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Purpose: The silver anode is highly microbicidal in its inhibition zone when an
electric current is applied to living bacteria in a culture medium. After the treat-
ment with electricity, the remaining bacterial population was investigated bio-
chemically and histologically with the electron microscope. The silver ion emis-
sion from the electrodes into the medium was quantitatively estimated under
various electrical polarizations.

Methods: In this study, P. aeruginosa was inoculated on four Endo agar
plates. The first plate was used as a reference, the second was exposed to a 15
HA constant direct current, the third was driven with a square wave of 15 pA
amplitude and the fourth contained a nonpolar silver moiety. After the 51 hours of
incubation, inhibition zones appeared around all electrodes except the cathode of
DC excitation. All parameters of this study were chosen so as to avoid the pos-
sibility of deleterious effect on humans.

Results: It was found that the antibiotic susceptibilities of all samples changed
after silver electrode application. The vacuolizations, pili defects and certain
electron-dense granules were found in the bacterial cells. The silver emission
curves plotted

Conclusion: The silver ion emission was found to be more invasive with

square wave than with direct current. Ann Med Sci1996;5:52-57
Keywords: Silver anode, alternating current, Pseudomonas aeruginosa.

The silver anode, generally, has been accepted
as antibacterial, antiviral, antifungal and even
antitumoral agent.247581317,1819202123,2425 Tt {s
well known that, in culture medium, many bac-
terial strains fully die in the inhibition zone of
the silver anode, but the activity outside the in-
hibition zone and near the cathode have not
been thoroughly investigated.

The silver anode is more bactericidal than
gold, stainless steel and copper anodes.11.17,18,20,23

It has been found that a low electric current
in the range of 5-20 pHA can be applied without
any irreversible damage to eucaryotic cells4. Sil
ver electrodes have been successfully employed
in clinic cases as anti-infectious (anode) and os
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teoactive (cathode) agents. 2,3,:4,18,19,20,21,23,24,25

Basically, silver ions are emitted from the an-
ode into the medium (or tissue). However, the
antibacterial effect is not completely dependent
on the emission of free silver ions, since the
same bacterial inhibition can not be obtained by
an equal amount of silver used without electric-
ity.6

Silver deactivates the bacterial enzymes
which are important to the life of a bacterial
cell® Silver prevents the oxidation of glucose,
glycerol, fumarate, succinate, D- and L-lactate,
but free sulphydryl groups and NADH are oxi-
dized by the silver. ATP and cytoplasmic compo-
nents leak out of the cells.%1216 The respiratory
and energy metabolism of bacteria collapses.724
However, DNA structure is not distorted.12

This paper reports an investigation to deter-
mine identical and morphologic changes in bac-
terial cells and the nature of silver ion emission
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from the electrodes.

Materials and Methods

Bacteria and Medium: The strain of Pseudo-
monas aeruginosa was isolated from clinical ma-
terial and a pure culture was obtained. The in-
oculum was prepared in a broth medium
containing exponential phase bacteria (2.8 x 103
CFU). Four ml of inoculum was added to a flask
containing 76 ml of Endo agar at a temperature

—-A-

o 1”

_ agartever UMM ~—

3 vy cable

Standard petri dish

of 41 °C. Solution was mixed and equally dis-
tributed into four standard petri dishes. The
first dish which did not contain an electrode
served as a reference. Two dishes contained a
pair of pure (99.9%) silver electrodes (2.2x0.8x3
cm) to be used for direct current (DC) and
square wave (SQW) excitation. The distance be-
tween each electrode in a pair was 73 mm.

Finally, a nonpolar silver electrode was em-
ployed in the last dish as a sham elec-
trode(SE)(Fig.1a,b).

Silver electrodes
20 mm

Figure la. Constructional features of electrodes in a standart petri dish. The constant current was 15 WA, thickness of agar was 3 mm, the volume

of the medium was 20 ml and each electrode surface area was 0.4 cm?2.
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Figure 1b. Experimental setup. P.aeruginosa was inoculated on to four media. The first was the control, the second was exposed to the direct cur-
s=nt; the third was exposed to the square wave, and the fourth contained a nonpolar silver electrode (Sham Electrode).

