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Despite extensive use of silver nanoparticles for antimicrobial applications, cellular mechanisms under-
lying microbial response to silver nanoparticles remain to be further elucidated at the systems level.
Here, we report systems-level response of Escherichia coli to silver nanoparticles using transcriptome-
based biochemical and phenotype assays. Notably, we provided the evidence that anaerobic respiration
is induced upon exposure to silver nanoparticles. Further we showed that anaerobic respiration-related
regulators and enzymes play an important role in E. coli resistance to silver nanoparticles. In particular,
our results suggest that arcA is essential for resistance against silver NPs and the deletion of fnr, fdnH and
narH significantly increases the resistance. We envision that this study offers novel insights into modes of
antimicrobial action of silver nanoparticles, and cellular mechanisms contributing to the development of
microbial resistance to silver nanoparticles.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Silver derivatives have been clinically used for antibacterial
treatment since ancient times. In particular, silver nitrate and sil-
ver sulfadiazine ointments have been approved for application on
wound dressings by U.S. Food and Drug Administration [1,2]. The
application of silver derivatives for antibacterial treatment has
recently drawn more attention because of the emergence of antibi-
otic-resistant pathogens [3]. Moreover, recent advances in nano-
technology have enabled the application of silver nanoparticles
(NPs), which release silver ions, for dressings, textiles, implant
apparatuses, and water filters [4].

Due to this proven efficacy of silver ions, prior studies have at-
tempted to investigate their antimicrobial mechanisms. Silver ions
reportedly increase Na+ permeability in Bacillus [5]; induce mas-
sive proton leakage from membrane in Vibrio cholera [6]; bind to
enzymes through a sulfhydryl (thiol) group in amino acids [7];
uncouple a respiratory chain from oxidative phosphorylation [8];
simulate ATPase of mitochondria in rabbits; and cause a chromo-
some to lose its replication ability [9]. Further, the effects of silver
NPs on cells include changes in cell size [10], shape [11], surface
charge [12], organic matters, pH [13], and membrane composition
[14]. A recent proteomic study of Escherichia coli response to silver
ll rights reserved.
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NPs suggests that envelope protein precursors are accumulated
and proton motive force is dissipated after exposure to silver NPs
[15]. Despite these prior studies, our understanding of bacterial re-
sponse to silver NPs is still obscure at the systems level. Conse-
quently, in this study, we studied a genome-wide response of
E. coli K-12 to silver NPs using transcriptome-based biochemical
and phenotype assays. For the first time, we provided the evidence
that anaerobic respiration is significantly induced upon exposure
to silver NPs, and anaerobic respiration-related regulators and en-
zymes play an important role in resistance to silver NPs. These re-
sults provide novel insights into antimicrobial mechanisms of
silver NPs and cellular mechanisms contributing to the develop-
ment of microbial resistance to silver NPs.
2. Material and Methods

2.1. Effects of silver NPs on growth and morphology

E. coli K12 BW25113 and its isogenic mutants (Table 1) were
purchased from the Coli Genetic Stock Center. The cells were
grown in a Luria–Bertani (LB) medium. A modified LB medium
(LBm: 0.25% tryptone, 0.125% yeast extract, no sodium chloride,
and pH 7.2) was used to re-suspend pellets before the cells were
exposed to silver NPs (self-dispersed, 15 nm) dispersed in 0.1%
BSA solution (pH 7.2). E. coli was grown to an optical density (at
600 nm; OD600) of 0.3 and the cell pellet was suspended in LBm.
This cell suspension was mixed with the equal volume of silver
NP suspension and incubated at 37 �C and 100 rpm. The final
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Table 1
E. coli strains used in this study.

Name Description

7636 BW25113
JW4083-1 DfumB748::kan
JW2962 DhybC767::kan
JW2236 DglpB722::kan
JW1471 DfdnH768::kan
JW0886 DpflB727::kan
JW2194 DnapA759::kan
JW1216 DnarH735::kan
JW4364 DarcA726::kan
JW1328 Dfnr771::kan

Table 2
Primers used to clone areA, fdnH, and narH genes.

