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The use of silver nanoparticles (AgNPs) embedded in polymeric matrix has acquired
special attention as a strategy to reduce metal toxicity without losing its antimicrobial effect.
In this work, the green synthesis of AgNPs and their functionalization with chitosan
(AgNPs@Chi) was performed, and their antifungal activity investigated against the
foremost species responsible for causing sporotrichosis, Sporothrix brasiliensis and
Sporothrix schenckii. In vitro studies revealed inhibitory concentrations ranging from
0.12–1 μg/ml for both nanocomposites (NCs). Silver release in suspension displayed
chitosan as a potential vehicle for continuous silver discharge, with a complete release after
52 days. No synergistic effects were observed in vitro when the NCs were combined with
itraconazole or amphotericin B. Treatment of S. brasiliensis with NCs caused
morphological deformities, cell membrane discontinuity and an intense cytoplasmic
degeneration. Remarkably, both NCs induced the growth and migration of
keratinocytes and fibroblasts when compared to control conditions. In addition,
functionalization of AgNPs with chitosan significantly reduced its hemolytic activity,
suggesting their potential use in vivo. Finally, silver nanocomposites were used as a
daily topical treatment in a murine model of subcutaneous sporotrichosis, showing the
ability to reduce the Sporothrix infection and stimulate tissue repair. In combination, our
results demonstrate that AgNPs@Chi can be a non-toxic and efficient alternative for
sporotrichosis.
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INTRODUCTION

Sporotrichosis is an infection caused by Sporothrix spp., stablished after implantation of the fungus in the
skin tissue. The fungus is usually found in decayingmatter, plants, soil, and is often known as the etiological
agent of the “rose gardener’s disease” (Mora-Montes and Héctor, 2018). However, transmission between
animals and from animals to humans have been frequently described through contact with exudate from
skin lesions, bite and scratch of an infected animal (Gremião et al., 2017; Valeriano et al., 2020).Whereas S.
schenckii, S. globosa, S. luriei and S. brasiliensis can infect mammals (Monteiro et al., 2014; Orofino-Costa
et al., 2017; Ramírez-Soto et al., 2018), S. brasiliensis has been reported particularly as etiological agent in
several cases of feline sporotrichosis (Montenegro et al., 2014; Sanchotene et al., 2015; Orofino-Costa et al.,
2017), as well as in cat-human transmission (Gremião et al., 2017).
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In the last 20 years Brazil has suffered from an outbreak of
sporotrichosis affectingmostly humans and cats (Chakrabarti et al.,
2015; Gremião et al., 2020a; Rodrigues et al., 2020). Sporotrichosis
outbreaks has also been informed in countries in the Americas and
Asia such as Argentina, Malaysia, Panama, India, Thailand, the
United States, and Mexico (Chakrabarti et al., 2015; Kano et al.,
2015; Gold et al., 2016; Duangkaew et al., 2019; Etchecopaz et al.,
2019; Kamal Azam et al., 2019). This disease is characterized by
cutaneous and extracutaneous clinical manifestations, of variable
severity consistent with the host immune status and also the
infecting species (Gold et al., 2016; Wolff et al., 2018; Queiroz-
Telles et al., 2019). In this context, S. brasiliensis is considered one
of the most virulent species probably because of factors such as
thermotolerance, the high adherence ability, and the presence of
melanin produced during host-pathogen interaction, promoting
both invasion of tissue and evasion of the host’s immune response
(Arrillaga-Moncrieff et al., 2009; Almeida-Paes et al., 2017; Della
Terra et al., 2017).

The most common therapies for human and animal
sporotrichosis includes itraconazole (ITC), terbinafine,
potassium iodide (KI) and amphotericin B (AMB), drugs with
significative undesirable reactions, limited distribution in certain
tissues and drug interaction (Moriyama et al., 2012; Hamill 2013;
Kyriakidis et al., 2017; Seibel et al., 2017). In refractory cases,
especially in cats with respiratory signs and mucosal injuries,
ITC-KI association has been successfully used (Reis et al., 2016;
Gremião et al., 2020b). Another treatment possibility is the use of
intralesional or subcutaneous AMB associated with oral ITC
(Lloret et al., 2013; Gilaberte et al., 2014). Despite the diversity
of therapeutic options, cases of treatment failure and
recrudescence are frequent (Almeida-Paes et al., 2016; da
Rocha et al., 2018).

Because no vaccines are available, the development of
alternative compounds to treat sporotrichosis are imperative.
Nanotechnology, a science that involves the control of matter
in the size scale between 1–100 nm, has been exploited as a tool to
combat infectious diseases, including mycosis (Goyal et al., 2016;
Niemirowicz et al., 2017; Adler-Moore et al., 2019). Among the
nanomaterials with antimicrobial activity, silver nanoparticles
stand out (AgNPs) (Zhang et al., 2016). The nanometric size of
silver particles increases their surface area and improves
interaction with microbial cells (Nadworny et al., 2010). In
addition, the biocidal activity is more effective due to the high
reactivity of silver with functional chemical groups such as
amines, hydroxyl, carboxyl and thiols inhibiting different
biological processes of microorganism (Durán et al., 2016;
Radhakrishnan et al., 2018). AgNPs were efficient to combat
Gram negative and Gram positive bacteria, counting multidrug
resistant strains (Baptista et al., 2018; Choi et al., 2018). Likewise,
AgNPs have been described as effective against fungi and viruses
(Artunduaga Bonilla et al., 2015; Xia et al., 2016; Morris et al.,
2019; Sharifi-Rad and Pohl 2020). At least three possible
mechanisms have been described for AgNPs: 1) a direct
attachment to the cell membrane, followed by damage and
permeability increase, 2) the induction of reactive oxygen
species (ROS), and 3) the interruption of ATP production and
DNA replication, an effect caused after cellular internalization of

AgNPs/Ag+ (Dakal et al., 2016; Durán et al., 2016; Riaz Ahmed
et al., 2017). Although these mechanisms of action have also been
described as causes of silver toxicity in mammalian cells (Hsiao
et al., 2015; Radhakrishnan et al., 2018), incorporation into
polymeric matrices has proven to be a viable strategy to
reduce silver toxicity without significantly losing biocidal
activity against pathogens (Danhier et al., 2012; Cinteza et al.,
2018; Gaballah et al., 2019).

