
Citation: Scandorieiro, S.; Kimura,

A.H.; de Camargo, L.C.; Gonçalves,

M.C.; da Silva, J.V.H.; Risso, W.E.; de

Andrade, F.G.; Zaia, C.T.B.V.; Lonni,

A.A.S.G.; dos Reis Martinez, C.B.;

et al. Hydrogel-Containing Biogenic

Silver Nanoparticles: Antibacterial

Action, Evaluation of Wound

Healing, and Bioaccumulation in

Wistar Rats. Microorganisms 2023, 11,

1815. https://doi.org/10.3390/

microorganisms11071815

Academic Editors: Sergey

Kudryashov and Eteri Tolordava

Received: 30 May 2023

Revised: 20 June 2023

Accepted: 26 June 2023

Published: 15 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Article

Hydrogel-Containing Biogenic Silver Nanoparticles:
Antibacterial Action, Evaluation of Wound Healing, and
Bioaccumulation in Wistar Rats
Sara Scandorieiro 1,2 , Angela Hitomi Kimura 1, Larissa Ciappina de Camargo 1, Marcelly Chue Gonçalves 1,
João Vinícius Honório da Silva 3 , Wagner Ezequiel Risso 4, Fábio Goulart de Andrade 3 ,
Cássia Thaïs Bussamra Vieira Zaia 5 , Audrey Alesandra Stinghen Garcia Lonni 2 ,
Claudia Bueno dos Reis Martinez 4, Nelson Durán 6, Gerson Nakazato 1

and Renata Katsuko Takayama Kobayashi 1,*

1 Laboratory of Basic and Applied Bacteriology, Department of Microbiology, Center of Biological Sciences,
State University of Londrina, Londrina 86057-970, Brazil; sarascandorieiromicro@gmail.com (S.S.);
angela.hkimura@uel.br (A.H.K.); larissa.ciappina@gmail.com (L.C.d.C.); marcellychue@gmail.com (M.C.G.);
gnakazato@uel.br (G.N.)

2 Laboratory of Innovation and Cosmeceutical Technology, Department of Pharmaceutical Sciences,
Center of Health Sciences, University Hospital of Londrina, Londrina 86038-350, Brazil; audrey@uel.br

3 Laboratory of Histopathological Analysis, Department of Physiological Sciences, Center of Biological Sciences,
State University of Londrina, Londrina 86057-970, Brazil; joaovhs713@gmail.com (J.V.H.d.S.);
andrade@uel.br (F.G.d.A.)

4 Laboratory of Animal Ecophysiology, Department of Physiological Sciences, Center of Biological Sciences,
State University of Londrina, Londrina 86057-970, Brazil; wagner@uel.br (W.E.R.); cbueno@uel.br (C.B.d.R.M.)

5 Laboratory of Neuroendocrine Physiology and Metabolism, Department of Physiological Sciences,
Center of Biological Sciences, State University of Londrina, Londrina 86057-970, Brazil; ctbvzaia@uel.br

6 Institute of Biology, State University of Campinas, Campinas 13083-862, Brazil; nelsonduran1942@gmail.com
* Correspondence: kobayashirkt@uel.br; Tel.: +55-(43)33714788

Abstract: Wound infections are feared complications due to their potential to increase healthcare
costs and cause mortality since multidrug-resistant bacteria reduce treatment options. This study
reports the development of a carbomer hydrogel containing biogenic silver nanoparticles (bioAgNPs)
and its effectiveness in wound treatment. This hydrogel showed in vitro bactericidal activity after
2 h, according to the time–kill assay. It also reduced bacterial contamination in rat wounds without
impairing their healing since the hydrogel hydrophilic groups provided hydration for the injured
skin. The high number of inflammatory cells in the first days of the skin lesion and the greater
degree of neovascularization one week after wound onset showed that the healing process occurred
normally. Furthermore, the hydrogel-containing bioAgNPs did not cause toxic silver accumulation
in the organs and blood of the rats. This study developed a bioAgNP hydrogel for the treatment
of wounds; it has a potent antimicrobial action without interfering with cicatrization or causing
silver bioaccumulation. This formulation is effective against bacteria that commonly cause wound
infections, such as Pseudomonas aeruginosa and Staphylococcus aureus, and for which new antimicrobials
are urgently needed, according to the World Health Organization’s warning.

Keywords: Staphylococcus aureus; Pseudomonas aeruginosa; Escherichia coli; green nanotechnology;
Fusarium oxysporum; cicatrization; histological analysis; silver accumulation; in vivo

1. Introduction

The skin, an organ of great importance, provides a barrier between the internal and
external environments of the body, protecting the organism against pathogens [1]. However,
when this barrier is compromised, as observed in some wounds, the organism becomes
more susceptible to infections [2,3]. A wound is defined as an impairment to the integrity of
biological tissue, encompassing the skin and mucous membranes, caused by several types
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of traumas or surgery [4]. Wounds can be classified into two categories. Closed wounds
can be caused by a contusion or hematoma, while open wounds may result from incisions,
lacerations, punctures, penetrations, and thermal, chemical, or electrical burns [5]. The
main complication associated with open wounds is the high risk of infection, which, when
related to the patient’s clinical history, can pose substantial challenges to treatment efficacy
and potentially lead to grave medical conditions [4,6].

The development of a clinical infection depends on various factors, including the
pathogenicity of the microorganism, the immunological status of the host, and the con-
dition of the wound [4]. However, within the wound, bacteria engage in competition
with normal cells for oxygen and nutrients, while the presence of endotoxins and metal-
loproteinases can induce damage across all stages of wound healing [7]. Consequently,
these factors contribute to prolonged hospital stays and increased healthcare costs [8].
Topical administration of antibiotics plays a crucial role in managing wound infections, as
it promotes infection control and facilitates the healing process [9]. However, multidrug-
resistant bacteria significantly limit treatment options and represent a major obstacle to
effective infection management [10]. Notably, microbial resistance to silver sulfadiazine, a
topical antibiotic commonly employed for treating wound infections, has already been re-
ported [11–13]. Without intervention, projections suggest that by 2050, multidrug-resistant
infections will result in one death every three seconds, amounting to 10 million deaths
annually [14], surpassing the mortality rate caused by the COVID-19 pandemic. The re-
cent pandemic has reinforced the urgency of combating bacterial resistance, given that
respiratory viral diseases predispose patients to secondary infections involving pathogenic
microorganisms [15,16].

