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The bioelectric elfect, in which electric fields are used to enhance the efficacy of biocides and antibiotics in
killing biofilm bacteria, has been shown to reduce the very high concentrations of these antibacterial agents
needed to kill biofilm bacteria to levels very close to those needed to kill planktonic (floating) bacteria of the
same species. In this report, we show that biofilm bacteria are readily killed by an antibiotic on all areas of the
active electrodes and on the surfaces of conductive elements that lie within the electric field but do not
themselves function as electrodes. Considerations of electrode geometry indicate that very low (< 100 FLA/cm2)
current densities may be effective in this electrical enhancement of antibiotic efficacy against biofilm bacteria,
and flow experiments indicate that this bioelectric eflect does not appear to depend entirely on the possible
local electrochemical generation of antibacterial molecules or ions. These data are expected to facilitate the use
of the bioelectric effect in the prevention and treatment of device-related bacterial infections that are caused
by bacteria that grow in biofilms and thereby frustrate antibiotic chemotherapy.

Work in many laboratories (16, 17, 32), including our own

(3, 12, 33), has clearly established that biofilm bacteria are

resistant to antibiotics and biocides at levels 500 to 5,000 times
higher than those needed to kill planktonic cells of the same

species. The mechanism of this inherent resistance of glycoca-
lyx-enclosed biofilm bacteria to antimicrobial agents is not
conclusively established but appears to depend on both diffu-
sion limitation (25) and physiological properties associated
with low growth rates (8, 9, 16, 17) in biofilm populations.
Direct examination of the surfaces of medical devices that have
become the foci of device-related bacterial infections shows
that these pathogens grow in well-developed adherent biofilms
(12), and clinical experience (21) indicates that these chronic
infections are highly refractory to antibiotic therapy. Conse-
quently, device-related bacterial infections are aggressively
treated with combinations of antibiotics (2, 27), but in many

cases, the biofilm-colonized device must still be removed to
facilitate the resolution of these infections (21, 37).
An increasing number of laboratories have begun to exam-

ine the effects of electric fields and current densities on

biological systems (1, 5, 15, 19, 28, 31, 34, 35, 38, 41), mainly
because of interest in the electroporation and electrofusion
processes that are very useful in genetic research (31). This
body of work has shown that electric fields and currents can be
used for electroporation and electrofusion (31), electroosmo-
sis, iontophoresis (6, 13-15), and the electroinsertion of spe-

cific proteins (30). During this work, it has been noted that
electric fields and currents can influence the organization of
biological membranes (10, 28, 31, 35, 40, 42) and membrane
analogs (1, 18), metabolic and developmental processes within
both prokaryotic and eukaryotic cells (19, 24, 34, 38, 42), and
possibly even the shape of the cell (36), cell behavior (41), and
the dimensions of the bacterial glycocalyx (4). Most of these
studies have used high-intensity fields and currents, in the
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kilovolt-per-centimeter range, but a significant number (5, 13,
15, 24, 36) have also focused on the effects of low-intensity
fields and currents on biological systems for which significant
effects have been documented, especially embryonic systems
(34).
We have reported that low-intensity electric fields (field

strength of 1.5 to 20 V/cm and current densities of 15 pA/cm2
to 2.1 mA/cm2) can completely override the inherent resis-
tance of biofilm bacteria to biocides (7) and antibiotics (26).
This bioelectric effect reduces the concentrations of these
antibacterial agents needed to kill biofilm bacteria to 1.5 to 4.0
times those needed to kill planktonic cells of the same species.
The present study was undertaken to examine the mechanism
of this bioelectric effect, with the working hypothesis that the
electric field aids the penetration of the antibacterial agents
through the biofilm by a form of electrophoresis that may be
assisted by the electrochemical generation of agents that
enhance the efficacy of these agents.

