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Abstract. To compare the antifungal effect of two nanomaterials (NMs), nanoparticles of zinc oxide were synthesized by a
chemical route and zinc oxide-based nanobiohybrids were obtained using green synthesis in an extract of garlic (Allium
sativum). The techniques of X-Ray Diffraction (XRD), Infrared (IR) and Ultraviolet Visible (UV-Vis) absorption spectroscopies
and Scanning (SEM) and Transmission Electron Microscopies (TEM) were used to determine the characteristics of the
nanomaterials synthesized. The results showed that the samples obtained were of nanometric size (< 100 nm). To compare their
antifungal capacity, their effect on Cercospora sp. was evaluated. Test results showed that both nanomaterials had an antifungal
capacity. The nanobiohybrids (green route) gave an inhibition of fungal growth of ~72.4% while with the ZnO-NPs (chemical
route), inhibition was ~87.1%. Microstructural studies using High Resolution Optical Microscopy (HROM) and ultra-structural
analysis using TEM carried out on the treated strains demonstrated the effect of the nanofungicides on the vegetative and
reproductive structures, as well as on their cell wall. To account for the antifungal effect presented by ZnO-NPs and ZnO
nanobiohybrids on the fungi tested, effects reported in the literature related to the action of nanomaterials on biological entities
were considered. Specifically, we discuss the electrical interaction of the ZnO-NPs with the cell membrane and the biomolecules
(proteins) present in the fungi, taking into account the n-type nature of the ZnO semiconductor and the electrical behavior of the
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fungal cell membrane and that of the proteins that make up the protein crown.
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1. Introduction

Nanostructured materials (NSs) and nanoparticles (NPs)
have unique or enhanced properties in relation to their
macro-scale counterparts (Heiligtag and Niederberger 2013,
Khan et al. 2017). This occurs because surface effects and
quantum effects begin to be more evident on reducing the
size of the particles (Buzea et al. 2007, Nealon et al. 2012).
The unique properties of NPs involve the increase in their
reactivity and adsortivity due to their high specific surface.
When particle size decreases below 100 nm, the ratio of
surface area to volume decreases dramatically, a condition
that leads to the nanoscale materials or nanomaterials
(NMs) having a large proportion of their atoms exposed
superficially, giving a different disposition of atomic sites
compared to their bulk material counterpart (Klingshirn
2007). The surface of the nanosized colloids would mainly
be constituted of under-coordinated atoms that would favor
the localization of specific defects.

*Corresponding author, Ph.D.,
E-mail: jnpaez@unicauca.edu.co

Copyright © 2021 Techno-Press, Ltd.
http://www.techno-press.org/?journal=journal=anr&subpage=5

Moreover, when the surface-to-volume ratio is large,
there is a greater population of edge and corner sites that are
considered the most reactive, since these are the sites with
the highest coordination (Lear et al. 2005). This condition
justifies the high surface energy and reactivity of the NPs
(Cui et al. 2016). Currently, these unique or amplified
properties of NPs have aroused great scientific and
technological interest, specifically in the field of
environmental nanotechnology (Xing et al. 2016). Due to
the high chemical reactivity, surface adsorption ability and
surface charge presented by NPs, they interact efficiently
with biological systems, causing significant toxicity (Fiévet
and Brayner 2013, Nel et al. 2006, Ray et al. 2009). This
behavior has led to considering their use in the control of
phytopathogenic fungi (Prasad 2016, Tripathi et al. 2017)
such as nanofungicides (Abd-Elsalam and Alghuthaymi
2015), as is the case with the biohybrid nanocide materials
that are being used as a new environment-friendly
antimicrobial against different pathogenic fungal organisms
of plants (Abd-Elsalam and Alghuthaymi, 2015).

Nanoparticles - and nanofungicides in particular - have
in the main been synthesized by physicochemical processes
that do not have a high efficiency, as occurs in the synthesis
of chemical products in general (Trost 1991). This low
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efficiency of synthesis processes, especially organic in
nature, generates great concern for the management of
chemical waste and the challenges related to conservation
of resources. These processes cause environmental
pollution (Mitchnick et al. 1999), which has led to
considering the development of greener processes (Li 2016,
Virkutyte and Varma 2013). Since chemical reactions play a
fundamental role in the synthesis of products, including
NPs, “Green chemistry” is developing processes (“green
synthesis™) that involve chemical reaction conditions that
provide benefits related to resources and energy efficiency,
product selectivity, operational simplicity and both sanitary
and environmental safety, among others. For this,
innovative reactions with inherent advantages have been
evaluated and considered, seeking, for example, a direct
conversion of C-H links into desired structures without the
need for additional chemical transformations (Arndtsen et
al. 1995, Crabtree 2004). In nature this process occurs
frequently, since a variety of organic compounds can easily
be oxidized by molecular oxygen or other oxygen donors in
the cells of bacteria, fungi, plants, insects, fish and
mammals (Shapiro and Caspi 1998). Another innovative
aspect, also related to chemical reactions, is synthesis
without protection. The nature of classical chemical
reactivity of reactions that occur during the synthesis of
products, such as nanoparticles, involves stages of
protection-deprotection of functional groups, increasing the
number of steps in obtaining the desired compound. It is
necessary therefore to favor synthesis processes without
protection and de-protection (Li 2016, Li and Trost 2008).
Undoubtedly, an important innovation in the NP
synthesis process would be related to the type of solvent
used (Sheldon 2005). The solvent is an auxiliary material
employed during synthesis and although not an integral part
of the compound undergoing the reaction, it plays an
important role in the chemical production of the product of
interest. In classical chemical processes, the solvent is used
to dissolve reagents, extract and wash products, separate
mixtures and disperse products for practical applications. In
classical chemical synthesis, the solvent should further
facilitate mass transfer in order to modulate chemical
reactions in terms of reaction rate, efficiency, conversion
and selectivity (Li and Trost 2008). The ironic aspect of the
process is that, after the reaction occurs, the final product
must be separated from the solvent, requiring energy-costly
methods. Green synthesis re-defines the role of the solvent,
considering that it should facilitate mass transfer, but not
dissolve. The green solvent should ideally be natural, non-
toxic, cheap and easily available. Considering these
requirements, the most suitable solvents would be water
(Narayan et al. 2005) and CO; (Beckman 2003). In the
current study, water was used to obtain ZnO nanofungicides
by green synthesis, because it is a cheap, natural,
environmentally friendly solvent. In addition, hydrophobic
effects that can occur with its use during the process could
not only accelerate the reaction rates but increase the
selectivity of the reaction, even if the reagents were
partially soluble or insoluble in the medium (Li and Trost
2008, Rideout and Breslow 1980). Furthermore, using water
as a solvent could eliminate the tedious process of

protection-deprotection for certain acidic, hydrogen-
containing functional groups, an action that would
contribute to the overall efficiency of the process.

