’;‘;’u Ag-NPs 13 Spherical NM 24h NM RT - NA [154]
Ag-NPs 6 Spherical NM 30 min NM 80 -
Cetraria Au-NPs 19 Spherical NM 30 min NM 80 - Catalvti
. ! atalytic 44
Islanlgl:.jla (L) Polygonal activity [144]
Ag-Au NPs 6 and 21 S aﬁd ) NM 30 min NM 80 -
pheri-
cal
Ar}tin?icrobial,
Parmelia perlata Ag-NPs NA Spherical NM 30 min NM 60 - an;ﬂ?é?;ggt??d [150]
agents
. Re i
Ramalina Fe;O4 NPs 20-40 niform NM 1h NM 70 - he:vnylirlggls [163]
sinensis 3 pcal such as Pb and :
Cd
ZnO@TiO2@Si02 .
nanocomposites 55-90 Spherical NM 5h NM 80 - Antimi )
Lecanora ntimicrobial [164]
. . t
muralis igi(gfnf;%;tes 55-85 Spherical NM 5h NM 80 - agen
. Iron oxide . . .
Ramalina . Uniform Antibacterial =
sinensis nanc(igsartl 31.74-53.91 spherical NM 1h 7 70 - agent [165]
Ag-NPs 33.49 £2291 Spherical NM 24h 8 RT - Antibacterial
Cu-NPs 253.97 £57.2  Triangular NM 24h 8 RT - antt_ibiofﬂm,
N antiquorum
P ""t“rz::rrgl‘fsl’opﬂs Fe304 NPs 307 & 154 Spherical NM 24h 8 RT - se%sing, [162]
TiO, NPs 1333243533 Polyhedral ~ NM 24h 8 RT - anii“;ﬁgt)‘(lig{a’fn .
ZnO NPs 178.06 & 49.97 Cubic NM 24h 8 RT - activities
P ”;ﬂ;ﬁ;’jfis Ag-NPs 150-250 NM Light 24h NM RT + -
Punctelia Ag-NPs 150-250 NM Light 24h NM RT .- Antibacterial
subrudecta & g d
an
Evernia . antioxidant [153]
mesomorpha Ag-NPs 150-250 NM Light 24h NM RT +, - agents
X“"th; parmelia g NPs 150-250 NM Light 24h NM RT +-
rﬂg}ﬁ:‘:ﬁﬂ Mg-NPs 23 NM NM 24h NM NM NM NA [161]
Parmotrema : Antibacterial )
tinctorum Ag-NPs 15£5.1 Spherical Dark 24h NA RT - agent [149]
Twinned
quasi-
Acroscyphus Ag-NPs 5-35 spherical NM 12h NM RT -
sphaerophoroides and pris- Antioxidant
matic [159]
agent
shapes
Sticta Multiply
nylanderiana Ag-NPs 20-50 twinned NM 12h NM RT -
Parmotrema : ° Antibacterial
clavuliferum Ag-NPs 106 Spherical Dark 48 h NM 80 °C - agent [158]
Parmotrema Ag-NPs NM NM NM NM NM NM NM Antibacterial [166]
perlatum agent
Xanthoria i °
parietina Ag-NPs 1-40 Spherical Dark 72h NM 40°C — Anticancer and
tibacterial 37
Flavopunctelia Ag-NP 140 Spherical  Dark 72h NM 40°C Tagents | o
flaventior &S pherica ar . 8
Parmelia perlata Ag-NPs NM NM NM NM NM NM NM A“tgf;e“rffrial [167]
Umbilicaria Ag-NPs NM NM NM NM NM NM NM NM [168]
Claqlon‘ia Ag-NPs 20 Spherical NM 7 h Alkaline RT R Antibacterial [145]
rangiferina and rods agent
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Table 1. Cont.