MATERUILS AND METHODS

Bacterial strains. A strain (UR-21) of Pseudomonas aerugi-
nosa obtained from a patient with a chronic urinary tract
infection was used in these experiments because of the facility
with which it formed thick biofilms. Aliquots were stored at
-70°C, on brain heart infusion agar, and fresh aliquots were
used to start each experiment. The MIC for this strain was 1.0
mg/liter.
Flow cell. The development of a three-electrode flow cell

(Fig. 1) allowed us to extend our study to ascertain if the
bioelectric effect was applicable to all electrode surfaces and to
inert nonconductive (or conductive) materials placed between
the electrodes. The two exterior stainless steel (type 316)
electrodes (El and E3) were connected together to act as the
anode with E2 (type 316) as the cathode for 64 s, and then the
current was reversed so that El and E3 acted as the cathode
while E2 became the anode. Both stainless steel (type 316)
inserts (I1 and 12) were placed between the electrodes in the
electrical field and treated the same way as the electrodes
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FIG. 1. Diagrammatic representation of the in vitro flow cell device showing the design of the Perspex flow chamber and the five type 316
stainless steel elements that compose the electrodes and the inserts. El and E3 are both connected to one pole of the power source and constitute
one electrode, while E2 is connected to the opposite pole and constitutes the other electrode. I1 and 12 are not connected to the power source,
and they constitute inserts within the system.

regarding microscopy and viable cell counts. The electrodes
were connected to a direct current (DC) generator whose
voltage output was adjustable up to 10 V, and the current was
variable up to 50 mA. The current polarity was alternated
every 64 s to help prevent the accretion of ions on the stainless
steel surfaces.

Biofilm generation. Adherent, glycocalyx-enclosed biofilm
populations were generated on the type 316 stainless steel
(0.08% C, 2.00% Mn, 0.045% P, 0.03% S, 1.00% Si, 16.00 to
18.00% Cr, 10.00 to 14.00% Ni, 2.00 to 3.00% Mo; remaining
percentage was Fe) elements of the flow cell. The flow cell
experiments involving P. aeruginosa utilized the chemically
defined simple salts medium M-56 [30.6 mM Na2HPO4, 19.8
mM KH2PO4, 7.57 mM (NH4)2SO4, 10.0 mg of MgSO4 - 7H20
per liter, 1.00 mg of Ca(NO3)2 * 4H20 per liter, 1.84 mg of
FeSO4 - 7H20 per liter], which was supplemented with glucose
(0.9% [vol/vol]) and L-leucine (0.066 g/liter). The resistivity of
this medium was 3.86 mS/cm. Two liters of this medium was
inoculated (2% [vol/vol]) with a culture of strain UR-21 which
had been grown in M-56 supplemented with 1% brain heart
infusion broth for 16 h in an orbital shaker (125 rpm at 37°C),
and the medium was pumped through the flow cell at a rate of
60 ml/h with a peristaltic pump (Cole-Parmer, Chicago, Ill.).
After 24 h of colonization, the flow was stopped and the
culture fluid was replaced (time = 0) with fresh sterile medium
with or without tobramycin sulfate (Sigma Chemical Co.) at a
concentration of 5.0 mg/liter, because the planktonic MIC for
the urinary tract infection isolate used in these studies was 1.0
mg/liter. The flow was then reestablished at a rate of 60 ml/h.

Sampling protocol. After 24 or 48 h of exposure to sterile
medium with or without tobramycin and with or without the
application of the DC electric field, the flow cell was disman-
tled. The electrodes and inserts were cut in half and the halves
were processed separately for scanning electron microscopy
and viable cell counts. For scanning electron microscopy, the
electrodes were fixed in 5% glutaraldehyde (in 0.1 M cacody-
late buffer, pH 7.0) overnight at 4°C, washed five times in
cacodylate buffer, and air dried. The samples were coated with
Au-Pd in a sputter coater and viewed with a Hitachi S450
electron microscope. For the determination of viable-cell
counts, the biofilm on the other half of each electrode and
insert was dispersed into 5 ml of phosphate-buffered saline

(PBS) by aseptic scraping and by the application of low-power
sonic energy (model 2200; Branson Ultrasonics Corporation)
as outlined in previous publications (2, 3, 33, 39). Each
suspension was vortexed and serially diluted in PBS prior to
being plated in duplicate for the counting of CFUs. The brain
heart infusion agar plates were incubated for 18 h at 37°C prior
to counting.

