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Silver-coated magnetic 
nanocomposites induce growth 
inhibition and protein changes in 
foodborne bacteria
Seong B. park1, Shecoya B. White2, christy S. Steadman1, tibor pechan3, olga pechanova3, 
Henry J. clemente4, Rooban V. K. G. thirumalai5, Scott t. Willard1,6, peter L. Ryan1,7 & 
Jean M. feugang  1*

cytotoxicity concerns of nanoparticles on animal or human bodies have led to the design of iron oxide 
core nanocomposites, coated with elemental silver to allow their magnetic removal from bio-mixtures. 
Although the antimicrobial effect of silver is well-described, the effects of nanoparticles derived from 
silver on microorganisms remain unfolded. Here, we characterized a customized magnetic silver 
nanocomposite (Ag-MNP) and evaluated its effects on bacterial growth and protein changes. The 
Ag-Mnp displayed both longitudinal and round shapes under High-Resolution transmission electron 
Microscopy imaging, while the Energy Dispersive X-ray Spectroscopy and X-ray diffraction analysis 
confirmed the presence of Ag, Fe3o4 (Magnetite) and feo2 (Goethite). optical density, bioluminescence 
imaging, and colony forming Unit assessments revealed that the presence of Ag-Mnp induced strong 
dose-dependent bacteria (Escherichia coli O157:H7, Salmonella enterica serovar typhimurium and S. 
Anatum) growth inhibition. The TEM imaging showed penetration and infiltration of bacteria by Ag-
MNP, leading to membrane degeneration and vacuole formation. The presence of Ag-MNP led to fifteen 
up-regulated and nine down-regulated proteins (p < 0.05) that are involved in cell membrane synthesis, 
inhibition of protein synthesis, interference with DnA synthesis, and energy metabolism inhibition. 
this study provides insights to develop alternative antimicrobials to treat foodborne pathogens with 
antibiotic resistance avoidance.

Multi-drug resistance (MDR) has been a major concern in combating infectious diseases. The MDR has dis-
seminated not only in pathogenic bacteria but also in environmental microorganisms due to the abuse of anti-
biotics and widespread MDR genes1. Consequently, MDR bacteria have become less- or non-susceptible to 
various antibiotics by the alteration of either target protein, membrane permeability, escalation of efflux proteins 
and degradation of antibiotics2. The development of alternative antimicrobial agents has become quite urgent 
since some pathogenic bacteria including methicillin-resistant Staphylococcus aureus and vancomycin-resistant 
Enterococci show no susceptibility to existing antibiotic therapy3,4. The improvement of optic, electronic, catalytic, 
and physio-chemistry properties of many nanomaterials (gold5,6, silver7, carbon8, triclosan-bound silica9, zinc10, 
titanium11, copper12, and ferric oxide13) have shown significant antimicrobial potentials14,15.

Ferric oxide nanoparticles display antimicrobial activity by impacting reactive oxygen species (ROS), causing 
physical and mechanical damages on bacteria13. The amino-substituted pyrimidines presented on gold nanopar-
ticles showed antibiotic action against MDR bacteria via disruption of the bacterial cell membrane6. Additionally, 
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gold nanoparticles capped with vancomycin showed enhanced bactericidal effects against vancomycin-resistant 
Escherichia coli by inhibition of polyvalent activity on the bacterial surface5. Among these nanomaterials, sil-
ver nanoparticles have shown a broad spectrum of sterilization and antimicrobial properties against more than 
650 bacteria strains16, justifying the range applications for wound dressing, medical catheter, water purification, 
cosmetics, clothing, medical ointment, and packaging17,18. Studies have shown that silver nanoparticles interact 
directly with bacteria membrane through protein thiol (-SH) groups and penetrate the bacteria to cause loss or 
membrane integrity and organelle damages19; however, their ability to generate ROS causing oxidative stress and 
toxicity of both prokaryote and eukaryote cells20,21, remains a concern for further bio-applications. Therefore, the 
need to develop alternatives to decrease or eliminate such cytotoxicity becomes crucial.

