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Abstract

The development of eco-friendly approaches for the synthesis of silver
nanoparticles (Ag-NPs) has attracted growing interest due to their potential as
antibacterial agents. In this study, Ag-NPs were synthesised via an eco-friendly
approach using green tea leaf extract, which served as both a reducing agent
and astabiliser.The physicochemical characterisation of the Ag-NPs was carried
out by X-ray diffraction, dynamic light scattering, UV-Vis spectroscopy and
transmission electron microscopy, confirming the formation of nanoparticles
with an average diameter of approximately 20 nm. The in vitro antibacterial
potential of Ag-NPs was assessed via anti-biofilm activity assays, bacterial
kill-time curves and determination of the minimum inhibitory concentration
(MIQ), followed by molecular analysis by RT-PCR to evaluate their effect on
resistance-associated genes in S. aureus and MRSA, including the mecA
gene. The results showed MIC values of 10.8 ug/mL and 9 ug/mL against S.
aureus and MRSA, respectively. Notably, Ag-NPs effectively inhibited biofilm
formation at concentrations as low as 4 pg/mL. Furthermore, gene expression
analysis revealed downregulation of the blaZ, blaR1, mecR1 and mecA genes,
which are critical for bacterial growth and resistance mechanisms.

Resumo

Odesenvolvimento de abordagens ecolégicas para a sintese de nanoparticulas
de prata (Ag-NPs) tem despertado crescente interesse devido ao seu potencial
como agentes antibacterianos. Neste estudo, as Ag-NPs foram sintetizadas
através de uma abordagem ecoldgica utilizando extrato de folhas de cha
verde, que atuou simultaneamente como agente redutor e estabilizante. A
caracterizacao fisicoquimica das Ag-NPs foi realizada por difracao de raios X,
dispersao dinamica da luz, espectrometria UV-Vis e microscopia eletrénica de
transmisséo, confirmando a formacao de nanoparticulas com diametro médio
de aproximadamente 20 nm. O potencial antibacteriano in vitro das Ag-NPs
foi avaliado através de ensaios de atividade anti-biofilme, curvas de morte
bacteriana ao longo do tempo (kill-time) e determina¢ao da concentracao
minima inibitéria (MIC), seguido de analise molecular por RT-PCR para avaliar
o seu efeito em genes associados a resisténcia em S. aureus e MRSA, incluindo
0 gene mecA. Os resultados demonstraram valores de MIC de 10,8 ug/mL e
9 ng/mL contra S. aureus e MRSA, respetivamente. Notavelmente, as Ag-NPs
inibiram eficazmente a formacao de biofilmes em concentracbes tao baixas
quanto 4 pg/mL. Além disso, a andlise da expressao génica revelou uma
regulacdo negativa (downregulation) dos genes blaZ, blaR1, mecR1 e mecA ,
0s quais sdo criticos para o crescimento bacteriano e para os mecanismos de
resisténcia.
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Introduction

Globally, antimicrobial resistance represents a major
challenge for healthcare professionals. Staphylococcus
aureus (S. aureus) and  methicillin-resistant
Staphylococcus aureus (MRSA) are responsible for a
significant proportion of hospital- and clinic-acquired
infections, which may progress to severe conditions
such as pneumonia and bacteraemia (1, 2).

These microorganisms can impair surgical wound
healing due to their ability to form biofilms. Biofilm
formation limits antibiotic penetration and reduces
the accumulation of effective drug concentrations at
the infection site, thereby compromising treatment
efficacy and delaying the healing process (3,4).

Antibiotic resistance has prompted researchers to
seek alternative approaches to combat the impact
of resistant strains in both community and hospital
settings (5). Nanomedicine is currently regarded
as a promising technology for a range of medical
applications (6,7). Over the last decade, inorganic
nanomaterials have been recognised as promising
agents for multiple applications, including medical
applications, particularly in cancer therapy, as well as
antimicrobial and antifungal agents. These materials
exhibit high efficacy as anti-infective agents due to
properties such as a large surface area and the ability
to generate reactive oxygen species (8).

New nanomaterials have been used as antimicrobial
candidates capable of suppressing and inhibiting
multiple pathogenic bacteria, such as S. aureus
and Pseudomonas aeruginosa (P. aeruginosa) (9). In
general, silver is an inorganic metal considered safe
and low-toxicity, capable of acting against more
than 650 diseases caused by various microorganisms
(10,11). Silver nanoparticles (Ag-NPs) are classified
as broad-spectrum antimicrobial agents due to
their remarkable properties, including high catalytic
activity, the ability to release free Ag* ions, and high
photocatalytic performance associated with surface
plasmon effects, which favour electron separation
processes (12,13).

Introducao

A nivel mundial, a resisténcia aos antimicrobianos
representa um grande desafio para os profissionais
de saude. O Staphylococcus aureus (S. aureus) e o
Staphylococcus aureus resistente a meticilina (MRSA)
sdo responsaveis por uma proporc¢ao significativa das
infecdes adquiridas em hospitais e clinicas, as quais
podem evoluir para condi¢cdes graves, tais como
pneumonia e bacteriemia (1, 2).

Estes microrganismos podem prejudicaracicatrizacao
de feridas cirurgicas devido a sua capacidade de
formar biofilmes. A formacdo de biofilmes limita a
penetracao dos antibidticos e reduz a acumulacdo de
concentrac¢des eficazes dofarmaco nolocal dainfecao,
comprometendo assim a eficacia do tratamento e
atrasando o processo de cicatrizacao (3,4).

A resisténcia aos antibioticos tem motivado os
investigadores a procurar novas abordagens
alternativas capazes de combater o efeito das
estirpes resistentes presentes tanto na comunidade
como em ambientes hospitalares (5). Atualmente,
a nanomedicina é considerada uma tecnologia
promissora para diversas aplicagdes no dominio
médico (6,7). Na ultima década, os nanomateriais
inorganicos tém sido reconhecidos como agentes
promissores para multiplas aplicacées, incluindo
aplicagbes médicas, particularmente na terapia do
cancro, bem como como agentes antimicrobianos
e antifungicos. Estes materiais apresentam elevada
eficiéncia como agentes anti-infecciosos devido as
suas propriedades, como a grande drea superficial e
a capacidade de induzir espécies reativas de oxigénio
(8).

Novos nanomateriais tém sido utilizados como
candidatos antimicrobianos capazes de suprimir
e inibir bactérias patogénicas multiplas, como S.
aureus e Pseudomonas aeruginosa (P. aeruginosa)
(9). De forma geral, a prata é um metal inorganico
considerado seguro e com baixa toxicidade, capaz
de atuar contra mais de 650 doencas causadas por
diferentes microrganismos (10,11). As nanoparticulas
de prata (Ag-NPs) sdo classificadas como agentes
antimicrobianos de largo espectro devido as suas
propriedades notdveis, incluindo elevada atividade
catalitica, capacidade de libertar ides Ag* livres e
elevado desempenho fotocatalitico associado aos
efeitos plasménicos de superficie, que favorecem
processos de separacao eletrénica (12,13).



Silver nanoparticles can be prepared by various
methods, including biological and chemical
methods (14). The chemical synthesis approach
relies on specific reagents to produce Ag-NPs, such
as cetyltrimethylammonium bromide (CTAB) and
sodium tetrahydridoborate (NaBH,). Although this
method enables the production of nanoparticles
with controlled shape and size, it may adversely affect
tissues due to the toxicity of some capping agents
used for nanoparticles (15).

Interestingly, an alternative, environmentally
friendly, and reliable approach to produce noble
nanomaterials, such as gold and silver, involves the
use of plant extracts. This approach offers several
advantages compared to other biological methods,
such as those using microorganisms. Among the
limitations associated with the use of microorganisms
in the synthesis of metallic nanoparticles are high
costs, the need for aseptic conditions, the difficulty of
large-scale cultivation, and the level of purity of the
final product (16). Difficulty in controlling the shape
of the synthesised nanoparticles can be an additional
limitation of this approach (17).

Plant extracts, on the other hand, do not require
strict standardised conditions, such as aseptic
environments, nor the maintenance of biological
cultures. Several studies have reported the synthesis
of silver nanoparticles using different plant extracts,
such as Coffea arabica (18) and Olea europaea (19).

The use of plant extracts for the synthesis of noble
metal nanoparticles, such as Au-NPs and Ag-NPs, has
the advantage of containing various phytochemicals
with reducing properties, such as terpenoids,
polyphenols, alkaloids, and proteins, which play
a significant role in converting metal ions into
metals in their elemental form (20,21). Furthermore,
these phytochemicals can play a dual role, acting
simultaneously as reducing agents for metal ions
and as capping agents, thereby contributing to the
stabilisation of the metal nanoparticles formed.

In the present study, silver nanoparticles were
synthesised using green tea leaf extract, and
their ability to inhibit the activity of MRSA and
Staphylococcus aureus was subsequently evaluated.

Synergistic Antibacterial AQNPs
AgNPs Antibacterianas Sinérgicas

Diversos métodos podem ser utilizados para a
preparacdao de nanoparticulas de prata, incluindo
métodos bioldgicos e quimicos (14). A abordagem
de sintese quimica baseia-se na utilizacao de
reagentes quimicos especificos para produzir Ag-
NPs com diferentes compostos, como brometo de
cetiltrimetilaménio (CTAB) e tetra-hidridoborato de
sédio (NaBH,). Embora este método permita obter
nanoparticulas com forma e tamanho controlados,
pode apresentar efeitos adversos nos tecidos
devido a toxicidade de alguns agentes utilizados
como agentes de revestimento (capping agents) das
nanoparticulas (15).

De forma interessante, uma abordagem alternativa
considerada ecoldgica e fidvel para a producao de
nanomateriais nobres, como ouro e prata, envolve
a utilizacdo de extratos vegetais. Esta abordagem
apresenta diversas vantagens em compara¢ao com
outros métodosbioldgicos,comoaquelesqueutilizam
microrganismos. Entre as limitacdes associadas ao
uso de microrganismos na sintese de nanoparticulas
metalicas destacam-se os custos elevados, a
necessidade de condicdes assépticas, a dificuldade
de cultivo em larga escala e a pureza do produto
final (16). Além disso, o uso de microrganismos pode
apresentar limitacdes adicionais, como a dificuldade
em controlar a forma das nanoparticulas sintetizadas
(17).

Os extratos vegetais, por sua vez, nao requerem
condigdes padronizadas rigorosas, como ambientes
assépticos, nem a manutencao de culturas bioldgicas.
Diversosestudosrelataramasintesede nanoparticulas
de prata utilizando diferentes extratos vegetais, como
Coffea arabica (18) e Olea europaea (19).

A utilizacdo de extratos vegetais para a sintese de
nanoparticulas de metais nobres, como Au-NPs e
Ag-NPs, apresenta a vantagem de conter diferentes
fitoquimicos com propriedades redutoras, como
terpenoides, polifendis, alcaloides e proteinas, os
quais desempenham um papel significativo na
conversao de ides metdlicos em metais na sua forma
elementar (20,21). Além disso, estes fitoquimicos
podem desempenhar um papel duplo, atuando
simultaneamente como agentes redutores dos ides
metalicos e como agentes de revestimento (capping
agents), contribuindo para a estabilizacdo das
nanoparticulas metalicas formadas.