Time of Temperature Yiode of
Strains Type of NPs Size (nm) Shape Ilumination  Expo- pH ("PC) Synthe- Application Reference
sure sis
Usnea articulata Ag-NPs 10-50 Spherical NM 72h Alkaline 27 °C -
R li Antibacterial [143]
st Ag-NPs 50-80 Spherical NM 72h Alkaline 27°C - agent ;
Antioxidant
Parmelia sulcate Au-NP 54 Spherical NM 20 min NM 60 °C - mosqi?t% cidal [160]
agents
Ramalina . o Neuroprotection :
fraxinea ZnO-NPs 21 Spherical NM Upto2h NM 60 °C activity [169]
- Alkaline
e Nanohyaluronic . then neu- o Antidiabetic y
Aspicilia lichens acid 29-89 Spherical NM 48 h tralize 50 °C - agent [146]
by acid
Xanthoria : Antibacterial
elegans Bimodal 5-100 NM 2h NM NM - agent
Usnea antarctica Bimodal 5-100 NM 6h NM NM - A“t;%frffrial
Ag-NPs . 1 [155]
Leptogium : Antibacteria
puberulum Bimodal 5-100 NM 6h NM NM - agent
Cetraria Bimodal 5-100 NM 2h NM NM _ Antibacterial
islandica oda agent
. Antibacterial
Pseudevernia Bimodal <10-100 NM 2h NM NM - and antioxidant
furfuracea agents
Ag-NP 156
Lobaria gEs ) Antibacterial [156]
pulmonaria Bimodal <10-100 NM 2h NM NM - and aarétégi(sldant
Heterodermia : 27.91- Antibacterial
boryi Cubic 3701 NM NM NM NM - agent
Parmotrema Ag-NPs Cubi 27.69- NM NM NM NM Antibacterial [157)
stuppeum uble 36.00 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 (Fe3Oy4, ZnO,
and TiO,, 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); or Zn(NO3),-6H,0 (0.01, and 0.001 M concentrations, respectively),
and incubated for 24 h with stirring. For fabrication of Fe304 NPs, the same amount of
lichen extract was added to flasks containing FeCls-6H,O (0.2 M) and FeCl,-4H,0O (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 TiO,
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 (Fe304 NPs),
133.32 £ 35.33 (TiO, NPs), and 178.06 = 49.97 nm (ZnO NPs). The presence of Fe (84.07%),
Ti (66.41%), and Zn (25.61%) in the Fe304, ZnO, and TiO, 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 20, indicating the cubical nanocrystalline structure of iron oxide NPs. Fur-
thermore, FTIR analysis demonstrated that 7-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
(FeCl,-4H,0 and FeCls-6H,0) into Fe304 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 Fe304 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(NOj3),-6H,O 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 ™! and stretching bands
at 1620 and 1575 cm ! that were correlated to the alkenes (C=C), while absorption peaks
at 1480 cm™~! were for alkanes (C-H). Bands at 1379 and 1335 cm ™! related to O-H (alcohol
and phenol), and the presence of amine groups (C-N) was observed at 1192 cm~!. The
peak at 1295 cm ! represented the aromatic ester (C-O) and aromatic amine groups (C-N),
while the bands at 1121 and 1087 cm ™! were identified as amine (C-N) and aliphatic ether
(C-O) groups. Stretching bands at 1038 and 960 cm~! were allotted to ether (C-O) and
alkene (C-H), respectively. The bands at 871, 842, 773, 671, and 605 cm ! confirmed the
presence of halo compounds (C-Cl), and the peaks observed at 407, 444, and 535 cm ™!
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 20 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
(100),(002),(101),(102),(110),(103),(200),(112),(201),(004),(202),and (104),
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@TiO,@SiO, and
Fe304@SiO; 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@TiO,@Si0;, 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 ZnCly, 1.5 g TiO(OH); (titanyl hydroxide), and 2.5 g Na,SiO3 at pH 8 and 80 °C
for 5 h under stirring conditions. Similarly, Fe;04@SiO, NCs were formed by mixing
20 mL LM filtrate and 2 g NaSiO3 with 0.7 g FeCl, and 1.2 g FeCl; 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@TiO,@5iO, and Fe;0,@SiO, NCs showed that L. muralis