According to the World Health Organization, there is an urgent need for the develop-
ment of novel antimicrobials targeting twelve pathogenic bacteria that pose a significant
threat to public health. This includes bacterial species implicated in wound infections,
such as Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli [17]. Among the
potential alternatives, nanotechnology-based antimicrobials have drawn considerable at-
tention [18,19]. Previous studies conducted by our research group showed the bactericidal
effects of silver nanoparticles biologically synthesized (bioAgNPs) with Fusarium oxyspo-
rum components. These bioAgNPs have exhibited efficacy against both Gram-positive
and Gram-negative bacteria [20,21], including multidrug-resistant strains and bacteria
associated with biofilm formation [22].

Silver nanoparticles have emerged as notable nanometals due to their antimicrobial ac-
tivity against a wide range of bacteria. Moreover, they have been tested in combination with
other antimicrobial agents to reduce toxicity and combat the emergence of bacterial resis-
tance [23]. Firstly, the attractiveness of silver nanoparticles stems from their broad spectrum
of antimicrobial action, allowing their incorporation into various everyday products [24,25].
Among metals, silver possesses a higher tendency for reduction (with a reduction potential
of 0.80 V) compared to metals such as Cu (0.34 V), Fe (−0.44 V), and Zn (−0.76 V) [26]. The
reduction potentials of these metals also contribute to their biological activities, as they
facilitate the binding to electron-donating molecules within microorganisms, ultimately
disrupting their cellular functions [27]. Nonetheless, it is crucial to highlight that factors
such as size, morphology, zeta potential, and composition also exert substantial influence
over the antimicrobial properties of nanometals [24].

Several commercially available topical treatment products, including dressings and
ointments, incorporate chemically synthesized AgNPs into their composition [25]. How-
ever, the synthetic route employed in their production often involves toxic reducing agents
and stabilizers [24]. In contrast, bioAgNPs offer a sustainable alternative as they are pro-
duced through a “green nanotechnology” approach that eliminates the need for chemical
reagents, relying instead on the inherent reducing and stabilizing properties of biologi-
cal entities [24]. In addition, biomolecules contribute to the improved stability of silver
nanoparticles by preventing their aggregation [28]. Notably, the biological synthesis of
silver nanoparticles, particularly bioAgNPs, has undergone extensive research and vali-
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dation, providing a solid foundation for their production process [24]. In our study, we
employed bioAgNPs derived from F. oxysporum, whose synthesis mechanism [29] and
antimicrobial action have been comprehensively investigated [20,22]. These findings are
pivotal in justifying the incorporation of these nanoparticles into the hydrogel formulation
presented in this study. Therefore, our research group proposes the development of a
bioAgNP-containing hydrogel for wound treatment. This article outlines the formulation
of the hydrogel, evaluates its antimicrobial activity in both in vitro and in vivo settings,
examines its effect on wound healing, and investigates potential bioaccumulation in animal
models. Considering the low toxicity of these bioAgNPs and the urgent need for innova-
tive wound treatment products, our presented formulation holds substantial promise for
industrial, economic, and healthcare applications.

2. Materials and Methods
2.1. Biosynthesis of Silver Nanoparticles

Nanoparticle biosynthesis was performed as described by Duran et al. [29]. The
principle of synthesis involves the reduction of silver ions by the components of Fusarium
oxysporum. The fungal strain 551 was used in this process, and was provided by the
Laboratory of Molecular Genetics, ESALQ-USP, Piracicaba, São Paulo, Brazil. The fungus
was cultivated for seven days at 28 ◦C in a culture medium consisting of 2% (w/v) malt agar
extract (Acumedia, San Bernardino, CA, USA), 0.5% (w/v) yeast extract (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA), and distilled water. The fungal mycelium was
then added to distilled water at 0.1 g/mL and incubated at 28 ◦C for 72 h under agitation
(150 rpm). Then, the solid components (mycelium and hyphal fragments) were separated
by vacuum filtration using a qualitative filter with pore sizes ranging from 4 to 12 mm
(Unifil). A 0.01 M solution of silver nitrate (AgNO3) was added to the fungal cell-free
filtrate to synthesize silver nanoparticles. The system containing silver salt and fungal
components was incubated statically for 15 days at 28 ◦C in the absence of light. To
confirm nanoparticles synthesis, aliquots from the system were periodically collected to
measure the absorption spectra in the range from 340 to 700 nm, using an ultraviolet-visible
spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer,
Marsiling Industrial Estate, Singapore), thereby verifying the plasmonic band of bioAgNPs.
Additionally, the diameter and zeta potential of the silver nanoparticles were determined
by photon correlation spectroscopy by Zetasizer NanoZS (Malvern®, Malvern, UK). The
diameter measurement was determined under the following conditions: material with
a refractive index (RI) of 0.2, absorption of 0.4; water as dispersant with an RI of 1.33,
viscosity of 0.8872 cP; system at 25 ◦C, with a count rate of 450.5 kcps, duration of 60 s,
measurement position of 5.5 mm, and attenuator of 7. Similarly, the zeta potential was
determined under the following conditions: material and dispersant RI as described before;
dispersant dielectric constant of 78.5; system at 25 ◦C, count rate of 111.5 kcps, zeta runs
of 12, measurement position of 2 mm, and attenuator of 9. Finally, the morphology of
bioAgNPs was determined by transmission electron microscopy (TEM).

2.2. Preparation of Hydrogels

Three hydrogel formulations were prepared as follows: a hydrogel without bioAgNPs
(BASE), a hydrogel containing bioAgNPs at 250 µM (F250), and a hydrogel containing
bioAgNPs at 500 µM (F500). The excipients used in the base formulation (negative control)
included carbomer as the gelling agent, aminomethyl propanol as the neutralizing agent,
glycerin as the humectant, and distilled water.

To prepare the formulations, the carbomer gelling agent was dispersed in distilled
water under constant mechanical stirring (750 rpm) to obtain a homogeneous mixture.
The neutralizing agent, aminomethyl propanol, was added, and the mixture was stirred
until a gel consistency was achieved. Glycerin was then added to the gel under continued
agitation, and finally, the bioAgNPs (250 µM or 500 µM), producing the F250 and F500
formulations. The pH of the three formulations (BASE, F250, and F500) was adjusted (using
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sodium hydroxide) between 5.5 and 6.5, which corresponds to the optimal pH value of the
skin [30]. This formulation is patented (patent deposit was made in 2019, whose registration
number is BR 102019003123-9 A2; http://www.inpi.gov.br (accessed on 28 May 2023)).