Specifically, research is currently being carried out
related to the synthesis of NPs of zero-valent metals, metal
oxides, and salts, using greener routes (Kharissova et al.
2013), given the importance of developing technologies for
the future, for humanity and the environment (Parveen et al.
2016). Green synthesis emerges as an alternative to reduce
the use of dangerous compounds and harsh reaction
conditions in the production of NPs. As such, if NP
synthesis were carried out using environmentally friendly
and biocompatible reagents, the toxicity of the obtained
material could be favorably affected and the environmental
impact of the byproducts reduced (Li and Trost 2008).

The Zinc Oxide Nanoparticles (ZnO-NPs) of interest for
this work and that are used in a large number of
technological applications (Jagadish and Pearton 2006,
Klingshirn 2007, Klingshirn et al. 2010, Morkog and 0 zgir
2008) for their optical properties (DjuriS§i¢ and Leung
2006), their semiconductor nature (Janotti and Van de Walle
2009) and for the physicochemical properties of their
surface (Woll 2007) have been used in environmental
remediation (Kisch 2014, Lead and Smith 2009, Sheldon
2005), specifically as antifungals (Arciniegas-Grijalba et al.
2017, Kairyte et al. 2013, He et al. 2011, Lo6pez and
Rodriguez-Paez 2017, Sharma et al. 2010), with high
effectiveness. They have been synthesized using different
methods (Kotodziejczak-Radzimska and  Jesionowski
2014). Several stand out, including precipitation (Moharram
et al. 2014, Rodriguez-Paéz et al. 2001), Pechini
polymerizable complex (Avila et al. 2004), combustion
(Guo and Peng 2015), sol-gel (Alwan et al. 2015),
hydrothermal (Yang et al. 2015) and polyol process
(Dakhlaoui et al. 2009). ZnO-NPs have also been obtained
through green synthesis (Agarwal et al. 2017, Ahmed et al.
2017, Hussain et al. 2016) and biological methods using,
for example, extracts of flowers (Ambika and Sundrarajan
2015, Dobrucka and Diugaszewska 2016), fruits (Jafarirad
et al. 2016), fruit peel (Jayaram et al. 2017), freeze-dried
leaf peel (Qian et al. 2015), coconut milk (Krupa and
Vimala 2016) and leaves and cellulosic fiber (Aladpoosh
and Montazer 2015, Ali et al. 2016, Anbuvannan et al.
2015). The ZnO obtained by green synthesis was found, on
several occasions, to have a greater antibacterial effect than
the chemically synthesized one (Dobrucka and
Dlugaszewska 2016), appreciably affecting multi-drug
resistant clinical bacteria (Ali et al. 2016).

In this work, ZnO-NPs were synthesized by a chemical
route, while ZnO-based nanobiohybrids were obtained
using green synthesis, in order to determine the antifungal
capacity of each on the Cercospora sp. fungus, a pathogen
of the coffee crop. To synthesize the nanobiohybrids, an
extract of garlic (Allium sativum) was used as synthesis
solvent, since multiple biological activities are attributed to
garlic (Ledezma and Apitz-Castro 2006), including its anti-
fungal capacity (Aala et al. 2014, Muhsin et al. 2001,
Tansey and Appleton 1975, Timonin and Thexton 1951,
Yoshida et al. 1987). Antifungal evaluation showed that the
efficiency of the nanofungicides depended as much on the
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Fig. 1 Synthesis processes used to obtain ZnO-based nanomaterials by a (a) chemical route and by (b) green synthesis

technique of obtaining them, i.e., chemical or green
synthesis, as on fungal characteristics such as evolutionary
adaptations and the expression of a number of fungal genes
involved both in the uptake of ZnO and in the response to
oxidative stress, an aspect reported recently (Li et al. 2017).

2. Materials and methods

2.1 Obtaining ZnO-NPs by a chemical route

The ZnO nanomaterials (ZnO-NMs) used in this work
were synthesized using the methodology described in a

previous paper (Arciniegas-Grijalba et al. 2019). To obtain
the ZnO-NPs using a chemical route, a certain amount of

zinc acetate (Zn(O2CCHs)2(H20)2 - AcZn Merck) was taken
and dissolved in ethylene glycol (C2HsO2 - Merck) (Fig.
1(a)). The mixture was stirred until the solution became
completely transparent. The resulting solution was acidified
with nitric acid (HNOs - Merck) until reaching a pH of 4.
Ammonium hydroxide ((NHsOH) - Merck) was added to
this mixture at a rate of 1 mL/min, making use of the
Metrohm 775 Dosimat, maintaining the mixture in
continuous agitation until reaching pH 8. Distilled water
was then added to the system to promote hydrolysis
reactions within it. NH,OH was again added to the solution
until reaching a pH of 9.5. To remove the solvent, the
obtained suspension was dried on a hotplate for 6 hours at
150°C. The resin obtained, viscous in nature, was subjected
to heat treatment at 300°C, obtaining a brown solid (pre-
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calcined material). This solid was macerated in an agate
mortar until obtaining a very fine powder, a material that
was subjected to a heat treatment at 600°C for 4 hours using
a Thermolyne furnace, obtaining the ZnO of interest.

2.2 Obtaining ZnO-based biohybrid nanomaterials by
means of green synthesis

To synthesize the ZnO nanobiohybrid by a green route,
a plant was used that reports antifungal capacity, namely
garlic (Allium sativum). For this, samples of garlic were
obtained in a popular store. These were taken to the
microbiology laboratory where the husk was removed and
weighed. Next, 10 g of fresh, washed and disinfected fresh
garlic was added to 100 mL of water and this mixture was
blended at room temperature using an Oster 6381 blender.
The product obtained was filtered and the filtrate stored at
4°C for subsequent use. The ZnO nanobiohybrid was
synthesized by controlled precipitation (Fig. 1(b)). For this,
zinc acetate dihydrate (Zn(O.CCHjs)2(H20), - AcZn) was
also used as the zinc precursor, and the garlic extract in
distilled water as a solvent. The obtained suspension was
stirred at room temperature and acidified with nitric acid
(HNO3) until obtaining a pH of 4 in the system. The
NH4OH was then added to the suspension at a rate of 2
mL/min under continuous agitation of the system (200
rpm), and the increase in the pH of the system was carried
out in a controlled manner until reaching a pH of 8.5. The
process was carried out at room temperature and the
resulting precipitate was allowed to age for 1 day.

After this time, the obtained suspension was filtered
using a membrane with pore size of 0.22 um and the solid
obtained was dried and re-dispersed in a volume of garlic
extract similar to that used during synthesis, using a high
shear disperser (IKA-T50), at 10.000 rpm, for 20 minutes.
This process of re-dispersion, aging and filtration of the
precipitate was repeated five times every 24 hours and after
each stage a solid sample was taken, which was
characterized with IR spectroscopy to determine the
evolution of the functional groups present in it. This stage
was implemented in the synthesis process in order to favor
the direct conversion of the C-H bonds into desired
structures and to avoid the heat treatment that would favor
the chemical transformation to ZnO, as occurred in the
chemical synthesis. The resulting product, after carrying out
the washing process, was dried in a furnace at 80°C, for 12
hours, and macerated in an agate mortar. The solid obtained
in each washing step was characterized to determine the
evolution of the solid phase during the synthesis process.

