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Background: The threat of drug-resistant Pseudomonas aeruginosa requires great efforts to 

develop highly effective and safe bactericide.

Objective: This study aimed to investigate the antibacterial activity and mechanism of silver 

nanoparticles (AgNPs) against multidrug-resistant P. aeruginosa.

Methods: The antimicrobial effect of AgNPs on clinical isolates of resistant P. aeruginosa was 

assessed by minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC). 

In multidrug-resistant P. aeruginosa, the alterations of morphology and structure were observed by 

the transmission electron microscopy (TEM); the differentially expressed proteins were analyzed 

by quantitative proteomics; the production of reactive oxygen species (ROS) was assayed by 

H
2
DCF-DA staining; the activity of superoxide dismutase (SOD), catalase (CAT) and peroxidase 

(POD) was chemically measured and the apoptosis-like effect was determined by flow cytometry.

Results: Antimicrobial tests revealed that AgNPs had highly bactericidal effect on the drug-resis-

tant or multidrug-resistant P. aeruginosa with the MIC range of 1.406–5.625 µg/mL and the MBC 

range of 2.813–5.625 µg/mL. TEM showed that AgNPs could enter the multidrug-resistant bacteria 

and impair their morphology and structure. The proteomics quantified that, in the AgNP-treated 

bacteria, the levels of SOD, CAT, and POD, such as alkyl hydroperoxide reductase and organic 

hydroperoxide resistance protein, were obviously high, as well as the significant upregulation of 

low oxygen regulatory oxidases, including cbb3-type cytochrome c oxidase subunit P2, N2, and O2. 

Further results confirmed the excessive production of ROS. The antioxidants, reduced glutathione 

and ascorbic acid, partially antagonized the antibacterial action of AgNPs. The apoptosis-like rate 

of AgNP-treated bacteria was remarkably higher than that of the untreated bacteria (P,0.01). 

Conclusion: This study proved that AgNPs could play antimicrobial roles on the multidrug-resistant 

P. aeruginosa in a concentration- and time-dependent manner. The main mechanism involves the dis-

equilibrium of oxidation and antioxidation processes and the failure to eliminate the excessive ROS.

Keywords: silver nanoparticles, AgNPs, antibacterial activity, mechanism, Pseudomonas 

aeruginosa, multidrug-resistant bacterium

Introduction
Pseudomonas aeruginosa is the most frequently isolated non-fermentative 

gram-negative bacillus and one of the most common opportunistic pathogens. It is easily 

found in patients with lung or burn wound infection and is a predominant colonized 

bacterium in some implanted medical devices, such as catheter. By taking advantage of 

its structural components, toxins, enzymes, and so on, P. aeruginosa incursion results 

in violent neutrophil response and tissue damage of the body.1,2 Moreover, formation 

of biofilm and quorum sensing system during the bacterial growth induces adaptive 

resistance,3,4 which gives rise to multidrug-resistant strains, especially resistant to 
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carbapenems. Infection and spread of the resistant microbes 

are the reasons for chronic disease status and the “culprits” 

for high morbidity and mortality.5

Tacconelli et  al6 evaluated the priority of 20 bacteria 

bearing 25 patterns of acquired resistance. Three levels of 

critical, high, and medium were classified according to ten 

criteria, such as fatality rate, drug-resistant tendency and 

distribution, medical care burden, preventive and therapeutic 

effect, and so on. The results showed that the critical-priority 

bacteria included carbapenem-resistant Acinetobacter 

baumannii, carbapenem-resistant P. aeruginosa and 

carbapenem, and third-generation cephalosporin-resistant 

Enterobacteriaceae.6 Clinically, carbapenem-resistant 

P. aeruginosa is cross-resistant to cephalosporins, quino-

lones, and aminoglycosides. Hence, development of new 

effective, safe, and broad-spectrum antimicrobial agents is 

urgently required to prevent and treat P. aeruginosa infection.

Nowadays, nanoparticles have achieved remarkable atten-

tion as novel antimicrobial products as they possess high sur-

face area-to-volume ratio and unique physical and chemical 

properties.7–10 The different metals including silver, copper, 

titanium, zinc, and gold are used as antimicrobial materials. 

Hernándezsierra et  al compared the anti-Streptococcus 

mutans activity of nano scale silver, gold, and zinc oxide 

and found that silver nanoparticles (AgNPs) worked best.11

Previous studies proved the strong antibacterial action of 

AgNPs on either gram-positive or gram-negative bacteria. 

Sondi and Salopek-Sondi first reported their observations 

of AgNPs against Escherichia coli and revealed that for-

mation of “pits” in bacterial cell wall and accumulation 

of AgNPs in the cellular membrane led to an augmented 

permeability of the cell wall and ultimately the cell death.12 

Shameli et al revealed that AgNPs were able to kill or curb 

Staphylococcus aureus or Salmonella typhimurium, and their 

antibacterial performance strongly relied on the dimension 

of the particles.13 To the best of our knowledge, only very 

few studies reported that AgNPs had antimicrobial activity 

on multidrug-resistant P. aeruginosa.14 Moreover, the antimi-

crobial mechanisms of AgNPs on multidrug-resistant bacteria 

remain enigmatic. Currently, the most known mechanisms of 

AgNPs involve 1) AgNPs disrupt the integrity of the bacte-

rial cell wall and membrane, promoting the permeability of 

the membrane and the leakage of the cell constituents, and 

eventually induce cell death;15 2) AgNPs interrupt the respi-

ratory chain reaction by combining the sulfhydryl, resulting 

in lipid peroxidation and oxidative damage of DNA and 

proteins, and then the cell death;16,17 3) AgNPs bind to sulfur 

and phosphorous groups of the DNA, which leads to damage 

and aggregation of the DNA and disrupt its transcription 

and translation;18 4) AgNPs foster dephosphorylation of 

phosphotyrosines, and thereby interfere the process of cell 

signal transduction and killing the cells;15 5) when AgNPs are 

exposed to aerobic conditions, they could release Ag+ from 

the surface of the particles. The released Ag+ plays strong 

antimicrobial roles by interacting with the cell membrane 

and cell wall components of the bacteria, which is one of 

the crucial mechanisms of toxicity of AgNPs.19

This study aimed to investigate the antibacterial 

activity of AgNPs on clinically isolated multidrug-resistant 

P. aeruginosa and to explore the potential mechanisms. 

Morphology and structure alternations of the bacteria, when 

exposed to AgNPs, were observed with TEM. Tandem Mass 

Tag (TMT)-labeled quantitative proteomic was conducted to 

disclose the impact of AgNPs on the protein expression of 

the bacteria. Our data revealed that AgNPs could effectively 

kill the multidrug-resistant P. aeruginosa in vitro. The main 

mechanisms may involve disequilibrium of oxidation and 

antioxidation processes and failure to eliminate the overpro-

duced reactive oxygen species in the bacteria, which cause 

lipid peroxidation and damage of the DNA and ribosome, and 

accordingly, the synthesis of the large molecules is reduced 

and cell death occurs.

Materials and methods
Preparations for AgNPs
The ready-to-use AgNP stock solution (containing 

1,000 µg/mL nano silver) was provided by Hunan Anson 

Biotechnology Co., Ltd. (Changsha, China). Briefly, 0.78 g/L 

silver nitrate and 0.5 g/L branched cyclodextrin solution 

were separately prepared. About 10 mL of AgNO
3
 was 

slowly dropped into 40 mL of branched cyclodextrin, and 

the mixed solution was water bathed at 90°C; keep stirring 

the mixture until the Ag+ was completely reduced to Ag0. The 

completion of the reaction was confirmed by Na
2
S addition. 

