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Abstract

Background/Objectives: Burn injuries represent a global public health concern, accounting
for approximately 265,000 deaths annually and often leading to severe infections. With the
increasing prevalence of multidrug-resistant (MDR) bacteria, innovative therapeutic strate-
gies such as nanoparticle-based topical formulations have gained attention. This study
proposed the development of a hydrogel for burn treatment containing biogenic silver
nanoparticles (BioAgNPs), hyaluronic acid (HA), and allantoin (AL). Methods: BioAgNPs
were previously characterized by transmission electron microscopy (TEM) and incorpo-
rated into a hydrogel containing HA and AL, which was physicochemically characterized
by pH, spreadability, and energy-dispersive X-ray spectroscopy (EDX). Antibacterial ac-
tivity was evaluated by broth microdilution, agar diffusion, and time–kill assays against
standard and MDR bacterial strains. Cytotoxicity was assessed using the MTT assay in
L929 cells, and wound-healing potential was investigated through an in vitro scratch assay
to evaluate cell migration and proliferation. Results: BioAgNPs exhibited antibacterial
activity against reference strains and MDR isolates, determining the minimum inhibitory
concentrations (MIC) and minimum bactericidal concentrations (MBC). HA and AL were
non-toxic, while BioAgNPs demonstrated low cytotoxic activity. Although HA and AL
did not exhibit antibacterial properties, they promoted cell migration and proliferation.
The formulation exhibited physicochemical and pharmaceutical stability, showing suitable
properties for topical use, and presented significant antimicrobial action, with bacterial
elimination occurring within 2 h of contact, except for S. aureus. Conclusions: Thus, the
hydrogel presents a promising alternative for the topical treatment of infected burns, with
potential application in combating multidrug-resistant bacteria, being able to eliminate
MDR Acinetobacter baumannii.
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1. Introduction
Burn injuries represent a significant public health challenge and are associated with

high morbidity and mortality rates, being the fourth most common type of wound
worldwide, surpassed only by injuries resulting from car accidents, falls and physical
assaults [1,2]. Infections are one of the most common and serious complications in burn
cases, being strongly related to an increased risk of mortality among burn patients [3,4].
Furthermore, burn wounds are highly susceptible to infection, particularly by multidrug-
resistant (MDR) bacteria, making the development of new antibacterial treatments to
combat these strains extremely important [5–7]. The World Health Organization classified
the bacterium Acinetobacter baumannii as a critical pathogen due to its multiple virulence
factors and its ability to develop resistance to antibiotics [8]. Infections associated with
intense immune response result in one of the most complex wounds to heal [9].

In this context, the use of hydrogels in burn treatment has proven advantageous, due
to their beneficial properties for the healing process, including the ability to provide a
moist and refreshing environment for burns, regulating the moisture of the wound bed
and facilitating the growth of granulation tissue and wound healing [10,11]. Moreover,
hydrogels are non-adherent, causing less pain and reducing the need for dressing changes.
The microporous structure of hydrogels also allows for the incorporation of various active
ingredients, such as antimicrobial and wound healing compounds, benefiting the healing
process [11–13].

Silver nanoparticles can potentially be used in burn treatment due to their excellent
antibacterial activity. Silver-based formulations are widely used but present limitations such
as cytotoxicity and uncontrolled release [14,15]. Many dressings and formulations already
use silver as an antibacterial agent, namely silver sulfadiazine, which is considered the gold
standard for burn treatment [16–19]. Silver nanoparticles present increased antibacterial
properties, due to their nanometric size and high surface area to volume ratio, allowing the
nanoparticles to combat bacterial biofilms and multidrug-resistant strains [20–23].

The use of wound healing agents, such as hyaluronic acid and allantoin, can enhance
burn healing. Hyaluronic acid composes the extracellular matrix of the dermis, promoting
cell migration, proliferation, angiogenesis and tissue repair [24,25]. Allantoin is a bioactive
compound with properties that promote healing, stimulate cell proliferation, and clear
necrotic tissue, thus favoring the wound healing process [26,27]. Additionally, this com-
pound promotes burn hydration and is considered biocompatible [12]. Although hydrogels
containing silver nanoparticles have been investigated, few studies have combined biogenic
silver nanoparticles with compounds that promote tissue regeneration, such as hyaluronic
acid and allantoin [28–30].

Thus, the development of a hydrogel containing silver nanoparticles, hyaluronic
acid, and allantoin represents a promising approach for the treatment of burns, exhibiting
antibacterial activity to prevent and combat infections, including those of multidrug-
resistant bacteria, and healing activity to aid in wound closure.

2. Materials and Methods
During the preparation of this manuscript, the authors used ChatGPT Classic (https:

//chatgpt.com/g/g-YyyyMT9XH-chatgpt-classic, accessed on 7 June 2026) for English
language translation and grammatical refinement. Following the use of this tool, the authors
reviewed and edited the content to ensure technical accuracy and take full responsibility
for the final version of the manuscript.
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2.1. Bacterial Strains

The bacteria used for the antibacterial activity tests were the standard strains Staphylo-
coccus aureus ATCC 6538, Acinetobacter baumannii ATCC 19606, and Pseudomonas aeruginosa
ATCC 27853, obtained from the bacterial collection of the Basic and Applied Bacteriol-
ogy Laboratory of the State University of Londrina (UEL), Londrina, Paraná State, Brazil.
Multidrug-resistant clinical isolates of A. baumannii (183, 289, 791, 846, and 860), isolated
from patients at the University Hospital of Londrina (Paraná, Brazil), were kindly provided
by Prof. Dr. Eliana Carolina Vespero. These clinical isolates were reviewed and approved
by the, Research Ethics Committee Involving Human of the State University of Londrina
project CAAE 80467624.2.000.5231, approved on 17 September 2024.

Samples were anonymized and cannot be traced back to individuals. At this moment,
the bacterial isolates are located in Universitary Hospital (HU-UEL) as bacterial collec-
tion. The bacterial strains were stored at −20 ◦C in Brain Heart Infusion (BHI) (Difco,
Franklin Lakes, NJ, USA) broth supplemented with 20% glycerol (Sigma-Aldrich, St. Louis,
MO, USA).

2.2. Materials

Allantoin (AL; Inlab©, Madrid, Spain) and hyaluronic acid (HA; Purifarma©, Anápo-
lis, Brazil) were commercially acquired. Biogenic silver nanoparticles (BioAgNPs) were
obtained from the start-up GRAL Bioativos LTDA (NanoVerdeAg®, Londrina, Brazil).
BioAgNPs were synthesized using Trichilia catigua (catuaba) extract through a patented
process (BR 102021016375-5). All culture medium were obtained commercially: BHI broth
(Difco©, USA), Glycerol (Sigma-Aldrich©, USA), Mueller-Hinton (MH) broth (Difco©,
USA), MH agar (Difco©, USA), Dulbecco’s Modified Eagle Medium (DMEM; Gibco©,
Thermo Fisher Scientific, Waltham, MA, USA), Fetal Bovine Serum (FBS; Gibco©, Thermo
Fisher Scientific, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Invitrogen©, Carlsbad, CA, USA), Nutrient agar (Difco©, USA).

2.3. Characterization of Biogenic Silver Nanoparticles

The average particle size, zeta potential, and polydispersity index (PDI) of the BioAg-
NPs were obtained from a Technical Report issued by the Technological Research Institute
(TRI), referring to the production of pilot batches of silver nanoparticles synthesized via a
biogenic route by Gral Bioativos.

Transmission Electron Microscopy

The size and morphology of the BioAgNPs were determined by transmission elec-
tron microscopy (TEM), using a JEOL JEM-1400 microscope (Tokyo, Japan), operating at
an acceleration voltage between 40 kV and 120 kV. This analysis was performed at the
Transmission Electron Microscopy Laboratory of the State University of Maringá (UEM),
by Prof. Dr. Danielle Lazarin Bidóia. The samples were previously prepared on the grid,
following standard protocols. The images were captured with a digital camera coupled to
the TEM system.

2.4. Determination of the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

MIC and MBC values were determined using the broth microdilution assay, according
to CLSI M100 standards [31]. The broth microdilution assay was performed in 96-well
microplates using MH broth. BioAgNPs were tested at concentrations ranging from
2000 to 0.976 µM, HA from 8 to 0.062 mg/mL, and AL from 2.5 to 0.019 µg/mL against
5 × 105 CFU/mL of each microorganism. The plates were incubated at 37 ◦C for 24 h, and
the MIC values were defined as the lowest concentration at which no visible turbidity was
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observed. For MBC determination, 10 µL aliquots from each well were subcultured onto
MH agar plates and incubated at 37 ◦C for 18–24 h.

