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The properties of the bactericidal action of silver zeolite as affected by inorganic salts and ion chelators were
similar to those of silver nitrate. The results suggest that the contact of the bacterial cell with silver zeolite, the
consequent transfer of silver ion to the cell, and the generation of reactive oxygen species in the cell are involved
in the bactericidal activity of silver zeolite.
rspL thi) (25) were used in this study. Cells were grown to
mid-log phase at an optical density at 650nm of approximately
0.3 at 37°C in M9 medium (36) supplemented with 0.2% glucose. If necessary, 0.1% vitamin-free Casamino Acids (EM9)
or 1 mg of thiamine hydrochloride per liter (TM9) was added
to the medium for the cultivation of strain OW6 or other
strains, respectively (20). Cells were collected by centrifugation
(6,890 ⫻ g, 5 min, 4°C) and washed with 20 mM HEPESNaOH buffer (pH 7.0), 20 mM potassium phosphate buffer
(pH 7.0), or deionized water (pH 6.7). Cells were resuspended
in the same fresh solution at a final optical density at 650 nm
of 0.06 (approximately 2 ⫻ 107 cells per ml), and then either
the suspension of silver zeolite (Zeomic AG10D, containing
2.5% silver; Shinanen Co., Tokyo, Japan) at a final density
ranging from 10 to 100 mg/liter or the solution of silver nitrate
(Wako Pure Chemical Ind., Osaka, Japan) at a final concentration ranging from 0.5 to 5.0 M was added. The suspension
was incubated at 37°C for the treatment. To stop the reaction,
sodium sulfide was added at a final concentration of 0.01% to
the suspension and the mixture was kept on ice for 10 min. For
anaerobic treatment, the suspension was bubbled with a mixture of 90% nitrogen, 5% hydrogen, and 5% carbon dioxide
(26). Air was used for the controls. In the experiment for cell
separation from silver zeolite, 2 ml of silver zeolite (20 mg/
liter) suspended in 20 mM potassium phosphate buffer (pH
7.0) was poured into a dialysis membrane (2.4-nm average pore
size; Viskase), and the membrane was then immersed in 18 ml
of fresh buffer. After incubation for 20 h at 37°C, cells (final
concentration, 2.2 ⫻ 107/ml) were suspended in the buffer
outside the membrane. Viable cells were enumerated by the
colony count method (20), using either EM9 or TM9 agar
plates containing 0.1% sodium pyruvate. The silver ion content
was measured with a polarized Zeeman atomic absorption
spectrophotometer (Z-5000; Hitachi, Ltd., Tokyo, Japan). For
the content of free silver in the solution, the suspension was
centrifuged (6,890 ⫻ g, 5 min, 4°C) and the resultant supernatant was filtrated with a polycarbonate membrane filter (pore
size, 0.1 m; Advantec). To the filtrate, nitric acid solution was
added at a final concentration of 0.1 N. For the measurement
of total content of silver in the cell, cells washed twice with deionized water were incubated in 8 N nitric acid at 80°C for 1 h.
Silver zeolite at 100 mg/ml remarkably reduced the number

The bactericidal activity of silver ion has been known since
ancient times, and its spectrum is rather broad (5, 38). Silver
ion reacts with the thiol group in vital enzymes and inactivates
them (10, 24, 34) or interacts with DNA (8), resulting in
marked enhancement of pyrimidine dimerization by photodynamic reaction and possible prevention of DNA replication
(11, 31, 34). Structural changes in the cell envelope and the
presence of some small electron-dense granules formed with
silver and sulfur have also been demonstrated in bacterial cells
(8).
In Japan, ceramics containing silver ion, such as silver zeolite
and silver zirconium phosphate, are of interest for manufacturers aiming to apply antimicrobial compounds to their products (5, 16, 17, 18, 21, 26, 29, 30). In silver zeolite, alkaline or
alkaline earth metal ion complexed with crystal aluminosilicate
is partially replaced with silver ion by the ion-exchange
method. Since these antimicrobial ceramics are being believed
to have low toxicity for humans and the activity of the antimicrobial compound is durable (14, 21, 26, 32), it is being extensively used for food preservation, disinfection of medical supplies, and decontamination of surfaces of materials such as
toys, kitchen wares, and medical supplies and equipment (14,
26, 32). Silver ion strongly interacts with the ceramics matrix
and is minimally released from the matrix in deionized water.
Two mechanisms are proposed for the bactericidal action of
silver zeolite. One is the action of silver ion itself released from
zeolite (16) and the other is that of reactive oxygen species
generated from silver in the matrix (21, 29, 30). While oxygen
has been reported to be necessary for the bactericidal activity
of silver zeolite by some researchers (17), silver zeolite has also
been reported to be effective on oral bacteria under anaerobic
conditions by other investigators (18).
In this study, we examined the bactericidal activity of silver
zeolite against Escherichia coli cells in the presence of a variety
of substances and in anaerobiosis, comparing its properties
with those of silver nitrate.
E. coli strain OW6 (Pro⫺) (20), strain CSH7 (lacY rspL thi)
(28), and its catalase-deficient mutant UM1 (katE katG lacY
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FIG. 1. Bactericidal activities of silver zeolite and silver nitrate at 37°C. (A) Cells were treated with silver zeolite at 0 (䊐), 10 (〫), 30 (‚), and
100 (E) mg/ml in 20 mM potassium phosphate buffer (pH 7.0). (B) Cells were treated with silver nitrate at 0.5 (䊐), 1.0 (E), and 2.0 (‚) mg/ml
in 20 mM HEPES-NaOH buffer (pH 7.0).