To be exact, if black precipitates are formed after adding 

0.1 g/L Na
2
S into the above Ag+/Ag0-contained solution, it 

indicated incomplete transformation of Ag+ to Ag0; in con-

trast, if no black precipitates appeared, it meant the reaction 

is complete and the obtained AgNPs were qualified. The 

NPs synthesized by this method could form stable complex 

with branched cyclodextrin to prevent silver particles from 

agglomeration. After the specific absorption spectrum of 

AgNPs was measured by UV-visible spectrophotometry, 

the morphology of the particles was observed by TEM and 

their size was measured by dynamic light scattering (DLS). 

For TEM detection, briefly, the aliquots of the AgNP solution 
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were dropped onto a carbon film held by a copper mesh and 

air-dried at room temperature before they were characterized 

by conventional bright-field TEM images. For particle size 

measurement, 3–5 mL of 10 µg/mL nano silver dilution was 

tested by a laser particle size analyzer HPPS 5001 (Malvern 

Instruments, Malvern, UK).

Isolation of P. aeruginosa and the 
antimicrobial susceptibility test
The bacteria of P. aeruginosa were isolated from the clinically 

infectious specimens and identified using the VITEK2 com-

puter automatic bacteria identification system (Bio Merière, 

Lyon, France) and rechecked by 16S rRNA gene sequencing, 

which were part of our routine laboratory procedure. A total 

of 21 strains of P. aeruginosa were obtained and their anti-

microbial susceptibility was tested by Kirby–Bauer method. 

The bacterial concentration was 1×108 CFU/mL, and the anti-

microbials included gentamycin, levofloxacin, piperacillin/

tazobactam, cefepime, ceftazidime, ceftriaxone, cefotaxime, 

and meropenem. P. aeruginosa strain of ATCC 27853 was 

used as the quality control. According to 2017 guidelines of 

the Clinical and Laboratory Standards Institute, the bacteria 

were divided into three groups of sensitive, drug resistant, 

and multidrug resistant. Those resistant to three antimicrobials 

or more were classified as multidrug-resistant strain.

Minimal inhibitory concentration (MIC) 
and minimal bactericidal concentration 
(MBC) measurements of AgNPs 
against P. aeruginosa
The MIC of AgNPs against 21 clinical isolates of 

P. aeruginosa was tested with agar double dilution method; 

the MBC was determined by broth double dilution. The 

concentration of the bacteria used in this measurement was 

about 1×104 CFU/mL, and the concentration gradients of 

AgNPs were from 45, 22.5, 11.25, 5.625, 2.813, 1.406, 0.703, 

0.352, 0.176 to 0.088 µg/mL. Furthermore, the MIC values of 

AgNPs against multidrug-resistant P. aeruginosa at different 

concentrations of 103, 105, and 107 CFU/mL were measured 

and compared. In addition, the antibacterial effects of AgNPs 

under the concentration of 1 MIC or 2 MIC at different time 

intervals were measured by counting the living bacteria on 

plates and the time–bactericidal curves were plotted.

AgNP treatment and preparations for 
TEM observation
In order to observe the impact of AgNPs on the morphology and 

structure of P. aeruginosa, five isolates of multidrug-resistant 

P. aeruginosa were adopted, and each was proliferated to 

1×108 CFU/mL. After being exposed to 11.25 µg/mL AgNPs 

for 2 hours, the culture was precipitated by centrifugation 

and washed once with PBS and then centrifugated; the pre-

cipitates were fixed in 2.5% glutaraldehyde overnight, and 

rinsed three times with 0.1 M phosphoric acid; the bacteria 

were dehydrated, paraffin embedded, and sliced, then double 

stained with 3% uranium acetate and lead nitrate before 

being observed by Hitachi H7700 TEM. The bacteria without 

AgNPs treatment were performed as controls.

TMT-labeled quantitative proteomic 
analysis
Bacteria of 1×108 CFU/mL P. aeruginosa were co-cultured 

with 11.25 µg/mL AgNPs in Luria-Bertani (LB) liquid 

medium at 37°C for 1 hour. Following centrifugation, the 

precipitates were washed with PBS and immediately frozen 

in liquid nitrogen. After thawing, the samples were lysed 

with four times the volume of the lysis buffer, containing 

8 M urea, 1% protease inhibitor, and 2 mM EDTA, and 

then underwent ultrasonication and centrifugation at 16,000 

rpm at 4°C for 10 minutes. The sediment was further dis-

solved in 8 M urea and the protein concentration of the 

solution was determined with bicinchoninic acid (BCA) 

protein assay kit. For TMT proteomic analysis, the protein 

solution was first reduced with dithiothreitol for 30 minutes 

at 56°C, alkylated with iodoacetamide for 15 minutes at 

room temperature in the darkness and then diluted with 

100 M triethyl ammonium bicarbonate (TEAB). After that, 

trypsin was added into the dilution at a mass ratio of 1:50 

(trypsin:protein) for overnight digestion at 37°C. Further 

digestion was conducted by adding trypsin into the solution 

at a mass ratio of 1:100 for another 4 hours. Using a Strata 

X C18 SPE column (Phenomenex, Torrance, CA, USA), the 

tryptic peptides were desalted, vacuum-dried, reconstituted in 

0.5 M TEAB and further labeled by TMT in accordance with 

the manufacturer’s instructions. The labeled tryptic peptides 

were fractionated by high pH reverse-phase HPLC using Agi-

lent 300 Extend C18 column (5 µm particles, 4.6 mm ID, 250 

mm length). Briefly, the peptides were first separated with a 

gradient of 8%–32% acetonitrile (pH 9.0) into 60 fractions. 

Then, the peptides were combined into 18 fractions and dried 

by vacuum centrifuging. The peptides in these fractions were 

further separated using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). MS/MS data containing all the 

peptides information were identified and analyzed by software 

Maxquant (version 1.5.2.8). Using the UniPort-GOA database 

(http://www.ebi.ac.uk/GOA/), InterProScan (http://www.
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ebi.ac.uk/interpro/), and Gene Ontology (GO) annotation  

(http://geneonfelogy.org/), all the identified proteins were 

classified into three categories (cell component, molecular 

function, and biological process) by GO analysis. Only 

proteins with fold change .1.30 or ,0.77 and a two-tailed 

Fisher’s exact test P-value ,0.05 in three replicates were 

considered as significantly upregulated or downregulated in 

protein abundance, compared to the AgNPs-untreated control.

Detection of ROS and superoxide anions
Dynamic changes of the ROS in the bacteria, with AgNP-

processed time or concentration, were assessed, and so 

were the superoxide anions (O
2
-). To be exact, at different 

time points of 0, 0.25, 0.5, 0.75, 1, 1.5, and 2 hours post-

AgNP treatment on 1×108 CFU/mL P. aeruginosa, or when 

1×108 CFU/mL P. aeruginosa was subjected to AgNPs for 

1 hour with the gradient concentrations of 0, 5.625, 11.25, 22.5, 

and 45 µg/mL, the bacteria were collected for further analysis.

ROS was measured by 2′,7′-dichloro fluorescein diacetate 

(H
2
DCF-DA). In the beginning, 10 mM H

2
DCF-DA stock 

solution in dimethyl sulfoxide was diluted to 1 mM working 

solution with LB medium. The collected bacteria were 

washed with PBS and suspended in 1.8 mL of PBS; then, 

the samples were incubated with 200 µL of working solution 

at 37°C for 30 minutes in darkness. After that, the cells 

were harvested, washed, and resuspended in PBS, and this 

bacterial suspension was dropped on a slide and naturally 

dried in darkness at room temperature before fluorescence 

microscope detection. Meanwhile, the cultured bacteria were 

lysed by alkaline lysis buffer and centrifuged at 3,000 rpm for 

5 minutes. Subsequently, 1 mL of supernatant of the lysate 

was prepared for fluorescence spectrophotometry detection 

at the wavelength of 520 nm.

