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Abstract: In this study, seven different silver nanoparticles (AgNPs) were obtained using the fungi
species from the phylum Ascomycota, Aspergillus tubingensis, Aspergillus spp., Cladosporium pini-ponderosae,
Fusarium proliferatum, Epicoccum nigrum, Exserohilum rostratum, and Bionectria ochroleuca, isolated from
the Brazilian biodiversity, particularly from the mangrove and Caatinga biomes. The nanoparticles
were coded as AgNP-AT, AgNP-Asp, AgNP-CPP, AgNP-FP, AgNP-EN, AgNP-ER, and AgNP-BO and
characterized using spectrophotometry (UV-Vis), dynamic light scattering (DLS), zeta potential, trans-
mission electron microcopy (TEM), and Fourier-transform infrared (FTIR) spectroscopy. All the AgNPs
presented homogeneous size in the range from 43.4 to 120.6 nm (DLS) and from 21.8 to 35.8 nm (TEM),
pH from 4.5 to 7.5, negative charge, and presence of protein coating on their surface. The antifungal
activity of the AgNPs was evaluated on clinical strains of Candida albicans, and on the non-albicans
species, Candida krusei, Candida glabrata, Candida parapsilosis, Candida tropicalis, and Candida guilliermondii,
common in hospital infections, and against the phytopathogens Fusarium oxysporum, Fusarium phaseoli,
Fusarium sacchari, Fusarium subglutinans, Fusarium verticillioides, and Curvularia lunata, which are species
responsible for serious damage to agriculture production. The AgNPs were effective against the yeasts
with MICs ranging from 1.25 to 40 µM and on the phytopathogens with MICs from 4 to 250 µM,
indicating the promising possibility of application of these AgNPs as antifungal agents. The results
indicated that the physicochemical parameters of the AgNPs, including the functional groups present
on their surface, interfered with their antifungal activity. Overall, the results indicate that there is no
specificity of the AgNPs for the yeasts or for the phytopathogens, which can be an advantage, increasing
the possibility of application in different areas.

Keywords: biogenic silver nanoparticles; phytopathogens; Candida sp.; antifungal activity

1. Introduction

The growth of fungal infections has become a major threat to public health, with
more than 300 million people suffering from fungal diseases each year, resulting in over
1 million deaths worldwide [1,2]. In addition to infections caused by fungi in humans and
animals, there are also problems caused by phytopathogens in several types of crops that
are important for food production [3,4].

A recent study reported that at least 137 phytopathogens and pests are responsible for
infections in potato, wheat, rice, maize, and soybean, causing massive crop losses [5]. The
loss in the production is estimated to be 17.2% for potato, around 20% for soybean, wheat,
and maize, and 30.0% for rice [5]. The food loss is important in all countries; however,
the maximum loss has been observed in food-insecure regions with high populations,
significantly increasing the problem of starvation [5].

The situation is worsened by the increased resistance of these pathogens to the cur-
rently available treatments, which are scarce, for infections both in humans [2] and ani-
mals [6] and for phytopathogens [7]. Microbial resistance is considered a global health
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problem, which compromises the effectiveness of antibiotics, making the treatment of
common infections unfeasible [8,9].

Candida sp. species are a global threat to public health, with frequent outbreaks in
hospitals and a high rate of mortality [10]. The genus Candida can be found in several
ecosystems, such as in the microbiota of man and of some animals. Candida sp. species
degrade proteins and carbohydrates to acquire carbon and nitrogen for their development
and have an adaptive ability to multiply in aerobic and anaerobic conditions. These species
are commensal and usually are present in the gastrointestinal tract, vagina, urethra, and
lung microbiota. In case of an imbalance in the body’s microbiota, Candida sp. can become
pathogenic for the host, causing candidiasis or even a severe candidemia, being, due to
that, considered opportunistic microorganisms [11–14].

Among 15 Candida species usually present in infections in humans, Candida albicans,
Candida glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei are the most
common, causing more than 90% of all the candidemia cases [15].

A study performed in Portugal, in 2016 and 2017, reported 117 cases of candidemia
in 114 patients, and among them, 51.3% were caused by C. albicans, followed by 22.2%,
15.4%, 4.3%, and 2.6% caused by C. glabrata, C. parapsilosis, C. tropicalis, and C. lusitaniae,
respectively [10].

The most common fungi species responsible for frequent and problematic contamina-
tion of foods and feeds due to mycotoxins production belongs to the genera Aspergillus,
Fusarium, and Penicillium [16–18]. Under natural conditions, these species are able to pro-
duce mycotoxins, in pre- and post-harvest cultures, which can be extremely harmful to
humans and animals. The exposure to these mycotoxins occurs primarily by ingestion
but can also occur by the dermal and inhalation routes. The effects of some food-borne
mycotoxins can be acute, with symptoms of severe illness appearing rapidly after the
consumption of food products contaminated [16–19].

For the treatment and successful control of the serious threats caused by phytopathogenic and
human pathogenic fungi, new strategies against the shortage of antifungal drugs are necessary.

Nanomaterials of sizes between 1 and 100 nm have been successfully used in differ-
ent medical and pharmaceutical applications [20]. In general, nanoscale materials have
excellent antimicrobial activity due to the high surface area to volume ratio and physical
chemical properties [20]. Several studies have demonstrated the antifungal activity of
metallic nanoparticles, and among them, silver nanoparticles (AgNPs) represent a potential
option as antimicrobial agents [20–25].

AgNPs can be obtained using physical, chemical, or biological methods [20,23–25].
However, biological synthesis stands out as an ecologically sustainable process, economi-
cally viable and able to be scaled up to industrial production without a big challenge. In the
biological route, factors such as pH, luminosity, chemical characteristics, and concentration
of the substrate or reducing agents are factors that can interfere with the nucleation, growth,
agglomeration, and stability of the nanoparticles [22,23,25].

