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Abstract

Growing bacterial resistance to antibiotics represents a serious threat to global health. In this context, silver
nanoparticles (AgNPs) have emerged as promising alternatives due to their potent antimicrobial effect and ability
to inhibit biofilm formation. This study aims to evaluate the potential of AgNPs as antibacterial agents through a
theoretical analysis. A qualitative systematic review was conducted on silver nanoparticles, focusing on their
antimicrobial properties, using inclusion and exclusion criteria to select 27 relevant articles from the BVS and
PubMed databases. The antibacterial activity of AgNPs is influenced by factors such as size, shape and stability,
and they are effective at disrupting bacterial membranes and biofilms via the release of silver ions and the
generation of reactive oxygen species (ROS), as well as depending on controlled conditions to optimize their
efficiency and avoid aggregation. The findings indicate that AgQNPs represent a promising alternative in the fight
against bacterial infections, contributing significantly to the advancement of research in this area.
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Nanoparticulas de prata como agente antibacteriano: uma revisao de literatura

Resumo

A crescente resisténcia bacteriana a antibidticos representa uma grave ameaca a salde global. Neste contexto, as
nanoparticulas de prata (AgNPs) emergem como promissoras alternativas, devido ao seu potente efeito
antimicrobiano e capacidade de inibir a formag&o de biofilmes. Este estudo visa avaliar o potencial de AgNPs
como agente antibacteriano, por meio de analise da fundamentacéo tedrica. Este trabalho realiza uma revisao
sistematica qualitativa sobre nanoparticulas de prata com foco em suas propriedades antimicrobianas, utilizando
critérios de inclusdo e exclusdo para selecionar 27 artigos relevantes das bases de dados BVS e PubMed. As
AgNPs tém sua acdo antimicrobiana influenciada por fatores como tamanho, formato e estabilidade, sendo
eficazes na destruicdo de membranas bacterianas e biofilmes por meio da liberacé@o de ions de prata e geragdo de
espécies reativas de oxigénio, além de dependerem de condi¢des controladas para otimizar sua eficiéncia e evitar
agregacéo. Os resultados obtidos evidenciam que as AgNPs representam uma alternativa promissora no combate
as infecgBes bacterianas, contribuindo significativamente para 0 avanco da pesquisa nessa area.

Palavras-chave: nanoparticulas de prata, atividade antibacteriana, mecanismo de a¢&o, agregacao.

1. Introduction

Silver nanoparticles (AgNPs) are agglomerates of silver atoms between 1 and 100 nanometers in size, exhibiting
various shapes and properties (Miranda, 2023). Their characteristics, which can be modulated by chemical,
physical or ecological synthesis techniques (Wahab et al., 2021a), make them promising in fields such
biomedicine, dentistry, textiles and water treatment, especially their antimicrobial potential (Bélteky et al., 2021).
Their optical, chemical and biological aspects of AgNPs, including their high surface area relate to volume,
ability to rupture cell membranes, generate reactive oxygen species (ROS), interrupt cellular respiration and
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interfere with DNA and protein molecules (Nqoro; Taziwa, 2024) give AgNPs remarkable efficacy against
microorganisms.

In this context, in 2016, the UN General Assembly published a report warning of a worrying scenario: if the
improper and indiscriminate use of antibiotics continues to grow, infections caused by multidrug-resistant
bacteria will become the leading cause of death worldwide (Kraker et al., 2016; Panacek et al., 2021), so the
exponential need to combat the proliferation of pathogenic microorganisms drives the search for alternatives to
traditional antibiotic therapy (Michailidu et al., 2022).

Bacterial resistance to antibiotics occurs through main mechanisms such as genetic mutations, plasmid transfer,
production of inactivating enzymes and modifications to the structure of the cell membrane (Teixeira et al.,
2019). This process is accelerated by the inappropriate use of antibiotics, including overuse, self-medication and
incomplete treatment, by selecting the most resistant microorganisms to survive, where bacteria that are sensitive
to the drug are eliminated, while the resistant ones continue their proliferation (Santos, 2004).

This makes it necessary to develop an innovative drug that combines safety, biocompatibility and
cost-effectiveness. It must be effective in combating bacterial cells without causing damage to healthy cells in
the body, minimizing or eliminating side effects. To this end, silver nanoparticles have been shown to be able to
combine the aforementioned effects by showing potential in biofilm inhibition, which is a virulent attribute of
bacteria, as they interact with the components of the extracellular matrix, disorganizing and dispersing bacterial
cells, facilitating the access of other molecules to the interior of the biofilm. In addition, they release Ag* ions
which penetrate bacterial cells, inhibiting the function of proteins and DNA, leading to cell death. This process is
enhanced by the generation of reactive oxygen species (ROS) which cause oxidative damage and by interfering
with bacterial cellular respiration, reducing ATP production (Chopra, 2007; Kamradgi et al., 2022).

Several studies have investigated the use of silver nanoparticles in the fight against microorganisms due to the
use of silver since antiquity and its high scientific and technological interest (Soldera et al., 2021), due to its
characteristics that result in bacterial death or retardation (Siegel et al., 2020). This research proposal differs
from previous ones by presenting a comprehensive approach, combining relevant knowledge for the
development of safe and effective AgNPs, with great potential for advancing medicine and public health.

The aim of this research is to evaluate the potential of AgNPs as an antibacterial agent by analyzing the
theoretical basis.

2. Materials and Methods

This work aims to conduct a systematic review of qualitative literature. This review method, known as the
systematic approach, allows for the aggregation of information from various studies addressing the same therapy
or intervention, regardless of whether the results are similar or different (Sampaio; Mancini, 2007). Qualitative
research is defined by thorough analysis, systematic observation, detailed description and holistic interpretation,
aiming to provide a deep and contextualized understanding of the subject bein studied (Gil, 1999).

To gather comparative and descriptive data, the Descriptors in Health Sciences (DeCS) tool was employed to
define the following keywords: “colloidal silver”, “silver nanoparticle”, ‘“‘antimicrobial”, “antibiotic”,
“mechanism”, “action” and “effect”. Boolean operators were then applied to form the search expression:
(“colloidal silver” OR “silver nanoparticle”) AND (“antimicrobial” OR “antibiotic’) AND (“mechanism” OR
“action” OR “effect”), in the Virtual Library of the Ministry of Health (VHL) and National Library of Medicine

(PubMed) databases.

Inclusion criteria were based on publication time (2019 to 2024); language (English or Portuguese); availability
of the full text, and accessibility without restrictions.

Exclusion criteria were applied to eliminate references that were irrelevant to the focus of this research, such as
studies on other nanoparticles, conjugated particles, sanitary, dental and cosmetic applications, or the use of
AgNPs as antifungal and anticancer agents, which diverged from the primary theme. Paid-for articles and book
chapters were not included. To this end, the titles and then the abstracts of the selected articles were analyzed.

First, filters for expression, publication time, language and availability were applied, resulting in 195 articles
from VHL database and 87 from PubMed, yielding a total of 282 articles. Duplicate articles were removed
during a screening process, leaving a total of 274 articles. During the title analysis, 113 articles were excluded,
leaving 161 articles. Following the abstract review, 27 articles were identified, all of which were selected after a
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thorough reading of the full text. To visually and pedagogically illustrate the process of collecting bibliographic
material, a flowchart was created using the Lucidchart platform, as shown in Figure 1.
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Figure 1. Flowchart of the process of obtaining bibliographic material. Source: Authors, 2024.

3. Results

The analyzed studies indicate that structural parameters of AgNPs, such as size, shape and surface area, which
are linked to stability, mechanisms of action and toxicity, are crucial for developing AgNPs effective for
antibacterial activity. By evaluating the significance of these parameters, it is possible to conclude that:

The size of the nanoparticles directly impacts their surface area, which in turn affects their antimicrobial activity
(Ngoro; Taziwa, 2024). AgNPs sized between 10 to 15 nm are reported to be more effective against
microorganisms, as they form pores in the bacterial cell membrane, facilitating nanoparticle penetration (Wahab
et al., 2021b). Thus, smaller nanoparticles typically exhibit a larger surface area, leading to enhanced activity.
However, Bélteky et al. (2021) note that extremely small nanoparticles tend to aggregate more, resulting in a loss
of their activity. The reaction temperature influences the size of the AgNPs (Michailidu et al., 2022).