Iron oxide nanoparticles have the potential for selective separation of particles by external magnetic fields with 
highly attractive properties. These nanoparticles have been used for pollutant removal in wastewater22 and vari-
ous bio-applications (i.e., magnetic resonance imaging, targeted drug delivery, magnetic separation of immune 
cells and tissue engineering) have been reported23–26. Silver-conjugated magnetic iron oxide nanocomposites 
(Ag-MNP) have shown antibacterial properties while being environmentally friendly, due to their durability and 
recyclability27; however, the underlying mechanism of actions of Ag-MNP remain unfolded.

In the present study, synthesized Ag-MNP nanocomposites were characterized by Transmission Electron 
Microscopy (TEM), Energy Dispersive X-ray Spectroscopy (EDS) and X-ray diffraction (XRD) followed with 
the evaluation of their antimicrobial activities through growth kinetic analysis using optical density and in vivo 
bioluminescent imaging techniques. The interaction between Ag-MNP and bacteria was observed by TEM and 
its cytotoxicity was assessed through cell membrane integrity measurement of HEP-2 cells. Finally, the molecular 
mechanism of Ag-MNP was assessed through a gel-based proteomic approach.

Results
Morphological and compositional analysis of silver-coated magnetic nanocomposites. The 
HR-TEM imaging of synthesized Ag-MNP nanocomposites revealed both rod and spherical shapes (Fig. 1A). 
The rod shape showed width and length averages of 19 nm and 23 to 127 nm, respectively, while the spherical 
shape had an average diameter of approximately 17 nm. Rod and spherical Ag-MNP revealed average interplanar 
distances of 0.43 nm and 0.26 nm, respectively (Fig. 1B–D). Figure 2 shows low-magnification TEM image of 
Ag-MNP (A), with corresponding TEM-EDS maps of iron (B), oxygen (C), and silver (D). In addition, spectral 
analysis (Fig. 2E) showed two optical observation peaks of Ag at 2.6 and 3 keV, which were distinctive absorption 
peaks of metallic silver nanocrystallities28. In Fig. 2F, the XRD pattern analysis of the Ag-MNP nanocomposite 
indicated the presence of silver (Ag) with four 2θ peaks at 37.9°, 44.2°, 64.3° and 77.2°, Fe3O4 (Magnetite) with six 
peaks at 30.1°, 35.4°, 43.1°, 56.9°, 62.5° and 74.9°, and FeO2 (Goethite) with three peaks at 21.1°, 33.1°, and 53.9°. 
Finally, the XRD analysis indicated that our Ag-MNP nanocomposite is composed of 58.6 Wt% (weight percent) 
of Fe3O4, 36.4 Wt% of FeO2, and 5 Wt% of Ag.

Figure 1. High-resolution transmission electron microscopy (HRTEM) analysis of silver-coated magnetic 
nanocomposites (Ag-MNP). (A) Rod and spherical shapes of Ag-MNP. (B) HRTEM micrograph of Ag-MNP. 
Line intensity profiles of rod type (C) and spherical type (D).
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Bacteria growth measurements. Figure 3 summarizes the bacterial growth performance in the presence 
of Ag-MNP (0, 12.5, 25, 50, 75, 100, and 200 µg/ml). Both optical density (Fig. 3A–C) and bioluminescent imaging 
(Fig. 3D–F) revealed dose-dependent growth inhibition of all bacteria strains (E. coli O157:H7, S. Typhimurium 
and S. Anatum). Regardless of the bacteria strain, the presence of Ag-MNP induced dose-dependent extended 
lag phases of bacterial growth, while the inhibitory patterns of bacteria growth curves varied with the Ag-MNP 
concentrations. Both optical density and bioluminescence emission measurements revealed the total inhibition of 
E. coli with 200 µg/ml. The Ag-MNP inducing dose-dependent inhibition was manifest with E. coli.

The antibacterial effect of Ag-MNP was confirmed with the CFU counts, following 24 hours post-culture on 
a solid phase (Fig. 3G–I). A dose-dependent decrease of CFU/ml was observed with E. coli, from 1.5 × 107 CFU/
ml in the control to a total absence in the 200 µg/ml Ag-MNP group (P < 0.01). A slightly similar inhibitory trend 
was observed with the other bacteria strains, and the 200 µg/ml Ag-MNP was confirmed as the most potent 
inhibitory concentration (P < 0.05).

