UNIVERSIDAD DE INGENIERIA Y TECNOLOGIA
CARRERA DE INGENIERIA DE LA ENERGIA

UTEC x

UNIVERSIDAD DE INGENIERIA
Y TECNOLOGIA

EVALUATION OF THE ENERGETIC COST OF
BACTERIAL ELIMINATION OF E. COLI USING
THE ELECTROPORATION TECHNIQUE IN
CUVETTE VESSELS

TESIS

Para optar el titulo profesional de Ingeniero de la Energia

AUTOR
Sergio Plasencia Gutiérrez (ORCID: 0000-0002-7132-2061)

ASESOR
Lei Zhang (ORCID: 0000-0001-6537-9814)

Lima — Peru
2021



UNIVERSITY OF ENGINEERING AND TECHNOLOGY
ENERGY ENGINEERING CAREER

UTEC x

UNIVERSIDAD DE INGENIERIA
Y TECNOLOGIA

EVALUATION OF THE ENERGETIC COST OF
BACTERIAL ELIMINATION OF E. COLI USING THE
ELECTROPORATION TECHNIQUE IN CUVETTE
VESSELS

THESIS

To obtain the college degree in Energy Engineering

AUTHOR:

Sergio Plasencia Gutiérrez (ORCID: 0000-0002-7132-2061)

ADVISOR:

Lei Zhang (ORCID: 0000-0001-6537-9814)

Lima — Per(

2021



Dedication:
To my dearest family, whom | love with all my heart.

To my brother Sebas, who is in Spain studying Cinema and Script, and to my

brother Adrian who has just started his life in college.

To my grandparents, aunts, and cousins to my parents and brothers.



Acknowledgments:
Thank you, father and mother, teachers, Professor Lei, grandparents, siblings,
and friends. Thank you, Hector, for lending me your book on circuit fundamentals

during my first semester, you have been a great mentor mate.

Thank you, Luz Narciza and Giulianna Travi, with your help I was able to go
through the cultivation process of my thesis and have a lot of fun during the

experimentation process in the lab.

Thanks, God, for letting me achieve this experience which was very hard at the

beginning.



TABLE OF CONTENTS

Pag.
ABSTRACT ettt b ettt e e ab e e be e b e e e te e b e beeanaeenree s 15
INTRODUCGTION ...ttt ettt b et e sia e e nae e nneenee s 16
CHAPTER $e ettt nn e nee s 22
THEORETICAL FRAMEWORK .......oooiiiie et 22
1.1 B COLECRI .t 22
LLT Cell diMENSIONS.....c.oiiiiiiiiiieeeise s 22
1.1.2  Dielectric E. COll PAramELErS........coiuiiiieiie et 23
1.2 Electroporation PrinCIPIE.........coviiiiiiie et 23
1.2.1 Irreversible EIeCtrOpOration ..........coooiiiiiiiiieee e 24
1.2.2 Cll AN ..o 25
1.2.3  Membrane permeabilization ... 25
1.3 Actual irreversible electroporation StUdIES ..........cccoeririririieeiceeese s 26
1.3.1  Actual mathematical MOEIS............ccoiriiiiiiiicc e 26
1.3.2  Electroporation in the medical field.............cccooniiiiiniiii e, 26
1.4 Equations and electrical formulas...........cccccoveiiiiiiiiiiccie e 27
1.4.1  External electrical field Ee ..o 27
1.4.2  Voltage-current relation of @ CaPaCItor ...........ccceevveiieeriiiie i 30
143 ORM S LAW. ottt et 32
1.4.4  Kirchhoff's LaAWS ..icccuiiiiiii it 32
1441 SEIIES CIICUIT....cuiiiiiiieiiit et 33
1.4.4.2 Parallel CIFCUIT ........ociieee s 35

1.4.5  Electroporation phenomen0N ...........cceeiiiiiiiieie e 37



1.4.6 Threshold eleCtriCal FIEIA EC.........ooo et 38

1.4.7  SUrVIVaDIItY @QUALTION ........c.eiiiiieeiccie e 39
1.5  Electroporation QUIPIMENT ..........ccviiiiiie ettt 40
1.5.1  UNipolar PUISE gEBNEIALON . ......cc.eiueiiiiiiieiiesieeiee e 40
1.5.2  BTX Disposable CUVELLES PIUS.........cccoiiiiiiieiiiiesiese e 40
1.5.3  Spectrophotometer Nanodrop - ND 1000 .........ccccceiiieriiiieiiieneeie e 41
1.6 SOTIWAIES ... bbbttt b et 42
1.6.1  SIimulink from MATLAB @ ......coooiiieiiee et 42
CHAPTER I:
.............................................................................................................................................. 43
........................................................................................................................... METHODOLOGY
.............................................................................................................................................. 43
2.1  Preparation of the contaminated tap water Sample...........cccoovvirieiiieninnesee, 45
2.2 Energy transfer SIMUIation............cccooveiieiiic e 46
2.2.1 Parameter’s MeasUreMENLS. ... ...ceeiiuiireeiiiieeeeciiiee e e st e e e e s e e e s snree e e e ssreeeeesnreeeeeans 47
22.1.1 EleCtrical Parameters .........oovi i 47
2.2.12 pH and temperature MeaSUIrEMENTS .........ccueiverierierieeie e e eee s e sre e see e enas 49
2.2.2  Simulink simulation exXplanation ... 50
2.2.3  Energy measurements With SIMUIINK .........c.coovoiiiiiiiic e 53
2.3 Survivability analysis Of E. COl........cociiiiiiiiiiieic e 54
2.3.1  Colonies counting in Petri PIAES ..........c.ccuiiiiiiiiieieseree e 54
2.3.2  Spectrophotometric analysis UV-VIS ODG600..........c.ccccccvrveirerisiiesieseee e 55
2.4 Regression formula of survivability of the E. COli.........cccooviiiiiiiiiiiie, 57

2.5  Threshold value of the electrical field required for elimination 50 % of E. coli colonies
57



CHAPTER Ii:

.............................................................................................................................................. 59
RESULTS AND DISCUSSIONS
.............................................................................................................................................. 59
3.1 Energy transfer SIMUlation............cccooieiiiiiic e 59
3.1.1  Thermo-physical PArameters.........ccciiiiiiiiieieeee e 59
3.1.2  Electrical parameters’ MEASUTCINENTS ........c.eeruerriueerirrrieeesireasieesreesseesneesseesneenseeas 62
3121 RLC-meter’s MEASUICIMENLS .........veerurreieerireeieessreesieesree e e e e sne e enneesnne e 62
3.1.3  AMPROBE AC50A current measurements............ccooovvriineninininsnse s 63
3.1.3.1 Analysis Consideration 1: Change in the resistivity p of the medium............... 64

3.1.3.2  Analysis Consideration 2: Change in the electrical conductivity K of the medium

66
3.1.33 Final current diSCUSSION.........cviuiiiiiiiie e 67
3.1.4  SIMUINK SIMUIATION ..o 68
3.141 Enthalpy AH SIMUIAtION ......ooiviiiiiiciiciic e 69
3.2 Survivability equation Of E. COli.......ccocoiiiiiiiiii 73
3.2.1  Colonies counting in Petri PIAES .........cccuiiiiiiiiiic e 73
3211 Discussion of the survivability trend............ccccoooviiiiiii i 75
3.2.2  Spectrophotometric analysis UV-VIS ODG600...........ccccoovrerineeienenineseseseeiean 76
3.3 Regression formula for E. coli survivability ..........c.cccccoviiiiiiiiii e 78
3.4  Threshold electrical value for Killing 50% of E. COli ........cccoovvevviiiiieii e, 79
3.5 FINAI ISCUSSION ...t 81






TABLES’ INDEX

Table 2.1. Voltages attainable by each cuvette according to distance from the Gap. ......... 47
Table 2.2. Parameters read RLC-meter CUVEtte 4 MM........c.ccoviveieiieiieie e 48

Table 2.3. Impedance, Phase angle and reactance per electric field (100-100000 Hz) ....... 49

Table 2.4. pH and temperature MeaSUrEMENTS. ........c.eiveieerieiierieerie e s e e eee e e e seesee e 50
Table 2.5. Colony count for each field Value. ...........cccooeiiiiiiii s 55
Table 2.6. SPeCtrophOtOMELIY TESES. ... .iiiiiiie et 57
Table 3.1. pH and temperature measurements before and after electroporation ................. 59
Table 3.2. Thermal energy and power transferred to the cuvette per pulse..........cccceevenee. 61

Table 3.3. Inductance, capacitance, and series resistance measured by the RLC instrument,
before and after the electroporation procedure. Last three columns show the variation of the

parameters with respect to the initial ValUEs. ...........coouiiiiiii 63

Table 3.4. Dielectric constant K and capacitance C values according to pre- and post-

electroporation tEMPEIALUIES. .......cceiieieerie ettt esbe e e e e sre e e e 66
Table 3.5. Capacitance Cs and Resistance Rs measured from the 2mm cuvette................. 68
Table 3.6. Capacitance and resistivity (average and standard deviation) .............ccccccveenens 68
Table 3.7. Values of Cs, Rp and Rs per simulated SCeNario ...........cccccevvvevveverieesesieseennnns 70

Table 3.8. Thermal energy dissipated in the cuvette vessel according to scenario and actual

BNENAIDY o e et a b e e e aaeearae s 71
Table 3.9. Percentage of energy dissipated as heat to the vessel...........cccccvvevieiiiiciiennne 73
Table 3.10. Surviving colonies per electric field value .............ccooooiiiii, 74
Table 3.11. CoNtrol SAMPIES .......c.coiviiieciee e se e 74

Table 3.12. Percentage of colonies that survived the treatment (3 samples per e-field pulse)



Table 3.14. Average survivability per e-field value applied...........ccccooeeiiiiiieiiieiic e 78

Table 3.15. Energy for eliminating a specific percentage of colonies per e-field pulse applied

.............................................................................................................................................. 79
Table 3.16. Result after analysis of data and resultS...........ccccceveiiiiiie i 81
Table 7.1. Matrix of cuvettes per electric field value .........c.ccooevveiiiie i 100
Table 7.2. Final electrical parameters..........oooeieieeie i 101
Table 7.3. Pulses applied to each dilution............c.ccoeiviiiiieiece e 104
Table 7.4. Parameter variation - 10 KV/cm- Dilution 1...........ccocooiviiiiiiinnenncecee, 105
Table 7.5. Parameter variation - 20 kV/cm - Dilutions 2 and 3..........ccccoeiiiiiininiiieen 105
Table 7.6. Parameter variation - 20 kV/cm - Dilutions 1, 2 and 3.........cccccoeveieneicinnnns 105
Table 7.7. Frequency analysis of inductance, capacitance, and resistance........................ 106
Table 7.8. Frequency analysis of Impedance. ..........cccccvoveiveveiic i 106
Table 7.9. Variation of the current measured for each pulse with respect to time. ........... 117

Table 7.10. Resistivity, conductance and resistance values of water samples from Rimac
basin and Lurin tapwater (Autoridad Nacional del Agua [76], INEI [77], Lurin [78])......119



FIGURES’ INDEX

Figure 1.1.Rod shape of E. coli bacteria. [24] ......cccccooveiiiiiiiiie e 23
Figure 1.2. Parallel plate capacitor CONCEPL [43] ....coveirriirerieierieriesieee s 28

Figure 1.3. Polarization of bacteria due to the application of an electric field pulse [44]...30

Figure 1.4. QuadratiC PUISE [45] ....ccveiiiiie et 31
Figure 1.5. Current Loop according to Kirchoff's Voltage Law - Reference Image. .......... 33
Figure 1.6. Equivalent parallel circuit and current flow............ccccoviiiiiii i, 35
Figure 1.7. ECM 830 Pulse Generator [48].......ccccceieeieiieie e 40
Figure 1.8. Disposable Electroporation Cuvettes PIUS [48].........ccooviiiiiiiineiineieeee 41
Figure 1.9. Spectrophotometer ND-1000. ........cccoieiiiiiieiiecsie e 42
Figure 1.10. SImulink from MATLAB® ..........ccooiiiiiiieie s 42
Figure 2.1. Application of voltage to the CUVELEE ..........cceoiiiiiiiiiicce 43
Figure 2.2. Methodology fIOWChart............c.cov i 45
Figure 2.3. RLC-meter IET DE-5000...........cccctrimirinieieienie e 47
Figure 2.4. Amprobe AC50A — CUITENE SENSOT .......ccveiieiueerieeieireesieesie e seesee e e see e e 49
Figure 2.5. Power flow from the pulse generator to the cuvette............cccoevevveveivecncnene. 51
Figure 2.6. Series and Parallel Circuit. Source: Manual RLC-meter IET D-5000.............. 51

Figure 2.7. a) Complete equivalent circuits modeling a real capacitor [69], b) Classical

equivalent circuit of a capacitor [70] ¢) Cuvette filled with biological medium [71].......... 52
Figure 2.8. Final simulation of the circuit in SIMUINK...........cccooiiiiiiiie 53
Figure 2.9. Parameters of the simulated DC Pulse Voltage Generator .............cccccvevvvevenee. 53

Figure 2.10. Simulink sensors and displays (a) voltage sensor, (b) current sensor, (c)

multiplier, (d) INtegrator, (€) SCOPE) ...vciuiiiiee e ittt s et e et eanne e 54

Figure 2.11. Inoculation model for spectrophotometer Usage .........cccceevevvereiiieseesieenene 56



Figure 3.1. Variation of peak current with respect to time..........ccccccevvievie v, 64

Figure 3.2. Increase in current during applied pulses in an irreversible electroporation

EXPEIMENT [B4 ]ttt bbbt e et nb bt 65

Figure 3.3. Plots of dissipated energy per electric field value (red: experimentation, blue:

simulation with average values, yellow: simulation with values measured with RLC-meter).

[L5] e eveereeees e ee e eee s ee e s et e et ee et ettt e et ettt e e n et 76
Figure 3.5. Experimental SUrVIVAl CUNVES .........ccoiieieie e 78
Figure 3.6. Comparison of experimental survival vs. theoretical survival........................ 80
Figure 7.1. Capacitance eQUALIONS..........ccccverueeiieieerie e see et se e ste e e sra e neenns 96
Figure 7.2. Quality factor relations.............cooiiiiiiiiiicee s 96
Figure 7.3. LB and serial dilutioNnS ..........ccccoviiiiiiiiiic e 98

Figure 7.4. Test tubes containing 6 different concentrations of bacteria in tap water (from
highest concentration to lowest concentration in left to right direction)...........c.ccocoeevnneee. 99

Figure 7.5. Cuvette yellow (4 mm), cuvette blue (2 mm), cuvette gray (1 mm)............... 100
Figure 7.6. Left: pre-treatment control, right: electroporated sample after treatment....... 102
Figure 7.7. Left: pre-treatment control, right: electroporated sample after treatment. ...... 102
Figure 7.8. Left: pre-treatment control, right: electroporated sample after treatment. ...... 102
Figure 7.9. Left: pre-treatment control, right: electroporated sample after treatment. ...... 102
Figure 7.10. Left: pre-treatment control, right: electroporated sample after treatment. .... 103
Figure 7.11. Left: pre-treatment control, right: electroporated sample after treatment. .... 103
Figure 7.12. Variation of Z with respect to the variation of RS in %. ..........ccccocvvivinnnne 107
Figure 7.13. Variation of Z with respect to the variation of LS in %.........cccccvevvivevivennenn 107

Figure 7.14. Variation of Z with respect to the variation of Csin %. ........c.ccccocvvvrevnnenn 108



Figure 7.15

10000 Hz and 100000 Hz)

Figure 7.16

10000 Hz and 100000 Hz)

. Variation of Z with respect to Rs as a function of frequency (100 Hz, 1000 Hz,

. Variation of Z with respect to Ls as a function of frequency (100 Hz, 1000 Hz,

Figure 7.17. Variation of Z with respect to Cs as a function of frequency (100 Hz, 1000 Hz,
10000 Hz and 100000 HZ) ......ccueieeieiieieeiesieeseese et sree e e e sreeae e ssaeaesneesseeneens 109
Figure 7.18. L KV/CM (198 V) ..ottt e 110
Figure 7.19. 5 KV/CM (987 V) oottt 110
Figure 7.20. 6 KV/CM (1188 V) ..ot 110
Figure 7.21. 10 KV/CM (1986 V) ...cuviiieie ettt 110
Figure 7.22. 5 KV/CM (2865 V) ...ovciiiieiece ettt 110
Figure 7.23. 1 kV/cm (Up: Before [22.7°C], Down: After [23 °C]) ..coovvvvviveriiiiecieene 111
Figure 7.24. 5 kV/cm (Up: Before [22.2°C], Down: After [22.3 °C]) ..cvcvvevveveiiecieeenn, 111
Figure 7.25. 6 kV/cm (Up: Before [22.2°C], Down: After [22.9 °C]) ..coovvvvvviiiiinienns 112
Figure 7.26. 10 kV/cm (Up: Before [22.1°C], Down: After [25.1 °C]) c.ccovvvvivevieciiecienns 112
Figure 7.27. 15 kV/cm (Up: Before [22.4°C], Down: After [31.2 °C]) .ccevvvviiriniiinnns 113
Figure 7.28. Control sample (Phi7-7.5) ..o 114
Figure 7.29. L KV/CM (PR:7-7.5)...cciie ittt 114
Figure 7.30. 5 KV/CM (PR:7-7.5)..c.cciiiiie e 114
Figure 7.31. 6 KV/CM (PR:7-7.5) c.eicieie ettt 114
Figure 7.32. 10 KV/CM (PR:7-7.5) ettt 114
Figure 7.33. 15 KV/CM (PR:7-7.5) . 114
Figure 7.34. Control sample (75-80 UFC).......cccooiiiiiieececeese e 115
Figure 7.35. L KV/CM (17-23 UFC) ..ocuiiiiiiieiieee e 115
Figure 7.36. 5 KV/CM (34-39 UFC) .....ooiiiiiiieeee et 115