The shape of the AgNPs affects their interaction with the surrounding environment, influencing their stability
and biodistribution and antibacterial activity. For example, nanoparticles with sharp points, such as
triangular-shaped AgNPs, exhibit higher reactivity, as noted by Ahmad et al. (2021).

The methods used to synthesize AgNPs influence their size, shape, aggregation and mechanisms of action
against bacteria (Michailidu et al., 2022). There are various synthesis methods, including physical routes that use
mechanical force, laser radiation or temperature changes; chemical synthesis, which requires silver ions sources,
solvents, reducing agents and stabilizers; and green synthesis, which uses biological resources to create AgNPs
eliminating the toxic agents of the chemical methods (Wahab et al., 2021a).

The mechanisms of action must be broad-spectrum, meaning they should be effective against a wide variety of
microorganisms. Employing multiple mechanisms of action is beneficial, combining strategies such as cell
membrane damage, enzyme inhibition and DNA interactions to enhance efficacy and reduce resistance
development (Kamradgi et al., 2022; Nqoro; Taziwa, 2024).

It is crucial that AgNPs are effective against microorganisms while maintaining low toxicity to human cells.
They must be safe for both human and environmental use. A controlled and gradual release of silver ions can
enhance efficacy and reduce toxicity, where the concentration and contact time correlate with the antibacterial
action of AgNPs (Torky et al., 2022).

Most of the articles selected for this research did not address the storage conditions of the AgNPs tested. AgNPs
must remain stable over time and under various storage conditions, which depend on agents that protect against
aggregation (Badmus et al., 2020). It is important to consider pH and the presence of bio or macromolecules
during AgNPs synthesis to prevent particle sedimentation over time (Bélteky et al., 2021; Rénavari et al., 2021).

The minimum inhibitory concentration (MIC), which measures the effectiveness of AgNPs against various
microorganisms, determines the lowest concentration capable of inhibiting bacterial growth (Embrapa, 2009).
The rate at which AgNPs kill microorganisms is another important factor, referred to as bacterial death kinetics
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(Urodkova et al., 2023). Combining AgNPs with other compounds can enhance their effectiveness and slow
bacterial development, creating a synergistic effect (Verma et al., 2013; Wahab et al., 2021a).

Based on these criteria for evaluating AgNPs efficacy, we have created a table summarizing the selected articles
and the results obtained by the researchers, as shown in Table 1.
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Table 1. Summary of selected articles, citation information and results.

Avrticle title

Nannochloropsis
Extract-Mediated
Synthesis of  Biogenic
Silver Nanoparticles,
Characterization and In

Vitro  Assessment  of
Antimicrobial,
Antioxidant and

Cytotoxic Activities.

Physiological response to
silver toxicity in the
extremely halophilic
archaeon Halomicrobium
mukohataei.

Silver nanoparticles:
aggregation behavior in
biorelevant conditions and
its impact on biological
activity.

Biofilm Eradication Using
Biogenic Silver
Nanoparticles.

Estevez et al.,
2020.

Not reported.

structure of microorganisms.

Not reported, but Raman
spectroscopy shows reduction
of DNA, amino acids and fatty
acids, which may be due to
AgNPs.

39

Escherichia coli.

Quote Size and shape of Mechanism of action Bacteria tested Effectiveness
AgNPs
Gnanakani et Average 57.25 nm; It may be related to the Escherichia coli, Efficacy is proven by observing the
al., 2019. spherical and crystals penetration of silver ions Pseudomonas increase in the diameter of the inhibition
with  cubic  and through the formation of aeruginosa, of each bacterium used. The method
hexagonal symmetry.  cavities in the bacterial cell Staphylococcus used was cultivation in Mueller-Hinton
membrane, in addition to the aureus and Bacillus broth and sowing on Mueller-Hinton
oxidative stress generated by subtilis. agar.
ROS that denature proteins
and the DNA of bacteria.
Buda et al, Not reported, the Notreported. Not reported. Not reported.
2019. research focuses on
the physiological
response of
Halomicrobium
mukohataei to silver.
Bélteky et al., 10 nm; spherical. It indicates that colloidal Bacillus megaterium The inhibitory  power of the
20109. stability is essential for SZMC6031 and nanoparticles decreased as their degree
biological activity, where Escherichia coli of aggregation increased.
AgNPs interact with the SZMCO0582.

Not reported.
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Optomechanical
Processing of  Silver
Colloids: New Generation
of Nanoparticle-Polymer
Composites with
Bactericidal Effect.

Photo-assisted
bio-fabrication of silver

nanoparticles using
Annona muricata leaf
extract:  exploring the

antioxidant, anti-diabetic,
antimicrobial, and
cytotoxic activities.

Recent developments in
biomolecule-based
nanoencapsulation
systems for antimicrobial

delivery and  biofilm
disruption.

Are Smaller
Nanoparticles Always

Better? Understanding the
Biological  Effect of
Size-Dependent Silver
Nanoparticle Aggregation

Under Biorelevant
Conditions.

Insight into
single-element nobel

metal anisotropic silver

Siegel et al,
2020.
Badmus et al.,
2020.
Vidallon; Teo,
2020.
Bélteky et al.,
2021.
Ahmad et al.,
2021.

Between 20 and 25
nm; spherical.

35
polycrystalline.

nm;

Not reported.

The aggregation
behavior and
biological activity of
citrate-coated AgNPs,
with diameters of 10,
20 and 50 nm;
spherical, were
investigated.

Between 26 and 138
nm; triangular, cubic

It indicates the release of silver Escherichia

!ons, 0_xidatiye damage apd coli and

interaction with the bacterial Staphylococcus

cell membrane. epidermidis.

It is suggested that there is an  Staphylococcus

induction of ROS, which aureus, Escherichia

capture electrons from the coli, Serratia

lipids of the bacterial cell marcescens, Bacillus

membrane, lysing it. cereus, Pseudomonas
aeruginosa and

Salmonella enterica.

Not reported. Not reported.

Does not specify. Bacillus megaterium

and Escherichia coli.

It describes that the sharp tips Escherichia coli and
of AgNPs were crucial for the Staphylococcus
physical  deterioration  of

40

It shows almost no efficacy against the
bacteria tested.

It was effective against all the bacteria
mentioned, but the least sensitive were
B. cereus and S. enterica.

Not reported.

AgNP-1 is not toxic to B. megaterium
and E. coli after 6 hours. AgNP-I1I is not
toxic to B. megaterium and E. coli after
24 hours and 6 hours of incubation.
AgNP-IIl1 is 60% effective for B.
megaterium and 70% for E. coli. It
reports that increasing the size of AgNPs
significantly reduces their tendency to
aggregate in biological systems.

Three shapes of AgNPs were used:
triangle, cube and rod. The most
effective against bacteria was the rod
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nanoparticle
shape-dependent selective
ROS  generation and
quantification.

Polyvinyl-Pyrrolidone-Co
ated Silver
Nanoparticles-The

Colloidal, Chemical, and
Biological Consequences

of Steric Stabilization
under Biorelevant
Conditions.

Silver Covalently Bound

to Cyanographene
Overcomes Bacterial
Resistance  to  Silver
Nanoparticles and
Antibiotics.

Silver
Micro-Nanoparticle-Base
d Nanoarchitectures:
Synthesis Routes,

Biomedical Applications,
and Mechanisms  of
Action.

Roénavari et al.,
2021.

Panacek et al.,
2021.

Wahab et al.,
2021. (a)

and rod-shaped.

Between 6 and 12
nm; spherical.

Entre 4 a 8 nm; not
reported.

Non-specifically, it
suggests that NPs of
up to 10 nm are more
efficient.

bacterial morphology. The
synergy with ROS enhanced
the adhesion of the NPs to the
cell membrane, resulting in a
superior and multifactorial
bactericidal effect compared to
the authors' reviews.