No presentetrabalho,as nanoparticulasde prataforam
sintetizadas utilizando extrato de folhas de cha verde,
sendo posteriormente avaliada a sua capacidade de
inibir a atividade de MRSA e Staphylococcus aureus.
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Materials and methods

Synthesis and characterisation

Silver nanoparticles (Ag-NPs) were synthesised
using green tea extract via a reduction method. In
summary, 10 g of green tea leaves were added to 100
mL of deionised water and heated for 15 minutes. The
resulting extract was subsequently filtered through
a 0.2 um Millipore membrane. Next, 12 mL of the
extract were added to 100 mL of a 1 mM silver nitrate
solution at room temperature, and the mixture
was left to stand until a colour change indicative of
nanoparticle formation occurred.

The synthesised Ag-NPs were characterised by UV-Vis
spectroscopy, X-ray diffraction (XRD), zeta potential,
dynamic light scattering (DLS) and transmission
electron microscopy (TEM). The nanoparticles were
stored at 4 °C for later use (22).

In vitro antimicrobial investigation

The bacterial strains used in this study were
Staphylococcus aureus ATCC 25923 and methicillin-
resistant Staphylococcus aureus (MRSA) ATCC 33591,
both obtained from ATCC (Rockville, MD, USA). All
strains were cultured in Mueller-Hinton broth (MHB;
Merck, Germany) at 37 °C for 24 h, with agitation at
200 rpm.

Minimum Inhibitory Concentration (MIC) Assay

The MIC assay protocol was carried out in accordance
with Sharaf et al. (23). In general, the bacterial strain
under study was inoculated onto plates containing
MHB broth. Subsequently, the test material included
Ag-NPsand 25 ug oflinezolid (LZD), used as a reference
antibiotic (positive control) for S. aureus and MRSA,
respectively. The test materials, at a concentration
of 25 pg, were applied to paper discs in a volume of
30 uL, whilst a blank disc was used as the untreated
sample (negative control). All discs were incubated
for 24 h at room temperature (RT), and the diameter
of the inhibition zone was subsequently measured
(23).

Bacterial killing kinetics assay — Time-kill

The bacterial killing kinetics assay is considered a
fundamental method for evaluating antibacterial
agents as potential antimicrobial agents. Initially, the

Materiais e métodos

Sintese e caracterizagdo

As nanoparticulas de prata (Ag-NPs) foram
sintetizadas utilizando extrato de cha verde através
de um método de reducdo. De forma resumida, 10
g de folhas de cha verde foram adicionadas a 100
mL de agua desionizada e aquecidas durante 15
minutos. O extrato obtido foi posteriormente filtrado
através de uma membrana Millipore de 0,2 pm. Em
seqguida, 12 mL do extrato foram adicionados a
100 mL de uma solucao de nitrato de prata 1 mM a
temperatura ambiente, sendo a mistura mantida até
ocorrer uma mudanca de cor indicativa da formacao
de nanoparticulas.

As Ag-NPs sintetizadas foram caracterizadas por
espectroscopia UV-Vis, difracdo de raios X (XRD),
potencial zeta, dispersdao dinamica da luz (DLS) e
microscopia eletrénica de transmissdo (TEM). As
nanoparticulas foram armazenadas a 4 °C para
utilizacdo posterior (22).

Investigacdo antimicrobiana in vitro

As estirpes bacterianas utilizadas neste estudo foram
Staphylococcus aureus ATCC 25923 e Staphylococcus
aureus resistente a meticilina (MRSA) ATCC 33591,
ambas obtidas da ATCC (Rockville, MD, EUA). Todas
as estirpes foram cultivadas em caldo Mueller-Hinton
(MHB; Merck, Alemanha) a 37 °C durante 24 h, com
agitacao a 200 rpm.

Ensaio de Concentracdo Minima Inibitdria (MIC)

O protocolo do ensaio de MIC foi realizado de acordo
com Sharaf e colaboradores (23). De forma geral, a
estirpe bacteriana em estudo foi inoculada em placas
contendo caldo MHB. Posteriormente, o material em
estudo incluiu Ag-NPs e 25 pg de linezolida (LZD),
utilizada como antibiético de referéncia (controlo
positivo) para S. aureus e MRSA, respetivamente. Os
materiais em estudo foram aplicados em discos de
papel com um volume de 30 pL a uma concentracao
de 25 ug, enquanto um disco em branco foi utilizado
como amostra ndo tratada (controlo negativo). Todos
osdiscosforamincubados durante 24 h atemperatura
ambiente (RT), sendo posteriormente determinado
o diametro da zona de inibicdo ap6s o periodo de
incubacao (23).

Ensaio de cinética de morte bacteriana - Time-kill

O ensaio de cinética de morte bacteriana é
considerado um método fundamental para avaliar
agentes antibacterianos como potenciais materiais



MIC of Ag-NPswas determined using the microdilution
method. In summary, 10° colony-forming units (CFU)/
mL of S. aureus and MRSA were inoculated onto a
microtitre plate. The bacterial inocula were diluted
twice using a stock solution of Ag-NPs (500 uM/mL)
prepared in 100 mL of MHB. Subsequently, a resazurin
solution was added to each well, and the plates
were incubated at 37 °C for 24 h. A colour change in
resazurin, from blue or purple to pink, was considered
evidence of bacterial growth (24).

ATPase activity assay

The inhibition of S. aureus and MRSA by silver
nanoparticles was assessed in the presence of the
ATPase inhibitor  N,N'-dicyclohexylcarbodiimide
(DCCD), using standard methods (25). The principle
of this assay is based on the release of inorganic
phosphate (Pi) when 3 mM ATP is added to the
membrane.

The bacteria were analysed in the presence of Ag-
NPs at a concentration of 10 ug/mL. The membrane
vesicles were incubated with 0.2 mM DCCD for 10
minutes (25).