The O
2
- contents were tested by hydroxylamine oxidation 

assay kit (Suzhou Kechromium Biotechnology Inc., Suzhou, 

China). The testing principle is that the O
2

- reacts with 

hydroxylamine hydrochloride to form NO
2
-, and under the 

action of p-aminobenzenesulfonic acid and α-naphthylamine, 

NO
2

- produces a red azo compound with a characteristic 

absorption peak at a wavelength of 530 nm and the O
2

- con-

tent of the sample can be calculated from the A 530 value.

Detection of the activity of the relevant 
REDOX enzymes
The activities of catalase (CAT), peroxidase (POD), and 

superoxide dismutase (SOD) were measured at different time 

intervals of 0, 0.5, 1, 1.5, 2, 3, and 4 hours post-AgNP treatment 

on 1×108 CFU/mL P. aeruginosa, or when 1×108 CFU/mL  

P. aeruginosa suffered AgNP treatment for 1 hour with the 

gradient concentrations of 0, 5.625, 11.25, 22.5, and 45 μg/mL. 

The bacteria were centrifuged at 10,000 rpm for 10 minutes and 

then washed and suspended with PBS. Following ultrasonic 

disruption in ice bath for 5 minutes, the samples were centri-

fuged at 10,000 rpm for 15 minutes, and the protein levels in the 

supernatants were assayed by Coomassie Brilliant Blue G-250; 

the activity of SOD was measured by water soluble tetrazole 

salt assay, POD by guaiacol method, and CAT by ammonium 

molybdate colorimetry. The kits were purchased from Najing 

Jiancheng Bioengineering Institute (Nanjing, China).

Detection of the effect of antioxidants on 
the antibacterial ability of AgNPs
Glutathione (GSH) and ascorbic acid (AsA) are the common 

antioxidants that can neutralize ROS in the cell. To explore 

their action on the growth of P. aeruginosa, GSH or AsA was 

added alone or together to the AgNPs-treated bacteria and 

the 625 nm OD values of the bacteria was determined. To be 

exact, 1×108 CFU/mL P. aeruginosa treated with 11.25 µg/mL 

AgNPs was incubated in LB medium at 37°C, with the addi-

tion of 1.5 mmol/mL GSH or AsA or both. The OD values 

of the bacteria were measured at each time points of 0, 0.25, 

0.5, 0.75, 1, 1.5, and 2 hours, or at time points of 0, 1, 2, 4, 8, 

16, and 24 hours posttreatment. The bacteria in the absence 

of AgNPs or antioxidant or both were cultured as controls.

Detection of the bacterial apoptosis-like 
effect
The apoptosis-like effect of AgNP-treated multidrug-resistant 

P. aeruginosa was detected by annexin V and propidium iodide 

double staining under the guidance of the manufacturer’s instruc-

tion (US Everbright Inc., Suzhou, China). Briefly, 1×108 CFU/mL  

P. aeruginosa was exposed to 11.25 µg/mL AgNPs in LB 

medium at 37°C for 2 hours; then the bacteria were collected 

and washed once with pre-cooled PBS. After resuspended in 

100 µL of annexin V-binding buffer and icily incubated with 

5 µL of FITC-conjugated annexin V and 2 µL of propidium 

iodide for 15 minutes away from light, the samples were diluted 

with 400 µL of PBS and loaded to a FC 500 flow cytometer 

(Beckman Coulter Inc., CA, USA) within 1 hour. The bacteria 

without AgNP addition were taken for negative controls.

Results
Characteristics of the AgNP solution
AgNP solution was tested by a UV-visible spectrophotometer 

ranging from 250 to 600 nm. The results showed a typical 

AgNP absorption peak at 407.9 nm (Figure 1A). Under TEM, 
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Figure 1 Physical and chemical properties of AgNP solution.
Notes: (A) The ultraviolet-visible absorption spectrum of AgNPs, with a peak at 407.9 nm. (B) The morphology and size of AgNPs under TEM observation. (C) The particle 
size distribution of AgNPs measured by DLS.
Abbreviations: AgNP, silver nanoparticle; DLS, dynamic light scattering; TEM, transmission electron microscopy.

the AgNP particles in the solution presented near-spherical 

shape, uniform size, and perfect dispersion (Figure 1B). 

DLS measurement demonstrated that the nanoparticles were 

normally distributed in diameter between 5 and 20 nm; most 

of them were of 5–10 nm in diameter (Figure 1C).

Screening for the phenotype of resistant 
P. aeruginosa
A total of 21 strains of P. aeruginosa were isolated and 

identified from clinically infectious specimens. Drug 

susceptibility test determined that 12 (57.14%) of them were 

drug-resistant and nine (42.86%) multidrug-resistant; none of 

them were drug-sensitive. Notably, meropenem resistance 

was found in each of the strains.

Antibacterial effect of AgNPs on resistant 
P. aeruginosa
Agar dilution test revealed that the mean MIC in the 

multidrug-resistant group was 2.285±1.492 µg/mL and the 

mean MBC 3.165±0.994 µg/mL; in comparison, the mean 

MIC and MBC in the drug-resistant group were 2.596±1.126 

µg/mL and 3.246±1.056 µg/mL, respectively. The values of 

MIC or MBC were not significantly different between the two 

groups (P.0.05, Figure 2A; Table S1). The values of MIC 

50/90 and MBC 50/90 between the two groups were also com-

pared in Figure 2B. The results showed that AgNPs had high 

bactericidal effect on the drug-resistant or multidrug-resistant 

P. aeruginosa with the MIC range of 1.406–5.625 µg/mL and 

the MBC range of 2.813–5.625 µg/mL.

The MIC values of AgNPs against multidrug-resistant 

P. aeruginosa at different density of 103, 105, and 

107 CFU/mL were measured to figure out whether the con-

centration difference of the bacteria exerts influence on the 

activities of AgNPs. As shown in Figure 2C, the MIC of 

AgNPs significantly stepped up with the increase of the bac-

terial concentration (P,0.05). The results indicated that the 

bacterial concentration could affect the MIC of AgNPs; the 

higher the concentration was, the bigger the MIC of AgNPs.

Further plate counting confirmed that when the concentra-

tion of AgNPs was at 1 MIC, the count of multidrug-resistant 

P. aeruginosa fell at 0.5 hour post-culture; this downtrend 

continued, as Figure 2D depicts that at 2 hours post-culture, 

the number of bacteria reduced further, and at 4 hours 

post-culture, the majority of the bacteria was destroyed; 

few bacteria survived at 6 hours post-culture. When the 

concentration of AgNPs was at 2 MIC, the number of bacteria 

decreased more rapidly compared to that at 1 MIC; almost 

all the bacteria were killed at 2 hours post-culture. It proved 

that AgNPs could effectively kill multidrug-resistant 

P. aeruginosa, and the effectiveness was positively related 

to the concentration of AgNPs.

AgNPs altered morphology and structure 
of multidrug-resistant P. aeruginosa
After treated with AgNPs for 2 hours, the bacteria of each 

multidrug-resistant P. aeruginosa were collected for mor-

phology and structure examination by TEM. In contrast to 

the untreated bacteria, which showed intact morphology of 

bacilliform with evenly distributed nucleoplasm and vis-

ible flagellum (Figure 3A and B), alterations in the AgNP-

treated groups (covering five isolates) were similar, which 

included that the cell wall became thin or even disappeared; 
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Figure 2 Antibacterial effect of AgNPs against the resistant Pseudomonas aeruginosa.
Notes: (A) The mean values of MIC and MBC of AgNPs against P. aeruginosa. (B) The values of MIC50 and MBC90 of AgNPs against P. aeruginosa. (C) The effect of different 
concentrations of P. aeruginosa on MIC of AgNPs. (D) The time–bactericidal curve of AgNPs against P. aeruginosa. **P,0.01.
Abbreviations: AgNP, silver nanoparticle; MBC, minimal bactericidal concentration; MIC, minimal inhibitory concentration.

the cell membrane was crumpled and the cell integrity was 

violated, along with AgNPs, vacuoles, and nucleoplasm 

agglutination inside the cell (Figure 3C and D). Some bacteria 

became swollen or atrophy, combined with cell membrane 

deformation or rupture and release of the cell contents 

(Figure 3E and F).