2.3 Characterization of the synthesized
nanomaterials

The samples obtained through the synthesis processes
described above were characterized using various
conventional techniques. IR spectroscopy was used to
determine the different functional groups present in the
samples of interest. The sample to be analyzed was obtained
by mixing dry KBr with the synthesized solid. The scan was
carried out between 4000 cm™ and 400 cm™ using a

Thermo Nicolet IR 200 spectrophotometer.

To determine the possible electronic transitions that may
occur in the solid of interest, UV-Vis absorption
spectroscopy was used, using the Thermo Spectronic
Genesys equipment. The synthesized samples were
dispersed in distilled water, in concentrations of 0.1 and 0.2
g/mL, and the suspension was emptied into 1 cm high
quartz cells that were placed in the chamber of the
equipment for analysis. The scan was performed between
190 and 750 nm.

To determine the crystalline phases present in the
samples synthesized, X-ray diffraction was used. XRD
patterns of the solids of interest, in powder, were obtained
using a Bruker D8 Advance X-ray diffractometer, using Ka
radiation from Cu (1 = 1.542 A) in the range of 10 to 70 in
26.

The size and morphology of the particles, as well as
their state of agglomeration, were determined using electron
microscopy. To obtain the micrographs in Transmission
Electron Microscopy (TEM), the synthesized solids were
suspended in 1 mL of ethanol and this suspension was
placed in an ultrasonic bath, for one hour. Subsequently,
using a Pasteur pipette, a small amount was taken and
deposited on a nickel grid previously covered with a
Formvar membrane. The grid was placed in the sample
holder of a Jeol JEM 1200 EX electron microscope and the
sample was observed.

Meanwhile, in order to obtain micrographs with
Scanning Electron Microscopy (SEM), the FE SEM JSM-
7100F equipment was used. To this end, a double-sided
carbon tape was used, on which the solid to be analyzed
was dispersed. This disposition of the sample was placed in
the sample of the equipment and its analysis proceeded
with.

2.4 Methodology used to determine the action of
nanomaterials on coffee pathogens

To determine the percentage inhibition of ZnO-based
nanofungicides on coffee pathogen strains, a three-part
method was developed. For this, an experimental design
was proposed in randomized complete blocks (days), in
triplicate, for which the action of the treatments over time
was considered, depending on the growth of each fungus.
Initially, solid mycological culture media (potato dextrose
agar) were prepared to form on them a culture medium
without any treatment (control) and a second culture
medium containing ciproconazole (120 L) (a fungicide), as
well as three treatments that contained the culture medium
and the ZnO-NPs in concentrations of 6 mmol.L™* (T1), 9
mmol.L™* (T2) and 12 mmol.L™* (T3).

To obtain homogeneity and reproducibility in planting, a
16-day-old fungus was used to guarantee the existence of
growth structures, employing a 1.5 cm diameter punch as
the standard size of fungal inoculums. These were deposited
in the center of each box of culture medium, for each of the
nanofungicide treatments considered. ZnO-NPs and ZnO
nano-biohybrids (obtained by means of the method
developed by Arciniegas-Grijalba et al. (2019)) were
incorporated into prepared media taking account of the
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indicated experimental design.

Monitoring of the culture media was started from the
third day after sowing and a photographic record of the
crops was taken periodically, until the control completely
covered the petri dish (for example, for Cercospora sp., 12
days). These records were then taken to the “Image pro
Analyzer” image analysis system to measure the growth
area or the inhibition halo.

Finally, using the data from the periodic recording of
growth area (measured in cm?), statistical analysis was
performed to determine if the differences observed in this
parameter were statistically significant. All data were
subjected to a normal curve adjustment and homogeneity of
variance analysis, and on meeting these two criteria, the
two-way ANOVA test was used, using the BioStat 5.3
program (Zar 2014). The graphics were constructed using
the GraphPad program (Motulsky 2007), obtaining the bar
diagrams that visually revealed the most efficient treatment
in terms of inhibition.

To obtain quantitative information on the efficiency of
these treatments, with the same data used to obtain the bar
charts, percentage inhibition was determined using the
following equation

% inhibition
_ Growth of control — Growth of treatment 100 (1)

Growth of control

2.5 Identification of morphological and ultra-structural
damage in the fungi

2.5.1 Preparation of the samples

The samples of the fungal isolates used for the ultra-
structural analysis were previously selected considering the
inhibitory effect produced by the action of the
nanofungicides. These were processed according to the
standard protocol for transmission electron microscopy
(Romero de Pérez 2003). Small samples of the selected
isolates were placed in Eppendorf vials. They were then
fixed overnight in a 2.5% glutaraldehyde mixture at 4°C.
The following day the fixative was removed and the
samples were washed three times with phosphate buffer
(PBS), for five minutes each time. They were then post-
fixed with osmium tetra-oxide (OsOa4) at 1%, for 1 hour at
room temperature, and then washed again with buffer, three
times for five minutes each time. The post-fixed samples
were dehydrated with ethanol in ascending concentrations
of 30%, 50%, 70%, 80%, 90%, 95% and 100%, with a
holding time of 10 minutes in each alcohol concentration.
The pre-imbibition was carried out using a mixture of
alcohol and LR White resin in proportions of 3:1, 1:1, 1:3,
for 45 minutes for the first two proportions, and the other
was left for 1 hour.

Finally, the samples were placed in gelatin capsules,
labeled and included in LR White resin, polymerized in an
ultraviolet chamber at room temperature for 48 hours. Once
the samples were polymerized, the capsules were taken and
scraped with a double-edged knife so as to eliminate the
excess resin and be able to obtain semi-fine sections of 200-
300 nm and ultra-fine sections of 40-60 nm. The semi-fine

and ultra-fine sections were obtained using a glass blade
with the aid of an ultramicrotome (Leica Ultracut R).

2.5.2 High resolution optical microscopy (HROM)

« Imprint: Using transparent tape, samples were taken
directly from the culture media, taking into consideration
the control treatment and the treatment with nanofungicide,
taking into account the concentration that had the greatest
inhibitory effect on the growth of the strain. Subsequently,
the imprint was placed on a slide, with a drop of
lactophenol blue, and underwent observation using the
Nikon Microphot MOAR. Images of interest were recorded
using a Nikon Digital Sight DS-2Mv camera linked to the
microscope, using the “Nis Elements” program for image
capture.

 Analysis of semifine sections: The semifine sections
cuts, 200-300 nm thick, were fixed with heat on the glass
slide plates, stained with toluidine blue, flaming the plate
and washing with distilled water. These sections were
observed in the light field microscope (Nikon Microphot)
using 40x and 100x lenses in order to select the area of
greatest interest where the greatest number of hyphal
structures were found, arranged transversely and
longitudinally. This area was delimited and detailed again to
obtain the ultra-fine sections.