Morphology of E. coli O157:H7 under silver-coated magnetic nanocomposites. The E. coli 
O157:H7 was selected for this study because of their higher sensitivity to Ag-MNP. E. coli were cultured in the 
presence of (0 or 100 µg/ml) Ag-MNP for TEM imaging. Control bacteria are shown in Fig. 4A, while the pres-
ence of Ag-MNP induced partial (Fig. 4B), complete surrounding (Fig. 4C), and total penetration of targeted 
bacteria leading to cell membrane destruction and cytoplasmic vacuolization (Fig. 4D; Arrow). The attachment 
of Ag-MNP was further confirmed by EDS analysis (Supplementary Fig. 1). The results exhibit Ag, Fe and O as 
the major components of Ag-MNP that are firmly attached to the surface of E. coli. The other E. coli cell showed 
the loss of membrane integrity and damaged shape by Ag-MNP (Fig. 4).

Biocompatibility of the synthesized Ag-Mnp. Human cervix carcinoma or HEP-2 cell line were culture 
in the presence of 0 (control) or 100 µg/ml (treatment) of Ag-MNP, which concentration showed stronger anti-
bacterial effects in E. coli. Observation under light microscope indicated a consistent growth of cells in both con-
trol and treatment groups throughout culture (24, 48 and 72 h - Fig. 5A). The proportions of dead cells stained, 
with red-fluorescence PI, progressively increased during culture in both experimental groups (data not shown), 
and there were no significant differences between groups at each culture day (P > 0.05). Similar results were 
observed with in-cell fluorescence intensities of the PI within groups, which intensity is indicative of the extend 
of damages (Fig. 5B).

Effects of Ag-MNP on protein changes. Following culture in 0 or 100 µg/ml of Ag-MNP and stoppage at 
the early stationary phase, E. coli O157:H7 were separated from Ag-MNP under a magnetic field (Fig. 6). Figure 7 
shows representative gel electrophoreses of both control and Ag-MNP treated E. coli O157:H7, with a total of 
372 spots that were detected across the gels (Supplementary Fig. 2). A total of 24 spots with significant intensity 
difference were detected (P < 0.05) and identified in Table 1. Fifteen were significantly down-regulated (Fig. 7A) 
versus nine up-regulated (Fig. 7B). The extreme effects were as over 100× down-regulation and 3× up-regulation.

All differentially detected proteins belonged to extracellular localization (pSORTb software) and were asso-
ciated with: amino acid transport and metabolism (E, 40%), cell wall/membrane/envelope biogenesis (M, 21%), 
energy production and conversion (C, 21%), and lipid transport and metabolism (I, 9%) (COGs analysis). There 
were high protein interrelations within each up- and down-regulated groups (STRING software; Fig. 8). The 
presence of Ag-MNP altered the pyruvate metabolism, metabolic pathways, carbon metabolism, microbial 

Figure 2. Energy dispersive spectroscopy (EDS) analysis and X-ray diffraction (XRD) of silver-coated magnetic 
nanocomposites (Ag-MNP). The TEM image of Ag-MNP is shown in (A). The EDS mapping of Ag-MNP shows 
iron, oxygen, and silver distributions in micrographs (B–D), respectively. The EDS spectrum reveals the main 
components (iron, oxygen and silver) of the Ag-MNP (E). The X-Ray Diffraction (XRD) pattern analysis of  
Ag-MNP indicates the presence of silver, Magnetite (Fe3O4) and Goethite (FeO2) in Ag-MNP (F).
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metabolism in diverse environments, methane metabolism, TCA cycle, and pore complex pathways (STRING 
software; P < 0.05).

Discussion
Silver nanoparticles have shown remarkable antibacterial effects against diverse microorganisms as part of efforts 
to develop the alternative agents for MDR bacteria19. Iron oxide nanoparticles have also displayed superior anti-
bacterial activity against various pathogenic bacteria13, while the further combination of silver and iron oxide 
nanoparticles enhances their antibacterial and eco-friendly characteristics27. In the present study, we investigated 
the mechanism of antibacterial activity of Ag-MNP against foodborne bacteria especially in E. coli O157:H7.