has the potential to fabricate NCs from their bulk materials. XRD demonstrated that the
biosynthesis of ZnO@TiO,@SiO, and Fe304@SiO, NCs generates crystallinity nanoforms
of 55 and 53 nm, respectively. Furthermore, the authors reported that Fe304 NPs coated
the surface of the silica oxide nanoparticles. SEM micrographs of ZnO@TiO,@SiO, and
Fe304@SiO; 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@TiO,@SiO, 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 Fe;0,@SiO, NCs involving Fe, O, and Si indicated
the binding of Fe3O4 NPs on the surface of SiO, 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 HAuCly and AgNOj5 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 Agb0Au50, 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 !, which
relate to C=0 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~!. Additionally, (-CH3) of the alkane groups in UAL had peaks
at 2925 and 2854 cm ! 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 !, which is due to the presence of the
aryl group. The aromatic methyl ketone at 1625 cm ™! is related to the hydrogen bonds.
Similarly, the conjugate cyclic ketone group is confirmed by a peak at 1739 cm~!. UAL
also showed hydroxyl phenolic signals at 3095 cm ™!, 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~!. 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).
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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 pL) 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 pL), 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@TiO,@SiO,
and Fe304@SiO; 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). Fe304@SiO; ex-
hibited the highest bioactivity among the treatments, suggesting more bioactive molecules
were precipitated on Fe;O,4@SiO; NCs than on ZnO@TiO,@SiO; NCs. The authors noted
that the increased antioxidant molecules adsorbed on Fe;04,@SiO, 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 ug disks) was used as a positive control, and the negative control was
sterile distilled water. A total of 10 microliters of 100 ug/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
1Z 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 1Z of 7 = 0.0 mm. The
same concentration of aqueous extract (100 pg/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 ng/disk) for Gram-positive bacteria and Gentamicin (10 ug/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 (SCsg) 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,
3mgand 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 (SCsp) 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 pg/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 H,O, solution was prepared
in phosphate buffer at pH 7.4 and then several concentrations (250, 500, 750, 1000 pg/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 IC5y values of DPPH were 1020 and 815 pg/mL
and the ICs values of HyO, were 694 and 510 pg/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 pg/mL ZnO-NPs significantly
increased the cell viability (p < 0.05) when compared with the control group. However,
a lower concentration (5 ug/mL) of ZnO-NPs did not affect SHSY-5Y cells. ZnO-NPs at 50,
100, 200, and 400 pg/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 uM H,O, 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 HyO,-induced death of the SHSY-5Y
cells. Moreover, the higher doses (100, 200, and 400 pg/mL) of ZnO-NPs markedly reduced
(p < 0.001) the cell viability compared with the H,O, group. In summary, ZnO-NPs at high
doses (>50 pg/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 pg/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
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and with pH in the range of 5-4, indicating the potential of these NPs to be heavy metal
eliminators [163].