Through the bioreduction of the metal precursor (i.e., silver, gold), reducing or sta-
bilizing agents produced by plants, algae, bacteria, yeasts, or fungi, such as ether, thiol,
carbonyl, hydroxyl, amine, polyamine, proteins, and peptides groups, can also perform
a coat on the metallic nanoparticles surface [22,23,25]. These biological coating groups,
usually from proteins [26], can improve the uptake and functionality of the nanoparticles,
reducing their toxicity and improving their potential as candidates to treat diseases in
humans, animals, and in agriculture [20,21,27,28].

The mycogenic biosynthesis of AgNPs has been reported with the application of sev-
eral species of fungi [22,23,25,29] and presence of a protein coating surrounding the metal
ion, which provides high stability, avoiding aggregation of the nanoparticles [22,23,25].
This property is an advantage that improves the interaction of the nanoparticles with
biological targets and their biological effect [27,28].

Among the possible organisms capable of biosynthesizing AgNPs, fungi offer ad-
vantages because they are easy to manipulate, allowing a large-scale culture and biomass
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production that can be used for metal nanoparticles biosynthesis, which own a protein coat
that can contribute to an improved biological activity [22,23,25].

Considering the high demand for new antifungal agents, due to the emergence of
microbial resistance to the existing treatments and the potential of AgNPs as an antifungal
alternative, in this study seven AgNPs were obtained by green synthesis, using seven
species of fungi isolated from the Brazilian biodiversity, particularly from the mangrove
and Caatinga biomes. The mangroves in the Brazilian coast are anaerobic and saline,
and the Caatinga is an arid environment with high temperature and hot soil through
all the year. Both these environments harbor extremophiles microorganisms, and the
fungi Aspergillus spp., Cladosporium pini-ponderosae, Fusarium proliferatum, Epicoccum nigrum,
Aspergillus tubingensis, and Bionectria ochroleuca applied in this study were previously
isolated from mangrove, while Exserohilum rostratum was isolated from the Caatinga biome.

To the best of our knowledge, this is the first report on the biosynthesis of AgNPs
using the species of F. proliferatum, C. pini-ponderosae, and E. rostratum. The obtained AgNPs
were characterized according to their physicochemical properties, using spectrophotometry
(UV-Vis), Fourier-transform infrared (FTIR) spectroscopy, transmission electron microscopy
(TEM), dynamic light scattering (DLS), and zeta potential. The antifungal activity of the
AgNPs was evaluated in C. albicans, C. krusei, C. glabrata, C. parapsilosis, C. tropicalis, and
Candida guilliermondii, that are important pathogenic yeasts present in hospital infection [10],
and on the phytopathogens Fusarium oxysporum, Fusarium phaseoli, Fusarium sacchari, Fusar-
ium subglutinans, Fusarium verticillioides, and Curvularia lunata, which are species responsible
for serious damage in the agricultural production.

2. Results and Discussion
2.1. Physicochemical Characterization of the AgNPs

The AgNPs obtained using the fungi Aspergillus spp., E. nigrum, F. proliferatum,
C. pini-ponderosae, E. rostratum, A. tubingensis, and B. ochroleuca were coded by the initial of
the respective fungus species applied in their biosynthesis, being AgNP-Asp, AgNP-EN,
AgNP-FP, AgNP-CPP, AgNP-ER, AgNP-AT, and AgNP-BO, respectively.

The formation of the AgNPs was observed by the reaction of the extracellular cell free
aqueous extract (AE) obtained from the culture of the seven fungi species with AgNO3 as
represented in Figure 1. As can be observed in Figure 2, there was a color change of the
reactional mixtures from colorless to brownish, indicating the formation of AgNPs in the
first hours of the reaction.
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Figure 2. Color of the AgNP-AT, AgNP-Asp, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-ER, and
AgNP-FP formed by the reaction of the extracellular cell free aqueous extract (AE) obtained using
the fungi A. tubingensis, Aspergillus spp., B. ochroleuca, C. pini- ponderosae, E. nigrum, E. rostratum, and
F. proliferatum with AgNO3. Pictures were obtained 96 h after the beginning of the reaction.

The resonant oscillation of electrons density present on the surface of the AgNPs
resulted in the formation of the surface plasmon resonance observed at 420 nm for all
AgNPs (Figure 3A), which is the main characteristic of AgNPs formation [30].

It is possible to observe a difference in the intensity of the brownish color of the
AgNPs (Figure 2) and in the absorbance (Figure 3A), which was higher for the AgNP-EN,
followed by AgNP-ER, AgNP-Asp, AgNP-FP, and AgNP-CPP. The color intensity is related
to the concentration of AgNPs formed after 96 h of reaction. The data allow inferring that
the AgNP-EN was formed faster than the other AgNPs. The hydrodynamic sizes of the
AgNPs measured by DLS were 44.9 ± 4.1, 43.4 ± 3.3, 120.6 ± 3.5, 87.1 ± 3.4, 71.2 ± 6.7,
86.4 ± 6.4, 59.6 ± 2.1 nm for the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN,
AgNP-ER, and AgNP-FP, respectively (Table 1). The sizes of the AgNPs measured by TEM
were, respectively, 33.3 ± 2.7, 25.0 ± 6.5, 21.8 ± 4.1, 35.8 ± 5.16, 28.0 ± 6.31, 22.1 ± 2.9,
26.7 ± 5.3 nm. As expected, the sizes measured by TEM were smaller than those measured
by DLS. Through the DLS, the protein corona surrounding the metal ion in the nanoparticles
is also measured, and consequently, the size of the nanoparticles is higher. This data is
interesting since the protein corona can interfere with the interaction of the nanoparticles
with the target [27,28].