AgNPs destroyed the REDOX homeostasis 
of multidrug-resistant P. aeruginosa
Based on TMT-labeled quantitative proteomic platform, a 

total of 3,247 proteins were identified; among them, 3,011 

were quantified in multidrug-resistant P. aeruginosa. In 

comparison with the control group, 170 proteins were 

upregulated and 366 proteins were downregulated in the 

AgNP-treated bacteria (P,0.05, Figure 4A and B). GO 

enrichment analysis showed that the proteins involved in 

the processes of reactive oxygen metabolism, oxidative 

stress, and REDOX were significantly highly expressed in 

the experimental group; while the expression of the proteins 

with reference to synthesis, metabolic processes, amino 

compound, and the macromolecular substances was low 

(Figure 4C). Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway enrichment analysis concluded that in 

the AgNP-treated group, proteins participating in oxidative 

phosphorylation, purine and pyrimidine metabolism, ribo-

some and RNA degradation, DNA replication, fatty acid 

degradation, and synthesis and degradation of ketone bodies 

were significantly enriched (Figure 4D). Protein interaction 

analysis described that the majority of oxidative and anti-

oxidant proteins were increased in the treatment group, but 

the DNA and RNA damage-related proteins and ribosomal 

proteins were decreased (Figure 4E). Further analysis of 

oxidative stress-related proteins showed that the expression 

level of SOD, CAT, alkyl hydroperoxide reductase (AhpD, 

AhpC, and AhpF), cytochrome c551 peroxidase, and organic 

hydroperoxide resistance protein (Ohr) in AgNP-addressed 

P. aeruginosa were distinctively higher than those in the 

control group; cbb3-type cytochrome c oxidase subunit P2 
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Figure 3 Morphology and structure alterations of AgNP-treated Pseudomonas aeruginosa observed by TEM.
Notes: (A, B) The untreated P. aeruginosa. (C, D) The changes of P. aeruginosa post-AgNP treatment at the early stage. (E, F) The changes of P. aeruginosa post-AgNP 
treatment at the late stage. 
Abbreviations: AgNP, silver nanoparticle; TEM, transmission electron microscopy. 
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Figure 4 Expression and function analysis of the proteins identified by TMT-labeled quantitative proteomic in AgNP-treated multidrug-resistant Pseudomonas aeruginosa.
Notes: (A) The volcano map of differentially expressed proteins. The abscissa denotes the ratios of differential expression proteins in the AgNP-treated P. aeruginosa vs 
those in the untreated bacteria; the ordinate represents the P-values between the two groups. (B) The number of differentially expressed proteins identified by TMT-labeled 
quantitative proteomic. (C) GO enrichment cluster analysis of the differential proteins. The red color represents the proteins relevant to biological processes; the yellow, 
cellular localization and the green, molecular function. Those above the horizontal axis are the upregulated proteins and those below the axis are the downregulated proteins. 
(D) KEGG pathway clustering heat map of the differential proteins. The deeper the blue color, the more significant the enrichment is. (E) The interactive network of three 
groups of proteins and their differential expression in the AgNP-treated P. aeruginosa vs those in the untreated bacteria. (F) The comparative analysis of oxidative stress-
related proteins between pre- and post-AgNP treatment. 
Abbreviations: AgNP, silver nanoparticle; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PA, P. aeruginosa; TMT, Tandem Mass Tag. 
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(CcoP2), N2 (CcoN2), and O2 (CcoO2) were significantly 

upregulated in the experimental group; cbb3-type cytochrome 

c oxidase subunit P1 (CcoP1), O1 (CcoO1), and cytochrome 

bo3 ubiquinol oxidase (Cyt-bo3) were down-regulated in 

the AgNP-treated P. aeruginosa (Figure 4F; Table S2). The 

proteomic results imply that AgNPs acting on P. aeruginosa 

may impel developing oxidative stress reaction in the bacteria 

and lessen the local oxygen pressure, which inversely upregu-

late the corresponding reductases and hypoxia regulatory 

oxidases and downregulate the constitutive and hyperoxic 

regulatory oxidases. Consequently, AgNPs may impact 

on the bactericidal performance by affecting the REDOX 

process, DNA replication, RNA transcription, biosynthesis, 

and metabolism of the ribosomes, purines, pyrimidines, and 

fatty acids of the bacteria (Table S3).

Excessive ROS production in AgNP-
treated multidrug-resistant P. aeruginosa
The H

2
DCF-DA staining and fluorescence microscopy 

revealed that compared to the weak fluorescence of 

untreated P. aeruginosa, the fluorescence intensity of the 

AgNP-treated bacteria accumulated with the extension of 

AgNPs acting time within 2 hours (Figure 5). Moreover, 

when exposed to a series of AgNP solution with differ-

ent concentrations for 1 hour, the bacteria showed ascent 

fluorescence when the AgNPs were multiplied (Figure 6). 

The relative fluorescence intensity of AgNP-treated bacteria 

detected by fluorescence spectrophotometer was much higher 

than that of the control group within 2 hours (Figure 7A). 

When exposed to different concentrations of AgNPs within 

1 hour, the fluorescence of the bacteria was gradually 

elevated with the increase of AgNPs (Figure 7B). Thence 

we infer that AgNPs induce excessive ROS production in 

multidrug-resistant P. aeruginosa in a time- and concen-

tration-dependent manner. The ROS production is likely to 

be generated in the early stage of the interaction between 

AgNPs and the bacteria. However, the contents of O
2

- in 

both AgNP-treated and -untreated bacteria were very low, 

and no statistically significant difference was found between 

them (Figure 7C and D), which suggests that AgNPs may 

not help produce O
2

- in multidrug-resistant P. aeruginosa.

Alteration of the activity of the REDOX 
relevant enzymes in AgNP-treated 
multidrug-resistant P. aeruginosa
Despite AgNPs prospered the ROS generation in the 

multidrug-resistant P. aeruginosa, the contents of some 

REDOX relevant enzymes were increased because of the oxi-

dative stress reaction in the bacteria. Therefore, the activity of 

these enzymes, including CAT, POD, and SOD, needs to be 

further explored. We found that the activity of CAT or POD 

was gradually lowered as the time of AgNP administration 

Figure 5 Changes of ROS production in AgNP-treated multidrug-resistant Pseudomonas aeruginosa at different time intervals under fluorescence microscopy with ×400 magnification.
Notes: (A) The untreated P. aeruginosa without observable fluorescence. (B–F) Fluorescence observation of the bacteria treated with AgNPs at different points of 0.5, 0.75, 
1, 1.5, and 2 hours, respectively, indicating that AgNPs induce ROS production in a time-dependent manner.
Abbreviations: AgNP, silver nanoparticle; ROS, reactive oxygen species.
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Figure 6 Changes of ROS production in multidrug-resistant Pseudomonas aeruginosa exposed to different concentrations of AgNPs under fluorescence microscopy with 
×400 magnification.
Notes: (A) The untreated P. aeruginosa without observable fluorescence. (B–E) Fluorescence observation of the bacteria exposed to 5.625, 11.25, 22.5, and 45 µg/mL 
AgNPs, respectively.
Abbreviations: AgNP, silver nanoparticle; ROS, reactive oxygen species.

