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Abstract

Based on gram-negative bacterium E. coli models previously published in the literature,
the transmembrane voltage induced by the application of an AC electric field on a
bacterial suspension is calculated using COMSOL™ Multiphysics software, in the
range 1 MHz - 20 MHz, for longitudinal and transversal field orientations. The voltages
developed on each of the three layers of the cell wall are then calculated using an
electrical equivalent circuit. This study shows that the overall voltage on the cell wall,
whose order of magnitude is a few tens of uV, is mainly distributed on inner and outer
layers, while a near-zero voltage is found on the periplasm, due to its much higher
electrical conductivity compared to the other layers. Although the outer membrane
electrical conductivity taken in the model is a thousand times higher than that of the
inner membrane, the voltage there is about half of that on the inner membrane, due to
capacitive effects. It follows that the expression of protein complexes anchored in the
inner membrane could potentially be disrupted, inducing in particular a possible
perturbation of biological processes related to cellular respiration and protons cycle,
and leading to growth inhibition as a consequence. Protein complexes anchored in the
outer membrane, or constituting a bridge between the three layers of the cell wall, such
as some porins, may also undergo the same action, which would add another growth
inhibition factor, as a result of deficiency in porin filtration function when the external
environment contains biocides.

Introduction

In recent years, research to counteract microbial proliferation in aqueous media has shifted to
non-lethal solutions [Giladi et al, 2008], [Giladi et al, 2010], [Zituni et al., 2014], [Jain et al.,
2015], [Abo-Neima et al., 2016]. Less penalizing, in terms of energy consumption and
pollution, than traditional lethal methods, these new approaches aim to limit or even stop
microbial growth by influencing the metabolism of microorganisms.

Thus, instead of acting on the energetic level by destroying bacteria, it is preferred
conceptually to operate on the functional level, by disrupting essential functions such as
cellular respiration, ion exchange or processes involved in mitosis.

It has been demonstrated that these effects can be achieved in particular by the application of
an external variable weak electric field with a frequency ranging between a few 100 kHz and
several 10 MHz [Giladi et al, 2008]. This is referred to the electricidal effect
[Del Pozo et al., 2009]. However, the details of the growth inhibition mechanism are not yet
clearly explained. We know little about how to precisely identify the functions affected, or
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how to state which protein complexes are destabilized by the treatment, in case of weak
external electric field application.

Nevertheless, knowing that some protein complexes of the cell wall are electrically sensitive
(Tsong 1990), it may be assumed that some categories of these protein complexes are
potentially disrupted during the application of an external AC electrical field. Indeed, when
such a treatment is applied to a bacterial suspension in a nutrient medium, the cell wall is the
site of a much larger variable field than the cytoplasm, due to its very low electrical
conductivity. Therefore, it could be interesting to focus our investigations on membrane
proteins and identify those that are subjected to the highest induced AC voltage.

This theoretical paper, using COMSOL™ Multiphysics modeling, and equivalent electrical
circuits, is intended to provide potentially explanatory elements for the process of inhibiting
bacterial growth by applying an AC electric field. Focused on the gram-negative bacteria E.
coli, we use a conceptual model developed previously [Xavier et al, 2017], in order to control
boundary conditions close to the bacteria for the simulation.

Based on a published model [Bai et al, 2006], a theoretical transfer function is established,
allowing the AC voltage on each of the three layers of the cell wall to be deduced from the
results of the COMSOL™ numerical simulation. This is performed for two orientations of the
applied electric field (longitudinal and transversal). A discussion is finally initiated, taking as
examples, in a non-exhaustive way, some protein complexes and some associated biological
functions.

Modeling

The problem refers to bacteria (Escherichia coli DH5a) in suspension in a physiological

medium serum (electrical conductivity o, = 1.3 S/m ; relative permittivity €. = 80),
submitted to an AC voltage. It is aimed to perform numerical simulations of the electrical
quantities induced in a single bacterial cell, using the Finite-Element software COMSOL.