Table 1. Physicochemical properties of the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CCP, AgNP-EN,
AgNP-ER, and AgNP-FP: size (nm) by DLS and TEM, polydispersity index (PDI), zeta potential, and
pH values.

AgNPs Size (DLS) * Size (TEM) * PDI Zeta Potential pH

AgNP-Asp 44.9 ± 4.1 33.3 ± 2.7 0.343 −1.04 6.0

AgNP-AT 43.4 ± 3.3 25.0 ± 6.5 0.080 −22.26 7.0

AgNP-BO 120.6 ± 3.5 21.8 ± 4.1 0.257 −2.19 7.5

AgNP-CPP 87.1 ± 3.4 35.8 ± 5.16 0.334 −1.59 5.0

AgNP-EN 71.2 ± 6.7 28.0 ± 6.31 0.404 −33.28 5.0

AgNP-ER 86.4 ± 6.4 22.1 ± 2.9 0.230 −14.40 4.5

AgNP-FP 59.6 ± 2.1 26.7 ± 5.3 0.199 −15.33 6.0
* Mean ± standard deviation (n = 6).
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Figure 3. AgNPs characterization by (A) UV-Vis profile from 200 to 800 nm with presence of surface
plasmon resonance around 420 nm for the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CCP, AgNP-EN,
AgNP-ER, and AgNP-FP, obtained using the extracellular cell free aqueous extract (AE) of the culture
of Aspergillus spp., A. tubingensis, B. ochroleuca, C. pini-ponderosae, E. nigrum, E. rostratum, and F. prolif-
eratum, respectively. Transmission electron microscopy for (B) AgNP-Asp (magnification 100,000×),
(C) AgNP-AT (magnification 46,640×), (D) AgNP-BO (magnification 60,000×), (E) AgNP-CPP (mag-
nification 60,001×), (F) AgNP-EN (magnification 50,000×), (G) AgNP-ER (magnification 60,001×),
and (H) AgNP-FP (magnification 46,640×). The extracellular cell free aqueous extracts (AE) obtained
from all fungi culture were used as control for the UV-Vis analysis and showed the same profile.
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The polydispersity index (PDI) is related to the distribution of the AgNPs sizes. The
smaller the PI values, the more homogeneous is the size of the AgNPs. The AgNP-AT
presented the lowest PI, followed by AgNP-FP, AgNP-ER, AgNP-BO, AgNP-CPP, AgNP-
Asp, and AgNP-EN. These data can be confirmed by the size and morphology observed
for each AgNPs through the analysis by using TEM (Figure 3B–H). It can be also observed
that all AgNPs are predominantly spherical, with a few or any aggregate formations
(Figure 3B–F).

Literature describes that smaller AgNPs can be more cytotoxic than larger ones,
due to intracellular uptake and greater surface area, which can promote more effective
interaction with cells or their intracellular components [27,28,31]. The surface charge
of AgNPs is defined by the presence of negatively or positively charged molecules on
their coat, which is a relevant property for the nanoparticles’ stability. The negative
charge generates repulsiveness between particles and a low constant of force between
then, preventing the formation of aggregates [32]. All seven AgNPs obtained in this study
showed negative zeta potential values (Table 1) and, as it is shown in Figure 3B–F, there
was no aggregation formation for almost all the AgNPs.

The pH value is an interesting parameter due to its influence on the size, shape,
dispersion, and protein coating of AgNPs [33]. In the present study, the AgNPs with
larger sizes showed lower pH values. Similar results were previously demonstrated in
a study performed by Prakash and Soni [33], in which the size and shape of the AgNPs
obtained using the fungi Chrysosporium tropicum and F. oxysporum were according to the
pH and temperature applied for the synthesis. The pH of biogenic AgNPs is related to
its protein coat, and both can interfere with the nanoparticles function and activity in
biological systems, according to the possibility of nano–bio interaction [27,28,31].

The FTIR spectroscopy of the AgNPs showed the presence of functional groups
attributed to aromatic rings, ether, carboxylic, and amide groups in their composition,
which are from molecules present in the AE. These molecules acted as reducing agents for
the formation of the AgNPs, or as capping agents promoting the protein corona formation
and stability of the AgNPs (Table 2 and Figures 4 and 5). Additional functional groups
were detected and attributed to amino acid residues present in the side chains of proteins
presents in the AE (Table 2, and Figures 4 and 5).

The functional groups identified by FTIR for AgNP-Asp, AgNP-CCP, AgNP-EN,
AgNP-ER, and AgNP-FP, and shown in Table 2, indicate the presence of several molecules
around the nanoparticles’ surface, as those previously reported for AgNP-AT and AgNP-
BO [26,34]. The presence of a band in the region of 3200 cm−1 for all AgNPs was attributed
to OH (chelate) groups and indicate the chelation of the metal ion (Ag+) by molecules from
the AE used for the biosynthesis of the AgNPs (Table 2 and Figures 4 and 5), as it was also
observed for the AgNPs obtained using other microorganisms [35]. The results indicate that
the secondary structure of proteins present in the AE used for the AgNPs biosynthesis was
not modified by the oxidation–reduction reaction, or binding to the metallic core [26,34].

The effectiveness of AgNPs against specific targets is related to several aspects such as
the morphology, size, PI, zeta potential, and pH values. In general, the AgNPs obtained
in this study showed different functional groups on their surface forming the protein
corona and interesting physicochemical properties, which are suitable for antimicrobial
application. These groups were identified by FTIR spectroscopy and come from the AE
used for the biosynthesis of the AgNPs (Table 2 and Figures 4 and 5). It is known that
small and homogeneous size and absence of aggregates are interesting for the interaction
of nanoparticles with biological systems [27,28,31], and in this study, in general the AgNPs
showed this profile in their properties.
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Table 2. Profile of vibrational frequencies (cm−1) and functional groups present in the AgNP-Asp,
AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-ER, and AgNP-FP. Data obtained using Fourier-
transform infrared (FTIR) spectroscopy.