One of the foremost promising polymers is chitosan, a
biodegradable and biocompatible polymer produced by
chemical deacetylation of chitin (Bellich et al., 2016).
Functionalization of AgNPs with chitosan (AgNPs@Chi)
enhances the surface charge of the nanocomposites (NCs) and
influences both colloidal stability and biological interaction
(Bellich et al., 2016). The polymeric matrix reduces
cytotoxicity generally caused by a massive delivery of AgNPs,
since it promotes a gradual release (Kumari, Yadav, and Yadav
2010; Baranwal et al., 2018; Cinteza et al., 2018). Furthermore,
antibacterial and antifungal properties of chitosan have been
described (Raafat et al., 2008; Shih et al., 2019).

We recently demonstrated NCs obtained by chemical
reduction with cysteine and functionalized with chitosan
(AgNPs@Chi) displayed low toxicity in mammalian cells and
high tolerance in insects and mice. Remarkably, no silver
bioaccumulation was detected when healthy mice were
exposed to these nanoparticles (Artunduaga Bonilla et al.,
2021a). Furthermore, these NCs showed antifungal efficiency
against distinct pathogenic species of Candida, in both
planktonic and sessile cells (Artunduaga Bonilla et al., 2021a).
The topical therapy using silver nanocomposites in a murine
model of subcutaneous candidiasis decreased the fungal load in
the skin injures and favored wound repair. In this work, we
investigated whether these NCs could be used in a chronic fungal
infection that affects the subcutaneous tissue, such as
sporotrichosis. Both inhibitory and synergistic effect of AgNPs
and AgNPs@Chi against S. schenckii and S. brasiliensis strains
were tested in vitro. The influence of silver nanocomposite on cell
migration was also evaluated to determine their ability to
stimulate tissue recovery. Finally, these NCs were used to treat
a murine model of cutaneous sporotrichosis.

MATERIALS AND METHODS

Reagents
Amphotericin B, Sabouraud 2% Dextrose Agar (SDA) and silver
nitrate (AgNO3, 99.98%), were purchased from Merck. Chitosan
(MW 50–190 kDa, deacetylation degree: ≥85%), Polyvinyl
Alcohol (PVA, 99%), RPMI 1640 [supplemented with
L-glutamine, 0.2% (w/v) of glucose and without sodium
bicarbonate], Fetal Bovine Serum (FBS), L-cysteine
(C3H7NO2S, >99%), Cetyl trimethyl ammonium bromide
(CTAB, 99%), Bovine Serum Albumin (BSA) and itraconazole
(ITC, ≥98% Thin-Layer Chromatography) were purchased from
Sigma-Aldrich, United States. Brain Heart Infusion (BHI) was
acquired from Oxoid, Brazil. All chemicals used in this research
were used without further purification.
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Fungal Strains and Culture Conditions
Sporothrix brasiliensis ATCC 5110/MYA4823 and Sporothrix
schenckii ATCC 1099-18/MYA4821 strains were obtained
from the American Type Culture Collection (Manassas, VA
20108 United States) and stored on BHI plates at 4°C or
cryopreserved at −20°C in BHI broth with 10% glycerol. For
the inoculum of the in vitro tests, Sporothrix cells were cultured in
BHI broth at 37°C to favor the development of their yeast phase.
For the in vivo experiments, the inoculum was prepared as
previously described (Artunduaga Bonilla et al., 2021b).
Briefly, S. brasiliensis was cultivated on BHI plates for 7 days
at 25°C prior to use. Cells (2 × 106) were transferred to flasks
containing 150 ml of BHI and then incubated at 37°C/150 rpm for
4 days. Yeasts were collected by centrifugation at 3.500 rpm for
10 min (4°C) and then washed three times in 0.1 M phosphate-
buffered saline pH 7.4 (PBS). Yeast suspension (2 × 108 cells/ml)
were assessed for viability by trypan blue staining. Suspensions
with cell viability greater than 90% were used for the tests (Della
Terra et al., 2017; Artunduaga Bonilla et al., 2021b).

