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ABSTRACT

Sterilization using high-intensity electric fields is detrimental to health if safety is
inadequate, so it is necessary to study the possibility of sterilization using low-intensity
electric fields. This study aims to determine the lowest electric field intensity and treatment
time to deactivate the bacteria that make up the biofilms and explain the mechanism of
inactivation. The study samples were biofilms from the bacteria Pseudomonas aeruginosa
and Staphylococcus epidermidis grown on the catheter. The modeling formula was
developed from the Pockels effect and the Weibull distribution with the treatment using a
square pulse-shaped electric field with a pulse width of 50 us and an intensity of 2.0-4.0 kV/
cm. The results showed that the threshold for irreversible electroporation of both samples
occurred in the treatment using an electric field with an intensity of 3.5 kV/cm and 3.75 kV/
cm, respectively, where the size and type of Gram of bacteria influenced. Moreover, the
time of the treatment had an effect when irreversible electroporation occurred. However,
when there was reversible electroporation, the effect of treatment time on the reduction
in the number of bacteria was not significant. Also, changes in conductivity affected the
reduction in the number of bacteria when reversible electroporation occurred.
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Moreover, biofilms have proven to be very resistant to several types of antibiotics and
chemical disinfectants (Eriksson, 2011), making it difficult to inhibit their growth.
Therefore, a right sterilization technique that can reduce the number of bacteria quickly
but also does not cause heat to the materials of medical devices is highly needed, such as
sterilization using high-intensity electric fields (Ramaswamy et al., 2019; Bonetta et al.,
2014). In fact, the interaction between high-intensity electric fields with bacteria causes
irreversible electroporation to the cell membrane (Miklav¢ic, 2017), which in turn induces
bacterial death (Rosin & Kurrasch, 2018). However, exposure to these high-intensity
electric fields can harm the organs of the human body or other living things around the
exposure if the security is less than optimal. Negative effects that can occur are complaints
on the face (Skulberg et al., 2001), decreased red blood cells (Di et al., 2018), reduction
in sperm count and motility, damage to Deoxyribose Nucleic Acid (DNA), and oxidative
stress (Aslankoc et al., 2018).

To reduce the negative impacts of sterilization on medical devices and human body,
sterilization using low-intensity electric fields can be done, particularly for one that does
not require short period of time in its treatment process. This, therefore, requires data
on the lowest electric field intensity and treatment time for inactivating bacteria as well
as data on a deactivation mechanism for their development. For the effectiveness of its
implementation, it requires mathematical modeling that can predict the lowest electric field
intensity and treatment time for the inactivation of the bacteria that make up the biofilms,
and that can be used to explain the mechanism of deactivation.

Several studies have been conducted on mathematical modeling of the use of electric
fields. Previously, a study was conducted on mathematical modeling of the use of electric
fields to predict the growth of Escherichia coli bacteria in carrot juice (Singh et al., 2017).
There has also been another modeling to predict the effect of the electric field on changes
in spore morphology in Bacillus atrophaeus bacteria (Qiu et al., 2014), ion transport inside
and outside the soft layer in Gram-positive bacteria (Moran et al., 2018), and changes in the
bacterial pore radius (Mescia et al., 2019). Specifically, a model developed by Singh et al.
(2017) still used a high electric field intensity at 9-21 kV/cm, while a model developed by
Qiuetal. (2014), Moran et al. (2018), and Mescia et al. (2019) had not reported a reduction
in the number of bacteria that occured. Therefore, modeling to predict the lowest intensity
in order to reduce the number of bacteria is highly needed.

In this study, a mathematical model developed from the Pockels effect and the Weibull
distribution has been formulated. The present study aims at predicting the lowest electric
field intensity and treatment time for inactivating bacteria and explaining the deactivation

mechanism.
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METHODS

Theory

This study used an electric field generated using parallel plates, so the field intensity
between the plates is (Equation 1):

Y
== [1]

where E is the electric field between parallel plates, d is the distance between the plates,
and AV is the potential difference between the plates. Bacterial cell membranes, especially
those in the lipid bilayer, have anisotropic (Pogozheva et al., 2013; Huh et al., 2016) and
electro-optical properties (Bunin et al., 2005), so when they interact with an external
electric field, they experience a change in the refractive index (Eismann, 2012), which
satisfies the Equation 2:

n(E) =n—-1,rn3E [2]

where 7 is called the Pockel coefficient, n and n(E) are the refractive index before and after
being subjected to an electric field, respectively, and E is the electric field.

Bacteria, especially lipid bilayers, are media that tend to be uniaxial (Galdiero et al.,
2013), so when interacting with electric fields their refractive index is expressed as n, =
n, = n, and n, = n, (Eismann, 2012). If the electric field points to the z-axis, then E (x, y,
z) = (0,0, E). Therefore, the ellipsoid refractive index is expressed as Equation 3 and 4
(Eismann, 2012), i.e.:

no(E) = no(0) =5 n3nsE [3]
ne(E) = n.(0) —%n§r33E [4]

For example, the electric field is changed by AE, so the extraordinary refractive index
changes that occur is (Equation 5):

1
An,= —En§r33AE [5]
where An,is the change of the refractive index in z axis.

Diffusion of Water and Ions in the Cell Membrane

Exposure to the electric field in bacteria triggers changes in cell membrane permeability
(Sweeney et al., 2018). Increased permeability causes changes in the diffusion of water
and ions in the cell membrane (Kakorin & Neumann, 2002) expressed as Equation 6:
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Ane = —Aane + Afwna [6]

The substitution of Equation 5 with 6 is done by changing the electric field from £ =
0 to E, and then it is obtained as Equation 7:

1 nir

AMw =5

2n, —ng

E [7]

where Afy, = fiy (E) — fy (0) is the fraction of increasing volume of water and ion flow
in the membrane, and n, is the refractive index of water.

Cell Membrane Conductivity

Increased ion flow through the cell membrane will cause an increase in cell conductivity. The
conductivity of the cell membrane is determined using the conductance of the permeable
pore (m), assuming that the pore radius is R (Pavlin et al., 2005), so the conductivity of
the cell membrane is obtained as Equation 8:

Os Os

o= mnde—m = Spord—m [8]

where o, is the conductivity of the pore, d,, is the thickness of the cell membrane, and S,,,,
is the surface area of all conducting pores. Changes in the diffusion of water and ions that
pass through the cell membrane change the conductivity of the pores in the cell membrane,

which becomes Equation 9:
GS(E) = 0'5(0)+A0_s [9]

where o,(0) is the pore conductivity at condition E = 0, while o,(E) is the pore conductivity
at the electric field condition E. Thus, the conductivity of the cell membrane, when
subjected to an electric field E, is (Equation 10)

3
0(E) = 0 (1 +5 "5 —m,,, E) [10]

2 Ne—n

where m,,, is the number of pores in a bacterial cell. As a result of the increased conductivity
of cell membranes, membrane damage occurs, which causes bacterial death (Pagan &
Mackey, 2000).

The Reduction of the Number of Bacteria

The reduction in the number of bacteria in the logarithmic form is determined by modifying
the Weibull distribution equation, thus obtaining the Equation 11 (Puértolas et al., 2009):
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log® — — ()" 1)

No

where the p value is the shape parameter. V() is the number of bacteria that remain after
exposure during ¢, N, is the number of bacteria before exposure, and ¥ is the electrical
energy used.

The amount of electrical energy I needed to deactivate bacteria (Monfort et al., 2012)
is (Equation 12):

W =a(E)E%*t [12]
The scale parameter (8) is determined from a model based on the Gompertz function
(Maria et al., 2011), which is expressed as Equation 13:

(E-d)

8= be ¢ [13]

where 6 value represents the specific energy to do first inactivation, E is the electric field
strength, b, ¢ and d are the model parameters.

The reduction in the number of bacteria is determined by substituting Equation 10,
12, and 13 into Equation 11, to obtain Equation 14:

N(E) _ (ff(l +%(nen§rna>’5mvor)52t>p [14]
N, 9

log

where p value accounts for upward concavity of a survival curve (p<I), a linear survival
curve (p =1), and downward concavity (p >1) (Puértolas et al., 2009). Equation 14 shows
that the electric field intensity and treatment time affect the reduction in the number of
bacteria.