AgNPs ≈Vibrational Frequencies (cm−1) Functional Groups

AgNP-Asp

825–860 Aromatic ring (2 adjacent H)
1020–1170 C-O (ether)

1320 C-N (aromatic)
1560–1490 N-H

1790 C=O of acyl chloride
2925 Aliphatic C-H
3200 O-H (chelate)

AgNP-AT

840–775 R2C=CHR (C-H out of plane)
1165–1040 C-O (ether)

1300 C-O (carboxyl)
1590–1500

2927
C=C (aromatic)
Aliphatic C-H

3062 C-H (aromatic)
3200 O-H (chelate)

AgNP-BO

825 Aromatic ring (2 adjacent H)
1030–1018 C-O (ether)
1350–1300 C-O (ester)

1648 C=O (amides)
2929–2900 Aliphatic C-H
3400–3263 O-H (chelate)

AgNP-CPP

840–790 R2C=CHR (C-H out of plane)
1160–1021 C-O (ether)

1289 C-N (aromatic)
1490 N-H
1625 C=C (aromatic)
2936 O-H (chelate)
3330 Free NH (secondary amine)

AgNP-EN

945 RCH=CH2
1190–1026 C-O (ethers)

1336 SO2 (sulfone)
1500 C=C (aromatic)
2360 CO2
2934 O-H (chelate)
3343 Free NH (secondary amines)

AgNP-ER

820–798 R2C=CHR
1170–1025 C-O (ether)

1312 SO2 (sulfone)
1493 N-H
1621 C=C (aromatic)
2936 Aliphatic C-H
3230 O-H (chelate)

AgNP-FP

835–820 Aromatic ring
1168–1020 C-O (ether)

1300 C-O (ester)
1490 N-H
1550 NH2
1630 C=O (amides)
1790 C=O (acyl chloride)
2925 C-H (aliphatic)
3055 C-H (alkene)
3200 O-H (chelate)
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2.2. Antifungal Activity

AgNPs have a broad spectrum of antimicrobial activity [20–24,34–37], including the
ability to inhibit biofilm formation [36], and, due to that, are a promising option as anti-
fungal agents. In this study, the antifungal activity of the AgNPs was evaluated against
different species of Candida sp., common in hospital infections and against different rel-
evant phytopathogens, capable of causing agricultural damage. The AgNPs showed
antifungal activity against clinical strains of C. albicans, C. krusei, C. glabrata, C. guillermondii,
C. parapsilosis, and C. tropicalis. The AgNPs were more effective than amphotericin B (AMB),
which was used as the positive control, and was not effective until 32 µM in all the Candida
sp. species. The AgNPs showed MIC in the range from 1.25 to 40 µM, and C. guillermondii,
C. krusei, and C. glabrata were the most sensitive to the action of all AgNPs that showed
MIC from 1.25 to 5 µM (Table 3). The only exception was the AgNP-FP, that until 40 µM
was not effective on C. glabrata. It is noteworthy that the AgNP-CPP was not effective on
any of the four C. albicans strains evaluated, but it was effective on non-albicans species
with MICs of 1.25 to 5 µM (Table 3).

Table 3. Antifungal activity of the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-
ER, and AgNP-FP by minimal inhibitory concentration (MIC—µM) against an ATCC strain and
clinical species of Candida sp.

Yeasts AgNP-Asp AgNP-AT AgNP-BO AgNP-CPP AgNP-EN AgNP-ER AgNP-FP AMB

C. albicans ATCC 36802 2.5 20 5 >40 1.25 20 10 32

C. albicans IOC 4556 10 40 20 >40 20 20 20 >32

C. albicans IOC 4525 2.5 20 20 >40 10 20 20 >32

C. albicans IOC 4558 10 40 20 >40 20 10 10 >32

C. glabrata IOC 4565 5 5 2.5 1.25 2.5 5 >40 >32

C. krusei IOC 4559 1.25 2.5 1.25 1.25 1.25 5 1.25 >32

C. guillermondii IOC 4557 1.25 2.5 1.25 1.25 1.25 2.5 1.25 32

C. parapsilosis IOC 4564 40 20 10 2.5 10 10 >40 >32

C. tropicalis IOC 4560 >40 20 20 5 20 10 5 >32

MIC = minimal inhibitory concentration refers to at least 90% of the yeast growth inhibition. AMB= amphotericin
B; ATCC = American Type Culture Collection, IOC = Instituto Oswaldo Cruz Collection.

The AgNPs were effective on C. parapsilosis and C. tropicalis, but with MIC from 2.5
to 40 µM. Until 40 µM, the AgNP-Asp was not effective on C. tropicalis and AgNP-FP on
C. parapsilosis.

The AgNPs showed antifungal activity against the phytopathogens C. lunata,
F. subglutinans, F. verticillioides, and on one strain of F. oxysporum. The AgNPs showed
higher MIC on the F. oxysporum WLA-FP07 that was less susceptible to their activity. These
phytopathogens cause diseases in sugarcane and in crops such as in rice, maize, and beans
with a great impact on agriculture and economy [38–40]. Synthetic fungicides are used in
the management of these diseases, and their systematic and uncontrolled use has often led
to fungal resistance [41].

Among the seven AgNPs, until 250 µM, none prevented the growth of F. sacchari
(Table 4). The phytopathogens C. lunata and F. verticillioides were the most susceptible to
the AgNPs, and even at low concentrations, all the AgNPs prevented the growth of these
fungi (Table 4). These phytopathogens cause diseases in different cultivar species, and their
impact on the economy is very relevant [42].



