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ORIGINAL RESEARCH

Sodium dodecyl sulfate‐coated silver nanoparticles
accelerate antimicrobial potentials by targeting
amphiphilic membranes

Xiuyan Jin1,#, Na Peng1,#, Aoran Cui2, Yue Liu2, Xianqi Peng1, Linlin Huang1, Abdelaziz Ed‐Dra3, Fang He1,4, Yan Li1,4,5,
Shikuan Yang2,*, and Min Yue1,6,7,*

Abstract

Compelling concerns about antimicrobial resistance and the emergence of multidrug‐resistant pathogens call for novel strategies
to address these challenges. Nanoparticles show promising antimicrobial activities; however, their actions are hindered primarily
by the bacterial hydrophilic–hydrophobic barrier. To overcome this, we developed a method of electrochemically anchoring
sodium dodecyl sulfate (SDS) coatings onto silver nanoparticles (AgNPs), resulting in improved antimicrobial potency. We then
investigated the antimicrobial mechanisms and developed therapeutic applications. We demonstrated SDS‐coated AgNPs with
anomalous dispersive properties capable of dispersing in both polar and nonpolar solvents and, further, detected significantly
higher bacteriostatic and bactericidal effects compared to silver ions (Ag+). Cellular assays suggested multipotent disruptions
targeting the bacterial membrane, evidenced by increasing lactate dehydrogenase, protein and sugar leakage, and consistent with
results from the transcriptomic analysis. Notably, the amphiphilic characteristics of the AgNPs maintained robust antibacterial
activities for a year at various temperatures, indicating long‐term efficacy as a potential disinfectant. In a murine model, the AgNPs
showed considerable biocompatibility and could alleviate fatal Salmonella infections. Collectively, by gaining amphiphilic prop-
erties from SDS, we offer novel AgNPs against bacterial infections combined with long‐term and cost‐effective strategies.
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Impact statement
Our study showed that sodium dodecyl sulfate (SDS)‐coated silver nanoparticles (AgNPs) have anomalous dispersive
properties, which possess excellent antibacterial properties, compared to Ag+ ions (AgNO3). We compared the antibacterial
actions of the AgNPs and Ag+ ions, likely due to their amphiphilic features, showing that the AgNPs efficiently penetrated the
bacterial cell membrane, leading to the exudation of cellular components. We also observed differences in intercellular
actions between the AgNPs and AgNO3 groups. Furthermore, AgNPs could safely mitigate Salmonella in vitro and in vivo
infection models. Therefore, AgNPs may be used as potent antibacterial agents in animal feed to alleviate bacterial
infections.

INTRODUCTION
The emergence of antimicrobial‐resistant bacteria represents
a significant threat to public and global health1–6. The burden
of antimicrobial resistance (AMR) is substantial, and AMR
bacterial infections are becoming more challenging to treat
therapeutically, leading to a higher risk of clinical

complications and death7–13. According to the World Health
Organization, AMR is one of the top 10 global public health
threats facing human society, with an estimated 700,000
deaths annually attributed to drug‐resistant bacterial in-
fections8,10. Hence, there is an urgent and increasing need to
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develop more efficient and alternative antimicrobial
agents14,15.

Silver nanoparticles (AgNPs) have emerged as attrac-
tive alternatives to conventional antimicrobials, thanks
to their effective properties and broad mechanisms of
action16. Typically, silver (Ag) exerts antibacterial activities
mainly in two layers: the first is extracellular action,
where silver adheres to and disrupts the cell wall/mem-
brane17,18, and the second is intracellular action, where
mutilation of intracellular biostructures (ribosomes,
mitochondria, and vacuoles) and biomolecules (DNA,
lipids, and proteins)19, extensive oxidative stress20,21, and
disruption of signal transduction pathways22 are involved.
Compared to traditional antibiotics and other antimicrobial
agents, AgNPs have several advantages, including their
broad‐spectrum activity, in contrast to many conventional
antibiotics, which are often effective only against specific
types of bacteria23,24. Nevertheless, traditional AgNPs
have frequently been hindered by the amphiphilic proper-
ties of the bacterial membrane, which limits their effec-
tiveness and wide application in both the veterinary and
medical sectors.

Using a more adaptable but massive fabrication electro-
chemical approach, we established a novel pathway to break
the AgNP's dispersible limit via an anchoring orientation
with a tailorable surface amphiphilic ligand, sodium dodecyl
sulfate (SDS)25. Compared with traditional AgNPs, which
may lead to the development of bacterial resistance26,27,
our recently developed novel SDS‐coated AgNPs could
overcome such limitations by resisting bacterial species‐
induced aggregation25. Notably, the surface ligands helped
the AgNPs penetrate the bacterial membrane, supporting
their great potential for practical antibacterial applications.
Nonetheless, the modes of bacteria‐killing action and the
potential therapeutic applications of these AgNPs remain
unaddressed. In this study, we examined multiple layers of
the bacteriostatic effects and, more importantly, provided
mechanistic insights, exploring the potential of nanosilver for
biomedical applications.

RESULTS AND DISCUSSION
Preparation and characterization of AgNPs
The preparation method of AgNPs has been described in
detail in the literature25,28. In this study, we adopted a
similar preparation method and conducted a series of ex-
periments for characterization (Figure 1A–E). The smart
AgNPs were obtained by electrodeposition in an electro-
lyte solution of silver nitrate (AgNO3) and SDS. Dodecyl
sulfate ions were anchored on the AgNPs during the
electrodeposition process and could rotate to adapt to
the surrounding liquid environment, breaking the nano-
particle's dispersible limit25. AgNPs can avoid aggregation
even when exposed to bacteria‐secreted proteins, and the
surface ligands can help the AgNPs penetrate the bacterial
membrane, significantly enhancing their antibacterial per-
formance (Figure 1F).25

Potent antibacterial activity of AgNPs
The antibacterial activity of the AgNPs and AgNO3 was
evaluated using bacteria‐killing and inhibition assays29,30

against eight representative pathogenic bacterial strains, in-
cluding four Gram‐negative and four Gram‐positive bacteria,
which posed a major threat to public health31,32. The anti-
bacterial efficiency of the AgNPs against bacteria was higher
than that of AgNO3 (Figure 2). The inhibitory effect of the
AgNPs on the Gram‐positive bacteria was more potent than
their impact on the Gram‐negative bacteria (Figure 2A).
Gram‐positive bacteria have multilayered cell walls of pepti-
doglycan33,34. Likely due to differences in the structure,
thickness, and negative charge of the cell wall, silver‐
containing antibacterial agents have better effects on Gram‐
negative bacteria35. It was assumed that the structural sim-
ilarities between the surface ligands of the AgNPs and the
bacterial membranes25 enabled the AgNPs to show a pow-
erful antibacterial effect when facing bacteria with more
complex cell wall structures. Minimum inhibitory concen-
tration (MIC) and minimum bactericidal concentration (MBC)
assays were used to evaluate the antibacterial activity of the
SDS solution (Figure S1). The results demonstrated that SDS
had minimal antibacterial capability when used alone; its
antibacterial capability was only achieved when combined
with the AgNPs. Furthermore, an agar well diffusion assay
was used to evaluate the antibacterial activity of the AgNPs
and AgNO3 (Figure 2B). Biofilm formation was observed
under aerobic conditions at 37°C and 22°C, and the inhibition
rate of the AgNPs on bacterial biofilm formation was gen-
erally higher than that of AgNO3 (Figure S2A).