The shape and size of nanoparticles are the key factors in antibacterial activities, and various shapes of silver 
nanoparticles contribute to achieve diversity in effective surface areas and active facet of silver nanoparticles19. 
The XRD analysis indicated that Ag-MNP is composed of Fe3O4 (Magnetite), FeO2 (Goethite), and Ag elemental. 
The attachment of Ag-MNP was confirmed by EDS and HR-TEM that exhibited the firm attachment of Ag-MNP 
to the surface of E. coli that led to cell damage and death. A further investigation of cytotoxicity of Ag-MNP was 
carried out by an analysis of the morphological changes in Ag-MNP treated Hep-2 cells, which indicated no 
significant differences (cell morphology and death) between treated and untreated cells after 24, 48 and 72 h. In a 
previous study, the incubation of eukaryote cells with nanoparticles of various shapes (spherical, rod, or cubic), 
within the range of 10–1,000 µg/ml, showed excellent biocompatibility without cytotoxicity effects29. Another 
study suggested that nanoparticles lesser than 50 nm in diameter have high stability, biocompatibility and anti-
bacterial activity30. In the present study, Ag-MNP displayed peaks of typical absorption of silver, and two different 
types of nanocomposites, which may enhance the antibacterial effect of the synthesized Ag-MNP.

The antimicrobial activity of the synthesized Ag-MNP was tested on the growth kinetic of E. coli, S. 
Typhimurium, and S. Anatum, using optical density (OD), bioluminescence imaging (BLI), and colony form-
ing unit (CFU) measurement. The dose-dependent delay of the lag phase and lower growth rate of all bacteria 
culminated with the strongest effect of 200 µg/ml, showing variability among bacteria. This result is indicative of 
an antibacterial activity of Ag-MNP that is dependent of the composition and structure of the bacterial mem-
brane as previously suggested31. The TEM imaging revealed sequential effects of Ag-MNP on bacteria: membrane 
attachment, membrane penetration, and subsequent morphological changes. These effects are consistent with 

Figure 3. Growth curve profiles of E. coli (A,D,G), S. Anatum (B,E,H) and S. Typhimurium (C,F,I) exposed to 
various concentrations of silver-coated magnetic nanocomposites (Ag-MNP). Growth curves were generated 
by measurement of optical density at 600 nm (A–C) and bioluminescent imaging (D–F) for 24 h. The colony 
forming units (CFU)/ml were measured from each culture of E. coli (G), S. Anatum (H) and S. Typhimurium (I) 
after 24 h incubation with various Ag-MNP concentrations. Data are mean ± SD of three independent replicates 
(*P < 0.05 and **P < 0.01).
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previous reports on silver nanoparticles binding to sulfur proteins of bacterial plasma membrane32, and causing 
severe disruption of membrane permeability, transmembrane transport systems, and intracellular homeostasis31. 
Additionally, bacteria exposure to iron oxide nanoparticles induce intracellular production of reactive oxygen 
species that damage a variety of cellular constituent, disrupt cell function, and eventually induce apoptosis13.

The inability to predict the affected molecules within the bacteria led us to perform a large-scale proteomic 
study to investigate the antibacterial mechanism of Ag-MNP. Here we used the E. coli strain because of its unpol-
luted growth kinetic response to Ag-MNP. The transfer of bacteria and Ag-MNP mixtures to a magnetic field 
showed high effectiveness in removing Ag-MNP nanoparticles from culture media. The proteomic findings 
strongly support previous reports, while indicating a wide range of proteins affected by the presence of Ag-MNP 
in the culture medium. Interestingly, these proteins have critical roles in various biological and physiological 
processes of the cell.