Silver Nanocomposites Synthesis
The silver chitosan nanocomposites tested in the present work
were prepared as previously described by our group (Artunduaga
Bonilla et al., 2021a). Briefly, a solution containing 4 ml of 0.01 M
AgNO3, 800 µL of 0.01 M cysteine and 1.2 ml of 0.01 M CTAB
were mixed and stirred using a magnetic bar. Deionized water
was added to a final volume of 20 ml and PVA added at a final
concentration of 0.02% (w/v). Then, the suspension was
sonicated at 37 KHz during 2 h. The appearance of a red-
orange suspension indicates that AgNPs was formed
(Artunduaga Bonilla et al., 2015; Almeida-Paes et al., 2017).
Synthesis was performed at room temperature and in the
presence of light. Once the AgNPs were characterized,
additional steps were taken to incorporate them into chitosan.
Initially, 10 ml of AgNPs (298 μg/ml) was added to 10 ml of
chitosan (1%, w/v) in 1% acetic acid and the pH was adjusted to
12 with NaOH. The mixture was subjected to five cycles of 5 s
pulses alternating with pauses of 5 s, using a sonicator probe
(Sonopuls HD3200) at 150W. The suspension was then stirred
for 1 h at 300 rpm and room temperature (Artunduaga Bonilla
et al., 2021a). Finally, the suspension pH was adjusted to 7.5 with
NaOH. The nanocomposites were stored in amber flask at room
temperature.

Nanocomposites Characterization
Physicochemical properties of the nanocomposites were
determined according to our previous publication (Artunduaga
Bonilla et al., 2021a). Succinctly, the AgNPs spectrum in the UV-
visible region was observed using a spectrophotometer from
wavelength of 300–600 nm. To determine the average
hydrodynamic size and surface charge of the nanomaterial,
Dynamic Light Scattering (DLS) and Zeta potential analysis
were performed using a Brookhaven instrument
(United States) with suspension at 100 μg/ml concentration.
Quantification of silver using a ContrAA 700—High-
Resolution Continuum Source Graphite Furnace Atomic
Absorption Spectrometer (HR-CS GF AAS), Analytik jena AG,

was performed. For all tests, the AgNPs@Chi concentration
corresponds to the silver concentration. The size, morphology
and crystalline nature of the AgNPs, were determined by
transmission electron microscopy (TEM) and X-ray diffraction
(XRD). For these analyses, a drop of AgNPs was dispensed on a
Formvar coated copper grids (300 mesh) (polyvinyl resin, Ted
Pella, Inc.) and dried in a vacuum desiccator. Images were
acquired using a JEOL 1200 EX and FEI Tecnai G2 FEG
transmission electron microscopes operating at 80 and 200 kV,
respectively. For the AgNPs@Chi, the characterization was
performed by Zeta potential analysis and TEM respectively, to
compare the surface charge and observe the distribution of the
AgNPs within the polymer.

Silver Release From Chitosan Matrix
In vitro silver release from chitosan matrix was carried out as
previously demonstrated in our recent work (Artunduaga Bonilla
et al., 2021a). Briefly, 50 μg/ml aliquots of AgNPs@Chi were
added to a small dialysis bag and placed in a beaker containing
20 ml of 85 mM phosphate buffer, pH 7.4 and incubated at 37°C/
100 rpm. Aliquots of the buffer (2 ml) were collected sporadically
until day 52 and the concentration of silver diffused through the
dialysis membrane was measured by atomic absorption
spectroscopy.

In vitro Antifungal Activity
Anti-Sporothrix tests were performed following the Clinical and
Laboratory Standards Institute (CLSI) M27-A3 protocol with cell
suspension adjustments. Yeasts were cultivated in BHI broth at
37°C with orbital agitation (150 rpm) for 3 days. Cells were then
washed in PBS and adjusted to 5 × 105 yeasts/ml in RPMI 1640.
NCs were diluted in RPMI, and 100 µl volumes were added to 96-
well plates in serial dilutions from 16 to 0.12 μg/ml. A volume of
100 µl of the yeast suspension was added to each well. Microplates
were incubated at 37°C for 3 days. RPMI 1640 and itraconazole
(ITC) were used as controls. The fungal growth was measured
spectrophotometrically (λ: 530 nm) using a BioTeK ELx808
microplate reader (Netherlands). Minimal Inhibitory
Concentration (MIC50 and MIC90) were considered as the
lower concentrations of NCs able to reduce microbial growth
in 50 and 90%, respectively, comparing to control conditions.
Subsequently, 100 µl aliquots from each of the MIC90 wells were
suspended in 900 µl of RPMI and then incubated at 37°C for 48 h.
Aliquots of 20 μl were then seeded in BHI plates and incubated
for 48 h to check absence of fungal growth. In order to confirm
the non-antifungal effect of the chemical reagents used to
synthesize the silver nanocomposites, 100 µl aliquots of each
working solution (CTAB, PVA, Chitosan) were incubated with
Sporothrix yeasts following the broth microdilution protocol in
96-well plates, under the same conditions used to test NCs. All the
experiments were carried out in triplicates.

Drug Interactions
The antifungal combinatory effect of NCs with ITC or
amphotericin B (AMB) was investigated using the
checkerboard test (Zhao et al., 2019). Tests using 96-well
plates were performed according to methods of previous
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studies (Zhao et al., 2019; Artunduaga Bonilla et al., 2021a). Serial
two-fold dilutions of each drug (AgNPs, AgNPs@Chi, ITC and
AMB) were prepared in RPMI. The 96-well microplates were
inoculated with 100 µl of 5 × 105 cells/ml and incubated at 37°C
for 3 days. The optical density (OD) was measured at 530 nm
using a microplate reader (Biotek ELx808). The fractional
inhibitory concentration index (FICi) was defined as (MIC
combined/MIC drug A alone) + (MIC combined/MIC drug B
alone). The drug interaction was considered synergistic when the
FICi is ˂0.5, indifferent when the FICi is between 0.5 and 4, and
antagonistic when the FICi is >4 (Zhao et al., 2019; Artunduaga
Bonilla et al., 2021a).