of viable E. coli OW6 cells in 20 mM potassium phosphate
buffer at pH 7.0 and 37°C (Fig. 1A). The survival curves did not
follow first-order kinetics. A similar bactericidal activity of
silver zeolite was also observed with 20 mM HEPES-NaOH
buffer at pH 7.0. The activity of silver zeolite was more marked
at a higher temperature in the range of 0 to 42°C and at a
higher pH in the range of 6.5 to 8.5 (data not shown), as has
already been reported (16). Bactericidal activity of silver nitrate was examined in 20 mM HEPES-NaOH buffer (pH 7.0),
because its activity was suppressed in potassium phosphate
buffer (data not shown). HEPES-NaOH buffer was used for
silver nitrate in further experiments. The bactericidal activity
of silver nitrate at 1 M was comparable to that of silver zeolite
at 100 mg/liter (Table 1 and Fig. 1).
The effects of various substances on the antimicrobial action
of silver zeolite and silver nitrate were compared (Table 1 and
data not shown). The activity of silver zeolite was inhibited by
the addition of L-cysteine, L-methionine, L-histidine, L-tryptophan, bovine serum albumin, and yeast extract but not by
glycine, L-alanine, L-leucine, or L-phenylalanine. The presence
of L-cysteine indicated a strong inhibition of the bactericidal
action of silver zeolite at relatively low concentrations. Sodium
chloride at 100 mM substantially inhibited its activity, but
neither sodium acetate nor sodium sulfate did. Gupta et al.,
however, reported a synergistic bactericidal effect against a
silver-resistant E. coli strain between silver ion and highly concentrated chloride ions and suggested the formation of soluble
AgCl2⫺ and AgCl3⫺ (13) as the reason for increased activity.
In our study, no such synergistic action of chloride was observed. Magnesium sulfate at 1 mM and manganese sulfate at
10 mM inhibited the bactericidal activity strongly and slightly,
respectively. Ferrous sulfate at 1 mM strongly inhibited the
antimicrobial activity in 20 mM potassium phosphate buffer
(pH 7.0), whereas it stimulated it in 20 mM HEPES-NaOH
buffer (pH 7.0). EDTA at 5 mM weakly suppressed the action
of silver zeolite. The ferrous ion chelators o-phenanthroline
and 2,2⬘-dipyridyl strongly enhanced the antimicrobial activity.
L-Cysteine, L-histidine, and manganese, magnesium, and ferrous ions inhibited the activity of silver nitrate. 2,2⬘-Dipyridyl,
as in the case of silver zeolite, strongly enhanced bactericidal

activity, whereas o-phenanthroline did not. The fact that the
inhibitory properties of substances tested were similar between
silver zeolite and silver nitrate, except in a few cases, suggests
that silver ion bound to zeolite matrix is involved in the bactericidal action of silver zeolite. It has been reported that the
TABLE 1. Comparison of the inhibitory effects of several
substances on the bactericidal activities of silver zeolite
and silver nitratea
Survival (%)
Substance

None

Concn

—b

Silver zeolite
(100 mg/ml)

Silver nitrate
(1 M)