Not reported. Describes the
importance of the stability of
AgNPs, as lack of attention to
this parameter affects
therapeutic efficacy.

It indicates that AgNPs bind to
membrane proteins, altering
their structure and function, as
well as producing ROS,
disrupting the bacterial
structure.

It reviews that the mode of

action of AgNPs against
pathogens is influenced by
factors such as the

physicochemical properties of
the nanoparticles (size, shape,
charge), interactions with the
environment (aggregation,
dissolution), production of
ROS and interactions with
different materials.

41

aureus.

Bacillus megaterium
and Escherichia coli.

Escherichia coli and
Pseudomonas
aeruginosa.

Not reported. Review
article citing bacteria:
Escherichia coli and
Staphylococcus
aureus.

shape, the second most effective was the
cube and the third, but still effective, was
the triangle.

Cells that were not treated with NaCl
had lower cell viability when exposed to
AgNPs. On the other hand, cells that
were treated with NaCl and then exposed
to AgNPs, toxicity was not influenced by
the loss of stability; there was only a
slight variation in the intensity of the
toxic effect.

It is effective, capable of being strong
even against intensely resistant strains.

Review article that reports that it is
effective, using a qualitative method and
visualizing the presence of the inhibition
zone.
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Silver Nanoparticle-Based

Nanocomposites for
Combating Infectious
Pathogens: Recent
Advances and Future
Prospects.

Surface Minimal
Bactericidal
Concentration: A
comparative  study  of
active glasses
functionalized with
different-sized silver
nanoparticles.
Characterization of

Talaromyces
islandicus-mediated silver

nanoparticles and
evaluation of their
antibacterial and

anticancer potential.

Genetic Relatedness,
Antibiotic Resistance, and
Effect of Silver
Nanoparticle on Biofilm

Wahab et al.,
2021. (b)

Barzan et al.,
2021.

Kamradgi et al.,
2022.

Ahmed et al.,
2022.

Non-specific, it
suggests that NPs
between 1 and 10 nm
are more reactive; it
suggests that
spherical NPs have a
high atomic density
of facets and a high
surface-to-volume
ratio.

6, 30 and 52 nm;
spherical.

Between 13 and 66
nm; spherical.

45 nm; not reported.

It reviews that AgNPs induce
cell death through mechanisms
that involve interaction with
biomolecules rich in sulphur
and phosphorus, such as DNA,
and disruption of the structure
of the bacterial cell membrane.

Even if the AgNPs are small in
size, if they agglomerate their
activity will be compromised.
The main effect is reported to
be the release of silver ions
and contact with bacteria.

It indicates that the possible
mode of action is through
binding to the bacterial cell
membrane, which generates
osmotic imbalance and the
leakage of cellular
constituents.

Due to the high surface to
volume ratio, it is proposed
that AgNPs act as
exopolysaccharide (EPS)

42

Article revised using
Pseudomonas
aeruginosa, Escheric
hia coli,
Streptococcus
mutans,
Streptococcus
sanguis,
Streptococcus
Aggregatibacter
actinomycetemcomita
ns,  Fusobacterium
nucleatum.

mitis,

Escherichia coli

ATCC 8739.

Bacillus subtilis,
Enterococcus
faecalis,
Staphylococcus
aureus, Escherichia
coli and
Pseudomonas

aeruginosa

Clostridium
perfringens.

It mentions that smaller, spherical
AgNPs are more effective on P.
aeruginosa and E. coli. The rest of the
bacteria cited were used in another
article which concludes that AgNPs with
a size of less than 10 nm have the most
remarkable ability to bind to the
sulfur-containing  membrane,  thus
possessing greater permeability through
the membrane and greater ability to
cause bacterial cell death.

By reducing the agglomeration that
occurs in liquids, the antibacterial
efficacy of AgNPs has been improved.

The method used to visualize efficacy
was the zone of inhibition, with AgNP
achieving significant inhibition against
P. aeruginosa, E. faecalis, E. coli, S.
aureus and B. subtilis.

It is effective, inhibiting the biofilm of
the bacteria tested.
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Formation by Clostridium
perfringens Isolated from

Chickens, Pigeons,
Camels, and Human
Consumers.

Silver nanoparticle effect
on Salmonella enterica
isolated from Northern
West Egypt food, poultry,
and calves.

Silver nanoparticle
incorporation into flexible
polyamide 12 membranes.

Silver Nanoparticle
Production Mediated by
Vitis vinifera Cane
Extract: Characterization
and Antibacterial Activity
Evaluation.

Silver Nanoparticle-Based
Therapy: Can It Be Useful
to Combat Multi-Drug
Resistant Bacteria?

Torky et al,

2022.

Souza et al,

2022.

Michailidu et
al., 2022.

Mateo;
Jiménez, 2022.

Between 26,5 and 45
nm; spherical.

Between 35 and 50
nm; crystalline.

Between 1 and 30
nm; spherical.

Suggests that 5 to 30
nm are more effective
against bacteria; not
specified.

disruptors, the biofilm.

Adherence and penetration of

AgNPs inside bacteria,
forming cavities in the
membrane.

By interacting with the
bacterial ~ cell  membrane,
AgNPs induce the
denaturation of membrane
proteins, compromising cell

permeability and leading to a
loss of structural integrity, due
to the high affinity of AgNPs
with functional groups such as
phosphate, hydroxyl, amine
and thiol.

Interaction with silver ions to
inhibit  biofilm and lyse
bacterial cells.

They induce cell death through
destabilization of the plasma
membrane, inhibition of gene
replication and expression and

43

Salmonella spp.

Not reported. A PA12
membrane was used
instead of bacteria.

Pseudomonas

aeruginosa PAO1,
ATCC 10145, ATCC
15442, DBM 3081
and DBM 3777.

Not reported. Review
article citing
Acinetobacter
baumannii,

An in vivo study found that AgNPs
proved to be effective preventive and
therapeutic agents, due to their excellent
physical mechanism of action.

Not reported. Test carried out on

polyamide membrane.

It is effective, this type of AgNPs is able
to suppress planktonic cells of all the
strains used and biofilm inhibition has
also occurred.

Not reported. Review article that
mentions how the mechanisms of action
of AgNPs act on multiple levels. They
increase the permeability of the plasma
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Silver nanoparticles
synthesized  from
seaweed Sargassum
polycystum and screening
for  their biological
potential.

Tryptone-stabilized silver
nanoparticles' potential to
mitigate planktonic and
biofilm growth forms of

Thiurunavukkar
the auetal., 2022.

Pandey et
2022,

Less than 100 nm;
spherical.

al., 18 (AgNPs) and 170
nm (Ts-AgNPs);

spherical.

mitochondrial dysfunction.
Permeabilization of  the
membrane leads to the release
of cellular content, while
inhibition of the cellular
machinery prevents protein
synthesis and energy
production. The generation of
ROS promotes the oxidation
of biomolecules, accelerating
cell deterioration.

Not reported.

Modification of cell surface
hydrophobicity by Ts-AgNPs,
associated with inhibition of
biofilm formation. The

44

Pseudomonas
aeruginosa,
Enterobacteriaceae
and MDR
Staphylococcus
aureus.

Escherichia coli
MTCC1687, Bacillus
subtilis  MTCC441,
Klebsiella
pneumoniae
MTCC4030,
Staphylococcus
epidermidis
MTCC435, Vibrio
cholera MTCCO0139,
Pseudomonas
fluorescens
MTCC664,
Micrococcus
MTCC4821,
Staphylococcus
aureus MTCC 96, e
Serratia marcescens
MTCCS86.

luteus

Serratia marcescens.

membrane, resulting in the release of
intracellular contents and cell death. In
addition, they interrupt DNA replication,
inhibit the expression of ribosomal
subunits, and inactivate proteins and
enzymes. AgNPs also alter the function
of membrane respiratory enzymes and
promote the formation of ROS, causing
oxidative damage to cell contents.

It is effective, showing a zone of
inhibition for the bacteria tested.

It is effective, using the spherical
morphology AgNP is able to show
strong antibacterial activity, such as
altering the hydrophobicity of the cell
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Serratia marcescens.