Ultrastructural Analysis of S. brasiliensis
Yeasts were treated with MIC50 of the NCs (0.06 and 0.25 μg/ml
of AgNPs and AgNPs@Chi, respectively) in RPMI 1640 at 37°C
for 48 h. Then, cells were washed twice in PBS and fixed overnight
with 2.5% glutaraldehyde, 4% formaldehyde and 10 mM calcium
chloride in 0.1 M cacodylate buffer, pH 7.2 at 4°C. Post-fixation in
1% osmium tetroxide in cacodylate buffer containing 0.08%
potassium ferrocyanide was performed for 2 h at room
temperature. Subsequent, the fungal cells were dehydrated in
acetone and embedded in spurr’s resin (Ted Pella Inc.). Ultrathin
sections (70 nm) were acquired using a ultramicrotome (LEICA
EM UC6). Sections placed onto copper grids (300 mesh) were
stained with lead citrate and uranyl acetate and visualized in a
transmission electron microscope (JEOL 1200 EX) operated at
80 Kv.

Hemolysis Assay
The hemolytic effect of silver nanocomposites was determined
according to Shiny, Mukherjee, and Chandrasekaran 2014, with
some modifications. Briefly, red cells present in defibrinated
sheep blood (Ebafarma) were washed three times with PBS
(1,000 g, 3 min). Then, 100 μl of 2 × 108 cells/ml were added
to 96-well plates with 100 μl of NCs in serial dilution from 16 to
0.25 μg/ml. The combinations were incubated at 37°C for 1 h.
Relative hemoglobin concentration in supernatants after
centrifugation at 1700 g for 5 min was monitored by
measuring optical absorbance (Abs) at 540 nm using a
microplate reader (Biotek ELx808). Red blood cells incubated
with PBS were considered as a negative control, and those
incubated with water were used as positive controls for
hemolysis. Percent hemolysis was calculated using the formula:
Hemolysis (%) = 100 * (Abs treated cells−Abs negative control)/
(Abs positive control−Abs negative control). The experiment was
carried out in triplicate and three independent tests were
performed.

Scratch Assay
The scratch assay was performed according to You et al. (2017).
Briefly, a total of 106 cells of spontaneously immortalized human
skin keratinocyte line (HaCaT), immortalized human fibroblasts
(HFb) and NIH/3T3 murine fibroblasts were plated separately in
six-well plates to obtain a confluent culture. The monolayer was
then scraped straight with a 200 µl micropipette tip. Thereafter,
cell debris was removed by washing the cells twice with PBS or

culture medium. Silver nanocomposites suspended in RPMI 1640
and supplemented with 0.2% FBS (2 ml) were added carefully in
the wells at concentration of 1 μg/ml of silver and immediately
incubated at 37°C and 5% CO2 for up to 72 h. To monitor the cell
migration or scratch closure, the plates were placed under an
inverted Olympus CKX41 microscope coupled to an AmScope
MU500 camera and images were acquired every 24 h. The test
was performed in three independent assays by duplicates.

Murine Model Test
The efficacy of the silver nanocomposites was investigated using a
murine model for subcutaneous sporotrichosis (Della Terra et al.,
2017). Groups of five female C57BL/6 mice weighing 16–18 g
(7–8 weeks old) were obtained from the Núcleo de Criação de
Animais de Laboratório of the Universidade Federal do Rio de
Janeiro (UFRJ, RJ, Brazil). To develop the infections mice were
inoculated by subcutaneous injection of 25 µl (5 × 106 yeasts) into
the left hind footpad, previously anesthetized with ketamine
(100 mg/kg, ip) and xylazine (10 mg/kg, ip). Daily treatment
with silver nanocomposites was started after lesion
development (~20 days). The application of AgNPs or
AgNPs@Chi was by spray (three applications of ~100 μl/at a
time, from a suspension with 5 μg/ml of silver). The negative
controls (ITC or PBS) were administered intravenously (i.v). Two
independent tests with treatment and monitoring of injures were
performed. The body weight, the paw diameter and the survival
pattern were monitored in the second test. Digital Vernier caliper
was used to measure the diameter of the paw.

Statistical Analysis
The experimental data were analyzed by one-way ANOVA and
multiple comparisons tests (Sidak’s, and Dunnett’s for in vitro
tests and Tukey’s for the in vivo experiments data) using Graph
Pad Prism seven software. Statistical significance was considered
at p value ˂ 0.05.

RESULTS

Nanocomposites Characterization
Synthesis and characterization of the silver nanocomposites were
carried out following previously published protocols
(Artunduaga Bonilla et al., 2021a). The NCs used here
displayed the same physical-chemical characteristics as
observed previously by our group (Supplementary Figures S1,
S2 for the physicochemical details).

Anti-Sporothrix Activity of NCs
Treatment with AgNPs inhibited ≥90% of S. brasiliensis and S.
schenckii growth at concentrations of 0.12 and 0.25 μg/ml,
respectively (Table 1). AgNPs functionalized with chitosan
(AgNPs@Chi) displayed the same inhibitory activity at higher
concentrations, ranging from 0.5 to 1 μg/ml. Thus, a 4-fold
reduction in activity was observed. Remarkably, the effect of
NCs was comparable and even more efficient than the activity
exhibited by itraconazole (1 μg/ml for both species), a first-line
drug to combat sporotrichosis. The reduced antifungal activity of
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AgNPs embedded in the chitosan occurred most probably due to
the slower release of silver from the polymeric matrix. Similar
concentrations of chemical reagents used as working solutions for
the NCs synthesis did not impact fungal growth. The optical
densities (OD) of the wells corresponding to the cells exposed to
the chemical reagents ranged from 0.296 to 0.324, values similar
to the fungal growth under control conditions (RPMI) (0.330 ±
0.08 OD).