Figure 7.37. 6 KV/CM (6-34 UFC) .....ooiiiiiice ettt 116

Figure 7.38. 10 KV/CM (12-30 UFC) ...ooiiiiiieiieiisiesieeie et 116
Figure 7.39. 15 KV/CM (300 UFC) ....ooiiiiiiiecieeiece et 116
Figure 7.40. Absorbance values for each e-field applied ...........cccceiveieiciiicccee, 118

Figure 7.41. Absorbance plots for each e-field applied............ccocviriiiiiiiis 118



Appendix 1:
Appendix 2:
Appendix 3:
Appendix 4:
Appendix 5:
Appendix 6:
Appendix 7:
Appendix 8:

APPENDIXES’ INDEX

Plate isolation method by serial dilutions............cccccceviiiiiiic e, 95
RLC-MELEr BQUALIONS........otiitiitiiiieiieiieieie ettt 96
Preliminary experimentation’s 1b medium protocol.........ccccceveriiiiiinnienninnns 97
PRELIMINARY EXPERIMENTATION’S methodology.........ccovevrveriarnnnen. 98
Colony counting method results of the preliminary experimentation ........... 102
Discussion of the preliminary experimentation...........c.ccccceceveveeiiiecsiesnenn, 104
Resultados de la experimentacion principal ...........cccocoviveieiieie e, 110
References of drinking water conductivity in Peru and in the Rimac basin (ANA,

INEI and LUrin SAMPIE) ........coiiiiiiieiieie ettt 119



ABSTRACT

In the last two years, the percentage of cases in Peru linked to diarrheal diseases in children
has been considerably reduced, demonstrating that even in difficult times health must always
be our greatest strength. Of course, fulfilling this desire requires that all Peruvians have
access to treated water sources to comply with their personal hygiene duties. However, nearly
3 million Peruvians live without access to drinking water and leave their health to the fate of
natural water sources with high probabilities of containing bacteria and viruses. Under this
premise, the purpose of this thesis was to show the effectiveness of an alternative water
sterilization treatment that could be of great help to these Peruvians in need. A methodology
based on the 'electroporation’ technique was developed through the application of low and
high intensity electric field pulses, seeking to damage the cell membrane of Escherichia coli
(E. coli) bacteria and inactivate their growth in contaminated water volumes. The E. coli cell
was cultured in the laboratories of the University of Engineering and Technology and diluted
in 9 ml of tap water to form a theoretical suspension of 480 CFU/mI of water. To meet the
objective, pulses of 1, 5, 6, 10 and 15 kV/cm were applied to the contaminated water through
cuvettes (400 ul) and the percentage of bacteria surviving the treatment was documented
using the colony counting technique in Petri dishes. Respective measurements of pH,
absorbance, and temperature of the water samples, as well as electrical measurements of the
cuvettes, were performed moments before and after the application of the pulses. With this it
was concluded that 1 kV/cm was sufficient to inactivate between 50-70 % of E. coli colonies
when unipolar type pulses are applied in a time range of 20-22 ps. The minimum energy
required to meet this result was simulated using MATLAB software and was 0.06092 J. This
study did demonstrate that electric field is an effective physical phenomenon capable of

sterilizing tap water samples using cuvette containers.
KEY WORDS:

Electroporation; moderate electric field pulses; cuvettes; equivalent circuit; tap water



INTRODUCTION

The year 2020 marked the milestone of greatest social vulnerability for Peru in the
health sector, being the COVID 19 pandemic the catalyst event that, on the one hand, clarified
a long-lasting panorama of existing hospital deficiencies in the country. On the other hand,
the situation highlighted the value of sanitary hygiene at the societal level. It is therefore
encouraging to read how the Peruvian Ministry of Health (MINSA) claims a 55% decrease
in the number of cases of children under 5 years of age affected by Acute Diarrheal Diseases

(ADD), due to the good hygiene practices acquired in the last 2 years [1].

Naturally, water is the main medium we use to prevent these diseases, but it is also
the medium through which they can be transported. This means that viruses and bacteria that
cause diseases such as malaria, dengue fever, leptospirosis, hepatitis, among other
microorganisms, can move through water [2]. The water to which we have access in nature
is often not in hygienic conditions and generate a potential risk for about 3 million (9.3%)
Peruvians [3], who today are not connected to a conventional public water network. Thus,
for example, in 2017, three springs in the department of Puno (the Qayqu spring, the Condor
Wachana and the Ch'akipata) presented traces of fecal and total coliforms in their waters,
registering values of 330 NMP/100 mL, 250 NMP/100 mL and 170 NMP/100 mL
respectively [4].

Lima usually feels the problem of disconnection to the resource from another angle.
Since there are urban-marginal areas far from a water transport system, these people suffer
from the ravages of poor storage of the little drinking water that reaches them. In the early
2000s, a study was carried out in the capital that revealed the situation of 224 homes with
water storage in cisterns. Of these, 73.68% showed microbiological contamination with
heterotrophic bacteria, total coliforms, and fecal coliforms [5], demonstrating that there is a
problem that not only emphasizes a need for water, but also a deficit of characteristics and

opportunities that do not allow proper care of the water already available.



These examples show that the problem of access and care of drinking water is a cross-
cutting issue throughout the nation and presents an opportunity to study water sterilization
techniques that contribute to improving the availability of safe water for all Peruvians. For
this reason, the present thesis will investigate the process of elimination of pathogenic
bacteria in water, being Escherichia coli (E. coli) the bacterium that was taken into
consideration. E. coli was considered because it is the most common bacterium used for

experimentation.

To carry out the process, the electroporation theory was used as a method to eliminate
the bacteria, a procedure through which high voltage electric field pulses are used to evaluate
the survival of the pathogen after their application. Likewise, the energetic cost of the
electroporation process was determined by simulating the process in an electrical circuit
design software. All this to obtain an idea of the energy cost required to put into operation a
system that sanitizes water using this technique.

SCOPE

The data of the thesis were extracted during a laboratory study conducted at the
University of Engineering and Technology (UTEC) from June to October 2021. These are
self-recovered data, and their analysis did not involve splicing the research with a specific
real case within the society; rather, it was reduced to a laboratory-scale study, using materials,

equipment, and substances from within the university itself.

Specifically, the thesis covered a study of the effect of 5 different electric field pulses
on 1 dilution of E. coli bacteria in water. The behavior and survival of the E. coli after
applying the different field pulses was studied to study the energetic needs involved with this

experimentation and to fulfill the defined objectives.

For this purpose, the ECM 830 Square Wave pulse generator of the L509 laboratory
was used, which triggered the 5 field pulses in the range of 1 to 15 kV/cm (1 kV/cm, 5 kV/cm,
6 kV/cm, 10 kV/cm, 15 kV/cm). The number of repetitions for each pulse was n=30. That is,

for each field value the bacteria went through 30 pulses. In addition, the pulse type was
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‘quadratic wave' in direct current (DC) with a pulse time equal to 20 microseconds per pulse.
The parameters for the use of the circuit design software were obtained using an 'RLC
measuring instrument'. Energy analysis of these parameters was performed using electrical

circuit theory by Excel calculations and the use of MATLAB ® Simulink Software.

Bacterial survival was evaluated by performing a culture comparison before and after
the electroporation process. For this purpose, the bacteria were cultured in the university
laboratories, having as operating conditions the conditions of the L504 laboratory. A water
sample from a body of water was not taken for the experiment. The sterility of the procedure
is defined using a sterilization chamber for the bacterial culture process and the care | took
myself during the culture and electroporation, both processes occurring at different times and

in different laboratories.

Finally, the scope of the thesis also includes pH studies and temperature variation
analysis of the liquid suspension due to the applied field. This will corroborate the existence
of any electrical effect such as the Joule effect in the elimination of bacteria. The aim is not
to make a prototype of a sterilization system based on electroporation, nor to analyze its

performance under real operating conditions, i.e., outside the university facilities.

It should be noted that a preliminary experimentation was carried out where instead
of 1, 3 dilutions were made in also tap water and 3 pulses of electric field were tested. The
purpose of this experimentation was to prepare for the primary experimentation and to

analyze important electrical parameters.

BACKGROUND

Pathogens such as E. coli are usually eliminated in wastewater treatment plants.
However, there are alternative studies that comment on the existence of water sterilization
techniques that involve advanced oxidation processes (POAS) in their treatment. Briefly,

these techniques use high amounts of electromagnetic energy to form hydroxyl radicals (-
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OH), micro compounds, which damage cell membranes and allow the inactivation of the

bacterial organism in the liquid suspension [6].

On the other hand, shock chlorination is also a commonly used resource [7], [8]
nowadays to eliminate pathogenic bacteria in water. The advantage of this process is that it
can eliminate not only coliform bacteria but also bacteria from iron, manganese and sulfur.
For this purpose, a certain amount of chlorine is required according to the volume of water
to be disinfected. Their results show that this is a good treatment to sterilize water stored in
storage tanks, since their constant exposure to the elements predisposes the contamination

and infection of their contents with bacteria and unwanted organisms.

Now, the use of electricity as a resource to eliminate pathogens has been studied
previously [9]-[14]. Thus, for example, in 1981, Hilsheger et. al [15] determined that with
applied electric field values between 8-20 kV/cm, a sterilization rate of more than 50% of E.
coli bacteria can be achieved. It should be emphasized that their study was limited to the use
of an electrolyte as a culture medium for E. coli. In addition, he established a statistical
correlation relating the applied field value to the percentage of surviving bacteria after the
application of electricity. On the other hand, the University of Arkansas determined in 2020
that the energy cost for the reduction of bacteria by using electricity is extremely low, with
application powers reaching up to only 200 micro-Watts and a current in the microampere
domain [16].

One of the most recent applications of electroporation occurred in 2017. For that
purpose, the help of a microfluidic device was available, which performs cell sterilization
bacteria at a microbiological level. The results showed that the cell damage efficiency
reached 90% by applying 300 V pulses for up to three minutes [17].

JUSTIFICATION AND MOTIVATION

The situation in the country presents an opportunity to study water sterilization

techniques to contribute to the improvement of water quality for all Peruvians. Regarding the
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phenomenon under study, electroporation is a method that damages cell membranes
temporarily or irreversibly with the application of high-voltage electric fields [17]. The
advantage of this technique is that it avoids the use of complex methods of cell disruption or
membrane opening of a microorganism, so this technique will not need for example detergent
agents (Chemical Cell Disruption) or enzymes (Enzymatic Cell Lysis) or changes in the salt
concentration in the surroundings of the E. coli cell (Osmotic Shock) or cavitation by pressure
change (Cavitation) or freezing the cell membrane (Thermal Lysis) in order to accomplish
the task of sterilization [18].

The direct benefits that the population has with this type of technology is obtaining
clean water with less concentration of bacteria. Families exposed to contaminated water

would see in the results of this thesis an opportunity for hope in their search for clean water.

Furthermore, should there be other studies in the future that complement the results
of this thesis and aim at building a prototype of small-scale disinfection based on electricity,

a first integrated Peruvian disinfection model would have been created.

Thus, this thesis and its results are, on the one hand, very beneficial for the low-
income society where access to electricity is scarce and expensive. However, on the other
hand, a low energy cost counts as a criterion for validation and acceptance of this disinfection
technique so that it can be attainable and established in the Peruvian community transversally

for all socioeconomic levels.

GENERAL OBJECTIVE

Evaluate the energy requirements and the inactivation percentage of E. coli colonies
present in contaminated water samples, due to the usage of the electroporation killing

method.

SPECIFIC OBJECTIVES
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Simulate with Simulink Software the energy values transferred to 5
contaminated tap water samples based on the electrical parameters in the
experiment.

Evaluate the survivability of E. coli after electroporation using the colony
counting method and OD600 absorbance analysis.

Establish a correlation of survivability with respect to the established evaluation
variables (electric field).

Validate the threshold value (electrical field value) for which at least 50% of E.

coli bacteria can be eliminated.
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CHAPTER I:
THEORETICAL FRAMEWORK

This chapter will present the various applications of irreversible electroporation in
different areas of science and medicine, as well as the most important data on the dimensions
of E. coli bacteria and their relation to the electroporation process. Furthermore, the
electroporation process requires physical formulas linked to fundamental electrical
parameters. Specifically, capacitor theory will be necessary to understand the field strength
generated inside and outside the bacterial membrane. Likewise, there is a survival equation
related to the generated electric field, so defining the electric field is vital to evaluate the

experimental results.

1.1 E. coli cell
1.1.1 Cell dimensions

Escherichia coli has the dimensions of a rod or cylinder, where the average length of
the bacterium is between 1-2 micrometers and has a radius of 0.5 micrometers [19], [20]. The
dimensions are variable and there are observations of E. coli bacteria that, depending on the
medium in which they have been cultivated, reach sizes with lengths of up to 3 micrometers
and 0.8 micrometers in diameter [21], but the determining factor in their size is the length-
diameter ratio, which is found to be 2.5 for cells in the exponential phase of growth [22] and
between 3.7-3.9 [22], [23] for cells in the stable and final phase of growth.

Now, in terms of internal dimensions E. coli is a 'gram-negative' prokaryotic type
bacterium enveloped by 3 protective layers defined as cytoplasmic membrane (or inner
membrane), cell wall (or peptidoglycan layer) and an outer membrane [24]. The inner
membrane is usually 4-4.1+0.3 nm thick [18],[25] and has the nature of being hydrophobic.
The characteristic of being hydrophobic should be emphasized, since this implies that in

liquid suspension and in the presence of an electric field, the membrane will not be influenced



by the aqueous medium during the application of the field until the pores in the membrane

open.

On the other hand, the peptidoglycan layer or cell wall represents between 10-20%
of the cell envelope, ranging between 1.2-2 nm in width [18]. In addition, it gives the
bacterium its rigidity and rod-like shape (Figure 1.1) [24],[26]. Likewise, atomic force
microscopy and small-angle neutron scattering studies showed that the periplasm presents a

width in the range of 2.5-7 nm [27], with a degree of uncertainty of 4.5 nm.

1

i
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Figure 1.1.Rod shape of E. coli bacteria. [24]

1.1.2 Dielectric E. coli parameters

With the help of volume dielectric force microscopy (SDFVM) procedures on 3 types
of bacteria, a range of permittivities varying from 2.6 to 4.9 was established for these
bacterial cells [28]. It is concluded that these values may well be considered for the study of
permittivity in plasma membranes, so that these first indications provide key clues for the
determination of dielectric parameters for bacteria in general. On E. coli there are studies that
show how for lipid membranes the permittivity value is between 2.1 and 2.4 [29], while
values in the range of K= 2-4 [30] also show that the dielectric constant of the internal

membranes of E. coli has an average of K = 3.

1.2 Electroporation Principle

Donald Chang et. al published in 1992 an extensive guide on the process of
electroporation, where they define that this phenomenon allows what is known as

'destabilization’ of a cell membrane for a short period of time. During that time the membrane
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becomes permeable to molecules from the surrounding medium; that is, a pathway into the

cell is opened due to the appearance of these pores on the surface of the membrane. [31]

More recent studies comment that the specific site of occurrence of electroporation is
through the inner membrane of the cell [9] [10] and not through the entire protective envelope
of the cell. Knowing this, lessens the focus of study and calculations in this thesis, since it

determines the physical location on which the equations and formulas are to be applied.

It is also usual that electroporation is described as a process of charging a capacitor
[17], just as it occurs in an electrical circuit. In other words, there is a charging time t,,
required by the membrane to store energy and reach the electroporation potential V,,,. But it
is only possible to damage the membrane and observe pore creation when V,,, exceeds a
threshold voltage value V.. This value has been determined and is found to be around 1 V [9],
[32], [33] across the membrane; it even has a minimum value studied that is around 200 mV
[11][17].