Antibiotics 2023, 12, 91 11 of 16

Table 4. Antifungal activity of the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-
ER, and AgNP-FP by minimal inhibitory concentration (MIC—µM) on the phytopathogens C. lunata,
F. sacchari, F. subglutinans, F. oxysporum (WLA-FP07), F. oxysporum (WLA-FP25), and F. verticillioides.

Phytopathogens
AgNP-Asp AgNP-AT AgNP-BO AgNP-CPP AgNP-EN AgNP-FP AgNP-ER AMB

MIC FC MIC FC MIC FC MIC FC MIC FC MIC FC MIC FC MIC FC

C. lunata 8 8 4 4 16 16 4 4 4 4 4 4 4 4 4 4

F. sacchari >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 16 16

F. subglutinans 60 60 60 60 >250 >250 120 120 120 120 60 60 120 120 16 16

F. oxysporum
(WLA-FP07) 120 120 120 120 >250 >250 250 250 120 120 120 120 120 120 >32 >32

F. oxysporum
(WLA-FP25) 30 30 30 30 30 30 120 120 60 60 30 30 30 30 16 16

F. verticillioides 16 16 8 8 16 16 8 8 60 60 16 16 8 8 16 16

MIC = minimal inhibitory concentration refers to at least 90% of the fungi growth inhibition; AMB = amphotericin
B; FC = fungicide concentration.

On the phytopathogens, the AgNPs showed the same values for MICs and fungicide
concentration (FC), indicating that the activity of AgNPs is more fungicide than fungistatic.

In this study, the AgNPs presented sizes in the range from 43.4 to 120.6 nm (DLS) and
from 21.8 to 35.8 nm (TEM), spherical and regular forms, with negative zeta potential and
pH ranging from slightly acidic to neutral. The participation of biological molecules in
the biosynthesis of AgNPs confers interesting advantages to the AgNPs, improving the
interaction with biological targets and the biocompatibility [27,28,31]. The influence of
these factors can be related to the antifungal activity.

The antifungal activity of biological AgNPs was previously described by several
authors [20–24,34–37,43]. In the current study, the higher antifungal activity was observed
for the AgNP-Asp on the different Candida species, including the non-albicans. However,
the AgNP-CPP was the less effective.

An analysis of the physicochemical parameters (Table 3) for the AgNP-Asp and AgNP-
CPP indicates that the size was important for the antifungal activity. The first one has a size
of 44.9 and the last one of 87.1 nm. The lower size contributes to a better activity. Between
both nanoparticles, there was not a high difference in pH, zeta potential, and PDI. On the
yeasts, the range of MICs values obtained for the different AgNPs was from 1.25 to 40 µM.
The MICs were different on the different strains of C. albicans, and that from ATCC was
more susceptible to the action of AgNPs, while clinical isolates were more resistant. These
differences were expected due to a possible genetic variability, and therefore it is important to
test the susceptibility of different strains, especially of clinical isolates to the AgNPs activity.

The FTIR analysis showed the presence of aliphatic (C-H) functional group for AgNP-
Asp, AgNP-AT, AgNP-BO, AgNP-ER, and AgNP-FP, and these nanoparticles were the most
effective in killing the phytopathogens and yeasts, with lower MICs values. Interestingly,
the AgNP-CPP and AgNP-EN did not present this functional group and were the less
effective AgNPs on the yeasts and on phytopathogens with higher MICs value. This func-
tional group has already been described as a potent antifungal agent against Saccharomyces
cerevisiae, where primary aliphatic alkanols were tested and showed minimum fungicidal
concentration (MFC) of 25 µg/mL (0.14 mM) [44].

The comparison between the physicochemical parameters of the AgNP-Asp and
AgNP-FP shows a difference in their size and zeta potential. AgNP-FP has size and
zeta potential of 56.9 ± 2.1 nm and −15.33, while for the AgNP-Asp these values are
44.9 ± 4.1 nm, and −1.04. Both nanoparticles have pH of 6.0 and are surrounded by
molecules containing the functional aliphatic group. The AgNP-Asp is smaller with higher
zeta potential value and was more effective then AgNP-FP as an antifungal agent on the
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yeasts. As previously reported [27,28,31], these data indicate that all the parameters are
related and can interfere with the antifungal activity.

The results showed that the AgNPs were very effective against clinical yeasts and
phytopathogens. The AgNPs were effective against phytopathogens, showing MICs from
4 to 120 µM, and against yeasts with MICs range of 1.25 to 40 µM, indicating the promising
possibility of application of these AgNPs as an antifungal agent.

3. Materials and Methods
3.1. Fungal Strains

Fungi species employed in the AgNPs biosynthesis were previously isolated from
the Brazilian biodiversity and deposited at the microorganisms collection from Instituto
Oswaldo Cruz (IOC, Rio de Janeiro, RJ, Brazil), Instituto Adolfo Lutz (IAL, São Paulo,
SP, Brazil), or in the “Collection of Microorganisms for Biocontrol of Phytopathogens and
Weeds” at Embrapa Genetic Resources and Biotechnology (CENARGEN, Brasília, DF,
Brazil). The species Aspergillus spp. is an endophyte and C. pini-ponderosae (IAL 7248),
F. proliferatum (IOC 4682/IAL 7246), and E. nigrum (IAL 7249) are epiphytes from the leaf
of the mangrove plant Rhizophora mangle, respectively. The E. rostratum (IAL 7247) was
isolated as an endophyte from the plant Croton blanchetianus, collected in the Brazilian
biome called Caatinga.