The antibacterial effect of AgNPs was also investigated
under various conditions over different time periods as one
of the most critical parameters of the prerequisites for
using as biomaterials. The MIC and MBC of the AgNPs were
measured under five different conditions on two strains
of Staphylococcus aureus and S. Typhimurium separately
(Figure 2C). The effects of storage conditions on the bac-
teriostatic effect of the AgNPs over time were examined. The
results showed that under storage conditions of 37°C and
4°C, the AgNPs maintained the best antibacterial activity,
with a limited difference during the examined period. Under
the conditions of −20°C and room temperature, the anti-
bacterial activity of AgNPs changed dramatically, indicating
that these conditions were not conducive to maintaining
the original structure of the AgNPs and that low temperatures
may impact the stability of the AgNP colloidal solution.
These results also indicate that temperature is the main
parameter affecting the antibacterial activities of AgNPs and
that a stable temperature is essential to conserving their
antimicrobial activities.

Bactericidal mechanisms of AgNPs
In a time‐dependent killing curve analysis (Figure S2B), we
explored the appropriate antibacterial concentration and
used this concentration to provide a reference for the sub-
sequent experiments.
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To examine the action on the bacterial membranes, the
activities of the AgNPs and AgNO3‐disrupting bacterial
membranes were directly examined under transmission elec-
tron microscopy (TEM). The results showed that the bacterial
membrane was completely obliterated after exposure to the
AgNPs and AgNO3 (Figure 2D) compared to the control. The
interaction of S. Typhimurium with AgNPs/AgNO3 resulted
in the thinning or even disappearance of the cell walls,
membrane deformation or crumpling, membrane blebbing and
contents release (indicated by the blue arrow), and cyto-
plasmic disorders in some bacteria (indicated by the yellow
arrow). Unlike AgNO3, AgNPs led to the complete rupture of
bacterial cells. When the cells were aggregates composed
of many dense granules and cytoplasm, nanoparticles were
condensed in the cell membrane and wall as clusters and

were seen inside the cell in some regions (indicated by the red
arrow). Significant changes in the cell morphology of bacteria
have also been observed in several studies with results that
align with our observations36–38.

Lactate dehydrogenase (LDH) is rapidly released into the
cell culture supernatant when the membrane is damaged and
is a key feature of cellular damage39,40. The LDH activity in
the bacterial supernatant after AgNP treatment was higher
than that of AgNO3 treatment (p < 0.001) on S. aureus and
Listeria monocytogenes (Figure 2E), which indicated that the
AgNPs were more efficient for cellular damage than AgNO3,
which is consistent with a previous study41. The results
suggested that the permeability of bacterial cell membranes
might be altered after AgNP intervention. The protein
and reducing sugar content assays were performed to verify

Figure 1. Sustained electrochemical preparation of silver nanoparticles (AgNPs) in electrolyte solution. (A) Production of AgNPs. AgNPs were
obtained by electrodeposition in an electrolyte solution of silver nitrate (AgNO3) and sodium dodecyl sulfate (SDS). The AgNPs prepared here
were continuously emitted from the electrode interface into the electrolyte solution, resulting in a yellow colloidal solution that formed within
1min. (B) AgNPs showing the Tyndall effect when dispersed in water and indicating the homogeneity of the synthetic colloidal solution system.
(C) Transmission electron microscope analysis of the AgNPs. (D) Particle size distribution of the AgNPs. (E) X‐ray diffraction analysis of the
AgNPs. (F) Proposed mechanism for adapting ligands. The reversible orientation change of the surface ligands allowed them to adapt to
surrounding liquids and easily pass through the bacterial membrane.
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Figure 2. Bactericidal effect of AgNPs in vitro. (A) Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of AgNPs
and originated derivative AgNO3. (B) Agar well diffusion assay for bacterial inhibition. (C) Long‐term bacterial inhibition and bactericidal efficacy of the
AgNPs. The antibacterial effect of the AgNPs against S. aureus and S. Typhimurium under five different preservation conditions (aerobic at 37°C,
aerobic at 4°C, aerobic at room temperature, aerobic at −20°C, and anaerobic at room temperature) at different time intervals (0, 0.25, 0.5, 1, 2, 3, 4,
5, 6, 7, 8, 9, 10, 11, and 12 months). (D) Visualization of AgNPs and AgNO3‐treated S. Typhimurium at 8 and 24 h using transmission electron
microscopy analysis. The absence of AgNPs or AgNO3 was used as a control. Scale bars: 200 nm. (E) Contents of lactate dehydrogenase (LDH) and
the efflux (protein and sugar) of bacterial contents after exposure to AgNPs and AgNO3. (F) ATPase activities after exposure to AgNPs and AgNO3.
(G) Bacterial antioxidant enzyme activities after exposure to AgNPs and AgNO3, including glutathione peroxidase (GPX) and catalase (CAT). Red:
bacteria treated with AgNPs. Gray: bacteria treated with AgNO3. Gray with points: control. Data were from at least three independent assays:
*p< 0.05; **p< 0.01; ***p < 0.001. Sa, Staphylococcus aureus; Lm: Listeria monocytogenes; Es, Enterococcus faecalis; Em, Enterococcus faecium;
ST, S. Typhimurium; Ec, Escherichia coli; Kp, Klebsiella pneumoniae; Ye, Yersinia enterocolitica. S. aureus, L. monocytogenes, E. faecalis, and E.
faecium are Gam‐positive (G+) bacteria. S. Typhimurium, E. coli, K. pneumoniae, and Y. enterocolitica are Gram‐negative (G–) bacteria.
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the damage to the bacterial cell membrane. The release of
cellular content, such as proteins and sugars, is a reliable
indicator of cell membrane permeability and damage42.
Protein leakage and reducing sugar concentrations sig-
nificantly increased after co‐culture with the AgNPs compared
with the control group (Figure 2E), but there were no sig-
nificant differences in the reducing sugar concentrations in
L. monocytogenes and Escherichia coli supernatants under
AgNO3 treatment. This indicated that AgNPs led to a more
severe leakage of bacterial cell contents, which is consistent
with the conclusion of Kim43. Altogether, AgNPs resulted in
more severe membrane damage than AgNO3.

In the aforementioned investigation, we found damage
inflicted by AgNPs on bacterial membranes both externally
and internally through direct observation and detection of the
bacterial contents. The bacterial cell membrane, serving as
the protective shell for bacteria, holds significant physio-
logical significance44 for the bacterial cell envelope. Contact
with AgNPs initiates aggressive assaults on bacterial mem-
branes through the AgNPs’ amphiphilic characteristics,
marking the initial step toward the defeat of the bacteria.

To investigate the role of metabolic action, the activity
and quantity of ATPases in the bacteria treated with
AgNPs or AgNO3 were examined. It was found that the
activity and quantity were significantly decreased
(Figure 2F) because AgNPs or AgNO3 could lead to bac-
terial ATPase degradation and dysfunction by directly in-
teracting with bacterial ATPases or enhancing bacterial
oxidative stress45. Compared to AgNO3, AgNPs could,
directly and indirectly, disrupt intracellular ATPase activity
while disrupting bacterial cell membrane likely due to their
superior specific surface area and surface chemical
properties46. Overall, the two silver solutions could inter-
fere with bacterial metabolism because ATPase activity
was significantly affected.

The nanoparticle‐mediated generation of reactive oxygen
species (ROS) has been shown to disrupt the electron
transport components of the cell membrane and regulate
various antioxidant enzymes, including nicotinamide adenine
dinucleotide phosphate (NADPH)‐dependent flavones, cata-
lase (CAT), and glutathione peroxidase (GPX). ROS pro-
duction causes oxidative stress and damages cellular
components47–51. Reduction activities in the CAT and GPX
antioxidant enzymes in bacteria may disrupt the dynamic
balance between the production and elimination of ROS in
bacteria, leading to a series of related reactions, such as cell
membrane damage, weakened DNA replication, and ATP
dysfunction, which result in impaired bacterial metabolism48.
To further examine the oxidative damage of cells induced by
AgNPs or AgNO3, we evaluated the activity of oxidative
stress reaction‐relevant enzymes, including CAT and GPX.
Compared to the control, the AgNPs mainly inhibited the CAT
activity of E. coli compared to the other tested bacteria
(p < 0.001; Figure 2G). However, except for S. Typhimurium,
all the bacteria showed decreased GPX activity under AgNPs
and AgNO3 stress (Figure 2G). GPX activity in S. aureus and
L. monocytogenes was significantly reduced under both

treatments and increased in AgNPs‐treated S. Typhimurium
and AgNO3‐treated E. coli and S. Typhimurium.