RESULTS

The degree of biofilm formation by cells of P. aeruginosa on
the stainless steel elements of the flow cell was seen to be much
higher (Fig. 2) than that produced by the same organisms in
our previous experiments (7, 26) using stainless steel studs in
the modified Robbins device, and the number of sessile
organisms increased still further in untreated control prepara-
tions (Fig. 2) during these 48-h experiments. Electrical treat-
ment alone for 24 h produced a 500-fold decrease in the
number of viable cells on the stainless steel elements of the
flow cell, including the electrically passive inserts, but the
number of viable cells in these biofilms returned to pretreat-
ment levels during a further 24-h exposure to the electric field.
Antibiotic treatment alone produced a gradual 100-fold de-
crease in the number of viable cells in the biofilms on the
stainless steel elements of the flow cell, but 5 x 105 cells per
cm2 remained alive following this 48-h exposure. Treatment of
these established P. aeruginosa biofilms with 5.0 times the MIC
of tobramycin in the presence of the electric field produced an
almost complete kill (<102 viable cells per cm2) of these sessile
cells in 48 h (Fig. 2). This level of kill of biofilm bacteria was
found on the surfaces of all five steel elements (Fig. 1) of the
flow cell (three electrodes and two electrically unconnected
inserts). The field strength of this electric field was calculated
to be 5 V/cm, and the current was measured at ± 15 mA at the
time of polarity reversal and at 6.0 to 6.7 mA in the stable
period between alternations, giving a calculated average cur-
rent density of 1.7 mA/cm2 in this geometrically complex
system. Because the biofilm was recovered from all areas of the
stainless steel elements of these flow cells, for analysis for
viable organisms, we can state that virtually no biofilm bacteria
remained alive after 48 h of exposure to an antibiotic within
this electric field.
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FIG. 2. Graphic representation of the average CFU of viable biofilm cells of P. aeruginosa per square centimeter on all five steel elements of
the flow device in untreated-control experiments and following exposure to 5.0 times the MIC of tobramycin in the presence and absence of the
electric field. Virtually all of the biofilm cells were killed by 5.0 times the MIC of tobramycin in the presence of the electric field, while significant
numbers of viable cells remained following exposure to the antibiotic alone or to the electric current alone and the sessile population increased
in the absence of any treatment.

The portions of the outer electrodes (Fig. 1) that did not
face the center electrode would experience only very low
current densities, and the actual values of current densities
over the surfaces of these electrodes is very difficult to esti-
mate. For this reason, the average current density was esti-
mated by dividing the total current by the total area. The
average current density at the central electrode will necessarily
be twice that of the outer electrodes. It is of interest to
calculate that the current density at the outer electrodes will
diminish towards the extreme edges and will reach values of
<100 jsA/cm2 in these regions that, nonetheless, experienced
almost total killing'of biofilm bacteria.
We examined the P. aeruginosa biofilms on the various steel

elements of the flow cell (by scanning electron microscopy)
before and after treatments to promote killing of these sessile
organisms by the bioelectric effect. Following 24 h of coloni-
zation to produce biofilms with a cell density of 108 CFU/cm2,
and before any experimental protocols were initiated, all steel
surfaces were covered by thick biofilms of slime-enclosed
bacterial cells (Fig. 3A). After 48 h of treatment with the
electric field alone, the biofilm in Fig. 3B, which still contained
large numbers of viable bacteria (Fig. 2), was structurally intact
and structurally similar to the untreated biofilm seen in Fig.
3A. Biofilms that had been treated for 48 h with the antibiotic
alone also contained large numbers of viable bacteria and
resembled the untreated biofilm in all structural parameters
(Fig. 3C). However, treatment with tobramycin at 5.0 mg/liter
(5.0 times the MIC) in the presence of the electric field killed
virtually all of the biofilm bacteria on all five steel elements of
the flow cell (Fig. 2), and examination of the electrode surfaces
showed that the biofilm had been at least partially removed
(Fig. 3D, area I) on the edges of the electrodes nearest the
electrode of opposite polarity. Residual biofilm (Fig. 3D, area
II) and intact bacterial cells (Fig. 3E) were clearly seen in areas
of the electrodes and in areas of the inserts that were not
subjected to maximum field strengths by close juxtaposition

with the opposite electrode, but the cells remaining on the
denuded areas were severely distorted and obviously cavitated