Biofilm Growth

Study samples were Pseudomonas aeruginosa and Staphylococcus epidermidis bacteria
grown on catheters. Pure isolates from the bacteria Pseudomonas aeruginosa and
Staphylococcus epidermidis were each inserted into a tube containing 50 ml of sterile
liquid Nutrient Broth (NB) and incubated in an incubator for 24 hours at a temperature of
37°C. A clean and sterile cut of the catheter was inserted into a tube that was covered with
Pseudomonas aeruginosa and Staphylococcus epidermidis bacteria. The tube containing
the bacteria was incubated again for 3 days at a temperature of 37°C and shaken at 100 rpm.
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Treatment Process

The biofilm treatment was carried out using a pulsed electric field with an intensity of
2.0-4.0 kV/cm and a pulse width of 50 us for 5-25 minutes. Moreover, the space around
the treatment area was sterilized, the ambient temperature was set to around 28°C, and the
humidity was at around 70%. The treatment process for both control and treatment groups
was repeated five times..

Bacterial Release from Biofilms

The taking of the catheter pieces that had been overgrown with biofilms was carried out
using sterile tweezers, in both control and treatment groups, so as not to contaminate other
bacteria. Before being treated and diluted, the sample was cleaned with purified water that
had been sterilized to release planktonic cells. After being treated, the catheter piece was
inserted into a test tube containing 10 ml of 0.9% NaCl, which was then added with 0.5-
gram glass beads and vibrated using a vertex for 2 minutes to release the bacterial cells
(Krysinski et al., 1992). After the bacteria were released, then 1.0 ml was taken to do the
dilution.

Calculation of the Number of Colonies

Before doing the calculation, at first, a measure of the bacterial culture that had been
released from the catheter was carried out. Dilution was done by taking 1.0 ml of bacterial
culture and placing it in a bottle containing 9.0 ml of sterile distilled water, so the volume
became 10 ml. The bacterial culture from the dilution was taken again as much as 1.0 ml
and put into a bottle containing 9.0 ml sterile distilled water, so the volume was 10 ml. The
dilution was repeated according to the calculation requirements. After the dilution process,
a culture of 1.0 ml was taken and then sprinkled on a petri dish that had been given liquid
plate count agar (PCA) media. Next, the Petri dishes that had been cultured were incubated
in an incubator for 24 hours at 37°C. After the colony was formed, the colony count was
calculated using a Colony Counter.

Variable Values in Modeling

The intensity of the electric field used to treat was 2.0 - 4.0 kV/cm, while the time of
treatment was 5-25 minutes. The conductivity value (o) of Pseudomonas aeruginosa
bacterial cells was determined by referring to the conductivity of Escherichia coli (Gram-
negative) bacteria, which was at a concentration of 1 x 107 - 4 x10° cfu/ml; the conductivity
was 2 x10¢ - 1.4 x 10 mho/m. Meanwhile, the conductivity value (o) of Staphylococcus
epidermidis refers to the conductivity of Bacillus subtilis (Gram-positive), which was at
a concentration of 1x 10® - 8 x108 cfu/ml; the conductivity was 0.5 x 107 - 5 x10-° mho/m
(Fangxia et al., 2013). Pockels coefficient r of the cell membrane was 2.6 pm/V (Hajj et
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al., 2009), lipid refractive index n, was 1.384, water refractive index n, was 1.342, and the
number of pores was given the values as expressed by Martinac et al. (2008). Moreover,
the p value was 0.75, while the ¢ valuewas obtained from Equation 13 by giving a d value
depending on the shape and size of the bacteria and E was the electric field strength used
for inactivation (Puértolas et al., 2009).

RESULTS
Electric Field Effect

Pseudomonas aeruginosa bacteria are Gram-negative, motile, and rod-shaped about 1-5 um
long and 0.5-1.0 um wide (Diggle & Whiteley, 2020), while Gram-positive Staphylococcus
epidermidis bacteria are cocci shaped and 0.5-1.5 um in diameter. The reduction in the
number of Pseudomonas aeruginosa bacteria in the log due to treatment with an electric
field intensity of 2.0 - 4.0 kV/cm is shown in Figure 1, where the negative sign indicates
a reduction. Figure 1 shows that the treatment using an electric field with an intensity
of 2.0 - 3.25 kV/cm formed a line close to horizontal, which means that the reduction
in the number of bacteria is relatively small, so it is not effective to be used in bacterial
inactivation. Meanwhile, line deflection occured on treatment with intensity from 3.5 kV/
cm to 3.75 kV/cm, which means that the decrease in the number of bacteria increases or
is at the threshold for irreversible electroporation. The line decreased when there was a
treatementwith an intensity of 4.0 kV/cm, so it is assumed that irreversible electroporation
has occurred.