Name of primers Sequences (5’-3’) Length (bp)

arcA-forward GAAGAATTCATGCAGACCCCGCACATTCT 717
arcA-reverse GCAAAGCTTTTAATCTTCCAGATCACCGC
fdnH-forward CCCGAATTCATGGCTATGGAAACGCAGGA 885
fdnH-reverse GCCAAGCTTTTACTCATGATGATCCTCCT
narH-forward CCCGAATTCATGAAAATTCGTTCACAAGT 1539
narH-reverse GAAAAGCTTTCATGGATGCGGCTCCGTTT
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concentrations of silver NPs in the mixture were 500, 250, 125,
62.5 and 31.25 lg/ml. Three biological replicates were used to gen-
erate a growth curve. For morphology analysis, E. coli cells exposed
to 125 lg/ml of silver NPs suspension were examined using field
emission scanning electron microscopy (FESEM, JFC-1600, 20 mA,
80 s) and transmission electron microscopy (TEM, Jeol 3010,
300 KV) as previously described [16,17].
2.2. Genome-wide transcription analysis

Total RNA was extracted from E. coli upon 5, 15, and 25 min
exposure to 125 lg/ml of silver NPs. The E. coli Genome 2.0 array
(Agilent) was used with two independent biological replicates, as
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Fig. 1. (A) Growth curve of E. coli K-12 BW25113 during exposure to silver NPs. The res
Morphological changes of E. coli treated with silver NPs under aerobic condition are show
respectively. TEM images of the E. coli cells with (D) and without (E) the treatment, res
previously described [17]. The microarray data were analyzed
using GeneSpring GX11 (Agilent).

2.3. ATP leakage, and Live/Dead staining assays

E. coli cells were harvested at OD 0.3 and suspended in the med-
ium without sodium chloride. The cell suspension was subjected to
ATP measurement upon 15 min exposure to silver NPs suspension
(250 lg/ml) using BacTiter-Glo Reagent (Promega), and Luminex
Reader (Promega). The extent of leakage of ATP was calculated as
follows: leakage (%) = LUX (supernatant after treatment)/LUX (con-
trol cell). Three biological replicates were used, and the data were
analyzed by ANOVA. For the Live/Dead assay, the treated and con-
trol cells were stained with Live/Dead mixed dyes at the room tem-
perature for 15 min [18]. The images were acquired using a
microscope (AX10, Zeiss), and merged using Image J program.

2.4. D–Lactate assay

E. coli was treated with 62.5 lg/ml silver NPs, and the controls
were mixed with 0.1% BSA solution. The cells were collected after
1 and 2 h treatment, and centrifuged at 1000 rpm for 5 min at
4 �C. The supernatants were filtrated through 3 KD Milicon Ultrfil-
ter (Millipore). D–Lactate Assay Kit K667 (BioVision) was used
following the manufacture’s protocol. The background was sub-
tracted from the readings of all samples, and the concentrations
were calculated according to the standard curve. The assay was
carried out with three biological replicates.

2.5. Survival of isogenic mutants

To understand the roles of genes expressed in the course of sil-
ver NPs treatment, a survival assay was performed after 15 min
and 24 h treatments. The 15 min treatment was conducted with
planktonic cells, while the 24 h treatment was conducted using sil-
ver NPs on agar plates because silver NPs tend to aggregate in
aqueous solution after long incubation. For the 15 min treatment,
E. coli and other eight isogenic mutants were grown in LB to OD
of 0.3, diluted by 10-fold, and then mixed with silver NPs (final
concentration: 125 lg/ml) at 37 �C with shaking at 100 rpm for
E

C

ults represent the averages of three biological replicates with standard deviations.
n as follows. FESEM images of the E. coli cells with (B) and without (C) the treatment,
pectively.



Table 3
Anaerobic respiration-related genes regulated by silver NPs.

Gene Locus
tag

Gene Product Fold change
(FC)

Regulons

narG b1224 nitrate reductase 1, alpha subunit 94.64 FNR(+), IFN(+), NarL(+), PstA(+), Fis(�),
narH b1225 nitrate reductase 1, beta subunit 165.28
narJ b1226 nitrate reductase 1, delta subunit, assembly function 53.42
narI b1227 nitrate reductase 1, cytochrome b 88.29
nirB b3365 nitrite reductase 102.13 NarL(+), NarP(+), FNR(+), CRP(�), Fis(�), FruR(�),

HNS(�), IHF(±)
nirD b3366 nitrite reductase 106.89
nrfA b4070 periplasmic cytochrome c 47.43 NarP(+), FlhDC(+), FNR(+), IHF(+), NsrR(�), Fis(�),