2.5.3 Transmission electron microscopy (TEM)

Analysis and the ultra-structural description, looking at
the effect of the nanofungicides on the selected isolates, was
carried out by observing the TEM micrographs taken at
different magnifications with the Jeol JEM 1200 EX
operated at 80 Kv (Bozzola and Russell 1999).

« Contrast with uranyl acetate-lead citrate: The ultrafine
cuts of 40-60 nm (ranging from gray to silver in color) were
collected on copper grids coated with formvar membranes.
These were contrasted with 4% uranyl acetate, for 20
minutes, using the humid, dark chamber flotation method.
They were washed by dripping distilled water and then
placed in contact with a drop of lead citrate, for 10 minutes,
in a humid chamber containing tablets of sodium hydroxide
(NaOH). Finally, the sections were washed with distilled
water, dried with filter paper and observed in TEM
(Bozzola and Russell 1999).

3. Results

3.1 IR spectra corresponding to synthesized
nanomaterials

In the spectrum of Fig. 2(a) corresponding to the ZnO
solid obtained by a chemical route, a band appears at 3435
cm? that can be associated with the hydroxyl groups, as
does an intense band close to 450 cm™, characteristic of
zinc oxide. The small bands located between 730 and 1500
cm™ can be associated with the presence of superficially
absorbed species (for example groups containing carbon)
and the presence of structural defects where H* and H-
species would be found due to the presence of impurities
from hydrogen within oxygen vacancies, as occurs in other
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Fig. 3 UV-Vis absorption spectra and X-ray diffractograms corresponding to samples synthesized by chemical route
((a) and (c)) and green route ((b) and (d))

systems (Kumar and Kumar 2008a, b, Stankic et al. 2010).
In the IR spectrum corresponding to the unwashed

nanohybrid sample (Fig. 2(b)), the bands characteristic of
NH; (3200 cm™®), hydroxyl (around 3500 cm™), COO
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(doublet around 1500 cm™), and garlic (band around 1000
cm?) are observed. As the washing process progressed, on
using the water + garlic solution (Fig. 2(b)) the bands
associated with the CH bonds and the NH; and COO-
functional groups were significantly reduced, the bands
associated with garlic (~1000 cm™) and that characteristic
of ZnO (~450 cm™) being more evident (Figs. 2(b) and (c)).
This result indicates that employing the washing process
achieved a direct conversion of CH bonds to desired
structures (wurtzite type ZnO) (Fig. 2(b)), one of the
innovative aspects of interest for green chemistry.
Specifically, for the solid obtained from the sixth wash with
the water + garlic solution, Fig. 2(c), its IR spectrum clearly
showed the band characteristic of ZnO, around 450 cm™.
Bands were also observed, between 1550 and 1000 cm™?,
that can be associated to organic functional groups, whose
origin would be primarily the garlic used during the
synthesis process, although the contribution of the COO-
group from the precursor cannot be ruled out.

3.2 UV-Vis absorption spectra for the synthesized
samples

The UV-Vis absorption spectrum of ZnO synthesized by
a chemical route is shown in Fig. 3(a). It shows a band at
370 nm that can be associated with a valence band-
conduction band electron transition, related to the width of
the band energy (energy gap) and whose value would be
~3.3 eV. In addition, transitions are observed in the visible
(> 400 nm) where the structural defects present in the
sample would intervene. The bands located between 200
and 350 nm would correspond to electronic transitions
between orbitals located on the Zn?* and O% ions (charge
exchange), evidencing quantum confinement effects. In Fig.
3(b), the UV-Vis absorption spectrum corresponding to a
nanobiohybrid is synthesized by the green route, using
water + garlic as solvent (sixth wash). In this spectrum, the
absorption band corresponding to the inter-band electronic
transition characteristic of ZnO is not observed. Only a
band between 200 and 250 nm is observed, which could
correspond to transitions between orbitals located on the
ions. This result indicates that the surface of the
nanobiohybrids contained an appreciable amount of zinc-
organic compound complexes from garlic, as indicated by
the results of IR spectroscopy (Figs. 2(b) and (c)), which
would contribute appreciably to the UV-Vis spectrum,
obscuring the contribution of the ZnO.

3.3 Crystal structure of nanomaterials

In Fig. 3(c), the X-ray diffractogram of the sample
synthesized by a chemical route is observed. The peaks of
this diffractogram correspond to the wurzite-type ZnO
(JCPDS 79-2205) well crystallized. In Fig. 3(d), the X-ray
diffractogram of the sample synthesized by a green route is
shown. The peaks of this diffractogram correspond to the
wurzite type ZnO (JCPDS 79-2205) and the low
crystallization of the oxide is evident, possibly due to the
presence of garlic in the synthesis system.

Furthermore, this sample was not heat-treated at
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Fig. 4 Micrographs obtained with (a) SEM; (b) TEM,
as well as the (c) particle size distribution of the
samples of (i) ZnO-NPs synthesized by a
chemical route and (ii) nanobiohybrids
synthesized by a green route

temperatures higher than 100°C, to obtain ZnO, and only
washing the solid precipitate with the water + garlic
solution and then drying it favored the formation of the zinc
oxide.

Other phases may also be present since peaks could be
observed that could not be assigned to a particular
compound. This result reiterates the action of the washing
process used to obtain the ZnO nanohybrids in the direct
conversion of the C-H bonds into desired structures
(wurtzite type ZnO), one of the innovative aspects of
interest for green chemistry.
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3.4 Size and morphology of the synthesized
nanomaterials

Fig. 4(i) shows the SEM and TEM micrographs of the
ZnO synthesized by chemical route. In these it is observed
that the particles had a spheroidal morphology and a
particle size smaller than 100 nm (Figs. 4(i-a) and 4(i-b)),
quite homogeneous and powders with low agglomeration.
In Fig. 4(ii), the micrograph obtained with SEM is observed
(Fig. 4(ii-a)) of the nanobiohybrid synthesized by green
synthesis. The powder sample presented particles with
laminar morphology and a great tendency to stacking which
made it difficult to identify the primary particles in the
secondary particles (agglomerates). The nanometric
characteristics (< 100 nm) and low agglomeration of the
nanobiohybrids were evidenced in the micrographs obtained
with TEM (Fig. 4(ii-b)).

Considering the results from the characterization of the

groups, rich in electrons, are found in Alliin (Scheme 1(a)),
so this compound would be the most likely to act as a
binding group during the formation of zinc oxide. In the
alliin molecule (Scheme 1(a)) there are three groups that
can act as Lewis bases and coordinate with the metal ion
(Basolo and Johnson 1967, Demongeot et al. 2016), giving
rise to three possible metal complexes, such as those
indicated in Scheme 1(b).

