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The growth ofStaphylococcus aureus andEscherichia coli
in low-direct current electric fields

Dunya Zituni1, Heidi Schütt-Gerowitt2, Marion Kopp1, Martin Krönke2, Klaus Addicks3, Christian Hoffmann3,
Martin Hellmich4, Franz Faber5 and Wilhelm Niedermeier1

Electrical potentials up to 800 mV can be observed between different metallic dental restorations. These potentials produce fields in

the mouth that may interfere with microbial communities. The present study focuses on the impact of different electric field strengths

(EFS) on the growth of Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922) in vitro. Cultures of S. aureus and E.

coli in fluid and gel medium were exposed to different EFS. Effects were determined by calculation of viable counts and measurement

of inhibition zones. In gel medium, anodic inhibition zones for S. aureus were larger than those for E. coli at all field strength levels. In

fluid medium, the maximum decrease in the viable count of S. aureus cells was at 10 V?m21. Field-treated S. aureus cells presented

ruptured cell walls and disintegrated cytoplasm. Conclusively, S. aureus is more sensitive to increasing electric field strength than E.

coli.
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INTRODUCTION

Different metallic restorations are used in dentistry to restore decayed,

fractured and missing teeth. When different alloys are placed in the

oral cavity, a galvanic current is induced at the time of their contact

with saliva which acts as an electrolyte.1–3 This phenomenon is called

oral galvanism.4–7 Dental alloys develop an anodic and cathodic pole

depending on the position of metals in electrochemical series and

individual variations of saliva.8 A potential as high as 950mV has been

measured in the oral cavity between an aluminium splint and a gold

crown.9 Such potential can decrease the proliferation rate of oral

mucosa cancer cells lines10 and also cause local or systemic adverse

effects on biological structures like pain and discomfort, metallic or

salty taste, burning mouth syndrome, erythema, xerostomia, glossitis

and oral mucosal lesions9,11–14. It may also cause general medical

symptoms and diseases due to the absorption of ionized toxic metals.9

In addition, such potentials may induce changes in oral homeostasis

through their direct or indirect interference with oral ecosystems.

Since changes in environmental factors can stimulate the development

of adaptive responses in individual microorganisms and introduce

more pathogenic microorganisms into the microbial community,15

the effect of electric fields on microbial communities was the area of

interest.

Staphylococcus aureus are roughly spherical Gram-positive cocci

that can be frequently isolated from the oral cavity of particular patient

groups such as children and elderly.16–17 Smith et al.18 isolated methi-

cillin-sensitive S. aureus (MSSA) and methicillin-resistant S. aureus

from the oral cavity by an oral rinse and a tongue swab respectively.

They reported that S. aureusmight be amore frequent isolate from the

oral cavity than hitherto suspected. In addition,Ohara-Nemoto et al.19

demonstrated that the most frequently isolated species in saliva was S.

aureus followed by S. epidermidis and confirmed the highly significant

occurrence of oral staphylococci in systemically and periodontally

healthy adult. On the other hand, Escherichia coli are Gram-negative

rods and are an extensively studied model organism; probably the

best-understood bacterium at all.20

The present study was conducted to investigate the effects of low-

direct current (LDC) electric fields and their electrochemical products

on S. aureus and E. coli in vitrowithin fluid and gelmedia to explain the

similar or different effects of galvanic currents on normal growth of

oral bacteria in different salivary constituents that influence the equli-

brium state of oral cavity and thus producing diseases.