Vaterite vectors for the
protection, storage and
release of silver
nanoparticles.

A whole cell fluorescence
quenching-based

approach for the
investigation of
polyethyleneimine
functionalized silver
nanoparticles interaction
with Candida albicans.
Colloidal Silver
Nanoparticles  Obtained

via Radiolysis: Synthesis
Optimization and
Antibacterial Properties.

Formation Kinetics and
Antimicrobial Activity of

Ferreira et al.,
2022.

Tiwari et al.,
2023.
Miranda et al.,
2023.

Urodkova et al.,
2023.

From 7 to 13 nm;
spherical.

Between 4.4 and 6.8
nm; spherical.

20 nm; spherical.

Between 68 and 77
nm; polycrystalline.

diffusion of the NPs in the
EPS layer, the generation of
ROS and the reduction of cell
motility suggest that they

affect the adhesion and
dispersion of bacterial
biofilms.

AgNPs are capable of

disrupting the cell membrane
and generating ROS.

Not reported.

They can cause damage by
releasing silver ions and
generating ROS, which
interrupt the metabolism, DNA
replication and synthesis of
proteins and enzymes in
bacteria, leading to cell death.

Not reported.

45

Escherichia
0O157:H7,
Staphylococcus
aureus

coli

methicillin-resistant

and
aeruginosa PAOQ1.

Not reported.

Staphylococcus
aureus.

Escherichia
Pseudomonas

Pseudomonas

coli,

surface and inhibiting biofilm formation.

The CaCO3/AgNPs-PVP hybrid is
effective in eliminating the bacteria
mentioned through the action of AgNPs.

Not reported.

Effective in inhibiting at a concentration
of 0.6 pgmL-1 and effective in
eradicating the bacteria at a
concentration of 5.6 pg-mL-1.

The method used to visualize efficacy
was serial dilution, showing significant
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Silver Nanoparticle
Dispersions Based on
N-Reacetylated

Oligochitosan  Solutions

for Biomedical
Applications.
Silver nanoparticle Jeyaraman et 10 nm.

technology in orthopaedic al., 2023.
infections.

It reviews that metal ions
interact with DNA, while
AgNPs penetrate cells,
inhibiting ATP production and
bacterial growth, inducing
oxidative stress and dispersing
biofilms.

aeruginosa, Bacillus
cereus and

Staphylococcus
aureus.

Not reported. Review
article  that cites
several bacteria, but
does not focus on
them.

action against the bacteria tested.

Not reported. Review article aimed at
preventing the colonization of bacteria
on stainless steel using AgNPs.

Source: Authors, 2024.
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4. Discussion
4.1 Bacterial cell walls and the action of AgNPs

The bacterial cell wall performs essential functions, such as protecting intracellular components from external
factors, preventing cell rupture when intracellular water levels exceed extracellular levels, and maintaining
bacterial shape, including supporting flagella, when present. In addition to these structural and protective
functions, the cell wall also contributes to the bacteria's ability to cause virulence factors (Tortora et al., 2016). A
notable example is endotoxin, a lipopolysaccharide (LPS) present in the cell wall of certain Gram-negative
bacteria, which is released in small quantities during normal metabolism (Lourenco et al., 2005). The cell wall
may also contain lipids that make it easier for the bacteria to enter and remain in the human body. One example
is the mycolic acid present in the cell wall of Mycobacterium tuberculosis (Petrilli, 2019).

The membrane of a bacterium is made up of a cell wall, which has a macromolecular network called a
peptidoglycan. This network is formed by combining a repetitive disaccharide with a polypeptide. There is an
important difference between Gram-positive and Gram-negative bacteria: the former generally have several
layers of peptidoglycan, while the latter have only one or a few layers of this substance (Madigan et al., 2016).

In Gram-positive bacteria, in addition to having multiple layers of peptidoglycan, proteins and two distinct types
of teichoic acid are found. The first type, lipoteichoic acid, crosses the peptidoglycan layer and binds to lipids in
the plasma membrane. The second type is wall teichoic acid, which is directly linked to the peptidoglycan layer.
These acids play an important role in cell growth and the regulation of autolysins. Gram-negative bacteria have
one or a few peptidoglycan layers, which makes them more susceptible to mechanical disruption. They also lack
the acids mentioned above. Lipopolysaccharides are the originators of the antigenic response in Gram-negative
bacteria, just as proteins make up their plasma membrane (Trabulsi; Alterthum, 2015).

Of the 23 bacteria analyzed in the selected articles - including bacteria used in experimental research and those
used in theoretical studies - 12 of the species are Gram-positive and 11 species are Gram-negative. When
considering Gram staining to analyze the antibacterial effect of AgNPs, the reports are quite contradictory. Viana
et al (2021) suggest that AgNPs inhibit the growth of Gram-positive bacteria more, while Brito et al. (2017)
point out that AgNPs affect the development of Gram-negative bacteria more.

Despite this, the effect of AgNPs is observed, which depends on other aspects such as the format, size and
concentration of the solution tested, as evidenced by the study by Siegel et al. (2020), Badmus et al. (2020) and
Panacek et al. (2021), which show different results on E. coli bacteria, for example.

4.2 Size and shape in the action of AgNPs

Physical characteristics, such as the size and shape of AgNPs, significantly influence their antibacterial efficiency.
From the analysis of the articles, it was observed that smaller nanoparticles have a greater surface area in relation
to volume. This is because the smaller size makes it easier to pass through cell membranes, which can lead to a
higher concentration of silver ions inside the cells and, consequently, a more powerful antimicrobial effect
(Sanfelice et al., 2022). In addition, the shape of the nanoparticles can influence their interaction with different
bacterial cell components and their penetration efficiency. For example, triangular AgNPs can have a larger and
more reactive surface area (Ahmad et al., 2021). Although there is no universal “ideal” size for all bacteria,
smaller AgNPs, between 10 and 15 nm, are generally more effective, as described by Wahab et al. (2021b).

Among the selected studies, the production of AgNPs ranging from 1 to 170 nm was reported, with the
description of square, cylindrical, spherical, rod and triangular shapes. Of the 27 articles, 14 report spherical
AgNPs; 9 do not report size and/or shape and the remaining 4 articles report different shapes, such as rods or
triangles. Figure 2 shows the spherical, triangular and rod shapes of AgNPs in an electron microscopy test.
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Figure 2. Demonstration of AgNPs shapes by electron microscopy. Source: Adapted from Tak et al., (2015).
Open access article distributed under the terms of the Creative Commons Attribution 4.0 International License:
http://creativecommons.org/licenses/by/4.0.

The synthesis process and modification techniques affect the size, shape, surface, distribution and reactivity of
AgNPs, impacting on their efficacy and safety. The main approaches can be classified into three categories:
physical synthesis, where AgNPs are obtained through the mechanical fragmentation of larger particles.
Techniques such as grinding and abrasion are used, allowing a high degree of control over the shape and size of
the particles; chemical synthesis, which involves chemical reactions in solution, where silver ions are reduced to
metallic silver. The choice of chemical reagents used, such as reducing and stabilizing agents, influences the
properties of the final AgNPs; and biological or green synthesis, being a more sustainable and environmentally
friendly approach, uses extracts from plants or microorganisms to reduce the silver ions and stabilize the NPs.
This methodology offers advantages such as lower environmental impact and the possibility of obtaining AgNPs
with unique properties (Buda et al., 2019; Siegel et al., 2020; Wahab et al., 2021a; Kamradgi et al., 2022;
Miranda et al., 2023).

4.3 Effectiveness and aggregation of AgNPs

Bélteky et al. (2021) describe that aggregation is a phenomenon that occurs when particles dispersed in a
medium come together to form larger, more complex structures. This process is influenced by factors such as the
force of attraction between the particles, the temperature and the concentration of the particles in the medium.

Michailidu et al. (2022) points out that the pH and temperature of the medium can influence the action of AgNPs
in aspects such as stability and interaction with bacterial cells. Corroborating this idea, Ferreira et al. (2022) state
that AgNPs show high instability when combined with any type of salt and Tris buffer solution (TBS) and
Bélteky et al. (2021) demonstrate that a more acidic pH favors particle aggregation, while a more alkaline pH
tends to inhibit or reduce aggregate formation.

