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Antibacterial and Antifungal Effects of
Weak Direct Current and Silver Ions

Zayif Elektrik Akiminin ve Giimiis Iyonlarinin
Antibakteriyel ve Antifungal Etkileri

ABSTRACT Objective: The aim of this study was to demonstrate the antimicrobial effects of silver anode and to
discuss its clinical use. Material and Methods: Silver containing dressing materials were cut tobe used as anodic
and cathodic electrodes; on the other hand, for the assesment of the natural response of microorganisms to silver
ions or silver containing formulations, sham electrodes, which were not connected with any electrical current so-
urce, were cut and placed in Petri dishes. Microorganism containing media were poured into the dishes. Es-
cherichia coli, Staphylococcus aureus, Candida albicans, Staphylococcus epidermidis, Pseudomonas aeruginosa,
Klebsiella pneumoniae and Acinetobacter baumannii were selected among the clinical isolates of our hospital. The
outer ends of the electrodes were connected to a direct current (DC) source, except sham electrodes (if used).
Different current levels and different durations were examinated on different microorganisms for achieving a ge-
neral overview about silver anode application. On the other hand, E. coli, S. aureus and C. albicans containing 3
Petri dishes were abreast connected abreast and a 2.5 microampere (uA) direct current was applied for 8 hours,
while plates were incubated at 37°C for 24 hours. Inhibition zones around anode, cathode and sham electrodes
were assessed. Results: Inhibition zones were seen around all anodic electrodes. In some cases additional inhibi-
tion zones were seen around cathode and/or sham electrodes. In our second study, which was run with abreast
connected Petri dishes, there was no inhibition zone around cathode with E. coli, but marked inhibition zones
were present with S. aureus and C. albicans. Zones around sham electrodes were variable and results were attri-
buted to the natural response or resistance of organism to silver ions. Conclusion: Our study suggested the anti-
microbial effect of silver ions, and showed that electrical current application could change this effect. Anodic
current increases silver ion liberation from silver containing dressings, thus antimicrobial effect increases. On
the other hand, cathodic current decreases this liberation and the effect of silver ions decreases. The results ob-
tained from sham electrodes were considered the natural response of the organism to silver ions. Our results
showed that silver containing dressings could be used to prevent pressure ulcers. While the addition of anodic cur-
rent increased the antimicrobial effect, the cathodic current did not have such an effect.

Key Words: Silver; electrodes; pressure ulcer

OZET Amag: Giimiis anot uygulamasinin antibakteriyel ve antifungal etkilerinin gosterilmesi ve klinikte kullani-
labilirliginin tartigilmasi. Gereg ve Yontemler: Ticari olarak temin edilen giimiis fiber igerikli pansuman materyal-
leri anot ve katot elektrodu olarak kullanilmak iizere uygun ebatlarda kesildi; mikroorganizmalarin giimiis
iyonlarina veya giimiislii preparatlara verdigi dogal cevabi degerlendirmek igin ise elektrik akiminin uygulanma-
yacag1 sham elektrotlar hazirlandi. Tiim elektrotlar ilgili literatiirlerde belirtildigi sekilde Petri kutularina yerles-
tirildi. Once genel bir bakis agis1 saglayabilmek icin klinik izolatlardan elde edilen Escherichia coli, Staphylococcus
aureus ve Candida albicans, Staphylococcus epidermidis, Pseudomonas aeruginosa, Klebsiella pneumonia ve
Acinetobacter baumannii igeren besiyerleri Petri kutularina dokiildii; elektrotlarin digarida kalan uglarina degi-
sen stirelerle ve degisen degerlerde dogru akim uygulanarak 37°C’de inkiibe edildi. Bu ¢alismay: takiben ayni sart-
lar altinda farkli mikroorganizmalarin giimiis anot uygulamasina verdigi cevabi degerlendirmek igin, ilk calismadan
farkli klinik izolatlardan elde edilen E. coli, S. aureus ve C. albicans birbirine paralel baglanmis petri kutularinda,
8 saat boyunca 2.5 mikroamper dogru akim uygulanarak 37°C’de 24 saat enkiibe edildi. Enkiibasyondan sonra anot,
katot ve sham elektrotlar gevresinde gozlenen inhibisyon zonlar1 degerlendirildi. Bulgular: Tiim anodik elektrot-
larin etrafinda mikroorganizma tiremesinin olmadig: bir inhibisyon zonu gézlemlendi. Baz1 bakterilerde sham
ve/veya katot etrafinda da inhibisyon zonu oldugu ancak bunun bakteriye veya uygulanan akim degerine 6zgiil
bir sonug olmadi1 goriildii. Aym sartlarin saglanmas igin birbirine paralel baglanarak ayni akimin aym siireyle uy-
gulandigs 2. ¢alismamizda ise katodik elektrotta, E. coli igeren besiyerinde inhibisyon zonu gézlemlenmezken S.
aureus ve C. albicans igeren besiyerlerinde belirgin inhibisyon zonu saptandi. Mikroorganizmalarin sham elek-
trotlara verdigi cevap ise olduk¢a degiskendi ve muhtemelen mikroorganizmanin giimiis iyonlarina kars: olan du-
yarhiligimin gercek gostergesiydi. Sonug: Calismamiz, giimiis iyonlarinin bilinen antibakteriyel ve antifungal
etkilerini dogrularken elektrik akimi uygulamas: ile bu cevabin nasil degistirilebilecegini gostermistir. Anodik uy-
gulama giimiis iyonlarinin salinimini artirarak antimikrobiyal etkiyi artirmakta, katodik uygulama, dogal iyon
emisyonunu da azaltarak giimiis iyonlarinin etkinligini azaltmaktadir. Sham elektrotlara verilen cevaplar ise mik-
roorganizmanin giimiise kars1 verdigi dogal cevabi yansitmaktadir. Bulgularimiz, giimiis iyonu igeren yara bakimi
iriinlerinin elektrik akimi olmaksizin klinikte basi yaralarina kars1 kullanilabilecegini, anodik akimla kombine
edilerek bu etkinin artirilabilecegini, ancak katodik akimin uygun bir se¢im olmadigini gostermistir.

Anahtar Kelimeler: Giimiis; elektrot; basi yarasi

Turkiye Klinikleri ] Med Sci 2009;29(3):577-83

577



Devrim Seginti ve ark.

Enfeksiyon Hastaliklari

ntibacterial properties of the silver ion ha-

ve been familiar to many physicians since

BC and it has been widely used, particu-
larly by Avicenna since 900s AC for its antibacte-
rial effects.! Today, silver preparations in
compounds such as silver nitrate, silver sulphate
and silver sulphadiazine are still used for burns and
dermal ulcers in particular.>® Application of elec-
tric current to biological tissue has started to at-
tract attention since 1960s. On the other hand, the
use of “silver anode application” which can be
summarized as “combination of silver ions with
electric current” decreased due to the increasing
use of the use of antibiotics. Moreover, increased
use of the antibiotics brings itself the problem of
developing resistance to the agents. However, no
microorganism has been reported yet which sho-
wed resistance to the silver anode application. Fur-
thermore, the microorganisms which are resistant
to silver containing drugs can be eradicated with
this application.

The antimicrobial effect of the silver anode ap-
plication under both in vitro and in vivo circums-
tances and reports suggested that when applied
properly it did not bear any damaging effect aga-
inst eukaryote cells (except for fungi).*’ Yet this
application has antifungal, antibacterial, antitu-
moral, and epithelium repairing properties.> 6813
Spadaro et al reported that silver anode treatment
was effective on Clostridia species. This was the
uniqe report that declared its anti-anaerobic effect.®
Earlier, in vitro studies conducted with the metalic
silver electrodes and treatment of chronic osteom-
yelitis proved the effectiveness of the silver anode
treatment.>%%!*¢ Silver containing fibers (Silver-
lon™) developed in the course of time were used to
treat the chronic dermal ulcers and decubitus ul-
cers and brought a new dimension to the applica-
tion.5,6,11713

Decubitus ulcers continue to be a problem for
the immobile and unconscious patients and some-
times account for the mortality. We conducted a
series of in vitro applications which proved the ef-
fectiveness of the silver anode applications for both
surgical infections and decubitus ulcers in our ne-
urosurgery clinic.
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I MATERIAL AND METHODS

In this study, Candida albicans, Staphylococcus au-
reus, Escherichia coli, Staphylococcus epidermidis,
Pseudomonas aeruginosa, Klebsiella pneumoniae
and Acinetobacter baumannii were selected due to
their frequency as pathogens involved in nosoco-
mial infections. The microorganisms were isolated
from samples obtained from decubitus ulcers in va-
rious clinics of our hospital. Media for cultures (Sa-
bouraud’s agar and Muller-Hinton agar) were
supplied from the Laboratory of Infectious Disea-
ses.

Sterile electrodes (Silverlon™, Argentum Me-
dical, degree of purity 91%, 0.5 x 12 cm) and silver
wire electrodes (degree of purity 98%, 1 mm dia-
meter and 12 cm long) were inserted in 8 cm dia-
meter sterile Petri dishes, last 5 cm of the electrodes
were kept out in order to be able to apply electric
current later. While the medium cooled (41°C), 2
mL of microorganism (ranging from 3 x 10* to 1 x
106 cfu, Table 1) containing stock solution was po-
ured into the culture medium. Each microorga-
nisms achieved different current values (ranging
from 1.2 to 4.6 pA, Table 1) and different exposu-
re periods (ranging from 15 minutes to 24 hours,
Table 1). A second study was performed with E. co-
1i, S. aureus and C. albicans with abreast connected
Petri dishes to evaluate different microorganisms
with the same electrical parameters. In the second
study, sterile electrodes (Silverlon™, Argentum
Medical, degree of purity 91%, 0.5 x 12 cm) were
inserted in 8 cm diameter sterile Petri dishes; the
last 5 cm of the electrodes were kept out in order
to be able to apply electric current later. While the
culture medium cooled (41°C), 2 mL of stock solu-
tion containing 1 x 10° cfu microorganism was po-
ured into the culture medium and ten mililiters of
this was poured in each Petri dish. One sham elec-
trode was used for each microorganism. Then each
Petri dish was connected with the same direct cur-
rent (DC) generator, operating with a battery and
a 2.5 pA DC current (total current) was applied for
8 hours (V: 1.5 volts, R: 200 ohms, A: 25. 10¢ am-
pere, distance between the electrodes was 40 mm).

Turkiye Klinikleri ] Med Sci 2009;29(3)
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TABLE 1: Different responses given by seven different microorganisms to different current values and different durations.
Note that response was always given to the silver anode application. Zone diameter was independent from the type of the
microorganism, duration of the application or current intensity. The fact that the zones were larger in the studies run with
wire electrodes seems to be related to the degree of purity of the material (Silverlon™ has 91% purity and the anodic silver
ion concentration released from its surface is probably lower than that of the wire electrodes).

Assay Electrode Microorganism Zone Width (mm) Amount of Duration of
Number  Type (cfu) Anode Cathode  Sham Current (uA) Current

1 Silverlon A. baumannii (3 x 10% 5 2 3 2.8 24 hours
2 Silverlon C. albicans (2 x 10%) 3 0 0 2.0 24 hours
3 Silverlon E. coli (1 x 10%) 5 5 not used 1.6 3 hours
4 Silverlon E. coli (5 x 10°) 3 0 0 22 24 hours
5 Silverwire  E. coli* (2 x 109) 6 0 not used 2.6 24 hours
6 Silverlon E. coli+ S. aureus (2 x 10° cfu) 3 0 not used 2.0 24 hours
7 Silverlon K. pneumoniae {4 x 10% 3 1 2 2.0 24 hours
8 Silverlon P. aeruginosa (3 x 109) 3 1 3 25 24 hours
9 Silverlon S. aureus (1 x 10) 4 0 not used 2.0 30 minutes
10 Silverlon S. aureus (5 x 10°) 3 0 5 2.0 24 hours
11 Silverwire S, epidermidis* (1 x 105) 4 0 0 46 1 hour
12 Silverwire S. epidermidis* (3 x 10%) 4 0 0 46 24 hours
13 Silverwire  S. epidermidis* (1 x 10%) 5 0 not used 1.1 15 minutes

Culture medium resistance was measured as 400
ohms. Results obtained at the end of the applicati-
on were shown in Table 2 and Figure 1-4.

The electrodes were kept in place for the next
two weeks; no electric current was applied to the
Petri dishes and samples obtained from the inhibi-
tion zones were cultivated at 5-day intervals.

I RESULTS

The silver containing dressing materials (Silver-
lon™) were effective. The results were shown in
Table 1. Zone width was obtained by measuring
only one side of the electrode (the distance from
the electrode boundary to the zone boundary). Al-
though the current was ceased after 8 hours (in the
second study, Table 2) and not applied again, no
changes wer seen in the diameters of the zones for
the following 2 weeks. No bacterial growth was no-
ted in the cultures of samples taken from the zones
at the end of 24 hours for three cultivations made
at 5-days intervals. No color change occurred in the
agar plates at the end of the application; only a dar-
kening was detected at the joint place of the elec-
trodes and current source.

Turkiye Klinikleri ] Med Sci 2009;29(3)

TABLE 2: Bacterial inhibition zones near silver contain-
ing fiber (Silverlon™) electrodes with 2.5 A of direct
currents.

Zone Width (mm)
Microorganism Anode Cathode Sham
Methyciline resistant S. aureus 25 25 2.5
E. coli 3.5 0 1
C. albicans B 1.5 0
I DISCUSSION

It has been well established since the time of Avi-
cenna that Silver ions were antibacterial.! Inhibiti-
on of bacterial growth in response to weak
electrical currents has been reported.*” If a pure
(>99.9%) silver wire is connected to a weak direct
current (0.1-10 pA) in a semi-solid culture medi-
um, a bacteria-free inhibition zone appears near
the anode after an incubation period, but not near
the cathode. This antibacterial effect persists for at
least 10 weeks after the electric current is cut off.’
This procedure is called silver anode treatment. In
the relevant literature, electrically induced silver
ions were shown to have antifungal, antibacterial
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FIGURE 1: The inhibition zones are seen around anode and cathode at 2.5
microamperes and sham electrode (no current), for meticilline resistant
Staphylococcus aureus. The zone in the sham electrode is equal to that in the
anode, thus electrical stimulation may not be needed for in vivo applications.
Interestingly, the cathodic current did not restrict the diameter of the inhibition
zone. However, the anodic current did not increase the zone diameter (the
scale is 5 mm long). (S: Sham, +: Anode, - : Cathode)

FIGURE 2: The inhibition zones are seen around anode and cathode at 2,5
pA on C. albicans. There is not any zone arround sham electrode (no cur-
rent). Thus it can be speculated that this clinical isolate is resistant to silver.
The zone diameter around the anode is larger than cathode as expected. An-
odic current seems to be suitable for C. albicans, even if silver containg
preparates are ineffective (the scale is in 5 mm long). (S: Sham, +: Anode,
- : Cathode)