Anti-biofilm activity of Ag-NPs

As biofilm formation contributes to antibiotic
resistance, the ability of the prepared Ag-NPs to
preventbiofilm formation was examined.The protocol
was based on diluting the selected bacterial strains at
a ratio of 1:100 in nutrient broth. Next, 100 uL of the
diluted mixture was pipetted and transferred to a new
tube, and the sample was agitated in a rotary shaker
set at 70 rpm. Subsequently, the planktonic bacteria
were removed by washing with sterile saline solution
(0.9% w/v). The resulting biofilm was then exposed
to serial dilutions of the test material (Ag-NPs), in a
concentration range of 1 to 32 ug/mL. The samples
were incubated at room temperature on a rotary
shaker for 24 h. Bacterial viability was determined
using the AlamarBlue cell viability assay (26).

Reverse Transcription-PCR

The effect of Ag-NPs on the expression of resistance-
associated genes mecA, mecR1, blaR1, and blaz
was examined by RT-PCR. Methicillin-resistant
Staphylococcus aureus and S. aureus were inoculated
into MHB (0.9) medium and exposed to sub-inhibitory
concentrations of Ag-NPs for 30 minutes. A control
group without the test material was included. Total

Synergistic Antibacterial AQNPs
AgNPs Antibacterianas Sinérgicas

antimicrobianos. Inicialmente, a MIC das Ag-NPs foi
determinada através do método de microdiluicdo. De
forma resumida, 10° unidades formadoras de colénias
(CFU)/mL de S. aureus e MRSA foram inoculadas numa
placa de microtitulacdo. Os indculos bacterianos
foram diluidos duas vezes utilizando uma solucao
stock de Ag-NPs (500 uM/mL) preparada em 100 mL
de MHB. Posteriormente, foi adicionada uma solucao
de resazurina a cada poco, sendo as placas incubadas
a 37 °Cdurante 24 h. A alteracao de cor da resazurina,
de azul ou roxo para rosa, foi considerada evidéncia
da presenca de crescimento bacteriano (24).

Ensaio de atividade ATPase

A inibicdo de S. aureus e MRSA pelas nanoparticulas
de pratafoiavaliadanapresencadoinibidor de ATPase
N,N'-diciclohexilcarbodiimida (DCCD), utilizando
métodos padrao (25). O principio deste ensaio baseia-
se na libertacdo de fosfato inorganico (Pi) quando 3
mM de ATP sao adicionados a membrana.

As bactérias foram analisadas na presenca de Ag-NPs
a uma concentracao de 10 pug/mL. As vesiculas de
membrana foram incubadas com 0,2 mM de DCCD
durante 10 minutos (25).

Atividade Anti-biofilme das Ag-NPs

Uma vez que a formacao de biofilmes contribui para a
resisténcia aos antibiéticos, foi analisada a capacidade
das Ag-NPs preparadas para impedir a formacao de
biofilmes. O protocolo baseou-se na diluicao das
estirpes bacterianas selecionadas numa proporcao
de 1:100 em caldo nutritivo. Em seguida, foram
pipetados 100 puL da mistura diluida e transferidos
para um novo tubo, sendo a amostra agitada num
agitador rotativo ajustado a 70 rpm. Posteriormente,
as bactérias plancténicas foram removidas através
de lavagem com solucao salina estéril (0,9% p/v).
Seguidamente, o biofilme formado foi exposto a
diluicoes seriadas do material em estudo (Ag-NPs),
numa gama de concentracdes entre 1 e 32 ug/mL. As
amostras foram incubadas a temperatura ambiente
num agitador rotativo durante 24 h. A viabilidade
bacteriana foi determinada através do ensaio de
viabilidade celular AlamarBlue (26).

Transcri¢éao Reversa-PCR

O efeito das Ag-NPs na expressao dos genes
associados a resisténcia mecA, mecR1,
blaR1 e blaZz foi analisado por RT-PCR.
Staphylococcus aureus resistente a meticilina e
S. aureus foram inoculados em meio MHB (0,9) e
expostos a concentracdes sub-inibitérias de Ag-
NPs durante 30 minutos. Foi incluido um controlo
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Table 1 - Primers used in quantitative RT-PCR (qQRT-PCR).
Tabela 1 - Primers utilizados na RT-PCR quantitativa (QRT-PCR).

Primer Sequence (5'-3')
F:ACTCCTACGGGAGGCAGCAG
165 RNA
RATTACCGCGGCTGCTGG
F-CAATGCCAAAATCTCAGGTAAAGTG
mech R-AACCATCGTTACGGATTGCTTC
F-GTGCTCGTCTCCACGTTAATTCCA
mecR1 R:GACTAACCGAAGAAGTCGTGTCAG
F-CACTATTCTCAGAATGACTTGGT
blaRT R:GACTAACCGAAGAAGTCGTGTCAG
iz F:-GCTTTAAAAGAACTTATTGAGGCTTC
R:CCACCGATYTCKTTTATAATTT

RNA was extracted using an RNA extraction kit, in
accordance with the manufacturer’s instructions
(Qiagen, Valencia, CA, USA). The primers were
commercially purchased from Bioneer (Daejeon,
Korea), as previously described by Wang et al. (26),
and are listed in Table 1.

Statistical analysis

All assays were performed independently in
triplicate, with results presented as mean + standard
deviation (SD). Statistical significance was assessed
using Student’s t-test in SPSS version 19.0 (SPSS
Inc., Chicago, IL, USA). Differences were considered
statistically significant for p-values < 0.05 (27).

Results

Characterisation of the nanoparticles

The synthesised silver nanoparticles (Ag-NPs) were
characterised using a combination of spectroscopic,
diffraction and microscopic techniques to confirm
their formation, size, stability and morphology.