Electrical parameters: The average impedance of
the medium was found to be 443 + 4.5 Q (at 10 Hz,
100 Hz, 200 Hz). A 15 pA direct current was ap-
plied to one pair of electrodes. A SQW (0.3 msec, 72
Hz) was applied to another pair. In this experi-
ment, the frequency and pulse duration used was
approximately equal to those of the human heart.
The current was stabilized at 15 pA in both electri-
cal applications by the Nihon Kohden Sen3301
Stimulator, SS102J isalator. Total charge density
was 1.296 Coulombs/h6ur under these conditions.
After the cultures were incubated for 51 hours at
37 °C, inhibition zones were found around all of the
clectrodes except for the DC cathode. Bacterial
wionies were taken from the inhibition zone

boundary of DC anode, SQW anode, SQW cathode,
SE and from the control plate and around the DC
cathode. The samples were tested by the following:
Chemical Tests: Standard tests used for gram
negative rods were performed on all samples.

Antibiotic susceptibility tests: These were per-
formed on all samples with use of commercial
standard discs.

Electron Microscopy: The samples of bacterial
colonies except those around the SE were sepa-
rately placed in 3 ml of a glutaraldehyde (5%) buff-
ered solution at Ph 7.4, These solutions were sent
to the Histology Department for electron micro-
scopic analyses. The routine preparation technique
was used.
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Quantitative silver measurement: Many equal
portions of agar were picked from the surfaces of
the four agar media. Each agar sample was placed
in 3 ml deionized water. Their distance from the
electrode(s) was noted with the exception of those
taken from the control plate. The amount of silver
in the agar samples was quantitatively determined
using atomic absorption spectrophotometry.

Effect of Antibacterial Silver Electrodes and...

Results

Biochemically, there were no significant differences
in the results of the biochemical tests between ini-
tial and silver electrode treated bacteria with both
DC and SQW application as compared to untreated
bacteria, although motility and urease activities of
the treated bacteria were slightly decreased. How-
ever, the antibiotic susceptibility of the bacteria
changed after silver electrode application (Table.1).

Table 1. The changes of antibiotic susceptibilities of P.aeruginosa before and after silver elec-
trode treatment under various electrical current applications.

Inhibition zone (mm)

Antibiotic pattern Control DC Anode DC Cathode SQW Anode  SQW Cathode  Sham Electrode
Amicasin 8 17 14 0 14 25
Amoxilin+Clavulanate fully resistant

Ampicilin+Sulbactam fully resistant

Ceyhtasidime 20 25 20 0 22 0
Ciprofloxacin 30 28 26 15 30 10
Clindamycin fully resistant

Nethilmycine 16 15 14 10 17 24
Eritromycine fully resistant

Enoxacine 30 32 30 15 32 40
Imipiem 24 25 20 10 25 36

The electron microscopic results are summarized in the Fig.2a,b,c,d,e.

i

Figure 2a. The original cell (40.000x).

Figure 2b. Around the DC anode, the vacuolization is typical. Thecy-
toplasmic contents have disintegrated; the cellular membrane and cell
wall have kept their original forms; but the pili defects are present;
pili material is seen in background of photograph. Also, the exkra
cellular vesicles are present. The vacuolization and pili defects may be
important rom both immunological and clinical perspectives (60.000 x)
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800 x).

Pig“m 2e. Around the SQW cathode, the electron-dense granules and
acuolizations are seen in the lesser cells, but not pleomorphism (60
000 x).

Figure 2. Morphologic changes in the bacterial
sample (P.aeruginosa), after silver electrode appli-
cation.Both the emitted silver and the electric cur-
rent inhibited the bacterial growth near the elec-
trodes, due to an inhibition zone around the
electrodes. The radius of the inhibition zone which
correlates with the antibacterial effect depends on
both the amount of emitted silver (Table.2) and the
electricalparameters.

ure 2d. Many electron-dense granules appeared in the cells around
SQW anode (40 00 x).

Table 2. The details of ion emission from electrodes. (Redundant data omitted, *intrapolated

data)
Inhibitio Silver MIC of Sil- Silver ion concentration measured (ug x ml1) from ande to anode (/medium)
n zone Emission ver (pgxml- 5 6 7 10 12 20 30 65 68mm
mimn) _zone {mm) 1) i ) e
DC anode 12 14 2.16 280.3 236.17 224.55 26.32 0.9 0 0 0 0*
DC cath- 0 0
SQW an- 15 22 1.40% 178.09 102.21 49.55 271 1.76 1.1 0 3.09 7.74
QW 6 11 1.50*
aithode
SE 6 7 2.32* 6.96 2.32 0 0 0 0 o* 0 0*
-ONTROL - - - 0 0 0 0 0 0 0 0 0

The relationship between the amount of silver ion  trodes was plotted in the Fig.3 and formulated as
emission and the distance from the elec shown below:









