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Alteration of Membrane Permeability of Bacteria and Yeast by High

Frequency Alternating Current (HFAC)
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Aims: Endox® Endodontic System (Endox) is used for endodontic treatment by a high frequency alternating current
(HFAC). This device damaged the envelopes of spores and vegetative organisms. If the integrity of the envelope is com-
promised, the transit of compounds in the two directions is possible. This latter aspect was investigated here.

Methods: The instrument delivered a 60ms pulse at a frequency 300 kHz, and power 800 KV/m. DNA transfer was veri-
fied using Escherichia coli K-12 strain carrying a non conjugative plasmid pBP517 (gyrA™) as donor and a rifampicin and
nalidixic acid resistant recipient. 0.2 ml of mixture of donor and recipient strains in saline was exposed to HFAC and
plated on selective media. Uptake of antimicrobials and a delay in re-growth was assessed exposing the strains to HFAC.

Results: Plasmid transfer was detected under different experimental conditions. From 9 to 27 recombinants were found.
Representative recombinants cured from plasmid showed the original phenotype. HFAC promoted the uptake of ineffec-
tive antibiotics, and induces a 1 h of delay in re-growth on the strains.

Conclusion: Endox exhibited an effect on microrganisms which is reminiscent with that occuring in electroporation, but

with a mode of action that saved materials and time.
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INTRODUCTION

Endox is an innovative method for the treatment of bacte-
rial infections of the root canal [1]. This equipment uses a
fine surgical steel needle as an active electrode which is in-
troduced into the open root canal and a neutral electrode that
is held in the patient's hand. Then a discharge of high fre-
quency alternating current (HFAC) is applied. The passage
of this electromagnetic field, when carried out under specific
conditions of impedance, produces a sterilization of the root
canal similar to that observed with standard methods using
chemicals, with beneficial effects for inside and outside the
tooth [1-2].

Using an experimental model simulating an in vivo situa-
tion, in fact, Endox demonstrated a lethal activity on differ-
ent microorganisms representative of gram-positive and
gram-negative bacterial species as well as Candida albicans,
Actinomyces spp, and Bacillus subtilis spores [3].

Although the mode by which this instrument causes the
death of the bacteria is not known, the damages generated by
this high frequency alternating current are reminiscent with
that observed with traditional electroporation methods [4].
Therefore, it has been assumed, that Endox kills bacteria by
inducing pore formation and other defects in the envelope of
the exposed organisms. If this hypothesis is correct, bacteria
treated with HFAC generated by this apparatus could acquire
genetic material or any sort of compound from the environ-
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ment. Therefore in this study the transfer of a non conjuga-
tive plasmid from a donor to a recipient Escherichia coli
strain exposed together to the high frequency alternating
current generated by Endox was assessed. The uptake of
various antibiotics in different organisms was also evaluated.

It is known that when micro-organisms are exposed to
chemical or physical agents for a short period of time, a de-
lay in re-growth is found, this phenomenon which has been
well documented with a variety of microorganisms treated
with antimicrobial agents is known as Post Antibiotic Effect
(PAE) [5-6]. It is reasonable to assume that delayed re-
growth may depend upon the time that the cell needs to re-
store the physiological functions after non-lethal damage [7].
In particular, when the integrity of the envelope is compro-
mised cytoplasmic material is lost leading to cell death,
however, if the discharged molecules are not essential for the
microorganism, its metabolic machine restores the lost com-
pounds and resumes in various periods of time, depending on
the magnitude of the damage, its physiological growth rate.

In this study Endox has been used to induce persistent
growth suppression in representative of gram-positive and
gram-negative bacteria as well as in Candida parapsilosis.

MATERIALS AND METHODS
Microorganisms

Bacterial strains used in this study included: Enterococ-
cus faecalis (ATCC 29212), Staphylococcus aureus (ATCC
26927), Pseudomonas aeruginosa (ATCC 27853), E. coli
(ATCC 25922) and Candida parapsilosis (ATCC 25019). E.
coli K-12 C600 carrying a non conjugative plasmid pBP517
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that contains the wild-type gyrA gene, and the determinant
for amikacin-resistance, and a rifampin and nalidixic acid
resistant C600 derivative strain, were used as donor and as
recipient respectively, in testing the exchange of genetic ma-
terial by HFAC. These latter strains were a generous gift of
B.Wiedemann [8-9].

Antimicrobial Agents

Sterile stock solutions of the drugs employed were pre-
pared according to the instructions of the manufacturer by
dissolving the compounds in the specific solvent to obtain a
final concentration of 1 mg/ml.

Susceptibility Tests

The minimum inhibitory concentrations (MICs) were
determined in cation-supplemented Mueller-Hinton (CSMH)
broth adopting the microdilution method following the pro-
cedure suggested by the Clinical and Laboratory Standards
Institute [10].

Preparation of the Microbial Suspension to be Exposed
to the HFAC

Exponentially growing bacteria were washed by cen-
trifugation and dispersed in water and glycerol (10%). This
preparation was divided in aliquots and stored at -20°C until
they were used for the experiments. After thawing, microbial
cells were re-suspended in NaCl solution (0.1M) for small
volume experiments and high molarity (1 M) for experi-
ments carried out in greater volume. These two different
experimental conditions were adopted after preliminary tests
in order to gain reproducible results. Microrganisms were
then exposed to HFAC generated by Endox. The number of
microrganisms was determined by serial dilution of the
original culture. Small aliquots (0.1 ml) of the cell suspen-
sion were then transferred, from a test tube containing the
appropriate diluted sample, and streaked over the surface of
an agar rich medium. When a low number of microbial cells
was estimated, aliquots of 1 ml were mixed to soft agar (1.2
%) and poured on the agar plate. This last method was found
to reduce many errors in the CFU/ml evaluation. After incu-
bation at 36.5°C for 18-24 hours the number of viable cells
was determined.
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Experimental Model

Endox was designed to delivery a 140ms pulse at a fre-
quency of 312.5 KHz, and 1200KV/m. Under these condi-
tions the number of survivors was reduced by more than 3
log and recombinants were not detected on selective plates.
The time-pulse was then set at 60ms at a frequency of 300
KHz, and 800KV/m, this configuration was found to give
reproducible results in genetical experiments (a 2-log reduc-
tion of viable bacteria). A structure was created that allows
to expose the microorganisms in vitro. Such characteristic
was obtained in a 200 ul pipette tip. In Fig. (I) is displayed
the model used. Inside of the test tube the volume of the mi-
crobial suspension was 20 pl. At the level of the meniscus of
the liquid the tip has been pierced with a needle connected to
the neutral electrode of Endox. At the apex of the test tube,
the active pole, which consists of a surgical steel needle, is
inserted. The depth of this immersion modulated the differ-
ent states of impedance. Three electromagnetic discharges
were consecutively generated by the equipment, and then the
number of survivors was determined by the CFU/ml dilution
method.

Exchange of Genetic Material Between Two E. coli
Strains after Exposure to HFAC

A suspension of E. coli K-12 strains C600 carrying the
non conjugative plasmid pBP517 (gyrA®) as donor was
mixed with C600 rifampin (rif) and nalidixic acid (nal) resis-
tant as recipient to achieve at least 5x10° cells/ml in water
glycerol. 0.2ml of the mixture was exposed to HFAC as
above. 0.2 ml of the same suspension was not treated and
used as control. Under these experimental conditions the
number of viable bacteria was reduced by about 2 Log. Ex-
posed and control samples were then added to 1.8 ml of SOC
medium and incubated for 2 hours at 37°C. After incubation
the samples were plated on selective plates and recombinants
were scored after 48 hours at 37 °C.