Specifically, since Zn*? is a class A electron acceptor, it
could form more stable complexes with the donor atoms of
the second period, oxygen and nitrogen rather than with
sulfur (period 3), acting as a strong acid (Ahrland et al.
1958). This characteristic and condition of Zn*2 would favor
the formation of a Type Il complex, on reaction of the zinc
precursor (zinc acetate dihydrate) with the Alliin, through
the reactions indicated in Scheme 2, with the participation
of the base that was added to the system as a precipitant.

Deprotonation of the carboxylic acid by the base

o}

\\\/\s/\)kon \/\S 0o
8 t: “=OH — | H20

NH2z (o] NH2
Alliin
2-amino-3 - [ prop-2-enylsulfinyl] propanoic base 2-amino-3 - [ prop-2-enylsulfinyl] water
propanoale

obtained zinc nanobiohybrids, some reactions that could
occur between the complexes that exist in garlic and the
zinc ion during the synthesis of these nanomaterials are
proposed below, and that could occur during the
development of a plausible mechanism to explain their
biosynthesis. An analogous proposal, on a biosynthesis
mechanism, was previously indicated in the work of
Matinise et al. (2017) where researchers obtained ZnO-NPs
using Moringa olefeira. In the present work, it should be
taken into account that the bioactive compounds that exist
in garlic mainly contain functional groups such as
carboxylic acids, amines, sulfoxides, alkenes and disulfide
bonds (Martins et al. 2016). Several of these functional

In these reactions, the COO" group would act as a
bidentate ligand in the coordination sphere of the zinc
(Ahrland et al. 1958). In addition, the different stages of
washing with the water + garlic solution to which the
precipitate obtained was subjected, would guarantee the
presence of Alliin in the system, favoring its coordination
with zinc and therefore the development of the reactions
indicated in Scheme 2.

Meanwhile, the bioactive molecules (E)-ajoene, (Z)-
ajoene and Allicin, which are also found in garlic (Martins
et al. 2016), present sulfoxide groups in their structure in
which oxygen, with its free pairs, could coordinate to zinc
as indicated in Scheme 3, as with other systems (Glatz et al.
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2016).

The presence, on the surface, of the nanobiohybrid zinc
complexes that would form through the reactions indicated

in Schemes 2 and 3, would help to explain the results of the
characterization with IR (Figs. 2(b) and (c)) and UV-Vis
spectroscopies (Fig. 3(b)), as well as with XRD (Fig. 3(d)),
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Fig. 5 Macroscopic growth of Cercospora sp. after 12 3
days of testing, considering the antifungal action "

of the different concentrations of the ZnO-NMs
(6, 9 and 12 mmol.L ™), synthesized by:

(a) chemical route; (b) green route (nanobio-
hybrid). [Control: fungus without treatment;
fungicide: fungus treated with commercial
Ciproconazole]

of the biosynthesized nanomaterials.

3.5 Action of the synthesized nanofungicides on the
coffee crop pathogen isolates

3.5.1 Effect on the Cercospora sp. isolates
3.5.1.1 Macroscopic effect of nanofungicides on the
Cercospora sp. isolates

Fig. 5 shows the result of the seeding of Cercospora sp.
in the bioassays with ZnO-NPs (chemical route) and with
ZnO nanobiohybrids (green route), taking as referents the
fungicide (PDA culture medium with Ciproconazole -
Alto100® ) and the control (PDA culture medium without
antifungal). At twelve (12) days of observation of the test,
the inhibition of the growth of the fungi Cercospora sp.
through the action of the ZnO-NMs, synthesized by a

N ) © ) \q' \‘)
Time (days)
Fig. 6 Bar chart illustrating the growth area of

Cercospora sp, subjected to the action of:
(a) ZnO-NPs (chemical route); (b) nanobio-
hybrids (green route) at different concentrations
and days [Control: fungus without treatment;
fungicide: Fungus treated with commercial
Ciproconazole]

chemical route (Fig. 5(a)) was more evident than that of
those obtained by green route (Fig. 5(b)). For the
quantitative analysis of the antifungal capacity of the ZnO-
NMs synthesized by a chemical route and the ZnO
nanobiohybrids synthesized by green route, the growth area
of the fungi subjected to the action of these nanofungicides
was measured as a function of time (Fig. 6). In the diagrams
of Fig. 6(a) it is observed that the ZnO-NPs, in comparison
with the nanobiohybrids (Fig. 6(b)), have a more favorable
antifungal activity on the growth of the fungi Cercospora
sp.; the 12 mmol.L™ concentration being the most efficient
(See Table 1).

Table 1 Percentage (%) inhibition of mycelial growth of Cercospora sp. with ZnO-NMs synthesized by chemical and

green methods

Percent inhibition of mycelial growth

Fungicide

Control (1:100)*

Treatment

Pathogen

12 (mmol.L ™)

9 (mmol.L™%) 6 (mmol.L %)

Cr

Cr Gr Cr Gr

Cercospora sp. Cercospora sp.

Cercospora sp. Cercospora sp. Cercospora sp. Cercospora sp. Cercospora sp. Cercospora sp.

Day
6 0 91.70 70.60 64.62 68.54 55.34 67.17 52.10
9 0 94.44 82.87 69.53 81.26 62.95 79.82 59.08
12 0 96.13 87.10 72.37 85.13 68.96 84.12 64.73

1:1000*: 1 part fungicide to 1000 parts water; Cr: Chemical route; Gr: Green route
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Fig. 7 Images of the reproductive structures
(conidiophores and conidia) of Cercospora sp.
corresponding to samples: (a) control; (b) treated
with ZnO-NPs (chemical route - 12 mmol.L™);
(c) treated with ZnO nanobiohybrids (green route
- 12 mmol.L™)

The data obtained from the percentage of inhibition of
the action of the synthesized nanomaterials on Cercospora
sp, calculated using Eq. (1), are meanwhile indicated in
Table 1.

3.5.1.2 Identification of morphological and
ultrastructural damages in the Cercospora sp.
fungus caused by the treatment with Zno-NPs
and nanohybrids
» Morphological changes observed on Cercospora sp.
with HROM
In Fig. 7(a), we can observe the reproductive structures
corresponding to Cercospora sp. The dispersed conidia
showed an acicular morphology and a hyaline coloration,
while the conidiophores showed a yellow to brown
coloration, forming units that had several ramifications.
Meanwhile, in the sample subjected to treatment with ZnO-
NPs obtained by chemical route (12 mmol.L™%: Fig. 7(b)),
the presence of conidiophores is not evident, only deformed
spots are observed that could be associated with these
structures. In addition, the conidia showed a significant
change in their morphology, losing their acicular form. On
the other hand, in the sample treated with the
nanobiohybrids, obtained by green route (12 mmol.L™*: Fig.
7(c)), the development of the reproductive structures
occurred normally: the conidia kept their acicular form but
underwent a slight elongation and the conidiophores did not
present any modification.
« Ultra-structural changes observed on Cercospora sp.
with TEM
Fig. 8 shows the micrographs obtained with TEM of
cells of the Cercospora sp. fungus, control (Fig. 8(a)) and
subjected to treatments with the synthesized NMs (Figs.
8(b) and (c)). In the ultrafine sections of Cercospora sp.,
corresponding to samples at 12 days of growth, the presence

