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Abstract

The effects of the silver ion-exchanged water treatment agent (Ag-Os) upon E. Coli RB 797 and Bacillus sp. have
been discussed in this study. Silver ion causes a number of toxic effects with no known biological function. Silver
ion-exchanged water treatment agent (Ag-Os) using oyster shell here showed antimicrobial activities. The soluble
form of silver ion in water is more toxic to the growth of Bacillus sp. than that of E. Coli RB 797. The minium
amount of Ag-Os needed for growth inhibition is 0.2 mg/ml for E. Coli RB 797 and 0.02 mg/ml for Bacillus sp.,
which is consistant with the data of the survival cell fractions. Binding studies suggested that binding of silver to
the cell surface was a rapid, metabolic-independent process and different from active transport. Bacillus sp. showed
more binding than E. coli RB 797. Reducing substances of the cell cultures in the presence of Ag-Os was detected
using Methylen blue as an indicator. From these results, we suggest that Ag-Os is effective as an antimicrobial agent
on E. Coli RB 797 and Bacillus sp. and silver binds to the cells through rapid, metabolic-indepedent process and
might complex to sulfur group in the cells for its toxicity.
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Introduction

Silver ion has been used for centries as one of antimi-
crobial agents in medical and other applied fields"*®.
However, little is known about molecular aspects of sil-
ver toxicity. Biologically nonessential metal, silver shows
its toxic effect in prokaryotic and eukaryotic cells. Silver
ion decreases the activities of lactate dehydrogenase and
glutathione peroxidase, and the peroxidation of memb-
rane lipids. Silver ions might complex to sulfhydryl
groups of sulfur-rich proteins”. It is likely that silver

ions are bound to a certain cellular component and tra-
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nsported into the cell to exert its toxic effects. In fact,
silver was reported to bind to basal membrane and cel-
lular components®, and be transported into the cell by
a copper transport mechanism, p-type ATPase, CopB
ATPase in membrane vesicle of Enterococcus hirae®. The
interaction between azurin in Pseudomonas aeruginosa
and silver ions was also investigated®. Silver ion has a
high affinity for reduced azurin and completely displaces
the copper ion from the native binding site® .
Silver-resistant bacteria have been isolated and studied™
21010 byt were not examined directly for the silver resis-

tancy, and toxicity mechanism. It is also shown that
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silver resistance can be plasmid-encoded'®. However,
the mechanism of silver toxicity is not understood and
there is little information on silver uptake and silver bi-
nding to specific components in cells.

In this study, silver ions are coupled to the water
treatment agent using oyster shell and the effects of this
silver ion exchanged water treatment agent on E. Coli RB
797 and Bacillus sp. have been discussed.

Materials and Methods

Production of antimicrobial water treatment agent

Fine-powder form of crushed oyster shell (average
particle size of 100~200 ym) was used to make 10~
20% slurry. After pH of the water treatment agent was
controlled, antimicrobial metal, silver, was added to
make 1~2% final concentration by ion exchange. This
slurry was dried and crushed more. The final product
was fine milky colored powder. Whole procedures were
illustrated in Fig. 1. The antimicrobial water treatment

agent (Ag-Os) has been used for this study.

Bacterial strains and growth conditions
To investigate silver toxicity, E. Coli RB 797 as a
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Fig. 1. Flow Diagram for the Production of Antimicro-
bial Water Tratment Agent Using Oyster Shell

Powder

Gram-negative microorganism and Bacillus sp. as a Gram-
positive microorganism were used. Fresh overnight cultures
(about 4X107 cells were inoculated) were grown in 5 ml
LB broth for 12 h at 37C for E. Coli RB 797 and 25T
for Bacillus sp. with shaking at 120 rpm with or without
Ag-Os. When Ag-Os was used in broth or agar, a stock
solution was added separately to give the desired concent-
rations. The concentrations of Ag-Os used were 0.02 mg
/ml, 0.2 mg/ml and 2 mg/ml in final

After culture inoculation, cell culture turbidity was
measured spectrophotometrically at 600 nm in every 3
h. Tubes of LB broth were inoculated with mid-logarith-
mic phase cells in the absence of Ag-Os with same con-

dition. Double beam spectrophotometer was used.

Counting survived cells in the presence of Ag-Os

To count survived cells, fresh overnight cell cultures
(about 4X10% 4X10° 4X10* cells) were pre-incuba-
ted with Ag-Os (0.02 mg/ml, 0.2 mg/ml, 2 mg/ml in
final) for 20 minutes and inoculated on agar plates.
These plates were incubated overnight. Survived cells or

resistant cells were counted.