Numerous proteins were down regulated, and the metabolic pathway appeared as the mostly affected with 
numerous associated proteins found significantly inhibited. Among them, the phosphate acetyltransferase, malate 
dehydrogenase, formate acetyltransferase, acetate kinase, deoxyribose phosphate aldorase, hydrogenase-1, and 
formate dehydrogenase are known as key molecules for energy generation within the TCA cycle, glycolysis or 
gluconeogenesis33–38. Furthermore, the down-regulation of the phosphorcarrier protein HPr, an essential com-
ponent of the sugar transporting phosphotransferase system, may suggest a deactivation of the carbohydrate 
metabolism39. The down-regulation of formate dehydrogenase and transketolase is crucial for the control of cel-
lular oxidative stresses40,41. The aminotransferase protein is involved in the bacterial chromosome replication 
and cell division through its direct effect on the regulation of bacterial cell cycle42. The inhibition of this pro-
tein in our study may explain the dose-dependent extended lag phase of observed growth curves. Among the 
down-regulated proteins, the inhibition of the putative lipoprotein and biofunctional protein glmU may reduce 
cell membrane integrity. Indeed, the putative lipoprotein cross-links the bacterial outer membrane to the pepti-
doglycan lattice, which contributes to maintain the membrane stability43, while the glmU is involved in the syn-
thesis of UDP-N-acetylglucosamine, an intermediate in the peptidoglycan and lipopolysaccharide biosynthetic 
pathway44. Furthermore, the bacteria exposure to Ag-MNP led to down-regulation of the 50 S ribosomal protein 
L7/L12, responsible for the translation and protein synthesis by catalyzing peptide bond formation45, and the 
4-hydroxy-3-methybut-2-en-1-yldiphophate synthase (flavodoxin) protecting against DNA oxidative damage46. 
It is expected that these later effects of Ag-MNP contribute to the destabilization of bacterial membrane permea-
bility, while denaturating DNA and deactivating protein synthesis.

In contrast, numerous proteins were up-regulated, and may constitute the adaptive responses elicited by the 
bacteria facing lethal stresses (i.e., nutrient starvation, oxidative stress, and membrane disruption47). The lev-
els of bacterial non-heme protein C, universal stress protein F, lon protease, and DNA gyrase B were signifi-
cantly elevated, more likely to cope with lethal stresses induced by Ag-MNP. The Ag-MNP seems to cause the 
up-regulation of bacterial non-heme protein C that is responsible for the iron detoxification and the removal of 

Figure 4. Transmission electron microscopy (TEM) images of E. coli interaction with Ag-MNP. Images show 
control E. coli with viable pili and flagella (A), a cluster of Ag-MNP attached to E. coli (B), E. coli surrounded by 
Ag-MNP (C), and irregular cell margin with infiltrated Ag-MNP (D). Arrows indicate bacterial membrane and 
arrowheads, the localization of Ag-MNP. Additional validation of E. coli and Ag-MNP interaction are shown in 
Supplementary Fig. 1.
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iron from the bacterial cytoplasm48. In addition, the universal stress protein F initiates the global gene regulations 
for biofilm formation, growth arrest and DNA protection49, and its up-regulation in this study could be crucial to 
manage environmental stressors such as metal ions and oxidative stress, which increase induces accumulation of 
inorganic polyphosphate (poly P) and forms a complex with lon protease to supply amino acids50. The elevation 
of DNA gyrase B, however, indicates a likely recovery of DNA molecules from cytotoxic oxidative stress51. Also, 
the upregulation of succinate CoA ligase subunit alpha (sucD) and 2-oxoglutarate dehydrogenase E1 component 
(sucA) playing crucial roles in the reduction of free radical formation and protection mitochondria from oxida-
tive damage52 was also observed. In the other hand, the outer membrane protein A and C (ompA and ompC) were 
significantly increased, which was in accordance with a previous study reporting similar accumulations in E. coli 
exposed to silver nanoparticles53. These authors attributed this increase to the loss of proton motive force and 
intracellular ATP. Taken together, the proteomic findings suggest that Ag-MNP induce inhibition of metabolic 
pathways for energy production, which ultimately leads to the alteration of bacterial membrane structure and 
permeability, loss of cellular contents, and impairment of membrane transport. Further studies such as genomics 
and metabolomics will provide a valuable insight into the precise mechanism of antibacterial action of Ag-MNP.

To summarize, the present study describes the antibacterial effects of Ag-MNP using growth kinetics, TEM 
analysis and proteomic approach. Ag-MNP showed the significant growth inhibition in three foodborne bacteria, 
and TEM analysis of E. coli displayed the attachment and penetration of Ag-MNP finally leading to morphological 
changes such as vacuole formation and rupture of cells. The Ag-MNP induced global changes in the overall proteomes 
of E. coli, which demonstrated disruption of energy metabolism, inhibition of protein synthesis, interference with 
DNA synthesis and alteration of cell membrane integrity. Based on the evident antibacterial mechanism, this study 
suggests that Ag-MNP has the antibacterial capacity and could be an effective treatment against E. coli O157:H7.