As explained in [Xavier et al, 2017] relevant simulations, corresponding to this problem, are
achieved when boundary conditions in the form of imposed potentials are applied on opposite
surfaces of a cubic volume surrounding the bacterium (Figure 1). This configuration leads to
the possibility of cascading the elementary boxes, in order to obtain a macroscopic model of
the entire bacterial suspension. Each of these elementary cubic boxes must have a minimum
side, depending on the size of the bacterium and its orientation relative to the direction of the
applied external electric field. It was determined that a = 4.6 pm is suitable for the standard
dimensions given in Figure 2 and for all orientations.

The present paper deals with the study of longitudinal and transversal orientations, as detailed
on figure 1.
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Applied a=4.6 um,
AC- voltage Viox

L:*g-_\v

Appm
AC- voltage Vpox

Figure 1-a Figure 1-b
Elementary box with a single longitudinally Elementary box with a single transversally
excited cell, numerically studied excited cell, numerically studied
using COMSOL™ multiphysics using COMSOL™ multiphysics

In addition, a single bacterial cell model was established in [Xavier et al, 2017] (Figure 2).

The cytoplasm (electrical conductivity o, = 0.22 S/m ; relative permittivity &, = 40) is
surrounded by a cell wall (thickness d = 24 nm), modeled as a monolayer equivalent to the
three characteristics layers of Gram-negative bacteria.

Cell wall
24 nm thick

Figure 2 — COMSOL model of Escherichia coli with equivalent monolayer cell wall. The induced
transmembrane AC voltage is calculated at the points marked respectively P (pole), M (middle) and I
(intermediate).

The electrical properties of this equivalent cell wall, valid in the 1-20 MHz frequency band,
were determined on the basis of previous work in the literature [Bai et al, 2006]. They are
detailed in Table 1.
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Inner membrane Periplasm Outer membrane | Equivalent cell
Thickness (nm) 7 10 7 24
Relative dielectric 55 60 121 13.6
permittivity ' ) '
Electrical
10”7 2 104 -5
conductivity (S/m) 0 3 0 3.7x10

Table 1 - Characteristics of the layers constituting the cell wall used for modeling purposes.

Numerical values mentioned in Table 1 should be considered with some care regarding the
underlying work hypotheses, i.e.:

- The authors in the paper [Bai et al., 2006] provide a range of possible values, taking into
account the extraction method corresponding to the 3-shell model. In this article we
selected realistic values, more or less in the center of the proposed ranges.

- The validity of the frequency band is limited, typically from 1 MHz to 20 MHz. This
range is also the one used when simplifying the model in the paper, where a monolayer
equivalent to the three layers of the cell wall was determined.

- The values in Table 1 are elaborated on the assumption that each of the three layers of the
3-shell model has uniform characteristics. They therefore correspond to averaging,
knowing that the real cell wall exhibits disparities, particularly linked to the presence of
anchored proteins.

- The data were extracted from specific experimental conditions. The bacteria were
resuspended in a non-nutritive medium, resulting in a particular conformation of the ion
channels, which modifies the equivalent surface impedance of the cell wall compared to a
situation where the bacteria live in a normally nutritious medium, such as LB medium.

Numerical Results: induced transmembrane AC voltage

Figures 3 and 4 show the induced transmembrane AC voltage amplitudes, calculated
numerically with COMSOL™ Multiphysics software, when an electric field of amplitude
1V/em is applied, in longitudinal and transversal directions respectively. As detailed in Figure
2, the calculation points are located at the pole (P), in the middle (M) and at an intermediate
point (I) of the bacterial cell, the latter being at the beginning of the hemispheric part.

As a result of the existing symmetry with respect to both the transversal (xoy fig. 1) and
longitudinal (yoz fig. 1) cross-sectional planes, whatever the direction of the field applied, all
points P (see Figure 2) are subject to the same voltage,. The same applies to points M and I.

When the field is applied longitudinally, the transmembrane voltage induced at the M points
(not shown here) is zero, because the equatorial plane to the bacterium is equipotential. This
observation may be important, as the transversal plane is the site of key proteins during the
mitosis process. This is particularly the case for the FtsZ ring.

Conversely, the P poles are the seats of the highest induced voltage. The latter is maximum at
the lowest frequencies, because the cell wall presents itself as an almost pure capacity due to
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its low electrical conductivity. The same frequency behavior is found for the intermediate
points 1.

With an external electric field amplitude of 1V/cm, the maximum induced AC voltage at the
poles (95 uV at 1IMHz) is much lower than the order of magnitude of the DC transmembrane
resting potential, the latter being around a few 100 mV depending on the conditions (external
pH, growth phase, etc.) [Zilberstein et al., 1984] [Bot et al.,, 2010]. The transmembrane
potential is therefore very weakly modulated by the AC component, which could lead to
predictions of negligible consequences on the metabolism of the microorganism.
Nevertheless, growth inhibition effects were observed with fields of the same order of
magnitude as the one used in the simulation [Giladi et al., 2008].

100
90 -
80 -
70 A
60 -
== Vpole (nV)
pVv 50 A
=—dr=Vintermed (pnV)
40 -
30 1
20 A
10 1
3
0 r T r
0 5 10 15 20

F (MHz)

Figure 3 — Computed transmembrane AC voltage with a longitudinally applied electric field of
amplitude 1V/cm, at points P (poles) (m) and I (intermediate) (A) visibles on figure 2. Voltage at
middle points M is zero.

When the electric field is applied transversely, the induced voltage is now zero at poles P and
maximum at mid-points M. The frequency behaviour is similar to that obtained with
longitudinal excitation, except that the decrease, the voltage values and the variation between
the points are smaller. This result confirms the interest of combining the two orientations
during electricidal treatment, as done in the reference [Giladi et al., 2008].

50

45 o

40 A

v —e—Vmiddle (nV)
- =—gr—"Vintermed (uV)
)
30 1
25

0 5 10 15 20
F (MHz)
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Figure 4 — Computed transmembrane AC voltage with a transversally applied electric field of
amplitude 1V/cm, at points M (middle) (e) and I (intermediate) (A ) visibles on figure 2. Voltage at
poles P is zero.

Voltage Membrane Transfer Functions

This chapter aims to detail how the voltages previously calculated are distributed in each of
the three sub-layers constituting the cell wall of the gram-negative bacteria, namely the
phospholipidic inner membrane, the periplasm and the lipopolysaccharide (LPS) outer
membrane.

To achieve this, it is required to determine the transfer functions of the type:

Vi
T = 2010g10[ J (1)

tot-wall

where V; and Viy.wan are the amplitude of the AC voltage on layer i and whole cell wall
respectively.

The equivalent electrical circuit of a unit area of the Gram-negative cell wall can be
established, as shown on Figure 5.

A

Ry Gy outer

outer-memb membrane
Viot-wall R, C .
’ 2

Vperiplasm periplasm

R3 C3 V. b Inner
inner-mem membrane

Figure 5 — Equivalent electrical circuit of a unit area of the Gram-negative cell wall, detailing each
sublayer.

The specific resistances and capacitances values of this equivalent circuit are calculated from
data of Table 1 and given on Table 2, where :

1 d.
Ri=ss (] @)

S
C =e., 4 [F] (3)
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di, o; and g; are respectively the thickness, electrical conductivity and relative dielectric
permittivity of layer i. S is the specific surface area chosen for the calculation, here S=10-8 m?,
reminding that this choice does not affect the final expression of the transfer function.

ONOYUT DA WN =

R; G

10
> Outer membrane TKO 153 pF

Periplasm 03120 531 pF

15 Inner membrane 7%106 O 69,5 pF

19 Table 2 — Specific resistances and capacitances calculated for the three sublayers of E. coli cell wall,
20 with S=10% m?

23 The transfer function express, at pulsation ®, the ratio of the voltage on layer i to the total cell
wall voltage and is written :

26 R,

27 -
28 T - V. _ 1+ jor, A
29 \ R, R. . R 4)

tot-wall i + J

30 I+jor, 1+jor; 1+jor,

32 where subscripts j and k refer to the other layers (j# and ki),
andriZRi.Ci;erRj.Cj;rkZRk.Ck.

35 After some developments, it comes from equation (4):

! ! . . 2
2(1) 142232 412 ®)
42 O \On

3 . —K.-(1+j0)2-j)'(1+jwz-k)

47 where :
48 R

49 K=ot . -
R, +R +R, (6) : Ti low frequency limit

52 R;+R;+R,
W = . 1
53 n R7,7, + R,z7, + R 27, (7) : natural pulsation

57 1 Ri(rj+2'k)+Rj(2'i+fk)+Rk(ri+rj)
(8) : damping coefficient

58 z= :
59 2R +R;+R, \/Riz'jrk +R7 +R 77
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9

(10)

The final form of equation (5) is therefore written at a frequency F, taking into account

F, =20 —9.5MHz
2n
z=464
that z>1 :
1+jE .
F;
T =K, - v
I+j—=||1+]=
( JFM 'F
where :
|
Fi,j,k:2
Ty
F = ( - z2—1)
271
— (z+\/zz—l)

2

(1)

(12)

(13)

(14)

Table 3 below provides information on the different cut-off frequencies that occur in each
transfer function. We can observe that these extend over a very large frequency band.

F’

F’,

Fouter-memb

Fperiplasm

Finner-memb

102 kHz

881 MHz

149 kHz

961 MHz

327 Hz

Table 3 — Cut-off frequencies occurring in the transfer functions expressed as in equation (11).
Subscript i refers to the layer on which the voltage is calculated and then divided by the total cell wall

voltage, while subscripts j and k refer to the other layers. For example, if "i

is "periplasm" and "k" is "inner-layer".

nen

is "outer-layer", then "j"

Before finalizing the actual frequency analysis, it remains to provide the limit levels for each
transfer function. Thus the low frequency limit of Ti results from a purely resistive voltage
division, because the capacity of each layer has a much higher impedance than that of the
corresponding resistance, while the high frequency limit is the dual case and results from a
purely capacitive divider bridge. It follows:
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R,

lim(T,) = K, = —————

Fgol) ' R +R,+R, (15)
cc

1im(T,) = o= (16)

s C,C, +C,C, +C,C,

Table 4 summarizes the values in dB found for each of the layers:

Outer membrane Periplasm Inner membrane
limF(Ig ) -60 dB -147 dB 8x10- dB ~ 0 dB
limF(Ti,dB) -10,9 dB 21,7dB 4 dB

Table 4 — Limit values of transfer functions for the three layers of the cell wall.

At this stage of the study it is already possible to predict some global behaviors. The
periplasm behaves almost like a short circuit compared to other layers, due to its high
electrical conductivity, and consequently no voltage develops there. The inner membrane,
which has the lowest conductivity, recovers the entire voltage applied to the cell wall at low
frequency.

Figures 6 to 8 provide the Bode diagrams of the three transfer functions, namely Toyter-membs
Tperiptasm and Tinner-memp, T€Spectively, calculated in dB according to equation (11), from 10
kHz to 100 MHz.

Vom /vtcw (dB)

0,01 0,1 1 10 100
F (MHz)

Figure 6 - Transfer function expressing in dB the ratio of the voltage on the outer membrane (V) to
the total cell wall voltage (V).
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V,/Viey (dB)

-100 1

-120

0,01 0,1 1 10 100
F (MHz)

Figure 7 - Transfer function expressing in dB the ratio of the voltage on the periplasm (V,) to the total
cell wall voltage (View).

2 4

Vim View (dB)

3 -

-4

0,01 0,1 1 10 100
F (MHz)

Figure 8 - Transfer function expressing in dB the ratio of the voltage on the inner membrane (V;,) to
the total cell wall voltage (V).

The analysis of Figures 6 and 8 shows that the transfer functions for the inner membrane and
outer membrane are practically constant above 1 MHz, while the one for the periplasm
evolves with a constant slope in the studied range, with very low values as expected. This is
explained by the combination of the slopes constituting the asymptotic Bode diagram and by
the particular values of the cut-off frequencies mentioned in Table 3.

Induced AC voltages on the cell wall sublayers

The results of the COMSOL™ Multiphysics computation (Figures 3 and 4) combined with
the calculation of the transfer functions (Figures 6 to 8), finally provide the induced voltage
on each of the three sublayers of the cell wall, when an external electric field of 1V/cm is
applied, in both longitudinal and transversal orientations. The studied frequency range is
limited to the validity domain for the COMSOL model [Xavier et al., 2017], i.e. from 1 MHz
to 20 MHz.
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* Longitudinal orientation

The result for a longitudinal orientation is given in Figures 9 and 10, corresponding
respectively to the P poles and the intermediate points I of the bacterial cell (see Figure 2).
The amplitude of the voltages developed on each layer is expressed in dB,y according to the
relationship:

ONOYUT DA WN =

Vin
11 VdBllV = 20 loglo(lo_()j (17)

13 where V,, is the amplitude in Volts.

16 40

19 20 - * *0-0-0 aa

10 4
=—&—Vpole_outer-memb

23 dBpV ==V pole_periplasm

10 4
24 —a—Vpole_inner-memb

27 -30 1l
28 40 /.-".-v

10 15 20
F (MHz)

]
i

33 Figure 9 — Amplitude in dB,y of the AC voltages developed at the P poles of the bacterial cell (see
34 Figure 2) on each of the three layers constituting the cell wall (outer-membrane e, periplasm ¢, inner-
35 membrane m), when applying longitudinally an external electric field of amplitude 1V/cm.

38 40

30 A

20 A

== Vintermed_outer-memb
=—t=="YVintermed_periplasm

—a—Vintermed_inner-memb

DS D

N — O

o //
1
a

10 15 20
F (MHz)
55 Figure 10 — Amplitude in dB,y of the AC voltages developed at the intermediate points I of the
56 bacterial cell (see Figure 2) on each of the three layers constituting the cell wall (outer-membrane e,

57 periplasm ¢, inner-membranc m), when applying longitudinally an external electric field of amplitude
58 1V/cm.

60 It can be seen that the voltage developed on the inner membrane (phospholipidic) is
dominant, while that on the outer membrane (LPS) is about 7 dB lower (i.e. multiplied by
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0.45) at both points P and I, over the full studied frequency range. The voltage on the
periplasm layer is negligible at any point, as already explained in the previous paragraph.

It must be kept in mind here that the voltage at the middle points M is zero on each of the
layers, with a longitudinal orientation of the electric field.

= Transversal orientation

Results for transversal orientation of electric field are shown in Figures 11 and 12,
corresponding respectively to points M and I (Fig. 2), the voltage at points P being
NOw Zero.

These results revealed a similar behavior to that observed with longitudinal
orientation, except that the voltage decreases slower with frequency.

Indeed, with longitudinal orientation, the voltage on the inner membrane decreases at
intermediate point I from 33 dB,y to 14 dB,y (i.e. from 44 pV to 5 pV in a linear
scale) when the frequency changes from 1MHz to 20 MHz, while with transversal
orientation it changes at the same point from 29 dB,y to 26 dB,y
(i.e. 27 uV to 20 uV) on the same frequency excursion.

40

30 -

10 4 —&— Vmiddle_outer-memb
dBpV 0 =tV middle_periplasm

==a=="Vmiddle_inner-memb

0 5 10 15 20
F (MHz)

Figure 11 — Amplitude in dB,y of the AC voltages developed at the middle points M of the bacterial
cell (see Figure 2) on each of the three layers constituting the cell wall (outer-membrane e, periplasm
¢, inner-membrane m), when applying transversally an external electric field of amplitude 1V/em.
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1

2 40

3 30 -

T oo

5 20 + >0 - . -

6 10 4 == Vintermed_outer-memb

7

8 dBuV =tV intermed_periplasm

9 10 -

10 = == Vintermed_inner-memb

11 -20

12 -30 1

13

14 40 1

15 -50 v v T

16 0 5 10 15 20

17 F (MHz)

18 . . . . . .

19 Figure 12 — Amplitude in dB,y of the AC voltages developed at the intermediate points I of the
20 bacterial cell (see Figure 2) on each of the three layers constituting the cell wall (outer-membrane e,
2 periplasm 4, inner-membrane m), when applying transversally an external electric field of amplitude
22 1V/em.

23

24

25 What membrane proteins could potentially be affected?

26

27

28 This short section aims to show how this study could be used as a working tool in an attempt
29 . . . . g et .

30 to establish a link between macroscopically observed bacterial growth inhibition and the
31 biological processes under control of certain membrane proteins, which could be affected by
32 the application of an external electric field, as a result of a possible destabilization of these
33 proteins [Kell et al., 1985].

34

35 The information necessary to conduct this reflection could be organized according to two
36 inputs, namely the biological function associated with a protein on the one hand, and the
37 location of the latter in the membrane on the other hand. Below are some of the elements that
38 can be said on each of the three layers.

39

40

41

j; *  Periplasm

44 First of all, proteins [Beacham et al., 1979] or functions located in the periplasm should be
45 classified as the least likely candidates to explain the growth inhibition. Even if disruption of
46 some functions (see for example [Mergulhao et al., 2007]) in the periplasm could be assumed
j; to cause growth inhibition, this effect could not be produced by an external electric field,
49 according to our conclusions that the induced voltage on the periplasmic layer is almost
50 negligible compared to the voltages developed on the other layers.

51

52

53

54 = Inner phospholipid layer

gg Functions controlled by proteins located in the inner layer are subject to the highest AC
57 voltage. Consequently they are most likely to be impacted, and their dysfunction could
58 explain the growth inhibition induced by an alternating electric field, without the addition of a
59 biocidal agent, as reported in the literature [Giladi et al., 2008].
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It may be relevant to examine those related to the metabolism of the bacterium, as part of the
chemiosmotic process: cell respiration, proton pumps, ATP synthase, etc..

The respiratory chain, also called Electron Transfer Chain (ETC), is the seat, in the
phospholipid membrane, of successive redox operations, whose redox potential decreases
until the terminal electron acceptor is reached. In E.coli, the elements of this chain are namely
flavoprotein (FMN, FAD), cytochromes, iron-sulfur proteins and quinones.

Some investigations have demonstrated the modification by an external electric field of the
redox potential, in particular that of the cytochrome ¢ [Rivas et al., 2005]. Even if the changes
observed so far require a much higher level of field than that of our study, these works
constitute an interesting line of work. Indeed, the scenario whereby two successive elements
of the ETC chain would undergo an inversion of the redox potential gradient would lead to a
blockage of the respiratory chain, and growth inhibition as a consequence.

Another line of investigation concerns protein complexes in charge of ensuring regulation,
such as cytoplasmic pH homeostasis. Thus the NhaA Na*/H" antiporter, partially located in
the phospholipid membrane, performs the dual function of pH sensor and actuator
[Hunte et al. , 2005]. Furthermore it has been proven that mitosis can be disrupted if pH
homeostasis fails [Zilberstein et al., 1984], which could be another explanation for the
inhibition of growth in a bacterial population: bacteria grow and lengthen but can no longer
reproduce by cell division.

=  Quter LPS (lipopolysaccharide) layer

The induced AC voltage developed on the outer layer is certainly lower than in the inner
layer, but it remains in the same order of magnitude. It could therefore also be expected that
the expression of proteins in this layer would be affected.

Some of them control the transfer of biocidal substances between the exterior and interior of
the cell, and must also be studied, even if this paper is essentially focused on electricidal
effects in the absence of external biocides.

This is the case, for example, for porins located in the outer membrane, such as AcrAB Tolc
which stops the extraction of antibiotics from the cell when disrupted [Gilardi et al., 2017].
Another similar example is the water porin OmpF, which can be an entry point for antibiotics
[Niramitranon Jitti et al., 2016]. In all these cases growth inhibition effect can be enhanced by
the AC electric field, but the use of a biocide in the medium is required.