Spontaneous and Induced Plasmid Elimination from
their Bacterial Hosts

Plasmid stability was evaluated as previously described
in detail [11]. Briefly, bacterial strains carrying the plasmids
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Fig. (1). Experimental model reproducing the environment where microorganisms have been exposed to HFAC. A, Test tube containing 20
ul of bacterial suspension punctured at the liquid top, to the apex a probe of Endox is applied. B, the probe of Endox is emerged in liquid

outside the test tube.
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with an initial inoculum of <10® CFU/ml were grown for 20-
24 generations (16-24 hours at 37° C), in drug-free medium
and then diluted and plated on rich medium. After incubation
for 18-20 hours at 37° C the colonies were replicated onto
antibiotic-containing medium and medium containing no
antibiotic. Growth on the appropriate drug-containing me-
dium (amikacin) indicated the presence of the plasmid. In
order to increase the number of plasmid-free bacteria the
same experiment was carried out growing the microorganism
in the presence of sub-inhibitory concentration of cefixime
[12].

Determination of Permeability Variation in Organisms
Exposed to HFAC

A suspension of the microbial population to be analysed
was adjusted to 10°® CFU/mI in water-glycerol (10%) de-
pending on the organism studied. This sample was then di-
vided in four parts, two containing the organism alone and
the others were mixed with the antibiotic. The controls of the
tests were two tubes with and without antibiotic. The other
two samples were exposed to HFAC. The number of survi-
vors was then evaluated by the CFU/ml dilution method.

Determination of the Delay of Regrowth in Organism
Exposed to HFAC

0,1 ml of the microbial suspension was adjusted to about
10" CFU/mI in water-glycerol (10%), introduced into the tip
and exposed to HFAC as above. The treated sample was then
inoculated into 10 ml medium broth and incubated at 37° C
for 6-7 hours. A similar volume of the same initial suspen-
sion was used as control. Viable count was carried out at
time 0, and periodically each hour. The delay of regrowth
was registered as the difference in time required by treated
and non treated cultures of the same microorganism to in-
crease by 1 log in CFU number.

RESULTS

Exchange of Genetic Material Between Two E. coli
Strains after Exposure to HAFC

In order to verify the transfer of a non conjugative plas-
mid directly from strain to strain after exposure to HFAC,
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the first selection was carried out using plates containing
amikacin (40 mg/L) and rifampin (100 mg/L). As reported in
Table 1 in three different experiments a certain number of
recombinants were found. All colonies were then tested for
nalidixic acid resistance, the marker of the recipient strain.
All the recombinants were susceptible to this antibiotic indi-
cating the presence of the plasmid which, in addition to the
amikacin resistance marker, includes the wild-type gyrA
gene. In the diploid strain, in fact, susceptibility is dominant
over resistance. Two different recipient strains, randomly
selected were then used as donor in further experiments. Us-
ing a spontaneous sodium azide-resistant derivative of E.
coli ATCC25922 as recipient organism, the new mating mix-
ture was exposed to HFAC and recombinants were again
found (Table 1). These new recipients obtained were again
used as donor employing as recipient strains the rifampin
and nalidixic acid resistant organism of the first mating ex-
periments (C600 nal, rif). The recombinants found showed
amikacin resistant phenotype together with nalidixic acid
susceptibility. The presence of the plasmids in the recipient
bacteria was also confirmed by observing the recovery of the
original phenotype when strains were cured of plasmids by
long term sub-culture on non selective medium or by sub-
culture in the presence of sub-MIC cefixime to promote
plasmid loss (data not shown).

Determination of Permeability Variation in Organisms
Exposed to HAFC

Membrane permeability was tested with organism-
antimicrobial combination where the drug selected is not
normally active on the microbe but likely to be active if the
permeability barrier is lessened and the drug gets inside the
cell (Fig. 2). When Ps. aeruginosa was combined with van-
comycin, as expected, there was no significant variation in
the number of CFU/ml found in comparison with the original
inoculum. The application of an electromagnetic field to the
culture produced a low decrease in the number of viable cells
and the combination of HAFC with vancomycin resulted
bactericidal for more than 50% of the initial bacterial popula-
tion. In considering Ent. faecalis in combination with ami-
kacin, no lethal activity was demonstrated by this antimicro-
bial against this strain, however the exposure to electric field

Table1. Effect of HFAC on Non-Conjugative Plasmid Transfer in E. coli

Donor Recipient Experiment N. recombinants/ 10" recipients*

C600 (pBP517, gyrA+) C600 nal, rif la 15

Ila 12

Illa 21

control 0

C600 (pBP517) rif ATCC25922 azi Ib 7

1b 14

control 0

ATCC25922 (pBP517) azi C600 nal, rif Ic 18

llc 27

control 0

Nal, nalidixic acid-resistant (100 mg/L); rif, rifampin-resistant (100 mg/L) az, spontaneous sodium azide-resistant (200 mg/L) strain.

*The number was determined after exposure to HFAC.
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reduced the number of CFU/ml detected and the association
of HFAC with amikacin was markedly bactericidal on about
90% of the initial bacterial population.

The combination of the electric field and vancomycin
was marked bactericidal against E. coli. In fact the number
of viable cell found after this exposure was reduced by 4 Log
in combination with the original concentration. This species
resulted also susceptible to the treatment of the HFAC alone
with the reduction of more than 95% of the total cells ex-
posed while the antibiotic alone as expected was not active
against this strain.

Candida parapsilosis resulted susceptible to the electric
field with a significant reduction of about 2 log of the micro-
organism treated, in addition of doxycycline increased the
bactericidal effect by about 50%.

Determination of the Delay of Regrowth in Organisms
Exposed to HFAC

The delay of regrowth after HFAC treatment was studied
in representative organisms of gram-positive, gram-negative
bacteria and yeast. Following HFAC survivors of Ent. fae-
calis (Fig. 3A), Ps. aeruginosa (Fig. 3B) , and C. parapsilo-
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sis resumed their original growth rate after delay 0f 1.0, 0.75,
and 0.6 h respectively compared their appropriate controls.

DISCUSSION

Present findings indicate that the HFAC generated by
Endox allows the transfer of a non conjugative plasmid be-
tween two different E. coli strains, promotes the entry into
the bacterial cell of antibiotics that are not normally able to
interact with the microorganism because of a natural perme-
ability barrier, and induces a delay in the re-growth of survi-
vors of different species following treatment.

The exchange of genetic material among E. coli cells and
the uptake of selected antibiotics by the exposed organisms
is reminiscent of the electroporation method for delivery of
foreign molecules into bacterial cells. This probably reflects
the mode of action of Endox, which by generation of high
frequency alternating current may create pores in the enve-
lope of the microrganisms allowing ingress and egress of key
molecules and may duplicate many of the applications de-
scribed for the standard electroporation techniques [4]. In the
present study the exchange of the genetic material was de-
tected between two E. coli strains. HFAC generated by En-

log CFU/ml
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Treated Treated+drug

—8—E. faecalis/amikacin

—&— C.parapsylosis/doxycycline ——E. coli/vancomycin
—&—P. aeruginosa/vancomycin

Fig. (2). Survivors of strains tested exposed to HFAC alone or in the presence of antibiotic.
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Fig. (3). Persistent growth suppression induced by HFAC in Ent.faecalis (A) Ps.aeruginosa (B) and Candida parapsilosis (C).

dox may represent a quicker, cheaper and more convenient
alternative to conventional electroporation systems.

The uptake of different antibiotics was another important
observation of this study. This might suggest the use of vari-
ous compounds in combination with HFAC to increase the
lethality of the treated organisms. This should be the case of
endodontic treatment, the use for which Endox was origi-
nally developed [1] and for topic therapy to enhance the
beneficial effect of both the antimicrobial and the HFAC.

Finally a period of re-growth suppression was found with
all the microorganisms tested. This is another interesting
point observed in the experimentation suggesting that after
HFAC exposure, especially during therapy, the antimicrobial
effect lasts for a long time. This phenomenon is similar to
that observed in the postantibiotic effect [6]. Since this char-
acteristic is considered an additive property for the antimi-
crobials [13-14] Endox appears to be endowed of all the
characteristics of an antimicrobial agent without selecting
resistant microorganisms.

Taken together the present findings indicate that Endox is
a versatile instrument that when is used for endodontic
treatment causes the death of the microorganism exposed by
promoting damages in the envelope of the cell. On the other
hand survivors required a long period of time to recover the
normal growth rate that improve the beneficial effects of this
treatment. The possibility of a direct transfer of genetic ma-
terial from strain to strain should be taken into account when
genetical experiments are planned with more specific in-
struments that required expensive waste of time and materi-
als.

REFERENCES

[t

[2]

(3]

[4]
[5]

(6]

(71

(8]

[°]

[10]

[11]

[12]

Lendini M, Alemanno E, Migliaretti G, Berruti E. The effect of
high-electrical pulses on organic tissue in root canal. Int Endodon J
2005; 38: 531-538.

Chaparro Heredia A, Murillo del Castillo C, Haffner C, Benz C,
Nickel R. Sistema Endox: devitalization y esterilizacion electroni-
ca. Estudio clinico. Av Odontoestomatol 2001; 17: 23-9.
CassanelliC, Roveta S, Cavallini F, Marchese A, Debbia EA,
Armanino R. Bactericidal effect of endox against various patho-
gens 14th ECCMID 2004., Abstr. P480. Prague, Czech Rep.
Tieleman DP. The molecular basis of electroporation. BMC Bio-
chemistry 2004; 5: 10.

Craig WA.. Pharmacokinetic/pharmacodynamic parameters: ration-
ale for antimicrobial dosing of mice and men. Clin Infect Dis 1998;
26:1-12.

Craig WA, Gudmundsson S. Postantibiotic Effect, In V Lorian
(ed.), Antibiotics in laboratory medicine, 4th ed., William and Wil-
kins, Baltimore, Md. 1996; 296-329.

Dolcino M, Zoratti A, Debbia EA, Schito GC, Marchese A. Post
antibiotic effect and delay of regrowth in strains carrying mutations
that save proteins or RNA. Antimicrob Agents Chemother 2002;
46: 4022-4025.

Heisig P. High-level fluoroquinolone resistence in a Salmonella
typhimurium isolate due to alteration in both gyrA and gyrB genes.
J Antimicrob Chemother 1993; 32: 367-377.

Heisig P, Wiedemann B. Use of a broad-host-range gyrA plasmid
for genetic characterization of fluoroquinolone-resistant gram-
negative bacteria. Antimicrob Agents Chemother 1991; 35: 2031-
2036.

Clinical and Laboratory Standards Institute. Performance Standard
for Antimicrobial Susceptibility Tests. Fifteenth Informational
Supplement. M2-A8. and Supplement M100-S15, 2005. Wayne,
PA.

Debbia EA. Filamentation promotes F-lac loss in Escherichia coli
K12.J Gen Microbiol 1992; 138: 2083-2091.

Saverino D, Debbia EA, Marchese A, Pesce A, Botta GA Schito
GC. Plasmid loss from gram-negative bacteria exposed to sub-
inhibitory concentrations of B-lactam drugs and azithromycin. Mi-
crobiologica 1993; 16: 343-350.



Membrane Permeability Promoted by HFAC The Open Microbiology Journal, 2008, Volume 2 37

[13] Li RC, Tang MC. Post-antibiotic effect induced by an antibiotic [14] Stubbings W, Bostock J, Ingham E, Chopra I. Mechanisms of the

combination: influence of mode, sequence and interval exposure. J post-antibiotic effects induced by rifampicin and gentamicin in Es-
Antimicrob Chemother 2004; 54: 904-908. cherichia coli. J Antimicrob Chemother 2006; 58: 444-448.
Received: March 14, 2008 Revised: March 30, 2008 Accepted: April 04, 2008

© Cassanelli et al.; Licensee Bentham Open.

This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.5/), which
permits unrestrictive use, distribution, and reproduction in any medium, provided the original work is properly cited.