Methods
properties of silver-coated magnetic nanocomposites. Iron oxide or magnetic nanoparticles (MNP) 
were synthesized under a non-disclosed Intellectual Property by Clemente Associates (Madison, CT, USA). 
Briefly, coating with dextran further allowed for the attachment of silver ions to form a stable silver-coated mag-
netic nanocomposites (Ag-MNP). Stock solution (1 mg/ml = ~2.5 × 106 particles/mg) containing 0.02% sodium 
azide was stored at 4 °C during experiments.

characterization of synthesized Ag-Mnp and their interactions with bacteria. The synthesized 
Ag-MNP nanocomposites were resuspended in water and subsequently deposited onto a formvar/carbon-coated 
TEM grid, followed by high-resolution transmission electron microscopy imaging (HR-TEM 2100 at 200 kV: 
JEOL; Peabody, MA, USA) to assess the shape and size of the Ag-MNP. The binding of Ag ions to the synthesized 
iron oxide core was imaged with energy dispersive X-ray spectrometry (EDS: Oxford instruments; Concord, 
MA, USA). The X-ray diffraction (XRD) measurement was carried out by Rigaku X-ray diffractometer (Rigaku’s 
Ultima III XRD; The Woodlands, TX, USA) with Cu Kα X-ray source (λ = 1.54056 Å) at a generator voltage 
40 kV, a generator current 44 mA with the scanning rate 1°/min.

Figure 5. In vitro cytotoxicity assessment of Ag-MNP. Hep-2 cells were cultured for 24, 48 and 72 h in EMEM-
Glutamine + 10% FBS medium containing 0 μg/ml (Control) or 100 μg/ml of Ag-MNP. Micrographs in 
(A) indicate Light Microscopy (LM) and fluorescence imaging of Propidium Iodide (PI; ʎEx = 535 nm and 
ʎEm = 617 nm) that stained dead cells (Red color. The PI signal intensities were quantified in (B) using the  
In Vivo Imaging System (IVIS, Perking Elmer).
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Interactions between Ag-MNP and bacteria were performed after a co-culture of 24 hours. Bacteria were fixed 
with 2.5% glutaraldehyde, centrifuged, re-suspended in distilled water, stained with 1% uranyl acetate, and loaded 
onto a 100 mesh copper TEM grid. A total of five independent Ag-MNP preparations was performed. HR-TEM 
and EDS analysis were performed to determine the morphological changes in E. coli by Ag-MNP.

Bacteria transformation and selection. Three foodborne pathogens, E. coli O157:H7 (ATCC 43888), 
Salmonella enterica serovar Anatum (ATCC 9270) and Salmonella enterica serovar Typhimurium (ATCC 14028) 
were cultured on Luria-Bertani (LB) agar (Becton Dickinson: Franklin Lakes; NJ, USA) or in LB broth with 
shaking at 37 °C. Bacteria were transformed with plasmid pXen 13-luxCDABE (Caliper Life Sciences; Hopkinton, 
MA, USA) by electroporation and resulting bioluminescent bacteria were selected in LB agar supplemented with 
Ampicillin (100 µg/ml); and successful transformation of growing bioluminescent bacteria was verified by In Vivo 
Imaging System (IVIS: Lumina XRMS Series III system; Perkin Elmer, Waltham, MA, USA).

Bacteria growth analyses and colony forming unit counts. All bacteria strains were grown in LB 
broth supplemented with ampicillin until the early stationary phase and adjusted to 2 × 105 CFU/ml in LB broth. 
Adjusted bacteria were incubated with various concentrations of Ag-MNP (0, 12.5, 25, 50, 75, 100 and 200 μl/ml)  
for 24 hours. Bacterial growth was measured every hour by OD600 (SpectraMax plus 384 spectrophotometer: 
Molecular Devices; San Jose, CA, USA) and bioluminescence imaging (IVIS).

Following the 24 hours culture mentioned above, aliquots of bacteria in each treatment group were 
sub-cultured for an additional 24 h culture in LB agar to determine the number of live bacteria (CFU/ml) in each 
culture plate.