Vidallon and Teo (2020) suggest that coating AgNPs with ligands or polymers enhances stability and prevents
colloidal aggregation, a finding further corroborated by Souza et al. (2022). Surface modification can also be
used to control the release of substances from AgNPs. By incorporating molecules of interest into the coating, it
is possible to develop controlled release systems, in which the substance is released gradually and in a targeted
manner, which would help in therapy against microorganisms (Ferreira et al., 2022).

Considering these factors is vital to guaranteeing the stability and functionality of AgNPs. The aggregation of
these particles negatively impacts their properties, including their optical, thermal, electrical and antimicrobial
properties, as described by Wahab et al. (2021a). This aggregation reduces the surface area available for
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interaction, hinders penetration into bacterial membranes and compromises the release of silver ions (Jeyaraman
etal., 2023).

4.4 Mechanisms of antimicrobial action of AgNPs

The plasma membrane is a structure that defines the cell's boundary, separating the intracellular environment
from the extracellular space. Its primary function is to act as a selective barrier, controlling the passage of
substances and ensuring cellular homeostasis. This property is conferred by its compaosition, predominantly lipid
and protein, which forms a fluid and dynamic bilayer. The membrane's selective permeability allows nutrients to
enter and metabolic products to leave, while preventing the free diffusion of harmful substances (Tortora et al.,
2016).

Membrane integrity is crucial for cell survival. Damage or alterations to its structure can lead to the loss of this
barrier function, resulting in lysis and consequent cell death. Membrane dynamics, however, are essential for
several bacterial cell functions, such as substance transport, signaling and cell adhesion (Madigan et al., 2016).

When AgNPs are used, the bacterial cell membrane is altered due to the penetration of silver ions (Ag*), which
form pores, leading to cell lysis, as reported in the studies by Gnanakani et al. (2019), Siegel et al. (2020),
Barzan et al. (2021), Michailidu et al. (2022), Miranda et al. (2023) and Jeyaraman et al. (2023). In addition,
these ions contribute to the generation of ROS, triggering oxidative stress. By capturing electrons from
membrane lipids, silver ions alter bacterial structure, inhibit ATP production, interrupt genetic replication and
promote greater adhesion of AgNPs to the bacterial surface (Gnanakani et al., 2019; Badmus et al., 2020; Ahmad
et al., 2021; Panacek et al., 2021; Mateo; Jiménez, 2022; Ferreira et al., 2022; Miranda et al., 2023; Jeyaraman et
al., 2023).

The adhesion of AgNPs to the cell membrane, influenced by their size and shape conformations, and by
interactions with biomolecules containing sulphur, phosphorus, hydroxyl, amine or thiol, causes an osmotic
imbalance, contributing to the dispersion of cell contents and a deeper interaction of the NPs with the bacterial
cellular machinery (Ahmad et al., 2021; Wahab et al., 2021b; Kamradgi et al., 2022; Torky et al., 2022; Souza et
al., 2022; Pandey et al., 2022).

Therefore, the mechanism of action of AgNPs as an antibacterial agent is shown through direct damage to the
cell membrane, generation of ROS, adhesion and penetration of particles and interruption of the vital processes
of bacteria.

Figure 3, drawn up in the Canva program, graphically demonstrates the mechanisms of action of AgNPs acting
against the cell wall, DNA, proteins and enzymes of bacteria; the production of ROS; and in the dissociation of
bacterial biofilm.
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Figure 3. Representation of the mechanisms of action of AgNPs on bacteria and biofilm. Source: Authors, 2024.

4.5 Action of AgNPs against bacterial biofilm

Biofilm is a pathogenic characteristic, a microbial community that adheres to surfaces and is immersed in a
self-produced extracellular polymeric matrix (EPS). This matrix, composed of polysaccharides, proteins and
nucleic acids, provides an ideal microenvironment for microbial growth and persistence, facilitating adhesion to
various surfaces and helping to retain nutrients and water (Madigan et al., 2016; Vidallon; Teo, 2020).

Biofilm formation provides bacteria with protection against antibiotics and disinfectants, making them more
resilient to treatment. When integrated into this structure, bacteria are more tolerant to stress and less susceptible
to antimicrobial agents due to the physical barrier imposed by the extracellular matrix and the exchange of
resistance genes between different bacterial species (Bergamo et al., 2020; Ahmed et al, 2022). Antimicrobial
resistance in the context of biofilms is different from intrinsic resistance. When dispersed, microorganisms can
become susceptible to treatment again, making biofilm infections a therapeutic challenge that requires a
comprehensive approach (Abrantes; Nogueiro, 2022).

Common strategies to combat biofilms consist of anti-infective surfaces and the combination of antimicrobial
agents, where the combined use of different antibiotics and disinfectants can increase the effectiveness of the
treatment (Aydos, 2016).

As highlighted by Ahmed et al. (2022), AgNPs act as transporters of substances that disrupt the EPS matrix. The
author points to studies that report biofilm inhibition and reduction in Staphylococcus aureus, Escherichia coli
and Pseudomonas aeruginosa. Michailidu et al. (2022) report that AgNPs are able to suppress planktonic cells
and inhibit biofilm formation in Pseudomonas aeruginosa through interaction with silver ions, corroborated by
Jeyaraman et al. (2023).

Pandey et al. (2022) demonstrated that spherical AgNPs alter the hydrophobicity of the cell surface, hindering
the initial adhesion of bacteria to the substrate and, consequently, biofilm formation.

The ability of AgNPs to both prevent biofilm formation and eradicate biofilms - either through interaction with
the extracellular matrix with silver ions or by altering hydrophobicity - is relevant to the context of
contamination, chronic infections and antimicrobial resistance.

4.6 Toxicity of AgNPs

The toxicity of AgNPs refers to their potential adverse effects on living organisms, ranging from microorganisms
to humans and the environment. There may be toxicity to eukaryotic cells through the same mechanisms of
action that affect bacteria, possibly inducing apoptosis and an inflammatory response. The magnitude of these
effects depends on factors such as cell type, dose and time of exposure to AgNPs (Viegas, 2018; Duran et al.,
2019).
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Bélteky et al. (2021) indicate that smaller AgNPs showed greater toxicity to DU145 cells (prostate carcinoma
epithelial cell) and HaCaT cells (human keratinocytes), when not treated with NaCl. This greater toxicity can be
attributed to the mechanisms of action described above. However, pre-incubation with NaCl promoted the
aggregation of AgNPs, reducing their toxicity. This observation is in line with the results of Tiwari et al. (2023)
and Ronavari et al. (2021), who demonstrated that the colloidal stability of AgNPs is an important factor in
maintaining their toxicity.

There are advantages to the use of AgNPs as an antibacterial agent due to their spectrum of action and efficacy,
but the disadvantages are toxicity, environmental impacts due to the release of AgNPs into the environment and
the possible induction of bacterial resistance. Although bacterial resistance to AgNPs is less common than to
traditional antibiotics, studies indicate that some bacteria may develop resistance mechanisms, as pointed out by
Durén et al. (2019) and Panacek et al. (2021).

4.7 Applications of AgNPs

Silver nanoparticles have shown great antimicrobial potential as described by Amna et al. (2021), boosting their
application in various areas, especially in health and the environment.

In the field of orthodontics, AgNPs are used due to their antibacterial properties and are incorporated into various
dental materials, such as adhesives, implants and relineers, with the aim of reducing the formation of bacterial
biofilms and preventing infections, as described by Pignataro (2020); Kreutz et al. (2022), Pérez-Tanoira et al.
(2022) and Dhingra et al. (2022).

The studies by Quintero-Quiroz et al. (2020) and Chih et al. (2023) provide evidence of the effectiveness of
AgNPs in medical instruments, demonstrating that AgNPs can reduce bacterial contamination and prevent
infections, when associated with stainless steel and polymers, for example.