MATERIALS AND METHODS

Voltage generated by electrodes in tryptic soy broth, NaCl and

distilled water

To test in absence of direct current (DC) supply, if tryptic soy broth

(TSB) with immersed gold electrodes play a role in producing poten-

tials, two holes were drilled into the cover of 9.4-cm Petri dish, each is
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0.5 cm apart from the centre (area of field homogeneity) and two

measuring gold electrodes were passed through the drilled holes

(Figure 1). Three Petri dishes, each with four gold electrodes

(Solaris Goldbad, 99.9% pure gold; DeguDent, Hanau-Wolfgang,

Germany) were used. A–24 mL of each; TSB (positive control 1),

0.9% NaCl (positive control 2) and distilled water (Aqua bidest

DAB; Servoprax, AmMarienbusch, Wesel, Germany) (24 mL of each)

as a negative control were poured in the dishes that were incubated at

37 6C for 24 h. The two measuring electrodes were connected to a

sensitive voltmeter (2 000 Multimeter, ID-NR: 20009867; Keithley,

Cleveland, OH, USA) and the potential difference in every dish was

measured every hour for 8 h and at 24 h.

Voltage generated by electrodes in TSB containing bacteria

To measure the voltage generated by gold electrodes that were not

connected to a DC supply, 24 mL of TSB and 1 mL of bacterial sus-

pension (1021 dilution in 0.9% sterile saline of McFarland 0.5) were

poured in Petri dish. The dish was then incubated with four gold

electrodes at 37 6C for 24 h and the potential difference between two

measuring electrodes was measured every hour for 8 h and at 24 h.

Survival rates of S. aureus and E. coli at different electric field

strengths

Strains of S. aureus (ATCC 25923) and E. coli (ATCC 25922) were

provided as cultures grown overnight on blood agar plates. Three Petri

dishes were used, 24 mL of TSB and 1 mL of the bacterial suspension

(1021 dilution in 0.9% sterile saline of McFarland 0.5) were poured

into every dish and a figure eight movement was done to evenly dis-

tribute bacteria. The three dishes were for: field-stimulated bacteria

(FSB), electrode-stimulated bacteria (electrodes not connected to an

external DC power supply (ESB)) and negative control bacteria (nei-

ther current nor electrodes (NCB)). Gold electrodes were immersed

perpendicularly in the periphery of the first two dishes, four electrodes

in each (Figure 1). The distance between each two opposing electrodes

was 9.3 cm. The first dish electrodes were connected to a DC supply

(two anodes and two cathodes) that generates a DC voltage between 0

and 2.5 V.

During the experiments, S. aureus and E. coli were exposed sepa-

rately to electric field strengths (EFS) of 2–10 V?m21. The three dishes

were incubated at 37 6C for 24 h. pH and temperature were measured

using pH test strips and a thermometer (THM 912; Oregon Scientific,

Rue du Bosquet, Louvain-La-Neuve, Belgium). Aliquot 0.5 mL sam-

ples were taken at the first anode from the first dish, at the first elec-

trode from the second dish and from the negative control dish every

hour during the initial 8 h and at 24 h. For each sample, serial dilutions

up to 1026 dilutions were performed using sterile saline (0.9%). Each

diluted sample was pipetted onto the surface of blood agar and incu-

bated at 37 6C for 24 h. The survival rate in terms of bacterial count was

expressed as lg (CFU?mL21).

Electric currents produced in TSB containing bacteria after DC

voltage induction

In EFS experiments of 2–10 V?m21, the intensity of arising electric cur-

rents in TSB containing bacteria was measured using DasyLab software

programme (DASYLab; DATALOG, Mönchengladbach, Germany).

Inhibition zones for S. aureus and E. coli at different electric field
strengths

One milliliter of bacterial suspension (1025 dilutions in 0.9% sterile

saline of McFarland 0.5) was cultivated on two Mueller-Hinton agar

(MHA) plates, 0.5 mL in every plate. The two MHA plates were used

for FSB and ESB. After the absorption of the bacterial suspension, the

two plates were incubated at 37 6C for 24 h. EFS of 5–27 V?m21 were

applied on FSB plate, each for 24 h. The radius of each inhibition zone

was measured.