2.3. In Vitro Antibacterial Activity of Formulations
2.3.1. Bacterial Samples

The in vitro antibacterial activity was tested against the following reference strains:
Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 9027, and Staphylococcus au-
reus ATCC 25923. Bacterial strains were stored at −20 ◦C in BHI (Brain Heart Infusion,
Acumedia®, San Bernardino, CA, USA) broth supplemented with 20% glycerol. For reacti-
vation, the bacterial samples were cultured in BHI agar at 37 ◦C for 18 h.

2.3.2. Time–kill Assay

Time–kill assay was performed to assess the antibacterial effect of three hydrogel
formulations (BASE, F250, and F500) against the aforementioned reference strains. Two
treatment controls were used: a 0.9% w/v saline solution as the negative control (CTL)
and silver sulfadiazine (SS) at 1% w/w as a reference antimicrobial for wound treatment
(AZICERIO®, Taquaritinga, São Paulo, Brazil).

To evaluate the antibacterial activity, 500 mg of each product (BASE, F250, F500, or SS)
was added to a 100 mm diameter Petri dish, while a similar Petri dish received 500 µL of
physiological solution as a control. The product or saline solution was uniformly spread
across the entire surface of the Petri dish using a Drigalski spatula to form a homogeneous
layer. Subsequently, to prepare the bacterial inoculum for the susceptibility test, isolated
colonies grown on nutrient agar (HiMedia®, Mumbai, Maharashtra, India) medium were
suspended in 0.1 M PBS (Phosphate Buffer Solution, pH 7.2) to achieve turbidity equivalent
to 0.5 McFarland scale, corresponding to 1.5 × 108 CFU/mL. The bacterial suspension
was diluted 1:10 in PBS to obtain an inoculum of 107 CFU/mL. Then, 100 µL of bacteria at
107 CFU/mL were inoculated onto all Petri dishes already containing hydrogel, commercial
antimicrobial, or saline solution (negative control) using a Drigalski spatula. At five time
points (0 h, 30 min, 2 h, 8 h, and 24 h) of treatment at 37 ◦C, Petri dishes were washed with
1 mL of PBS to recover surviving bacteria. The recovered bacterial load was serially diluted
in PBS and subcultured on nutrient agar to determine CFU/mL.

2.4. In Vivo Study of Formulations
2.4.1. General Design of In Vivo Experiment

Sixty male rats (Rattus norvegicus albinus) of Wistar lineage, with an average weight of
250 g, were utilized in this study. They were obtained from the Central Vivarium of the
State University of Londrina (UEL). The animals were housed in a temperature-controlled
environment (22 ◦C ± 2 ◦C) and exposed to a 12/12 h light/dark cycle. Access to potable
water and food was provided ad libitum. The present study was approved by the Ethics
Committee on Animals Usage from UEL, with protocol number 22730.2015.98.

The animals were randomly separated into five groups, each consisting of 12 animals.
Four treatment courses were determined, and therefore the animals were further divided
into four subgroups, with three rats each. Accordingly, each subgroup was sacrificed
according to the specific treatment course (1st day, 5th day, 9th day, and 17th day) [31,
32]. The five experimental groups were as follows: CTL (negative control—treatment
with saline solution at 0.9% w/v); SS (silver sulfadiazine—AZICERIO®); BASE (hydrogel
without bioAgNPs); F250 (hydrogel containing bioAgNPs at 250 µM), and F500 (hydrogel
containing bioAgNPs at 500 µM).

2.4.2. Surgical Excision of Skin

The animals underwent a four-hour food suspension prior to the surgical procedures,
although they had unrestricted access to water. The rats were weighed to determine the ap-
propriate amount of anesthetic solution for each individual. Anesthesia was administered
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intraperitoneally using a combination of ketamine (45 mg/mL) and xylazine (7 mg/mL) at
a dose of 0.16 mL/100 g of body weight. While under the effect of anesthetic, the animals
were positioned in ventral decubitus on the surgical table and immobilized with elastic
tape. Depilation of the upper back region (thoracic spine) was performed on an area of
approximately 6 cm2 [31–33].

For the surgical procedure, sterile scalpel blades were used to excise 4 cm2 of skin
from the center of the depilated area, exposing the dorsal muscular fascia. Hemostasis was
achieved through compression using gauze [31–33].

2.4.3. Treatment of Animals with Hydrogel Formulations

After the surgery, the animals were individually placed in cages. Topical formulations
were applied to the area where the skin was excised. The treatment protocol was as follows:
500 µL of 0.9% saline solution (v/v) was applied to the CTL group (negative control),
while 500 mg of the formulated products (BASE, F250, F500) were applied according to
the experimental design. To alleviate pain, minimize discomfort, and reduce the stress to
which the animals were subjected, paracetamol (200 mg/mL) was administered orally via
gavage for five days at a dose of 200 mg/kg of body weight [31–34].

2.4.4. Wound Colonization

On days 1, 5, 9, and 17 following the injury, microbiological sampling was carried out
in each group to evaluate bacterial colonization of the wounds. For microbial collection, a
sterile swab (Firstlab) moistened with 0.9% saline solution (w/v) was gently swiped over
the wound area. The swab was then streaked onto BHI agar in a Petri dish, which was
subsequently incubated at 37 ◦C for 24 h. After bacterial growth, CFU/mL was determined.

2.4.5. Wound Healing Analysis

The skin lesions of the animals were photographed daily throughout the 17-day
treatment period using a digital camera (Motic 5, Xiamen, China). The photographs were
then submitted to the Motic Images Plus 2.0 software (Moticam (Motic, Xiamen, China)) to
measure the area of the skin lesions and analyze the progression of wound healing.

2.4.6. Animal Euthanasia

After each designated treatment period (1st day, 5th day, 9th day, and 17th day), as
defined in the experimental design, all three animals from each subgroup were euthanized
by decapitation. Upon decapitation, blood samples were promptly collected in heparin-
containing tubes to quantify silver accumulation. Subsequently, samples from the liver,
spleen, brain, and kidneys of animals belonging to the CTL, SS, F250, and F500 groups
were extracted to determine the levels of silver accumulation.