2.5. Cytotoxicity Assay

The cytotoxicity assay was performed following ISO 10993-5 [32], using L929 mouse
fibroblast cells (ATCC CCL-1, American Type Culture Collection, Manassas, VA, USA).
Cell cultures were obtained commercially by the Adolfo Lutz Institute, São Paulo State,
Brazil. Cells were exposed to BioAgNPs (250–7.812 µM), HA (8–0.062 mg/mL), and AL
(400–3.125 µg/mL). A suspension of 2 × 105 cells per well was seeded in 96-well plates
containing DMEM supplemented with 10% FBS. Cell viability was assessed using the MTT
reduction assay. The concentration required to inhibit 50% of cellular metabolic activity
was defined as the cytotoxic concentration (CC50). The selectivity index (SI) was calculated
using the equation:

SI =
CC50

MIC

2.6. Scratch Assay

The induction of cell migration and proliferation by the active ingredients were evalu-
ated using the Scratch Assay, with modifications. L929 cells were seeded at 2 × 106 cells
per well and incubated for 24 h at 36 ◦C under 5% CO2. A linear scratch was created using
a 200 µL Gibson-type pipette tip, and wells were washed with phosphate-buffered saline
(PBS). Different concentrations of the active ingredients, diluted in DMEM supplemented
with 10% FBS, were tested in their respective wells: 8, 4, 2, and 1 mg/mL of HA and 200,
100, 50, and 25 µg/mL of AL. Untreated controls received DMEM with 10% FBS only. The
plate was incubated at 36 ◦C with a carbon dioxide tension of 5% (v/v), and images were
captured every 6 h of incubation using a microscope at 4× objective. Wound areas were
quantified using ImageJ software version 1.54p.

2.7. Binary Association of BioAgNPs with HA and AL

Binary interactions between BioAgNPs and HA or AL regarding antibacterial activity
were evaluated using the checkerboard assay, with modifications.

In the 96-well plate, 50 µL of MH broth was distributed in each well. BioAgNPs were
serially diluted (2000–0.49 µM), and 50 µL of HA (8 mg/mL) or AL (100 µg/mL) was added
to the corresponding wells. Bacterial suspensions were adjusted to the McFarland 0.5 scale
(∼=1.5 × 108 CFU/mL) in saline and then diluted to obtain an inoculum of approximately
106 CFU/mL. In each well, 100 µL of this bacterial inoculum was added, resulting in
105 CFU/mL in each well. The plate was incubated at 37 ◦C for 24 h and bacterial growth
was assessed visually.

2.8. Formulation Development

The formulations were developed based on hydroxyethylcellulose, and four distinct
versions were developed: (i) base without active ingredient and without preservative,
(ii) base without active ingredient containing preservative (BC), (iii) active formulation
without preservative (FA), and (iv) active formulation containing preservative (FAC). Due
to a pending patent application, specific formulation details cannot be disclosed at this time.

The active formulation with preservative and the base without active ingredient
with preservative were subjected to physicochemical characterization and preliminary
stability tests, while the active formulation without preservative and the base without
active ingredient without preservative were used to evaluate microbiological activity.

The formulation base was composed of Hydroxyethylcellulose, Aqua (Water), Dis-
odium EDTA, and Glycerin. The active formulation contains all the components of the

https://doi.org/10.3390/pharmaceutics18060724

https://doi.org/10.3390/pharmaceutics18060724


Pharmaceutics 2026, 18, 724 5 of 29

base, in addition to the active ingredients biogenic silver nanoparticles (BioAgNP), Sodium
Hyaluronate (hyaluronic acid), and Allantoin. The preservative used was a combina-
tion of Methylisothiazolinone and Phenoxyethanol, commercially known as Neolone® PE
(Lanxess, Pittsburgh, PA, USA).

2.9. Characterization of the Formulation
2.9.1. Pharmaceutical Characterization

The formulations were evaluated according to the tests recommended in the Brazilian
Pharmacopoeia. The tests were performed in triplicate for each formulation, and the
averages were calculated.

Pre-Stability Test

5 mL aliquots of the samples were placed in a graduated, conical plastic test tube. The
samples were centrifuged at 2800 rpm for 30 min at room temperature to detect visible
changes or instabilities such as phase separation. Observation occurred at two times:
macroscopic analysis after 24 h at rest and after the centrifugation test.

Organoleptic Tests

The appearance, color, and odor of the formulations were evaluated. Regarding
appearance, the samples were placed in watch glasses and placed on a dark background.
It was visually observed whether the sample under study maintained the macroscopic
characteristics of the reference sample and whether alterations occurred, such as phase
separation, precipitation, and turbidity.

The color analysis of the formulations was performed by visual comparison, under
white light conditions, of the sample color with the color of the standard, stored under
the same conditions and packaging as the sample. The visual analysis of the color of the
samples was performed with 1.5 mL of the samples placed in watch glasses, placed on a
dark background. Then, it was photographed and its results compared. The samples were
classified by color as: normal, unaltered; slightly modified; modified; intensely modified,
in both methodologies.

The odor of the samples was compared with the odor of the reference formula (kept
under refrigeration), directly through smell. The sample was classified as normal, unaltered;
slightly modified; modified; intensely modified.

Physicochemical Tests

The pH of each formulation was determined using a digital pH meter at room temper-
ature (25 ± 5 ◦C), calibrated with buffer solution (pH 4.0 and 7.0). For both determinations,
the electrode was inserted directly into the sample.

Density was evaluated using a glass pycnometer with a capacity of 10 mL and a
monitored temperature of 20 ◦C. The ratio between the mass of the sample and the mass of
water represents the specific density of the sample tested.

2.9.2. Spreadability

The spreadability assessment consisted of using glass plates under millimeter paper
to determine the surface area covered by 1 g of the sample by measuring the perpendicular
diameters and calculating the average diameter, at a temperature of 25 ± 2 ◦C [33]. This
method was repeated using pre-determined weights (2, 5, and 10 g) at 1 min intervals.

The spreadability values as a function of the added weights were determined in
triplicate, and the average was calculated.
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2.9.3. Preliminary Stability Assessment

The preliminary stability assessment was performed in the initial phase of product
development. Over 15 days, the samples were subjected to stress conditions aimed at
accelerating the emergence of possible signs of instability. They were subjected to heating
in ovens for 24 h at 40 ± 2 ◦C and relative humidity 75 ± 5% and cooling in refrigerators
for 24 h at 2 ± 2 ◦C, for 15 days, alternating cooling and heating cycles.

2.9.4. X-Ray Diffraction Spectroscopy of the Formulation

The characterization of the lyophilized hydrogel surface and confirmation of the
presence of silver were performed using X-ray diffraction spectroscopy (XDS), following
the methodology of Alcântara et al. (2020) [34], using the FESEM JMS-6701F scanning
electron microscope, JEOL, coupled to an energy-dispersive X-ray spectrometer, carried
out by Prof. Dr. Renan da Silva Nunes and Prof. Dr. Amedea Barozzi Seabra.

2.10. Antibacterial Activity of the Formulation
2.10.1. Agar Drop-Diffusion Assay

The antibacterial activity of the active formulation was assessed by the agar drop dif-
fusion assay against the standard strains Acinetobacter baumannii ATCC 19606, Pseudomonas
aeruginosa ATCC 27853, and Staphylococcus aureus ATCC 6538, and against multidrug-
resistant isolates of Acinetobacter baumannii numbered 183, 289, 791, 846, and 860.

A bacterial suspension of 1.5 × 108 CFU/mL (0.5 McFarland scale) of each tested
bacterium was prepared and spread homogeneously on the surface of a nutrient agar plate
using a swab. Approximately 10 µL of the active formulation and the base were deposited
over the bacterial mat. The plate was incubated at 37 ◦C for 24 h.

2.10.2. Antimicrobial Efficacy Test

The Antimicrobial Efficacy Test is a standardized test described by the Brazilian
Pharmacopoeia, which consists of the intentional contamination of products with mi-
croorganisms, determining the surviving load, evaluated by colony counts [35]. This test
aims to assess whether the formulation remains safe and unchanged in the face of a high
microbial load for a certain period. This test was performed with modifications against stan-
dard strains Acinetobacter baumannii ATCC 19606, Pseudomonas aeruginosa ATCC 27853 and
Staphylococcus aureus ATCC 6538 and against multidrug-resistant isolates of Acinetobacter
baumannii numbered 183, 289, 791, 846 and 860.

Formulations (1.5 g) were inoculated with 100 bacterialµL suspensions of 1.5× 108 CFU/mL
(0.5 McFarland Scale) and sampled at 0, 2, 4, 8, and 12 h. After the incubation periods, dilutions
up to −4 were prepared from each formulation and 10 µL were plated in triplicate onto
nutrient agar plates. The plates were incubated at 37 ◦C for 24 h for subsequent colony
counting, the values of which were used to construct base-10 logarithmic graphs.

2.10.3. Time–Kill Curve Assay

The bacterial growth and death curve was performed following the standards de-
scribed in document M26-A, National Committee for Clinical Laboratory Standards, against
the standard strains Acinetobacter baumannii ATCC 19606, Pseudomonas aeruginosa ATCC
27853, and Staphylococcus aureus ATCC 6538, and against a multidrug-resistant isolate of
Acinetobacter baumannii 846 [36].

An active formulation with 500 µM of BioAgNP was diluted to the final concentration
of 125 µM. Three microtubes were prepared for each bacterium and time point: one with
the active formulation, another with the base, and the third with only culture medium to
serve as a positive control. Bacterial inoculum and MH broth were added to each microtube,
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resulting in a final concentration of 125 µM of BioAgNPs present in the active formulation
and 106 CFU/mL of the bacterial inoculum. The microtubes were incubated at 37 ◦C,
and the contents were diluted in saline (−1 to −4) and plated on MH agar for different
incubation times: 0, 2, 4, 8, and 12 h. The plates were incubated overnight at 37 ◦C for
analysis of the antibacterial activity of the BioAgNPs by counting the number of colonies
surviving the treatments and constructing a log10 bacterial growth and death curve.

3. Results
3.1. Characterization of Biogenic Silver Nanoparticles

According to the Technical Report, the biogenic silver nanoparticles (BioAgNP) pre-
sented an average size of 82.73 nm, confirming that the particles fall within the nanometric
range (1–100 nm) [37]. The polydispersity index (PDI) of the nanoparticles was 0.17,
indicating a narrow size distribution, and the zeta potential was −23.27 mV.

