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SUMMARY

The growth of undesired bacteria causes numerous problems, so seeking for
efficient antimicrobialapproaches is of great significance. Locally enhanced electric field
treatment (LEEFT) is an emerging antimicrobial technique that uses electrodes decorated
with sharp objects, such as metallic nanowires, to create locally enhanced electric field for
bacteria inactivation. This thesis aims to improve the fundamental understanding, elucidate
the mechanism, expand the abilities, and optimize the performance EFTLEHSIng
operando investigation approaches. LEEFT is designed to inactivate bacteria by
electroporation. A lafmn-a-chip device with curved platinum electrodes is developed for
rapid determination of the electroporation threshold for bacteria inactivatienLETs of
Staphylococcuspidermidisr ange from 10 kV/cm to 35 kV/c
electric field conditions, decreasing with the increase of pulse widtbefrequency and
effective treatment time. To elucidate the mechanism of LEEFThaberia inactivation
process is studieth situ at the singlecell level on a laln-a-chip that has nanowedge
decorated electrodes. Rapid bacteria inactivation occurs at the nanowedge tips where the
electric field is enhanced due to the lightriog effect. Electroporation induced by the
locally enhanced electric field is the predominant mechanism. Quick membrane pore
closure confirms that electroporation is induced in LEEFT, and no generation of reactive
oxygen species (ROS) is detected when >90% bhadtectivation is achieved. LEEFT is
further demonstrated to be able to induce ultrafast bacteria inactivation with nanosecond
electrical pulses. A single 20 ns pulse at 55 kV/cm has achieved 26.6% bacteria
inactivation, with ten pulses at 40 kV/cm reggtin 95.1% inactivation. LEEFT lowers

the applied electric field by about 8 times or shortens the treatment time by at feast 10

Xiv



times, compared with the system without nanowedges. According to simulation, when the
membrane of the cell located at the mardge tip is directly charged by the concentrated
charges at the tip, it is much faster and to a much higher level, leading to instant
electroporation and cell inactivatiol.o optimize the performance of LEEFT, the
antimicrobialmechanism is tuned betweelectroporation and electrochemical oxidation
There is a higher chance oxidation generation with higher duty cyclggher electric

field, andlonger pulse widthAlthough theantimicrobial efficiencyis higher under these
conditions, the electrochecal oxidationmay generate bproducts.Pure electroporation
could be achieved at high electric field with short pulses and moderate dutWehiele2

€s pulsesare appliedat 7 ~ 8 kV/cmwith a duty cycle of 0.1%, good antimicrobial
efficiency (>80%) s achieved byure electroporatiorMedium with higher conductivity

could enhance the bacteria inactivation efficienbut also makes it easier for
electrochemical oxidation. Short pulses, such as nanosecond pulses, could be used to
minimize oxidation andachieve good antimicrobial efficiency. For different microbes,
larger algal cells are harder to be inactivated than bacterial Thksfindings shown in

this thesismprovethe fundamental understanding amhance the further applications of

LEEFT.

XV



CHAPTER 1. INTRODUCTION

1.1 Background

1.1.1 Bacteria inactivation

Bactera areindispensablén both ecology and human life. Although they play an
important role in numerous processes in nature and industry, they coutduadsoplenty
of problems Microbial contamination is a majdhreatto drinking water safety. dtal
coliform was the most prevalent type of drinking water violation in thedut$g 1982
2015 which accounted fd7% of all violations. Especially, the eavf coliform violations
in rural counties is 56% higher than that in urban aneaclinical medicine, ricrobial
infection and biofilm formation are primary challenggsvound treatmeniOver 90% of
chronic woundscontain bacteria living in a biofilm structun&hich is resistant to
therapeutic maneuvefsiofouling also raises concern in many fields due to the haih
of infection whent occurson food packages and surgiegjuipment andthe consequent
higher maintenancecost whenit forms on membrane modulesvater conduitspr ship
hulls.3

The bacteria inactivation approactoesnmonly used currentlgre chlaination for
drinking water disinfectiorheattreatmenfor food sterilization, antibiotiEor antibacterial
drugs for bacterial infection, and bioeidsurface coating for biofouling contrdThese
methods havbeen widely implemented for many decades, but issues are still exgimg
instance, the most widely used drinking ratlisinfection methodghlorination, has a
major drawback of generating disinfection -fmpducts (DBPs), such as

halonitromethanes, which are proved to be cytotoxic and gendtBB®s contamination



represented about 25% of dring water violations in the USFor liquid food sterilization,
the elevatedemperaturéreatmentause nutrition and flavoloss® Overuse of antibiots
leadsto wide spread of antibiotic resistanemd the biocide coating for biofouling control
maynot be environmentally friend&’ Therefore, exploring efficient and environmental
friendly bacteria inactivatiorapproachess still critical to improve publica health and

sustainability

1.1.2 Electric field treatment
Electricfield treatment(EFT) is a processof exposingcellsto a strongelectric
field.2 Whenthe cell is exposedo an externalelectricfield E, the chargedions in the
cytoplasmand extracellularmediumwill migrateand accumulateat the two sidesof the
membranegeneratingan inducedtransmembrane&oltage TMV (w ¢ The TMV of an

idealsphericakell is givenin Equation 1.1:°

Yoo "Q Ohégp —'chr‘](—; 8
wherefsis afactorrelatedto theelectricfield andpropertesof thecellandmedium, (em)
is thecell radius,O (V/em) is theexternalelectricfield strengthd is theanglebetweerthe
directionof electricfield andthepointof interestt (es)is thepulsewidth, andU(es) s the
RC time constanbf the membranewhich is thetime requiredto chargethe membrando

63.2%o0f the maximumpossibleTMV . The membranehargingconstantJ(es) is further

determinedy Equation 1.2:°

Cy » i
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wherer (em) is the cell radiusCm (F/?) is the surface capacitance of the membrdne,
e, andlm (S/m)are the conductivities of the cytoplasm, the extracellular medium, and the
membrane, respectively, addem) is the thickness of membrane.