Figure 7 Changes of ROS and O2
- production in AgNP-treated multidrug-resistant Pseudomonas aeruginosa. 

Notes: (A) RFU–time curve of ROS production of the bacteria at different AgNP-treated time points of 0, 0.25, 0.5, 0.75, 1, 1.5, and 2 hours. (B) RFU–concentration 
curve of ROS production of the bacteria, exposed to different AgNPs concentrations of 0, 5.625, 11.25, 22.5, and 45 μg/mL. (C) The O2

- content–time curve of the bacteria 
at different AgNP-treated time points of 0, 0.25, 0.5, 0.75, 1, 1.5, and 2 hours. (D) The O2

- content–concentration curve of the bacteria, exposed to different AgNP 
concentrations of 0, 5.625, 11.25, 22.5, and 45 μg/mL, respectively. 
Abbreviations: AgNP, silver nanoparticle; RFU, relative fluorescence unit; ROS, reactive oxygen species.
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was prolonged. Compared to the control, the significantly low 

activity of CAT began at 0.5 hour post-treatment (P,0.05, 

Figure 8A); while for POD, it began at 1 hour posttreatment 

(P,0.05, Figure 8B). Moreover, the activity of SOD was 

boomed during the first 0.5 hour and maintained high level 

by 1 hour; then it reduced but still higher than that of the 

control group (P,0.05, Figure 8C). In addition, the activi-

ties of CAT, POD, and SOD were detected at the time of 

1 hour after AgNPs were added to the bacteria with different 

concentration. As shown in Figure 8D–F, the activity of CAT 

was plummeted with the increase of AgNP concentration; 

while the activity of POD was first decreased at the range of 

5.625–11.25 µg/mL AgNPs and thereafter remained stable 

in much higher level of AgNPs solution; the activity of SOD 

was enhanced with the addition of AgNPs but that was not 

closely correlated to the concentration of the AgNPs. In 

conclusion, AgNPs even though may constrain the action 

of CAT and POD, it is not the case when working on SOD.

Figure 8 Alteration of the activities of CAT, POD, and SOD in AgNP-treated multidrug-resistant Pseudomonas aeruginosa.
Notes: (A–C) The activity–time curves of CAT, POD, and SOD, respectively, when P. aeruginosa was exposed to AgNP treatment at different time points of 0, 0.5, 1, 
1.5, 2, 3, and 4 hours, respectively. (D–F) The activity–concentration curves of CAT, POD, and SOD, respectively, when the bacteria were addressed by a series of AgNP 
concentrations of 0, 5.625, 11.25, 22.5, and 45 μg/mL, respectively.
Abbreviations: AgNP, silver nanoparticle; CAT, catalase; POD, peroxidase; SOD, superoxide dismutase.
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Partial antagonization of antioxidants in  
AgNP-treated multidrug-resistant 
P. aeruginosa
Determination of the activities of antioxidants on the 

antimicrobial effect of AgNPs revealed that, in the 

group without the addition of antioxidant, the number of 

P. aeruginosa was distinctly reduced at 2 hours post-AgNP 

treatment and most of the bacteria were dead at 4 hours; in 

contrast, in the group added with antioxidant, the number 

of bacteria had no significant change at 2 hours post-

AgNP treatment and obvious proliferation of bacteria was 

observed from 4 hours (P,0.01). Notably, there was no 

significant change of the bacterial growth when GSH or 

AsA was added alone or together (Figure 9A and B). It is 

reasonable to deduce that the antioxidants can remove the 

ROS induced by AgNPs and thereby partially antagonize 

the antibacterial activity of AgNPs, but GSH and AsA may 

not act in a synergistic way.

Apoptosis-like effect of AgNP-treated 
multidrug-resistant P. aeruginosa
Flow cytometry with Annexin V and propidium iodide 

double staining assay identified that the average apoptosis-

like rate of bacteria in the AgNP-treated group was 22.73%, 

Figure 9 The effect of addition of antioxidant on the growth of AgNP-treated multidrug-resistant Pseudomonas aeruginosa.
Notes: (A) Bacterial growth–time curve in different groups treated by AgNPs together with GSH, AsA, or GSH+AsA within 2 hours, compared to the groups without AgNP 
treatment or antioxidant addition. (B) Bacterial growth–time curve in different groups treated with AgNPs together with GSH, AsA, or GSH+AsA within 24 hours, compared 
to the groups without AgNP treatment or antioxidant addition. 
Abbreviations: AgNP, silver nanoparticle; AsA, ascorbic acid; GSH, glutathione; OD, optical density; PA, P. aeruginosa.

predominantly higher than that of the untreated bacteria, 

which was 0.4% (P,0.01, Figure 10), and early apoptosis 

prevailed in the process. The results give evidences to support 

the inference that the excessive ROS induced by AgNPs may 

promote the apoptosis-like effect of P. aeruginosa.

Discussion
At present, prevention and therapy of P. aeruginosa infection 

become increasingly challenging, owing to its intrinsic 

and acquired drug-resistant properties.20 Carbapenems are 

currently the most important therapeutic option to deal 

with multidrug-resistant P. aeruginosa.21 In this study, we 

isolated and tested 21 clinical P. aeruginosa strains. Among 

them, 12 were drug-resistant and nine were multidrug-

resistant; most concerning of all, meropenem resistance was 

found in each of the strains. The threat posed by resistant 

P. aeruginosa requires great efforts to develop highly 

effective and safe bactericidal products with a wide spectrum 

of activity.

AgNPs can be prepared by chemical synthesis, physical 

methods, or biological techniques.22,23 Here we made 

AgNP solution by chemical methods, where a character-

istic absorption peak was observed at 407.9 nm. Further 

detection revealed these particles were nearly spherical 
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Figure 10 Apoptosis-like effect of AgNP-treated multidrug-resistant Pseudomonas aeruginosa.
Notes: (A) The apoptosis-like rate of the untreated P. aeruginosa measured by flow cytometry. (B) The apoptosis-like rate of the AgNP-treated bacteria measured by flow 
cytometry. (C) The comparative analysis of the average apoptosis-like rate of five biological replicates between the AgNP-treated and -untreated groups. **P,0.01.
Abbreviations: AgNP, silver nanoparticle; PA, P. aeruginosa; PI, propidium iodide.

in shape and evenly distributed in size with an average 

dimension of 5–10 nm.

The antibacterial effects of AgNP correlate with the par-

ticle dimension. The bigger the diameter is, the weaker the 

impact. Choi et al24 found that it was difficult for the AgNPs 

of .20 nm to move into the bacteria; particles of 1–15 nm 

were able to attach at the surface of the bacteria, while at the 

size of around 5 nm, AgNPs could step into the bacteria and 

their antibacterial effect was significantly effective than those 

of 10–20 nm.24 To investigate the bactericidal performance 

of AgNPs against resistant P. aeruginosa, we adopted 

5–10 nm silver spheres. Our results showed that the MIC 

and MBC of AgNPs against drug-resistant and multidrug-

resistant P. aeruginosa were between 1.406–5.625 µg/mL 

and 2.813–5.625 µg/mL, respectively, proving that AgNPs 

had strong antibacterial impact on the resistant P. aeruginosa 

at low concentration. Further antimicrobial tests revealed that 

AgNPs could rapidly destroy P. aeruginosa in a pattern based 

on dose and time. Orlov et al reported that AgNPs acted posi-

tively against E. coli in a concentration- and time-dependent 

manner at a range of low concentrations.25 Nonetheless, our 

results showed that the bactericidal effectiveness of AgNPs 

between drug-resistant and multidrug-resistant was of insig-

nificance, indicating that the antibacterial mechanism of 

AgNPs may be different from that of antibiotics.