Other complexes located in the outer layer have multiple roles, such as drug resistance,
combined with pH homeostasis, with the consequences explained above. This was revealed
with E. coli BW25113 strain [Holdsworth et al, 2013].

Discussion

The theoretical results presented here, and all subsequent speculation, are based on models
derived from extraction methods from experimental data, namely impedance spectroscopy
and the 3-shell model [Bai et al, 2006], [Xavier et al, 2017]. As stated at the beginning of this
article, it is important to remember what were the experimental conditions, and what are the
adjustment variables and the variables set in the extraction method.

Thus the numerical value of the electrical conductivity of a layer, which is used in the 3-shell
method, represents a spatially averaged value. But how does it change when moving from an
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area where no protein is anchored, to another area where the membrane is "loaded" by a
protein or by a transporter? How can we model the membrane region near a transporter,
knowing that it contains ions in the process of passive or active diffusion?

This problem has been extensively studied in the literature [Hodgkin et al., 1952],
[Hille, 1992], and models have been established, most often non-linear, or establishing
current-voltage characteristics of these transporters. If an equivalent circuit of the type shown
in Figure 13 is used, where each source represents the Nernst-Planck potential associated with
a particular ionic species, it may be easy, after a small signal linearization operation, to extract
a dynamic resistance from it, modeling the membrane region undergoing a variable voltage.

Outside

I

Ri(V,t) Ry (V,t) Ri(V,t) R,(V,t)

JD D D
1

Inside

O

g

||
I

Figure 13 — Proposal of the general structure of a surface membrane element with ionic exchanges.
This model, inspired by the HHK (Hodgkin, Huxley & Katz) theory, is non-linear a priori, the resistors
R;(V,t) being dependent on the voltage at their terminals and time [Hodgkin et al, 1952].

But this equivalent circuit may no longer be valid in high frequency. The used model must be
able to correctly describe the response of charges in presence, whether free or linked, to a
high frequency electric field stimulus. The implementation under COMSOL™ Multiphysics
of a membrane zone loaded by a carrier will be the subject of a subsequent study.

Conclusion and perspectives

In the context of understanding the underlying biological causes of the electricidal effect
inducing bacterial growth inhibition, the overall AC voltage induced by an external electric
field was calculated on the cell wall of a model of the gram-negative bacteria E. coli,
suspended in a physiological serum. With an amplitude field of 1V/cm, the cell wall voltage
is found to be much lower (a few tens of uV) than the transmembrane resting DC potential.

The investigations therefore focused on the detailed distribution of this voltage on each of the
three layers constituting the cell wall. Revealing that the induced voltage develops mainly on
the inner and outer layers, and very little on the periplasm, this work opens the way to
propose candidate proteins whose disruption could lead to growth inhibition.

However, the analysis must be extended in a further study. Indeed, the cell wall was probed in
the direction of its thickness. Voltages and electric fields developing in a direction parallel to
the membrane surface should also be analysed, because conformational changes of proteins
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subjected to longitudinal electrical stresses may be important and induce significant
consequences, since it differs slightly from the huge transversal stress they already undergo in
normal circonstances due to the resting potential. In addition, the problem of the fine
modeling of membrane regions in the area around the different structures where ionic flows
are located (transporters, channels, etc.) must be investigated taking into account the
biological mode of diffusion (active or passive) as well as the mobility of electrical charges at
high frequencies.
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19 Elementary box with a single longitudinally Elementary box with a single transversally
20 excited cell, numerically studied excited cell, numerically studied