The UV-visible spectrum showed a plasmonic
absorption peak (Amax) around 450 nm, indicating
the formation of Ag-NPs, as shown in Figure 1A.

The crystal lattice of the Ag-NPs was investigated by
X-ray diffraction (XRD). The X-ray diffraction pattern
of the silver nanoparticles, shown in Figure 1B,

sem material em estudo. O RNA total foi extraido
utilizando um kit de extracao de RNA, de acordo com
as instrucdes do fabricante (Qiagen, Valencia, CA,
EUA). Os primers foram adquiridos comercialmente a
Bioneer (Daejeon, Coreia do Sul), conforme descrito
anteriormente por Wang et al. (26), e encontram-se
apresentados na Tabela 1.

Analise estatistica

Todos os ensaios foram realizados de forma
independente em triplicado, sendo os resultados
apresentados como média + desvio padrao (SD). A
significancia estatistica foi avaliada utilizando o teste
t de Student no software SPSS versao 19.0 (SPSS Inc.,
Chicago, IL, EUA). Diferencas foram consideradas
estatisticamente significativas para valores de p <
0,05 (27).

Resultados

Caracterizagdo das nanopatrticulas

As nanoparticulas de prata sintetizadas (Ag-NPs)
foram caracterizadas utilizando uma combinacao
de técnicas espectroscopicas, de difracio e
microscoépicas, de modo a confirmar a sua formacao,
tamanho, estabilidade e morfologia.

O espectro UV-visivel apresentou um pico de
absorcao plasmonica (Amax) em torno de 450 nm,
indicando a formacao de Ag-NPs, como apresentado
na Figura 1A.

A rede cristalina das Ag-NPs foi investigada por
difracdo de raios X (XRD). O padrdo de difracdo de
raios X das nanoparticulas de prata, apresentado na



displays peaks at 26 = 35.634°, 43.415° and 65.264°,
corresponding to the crystallographic planes (111),
(220) and (400), respectively. These results are
in agreement with the silver diffraction pattern
described in JCPDS entry JCPDS-4-0783.

Dynamic light scattering (DLS) results demonstrated
that the average size of the silver nanoparticles was
approximately 20 nm, as shown in Figure 1C. The
zeta potential of the silver nanoparticles was —20 mV
(Figure 1D), indicating good colloidal stability of the
nanoparticles.

The morphology and shape of the Ag-NPs were
determined by transmission electron microscopy
(TEM). As shown in Figure 2, the TEM image revealed
spherical nanoparticles with an approximate
diameter of 20 nm, confirming the formation of silver
nanoparticles with a regular morphology and the
absence of aggregation.
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Figura 1B, mostra picos em 20 = 35,634°, 43,415° e
65,264°, correspondentes aos planos cristalograficos
(111), (220) e (400), respetivamente. Estes resultados
estdo em concordancia com o padrao de difracao da
prata descrito na ficha JCPDS-4-0783.

Os resultados de dispersdo dinamica da luz
(DLS) demonstraram que o tamanho médio das
nanoparticulas de prata foi de aproximadamente 20
nm, conforme apresentado na Figura 1C. O potencial
zeta das nanoparticulas de prata apresentou um valor
de —20 mV (Figura 1D), indicando boa estabilidade
coloidal das nanoparticulas.

AmorfologiaeaformadasAg-NPsforamdeterminadas
por microscopia eletrénica de transmissao (TEM).
Como apresentado na Figura 2, a imagem TEM
evidenciou nanoparticulas de forma esférica com
diametro aproximado de 20 nm, confirmando a
formacao de nanoparticulas de prata com morfologia
regular e auséncia de agregacgao.
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Figure 1 - Characterisation of silver nanoparticles (Ag-NPs) by: (A) UV-Visible spectra; (B) X-ray diffraction
(XRD); (C) Dynamic Light Scattering (DLS); (D) Zeta potential

Figura 1 - Caracterizacao das nanoparticulas de prata (Ag-NPs) através de: (A) Espectros UV-Vis; (B) Difracao
de raios X (XRD); (C) Dispersao dinamica da luz (DLS); (D) Potencial Zeta
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Table 2 - MIC values of silver nanoparticles and Linezolid against S. aureus and MRSA
Tabela 2 - Valor da MIC das nanoparticulas de prata e da linezolida contra S. aureus e MRSA

Test material

Linezolid (LZD)

Ag-NPsMIC (pg/mL)

S. aureus (ATCC 25923)

7.3+0.03

10.8 +0.01

MRSA (ATCC 33591)

6.9 +0.02

9.0 £0.01

Antibacterial activity

The antibacterial potential of the Ag-NPs was
evaluated against MRSA and S. aureus by analysing
bacterial growth kinetics in the presence of the
nanoparticles. As shown in Table 2, the Ag-NPs
inhibited the growth of both bacterial strains, with
minimum inhibitory concentration (MIC) values of
10.8 ug/mL for S. aureus and 9 pg/mL for MRSA. For
comparison, the MIC values for linezolid, used as
a positive control, were 7.3 ug/mL and 6.9 pug/mL
against S. aureus and MRSA, respectively.

Bacterial killing kinetics assay - Time-kill

Time-kill assays indicate the bactericidal activity of the
tested material. Figure 3A shows the activity of silver
nanoparticles against S. aureus, revealing a reduction
of more than 95% in the number of colony-forming
units (CFU/mL) (log units) with upon exposure. For S.
aureus, the bactericidal effect occurred after 2 hours
of incubation at 21.6 pg/mL (2xMIC) and 43.2 pg/
mL (4xMIC). Similarly, the killing kinetics of Ag-NPs
against MRSA reached a 95% reduction after 2 hours
at 18 pg/mL (2xMIC) and 36 ug/mL (4xMIC), as shown
in Figure 3B. These results emphasise that Ag-NPs are
effective against both S. aureus and MRSA strains.