Of course, it is questionable to consider that reaching the threshold voltage value will
depend on the cell type and its various attributes, because, as will be defined below, inducing
such a voltage depends on the specific dimensions of each cell. Also, a particular
phenomenon within cell membranes prior to electroporation must be considered. In the
natural state every membrane senses an electrical potential difference, known as 'resting
potential' AV,,,, which for E. coli has been studied to take values between -140 mV [34] and
-135 mV [35] in steady state. It is important to recognize that this membrane potential is
going to have to be considered as a starting voltage on the membrane, whose contribution
influences the final potential due to the electroporation process. This voltage will have to be
overcome by the induced voltage if a successful electroporation procedure is to be performed.

1.2.1 Irreversible Electroporation

When the pores never close and the cell becomes permanently permeabilized,
irreversible electroporation is said to have occurred [36]. In this process a mechanical rupture
of the lipid membrane occurs [9], [10] and it is suggested that voltages induced in the
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membrane greater than 1 V will be responsible for permanently damaging the cells in
question, also leading to what is known as electroporation cell death. It is fair to state that the
equations of section 1.4.4 should be oriented to calculate parameters that contemplate values

of induced voltage in the membrane much higher than 1 V.

1.2.2 Cell death

Eberhard Neumann et al. [33] discusses how cell death occurs after the application of
repetitive pulses, but not simply due to the application of 1 pulse that reaches the threshold
voltage value for pores to open. It was found in [33] that "the application of a few pulses is
not lethal”. Rather, the real reason for cell death occurs due to the exchange of material
between the suspended medium and the contents of the cell, a process known as ‘cell lysis'.
It is for this reason that irreversible electroporation need not necessarily occur to achieve cell
death, but only the repetition of the partial opening of the pores, so that the exchange of
molecules external and internal to the cell causes the rupture of the membrane and thus cell
death.

1.2.3 Membrane permeabilization

The pores that open due to electroporation will allow the transport of ions and small
molecules across the lipid membrane when they have reached the necessary voltage
threshold. Studies such as the molecular simulation of an archaeal bacterium show how
chloride ions, coming from the solution in which the membrane is immersed, cross the
damaged membrane of the bacterium after being electroporated [37]. This behavior is not
indistinct in E. coli, where it is observed that in addition to ions, ATP (Adenosine
Triphosphate) molecules are released from the cell during electroporation [38], [39].
Furthermore, with respect to the ions that are released from the membrane, these are usually
K+ potassium ions [40]. The increase of ions in the solution in which the bacteria are
suspended are an indication of the occurrence of electroporation and a simple way to measure

the potassium concentration would be using ion-selective electrodes [40]. The most
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important conclusion encompasses that as the electroporation electric field increases, the
concentration of potassium ions in the medium increases accordingly, so future studies of
conductance, resistivity, and resistance of the medium before and after electroporation are

recommended for future analysis to be performed.

1.3 Actual irreversible electroporation studies
1.3.1 Actual mathematical models

At present, different studies seek to express and analyze the behavior of
electroporation from a statistical point of view as was done by H. Hulsheger et. Al. [15] in
the past. For instance, A. Goldberg et. Al. [41] determined that the Peleg-Fermi formulation
(Equation 1) was an equation that sharpens the final survivability results given by Hilsheger
because the formulation takes the number of pulses ‘n’ and the electric field ‘E’ as the main
independent variables for its calculations. This studies only demonstrate how probabilistic
studies are important to improve the accuracy of the electroporation’s survivability
correlation to dropout from the need of doing microscopic studies to determine the efficacy
of this method.

1
S:

1+e Eco

Equation 1. Peleg-Fermi formulation [41]

1.3.2 Electroporation in the medical field

Irreversible electroporation has an application in the world of medicine linked to the
treatment of tumors and cancer cells. Studies in 2018 [42] on tumor treatment in rodents
demonstrate how the total elimination of tumor formations occurs successfully after the

application of 150 electric field pulses of 100 us each. This considers the use of electrodes
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up to 10 mm apart (due to tumor size), an application of alternating current under a frequency
of 1 Hz and an electric field of 1.5 kV/cm. The experiment shows that for low electric field
values, pulse numbers in the order of 150 units were required to eliminate the tumor
definitively. This value is five times the number of pulses used by effective studies in the
sterilization of E. coli with irreversible electroporation, where 30 pulses maximum were used,

but with much higher electric field ranges (up to 13 times higher) [15].

More recent studies, dating back to experiments conducted during the year 2020, have
studied the effect of microampere direct current (<=100 microamps) to sterilize and eliminate
bacterial culture colonies. To achieve this, an application time of 30 minutes was required;
however, even though the time of application was longer than the previous experiments early
mentioned on this investigation, this shows that the use of current as a cell damage technique

has convincing results. [16]

For example, it is highlighted that cell damage by means of current caused a
detachment of ions, molecules, and proteins through the cell membrane, which is a fact that
occurs during electroporation processes [37]. This detachment of microbiological molecules
and their observation are undeniable evidence that the membrane has been damaged, thus
demonstrating the effectiveness of the applicability of electrical treatment in bacteria. In
addition, this paper complements the theoretical framework criteria by providing one more
equation that can help to calculate the power consumption of the process which involves
dividing the value of voltage applied to the sample by the resistance of the culture that holds

the bacteria in it;

Voltage? [W]

Equation 2 Power consumed = -
Culture resistance

1.4  Equations and electrical formulas
1.4.1 External electrical field E,,

When the bacterial culture is placed inside a volume, such as the volume of a cuvette,
it is in this space that the bacterial cells will be electroporated. The cuvette has in this space

2 electrodes, one in front of the other, usually in the form of a plate. The theory according to
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Gauss's Law states that since there are 2 parallel plates, they will induce a uniform external

electric field E, [43] between them in a similar way to the observed field in the Figure 1.2.
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Figure 1.2. Parallel plate capacitor concept [43]

This structure is known as a plate capacitor or plate capacitor. The equations
governing the behavior of the capacitor, with distance between plates d = y, — y,, are listed
below. However, it should be noted that these equations represent the behavior of a capacitor

where the medium between the plates is vacuum or air at atmospheric pressure:

1. The potential per unit charge for an arbitrary test charge to move from ato b. Also known

as the potential of the positive plate with respect to the negative plate:

Equation3 V,, = W;:” =E.(ya—yp) =E.d

2. Homogeneous electric field as a function of charge density:

Equation4 E,=—=-L

&o AEO

3. The capacity of a capacitor to store energy, or simply capacitance.:

H A A
Equation5 €=+ =202 —Z2°
Vab  Ya=Yb d
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4. Capacitance per unit area:

Equation6 c¢=-== "

5. Potential energy of a capacitor with charge Q, which is the energy with which equal
charges are separated between the plates of the capacitor.:

. Q¢ 1 1
Equation7 W =U=_=2QVs = Ecvﬁb
6. Energy stored by the electric field:
Iev? 1
: _2¥ _1_ 2
Equation8 u = i ZsoEe

When there is a dielectric material between the plates the parameters of voltage,
electric field and capacitance usually vary as follows as a function of the dielectric constant
K. This is going to be the most accurate analysis perspective for performing the calculations

because the bacterial culture can be considered as dielectric material between the plates:

7. Voltage due to a dielectric:

Equation9 V = %

8. Electrical field due to dielectric:

Equation 10 E.4 = % = (09— 0;)/g9 = 09(1 —%) =V/d
0

9. Capacitance due to dielectric:
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Equation 11 Cg = %K

It is in this sense that the E,, field will be responsible for creating the induced
transmembrane potential AV in the membrane, due to a phenomenon known as polarization
(Figure 1.3).
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Figure 1.3. Polarization of bacteria due to the application of an electric field pulse [44]

Likewise, it is known that a membrane can be represented as a capacitor, so it is fair
to consider that prior to the electroporation process there will exist an electric field E,, in the
membrane, responsible for inducing the 'resting potential' AV, found in every lipid
membrane. Therefore, the equations according to Gauss's Law for a capacitor influence the

electrical analysis of the E. coli membrane.

1.4.2 Voltage-current relation of a capacitor

This formula will have the assumption that the electrodes operate as a linear capacitor,

whose capacitance is independent of the voltage. It should also be assumed that after each
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pulse the capacitor discharges, i.e., at time t=0 s the applied voltage reaches its peak, remains

constant for a time T and then drops suddenly, as illustrated in Figure 1.4.

B A

A50%

tFWHM
Figure 1.4. Quadratic pulse [45]

Voltage equation goes as follows:

Equation 12 v(t) = %ft'; i(dt + v,

Measuring the current that reaches the electrodes for each pulse is indispensable to
be able to calculate and estimate a theoretical capacitance value, which also helps to calculate
the dielectric constant factor K of the medium or liquid suspension. If v(t) is known,
considering that it is equivalent to the value established by the pulse generator, we have all

the variables necessary for the calculations.

On the other hand, if we consider that the value of the current through the capacitor

depends on time, we have that:

cdv(t)

Equation 13 i(t) = "

Where the voltage value v(t) is a function of time. This equation is vital for the
development of the equivalent circuit and the electroporation process, since without the

current it will not be possible to define a correct value of energy and power of the process.
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1.4.3 Ohm’s Law

Ohm's law of circuits is applied to determine the voltage V, current | and impedance

Z parameters of an electrical system. It begins by being described as follows:
Equation14 V =1Z

The impedance Z is the sum of the resistive part R and the imaginary part jX of a

circuit, where:

Equation 15 Z = R + jX = |Z| cos(phy) + |Z|sin(phy)

The impedance is presented together with a phase angle '‘phy" when the circuit is in
the frequency domain [46]. This angle is important to perform the calculation of
instantaneous apparent power S, as well as instantaneous real power P and reactive power Q

for all times in a circuit.
Equation 16 S =VI=I?R+I?jX =P +jQ
Equation 17 P = I?’R = VIcos(phy)

Equation 18 Q = VIsin(phy)

Likewise, the resistance value of a conductive medium is represented by the following

equation:
Equation19 R = ’%
1.4.4 Kirchhoff’s Laws

Kirchhoff’s laws are used to schematize the path of energy along a circuit. For this
thesis they were be used to analyze the energy transferred to the cuvette vessel where the E.

coli suspension was stored.
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1.4.4.1 Series Circuit

The series circuit analysis follows Kirchoff's voltage law, where a current loop |
represents the current through the entire circuit as seen in Figure 1.5. The equivalent
resistance Req is the sum of the resistances of the pulse generator leads connected to the
cuvette along with the electrical parameters of the cuvette.

Figure 1.5. Current Loop according to Kirchoff's VVoltage Law - Reference Image.

According to Kirchhoff in [46], the sum of potential rises is equal to the sum of
potential falls along the passive and resistive elements of the circuit. In this sense, considering
that the voltage value for each pulse depends on the time; and, considering the variables of

the Figure 1.5, the equations that govern the behavior of the circuit for all time are:

Equation20 V4 (t) =V, -V, +V,
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-t

If the voltage across the capacitor is V. =V, =V, <1 —eReqCS>, the previous

equation is redistributed as:

-t
Equation 21 V4(t) = IR.4 + V4 <1 — eReqCs >

Where the current I(t) through the circuit is:

—t

e b
£y, eReaCs

Reqcs

Equation 22 I(t) =

Inserting Equation 22 into Equation 21, it gives the general voltage equation for all

times:

—t ¢
Equation 23 Vl(t) = <R CSC VleRequ> Req +V, (1 — eReqC5>
eqls

The power P(t) of the system is the multiplication of V;(t) and I(t), where the first
term according to Equation 24 is the power of the resistor Py, which is lost as heat, and the

second term P, is the measure of the energy stored in the capacitor:

-t \2 —t —t
Equation 24  P(¢) = ( = VleReqCS> Reg + V4 <1 - eRequ) (RC— VleReqCS> =Py + P,

Req s chs

The power in the capacitor is the multiplication of V,(¢)I(t):

-t -t
Equation 25 P.(t) =V, (1 - eRequ> <RC—SC VleRequ>
eqls
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Thus, the energy flowing into the capacitor in the time interval of t=[0,20ps] is equal

to:
Equation 26 E, = [, " - P (t)dt

Finally, the energy consumed E by the whole circuit is defined by the integral in the

interval of t=[0,20us]:

Equation 27 E = fOO'OOOOZOP(t)dt

1.4.4.2 Parallel circuit
The parallel circuit (Figure 1.6) follows the same resolution logic as the series circuit.

However, both the Node Law and the Voltage Law will be applied to solve it.
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Figure 1.6. Equivalent parallel circuit and current flow.

This law states that the sum of current outputs of a node is equal to the sum of current
inputs. In this case it is satisfied that:

Equation28 I =1.+1,
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Where it is known that I, = ;&% | [, = Ya=Vb y & _ d(aVp)
dt Ry dt dt
Consequently,

Va-Vp
Ry

Equation 29 I = CS% +

Applying Kirchhoff’s voltage law and considering that R; = R,, we have that:
Vi=( =V + WV, =V +V,
Vi=1R + (V= Vp) +V
V,—V, =V —1IR, — IR,

Equation30 V,—V,=V —-I(R{+ R;) =V —I(2R;)

Inserting Equation 29 into Equation 30 and if (V, — V) is equal to the voltage V.(t)

through the capacitor, then for Z—Z = V'(t) is followed that:

V(t) =V — [CV/(8) — V;—;”] (2Ry)

V,(t) = V — 2R, CV, (£) — 22 v,(0)

Rp

Thus, the voltage across the capacitor is described by a first order linear ordinary

differential equation with result equal to:

-t t

: T o . R,V
Equation 31 V.(t) = c,e®r 2pF1 P

Ry+2Ry

With the initial consideration that the voltage at time V' (0) = 0 V, it is found that:
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-RpV

€1 =—
17 2R,+R,

And the voltage equation across the capacitor is finally,

-t t
. Ry [ R,V
Equation 32 V.(t) = ﬁ <eCpRp ZCpR1> + R,,-:ZRl

The final capacitor voltage at time t=infinite microseconds is that of the limit of the
voltage function when time extends to infinity. This is simply described by the following
relation:

R,V

Equation 33 Vying = ggg(Vc(t)) =R 42k,

The system power is equal to:

Equation 34 P(t) = VI

The power through the capacitor is equal to:

-t t

Equation 35 P.(t) = <% <eﬁ_“v“1> + RRfZVR >Ic = P.(DI.(t)
1thy 14 1

And the energy through the capacitor is equal to:

Equation36 E. = f0'°°°°2°

o P.(t)dt

1.4.5 Electroporation phenomenon

There is a formula that describes the electroporation phenomenon from another point
of view and depends on the initial considerations to be considered such as whether the current
to be applied during electroporation is direct current (DC) or alternating current (AC). When

the latter is direct current the voltage induced on the cell membrane to be evaluated is reduced

37



to its simplest form. This simplification of the standard has been validated by more than one
author ([10]-[12], [14], [18]), being then the main formula of the Induced Transmembrane
Voltage V(E) by electroporation for cells of radius R and length I:

Equation 37 V(E) = Rf(R,)Ecos(8)

Where 6 is the angle between the external electric field vector E and the position of
the cell membrane. f (R, ) = f is the shape factor and depends on the dimensions of the cell:
on its radius R and length I. The value of the shape factor is f=1.5 for cells of spherical shape

(diameter equal to length) and:

| ~

Equation 38 f = -

Wi

For rod-shaped cells such as E. coli it is evident that mathematically a higher electric
field level will be needed to achieve the same level of induced voltage as the cell radius

decreases.
1.4.6 Threshold electrical field E,

Neumann [33] determines that clearing Equation 38 can serve as an 'approximation’
for estimating and clearing the critical electric field strength (for electroporation to occur) as
a function of the threshold voltage value V. across the membrane. The consideration of the
value of V.=0.2-1V seen in Section 1.1.1. serves as a seed value for the determination of the
applied external E, value. Also, the condition for this voltage range V, to take place is that
the electric field pulse durations are of 'short duration'. (At = 10 us):

4
Equation39 E, = R—;

38



1.4.7 Survivability equation

The equation correlating the survival of E. coli bacteria due to the influence of electric
fields remains valid since 1981, being described in [15] and demonstrating that bacterial
survival depends specifically on 6 specific variables: The experimental electric field E, the
critical electric field E,, the pulse duration t, the number of pulses n, a decay constant t ¢

and the resistivity of the medium in suspension.

In older literature, E, usually represents the value of the electric field with which up
to 50 % of cells in a cell population are allowed to be damaged by electroporation [33]. Both
Hulsheger and Neumann comment that E., depends on cell size and it is defined that "higher
fields will be required for decreasing cell diameters" [15]. However, for E. coli it was
determined that approximately 6 kV/cm on average is sufficient to not only damage but
reduce the culture population by 50%, within a range of 10 to 30 pulses and with a decay
constant in the range of 12-30 microseconds [33].

The equation goes as follows:

_(E-E¢)

Equation 40 § = (ti) g

c

Where the values of t, = 12 us, E. = 4.9 kV /cm, k = 3.6 kV /cm are defined for
E. coli K12 bacterial cultures within the electroporation range of 8-20 kV/cm. In addition, it

is known that:

Equation4l t=1tn

That is, the value of t, known as treatment time, which is the multiplication of the
pulsation time with the number of pulses of the experiment. From this theory it is concluded
that, the higher the number of pulses and the higher the resistivity of the suspension, the more

bacteria will be eliminated.
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1.5  Electroporation equipment
1.5.1 Unipolar pulse generator

During the electroporation process it is common to use high voltage pulses [45],
where the potential induced by the electric field E, is higher than 1 kV. To achieve such a
procedure 3 pieces of equipment are necessary: a pulse generator, a sample collector, and a

pair of electrodes.

For this thesis the pulse generator in question is the BTX ECM-830 (Figure 1.7),
which generates quadratic wave pulses [47]. Which means that the voltage applied by
electroporation with the instrument is only maintained for a short time interval t and rises to
a maximum V; which will remain constant during the mentioned time span. According to
[45] the time lapse T tends to be in the time range between nanoseconds to milliseconds
during an electroporation process. But, the BTX ECM-830 device only allows a time range
in microseconds, specifically between 10 and 600 microseconds, in high voltage and the
voltage range between 1-3 kV.

Figure 1.7. ECM 830 Pulse Generator [48]

1.5.2 BTX Disposable Cuvettes Plus

The case of the BTX pulse generator integrates in its equipment electrodes that, due

to their dimensions, can be characterized as 'milli-electrodes’ [45] since the separation
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distance between one electrode and the other, known as 'gap’, is in the range of millimeters.
The various electrodes available from UTEC and used for experimentation were the BTX
Disposable Cuvettes Plus [47] (Figure 1.8). They have a gap of 1 mm, 2 mm, and 4 mm,
different according to the color of their cover and inside them the water sample was

inoculated with E. coli bacteria for subsequent analysis after electroporation.

Figure 1.8. Disposable Electroporation Cuvettes Plus [48]

1.5.3 Spectrophotometer Nanodrop - ND 1000

The bioengineering laboratory has its own spectrophotometer, which requires low
sample quantities to measure absorbance. Only 1-2 microliters are sufficient for
measurements and the instrument (Figure 1.9) will be helpful to perform immediate
examinations, with greater speed, to the bacterial culture at the time before and after the

electroporation process.
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Figure 1.9. Spectrophotometer ND-1000.

1.6 Softwares
1.6.1 Simulink from MATLAB ®

Simulink is a visualization space that allows the development of simulations of a wide
variety of systems. It works in conjunction with MATLAB taking advantage of a special
graphical interface to perform high-level processing models, being able to run electrical,

electronic, thermodynamic, fluid mechanics, and other systems.

The template to create the simulation space is shown in Figure 1.10 and in the '‘Blank

Model' section you can start working from a blank template.

i Simulink Start Page

New Examples

> My Tempiates Leam More

~ Simulink

[
Blank Model

@
©
B

> Powertrain Blockset
» Simscape

» Simulink Desktop Real-Time

Figure 1.10. Simulink from MATLAB®
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CHAPTER II:
METHODOLOGY

The general analysis of the thesis contemplated the calculation of the energy and
survival analysis of E. coli bacteria during the process of electroporation of water with
bacteria in cuvette vessels. The electric field pulse applied to the water with bacteria was
equal to E=V/Gap, where Gap is the distance between the plates and V is the voltage applied
by the pulse generator, as shown in Figure 2.1. The gap used for this experimentation was 2
mm or 0.2 cm and the time duration of the electric field application to the bacteria was =20
microseconds. N=30 unipolar pulses were applied with a waiting time of 1 second between
each pulse. Therefore, the period of the process was 1.0002 seconds with a total experimental
time equal to 29.0006 seconds.

E=V/Gap Gap

Figure 2.1. Application of voltage to the cuvette



The investigation was completed in 8 steps, as shown in Figure 2.2. The first step
consisted of the preparation of the E. coli contaminated water sample. Then, electrical
parameters of the cuvette vessel were measured with the RLC-meter, as well as the thermo-
physical parameters of the vessel and the absorbance values of the contaminated water
sample with the Nanodrop spectrophotometer before the electroporation procedure. Once the
pulses were applied, measurements of the same parameters were performed to evaluate the
differences and quantify the variations. Following the application of the electric field, the
treated samples were cultured in Petri dishes, as well as untreated samples were cultured to
evaluate the effect of the electric field on colony growth.

With all the data, the energy transfer during the electroporation procedure was
simulated using MATLAB ® programming language. Then, the evaluation of E. coli survival
was performed using the colony count method and the absorbance of the samples that were
electroporated. With this data, it was possible to establish a survival curve with which the
threshold value of the electric field for which 50% concentration of the bacteria can be

eliminated was finally validated.
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2.1  Preparation of the contaminated tap water sample

Figure 2.2. Methodology flowchart

AnE. coli ATCC® 8739 pellet from the Epower™ laboratory was dissolved in buffer

to prepare it for subsequent use in the electroporation procedure. The dissolution protocol

established by the manual of the same pellet, validated by thesis author Luis Palomino [49]
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in 2019, was followed, so phosphate buffer or phosphate buffer saline (PBS) pre-warmed to
37°C was used for dilution of the pellet. Only 1 ml of PBS buffer was required for the
procedure and after dissolving the pellet in PBS, the suspension was heated at 37°C for 30

minutes to dilute and hydrate the pellet properly.

The E. coli pellet contained 4800 CFU or colonies of bacteria and was diluted in 1 ml
of PBS to obtain a statistically significant number of colonies during the plating phase of the
experiment. In this sense, the E. coli culture in buffer had a concentration equal to 4800
CFU/ml.

2.2 Energy transfer simulation

Table 2.1 shows all the electrical voltage ranges that can be applied to the 3 different
cuvettes. There are limitations that will prevent reaching electric field ranges higher than 30
kV/cm due to the maximum voltage capacity (3000 V) of the BTX ECM 830 pulse generator.
It was therefore decided to use the 2 mm cuvette (400 microliter capacity) for all the electric
field runs to standardize the experimentation under the same geometrical conditions and
physical properties of the cuvette vessel. It was chosen to apply voltage values equal to 200,
1000, 1200, 2000 and 3000 V, to evaluate 5 points of electric field, being these 1, 5, 6, 10
and 15 kV/cm respectively.

U[V]

E [V/cm] 0.1cm 0.2cm 0.4 cm
1000 100 200 400
2000 200 400 800
3000 300 600 1200
4000 400 800 1600
5000 500 1000 2000
6000 600 1200 2400
7000 700 1400 2800
7500 750 1500 3000
8000 800 1600 -
9000 900 1800 -
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10000 1000 2000 -
15000 1500 3000 -
20000 2000 - -
30000 3000 - -

Table 2.1. Voltages attainable by each cuvette according to distance from the Gap.

2.2.1 Parameter’s measurements
2.2.1.1 Electrical parameters

With the culture dilution ready, the contents were inoculated into the cuvette vessels
and the field pulses were applied. Before and after electroporation, the electrical parameters
of the cuvette vessels were measured with the RLC-meter IET DE-5000 (Figure 2.3), being
the values of capacitance 'Cs', inductance 'Ls', resistance 'Rs', resistance 'DCR' and phase

angle 'phy".

Figure 2.3. RLC-meter IET DE-5000.

It is noted in detail in Table 2.2 that the RLC-meter gave default values for a series
circuit, with a subscript 's' of the values, coming from 'Series'. The parameters in this table
were obtained by performing a test with the 4 mm cuvette inoculating only pipe water into
the cuvette. A similar table was then filled in for the final measurements with the 2 mm
cuvette vessel before and after the electroporation process. As there are 5 final electric field
values, a total of 10 tables were filled for their respective analysis. It should be noted that the
values were measured for 4 types of frequencies: 100, 1000, 10000 and 100000 Hz (first

column of the table).
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Frequency Series Series Series DC- Disipation | Quality Phase
Inductance | Capacitance | Resistance | Resistance | Factor Factor Angle
Hz Ls (H) Cs (F) Rs (Q) Q D 0 "
100 - - _ il - : :
1000 - - _ ) - - -
10000 - - _ B - - -
100000 - - _ N - - -

Table 2.2. Parameters read RLC-meter cuvette 4 mm.

With the data in Table 2.2 and the equations located in Appendix 2, the reactance

values 'Xs' or "Xp' were calculated to obtain an equivalent impedance value Z of the system

for the development of both series and parallel equivalent circuits. In addition, as it is known

that the ratio % is equal to the tangent of the phase angle 'phy' of a circuit [46] and that Q =

Xs
Rs

Equation 42 phy = tan™1(Q)

— = %, the phase angle 'phy' of the system was calculated using the following equation:

The values of impedance 'Z', phase angle 'phy’ and reactance "Xs' were listed before

and after the electroporation procedure in tables like Table 2.3.

Frequency

Impedance

z

Phase Angle

phy

cos(phy)

Reactance
Xs

100

1 kV/cm

1000

10000

100000

100

5 kV/cm

1000

10000

100000

6 kV/cm

100

1000
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Frequency

Impedance
z

Phase Angle
phy

cos(phy)

Reactance
Xs

10000

100000

100 ) B ) )
1000 ) B ) )
10000 ) B ) )
100000 ) B ) )
100 ) B ) )
1000 ) B ) )
10000 ) B ) )

100000 ) ) ] ]
Table 2.3. Impedance, Phase angle and reactance per electric field (100-100000 Hz)

10 kV/cm

15 kV/cm

Current values were also measured with an AMPROBE AC50A current clamp meter
(Figure 2.4). This instrument took 3 readings per second, i.e., 3 readings for each field pulse
period applied in the experiment. In this sense, the maximum value among the 3 readings per
second was considered as the corresponding value of current transferred per pulse. The values

were listed appropriately in a table to evaluate the behavior of the current over time.

Figure 2.4. Amprobe AC50A — Current sensor

2.2.1.2 pH and temperature measurements

The initial pH of the stock dilution in the test tube was measured with pH strips and
this was done after inoculating the contents into the cuvette containers to avoid any

contamination of the sample that was going to be electroporated. After electroporation, the
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samples were first plated for each electric field value onto Petri dishes. It was just after the
plating process that the pH of the remaining samples in the corresponding cuvettes was

measured to avoid contamination of the plates.

The temperature of the samples was measured with the thermographic camera
FLUKE® 279 FC. Data were taken, as well as photos to record the temperature variation
before and after the electroporation. The temperature and pH data were listed in the Table
2.4.

E-field applied Temperature Temperature pH of the medium | pH of the medium
[kV/cm] before after before after
electroporation electroporation electroporation electroporation
[°C] [°C]
1 - - -
5 - - Measurement from -
5 - - the test tube -
10 - - -
15 - ) -

Table 2.4. pH and temperature measurements

2.2.2  Simulink simulation explanation

The actual circuit that was simulated was the one in Figure 2.5, where it is shown
that the pulse generator is connected to the cuvette vessel through 2 wires, whose measured
resistances were both equal to R,,;. = 1.4 £2. The basis for the development of the equivalent
circuits came from the IET 5000 RLC-meter manual [51], which shows (Figure 2.6) the
respective equivalences for the development of both parallel and series circuits based on the

resistance and reactance values measured and calculated previously.

50



Figure 2.5. Power flow from the pulse generator to the cuvette

Series impedance Parallel admittance
Rs Xs : : : Rp
Z=Rs +jXs iXp
Y =1/Z=1/Rp + 1/jXp=G+B
Rs = Series resistance Rp = Parallel resistance
Xs = Series reactance Xp = Parallel reactance
Cs = Series capacitance Cp = Parallel capacitance
Ls = Series Inductance Lp = Parallel inductance

Figure 2.6. Series and Parallel Circuit. Source: Manual RLC-meter IET D-5000

Although there are 2 simulation schemes in parallel and series, it must be considered
that the cuvette vessel has been considered as a model of a real capacitor as described in the
theoretical framework. It is in this sense, that the literature from studies of the 'Institute of
Electrical and Electronics Engineers' (IEEE) shows that the equivalence of a capacitor circuit
can be modeled under the model of a ‘compound equivalent circuit’, joining a parallel resistor

'EPR' and a series resistor 'ESR' with a parallel capacitor 'C' as shown in Figure 2.7b).

In addition to that, the study from Figure 2.7c) demonstrates how a cuvette vessel
with liquid biological contents can be modeled under the same concept of a ‘compound
equivalent circuit', where the parallel resistance 'R' or 'EPR' is considered as the resistance

due to the liquid inside the cuvette vessel. This model was the definitive one for the
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development of the equivalent circuits in this investigation, where finally, the values of 'ESR'
and 'C' were obtained from the Table 2.2 for each of the different cuvettes using the measured
values of 'Rs' and 'Cs'. The value of parallel resistance 'EPR' was obtained from the resistance
of the water dilution given by its resistivity, this parameter was calculated measuring the
conductivity of the tap water from UTEC using a Multiparameter YSI Professional Plus ®

and transforming this value into its resistivity reciprocal.

L i EPR R
Cwca | ™
& C Rc C /
w R, 'M'_'_“
a) ” b) ” c)

Figure 2.7. a) Complete equivalent circuits modeling a real capacitor [69], b) Classical equivalent
circuit of a capacitor [70] c) Cuvette filled with biological medium [71].

The final equivalent circuit model was the one in Figure 2.8, which was done with
Simulink. In order to set the parameters for each individual electrical field pulse applied,
there is a window (Figure 2.9) in Simulink where it is noticeable that the voltage value "V2'
was changed with respect to the pulses applied per voltage value (200, 1000, 1200, 2000 and
3000 V). The 'PW" value is the pulse length, which was 20 ps, while 'PER' is the value of the
complete period or cycle of a pulse plus the interval between each pulse, which in total is
1.00002 seconds. Five equivalent circuits were made, one per applied voltage value.
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Rp

ESR N

Rw=140Q | = Rw=140

¥ Cp !

Pulse Generator
f(x)= 0
Figure 2.8. Final simulation of the circuit in Simulink

Parameters
Initial value, V1: 0 v v|
Pulse value, V2: 200 v v]
Pulse delay time, TD: 0 | [s v]
Pulse rise time, TR: 19 | [s v]
Pulse fall time, TF: 19 | [s v]
Pulse width, PW: 22e-6 RE v|
Pulse period, PER: 1.00002200001 RE v|

Figure 2.9. Parameters of the simulated DC Pulse Voltage Generator

2.2.3 Energy measurements with Simulink

The equivalent circuits designed had a voltage sensor and a current sensor attached.
A multiplier element was also incorporated to multiply the measured voltage and current
signals, thus calculating the power transferred from the pulse generator to the terminals of
the simulated cuvette. With the usage of an integrator element, the value of the total
transferred power was obtained by integrating the measured power values from pulse n=1 to
pulse n=30 within the applied pulse length of 20 us. Having done this, the values of the 4

fundamental parameters previously mentioned (voltage, current, power and energy) were
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obtained. These parameters were visualized by using a 'Scope' display where the functions
with respect to time for each of the 4 parameter was to be seen. All the instruments or are

shown in Figure 2.10.

—
5
vy
~
Yy
i

a) b) <) d) e)

Figure 2.10. Simulink sensors and displays (a) voltage sensor, (b) current sensor, (c) multiplier, (d)
integrator, (e) scope)

2.3 Survivability analysis of E. coli
2.3.1 Colonies counting in Petri Plates

In total, 400 ul of sample were inoculated in 5 different cuvettes, as shown in Table
2.5. Once the cuvettes had undergone electroporation, 100 pl of their contents were extracted
for plating to analyze whether, after 24 hours of incubation, E. coli colonies grew in smaller
amounts than in a sample that did not undergo the procedure. To achieve this objective, 3
plating procedures were performed for each cuvette to have 3 statistically significant samples
and thus be able to establish arithmetic averages of the number of colonies that grew for each

field value applied.

To characterize the statistical variation of colonies with respect to colonies that did
not undergo the electroporation, another 4 samples (4x100ul) of contaminated dilution were
plated but this time directly from the test tube, whose content hosted a sane and stable number
of colonies that were not electroporated. With all this information, the percentage difference
in colony growth was calculated by dividing the average number of colonies that grew post-

treatment by the average number of colonies that grew from the untreated sample.
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Experimentacion
Campo | Volumen
5 2
eléchico totil Plaqueo 1 | Plaqueo 2 | Plaque 3
400 ul 100 ul 100 100wl
S k\"‘cm . . .
400 ul 100 ul 100 ul 100 ul
400 ul 100 ul 100 100 ul
400 ul 100 ul 100 ul 100 ul
400 ul 100 ul 100wt 100wt

Table 2.5. Colony count for each field value.

2.3.2 Spectrophotometric analysis UV-VIS OD600

A UV-VIS test was performed with the ND-1000 spectrophotometer to account for
the concentration of bacteria. With the instrument, absorbance values were obtained and due
to Beer Lambert's law, it was considered that the light absorbance value of the E. coli bacteria
sample was strictly proportional to the concentration of E. coli bacteria [53],[54]. The proper
method of absorbance reading for E. coli bacteria occurred by measuring the value for the
wavelength of irradiated light equal to 600 nm [55], procedure which due to this wavelength
is known as OD600.

This method has been previously used with this same equipment in recent studies [49]
and for this thesis the OD600 was performed using the Nanodrop software under the UV/Vis
mode, inoculating 1-2 microliters of the water with bacteria with micropipette (Figure 2.11)
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for the absorbance measurement according to the parameters established in the user's manual
[56]. Thus, to know how much bacteria survived the treatment it was necessary to relate the
absorbance values before and after the electroporation process, as shown in the following

equation:

Absorbancia post tratamiento

Equation 43 = % de supervivencia

Absorbancia inicial

Micropipete

Lense

Figure 2.11. Inoculation model for spectrophotometer usage

The initial absorbance was measured just after inoculation of the samples into the
cuvette containers for electroporation, that is to maintain the sterility of the liquid to be
treated. From the remaining 8 ml of sample in the stock dilution from the test tube 2 pl were
inoculated into the spectrophotometer to obtain an average value of the initial absorbance.

Five samples were taken.

After plating the electroporated content from the cuvettes, 100 ul sample was left over
from each cuvette from which 2 absorbance tests were also performed for each electric field

value applied. The whole absorbance tests’ scheme is shown in Table 2.6.

Cuvette Initial absorbance test OD600 Absorbance test post
electroporation OD600
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1 kV/icm The absorbance was measured
The initial absorbance was from the remaining sample in the

measured directly from the test cuvette (2 samples).

5 kV/cm tube (5 samples). idem
6 kV/cm idem
10 kv/em idem
15 kv/ecm idem

Table 2.6. Spectrophotometry tests

2.4  Regression formula of survivability of the E. coli

A curve was developed using Excel software that represented the behavior of the
decrease in E. coli survival with respect to the increase in the electric field applied to
eliminate it. For this purpose, it was defined that the percentage values of colony survival
were represented as dependent variables on the y-axis; and, that the applied electric field

values are the independent variables on the x-axis.

The curve was constructed under the traditional expression of bacterial survival

established by the FDA [75]. Under that concept, the 'survival percentage’ of the y-axis was

calculated by the relation logw(Nﬁ), where N represents the number of surviving bacterial
0

colonies after each electric field application and N, the number of colonies found in the
control.

2.5  Threshold value of the electrical field required for elimination 50 % of E. coli
colonies

Hulsheger et. al [15] demonstrated that the bacterium E. coli K12 has a critical electric
field value E, equal to 4.9 kV/cm, i.e., that after this electric field value is applied, the
bacterium begins to die and to decrease with a linear behavior with respect to the increase of
the electric field. So, it is with this notion, that the experimental curve defined by the
electroporation results of our experimentation was contrasted with the theoretical curve given

by this author. The objective was to understand whether our results were as equal, less, or
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more effective than what the literature has to say and to define the electrical field value

needed to eliminate at least 50% of bacteria for both our results and Hiilsheger’s experiment.

In addition, with the energy values previously calculated during the simulation of this
experiment, it was possible to determine the electrical energy needed to achieve the threshold

value.
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CHAPTER II1I:
RESULTS AND DISCUSSIONS

3.1  Energy transfer simulation

3.1.1 Thermo-physical parameters

The temperature of the water in the vessels varied for each value of field applied.

Firstly, this parameter was relatively similar for all cuvettes with an average temperature of

22.32 °C. One of the measurements was 22.7 °C so | hypothesize that the most likely actual

temperature is 23 °C at most. In that sense, Table 3.1 shows that the temperature variation

applying 1 and 5 kV/cm is practically null since the range of temperatures measured for these

2 cases is from 22.3 to 23 °C. However, from 6 kV/cm onwards there is a slight increase in

temperature, being 0.7 °C the temperature variation for this electric field value and 3 °C and
8.8 °C for 10 and 15 kV/cm respectively.

E-field Temperature Temperature pH of the pH of the E-field
applied before after medium before | medium after applied
[kV/iecm] electroporation | electroporation | electroporation | electroporation [kV/icm]
[°C] [°C]
1 22.7 23 0.3 7-75
5 22.2 22.3 0.1 7-75 7-75
6 22.2 22.9 0.7 7-75
10 22.1 25.1 3 7-175
15 22.4 31.2 8.8 7-75

Table 3.1. pH and temperature measurements before and after electroporation




This temperature variation allows the use of the energy equation for incompressible
fluids considering water in the compressed liquid state. The enthalpy equation for a given

temperature T is according to [57] described by means of the following formulation:

H =mc,T =mh Enthalpy in Joule [J]

Since there was a variation in the temperature, there will be a variation in the enthalpy
H. It was taken into consideration that the dilution of water with buffer is taken as 100%
water. In that sense, the density of water between 22 and 23 °C is equal to 997.71 kg/m3 [57],
so that, for a volume of water equal to 400 pl, the mass between the cuvette plates is equal to
m = pV = 3.99084E" 4 kg.

The equation of the enthalpy variation was then equal to:

AH =m [CpTZTZ - Tl] == m[hz - h’l]

CpTl

Listed in Table 3.2, in the fifth column, are the final thermal energy variations AH
transferred to the water as a product of the power transfer through the plates to the dilution.
Considering that the treatment involved applying 30 pulses per experiment it was possible to
calculate an average power value P (second last column of Table 3.2) for each pulse by
dividing AH over the time of each pulse and again over 30 pulses. It is to be noted that in
general the energy or enthalpy difference AH increases with the rise in electrical field or

voltage value applied.
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Voltage Specific Specific Ah AH AH per P per
applied enthalpy before enthalpy Specific Enthalpy pulse pulse
V] treatment h1 after enthalpy | difference [9] [W]
[J/kg] treatment h2 difference :
[k] Ll
[J/kg]
198 95263 96520 1257 0.5016 0.01672 760
987 93168 93587 419 0.1672 0.0055733 253.33
1188 93168 96101 2933 1.1705 0.039017 1773.5
1986 92749 105308 12559 5.0121 0.16707 7594.09
2865 94006 130806 36800 14.686 0.489533 22251.5

Table 3.2. Thermal energy and power transferred to the cuvette per pulse

It should be noted that the first column of the table shows that the voltage values vary
slightly from the initial theoretical values (200, 1000, 1200, 2000 and 3000 V) that were
going to be applied since the pulse generator decided by itself to regulate these values
automatically. That is, 100% of the theoretical voltage and electric field were not transmitted
to the samples. So, this circumstance was considered during the simulation with Simulink,
for which this voltage values were finally the ones that were set as initial values during the
simulation. Furthermore, each pulse had a real application time (pulse length) equal to t=22
us instead of 20 ps since this value was also defined automatically by the pulse generator.

All these measurements can be observed in the Appendix 7.

Finally, it should also be mentioned with certainty that the only reason for there to be
a temperature rise in the water dilution is that there was a leakage current flowing through
the medium that dissipated the thermal energy AH according to the expression P = I?R,
where R is the resistance due to water dilution and 1 is the leakage current through it. This

phenomenon will eventually be discussed in this research.
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3.1.2 Electrical parameters’ measurements

3.1.2.1 RLC-meter’s measurements

The parameters measured with the RLC-meter were listed in Table 3.3 and they show

that from 12 out of 20 measurements (each row of the table counts as one measurement) the

trend of variation of inductance 'Ls', capacitance 'Cs' and resistance 'Rs' after the appliance

of the pulses corresponds with an increase, a decrease, and an increase of their values

respectively. The same trend was to be seen in the results of a preliminary experimentation

(Table 7.7) done before this primary investigation for which their results are to be found in

Appendix 6. Although the explanation of this trend is beyond from the scope of this primary

investigation the results of the preliminary part detail that there is a dependance of the

variation of impedance of the system AZ on the variation of the main parameters A Ls, A Cs,

and A Rs.
Before electroporation After electroporation

Frequency | Ls () Cs (F) (OF;Sm) Ls (H) Cs (F) (oFE]SFn )| aLs | acs | aRs
100 1.569 1.6168E-06 | 221.2 1.525 0.000001658 | 229.1 | -2.8% | 2.5% | 3.6%
1 1000 0.0205 1.2342E-06 | 70.46 | 0.02022 | 0.000001252 | 73.82 | -1.4% | 1.4% | 4.8%
Kviem| 10000 0.0002539 | 9.976E-07 | 52.22 | 0.0002538 |0.000000998 | 54.47 | 0.0% | 0.0% | 4.3%
100000 | 0.00000328 | 7.723E-07 | 50.53 0 0 0 0.0% | 0.0% [ 0.0%
100 1.087 0.000002328 | 351.2 1.207 0.000002095 | 392.7 | 11.0% | -10.0% |11.8%
5 1000 0.0215 1.1771E-06 | 109.9 [ 0.02369 |0.000001068 | 115.38| 10.2% | -9.3% [ 5.0%
kviem | 10000 0.0003665 | 0.000000691 | 60.5 | 0.0004032 | 6.284E-07 | 61.66 | 10.0% | -9.1% | 1.9%
100000 | 0.000006225 | 4.054E-07 | 53.56 [ 0.0000068 | 3.744E-07 | 54.61 | 9.2% | -7.6% [ 2.0%
100 1.038 0.000002436 | 342.1 1.183 0.000002141 | 399 | 14.0% | -12.1% | 16.6%
6 1000 0.021 0.000001205 | 113.4 | 0.02436 | 1.0397E-06 | 122.6 | 16.0% | -13.7% | 8.1%
kviem| 10000 | 0.0003888 | 6.496E-07 | 59.2 | 0.0004438 | 5.707E-07 | 61.56 | 14.1% | -12.1% | 4.0%
100000 | 0.000006614 | 3.823E-07 51 |0.000007342 | 3.448E-07 53 | 11.0% | -9.8% [ 3.9%
100 1.7628 | 0.000001436 | 730 1.913 0.00000132 | 764.2 | 85% | -8.1% | 4.7%
10 1000 0.042 0.000000604 | 172 0.0448 | 0.000000565| 195 | 6.7% | -6.5% |13.4%
kviem| 10000 0.000701 | 3.611E-07 | 64.84 | 0.000728 | 3.223E-07 | 70.18 | 3.9% | -10.7% | 8.2%
100000 | 0.00001077 | 2.352E-07 | 54.3 | 0.0000118 | 2.147E-07 | 56.74 | 9.6% | -8.7% [ 4.5%
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Before electroporation After electroporation

Frequency Rs Rs
Hz Ls (H) Cs (F) (Ohm) Ls (H) Cs (F) (Ohm) ALs ACs | ARs
100 1.2686 0.000001967 | 438 1.2815 |0.000001997 | 428.2 | 1.0% | 1.5% |-2.2%
15 1000 0.02636 0.00000096 | 122.3 | 0.02544 |0.000000996 | 121.55| -3.5% | 3.7% | -0.6%
kviem [ 10000 0.0004331 | 0.000000585 | 61.13 | 0.0004386 |0.000000578 | 61.16 | 1.3% | -1.2% | 0.0%
100000 0.000007 3.614E-07 54 0.0000069 | 3.686E-07 | 53.86 | -1.4% | 2.0% [-0.3%

Table 3.3. Inductance, capacitance, and series resistance measured by the RLC instrument, before
and after the electroporation procedure. Last three columns show the variation of the parameters with respect
to the initial values.

From these values, the most important ones are the Cs and Rs values because they
represent the ESR, and Cp values needed for the development of the equivalent circuit in
Simulink. Out of these parameters, the values at 100 Hz were needed because that frequency
value was the one that approached the most to 0 Hz, since DC pulses were applied. The

importance of this values will be furthered discussed.

3.1.3 AMPROBE AC50A current measurements

It was recorded on videos how the current values supplied to the cuvette vessel
increased with respect to time. The data were recorded in Table 7.9 in Appendix 7 and, as
explained in section 2.2.2.1, the data was gathered by selecting at the maximum current peak

value measured within the pulses’ intervals.

From Table 7.9 it is noticeable how with respect to the advance of time, the current
peaks increase considerably, and this increase was able to be visualized in Figure 3.1. This
increase in current only denotes that as both the electric field and the electroporation time

increase, the current values increase as well.
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Figure 3.1. Variation of peak current with respect to time

Current increase suggests 2 important analytical considerations and one important
fact, which is that the electrical energy transmitted into the system rises with respect to time.
However, on the one hand, the first analytical consideration concerns Ohm's Law. This law
explains that the only reason for an increase of current in an electrical system to occur is that
a decrease on its electrical impedance takes place. On the other hand, the second perspective
takes the law of current through a capacitor into consideration, which implies that, as the
current reaching a capacitor depends on its capacitance value 'C' and this in turn on the value
of the dielectric constant 'K' of the dielectric between its plates, the increase in current during
this experiment would be explained by an increase in the value 'K' of the water and therefore

in the capacitance ‘C’ of the cuvette vessels that were used during the electroporation.

In the following, the two perspectives of analysis were discussed.

3.1.3.1 Analysis Consideration 1: Change in the resistivity p of the medium

About the first consideration of analysis, there are studies about the variation of water
resistivity 'p' with respect to temperature ([60]-[62]) that guarantee that water resistivity and
resistance decrease with increasing temperature. Such studies involve the use of 'ultrapure
water' and not pipe water as is the case in the thesis, however, since the element is the same,

it can be hypothesized that the temperature increase recorded in section 3.1.1 represents a
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decrease in the dilution resistivity of water as the electric field and temperature of the medium

increases.

To corroborate this hypothesis, we appealed to the explanation seen in [63] which has
described how an increase in the current reading through a cuvette vessel effectively responds
to an increase in the temperature of the medium [63]. Similar cases, such as that of A. Ruarus
et Al. [64], have been able to demonstrate with theory and amperage measurements that
indeed the physical phenomenon that explains an increase in current during an
electroporation procedure is an increase in electrical conductivity of the medium because of
its increase in temperature. The results have been measured and illustrated in Figure 3.2 and
for each electric field pulse applied in the irreversible electroporation studies there was an

increase in the measured current.

Procedure Current Resulls

Al

Current(A)
3

Time

Figure 3.2. Increase in current during applied pulses in an irreversible electroporation experiment
[64]

Furthermore, when the temperature of the medium in [64] returned to the initial
temperature, the amperage of the pulses also returned to its initial values. Therefore, it is
concluded that temperature is a parameter that affects the correct measurements of
parameters during electroporation procedures and will be a fundamental variable when
performing other electroporation experiments. Having established the basics of the
temperature and current behaviors during electroporation, it could be then concluded that as
the conductivity of the tap water during this investigation increased due to a temperature
raise, its resistivity decreased fulfilling Ohm's law, and thus reading increments in the current

that passed through the current sensor.
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3.1.3.2 Analysis Consideration 2: Change in the electrical conductivity K of the
medium

Regarding the second analysis consideration, it was previously explained that
capacitance is a value that depends on the dielectric constant of the medium between the
plates of a capacitor. Now, three studies ([65]-[67]) mention how the dielectric constant 'K’
of water (either distilled or tap water) will tend to decrease with the increase in its temperature
T; and, in [66] an equation (Equation 44) is given as a function of temperature T for the
calculation of 'K" in distilled water. That function was used in this thesis according to the
experimental temperatures defined in Table 3.1. The equation is not said to be valid for tap
water but because the value of the dielectric constant at 25°C (K=78.5) behaves quite
similarly for all types of water, it gives an estimate on the capacitance change of the cuvette

due the temperature increase of its medium.

Equation 44 K = 87.740 — 0.4008t + 9.398(10"*)t? — 1.410(107%)¢3

By applying Equation 11 (Ck = ATsl"K) the capacitances of each of the 5 different

cuvettes were then calculated and listed in Table 3.4. As expected, if the value of 'K'

decreases (see columns 5 and 6), the capacitance values decrease, too (see columns 7 and 8).

. . Temp. Temp. . . . -
Applied | E-field Dielectric | Dieelctric . .

Voltage | applied Before After constant K | constant K Capacitance | Capacitance
treatment | treatment C before [F] | C after [F]

V] [kVv/cm] o o before after

[°C] [°C]

198 0.99 22.7 23 79.1096167 | 79.0015987 | 7.00451E-11 | 6.99495E-11
987 4.935 22.2 22.3 79.2899842 | 79.2538769 | 7.02048E-11 | 7.01729E-11
1188 5.94 22.2 22.9 79.2899842 | 79.0375878 | 7.02048E-11 | 6.99814E-11
1986 9.93 22.1 25.1 79.3261084 | 78.2497067 | 7.02368E-11 | 6.92838E-11
2865 14.325 22.4 31.2 79.2177865|76.1070553 | 7.01409E-11 | 6.73866E-11

Table 3.4. Dielectric constant K and capacitance C values according to pre- and post-electroporation
temperatures.
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This behavior on the capacitance is not indistinct from that observed in both the
preliminary and primary experimentation when the parameters of Cs were measured with the
RLC-meter (Table 3.3 and Table 7.7). Thus, given the experimental results measured with
the RLC-meter, as well as given the theoretical results in Table 3.4, it is demonstrated that
the capacitance 'C' of the cuvette vessel tends to decrease as a product of the electroporation
procedure. However, despite this, the decrease in capacitance 'C' would not explain the
increase in current 'I' observed in Figure 3.1. On the contrary, given Equation 13, a decrease
in the capacitance of a capacitor translates directly into a decrease in the current that passes
through it, in this case, the current that passes through the cuvettes.

3.1.3.3 Final current discussion

To sum up, it can only be concluded that the increase in current measured during the
experiment is explained only, if at the same time, there is a reduction in both the resistivity
of the tap water and the capacitance of cuvettes, where the variation of the resistivity with

respect to time is much greater than the variation of the capacitance. (% > %). Only in this

way, the current would increase because of the decrease of the resistivity of the medium and

would not decrease due to the decrease of the capacitance.

In the end, it is noticeable that the energy transfer into the water will actually tend to
increase as the current increases. In other words, this thesis demonstrates that electroporation
in cuvette vessels is a procedure that will always require a higher power flow per pulse
applied due to the decrease in the resistivity of the medium, making the electroporation
process a thermodynamically transient and non-stationary system.

In the following section, the electroporation system was modeled, and the values of
thermal energy dissipated and seen in Table 3.2 were validated with the usage of an

equivalent circuit analysis.
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3.1.4 Simulink simulation

As explained in the methodology the values of ESR, EPR and C were obtained to
simulate the equivalent circuit. As known, ESR corresponds to the value of 'Rs' measured
with the RLC-meter; 'Rp' was the resistance due to the resistivity 'p' of the dielectric (tap
water) between the cuvette vessel plates [68], [52], [68] and the capacitance C corresponds

to the value of 'Cs' which was also measured with the RLC-meter.

Both Cs and Rs values used were those measured at 100 Hz frequency before
electroporation (from Table 3.3), as they were the closest to 0 Hz. The simulation was not
performed with the values measured after electroporation, because the values measured in
this state were not completely constant and tended to vary much. The final values used for

the simulation of each of the 5 equivalent circuits were organized in Table 3.5.

Frequency Hz Series capacitance Cs Series resistance Rs
1 kV/cm 1.62E-06 221.2
5 kV/cm 2.33E-06 351.2
6 kV/cm 2.44E-06 342.1
10 kV/cm 1.44E-06 730
15 kV/cm 1.97E-06 438

Table 3.5. Capacitance Cs and Resistance Rs measured from the 2mm cuvette

Now, since the values of Cs and Rs were measured from the same vessel with 'gap’
equal to 2 mm, then each row of Table 3.5 represents an individual measurement from which
an average and the standard deviation (S.D.) of the measurements was calculated and
established in Table 3.6.

Cs Rs
D.E. 4.34E-07 191.4980679
Mean 1.96E-06 416.5

Table 3.6. Capacitance and resistivity (average and standard deviation)




The only parameter that was missing was the Rp value which was considered as
constant to facilitate the calculations and the development of the circuit. As already
discussed, resistance Rp was calculated from the tap water conductivity measurement, which
was taken directly from the tap water of UTEC and had a value equal to 567 uS/cm or 1763.66

Ohm-cm.

It is important to mention that SUNASS [72] claims that in Peru all drinking water
must have a conductivity lower than 1500 uS/cm or resistivity higher than 666.66 Ohm-cm;
in that sense, the measured conductivity of UTEC's tap water falls within the range
established by law and can be valid to use. In addition, 567 puS/cm falls within the range of
Rimac river’s conductivity given by INEI and the Autoridad Nacional del Agua (ANA), as
well as within the range of conductivity of various samples of tap water measured from Lurin
district that were found on an undergrad investigation. The information and sources of this
values can be found in Appendix 8.

Now, to calculate the value of Rp, given the previously measured resistivity, Equation
19 was used. For this, it was important to first analyze the geometry of the cuvette, especially
the surface area A of its plates and its gap, which we already know it to be 0.2 cm (2 mm).

So, if the area of the cuvette vessels’ plates is considered to have a surface area A equal to:

Cuvette volume 400 pL _
A= = — =2E"*m? = 2cm?
Gap 0.2 cm

Then, the resistance value 'Rp’ of the UTEC water is equal to:

L Ga 0.2cm
_ P2 _PEP _ 1763.66 0cm + = 176.36 0

R =
P A A 2 cm?

3.1.4.1 Enthalpy AH simulation

Since the enthalpy AH calculated in Table 3.2 represents a thermal loss, this energy
was simulated as the sum of the energy dissipated in the resistors 'Rs' and 'Rp' after the 30

pulses applied for each electric field value, since the energy dissipated in resistors represents
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thermal losses according to circuit theory. The purpose of this simulation is to define a curve

that represents the energy lost as heat for each of the 5 e-field pulses applied.

However, to define the curve that best models the behavior of thermal losses, 4

scenarios were simulated to validate which values of 'ERS' and 'Cs' best fit to simulate the

actual measured enthalpy. These were the scenarios where:

a.

b.

The average capacitance Cs and average resistance Rs were used.

The maximum capacitance Cs and maximum measured resistance Rs were used.

The minimum capacitance Cs and minimum measured resistance Rs were used.

The respective parameters from Table 3.5 were used.

Having the values of Cs, Rp and Rs ordered in Table 3.7 for each of the 4 scenarios,

we proceeded to carry out the simulations.

Scenarios Conditions Cs Rs Rp

1) Mean Csy Rs
1.96E-06 416.5 176.33
(2) Max. Csy Rs 2.44E-06 730 176.33
(3) Min Csy Rs 1.44E-06 221.2 176.33
1 kV/cm 1.62E-06 221.2 176.33
. 5 kV/cm 2.33E-06 351.2 176.33

4 Respective Cs

and Rs values L 6KV/icm | 2.44E-06 | 342.1 176.33
10 kV/cm 1.44E-06 730 176.33
15 kV/cm | 1.97E-06 438 176.33

Table 3.7. Values of Cs, Rp and Rs per simulated scenario

The sums of energy dissipated in the resistors 'Rp' and 'Rs' for each applied pulse

were very similar to those measured during the experimentation for the scenario of average

values (Scenario 1) and that of the respective measured values (Scenario 4). However, as
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seen in Table 3.8, the rest of the scenarios (2 and 3) presented energy values very far from

the real ones, so it was decided to resign their significance in the explanation of the results.

Energy in Joule [J]

Real e-field

Respective Cs

apviid | L ired | (Soonario D) | (Sosnarion) | (senariod) | M Revlues
0.99 0.5016 0.06053 0.03497 0.1106 0.1109
4.935 0.1672 1.504 0.8689 2.747 1.779
5.94 1.1705 2.179 1.259 3.98 2.646
9.93 5.0121 6.09 3.518 11.12 3.504
14.325 14.686 12.67 7.322 23.15 12.07

Table 3.8. Thermal energy dissipated in the cuvette vessel according to scenario and actual enthalpy

So, with the values of Table 3.8 the energy curves were plotted in Figure 3.3. This

results only denote that for values of Rs and Cs measured with a conventional RLC meter for

a frequency of 100 Hz, it is possible to achieve a similarity in the energy results that is not

far from the real enthalpy transferred into the tap water. It is important to notice that average

values (Scenario 1) adjust the energy values much better to the real ones than the other

scenarios. Let’s don’t forget either that the resistance value Rp was considered as constant

during the simulations. This means that it was possible to obtain close energy values without

having to consider the possibility of a variation on the resistance of the tap water, effect

previously discussed to be of great possibility of having to happen during the electroporation.
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Figure 3.3. Plots of dissipated energy per electric field value (red: experimentation, blue: simulation with
average values, yellow: simulation with values measured with RLC-meter).

The total electrical energy through the system (between the terminals of the pulse
generator) was also simulated and for simplicity only the total electrical energy according to
the average value scenario (Scenario 4) was listed in Table 3.9. It was calculated that, of the
total electrical energy delivered by the pulse generator, 99.36% of the energy was dissipated
as heat through the cuvette vessel, leaving a remaining 0.64% of energy that was either
dissipated through the conductive wires (Rw = 1.4 Ohm) or stored in the electric field of the
capacitor. It should be noted that it was also possible to simulate the current through the
resistor Rp, or, in other words, the leakage current. However, it is beyond the scope of this

thesis to show these parameters.
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Energy simulated in Joule
for the scenario 4 [J]
E-field Whole ERS+Rp Percentage
[kV/em] system energy [J] from the
energy [J] 9y whole
0.99 0.06092 0.06053 99.36%
4.935 1.514 1.504 99.34%
5.94 2.193 2.179 99.36%
9.93 6.129 6.09 99.36%
14.325 12.75 12.67 99.37%

Table 3.9. Percentage of energy dissipated as heat to the vessel

3.2 Survivability equation of E. coli
3.2.1 Colonies counting in Petri plates

A noticeable decrease in the value of colonies grown in the range of 1-10 kV/cm was
obtained. The photos of the experience are all in Appendix 7 and the plates do not show a
visual trend that dictates that the percentage of colonies eliminated is proportional to the
increase in the electric field value. Of the 3 samples for each value of electric field applied
that was plated, uneven results were obtained as shown in Table 3.10 and even in the case of

sample 3 for 1 and 6 kV/cm, 2 colony counts could not be recorded due to a cultivation error.

UFC amount per sample plate
Cuvette Sample 1 Sample 2 Sample 3
1 kVicm 23 17 -
5 kV/cm ~34 ~39 <36
6 kV/cm >34 6 _
10 kV/cm ~12 ~30 ~19
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UFC amount per sample plate

Cuvette

Sample 1

Sample 2

Sample 3

15 kV/cm

<100

~300

~300

Table 3.10. Surviving colonies per electric field value

In Table 3.11 it was determined that on average the colonies from the untreated water

sample equaled 75 units per 100 ul of sample, With this value, if the corresponding change

ratio is performed by dividing the values in Table 3.10 by the 75 units, the percentage of

colonies eliminated can be calculated. This percentage exceeded 50% in most cases, except

for sample 2 for 5 kV/cm and its results can be reviewed in Table 3.12.

UFC amount per sample plate Average
Control Sample 1 Sample 2 Sample 3 Sample 4 UFC value
75 60-80 <49 <60 75
Table 3.11. Control samples
% Of survivability (UFC)
Cuvette Muestra 1 Muestra 2 Muestra 3
1 kV/cm 30.7 % 22.3% -
5 kV/cm ~45.4 % ~52 % <48 %
6 kV/cm <453 % 8% -
10 kV/cm ~16 % ~40 % ~25.3%
15 kV/cm - - -

Table 3.12. Percentage of colonies that survived the treatment (3 samples per e-field pulse)

It is worth noting that, after applying the value of 15 k\V/cm, more colonies grew than

the original control number which we already know was 75 UFC. The increase was more

than double the control and on 2 occasions, the colonies formed exceeded 300 units.
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Understanding this effect is beyond the scope of this thesis, so only the survivability of the

1-10 kV/cm samples have been taken as significant.

3.2.1.1 Discussion of the survivability trend

Qualitatively the visual results (Appendix 7) show some inverse trend to the expected
as the applied electric field increased during the experimentation. It appears visually that as
the electric field increased, fewer bacteria were inactivated. At best, one would notice the
clear tendency of the colonies to decrease as demonstrated in the experimental studies by
Hilsheger et. Al. [15] or in the theoretical studies described by A. Goldberg and B. Rubinsky
[41]. However, in 9 out of 10 cases (not counting the 15 kV/cm samples) more than 50% of
colonies were inactivated, even at the lowest applied electric field value which was 0.99
kV/cm.

This event found its answer in the literature found in [73], where electroporation
studies on volumetric flows of orange juice and coconut water characterized the effectiveness
of different field pulses on the survivavility of E. coli, L. monocygotenes, S. cerevisiae, S.
senftenberg and L. plantarum microorganisms. The results correlated that the effectiveness
in inactivating the microorganisms was higher for the condition in which moderate bipolar
electric field pulses of 2.7 kV/cm in the range of 15-1000 ps were applied, than for high
monopolar pulses between 10-20 kV/cm in the range of 2 ps. In other words, while applying
the same amount of electrical and thermal energy for both configurations (moderate and
high), more bacteria were inactivated with the moderate electric field value than with the
higher one.

Under this concept, it is not wrong to think that the lowest values of e-field applied
had a better efficiency than the highest one. This inverse effect even demonstrates that the
inactivation effectiveness of electroporation procedures does not depend exclusively on a
specific and determinant value of energy transferred to the medium; but rather, on the
conditions under which this energy is transferred, i.e., the applied electric field value and the

applied pulse duration. The experimental setup had also constant pulse duration (which was
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22 us), so the only parameter left which might have represented the only influence on the
result was the e-field applied.

This experiment only shows that for a range of time in the domain of the
microseconds, 1 kV/cm is more than enough to eliminate more than 50% of E. coli bacteria
on tap water. The only reason that might have played against higher efficiency in higher field
pulses could be linked to the increase in temperature that decreases the resistivity of the
dilution and increases its conductivity. In that sense, Hilsheger et. al. (Figure 3.4) and F.
Espino-Cortes et. al. [74] mention that increasing the conductivity of the medium reduces the
inactivation efficiency of the electroporation treatment. Therefore, it makes sense to believe
that the electroporation efficiency also decreased with increasing temperature and with
increasing applied voltage. However, it has not been possible to quantify how much the

efficiency decreased due to the increase in temperature and it is left as a recommendation to
investigate.

-
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Figure 3.4. Increased electroporation efficiency in E. coli removal with increasing resistivity. [15]

3.2.2 Spectrophotometric analysis UV-VIS OD600

A spectrophotometry analysis was performed (see curves and data measured with the
Nanodrop ND-1000 in Appendix 7) whose values for the wavelength equal to 600 nm have

been listed in Table 3.13. The curves in fact show no significant variation in the absorbance
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values, and this is to be seen in Table 3.13 because the mean absorbance post treatment
values for each individual e-field value applied tended to be like the initial absorbance value
which was 0.011. This fact is significant, because it only shows that the plate results seen in

section 3.2.1 are not correlated with a variation in absorbance.

Cuvette Initial absorbance test | Absorbance test post | Mean absorbance post
0ODG600 treatment OD600 treatmen

1 kV/icm Sample 1: 0.014
Sample 2: 0.012 0.013

5 kV/icm Sample 1: 0.014
Sample 2: 0.011 0.125

6 kV/icm Sample 1: 0.014 Sample 1: 0.014
Sample 2: 0.014 Sample 2: 0.021 0.153

Sample 3: 0.006 Sample 3: 0.011

10 kV/cm Sample 4: 0.009 Sample 1: 0.008
Sample 5: 0.012 Sample 2: 0.013 0.013

Mean: 0.011 Sample 3: 0.018

15 kV/em Sample 1: 0.007

Sample 2: 0.009
Sample 3: 0.013 0.105

Sample 4: 0.013

Table 3.13. Pre- and post-electroporation treatment absorbance values

These results show that the inactivation by electroporation of E. coli did not alter the
absorbance of the medium, for which the absorbance values were not useful to establish a
survivability percentage rate based on Equation 43. It should be noted that from the beginning
it was specified that the instrument was not calibrated, and this may have been a reason for

the lack of variation.
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3.3 Regression formula for E. coli survivability

Table 3.14 summarizes the applied electric field values versus survival values for

each of the three samples. The last column of the table comprises the average survivability

values for each applied field value given the 3 samples. Because sample N°3 had cultivation

issues, with the values for sample N°1 and 2, the curves defining the survivability with

respect to the applied electric field were plotted in Figure 3.5. The average survivability was

plotted, too
% Of survivability (UFC)

E-field value Sample 1 Sample 2 Sample 3 Average
kV/cm Survivability
0.99 (1) 30.70% 22.30% - 26.50%
4.94 (5) 45.40% 52% 48% 48.47%
5.94 (6) 45.30% 8% - 26.65%

9.93 (10) 16% 40% 25.30% 27.10%
Table 3.14. Average survivability per e-field value applied.
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Figure 3.5. Experimental survival curves

Unfortunately, due to the cuvette gap (2 mm) and the maximum applicable voltage

of 3000 V of the available pulse generator, it was impossible to achieve electric field ranges
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above 15 kV/cm for which the final analysis had only 4 points for the construction of the
curves. This was not enough data for establishing a significant correlation formula with the
Excel software, not either a correlation coefficient R2. Therefore, the second last specific
objective of this research could not be accomplished.

Nevertheless, Figure 3.5 shows that over the working range of the experiment the
percentage of bacteria removal was almost constant, approach that serves for establishing
that the e-field range of electroporation efficacy for killing E. coli colonies on tap water was
1-10 kV/cm. Moreover, within this electroporation range, 1 kV/cm can be considered as the
most efficient e-field because, as Table 3.15 illustrates, this value required the less energy
for inactivating a similar amount of E. coli colonies among all the other higher e-field pulses

applied.

Survivability (%) Mean
energy
Electrical Mean simulated
Field [J]

1 kV/cm 26.50% 0.06092
5 kv/cm 48.47% 1.514
6 kv/icm 26.65% 2.193

10 kV/cm 27.10% 6.129
Table 3.15. Energy for eliminating a specific percentage of colonies per e-field pulse applied

3.4  Threshold electrical value for Killing 50% of E. coli

With the results already discussed, it is evident that it has not been possible to
establish an experimental curve that would define a mathematical correlation between the
increase of the electric field with the percentage of survival of the E. coli bacteria. However,
it was decided to compare the experimental curve against the curve defined by the author
Hulsheger in 1996. For this purpose, the theoretical survival correspondence was described
by the relationship seen in Equation 40 in the theoretical framework. The parameters used in

the equation were the constants t. =12 us, E. =4.9kV/cm, k = 3.6 kV /cm and the
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treatment time t, which was equal to the multiplication of the applied pulse duration (t=22ps)

with the total number of applied pulses n=30, i.e. t=0.00066 seconds.

Once the parameters were defined, the curve was plotted by varying the electric field
values according to the values applied in this experimentation (1, 5, 6, 10 and 15 kV/cm).
The result is a blue curve visible in the Figure 3.6, which shows the descending trend of
survivability with respect to the increase in e-field. When compared with the experimental
curves defined in Figure 3.5, the theoretical curve tends to be more inefficient because it is
shifted upwards along the y-axis. Besides, the sky-blue line seen on the graph shows that 6
kV/cm was the theoretical threshold value for which 50% of E. coli bacteria was inactivated.
Hence, if we consider that 1 kV/cm was our experimental threshold value because it
eliminated between 50-70% of E. coli colonies, the electroporation procedure performed for

this research tended to be 6 times more efficient that theoretically.
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10.000%
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Figure 3.6. Comparison of experimental survival vs. theoretical survival.
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3.5 Final discussion

To sum up, the whole experimentation demonstrated that with only the application of

30 pulses of 1 k\V/cm with a duration per pulse of 22 ps, it was possible to eliminate up to

70% of E. coli bacteria found in a 400 ul sample of tap water. It can be concluded that 1

kV/cm was the threshold electric field value at which 50 to more percentage values of E. coli

colonies could be eliminated using cuvette vessels with 2 mm gap, where the simulated

electric energy to achieve that goal was around 0.06092 Joule, or in other words, it was less

than 1 Joule.

Finally, Table 3.16 shows the summary of the total results.

Mean electrical | AH Enthalpy

Dilution Voltage E-field Mean energy difference
Factor Gap Applied applied survivability dissipated transferred
[mm] [V] [kV/cm] percentage through to the tap

(%) resistors Rp water

and ESR
_ [9]
simulated [J]

198 0.99 26.50% 0.06092 0.5016

987 4.935 48.47% 1.514 0.1672

10! 2 1188 5.94 26.65% 2.193 1.1705

1986 9.93 27.10% 6.129 5.0121

2865 14.325 - 12.75 14.686

Table 3.16. Result after analysis of data and result
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CONCLUSIONS

The energy values simulated with Simulink showed that the measurements of series
resistance Rs and series capacitance Cs for 100 Hz with a conventional RLC-meter allowed
simulating, with the archetype of a compound equivalent circuit for representing the cuvette,
the energy losses of the system in a very similar way as in reality, where on average 0.06 J,
1.504 J, 2.179 J, 6.09 J and 12.67 J were simulated to be lost as heat respectively for each
applied electric field pulse. This electrical energy can be similarly represented by the change
of enthalpy AH of the tap water and the results of this research show how good electrical
simulations can closely represent a real heat dissipation effect of an electroporation circuit.

It should also be noted that the thermal losses according to the simulations with
Simulink represent the 99.36% of the total energy supplied by the pulse generator. In
addition, for the simulation to work efficiently, the losses should be represented as electrical
energy values dissipated through a resistor Rp, due to the dielectric (tap water) between the
cuvette’s plates, and through a resistor ESR, due to the parasitic losses of the capacitor

(cuvette).

The interpretation of the colony counting methodology showed that in 9 of 13 plated
samples there was a decrease of more than 50% of E. coli colonies formed. That is, the
applied field range between 0.99 and 9.93 kV/cm was able to inactivate approximately 50-
70% of colonies stored in 400 pl of pipe water from a population of between 750-800 CFU/mI
of water. Unfortunately, the absorbance test did not bring any important variation results for
describing the relation between a spectrophotometric analysis and a survivability change.
The lack of absorbance variation might have occurred due to the poor calibration of the

instrument and/or due to the little amount of sample that was used for the procedure (2 pl).

Due to the low variability of the data, it was not possible to establish a survival
correlation that mathematically models the percentage removal of E. coli colonies as a
function of increasing applied electric field. However, if one were to choose the most
effective electric field value to inactivate E. coli in tap water, 0.99 kV/cm would be the



appropriate value, since despite being the lowest field value applied, it eliminated similar or

more colonies than the higher field values used.

In this sense, it can be defined that 1 k\//cm was the threshold electric field value with
which it was possible to eliminate even more than 50% of E. coli bacteria in tap water and
with which the last specific objective would be met. It should be noted that the technical
specifications of the pulses were: a type of unipolar pulse applied, a pulse duration equal to
22 us, an interval between each pulse equal to 1 second and a total of n=30 pulses applied.
The total electrical energy simulated with 1 kV/cm was 0.06092 J and the measured
resistivity of the pipe water was equal to 1763.66843 Ohm-cm.

Finally, it should be noted that the increase in temperature of the tap water is the key
for understanding the increase in current flow recorded during the experimentation. The
literature studied established that a heat transfer to a capacitor’s dielectric is most probably
related to an increase in its conductivity which therefore translates into a resistivity decrease.
Therefore, due to Ohm’s Law current must increase within an electrical circuit if impedance
or resistance must diminish. Temperature increase might have also been the reason for a
capacitance decrease, but understanding this phenomenon was beyond the scope of this
thesis.

All in all, the electroporation process proved to be a procedure whose energy
consumption follows a transient and non-stationary behavior with respect to time, due to the
increase in current that conditions the system to demand always higher power flows for each
e-field pulse applied over time. It could be said that the energy demand of this type of system
is not constant, but variable, thus a proper simulation of electroporation might only be done
if current and voltage values are measured with sensitive, precise sensors that measure the
variations of parameters precisely with respect to time. In addition, survivability was proved
to be efficient for this electroporation procedure, especially for tap water, so it might be a
good opportunity to test this same setup for a bigger scale in order to prove its efficacy on

larger volumes of contaminated tap water.
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RECOMENDATIONS

The experimental results allowed the development of an experimental survival curve
in the range of 1 to 10 kV/cm without the possibility of determining a mathematical
correlation equation. It is suggested to extend the experimental electric field range from 15
kV/cm to 40 kV/cm to have a larger amount of work data to which regression statistics can

be applied.

Similarly, the sample volume for this procedure should be expanded from 400 pl to a
bigger sample capable of running in a higher power spectrophotometer because the
probability of having performed a non-significant absorbance test in this thesis is high due to
the uncalibrated Nanodrop instrument and the application of only 2 pl of sample for the
respective analyses. For this new absorbance test, it is suggested to continue with the OD600

protocol.

Likewise, it would be an excellent recommendation to evaluate the efficacy of the
electric field pulses in different types of water, specifically in water from natural sources or
storage tanks with potential E. coli content. In this way, the actual effectiveness of
electroporation as a method to sterilize water could be tested with real field data and the data
could be compared with those defined in this thesis. It is suggested to test the same type of
pulse, i.e., unipolar, with the same pulse duration and only 1 kV/cm, to check if this electric

field value is efficient for different types of water.

To perform a better energy analysis, it is highly recommended to install better voltage
and current sensors. Specifically, the voltage sensor should be directly connected to the plate
terminals between the water volume to properly read the voltage transferred in-situ and see
if there is any potential drop or rise for each applied field pulse. As for the current, it is
sufficient to use a clamp ammeter that senses in the microsecond range in the same way as
the voltage. Consequently, the multiplication of voltage and current will have a better power
value and thus a more realistic integral energy calculation without the need for a MATLAB

simulation.



Finally, it is recommended to perform an ANOVA statistical analysis for the survival
analysis with the colony counting method, to calculate with statistical precision, the average
number of colonies that survived per value of electric field applied, as well as the average
number of colonies found in the control water sample. Moreover, instead of leaving the Petri
dishes incubating for 24 hours, it would be good to remove them after 15 hours, so that the

samples do not dry out and the colonies formed are in perfect condition to be counted.
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APPENDIX 1: PLATE ISOLATION METHOD BY

SERIAL DILUTIONS

Materials: Sterile micropipettes, tap water, sterile tubes, and sample (E. coli

suspension immersed in PBS buffer at 37°C).

1.

The tap water will be in a beaker that will have been sterilized with
UV light in the sterilization chamber prior to performing dilutions.
Take a sterile micropipette of 100-1000 microliters and place the tip
without touching with the hands more than just the upper part of the
instrument with which the inoculation will be manipulated. Flame the
mouth of the beaker with water and take 9 ml of its content.

Transfer the 9 ml to one of the sterile tubes, flaming the mouth of the
tube after removing the cap and before replacing it. Remember that
the stoppers must be kept in the hand and not left on the table during
the operation. Avoid touching the tip to any object. Always work in
the vicinity of the flame.

With the same tip, if it has not been contaminated, transfer again 9 ml
of the Beaker water following the instructions given in 2 and 3.
Repeat 4 as many times as necessary. Finally discard the used tip.
With a new tip take 1 ml of sample and transfer it to the first of the
tubes with 9 ml of water. Deposit the tip in ‘contaminated material' and
mark the tube as 1/10 (or 10%).

Shake the tube with the first dilution well by rotating it between the
palms of the hands and, with a new sterile tip, transfer 1 ml of this first
dilution to the second tube with 9 ml of water. Discard the tip and
shake the tube. Mark it as 1/100 (or 107?).
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APPENDIX 2: RLC-METER EQUATIONS
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Figure 7.1. Capacitance equations
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APPENDIX 3: PRELIMINARY EXPERIMENTATION’S LB
MEDIUM PROTOCOL

1. Weigh 11.25 g of Agar and 10 g of Lb. Medium.

2. Dilute in distilled water to obtain half a liter of Agar solution and L.B. medium.
Each solution is placed in Erlenmeyer flasks.

3. Sterilize 15 test tube lids, 15 test tubes, 15 petri dishes and the Erlenmeyer flasks
at 121°C (15 Ibs. of pressure) for 1.5 hours (until adequate temperature is
reached). Once ready, remove the elements and wait for them to cool to a
suitable temperature for touching.

4. Pour all the Agar solution into the 15 petri dishes, until it is all gone, in a uniform
way. Work in the fume hood. Light a burner to maintain sterility in the working
area. Leave the petri dishes and wait for the agar to solidify. Once that happens,
cover the plates with film and refrigerate 24 hours.

5. Pack 40 mL of Lb. medium solution into a bottle with one tablet of E. coli
bacteria.

6. Shake the bottle with broth in the shaker at 37°C for 2 hours. Then leave,
shaking for another 24 hours.

7. Make dilutions of medium with the bacterial culture.
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APPENDIX 4: PRELIMINARY EXPERIMENTATION’S
METHODOLOGY

The E. coli culture medium for preliminary experimentation was Luria Bertani (LB)
medium. The E. coli ATCC® 8739 pellet from Epower™ Laboratory was nourished and
replicated in this medium for 24 hours inside a New Brunswick Scientific G24 incubator at
a temperature of 37°C. For this purpose, the pellet was arbitrarily diluted in 40 mL of LB as
described in Appendix 3, the result being a yellowish liquid rich in nutrients with which we
then proceeded to perform serial dilutions in tap water for the performance of the experiment
(Figure 7.3).

A B C
9ml 9ml 9ml
Agua de Agua de Agua de
\caﬁn ) ) kcaﬁo ) ) u:aﬁo )

Dilucién Dilucién Dilucién
1/10 1/100 1/1000

Figure 7.3. LB and serial dilutions

The protocol for performing the dilutions was the same as that of the main experiment
with the only difference being that the tablet dilution medium was LB medium and not PBS
buffer. Three dilutions were performed (the first 3 on the left in Figure 7.3) and from each
dilution different volumes of sample were extracted and inoculated into two of the cuvettes
in Figure 8.6. These were specifically the gray lid cuvette (1 mm gap) and the blue lid cuvette

(2 mm gap). Now, the volume that was inoculated into the vessels was not the same for the
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2 cuvettes, but rather, the volume was respective of the geometric dimensions that the vessels
themselves offer between their plates. We inoculated 90 pl of in the gray cuvette and 400 pl
in the blue cuvette.

In total, 3 electric field pulses were launched on each of the 3 working dilutions. It
is worth mentioning that the blue cuvette or 2 mm gap was used for the application of the
field equal to 10 kV/cm, while the gray container with a gap of 1 mm was used for the
application of 20 and 30 kV/cm of electric field, respectively. Thus, the samples inoculated
in the vessels passed through the electric field values according to each dilution as specified
in the matrix in Table 8.2 and a total of 6 cuvettes were used.

The electroporated contents of the cuvettes were inoculated into Petri dishes to
compare the variation of colony growth or CFU of E. coli post-treatment with the number of
colonies that grew from the same volume that did not pass through the electroporation
treatment. The agar used for colony growth was MacConkey agar due to its selective

predisposition to nurture the growth of gram-negative bacteria.

Figure 7.4. Test tubes containing 6 different concentrations of bacteria in tap water (from highest
concentration to lowest concentration in left to right direction).
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Figure 7.5. Cuvette yellow (4 mm), cuvette blue (2 mm), cuvette gray (1 mm)

E-field values
10 kV/em | 20 kV/em | 30 kV/em
Dilution 1
Dilution 2
Dilution 3

Table 7.1. Matrix of cuvettes per electric field value
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The electrical parameters for each cuvette were measured using an RLC-meter,
specifically the IET DE-5000. The parameters were measured for different test frequencies
and were listed in tables such as the one seen in Table 2.2 and the electrical parameters
measured were inductance 'Ls', capacitance 'Cs', series resistance 'Rs', resistance 'DCR’,

dissipation factor 'D', quality factor 'Q' and phase angle ‘phy'.

The Appendix 2 relationship equal to Xs=QRs was applied to obtain the reactance
value 'Xs-D' seen in the Table 7.2; the relationship Z = V/(Rs? + Xs2) to obtain the
impedance value 'Z'; and the Equation 42 to obtain the impedance phase shift angle for each
of the 6 different cuvettes. With all the electrical parameters (impedance Z, resistance Rs,
inductance Ls and capacitance Cs) we proceeded to perform a correlation analysis between
them using Excel software. This sought to understand the dependence of the variation of the
measured RLC parameters (ALs, ACs and ARs) on the variation of the impedance AZ to leave

an analysis on the trend of variation of the parameters.

Frequency Phase angle
Hz calculation
100 - - - -

1000 - - - -

10000 - - - -

100000 - - - -

Table 7.2. Final electrical parameters

cos(phy) Xs-D
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APPENDIX 5: COLONY COUNTING METHOD RESULTS
OF THE PRELIMINARY EXPERIMENTATION

1. 20 kV/cm — 3rd dilution 2. 20 kV/cm — 2nd dilution

Figure 7.6. Left: pre-treatment control, right: Figure 7.7. Left: pre-treatment control, right:
electroporated sample after treatment. electroporated sample after treatment.
3. 10 kV/cm - 3rd dilution 4. 10 kV/cm — 2nd dilution

Figure 7.8. Left: pre-treatment control, right: Figure 7.9. Left: pre-treatment control, right:
electroporated sample after treatment. electroporated sample after treatment.
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5. 10 kV/cm — 1st dilution 6. 30 kV/cm - 3rd dilution

Figure 7.10. Left: pre-treatment control, right:
electroporated sample after treatment.

Figure 7.11. Left: pre-treatment control, right:
electroporated sample after treatment.
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APPENDIX 6: DISCUSSION OF THE PRELIMINARY
EXPERIMENTATION

Electrical parameters were taken from the cuvettes and electric field pulses were
applied according to each cuvette as shown in Table 7.3. There was one case where the
treatment was applied 2 times, so the final number of pulses for this cuvette was a total of n

= 60 pulses and counts as a special case of analysis.