2.4.7. Histopathological Analysis

The collected organs were fixed in Bouin’s solution for 48 h, followed by dehydration
and embedding of the organs. The embedded specimens were fixed in appropriate cas-
settes and prepared for sectioning using a microtome (CUT 5062 SLEE MAINZ®, Mainz,
Rhineland-Palatinate, Germany) to obtain 7 µm thick slices. These slices were then mounted
onto histological glass slides. Hematoxylin and eosin staining was performed on the slides.
Subsequently, observations and histological analysis were performed using a Moticam
image capture system (Motic, Xiamen, China) coupled with a photomicroscope (Motic,
Xiamen, China).

Micrographs captured at a magnification of 100× and of 400× were used to assess
the number of blood vessels and inflammatory cells respectively present in each section.
During the image capture, quadrants with an area of 250 µm2 were demarcatedand used to
count inflammatory cells per animal, excluding quadrants that contained blood vessels. A
total area of 1000 µm2 was used to count blood vessels. The total number of inflammatory
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cells was counted using the “Cell Counter” plugin with ImageJ software, version 1.50i [35],
with differentiation from other cell types based on nuclear characteristics.

2.4.8. Silver Bioaccumulation

The liver, brain, spleen, kidney, testis, and blood cells were dried in an incubator
at 60 ◦C and subsequently digested in a 5N nitric acid solution at 60 ◦C for 48 h. After
digestion, the material was centrifuged at 1000 RCF for 20 minutes, and the resulting
supernatant was used to determine the amount of silver [36] using Atomic Absorption
(AAnalyst ™ 700, PerkinElmer®, Waltham, MA, USA).

2.5. Statistical Analysis

The statistical analysis was performed by one-way analysis of variance (ANOVA)
followed by Tukey’s test. The analysis was performed using R software, version 3.1.0
(Foundation for Statistical Computing, Vienna, Austria). Values of p < 0.05 were considered
statistically significant.

3. Results
3.1. Characteristics of Biogenic Silver Nanoparticles (bioAgNPs)

The color of the fungal-free solution changed from pale yellow to brownish upon the
addition of AgNO3. Over a period of 15 days at 28 ◦C, the intensity of the brown color
increased. The absorption peak corresponding to the plasmonic band of bioAgNPs was
observed at 420 nm, indicating successful synthesis of the bioAgNPs. This was further
confirmed by photon correlation spectroscopy and microscopy analysis, which confirmed
nanoparticle formation. The average diameter of the bioAgNPs diameter and the zeta poten-
tial were 81.25 nm and −36.4 mV, respectively. Transmission electron microscopy analysis
of the bioAgNPs revealed spherical nanoparticles (Figure 1A). The size distribution of the
nanoparticles and their zeta potential are shown in Figure 1B and Figure 1C, respectively.

As observed in Appendix A (Figure A1), the color analysis of the carbomer hydrogel
showed that the BASE formulation exhibited a transparent color, while the bioAgNP hydro-
gel exhibited a uniform translucent caramel color, suggesting a homogeneous distribution
of bioAgNPs within the gel.

3.2. Time–kill Assay (In Vitro Antibacterial Test)

For each bioAgNP formulation (F250 and F500) and the reference antimicrobial product
(SS), a comparative analysis was conducted among four treatment time points (0 h, 2 h, 8 h,
and 24 h), revealing statistically significant differences in terms of CFU/mL (p < 0.05, Tukey
test), as presented below. According to the time–kill assay, F250, F500, and SS showed
bactericidal activity against all tested bacterial species.

Regarding E. coli ATCC 25922 (Figure 2A) and P. aeruginosa ATCC 9027 (Figure 2B),
the F500 formulation and SS reduced bacterial population by approximately 6 log (p < 0.05)
after 8 h of treatment. The F250 formulation caused a reduction of approximately 6 log
(p < 0.05) after 24 h of treatment. For S. aureus ATCC 25923 (Figure 2C), SS led to a reduction
in bacterial population of about 6 log (p < 0.05) after 2 h of treatment, while the F250 and
F500 formulations caused an approximately 6 log (p < 0.05) reduction after 8 h of treatment.

All tested bacteria (E. coli, P. aeruginosa, and S. aureus) exhibited similar population
viability (p > 0.05) when exposed to PBS throughout the entire experiment, during all
experiments, including the 24 h time point, thus serving as the growth control (CTL).
As for the control of the hydrogel formulation, BASE did not significantly reduce the
number of viable bacterial cells (p > 0.05) compared to the untreated CTL, as BASE lacks
antimicrobial activity.
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Figure 1. Characterization of the biogenic silver nanoparticles (bioAgNPs). (A) Transmission electron
microscopy analysis of the bioAgNPs. Scale bar: 50 nm (B) Size distribution of the bioAgNPs was
determined by intensity (%) and presented as a graph. The polidispersity index (PDI) was 0.296,
indicating the uniformity of the nanoparticle size distribution. (C) Zeta potential distribution of
the bioAgNPs.
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Figure 2. In vitro time–kill curve of bacterial species exposed to hydrogel formulations containing
bioAgNPs at 250 µM (F250) and 500 µM (F500). Hydrogel without bioAgNPs displayed bacterial
growth, indicating that BASE has no antimicrobial action. Control group (CTL) indicates the viability
of the bacterial cells, as it does not contain any antimicrobial agent. Silver sulfadiazine (SS) was used
as a reference antimicrobial because it is commonly used in wound treatment. Bacterial population
is expressed in log10 colony-forming units (CFU)/mL. The results for each bacterial species are as
follows: (A) Escherichia coli ATCC 25922, (B) Pseudomonas aeruginosa ATCC 9027, and (C) Staphylococcus
aureus ATCC 25923.
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3.3. Results of In Vivo Study
3.3.1. Wound healing