AgNPs are used in wound healing dressing formulations, showing significant potential in the tissue regeneration
process and in preventing infections. The approaches presented in the studies by Dehkordi et al. (2019), Yang et
al. (2021), Ragothaman et al. (2021), Souza et al. (2022) and Jhumi et al. (2023) explore different combinations
and methods of incorporating nanoparticles into gels, seeking to optimize their efficacy and safety for wound
treatment.

Shen et al. (2019) and Lyu et al. (2022) demonstrate the possibility of combining AgNPs with other technologies,
such as reduced graphene oxide scaffolds and superhydrophobic treatments, to create materials with the potential
to reduce contamination and prevent the spread of pathogens in the environment. The studies by Weng et al.
(2020) and Nqgoro & Taziwa (2024) address the use of AgNPs in three-dimensional scaffolds to aid in the healing
of wounds and infected bone defects. In the study by Turki et al. (2022), silver nanoparticles were used to
evaluate stress and immune responses in the snail Helix aspersa, a species used as a bioindicator in the
biomonitoring of silver nanoparticle contamination.

5. Conclusions

This article explores various aspects of silver nanoparticles in the fight against bacteria, including synthesis
techniques, mechanisms of action, toxicity, and biofilm activity. After carefully analyzing the data, we conclude
that AgNPs hold significant potential as antibacterial agents, contributing valuable insights to the existing body
of knowledge. The results presented here provide a foundation for future research, driving the development of
new strategies to combat the rising threat of antibiotic resistance.

We emphasize that developing effective and safe therapies based on silver nanoparticles requires in-depth studies
on toxicity, dosage, body distribution, and large-scale production methods. This knowledge is crucial for
ensuring the translation into clinical research and its subsequent application in the healthcare field.

6. Authors’ Contributions

Author Débora and Thalyta contributed to the bibliographic search, reading, writing and translation of this study.
Researcher Giovana helped with the writing and content review, together with researcher Stephanie, who
contributed to the data analysis.

7. Conflicts of Interest

51



Brazilian Journal of Science, 4(8), 35-56, 2025. ISSN: 2764-3417

No conflicts of interest.

8. Ethics Approval
Not applicable.

9. References

Abrantes, J. A., Nogueira J. M. R. (2022). Biofilm and persister cells: from persistence to microbial resistance.
Brazilian Journal of Clinical Analyses. Available in:
https://www.rbac.org.br/artigos/biofilme-e-celulas-persisters-da-persistencia-a-resistencia-microbiana/#:~:te
xt=Biofilme%20%C3%A9%20uma%20espessa%20camada,subst%C3%A2ncia%20polim%C3%A9rica%?2
Oextracelular%20(SPE).

Ahmad, J., Memon, A. G., Shaikh, A. A., Ismail, T., Giwa, A. S., & Mahmood, A. (2021). Insight into
single-element nobel metal anisotropic silver nanoparticle shape-dependent selective ROS generation and
quantification. RSC advances, 11(14), 8314-8322. https://doi.org/10.1039/DORA10616J

Ahmed, H. A, El Bayomi, R. M., Hamed, R. I., Mohsen, R. A., EI-Gohary, F. A., Hefny, A. A,, ... & Tolba, H. M.
(2022). Genetic relatedness, antibiotic resistance, and effect of silver nanoparticle on biofilm formation by
Clostridium perfringens isolated from chickens, pigeons, camels, and human consumers. Veterinary
sciences, 9(3), 109. https://doi.org/10.3390/vetsci9030109

Amna, Mahmood, T., Khan, U. N., Amin, B., Javed, M. T., Mehmood, S., ... & Chaudhary, H. J. (2021).
Characterization of bio - fabricated silver nanoparticles for distinct anti - fungal activity against sugarcane
phytopathogens. Microscopy Research and Technique, 84(7), 1522-1530.
https://doi.org/10.1002/jemt.23708

Aydos, L. F. (2016). Micro-organismos marinhos como fonte de metabdlitos bioativos: atividade contra
biofilmes patogénicos. Lume UFRGS. Available in: https://lume.ufrgs.br/handle/10183/178246.

Badmus, J. A., Oyemomi, S. A., Adedosu, O. T., Yekeen, T. A., Azeez, M. A., Adebayo, E. A,, ... & Marnewick, J.
L. (2020). Photo-assisted bio-fabrication of silver nanoparticles using Annona muricata leaf extract:
exploring the antioxidant, anti-diabetic, antimicrobial, and cytotoxic activities. Heliyon, 6(11), e05413.
https://doi.org/10.1016/j.heliyon.2020.e05413

Barzan, G., Rocchetti, L., Portesi, C., Pellegrino, F., Taglietti, A., Rossi, A. M., & Giovannozzi, A. M. (2021).
Surface Minimal Bactericidal Concentration: A comparative study of active glasses functionalized with
different-sized silver nanoparticles. Colloids and Surfaces B: Biointerfaces, 204, 111800.
https://doi.org/10.1016/j.colsurfb.2021.111800

Bélteky, P., Rdnavari, A., Zakupszky, D., Boka, E., Igaz, N., Szerencsés, B., ... & Konya, Z. (2021). Are smaller
nanoparticles always better? Understanding the biological effect of size-dependent silver nanoparticle
aggregation under biorelevant conditions. International journal of nanomedicine, 3021-3040.
https://doi.org/10.2147/IIJN.S304138

Bélteky, P., Rdnavéri, A., lgaz, N., Szerencsés, B., Téth, I. Y., Pfeiffer, I., ... & Konya, Z. (2019). Silver
nanoparticles: Aggregation behavior in biorelevant conditions and its impact on biological activity.
International journal of nanomedicine, 667-687. https://doi.org/10.2147/1JN.S185965

Bergamo, G., Demoliner, F., Timm, C. D., Carvalho, N. R., Helbig, E., & Gandra, E. A. (2020). Formag&o de
biofilmes e resisténcia a antimicrobianos de isolados de Salmonella spp. Ciéncia Animal Brasileira, 21,
e-48029. https://doi.org/10.1590/1809-6891v21e-48029

Buda, D. M., Bulzu, P. A., Barbu-Tudoran, L., Porfire, A., Patras, L., Sesdrman, A., ... & Banciu, H. L. (2019).
Physiological response to silver toxicity in the extremely halophilic archaeon Halomicrobium mukohataei.
FEMS Microbiology Letters, 366(18), fnz231. https://doi.org/10.1093/femsle/fnz231

Chih, Y. K,, You, J. L., Lin, W. H., Chang, Y. H., Tseng, C. C., & Ger, M. D. (2023). A novel method for the
fabrication of antibacterial stainless steel with uniform silver dispersions by silver
nanoparticle/polyethyleneimine composites. Materials, 16(10), 3719. https://doi.org/10.3390/mal6103719

52



Brazilian Journal of Science, 4(8), 35-56, 2025. ISSN: 2764-3417

Chopra, I. (2007). The increasing use of silver-based products as antimicrobial agents: a useful development or a
cause  for  concern?. Journal of  antimicrobial Chemotherapy, 59(4), 587-590.
https://doi.org/10.1093/jac/dkm006

Dehkordi, N. H., Tajik, H., Moradi, M., Kousheh, S. A., & Molaei, R. (2019). Antibacterial interactions of
colloid nanosilver with eugenol and food ingredients. Journal of Food Protection, 82(10), 1783-1792.
https://doi.org/10.4315/0362-028X.JFP-19-174

Dhingra, K., Dinda, A. K., Kottarath, S. K., Chaudhari, P. K., & Verma, F. (2022). Mucoadhesive silver
nanoparticle-based local drug delivery system for peri-implantitis management in COVID-19 era. Part 1:
antimicrobial and safety in-vitro analysis. Journal of Oral Biology and Craniofacial Research, 12(1),
177-181. https://doi.org/10.1016/j.jobcr.2021.11.007

Durén, N., Rolim, W. R., Duran, M., Favaro, W. J., & Seabra, A. B. (2019). Nanotoxicologia de nanoparticulas
de prata: toxicidade em animais e humanos. Quimica Nova, 42(2), 206-213.
https://doi.org/10.21577/0100-4042.20170318

Embrapa (2009). Boletim de Pesquisa e Desenvolvimento. Concentragdo Minima Inibitéria (CMI) de
antibidticos para oito estirpes de bactérias diazotrdficas. Cole¢do de Culturas da Embrapa Agrobiologia.
Available in: https://www.infoteca.cnptia.embrapa.br/infoteca/bitstream/doc/663940/3/bot049092013.pdf.