By using TEM, Shrivastava et al observed the interac-

tive process of AgNPs and E. coli: In the beginning, AgNPs 

anchored on the cell wall, where the potential negative 

charge groups existed, and then drilled holes in the wall 

and went into the cytoplasm, which finally resulted in the 

cell membrane perforation and cell lysis.15 Another group 

reported that no obvious destruction was viewed in the 

membrane of AgNPs-treated E. coli, although electron dense 

granules were found in the cytoplasm.25 We found that after 

co-cultured with AgNPs, P. aeruginosa showed thinning 

cell wall and shrinking cell membrane, along with AgNPs, 

vacuoles, and agglutinative nucleoplasm inside the cell, 

while some bacteria became swollen or atrophic, which often 

accompanied fractured membrane and tremendous reduction 

of the cell contents. We conclude that AgNPs can be initially 

absorbed on the surface of the cell and then undermine the cell 

membrane, after that, the particles may be transported into 

the cytoplasm and imposed on a variety of macromolecules, 

either directly or indirectly, followed by DNA aggregation, 

protein degradation, or intracellular substance release and 

eventually, cell death.

Proteomic technology has been universally applied in the 

study of protein expression, post-translational modification, 

and their interaction, which help us to comprehensively 

understand the disease pathogenesis or cell metabolism 

at the protein level.26 Previous studies proved that AgNPs 

could interrupt the respiratory chain reaction in bacteria 

by combining the sulfhydryl units of dehydrogenase and 

inhibiting its activity.16 We speculate that AgNPs may curb 

dehydrogenase activity in P. aeruginosa and disturb the 

reaction of aerobic respiration and oxidative phosphoryla-

tion, resulting in accumulation of ROS and initiation of 

oxidative stress response in the bacteria. Actually, based on 

TMT-labeled quantitative proteomic analysis, our results 

implied that, after AgNP treatment, the oxidative stress 

reaction in the bacteria was strengthened with obvious high 

expression of SOD, CAT, and POD (such as AhpD, AhpC, 
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AhpF, and Ohr). Our experimental results also confirmed the 

excessive production of ROS. In a biological context, ROS 

are formed as natural byproducts of the oxygen metabolism. 

As ROS production consumed a large amount of oxygen, 

oxygen pressure in the local environment in the bacteria was 

dropped. This drop triggered the promotion of low oxygen 

pressure-regulated oxidases,27 such as CcoP2, CcoN2, and 

CcoO2, and demotion of high oxygen pressure-regulated oxi-

dases, such as CcoP1, CcoO1, and Cyt-bo3. Excessive ROS 

caused lipid peroxidation, membrane permeability augmenta-

tion, and oxidation damage of DNA, RNA, and proteins. By 

doing this, the oxidative phosphorylation in the bacteria was 

impaired and the ATP generation was attenuated, so was the 

metabolism of the bacteria, which facilitated the cell death. 

Bao et al also found that AgNPs could inhibit new DNA 

synthesis in the cells.28 Redundant ROS were able to improve 

the expression of ribosome regulatory factors and motivate 

ribosome 70S, in the cell’s stationary phase, transformed to 

an inactive dimer form of 100S, followed by the reduction 

of ribosome activity and protein synthesis. Our data suggest 

that oxidative stress may be one of the key mechanisms for 

AgNPs to induce toxic effects in the bacteria.

Although ROS were boosted in AgNP-treated 

P. aeruginosa, our proteomic analysis exhibited that the 

antioxidant enzymes capable of scavenging ROS, including 

SOD, CAT, and POD, were also mounted. The question 

whether oxidation or anti-oxidation was in advantage drove 

us to further understand the activity of these enzymes. Being 

the first line of defense against oxidation damage in vivo, 

SOD is able to translate the highly toxic O
2

- into H
2
O

2
; H

2
O

2
 

is then decomposed by CAT and POD into H
2
O and O2-. 

Our data revealed that the activity of SOD in multidrug-

resistant P. aeruginosa was distinctly high within 4 hours 

post-AgNP management; however, the activities of CAT 

and POD were largely reduced, which was consistent with 

previous studies.29,30 Our results confirmed that although 

AgNPs induced ROS improvement, the O2- content did 

not markedly went up in multidrug-resistant P. aeruginosa. 

Other researchers also reported that AgNPs could not induce 

the generation of O
2

- in bacteria.31 The ascending level but 

descending activity of CAT and POD in AgNP-treated 

P. aeruginosa may be explained as follows: On the one 

hand, as heavy metals, AgNPs could directly oppress the 

effect of CAT and POD in a non-competitive pattern; on 

the other hand, AgNPs enable SOD to strengthen its impact 

and catalyze the chemical reaction of O
2

- to H
2
O

2
, resulting 

in the accumulation of H
2
O

2
. The enhanced oxidative stress 

blocks the function of CAT and POD. Accordingly, the 

bacteria are crippled in degrading and removing excessive 

H
2
O

2
 and peroxides, which gives rise to high content of 

ROS in vivo.

Apart from antioxidant enzymes like SOD, CAT, and 

POD, other non-enzymatic antioxidants, such as AsA and 

GSH, are able to neutralize and remove ROS in the cell. AsA 

is a kind of water-soluble vitamin, which can mop up the ROS 

from metabolism and diminish the injury to the cells caused 

by membrane lipid peroxidation. As a reducing agent, AsA 

also plays important roles in many biochemical reactions 

and is used to cope with some diseases.32 Radhakrishnan 

et  al realized that, in AgNP- and AsA-treated Candida 

albicans, the ROS level was decreased while the number of 

yeasts was increased.33 GSH is involved in the process of 

REDOX in organisms by binding peroxides or free radicals 

to antagonize the oxidative damage to sulfhydryl groups, thus 

contributing to protect the sulfhydryl proteins or enzymes 

in the cell membrane, as well as defense the free radicals’ 

attack to important organs. Previous surveys reported that in 

AgNPs-processed Phanerochaete chrysosprium, the content 

of ROS was strongly correlated with that of GSSG; and 

the consumption of GSH helped block ROS generation.29 

Ahamed et al demonstrated that another effective scavenger 

of ROS, N-acetylcysteine, could effectively inhibit ROS 

formation and GSH depletion caused by SnO
2
 or ZnO 

nanoparticles, thereby preventing the cytotoxicity.34 Our 

results gave evidences that exogenous antioxidants could 

facilitate clearance of the ROS in the bacteria and resist the 

antibacterial effect of AgNPs, which further proves that ROS 

is crucial in antibacterial mechanisms of AgNPs.

A number of researchers noted that excessive ROS 

was the cause of apoptosis.35–38 Daniel et al found that the 

death of bacteria induced by antibiotics displayed the same 

physiological and biochemical characteristics as apoptosis.39 

Other scholars also observed the morphological changes and 

biochemical reactions related to apoptosis in prokaryotes.40,41 

In the present study, the results indicated that AgNPs could 

induce the apoptosis-like effect on multidrug-resistant 

P. aeruginosa and most was presented in the early stage. Our 

results were consistent with reports of Bao et al.28

Lu et al founded that AgNPs exhibited strong antimicrobial 

property against five oral anaerobic bacteria. Nevertheless, 

their effectiveness on aerobic E. coli was superior to that 

on anaerobic bacteria.42 Another study on facultative 

denitrifying P. aeruginosa PAO1 revealed that under 

anaerobic conditions, AgNPs had antibacterial impact on 

P. aeruginosa, but under aerobic conditions, this impact was 

dramatically enhanced.43 It suggests that besides the ROS 
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pathway, other mechanisms exist in the course of AgNPs 

fighting against microorganisms.