Transmission Electron Microscopy (TEM) was performed to further evaluate the
morphology and size of the BioAgNPs. The micrograph obtained from the TEM is shown
in Figure 1.

 

Figure 1. TEM micrograph of biogenic silver nanoparticles (BioAgNP).

As observed in Figure 1, the BioAgNPs exhibit sizes greater than 50 nm, which is
compatible with the average size of 82.73 nm obtained by DLS. Image analysis of an
individual nanoparticle using ImageJ software, measured at different angles due to its non-
spherical morphology, yielded particle dimensions of 75.976, 90.261, 78.581, and 78.251 nm,
resulting in an average size of 80.767 nm, a value very close to the DLS-derived average
size of 82.73 nm. Additionally, the TEM images suggest the presence of a surface coating
surrounding the nanoparticles.

3.2. Antibacterial Activity

Neither hyaluronic acid (HA) nor allantoin (AL) showed antibacterial activity at the
tested concentrations, preventing the determination of the minimum inhibitory concentra-
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tion (MIC) and minimum bactericidal concentration (MBC) values against the standard
strains of Acinetobacter baumannii, Pseudomonas aeruginosa, and Staphylococcus aureus. Conse-
quently, the antibacterial activity of these compounds was not further evaluated against
multidrug-resistant strains.

BioAgNPs presented antibacterial activity against the three standard strains tested.
The MIC and MBC values are presented in Table 1.

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values of biogenic silver nanoparticles (BioAgNP) determined from the broth microdilution assay.

MIC (µM) MBC (µM) MIC (µg/mL) MBC (µg/mL) MBC/MIC

AB ATCC 19606 0.976–1.953 15.625–31.25 0.105–0.211 1.685–3.371 16
PA ATCC 25853 7.812–15.625 31.25–62.5 0.843–1.685 3.371–6.742 4
SA ATCC 6538 31.25–62.5 500–1000 3.371–6.742 53.634–107.868 16

AB: Acinetobacter baumannii; PA: Pseudomonas aeruginosa; SA: Staphylococcus aureus; MIC: minimum inhibitory
concentration; MBC: minimum bactericidal concentration.

The MIC and MBC values obtained from the broth microdilution assay against the
five A. baumannii isolates are presented in Table 2.

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values of biogenic silver nanoparticles (BioAgNP) for multidrug-resistant clinical isolates of Acineto-
bacter baumannii.

Isolates MIC (µM) MBC (µM) MIC (µg/mL) MBC (µg/mL) MBC/MIC

AB183 1.953–3.906 250–500 0.211–0.421 26.967–53.934 128
AB289 0.976–1.953 31.25–62.50 0.105–0.211 3.371–6.742 32
AB791 1.953–3.906 125–250 0.211–0.421 13.483–26.967 64
AB846 1.953–3.906 125–250 0.211–0.421 13.483–26.967 64
AB860 1.953–3.906 62.50–125 0.211–0.421 6.742–13.483 32

AB: Acinetobacter baumannii; MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration.

3.3. Cytotoxicity Assay

The cytotoxicity of AL, HA, and BioAgNPs was evaluated by cytotoxicity assay and
the results obtained were used to construct graphs in Figure 2, which illustrate the cytotoxic
effects of each active ingredient.

Neither HA nor AL exhibited cytotoxic activity at any of the concentrations tested,
making it impossible to calculate the CC50. Meanwhile, BioAgNPs exhibited low cytotoxic
activity, obtaining a CC50 value of 14.239 µg/mL. From the CC50, it was possible to
calculate the selectivity index (SI) of the bioAgNPs, presented in Table 3.

Table 3. Selectivity index of biogenic silver nanoparticles (BioAgNP) for standard strains of Acine-
tobacter baumannii, Staphylococcus aureus, and Pseudomonas aeruginosa, and for multidrug-resistant
isolates of Acinetobacter baumannii.

Bacteria Selectivity Index

S. aureus ATCC 6538 3.895
P. aeruginosa ATCC 27853 15.579
A. baumannii ATCC 19606 124.644

A. baumannii 183 63.322
A. baumannii 289 124.644
A. baumannii 791 63.322
A. baumannii 846 63.322
A. baumannii 860 63.322
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Figure 2. Cytotoxic activity of allantoin (a), hyaluronic acid (b) and biogenic silver nanoparticles
(BioAgNP) (c) on L929 cells determined by MTT assay. The experiments were performed in triplicate.
The letters above the columns indicate which treatments showed a significant difference.

3.4. Scratch Assay

After confirming that AL and HA do not exhibit cytotoxic activity at the evaluated
concentrations, the Scratch or wound closure assay was performed, which evaluated the
cell migration and proliferation of L929 fibroblasts stimulated by AL and HA [38]. The
Scratch assay was used as an in vitro model for preliminary evaluation of the healing
potential, as it is a method widely used in the literature to study keratinocyte migration
and processes related to epithelial regeneration [39–41].

The result of the Scratch assay after 12 h of treatment is presented in Figures 3 and 4.
Figure 3 shows the percentage of wound closure in the control group and in cells

treated with AL and HA at different concentrations. The control group exhibited little
migration and proliferation of cells compared to the cells treated with AL and HA, especially
at concentrations of 100 µg/mL and 8 mg/mL, respectively. The letters above the columns
indicate which treatments showed a significant difference, with HA at 8 mg/mL showing a
significant difference compared to the other treatments and the control group, resulting in
greater wound closure. Although AL at 100 µg/mL did not show a significant difference
compared to AL at 25, 50, and 200 µg/mL and HA at 1, 2, and 4 mg/mL, the result for this
concentration was superior to the others, being surpassed only by HA at 8 mg/mL.
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Figure 3. Reduction in the wound area in the L929 fibroblast monolayer induced by allantoin (AL)
(a) and hyaluronic acid (HA) (b).

Figure 4. Comparison of wound closure in control cells and cells treated with different concen-
trations of allantoin (AL) and hyaluronic acid (HA) in the scratch assay after 12 h. AL: allantoin;
HA: hyaluronic acid. Prior to analysis, all images (including Figure 4) were cropped to identical
dimensions and contrast was adjusted to improve visualization of the wound edges. Wound closure
was quantified using the Wound Healing Size Tool plugin in ImageJ software (National Institutes of
Health, Bethesda, MD, USA). To facilitate automated wound detection by the plugin, the cell-free
region was manually highlighted in black, allowing accurate segmentation and area measurement.
Magnification of 40×.
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3.5. Binary Association of BioAgNPs with HA and AL

When multiple active ingredients are incorporated into the same formulation, inter-
action between them may occur, which can modify their biological activity. Regarding
antimicrobials, it has been reported that AgNPs combined with tetracycline or cefixime lose
antibacterial activity against P. aeruginosa, although each compound is effective when used
individually [42]. Therefore, the association of BioAgNPs with HA and AL was evaluated
to verify if the combination with HA or AL affects the MIC of BioAgNPs. The results of the
assay are presented in Table 4.

Table 4. Minimum inhibitory concentrations (MIC) of biogenic silver nanoparticles (BioAgNP) in
association with hyaluronic acid (HA) at 8 mg/mL and allantoin (AL) at 100 µg/mL.

MIC BioAgNP Combined with HA
at 8 mg/mL (µM)

MIC BioAgNP Combined with AL
at 100 µg/mL (µM)

A. baumannii ATCC 19606 7.81–15.62 3.90–7.81
P. aeruginosa ATCC 27853 7.81–15.62 7.81–15.62

S. aureus ATCC 6538 15.62–31.25 62.5–125.00
BioAgNP: biogenic silver nanoparticles; HA: hyaluronic acid; AL: allantoin.

Compared with BioAgNP alone, the association with HA resulted in an increased
MIC for A. baumannii, while the association of BioAgNPs with AL at 100 µg/mL resulted
in higher MICs for both A. baumannii and S. aureus. Although the MIC increased in some
combinations, the highest value observed was 125 µM or 13,483 µg/mL, which remains
lower than the CC50 of BioAgNPs (132.071 µM or 14.239 µg/mL).

3.6. Formulation Characterization

The hydrogel formulation was based on hydroxyethylcellulose (HEC), a water-soluble
polymer derived from cellulose. BioAgNPs were incorporated at a concentration of 125 µM
(13.483 µg/mL), based on the results of the association assay. Hyaluronic acid (HA) and
allantoin (AL) were incorporated at 8 mg/mL and 100 µg/mL, respectively.

The first pharmaceutical characterization assay performed was the centrifugation test
to assess pre-stability immediately after sample preparation. Images of the formulation
before and after centrifugation are presented in Figure 5.

Figure 5. Active formulation containing preservative (FAC) (a) and base formulation without
active ingredients and preservative (BC) (b) before the centrifugation test, and FAC (c) and BC
(d) after centrifugation.
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Figure 5 presents the base without active ingredients and with preservative (BC) and
the formulation with active ingredients and preservative (FAC) before and after pre-stability
centrifugation test. No phase separation, precipitation of active ingredients, or turbidity
of the samples was observed indicating satisfactory initial stability and suitability for
subsequent analyses.

Following this test, BC and FAC were subjected to a preliminary stability study,
consisting of temperature variation cycles over 15 days. Organoleptic, physicochemical,
and spreadability parameters were evaluated before and after the test. Images are presented
in Figure 6.

Figure 6. Organoleptic evaluation of the active formulation containing preservative (FAC) (a) and the
base formulation without active ingredients and with preservative (BC) (b) before the preliminary
stability study, and FAC (c) and BC (d) after exposure to alternating temperature cycles (4 ◦C/40 ◦C)
for 15 days.

Regarding appearance, BC presented a slightly viscous consistency and a transparent
color. FAC, on the other hand, exhibited transparent, slightly brown coloration and the
presence of small air bubbles. No precipitation, turbidity, or phase separation was observed
in either formulation.

Among the physicochemical evaluations, the pH and relative density of the formula-
tions were determined. The pHs of BC and FAC before and after the preliminary stability
test were the same at pH = 5, indicating that there was no change in this parameter. The
relative density is presented in Table 5.

Regarding odor, no change was observed between FAC and BC, both maintaining a
normal and unchanged scent.

The spreadability assessment demonstrated that BC, which exhibited lower viscosity
than FAC, spread over a larger surface area under applied force. In contrast, FAC showed
reduced spreadability, attributable to the higher viscosity imparted by hydroxyethylcel-
lulose and hyaluronic acid. The spreadability values of FAC and BC before and after the
preliminary stability test are shown in Figure 7.
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Table 5. Relative density of the formulation with active ingredients and preservative (FAC) and of
the base without active ingredients and with preservative (BC) before the preliminary stability test.

Relative Density
(g/mL)

Before the preliminary stability test BC 1.00994 ± 0.0025
FAC 1.02087 ± 0.0025

After the preliminary stability test BC 1.01557 ± 0.0789
FAC 1.02286 ± 0.00287

BC: formulation base without active ingredients and with preservative; FAC: formulation with active ingredients
and preservative.

Figure 7. Spreadability graphs of the formulation with active ingredients and preservative (FAC) and
of the base without active ingredients and with preservative (BC) before and after the preliminary
stability test. (a) Spreadability of FAC and BC before the preliminary stability test; (b) Spread-
ability of FAC and BC after the preliminary stability test. Ei: area occupied by the sample after
weight application.

In addition to the pharmaceutical characterization assays, energy-dispersive X-ray
spectroscopy (EDS) was performed to determine the elemental composition of the formula-
tion [43]. The EDS result is presented in Figure 8.

 
Figure 8. Analysis of the elemental composition of the active formulation by energy-dispersive
X-ray spectroscopy.

3.7. Antibacterial Activity of the Formulation
3.7.1. Agar Drop-Diffusion Assay

The agar drop-diffusion assay was performed as a preliminary test of the antibacterial
activity of FA and base formulation. The results of the agar drop diffusion assay are shown
in Figure 9.
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Figure 9. Agar drop-diffusion assay of the active formulation (FA) and the base formulation against
standard strains of Acinetobacter baumannii ATCC 19606 (a), Pseudomonas aeruginosa ATCC 27853
(b), and Staphylococcus aureus ATCC 6538 (c). AB: Acinetobacter baumannii; FA: active formulation; PA:
Pseudomonas aeruginosa; SA: Staphylococcus aureus.

3.7.2. Antimicrobial Efficacy Test

The antimicrobial efficacy test is an assay recommended by the Brazilian Pharma-
copoeia to evaluate the effectiveness of preservatives in pharmaceutical formulations. In
this study, the test was adapted to assess the antibacterial activity of BioAgNPs, the active
antimicrobial component of the formulation, against bacterial contamination within the
formulation itself. The bacteria were inoculated directly into aliquots of the FA. The results
of the antimicrobial efficacy test are presented in Figure 10.

Figure 10. Results of the bacterial efficacy test of the active formulation (FA) and the base formula-
tion against Acinetobacter baumannii ATCC 19606 (a), Pseudomonas aeruginosa ATCC 27853 (b) and
Staphylococcus aureus ATCC 6538 (c). CFU: colony-forming units.
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In all three graphs shown in Figure 10, it is possible to observe that, in the base without
active ingredients, bacterial viability was maintained for up to 12 h. The decline observed
in the control curves is not attributable to antibacterial activity, but rather to nutrient
depletion, since no culture medium was added during the assay. In contrast, FA completely
eliminated contamination by A. baumannii, P. aeruginosa, and S. aureus within 2 h of contact,
demonstrating strong antibacterial activity.

This test was also performed against multidrug-resistant isolates of A. baumannii, the
results of which are shown in Figure 11.

Similarly to the reference strains, the multidrug-resistant A. baumannii isolates were
completely eliminated from the FA within 2 h of contact, demonstrating the strong antibac-
terial activity of the formulation, while the base showed no activity against the bacteria.

Figure 11. Results of the antimicrobial efficacy test of the active formulation (FA) and the base
formulation against multidrug-resistant isolates of Acinetobacter baumannii 183 (a), 289 (b), 791 (c), 846
(d) and 860 (e). CFU: colony-forming units.
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3.7.3. Time–Kill Curve Assay

Finally, the time–kill curve assay was performed, which is similar to the antimicrobial
efficacy test, but with the addition of culture medium, favoring the bacterial growth. The
bacteria evaluated in this test were the three standard strains and isolate 846, selected as a
representative of the multidrug-resistant isolates since it is the only pan-resistant strain.
The results are presented in Figure 12.

Figure 12. Bacterial growth and death curve of Acinetobacter baumannii ATCC 19606 (a), Pseudomonas
aeruginosa ATCC 27853 (b), Staphylococcus aureus ATCC 6538 (c) and multidrug-resistant Acinetobacter
baumannii isolate 846 (d) against the active formulation (FA) and the base. C+: positive control; FA:
active formulation; CFU: colony-forming units.

Figure 12c shows the growth curve of S. aureus, which differs from that observed in
the antimicrobial efficacy test, with the bacteria being able to survive even after 12 h in the
FA. The growth and death curves of P. aeruginosa ATCC 27853, A. baumannii ATCC 19606,
and isolate 846, when treated with FA, exhibited an exponential decrease.

The time–kill curves of A. baumannii ATCC 19606 and isolate 846 shown in Figure 12a,d
were similar to the curves of the antimicrobial efficacy test, with complete bacterial elim-
ination within 2 h of contact with FA, while the positive control and the base supported
bacterial growth, due to the presence of culture medium.

4. Discussion
4.1. Characterization of Biogenic Silver Nanoparticles

The obtained PDI value (0.17) indicates a narrow and homogeneous size distribution,
since values between 0.1 and 0.25 are associated with monodisperse nanoparticle popu-
lations. This suggests that the biogenic synthesis process produced nanoparticles with
relatively uniform sizes.

The zeta potential indicates the surface charge of the nanoparticles and is commonly
used as an indicator of colloidal stability, as it reflects the tendency of particles to repel or
aggregate. Stability can be assessed electrostatically, such that if a nanoparticle solution
presents a homogeneity of charges, whether all negative or all positive, the tendency is
for repulsion to occur and for them to remain as nanoparticles [44]. BioAgNPs exhibited a
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zeta potential of −23.27 mV, which indicates electrostatic stability, since values greater than
+20 mV or lower than −20 mV are generally considered stable dispersions [45].

The TEM observations corroborated the particle size obtained by DLS, confirming that
the nanoparticles are within the nanometric range. Additionally, the images suggest the
presence of a surface coating surrounding the nanoparticles, a common feature in biologi-
cally synthesized nanomaterials. In green synthesis processes, biological extracts may act
as both reducing and stabilizing agents, forming a coating around the nanoparticles [46,47].

This surface coating may contribute to the stability of the nanoparticles by increasing
electrostatic repulsion and reducing particle aggregation. Furthermore, depending on its
composition, the coating may also reduce the potential toxicity of nanoparticles in biological
systems [46]. The biomolecules present in the extract can adsorb onto the nanoparticle
surface through electrostatic and Van der Waals interactions during synthesis, forming this
stabilizing layer [48].

4.2. Antibacterial Activity

Shukla, Srivastava and Mishra (2025) reported antibacterial activity of HA against
Escherichia coli and Staphylococcus aureus using the agar well diffusion assay at concentrations
ranging from 0.5 to 3.5 g/L [49]. However, previous studies demonstrated that high
molecular weight HA shows better results in reducing bacterial contamination [50,51]. The
antibacterial activity of HA is attributed to the presence of hydroxyl and acid groups, so
the larger the HA molecule, the better its activity (Shukla; Srivastava; Mishra, 2025 [49]).
In the present study, the HA used had a low molecular weight (<1000 kDa), which likely
explains the absence of detectable antibacterial activity under the experimental conditions.

Regarding the antibacterial activity of AL, Lakshmanan et al. (2019) [52] reported
MIC values of 4 µg/mL against Bacillus subtilis and 8 µg/mL against S. aureus, E. coli, and
Klebsiella pneumoniae. This discrepancy between those findings and the results of the present
study may be related to the origin of AL, since Lakshmanan et al. (2019) obtained the
compound from the plant Cleome viscosa L., which may contain structurally distinct forms
or residual bioactive compounds that enhance antibacterial activity [52]. In the present
work, both HA and AL were incorporated into the formulation primarily as wound-healing
agents; therefore, the absence of intrinsic antibacterial activity does not compromise the
objectives of this study.

In Table 1, it is possible to observe that the MIC and MBC values obtained were lower
for A. baumannii and P. aeruginosa when compared to S. aureus. Since both A. baumannii and
P. aeruginosa are Gram-negative bacteria, these results suggest that the BioAgNPs exhibit a
better antibacterial action against this group than against Gram-positive bacteria.