.# d?, C,ampo Cuvette # pulsos
dilucién eléctrico
1 10 kV/cm 2 mm 30
30 kV/cm 1mm 30
5 20 kV/cm 1mm 30
30 kV/cm 1mm 30
3 20 kV/cm 1mm 30
30 kV/cm 1Imm 60

Table 7.3. Pulses applied to each dilution

Regarding the variation of the electrical parameters, the percentage variations of the
reading of parameters before and after the electroporation procedure are presented in Table
7.4, Table 7.5 and Table 7.6 . In yellow are the variations that did not exceed the percentage
of uncertainty or 'accuracy' according to the specifications of the RLC IET-5000 instrument

and therefore were considered with 0% variation.

To begin with, Table 7.4 shows that applying 10 kV/cm to dilution No. 1 lead to an
increasing trend both in the inductance value Ls and in the resistance value Rs; as well as to
a decreasing trend in the capacitance value Cs. Applying 20 kV/cm (Table 7.5), showed a
trend very similar to the previous one in both dilutions N° 2 and N° 3; however , applying 30
kV/cm (Table 7.6) reversed the trend for inductance, resistance and capacitance in dilutions
1 and 2, while for dilution N°3 a behavior more similar to the case of the application of 20

and 10 kV/cm was observed.
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Parameters

10 kV/cm
Before After
Fre?jljzency LsH Cs Rs LsH Cs Rs  |deltaLs (1D)| deltaCs (1D) |deltaRs (1D)
15t Dilution 199 1.600870 | 1.582E-06 687 1.941537 | 1.305E-06 760 21.280% -17.546% 10.626%
1000 | 0.038236 | 6.625E-07 | 198.2 0.040161 | 6.307E-07 189 5.034% -4.793% -4.642%
10000 | 0.000667 | 3.797E-07 9% 0.000720 | 3.516E-07 110 7.982% -7.39% 14.583%
100000 | 0.000011 | 2.362E-07 | 84.64 0.000011 | 2.377E-07 92 0.000% 0.000% 8.696%
Table 7.4. Parameter variation - 10 kV/cm- Dilution 1
Parameters
20 KV/cm
Before After
Frequency delta Ls delta Cs delta Rs
Hz LsH Cs Rs LsH Cs Rs (2D) (D) (D)
ond Dilution| 100 5.829008 | 4.346E-07 1747 5931240 | 427107 | o0 1.754% | -1.724% | 3.034%
1000 0.102792 | 2.464E-07 445 0.107145 | 2.364E-07 480 4.234% | -4.062% | 7.865%
10000 0.001754 | 1.444E-07 238 0.001883 | 1.345E-07 | 249.7 7.402% | -6.892% | 4.916%
100000 | 0.000031 | 8.273E-08 207 0.000034 | 7.535E-08 | 212.9 0.789% | -8.916% | 2.850%
Frequency delta Ls delta Cs delta Rs
2 LsH Cs Rs LsH Cs Rs (3D) (3D) (3D)
3rd Dilution |19 2.600037 | 9.742E-07 1253 2.925326 | 8.659E-07 | 1498 12.511% | -11.120% | 19.572%
1000 0.059243 | 4.276E-07 437 0.072543 | 3.492E-07 495 22.451% | -18.335% | 13.272%
10000 0.001121 | 2.259E-07 279 0.001390 | 1.822E-07 297 23.985% | -19.345% | 6.452%
100000 | 0.000024 [ 1.040E-07 255 0.000030 | 8.407E-08 262 23.680% | -19.146% | 2.745%
Table 7.5. Parameter variation - 20 kV/cm - Dilutions 2 and 3
Parameters
30 kV/cm
Before After
Frequency delta Ls delta Cs delta Rs
Hz LsH Cs Rs LsH Cs Rs (D) (1D) (1D)
100 5.12E+00 | 4.948E-07 1709 4934217 | 5.134E-07 1630 -3.609% | 3.744% | -4.623%
1stDilution| 1000 | 9.93E-02 | 2.550E-07 532 0.095533 | 2.651E-07 527 -3.811% | 3.962% | -0.940%
10000 | 1.77E-03 | 1.433E-07 306 0.001767 | 1.434E-07 300 0.000% | 0.000% | -1.961%
100000 | 3.39E-05 | 7.462E-08 270 0.000034 | 7.347E-08 261 0.000% | 0.000% | -3.333%
Frequency delta Ls delta Cs delta Rs
Hz LsH Cs Rs Ls H Cs Rs (D) (D) (D)
100 6.30E+00 | 4.021E-07 2068 6.012156 | 4.213E-07 2019 -4563% | 4.781% | -2.369%
2nd Dilution| 1000 | 1.19E-01 | 2.129E-07 598 0.114391 | 2.214E-07 594 -3.847% | 4.001% | -0.669%
10000 | 2.03E-03 | 1.251E-07 334 0.002048 | 1.237E-07 330 0.000% | 0.000% | -1.198%
100000 | 3.81E-05 | 6.649E-08 303 0.000040 | 6.369E-08 294 4399% | -4.214% | -2.970%
Frequency delta Ls delta Cs delta Rs
Hz LsH Cs Rs LsH Cs Rs (3D) (3D) (3D)
3rd Dilution—20 3.07E+00 | 8.244E-07 1547 3.936637 | 6.435E-07 1871 28.115% | -21.945% | 20.944%
1 1000 | 7.49E-02 | 3.382E-07 536 0.090056 | 2.813E-07 643 20.236% | -16.830% | 19.963%
10000 | 1.45E-03 | 1.745E-07 320 0.001645 | 1.540E-07 396 13.329% | -11.761% | 23.750%
100000 | 3.14E-05 | 8.065E-08 286 0.000035 | 7.328E-08 362 10.064% | -9.144% | 26.573%
Table 7.6. Parameter variation - 20 kV/cm - Dilutions 1, 2 and 3
All in all, of the 24 measurements, the tendency of the variation of the inductive

parameter 'Ls', capacitive 'Cs' and resistive 'Rs', is to vary positively,

negatively, and
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positively respectively. A special frequency analysis was developed, for which, the frequency

of positive or negative variations were ordered in Table 7.7 according to the reading of the

parameters.
Cases in % Cases in N°
delta Ls delta Cs delta Rs delta Ls delta Cs delta Rs

PosItive | o5 706 16.7% 62.5% 16 4 15
Variation
Negative | ¢ 24 66.7% 37.5% 4 16 9
Variation

No

.. 16.7% 16.7% 0.0% 4 4 0
variation

Table 7.7. Frequency analysis of inductance, capacitance, and resistance.

With the appropriate calculation of the impedance accordingto Z = VRs? + Xs?, the
variations of impedance before and after electroporation were obtained, and these are listed
in Table 7.8, where it can be seen that the tendency in 16 of the 24 cases was to increase.

Only in 8 cases did it vary negatively and there was never a non-significant variation.

Cases in % |Cases in N°
delta Z delta Z
Positive
0,
Variation L 16
Negative 0
Variation 33.3% 8
I_\lo_ 0.0% 0
variation

Table 7.8. Frequency analysis of impedance.

After obtaining these results, the correlation between the variation of the parameters
'Ls', 'Cs' and 'Rs" with the variation of the impedance 'Z' was studied for the 24 cases, showing
in Figure 7.12 that there is a positive correlation with R? = 0.9327 between the variation of
the impedance with the variation of the resistance 'Rs' measured. Unfortunately, the situation
for the inductive and capacitive variation does not follow a correlational pattern as seen in

Figure 7.13 and Figure 7.14; whose graphs present a correlation quite far from R2 = 1. This
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only means that the resistance measured in the cuvettes as parasitic resistance value has a
strong influence in the impedance of the cuvette and thus in the energy that flows through

the circuit into the tap water dilution.
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Figure 7.12. Variation of Z with respect to the variation of Rs in %.
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Figure 7.13. Variation of Z with respect to the variation of Ls in %.
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Figure 7.14. Variation of Z with respect to the variation of Cs in %.

However, when performing the same analysis as a function of frequency (Figure
7.15), it was shown that the correlation varies with respect to the variation in frequency. For
frequencies higher than 10 kHz, the impedance variation depends almost with a correlation
R? = 1 on the resistance variation (Figure 7.15), while the dependence of the inductive
(Figure 7.16) and capacitive (Figure 7.17) variation is practically null. However, for
frequencies lower than 10 kHz and tending to 0 Hz, the situation is reversed, presenting a
greater dependence of the inductive and capacitive effect with a correlation R? equal to
0.9776 and 0.9857 respectively. The dependence of the resistance remains high with an R?
equal to 0.8865 (Figure 7.15) for frequency values equal to 100 Hz and tending to 0 Hz.
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Figure 7.15. Variation of Z with respect to Rs as a function of frequency (100 Hz, 1000 Hz, 10000
Hz and 100000 Hz)
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Figure 7.16. Variation of Z with respect to Ls as a function of frequency (100 Hz, 1000 Hz, 10000
Hz and 100000 Hz)
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Figure 7.17. Variation of Z with respect to Cs as a function of frequency (100 Hz, 1000 Hz, 10000
Hz and 100000 Hz)
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APPENDIX 7: RESULTADOS DE LA EXPERIMENTACION
PRINCIPAL

=

Voltage per pulse applied:

Figure 7.18. 1 kV/cm (198 V) Figure 7.19. 5 kV/cm (987 V)

Figure 7.20. 6 kV/cm (1188 V) Figure 7.21. 10 kV/cm (1986 V)

Figure 7.22. 5 kV/cm (2865 V)
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2. Cuvettes’ temperature:

Figure 7.23. 1 kV/cm (Up: Before [22.7°C], Figure 7.24. 5 kV/cm (Up: Before [22.2°C],
Down: After [23 °C]) Down: After [22.3 °C])
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Figure 7.25. 6 kV/cm (Up: Before [22.2°C], Figure 7.26. 10 kV/em (Up: Before [22.1°C],
Down: After [22.9 °C]) Down: After [25.1 °C])
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Figure 7.27. 15 kV/cm (Up: Before [22.4°C], Down: After [31.2 °C])
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3. Ph measurements of the cuvettes’ samples

Figure 7.31. 6 kV/cm (Ph:7-7.5)

Figure 7.33. 15 kV/cm (Ph:7-7.5)

Figure 7.32. 10 kV/cm (Ph:7-7.5)
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4. Colony counting method in Petri Dishes

Figure 7.35. 1 kV/cm (17-23 UFC)

Figure 7.36. 5 kV/cm (34-39 UFC)
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Figure 7.37. 6 kV/cm (6-34 UFC)

Figure 7.38. 10 kV/cm (12-30 UFC)

Figure 7.39. 15 kV/cm (+300 UFC)
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5. Current measurements

Current in mA
N° of pulse Time 1 kV/cm 5 kV/cm 6 kV/cm 10 kV/cm 15 kV/cm

1 0 2.33 2.33 2.85 4 4

2 1.000022 2.5 2.5 3.37 3.79 4.19
3 2.000044 2.52 2.54 3.18 2.58 4,52
4 3.000066 3.06 3.06 3.81 4.31 3.19
5 4.000088 3.33 3.33 3.72 2.96 4.14
6 5.00011 3.18 3.18 3.7 2.67 3.74
7 6.000132 3.12 3.12 3.75 3.67 4.02
8 7.000154 2.75 3.02 3.81 3.41 5.35
9 8.000176 2.59 2.75 3.77 411 5.02
10 9.000198 3.21 2.59 3.74 4.57 5.7
11 10.00022 3.27 3.21 3.73 4.79 3.74
12 11.000242 3.55 3.27 3.74 4.58 4.71
13 12.000264 3.46 3.24 3.79 4.4 4.98
14 13.000286 3 3.55 3.9 4.19 5.47
15 14.000308 3.16 3.46 3.87 4.67 6.4
16 15.00033 3.51 3.44 3.62 4.78 6.45
17 16.000352 3.44 3.43 3.29 4.63 6.58
18 17.000374 3.56 2.89 2.59 4.42 6.15
19 18.000396 3.43 2.01 3.46 4.19 6.49
20 19.000418 - 242 3.42 4.71 6.49
21 20.00044 - 3 3.24 4.79 6.29
22 21.000462 - 3.16 3.06 4.87 6.58
23 22.000484 - 3.51 3.65 4.89 6.73
24 23.000506 - 3.44 3.81 4.79 6.53
25 24.000528 - 3.53 - 4.77 6.79
26 25.00055 - 3.46 - 4.94 -

27 26.000572 - - - - -

28 27.000594 - - - - -

29 28.000616 - - - - -

30 29.000638 - - - - -

Table 7.9. Variation of the current measured for each pulse with respect to time.
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6. Absorbance test (Plots and data)

me Feport Full Made lgnore >
Sample User Date Time Baseline | Cursor | Cursor | Cursor | Cursor | Norm MNarm
In] In] 1Fos. | 1Abs. | 2Pos. | 2Abs nm Al
control abs 1 Default 1941042021 13:69 0.000 300 0.029 500 0.014 595 0.006
control abs 2 Default 1941042021 14:00 0.000 300 0.025 600 0.014 695 -0.001
control abs 3 Default 1941042021 14:01 0.000 300 0.0zz2 600 0.0086 609 -0.001
15 k¥{fcrm-1 Default 1941042021 14:04 0.000 300 0.032 GO0 0.007 707 0.001
15 kivfom-2 Default 1941042021 14:05 0.000 300 0.036 GO0 0.009 636 0.002
10 kvfem-1 Default 1941042021 14.07 0.000 300 0.032 500 0.008 G52 0.001
10 kiferm-2 Default 1941042021 14:08 0.000 300 0.028 500 0.013 594 0.005
10 kKvfcrm-2-hien Default 1941042021 14:10 0.000 300 0.037 600 0.018 695 -0.003
B kfom-1 Default 1941042021 1411 0.000 300 0.033 600 0.014 695 -0.007
B Kvfom-2 Default 1841042021 1412 0.000 300 0.034 600 0.021 742 0.051
6 kvi{cm-hien Default 1941042021 14:14 0.000 300 0.033 GO0 0.011 572 -0.000
5 khfom-1 Default 1941042021 14:15 0.000 300 0.032 500 0.014 695 -0.004
b Kvfom-2 Default 1941042021 1416 0.000 300 0.026 500 n.o1z G95 -0.003
1 kvfom-1 Default 1941042021 14:18 0.000 300 0.027 600 0.014 695 -0.003
1 kvfom-2 Default 1941042021 0.000 300 0.0zz2 600 0.011 497 -0.003
control abs 4 Default 1841042021 0.000 300 0.023 600 0.009 694 -0.001
control abs 5 Default 1941042021 0.000 300 0.028 GO0 n.o1z 695 -0.002
15 kwfem 3 Default 1941042021 0.000 300 0.028 500 0.013 G52 0.001

4 Default

0.000 GO0

Figure 7.40. Absorbance values for each e-field applied
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Cursor 1 Pos 300
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Figure 7.41. Absorbance plots for each e-field applied
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APPENDIX 8: REFERENCES OF DRINKING WATER
CONDUCTIVITY IN PERU AND IN THE RIMAC BASIN
(ANA, INEI AND LURIN SAMPLE)

Conducti Resistivit Resistanc
Source vity ¥ e
pS/cm Ohm-cm Ohm

2638 3790.75057 | 379.075057
3008 3324 46809 | 332 446809
3629 275558005 | 275.558005
478.1 209161263 | 209.161263

4941 2023 88181 | 202388181

506.9 19727757 19727757
5153 194061712 | 194.061712
5169 193461018 | 193461018
5285 189214759 | 189.214759
e 591.8 1689.76005 | 168.976005

Nacional del —

Agua 617.4 16196955 161.96955
6507 1536.80652 | 153.680652
6577 152045005 | 152.045005

716.2 139625803 | 139.625803

730 136986301 | 136.986301

739.6 13520822 13520822

990.6 1009 4892 10094892
1030 970873786 | 97.0873786

122 813.66965 81.366965
2009.1 497.735304 | 497735304

504.46 198231773 | 198.231773
518.75 192771084 | 192.771084
525208 1904.00756 | 190.400756

536.17 186508011 | 186.508011
562791667 | 1776.85644 | 177.685644
INEI 564.5 177147919 | 177.147919
573645833 | 174323588 | 174323588

591 875 168954593 | 168.954593

59333 168540273 | 168.540273
597 167504188 | 167.504188

62548 159877214 | 159.877214

1038 963391137 | 96.3391137

878 113895216 | 113.895216

Lurin 929 107642626 | 107.642626
987 101317123 | 101.317123

10135 986.679822 | 98.6679822

1071 933706816 | 933706816

Table 7.10. Resistivity, conductance and resistance values of water samples from Rimac basin and
Lurin tapwater (Autoridad Nacional del Agua [76], INEI [77], Lurin [78])
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