The pathogen C. albicans (ATCC 36802/IOC 3704) is a strain from the American
Type Culture Collection (ATCC), and C. albicans (IOC 4525, IOC 4556, IOC 4558), C. kru-
sei (IOC 4559), C. glabrata (IOC 4565), C. parapsilosis (IOC 4564), C. tropicalis (IOC 4560),
and C. guilliermondii (IOC 4557) are clinical species from the IOC collection. The Fusarium
species were isolated from the Rhizosphere of sugar cane [45] by the group of Prof. Welington
L. Araújo, from Institute of Biomedical Sciences of the University of São Paulo, that kindly
provided the phytopathogens from his collection (WLA) for this study. The phytopathogens
were C. lunata (WLA-FP06), F. sacchari (WLA-FP04), F. subglutinans (WLA-FP21), F. oxyspo-
rum (WLA-FP07), F. oxysporum (WLA-FP25), and F. verticillioides (WLA-FP05).

3.2. Biosynthesis and Physicochemical Analysis of the AgNPs

The biosynthesis of the AgNPs was performed according to the protocol previously
described by our group [34]. The fungi A. tubingensis, Aspergillus spp., B. ochroleuca,
C. pini-ponderosae, F. proliferatum, E. nigrum, and E. rostratum were cultivated in potato
dextrose agar (PDA, Himedia #M096) for a week at 28 ◦C and sub-cultivated in an Erlen-
meyer flask of 500 mL with 150 mL of potato dextrose broth (PDB) (Himedia #M096) for
72 h at 28 ◦C and 150 rpm, in an orbital shaker (Marconi MA-420, Piracicaba, SP, Brazil).
After filtration through a polypropylene membrane, the biomass was washed with sterile
deionized water to remove any residue of the culture medium. The biomass was incubated
with sterile deionized water (10 g/100 mL) at 28 ◦C and 150 rpm for 72 h. Subsequently,
following a filtration and biomass discard, the supernatant was sterilized using a 0.22 µm
polyethersulfone (PES) membrane, resulting in the aqueous extracellular cell free extract
(AE). For the AgNPs biosynthesis, silver nitrate (AgNO3) was added to the sterile AE for
the final concentration of 1 mM. The reactional mixture was protected from light, and the
formation of AgNPs was monitored by reading the absorbance from 200 to 800 nm (UV-Vis,
Agilent 8453), showing the presence of a surface plasmon resonance around 420 nm.

The obtained AgNPs were coded according to the initials of the fungi species used for
their biosynthesis being AgNP-AT, AgNP-Asp, AgNP-BO, AgNP-CPP, AgNP-FP, AgNP-
EN, and AgNP-ER. The AgNPs were characterized by size (Dynamic Light Scattering,
DLS, Nanoplus–Particulate Systems, Norcross, GA, USA), polydispersity index (PDI),
zeta potential, pH, Fourier-transform infrared (FTIR) spectroscopy, and morphology by
transmission electron microscopy (TEM, Zeiss LEO 906 E, de 120Kv, Freiburg, Germany),
as previously described [26,34]. The size of the AgNPs was also measured by TEM for at
least seven particles of each AgNPs and expressed by the mean ± the standard deviation.
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3.3. Antifungal Activity Assay

The antifungal activity was evaluated on four strains of C. albicans (ATCC 36802/IOC
3704, IOC 4525, IOC 4556, IOC 4558), C. krusei (IOC 4559), C. glabrata (IOC 4565), C. parapsilosis
(IOC 4564), C. tropicalis (IOC 4560), and C. guilliermondii (IOC 4557). The phytopathogens
utilized were C. Lunata, F. phaseoli, F. sacchari, F. subglutinans, F. oxysporum (WLA-FP07 and
WLA-FP25), and F. verticillioides.

The yeasts and phytopathogens were cultured on PDA and sub-cultured in PDB.
The yeast suspensions were prepared in RPMI 1640 (Gibco #23400-013) culture media
at 0.5–2.5 × 103 CFU/mL, according to standard curves previously established in our
laboratory. For the phytopathogens, the spores were prepared in a saline solution at 0.9%
and after being counted using a Neubauer chamber, the suspensions were prepared in
RPMI 1640 with 1 × 106 spores/mL.

The antifungal assay was evaluated by the microdilution assay in a 96-well plate [46–48].
The AgNP-AT, AgNP-Asp, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-ER, and AgNP-FP
were serially diluted in RPMI 1640, and each well received 100 µL of the yeasts or phy-
topathogens suspensions and 25 µL of resazurin dye at 0.02% in saline solution. The AgNPs
were assayed at final concentrations of 1.25, 2.5, 5, 10, 20, and 40 µM for the yeasts, and of
4, 8, 16, 30, 60, 120, and 250 µM for the phytopathogens. Untreated culture that received
only RPMI 1640 was used as the negative control and amphotericin B (AMB) at 16 and
32 µM was used as positive control. The plates were incubated at 30 ◦C for 24 h, and
the minimal inhibitory concentration (MIC90) was defined as the lowest concentration in
which the color of the dye resazurin was kept in blue due to the inhibition of at least 90%
of the microorganism’s growth [46]. For the yeasts, the MICs were expressed by the mean
of three independent experiments, in duplicate for each AgNPs concentration, and for the
phytopathogens by the mean of two assays in triplicate. The fungicidal concentration (FC)
for phytopathogens was determined from the MICs. For that, 50 µL of two concentrations
before and after the MICs were collected from the plate and incubated in Petri dishes
containing PDA at 30 ◦C for 120 h. The absence of phytopathogens growth was defined as
the FC.

4. Conclusions

In this study, seven biogenic AgNPs were obtained using the fungi species A. tub-
ingensis, Aspergillus spp., B. ochroleuca, C. pini-ponderosae, F. proliferatum, E. nigrum, and
E. rostratum isolated from the Brazilian biodiversity. Among them, this is the first report of
E. rostratum, F. proliferatum, and C. pini-ponderosae application on the biosynthesis of AgNPs.
The nanoparticles showed spherical morphology, with pH from 4.5 to 7.5, and size in the
range from 43.4 to 120.6 nm (DLS) and from 21.8 to 35.8 nm (TEM). The functional groups
from the biomolecules surrounding the AgNPs were analyzed by FTIR.