Transmission electron microscopy

Microbial growth and cell survival dynamics under electric field treat-

ment of (4, 6 and 10 V?m21), electrode treatment and the relative

negative controls were observed using transmission electron micro-

scopy (TEM). The collected cells were harvested by centrifugation for

10 min at 6 440g in a Hettich Rotanta/S centrifuge and fixed using

glutaraldehyde for 24 h. Then, the cells were rinsed, postfixed in

osmium tetroxide for 3 h, dehydrated in ethanol in ascending grades

and embedded in Epon Araldite. Following this, the ultrathin sections

were examined using TEM (Zeiss TEM 902; Carl Zeiss Lithos,

Oberkochen, Germany).

Statistical analysis

Data was recorded and analyzed in the data module of the Statistical

Package for Social Science (IBM SPSS Statistics 19) for Windows

(IBM, Somers, NY, USA). The results are presented as means6s.d.

Significant differences in survival rate were assessed by repeated mea-

sures analysis of variance (ANOVA) with Bonferroni (step-down)

Holm correction. Inhibition zone experiments were evaluated statis-

tically using univariant ANOVA with Bonferroni (step-down) Holm

correction. A value of Pf0.05 was used to determine statistical sig-

nificance between different means of different cells (FSB, ESB and

NCB) and between the inhibition zones for both strains; Pf0.05

was considered significant.

RESULTS

Voltage generated by electrodes in TSB, NaCl and distilled water

The voltage generated by the electrodes in TSB without any connec-

tion to a DC supply was 260.55 mV (2.8 V?m21)647.59 mV, in 0.9%

Cathode 1 Cathode 2

Anode 2

Incubator
DC power supply

Anode 1

Figure 1 Four gold electrodes placed at equal distances of 906 each. The

distance between each two opposing electrodes 59.3 cm with two measuring

gold electrodes in the center of Petri dish.
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NaCl was 52.75mV (0.6 V?m21)614.84mV and in distilled water was

5.45 mV (0.06 V?m21)64.16 mV (Table 1, n52).

Voltage generated by electrodes in TSB containing bacteria

The voltages generated from electrodes-stimulated S. aureus and

E. coli were 274.69 mV (2.9 V?m21)668.33 mV and 226.53 mV

(2.4 V?m21)633.38 mV, respectively. Thus, the electrodes in TSB contai-

ning bacteria in absence of current produce EFS of f3 V?m21 (n55).

Survival rates of S. aureus and E. coli at different electric field
strengths

Electrical field treatment (4–10 V?m21) led to a decrease of the sur-

vival rate of S. aureus from (7.1160.22) lg (CFU?mL21) to (6.0160.2)

lg (CFU?mL21). For ESB, the survival rate decreases from (6.8860.25)

lg (CFU?mL21) to (6.1060.4) lg (CFU?mL21) when compared to the

initial bacterial load from (7.5660.26) lg (CFU?mL21) to (7.0060.39)

lg (CFU?mL21). In contrast for E. coli, EFS of 2–10 V?m21 and elec-

trodes alone showed no change in the survival rate (Figure 2, n52). In

all experiments, there was no significant change in pH and tempera-

ture; the range of pH (from 7 to 6) and temperature (from 36.9 6C to

37.2 6C) measured in all treated and control dishes were similar.

Electric currents produced in TSB containing bacteria after DC

voltage induction

In TSB containing S. aureus, the intensity of current increased gradu-

ally from (106.1760.69) mA to (567.56686.71) mAwith the increase in

field strength from 2 to 10 V?m21 (Table 2, n55). On the other

hand, the intensity of current in TSB containing E. coli was

(289.136215.02) mA at 10 V?m21.

Inhibition zones for S. aureus and E. coli at different electric field
strengths

Zones of inhibition of varying sizes were observed at the positive

electrode (anode) at all field strengths for both bacterial strains

(Table 3). Electrical field treatment (5–27 V?m21) of S. aureus and

E. coli increases the inhibition zone from (4.0063.83) to

(13.7561.50) mm and from (1.6360.74) to (12.2561.83) mm,

respectively. No zones of inhibition around the cathode or around

sham electrodes (no current) were observed. The radius of zones for S.

aureus was more than for E. coli at all field strength levels (n55).