Combinatory Effect of NCs With
Conventional Antifungals Drugs
To explore the possibility of using silver nanocomposites
combined with ITC or AMB as an unconventional therapy
against Sporothrix, the combinatory effect was studied by the
checkerboard method. As seen in Table 2, none of the
combinations showed synergism with either ITC or AMB
against the S. brasiliensis and S. schenckii strains tested. We
observed an indifferent or non-interactive effect (FICi ˃0.5–4)
for all experiments.

Nanocomposites Promote Ultrastructural
Changes in S. brasiliensis
Under control conditions, yeasts of S. brasiliensis showed a
uniform cell wall and a continuous plasma membrane.
Intracellularly, the yeasts displayed regular nucleus and
mitochondria with a homogeneous electron-dense cytoplasm
(Figures 1A,B). Treatment with AgNPs promoted deformities
in yeast morphology (Figures 1C,D). The exposition of the
fungus to AgNPs promoted plasma membrane discontinuity,

rupture of organelles and a heterogeneous density at the
cytoplasm (Figure 1D, white arrows). In addition, the cell wall
displayed a decreased electron-density. The detachment of the
cytoplasmic membrane was also observed with the disintegration
of the surface of the cells treated with AgNPs@Chi (Figures
1E,F). The images are representative of the effects observed in
20–30 cells viewed at high magnification and for each treatment.
The ultrastructural characteristics described for the cells treated
with the experimental nanocomposites correspond to the
alterations observed in more than 80% of the cells visualized
by each group.

Silver Nanocomposites Have Low Red
Blood Cell Toxicity
The hemolytic concentration of NCs capable of lysing 50%
(HC50) of the red blood cells was approximately 2 and 8 μg/ml
for AgNPs and the functionalized compound, respectively
(Figure 2). For concentrations below 1 μg/ml, a modest
variability in toxicity was observed, ranging between 20 and
30% when using AgNPs, and 15–18% for the AgNPs@Chi.
The cytotoxic effect was directly relative to the concentration
of the NCs, with a reduced activity observed for the functionalized
compound. Red blood cells in presence of PBS showed no signs of
hemolysis.

Nanocomposites Stimulate in vitro
Keratinocytes and Fibroblasts Migration
Keratinocytes and fibroblast proliferation and/or migration was
individually visualized by the scratch assay. The effect on cellular
migration/tissue repair was investigated at 1 μg/ml of NCs, an
efficient concentration to inhibit Sporothrix spp. growth. Figure 3
demonstrates that restoration of cell density for all cell lines was
faster in the group stimulated with AgNPs@Chi. For HaCaT,
cellular restoration in the presence of nanoparticles was
considerably higher than control conditions (Figure 3A). For
these cells the migration was quantified by counting their number
in the scratch area, delimited by red lines, at each time point,
confirming a better wound closure (p ˂ 0.05) after 48–72 h of
exposure to the functionalized compound (Figure 3B). The cell
density of human (Figure 3C) and murine (Figure 3D)
fibroblasts, after 24 h of exposure to nanocomposites was
considerably higher, making the cell number determination
inaccessible. Qualitatively, a higher cell convergence with
AgNPs@Chi was observed, reaching the total closure of the
scratch in the first 48 h.

TABLE 1 | Inhibitory activity of silver nanocomposites against Sporothrix spp.

Strain MIC50 (µg/ml) MIC90 (µg/ml)

AgNPs AgNPs@Chi ITC AgNPs AgNPs@Chi ITC

Sporothrix brasiliensis ATCC 5110 0.06 0.25 0.5 0.12 0.5 1
Sporothrix schenckii ATCC 1099-18 0.12 0.25 0.5 0.25 1 1

MIC, minimum inhibitory concentration; ITC, itraconazole.

TABLE 2 | In vitro combination of drugs against Sporothrix spp.

Sporothrix
spp./Drug combination

Checkerboard Test

Ʃ FIC Activity

S. brasiliensis ATCC 5110
Itraconazole—AgNPs 0.95 ± 0.39 Indifferent
Amphotericin B—AgNPs 1.21 ± 0.19 Indifferent
Itraconazole—AgNPs@Chi 0.75 ± 0.22 Indifferent
Amphotericin B—AgNPs@Chi 1.42 ± 0.58 Indifferent

S. schenckii ATCC 1099-18
Itraconazole—AgNPs 1.48 ± 0.40 Indifferent
Amphotericin B—AgNPs 0.77 ± 0.21 Indifferent
Itraconazole—AgNPs@Chi 1.67 ± 0.33 Indifferent
Amphotericin B—AgNPs@Chi 0.70 ± 0.08 Indifferent

FIC, fractional inhibitory concentration index; ±, Standard deviation.
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Silver Nanocomposites are Effective
Against Murine Sporotrichosis
Considering the anti-Sporothrix efficacy of NCs in vitro along
with a potential activity to stimulate keratinocytes and fibroblasts
migration, we investigated their effect in a murine sporotrichosis
model. The timeline followed for in vivo testing is shown in
Figure 4. For the first test (Figure 4A), treatment was started on
day 25 post-infection, once swelling and skin injure were evident
in the paw of the mice. (Figure 5, day 1). AgNPs, AgNPs@Chi
and ITC were administered separately. Treatment was performed
daily for 35 days (Figure 5). Under these conditions the paw
swelling of the control mice continued even at day 35 although
the lesion has diminished. Treatment with AgNPs displayed paw

recovery with swelling reduction at day 25. Finally, treatment
with AgNPs@Chi generated the fastest recovery, reducing
inflammation and skin lesion within 15 days of treatment
(Figure 5). At the end of the experiment (day 35), animals
treated with NCs showed complete recovery from the
infection. Monitoring of the mice was performed for
3 weeks after the last day of treatment. Silver
nanocomposites-treated mice had no development of new
injures. Mice treated with ITC displayed inflammation
reduction at endpoint test when the control group showed
chronic lesions with mild variations in size and swelling.
Remarkably, about 20% of the mice under control
conditions died (data not shown).