The AgNPs showed antifungal activity against clinical strains of C. albicans, C. krusei,
C. glabrata, C. parapsilosis, C. tropicalis, and C. guilliermondii, common in hospital infections
and against phytopathogens, responsible for serious damages in agricultural production.
As expected, the results indicated that the physicochemical parameters of the AgNPs
including the functional groups present on their surface interfere on their antifungal
activity. Overall, the results indicate that there is no specificity of the AgNPs for yeasts or
phytopathogens, which can be an advantage, increasing the possibility of application in
different areas.
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What we know and what do we need to know? Nanomaterails 2021, 11, 2901. [CrossRef]

24. Lin, Y.; Betts, H.; Keller, S.; Cariou, K.; Gasser, G. Recent developments of metal-based compounds against fungal pathogens.
Chem. Soc. Rev. 2021, 50, 10346–10402. [CrossRef] [PubMed]

25. Guilger-Casagrande, M.; Lima, R. Synthesis of silver nanoparticles mediated by fungi: A review. Front. Bioeng. Biotechnol. 2019, 7, 287.
[CrossRef]

26. Ballottin, D.; Fulaz, S.; Souza, M.L.; Corio, P.; Rodrigues, A.G.; Souza, A.O.; Gaspari, P.M.; Gomes, A.F.; Gozzo, F.; Tasic, L.
Elucidating protein involvement in the stabilization of the biogenic silver nanoparticles. Nano Res. Lett. 2016, 11, 1–9. [CrossRef]

27. De Souza, A.O. Overview of nanomaterials and cellular interactions. Biointerface Res. Appl. Chem. 2022, 13, 367. [CrossRef]
28. Jackson, T.C.; Patani, B.O.; Israel, M.B. Nanomaterials and cell interactions: A review. J. Biomater. Nanobiotechnol. 2017, 8, 220–228.

[CrossRef]
29. Barabadi, H.; Tajani, B.; Moradi, M.; Damavandi, K.K.; Meena, R.; Honary, S.; Mahjoub, M.A.; Saravanan, M. Penicillium family

as emerging nanofactory for biosynthesis of green nanomaterials, A journey into the world of microorganisms. J. Clust. Sci. 2019,
30, 843–856. [CrossRef]

30. Evanoff, D.D., Jr.; Chumanov, G. Synthesis and optical properties of silver nanoparticles and arrays. Chemphyschem 2005, 6,
1221–1231. [CrossRef]

31. Kim, T.H.; Kim, M.; Park, H.S.; Shin, U.S.; Gong, M.S.; Kim, H.W. Size-dependent cellular toxicity of silver nanoparticles.
J. Biomed. Mater. Res. A 2012, 100, 1033–1043. [CrossRef] [PubMed]

32. Leite, F.L.; Bueno, C.C.; Da Róz, A.L.; Ziemath, E.C.; Oliveira, O.N. Theoretical models for surface forces and adhesion and their
measurement using atomic force microscopy. Int. J. Mol. Sci. 2012, 13, 12773–12856. [CrossRef]

33. Prakash, S.; Soni, N. Factors affecting the geometry of silver nanoparticles synthesis in Chrysosporium Tropicum and Fusarium
Oxysporum. Am. J. Nanotech. 2011, 2, 112–121. [CrossRef]

34. Rodrigues, A.G.; Ping, L.Y.; Marcato, P.D.; Alves, O.L.; Silva, M.C.P.; Ruiz, R.C.; Melo, I.S.; Tasic, L.; De Souza, A.O. Biogenic
antimicrobial silver nanoparticles produced by fungi. Appl. Microbiol. Biotechnol. 2013, 97, 775–782. [CrossRef]

35. Shariq, A.M.; Soundhararajan, R.; Akther, T.; Kashif, M.; Khan, J.; Waseem, M.; Srinivasan, H. Biogenic AgNPs synthesized via
endophytic bacteria and its biological applications. Environ. Sci. Pollut. Res. Int. 2019, 26, 26939–26946. [CrossRef] [PubMed]

36. Rodrigues, A.G.; Ruiz, R.C.; Selari, P.J.R.G.; Araújo, W.L.; De Souza, A.O. Anti-Biofilm action of biological silver nanoparticles
produced by Aspergillus tubingensis and antimicrobial activity of fabrics carrying it. Biointerface Res. Appl. Chem. 2021, 11,
14764–14774. [CrossRef]

37. Rodrigues, A.G.; Romano, O.G.P.J.; Ottoni, C.A.; Ruiz, R.C.; Morgano, M.A.; Araújo, W.L.; Melo, I.S.; De Souza, A.O. Functional
textiles impregnated with biogenic silver nanoparticles from Bionectria ochroleuca and its antimicrobial activity. Biomed. Microdevices
2019, 21, 1–10. [CrossRef] [PubMed]

38. Majeed, R.A.; Shahid, A.A.; Ashfaq, M.; Saleem, M.Z.; Haider, M.S. First report of Curvularia lunata causing brown leaf spots of
rice in Punjab, Pakistan. Plant Dis. 2015, 100, 219. [CrossRef]

39. Bansal, Y.; Chander, J.; Kaistha, N.; Singla, N.; Sood, S.; Van Diepeningen, A.D. Fusarium sacchari, a cause of mycotic keratitis
among sugarcane farmers—A series of four cases from North India. Mycoses 2016, 59, 705–709. [CrossRef]