The aforementioned results indicated that after AgNPs
disrupt the cell membrane, they encounter substances inside
the membrane, including ATP and antioxidant enzymes
vital for bacterial survival. This interaction affects bacterial
metabolism and oxidation, ultimately leading to bacterial
death. As critical survival factors, ATP enzymes are among the
important targets for drug therapy. Our findings support the
application of targeted therapy in combating bacteria52,53.

The effect of AgNPs on the regulation of gene
expression in S. Typhimurium
To further understand the molecular details underlying the phe-
notypes, the overall genes at the transcription level in S. Typhi-
murium under AgNPs were investigated by RNA‐seq. A total of
580 differentially expressed genes (DEGs) were detected in the
AgNP‐treated group versus the control group (Figure 3A).
The RT‐qPCR results were consistent with RNA‐seq results
(Figure 3B). A pathway enrichment analysis utilizing the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was
conducted to elucidate the metabolic and signal transduction
pathways associated with the DEGs (Figure 3C).

In addition, a scatter plot of the KEGG enrichment results
was generated (Figure 3D). The main enriched pathways
of S. Typhimurium cells under AgNP stress were illustrated
(Table S1), including glycerophospholipid metabolism,
fatty acid degradation, arginine biosynthesis, oxidative phos-
phorylation, RNA degradation, biotin metabolism, pyruvate
metabolism, and ribosome. Glycerophospholipids are vital
components of the double‐membrane envelope of Gram‐
negative bacteria, and the homeostasis of membrane glycer-
ophospholipids is closely related to bacterial stress responses
and adaptive mechanisms53,54. The genes involved in the
glycerophospholipid metabolism revealed that four DEGs
were significantly downregulated after treated by the AgNPs,
suggesting that cells could modulate membrane fluidity to
enhance membrane stability when exposed to challenging
conditions55. In bacteria, fatty acids are a significant compo-
nent of phospholipids, and changes in phospholipids could
affect cell membrane structure and function56. The fadJ and
fadI genes were significantly upregulated in S. Typhimurium
treated with AgNPs, suggesting that AgNPs can activate fatty
acid degradation (Table S1). Hence, the AgNP treatment in-
hibited bacterial glycerophospholipid metabolism and trig-
gered fatty acid degradation, overcoming the adaptive
response to external disturbances by destroying cell mem-
brane integrity and membrane stability.

Many previous studies have shown that nanoparticles
have oxidase‐like activity, which can cause severe oxidative
damage to bacteria to achieve sterilization20,57,58. Some
pathways identified in the KEGG enrichment results treated
with AgNPs have been closely linked to oxidative stress
responses, such as arginine biosynthesis, oxidative phos-
phorylation, and RNA degradation. Others have been closely
linked to metabolic disturbances, such as biotin metabolism,
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oxidative phosphorylation, pyruvate metabolism, and the ri-
bosome (Table S1).

In vitro toxicity and protective capacity of AgNPs
against Salmonella infections
Biological safety issue is essential for transforming anti-
microbial materials from basic research to clinical applica-
tions. In this investigation, the cytotoxic effect of AgNPs
was evaluated on RAW264.7 cells using the CCK‐8 assay to
select a safe concentration. It was found that AgNps were
safe for cells in vitro at concentrations below 0.6 μg/ml.
(Figure 4A). The adhesiveness, invasiveness, and

intracellular proliferation of S. Typhimurium were de-
termined by measuring the CFUs. The relative adhesion and
invasion rates in the AgNP‐treated group were slightly lower
than those in the Salmonella‐infected group (p < 0.001)
(Figure 4B,C), and the AgNPs were associated with de-
creased adhesion and invasion. We also examined pro-
liferation using a gentamicin protection assay. At 24 h post
infection, the RAW264.7 cells were lysed, and the CFUs
were enumerated, but there was no significant difference
between the Salmonella‐infected group and the AgNP‐
treated group (Figure 4D). Salmonella utilized macrophages
as vectors for systemic dissemination throughout the
host59, and the reduction of relative adhesion and invasion

Figure 3. Effect of AgNPs on S. Typhimurium gene expression. (A) Volcanic map of differentially expressed genes (DEGs). DEGs: red point;
upregulated genes: X‐axis > 0; downregulated genes: X‐axis < 0. (B) mRNA levels of the DEGs by quantitative reverse transcription polymerase
chain reaction (RT‐qPCR). Each scatter represents the expression level of each gene treated with AgNPs. The relative expression level of
the target genes was measured with the 2–ΔΔCt method, and 16S rRNA was used as the reference gene. All tests were performed at least three
times. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway classification of the DEGs. (D) KEGG pathway group enrichment
of the DEGs. *p < 0.05; **p < 0.01; ***p < 0.001.
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rates indicated that AgNPs exerted direct action on the
bacteria itself to disrupt their infection within the host.

In vivo protective efficacy of AgNPs against
Salmonella infections
Salmonella infection results in approximately 1.35 million
cases of illness and 420 fatalities annually in the United
States60. Salmonella enterica serovar Typhimurium is one
of the most important serovars transmitted from animals to
humans in most parts of the world61,62. In the transcriptome
results, we found gene changes related to Salmonella in-
fection (Figures S3 and S4). This suggested that AgNPs had
a potential role in preventing Salmonella infection. The main
enriched pathways have been illustrated (Table S2). AgNPs
as feed additives could offer a novel avenue for establishing
antibacterial barriers against pathogenic bacterial infections,
including Salmonella. The mortality of the mice in the
Salmonella infection group was 100% on Day 9, which was
higher than that observed in the AgNP‐treated group (40%)
(Figure 5A). Weight loss in the AgNP‐treated group was
slightly lower than that of the Salmonella infection group in
the first 7 days, but there was no significant difference,
suggesting a role for AgNPs as feed additives against Sal-
monella infections.

Salmonella overcomes intestinal barriers to interact with
the intestinal epithelium and penetrates deeper into the tissues
of the host63–66, and long‐term infection could lead to sepsis
and death67,68. In this study, the decreased viable counts
of Salmonella in tissue, feces, and blood on Day 5 post
infection confirmed the success of the treatment with AgNPs.
The amount of Salmonella recovered from the spleen, colon,
and feces decreased significantly (p < 0.01, p < 0.05, and
p < 0.05, respectively) in the AgNP‐treated group (Figure 5B),
which was in line with the findings of previous studies69.

These results indicated that AgNPs could significantly
inhibit Salmonella invasion.

Colon shortening is a critical parameter for evaluating the
severity of enteritis70. Colon length recovered significantly in
the AgNP group (p < 0.01; Figure 5C). The host intestine is
the main site for the entry of pathogens, thereby causing
systemic infection, and the liver is an essential target for
Salmonella. To evaluate the tissue damage, the mice's livers
and colons were dissected and prepared for paraffin sections
and hematoxylin and eosin (H&E) staining (Figure 5D).68 In
the group infected with Salmonella, the colonic mucosa ex-
hibited signs of damage, characterized by necrotic enteritis,
cellular vacuolation, the demise of enterocytes, and a wide-
spread inflammatory cellular reaction (Figure 5D). In contrast,
in the AgNP group, infiltration was significantly reduced. The
intestinal mucosae were improved with an apparent reduc-
tion in mucosal and submucosal inflammatory aggregation.
In the Salmonella‐infected mice, the livers showed con-
gestion of the central and portal veins, focal aggregations of
mononuclear inflammatory cells, and the appearance of in-
flammatory cells. In addition, the hepatocytes showed va-
cuolar degeneration, necrotic changes, and mononuclear cell
infiltration between the hepatic cords, indicating the occur-
rence of acute hepatitis in the Salmonella‐infected mice. The
group treated with AgNPs exhibited a subdued inflammatory
response, significantly lower than that of the untreated
group, and the hepatocytes’ integrity and structural compo-
sition were preserved. The alleviating effect was similar to
that found in previous studies69. These results indicated that
AgNPs could protect mice against Salmonella infection‐
induced damage to internal organs.