Estevez, M. B., Raffaelli, S., Mitchell, S. G., Faccio, R., & Alborés, S. (2020). Biofilm eradication using
biogenic silver nanoparticles. Molecules, 25(9), 2023. https://doi.org/10.3390/molecules25092023

Ferreira, A. M., Vikulina, A., Cave, G. W., Loughlin, M., Puddu, V., & Volodkin, D. (2023). Vaterite vectors for
the protection, storage and release of silver nanoparticles. Journal of Colloid and Interface Science, 631,
165-180. https://doi.org/10.1016/j.jcis.2022.10.094

Gnanakani, P. E., Santhanam, P., Premkumar, K., Kumar, K. E., & Dhanaraju, M. D. (2019). Nannochloropsis
extract—-mediated synthesis of biogenic silver nanoparticles, characterization and in vitro assessment of
antimicrobial, antioxidant and cytotoxic activities. Asian Pacific Journal of Cancer Prevention: APJCP,
20(8), 2353. https://doi.org/10.31557/APJCP.2019.20.8.2353

Gil, A. C. (1999). Métodos e técnicas de pesquisa social. Sdo Paulo, SP: Atlas, 5a ed.

Jeyaraman, M., Jeyaraman, N., Nallakumarasamy, A., lyengar, K. P,, Jain, V. K., Potty, A. G., & Gupta, A.
(2023). Silver nanoparticle technology in orthopaedic infections. World Journal of Orthopedics, 14(9), 662.
https://doi.org/10.5312/wjo.v14.i9.662

Jhumi, I. J., Arafat, T. A., Karmakar, P. C., Arifuzzaman, M., Hossain, M. S., Akhtar, N., & Asaduzzaman, S. M.
(2023). Silver Nanoparticle Incorporated Human Amniotic Membrane Gel Accelerates Second-Degree Burn
Wound Healing in Wister Rat. Evidence-Based Complementary and Alternative Medicine, 2023(1),
9808556. https://doi.org/10.1155/2023/9808556

Kamradgi, S., Babanagare, S., & Gunagambhire, V. (2022). Characterization of Talaromyces
islandicus—mediated silver nanoparticles and evaluation of their antibacterial and anticancer potential.
Microscopy Research and Technique, 85(5), 1825-1836. https://doi.org/10.1002/jemt.24044

Kraker, M. E., Stewardson, A. J., & Harbarth, S. (2016). Will 10 million people die a year due to antimicrobial
resistance by 2050?. PLoS medicine, 13(11), €1002184. https://doi.org/10.1371/journal.pmed.1002184

Kreutz, M., Kreutz, C., Kanzow, P., Taubock, T. T., Burrer, P., Noll, C., ... & Rizk, M. (2022). Effect of bioactive
and antimicrobial nanoparticles on properties and applicability of dental adhesives. Nanomaterials, 12(21),
3862. https://doi.org/10.3390/nan012213862

Lourengo, F. R., Kaneko, T. M., & Pinto, T. D. J. A. (2005). Estimativa da incerteza em ensaio de deteccéo de
endotoxina bacteriana pelo método de gelificacdo. Revista Brasileira de Ciéncias Farmacéuticas, 41,
438-443. https://doi.org/10.1590/S1516-93322005000400005

Lyu, Y., Shi, Y., Zhu, S,, Jia, Y., Tong, C., Liu, S, ... & Zhang, J. (2022). Three-Dimensional Reduced Graphene
Oxide Hybrid Nano-Silver Scaffolds with High Antibacterial Properties. Sensors, 22(20), 7952.
https://doi.org/10.3390/s22207952

Madigan, M. T., Martinko, J. M., Bender, K. S., Buckley, D. H., & Stahl, D. A. (2016). Microbiologia de
Brock-14? Edig8o. Artmed Editora.

Mateo, E. M., & Jiménez, M. (2022). Silver nanoparticle-based therapy: can it be useful to combat multi-drug
resistant bacteria?. Antibiotics, 11(9), 1205. https://doi.org/10.3390/antibiotics11091205

53



Brazilian Journal of Science, 4(8), 35-56, 2025. ISSN: 2764-3417

Michailidu, J., Mat’atkova, O., Kolouchova, 1., Masdk, J., & Cejkové, A. (2022). Silver nanoparticle production
mediated by Vitis vinifera cane extract: Characterization and antibacterial activity evaluation. Plants, 11(3),
443. https://doi.org/10.3390/plants11030443

Menéndez Miranda, M., Liu, W., Godinez-Leon, J. A., Amanova, A., Houel-Renault, L., Lampre, I., ... & Gref, R.
(2023). Colloidal silver nanoparticles obtained via radiolysis: Synthesis optimization and antibacterial
properties. Pharmaceutics, 15(7), 1787. https://doi.org/10.3390/pharmaceutics15071787

Munita, J. M., & Arias, C. A. (2016). Mechanisms of antibiotic resistance. Virulence mechanisms of bacterial
pathogens, 481-511. https://doi.org/10.1128/9781555819286.ch17

Ngoro, X., & Taziwa, R. (2024). Polymer-based functional materials loaded with metal-based nanoparticles as
potential scaffolds for the management of infected wounds. Pharmaceutics, 16(2), 155.
https://doi.org/10.3390/pharmaceutics16020155

Panacek, D., Hochvaldova, L., Bakandritsos, A., Malina, T., Langer, M., Belza, J., ... & Zbotil, R. (2021). Silver
covalently bound to cyanographene overcomes bacterial resistance to silver nanoparticles and antibiotics.
Advanced Science, 8(12), 2003090. https://doi.org/10.1002/advs.202003090

Pandey, P., Meher, K., Falcao, B., Lopus, M., & Sirisha, V. L. (2023). Tryptone-stabilized silver nanoparticles’
potential to mitigate planktonic and biofilm growth forms of Serratia marcescens. JBIC Journal of
Biological Inorganic Chemistry, 28(2), 139-152. https://doi.org/10.1007/s00775-022-01977-w

Pérez-Tanoira, R., Fernandez-Arias, M., Potel, C., Carballo-Fernandez, R., Pérez-Castro, S., Boutinguiza, M., ...
& Pou, J. (2022). Silver nanoparticles produced by laser ablation and re-irradiation are effective preventing
peri-implantitis multispecies biofilm formation. International Journal of Molecular Sciences, 23(19), 12027.
https://doi.org/10.3390/ijms231912027

Petrilli, J. D. (2019). Resposta induzida pelo Mycobacterium tuberculosis com interrup¢do no operon mcel e o0s
lipidios da parede celular: uma analise para identificacdo de biomarcadores. Fundagdo Oswaldo Cruz. 130
p. Available in: https://www.arca.fiocruz.br/handle/icict/40177.

Pignataro, R. R. D. G. (2020). Atividade antimicrobiana de diferentes concentra¢des da prata coloidal aplicada
em implantes dentarios com plataforma do tipo hexagono externo: estudo in vitro. Repositorio Institucional
UNESP. Available in: https://repositorio.unesp.br/items/25f0f767-c130-4a4e-b8e7-121f9434bdec.