Regarding the healing process, there was no significant difference (p > 0.05, Tukey
test) in the area of the skin lesion among the BASE, F250, and F500 groups compared to
the CTL and SS groups. Figure 3 provides a qualitative representation of the skin lesions
in the five animal groups. The quantitative evaluation of wound healing is presented in
Table 1, which indicates the area of the skin lesions. Figure 4 illustrates the progression of
wound recovery over the 17 days of treatment. F250 and F500 formulations demonstrated
a similar reduction in wound area compared to SS treatment. F250, F500, and SS groups
presented a significant reduction from 3.65 cm2 to 0.07 cm2 (98.08%), from 4.94 cm2 to
0.20 cm2 (95.95%), and from 4.32 cm2 to 0.21 cm2 (95.14%), respectively. The reduction in
wound area observed in the BASE group was from 4.97 cm2 to 0.26 cm2 (94.77%). The CTL
group displayed a reduction in wound area from 3.69 cm2 to 0.20 cm2 (94.58%).
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Figure 3. Evolution of wound healing in animals during a 17-day exposure to different treatments
following a skin incision on the upper back. (A) Control group (CTL) treated with saline solution.
(B) Silver sulfadiazine group (SS, antimicrobial reference treatment). (C) Non-bioAgNP hydrogel
group (BASE). (D) The group treated with hydrogel containing bioAgNPs at 250 µM (F250). (E) The
group treated with hydrogel containing bioAgNPs at 500 µM (F500). The treatment duration for each
group was as follows: (1) 1 day, (2) 5 days, (3) 9 days, and (4) 17 days.
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Table 1. Size of lesions in animals from the CTL, SS, BASE, F250, and F500 groups after different treat-
ment durations (1, 5, 9, and 17 days). The lesion area values represent the mean ± standard deviation.

Groups
Lesion Area (cm2)

Day 1 Day 5 Day 9 Day 17

CTL 3.69 ± 0.61 2.51 ± 0.37 1.21 ± 0.38 0.20 ± 0.08
SS 4.32 ± 0.51 3.83 ± 0.45 1.73 ± 0.21 0.21 ± 0.02

BASE 4.97 ± 0.75 2.75 ± 0.25 1.23 ± 0.01 0.26 ± 0.05
F250 3.65 ± 0.14 2.19 ± 0.16 1.14 ± 0.36 0.07 ± 0.03
F500 4.94 ± 0.42 3.71 ± 0.28 1.58 ± 0.19 0.20 ± 0.01

CTL, control; SS, silver sulfadiazine; BASE, hydrogel without bioAgNPs; F250, hydrogel containing bioAgNPs at
250 µM; F500, hydrogel containing bioAgNPs at 500 µM; bioAgNPs, biogenic silver nanoparticles.
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Figure 4. Recovery of the rat skin wound was assessed by comparing the initial lesion size with
measurements taken at 5, 9, and 17 days after treatment with saline solution (CTL), silver sulfadiazine
(SS), hydrogel with bioAgNPs at 250 µM (F250), and hydrogel with bioAgNPs at 500 µM (F500). The
wound recovery is expressed as a percentage ± standard deviation.

3.3.2. Quantification of Bacterial Cells in Wounds

Starting from the first day of skin injury, bacterial cultures of the wounds showed
microbial growth in the CTL, SS, BASE, F250, and F500 groups (Figure 5). In the CTL
group, the bacterial load was approximately 104 CFU/mL at the beginning of the treatment
with saline solution (after one or five days), and it increased to around 1 log after nine
days. For the SS group, the initial bacterial count was approximately 102 CFU/mL, which
progressively increased in the following days, reaching more than 104 CFU/mL after
17 days of treatment. In the F250 group, the bacterial load was approximately 104 CFU/mL
at the start of treatment, and it decreased to 102 CFU/mL after 17 days. However, the F500
group exhibited a bacterial count of approximately 103 CFU/mL at the beginning of the
treatment, which decreased to less than 102 CFU/mL after the 9th and 17th days.
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Figure 5. Bacterial load in the animal wounds was monitored on the 1st, 5th, 9th, and 17th days of
treatment with saline solution (CTL), silver sulfadiazine (SS), hydrogel without bioAgNPs (BASE),
hydrogel with bioAgNPs at 250 µM (F250), and hydrogel with bioAgNPs at 500 µM (F500).

3.3.3. Histopathological Analysis

Regarding the histopathological analysis (Figure 6), on the first day after injury and
treatment, all groups showed a predominance of inflammatory cells and few blood vessels.
On the fifth day, there was still a dominance of inflammatory cells, and the number of blood
vessels began to increase. On the ninth day, the inflammatory cell count decreased while
the number of blood vessels increased in all groups. By the 17th day, there was a reduction
in both inflammatory cells and blood vessels. The quantification of the cicatrizing effects
revealed increased vascular proliferation on the fifth day, a peak in blood vessel formation
on the ninth day, and an increased inflammatory infiltrate on the first and fifth days, which
decreased in the subsequent days. No significant difference was observed among the
groups (p > 0.05, Tukey test) in terms of blood vessels and inflammatory cells on the 1st, 5th,
9th, and 17th days. Figure 7 exemplifies the histological analysis, presenting a histological
micrograph depicting the layers of rat skin, blood vessels, and inflammatory cells.

3.3.4. Silver Quantification of Tissues

Silver quantification was performed in the CTL, SS, F250, and F500 groups after 17 days
of treatment (Figure 8). None of the groups showed significantly higher concentrations
of silver compared to CTL (p > 0.05, Tukey test). In the CTL group, the highest amount
of silver was detected in the kidney, followed by the liver, spleen, brain, testis, and blood,
ranging from 0.228 to 0.024 µg of silver per gram of tissue. For the SS group, the amount of
silver ranged from 0.300 to 0.083 µg per gram of tissue, with the liver containing the highest
amount of this metal. The F250-treated group showed a silver concentration ranging from
0.193 to 0.045 µg per gram of tissue, with the spleen exhibiting the highest accumulation of
silver, followed by the liver, brain, testis, kidney, and blood. In the F500 group, the silver
concentration in animals ranged from 0.177 to 0.061 µg of silver per gram of tissue after
17 days of treatment.
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Figure 6. Quantification of blood vessels and inflammatory cells through micrograph analysis in
animals treated with saline solution (CTL), silver sulfadiazine (SS), hydrogel without bioAgNPs
(BASE), hydrogel with bioAgNPs at 250 µM (F250), and 500 µM (F500). The quantification of vessels
and inflammatory cells was conducted after 1, 5, 9, and 17 days of treatment, and the results are
presented as mean ± standard deviation. (A) Blood vessels were counted in 1000 µm2 quadrants of
tissue sections. (B) Inflammatory cells were counted in 250 µm2 quadrants of tissue sections.
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Figure 7. Histological micrographs stained with hematoxylin-eosin for the group treated with saline
solution. (A) Micrograph taken at 40× magnification showing the epidermis (1), dermis (2), and
blood vessels (3). (B) Micrograph taken at 100× magnification, used for counting blood vessels,
indicated by number (4). (C) Micrograph taken at 400× magnification showing quadrants with an
area of 250 µm2 each used for counting inflammatory cells, indicated by number (5). Observations
and histological analysis were performed using a Moticam image capture system (Motic, Xiamen,
China) coupled with a photo-microscope (Motic, Xiamen, China).
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Figure 8. Silver quantification by atomic absorption spectrophotometry in several organs and tissues
of animals treated with saline solution (CTL), silver sulfadiazine (SS), hydrogel with bioAgNPs at
250 µM (F250), and hydrogel with bioAgNPs at 500 µM (F500). The silver content is shown for the 1st
and 17th day of treatment and is expressed in micrograms (µg) of silver per gram of tissue.