Altogether, AgNPs directly exerted antibacterial proper-
ties and effectively alleviated enteritis and systemic in-
fections caused by Salmonella. The excellent preventive and
therapeutic effects of AgNPs indicated that they have the

Figure 4. In vitro toxicity and protective capacity of AgNPs against Salmonella infections. (A) In vitro biocompatibility effect of AgNPs on the
viability of the murine RAW264.7 macrophage cell detected using the CC‐K8 assay. (B–D) The dose effects of AgNPs in bacteria and cell
interactions. For S. Typhimurium in the RAW264.7 cells, the geometric means of CFUs per cell were obtained from three independent
experiments for cell adhesion, invasion, and proliferation. ***p < 0.001; ns, no significance.
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Figure 5. In vivo protective efficacy of AgNPs against Salmonella infections. (A) Comparative analysis of survival and body weight. Changes in
the probability of survival and body weight over time after infection were observed from the day of infection. (B) Bacterial tissue load analysis.
Amount of Salmonella was detected in the spleen, colon, feces, blood, and liver, but not detected in any control group sample (data not shown).
(C) A representative colon length image and a summary of all examined colon length data. (D) Hematoxylin and eosin (H&E) staining analysis of
liver and colon sections of each group from the representative samples. *p < 0.05; **p < 0.01. C, control group; ST, Salmonella infection group;
Ag, Salmonella infection and AgNP‐treated group. Of 10 mice, five were used for clinical trials, and five were used to observe survival and
growth. Samples were collected on Day 5 post infection.
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potential to become an effective feed additive for the pre-
vention of intestinal pathogen infections.

In vivo acute toxicity was further assessed by administering
different doses of AgNPs to mice for seven consecutive days.
Strikingly, mice in the groups treated with AgNPs displayed
gradual increase in their body weight (0.01–100mg/kg), with no
statistically significant difference from the controls (Figure 6A).
No detected abnormalities were found in the H&E‐stained
sections of the three major organs (liver, kidney, and spleen).
Three types of intestinal tissues (colon, duodenum, and ileum)
were taken from the mice in the treatment groups with different
concentrations of AgNPs, and it could be seen that the

sections from AgNP treatment groups were essentially con-
sistent with the controls, with no visible tissue damage
(Figure 6B). The aforementioned results suggested that AgNPs
may show excellent safety after oral administration, which may
be used for clinical investigations.

In summary, our study revealed that SDS‐coated AgNPs
exhibited unusual dispersive properties and exceptional
antibacterial efficacy. These AgNPs induced leakage of bacterial
cellular contents and caused severe damage to the bacterial cell
surface, as supported by transcriptomic analyses indicating
cellular membrane damage. Furthermore, AgNPs affected
bacterial metabolism and induced oxidative stress. Notably, they

Figure 6. In vivo toxicity of AgNPs. (A) In vivo biocompatibility evaluation of the AgNPs by acute toxicity. AgNPs (0.01, 0.1, 1, 10, and 100mg/kg)
were given orally to mice once daily for 7 days. For the control groups, ddH2O was administered to the animals through the same route as in each
test. Within 21 days of acute toxicity, body weight was measured. (B) Tissue pathology. Hematoxylin and eosin (H&E)‐stained liver, kidney, spleen,
colon, duodenum, and ileum sections of each group were collected on Day 10 post infection.
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maintained stable antibacterial activity for over a year and
demonstrated excellent biocompatibility, with no observed tox-
icity to animals while effectively combating Salmonella in vivo
infections. Together, we offered novel AgNPs against bacterial
infections combined with long‐term and cost‐effective strategies.

MATERIALS AND METHODS
Preparation of AgNPs
The AgNPs were synthesized following our previous
methods25. To prepare the electrolytes, 50 ml of 30 mM
AgNO3 and 90 mM of SDS solutions were used. Electro-
deposition was carried out under the two‐electrode system
at 30 V for 300 s. The cathode was an aluminum plate
(2 cm × 2 cm), and the anode was a carbon rod (diameter:
0.5 cm). AgNPs continuously diffused from the cathode
electrode surface to the electrolyte, forming a yellow mist.
After electrodeposition for 5 min, the black precipitation
was filtered, and the yellow AgNPs were used for further
characterization and antibacterial experiments.

Bacterial strains and reagents
S. aureus ATCC 25923, L. monocytogenes ATCC 13932,
S. Typhimurium SL 1344, and Yersinia enterocolitica ATCC
23715 were obtained from the Molecular Microbiology and
Food Safety Laboratory of Zhejiang University and used
as the standard experimental strains of this study. Addi-
tionally, Enterococcus faecalis, En. faecium, E. coli, and
Klebsiella pneumoniae were clinically isolated from the
affiliated animal hospital of Zhejiang University and used to
enhance the bacterial spectrum of this study. Luria‐Bertani
(LB) medium, Mueller‐Hinton (MH) medium, Brain Heart
Infusion (BHI), tryptone, and yeast extract were supplied
from Oxoid (Biodee, Co.).

Antibacterial activity of AgNPs
The MIC assay was used to evaluate the antibacterial activity
of AgNPs or AgNO3 (composed of Ag+ ions as control) on
eight species of bacteria using the broth dilution method
according to the previously described protocol71. The
experiments were carried out in 100 µl of AgNPs or AgNO3

with decreasing concentrations. The bacterial growth was
evaluated by a microplate reader (TECAN Infinite® F50,
Switzerland). E. coli ATCC 25922 was used as a quality
control strain to validate antimicrobial susceptibility testing.
Additionally, the MBC was determined by inoculating 10 µl of
wells that didn't present bacterial growth on LB agar, and
then the plates were incubated at 37°C for 18–24 h. The trials
were conducted on three separate occasions to ensure the
accuracy and reliability of the MIC and MBC values. In ad-
dition, the antimicrobial efficacy of both AgNPs and AgNO3

was evaluated using the Oxford agar diffusion assay72.

Evaluation of parameters affecting the
antibacterial activity of AgNPs
To determine the optimal antibacterial activity of the elec-
trodeposited AgNPs, we measured the MIC and MBC of

AgNPs under different storage conditions. The AgNPs pre-
pared in the same batch were stored under five conditions:
anaerobic at room temperature, room temperature (with dy-
namic change at the laboratory), 37°C, 4°C, and −20°C. The
sample was divided into several parts to avoid repeated
freezing and thawing of samples at 4°C and −20°C and
stored in different conditions. The MIC and MBC of AgNPs
were determined periodically (0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 11, and 12 months) against Gram‐positive bacteria
(S. aureus) and Gram‐negative bacteria (S. Typhimurium).
The experimental steps of MIC and MBC were the same as
mentioned above.

TEM analysis
A TEM analysis was carried out to investigate the effects
of AgNPs or AgNO3 on bacterial cell morphology. Briefly, each
bacterial cell was treated with AgNPs or AgNO3 at a
concentration of 156.25 µg/ml (2 ×MIC) and incubated
for 8 and 24 h at 37°C on an orbital shaker at 180 rpm.
The untreated cells were used as a control. Bacteria cells
(S. Typhimurium) were collected by centrifugation at 5000 rpm
for 10min, added to a 2.5% glutaraldehyde solution,
and placed at 4°C overnight. After rinsing, decolorizing, de-
hydrating, and embedding, the sample was sliced with the
LEICA EM UC7 ultrathin slicer to a thickness of 70–90 nm.
The slices were stained with a heavy metal salt73. After drying,
the bacterial morphology was observed in the TEM (H‐7650,
Hitachi‐Science & Technology).