Conclusion
Our results revealed that AgNPs had significant antibacterial 

effect on antibiotic-resistant P. aeruginosa in a concentra-

tion- and time-dependent manner. After AgNPs acting on 

P. aeruginosa, the cell wall became thin; the cell membrane 

shriveled and fractured; and the cell constituents leaked out. 

Furthermore, in the bacteria, the REDOX homeostasis was 

thrown off and the oxidative stress response was promoted. 

Hence, the levels of SOD, CAT, and POD were remarkably 

escalated; on the other hand, as AgNPs inhibited the activ-

ity of CAT and POD, the excessive ROS (such as H
2
O

2
 and 

peroxides) could not be timely eliminated, which could result 

in impaired DNA and ribosome and declined synthesis of 

the macromolecules. All the above events may work together 

toward the bacteria death. Although our investigation pro-

vides solid evidence that ROS pathway weighs heavily in 

the course of AgNPs against P. aeruginosa, there are other 

mechanisms involved in this fight, which merits further 

research and will be an aim of our next work.
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Supplementary materials

Table S1 The values of MIC and MBC of AgNPs against drug-resistant and multidrug-resistant Pseudomonas aeruginosa

Group of PA (n) MIC (μg/mL) MBC (μg/mL)

MIC (x̄ ± S)a MIC50 MIC90 MIC range MBC (x̄ ± S)b MBC50 MBC90 MBC range

Drug-resistant 
group (12)

2.596±1.126 2.813 2.813 1.406–5.625 3.246±1.056 2.813 5.625 2.813–5.625

Multidrug-resistant 
group (9)

2.285±1.492 1.406 5.625 1.406–5.625 3.165±0.994 2.813 5.625 2.813–5.625

Total (21) 2.478±1.250 2.813 2.813 1.406–5.625 3.215±1.008 2.813 5.625 2.813–5.625

Note: aMultidrug-resistance group vs drug-resistance group, P=0.593; bmultidrug-resistance group vs drug-resistance group, P=0.863.
Abbreviations: AgNP, silver nanoparticle; MBC, minimal bactericidal concentration; MIC, minimal inhibitory concentration; PA, P. aeruginosa.

Table S2 Differential expression of REDOX-involved proteins detected by TMT-labeled quantitative proteomics in Pseudomonas 
aeruginosa

Protein description PA + AgNPsa PAb PA + AgNPs/PA ratio P-value

Superoxide dismutase 1.131±0.043 0.864±0.017 1.309 0.000383

Catalase 1.128±0.024 0.873±0.003 1.293 3.63E–5

Alkyl hydroperoxide reductase subunit D (PA0269) 1.117±0.053 0.887±0.006 1.259 0.014638

Alkyl hydroperoxide reductase subunit D (PA2331) 1.146±0.051 0.862±0.043 1.33 0.001822

Alkyl hydroperoxide reductase subunit D (PA0565) 1.154±0.066 0.870±0.002 1.327 0.013344

Alkyl hydroperoxide reductase subunit C 1.124±0.021 0.861±0.032 1.306 0.000382

Alkyl hydroperoxide reductase subunit F 1.229±0.012 0.773±0.023 1.59 1.74E–5

Organic hydroperoxide resistance protein 1.658±0.026 0.356±0.028 4.654 2.53E–6

Cytochrome c551 peroxidase 1.141±0.036 0.872±0.015 1.308 0.000216

Thioredoxin reductase 1.139±0.081 0.815±0.106 1.397 0.016103

Xenobiotic reductase 1.396±0.019 0.591±0.023 2.36 1.76E–6

Glutaredoxin 0.849±0.009 1.106±0.018 0.768 1.9693E–5

Cbb3-type cytochrome c oxidase subunit P1 0.882±0.004 1.105±0.009 0.798 9.28E–7

Cbb3-type cytochrome c oxidase subunit P2 1.147±0.015 0.851±0.016 1.347 2.05E–5

Cbb3-type cytochrome c oxidase subunit N2 1.156±0.145 0.858±0.018 1.347 0.014741

Cbb3-type cytochrome c oxidase subunit O1 0.777±0.027 1.202±0.038 0.646 8.38E–5

Cbb3-type cytochrome c oxidase subunit O2 1.124±0.026 0.877±0.008 1.282 6.11E–5

Cytochrome bo 3 ubiquinol oxidase subunit 1 0.518±0.007 1.469±0.117 0.353 2.28E–5

Cytochrome bo 3 ubiquinol oxidase subunit 2 0.408±0.018 1.584±0.073 0.258 1.48E–6

Cytochrome bo 3 ubiquinol oxidase subunit 3 0.358±0.047 1.636±0.069 0.218 5.59E–5

Note: aP. aeruginosa treated with AgNP; bP. aeruginosa without AgNP treatment.
Abbreviations: AgNP, silver nanoparticle; PA, P. aeruginosa; TMT, Tandem Mass Tag.
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Table S3 Differential expression of proteins involved in the macromolecular synthesis identified by TMT-labeled quantitative 
proteomics in Pseudomonas aeruginosa

Protein description PA + AgNPsa PAb PA + AgNPs/PA ratio P-value

Acetyl-coenzyme A carboxylase carboxyl transferase 
subunit alpha

0.853±0.007 1.133±0.028 0.753 4.4416E–5

Enoyl-[acyl-carrier-protein] reductase (NADH) 0.742±0.028 1.253±0.009 0.592 2.001E–5
3-Oxoacyl-[acyl-carrier-protein] reductase 0.848±0.006 1.160±0.024 0.731 1.73857E–5
3-Oxoacyl-[acyl-carrier-protein] synthase 2 0.846±0.008 1.152±0.006 0.734 4.453E–7
3-Hydroxydecanoyl-[acyl-carrier-protein] dehydratase 0.857±0.031 1.126±0.032 0.761 0.00052071
Malonyl CoA-acyl carrier protein transacylase 0.785±0.012 1.224±0.048 0.641 5.6695E–5
Beta-ketoacyl-[acyl-carrier-protein] synthase 0.850±0.026 1.141±0.025 0.745 0.000175211
Acetyl-CoA acetyltransferase 1.135±0.007 0.871±0.003 1.303 1.3897E–7
Probable acyl-CoA thiolase 1.135±0.015 0.867±0.008 1.309 4.5E–6
Ribonucleoside-diphosphate reductase 0.797±0.013 1.199±0.028 0.665 1.84241E–5
Polyribonucleotide nucleotidyltransferase 0.839±0.015 1.161±0.019 0.722 2.0224E–5
Adenylosuccinate lyase 0.788±0.024 1.205±0.024 0.654 3.7295E–5
Phosphoribosylglycinamide formyltransferase 0.875±0.047 1.137±0.057 0.769 0.0035588
Bifunctional purine biosynthesis protein 0.785±0.010 1.218±0.023 0.644 2.3803E–6
Probable purine/pyrimidine phosphoribosyl transferase 0.752±0.014 1.258±0.003 0.598 0.00044469
Phosphoribosylformylglycinamidine cyclo-ligase 0.845±0.033 1.144±0.041 0.739 0.00055562
Phosphoribosylamine-glycine ligase 0.770±0.003 1.234±0.021 0.624 6.5436E–7
N5-carboxyaminoimidazole ribonucleotide synthase 0.860±0.054 1.145±0.029 0.751 0.00174152
Carbamoyl-phosphate synthase large chain 0.852±0.002 1.146±0.004 0.744 1.1764E–8
Carbamoyl-phosphate synthase small chain 0.823±0.032 1.168±0.017 0.704 0.000137371
Uridylate kinase 0.857±0.007 1.129±0.009 0.759 1.0846E–6
Methylcrotonyl-CoA carboxylase, alpha-subunit 
(Biotin-containing)