In vitro cytotoxicity assay. The cytotoxicity of Ag-MNP to Hep-2 (Human cervix carcinoma) cell was 
determined by staining with propidium iodide (PI) nucleic acid solution (Molecular Probes, Eugene, OR, USA). 
PI is a red-fluorescent nuclear and chromosome counterstaining dye. Since PI is excluded from healthy cell, it 
can be used to detect the cells with damaged plasma membrane or dead cells. The Hep2 cells (1 × 105 cells/well) 
in 1 ml culture medium (Eagle’s minimum essential medium +2 mM Glutamine +10% fetal bovine serum) were 
seeded into a 12-well plate. After overnight incubation at 37 °C in 5% CO2 humidified atmosphere, the media 

Figure 6. Separation of silver-coated magnetic nanocomposites (Ag-MNP). Bacteria were cultured in the 
presence of 0, 50, or 100 µg/ml of Ag-MNP (A). After 24 h incubation, bacteria were placed on a magnetic field 
to entrap free Ag-MNP and bacteria-Ag-MNP complexes (B), followed by the collection supernatant containing 
E. coli O157:H7, leaving entrapped Ag-MNP in tubes (C).
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from the 12 well plates were replaced the media containing 100 µg/ml of Ag-MNP, which showed the effective 
antimicrobial effects. The cells were further incubated for 24 and 48 h. At the end of each incubation period, the 
media were replaced with PBS containing 1 µg/ml of PI and the plates were incubated for 30 min. The morpho-
logical changes and PI signals were determined by EVOS FL auto cell imaging system (Thermo Fisher Scientific, 
Waltham, MA, USA). Total radiance efficiency from the wells was measured by IVIS system. Statistical analyses 
were carried out using Graphpad Prism version 8.1.1. (La Jolla, CA, USA). Significant differences were deter-
mined by Student’s t test. Data were presented as mean ± standard deviation (SD).

two-dimensional electrophoresis and protein spot excision. All bacteria strains were grown in LB 
broth containing 0, 50, and 100 µg/ml of Ag-MNP up to early stationary phase (~18 hours). Bacterial suspensions 
were transferred into Eppendorf tubes and placed under a magnetic field to allow the entrapping of Ag-MNP 
(free or attached). Thereafter, the remaining bacterial suspensions was eluted, washed three times by successive 
centrifugations (13,000 × g) after resuspensions with PBS. Pelleted bacteria were used for the proteomic study.

Total bacterial protein was extracted using Gene elute RNA/DNA/Protein purification plus kit (Sigma-Aldrich; 
St. Louis, MO, USA) and precipitated with TCA/Acetone. Resulting pellets were dissolved in rehydration sample 
buffer (7 M urea, 2 M thiourea, 4% CHAPS (w/v), and 20 mM dithiothreitol) and Isoelectric focusing (IEF) was 
carried out using 11-cm ReadyStrip IPG, pH4-7 (Bio-Rad; Hercules, CA, USA). The IEF conditions consisted 
of 30 V for 12 hours (rehydration), 500 V for 15 min, and 8,000 V for 2.5 hours with a total of 35 kVh. Thereafter, 
all strips were placed in the equilibration buffer (6 M urea, 20% glycerol, 2% SDS, and 0.375 M Tris-HCL pH6.8) 
containing 2% dithiothreitol (w/v), for 15 min and transferred to a second equilibration buffer containing 2.5% 

Figure 7. Quantitative comparisons of differentially expressed protein spots in control and Ag-MNP treated  
E. coli bacteria. The intensities of 15 down-regulated (A) and 9 up-regulated (B) spots were compared 
(PDQuest 2-D analysis) between the control and the treatment groups and plotted. Data are mean ± SD of three 
independent replicate gels (p < 0.05). Full-length representative gels are presented in Supplementary Fig. 2.
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iodoacetamide (w/v), for an additional 15 min. Each strip was relocated onto 4–20% a gradient pre-casting 
Criterion TGX Precast Gel (Bio-Rad; Hercules, CA, USA) to perform the second-dimensional electrophoresis. 
Thereafter, the gels were stained with Bio-safe Coomassie G-250 solution (Bio-Rad; Hercules, CA, USA).