Atividade antibacteriana

O potencial antibacteriano das Ag-NPs foi avaliado
contra MRSA e S. aureus através da andlise da
cinética de crescimento bacteriano na presenca das
nanoparticulas. Como apresentado na Tabela 2, as
Ag-NPs inibiram o crescimento de ambas as estirpes
bacterianas, apresentando valores de concentracao
minima inibitéria (MIC) de 10,8 pg/mL para S. aureus
e 9 ug/mL para MRSA. Para comparagao, os valores de
MIC da linezolida, utilizada como controlo positivo,
foram de 7,3 pg/mL e 6,9 pg/mL contra S. aureus e
MRSA, respetivamente.

Ensaio de cinética de morte bacteriana - Time-kill

Time-kill assays indicate the bactericidal activity of
the tested material. Figure 3A shows the activity of
silver nanoparticles against S. aureus, revealing a
reduction of more than 95% in Colony-Forming Unit
CFU/mL (log units) upon exposure. For S. aureus, the
bactericidal effect occurred after 2 hours of incubation
at 21.6 pug/mL (2xMIC) and 43.2 pg/mL (4xMIC).
Similarly, the killing kinetics of Ag-NPs against MRSA
reached a 95% reduction after 2 hours at 18 ug/mL
(2xMIC) and 36 pg/mL (4xMIC), as shown in Figure
3B. These results emphasize that Ag-NPs are effective
against both S. aureus and MRSA strains.

Figure 2 - Transmission electron microscopy (TEM)
of silver nanoparticles

Figura 2 - Microscopia eletrénica de transmissao
(TEM) das nanoparticulas de prata.



Efficacy of Ag-NPs against biofilms

Biofilm formation is one of the main factors reducing
the efficacy of antibiotics. In this study, we evaluated
the ability of silver nanoparticles to inhibit bacterial
biofilm formation.

As shown in Figure 4, Ag-NPs inhibited biofilm
formation by S. aureus and MRSA across a range of
concentrations between 1 pg/mL and 32 pg/mL.
The most effective concentration for preventing
biofilm development in both strains was 4 ug/mL.

ATPase activity assay

The function of ATP synthase plays an important
role in the physiology of S. aureus, influencing
membrane hyperpolarisation and sensitivity to
polymyxins. The bactericidal effect of Ag-NPs was
investigated through their interaction with different
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Eficiéncia das Ag-NPs contra biofilmes

A formacéo de biofilmes é um dos principais fatores
que reduzem a eficacia dos antibiéticos. Neste estudo,
avalidmos a capacidade das nanoparticulas de prata
para inibir a formacao de biofilmes bacterianos.

Como apresentado na Figura 4, as Ag-NPs inibiram
a formacao de biofilmes por S. aureus e MRSA numa
gama de concentragdes entre 1 pg/mL e 32 g/
mL. A concentracao mais eficaz para prevenir o
desenvolvimento de biofilmes em ambas as estirpes
foi de 4 pg/mL.

Ensaio de atividade ATPase

A funcdo da ATP sintase desempenha um papel
importante na fisiologia de S. aureus, influenciando
a hiperpolarizacdo da membrana e a sensibilidade
a polimixinas. O efeito bactericida das Ag-NPs foi
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Figure 3 - (A) Inhibition zone of Ag-NPs against S. aureus; (B) Inhibition zone against MRSA.
Figura 3 - (A) Zona de inibicao das Ag-NPs contra S. aureus; (B) Zona de inibicdo contra MRSA.
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inhibitors (Figure 5). The results demonstrated
that Ag-NPs reduced ATPase activity by 40% for S.
aureus and by 37% for MRSA.These results suggest
that interference with bacterial energy metabolism
may contribute to the biocidal activity of silver
nanoparticles.

Influence of Ag-NPs on resistance-related genes in S.
aureus and MRSA

The expression of blaz, blaR1, mecA, and mecR1
genes was downregulated in S. aureus and MRSA
samples after treatment with 1/8 MIC (1.125 and
1.35 pg/mL for MRSA and S. aureus, respectively)
concentrations of Ag-NPs, and the expression of the
four genes was influenced by the exposure to the
effective concentrations, as shown in Figure 6. In the
presence of 1/2 MIC of Ag-NPs (4.5 and 5.4 pg/mL
for MRSA and S. aureus, respectively), the expression
levels of the blaz, blaR1, mecA, and mecR1 genes
were reduced 1.9, 2.6, 2.7, and 2.6 times, respectively.

Discussion

Antibiotic resistance currently represents one of the
major global challenges in public health, particularly
due to bacteria such as MRSA and S. aureus. As
discussed, biofilm formation limits the penetration
of antibiotics and reduces the accumulation of
effective drug concentrations throughout the biofilm
structure, thereby compromising therapeutic efficacy
(28). These biofilms increase bacterial resistance to
antibiotic therapy through multiple mechanisms,
dependent on factors such as the composition,
architecture of the biofilm and bacterial growth
conditions.

1.2

investigado através da sua interacao com diferentes
inibidores (Figura 5). Os resultados demonstraram
que as Ag-NPs reduziram a atividade ATPase em 40%
para S. aureus e em 37% para MRSA. Estes resultados
sugerem que a interferéncia no metabolismo
energético bacteriano pode contribuir para a
atividade biocida das nanoparticulas de prata.