(Fig. 3F).
We have noted that biofilm bacteria are not killed by the

application of an electric field alone (7, 26) (Fig. 2) and that
biofilm bacteria on electrically passive inserts within electric
fields (Fig. 1) are killed by low concentrations of an antibiotic,
which suggests that the penetration of the biofilm by the
antibiotic is enhanced by an electric field that is not, in itself,
damaging to biofilm bacteria. However, we felt that we should
still examine the possibility that these sessile cells were being
killed by the combined effect of the antibiotic and a molecule
or ion (perhaps chlorine, peroxide, or superoxide) that is
generated electrochemically at the electrode surface. To ex-
amine this possibility we undertook the series of experiments
outlined in Table 1. Flow cells were colonized to produce
biofilms on all five elements, as in the experiments whose
results are summarized in Fig. 2, but the surviving bacteria
were quantitated on each element individually in order to
detect possible downstream effects caused by ion generation.
In the untreated-control experiments no'statistically significant
differences in the numbers of viable biofilm bacteria were seen
among the five elements (three electrodes and two inserts).
Similarly, there were no significant differences among the
elements when the flow cell was treated with the antibiotic
alone (5.0 times the MIC of tobramycin), but the numbers on
all elements were significantly different from the numbers in
the untreated-control experiment, and a general 1-log reduc-
tion in the number of viable biofilm bacteria was recorded.
When the electrodes of the flow cell were energized in the
absence of the antibiotic, the number of surviving biofilm
bacteria on the inserts was not significantly different from the
number on the five elements of the untreated control, and the
number on the energized electrodes was reduced less than 1
order of magnitude. We should note that any ions that had
been electrochemically generated in this electric treatment had
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TABLE 1. Killing of biofilm bacteria on individual elements of the flow cell by various treatmentsa

Avg CFUI/cm2 on element:
Treatment

El I1 E2 I2 E3

None (control) 5.22 x 108 3.45 x 108 2.35 x 109 3.95 x 108 4.18 x 108
Antibiotic 1.96 x 107 2.29 x 107 2.35 x 107 1.51 X 107 3.74 x 107
Electric 8.07 x 107 2.17 x 108 6.54 x 107 2.25 x 108 3.02 x 107
Electric + antibiotic 1.65 x 102 1.55 x 103 6.71 x 102 8.00 x 102 5.90 X 102
Downstream 1.76 x 106 6.76 x 105 1.16 x 106 1.28 x 106 2.19 x 106

antibiotic

a All elements were treated for 48 h, and all experiments were repeated four times except the downstream test, which was repeated five times. Statistics were done
on a Macintosh computer by using the SuperANOVA program for one-way analysis of variance and multiple comparison of means by the Tukey-Kramer test (a = 0.05).
The analysis was performed on the log transformed data (i.e., CFU per square centimeter = log (CFU per square centimeter + 1).

very little effect on the viability of biofilm bacteria anywhere in
the flow cell in the absence of the antibiotic. When the biofilm
bacteria in the flow cell were exposed to 5 ,ug of tobramycin per
ml in the presence of the DC field, the numbers of surviving
biofilm bacteria were reduced to the same extent on both the
electrodes and the inserts; these reductions were highly signif-
icant as determined by comparison of the numbers with those
after any other treatment (control, antibiotic alone, or electri-
cal field alone). We conducted downstream-antibiotic experi-
ments in which a separate five-element flow cell was attached
by tubing downstream from a flow cell being treated with an
antibiotic in the presence of a DC field. We speculated that any
electrically generated antibacterial ions would be carried to the
downstream flow cell, with the antibiotic, and would enhance
the killing of biofilm cells in the downstream flow cell. The data
concerning the survival of biofilm bacteria in this downstream
flow cell (Table 1) show a significant but minor (1-log)
reduction compared with data on exposure to the antibiotic
alone (Table 1), and we conclude that the effects of any
electrochemically generated species were minor.
Next we reasoned that any electrochemically generated ions

