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Abstract : Silver has potent antibacterial activity against a variety of bacteria while maintaining low toxicity in
mammalian cells. This study was conducted to investigate the possible mechanism underlying the bactericidal effects
of silver ions against bovine mastitis pathogens using electron microscopy. We used two different bacterial strains,
Escherichia coli and Staphylococcus aureus, which are primarily responsible for the majority of bovine mastitis cases.
Interaction between the bacteria and silver ions (50 pg/mL, 2 hours) were studied using energy-filtering transmission
electron microscopy (EFTEM). EFTEM images showed that E. coli and S. aureus cells treated with the silver ions
had distorted plasma membranes, silver ions attached to the outer membranes, scattered electron-light material, and

leakage of cell contents from disrupted cell membranes.
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Introduction

Silver has been long known to have strong inhibitory and
bactericidal effects (3,9,10,28). Silver ion (Ag") solutions con-
tain submicroscopic, positively-charged silver particles sus-
pended in an aqueous medium. Silver ions acts as a powerful,
broad-spectrum, anti-microbial agent and are known to kill
over 650 different kinds of pathogens including bacteria,
viruses, fungi, parasites, and molds (3,33). Furthermore, silver
ions are also extensively used for food preservation, decon-
tamination, and disinfection of medical supplies (7,12,21).
Several studies have been conducted to examine the bacteri-
cidal effects of silver ions (18,19,25). It is generally believed
that heavy metals react with SH groups, which leads to the
inactivation of cellular proteins (11,19) and inhibition of bac-
terial oxygen metabolism.

Bovine mastitis is an inflammation of the mammary gland
that often develops in response to intramammary bacterial in-
fection and is the single most important cause of economic
loss in the dairy industry (2). Pathogens that cause mastitis
include bacteria and nonbacterial pathogens such as mycoplas-
mas, fungi, yeast, and Chlamydia (32). Although many bacte-
ria can cause mastitis, Staphylococcus aureus and Escherichia
coli are primarily responsible for the majority of bovine mastitis
cases. Many researchers have explored the therapeutic effects
of various agents against bovine mastitis (13,14,15,27,29).
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In particular, antibiotics have been critical in the fight against
infectious diseases, such as mastitis, caused by bacteria and
other microbes. However, disease-causing microbes that have
become resistant to antibiotic drugs are an increasing threat
to human health as well as in veterinary medicine (1). Thus,
the interest to explore alternative, safe, and cost-effective
antibacterial materials to cure animal disease is growing.

Several studies have reported the in vitro effects of silver
on mammalian cells. Berger and colleagues reported that sil-
ver has potent antibacterial activity against a variety of bacte-
ria while exhibiting low toxicity in mammalian cells (3,5). In
our previous study, we also reported that silver ions do not
have harmful effects on bovine mammary gland epithelial
cells, and may inhibit the virulence of S. aureus-derived
alpha-toxin in these cells (26). However, the mechanisms
underlying the antimicrobial effects of silver are still not fully
understood. The purpose of this study was to investigate the
mechanisms underlying the bactericidal effects of silver ions
against bovine mastitis pathogens such as E. coli and S. aureus.
For this study, we used energy-filtering transmission electron
microscopy (EFTEM) to observe morphologic changes in bac-
teria treated with silver ions.

Materials and Methods

Bacterial cultures

Two reference strains (E. coli O55 and S. aureus 305) were
obtained from National Veterinary Research and Quarantine
Service (Anyang, South Korea). The bacteria were sub-cul-
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tured using Muller-Hinton agar plates (BD, USA). A large
amount of microorganisms was scraped from the agar plate
and used to inoculate test tubes containing Muller-Hinton
broth (MHB; BD, USA). The MHB cultures were incubated
at 37°C in ambient air until an optical density approximately
equivalent to 1.0 McFarland standard (3 x 10®* CFU/mL) was
achieved.

Silver ion solution preparation

Silver ions were obtained from BioPlus Co. (Pohang, South
Korea) (29). A colloidal silver (1000 pg/mL) solution was pre-
pared from aqueous 0.01 M silver nitrate with various stabiliz-
ers (polyvinyl pyrrolidone and polyethylene). The pH of the
solution was adjusted to 7.0 by adding sodium acetate. The sil-
ver ions were diluted (50 pg/mL) in pyrogen-free distilled
water (Jungwei Pharma, South Korea). Two strains (E. coli
and S. aureus) were incubated with silver ions (50 pg/mL) in
MHB for 2 h.