FIGURE 3, 4: The inhibition zones are seen around anode and cathode at 2.5 1A on E. coli. The best respons was achieved in anodic application on E. coli (3.5
mm diameter), however there is not any inhibition arround cathode (Figure 3), but 1 mm of inhibition zone was seen arround sham electrode (Figure 4). The lack
of inhibition zone around the cathode may be due to restricted liberation of silver ions (Ag**) from the electrode surface, because of possitive load of silver ions and

negative load of cathode. Opposite poles or loads will attract each other as expected (the scale is in 5 mm long). (S: Sham, +: Anode, - : Cathode)

and antiviral properties, and were found to be non-
allergenic and nontoxic to mammalian cells.”* Mi-
(MIC) and
minimal bactericidal concentrations (MBC) of

nimal inhibitory concentrations

electrically induced silver ions in nutrient broth
(GIBCO) are approximately 100 times lower than
they are for silver sulfadiazine.” This study was run
with both clinical isolates and commercially pro-
vided strains. This shows that electrical polarizati-
on confers extensive bactericidal specificity on
silver. No other metal has as strong an antimicro-
bial effect as anodized silver.'® The specificity of sil-
ver suggests that electricity is not the key factor in

580

silver anode antisepsis. The mechanism of anodic
silver antisepsis may originate either from free sil-
ver ions scattering from the anode surface to the
medium or from the electrical current. It is known
that the antibacterial effect does not occur via sil-
ver iontophoresis.”

The idea of inserting silver electrodes into liv-
ing tissue is not new in orthopedics and dentistry.
Becker et al treated infected non-union fractures
with silver anodes. Similarly, Aydin et al treated in-
fected teeth with inserted silver anodes. In such ca-
ses the actual current passes through the tissue and
the total charge is based on tissue changes. In the

Turkiye Klinikleri ] Med Sci 2009;29(3)
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literature, the threshold for living eucaryotic cells is
given as 20 pA for actual current and 2 C/day for
total charge.? In the present study, these electrical
parameters were maintained to avoid irreversible
tissue damage even if it is used in mammalians.

Bio-implants in the human body act as passive
surfaces that are prone to bacterial adhesion and
thus, may cause implant-associated infections.!” In
2008, Secinti et al reported that silver coated tita-
nium implants had significant bactericidal effect on
meticilline resistant S. aureus when used as verte-
bral implants in rabbits if anodized.!® Antibiotic
treatment of infected implants is not satisfactory
because the biofilm architecture protects the adhe-
ring organisms. The MIC of antibiotic needed to in-
hibit free-floating bacteria was reported to be
approximately 50-500 times lower than that requ-
ired for bacteria in a biofilm."

Biofilms may cause antibiotic resistance by
harboring pathogenic microorganisms.” Electricity
has been used to remove biofilms from medical sur-
faces.” Poortinga et al stated that it was possible to
stimulate bacterial detachment from conducting
indium tin oxide-coated glass by using a 10 pA/cm?
electrical current.?” Similarly, van der Borden et al
reported electrical current-induced detachment of
S. epidermidis and detachment of biofilm formati-
ons from surgical implants.?>*?* However all the-
se studies were done under in vitro conditions.
Thus, higher current values were used but they we-
re not suitable for living tissues. This results de-
monstrate that electrical current antisepsis is not
useful for in vivo applications if silver electrodes
are not in use. Aydin et al studied antibiotic sensi-
tivity after exposure of bacteria to a silver anode.”
The results of their study provided the opportunity
to speculate that when the silver containing dress-
ing materials were anodized, the antibiotics beca-
me more effective.