Evaluation of membrane integrity
To evaluate the bacterial cell membrane integrity, the con-
tents of LDH, protein, and reducing sugar in the cytoplasm of
cells were measured. Briefly, 3 × 109 CFU/ml bacterial cells
(S. aureus, L. monocytogenes, S. Typhimurium, and E. coli)
were treated with 156.25 µg/ml (2 ×MIC) AgNPs or AgNO3 for
24 h at 37°C. The supernatant was collected by cen-
trifugation at 10,000g for 5 min at 4°C and stored at −20°C
until subsequent use. The bacterial suspension cultured
without AgNPs and AgNO3 was used as the control sample.
According to the LDH assay kit (Sangon Biotech), the OD450

was determined in an alkaline solution to measure LDH. The
modified Bradford method was used to determine the protein
concentration using a protein assay kit (Sangon Biotech)42.
The concentration of reduced sugar was determined by
the 3,5‐dinitrosalicylic acid analysis method74 using the sugar
detection kit (Sangon Biotech, China).

Bacterial metabolic activity assay (ATPase)
The AgNPs and AgNO3 were added at a concentration of
156.25 µg/ml (2 ×MIC) to bacteria in the logarithmic phase
and cultured for 24 h at 22°C or 37°C, then the bacteria were
collected by centrifugation at 5000 rpm at 4°C for 10min.
Untreated bacteria were used as a control. Afterward, the
bacteria were submitted to an ultrasonic crusher by using
the extraction solution to break the cells on ice. Then, the
crushed bacteria were centrifuged at 8000 g at 4°C for
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10min, and the activity of ATPase was determined by using a
commercial kit (Solar Science & Technology). The detailed
protocol was documented previously.75

In vitro determination of antioxidative stress
Bacterial cells (3 × 109 CFU/ml) were treated with 156.25 µg/ml
of AgNPs or AgNO3 for 24 h at 37°C. The supernatant was
collected by centrifugation at 10,000g for 5 min at 4°C and
stored at −20°C until subsequent use. To evaluate the
effects of AgNPs and AgNO3 on bacterial antioxidant en-
zymes, including GPX and CAT, we centrifuged the solution
at 5000 rpm at 4°C for 10 min and then added the extracting
solution. We used the ultrasonic crusher to treat the bac-
teria on the ice. Afterward, the GPX and CAT activities in
the sample were measured according to the instructions of
the GPX and CAT assay kit (Solar Science & Technology).

Transcriptome analysis
S. Typhimurium incubated with 78.125 µg/ml AgNPs
for 24 h was used for transcriptome sequencing, whereas
S. Typhimurium was treated with only LB medium as a
control. The library preparation and sequencing were
completed by the Meige Gene Company. Trimmomatic
(v.0.36) was used for quality control and data filtering of raw
data in FASTQ format. The quality‐controlled sequences
were compared to those of ribosomal RNA (rRNA) in
the NCBI Rfam database, and rRNA sequences were re-
moved by Bowtie2 (v2.33). The remaining mRNA sequences
were mapped to the reference genome by Hisat2 (2.1.0).
For gene expression analysis, the FPKM for each gene was
calculated. The edge R (v3.16.5) was used to represent
DEGs between two conditions/groups, and the resulting
p‐values were adjusted by Benjamini and Hochberg, con-
trolling for the false discovery rate. Genes with FDR ≤ 0.05
and |log2‐fold change| ≥ 1 were used for subsequent en-
richment analysis76. Enrichment analysis of DEGs by gene
ontology (GO) and KEGG was performed with clusterProfiler
(v3.4.4) and corrected for gene length bias. GO terms with
FDR ≤0.05 and KEGG pathways are significantly enriched
for DEGs and used for subsequent analysis77–80. The raw
data produced in this study are available at Bioproject
(PRJNA931462).

RT‐qPCR
Representative genes of relevant pathways were analyzed
by RT‐qPCR to evaluate the validity of transcriptome
sequencing results. Total RNA was reverse‐transcribed to
cDNA using HiScript III RT SuperMix for qPCR (+gDNA wiper)
(Novozymes). Primers were synthesized by Tsingke Bio. PCR
reactions were then performed using the ChamQ Universal
SYBR qPCR Master Mix (Novozymes) with the following
cycling conditions: 95°C for 10min, followed by 40 cycles
of 95°C for 30 s and 60°C for 20 s. The relative expression
levels of target genes were determined by the 2–ΔΔCt method,
and 16S rRNA was used as the internal reference gene.

All experimental results were performed in three biological
replicates. Primer designs are listed in Table S3.

Bacterial adhesion, invasion, and proliferation
assay for macrophages
RAW264.7 was seeded onto 96‐well plates at a density of
5 × 104 per well to allow cells to attach to the bottom of the
wells. Three separate plates for one set of phagocytic cell
invasion assays were set up and marked with “adhesion,”
“invasion,” and “proliferation,” respectively. Cytotoxic con-
centration was detected before Salmonella (S. Typhimurium)
infection by using the CCK‐8 assay (in the last cell passage).
200 μl bacteria with 1 × 106 CFU cells were added in each
well with multiplicity of infection (MOI) of 20:1. AgNPs in non‐
toxic concentrations were added to the adhesive and in-
vasive plates when Salmonella cells were added (0.1, 0.3,
and 0.5 µg/ml), whereas AgNPs were added to the pro-
liferation plates after Salmonella infection (0.3 µg/ml). Then,
the key steps were performed according to the previously
described protocol to examine the adhesion, invasion, and
proliferation of Salmonella in RAW264.7 macrophage cells.81

Intervention of murine enteritis caused
by Salmonella
All mice were fed adaptively for 1 week and then divided into
three groups: healthy, Salmonella (S. Typhimurium) infection,
and Salmonella infection treated with AgNPs. The alleviation
groups were orally administered (provided as water
additives) with the AgNPs concentration at 5% w/v for 8
days, whereas the healthy group and Salmonella infection
groups were orally administered with an equal volume of
ddH2O. On the third day, the mice were gavaged with 0.2ml
of 5 × 106 CFUs/ml Salmonella or an equivalent amount of
phosphate‐buffered saline (PBS). The changes in body
weight and mortality were recorded daily, and mice were
killed on Day 5 post infection. The quantification of
Salmonella in the fecal, colon, hepatic, spleen, and blood
was measured per gram in all groups. Viable counts were
determined as previously described24. The actual count was
calculated using the following equation:

/ = [

× × ]

/

−( )CFU g 10

average number of colonies on 3 plates 20

net sample weight

dilution multiple

In addition, colon length was measured, and liver, spleen,
and colon tissues were also excised, sectioned into slices
(5 µm), and observed via H&E staining.

In vivo acute toxicity
Mice acclimated to their diet for a week were then split into
six groups, including healthy ones and those treated with
AgNPs. The toxicity groups were orally administered with
formulations with the equivalent AgNPs concentration at
0.01, 0.1, 1, 10, and 100 mg/kg body weight for 1 week,
whereas healthy control was orally administered with
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ddH2O. The changes in body weight and the probability of
survival were recorded daily, and mice were killed on Day
10 after the administration of AgNPs. The liver, spleen,
kidney, colon, duodenum, and ileum tissues were also ex-
cised, sectioned into slices (5 µm), and were observed via
H&E staining.