9
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Figure 2 Survival rates of S. aureus and E. coli after the exposure to different

EFS in 24 h. The first 2, 4, 6, 8 and 10 V?m21 for S. aureus and 10 (E. coli) is a

representative experiment toE. coli tests. CFU, colony-forming unit; EFS, electric

field strength (V?m21); ESB, electrode-stimulated bacteria; FSB, field-stimulated

bacteria; NCB, negative control bacteria.

Table 2 The intensity of current and the resistance of bacteria in TSB

at different electric field strengths

Bacteria EFS/(V?m21) EP/mV Intensity of current/mA Resistance/kV

S. aureus 2 200 106.1760.69 1.88

4 400 204.0563.67 1.96

6 600 289.52637.09 2.07

8 800 383.29645.71 2.09

10 1 000 567.56686.71 1.76

E. coli 10 1 000 289.136215.02 3.46

EFS, electric field strength; EP, electric potential; TSB, tryptic soy broth.

Table 1 Voltage generated by gold electrodes in differentmedia with-

out DC voltage induction

Time/h

Voltage generated by electrodes in different media/mV

TSB

(positive control 1)

NaCl

(positive control 2)

Distilled water

(negative control)

0 191 22.5 15

1 209 33 11.5

2 268 50 6.5

3 299 67.5 3

4 200 79 5

5 346 87.5 2.5

6 336 71 2.5

7 248 63 2.5

8 296 58.5 3

24 269 50 3

Mean6s.d. 266651.75 58.2619 5.4564.16

Corr. value 260.55647.59 52.75614.84

TSB, tryptic soy broth; Corr. value, corrected value5mean of positive control (1 or

2)–mean of negative control; DC, direct current; s.d., standard deviation.

Table 3 Inhibition zones produced around the anode at different EFS and P -value using univariate ANOVA with Bonferroni (step-down) Holm

correction

Inhibition zones/mm IZs vs. IZe

EFS/(V?m21) EP/mV IZs IZe ANOVA ANOVA1Bonferroni-H

5 500 4.0063.83 1.6360.74 0.019 9* 0.039 8*

10 1000 7.0062.16 2.8860.84 0.000 12* 0.000 48*

16 1500 7.7561.71 4.2561.17 0.000 86* 0.002 58*

22 2000 11.2561.89 6.5060.76 0.000 01* 0.000 05*

27 2500 13.7561.50 12.2561.83 0.135 03 0.135 03

ANOVA, analysis of variance; EFS, electric field strength; EP, electric potential; IZe, inhibition zones for E. coli; IZs, inhibition zones for S .aureus.

*Significant (Pf0.05).
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Discoloration of the medium was found at anodes in the experiments

with 16, 22 and 27 V?m21 (Figure 3).

TEM

The LDC electric field treatment applied to S. aureus cultures caused

alterations in themorphology of cells, rupturing ofmembrane and loss

of cell organization when compared with the control (Figures 4 and 5).

Ultrastructurally, the electric field treated cells presented thinner dis-

continuous or ruptured cell walls with leakage of cytoplasmicmaterial.

The cytoplasmic material leaking out of S. aureus cells is seen as debris

between the cells as shown in Figure 4a and 4b. Blebbing with dis-

integration of cell material, and shrinkage of the cell were also evident

(Figure 5a). Furthermore, the rupturing of the membrane systemwith

loss of cell organization was either evident in electrode treated S.

aureus cells (Figures 4 and 5c and 5d). The insoluble gold compounds

were seen directly in the cell membrane (Figure 6a), inside the cells as

small black granules (Figure 6b and 6c), and indirectly as electron

dense vacuoles or bodies (Figure 6b). The yellow-orange precipitate

(gold crystalline deposits) in Petri dish after evaporation of TSB sup-

ports the present findings (Figure 7a and 7b). On the other hand,

untreated control cells presented as compact dense cells with thick cell

walls, distinct organells and normal cell division (Figures 4 and

5e and 5f).

The electric field treated E. coli showed little changes in cell mor-

phology when compared to control like discontinuous cell membrane

with some degrees of disintegration in cytoplasmic materials, which

exhibited as vacuoles formation and non homogenous cytoplasm

(Figure 8a and 8b). Moreover, the electrode treated cells showed more

morphological changes characterized by granulated cytoplasm with

some signs of cytoplasmic retraction and extensive vacuoles formation

(Figure 8c and 8d) in contrast to the smooth and continuous double

membrane structure of the untreated E. coli cells (Figure 8e and 8f).

Statistical analysis

EFS of 4–10 V?m21 led to significant reduction in the growth of S.

aureus (Pf0.05) with high reduction at 8–10 V?m21, and non-

significant reduction in the growth of E. coli (P50.905). Moreover,

electrodes alone in absence of currents provided (in four out of five

cases) significant reduction in S. aureus growth (Pf0.001) and non-

significant reduction in E. coli growth (P50.348). The difference

between FSB and ESB was non-significant (Po0.292) for both strains

Figure 3 Discoloration of MHA medium observed at anodes when bacteria (E.
coli ) were exposed to 27 V?m21. MHA, Mueller-Hinton agar.

a c

e fd

b

Figure 4 S. aureus cells treatedwith 4 V?m21. (a and b) Electric field-treated cells; (c and d) electrode-treated cells; (e and f) untreated cells. (a, c and d)330 000; (b,

e and f) 350000.
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a b c

Figure 6 Electrode treated S. aureus cells. (a) Gold compounds precipitate in the cell membrane; (b) two electron dense bodies as well-defined opaque vacuoles; (c)

gold granules as small black particles inside the cells. (a–c) 385 000.

a c

e fd

b

Figure 5 S. aureus cells treated with 6 V?m21. (a and b) Electric field-treated cells; (c and d) electrode-treated cells; (e and f) untreated cells. (a and c)320 000; (b, d

and e) 330 000; (f) 350000.

a b

Figure 7 The precipitation of gold after evaporation of bacterial media (TSB) of electrode-treated S. aureus cells. (a) Macroscopic gold precipitate; (b) microscopic

gold precipitate (3100). TSB, tryptic soy broth.
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(Table 4). Univariate ANOVA revealed significant difference between

the inhibition zones for S. aureus and E. coli (Pf0.01) at EFS of 5, 10,

16 and 22 V?m21 (Table 3).

DISCUSSION

This study investigated effects of LDC (mA) electric fields and their

electrochemical products on the growth of S. aureus and E. coli. The

growth behaviour of some bacterial species can be influenced by low

electric fields. The antibacterial effect of both alternating and direct

electric current (AC and DC) and metal electrodes have been pre-

viously demonstrated in salt solutions21 and in synthetic urine.22

Rosenberg et al.23 noted the inhibition of E. coli by electrolysis pro-

ducts when AC has been conducted through platinum electrode.

Pareilleux et al.21 studied the effects of 10–200 mA on E. coli viability

and found the minimum current required to obtain bacterial death to

be 25 mA. Liu et al.24 showed the antibacterial effect of LDC (10–

100 mA) on S. aureus in agar.

In the oral cavity, bacteria adhere to surfaces to form complex

communities called biofilms.25–26 The growth of oral bacteria as a

biofilm almost increases their resistance to antibacterial treatment

compared with planktonic cultures that is grown in liquid media.27

However, It is possible to manipulate bacterial–surface electrostatic

interactions by changing the surface polarity, the ionic strength con-

ditions or by the application of an electric current.28–29 Electric

manipulation of bacteria is possible since bacterial cells are generally

negatively charged, which dictates their electrophoretic movement in

DC fields30 and the enhancement of reversible adhesion.31 Poortinga

et al.28 reported electrical detachment of biofilm formations from

surgical implants. van der Borden et al.32 demonstrated that DCs of

only 25–125 mA stimulate detachment of staphylococcal strains from

stainless steel. Moreover, del Pozo et al.33 published the marked

decrease in the viability of S. aureus, S. epidermidis and P. aeruginosa

biofilms after prolonged exposure to low-intensity electrical current of

20–2 000 mA.33

a c

e fd

b

Figure 8 E. coli cells treated with 10 V?m21. (a and b) Electric field-treated cells; (c and d) electrode treated cells; (e and f) untreated cells. (a, c and e)312000 (b, d

and f) 385 000.