1.140±0.002 0.857±0.015 1.33 0.00129965

Putative 3-methylglutaconyl-CoA hydratase 1.144±0.019 0.868±0.008 1.317 1.77453E–5
7,8-Dihydroneopterin aldolase 0.866±0.036 1.136±0.080 0.762 0.0043613
Folylpolyglutamate synthetase 0.810±0.017 1.193±0.034 0.679 4.2101E–5
30S ribosomal protein S1 0.718±0.009 1.270±0.002 0.565 0.000161656
30S ribosomal protein S2 0.755±0.012 1.250±0.028 0.604 3.1805E–6
30S ribosomal protein S3 0.674±0.006 1.326±0.022 0.508 1.7496E–7
30S ribosomal protein S4 0.697±0.014 1.293±0.002 0.539 0.0003421
30S ribosomal protein S5 0.731±0.013 1.289±0.017 0.567 7.1018E–7
30S ribosomal protein S6 0.744±0.019 1.269±0.025 0.586 4.0811E–6
30S ribosomal protein S7 0.688±0.012 1.304±0.030 0.527 1.4895E–6
30S ribosomal protein S8 0.717±0.010 1.285±0.016 0.558 3.1299E–7
30S ribosomal protein S9 0.694±0.018 1.301±0.027 0.534 2.4156E–6
30S ribosomal protein S10 0.683±0.010 1.320±0.009 0.517 1.1717E–7
30S ribosomal protein S11 0.693±0.010 1.293±0.026 0.536 8.5873E–7
30S ribosomal protein S12 0.675±0.015 1.327±0.021 0.509 8.0841E–7
30S ribosomal protein S13 0.695±0.004 1.310±0.009 0.53 1.1977E–8
30S ribosomal protein S14 0.641±0.005 1.368±0.021 0.469 8.5181E–8
30S ribosomal protein S15 0.71±0.0460 1.281±0.020 0.554 0.000100556
30S ribosomal protein S16 0.765±0.014 1.247±0.018 0.613 1.6871E–6
30S ribosomal protein S17 0.728±0.032 1.237±0.027 0.588 4.2612E–5
30S ribosomal protein S18 0.733±0.024 1.259±0.046 0.582 4.2153E–5
30S ribosomal protein S19 0.673±0.018 1.324±0.015 0.509 1.1598E–6
30S ribosomal protein S20 0.624±0.070 1.361±0.150 0.458 0.00104168
30S ribosomal protein S21 0.654±0.021 1.353±0.038 0.483 3.9375E–6
50S ribosomal protein L1 0.713±0.012 1.286±0.030 0.555 1.8159E–6
50S ribosomal protein L2 0.637±0.005 1.361±0.013 0.468 1.9918E–8
50S ribosomal protein L3 0.706±0.014 1.285±0.014 0.549 6.3875E–7
50S ribosomal protein L4 0.741±0.019 1.257±0.013 0.589 2.4412E–6
50S ribosomal protein L5 0.732±0.015 1.261±0.004 0.58 0.00046125
50S ribosomal protein L6 0.729±0.019 1.266±0.032 0.575 1.59459E–5

(Continued)
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Table S3 (Continued)

Protein description PA + AgNPsa PAb PA + AgNPs/PA ratio P-value

50S ribosomal protein L7/L12 0.762±0.021 1.242±0.068 0.614 0.000158888
50S ribosomal protein L9 0.726±0.029 1.278±0.016 0.568 1.987E–5
50S ribosomal protein L10 0.714±0.015 1.269±0.014 0.563 8.4667E–7
50S ribosomal protein L11 0.705±0.014 1.308±0.027 0.539 1.4216E–6
50S ribosomal protein L13 0.761±0.011 1.242±0.019 0.613 1.073E–6
50S ribosomal protein L14 0.741±0.014 1.258±0.011 0.589 7.0989E–7
50S ribosomal protein L15 0.691±0.009 1.314±0.035 0.526 1.388E–6
50S ribosomal protein L16 0.682±0.020 1.311±0.049 0.52 1.90508E–5
50S ribosomal protein L17 0.712±0.077 1.262±0.057 0.564 0.00106437
50S ribosomal protein L18 0.707±0.006 1.311±0.044 0.539 3.4752E–6
50S ribosomal protein L19 0.704±0.012 1.304±0.031 0.54 1.7169E–6
50S ribosomal protein L20 0.709±0.007 1.295±0.031 0.547 1.0428E–6
50S ribosomal protein L21 0.746±0.020 1.257±0.038 0.594 2.1688E–5
50S ribosomal protein L22 0.717±0.008 1.285±0.018 0.558 2.7836E–7
50S ribosomal protein L23 0.707±0.019 1.267±0.044 0.558 2.063E–5
50S ribosomal protein L24 0.718±0.014 1.276±0.033 0.563 3.4807E–6
50S ribosomal protein L25 0.759±0.013 1.238±0.015 0.613 1.0153E–6
50S ribosomal protein L27 0.662±0.015 1.341±0.014 0.494 5.3758E–7
50S ribosomal protein L28 0.730±0.008 1.271±0.039 0.574 3.8545E–6
50S ribosomal protein L29 0.652±0.034 1.329±0.021 0.491 2.06E–5
50S ribosomal protein L30 0.618±0.055 1.385±0.062 0.446 0.000158851
50S ribosomal protein L31 type B 0.843±0.045 1.160±0.055 0.727 0.00152433
50S ribosomal protein L32 0.587±0.032 1.349±0.069 0.435 4.2315E–5
50S ribosomal protein L33 0.659±0.031 1.340±0.074 0.492 7.6482E–5
50S ribosomal protein L34 0.607±0.017 1.391±0.059 0.436 4.8286E–6
50S ribosomal protein L35 0.608±0.011 1.387±0.077 0.438 1.80613E–5
50S ribosomal protein L36 0.689±0.019 1.309±0.020 0.526 1.9408E–6
Ribosome modulation factor 1.743±0.141 0.277±0.004 6.285 1.2295E–6
DNA primase 0.827±0.052 1.179±0.028 0.702 0.00076473
Ribonuclease HII 0.465±0.066 1.529±0.040 0.304 0.000159774
Replicative DNA helicase 0.808±0.023 1.174±0.020 0.688 3.9244E–5
ATP-dependent RNA helicase 0.796±0.011 1.189±0.019 0.669 2.4613E–6
ATP-dependent RNA helicase 0.616±0.008 1.372±0.005 0.449 2.9544E–8
Poly(A) polymerase I 0.854±0.005 1.147±0.045 0.744 0.0058823
Transcription termination factor 0.781±0.009 1.210±0.013 0.645 5.4598E–7
DNA-directed RNA polymerase subunit alpha 0.763±0.004 1.227±0.014 0.622 1.4663E–7
DNA-directed RNA polymerase subunit beta 0.751±0.008 1.246±0.010 0.603 1.3205E–7
DNA-directed RNA polymerase subunit omega 0.699±0.017 1.294±0.010 0.54 9.3888E–7
DNA-directed RNA polymerase subunit beta’ 0.748±0.002 1.249±0.013 0.598 5.5309E–8
Regulatory protein, RsaL 1.160±0.014 0.852±0.031 1.362 0.000141232
Transcriptional regulator, PtxS 1.119±0.024 0.854±0.037 1.311 0.00062403
Two-component response regulator, CopR 1.234±0.050 0.785±0.036 1.572 0.00020184
Two-component response regulator, PprB 1.200±0.095 0.809±0.057 1.483 0.0030848

Notes: aP. aeruginosa treated with AgNP; bP. aeruginosa without AgNP treatment.
Abbreviations: AgNP, silver nanoparticle; PA, P. aeruginosa; TMT, Tandem Mass Tag.
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