40. Bleackley, M.R.; Samuel, M.; Garcia-Ceron, D.; McKenna, J.A.; Lowe, R.G.T.; Pathan, M.; Zhao, K.; Ang, C.-S.; Mathivanan,
S.; Anderson, M.A. Extracellular vesicles from the cotton pathogen Fusarium oxysporum f. sp. vasinfectum induce a phytotoxic
response in plants. Front. Plant Sci. 2020, 10, 1610. [CrossRef] [PubMed]

41. Kim, K.; Lee, Y.; Ha, A.; Kim, J.I.; Park, A.R.; Yu, N.H.; Son, H.; Choi, G.J.; Park, H.W.; Lee, C.W.; et al. Chemosensitization of
Fusarium graminearum to chemical fungicides using cyclic lipopeptides produced by Bacillus amyloliquefaciens strain JCK-12. Front.
Plant Sci. 2017, 8, 2010. [CrossRef] [PubMed]

42. Jia, H.; Huang, J.; Luo, X.; Yan, J. Agriculture: Science and technology safeguard sustainability. Nat. Sci. Rev. 2019, 6, 595–600.
[CrossRef] [PubMed]

43. Zwar, I.P.; Trotta, C.V.; Ziotti, A.B.S.; Lima, N.M.; Araújo, W.L.; De Melo, I.S.; Ottoni, C.A.; De Souza, A.O. Biosynthesis of silver
nanoparticles using actinomycetes, phytotoxicity on rice seeds, and potential application in the biocontrol of phytopathogens. J.
Basic Microbiol. 2023, 6, 64–74. [CrossRef] [PubMed]

44. Kubo, I.; Cespedes, C.L. Antifungal activity of alkanols: Inhibition of growth of spoilage yeasts. Phytochem. Rev. 2013, 12, 961–977.
[CrossRef]

45. Stuart, R.M.; Romão, A.S.; Pizzirani-Kleiner, A.A.; Azevedo, J.L.; Araújo, W.L. Culturable endophytic filamentous fungi from
leaves of transgenic imidazolinone-tolerant sugarcane and its non-transgenic isolines. Arch. Microbiol. 2010, 192, 307–313.
[CrossRef]

46. Palomino, J.C.; Martin, A.; Camacho, M.; Guerra, H.; Swings, J.; Portaels, F. Resazurin microtiter assay plate: Simple and
inexpensive method for detection of drug resistance in Mycobacterium tuberculosis. Antimicrob. Agent. Chemother. 2002, 46,
2720–2722. [CrossRef] [PubMed]

http://doi.org/10.2174/1381612826666201126144805
http://doi.org/10.3390/nano11112901
http://doi.org/10.1039/D0CS00945H
http://www.ncbi.nlm.nih.gov/pubmed/34313264
http://doi.org/10.3389/fbioe.2019.00287
http://doi.org/10.1186/s11671-016-1538-y
http://doi.org/10.33263/BRIACI34.367
http://doi.org/10.4236/jbnb.2017.84015
http://doi.org/10.1007/s10876-019-01554-3
http://doi.org/10.1002/cphc.200500113
http://doi.org/10.1002/jbm.a.34053
http://www.ncbi.nlm.nih.gov/pubmed/22308013
http://doi.org/10.3390/ijms131012773
http://doi.org/10.1155/2014/417305
http://doi.org/10.1007/s00253-012-4209-7
http://doi.org/10.1007/s11356-019-05869-6
http://www.ncbi.nlm.nih.gov/pubmed/31309423
http://doi.org/10.33263/BRIAC116.1476414774
http://doi.org/10.1007/s10544-019-0410-0
http://www.ncbi.nlm.nih.gov/pubmed/31222509
http://doi.org/10.1094/PDIS-05-15-0581-PDN
http://doi.org/10.1111/myc.12518
http://doi.org/10.3389/fpls.2019.01610
http://www.ncbi.nlm.nih.gov/pubmed/31998330
http://doi.org/10.3389/fpls.2017.02010
http://www.ncbi.nlm.nih.gov/pubmed/29230232
http://doi.org/10.1093/nsr/nwz036
http://www.ncbi.nlm.nih.gov/pubmed/34691907
http://doi.org/10.1002/jobm.202200439
http://www.ncbi.nlm.nih.gov/pubmed/36336636
http://doi.org/10.1007/s11101-013-9325-1
http://doi.org/10.1007/s00203-010-0557-9
http://doi.org/10.1128/AAC.46.8.2720-2722.2002
http://www.ncbi.nlm.nih.gov/pubmed/12121966


Antibiotics 2023, 12, 91 16 of 16

47. Clinical and Laboratory Standards Institute (CLSI). Reference Method for Broth Dilution Antifungal Susceptibility Testing of Filamentous
Fungi, 3rd ed.; CLSI standard M38. CLSI: Wayne, PA, USA, 2017. Available online: https://clsi.org/media/1894/m38ed3_sample.
pdf (accessed on 27 November 2022).

48. Clinical and Laboratory Standards Institute (CLSI). Method for Antifungal Disk Diffusion Susceptibility Testing of Yeasts, 3rd ed.; CLSI
Guideline M44. CLSI: Wayne, PA, USA, 2018. Available online: https://clsi.org/standards/products/microbiology/documents/
m44/ (accessed on 27 November 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://clsi.org/media/1894/m38ed3_sample.pdf
https://clsi.org/media/1894/m38ed3_sample.pdf
https://clsi.org/standards/products/microbiology/documents/m44/
https://clsi.org/standards/products/microbiology/documents/m44/

	Introduction 
	Results and Discussion 
	Physicochemical Characterization of the AgNPs 
	Antifungal Activity 

	Materials and Methods 
	Fungal Strains 
	Biosynthesis and Physicochemical Analysis of the AgNPs 
	Antifungal Activity Assay 

	Conclusions 
	References