Figure 1 shows that the modeling result graph has the same pattern as the experimental
result graph but has a R-squared of 0.923 for the 10-minute treatment time and 0.961 for
the 25-minute treatment time. The modeling graph was obtained by entering the scale
parameter values that changed along with changes in the electric field intensity as shown
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Figure 1. The reduction in the number of Pseudomonas aeruginosa bacteria after being treated with an electric
field

Pertanika J. Sci. & Technol. 29 (1): 149 - 163 (2021) 155



Mokhamad Tirono and Suhariningsih

o :'l()"iﬁh‘é(iié” B

25 muinule ™

Scale parameters
2l
Bacterial reduction (log)

BIY preee

Muodeling
Lxata

25 3 35 4 2 ] 3 35 4
Elecirie Field {(k¥/em) Elecurie Field (kViem)

Figure 2. The reduction in the number of Staphylococcus epidermidis bacteria after being treated with an
electric field

in Figure 1. Changes in scale parameters are identical to those reported by Puértolas et al.
(2009), suggesting that the higher the intensity of electric field used, the lower the values
of scale parameters. Scale parameters are considered as a measure of the resistance of
bacteria to treatment using an electric field (Alvarez et al., 2003), which also depends on
the temperature and PH of the medium (Huang et al., 2012). The constants b, ¢, and d from
Equation 13, which were 150, 0.63 and 3.6, respectively, while the value of £ changed
according to changes in the intensity of the electric field used.

Staphylococcus epidermidis bacteria treated using an electric field with an intensity
of 2.0 - 4.0 kV/cm experience a reduction in the number of bacteria, graphically the
reduction is shown in Figure 2. The graph shows that biofilms treated using an electric
field intensity of 2.0 - 3.25 kV/cm had a horizontal line because it was still below the
irreversible electroporation threshold. The graph goes down when treated using an electric
field with an intensity of 3.5 - 3.75 kV/cm, which means that the reduction in the number
of bacteria increases because the bacterial cell membrane is at the threshold for irreversible
electroporation. The reduction in the number of bacteria becomes large with a treatment
using an electric field with an intensity of 4.0 kV/cm because the bacterial cell membrane
had undergone irreversible electroporation.

Figure 2 shows a similar pattern with the graph of the modeling result and the
experimental result, which means that a mathematical model can be used to predict the
reduction in the number of bacteria on the biofilms from Staphylococcus epidermidis. The
modeling result graph had a R-squared of 0.975 when given the 10-minute treatment and
0.980 when the treatment time was 25 minutes. The modeling graph was obtained by giving
the scale parameter values as shown in Figure 2. The constants b, ¢, and d from Equation
13, which were 150, 0.63, and 2.9, respectively, while the £ value changed according to
changes in the intensity of the electric field used.
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Treatment Time Effect

When the electric field used is different, the impact on bacteria is also different, which also
impacts on the difference in the the reduction in the number of bacteria that occurs. Figure 3
is the effect of treatment time on reducing the number of Pseudomonas aeruginosa bacteria,
and Figure 4 is the effect of treatment time on reducing the number of Staphylococcus
epidermidis bacteria. The two graphs show that the treatment using an electric field with
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Figure 3. Reduction in the number of Pseudomonas aeruginosa due to changes in the treatment time
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Figure 4. Reduction in the number of Staphylococcus epidermidis due to changes in the treatment time
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an intensity of 3.0 kV/cm had a small effect on reducing the number of bacteria because it
was still below the irreversible electroporation threshold. Meanwhile, the treatment using
an electric field with an intensity of 4.0 kV/cm had a significant effect on reducing the
number of bacteria because irreversible electroporation had occurred.

Figures 3 and 4 show the similarity of the pattern between the graph of the modeling
result and the experimental result, which means that the mathematical model can be used to
predict the decrease in the number of bacteria on biofilms from Pseudomonas aeruginosa
and Staphylococcus epidermidis due to changes in treatment time. For Pseudomonas
aeruginosa, the modeling R-squared were 0.991 and 0.999 for the electric field intensity
of 3.0 kV/cm and 4.0 kV/cm, respectively, while for Staphylococcus epidermidis bacteria
the modelling R-squared were 0.894 and 0.946 accordingly.