L
Fig. 8 Micrographs obtained with TEM from
Cercospora sp.: (a) control and of the fungus
subjected to treatment with (b) ZnO-NPs
(chemical route); (c) ZnO nanobiohybrids (green
route). [Cell wall (Cw), Cytoplasm (Cyt),
Nucleus (N), Nucleolus (Nu), Vacuole (V) and
Septo (S)]

of the characteristic organelles of the cell was observed in
the control (Fig. 8(a)). Meanwhile, observing the sample
treated with ZnO-NPs obtained by a chemical route (Fig.
8(b)), the displacement of the cytoplasmic content by
vacuoles and thinning of the cell wall is imminent. On the
other hand, in the sample treated with nanobiohybrids,
obtained by a green route, the conservation of cell
organelles with an incipient vacuolization process is evident
(Fig. 8(c)). These results show a greater aggression, to the
ultra-structural part of Cercospora sp. by the ZnO-NPs
obtained by chemical synthesis.

In general, the results obtained in these tests indicate
that the presence of the ZnO-NMs affected the regular
growth cycle of Cercospora sp., as indicated by the
photographs of the growth of the strains (Fig. 5), the growth
area bar charts (Fig. 6), the changes in the reproductive
structures (Fig. 7), the ultrastructural changes (Fig. 8) and
percent inhibition data (Table 1). The strongest inhibition
effect was observed with ZnO-NMs obtained by a chemical
route.

4. Discussion

Although preliminary ideas exist for structuring a
mechanism to explain the action of nanomaterials (NMs) on
fungi (Arciniegas-Grijalba et al. 2017, 2019, Lépez and
Rodriguez-Paez 2017), such as those studied in this work,
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Fig. 9 Diagrams that illustrate: (a) the structure of the cell wall of the fungus and some effects of the interaction of the
nanomaterials with the proteins contained in it (adapted from Arciniegas-Grijalba et al. (2019)), and the proposed
electrical interactions between nanomaterials of ZnO and the (b) cell membrane and (c) biomolecules (proteins)

there is not yet a consolidated and fully verified model. In
order to structure the mechanism of action of NMs, it is
necessary to identify the main phenomena that occur at the
nanomaterial-fungal cell wall surface interface. Fig. 9
shows three diagrams that illustrate the phenomenological
model that we propose to qualitatively account for the
action of the synthesized ZnO (ZnO-NMs) nanomaterials
on the fungi of interest for this work. Undoubtedly, this
model requires carrying out, in future, more rigorous
systematic investigations using more elaborate experimental
techniques.

To explain the results obtained from the inactivation of
the fungi Cercospora sp., for those in synthesized ZnO-
NMs, it is necessary to consider the interaction of these
NMs with the biological system, specifically with the cell

wall of the fungi. As indicated in Fig. 9(a), the fungal cell
wall is composed of glycoproteins and polysaccharides,
mainly glucan and chitin (Bowman and Free 2006,
Feofilova 2010, Gow et al. 2017). Glucan is the most
important structural polysaccharide in the fungal cell wall,
constituting 50-60% of the wall by dry weight (Kapteyn et
al. 1999). Chitin on the other hand (long-chain
homopolymers of beta-1,4-linked N-acetylglucosamine) is a
relatively minor but structurally important component of the
fungal cell wall (Bowman and Free 2006, Feofilova 2010,
Gow et al. 2017). Meanwhile, in the walls of filamentous
fungi such as those used in this work, it has been estimated
that the amount of proteins present in them can be between
20-30% of the total cell wall mass. Some important proteins
in fungi are hydrophobins, amphipathic proteins that can
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self-assemble to generate rodlets that produce a
hydrophobic interface between filamentous fungi and their
environments (Linder 2009).

In general, at the nano-bio (ZnO-NMs-cell wall)
interface, dynamic physicochemical interactions as well as
kinetic and thermodynamic exchanges ought to occur
between the surface of the NMs and the surface of the
biological component (e.g., membrane and proteins). This
nano-bio interface would consist of three components of
dynamic interaction: (1) the surface of the nanomaterial, (2)
the solid-liquid interface where the changes in the particle
on interacting with the components of the environment
occur and (3) the solid-liquid interface in the contact zone
with the biological substrate (Nel et al. 2009).

Specifically, the most important forces that would act
between the NMs, the medium interface and the biological
substrate would be long-range ones, attractive van der
Waals and repulsive or attractive electrostatic mainly, and
short-range forces caused by the existence of charge - steric,
depletion and solvent interactions (Min et al. 2008). An
important interaction of the NMs is with the cellular
membrane (Fig. 9(b)) where electrostatic-type forces
(Zzhang and Yang 2011) and hydrophobic ones are
prominent (Hartono et al. 2010). These interactions can lead
to changes in the two components, both membrane
disruption and modification of the surface properties of
NMs where the main factors to consider, for analysis and
description, would be the concentration of NMs, their
composition, size, surface characteristics (Mu et al. 2014)
and point defects that may be present (Bak et al. 2011),
among others. Additionally, because the interaction pattern
would be supported by the physico-chemical properties of
the nano-bio interface, it is expected that the surface
potential of the NMs, generated by their surface charge,
would induce an electrostatic field around them that could
cause re-orientation of the local water molecules (Shapiro
and Caspi 2010) as well as of the phospholipids in the
membrane (Mu et al. 2014). In addition, an interfacial
potential can be generated as a result of all the forces of
interaction between the NM and the surface of the
biomolecules, a potential that would play an important role
in the antifungal capacity shown by the ZnO-NMs
synthesized in this work, similar to what was evidenced
with the antibacterial activity of the ZnO-NPs in the work
of Arakha et al. (2015). This interfacial potential could lead
to the physical rupture of the membrane due to the increase
of the surface tension on it, or an increase of Reactive
Oxygen Species (ROS), at the interface or within the cell
wall of the fungus (Fig. 9(a)).

Elsewhere, recent work by De Lucas-Gil et al. (2013,
2018) puts forward the possibility of mechanisms of an
electrical nature involved in the antibacterial and antifungal
activity of semiconductors, for example in the ZnO of
interest for the present work. These researchers suggest that
through the modulation of the orientation of the surface
charge of the particles, controlling the morphology of the
microstructured ZnO (Ms-ZnQ), multiple Schottky-type
barriers could be generated that would allow the
accumulation of negative charge in localized regions of the
structure of Ms-ZnO and that they would act as “charged

domain walls”. According to the researchers, this charge
configuration would improve the microbial activity of the
ZnO by an electrical discharging effect because the Ms-
ZnO would act as a pulsed electric field propitiating
potential discharges against the cell membrane. As a result,
these Ms-ZnO would produce a high electric field that
would exceed the breakdown potential of the lipid bilayer
causing irreparable damage to the membrane (Unal et al.
2002).