This may be attributed to the presence of an outer membrane in the cell wall of Gram-
negative bacteria. One of the proposed mechanisms of action of AgNPs is adhesion to
the bacterial surface, leading to nanoparticle accumulation, which results in membrane
destabilization and, consequently, increased permeability. The outer membrane of Gram-
negative bacteria contains proteins that can bind AgNPs, forming complexes with oxygen,
phosphorus, nitrogen, or sulfur, which results in the inactivation of these proteins. Further-
more, Gram-negative bacteria have water channels called porins that facilitate the entry of
nanoparticles, enhancing antibacterial activity [53].

Gram-positive bacteria, on the other hand, do not present an outer membrane; there-
fore, there are no porins to facilitate the entry of AgNPs, nor proteins for adhesion, but
rather a thick layer of peptidoglycan, which makes it difficult for nanoparticles to pen-
etrate [53]. These differences in the two bacterial types may be related to the enhanced
antibacterial activity exhibited by BioAgNPs against Gram-negative bacteria compared
with Gram-positive bacteria.
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The sixth column of Table 1 shows the MBC/MIC ratio, which is commonly used to
determine whether an antimicrobial agent exhibits bactericidal or bacteriostatic activity
in vitro. If the MBC/MIC ratio is less than or equal to 4, the action is bactericidal; if it is
greater than 4, it is bacteriostatic [54]. Thus, based on this criterion, it is possible to conclude
that BioAgNPs exhibit bactericidal action against P. aeruginosa and bacteriostatic action
against S. aureus and A. baumannii.

In the study of Tian et al. (2022), AgNPs with an average diameter of 18.52 nm and a
zeta potential of −44.72 mV, synthesized using tannic acid and sodium alginate, exhibited
a MIC of 31.25 µg/mL for S. aureus [55]. This MIC value was considerably higher than the
one obtained in the present study (6.742 µg/mL), demonstrating that, despite being the
same bacterial species and a similar antimicrobial, substantial variations in MIC values
may occur. The difference may be attributed to the negative zeta potential of −44.72 mV,
which is more negative than the zeta potential of BioAgNP (−23.27 mV), since the surface
charge influences the electrostatic adhesion of AgNP to the bacterial surface, which has
a negative charge. Thus, more positive nanoparticles tend to adhere more to the bacteria,
destabilizing the bacterial cell wall [21].

Villani et al. (2025) synthesized AgNPs with an average size of 24 nm and a zeta
potential of −15 mV using Eucalyptus globulus extract and obtained a MIC of 20 µM against
P. aeruginosa, which is close to the MIC presented in Table 1 [56]. The same was observed
when compared with the MIC values obtained by Michailidu et al. (2025), who evaluated
2 to 22 nm AgNPs synthesized from Cannabis sativa extract and observed MICs from 0.6 to
1.1 µg/mL for different P. aeruginosa strains, which are close to 0.843 to 1.685 µg/mL [57].
In the article by Manga et al. (2024), the 50.29 nm AgNPs, synthesized from Cymbopogon
citratus extract, exhibited a MIC of 2 µg/mL for three P. aeruginosa strains tested [58]. Thus,
it is possible to observe that the result obtained in the present study was compatible with
the literature.

Wypij et al. (2021) [59] reported MIC and MBC values of 128 and 256 µg/mL against
S. aureus and 8 and 64 µg/mL against P. aeruginosa, respectively. The MIC and MBC values
obtained in the present study were lower than those obtained by Wypij et al. (2021) [59],
indicating excellent results for the antibacterial activity of the BioAgNPs. Wypij et al.
(2021) [59] also observed that the antibacterial activity of AgNPs is more efficient against
Gram-negative bacteria than against Gram-positive bacteria, showing a higher MIC for S.
aureus than for P. aeruginosa, E. coli, and K. pneumoniae.

Khojasteh-Taheri et al. (2023) synthesized AgNPs (14.8 nm and −3.4 mV) from Caccinia
macranthera extract, which were tested against S. aureus, P. aeruginosa, and A. baumannii,
obtaining MICs of 31.25 µg/mL, 62.5 µg/mL, and 62.5 µg/mL, respectively [60]. The
MBCs for S. aureus, P. aeruginosa, and A. baumannii were 250 µg/mL, 500 µg/mL, and
31.25 µg/mL, respectively. In this case, it is possible that, due to the low zeta potential
value, the AgNPs may exhibit low electrostatic repulsion, tending to agglomerate and form
larger particles [21]. Notably, all MIC and MBC values reported by Khojasteh-Taheri et al.
(2023) were higher than those observed in the present study (Table 1), reinforcing the strong
antibacterial activity of BioAgNPs even at low concentrations [60].

For A. baumannii, Abootalebi et al. (2021) reported that 10 nm AgNPs synthesized
from Ferula asafoetida extract exhibited a MIC of 2 µg/mL, a considerably low value [61].

Differences in antibacterial activity may be attributed to several factors, including
the extract used during synthesis, nanoparticle size, and zeta potential [21,53,62]. In the
green synthesis, biomolecules present in the extract form a coating on the nanoparticles’
surface, keeping them stabilized. The components of the coating can facilitate the adhesion
of the nanoparticles to the bacterial surface and may exhibit their own antibacterial activity,
showing a synergistic effect with silver, resulting in lower MIC and MBC values [63].
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Accordingly, the differences in MIC and MBC values observed in comparison with
those reported in the literature may be due to the coating formed during the synthesis
process, since Wypij et al. (2021) used the SF23 strain of Actinobacteria to synthesize
AgNPs, while Khojasteh-Taheri et al. (2023) used Caccinia macranthera extract [59,60]. The
BioAgNP from GRAL Bioativos was synthesized using catuaba extract (Trichilia catigua),
which has antibacterial activity, as demonstrated by Gonçalves Paschoal et al. (2020) [64].
Therefore, considering the synthesis process, it is possible that the coating of the BioAgNPs
contains molecules with antibacterial activity, which may act synergistically with silver,
resulting in the excellent antibacterial activity of the BioAgNPs. The study of Kimura et al.
(2025), who also employed BioAgNPs synthesized from catuaba extract, reported low MICs
for P. aeruginosa ATCC 27853 of 5.3 µg/mL, a value compatible with that presented in
Table 1 [65].

Once the antibacterial activity of BioAgNPs against standard strains had been estab-
lished, a broth microdilution assay was performed using the multidrug-resistant A. bau-
mannii. The isolates chosen for this work were 183, 289, 791, 846, and 860, due to their
resistance profiles. All five isolates showed resistance to more than three of the tested
antimicrobials, including polymyxin B and colistin, which are considered last-line antibi-
otics for the treatment of multidrug-resistant A. baumannii infections. These isolates were
classified as multidrug-resistant [66]. In particular, isolate 846 is considered pan-resistant,
that is, it showed resistance to all tested antimicrobials.

The MIC values of BioAgNP for multidrug-resistant A. baumannii isolates were close
to those obtained for A. baumannii ATCC 19606, with no significant difference. This demon-
strates that BioAgNPs have potential for combating multidrug-resistant strains. The bac-
terium A. baumannii is responsible for causing hospital-acquired infections and can exhibit
resistance to several classes of antibiotics, including last-line antibiotics such as colistin,
being a global health problem recognized by the World Health Organization as one of the
most critical pathogens [67,68]. This bacterium has a repertoire of virulence factors that
make infections lethal and allow survival in various situations [67]. In this context, several
studies suggest that AgNPs are a promising alternative for combating multidrug-resistant
A. baumannii, which is strongly supported by the results presented in Table 2 [61,67,69].

However, an increase in the MBC of the multidrug-resistant isolates was observed
when compared to the MBC of A. baumannii ATCC 19606, possibly associated with the
resistance mechanisms of the isolates. For example, resistance to β-lactams, including car-
bapenems, fluoroquinolones, macrolides, polymyxins, tetracyclines, especially tigecycline,
occurs due to the presence of efflux pumps of the RND family, such as AdeABC, AdeFGH,
and AdeIJK [70]. It is possible that the same pumps, overexpressed in resistant strains, are
capable of effluxing nanoparticles, which may be responsible for the increase in the MBC of
BioAgNPs [71].

The lower quantity of porins hinders the entry of BioAgNPs, decreasing their antibac-
terial effect. Even so, the MICs and MBCs of BioAgNPs for the five multidrug-resistant
isolates are considered low, reinforcing the potential application of BioAgNPs in combating
multidrug-resistant bacteria.

4.3. Cytotoxicity Assay

AL did not exhibit cytotoxic activity at any of the concentrations tested, indicating that
it is a highly safe and biocompatible compound. The result is consistent with that observed
by Ahmadian et al. (2021) [72], who concluded that AL is a non-toxic compound capable of
inducing cell proliferation and increasing cell viability. Due to the absence of toxicity of
AL, it was not possible to calculate the cytotoxic concentration capable of killing 50% of the
cells (CC50).
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Similarly to AL, HA did not exhibit cytotoxic activity, making it impossible to calculate
the CC50. Ahmadian et al. (2021) also observed that HA does not exhibit cytotoxic activity,
since it is a natural component of the extracellular matrix (ECM) of tissues, exhibiting low
immunogenicity and high biocompatibility [72]. Interestingly, an increase in cell viability
was observed at some HA concentrations, especially at 8 mg/mL, indicating that the
compound aids in cell proliferation or induces an increase in the metabolic activity of
cells. Therefore, neither wound-healing agent exhibited cytotoxic activity, and they were
considered safe for use in the formulation.