4. Discussion

Nanotechnology is a significant field of modern research that involves the design,
synthesis, and manipulation of particle structures ranging approximately between 1 and
100 nm. Silver nanoparticles can be synthesized by chemical, physical, and biological
methods. Chemical processes employ toxic chemicals that pollute the environment and are
harmful to animals [37]. In contrast, physical methods may not require chemical agents but
often need large physical workspaces and consume high amounts of energy [38]. Biological
synthesis, however, offers an eco-friendly alternative by utilizing non-toxic molecules (e.g.,
amino acids, proteins, carbohydrates, etc.) derived from living organisms such as bacteria,
filamentous fungi, yeasts, and plants [39].

This research proposes the incorporation of biologically synthesized silver nanopar-
ticles into a hydrogel as an alternative to topical antibiotics for the treatment of infected
wounds. Nowadays, silver has been used in topical pharmaceutical formulations such
as silver sulfadiazine; however, this drug may cause adverse effects, exemplified by aller-
gic reactions [40]. Conversely, advancements in nanoscience and nanotechnology have
contributed to optimizing and functionalizing silver, thereby enhancing its antimicrobial
activity and strategic mechanisms of action and reducing its toxicity, among other improve-
ments [24]. For the development of the antimicrobial formulation in this study, biogenic
silver nanoparticles synthesized using cell-free components of F. oxysporum were used as
the active antimicrobial agent.

The biosynthesis of F. oxysporum-bioAgNPs has been thoroughly characterized and
validated. The nanoparticles from our research exhibited a plasmonic band at 420 nm, a
spherical morphology (Figure 1A), an average size of 81.25 nm (Figure 1B), and a zeta
potential of −36.4 mV (Figure 1C), which are consistent with the nanoparticles developed in
previous studies [20,21,41,42]. Bocate et al. [42] reported bioAgNPs with a UV-Vis spectrum
showing plasma absorption at 440 nm, a spherical shape confirmed by transmission electron
microscopy (MET), an average size of 93 nm, and a zeta potential of −37.1 mV. In addition
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to supporting our study, we emphasize that these nanoparticles have already been char-
acterized by X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR),
showing silver patterns and characteristic bands of fungal proteins, respectively [42,43].
Furthermore, the biosynthesis mechanism was also investigated, involving the reduction of
metal ions by nitrate-dependent reductase and an extracellular quinone shuttle process [29].
Since F. oxysporum-bioAgNPs have been well-characterized, their antimicrobial activity has
been studied by our research group, showing efficacy against bacterial pathogens most
commonly associated with infected wounds, such as Staphylococcus aureus, Escherichia coli,
and Pseudomonas aeruginosa [20,21,44]. The exact mechanism by which silver nanoparti-
cles exert their antibacterial activity is not yet fully understood. However, Scandorieiro
et al. [20] showed that F. oxysporum-bioAgNPs cause damage to the bacterial cell wall and
cytoplasmic membrane, as observed through electron microscopy and spectrometry, which
revealed disruptions in these structures and leakage of cytoplasmic molecules, respectively.
Additionally, the antibacterial effect of these nanoparticles is associated with oxidative
stress, as evidenced by increased reactive oxygen species and lipid peroxidation. Other
studies indicate that silver nanoparticles increase cell membrane permeability, inactivate
enzymes, interfere with intracellular ATP levels, cause DNA damage, and induce the
formation of reactive oxygen species [45–49].

Afterward, the present study confirmed the bactericidal effect of hydrogel containing
bioAgNPs (F250 and F500) against S. aureus, E. coli, and P. aeruginosa through time–kill
assays (Figure 2A,B and Figure 3B), which corroborates the findings of previous studies
that tested the efficacy of this nanometal [50,51]. Our time–kill results showed that the
bioAgNP hydrogel exhibited activity within 2 h of treatment, leading to a reduction in
bacterial population after approximately 8 h. Thus, this formulation displayed a similar
time of action to that of bioAgNPs alone, as observed in our earlier investigations of
the mechanism of action of bioAgNPs [20]. Additionally, the time–kill data showed that
SS significantly reduced the viability of the bacterial population. SS is a combination of
sodium sulfadiazine and silver nitrate, with the silver ion binding to the nucleic acid of
the microorganism and sulfadiazine interfering with microbial metabolism [52]. Although
silver sulfadiazine has excellent antibacterial coverage, cases of bacterial resistance to this
drug have been reported [53]. Furthermore, it can form a pseudo-eschar that delays wound
healing [54]. Conversely, according to the time–kill assays, the BASE formulation did
not cause a significant decrease in the viability of the bacterial population. Since BASE
lacks any antimicrobial component, its effect resembled that of saline solution treatment.
Nonetheless, the use of hydrogel in wound care is advantageous due to its hydrophilic
functional groups, which facilitate water absorption, thereby promoting hydration and
tissue recovery in the injured area [55,56]. According to the in vivo study presented in
this article, BASE facilitated wound healing in a way comparable to other treatments,
emphasizing the importance of adequate hydration for the wound-healing process [57].