that might enhance the efficacy of an antibiotic against biofilm
bacteria would be carried downstream within a single flow cell,
so the upstream side of El (Fig. 1) would accumulate only very
low concentrations. The downstream elements (12 and E3)
would, by the same process, be exposed to higher concentra-
tions of this putative ion. The data concerning the killing of
biofilm bacteria in electric and electric-antibiotic treatments in
Table 1 indicate no asymmetry in the killing of these sessile
bacteria on the upstream and downstream elements of the flow
cell. To examine this hypothesis still further, we conducted an
experiment to examine the extent of killing of biofilm bacteria
on individual elements of a flow cell in which only electrodes
El and E2 were connected to the electrical generator. Element
E3 must be considered outside the DC field. In this experi-
ment, the flow cells were colonized for 24 h and then treated
for 24 h with 5 ,ug of tobramycin per ml, with only the first two
electrodes connected to the power supply (5 V, 64-s reversal of
polarity). The biofilm kill data clearly indicate that these
adherent organisms are killed more rapidly on elements El

and E2 and significantly more slowly on elements I1 and 12 in
this 24-h period. Elements El, I1, E2, 12, and E3 had 4.92 x
104, 2.24 x 105, 3.87 x 104, 2.44 x 105, and 3.43 x 106
CFU/cm2, respectively; data are the averages of five experi-
ments whose results were analyzed by the SuperANOVA
program as for Table 1. There is no significant difference
between the first four elements in the group; however, E3,
which was electrically passive in this experiment, had a number
of adherent organisms significantly different from that of any
other single element within the group. These data indicate that
any electrochemically generated ions have only a minor effect
on the enhancement of the killing of biofilm bacteria by
antibiotics within a DC field.

DISCUSSION

Relative to biofilm bacteria, planktonic bacteria can be
exquisitely susceptible to biocides and antibiotics, if they lack
resistance mechanisms and contain the appropriate target
molecules, because they float or swim in the bulk fluid and are
readily accessed by these antibacterial agents. Biofilm bacteria
are often found to be involved in industrial problems (39) or in
medical infections (21, 33) that have resisted clearance by
biocides or antibiotics, and many reports (8, 16, 17, 21, 33, 39)
have documented their inherent resistance to these agents,
even at concentrations 500 to 5,000 times those needed to kill
planktonic cells. This inherent resistance of biofilm bacteria to
antibiotics is now widely accepted (12, 21) as the basis for the
remarkably refractory response of device-related and other
chronic bacterial infections to antibiotic chemotherapy. A
vigorous debate concerning the mechanism of this inherent
resistance of biofilm bacteria to antibiotics currently rages, and
it now seems clear that the resistance is a function of both
altered growth rate and physiology (8, 9, 16, 17, 32) and of
diffusion barriers provided by the biofilm matrix (12, 21, 25).

Against the background of this inherent resistance of biofilm
bacteria to antibacterial agents, it is significant that we have
recently shown that the efficacy of biocides (7) and antibiotics
(26) in killing biofilm bacteria can be radically enhanced if
these agents are used within a low-intensity DC electric field.

FIG. 3. Scanning electron micrographs of the surfaces of various biofilm-colonized steel elements of the flow cell illustrated in Fig. 1. (A)
Surface of the biofilm in an untreated device at 0 h (i.e., after 24 h of colonization), when this biofilm contained large numbers of living bacteria
(Fig. 2). (B and C) Surfaces of the biofilms on electrode (E2) surfaces when the devices had been treated with the electric field alone (B) or with
the antibiotic (tobramycin) alone (C); both biofilms contained substantial numbers of viable bacteria. (D) Surface of an electrode (El) from a
device that had been treated with tobramycin (5.0 times the MIC) in the presence of the electric field; we noted the partial removal of the biofilm
from the edge of this electrode (area I) nearest to electrode E2 and its retention in the area (area II) more distant from the electrode of opposite
polarity (E2). There were no living bacteria on the surface of this electrode, but visually intact bacterial cells were seen (E) in area II, while severely
disrupted and cavitated cells were seen (F) on the denuded surface of area I. Bars = 5 ,.m.
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This bioelectric effect has been shown to operate in the killing
of biofilm cells of several species of gram-negative and gram-
positive bacteria, and of fungi, by several different chemical
classes of biocides and antibiotics (7, 26). Because only a DC
electric field produces the bioelectric effect, and because the
electric field does not by itself kill biofilm bacteria, we have
evolved a working hypothesis that this effect depends largely
on electrophoretic forces that allow the antimicrobial agents to
overcome diffusion barriers that would otherwise limit their
access to their targets within bacterial and fungal cells. Similar
DC currents have been used clinically to drive chemothera-
peutic molecules into solid tumors (29) and antibiotic mole-
cules into the inner ear (11) and other tissues (5).