Unlike AL and HA, BioAgNPs exhibited cytotoxic effects at the highest concentrations
tested. From the trend line equation of the scatter plot, the CC50 value was calculated,
resulting in 132.071 µM or 14,239 µg/mL.

The cytotoxic concentrations of BioAgNPs were relatively low, particularly when
compared to the MIC values obtained. The result was consistent with the findings of
Tripathi and Goshist (2020), who reported that biogenic AgNPs did not show a cytotoxic
effect at concentrations up to 25 µg/mL [73].

The cytotoxic activity of AgNPs is already well documented and is attributed to the
fact that their antimicrobial mechanisms of action are not exclusive to bacterial cells, being
able to also affect eukaryotic cells. For instance, AgNPs are capable of adhering to biological
tissues in a manner similar to the adhesion observed on bacterial surfaces [74].

Once inside eukaryotic cells, AgNPs produce reactive oxygen species (ROS), which
induce oxidative stress, leading to apoptosis. AgNPs inhibit the activity of glutathione-
synthesizing enzymes, reducing intracellular levels of this important antioxidant. The
excess ROS activates apoptosis-related signaling pathways, such as p53, protein kinase B
(AKT), and mitogen-activated protein kinase (MAPK), resulting in the cytotoxic effect [75].

BioAgNPs exhibited low cytotoxic activity, possibly related to their particle size,
since smaller nanoparticles tend to induce higher toxicity due to increased ROS produc-
tion [75]. This CC50 value of 14.239 µg/mL is considered safe for topical use, being below
25 µg/mL [76]. Thus, BioAgNP showed an acceptable SI for almost all bacteria tested,
except for S. aureus, which presented the lowest selectivity index.

4.4. Scratch Assay

Cell migration and proliferation of fibroblasts are important processes for burn healing.
In the proliferation phase, fibroblasts at the edges of the wound migrate to deeper portions,
where they deposit ECM to initiate the formation of new connective tissue. ECM provides
support for fibroblasts to migrate and proliferate in the burn, promoting healing and
scarring [1,77].

Colangelo et al. (2022) observed increased cell proliferation and migration in treatment
containing HA, resulting in significantly faster wound closure than in the control group [78].

These results indicate that HA facilitates cell migration, as it is a natural component of
granulation tissue during the healing process, providing a matrix that facilitates cell move-
ment [78]. Hyaluronic acid binds to and activates the CD44 surface receptor, expressed in
fibroblasts and keratinocytes, promoting the activation of effectors such as Rac1, RhoA, and
ERK, resulting in the reorganization of the cytoskeleton, allowing the cell to migrate [79].

AL also accelerated the wound closure process, likely due to its ability to promote
granulation tissue formation and stimulate cell proliferation and migration [80]. AL stimu-
lates the activity of the enzymatic antioxidant system, which promotes the conversion of
ROS into hydrogen peroxide. Hydrogen peroxide acts as a second messenger for several
growth factors, increasing the tyrosine kinase activity of various proteins [81].

AL at a concentration of 200 µg/mL resulted in lower wound closure compared to
100 µg/mL. This effect may be due to increased hydrogen peroxide production, which can
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also activate the NF-κB transcription factor. NF-κB is associated with the expression of
pro-inflammatory factors, which can interfere with cell regeneration pathways [81]. These
findings indicate that HA at 8 mg/mL and LA at 100 µg/mL are promising candidates for
wound-healing formulations.

4.5. Binary Association of BioAgNPs with HA and AL

A possible explanation for the increased MIC for A. baumannii when BioAgNP is
associated with HA is the presence of negatively charged functional groups in HA, such as
hydroxyl, carboxyl and acetamide. Due to its negative charges, these groups can bind to
silver ions, which have positive charges, decreasing the antibacterial effect [82]. In addition,
AgNPs exhibit better antibacterial activity at basic pH than at acidic pH, so HA can interfere
with the action of BioAgNPs due to its acidic nature [83]. The combined effect of silver
ion sequestration by HA and capsule-mediated protection may account for the reduced
antibacterial activity observed.

The study by Dresler et al. (2019) demonstrated that AL in plants attenuates toxicity
caused by cadmium, a positively charged ion, due to its antioxidant action [84]. One of the
proposed mechanisms of antibacterial action of AgNPs is the production of reactive oxygen
species, so it is possible that the antioxidant activity of AL also attenuates the antibacterial
action of BioAgNPs [53].

The highest value observed was 125 µM or 13,483 µg/mL, which remains lower than
the CC50 of BioAgNPs (132.071 µM or 14.239 µg/mL). At this concentration, the BioAgNPs
exhibit low cytotoxicity toward human cells while maintaining antibacterial activity against
the tested pathogens. Moreover, the MIC values in combination remain below 25 µg/mL,
which is considered the safety threshold for topical application of silver nanoparticles [76].

4.6. Formulation Characterization

The hydrogel formulation was based on hydroxyethylcellulose (HEC), a water-soluble
polymer derived from cellulose, widely used as a stabilizer, thickener, or coating agent in
pharmaceutical and cosmetic formulations due to its biocompatibility and low toxicity [85].

Glycerin was incorporated into the formulation as an emollient, promoting epidermal
softness and flexibility, and as a humectant, maintaining skin hydration and moisture [86].
Finally, a paraben-free preservative system composed of methylisothiazolinone and phe-
noxyethanol was added. This preservative keeps the formulation preserved for a period of
6 to 12 months, depending on the conditions of use and storage, having an effect against
fungi, Gram-positive and Gram-negative bacteria [87].

BioAgNPs were added at a concentration of 125 µM or 13.483 µg/mL, based on the
result of the association assay. HA and AL were added at 8 mg/mL and 100 µg/mL, which
exhibited the most favorable outcomes in the Scratch assay.

Both centrifugation and preliminary stability tests demonstrated that the formulation
was able to maintain physical integrity without phase separation or precipitation, although
the high temperature used in the preliminary stability test resulted in a slight color change.

The relative density of both FAC and BC showed a slight increase after the preliminary
stability test; however, the analysis did not reveal a statistically significant difference be-
tween FAC before and after the test (p = 0.46), nor between BC before and after preliminary
stability (p = 0.42).

Viscosity is inversely related to spreadability [88]. Increased viscosity is associated
with greater formulation stability, indicating adequate interaction among the components.
Moreover, more viscous formulations exhibit reduced flow behavior, which favors the pro-
longed retention at the application site. This characteristic is particularly advantageous in
formulations intended for topical wound treatment, as it enhances coverage and protection
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of the injured area, contributing to microenvironment favorable for tissue repair. The higher
viscosity of the FAC prolongs the contact time at the application site and the delivery rate
of the active ingredients [88,89]. Sustained delivery of the bioactive compounds may allow
for reduced application frequency, potentially enabling once-daily administration instead
of multiple daily doses [90].

In Figure 8, it is possible to observe small peaks related to the presence of silver. The
silver concentration was intentionally kept low to remain within the established cytotoxic
safety window determined by MTT assays. At this concentration range, quantitative
surface-sensitive techniques such as EDX may not provide strong elemental signals due
to detection limits, as shown in Figure 8. However, the antibacterial activity observed
confirms the functional presence of BioAgNPs within the hydrogel matrix. Importantly,
the MIC values remained below the cytotoxic concentration, supporting that the silver
content incorporated into the hydrogel was sufficient to exert antibacterial activity while
maintaining biocompatibility. The high signals corresponding to carbon (C) and oxygen (O)
are attributed to the molecular composition of AL, HA, hydroxyethylcellulose, and glycerin,
which are rich in these elements, while sodium (Na) is a component of Disodium EDTA.

4.7. Antibacterial Activity of the Formulation
4.7.1. Agar Drop-Diffusion Assay

In Figure 9, no inhibition halo was observed around the formulation, possibly due
to the low diffusivity of silver in agar. The study of Cornette de Saint Cyr et al. (2021)
demonstrated that the diffusivity of silver in agar is 2.7 × 10−9 m2/s and that a minimum
concentration of 20 µg/mL is necessary to observe the action of silver on bacterial growth
within 24 h [91]. The concentration of silver in FA is 13.483 µg/mL, which is below the
minimum concentration required to produce a visible inhibition halo. Nevertheless, it
was observed that there was no bacterial growth at the site where the formulation was
inoculated for the bacteria A. baumannii and P. aeruginosa. In contrast, S. aureus showed
bacterial growth, although with partial inhibition. For all three bacterial strains, the base
formulation did not exhibit antibacterial activity.

4.7.2. Antimicrobial Efficacy Test

According to the Brazilian Pharmacopoeia, the approval criteria require a reduction of
at least two logarithmic units in bacterial count after 14 days, with no subsequent increase
up to 28 days. However, in the graphs presented in Figure 10, bacterial growth was entirely
suppressed with a decrease of approximately eight logs, thus exceeding the required criteria
for all three bacteria.

The results of the multidrug-resistant A. baumannii isolates were similar to the reference
strains, showing complete elimination from the FA within 2 h of contact. An interesting
behavior was observed for isolate 860. Unlike the other strains, this isolate was unable to
survive in the base formulation for up to 12 h, showing complete elimination after 4 h even
in the absence of antibacterial agents, a result consistently observed across replicates. This
may be due to intrinsic strain factors that lead to low survival. Recent studies suggest that
genetic or phenotypic alterations may compromise the survival of specific strains, requiring
further testing, such as genomic profiling or analysis of surface protein expression, to
elucidate this behavior [92].

