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a b s t r a c t

The influence of silver ions on Escherichia coli and Staphylococcus epidermidis has been investigated by
atomic force microscopy (AFM). Both single cell and cell communities were visualized, and the nanoscale
ultrastructure images of these two bacteria strains before and after stimulation of silver ions were
obtained. The results showed that in the case of E. coli after treatment with silver ions, vesicles appeared
on the cell walls, and the size of vesicles became larger with the increase of the incubation time. However,
eywords:
tomic force microscopy
ilver ions
scherichia coli
taphylococcus epidermidis

in the case of S. epidermidis after treatment with silver ions, irregular and deep grooves appeared on the
cell walls, and the cytoplasm membrane shrank and became separated from the cell wall. The significant
differences in cell wall changes between E. coli and S. epidermidis after treatment with silver ions were
related to their structural characters. According to those results, it is shown that AFM can provide new
insight into the antimicrobial mechanism of silver ions, and show a new methodological approach to
understand the relationship between structure and function of microbial cell when it was exposed to

external stimulation.

. Introduction

It has been known that silver ions are effective antimicrobial
gents. Silver ions have been reported to be lethal to a range of
acterial species, both Gram-positive bacteria and Gram-negative
acteria, so they have gained extensive applications in the fields
f clinical medicine and daily life as antibacterial component [1,2].
n addition, silver ions have been re-evaluated as a new therapeu-
ic strategy because of the increasing resistance of bacterial cells
o most antibiotics [3]. However, the antimicrobial mechanism of
ilver ions is only partially understood. Therefore, it is important
o study antimicrobial mechanism for further development and
pplication of silver-based products.

In previous studies, silver ions have been reported to uncou-
le respiratory electron transport from oxidative phosphorylation
4], collapse the proton-motive force across the cytoplasm mem-
rane [5], interfere with the outer membrane permeability [6], or

nteract with thiol groups of membrane-bound enzymes and pro-

ein [7,8]. Evidences for the above antimicrobial mechanisms were
btained by biochemistry techniques, which provided bulk mea-
urements representing the average behavior of massive number of
ells. The direct observation of morphological alterations has been
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completing the antimicrobial mechanism of silver ions by imag-
ing techniques. The effects of silver ions on bacteria were studied
by transmission electron microscopy (TEM) [8,9]. TEM observa-
tions were capable of visually revealing internal cellular changes
and some apparent changes in cellular morphology, but no cellular
surface change in great detail was examined after treatment with
silver ions. Therefore, imaging techniques of surface analysis are
appealed to investigate surface alterations of bacteria.

Atomic force microscopy (AFM) has opened up many new
domains for surface analysis of biological specimens due to its
advantages such as true three-dimensional data acquisition,
measuring adhesive and mechanical properties at molecular level
[10,11], and the possibility to study samples in different sur-
roundings without pretreatments (chemical fixation, dehydration,
dryness, and metal coating), which may lead to a change of surface
properties. In recent years, AFM has been applied increasingly
and successfully to investigate the microbial envelope [12–14].
Braga and Ricci studied the surface alterations of Escherichia coli
induced by different concentrations of the beta-lactam antibiotic
cefodizime [15]. Lu et al. observed the decomposition of cell walls
and cell membranes of E. coli caused by an illuminated TiO2 thin
film [16]. Rautenbach and co-workers analyzed the membranolytic

effects in the mechanisms of three antibacterial peptides [17].
In our previous work, the effects of natural and semisynthetic
�-lactam antibiotics on E. coli were investigated, indicating that
minor structural difference between them give rise to evidently
different action effects [18]. As just mentioned, much work has
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een done to study the effect of antibacterial agents on microbial
ell by AFM [19,20]. However, there is no attempt to investigate
he antibacterial action of silver ions on bacteria by AFM, and the
haracteristic surface changes have never been visually revealed
t high-resolution of Gram-negative bacteria and Gram-positive
acteria after treatment with silver ions.