Production of reducing substances

LB agar plates containing Ag-Os and methylene blue
0.002% (w/v) as a redox indicator were used to deter-
mine if reducing compounds were produced during the
growth of cells. A positive test for reducing compounds
is a clearing (reduction of methylene blue to colorless)

around bacterial colonies'®

. All plates were incubated at
the desired temperature for 1 week in the dark. Assay
for volatile reducing compounds was by the inverted
plate technique of Belly and Kydd'®. An uninoculated
agar plate containing methylene blue was inverted over
an inoculated plate of LB agar with Ag-Os and the pla-

tes were sealed and incubated at desired temperature.

Binding study

Since accurate amout of the soluble form of Ag™ from
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Ag-Os was not easy to be checked, log-phase cultures
in LB broth containing 20 mM glucose with 0.1 mM or
1.0 mM AgNO; (instead Ag-Os), or without AgNOs,
were centrifuged at 10000g for 10 min at 20C. The
cells were resuspended in 5 mM MES buffer (2[N-mor-
pholinoJethanesulphonic acid, pH 6.5) centrifuged again
and resuspended in the same buffer. In Ag” binding
studies, cell suspensions were starved for 2 h at 37C
to metabolise intracellular carbon sources before adding

19 Ag" concentra-

glucose, as recommended by Packer
tions in the resting cell suspensions were measured with
an Orion 407A ion meter and siver specific electrode
(Orion Research Incorporated, Cambridge, MA, USA).
MES buffer was used because it has negligible metal bi-
nding properties. Ag® binding and accumulation was

measured at 4C and 37T.
Results and Discussion

Effect of silver ion on cell growth

Fresh overnight culture cells (approximately 1X10’
E. Coli RB 797, 2X 107 Bacillus sp.) were incubated
with Ag-Os of 0.02 mg/ml], 0.2 mg/ml, and 2 mg/ml
in final, and cell density turbidity was measured photo-
spectrometrically at 600 nm (Fig. 263). The effect of
silver ion on the growth of E. Coli RB 797, a Gram-ne-
gative microorganism, shows in Fig. 2. E. Coli RB 797
was capable of growth in the presence of 0.02 mg/ml,
but not at 2 mg/ml. When the incubation period was
extended to 21 h, E. Coli RB 797 in the presence of
0.2 mg/ml Ag-Os recovered nomal growth. This reco-
very of cell growth after 9 h inhibition might indicate
that cell, somehow, obtain resistancy to silver, which is
remained for the furture study. The minimum amount
of Ag-Os as an antimicrobial agent is at least 0.2 mg/ml
for E. Coli RB 797. Same experiment was done with
Bacillus sp., a Gram-positive microorganism (Fig. 3).
The final concentration of Ag-Os at 0.02 mg/ml shows
growth inhibition in Bacillus sp. Bacillus sp. is more se-
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nsitive to Ag-Os than that of E. Coli RB 797, which
could suggest that Bacillus sp. might have more trans-
port systems. However, further more experiments are

needed to prove this.
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Fig. 3. The effects of Silver lons on Growth of Bacillus
sp.

Survived fractions of microorganism in the presence
of Ag-Os

Plate counts of E. Coli RB 797 and Bacillus sp. strains
on LB agar with Ag-Os of 0.02 mg/ml, 0.2 mg/ml, 2

mg/ml in final concentrations were done to check the
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survived fractions of microorganisms in the presence of
Ag-Os. The results show that the survived fractions of
E. Coli RB 797 is more than that of Bacillus sp., which
is consistant to the data of growth inhibiton in Fig. 2&3
(Table 1). Survived colonies is currently being investi-

gated for genetic studies of silver resistancy.

Table 1. Survived Cell Fractions

Inoculated Ag-Os

cell strains 0.02 mg/ml 0.2 mg/ml 2 mg/ml
E. Coli RB 797 4X10? 390 3 0]
Bacillus sp. 2 11 0
E. Coli RB 797 4X10° 1680 11 0
Bacillus sp. 3 0 0
E. Coli RB 797 4X10* ND 9 0
Bacillus sp. 45 3 0
E. Coli RB 797 4X10° ND 148 0
Bacillus sp. ND 15 0

ND : not determined

Production of reducing substances

In order to study whether silver interacts with sulfhy-
dryl groups, possible reducing substances were checked
in the cell culture plate in the presence of Ag-Os. Expe-
riments were done as described in Materials and Me-
thods. Fresh overnight culture cells were inoculated into
the plates with indicated amount of Ag-Os and incuba-
ted for 1 week at desired temperature in dark. An uni-
noculated agar plate containing methylene blue was in-
verted over an inoculated plate of LB agar with Ag-Os
and the plates were sealed and incubated at desired te-
mperature. Reducing compounds were detected by the
fading of the methylene blue indicator when E. Coli RB
797 and Bacillus sp. was streaked on LB agar with Ag-
Os. This is a qualitative test for the presence of reducing
compounds. In the absence of silver, no fading of the
methylene blue was observed. Control plates did not
show any change in the indicator after 1 week. Howe-

ver, since this experiment is an estimate of reducing ac-

tivity, more sensitive and quantitative experiments, ie.

lead acetate paper method"®’

, are required for the accu-
rate observation of reduction.