These results indicate that, in addition to chemical
mechanisms (release of Zn?* and ROS cations) (Sirelkhatim
et al. 2015) and physical ones (abrasion, membrane
penetration, direct interaction through electrostatic effects),
it is necessary to consider, in greater detail: Entropic
mechanisms (Arciniegas-Grijalba et al. 2019, Kumar et al.
2017) that cause damage to microorganisms; and direct
physical interactions (mainly electrical) that take into
account the n-type semiconductor nature of ZnO and the
electrical behavior of the cell membrane of the fungus (Fig.
9(b)) and of the proteins that make up the corona protein
(Figs. 9(a) and (c)). As indicated in Fig. 9(b), in the ZnO-
NM-membrane interface it is expected that the conduction
bands of the n-type semiconductor ZnO-NMs are curved,
favoring the local accumulation of charge carriers, as has
been proposed and analyzed for other systems (Bak et al.
2011). As indicated previously, one of the components of
the nano-bio interface is the solid-liquid interface in the
contact zone with the biological substrate (Nel et al. 2009),
which is illustrated in Fig. 9(b). This interface is metastable
in nature because it is subject to an inhomogeneous and
dynamic or transient environment due to the distribution
and different spatial localization of the structures of
proteins, lipids and glycosylated on the cell wall surface
membrane. Specifically, the water present in this zone could
be adsorbed on the surface of the ZnO-NMs as a result of:
(i) A physisorption process in its molecular form and/or (ii)
a dissociative chemisorption process. As indicated in Fig.
9(b), the semiconductor/solution interface would acquire an
equilibrium condition when the Ox/Red level of the
solution, Ewred, aligns with the Fermi level, EF, of the ZnO
(n-type semiconductor) (Gerischer 1990, Nozik and
Memming 1996), such that the Fermi energy of the
semiconductor would become equal to - eg®, where z° is
the electrochemical potential of the electron in the solution
and “e” the absolute charge of the electron (Lichterman et
al. 2015). This process would cause a flow of charge
between the semiconductor and the solution, generating a
region of space charge in the semiconductor, accompanied
by an electric field, and therefore the upward band bending
in the ZnO, as illustrated in Fig. 9(b). The band bending that
would occur in the ZnO-NMs would facilitate the charge
separation, repelling the electrons towards the bulk of the
semiconductor and attracting the holes towards its surface,
causing an enrichment of holes in this place (Zhang and
Yates 2012). Charge separation would occur as long as the
edge of the conduction band is greater than the hydrogen
reduction potential (H*/H,) and the edge of the valence
band less than the oxidation potential of the water (O2/H20)
(Guo et al. 2018).

Another important interaction to consider, to account for
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the antifungal effect of the ZnO-NMs synthesized in this
work, is the one that would occur between the NMs and the
proteins that the cell wall of the fungus contains. On the
ZnO-NMs entering the physiological environment of the
fungus, its surface would be covered by the proteins
forming a long-life corona layer (“hard corona™), which is
strongly adsorbed to the surface, and a dynamic corona
(“soft corona”) on top of it (Mahmoudi et al. 2016). The
adsorption of the proteins on the surface of the ZnO-NMs
would be governed by both the affinity of the protein-NM
bonds and the protein-protein interactions (Kharazian et al.
2016). Specifically, the adsorption of the proteins on the
surface of the NMs would be favored by van der Waals type
forces, hydrogen bonding and electrostatic and hydrophobic
interactions, with the electrostatic type being the most
important for the anchoring of proteins to the surface of the
NMs: The overall charge of the protein would favor its
adsorption. It should be emphasized that the surface of the
nanomaterials can induce thermodynamic instabilities on
the molecules of the adsorbed proteins. In the work of
Saptarshi et al. (2013), the most important structural
modifications induced by the interaction of NMs with
proteins are indicated. From the point of view of
biomolecules, the interactions should lead to the formation
of coronas of different natures, denaturation of proteins and
the formation of NM-protein complexes (Lynch et al. 2007,
Piella et al. 2017), eventually promoting the activation of
signaling pathways (Kelly et al. 2015) and determining,
finally, their physiological response and toxicity (Casals and
Puntes 2012).

On entry of the NMs into the cell wall, their interaction
with the fungal cell wall could occur through the corona of
adsorbed proteins on the nanomaterial surface (Fleischer
and Payne 2014, Jayaram et al. 2017, Kopp et al. 2017). In
addition, if the nanofungicides enter the fungal cell wall,
they could become trapped, disturbing the intrinsic disorder
of the proteins, associated with their structural mobility
(Romashchenko et al. 2017), as illustrated in Fig. 9(a). The
entropic consequences of this disorder-to-order transition
would be compensated by their ability to adjust to a
structure of the binding partner, in order to wrap or hug the
surface of the nanoparticles, resulting in the extensive
interaction surface and interaction energy gains. It would
also favor the interaction of the proteins with the NMs
surface. This action of the nanomaterials could interfere in
the synthesis of the proteins, triggering cell responses that
would lead to inactivation of the fungus.

Moreover, the electrical interaction between the ZnO-
NMs and the proteins (large biomolecules) that are
adsorbed on its surface, once the protein corona has formed,
can promote electron exchange and therefore the upward
band bending in the ZnO, such as is illustrated in Fig. 9(c).
As indicated by Zhang et al. in their work (Zhang and Yates
2012), the adsorption of molecules on the surface of a
semiconductor can induce band bending close to its surface.
Taking into account the adsorption of a biomolecule, for
example acceptor (A) on the surface of the ZnO-NM (n-
type semiconductor), when it approaches the surface one of
its non-full molecular orbitals would interact with the
semiconductor and this would shift downward. This

interaction would also cause the broadened molecular
orbital to accept electrons from the semiconductor, favoring
the generation of an electric field and the upward band
bending close to the semiconductor surface (Zhang and
Yates 2010), as indicated in Fig. 9(c). This band bending
effect would affect the transport of charge, holes and
electrons, through the ZnO-NM-biomolecule (protein)
interface, preventing the passage of electrons to the bulk of
the semiconductor and favoring the accumulation of holes
in its surface.

Considering the physical interactions of an electrical
nature proposed for the ZnO-NM-membrane (Fig. 9(b)) and
ZnO-NM-biomolecule (protein) interfaces (Fig. 9(c)), there
would be localized electric fields produced by the local
accumulation of charge (space charge), which would affect
the membrane of the cell wall of the fungus, as proposed by
De Lucas-Gil et al. (2013, 2018). In addition, it would have
its ZnO-NMs surfaces rich in holes that would favor the
development of reactions that should lead to the production
of ROS, such as the following (Jedsukontorn et al. 2018,
Nosaka and Nosaka 2017)

HO +h* — eOH + H* B
2H,0 + 2h* —> H0, + 2H* (3)
eOH + eOH — H,0, (4)

generating hydrogen peroxide (H20;) and hydroxyl radicals
(eOH) through the oxidation of water present in the nano-
bio interface. In addition, considering the existence of
hydroxyl groups (OH") and the H,O, generated (Eqgs. (3)
and (4)), the following reactions could also occur
(Jedsukontorn et al. 2018, Nosaka and Nosaka 2017).