Here, the effect of silver ions on bacteria was studied by AFM. E.
oli and Staphylococcus epidermidis were chosen as model Gram-
egative bacteria and Gram-positive bacteria, respectively. Both
ingle cell and cell communities were visualized, giving some
nteresting results and a more complete understanding of related
rocesses. The results showed that AFM imaging was able to discern
he significant detailed differences in cell wall changes between E.
oli and S. epidermidis after treatment with silver ions. This work
emonstrated that AFM should be a useful tool in understand-

ng the relationship between structural changes and physiological
unctions of cell, and provide visual evidences for clarifying antimi-
robial mechanism of silver ions.

. Experimental

.1. Reagents

Two experimental strains, Gram-negative E. coli and Gram-
ositive S. epidermidis were used to investigate the effect of silver

ons in the form of AgNO3 solution (Shanghai Chemical Reagents
o., China). The Luria–Bertani (LB) medium was purchased from
xoid LID. Hampshtre, England. All solutions were prepared with
ltrapure Millipore water (18.2 M� cm). The culture medium was
terilized in high-pressure steam at 120 ◦C for 30 min.

.2. Preparation of bacterial samples for morphology studies

The culture of E. coli or S. epidermis was grown overnight to a
og phase (∼7.8 × 108 cell/ml) in LB medium at 37 ◦C on a shaker at
80 rpm. Silver ions at minimum inhibitory concentration (MIC)
ere added to the suspension, and the mixture was incubated
t 37 ◦C for 1 h, 2 h, 3 h and 4 h with continuous shaking. Culture
ith silver-free served as control. The cells in 1.0 ml culture were

solated by centrifugation at 6000 rpm for 2 min in a centrifuge
Beckman CoulterMicrofuge 18) and washed twice with sterile
ater. Then, the cells were gently resuspended in sterile water for

ig. 1. Topography images E. coli cells before (A) and after treatment with silver ions for (
H) and (J), Bar = 1 �m.
(2010) 1508–1512 1509

AFM analysis. The samples were applied on a freshly cleaved mica
surface and allowed to dry for ∼5 min before imaging.

2.3. Imaging cell

E. coli and S. epidermis cells were imaged in ambient air with a
tapping mode AFM (SPI3800N-SPA400, Seiko Instrument) before
and after being treated with silver ions. This microscope was
equipped with a piezoscanner having a maximum scan range of
100 �m × 100 �m × 10 �m. A rectangular Si cantilever/tip (Seiko)
with a spring constant of 12 N/m and a resonance frequency of
∼130 kHz was used. A scan speed of 0.7–1.5 Hz was set and resulted
in a final resolution of 256 by 256 pixels. A topography image and
a phase image were obtained simultaneously in every single scan.
Height and size information were acquired with the imaging soft-
ware from Seiko.

3. Results and discussion

3.1. Morphological changes of E. coli after silver ions treatment

The effects of silver ions on E. coli cells for different incubation
time were investigated, as shown in Fig. 1. Fig. 1A and B shows
the topography image and phase image of typical untreated E. coli
cells, respectively. They had rod-shaped morphologies and aligned
side by side with adjacent cells in contact. A single E. coli cell had
a relatively smooth surface with no ruptures or bulges. After incu-
bation for 1 h with MIC of silver ions, E. coli cells maintained their
rod-shaped morphologies, but some vesicles appeared on cellular
surface, as shown in Fig. 1C and D. After incubation for 2 h, the num-
ber of the vesicles on cellular surface increased, although the E. coli
cells remained relatively intact, as shown in Fig. 1E and F. After
incubation for 3 h, not only the number of the vesicles increased,
but also the vesicles became larger as the increase of the incuba-
tion time, as shown in Fig. 1G. In addition, the phase image (Fig. 1H)
showed the cell surface became rough compared with that of the
control cells. With the increase of the incubation time (4 h), the E.

coli cells lost their clear-cut rod-shaped morphologies with appear-
ance of numerous large patches, and the borders of the cells were
diffuse, as shown in Fig. 1I and J. The height profile analysis provided
quantitative measurement of the dimension of the vesicle on the
cell surface, as shown in Fig. 2. After a short incubation time (2 h)

C) 1 h, (E) 2 h, (G) 3 h and (I) 4 h, and their corresponding phase images (B), (D), (F),
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ig. 2. Topography images and the corresponding height profiles of vesicles on cell

hown in Fig. 2A, the average height and the average radius of the
esicles were 25.05 ± 3.20 nm and 211.15 ± 13.67 nm, respectively.
fter a long time (3 h), the average height and the average radius
f the vesicles increased to 55.25 ± 8.59 nm and 373.48 ± 61.98 nm
Fig. 2B), which is clearly larger than the average size of vesicle in
ig. 2A.