Ciplak 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 (NaBHy). 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 (Fe®*),
leading to the generation of potassium ferricyanide (Fe?*), 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 concentrationsg
(LCsp) values of instars of A. stephensi were: 172.16 ppm (1), 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 LCs( values
of 29.82 ppm (1), 33.83 ppm (1I), 37.55 ppm (I1I), 44.26 ppm (IV), and 50.44 ppm (pupae) for A.
stephensi, and 34.49 ppm (1), 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 LCs
and LCyg 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 LCsp and LCqyy 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).

Antioxidants

IELING Soene Antibacterial agents

Catalyst

Au-Ag NPs
f 2

Lichen-based Bioremediation

nanoparticles applications

-

Antilarval agents

Antifungal agents

Neuroprotection

TR0

e S ~

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).
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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 (CuCl,-H;O) 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. lllumination

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. Molnar 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 Ag® 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,
Fe?* 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 Fe?* 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).

Electrostatic
attraction

Polysaccharides

Metal ions

Lipids

Reducing
biomolecules

Nucleic acid Organic sulfur Pigments Peptides Vitamins Enzymes

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 ug/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 TiO, 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. TiO; 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 (MCE-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@TiO,@SiO; and Fe30,@Si0,. 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 NaBHy), 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 Zn?*-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),-2H;0), zinc nitrate hexahy-
drate (Zn(NO3),-6H,0), and zinc chloride (ZnCly)) utilized in the study were analytical
grade and purchased from HiMedia (HiMedia Laboratories, Mumbai, India). The re-
ducing agents (sodium hydroxide (NaOH), sodium borohydride (NaBH,)) and other
chemicals (ammonium hydroxide or ammonia solution (NH4OH, 25%), and thiourea
(NH,CSNH,)) 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.

NaOH+DW+lsopropyl

alcohol (1.0 M)
g 25°C
NS~—

5]

entrf
rpm for 15 mins

BSA (CA)-ZnONPs Starch (CA)-ZnONPs Cellulose (CA)-ZnONPs

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 pL of the

111



J. Fungi 2021, 7, 223

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
(Koe A = 0.150595 nm) radiations at specific operation conditions (voltage: 40 kV, current:
30 mA). The samples were scanned with a scanning angle (26) range of 5° to 80° and a step
size of 0.02° respectively.

2.2.4. Fourier Transform Infra-Red Spectroscopy

The FI-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~! 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 x 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~!). These suspensions were then given a quick bath sonication
treatment for another five minutes and 20 pL 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 x 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 pL)
was incubated with 40 pug mL~! 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 ug 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 ZnCl, 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.
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Starch (RA) Albumin (CA)  Starch (CA)  Cellulose (CA)
3
-
-
-

Thiourea (RA)
L L "

T\"u{)l! (RA)

20 (degree)

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 ™! 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 (vq frequency), and 1624 cm~! 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 ! 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=0 and C-O bonds in the carbonate
functional group (CO3%™) can be ascribed to bands at 1360 and 1407 cm~!. 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].
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Figure 5. FT-IR cumulative spectra of the prepared ZnNPs for the mid-IR region (2000 to 650 cm ™!
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).
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NaOH(RA) Thiourca({RA) Starch(RA) Albumin{CA) Stareh(CA) Cellulose{CA)

Zinc oxide nanoparticle type

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.

Curvularia lunata Fusarium oxysporum Macrophomina phaseolina

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=5mgL~1,2=10mgL™!,3=20mg L1, 4=40 mg L "

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~! 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~! 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 x. 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 pg 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-f3-Zn(OH); 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/A, where h = Plank’s constant (6.626 x 10~3Joules sec), C = Velocity
of light (3 x 10 m s~!) and A = 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 Oy, to
Znzq 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 Illa 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 ZnCl, 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,
coppet, 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 (CuSOy) hydrates to copper (II) sulfate pentahydrate (CuSO4 5H,0O) and
then dissociates into Cu?* + SO42~. Upon dissociation, Cu?* 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, Zrtl, 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 Zrcl (Figure 1) or Pic2 (Figure 2), are utilized [20,21]. If
these systems are interfered with, homeostatic imbalance can cause toxicity.

High zinc environment

Created with BioRender.com

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

Table 1. Fungal proteins involved in metal transport.