As can be seen in the wound recovery data (Figures 3 and 4), no significant differ-
ence was observed regarding wound healing among the Wistar rats treated with BASE,
F250, and F500 when compared to the CTL and SS groups. These findings align with
previous studies reporting the suitability of silver nanoparticles in dressings since they
act as a barrier against pathogens, assist wound healing, and facilitate the removal of
excess exudate. Moreover, silver nanoparticles are non-toxic and do not cause allergic
reactions [58]. In addition, the efficacy of F250 and F500 against P. aeruginosa, S. aureus, and
E. coli, as shown in Figure 2, was further confirmed in vivo. The wounds treated with these
hydrogels showed a lower bacterial load compared to the CTL and SS groups. These data
substantiate the role of the bioAgNP hydrogel in preventing wound contamination and
colonization (Figure 5). Additionally, our findings corroborate the existing literature that
reports the broad-spectrum action of silver nanoparticles [24], which probably contributed
to the prevention of wound infection. We highlight that the bioAgNP hydrogel showed a
homogeneous translucent caramel color, and all tested aliquots, both in vitro and in vivo,
showed antimicrobial activity. This suggests that the distribution of nanoparticles within
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the hydrogel was adequate and likely homogeneous. However, it is worth emphasizing
that further studies are required to characterize the formulation pharmacologically.

Later, we also analyzed wound healing by quantifying inflammatory cells and blood
vessels, as illustrated in Figure 6. It is well-established that the wound-healing process
consists of three main phases: inflammation, proliferation, and tissue remodeling [59,60].
Our results showed that the inflammatory process was evident in all groups (CTL, BASE,
SS, F250, F500) on the first and fifth days of treatment. The high number of inflammatory
cells observed is consistent with the initial stages of the wound-healing process, which
are characterized by the inflammatory phase [32,61]. The inflammatory phase occurs
immediately after a skin injury, accompanied by blood vessel rupture and the extravasation
of their constituents. Initially, the local response aims to contain this extravasation, and
inflammatory cells serve as the first line of defense of the body, being essential in the
protection against pathogens. This cellular defense mechanism is prominent during the
first week after injury and can persist if the wound becomes infected [62,63]. The subsequent
proliferative phase involves the development of new blood vessels. Neovascularization is
particularly important at this stage as it allows the transportation of oxygen and nutrients to
the wound site [60,62,63]. Our results showed that the neovascularization process became
evident on the fifth day post-injury, with peak angiogenesis occurring on the ninth day
post-injury. As the wound progressed toward healing, angiogenesis gradually decreased,
as indicated in Figure 6.

The benefits of silver nanoparticles in wound care are diverse, both in preventing
infection and promoting the healing process. This nanometal has been incorporated into
dressings, semi-permeable films, and semi-solid formulations [64]. However, most commer-
cially available antimicrobial products containing silver employ ionic silver or nanoparticle
forms synthesized by chemical processes involving toxic agents [25]. In contrast, our for-
mulation comprises silver nanoparticles obtained through green nanotechnology, which
avoids the use of chemical reagents and harnesses the reducing and stabilizing properties of
F. oxysporum [29]. We emphasize that bioAgNPs present high stability due to biomolecules,
which act as both reducing agents and efficient capping agents, preventing nanoparticle
aggregation [28]. Furthermore, the hydrogel-bioAgNP formulation contains carbomer,
facilitating its application and removal from wounds, thereby enhancing patient comfort.
The pseudoplastic rheological behavior of this formulation favors optimal coverage of the
wound area [65].

Another equally important analysis concerns the accumulation of silver in various
organs and blood. As depicted in Figure 8, there was no significant difference between
the CTL group and the experimental groups on the 17th day after treatment, indicating
the absence of silver bioaccumulation related to SS and the bioAgNP hydrogel (F250 and
F500). Nonetheless, the silver accumulation tended to be greater in the SS groups compared
to the hydrogel groups containing bioAgNPs. This finding is consistent with the results
obtained by Buzulukov et al. [66], who investigated intragastric administration of silver
nanoparticles and observed bioaccumulation in the liver, kidney, spleen, heart, gonads,
brain, and blood, with the highest metal content found in the liver. Despite the detection of
this metal in various organs and tissues, the silver content was considered non-cytotoxic.
Furthermore, biogenic silver nanoparticles generally exhibit lower in vivo toxicity when
compared to nanoparticles synthesized through chemical routes or silver ions like those
present in SS [67].

Finally, we highlight that the penetration of nanoparticles depends on their diameter.
According to Larese et al. [68], particles larger than 45 nm cannot penetrate and permeate
the skin. However, our hydrogel consisted of bioAgNPs with a larger size (81.25 nm).
Although silver was detected in low quantities in the analyzed tissues and organs, this
may be attributed to the presence of an open wound. It is worth noting that the literature
reports that silver penetration can be up to five times greater in injured skin than in
intact skin [69]. To the best of our knowledge, the present study is the first to report the
quantification of silver in different organs of Wistar rats treated topically with a hydrogel
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containing bioAgNPs using atomic absorption spectrophotometry. Furthermore, there was
no significant silver accumulation observed during the 17-day treatment period, as the
silver content was similar in both groups of animals treated with and without the silver
formulation. This lack of silver accumulation in the organs can be attributed to the gradual
release of silver from the nanoparticles, as reported in the literature [70]. Additionally, the
release of active substances can be defined as the process by which the active is released
from the pharmaceutical formulation and becomes available for absorption [71].

In conclusion, the carbomer-based hydrogel containing bioAgNPs represents a promis-
ing antimicrobial alternative for wound infections, as it does not lead to silver bioaccu-
mulation and does not interfere with wound healing. In addition, our findings revealed a
significant increase in the number of inflammatory cells during the first days of injury, while
the peak of neovascularization occurred one week after the onset of the wound. Further
studies are needed to elucidate the in vivo mechanism underlying the antibacterial effect
of bioAgNPs, and the development of novel formulations combining bioAgNPs with other
antimicrobials is needed to address the challenges posed by emerging bacterial resistance.

5. Patents

This formulation has been patented. The patent deposit was made in 2019, and
its registration number is BR 102019003123-9 A2; http://www.inpi.gov.br (accessed on
28 May 2023).
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55. Surowiecka, A.; Strużyna, J.; Winiarska, A.; Korzeniowski, T. Hydrogels in Burn Wound Management—A Review. Gels 2022, 8,
122. [CrossRef] [PubMed]

56. Ahmed, E.M. Hydrogel: Preparation, Characterization, and Applications: A Review. J. Adv. Res. 2015, 6, 105–121. [CrossRef]
57. Konop, M.; Damps, T.; Misicka, A.; Rudnicka, L. Certain Aspects of Silver and Silver Nanoparticles in Wound Care: A Minireview.