However, there are many ways in which physical forces affect
biochemical processes in biological systems. Bacterial cells
depend, as do all living cells, on physical phenomena such as
membrane potentials (10) for their basic metabolic activity,
and it is reasonable to expect that delicate cellular electrical
equilibria may be disturbed by the imposition of an external
electric field. It has been shown that external fields can affect
the ao-helix content (28, 42) and orientation (10) of membrane
proteins in eukaryotic cells and the electrophoretic mobilities
of bacterial membrane proteins (10, 20). Electric fields can
even be used to effect the electroinsertion of specific proteins
into the membranes of living cells (30). These molecular
perturbations of important membrane components may affect
the organization of membranes (10, 28, 31, 35, 40, 42), and we
expect that these structural changes would influence the per-
meability of membranes vis-a-vis antibiotics and biocides (22,
23). Profound membrane perturbations, caused by very intense
electric fields, are routinely used in electroporation to facilitate
exogenous-DNA exchange in genetic experiments (31).

Davis and his colleagues (13-15) have reported that plank-
tonic cells of E. coli, P. aeruginosa, Proteus mirabilis, and
Candida albicans can be killed by electric fields and current
densities similar to ours but without the use of antibiotics.
Davis et al. (13, 15) attributed the killing of these planktonic
cells to iontophoresis, in which the accretion of metal ions on
or in the bacterial cell could be responsible for this bactericidal
effect, or the effect could be caused by the electrical generation
of chloride species (14) with biocidal properties. The low-
strength electric fields used in the present study did not, by
themselves, kill biofilm bacteria, and we suggest that ion
binding by the exopolysaccharide matrix of the biofilm (12)
may protect these sessile cells from iontophoretic killing.

In the present study of the bioelectric effect, we have set out
to examine the extent to which electrochemical effects at the
electrode surface contribute to the enhanced efficacy of anti-
bacterial agents. Any putative electrochemical mechanism
must only contribute to the bioelectric effect because the
electric fields used in these experiments do not, in themselves,
kill biofilm bacteria. To examine this phenomenon in a rational
manner, we designed the flow cell illustrated in Fig. 1 so that
the stainless steel electrodes (El, E2, and E3) would constitute
a symmetrical field and the electrically passive steel inserts (I1
and I2) would be placed symmetrically within that field. Our
data clearly show that biofilm bacteria are killed on all steel
surfaces within the flow cell in the presence of an antibiotic,
including those bacteria that were not on electrodes and those
that were adherent to the outside edges of the outer electrodes
that would be subjected to only very low current densities.
Biofilm cells were seen to be cavitated, and biofilms were
partially removed on the inside edges of electrodes facing the
oppositely charged electrodes, where the current density would
be highest, while no obvious cell damage or biofilm disturbance
was seen in areas that would be subjected to lower current

densities. However, virtually all biofilm bacteria were dead on
all of the steel surfaces of the flow cell after 48 h of exposure
to 5.0 times the MIC of tobramycin within the electric field.
Because very low levels of current density were effective, and
because nonelectrode surfaces were affected, we feel that
electrochemical effects were not of paramount importance in
the bioelectric effect in this system. If an electrochemically
generated molecule or ion were an essential contributor to the
bioelectric effect, one would expect that it might be carried
some distance downstream in an actively flowing system. Our
flow experiments show that the bioelectric effect is seen on the
element (I2) immediately downstream of an active electrode in
an asymmetrically electrified flow cell but that it is seen only to
a minor extent on the next element (E3) downstream or in a
separate downstream flow cell connected to the electrically
active flow cell. In light of these data, electrically assisted
electrophoresis remains our preferred explanation of the bio-
electric effect with some suggestion of an electrochemically
generated agent that enhances killing by antibiotics.

In our plans to use the bioelectric effect to prevent and to
treat device-related bacterial infections, we are encouraged by
these observations that relatively weak electric fields enhance
the efficacy of antibiotics in killing biofilm bacteria even on
surfaces that are not, in themselves, electrodes. We are further
encouraged by evidence that, at the field strengths used in this
study, the effect is not largely dependent on potentially dam-
aging electrochemically generated ionic or molecular species.
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