Statistical analysis
Data analysis and graphical representation were con-
ducted using GraphPad Prism 9. The results were pre-
sented as the arithmetic mean, accompanied by the
standard error of the mean (SEM). Typically, the statistical
comparison between groups was undertaken using a two‐
tailed Student's t‐test for dependent samples, whereas the
comparison across several groups was executed via the
one‐way analysis of variance (ANOVA) technique. A two‐
way ANOVA was applied to assess variances across more
than two groups with multiple factors, with the cell types
and the treatment conditions serving as the variables of
interest. Levels of significance were indicated as *p < 0.05,
**p < 0.01, ***p < 0.001.

ACKNOWLEDGMENTS
We thank the Experimental Teaching Center, College of An-
imal Sciences, Zhejiang University. This work was supported
by the National Program on Key Research Project of China
(2022YFC2604201) as well as the European Union's Horizon
2020 Research and Innovation Programme (Grant Agreement
No. 861917—SAFFI), Zhejiang Provincial Key R&D
Program of China (nos. 2023C03045 and 2022C02024), and
Zhejiang Provincial Natural Science Foundation of China
(LZ24C180002).

AUTHOR CONTRIBUTIONS
Xiuyan Jin: Data curation (equal); formal analysis (equal);
investigation (equal); methodology (equal); validation (equal);
visualization (equal); writing—original draft (equal); writing—
review and editing (equal). Na Peng: Investigation (equal);
methodology (equal); validation (equal); visualization (supporting);
writing—original draft (supporting). Aoran Cui: Data curation
(supporting); methodology (supporting); validation (equal).
Yue Liu: Methodology (supporting); validation (supporting).
Xianqi Peng: Validation (supporting). Linlin Huang: Method-
ology (supporting); writing—original draft (supporting). Abdelaziz
Ed‐Dra: Writing—review and editing (supporting). Fang He:
Writing—review and editing (supporting). Yan Li: Supervision
(supporting); validation (supporting); writing—review and editing
(supporting). Shikuan Yang: Conceptualization (equal); re-
sources (equal); writing—review and editing (equal). Min Yue:
Conceptualization (equal); data curation (equal); formal analysis
(equal); funding acquisition (equal); investigation (equal); meth-
odology (equal); project administration (equal); resources
(equal); software (equal); supervision (equal); validation (equal);
visualization (equal); writing—original draft (equal); writing—
review and editing (equal).

ETHICS STATEMENT
Female C57BL/6 mice (6–8 weeks) were purchased from
SLAC laboratory animals (Shanghai, China). Animals had free
access to rat chow and tap water. All animal experiments
were conducted according to the Guide for the Care and Use
of Laboratory Animals and approved by the committee of
Zhejiang University (Ethical Approval ZJU20220193).

CONFLICT OF INTERESTS
The authors declare no conflict of interests.

DATA AVAILABILITY
The data and supporting information are included in this
article.

SUPPORTING INFORMATION
Additional Supporting Information for this article can be
found online at https://doi.org/10.1002/mlf2.12143.

ORCID
Min Yue http://orcid.org/0000-0002-6787-0794

REFERENCES
1 Prestinaci F, Pezzotti P, Pantosti A. Antimicrobial resistance: a global

multifaceted phenomenon. Pathog Glob Health. 2015;109:309–18.

2 Murray C, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G,
Gray A, et al. Global burden of bacterial antimicrobial resistance in
2019: a systematic analysis. Lancet. 2022;399:629–55.

3 Jia C, Wang Z, Huang C, Teng L, Zhou H, An H, et al. Mobilome‐
driven partitions of the resistome in Salmonella. mSystems. 2023;
8:e00883‐23.

4 Wang Z, Huang C, Liu Y, Chen J, Yin R, Jia C, et al. Salmonellosis
outbreak archive in China: data collection and assembly. Sci Data.
2024;11:244.

5 Wang Z, Zhou H, Liu Y, Huang C, Chen J, Siddique A, et
al. Nationwide trends and features of human salmonellosis outbreaks
in China. Emerg Microbes Infect. 2024;13:2372364.

6 Huang L, Zhou H, Chen J, Jia C, Siddique A, Wu B, et al. Impact
of COVID‐19‐related nonpharmaceutical interventions on diarrheal
diseases and zoonotic Salmonella. hLife. 2024;2:246–56.

7 World Health Organization. Antimicrobial resistance. World Health
Organization Official Website. 2023 [cited 2024 Jan 15]. https://www.
who.int/news-room/fact-sheets/detail/antimicrobial-resistance

8 EClinicalMedicine. Antimicrobial resistance: a top ten global public
health threat. EClinicalMed. 2021;41:101221.

9 Ke Y, Teng L, Zhu Z, Lu W, Liu W, Zhou H, et al. Genomic inves-
tigation and nationwide tracking of pediatric invasive nontyphoidal
Salmonella in China. mLife. 2024;3:156–60.

10 Feng Y, Pan H, Zheng B, Li F, Teng L, Jiang Z, et al. An integrated
nationwide genomics study reveals transmission modes of typhoid
fever in China. mBio. 2023;14:e0133323.

11 Zhou X, Kang X, Chen J, Song Y, Jia C, Teng L, et al. Genome
degradation promotes Salmonella pathoadaptation by remodeling
fimbriae‐mediated proinflammatory response. Natl Sci Rev. 2023;
10:nwad228.

12 Li Y, Teng L, Xu X, Li X, Peng X, Zhou X, et al. A nontyphoidal
Salmonella serovar domestication accompanying enhanced niche
adaptation. EMBO Mol Med. 2022;14:e16366.

13 Paudyal N, Pan H, Wu B, Zhou X, Zhou X, Chai W, et al. Persistent
asymptomatic human infections by Salmonella enterica serovar
Newport in China. mSphere. 2020;5:00163‐20.

14 Orta‐Rivera AM, Meléndez‐Contés Y, Medina‐Berríos N, Gómez‐Cardona
AM, Ramos‐Rodríguez A, Cruz‐Santiago C, et al. Copper‐based

562

https://doi.org/10.1002/mlf2.12143
http://orcid.org/0000-0002-6787-0794
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance


antibiotic strategies: exploring applications in the hospital setting and the
targeting of Cu regulatory pathways and current drug design trends.
Inorganics. 2023;11:252.

15 Peng X, Ed‐Dra A, Song Y, Elbediwi M, Nambiar RB, Zhou X, et al.
Lacticaseibacillus rhamnosus alleviates intestinal inflammation and
promotes microbiota‐mediated protection against Salmonella fatal
infections. Front Immunol. 2022;13:973224.

16 Moorthy K, Chang K‐C, Yang H‐H, Su W‐M, Chiang C‐K, Yuan Z.
Recent developments in detection and therapeutic approaches for
antibiotic‐resistant bacterial infections. J Food Drug Anal. 2023;31:
1–19.

17 Ivask A, ElBadawy A, Kaweeteerawat C, Boren D, Fischer H, Ji Z,
et al. Toxicity mechanisms in Escherichia coli vary for silver nano-
particles and differ from Ionic silver. ACS Nano. 2014;8:374–86.

18 Seong M, Lee DG. Silver nanoparticles against Salmonella enterica
serotype Typhimurium: role of inner membrane dysfunction. Curr
Microbiol. 2017;74:661–70.

19 Chaloupka K, Malam Y, Seifalian AM. Nanosilver as a new generation
of nanoproduct in biomedical applications. Trends Biotechnol. 2010;
28:580–8.

20 Hamida RS, Ali MA, Goda DA, Khalil MI, Al‐Zaban MI. Novel biogenic
silver nanoparticle‐induced reactive oxygen species inhibit the biofilm
formation and virulence activities of methicillin‐resistant Staph-
ylococcus aureus (MRSA) strain. Front Bioeng Biotechnol. 2020;8:433.

21 Quinteros MA, Cano Aristizábal V, Dalmasso PR, Paraje MG,
Páez PL. Oxidative stress generation of silver nanoparticles in three
bacterial genera and its relationship with the antimicrobial activity.
Toxicol In Vitro. 2016;36:216–23.