.2. Morphological changes of S. epidermidis after silver ions
reatment

The effects of silver ions on S. epidermidis cells for different
ncubation time were also investigated, as shown in Fig. 3. Fig. 3A
howed the topography image of typical untreated S. epidermidis
ells. They had spherical shapes and aligned side by side with adja-
ent cells in contact. The corresponding phase image (Fig. 3B) with
smaller scan area showed a single S. epidermidis cell with smooth

nd regular surface, and the periphery between adjacent cells was
harp. After incubation for 1 h with MIC of silver ions, S. epider-
idis cells maintained their spherical morphologies, and some dark

egions presented on the periphery of cell, as shown within circles
f Fig. 3C. The corresponding phase image (Fig. 3D) with a smaller

ig. 3. Topography images S. epidermidis cells before (A) and after treatment with silver io
smaller scan area (B), (D), (F), (H) and (J), Bar = 500 nm.
ce of the E. coli after treatment with silver ions for (A) 2 h and (B) 3 h, Bar = 1 �m.

scan area showed that dense protrusions were clearly visible on
the periphery of S. epidermidis cells (dark circle), indicating a mild
cell surface perturbation. After incubation for 2 h, the dark regions
(dark arrows in Fig. 3E) located at the periphery between neighbor-
ing cells were pronounced, and the number of the protrusions (dark
circle in Fig. 3F) increased as shown in their corresponding phase
image with a smaller scan area. After incubation for 3 h, the S. epi-
dermidis cells had a distinct feature (Fig. 3G): appearance of some
grooves on cell wall, and the shape of S. epidermidis cell became
irregular sphericity. The corresponding phase image of a single S.
epidermidis cell showed that deep and irregular groove on the cell
surface (dark arrows in Fig. 3H), and the cell walls had separated
from the cytoplasm membrane (white arrows in Fig. 3H). With the
increase of the incubation time (4 h), besides grooves distributed
on almost every cell, some ruptures occurred on the cell walls, as
shown in Fig. 3I. The corresponding phase image of a single S. epi-

dermidis cell (Fig. 3J) gave a good illustration of above changes. The
white arrows showed the region between the cell wall and cyto-
plasm membrane, and the grooves and rupture were marked with
dark arrows and a white circle, respectively. The height profile anal-
ysis provided quantitative measurement of the distance between

ns for (C) 1 h, (E) 2 h, (G) 3 h and (I) 4 h, and their corresponding phase images with
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ig. 4. Typical single cell surface height profiles of the long axis of the cell body wit
ilver ions for (A) 3 h and (B) 4 h, Bar = 500 nm.

he cell wall and cytoplasm membrane. As shown in Fig. 4A, after
ncubation 3 h, the distance was ca. 87.42 nm. After a long time
ncubation (4 h), the distance increased to ca. 108.55 nm (Fig. 4B),

hich is larger than the distance in Fig. 4A.

.3. Analysis of characteristic damages on different types of
acteria

The effects of silver ions were investigated on E. coli and S.
pidermidis using AFM. High-resolution images of AFM illustrated
ifferent features on two types of bacteria after exposure to sil-
er ions (Fig. 5). As shown in Fig. 5A, vesicles appeared on the cell

alls of E. coli, and the corresponding surface height profile of a

ingle vesicle on cell wall provided quantitative measurements of
he dimensions. However, deep grooves appeared on cell walls of S.
pidermidis, and the cytoplasm membrane shrank and became sep-
rated from the cell wall, as shown in Fig. 5B. The corresponding

Fig. 5. Characteristic changes of (A) E. coli cells and (B) S. epider
sponding topography images exhibited by S. epidermidis cells after treatment with

“peaks-valleys” liked surface height profile indicated appearance
of grooves on cell walls, and the detached region (green lines)
between the cell wall and cytoplasm membrane. Here, the dis-
tinct morphological changes of two typical bacteria probably were
a consequence of their different structure of cell wall.