0.20
0.31

0.45
ND

L-Cysteine

1 mM
5 mM

L-Histidine

5 mM
50 mM

0.20
81

Bovine serum albumin

0.01%

33

ND

Yeast extract

0.1%

64

ND

NaCl

100 mM

25

ND

MgSO4

1 mM

32

MnSO4

1 mM
10 mM

0.75
3.9

2.6
ND

FeSO4

1 mM
1 mMb

⬍0.001
69

6.3
ND

EDTA

5 mMb

3.0

ND

2,2⬘-Dipyridyl

1 mM

⬍0.001

⬍0.001

o-Phenanthroline

1 mM

⬍0.001

⬍0.001

a

46
120

ND
92
77
ND

46

Cells were treated in HEPES-NaOH buffer (pH 7.0) containing the indicated
substances at 37°C for 30 min. Values are averages of results in two independent
experiments. ND, not determined.
b
Cells were treated in potassium phosphate buffer (pH 7.0).
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FIG. 2. Bactericidal activities of silver zeolite and silver nitrate in anaerobiosis (A) and on a catalase-deficient strain of E. coli (B). (A) OW6
cells were treated at 37°C with silver zeolite at 10 mg/ml in 20 mM potassium phosphate buffer (circles) or silver nitrate at 1 M in 20 mM
HEPES-NaOH buffer (squares) anaerobically (open symbols) or aerobically (closed symbols). (B) Cells of the wild-type strain UM1 (closed
symbols) and a catalase-deficient strain CSH7 (open symbols) were treated similarly but aerobically with silver zeolite (circles) and silver nitrate
(squares).

bactericidal action of silver nitrate was inhibited by chloride,
phosphate, and sulfide ions, some proteins, and several amino
acids, including cysteine (33, 34), and similar effects of these
compounds on the action of mercury ion have been observed
(6, 7).
The amounts of silver ion released from the zeolite matrix
after incubation for 30 min in 20 mM HEPES-NaOH buffer
and phosphate buffer at pH 7.0 were approximately 100 and 50
g/liter, respectively. Silver ion at 100 g/liter (approximately
0.93 M) possesses a detectable bactericidal activity, according
to our analysis. However, no detectable activity was observed
in the supernatant obtained by centrifugation after incubation
of silver zeolite suspension at 37°C for 1 h in the absence of
bacterial cells. It also should be noted that in deionized water,
no detectable amount of silver was released, although the
bactericidal activity is similarly high. This suggests that in water, silver ion may be released from zeolite only when bacterial
cells are present. Further, when cells were partitioned from
silver zeolite (100 mg/ml of total volume) by a dialysis membrane during the incubation period, the viability after 30 min of
treatment was about 3 log cycles higher than that of cells
treated without partitioning (data not shown). These results
suggest that silver zeolite needs to come into contact with cells
to exert its bactericidal action.
When silver nitrate (1 M) was added to the cell suspension
at 37°C in HEPES-NaOH buffer, silver ion was transferred to
cells and its amount was up to approximately 7.2 fg per cell
after 30 min. The presence of 1 mM manganese or magnesium
ions was found to reduce the level of silver transferred by
approximately 30 and 45%, respectively, suggesting that the
inhibitory effect of these divalent cations results from the reduction of accumulation of silver in the cell. A similar action
was reported for zinc ion, which inhibits the uptake of cadmium ion by E. coli cells (22). The manganese uptake through
MntH-dependent manganese transport system is inhibited by
the presence of nickel, copper, and zinc ions (19). It remains
unclear why ferrous ion and its chelators have different effects
on the bactericidal activity of silver zeolite. Several compli-

cated actions of ferrous ion on cells, including its role for
oxidative stress, may be involved in the survival of E. coli cells
treated with silver zeolite (1, 3, 4, 12, 23, 35, 38).
The bactericidal activities of silver zeolite and silver nitrate
were examined under anaerobic condition (Fig. 2A). Many
more cells were viable under anaerobic conditions than in the
presence of oxygen. In addition, the reactive-oxygen scavengers sodium pyruvate (0.1%) and mannitol (5 mM) substantially inhibited the activity of silver zeolite at 10 mg/ml during
incubation in 20 mM potassium phosphate buffer for 30 min at
37°C. We also examined how a catalase-deficient strain responds to silver zeolite. Strain UM1 (katE katG) was found to
be more sensitive to both silver zeolite and silver nitrate than
its parent strain CSH7 (Fig. 2B). The outbreak of oxidative
stress caused by toxic heavy metal is proposed for cadmium ion
(2, 9, 15, 37). Silver ion is known to inhibit especially thiol
group-containing enzymes (34), such as NADH dehydrogenase
II in the respiratory system, which is supposed to be a candidate for the site of the production of reactive oxygen species in
vivo (27).
In this study, it was concluded that silver ion plays an important role for the bactericidal action of silver zeolite. It is
proposed that two possible successive processes may be involved in the action of silver zeolite. First, bacterial cells that
make contact with silver zeolite take in silver ion, which inhibits several functions in the cell and consequently damages cells.
The second is the generation of reactive oxygen species, which
are produced possibly through the inhibition of a respiratory
enzyme(s) by silver ion and attack the cell itself. Although we
have not yet succeeded in measuring the amount of silver ion
transferred from silver zeolite into cells, its measurement is a
prerequisite for clarification of the mode of action of silver
zeolite.
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