NarL(±),
nrfB b4071 formate-dependent nitrite reductase 116.68
nrfC b4072 formate-dependent nitrite reductase; Fe-S centers 102.59
nrfD b4073 formate-dependent nitrate reductase complex 36.87
nrfE b4074 formate-dependent nitrite reductase 12.57
nrfF b4075 part of formate-dependent nitrite reductase complex 4.73
nrfG b4076 part of formate-dependent nitrite reductase complex 19.76
fdnG b1474 formate dehydrogenase-N, alpha subunit 94.78 NarL(+),FNR(±), NarP(�),
fdnH b1475 formate dehydrogenase-N, iron-sulfur beta subunit 79.37
fdnI b1476 formate dehydrogenase-N 32.46
dmsA b0894 anaerobic dimethyl sulfoxide reductase subunit A 52.13 FNR(+), Fis(�), IHF(�), ModE(�), NarL(�)
dmsB b0895 anaerobic dimethyl sulfoxide reductase subunit B 58.26
dmsC b0896 anaerobic dimethyl sulfoxide reductase subunit C 27.27
napC b2202 cytochrome c-type protein 29.80 FlhDC(+), FNR(+), ModE(+),IscR(�),NarL(�), NarP(±),
napB b2203 cytochrome c-type protein 28.67
napH b2204 ferredoxin-type protein: electron transfer 43.50
napG b2205 ferredoxin-type protein: electron transfer 43.85
napA b2206 probable nitrate reductase 3 49.77
napD b2207 hypothetical protein 14.70
glpA b2241 sn-glycerol-3-phosphate dehydrogenase 25.07 CRP(+), Fis(+), FlhDC(+), FNR(+), ArcA(�), GlpR(�)
glpB b2242 sn-glycerol-3-phosphate dehydrogenase 41.34
glpC b2243 sn-glycerol-3-phosphate dehydrogenase 36.69
glpR b3423 repressor of the glp operon �2.45
pflA b0902 pyruvate formate lyase activating enzyme 1 2.94 NT
pflB b0903 formate acetyltransferase 1 5.97 IHF(+), ArcA(+), FNR(+), CRP(+), Fis(�), NarL(�)
hyaA b0972 hydrogenase-1 small subunit 4.7 AppY(+), ArcA(+), Fis(�), IscR(�), NarL(�), NarP(�),
hyaE b0976 processing of HyaA and HyaB proteins 2.48
nikD b3479 ATP-binding protein of nickel transport system 35.92 FNR(+), NarL(�), NikR(�),
nikE b3480 ATP-binding protein of nickel transport system 41.59
fumB b4122 fumarate hydratase Class I 4.58 FNR(+), ArcA(�), CRP(+), Fur(+), DcuR(+), NarL(�),

Fis(�)
hybG b2990 hydrogenase-2 operon protein: may effect maturation of large subunit of

hydrogenase-2
5.4 NarL(�), ArcA(�),

hybF b2991 may modulate levels of hydrogenease-2 4.06
hybD b2993 probable processing element for hydrogenase-2 4.17
hybC b2994 probable large subunit, hydrogenase-2 8.04
hybB b2995 probable cytochrome Ni/Fe component of hydrogenase-2 11.44
hybO b2997 putative hydrogenase subunit 13.64
pykA b1854 pyruvate kinase II 5.56 NT
yjjW b4379 putative activating enzyme 41.11 NT
yfiD b2579 putative formate acetyltransferase 3.53 ArcA(+), CRP(+), Fis(+), PdhR(�), FNR(±)
menC b2261 o-succinylbenzoyl-CoA synthase 2.16 NT
menB b2262 dihydroxynaphtoic acid synthetase 2.36 NT
hypF b2712 transcriptional regulatory protein 5.45 FhlA(+), FNR(+), IHF(+), NsrR(�),
hypC b2728 pleiotrophic effects on 3 hydrogenase isozymes 20.44
hypD b2729 pleiotrophic effects on 3 hydrogenase isozymes 18.62
hypE b2730 plays structural role in maturation of all 3 hydrogenases 13.48
acnA b1276 aconitate hydrase 1 �2.16 FNR(�), AcrA(�), FruR(+), CRP(+),
ndh b1109 respiratory NADH dehydrogenase �2.43 FNR(�), IHF(�), NsrR(�), PdhR(�), ArcA(+), Fis(±)
hydN b2713 involved in electron transport from formate to hydrogen, Fe-S centers �2.48 FhlA(+), FlhDC(+), FhlA(+),
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15 min. Three biological replicates were used for each strain. The
cells before and after the treatment were counted on LB agar
plates. Survival (%) = [(mean CFU/ml of treated sample)/(mean
CFU/ml of control sample)] � 100. For the 24 h treatment, a series
of agar plates containing the following concentrations of silver NPs
were used: 40, 60, 80, and 100 lg/ml. Agar plates containing
500 lg/ml silver NPs were used to examine survival under anaero-
bic condition. The cells were dropped onto the silver NPs agar
plates and the plate sets were transferred to aerobic and anaerobic
incubators, and incubated for 24 h at 37 �C.
2.6. Sensitivity of complement strains to silver NPs

The recombinant plasmids, pBAD30-arcA, pBAD30-fdnH, and
pBAD30-narH were transformed into JW4364-1, JW1216-2 and
JW1471-1, respectively (Table 2). To construct negative controls,
pBAD30 was transformed into three mutant strains and the wild
type strain. All complements and controls were grown in LB with
ampicillin (100 lg/ml) with arabinose (final concentration: 0.2%)
as an inducer [19]. The sensitivity was measured using agar plates
containing a range of concentrations of silver NPs (60–100 lg/ml).
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3. Results and discussion

3.1. Effects of silver nanoparticles on growth and morphology of E. coli

To determine the antimicrobial efficacy of silver NPs, E. coli was
exposed to silver NPs at a range of concentrations. Fig. 1A shows
that the growth of E. coli was significantly inhibited at 62.5 lg/
ml and no growth was observed at 125 and 250 lg/ml, whereas
E. coli seemed to grow normally at 31.25 lg/ml. To examine mor-
phological changes by silver NPs, E. coli cells were observed under
field emission scanning electron microscope (FESEM) and trans-
mission electron microscope (TEM) upon exposure to silver NPs.
The FESEM analysis indicates membrane disruption and lysis by
silver NPs, while the control cells exhibited clear structure, and
the cell surface remained intact (Fig. 1B and C). Intriguingly, a
number of E. coli cells exposed to silver NPs had a relatively long
shape, compared to the control cells, which may imply cell division
inhibition by silver NPs. The TEM analysis shows that silver NPs
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Fig. 3. Comparison of membrane permeability of E. coli treated with silver NPs under aero
(C). The data represent the averages of three biological replicates with standard deviati
caused severe damage to the cell membrane, indicated by the col-
lapsed cell structure (Fig. 1D and E).

3.2. Transcriptome analysis of E. coli response to silver NPs

To investigate cellular mechanisms associated with antimicro-
bial effects of silver NPs, we conducted genome-wide transcription
analysis upon 5, 15, and 25 min exposure to silver NPs. Briefly, the
transcriptome data suggest that (i) 9 genes were up-regulated after
5 min treatment; (ii) 108 genes were differently expressed after
15 min, while 72 genes were up-regulated; and (iii) 458 genes
were differently expressed after 25 min, with 260 up-regulated
genes. Intriguingly, the transcriptome response of E. coli to silver
NPs involves the up-regulation of copper/silver resistance genes,
including cusBCF, copA and cueO (cusB: 128-fold, cusF: 80-fold, cusC:
79.5-fold, cusA: 39-fold, copA: 70-fold, and cueO: 20.5-fold at
15 min). These genes remained up-regulated at 25 min but the ex-
tent of the upregulation was decreased to 7–20-fold. Another nota-
ble observation was that many anaerobic respiration-related
reductases were up-regulated at 15 and 25 min, whereas aerobic
respiration-related oxidases, such as ndh, mqo [20] and cyoBCE op-
eron, were down-regulated. Further, the 35 most up-regulated
genes are all involved in anaerobic respiration, including the nar
regulons, and the nir, nap, nrf, fdn, dms, and glp operons (Table 3).

3.3. Effects of silver NPs on respiration mechanisms

Since the genome-wide transcription analysis indicated the
induction of anaerobic respiration-related genes, we hypothesized
that anaerobic respiration might be stimulated upon exposure to
silver NPs. To test this hypothesis, we measured the amount of
D–lactate, a major product of anaerobic metabolism. Fig. 2 shows
that the concentration of D–lactate produced was higher when
the cells were exposed to silver NPs, and the difference became
more evident upon 2 h exposure. This result along with the repres-
sion of genes of the Krebs cycle provides the evidence that anaer-
obic respiration is stimulated during exposure to silver NPs.

3.4. Effects of oxygen availability on the antimicrobial activity of silver
NPs

The results above suggest that anaerobic respiration was stim-
ulated upon exposure to silver NPs. Therefore, to study whether
aerobic anaerobic
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Fig. 4. Survival rates of E. coli isogenic mutants lacking anaerobic respiration-related genes fnr, arcA, glpB, narH, nrfA, nirB, napA, and fdnH upon 15 min (A) and 24 h (B)
exposure to silver NPs under aerobic condition. The rectangular box with the names of the aforementioned genes shows the location of the corresponding mutants on agar
plates. The data represent the averages of three biological replicates with standard deviations. (C) Survival rates of the cells treated with 500 lg/ml silver NPs for 24 h under
anaerobic condition. (D) Measurement of ATP leakage of E. coli cells complemented without (white bar) and with (striped bar) the expression of the specified genes.
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oxygen availability is also related to the antimicrobial activity of
silver NPs, we examined membrane damage by silver NPs under
both aerobic and anaerobic condition, using Live/Dead cell viability
and ATP leakage assays. Fig. 3A and B shows that more E. coli cells
were stained with the propidium ioide (red) dye, which penetrates
damaged membrane. Fig. 3C shows that the amount of ATP re-
leased from the cells was 10 times higher under aerobic conditions
than under anaerobic conditions, which indicates that membrane
damage by silver NPs was much more significant under aerobic
conditions. These results suggest that membrane disruption in-
duced by silver NPs is an oxygen-dependent process, in line with
a previous study reporting that membrane damage by silver NPs
is likely due to lipid peroxidation by reactive oxygen species [21].
3.5. ArcA and Fnr regulators are associated with silver NPs resistance

Based on the abovementioned results, to determine the roles of
transcription regulators associated with intracellular oxygen
availability, we have examined the survival rate of fnr and arcA
knock-out mutants upon 15 min and 24 h treatment with silver
NPs under aerobic condition. FNR and ArcAB are essential regula-
tors that control metabolism according to oxygen availability. In
Fig. 4A, the fnr and arcA knock-out mutants shows higher and low-
er survival rates, respectively, than the wild-type cells after 15 min
(Fig. 4A) and 24 h (Fig. 4B) treatment with silver NPs. This result
suggests that ArcA and FNR are associated with cellular resistance
to silver NPs in E. coli. Note that those mutants showed resistance
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up to 500 lg/ml under anaerobic condition (Fig. 4C). Further, to
validate the essentiality of ArcA in silver NP resistance under aer-
obic condition, we expressed the arcA gene in the arcA knock-out
mutant using recombinant plasmid pBAD30-arcA. Fig. 4D shows
that ATP leakage became much lower when arcA was complemen-
tarily expressed in the arcA mutant, implying that ArcA is essential
for cellular resistance to silver NPs under aerobic condition.

3.6. Redox enzymes associated with silver NP resistance

Because oxygen availability is closely linked to intracellular re-
dox reactions, we have examined the survival rates of the mutants
lacking six redox and anaerobic respiration related enzyme genes,
glpB, nrfA, nirB, napA, fdnH and narH, upon 15 min and 24 h treat-
ment with silver NPs under aerobic condition. Those six genes also
showed significant changes in transcription level according to the
transcriptome analysis. Fig. 4A shows that the survival rates of
the narH and fdnH mutants were much higher than the wild-type
cells, which was in line with the resistance levels obtained from
the 24 h treatment, where the fdnH and narH mutants could grow
even against 100 lg/ml silver NPs (Fig. 4B). Note that those mu-
tants showed resistance up to 500 lg/ml under anaerobic condi-
tion (Fig. 4C). Fig. 4 shows that ATP leakage was increased upon
complementation of the fdnH and narH mutants by the expression
of fdnH and narH, respectively, which suggests that the knock-out
of fdnH and narH led to increased resistance to silver NPs under
aerobic condition.

In conclusion, for the first time, we provided the evidence that
anaerobic respiration was simulated upon exposure to silver NPs
using transcriptome-based biochemical and phenotypic analyses.
In particular, we showed that among anaerobic respiration related
genes, the deletion of fnr, fdnH and narH significantly increased cel-
lular resistance against silver NPs, whereas the deletion of arcA,
napA and glpB decreased the resistance. Our results offer novel in-
sights into modes of antimicrobial action of silver NPs, and cellular
mechanisms contributing to the development of microbial resis-
tance to silver nanoparticles.
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