Influéncia das Ag-NPs nos genes responsdveis pela
resisténciaem S. aureus e MRSA

Conforme ilustrado na Figura 6, a expressao dos
genes blazZ, blaR1, mecA e mecR1 foi regulada
negativamente (downregulation) em amostras de S.
aureus e MRSA apds tratamento com concentracées
de Ag-NPs equivalentes a 1/8 da MIC (1,125 pg/mL
para MRSA e 1,35 pg/mL para S. aureus). Na presenca
de 1/2 MIC de Ag-NPs (4,5 e 5,4 pg/mL para MRSA e
S. aureus, respetivamente), os niveis de expressao dos
genes blaz, blaR1, mecA e mecR1 foram reduzidos
em 1,9; 2,6; 2,7; e 2,6 vezes, respetivamente.

Discussao

A resisténcia aos antibiodticos representa atualmente
um dos principais desafios globais na saude publica,
particularmente devido a bactérias como o MRSA
e o S. aureus. Conforme discutido, a formacao de
biofilmes limitaapenetracdodosantibiéticosereduza
acumulacaode concentracgdes eficazes dofarmacoem
toda a estrutura do biofilme, comprometendo assim
a eficicia terapéutica (28). Estes biofilmes aumentam
a resisténcia bacteriana a terapia antibiotica através
de multiplos mecanismos, dependentes de fatores
como a composicao, a arquitetura do biofilme e as
condicdes de crescimento bacteriano.
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Figure 5 - Effect of Ag-NPs on the
membrane ATPase activity of S.
aureus and MRSA in the presence of
DCCD (0.4 png)

Figura 5 - Efeito das Ag-NPs na
atividade ATPase da membrana de
S. aureus e MRSA na presenca de
DCCD (0,4 ug).
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The intermolecular interactions present in biofilms,
including hydrogen bonds and van der Waals
forces, promote bacterial adhesion to surfaces and
significantly reduce the activity of conventional
antibiotics. The ability of bacteria to form biofilms on
medical surfaces or host tissues constitutes a critical
problem, as these act as protective barriers that
limit antibiotic penetration and promote resistance
mechanisms (2). Nanomedicine has emerged as a
promising strategy for bactericidal applications due
to its unique properties, including high surface area,
small particle size and the ability to inhibit various
pathogenic microorganisms (29).

Synergistic Antibacterial AQNPs
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As interagbes intermoleculares presentes nos
biofilmes, incluindo ligagdes de hidrogénio e forcas
de van der Waals, promovem a adesdo bacteriana as
superficies e reduzem significativamente a atividade
dos antibiéticos convencionais. A capacidade
das bactérias de formar biofilmes em superficies
médicas ou tecidos do hospedeiro constitui um
problema critico, uma vez que estes atuam como
barreiras protetoras que limitam a penetracao dos
antibiéticos e promovem mecanismos de resisténcia
(2). A nanomedicina surgiu como uma estratégia
promissora para aplicacdes bactericidas devido
as suas propriedades uUnicas, incluindo elevada
area superficial, tamanho reduzido das particulas
e a capacidade de inibir varios microrganismos
patogénicos (29).
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Figure 6 - Gene expression of (A) blaR1, (B) mecA, (C) blaZ, and (D) mecR1 in MRSA and S. aureus following
inoculation with different concentrations of Ag-NPs. * indicates statistically significant differences (p < 0.05)
between S. aureus and MRSA at the same concentration. Control: untreated S. aureus and MRSA.

Figure 6 - Expressao génicade (A) blaR1, (B) mecA, (C) blaZ, e (D) mecR1 em MRSA e S. aureus apds inoculagao
com diferentes concentracdes de Ag-NPs. * indica diferencas estatisticamente significativas (p < 0,05) entre
S. aureus e MRSA na mesma concentracdo. Controlo: S. aureus e MRSA nao tratados.
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Green synthesis is an environmentally friendly
approach to producing nanometals, as it utilises
biocompatible natural products and reduces
reliance on potentially toxic reagents (30). Previous
studies have demonstrated, for example, the use
of Berberis vulgaris fruit extract in the synthesis of
silver nanoparticles with antibacterial activity against
multidrug-resistant bacteria, including E. coli, S.
aureus, Proteus mirabilis and Klebsiella pneumoniae
(31). Similarly, extracts from Kalanchoe pinnata leaves
were used to synthesise Ag-NPs with an average size
of 38 nm, which demonstrated bactericidal activity
against E. coli (32).

Although these studies confirm the antimicrobial
potential of Ag-NPs synthesised from plant extracts,
most research focuses primarily on activity against
planktonic cells, with fewer studies addressing
biofilm inhibition or the molecular mechanisms
associated with resistance. The antimicrobial activity
of Ag-NPs depends heavily on concentration, as well
as on the size of the nanoparticles, the phytochemical
composition of the plant extract, and the bacterial
strain evaluated.

In the present study, the Ag-NPs synthesised from
green tea extract were spherical in shape, with an
average size of 20-25 nm and no aggregation.

MIC assays demonstrated strong antibacterial activity
against S. aureus (10.8 ug/mL) and MRSA (9 pg/mL).
Time-kill assays demonstrated that concentrations of
2XMIC and 4xMIC caused reductions of over 95% in
CFU/mL after just 2 hours of incubation, indicating a
rapid bactericidal effect.

Furthermore, anti-biofilm assays demonstrated that
Ag-NPs inhibited biofilm formation by more than 80%
at a concentration of 8 pg/mL, with 4 pg/mL being
the minimum concentration capable of completely
preventing biofilm formation. Another important
finding was the reduction in ATPase activity by 40%
for S. aureus and 37% for MRSA, suggesting that
disruption of bacterial energy metabolism contributes
to the observed antimicrobial effect.