Table 4 P-value for viable counts in different electric field experiments using repeated measures ANOVA with Bonferroni (step-down) Holm

correction

Bacteria EFS/(V?m21) EP/mV

FSB vs. NCB ESB vs. NCB

FSB vs. ESBANOVA ANOVA 1Bonferroni-H ANOVA ANOVA 1Bonferroni-H

S. aureus 2 200 0.174 0.348 0.129 0.258 0.861

4 400 0.050* 0.15 0.006* 0.018* 0.292

6 600 0.028* 0.112 0.006* 0.024* 0.455

8 800 0.006* 0.03* 0.002* 0.01* 0.578

10 1 000 0.000 3* 0.001 8* 0.001* 0.006* 0.675

E. coli 10 1 000 0.905 0.905 0.348 0.348 0.399

ANOVA, analysis of variance; EFS, electric field strength; EP, electric potential; ESB: electrode-stimulated bacteria; FSB, field stimulated bacteria; NCB, negative control

bacteria.

*Significant (Pf0.05).
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Regarding metal ions released from galvanic reactions, it was con-

firmed that the electrochemical products from low current (4.0 mA)

stimulated gold electrodes in agar medium are bacteriostatic.34

Moreover, gold iontophoresis at 400 mA was the most effective in

eliminating or reducing bacterial growth.35 Generally, direct electric

currents could inhibit biofilms on metal surfaces by elimination of

planktonic cells before they adhere to the surface and initiate biofilm

formation (attachment process) or by their interference with coloniza-

tion and growth formation processes.

The intensity of evolving DC depends on different factors such as the

electrode potential, polarization and distance between the electrodes,

structure of the electrode surface, aeration, temperature, pH and com-

position of the electrolyte. In the present study, the difference in field

produced by gold electrodes in TSB (f3 V?m21) and 0.9% NaCl

normal saline (0.6 V?m21) was attributed to the difference in the che-

mical composition of media. Some electrodes may corrode and their

corrosion products may interfere with the bactericidal effect of electrical

current.22 In the present study, the gold alloy was chosen as electrode

material to overcome this interference with current treatment.

In fluid media, the data of FSB revealed a significant decrease in the

viability of S. aureus with a maximum reduction in their growth at

10 V?m21 (P50.000 3), whereas no significant effect was observed on

E. coli (P50.905) in the same EFS, although over 24 h, they did not reach

its initial inocula levels. The effect of EFS is strongly dependent on the

following parameters: bacterial structure, inoculum size, bacterial growth

rate, growth medium composition and bacterial resistance.35–36 Thus,

the difference in resistance between E. coli (3.46 kV) and S. aureus

(1.76 kV) in the same EFS of 10 V?m21 may be one of reasons for the

difference effect of EFS on tested bacteria. The second cause might be the

induction of a heat shock response (stress protein synthesis) that protects

cells against environmental stimuli including electric field.37–38

Earlier studies were in agreement with our findings; Davis et al.35–36

suggested that lower current of 325–375 mA delivered via gold wire

could kill E. coli at low concentration of 13103 CFU?mL21 within 2

days, but was variable in killing E. coli at high concentrated levels of

13107 CFU?mL21. Thus, bacteria have a high survival rate in the

denser inoculum than in the less-dense inoculum.36 As the reduction

in bacterial growth was related directly to the intensity of current and

inversely to bacterial concentration,35 high bacterial concentration at

the beginning of the experiment (13106 CFU?mL21) should be con-

sidered as a third cause. Furthermore, Obermeier et al.39 showed the

reduction of S. aureus growth in fluid medium under the influence of

DC electric field within 24 h, and they noted that the DC electric field

has strongest effects. No noteworthy corrosion, pH shifts and change

in temperature were seen for gold electrodes in TSB at any level of

DCV induction (data not shown).