The E. coli belongs to the Gram-negative bacteria, which has a
relatively complex cell wall: an outer membrane and a thin pep-
tidoglycan layer (∼2 nm) [21]. The outer membrane consists of
lipopolysaccharide (LPS) which acts as a selective permeability
barrier. Wall shape and strength is primarily due to peptidogly-
can. In contrast, the S. epidermidis belongs to the Gram-positive
bacteria, which has a simple cell wall: a thick peptidoglycan

layer (20–80 nm), lacking the outer membrane [21]. Because of
the thicker peptidoglycan layer, the walls of Gram-positive cells
are stronger than those of Gram-negative bacteria. Moreover, the
thicker peptidoglycan contains a peptide interbridge and teichoec
acids which are not present in Gram-negative bacteria. These

midis cells after treatment with silver ions, Bar = 500 nm.
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olecules may be important in maintaining the structure of the
all. Both Gram-negative bacteria and Gram-positive bacteria have

he same cytoplasmic membrane inside the cell wall.
In the case of E. coli, the characteristic changes were relative to

he structure of E. coli. The outer membrane lay outside the E. coli,
hich prevented or slowed the entry of toxic substances that might

ill or injure the bacterium. As reported, release of outer mem-
rane vesicles by Gram-negative bacteria was a novel envelope
tress response [22]. When the E. coli cells were attacked, increased
esiculation can get rid of undesirable and toxic components by
he outer membrane. In this study, some vesicles appeared on the
ell surface of E. coli after treatment with silver ions. The results
ndicated that vesicle production might be a mechanism for the E.
oli cell to protect itself from the attack of silver ions. Because the
uter membrane was to serve as a protective barrier, silver ions
annot reach the peptidoglycan layer at the beginning. Therefore,
he E. coli cells remained their rod-shapes with appearance of some
esicles. With the increase of the incubation time, not only the num-
er of the vesicles increased, but also the vesicles became larger.
oreover, it was worth noting that cell surface of E. coli became

ough compared with that of native cells. The results indicated that
he physiological function of the outer membrane was weakened
everely. This was to facilitate the further damage of the thin pepti-
oglycan layer, leading to disappearance of rod-shape morphology
f E. coli and subsequent damage of inside cytoplasmic membrane
r intracellular metabolic activity.

In the case of S. epidermidis, the characteristic changes were
lso relative to the structure of S. epidermidis. The S. epidermidis
acked the outer membrane, but its thick peptidoglycan layer had
specific peptide interbridge to result in an enormous, dense and

nterconnected network, differing from that of Gram-negative bac-
eria. These networks were strong enough to remain their shape
nd integrity. When the S. epidermidis cells were attacked by toxic
ubstances, the firm peptidoglycan layer was a stronger defense
ystem [8,21]. In this study, some protrusions were clearly visible
n the periphery of S. epidermidis cells, but the cells maintained
heir spherical morphologies after treatment with silver ions for a
hort incubation time. The results indicated a mild perturbation
f the peptidoglycan layer. With the increase of the incubation
ime, many irregularly shaped grooves appeared on the surface of
. epidermidis, which was the consequence of progressive damage
f the peptidoglycan layer. These grooves became active sites to
acilitate the attack of silver ions. Silver ions can reach the inside
ytoplasmic membrane through the grooves. The inside cytoplas-
ic membrane shrank and became separated from the cell wall

n order to protect the cells as the second barrier. After a longer

ncubation time, besides grooves, some ruptures occurred on the
ell walls of S. epidermidis, indicating the severer damage of the
eptidoglycan layer. A large of silver ions attacked the cytoplas-
ic membrane of S. epidermidis through the ruptures, and cellular

ontents were then released from these ruptures.