Because reducing substances, probably, Ha,S is toxic to
most bacteria, it would not be beneficial to overproduce
H.S unless the sulphide complexed with metals like sil-

ver to form insoluble precipitates'®.

Silver Binding and accumulation study
Binding and Accumulation of metals into bacterial cells

7 Accumulation

usually requires specific transport systems
may occur via a two stage process - a rapid, metabolic-in-
dependent surface binding to cells followed by a metabo-
lic-dependent intracellular accumulation of the metal. Ac-
tive transport is usually inhibited at 47, and is also dec-
reased in the absence of an energy source.

After nonspecific binding of silver ions was eliminated
by washing with 5 mM MES buffer, silver ions bound
to the cells were measured by a specific silver electrode
as described in Materials and Methods. Binding of Ag”
occured in { 1 min in cell suspensions of E. Coli RB
797 and Bacillus sp. (Table 2). Ag" binding was not
decreased by incubation at 4C, nor incresed in the pre-
sence of glucose at the desired temperature in cells
grown in the presence of AgNOs. Preliminary data
shows that cells grown without AgNO; did not initially
bind as much Ag" as cells grown in the presence of
AgNO; (data not shown). Incubation at 4T, or in the
absence of glucose, did not significantly decrease the bi-
nding of Ag™ to cells. About 50% of the Ag" was

Table 2. Ag” Binding by Cell Suspensions

strains Ag" binding (umol/min)
Temp 1 4 12
E. Coli RB797 37¢ 4.70 7.80 8.95
4T 4.60 7.40 8.34
Bacillus sp. 25T 5.35 840 11.20

4T 5.90 9.40 13.50

Korean J. Life Science, Vol. 7. No.4(1997. 12) / 319



Hae Ja Shin and Choon Hwan Shin

removed from the assay solutions during the first mi-
nute ; this rapid removal was probably binding, follo-
wed by a gradual accumulation of silver. However,
other direct experiment like TEM or energy dispersive x-
ray analysis could prove this accumulation of silver in-
side cells.

Ag® is not an essential metal and it is unlikely that
there is a specific energy dependent transport system for
it, but Ag” could enter cells via a transport systems for

an essential metal.
Conclusions

In this study, an antimicrobial water treatment agent
using oyster shell was made and its effects as an anti-
microbial water treatment agent were tested on E. Coli
RB 797 and Bacillus sp. Although silver ions have been
used for centries as an antimicrobial metal, mechanisms
of silver toxicity in bacteria are not well understood'®.

Bacillus sp. is more sensitive than E. Coli RB 797 in
growth inhibition study (Fig. 2&3), suggesting that at
least the antimicrobial water treatment agent shows dif-
ferent effective amount on different microorganism. The
minimun effective amount as antimicrobial water treat-
ment agent was 0.2 mg/mi for E. Coli RB 797, and O.
02 mg/ml for Bacillus sp. This is consistant to the sur-
vived fraction of the cells (Table 1).

Since Ag™ is not an essential metal to bacteria, it is
unlikely that there is a specific transport system for it.
Howerer, binding and accumulation of metals into bac-
terial cells usually requires specific transport systems'”.
Binding of Ag* occured in { 1 min in cell suspensions
of E. Coli RB 797 and Bacillus sp. (Table 2). Ag* bin-
ding was not decreased by incubation at 4C, nor incre-
sed in the presence of glucose at 37C in cells grown in
the presence of AgNQ,, suggesting that Ag* could enter
cells via a transport systems for an essential metal.

It has been known that silver ions complex strongly

to sulfhydryl groups of sulfur-rich proteins inside cells®’.
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To check this, possible reducing substances could be as-
sayed in the cell culture plate in the presence of Ag-Os.
Reducing compounds were detected by the fading of the
methylene blue indicator when E. Coli RB 797 and Ba-
cillus sp. was streaked on LB agar with Ag-Os. Although
this is a qualitative test for the presence of reducing co-
mpounds, this data suggest that silver might enter inside
of the cells and coupled to sulfhydry! groups of cellular
components.
For the conclusions, this study suggests followings :
1) Silver ion exchanged water treatment agent here is
effective on E. Coli RB 797 and Bacillus sp.
2) The minimum effective amount is 0.2 mg/ml for E.
Coli RB 797 and 0.02 mg/ml for Bacillus sp.
3) The survived fractions of the cell strains show con-
sist results.
4) Binding of silver is a rapid, metabolic-independent
mechanism.
5) Bacillus sp. showed more binding than E. Coli RB
797.
6) Silver might complex to sulfur group of the cells.
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