Therefore, the antimicrobial efficacy assay complemented the drop-diffusion test,
as it evaluates bacterial elimination under direct contact conditions, which more closely
resemble topical application. The rapid antibacterial activity of FA, capable of eliminating
bacteria within 2 h of contact, is particularly advantageous, since rapid topical application
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at the beginning of the wound treatment can control planktonic bacteria, preventing biofilm
formation [93].

4.7.3. Time–Kill Curve Assay

The presence of culture medium favored the bacterial growth of S. aureus, which
was already more resistant to the antibacterial action of BioAgNPs compared to the other
bacteria, allowing its continuous growth. However, FA reduced bacterial counts by approx-
imately one log unit, which, although not sufficient to be considered a bactericidal action,
still indicates antibacterial activity.

Again, the survival of S. aureus following the treatment with FA may be attributed to
the cell wall structure of Gram-positive bacteria. Accumulation in the outer membrane is
one of the key antibacterial mechanisms of AgNPs in Gram-negative bacteria, where this
structure plays a crucial role in cellular integrity. In Gram-positive bacteria, the absence of
an outer membrane, which allows silver to pass through porins and favors the adhesion of
AgNPs to this structure, limits the entry of BioAgNPs into the bacterial cell [53].

In the study by Ferreira et al. (2023), the time–kill curves of S. aureus demonstrated a
significant inhibition in bacterial growth [94]. However, the AgNP concentration used was
30 µg/mL, nearly twice that present in FA (13,483 µg/mL). Thus, increasing the BioAgNP
concentration may enhance the reduction of S. aureus by up to two log units, although such
adjustments must remain within established safety limits for topical application.

The exponential decrease observed in the curves of P. aeruginosa ATCC 27853, A. bau-
mannii ATCC 19606, and isolate 846 (Figure 12a,b,d) when treated with FA may be due to
damage to the cell membrane, as demonstrated by Singh et al. (2021), who observed pores
in the membrane, cell lysis, and leakage of intracellular contents, using scanning electron
microscopy [95].

Chen et al. (2019) reported a significant decrease in the growth of multidrug-resistant
A. baumannii when treated with AgNP at 20 µg/mL, with a two-log decrease after about
18 h [96]. These findings further support that AgNPs exhibit antibacterial activity against
multidrug-resistant strains of A. baumannii. The effectiveness of FA against the pan-resistant
isolate 846 reinforces its potential as a therapeutic candidate in clinical settings facing
outbreaks of multidrug-resistant bacteria, such as intensive care units and burn centers.

The complete elimination of bacteria in nutrient-enriched medium confirms that the
antibacterial activity of FA can be effective in clinical scenarios with abundant exudate and
injured tissue, which provide nutrients for pathogens, in the face of the growing scenario
of clinical antimicrobial resistance.

5. Conclusions
The hydrogel formulation containing biogenic silver nanoparticles, hyaluronic acid,

and allantoin represents an innovative and effective therapeutic strategy for burn treatment,
combining antibacterial activity with wound-healing promotion.

The antibacterial activity of BioAgNPs was confirmed by MIC determination, whereas
HA and AL did not exhibit action against bacteria at the tested concentrations. All three
active ingredients presented low cytotoxicity, particularly HA and AL, allowing the deter-
mination of safe concentrations for BioAgNPs use. HA and AL promoted wound closure
by stimulating cell proliferation and migration in the Scratch assay, highlighting their
regenerative potential. Although the combination of HA and AL slightly increased the MIC
of BioAgNPs, the values remained below the cytotoxic threshold, ensuring formulation
safety and low toxicity.

Microbiological evaluation of the hydrogel revealed excellent antibacterial activity,
primarily against Pseudomonas aeruginosa and Acinetobacter baumannii, two major pathogens
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in burn infections. Notably, the formulation was also effective against multidrug-resistant
A. baumannii isolates, indicating its potential as an alternative strategy for controlling
resistant infections. Time–kill curves indicated a rapid antibacterial effect, with significant
elimination of pathogens within 2 h, which constitutes an important clinical differential in
the prevention of biofilm formation and systemic complications such as sepsis.

Although the activity against Staphylococcus aureus was insufficient to achieve a bac-
tericidal effect against Gram-positive bacteria, these findings suggest opportunities for
formulation optimization, such as increasing the BioAgNP concentration, as long as it
remains below the safe concentration for use, or incorporating antimicrobial agents with
action directed against Gram-positive bacteria.

Overall, the developed hydrogel combining BioAgNPs, HA, and AL demonstrated
antibacterial activity against MDR bacteria and promoted fibroblast migration in vitro,
indicating potential for topical treatment of infected burn wounds. Future studies should
explore formulation optimization, synergistic antimicrobial combinations, and in vivo
evaluation in burn injury models.
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AB Acinetobacter baumannii
AL Allantoin
ATCC American Type Culture Collection
BC Base without active ingredient containing preservative
BHI Brain heart infusion
BioAgNP Biogenic silver nanoparticles
CC50 Cytotoxic concentration
CFU Colony-forming units
CLSI Clinical and Laboratory Standards Institute
DLS Dynamic light scattering
DMEM Dulbecco’s Modified Eagle Medium
EDTA Ethylenediamine tetra-acetic acid
FA Active formulation without preservative
FAC Active formulation containing preservative
FBS Fetal bovine serum
HA Hyaluronic acid
ISO International Organization for Standardization
MBC Minimum bactericidal concentration
MH Mueller Hinton
MIC Minimum inhibitory concentration
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NCCLS National Committee for Clinical Laboratory Standards
PA Pseudomonas aeruginosa
PBS Phosphate-buffered saline
PDI Polydispersity index
SA Staphylococcus aureus
SI Selectivity index
TEM Transmission electron microscopy
UEL State University of Londrina
UEM State University of Maringá
XDR X-ray diffraction spectroscopy
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acid/tannic acid films for wound healing application. Int. J. Biol. Macromol. 2024, 254, 128101. [CrossRef] [PubMed]

25. Li, Y.; Xie, J.; Cao, D. In situ silver nanoparticle–hyaluronic acid hydrogel for enhanced wound healing. J. Nanostruct. Chem. 2025,
15, 1–12. [CrossRef]

26. Arpa, M.D.; Kaleli, S.N. Thermosensitive sprayable lidocaine–allantoin hydrogel: Optimization and in vitro evaluation for wound
healing. Pharmaceutics 2025, 17, 1607. [CrossRef] [PubMed]

27. Xie, H.; Bai, Q.; Li, Y.; Zha, X.; Zhang, L.; Zhao, Y.; Gao, S.; Li, P.; Jiang, Q. Allantoin-functionalized silk fibroin/sodium alginate
transparent scaffold for cutaneous wound healing. Int. J. Biol. Macromol. 2022, 207, 859–872. [CrossRef]

28. Massironi, A.; Franco, A.R.; Babo, P.S.; Puppi, D.; Chiellini, F.; Reis, R.L.; Gomes, M.E. Development and characterization of
highly stable silver nanoparticles as novel potential antimicrobial agents for wound healing hydrogels. Int. J. Mol. Sci. 2022, 23,
2161. [CrossRef]

29. Júnior, D.M.; Hausen, M.A.; Asami, J.; Higa, A.M.; Leite, F.L.; Mambrini, G.P.; Rossi, A.L.; Komatsu, D.; Duek, E.A.d.R. A New
Dermal Substitute Containing Polyvinyl Alcohol with Silver Nanoparticles and Collagen with Hyaluronic Acid: In Vitro and In
Vivo Approaches. Antibiotics 2021, 10, 742. [CrossRef]

30. Al-Mamari, A.; Shahitha, F.; Al-Sibani, M.; Al Saadi, A.; Al Harrasi, A.; Ahmad, A. Novel antibacterial wound healing hydrogels
based on HEC/SA/HA using green chemistry approach. Lett. Appl. NanoBioScience 2023, 12, 69. [CrossRef]

31. CLSI M100; Performance Standards for Antimicrobial Susceptibility Testing. 31st ed. Clinical and Laboratory Standards Institute
(CLSI): Wayne, PA, USA, 2021.

32. ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. International Organization for
Standardization (ISO): Geneva, Switzerland, 2009.