22 Tripathi N, Goshisht MK. Recent advances and mechanistic insights
into antibacterial activity, antibiofilm activity, and cytotoxicity of silver
nanoparticles. ACS Appl Bio Mater. 2022;5:1391–463.

23 Butler J, Handy RD, Upton M, Besinis A. Review of antimicrobial
nanocoatings in medicine and dentistry: mechanisms of action,
biocompatibility performance, safety, and benefits compared to an-
tibiotics. ACS Nano. 2023;17:7064–92.

24 Slavin YN, Asnis J, Häfeli UO, Bach H. Metal nanoparticles: under-
standing the mechanisms behind antibacterial activity. J Nano-
biotechnol. 2017;15:65.

25 Liu Y, Peng N, Yao Y, Zhang X, Peng X, Zhao L, et al. Breaking the
nanoparticle's dispersible limit via rotatable surface ligands. Nat
Commun. 2022;13:3581.

26 Wu K, Li H, Cui X, Feng R, Chen W, Jiang Y, et al. Mutagenesis
and resistance development of bacteria challenged by silver nano-
particles. Antimicrob Agents Chemother. 2022;66:e00628‐22.

27 Panáček A, Kvítek L, Smékalová M, Večeřová R, Kolář M, Röderová
M, et al. Bacterial resistance to silver nanoparticles and how to
overcome it. Nat Nanotechnol. 2018;13:65–71.

28 Chen Q, Zhao L, Liu H, Ding Q, Jia C, Liao S, et al. Nanoporous silver
nanorods as surface‐enhanced Raman scattering substrates. Biosens
Bioelectron. 2022;202:114004.

29 Hussain Z, Lannigan R, Schieven BC, Stoakes L, Groves D. Com-
parison of susceptibility results of anaerobic organisms determined
by agar dilution method and sceptor anaerobe MIC/ID micro broth
dilution panels. Diagn Microbiol Infect Dis. 1987;8:95–100.

30 Parvekar P, Palaskar J, Metgud S, Maria R, Dutta S. The minimum
inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of silver nanoparticles against Staphylococcus aureus.
Biomater Invest Dent. 2020;7:105–9.

31 Santajit S, Indrawattana N. Mechanisms of antimicrobial resistance in
ESKAPE pathogens. BioMed Res Int. 2016;2475067.

32 Gallo M, Ferrara L, Calogero A, Montesano D, Naviglio D. Relation-
ships between food and diseases: what to know to ensure food
safety. Food Res Int. 2020;137:109414.

33 Pasquina‐Lemonche L, Burns J, Turner RD, Kumar S, Tank R, Mullin
N, et al. The architecture of the gram‐positive bacterial cell wall.
Nature. 2020;582:294–7.

34 Rojas ER, Billings G, Odermatt PD, Auer GK, Zhu L, Miguel A, et al.
The outer membrane is an essential load‐bearing element in gram‐
negative bacteria. Nature. 2018;559:617–21.

35 Roy A. Hairy root culture an alternative for bioactive compound
production from medicinal plants. Curr Pharm Biotechnol. 2020;22:
136–49.

36 Akter S, Huq MA. Biologically rapid synthesis of silver nanoparticles
by Sphingobium sp. MAH‐11T and their antibacterial activity and
mechanisms investigation against drug‐resistant pathogenic mi-
crobes. Artif Cells, Nanomed, Biotechnol. 2020;48:672–82.

37 Algebaly AS, Mohammed AE, Abutaha N, Elobeid MM. Biogenic
synthesis of silver nanoparticles: antibacterial and cytotoxic potential.
Saudi J Biol Sci. 2020;27:1340–51.

38 Liao S, Zhang Y, Pan X, Zhu F, Jiang C, Liu Q, et al. Antibacterial activity
and mechanism of silver nanoparticles against multidrug‐resistant
Pseudomonas aeruginosa. Int J Nanomed. 2019;14:1469–87.

39 Kang X, An H, Wang B, Huang L, Huang C, Huang Y, et al. Integrated
OMICs approach reveals energy metabolism pathway is vital for
Salmonella Pullorum survival within the egg white. mSphere. 2024;
9:e00362‐24.

40 Kumar P, Nagarajan A, Uchil PD. Analysis of cell viability by the
lactate dehydrogenase assay. Cold Spring Harbor Protocols. 2018;
2018:pdb.prot095497.

41 Hamida RS, Ali MA, Goda DA, Khalil MI, Redhwan A. Cytotoxic effect
of green silver nanoparticles against ampicillin‐resistant Klebsiella
pneumoniae. RSC Adv. 2020;10:21136–46.

42 Mohd Yusof H, Abdul Rahman N, Mohamad R, Hasanah Zaidan U,
Samsudin AA. Antibacterial potential of biosynthesized zinc oxide
nanoparticles against poultry‐associated foodborne pathogens: an in
vitro study. Animals. 2021;11:2093.

43 Kim S. Antibacterial activity of silver‐nanoparticles against Staph-
ylococcus aureus and Escherichia coli. Korean J Microbiol Biotechnol.
2011;39:77–85.

44 Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold
Spring Harbor Perspect Biol. 2010;2:a000414.

45 Hamida RS, Ali MA, Goda DA, Al‐Zaban MI. Lethal mechanisms of
Nostoc‐synthesized silver nanoparticles against different pathogenic
bacteria. Int J Nanomed. 2020;15:10499–517.

46 Seeger MA, van Veen HW. Molecular basis of multidrug transport by
ABC transporters. Biochim Biophys Acta Prot Proteom. 2009;1794:
725–37.

47 Banerjee M, Mallick S, Paul A, Chattopadhyay A, Ghosh SS.
Heightened reactive oxygen species generation in the antimicrobial
activity of a three component iodinated chitosan−silver nanoparticle
composite. Langmuir. 2010;26:5901–8.

48 Gurunathan S, Choi Y‐J, Kim J‐H. Antibacterial efficacy of silver
nanoparticles on endometritis caused by Prevotella melaninogenica
and Arcanobacterum pyogenes in dairy cattle. Int J Mol Sci. 2018;
19:1210.

49 Hou J, Zhao L, Tang H, He X, Ye G, Shi F, et al. Silver nanoparticles
induced oxidative stress and mitochondrial injuries mediated au-
tophagy in HC11 cells through Akt/AMPK/mTOR pathway. Biol Trace
Elem Res. 2021;199:1062–73.

50 Masip L, Veeravalli K, Georgiou G. The many faces of glutathione in
bacteria. Antioxid Redox Signal. 2006;8:753–62.

51 Yuan Y‐G, Cai H‐Q, Wang J‐L, Mesalam A, Md Talimur Reza AM, Li L,
et al. Graphene oxide–silver nanoparticle nanocomposites induce
oxidative stress and aberrant methylation in caprine fetal fibroblast
cells. Cells. 2021;10:682.

52 Bueno R, Braga R, Segretti N, Ferreira E, Trossini G, Andrade C, et al.
New tuberculostatic agents targeting nucleic acid biosynthesis: drug
design using qsar approaches. Curr Pharm Des. 2013;20:4474–85.

53 Rowlett VW, Mallampalli VKPS, Karlstaedt A, Dowhan W, Taegtmeyer
H, Margolin W, et al. Impact of membrane phospholipid alterations in
Escherichia coli on cellular function and bacterial stress adaptation.
J Bacteriol. 2017;199:e00849‐16.

54 Dalebroux ZD. Cues from the membrane: bacterial glycer-
ophospholipids. J Bacteriol. 2017;199:e00136‐17.

55 de Carvalho C, Caramujo M. The various roles of fatty acids. Mole-
cules. 2018;23:2583.

56 Jimenez‐Diaz L, Caballero A, Segura A. Aerobic utilization of hydro-
carbons, oils and lipids. In: Rojo F, editor. Pathways for the degradation
of fatty acids in bacteria. Springer Nature. p. 1–23.