H.0, + OH — HO, + H0 (5)

H,O, + 20H + h* —» °*Oy + 2H0 (6)
with possibility of formation of the radical superoxide, *Oy’,
and singlet oxygen, 'O, through the reaction (Min et al.
2008)

‘0, + h+ = !0, @)

Considering the possibility that the reactions indicated
in Egs. (2) to (7) occur, favored by the characteristics of the
ZnO-NM-membrane interfaces (Fig. 9(b)) and ZnO-NM-
biomolecule (protein) (Fig. 9(c)) generated by the electrical
interactions that occur in them, these interfaces would
contain an appreciable amount of ROS that would favor an
effect of oxidative stress on the fungi, as illustrated in Figs.
7 and 8.

In summary, the ROS generated through the reactions
indicated in Egs. (2) to (7), as well as the localized electric
fields generated by the space charge that would exist on the
surface of the ZnO-NMs, could cause irreparable damage to
the cell membrane of the fungi and therefore the
inactivation of the growth of the Cercospora sp. fungi, as
can be seen in Fig 8. Furthermore, considering the results
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obtained in this work where the ZnO-NPs (obtained by a
chemical route) and the ZnO nanobiohybrid (synthesized
using a “green” route) had a different antifungal effect
(Figs. 5 to 8), it is expected that the synthesis method would
affect the functionality of the ZnO-NMs obtained, even
more so if in the structure of the NMs there are organic
molecules (in the present case from the garlic used during
the “green” synthesis). The presence of these organic
molecules in the bulk and/or on the surface of ZnO ought to
affect the phenomena that may occur at the ZnO-NM-
membrane interfaces (Fig. 9(b)) as well as at the ZnO-NM-
biomolecule (protein) interface (Fig. 9(c)) and therefore the
development of the reactions indicated in Egs. (2) to (7),
promoting different antifungal capacity for the ZnO-NMs
obtained by a chemical route or using a green route, as
evidenced in this work.

In the future, it is necessary to perform a more rigorous
study to investigate the variation of the antifungal activity
of the NMs by the presence of organic molecules in their
structure, as well as to determine experimentally, through
specific analytical techniques, the presence of ROS in the
ZnO-NM-membrane and ZnO-NM-biomolecule (protein)
nano-interfaces and to  verify the qualitative
phenomenological model proposed in this work, all with the
objective of knowing more about the effect of NMs on
fungi and on biological systems in general.

Although the antifungal response shown by the zinc
nanobiohybrids synthesized in this work is quite promising,
it is necessary in future to consider and evaluate in more
detail their antioxidant and cytotoxic properties towards
normal human cells. As recent studies indicate,
biosynthesized nanoxides have different levels of toxicity,
depending on the synthesis conditions, which are ultimately
what determine their biological characteristics (Stankic et
al. 2016). For example, work on biosynthesized PbO-NPs
carried out by different groups have shown that, for
concentrations below 30 wg/mL, they would present an
insignificant toxicity (Miri et al. 2018), while for other
researchers this is not well defined and a more careful study
is necessary to evaluate it both in vitro and in vivo (Khalil et
al. 2020a). Recent research has evaluated, due to their great
technological importance, the toxicity of biosynthesized
nanoparticles of nickel oxide (Khalil et al. 2017), iron oxide
(Sulaiman et al. 2018), cerium oxide (Singh et al. 2020) and
cobalt oxide (Khalil et al. 2020b), among others.
Specifically, for zinc oxide, its nanoparticles being one of
the most toxic (Brunner et al. 2006), in the work of Miri et
al. (2020), both the antifungal activity and cytotoxicity of
biosynthesized ZnO-NPS were evaluated using extract of
Proposis farcta fruit. To do this they used WST-1 assay on
MCF7 cell line and the cell viability of the synthesized NPs
was observed to be 50.23% in a 500 xg/ml concentration of
NPs. Umar et al. (2019) studied the biocompatibility and
stability of biosynthesized ZnO-NPs and found them to
have a high oxidative capacity and cytotoxicity on cancer
cell lines. A similar study on murine cell lines was carried
out by Namvar et al. (2015) and they observed that ZnO-
NPs had no effect on normal mouse fibroblasts in
treatments for 72 hours.

Therefore, considering the practical application of the

nanomaterials, it is necessary to consider their toxic effects.
Relevant studies must be carried out that correlate the
biosynthesis, stabilization and surface modification of the
nanobiohybrids with their biological effects, to decrease
their toxicity in light of their practical applications. It is
necessary to consider the proposal of Punnoose et al.
(2014), which indicates that the cytotoxicity of ZnO-NPs
can be tailored by modifying their surface bound chemical
groups, maintaining the core ZnO structure. This can be
achieved through the biosynthesis of ZnO-NPs, obtaining
nanobiohybrids, as indicated by the results of this work.

5. Conclusions

Methodologies were structured that allowed us to obtain
two different nanofungicides in a controlled and
reproducible way: ZnO-NPs by chemical route and
nanobiohybrids of ZnO by green route using garlic extract
as solvent. Considering the structural and optical
characterization of the samples, the one that presented the
greatest variation in its properties was that synthesized by
green route. In this sample, complete crystallization of ZnO
was not observed. There were modifications in both the IR
and UV-Vis spectra in addition to presenting agglomerates
of laminar particles and not spheroidal particles as observed
in the sample obtained by precipitation (chemical pathway).
Furthermore, considering the results of the effect of the
nanofungicides synthesized on the coffee crop fungal
pathogen Cercospora sp., it was found that the treatment
with ZnO-NPs (chemical route) caused the highest percent
inhibition for Cercospora sp. (~87.1%).

The morphological and ultra-ultrastructural effects of
the nanofungicides on the fungi studied became evident in
the HROM and TEM studies. These studies showed
appreciable vacuolization and thinning of the cell wall, as
well as liquefaction of the cytoplasmic content in the cells
of the fungi, Cercospora sp., when treated with ZnO-NPs
(chemical route) and ZnO nanobiohybrids (green route).
Under the conditions of the experiments tested in this paper,
it is shown that the efficiency of the nanofungicides would
be correlated with the technique of obtaining them:
chemical synthesis or green synthesis. Additionally, based
on bibliographic information and the results of IR
spectroscopy obtained in this work, a nanoscale mechanism
of ZnO biosynthesis from zinc acetate dihydrate was
proposed. The reaction of the zinc precursor with different
bioactive compounds of garlic ((E)-ajoene, (Z)-ajoene and
Allicin) was proposed, mainly with Alliin.
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