21 using COMSOL™ multiphysics using COMSOL™ multiphysics

24 Cell wall
25 24 nm thick

41 Figure 2 — COMSOL model of Escherichia coli with equivalent monolayer cell wall. The induced
42 transmembrane AC voltage is calculated at the points marked respectively P (pole), M (middle) and I
43 (intermediate).
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Figure 3 — Computed transmembrane AC voltage with a longitudinally applied electric field of
amplitude 1V/cm, at points P (poles) (m) and I (intermediate) (A) visibles on figure 2. Voltage at
middle points M is zero.
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Figure 4 — Computed transmembrane AC voltage with a transversally applied electric field of
amplitude 1V/cm, at points M (middle) (e) and I (intermediate) (A) visibles on figure 2. Voltage at
poles P is zero.
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Figure 5 — Equivalent electrical circuit of a unit area of the Gram-negative cell wall, detailing each
sublayer.
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Figure 6 - Transfer function expressing in dB the ratio of the voltage on the outer membrane (V) to
the total cell wall voltage (V).
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47 Figure 7 - Transfer function expressing in dB the ratio of the voltage on the periplasm (V,) to the total
48 cell wall voltage (View).
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Figure 8 - Transfer function expressing in dB the ratio of the voltage on the inner membrane (Vi) to
the total cell wall voltage (Vicw).

dBpVv

40

30 A
20 A

10 +

=—8—Vpole_outer-memb
===/ pole_periplasm

=—a=—Vpole_inner-memb

.“"“I-.._
ﬁc.,‘...“ .
0 5 ]'0 1'5
F (MHz)

20

Figure 9 — Amplitude in dB,y of the AC voltages developed at the P poles of the bacterial cell (see
Figure 2) on each of the three layers constituting the cell wall (outer-membrane o, periplasm ¢, inner-
membrane m), when applying longitudinally an external electric field of amplitude 1V/cm.
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Figure 10 — Amplitude in dB,y of the AC voltages developed at the intermediate points I of the
bacterial cell (see Figure 2) on each of the three layers constituting the cell wall (outer-membrane e,
periplasm ¢, inner-membrane m), when applying longitudinally an external electric field of amplitude

1V/em.
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Figure 11 — Amplitude in dB,y of the AC voltages developed at the middle points M of the bacterial
cell (see Figure 2) on each of the three layers constituting the cell wall (outer-membrane e, periplasm
¢, inner-membrane m), when applying transversally an external electric field of amplitude 1V/cm.
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Figure 12 — Amplitude in dB,y of the AC voltages developed at the intermediate points I of the
bacterial cell (see Figure 2) on each of the three layers constituting the cell wall (outer-membrane e,
periplasm ¢, inner-membrane m), when applying transversally an external electric field of amplitude

1V/em.
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Figure 13 — Proposal of the general structure of a surface membrane element with ionic exchanges.
This model, inspired by the HHK (Hodgkin, Huxley & Katz) theory, is non-linear a priori, the resistors
Ri(V,t) being dependent on the voltage at their terminals and time [Hodgkin et al, 1952].
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Inner membrane Periplasm Outer membrane | Equivalent cell
Thickness (nm) 7 10 7 24
Relative dielectric 55 60 12.1 13.6
permittivity ' ) '
Electrical
. 107 3.2 104 -5
conductivity (S/m) 3.7x10

Table 1 — Characteristics of the layers constituting the cell wall used for modeling purposes.

R; G
Outer membrane o) 153 pF
Periplasm 0312 Q 531 pF
Inner membrane 75106 O 69,5 pF

Table 2 — Specific resistances and capacitances calculated for the three sublayers of E. coli cell wall,

with S=10% m?

F’

29
F Fouter-memb

Fpeﬁplasm

Finner-memb

102 kHz

881 MHz

149 kHz

961 MHz

327 Hz

Table 3 — Cut-off frequencies occurring in the transfer functions expressed as in equation (11).
Subscript i refers to the layer on which the voltage is calculated and then divided by the total cell wall

voltage, while subscripts j and k refer to the other layers. For example, if

is "periplasm" and "k" is "inner-layer".

nan
1

is "outer-layer", then "j"

Outer membrane Periplasm Inner membrane
limgi), ) -60 dB -147 dB 8x10-3 dB ~ 0 dB
limF(Ti, as) -10,9 dB 217 dB 4dB

Table 4 — Limit values of transfer functions for the three layers of the cell wall.