[

[

[
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4. Conclusion

This is the first the visual demonstration of different dam-
ages to the cell wall between E. coli and S. epidermidis caused
by silver ions. AFM imaging was able to discern the significant
detailed differences in cell wall changes of two typical bacte-
ria due to their structural characters. It is clear that AFM can
provide useful information for understanding the antimicrobial
mechanism of silver ions, and show great potential for understand-
ing the relationship between structure and function of microbial
cell.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (90606003, 20805012), Chinese 863 High Tech
Project (2007AA022007) and Hunan Provincial Natural Science
Foundation of China (08JJ1002).

References

[1] S. Silver, FEMS Microbiol. Rev. 27 (2003) 341.
[2] S. Kim, H.J. Kim, Int. Biodeterior. Biodegrad. 57 (2006) 155.
[3] I. Chopra, J. Antimicrob. Chemother. 59 (2007) 587.
[4] K.B. Holt, A.J. Bard, Biochemistry 44 (2005) 13214.
[5] P. Dibrov, J. Dzioba, K.K. Gosink, C.C. Hase, Antimicrob. Agents Chemother. 46

(2002) 2668.
[6] C.N. Lok, C.M. Ho, R. Chen, Q.Y. He, W.Y. Yu, H.Z. Sun, P.K.H. Tam, J.F. Chiu, C.M.

Che, J. Proteome Res. 5 (2006) 916.
[7] S.Y. Liau, D.C. Read, W.J. Pugh, J.R. Furr, A.D. Russell, Lett. Appl. Microbiol. 25

(1997) 279.
[8] Q.L. Feng, J. Wu, G.Q. Chen, F.Z. Cui, T.N. Kim, J.O. Kim, J. Biomed. Mater. Res. 52

(2000) 662.
[9] W.K. Jung, H.C. Koo, K.W. Kim, S. Shin, S.H. Kim, Y.H. Park, Appl. Environ. Micro-

biol. 74 (2008) 2174.
10] E.V. Dubrovin, A.G. Voloshin, S.V. Kraevsky, T.E. Ignatyuk, S.S. Abramchuk, I.V.

Yaminsky, S.G. Ignatov, Langmuir 24 (2008) 13068.
11] L. Yang, H.M. Li, K.M. Wang, W.H. Tan, W.J. Yang, J. Zheng, Anal. Chem. 80 (2008)

6222.
12] P. Hinterdorfer, Y.F. Dufrêne, Nat. Methods 3 (2006) 347.
13] Y. Gilbert, M. Deghorain, L. Wang, B. Xu, P.D. Pollheimer, H.J. Gruber, J. Erring-

ton, B. Hallet, X. Haulot, C. Verbelen, P. Hols, Y.F. Dufrêne, Nano Lett. 7 (2007)
796.

14] G. Francius, S. Lebeer, D. Alsteens, L. Wildling, H.J. Gruber, P. Hols, S. De Keers-
maecker, J. Vanderleyden, Y.F. Dufrêne, ACS Nano 2 (2008) 1921.

15] P.C. Braga, D. Ricci, Antimicrob. Agents Chemother. 42 (1998) 18.
16] Z.X. Lu, L. Zhou, Z.L. Zhang, W.L. Shi, Z.X. Xie, H.Y. Xie, D.W. Pang, P. Shen,

Langmuir 19 (2003) 8765.
17] M. Meincken, D.L. Holroyd, M. Rautenbach, Antimicrob. Agents Chemother. 49

(2005) 4085.
18] L. Yang, K.M. Wang, W.H. Tan, X.X. He, R. Jin, J. Li, H.M. Li, Anal. Chem. 78 (2006)

7341.
19] Z.S. Lu, C.M. Li, H.F. Bao, Y. Qiao, Y.H. Toh, X. Yang, Langmuir 24 (2008)
20] P. Eaton, J.C. Fernandes, E. Pereira, M.E. Pintado, F.X. Malcata, Ultramicroscopy
108 (2008) 1128.

21] L.M. Prescott, J.P. Harley, D.A. Klein, Microbiology, 5th ed., The McGraw-Hill
Companies, Inc., New York, 2002, pp. 55–60.

22] A.J. Mcbroom, M.J. Kuehn, Mol. Microbiol. 63 (2007) 545.