33. Borghetti, G.S.; Knorst, M.T. Development and evaluation of physical stability from O/W lotions containing sunscreens. Rev.
Bras. Cienc. Farm. 2006, 42, 531–537. [CrossRef]

https://doi.org/10.3390/pharmaceutics18060724

https://doi.org/10.1039/D4BM00155A
https://doi.org/10.1042/BSR20203404
https://www.ncbi.nlm.nih.gov/pubmed/33404045
https://doi.org/10.1177/08853282231212605
https://doi.org/10.1039/D5SD00051C
https://doi.org/10.3762/bjnano.12.23
https://www.ncbi.nlm.nih.gov/pubmed/33842185
https://doi.org/10.18103/mra.v10i12.3388
https://doi.org/10.30699/ijmm.16.3.186
https://doi.org/10.1089/sur.2020.368
https://doi.org/10.2298/JSC231104004J
https://doi.org/10.3390/traumacare2040043
https://doi.org/10.1016/j.jksus.2021.101791
https://doi.org/10.3390/ijms22137202
https://doi.org/10.1007/s42452-025-06986-3
https://doi.org/10.2147/IJN.S246764
https://www.ncbi.nlm.nih.gov/pubmed/32368040
https://doi.org/10.1016/j.ijbiomac.2023.128101
https://www.ncbi.nlm.nih.gov/pubmed/37972843
https://doi.org/10.57647/jnsc.2025.1504.16
https://doi.org/10.3390/pharmaceutics17121607
https://www.ncbi.nlm.nih.gov/pubmed/41471121
https://doi.org/10.1016/j.ijbiomac.2022.03.147
https://doi.org/10.3390/ijms23042161
https://doi.org/10.3390/antibiotics10060742
https://doi.org/10.33263/LIANBS123.069
https://doi.org/10.1590/S1516-93322006000400008
https://doi.org/10.3390/pharmaceutics18060724


Pharmaceutics 2026, 18, 724 27 of 29

34. Alcântara, M.T.S.; Lincopan, N.; Santos, P.M.; Ramirez, P.A.; Brant, A.J.C.; Riella, H.G.; Lugão, A.B. Simultaneous hydrogel
crosslinking and silver nanoparticle formation by using ionizing radiation to obtain antimicrobial hydrogels. Radiat. Phys. Chem.
2020, 169, 108777. [CrossRef]

35. Brasil Ministério da Saúde; Agência Nacional de Vigilância Sanitária. Farmacopeia Brasileira, 6th ed.; Anvisa: Brasília, Brazil, 2019;
Volume 1.

36. M26-A; Methods for Determining Bactericidal Activity of Antimicrobial Agents. Clinical and Laboratory Standards Institute
(CLSI): Wayne, PA, USA, 1999.

37. Abdelhalim Yameny, A. A comprehensive review on nanoparticles: Definition, preparation, characterization, types, and medical
applications. J. Med. Life Sci. 2024, 6, 663–672. [CrossRef]

38. Alishahedani, M.E.; Yadav, M.; McCann, K.J.; Gough, P.; Castillo, C.R.; Matriz, J.; Myles, I.A. Therapeutic candidates for keloid
scars identified by qualitative review of scratch assay research for wound healing. PLoS ONE 2021, 16, e0253669. [CrossRef]
[PubMed]

39. Balko, S.; Kerr, E.; Buchel, E.; Logsetty, S.; Raouf, A. A robust and standardized approach to quantify wound closure using the
scratch assay. Methods Protoc. 2023, 6, 87. [CrossRef]

40. Leite, M.N.; Leite, S.N.; Caetano, G.F.; Andrade, T.A.M.; Fronza, M.; Frade, M.A.C. Healing effects of Hevea brasiliensis latex serum
1% in an experimental skin abrasion wound model. An. Bras. Dermatol. 2020, 95, 418–427. [CrossRef]

41. Tochio, T.; Tanaka, H.; Nakata, S.; Hosoya, H. Fructose-1,6-bisphosphate aldolase A is involved in HaCaT cell migration by
inducing lamellipodia formation. J. Dermatol. Sci. 2010, 58, 123–129. [CrossRef]

42. Aabed, K.; Mohammed, A.E. Synergistic and antagonistic effects of biogenic silver nanoparticles in combination with antibiotics
against some pathogenic microbes. Front. Bioeng. Biotechnol. 2021, 9, 652362. [CrossRef]

43. Hodoroaba, V.D.; Rades, S.; Salge, T.; Mielke, J.; Ortel, E.; Schmidt, R. Characterisation of nanoparticles by means of high-resolution
SEM/EDS in transmission mode. IOP Conf. Ser. Mater. Sci. Eng. 2016, 109, 012006. [CrossRef]

44. Pochapski, D.J.; Carvaho dos Santos, C.; Leite, G.W.; Pulcinelli, S.H.; Santilli, C.V. Zeta potential and colloidal stability predictions
for inorganic nanoparticle dispersions: Effects of experimental conditions and electrokinetic models on the interpretation of
results. Langmuir 2021, 37, 13379–13389. [CrossRef]

45. Kim, E.S.; Baek, Y.; Yoo, H.J.; Lee, J.S.; Lee, H.G. Chitosan–tripolyphosphate nanoparticles prepared by ionic gelation improve the
antioxidant activities of astaxanthin in the in vitro and in vivo model. Antioxidants 2022, 11, 479. [CrossRef] [PubMed]

46. Farhadi, L.; Mohtashami, M.; Saeidi, J.; Azimi-nezhad, M.; Taheri, G.; Khojasteh-Taheri, R.; Rezagholizade-Shirvan, A.; Shamloo,
E.; Ghasemi, A. Green Synthesis of Chitosan-Coated Silver Nanoparticle, Characterization, Antimicrobial Activities, and
Cytotoxicity Analysis in Cancerous and Normal Cell Lines. J. Inorg. Organomet. Polym. Mater. 2022, 32, 1637–1649. [CrossRef]

47. Villagrán, Z.; Anaya-Esparza, L.M.; Velázquez-Carriles, C.A.; Silva-Jara, J.M.; Ruvalcaba-Gómez, J.M.; Aurora-Vigo, E.F.;
Rodríguez-Lafitte, E.; Rodríguez-Barajas, N.; Balderas-León, I.; Martínez-Esquivias, F. Plant-based extracts as reducing, capping,
and stabilizing agents for the green synthesis of inorganic nanoparticles. Resources 2024, 13, 70. [CrossRef]

48. Hosseinzadeh, E.; Foroumadi, A.; Firoozpour, L. What is the role of phytochemical compounds as capping agents for the
inhibition of aggregation in the green synthesis of metal oxide nanoparticles? A DFT molecular level response. Inorg. Chem.
Commun. 2023, 147, 110243. [CrossRef]

49. Shukla, P.; Srivastava, P.; Mishra, A. On the potential activity of hyaluronic acid as an antimicrobial agent: Experimental and
computational validations. Bioprocess Biosyst. Eng. 2025, 48, 27–42. [CrossRef]

50. Della Sala, F.; Longobardo, G.; Fabozzi, A.; di Gennaro, M.; Borzacchiello, A. Hyaluronic acid-based wound dressing with
antimicrobial properties for wound healing application. Appl. Sci. 2022, 12, 3091. [CrossRef]

51. Ferreres, G.; Pérez-Rafael, S.; Torrent-Burgués, J.; Tzanov, T. Hyaluronic acid derivative molecular weight-dependent synthesis
and antimicrobial effect of hybrid silver nanoparticles. Int. J. Mol. Sci. 2021, 22, 13428. [CrossRef]

52. Lakshmanan, G.; Sivaraj, C.; Ammar, A.; Anantha Krishnan, D.; Gopinath, S.; Saravanan, K.; Gunasekaran, K.; Murugesan, K.
Isolation and structural elucidation of allantoin a bioactive compound from Cleome viscosa L.: A combined experimental and
computational investigation. Pharmacogn. J. 2019, 11, 1391–1400. [CrossRef]

53. Mikhailova, E.O. Silver nanoparticles: Mechanism of action and probable bio-application. J. Funct. Biomater. 2020, 11, 84.
[CrossRef]

54. Ishak, A.; Mazonakis, N.; Spernovasilis, N.; Akinosoglou, K.; Tsioutis, C. Bactericidal versus bacteriostatic antibacterials: Clinical
significance, differences and synergistic potential in clinical practice. J. Antimicrob. Chemother. 2025, 80, 1–17. [CrossRef]

55. Tian, S.; Hu, Y.; Chen, X.; Liu, C.; Xue, Y.; Han, B. Green synthesis of silver nanoparticles using sodium alginate and tannic acid:
Characterization and anti-S. aureus activity. Int. J. Biol. Macromol. 2022, 195, 515–522. [CrossRef]

56. Villani, S.; de Matteis, V.; Calcagnile, M.; Cascione, M.; Pellegrino, P.; Vincenti, L.; Demitri, C.; Alifano, P.; Rinaldi, R. Tuning
antibacterial efficacy against Pseudomonas aeruginosa by using green AgNPs in chitosan thin films as a plastic alternative. Int. J.
Biol. Macromol. 2025, 285, 138277. [CrossRef]

https://doi.org/10.3390/pharmaceutics18060724

https://doi.org/10.1016/j.radphyschem.2020.108777
https://doi.org/10.21608/jmals.2024.419629
https://doi.org/10.1371/journal.pone.0253669
https://www.ncbi.nlm.nih.gov/pubmed/34143844
https://doi.org/10.3390/mps6050087
https://doi.org/10.1016/j.abd.2019.12.003
https://doi.org/10.1016/j.jdermsci.2010.02.012
https://doi.org/10.3389/fbioe.2021.652362
https://doi.org/10.1088/1757-899X/109/1/012006
https://doi.org/10.1021/acs.langmuir.1c02056
https://doi.org/10.3390/antiox11030479
https://www.ncbi.nlm.nih.gov/pubmed/35326128
https://doi.org/10.1007/s10904-021-02208-6
https://doi.org/10.3390/resources13060070
https://doi.org/10.1016/j.inoche.2022.110243
https://doi.org/10.1007/s00449-024-03091-4
https://doi.org/10.3390/app12063091
https://doi.org/10.3390/ijms222413428
https://doi.org/10.5530/pj.2019.11.215
https://doi.org/10.3390/jfb11040084
https://doi.org/10.1093/jac/dkae380
https://doi.org/10.1016/j.ijbiomac.2021.12.031
https://doi.org/10.1016/j.ijbiomac.2024.138277
https://doi.org/10.3390/pharmaceutics18060724


Pharmaceutics 2026, 18, 724 28 of 29
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