Quintero-Quiroz, C., Botero, L. E., Zarate-Trivifio, D., Acevedo-Yepes, N., Escobar, J. S., Pérez, V. Z., & Cruz
Riano, L. J. (2020). Synthesis and characterization of a silver nanoparticle-containing polymer composite
with antimicrobial abilities for application in prosthetic and orthotic devices. Biomaterials research, 24(1),
13. https://doi.org/10.1186/s40824-020-00191-6

Ragothaman, M., Villalan, A. K., Dhanasekaran, A., & Palanisamy, T. (2021). Bio-hybrid hydrogel comprising
collagen-capped silver nanoparticles and melatonin for accelerated tissue regeneration in skin defects.
Materials Science and Engineering: C, 128, 112328. https://doi.org/10.1016/j.msec.2021.112328

Rénavari, A., Bélteky, P., Boka, E., Zakupszky, D., lgaz, N., Szerencsés, B., ... & Kiricsi, M. (2021).
Polyvinyl-pyrrolidone-coated silver nanoparticles—the colloidal, chemical, and biological consequences of
steric stabilization under biorelevant conditions. International Journal of Molecular Sciences, 22(16), 8673.
https://doi.org/10.3390/ijms22168673

Sampaio, R. F., & Mancini, M. C. (2007). Estudos de revisdo sistematica: um guia para sintese criteriosa da
evidéncia cientifica. Brazilian journal of physical therapy, 1, 83-89.
https://doi.org/10.1590/S1413-35552007000100013

Sanfelice, R. C., Pavinatto, A., Correa, D. S. (2022). Nanotecnologia aplicada a polimeros. Sdo Paulo: Blucher,
1, 27-47. Available in: https://www.alice.cnptia.embrapa.br/alice/handle/doc/1148352.

Santos, N. D. Q. (2004). A resisténcia bacteriana no contexto da infeccdo hospitalar. Texto &
Contexto-Enfermagem, 13, 64-70.

Shen, W., Zhang, L., Li, X., & Yu, H. Z. (2019). Binary silanization and silver nanoparticle encapsulation to
create superhydrophobic cotton fabrics with antimicrobial capability. Scientific Reports, 9(1), 9172.
https://doi.org/10.1038/s41598-019-45622-0

Siegel, J., Kaimlova, M., Vyhnalkova, B., Trelin, A., Lyutakov, O., Slepic¢ka, P., ... & Hubacek, T. (2020).
Optomechanical processing of silver colloids: New generation of nanoparticle—polymer composites with

54



Brazilian Journal of Science, 4(8), 35-56, 2025. ISSN: 2764-3417

bactericidal effect. International journal of molecular sciences, 22(1), 312.
https://doi.org/10.3390/ijms22010312

Soldera, P. de F. et al. (2021). O uso da prata na medicina: uma revisdo integrativa da literatura. European
Academic Research. 9. Available in: https://www.euacademic.org/UploadArticle/4971.pdf.

Souza, M. G. M., Batista, J. P, de Faria, E. H., Ciuffi, K. J., Rocha, L. A., Nassar, E. J., ... & Maia, I. A. (2022).
Silver nanoparticle incorporation into flexible polyamide 12 membranes. Journal of Sol-Gel Science and
Technology, 102(1), 219-228. https://doi.org/10.1007/s10971-021-05693-w

Tak, Y. K., Pal, S., Naoghare, P. K., Rangasamy, S., & Song, J. M. (2015). Shape-dependent skin penetration of
silver nanoparticles: does it really matter?. Scientific reports, 5(1), 16908. https://doi.org/10.1038/srep16908

Teixeira, A. R., Figueiredo?, A. F. C., Franga, R. F., & Federal, S. L. (2019). Resisténcia bacteriana relacionada
ao uso indiscriminado de antibidticos. Revista Saude em Foco, 11.

Thiurunavukkarau, R., Shanmugam, S., Subramanian, K., Pandi, P., Muralitharan, G., Arokiarajan, M., ... &
Shanmugam, V. (2022). Silver nanoparticles synthesized from the seaweed Sargassum polycystum and
screening for their biological potential. Scientific Reports, 12(1), 14757.
https://doi.org/10.1038/s41598-022-18379-2

Tiwari, A. K., Gupta, M. K., Narayan, R. J., & Pandey, P. C. (2023). A whole cell fluorescence quenching-based
approach for the investigation of polyethyleneimine functionalized silver nanoparticles interaction with
Candida albicans. Frontiers in Microbiology, 14, 1131122. http://doi.org/10.3389/fmich.2023.1131122

Torky, H. A., Khaliel, S. A. E., Sedeek, E. K., Tawfik, R. G., Bkheet, A. A. E., Ebied, S. K., ... & Elghazaly, E. M.
(2022). Silver nanoparticle effect on Salmonella enterica isolated from Northern West Egypt food, poultry,
and calves. Applied Microbiology and Biotechnology, 106(17), 5701-5713.
https://doi.org/10.1007/s00253-022-12102-x

Tortora, G. J., Funke, B. R., Case, C. L. (2016). Microbiologia. 12a ed. Porto Alegre: Artmed.
Trabulsi, L. R., Alterthum, F. (2015). Microbiologia. Atheneu. 6 ed, 920 p.

Turki, F., Ben Younes, R., Sakly, M., Ben Rhouma, K., Martinez-Guitarte, J. L., & Amara, S. (2022). Effect of
silver nanoparticles on gene transcription of land snail Helix aspersa. Scientific Reports, 12(1), 2078.
https://doi.org/10.1038/s41598-022-06090-1

Urodkova, E. K., Uryupina, O. G. Y., Tikhonov, V. E., Grammatikova, N. E., Bol’shakova, A. V., Sinelshchikova,
A. A, ... & Senchikhin, I. N. (2023). Formation Kinetics and Antimicrobial Activity of Silver Nanoparticle
Dispersions Based on N-Reacetylated Oligochitosan Solutions for Biomedical Applications. Pharmaceutics,
15(12), 2690. https://doi.org/10.3390/pharmaceutics15122690

Verma, S., Abirami, S., & Mahalakshmi, V. (2013). Anticancer and antibacterial activity of silver nanoparticles
biosynthesized by Penicillium spp. and its synergistic effect with antibiotics. J. Microbiol. Biotechnol. Res,
3(3), 54-71.

Viana, A. V., Viana, D. D. S. F., de Figueirédo, G. S., de Brito, J. E., Viana, V. G. F., & Junior, V. G. F. V. (2021).
Potencial antimicrobiano das nanoparticulas de prata estabilizadas em curcumina e extrato de folhas de
cajueiro (Anacardium occidentale L.). Research, Society and Development, 10(9), e47610918364.
https://doi.org/10.33448/rsd-v10i9.18364

Vidallon, M. L. P., & Teo, B. M. (2020). Recent developments in biomolecule-based nanoencapsulation systems
for antimicrobial delivery and biofilm disruption. Chemical Communications, 56(90), 13907-13917.
https://doi.org/10.1039/D0CC05880G

Viegas, M. de F. T. F. (2018). Avaliacdo da qualidade de revises sistematicas sobre toxicidade de nanoparticulas
de prata. ARCA. Fundacdo Oswaldo Cruz. Rio de Janeiro, Brasil. Available in:
https://www.arca.fiocruz.br/handle/icict/62850. Access on: Sep 20, 2024.

Wahab, M. A., Luming, L., Matin, M. A., Karim, M. R., Aijaz, M. O., Alharbi, H. F,, ... & Haque, R. (2021a).
Silver micro-nanoparticle-based nanoarchitectures: synthesis routes, biomedical applications, and
mechanisms of action. Polymers, 13(17), 2870. https://doi.org/10.3390/polym13172870

Wahab, M. A., Li, L., Li, H., & Abdala, A. (2021b). Silver nanoparticle-based nanocomposites for combating
infectious pathogens: Recent advances and future prospects. Nanomaterials, 11(3), 581.
https://doi.org/10.3390/nan011030581

55



Brazilian Journal of Science, 4(8), 35-56, 2025. ISSN: 2764-3417

Weng, W., Li, X., Nie, W,, Liu, H., Liu, S., Huang, J., ... & Wang, D. (2020). One-step preparation of an
AgNP-nHA@ RGO three-dimensional porous scaffold and its application in infected bone defect treatment.
International journal of nanomedicine, 5027-5042.

Yang, J., Huang, Y., Dai, J., Shi, X., & Zheng, Y. (2021). A sandwich structure composite wound dressing with
firmly anchored silver nanoparticles for severe burn wound healing in a porcine model. Regenerative
Biomaterials, 8(5), rbab037. https://doi.org/10.1093/rb/rbab037

Funding
Not applicable.

Institutional Review Board Statement
Not applicable.

Informed Consent Statement
Not applicable.

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/4.0/).

56