FIGURE 1 | Ultrastructural analysis of Sporothrix brasiliensis treated with silver nanocomposites. S. brasiliensis ATCC 5110 treated for 48 h with MIC50 of
nanocomposites were analyzed by TEM. Untreated yeasts exhibited an intact structure: compact cell wall, continuous cytoplasmic membrane and electrodense (A,B).
While yeasts exposed to AgNPs showed damage to the integrity of the membrane of cytoplasmic organelles and the cell membrane (white arrows) (C,D). Cells treated
with AgNPs@Chi exhibited membrane detachment and cell surface disaggregation (E,F). Bars scale = 500 nm (A,C,E) and 200 nm (B,D,F).
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Considering that the strain exhibited low virulence according
to the minor lesions observed in mice, we used a recent pick from
the same strain (S. brasiliensis 5110) with two passages in culture
medium from frozen stock to ensure the protecting effect of the
NCs. In this case, a severe infection was since the skin lesions were
more serious (Figure 6A) and both swelling and injures were
developed in less time, at 15 days’ post-infection (Figure 6, day
1). Treatment was started on day 15 after yeast’ inoculation, as

indicated in the timeline scheme (Figure 4B). The NCs were
administered in the same way as in the first test. The course of the
infection was monitoring by the measure of the paw swelling and
body weight.

The silver nanocomposites treatment reduced the severity of
the infection resulting in a better prognosis since there was no loss
of the paw, as observed at day 10 in the control group. Although
all mice from the control group displayed a severe tissue loss,

FIGURE 2 | Hemolytic activity of silver nanocomposites. Sheep red blood cells (1 × 108 cells/ml) were exposed to NCs for 1 h. Hemoglobin, proportional to
hemolysis, was measured at 540 nm. The data represents means with standard deviations of three independent assays performed by triplicate. The statistics analysis
was performed using Sidak’s multiple comparison test, *p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE 3 | In vitromigration of mammalian cells. Cells (106) were plated in 6-well plates and stimulated for up to 72 h to nanocomposites previously diluted in RPMI
1640/0.2% FBS. The cell monolayer was scratched with a tip and monitored until cell convergence. Images representative both (A) Human keratinocytes and (C)
fibroblast, and (D)NIH/3T3 fibroblast cells were acquired using a 4× objective lens [except for those corresponding to 24 h in (C) (10×)]. (B) represents the keratinocytes
counting [cells within the area bounded by the red lines in (A)] of an experiment performed in duplicate. Experimental data was analyzed using Dunnett’s multiple
comparison test, **p ˂ 0.01.
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swelling measurements were continued at the base of the paw to
monitor the infection progress, moving to the surrounding
tissues. In this sense, from day 10 the swelling data
correspond to the diameter of the paw’s base. Minimal
variations were observed in the diameter of the base of the
paw with no signs of fungal dissemination, suggesting that the
infection was localized. Weight loss was lower in mice from the

group treated with AgNPs@Chi comparing to control (p = 0.001)
and ITC (p ˂ 0.05) groups (Figure 7A). In addition, AgNPs@Chi-
treated mice showed paw swelling reduction, being significantly
different from the ITC-treated mice (p ˂ 0.001) suggesting a
decreased inflammatory response (Figure 7B). Until day 24 of
treatment, the mice treated with NCs no showed significant
difference in weight variation (Figure 7A). From day 14, a
greater paw swelling of AgNPs-treated mice was observed
when contrasted to those treated with ITC (p ˂ 0.05) and with
the functionalized compound (p ˂ 0.001) (Figure 7B). AgNPs@
Chi treated mice showed 70% survival, while 50% of those treated
with AgNPs survived at the end of the experiment (Figure 6B).

DISCUSSION

In previous studies we have exploited the use of AgNPs as
antifungal formulations with a reduced toxicity to the host
(Artunduaga Bonilla et al., 2015; Artunduaga Bonilla et al.,
2021a). In this work we investigate the application of silver
nanocomposites to combat sporotrichosis. Our study
compared the anti-Sporothrix efficiency of AgNPs when
incorporated or not into the polymeric matrix chitosan,
strategy that significantly increased the compound
biocompatibility without compromising the antifungal effect
(Cinteza et al., 2018; Artunduaga Bonilla et al., 2021a). In
addition, we observed a potential anti-inflammatory effect and
confirmed tissue repair properties already suggested for silver and
chitosan in skin infections (You et al., 2017; Sandri et al., 2019; Ye,
Cheng, and Yu 2019).