DISCUSSION

The outermost part of a bacterial cell is the plasma membrane, which is a barrier between the
inside and outside of the cell, so it has a very important role (Silhavy et al., 2010). The cell
membrane has a positive outer and inner negative charge, thus forming a potential difference
between them (Gottenbos, 2001), which is called the transmembrane potential. In fact, the
transmembrane potential becomes an obstacle for the circulation of substances from outside
to inside or vice versa. However, in the cell membrane, there are ion channels that control
the flow of solutes into the cells and organelles, playing an important role in maintaining
homeostasis (Hohle et al., 2011). The interaction of the external electric field with the cell
causes a shift in charge, especially the cell membrane, so the cell experiences electronic
polarization. Electronic polarization itself causes a change in the refractive index of'a cell,
resulting in permeability changes. Due to the electrooptic nature of the cell membrane
which tends to be anisotropic, the changes satisfy the Equation 3 and 4. Moreover, increased
permeability, causing the flow of water and ions that pass through the cell membrane,
also increases because the pore diameter enlarges (Kotnik et al., 2019), as formulated in
Equation 7. Increased ion flow causes an increase in cell membrane conductivity (Pliquett
et al., 2007), as in Equation 10. Furtermore, the part of the cell membrane with increased
conductivity will cause damage (Silve et al., 2016), so the bacteria are inactive. Treatment
using an electric field with an intensity of 2.0 - 3.25 kV/cm makes the conductivity of the
cell membrane increases insignificantly, so the reduction in the number of bacteria is still
low. In addition to the increase in conductivity, the interaction between the electric field
and bacteria causes the transmembrane voltage to increase, where the increase satisfies the
equation Ay = 1.5 ER, cosO (Pavlin et al., 2005) where R, is the cell radius and E is the
electric field. When treated using an electric field with an intensity of 3.5 - 3.75 kV/cm,
the channel porosity radius and transmembrane voltage are at the threshold of irreversible
electroporation, so the reduction in the number of bacteria increases, and its visibility is
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shown in Figures 5 and 6. Part A is the condition of the biofilms before being treated,
while part B is the condition after being treated, so part A shows the adhering bacteria
covered with carbohydrates, while part B has a few bacteria. Treating the bacteria using an
electric field with an intensity of 4.0 kV/cm makes the conductivity of the cell membrane
increase sharply, so the amount of reduction in bacteria is very large. Also, treated the
bacteria using an electric field with an intensity of 4.0 kV/cm makes the conductivity of the
cell membrane increase sharply, resulting in a potential breakdown in the cell membrane
(Akinlaja & Sachs, 1998). Therefore, treatment using high-intensity electric fields requires
a very short amount of time.

This modeling is effective for predicting the reduction in the number of bacteria due
to treatment using low electric field intensity. The modeling error when compared with
experimental data was at an average of 8.54% for Pseudomonas aeruginosa and 7.82% for
Staphylococcus epidermidis. The error will increase when electric field intensities above
4.5 kV/cm is applied. The modeling conducted by Singh et al. (2017) has a lower error,

(a) (b)
Figure 5. Biofilms from Pseudomonas aeruginosa bacteria: (a) before treatment; and (b) after treatment with
an electric field intensity of 3.5 kV/cm for 25 minutes. Magnification of 10,000 x

(a) (b)

Figure 6. Biofilms from Staphylococcus epidermidis bacteria: (a) before treatment; and (b) after treatment
with an electric field intensity of 3.5 kV/cm for 25 minutes. Magnification of 10,000 x
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which is less than 5% with an electric field intensity of 9-21 kV/cm, but its application has
not been reported at lower electric field intensities. Similar modeling was also carried out
by Peleg (2017) by giving a treatment using an electric field of 8.0 - 20.0 kV/cm.

CONCLUSION

This study discusses the deactivation model of bacteria that have formed biofilms using
the electrooptical principle combined with the Weibell distribution equation to predict a
bacterial reduction. The model is used to predict the reduction in the number of bacteria due
to treatment using an electric field at a low intensity. The study has found a threshold for
irreversible electroporation on biofilms from Pseudomonas aeruginosa and Staphylococcus
epidermidis bacteria at an electric field intensity of 3.5kV/cm and 3.75 kV/cm, respectively.
In addition, the time of the treatment has an effect if the treatment uses an electric field with
an intensity above the threshold, otherwise it does not affect. Also, the interaction of the
electric field with bacteria causes electronic polarization, thereby lowering the refractive
index and increasing the permeability of the cell membrane. The high permeability of the
cell membrane causes the flow of water and ions through the cell membrane to increase,
so the conductivity of the cell membrane increases. The high conductivity causes damage
to the cell membrane, so the bacteria die.
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