Electron microscopy

EFTEM was used to examine the surface morphology of
bacteria following silver ion treatment. Briefly, E. coli and S.
aureus (2 x 107 cells) were incubated in MHB at 37°C for 2 h
with or without silver ions (50 pg/mL). The cells were then
centrifuged at 3,000 x g for 10 min. The samples were fixed
with 2% glutaraldehyde and 1% osmium tetraoxide at room
temperature. After eliminating the remaining glutaraldehyde
and osmium tetraoxide, the samples were dehydrated with 30,
50, 70, 80, 95, and 100% alcohol. The fixed cells were embed-
ded in Epon 812, and small blocks of bacteria in the Epon
were cut using an ultramicrotome (Leica Ultracut UCT, Ger-
many) with a diamond knife (Diatome, Switzerland). Ultrathin
sections were then stained with uranyl acetate for 60 min fol-
lowed by incubation with lead citrate for 5 min. The stained
sections were examined using a Zeiss EM912Q electron
microscope (EFTEM) with a 120 kV accelerating voltage.

Results

Morphological changes in E. coli and S. aureus after sil-
ver ion treatment

To examine the morphological changes of bacterial cell
caused by silver ion treatment, E. coli and S. aureus cells
(2 x 107 cells) were incubated with or without silver ions
(50 pg/mL) in MHB for 2 h. The morphological changes were
observed by EFTEM. The untreated E. coli and S. aureus cells
had normal morphologies such as a multilayered surfaces
consisting of outer cell membranes, peptidoglycan layers in
the periplasmic space, cytoplasmic membranes with normal
electron density, and DNA localized at the center of the cells
(Figs 1 and 2). However, all E. coli and S. aureus cells treated
with silver ions showed many morphological changes includ-
ing distortion of plasma membranes, silver ion attachment to
the outer membranes, detachment of the cytoplasm from cell
membranes, scattered electron-light materials, and even leak-

RN : :
Fig 1. Internal structures in the untreated E. coli observed by
transmission electron microscopy. Untreated E. coli (panels A and
B); enlarged views of portion of panel B (panels C and D). OM =
outer membrane, PG = peptidoglycan layer, CM = cytoplasmic mem-
brane.

Fig 2. Internal structures of the untreated S. aureus observed by
transmission electron microscopy. Untreated S. aureus (panels A
and B); enlarged view of portion of panel B (panels C and D).
OM = outer membrane, PG = peptidoglycan layer, CM = cytoplas-
mic membrane.

age of cell contents from disrupted cell membranes (Figs 3
and 4).

Discussion

Slawson et al. (1990) reported that silver binding may occur
in two stages. The first stage is a rapid, reversible, and meta-
bolically-independent surface binding. The second stage
involves metabolically-dependent, irreversible, and intracellu-
lar accumulation of the silver ions. The bactericidal time-
frame of silver ion indicated a close relationship between the
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Fig 3. Internal structures of the silver ion-treated E. coli observed
by transmission electron microscopy. E. coli were treated with 50
pg/mL of a silver ion solution for 2 h. (A) A remarkable electron-
light region (white arrow) in the center of the cell and condensed
DNA (white arrow) in the center of the electron-light region were
observed. (B) Enlarged view of portion of panel A. A large gap
between the cytoplasm membrane and the cell wall (black arrow)
was observed. (C) Electron-dense granules were found around the
cell wall (white arrow). (D) The cell wall was extensively damaged
(white arrow).

Fig 4. Internal structures of the silver ion-treated S. aureus ob-
served by transmission electron microscopy. S. aureus were treated
with 50 pg/mL of a silver ion solution for 2 h. (A) A remarkable
electron-light region (white arrow) in the center of the cell and
condensed DNA (white arrow) in the center of the electron-light
region were observed. (B) Enlarged view of portion of panel A.
A large gap was observed between the cytoplasm membrane and
cell wall (black arrow). (C) Electron-dense granules were found
around the cell wall (white arrow). (D) The cell wall was signif-
icantly damaged (white arrow).

silver concentration and killing time. Bactericidal action of
the silver ions is characterized by the immediate onset of bac-

terial cell death, a short killing time, and a rapid rate of kill-
ing. Kumar and Munstedt (2005) showed that morphological
changes in E. coli and S. aureus caused by silver ion treat-
ment observed with SEM were probably caused by the attach-
ment of silver ions to the outer cell surface. EF-TEM images
further demonstrated the morphological changes that occurred
following silver ion treatment in both E. coli and S. aureus
cells. Detachment of cytoplasmic contents from the cell mem-
brane, scattered electron light materials, disruption of cell
wall, and eventual cell death were probably caused by the
attachment of silver ions to cell surfaces and their diffusion
into the cell. The small size and positive charges of the silver
ions (19) probably allowed the ions to attach to bacterial cells,
cross the cellular transportation barriers, and cause internal
and external morphological changes in the bacteria.