In the present study, we proposed that the applied electric field

increases the electric component of membrane potential (DY, nega-

tive inside) that hindered proton translocation to the outer side of the

membrane, thus lowering both pH and adenosine triphosphate (ATP)

synthesis. Additionally, due to the increased DY, the transport of

electrons down the transport chain would also be prevented, and

reduced compounds such as nicotinamide adenine dinucleotide

(NADH) or flavin adenine dinucleotide (FADH) would be accumu-

lated.40 These compounds would lower both rates of main oxidative

metabolic pathways and the nutrient consumption.41 This effect could

be responsible for the shift-down-like response of tested bacteria to

positive polarization.40

The data of ESB in this study revealed a significant inhibition of S.

aureus growth (Pf0.001), despite no current flow when compared to

E. coli (P50.348). This inhibition is probably due to the formation of

electrochemical reaction products particular to gold when used as

sham electrodes in fluid media (oligodynamic reaction).

Once electrodes had immersed in TSB, the negatively charged bac-

teria interact with gold surfaces through attractive forces (van der

Waals forces, acid–base interactions and electrostatic forces),42 and

an open circuit potential of (f0.360.07) V were produced. The

adhesion of bacteria at this potential was irreversible and increased

with the time of exposition.43 During the adhesion, bacteria are able to

uptake gold ions for extracellular precipitation and transport.44 After

transport process, gold ions combine readily with intracellular fluids

to form a relatively insoluble compound that indicated as black part-

icles in TEM.45–47 It has been demonstrated that Gram-positive bac-

terial cell wall is more efficient metal chelators because it contains a

thick peptidoglycan layer responsible for bacterial adhesion to sur-

faces.44 One of the microbial responses to metals is the synthesis of

intracellular metal-binding proteins.44

On agar medium (MHA), the influence of electric fields on the

growth of S. aureus and E. coli was represented by the formation of

inhibition zones only around the anode, which confirms the antibac-

terial effect of EFS at the anode.24 The zones of inhibition for S. aureus

were larger than that for E. coli in all applied electric fields that clarify

the ability of E. coli to withstand electric fields in agar medium too

because of the reasons mentioned before. The gradual increase in

zone’s size may be due to the increase of electrochemical products

that are directly proportional to the subjected DC electric field.24

Discoloration of agar at EFS of 16, 22 and 27 V?m21 suggested that

physical changes related to electric field (discoloration at the anode

and gas formation at the cathode) occur immediately in the area

surrounding electrodes.48–49

Electric field-treated S. aureus revealed more ultrastructural

changes than E. coli that exhibited little changes in cell morphology

with no significant reduction in cell count. Changes like loss of mem-

brane integrity with leakage of intracellular contents as a result of

membrane damage were observed.24,50 Ultrastructural changes of

tested bacteria are a result of their response to the environmental

stresses generated by DC.51 The large surface area, double-membrane

structure (inner- and outer-membrane) and motility provide E. coli

the ability to protect themselves against LDC electric field in compar-

ison to non-motile S. aureus cocci that has a single-membrane (inner-

membrane) with small spheroid surface area.

CONCLUSION

According to the present research, it was concluded that S. aureus is

more sensitive to increasing electric field strength than E. coli and the

influence of EFS treatment on S. aureus within fluid medium was

significantly higher than in gel medium. The present data suggest that

changes in oral ecosystem could be generated from small chronic

influence of arising galvanic currents on bacterial growth. Therefore,

it is recommended to prevent the occurrence of oral galvanism by

avoidance of different metallic restorations in the oral cavity.

Further studies are needed to determine if these galvanic currents

can produce more resistant bacteria through studying the change in

their genetic material.
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