Metal Transport Type Trar?;el;is:ters Reference Fil%ﬁ;e;:;::t:l:ngi Reference
Import Zrtl, Zrt2 [15,22] 21fA/B/ % UmZRT1/2, [23-27]
Zinc ip1/2
Vacuolar Cotl, Zrcl [20,28] - -
Vacuole to Cytosol Zrt3 [29] - -
Copper Import Ctrl, g tt:g/’ 15;241' Ctrd, [30-36] CtrAZléaCéirCz, Ctrl, [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 Mem‘prane Scol, Sco2, Cox1 [42,47 48] B )
Space to Cytochrome ¢ oxidase
Export - - CrpA [49]
Fet4, Smf1, Fet3/Ftrl,
Iron Import Fip1, Str3, Shul, Strl, [50-59] Fer2 [60]
Str2, Str3
Within the Nucleus Npb35, Nar1, Cfd1, Cial [61,62] - -
Vacuolar Pcll, Cecl [63,64] - -
Mangan-ese Import Smfl, Smf2, Pho85 [52,65-67] PcPho84, PcSmfs [68]
Mitochondrial Mtm1 [69] PcMtm1 [68]
Cytosol to Golgi Lumen Pmrl, Gdtl [70-72] - -
 Reticulam Lumen Spfl 73 : :
Vacuolar Cccl, Ypk9 [64,74-76] PcCCC1 [68]
Export Pmrl, Hipl [77-79] PcMnt [68]
Silver Import Ctrl [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.

Mechanism of

Metal Toxicity in Yeast Reference Mechanism of Toxicity in Filamentous Fungi Reference
Zinc Interference of synthesis of iron-sulfur clusters [85,86] increasedpcrlgi‘;t‘i;tcjllel g%syit}i(})f;l“e]i}; lnnsfgﬁ cell wall, [87,88]
Interference in ergosterol biosynthesis [83] increased hyphal branching and apical swelling [88]
Cellular leakage, polarization,. and increased 183] interruption (?f conidia and conidioph{)re development 187]
membrane potential (interference of reproduction)
Reduced cell wall integrity [83] - -
Copper Reduced ergosterol biosynthesis [12,89] Generation of reactive oxygen species [90]
Reduced metallothionein activity [84] - -
Iron Interference of ngﬁglg{jté§n5port encoding [91,92] Inability to acquire iron [60,93]
Manganese Down-regulation of I[?[E:Z, HTA1, HTA1, HTBI, [94,95] potentially arssgrcliga;iisté) ggil)icizc; sf:nctioning of [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 $/Ietal Resistance in Reference Mech.anis.m of Metal Resi§tance Reference
east in Filamentous Fungi
Zinc Up-regulation of ZRC1 and COT1 [83,105-108] storage of exces:pz(i)?ecsign\;lil;(;l}elzeand cell walls of [109,110]
_ - zinc efflux [111]
- - zinc metallothioneins [112]
Copper Up-regulation of CUP1 and CRS5 [113] Up-regulation of crpA [81,114-116]
Dovm-regulation of FRE1 and FRE7, [113] increased production of chelator copper oxalate [117-119]
and CTR1
Iron Up-regulation of CCC1 [64,120] Unknown, b:igce‘r’(‘;}ﬁgf:‘}’;ﬁst;gtﬁ’ég‘sredudio“ of [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 PcCMNT [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),Cysg), 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); and zinc sulfate (ZnSOy) 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 Zrtl, Zrt2,
and Zrt3), the CDF protein family (via Zrcl, Cotl, and Msc2), the ferrous transport protein
Fet4, and others (Figure 1) [105,107,108,133,154,155]. Zrtl and Zrt2 are high and low-
affinity plasma membrane transporters, respectively; both ZRT1 and ZRT?2 are upregulated
in zinc-deficient conditions and repressed when zinc conditions are favorable [15,22,156].
In an excess-zinc environment, Zrcl and Cotl 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, Ad1l 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. cerevisie.