The NCs used in this work exhibited the same
physicochemical properties previously observed by our group
(Artunduaga Bonilla et al., 2021a), suggesting a highly
reproducible strategy for NCs synthesis. It is worth
mentioning that although AgNPs display an absorption peak
between 400–420 nm produced by the AgNPs-light beam
interaction, the absorption shoulder at around 410 nm
observed in the synthesized AgNPs has already been reported

FIGURE 4 | Experimental scheme for in vivo assays. The strategy used to develop the murine subcutaneous infection and antifungal treatment was represented as
a timeline. Yeasts of S. brasiliensis (5 × 106 cells) were inoculated by subcutaneously injection of in the left hind paw. Daily Treatment was started once the lesions were
evident in all mice. In the first test (A), treatments for 35 days were performed. Then, the mice were monitored for 20 days. For the second experiment (B), a higher
virulent strain of S. brasiliensis ATCC 5110 was used, and topical treatments with NCs were administered for 30 days.

FIGURE 5 | Protective effect of nanoparticles in a murine model of mild
sporotrichosis. Cells (5 × 106 cells/25 μl) of S. brasiliensis was inoculated into
the paw C57BL/6 mice. Treatments with nanocomposites were performed by
spray (three applications from a 5 μg/ml silver suspension). Itraconazole
was administered intravenously (0.5 mg/kg/day/per tail). For intravenous
treatment, mice were previously anesthetized with ketamine and xylazine. The
images correspond to days 1 to day 35 of the treatment started 25 days’
post-infection. Mice treated with AgNPs@Chi exhibited better recovery and
during the 3 weeks of monitoring after the end of the treatment, they showed
no lesions or signs of disease.

Frontiers in Nanotechnology | www.frontiersin.org April 2022 | Volume 4 | Article 8576818

Artunduaga Bonilla et al. Silver Nanocomposites Against Sporothrix spp.

https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


when these are obtained by chemical reduction with cysteine
(Khan et al., 2009). Khan and colleagues have attributed the
“shoulder” of absorption to the possible formation of an insoluble
cysteine-Ag complex. The XRD analysis displayed the crystalline
phase of silver within the NCs. Other peaks were observed
corresponding to impurities that would consequence from
electrostatic interactions between Ag+ (not reduced) and
bromide (Br−) ion from CTAB (Khan et al., 2009).
Conventional TEM analysis strongly indicates that AgNPs are
spherical, but additional experiments are required to confirm
their exact morphology. Small homogeneous particles were
displayed, a physical characteristic commonly related to a
higher antimicrobial effect (Ivask et al., 2014; Dasgupta et al.,
2015; Lee and June 2019).

Several groups have demonstrated the effectiveness of chitosan
as a vehicle for drug administration and to increase the
biocompatibility of metal nanomaterials (Cinteza et al., 2018;
El-Sherbiny et al., 2019). For instance, Cinteza et al. (2018) used
chitosan as a capping agent, stabilizing and enhancing
biocompatibility of AgNPs with antibacterial effects. In our

experiments, functionalization of AgNPs with chitosan was
performed using a modified cross-linking method, trapping
AgNPs into the polymeric matrix by chitosan precipitation at
the particles surface. Chitosan increased the positive surface
charge of AgNPs due to the free amino groups (+25 mV for
AgNPs@Chi, compared with +4.5 mV for AgNPs), which could
benefit the electrostatic interaction with the negative surface of
the fungal cells. In addition, chitosan incorporation resulted in a
gradual silver release. These data, together with the fact that
chitosan promotes an interface barrier between the metal and
mammalian cells, could potentially decrease the toxic effect of the
AgNPs (Cinteza et al., 2018; Hernández-Rangel et al., 2019).

AgNPs were able to attach to the fungal cell wall where they
could stimulate changes in strength and permeability. These
changes, ultimately, can cause cell lysis with extrusion of
intracellular material, leading to fungal death (Dakal et al.,
2016; Durán et al., 2016). Nevertheless, there are considerable
evidences showing that ionic silver (Ag+) is associated with
antimicrobial activities, particularly since the silver cation
contains a high affinity for negatively charged molecules such

FIGURE 6 | Protective effect of nanoparticles in a murine model of severe sporotrichosis. (A) Mice subcutaneously infected with S. brasiliensis were treated with
silver nanocomposites and itraconazole. For AgNPs and AgNPs@Chi, the treatment was carried out by spray (three applications from a 5 μg/ml silver suspension).
Itraconazole was administered intravenously (0.5 mg/kg/day/per tail) as a control treatment. (B) Survival of mice infected with S. brasiliensis. Daily treatment was started
15 days after infection, when the injuries were evident. Once the last mouse in the control group died, mice survivors from other groups were treated for a further
6 days.
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as DNA, as well as an extensive reactivity with hydroxyl, sulfate
and phosphate chemical groups (Durán et al., 2016; Choi et al.,
2018; Kędziora et al., 2018). Thus, once Ag+ are transported to
their biological targets and interact with biomolecules and
regulatory enzymes, they inhibit vital processes such as
replication, respiration and protein synthesis. In this sense, the
role of AgNPs also consists in generating a continuous flow of
Ag+ ions through the oxidation of Ag0. According to our results,
both AgNPs and AgNPs@Chi were able to inhibit the in vitro
growth of Sporohtrix species at concentrations lower than 1 μg/
ml. To our knowledge, only one study has tested silver
compounds against Sporothrix. Mathias et al., 2020
investigated the efficacy of silver salts of Keggin-type
heteropolyacid (Ag-HPA, non-nanoparticulate compound)
against S. schenckii ATCC 32285 and isolates from feline
sporotrichosis. They observed MIC values between 8 and
128 μg/ml, in addition to a synergistic interaction of Ag-HPA
salts with ITC and AMB. These concentrations were up to
128 times higher than that used in our work. In addition, no
synergism between NCs and those drugs were found in our
experimental conditions. Such disparities could be explained
by the chemical differences between Ag-HPA salts and AgNPs,
the strains tested and also by the methodology used to determine
synergism. However, the yeast ultrastructural effects observed in
both studies were similar. Cells treated with silver composites
exhibited detachment and discontinuity of the cell membrane,
disruption of cytoplasmic organelles and cell wall disaggregation.
Increased permeability of fungal cells due to damage to the fungal
wall and membrane were observed in cells treated with both
chitosan-functionalized AgNPs and unmodified AgNPs. It is
possible that the antifungal activity of NCs is caused primarily
by the alteration of the fungal cell structure allowing the
penetration of AgNPs/Ag+ and causing biochemical alterations
already described by Dakal and colleagues, such as oxidative