Three replicated gels of bacteria cultured with Ag-MNP (0 or 100 µg/ml) were generated and scanned with 
Proteome Works Plus Spot Cutter (Bio-Rad; Hercules, CA, USA). Resulting images were aligned by PDQuest 
2-D analysis software, version 7 (Bio-Rad; Hercules, CA, USA) and differentially detected spots were excised for 
protein identification.

In-gel protein digestion and identification. Twenty-four spots containing protein targets were excised 
and subjected to in-gel digestion using the In-gel tryptic digestion kit (Thermo Scientific; Rockford, IL, USA). 
Extracted proteins/peptides were analyzed by Orbitrap LTQ Velos mass spectrometer (Thermo Fisher Scientific; 
Waltham, MA, USA) combined with the UltiMate 3000 nanoflow HPLC system (Thermo Fisher Scientific) to 
collect spectral data. Briefly, samples were loaded on a reversed-phase fused silica Acclaim PepMap C18 col-
umn (75 µm × 150 mm, Thermo Fisher Scientific; Rockford, IL, USA); peptides were separated by a constant 
flow rate (0.3 µl/min) in a 60 min long linear gradient of acetonitrile in 0.1% formic acid, 2–55% for 35 min, 95% 
for 10 min, and 2% for 15 min; and peptides were subsequently collected by linear trap mass spectrometer. The 
mass spectra were obtained in a data dependent acquisition mode with dynamic exclusion being applied in 8 scan 
events: one MS scan (300–2,000 m/z range) followed by seven tandem mass spectrometry (MS/MS) scans for the 
most intense ion detected in the scan. Other parameters were set as follows: Normalized collision energy: 35%; 
automatic gain control “on: with MSn target 4 × 104, isolation width (m/z): 1.5, capillary temperature 170 °C, and 
spray voltage 1.97 kV.

The raw files were examined by the SEQUEST HT algorithm of the Proteome Discoverer 2.1 SP1 software 
(Thermo Fisher Scientific; Rockford, IL, USA) using the following parameters: lowest and highest charge: +1 
and +3; minimum and maximum precursor mass: 300 and 6,000 Da; minimum S/N ratio: 3; enzyme: trypsin; 
maximum missed cleavages: 2; dynamic modification: cysteine carbamidomethylation (+57.021), methionine 
oxidation (+15.995), and methionine dioxidation (+31.990). Spectral data were matched with E. coli O157:H7 
protein database from the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov) to generate 
the Proteome Discoverer results files (.msf) that served as a decoy database.

Figure 8. Interaction network of Ag-MNP regulated proteins in E. coli. Prediction was performed with 
STRING software (http://string-db.org) and networks were detected at p < 0.05. Seven networks were generated 
from 23 identified proteins that were significantly altered proteins in E. coli O157:H7 after treatment of Ag-
MNP (pyruvate metabolism, metabolic pathways, carbon metabolism, microbial metabolism in diverse 
environments, methane metabolism, Citrate cycle, and pore complex).
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Bioinformatics analyses. Subcellular localization of identified protein was predicted using the pSORTb 
software version 3 (http://www.psort.org/psortb/). The functional annotation and classification of biological pro-
cess was carried out by the COGs (Clusters of Orthologous Groups) analysis (https://www.ncbi.nlm.nih.gov/
COG/). Protein interaction network and pathways were analyzed by the STRING software version 10.5 (https://
string-db.org/).

Statistical analyses. All experiments were repeated at least three times. A two-tailed nonparametric and 
Turkey’s multiple comparison tests were used to analyze bacteria growth and colony forming unit data (GraphPad 
Prism V7.0.1; La Jolla, CA, USA). All detected spots on gel electrophoreses were normalized, and significantly 
differentially expressed spots (increased or decreased) were compared by Student’s t-test (PDQuest 2-D analysis 
software, V7). Following MS/MS, proteins exhibiting at least three spectral counts were considered, and their 
detections were validated (false discovery rate less than 1%) with ProteoIQ 2.1 software (Premier Biosoft; Palo 
Alto, CA, USA). All data are expressed as mean ± standard deviation (SD) with P < 0.05 set as the threshold of 
significant differences.
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