Ag-NPs reduced the expression of multiple genes
involved in B-lactam resistance, including mecA,
mecR1, blaz, and blaR1 indicating interference with
both resistance mechanisms and their regulatory
pathways (35,36).
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A sintese verde é uma abordagem ecoldgica para a
producaodenanometais,umavezque utiliza produtos
naturais biocompativeis e reduz a dependéncia
de reagentes potencialmente tdéxicos (30). Estudos
anteriores demonstraram, por exemplo, a utilizacao
do extrato do fruto de Berberis vulgaris na sintese de
nanoparticulas de prata com atividade antibacteriana
contra bactérias multirresistentes, incluindo E. coli,
S. aureus, Proteus mirabilis e Klebsiella pneumoniae
(31). De forma semelhante, foram utilizados extratos
de folhas de Kalanchoe pinnata para sintetizar
Ag-NPs com um tamanho médio de 38 nm, que
demonstraram atividade bactericida contra E. coli
(32).

Embora estes estudos confirmem o potencial
antimicrobiano das Ag-NPs sintetizadas a partir
de extratos vegetais, a maioria das investigacoes
centra-se principalmente na atividade contra
células plancténicas, sendo menos numerosos os
estudos que abordam a inibicdo de biofilmes ou os
mecanismos moleculares associados a resisténcia.
A atividade antimicrobiana das Ag-NPs depende
fortemente da concentracao, bem como do tamanho
das nanoparticulas, da composicao fitoquimica do
extrato vegetal e da estirpe bacteriana avaliada.

No presente estudo, as Ag-NPs sintetizadas a partir
do extrato de chad verde apresentavam forma
esférica, com um tamanho médio de 20-25 nm e sem
agregacao.

Os ensaios de CMI demonstraram forte atividade
antibacteriana contra S. aureus (10,8 pg/mL) e
MRSA (9 pg/mL). Os ensaios de tempo de morte
demonstraram que concentragdes de 2xCMI e 4xCMI
causaram reducgdes superiores a 95% em UFC/mL
apos apenas 2 horas de incubacao, indicando um
efeito bactericida rapido.

Além disso, os ensaios antibiofilme demonstraram
que as Ag-NPs inibiram a formacao de biofilme em
mais de 80% a uma concentracdo de 8 ug/mL, sendo
4 pg/mL a concentracdo minima capaz de impedir
completamente a formacao de biofilme. Outra
descoberta importante foi a reducdo da atividade
da ATPase em 40% para o S. aureus e em 37% para o
MRSA, sugerindo que a perturbacao do metabolismo
energético bacteriano contribui para o efeito
antimicrobiano observado.

As Ag-NPs reduziram a expressdao de multiplos genes
envolvidos na resisténcia aos B-lactamicos, incluindo
mecA, mecR1, blaZ e blaR1, indicando interferéncia
tanto nos mecanismos de resisténcia como nas suas
vias reguladoras (35,36).



Overall, these results demonstrate that green-
synthesised Ag-NPs exhibit strong antibacterial
activity against MRSA and S. aureus, combining
inhibition of bacterial growth, suppression of biofilm
formation and modulation of resistance-associated
genes.

Conclusion

Bacterial infections and antibiotic resistance remain
major challenges for healthcare systems worldwide.
One of the principal factors contributing to bacterial
resistance is the formation of biofilms, which protect
bacteriafrom conventional treatments. Consequently,
alternative strategies, including bio-nanotechnology
approaches, have been explored to combat resistant
bacteria.

In this study, silver nanoparticles (Ag-NPs) were
synthesised using green tea extract as a reducing
agent. Physicochemical characterisation by DLS, UV-
Vis spectroscopy and TEM confirmed the formation
of spherical nanoparticles with an approximate
diameter of 20 nm.

The synthesised Ag-NPs exhibited strongantibacterial
activity against S. aureus and MRSA, as demonstrated
by low MIC values and rapid bactericidal effects.
Furthermore, Ag-NPs significantly reduced the
expression of resistance-related genes (mecA,
mecR1, blaR1, and blaZ), providing insight into their
potential mechanism of action.

Taken together, this study demonstrates that green-
synthesised Ag-NPs are promising antimicrobial
agents against multidrug-resistant  pathogens,
combining antibacterial, anti-biofilm and resistance-
modulating effects.
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Em geral, estes resultados demonstram que as Ag-
NPs sintetizadas de forma ecolégica exibem forte
atividade antibacteriana contra o MRSA e o S. aureus,
combinando a inibicao do crescimento bacteriano, a
supressao da formacao de biofilmes e a modulacao
de genes associados a resisténcia.

Conclusao

AsinfecOes bacterianas e aresisténcia aos antibidticos
continuam a ser grandes desafios para os sistemas de
saude em todo o mundo. Um dos principais fatores
que contribuem para a resisténcia bacteriana é a
formacao de biofilmes, que protegem as bactérias dos
tratamentos convencionais. Consequentemente, tém
sido exploradas estratégias alternativas, incluindo
abordagens de bio-nanotecnologia, para combater
bactérias resistentes.

Neste estudo, foram sintetizadas nanoparticulas
de prata (Ag-NPs) utilizando extrato de chda verde
como agente redutor. A caracterizacao fisico-quimica
por DLS, espectroscopia UV-Vis e TEM confirmou
a formacdo de nanoparticulas esféricas com um
diametro aproximado de 20 nm.

As Ag-NPs sintetizadas exibiram forte atividade
antibacteriana contra S. aureus e MRSA, conforme
demonstrado pelos baixos valores de CMI e pelos
rapidos efeitos bactericidas. Além disso, as Ag-NPs
reduziram significativamente a expressao de genes
relacionados com aresisténcia (mecA, mecR1, blaR1 e
blaz), fornecendo informacées sobre o seu potencial
mecanismo de acao.

Em conjunto, este estudo demonstra que
as Ag-NPs sintetizadas por via ecoldgica sao
agentes  antimicrobianos  promissores  contra
patégenos multirresistentes, combinando efeitos
antibacterianos, antibiofilme e de modulacdo da
resisténcia.
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