The mechanism of action of silver ions on bac-
teria can be summarized as inactivating sulfhydryl
enzymes, combining with amino, imidazole, car-
boxyl and phosphate groups, influencing DNA rep-
lication and stopping mitosis in procaryotes,
affecting selective permeability of cell membrane,
combining with tissue proteins so proteolytic bac-

Turkiye Klinikleri ] Med Sci 2009;29(3)

teria cannot replicate, stopping replication by bin-
ding to the DNA of log phase P. aeruginosa, inhi-
biting oxidation of glucose, glycerol, succinate,
D-lactate and L-lactate and endogenous substrates
of intact cell suspensions of E. coli thereby inhibi-
ting the respiratory chain, and inhibiting the 3-ga-
lactosidase enzyme, causing bactericidal effect on
E. coli14825-27

In our study, S. aureus seems to be the most
sensitive microorganism to silver in this applicati-
on. The zone in the sham electrode is satisfying and
electric stimulation may not be needed for the in
vivo applications. C. albicans appears to be the most
resistant microorganism. The fact that there is no
zone in the sham applications makes the current
application compulsory for in vivo studies. E. coli
seems to show intermediate sensitivity.

The results to be drawn from this study are as
follows: Silver anode application is bactericidal and
fungicidal. If this application was only bacteriosta-
tic or fungistatic, the cultures obtained from the in-
hibition zone after the cessation of electrical
current, would not be negative. On the other hand,
the diameters of inhibition zones did not reduce af-
ter 2 weeks in the second study; this situation sug-
gests that the silver anode is bactericidal and
fungicidal. Thus, it is clear that, this application is
not bacteriostatic or fungistatic. The total current
density applied to the culture media was calcula-
ted as 0.72 coulomb in the second study; this valu-
e is lower than the dose described as harmful for
human tissues in the literature.”

Microorganisms that are not naturally sensiti-
ve (C. albicans, note that this microorganism was
not responsive to cathodic current or sham electro-
des in both study 1 and study 2) or semi-sensitive
(E. coli) to silver under normal circumstances beca-
me sensitive after the current application. There-
fore the effect cannot only be related to the silver.
However the fact that there was no inhibition in
the studies applied to different metals or that the-
se metals required higher current degrees suggests
that inhibition does not only depend on the electric
current.’ Thus, the effect seems to be related with
the combined effect of silver and weak direct cur-
rent applied.
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In Table 1; the comparison of assays 3, 4 and 5
revealed that the diameter of the inhibition zone
around the anode was not parallel to the increase in
current value. Three hours of current application
seemed to be better than 24 hours current applica-
tion on E. coli in assay 3 versus assay 4, but not in
assay 3 versus assay 5. If assay 9 and 10 were com-
pared with each other, 30 minutes of application
seemed to be better than 24 hours of application on
S. aureus with the same (2.0 pA) current density.
When assay 11, 12 and 13 were compared there
was no difference between 1-hour or 24-hour long
application with 4.6 pA current density on S. epi-
dermidis. However, 15 minutes of 1.1 pA current
application seemed to be a better choice for S. epi-
dermidis. Assay 6 demonstrated that this applica-
tion was effective even when used on mixed
bacteria population.

P. aeruginosa is known as “silver sensitive”,
thus, silver sulfadiazine containing formulations
are have been used for years on burn wounds. In
assay 8, sham electrode seemed to be more effecti-
ve than cathode. Cathodic current decreases the li-
beration of silver ions from the electrode surface,
thus the silver ion concentration around the cath-
ode may be less than that for the sham electrodes in
some cases. This can explain the smaller inhibition
zone diameter around the cathode than the sham.

We think the same situation is present in assay 7
also for K. pneumoniae.

However our experiences showed that the zo-
ne width did not depend on applied current density
or the kind of microorganism and could not be pre-
dicted. Furthermore, all the microorganisms used
in our assays were always inhibited with the silver
anode application (Table 1).

We believe that the application of current is
the best approach in every case since the applied
current is not harmful to normal tissue. Moreover,
the conducted studies demonstrated that the silver
ions, which were stimulated by electricity, had a
higher penetration depth into the tissue.* This shall
ensure a more effective and more permanent anti-
microbial effect. No bacterial resistance to silver
anode treatment (not silver alone) has not been re-
ported up to date.

Because of its wide spectrum, low resistance
rates and long duration periods, we suggest the use
of silver anode treatment in appropriate clinical ca-
ses.
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