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. cerevisine ZRT1 and ZRT?2, 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 UmZRT?2 genes, and Cryptococcus
neoformans Zipl 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 Zrcl is homologous to S. cerevisiae Zrcl 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.
cerevisine 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 Zrcl and Cotl, which sequester Zn%* to the vacuole (up to 100 mM) in S. cerevisiae, or the
endoplasmic reticulum in C. albicans (Zrcl) [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 Zn?* uptake, and in that role increases tolerance
through interactions with Mg, where Mg competes with Zn?* 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 Zn?* 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(Il), Cu?* [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 Cu?* (cupric oxide) and must un-
dergo reduction. In S. cerevisiae, cupric reductase Frel, transcribed by Macl, reduces
Cu?* to Cu*, making it readily available for uptake via high-affinity membrane trans-
porters of the copper transporter (Ctr) protein family, Ctrl and Ctr3 or low-affinity copper
transporter Fet4 (Figure 2) [30-33,176]. Transcription of CTRI and CTR3 is also regulated
by transcription factor Mac1l, 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(Il), uptake, and oxidation [53,178-180]. FET3 is
regulated by transcription factor Aftl (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 (O,°7) [183,184]. O,°~ are ROS
that cause cellular damage and toxicity and must be effectively dismutated to prevent
stress; therefore, delivery of copper to Sodl1 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 O,*~ being successfully detoxified to hydrogen peroxide (H,O,) and molecular
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oxygen (Oy); HyO; is now readily available for further detoxification to water via catalyst
Cct1 [183,187,188]. Cu™ transport to MTs Cupl (also known as Cupl-1 and Cup1-2) and
Crs5 is also integral to cellular detoxification [18,189]. Both MTs are regulated by transcrip-
tion factor Acel (also known as Cup2), which activates the transcription of CUPI and CRS5
at elevated copper concentrations [167,189]. Cupl 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. cerevisine. Extracellular
Cu?* 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 Cufl, and
expression of mfcl™ is regulated by transcription factor Mcal, 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 Scol, 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. cerevisize and
S. pombe in copper uptake. Cu?* 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 Ctrl) 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 AfMacl) 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 Ctrl 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,
Ctrl (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 (CuSO;,) 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(Il) 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 CuSOy4 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 CuSOj sensitivity in cup2A mutants
indicates MTs, coupled with decreased Cu?* 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 (Fe?*) 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 Fe?* 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 Frel or Fre2, initially described by
Lesuisse et al. in 1987 and later coined Frel 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 Cu?>* when
transcription factor Macl is bound, and Fe?* reduction occurs via binding of transcription
factor Aftl [176,181,225]. After Fe3* reduction, Fe?* 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 Fe?* uptake in iron-restricted cells [223]. In anaerobic conditions,
transcription factor Aftl 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 roxIA mutants have increased sensitivity to Cd under
aerobic conditions [223,226]. A second, less utilized iron transporter in the low-affinity
uptake system is Smfl, responsible for the uptake of the Fe?* /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 Frel and Fre2, from a wide array of Fe3* substrates such as ferric chelates, salts, and
siderophores [218,219]. Fe?* then transitions through the Fet3/Ftrl complex [58]. Fet3
is activated by transcription factor Aftl 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 Fe?" to Fe>* for passage to the cytosol via
iron permease Ftrl [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 Arnl—Arn4 [16,224]. Arnl 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,
Arnl 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 Arnl 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 Arnl-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), Narl, Cfd1 (binds one Fe-S cluster), and Cial
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 N°-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
Fe®* from the surrounding environment [237]. In an iron-dependent response, transcription
factor Fepl activates ferrichrome transporters Strl, Str2, and Str3, and the iron-loaded
ferrichrome re-enters the cell (predominately by way of Strl) [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 Frpl. frpl* shares 27% homology
with the S. cerevisiae Fe** /Cu?* reductase encoding gene, FRE1, and reduces extracellular
Fe3* to Fe?* [238]. Transcription of frpl* 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 abc3A 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, Fe?* enters an
oxidase-permease complex, similar to that of the S. cerevisiae Fet3/Ftrl complex, composed
of proteins Fiol and Fip1 [50]. Fiol is a Fe?* oxidase that shares 37% homology with the
S. cerevisiae Fet3, and in an iron deprived environment, oxidizes Fe?* 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. cerevisige 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 Shul [56,57]. Shul is a plasma membrane
protein induced during iron deprivation, when heme biosynthesis is not attainable, or if
Fepl is inactivated [56,57]. The second protein involved in heme uptake is Str3, previously
mentioned as a part of a ferrichrome transporter family (Strl, Str2, and Str3). Str3 shares
the lowest homology (25.1%) with Strl 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]. pcll* shares homology to S. cerevisine Cccl,
an iron vacuolar transporter, and it has been shown that pcl1IA mutants have increased
sensitivity to iron; this together with the study of Mercier, Pelletier, and Labbé suggests
that Pcll 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 Ferl 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 Sdil 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. cerevisine 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 Cccl [91,248]. Lin et al. showed that ccc1A mutants could not transfer
cytosolic iron to the vacuole under anaerobic conditions, even with the overexpression
of iron mitochondprial 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 Aftl, or activation of vacuolar transporter Cccl [64,249]. Cccl 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]. Vmal3 is commonly known
as a vacuolar H*-ATPase subunit that plays a role in vacuolar acidification; however, a
study involving vmal3A mutants showed that they experienced increased sensitivity to
iron deprivation, suggesting Vmal3 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 ccc1A 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 Fe** 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, Mn?* is required for virulence [254]. Some lignocellulose degrading
enzymes also require Mn?*, such as manganese-dependent peroxidase, which white-rot fungi
express during lignocellulose degradation, integral to nutrient uptake [255,256]. Many fungal
species rely on Mn?* and homeostatic mechanisms must exist to ensure proliferation.

2.4.1. Manganese Transport and Homeostasis

Within S. cerevisiae, Mn?* transporters Smfl and Smf2 (part of the Nramp metal
transporter family) and phosphate transporter Pho84, have a diverging consensus on their
roles in Mn?* homeostasis. In the case of Smfl, it was initially determined to be a high-
affinity plasma membrane transporter, which acquired extracellular Mn?* in Mn?* deficient
environments [65,66]. Smf2 is localized in golgi-like vesicles and shares approximately
50% identity with Smfl (at the amino acid level), but does not share functionality and
is a low-affinity Mn?* transporter [77,257]. Once inside the cell, the fate of Mn?* is as a
cofactor for proteins such as Sod2 [126,258]. Sod2 is a mitochondrial manganese superoxide
dismutase that receives Mn%* via Mtm1 for activation [69,126,258,259]. In smf2A mutants,
the Sod2 primary protein structure accumulates in the mitochondria; however, they were
mostly inactive due to inadequate Mn?* transfer to the mitochondria, indicating that Smf2
is a requirement for S. cerevisize Sod2 activity [126,258]. Smfl 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 Mn?* concentrations are stable or in excess
(~100 nmol/(1 x 10° cells)), Smfl and Smf2 are ubiquitinated via Rsp5 (a NEDD4 family
E3 ubiquitin ligase) with the aid of Bsd2 and transferrin receptor-like proteins (Trel 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 trelA, tre2A, and bsd2A mutants resulted in the accumulation
of Smfl and Smf2 [260-262]. Conversely, when Mn?2* starvation occurs, Bsd?2 is depleted,
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Smf1 is localized to the cell surface, Smf2 is localized to intracellular vesicles, and Smfl
and Smf2 resume their Mn?* 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 Mn?* transporter, along with other metals such as cobalt, zinc, and copper [67].
Through pho84A mutants, it was shown that Mn?* uptake was the most commonly affected
(in relation to the other metals) when PHO84 was removed, further proving its Mn?*
transporter role [67]. PHOS84 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 Mn?" is inside the cell, there are an array of destinations. Pmr1 (high-affinity
Ca%*/Mn?* P-type ATPase) and Gdt1 (calcium/manganese transporter) both transport cy-
tosolic Mn?* to the Golgi lumen, where Mn?* 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 Spfl transports Mn?* to the ER
lumen; this is supported by a study showing that spfIA mutants had decreased luminal
Mn?*; its overexpression had the opposite effect [73]. This same study also stated that
Mn?* depletion observed in spflA mutants negatively impacted luminal Mn?* dependent
processes. On the contrary, it positively impacted Mn?* associated cytosolic processes,
indicating that Spfl is integral to S. cerevisiae manganese ER and cytosolic homeostasis [73].

Mn?* 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, Mn* trafficking to vacuoles for storage and degradation and Mn?* ex-
port. Pmrl, previously characterized as an Mn?* Golgi lumen transporter, also serves
as a detoxifier. Presented with toxic Mn?* levels, Mn?* 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. Hipl was initially characterized as a high-affinity,
plasma membrane histidine permease, but has since been shown to play a role in Mn?*
resistance [78,274]. Farcasanu et al. investigated S. cerevisinze mutants having defects in
Mn?*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 Mn>* accumulation, increased Mn?* 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 Mn?* transport, deter-
mining how ions are trafficked to Hip1-272 and expelled. The second defense mechanism
against Mn?* toxicity in S. cerevisiae was Mn?* trafficking to vacuoles through Cccl and
Ypk9. Cccl (and possibly Cos16) is localized in the vacuolar membrane and is responsible
for trafficking cytosolic Mn?* to vacuoles; CCC1 overexpression results in reduced Mn?*
toxicity, lower concentrations of cytosolic Mn?*, and increased vacuolar concentrations
(Figure 3) [64,75,77]. Ypk9 is also localized in the vacuolar membrane and shuttles Mn?2*
to the vacuole. Gitler et al. and Schmidt et al. both demonstrated that ypk9A mutants
expressed Mn?* hypersensitivity when compared to wild type strains, further affirming
Ypk9 involvement in Mn2* homeostasis [74,76].
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Figure 3. Mn?* 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. cerevisine Pho84 and Smf1/2 proteins have been found in P. chrysosporium, PcPho84
and PcSmfs, respectively. PcPho84 is a plasma membrane protein involved in Mn?* uptake,
having a similar function to its S. cerevisine homolog [68]. Smf1/2 are predicted to have
similar functions in P. chrysosporium to their S. cerevisiae homologs [68]. Intracellular Mn?*
transport has also been investigated. Yeast homolog PcAtx2, localized in the Golgi mem-
brane, was shown to function as an antioxidant through sod1A mutants [68]. When grown
on 600 uM paraquat (inducer of oxidative stress), sod1A 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 Mn?2* 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 PcCccl engage in Mn?* 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 Mn?* uptake, suggesting that it could have dual functionality, but
this is still unknown [77,284]. Limited information exists on Mn?* homeostasis in other
fungi; however, due to the impact of Mn?* on lignin-degrading enzymes in wood-rotting
fungi, more studies should be conducted. Overall, Mn?2* homeostasis is critical to cellular
functioning to prevent toxic Mn>* 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 Mn?2* 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 Mn?* 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 Mn?* impacts manganese peroxidase activity, but there is a
lack of knowledge on how excess Mn?2* 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 Mn?* 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, Mn?* 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* /Ca®* antiporter, but has been
implicated in Mn?* resistance [125,288,289]. A single nucleotide alteration may affect
Mnrl function and result in increased Mn?* sequestration to the vacuole [125,289,290]. A
mutation in PHO84 is also implicated in Mn?* resistance, where pho84A mutants have
increased resistance, likely due to the acquired inability to import and accumulate excess
Mn?* [67]. In filamentous fungi, Diss et al. elucidated potential resistance mechanisms
through P. chrysosporium, where it was demonstrated that PcPho84A mutants increase
Mn?* 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, Ctrl, high-affinity Cu®* transporter, has been identified as a Ag™ im-
porter. This is based on observed reduced Ag* uptake in ctr1A 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 Cupl-2, suggesting these MTs sequester Ag™ in response to silver stress [114,115]. The
competitiveness of Cu* and Ag* for Cupl-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. AgNOj3 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, ERG),
ERG6, ERG11, ERG25, and ERG28) in S. cerevisiae [80,99]. In the aquatic fungus Articulospora
tetracladia, transcriptome analysis via RN Aseq 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 MACI 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 AgNOj3; 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 Smfl, 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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