J. Nanomater. 2016, 2016, 1–10. [CrossRef]
58. Mandelbaum, S.H.; Di Santis, É.P.; Sant’Ana Mandelbaum, M.H. Cicatrization: Current Concepts and Auxiliary Resources—Part

I. An. Bras. Dermatol. 2003, 78, 393–412. [CrossRef]
59. Balbino, C.A.; Pereira, L.M.; Curi, R. Mecanismos Envolvidos Na Cicatrização: Uma Revisão. Rev. Bras. Ciências Farm. 2005, 41,

27–51. [CrossRef]
60. Singer, A.J.; Clark, R.A.F. Cutaneous Wound Healing. N. Engl. J. Med. 1999, 341, 738–746. [CrossRef]
61. Edwards, R.; Harding, K.G. Bacteria and Wound Healing. Curr. Opin. Infect. Dis. 2004, 17, 91–96. [CrossRef]
62. Sorg, H.; Tilkorn, D.J.; Hager, S.; Hauser, J.; Mirastschijski, U. Skin Wound Healing: An Update on the Current Knowledge and

Concepts. Eur. Surg. Res. 2017, 58, 81–94. [CrossRef] [PubMed]
63. Lefkovits, J.; Plow, E.F.; Topol, E.J. Platelet Glycoprotein IIb/IIIa Receptors in Cardiovascular Medicine. N. Engl. J. Med. 1995, 332,

1553–1559. [CrossRef] [PubMed]
64. Singh, M.; Thakur, V.; Kumar, V.; Raj, M.; Gupta, S.; Devi, N.; Upadhyay, S.K.; Macho, M.; Banerjee, A.; Ewe, D.; et al. Silver

Nanoparticles and Its Mechanistic Insight for Chronic Wound Healing: Review on Recent Progress. Molecules 2022, 27, 5587.
[CrossRef] [PubMed]

65. Morguette, A.E.B.; Bigotto, B.G.; Varella, R.D.L.; Andriani, G.M.; Spoladori, L.F.D.A.; Pereira, P.M.L.; De Andrade, F.G.; Lancheros,
C.A.C.; Nakamura, C.V.; Arakawa, N.S.; et al. Hydrogel Containing Oleoresin From Copaifera Officinalis Presents Antibacterial
Activity Against Streptococcus Agalactiae. Front. Microbiol. 2019, 10, 2806. [CrossRef]

66. Buzulukov, Y.P.; Arianova, E.A.; Demin, V.F.; Safenkova, I.V.; Gmoshinski, I.V.; Tutelyan, V.A. Bioaccumulation of Silver and Gold
Nanoparticles in Organs and Tissues of Rats Studied by Neutron Activation Analysis. Biol. Bull. 2014, 41, 255–263. [CrossRef]

67. de Lima, R.; Seabra, A.B.; Durán, N. Silver Nanoparticles: A Brief Review of Cytotoxicity and Genotoxicity of Chemically and
Biogenically Synthesized Nanoparticles. J. Appl. Toxicol. 2012, 32, 867–879. [CrossRef]

68. Larese Filon, F.; Mauro, M.; Adami, G.; Bovenzi, M.; Crosera, M. Nanoparticles Skin Absorption: New Aspects for a Safety Profile
Evaluation. Regul. Toxicol. Pharmacol. 2015, 72, 310–322. [CrossRef]

69. Larese, F.F.; D’Agostin, F.; Crosera, M.; Adami, G.; Renzi, N.; Bovenzi, M.; Maina, G. Human Skin Penetration of Silver
Nanoparticles through Intact and Damaged Skin. Toxicology 2009, 255, 33–37. [CrossRef]

70. Nakamura, S.; Sato, M.; Sato, Y.; Ando, N.; Takayama, T.; Fujita, M.; Ishihara, M. Synthesis and Application of Silver Nanoparticles
(Ag NPs) for the Prevention of Infection in Healthcare Workers. Int. J. Mol. Sci. 2019, 20, 3620. [CrossRef]

71. Ruela, A.L.M.; Perissinato, A.G.P.; Lino, M.E.S.; Mudrik, P.S. Evaluation of skin absorption of drugs from topical and transdermal
formulations. Braz. J. Pharm. Sci. 2016, 52, 527–544. [CrossRef]

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://www.ncbi.nlm.nih.gov/books/NBK556054/
https://doi.org/10.3390/gels8020122
https://www.ncbi.nlm.nih.gov/pubmed/35200503
https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1155/2016/7614753
https://doi.org/10.1590/S0365-05962003000400002
https://doi.org/10.1590/S1516-93322005000100004
https://doi.org/10.1056/NEJM199909023411006
https://doi.org/10.1097/00001432-200404000-00004
https://doi.org/10.1159/000454919
https://www.ncbi.nlm.nih.gov/pubmed/27974711
https://doi.org/10.1056/NEJM199506083322306
https://www.ncbi.nlm.nih.gov/pubmed/7739710
https://doi.org/10.3390/molecules27175587
https://www.ncbi.nlm.nih.gov/pubmed/36080353
https://doi.org/10.3389/fmicb.2019.02806
https://doi.org/10.1134/S1062359014030042
https://doi.org/10.1002/jat.2780
https://doi.org/10.1016/j.yrtph.2015.05.005
https://doi.org/10.1016/j.tox.2008.09.025
https://doi.org/10.3390/ijms20153620
https://doi.org/10.1590/s1984-82502016000300018

	Introduction 
	Materials and Methods 
	Biosynthesis of Silver Nanoparticles 
	Preparation of Hydrogels 
	In Vitro Antibacterial Activity of Formulations 
	Bacterial Samples 
	Time–kill Assay 

	In Vivo Study of Formulations 
	General Design of In Vivo Experiment 
	Surgical Excision of Skin 
	Treatment of Animals with Hydrogel Formulations 
	Wound Colonization 
	Wound Healing Analysis 
	Animal Euthanasia 
	Histopathological Analysis 
	Silver Bioaccumulation 

	Statistical Analysis 

	Results 
	Characteristics of Biogenic Silver Nanoparticles (bioAgNPs) 
	Time–kill Assay (In Vitro Antibacterial Test) 
	Results of In Vivo Study 
	Wound healing 
	Quantification of Bacterial Cells in Wounds 
	Histopathological Analysis 
	Silver Quantification of Tissues 


	Discussion 
	Patents 
	Appendix A
	References