stress derivative by the higher production of ROS and free
radicals (Dakal et al., 2016). However, additional experiments
are necessary to confirm that the NCs are localized within the
cells. Remarkably, the incorporation of chitosan also reduced the
hemolytic activity of the NCs. Thus, chitosan incorporation to
AgNPs reduces NCs toxicity and does not compromise the
antifungal effect against Sporothrix spp. in vitro.

The process of wound healing is particularly relevant during
cutaneous and subcutaneous infections. Some studies have
suggested that metallic nanoparticles have inherent features to
promote wound repair (Tian et al., 2007; Liu et al., 2010; Sandri
et al., 2019). The AgNPs generated in our work considerably
stimulated proliferation and migration of keratinocytes and
fibroblasts, primary criteria for successful wound healing (Liu
et al., 2010; You et al., 2017). Remarkably, the presence of
chitosan improved the stimulatory effect. These results are in
accordance with the data published by You and colleagues (You
et al. (2017) showing that antibacterial AgNPs loaded in collagen/
chitosan scaffolds induced the transformation of fibroblasts into
myofibroblasts, intensifying dermal regeneration and injury
healing. The use of chitosan to stimulate proliferation and
migration of keratinocytes and fibroblasts was also showed by
Sharma and colleagues (Sharma et al. 2021). In their studies, the
association of chitosan with chondroitin sulfate (CH-CS) resulted
in proliferation and migration of keratinocytes and fibroblasts. In
addition, CH-CS displayed a potent effect when tested in a rat
skin-excisional wound model.

The potent antifungal activity of AgNPs and AgNPs@Chi
against S. brasiliensis and S. schenckii associated with their ability
to stimulate keratinocytes and fibroblasts suggested that these
NCs could be tested in vivo to control sporotrichosis. In addition,
we recently demonstrated that mice exposed to AgNPs at doses of
0.16 mg/kg/day for 30 days did not show silver bioaccumulation
in organs such as spleen, liver, kidneys, lungs, and brain

FIGURE 7 | Paw diameter and body weight evaluation in mice infected with S. brasiliensis. C57BL/6 mice were subcutaneously infected with yeasts (5 × 106 cells/
25 µl). The injuries were evident 15 days’ post-infection, then topical (silver nanocomposites) or intravenous (ITC) antifungal treatment was started. Mice from the
nanocomposites and ITC groups were treated and followed up to day 30. The mice weight (A) and the inflamed paw diameter (B) from each tested group were
monitored.
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(Artunduaga Bonilla et al., 2021a). The antifungal efficacy of the
NCs was then investigated in a subcutaneous model of murine
sporotrichosis. The impact of the virulence strain was also evaluated.
For our first infection model, we prepared the inoculum of S.
brasiliensis from a pick with serial passages in the laboratory, a
condition that decreases the strain virulence. Mild infections were
previously reported under these conditions (Lima, Schäffer, and
Borba 2003; Converse et al., 2010; Artunduaga Bonilla et al., 2021b).
Treatment with AgNPs@Chi reduced the paw swelling, indicating a
decrease of the local inflammatory response by the end of the first
and third week, respectively. In fact, previous studies showed that
AgNPs and AgNPs-chitosan have the ability to suppress pro-
inflammatory cytokine release in tissue specimens (You et al.,
2017; Ye, Cheng, and Yu 2019). However, additional experiments
are necessary to confirm the NCs anti-inflammatory effect in our
model. AgNPs@Chi and AgNPs showed a better outcome when
compared to ITC and clinical cure was clearly reached on day 35 for
both NCs. The efficacy of NCs was then confirmed using a strain
displaying a higher virulence profile (Artunduaga Bonilla et al.,
2021b). A severe paw loss in mice treated with PBS confirmed the
virulence phenotype. Remarkably, AgNPs@Chi was more efficient
than AgNPs and ITC in both in vivo experiments, leading to a faster
and better tissue recover. Corroborating with that, a slight variation
in body weight and less progression of injury were observed in mice
treated with AgNPs@Chi. Accordingly, the progressive release of
silver incorporated in chitosan could favor both the antifungal action
on the infection causal agent and the recovery of the affected tissue,
since the compound was released continuously.

In conclusion, silver nanoparticles obtained by chemical reduction
with cysteine were effective in inhibiting the in vitro growth of
Sporothrix yeasts in concentrations comparable to the treatment of
first choice, itraconazole. Furthermore, NCs functionalization with
chitosan increased the biocompatibility of silver and promoted the
gradual release of AgNPs/Ag+, stimulating the prolonged antifungal
effect and a better tissue recovery. Together, the results here suggest
that AgNPs@Chi can be a good and effective choice to be exploited
against chronic subcutaneous infection that requires prolonged
treatment such as cutaneous sporotrichosis.
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