In present study, many granules were observed around elec-
tron-light regions in the center of the cell. Silver ion granules
were also detected inside and outside the cell membrane using
EFTEM. It may be that attachment to and easy passage of sil-
ver into bacterial cells can cause internal and external distor-
tions in both typical Gram-negative (E. coli) and Gram-
positive (S. aureus) bacteria. Minor differences were also
observed between the morphologies of S. aureus and E. coli
treated with silver ions. In E. coli, the amount of electron-
dense granules inside the cells as lower, and the electron-light
region was comparatively darker than in S. aureus. These find-
ings suggest that £. coli may possess a stronger defense sys-
tem against silver ions.

Silver ions have a highly reactive moiety (6) and have a
greater affinity for binding to proteins (24); this probably
causes structural changes in bacteria. Electrostatic attraction
between negatively-charged bacterial cells and positively-
charged silver ion exist (19) which are crucial for explaining
the antibacterial action of silver ions. The attachment of silver
ions to cell proteins can significantly increase membrane per-
meability, leaving the bacterial cells incapable of properly reg-
ulating transport through their plasma membrane, ultimately
leading to cell death. A similar effect was described by Kla-
bunde er al. (2002) in E. coli treated with highly reactive
metal oxide nanoparticles.

It is well known that the outer membrane of E. coli cells is
predominantly constructed from tightly packed lipopolysac-
charide (LPS) molecules, which form an effective permeabil-
ity barrier (4). Wadu-Mesthrige et al. (2000) showed that
attachment of heavy metals to cells may cause the formation
of irregular-shaped pits in the outer membrane and changes
membrane permeability. This is resulted by a progressive
release of LPS molecules and membrane proteins. The silver
ions may bind to and denature bacterial DNA and RNA,
thereby inhibiting DNA replication (22). Feng et al. (2000)
reported the formation of electron-light regions in the cyto-
plasm and condensation of DNA molecules in E. coli and S.
aureus exposed to a silver nitrate solution. Nover et al. (1983)
found that a heat stimulus harmful to the living cells can pro-
mote the localization of some low molecular weight proteins
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around the nuclear region. Silver may elicit a type of shock to
living cells different from that associated with heat treatment.
However, it is possible that some of the proteins localized
around the nuclear region of bacteria treated with silver ions
seen by EFTEM in this study protect the DNA molecules.
Rapid attachment and easy diffusion of silver ions into bacte-
ria can cause the expansion of electron-light regions and the
collapse of cell walls.

It is well known that the replication of DNA is only possi-
ble when the molecules are in a relax state (22). One probable
reason to this is DNA condensation caused by silver ions that
could lower the ability to the DNA to replicate (8). Further-
more, it was previously demonstrated that heavy metals can
bind to thiol group when present inside the cell, thereby inhib-
iting the activity of various enzymes (34) and causing cellular
death (19,20). Silver is a type of heavy metal that can induce
the deposition of proteins in bacterial cells (8). Considering
this, the small electron-dense granules observed outside the
electron-light region could be deposits of silver and proteins.

The present results suggest that the bactericidal effects of
the silver ion involved interaction of silver ion with the cyto-
plasm in the interior of the cell. Initially, the silver ions
appear to penetrate through ion channels without causing
damage to the cell membranes. Once inside the cells, great
affinity to bind with proteins and small size of silver ion lead
it to attach and penetrate the bacterial cells that resulted in
morphological distortion, particularly formation of a large
gap between the cytoplasm membrane and the cell wall. Sil-
ver is a kind of heavy metal that can cause the deposition of
proteins in the cells. Therefore, the entrance of silver into
bacterial cells may lead to the deposition of proteins in cells.
In this study, we observed a remarkable scattered electron-
light region in the center of the cell, condensed DNA in the
center of the electron-light region and electron-dense gran-
ules around the cell wall. These processes seem to render the
cell unable to sustain the membrane structures and results in
the cell disruption.

Conclusion

The results of this study indicated that treatment with sil-
ver ions (50 pug/mL for 2 h) could kill bacteria that cause
bovine mastitis (. coli and S. aureus). Great affinity for pro-
teins and small size enable the silver ions to attach to and
penetrate the bacterial cells. This resulted in morphological
changes, particularly formation of a large gap between the
cytoplasm membrane and the cell wall. Furthermore, the
entrance of silver ions into bacterial cells can cause DNA con-
densation and thereby inhibit DNA expression and replica-
tion resulted in disruption of cell wall and death of silver ion
treated bacteria.
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