57 Kaynar MY, Hanci M, Kuday C, Belce A, Gumustas K, Kokoglu E.
Changes in the activity of antioxidant enzymes (SOD, GPX, CAT) after
experimental spinal cord injury. Tokushima J Exp Med. 1994;41:133–6.

58 Ahmad T, Mahbood F, Sarwar R, Iqbal A, Khan M, Muhammad S,
et al. Synthesis of gemifloxacin conjugated silver nanoparticles, their

563



amplified bacterial efficacy against human pathogen and their mor-
phological study via TEM analysis. Artif Cells Nanomed Biotechnol.
2021;49:661–71.

59 Kage H, Takaya A, Ohya M, Yamamoto T. Coordinated regulation of
expression of Salmonella pathogenicity island 1 and flagellar type III
secretion systems by ATP‐dependent ClpXP protease. J Bacteriol.
2008;190:2470–8.

60 CDC. Antibiotic resistance threats in the United States, 2019. Atlanta,
GA: US.: Department of Health and Human Services, CDC; 2019.

61 World Health Organization. Salmonella (non‐typhoidal). World Health
Organization Official Website. 2018 [cited 2024 Jan 15]. https://www.
who.int/news-room/fact-sheets/detail/salmonella-(non-typhoidal)

62 Galán JE. Salmonella Typhimurium and inflammation: a pathogen‐
centric affair. Nat Rev Microbiol. 2021;19:716–25.

63 Biswas S, Li Y, Elbediwi M, Yue M. Emergence and dissemination of
mcr‐carrying clinically relevant Salmonella Typhimurium monophasic
clone ST34. Microorganisms. 2019;7:298.

64 Gopinath S, Carden S, Monack D. Shedding light on Salmonella
carriers. TIM. 2012;20:320–7.

65 Paudyal N, Yue M. Antimicrobial resistance in the “Dark Matter". Clin
Infect Dis. 2019;69:379–80.

66 Xu X, Biswas S, Gu G, Elbediwi M, Li Y, Yue M. Characterization
of multidrug resistance patterns of emerging Salmonella enterica
serovar rissen along the food chain in China. Antibiotics. 2020;9:660.

67 Dunlap NE, Benjamin WH, McCall RD, Tilden AB, Briles DE. A “safe‐site”
for Salmonella typhimurium is within splenic cells during the early phase
of infection in mice. Microb Pathog. 1991;10:297–310.

68 Liu J, Huang H, Yang Q, Zhao J, Zhang H, Chen W, et al. Dietary
supplementation of n‐3LCPUFAs prevents salmonellosis in a murine
model. J Agricult Food Chem. 2020;68:128–37.

69 Farouk MM, El‐Molla A, Salib FA, Soliman YA, Shaalan M. The role
of silver nanoparticles in a treatment approach for multidrug‐resistant
Salmonella species isolates. Int J Nanomedicine. 2020;15:6993–7011.

70 Zu M, Xie D, Canup BSB, Chen N, Wang Y, Sun R, et al. ‘Green’
nanotherapeutics from tea leaves for orally targeted prevention and
alleviation of colon diseases. Biomaterials. 2021;279:121178.

71 Li Y, Ed‐Dra A, Tang B, Kang X, Müller A, Kehrenberg C, et al. Higher
tolerance of predominant Salmonella serovars circulating in the
antibiotic‐free feed farms to environmental stresses. J Hazard Mater.
2022;438:129476.

72 Afsharzadeh M, Naderinasab M, Tayarani Najaran Z, Barzin M, Emami
SA. In‐vitro antimicrobial activities of some Iranian conifers. Iran J
Pharmaceut Res. 2013;12:63–74.

73 Romero‐Urbina DG, Lara HH, Velázquez‐Salazar JJ, Arellano‐
Jiménez MJ, Larios E, Srinivasan A, et al. Ultrastructural changes in
methicillin‐resistant Staphylococcus aureus induced by positively
charged silver nanoparticles. Beilstein J Nanotechnol. 2015;6:
2396–405.

74 Deshavath NN, Mukherjee G, Goud VV, Veeranki VD, Sastri CV.
Pitfalls in the 3, 5‐dinitrosalicylic acid (DNS) assay for the reducing
sugars: interference of furfural and 5‐hydroxymethylfurfural. Int J Biiol
Macromol. 2020;156:180–5.

75 Paudyal N, Pan H, Elbediwi M, Zhou X, Peng X, Li X, et al. Charac-
terization of Salmonella Dublin isolated from bovine and human hosts.
BMC Microbiol. 2019;19:226.

76 Robinson MD, McCarthy DJ, Smyth GK. EdgeR: a bioconductor
package for differential expression analysis of digital gene expression
data. Bioinformatics. 2010;26:139–40.

77 Anders S, Pyl PT, Huber W. HTSeq: a python framework to work
with high‐throughput sequencing data. Bioinformatics. 2015;31:
166–9.

78 Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript‐level
expression analysis of RNA‐seq experiments with hisat, stringtie and
ballgown. Nat Protoc. 2016;11:1650–67.

79 Pertea M, Pertea GM, Antonescu CM, Chang T‐C, Mendell JT,
Salzberg SL. StringTie enables improved reconstruction of a
transcriptome from RNA‐seq reads. Nat Biotechnol. 2015;33:
290–5.

80 Yu G, Wang L‐G, Han Y, He Q‐Y. ClusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS J In-
tegr Biol. 2012;16:284–7.

81 Wu J, Pugh R, Laughlin RC, Andrews‐Polymenis H, McClelland M,
Bäumler AJ, et al. High‐throughput assay to phenotype Salmonella
enterica Typhimurium association, invasion, and replication in mac-
rophages. JoVE. 2014;90:51759.

How to cite this article: Jin X, Peng N, Cui A, Liu Y,

Peng X, Huang L, et al. Sodium dodecyl sulfate‐coated silver

nanoparticles accelerate antimicrobial potentials by targeting

amphiphilic membranes. mLife. 2024;3:551–564. https://doi.

org/10.1002/mlf2.12143

© 2024 The Author(s). mLife published by John Wiley & Sons Australia, Ltd on behalf of Institute of Microbiology, Chinese Academy of

Sciences.

564

https://www.who.int/news-room/fact-sheets/detail/salmonella-(non-typhoidal)
https://www.who.int/news-room/fact-sheets/detail/salmonella-(non-typhoidal)
https://doi.org/10.1002/mlf2.12143
https://doi.org/10.1002/mlf2.12143

	Sodium dodecyl sulfate-coated silver nanoparticles accelerate antimicrobial potentials by targeting amphiphilic membranes
	INTRODUCTION
	RESULTS AND DISCUSSION
	Preparation and characterization of AgNPs
	Potent antibacterial activity of AgNPs
	Bactericidal mechanisms of AgNPs
	The effect of AgNPs on the regulation of gene expression in S. Typhimurium
	In vitro toxicity and protective capacity of AgNPs against Salmonella infections
	In vivo protective efficacy of AgNPs against Salmonella infections

	MATERIALS AND METHODS
	Preparation of AgNPs
	Bacterial strains and reagents
	Antibacterial activity of AgNPs
	Evaluation of parameters affecting the antibacterial activity of AgNPs
	TEM analysis
	Evaluation of membrane integrity
	Bacterial metabolic activity assay (ATPase)
	In vitro determination of antioxidative stress
	Transcriptome analysis
	RT-qPCR
	Bacterial adhesion, invasion, and proliferation assay for macrophages
	Intervention of murine enteritis caused by Salmonella
	In vivo acute toxicity
	Statistical analysis

	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	ETHICS STATEMENT
	CONFLICT OF INTERESTS
	DATA AVAILABILITY
	SUPPORTING INFORMATION
	ORCID
	REFERENCES