Chargingthecell membrandy ionsis like chargingacapacitolin acircuit (Figure
1.1). Whenthe TMV reaches certainthreshold watermoleculesnitially confinedatthe
membranewater interface tend to orient their dipoles along the local electric field,
generatin@watercolumnspanningacrosghelipid bilayer. Then,thelipids rearrangeheir
headgrouptowardthe watercolumn,generatinghe hydrophilic pore or electroporation

(Figure 1.1).2
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Figure 1.1 Schematic otheelectroporation process.



With a TMV lower thanthe lethal threshold the poreson the membranecould
reseal after the electric field is removed This phenomenonis called reversible
electroporationwherethe porescanprovide pathwaysor crossmembrandransport but
thecell viability is maintained® Reversibleslectroporatiornasbeenusedfor intracellular
deliveryof variousmoleculessuchasnucleicacids,proteins anddrugs*! A higherTMV
canleadto irreversibleelectroporationwherethe poresare permanentthus causingcell
inactivation'? EFT mainly relies on inducing irreversible electroporationfor bacteria
inactivation.

In conventionaEFT (CEFT), medum containingpathogenss placedbetweertwo
parallel plate electodes High voltage electrial pulseswith durationsless than 100
microsecondarecommonlyapplied.To achievethis strongelectricfield (>10kV/cm), the
distancebetweenthe two electrodegypically setas<1 cm, andthe appliedvoltages are
usually>10kV.*® CEFTis increasinglyfinding applicationsn food preservatiormndwater
disinfection?*416 Comparedo otherwidely usedantimicrobialmethodssuchas thermal,
chlorine, and ultraviolet radiation CEFT has severaladvantagesFirst, it is a fast and
efficient method, where 6-log bacteria inactivaion can be achieved within 100
microsecondsSecondlyno additionalchemicalsareaddedandno electricalreactionsare
inducedideally, sothereis no disinfectionbyproduct Thirdly, sinceelectroporatiorworks
on thelipid bilayer membraneijt hasbroadspectrumeffectivenessto all bacteria Also,
sinceit is aphysicalprocessthe bacteriaarenot likely to developresistancegainstit.!’

Neverthelessthe wide application of CEFT for liquid-food processingandwater
disinfectionis hinderedby the high requiredvoltage,typically >10 kV, to achievethe

strongelectricfield. The high voltage may causeplenty of safetyissues,suchaswater



splitting, arccharging.andoverheatinglt alsoleadsto highenergyconsumptior{typically

10-100kJ/L) andpotentialextracostrequiredto preventthe safetyissues?

1.1.3 Locally enhanced electric field treatment(LEEFT)

To achievethe sameelectric field with a much lower applied voltage, metallic
nanowiredecoratedelectrodesare used for locally enhancedelectric field treatment
(LEEFT). Attributedto thelightningrod effect,theelectricfield atthetip of nanostructures
with high aspectratio canbe enhancedy severalordersof magnitude'®2° The electric
field distributionin CEFT andLEEFT systemssimulatedwith the finite elementmethod
are comparedn Figure 1.2 The enhancementatio is relatedto the aspectratio of the
nanowire!® As a result, cell inactivationcan be achievedat the nanowiretips in LEEFT
with amuchlower appliedvoltage.

In several recent studies on LEEFT, electratkssorated with nanowirge.g, Ag
nanowires, CuO nanowires, §Runanowires, and carbon nanotuldes)e been studied for
water disinfectionn a parallel LEEFT reactpwhichachieveda 6log bacteria inactivation
of various bacteriapeciesvenata low voltage (32 V).2%?4 In addition, awbular reactor
with a copper wire central electrode decorated widimowires has been developedt
features two levelsof electric fled enhancementhich also achievea gooddisinfection
performance(> 5 logs) at low applied voltage (1-2 V). Moreover, this tubular
configurationcould better fit into the water distribution systétrin addition to water
disinfection, there argeveral other potentiabplications, such dsjuid food sterilization,
blood sample processing, wound healiagti-biofouling surfacedevelopmentand algae
control?® Due to the much lower applied voltageEEFT is more facileand safer

comparedvith CEFT. The energy consumption aetectrochemical reactions could also



be reduced thus improving the practicabilityof using eletric field for bacteria
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1.1.4 The existing problems

Although LEEFT has shown good performance in several water disinfection
studies, the specific mechanisargstill not fully understood. Irreversible electroporation
caused by the nanowienhanced electric field believedto be the main mecham for
bacteria inactivationbut there is still no direct evidence to confirm thataddition, the
basic understanding of using electric field for bacteria inactivation is still lackirodp as
the electric field threshold of bacteria inactivatiomat systematically determined yet,

which will hinder the reaWorld application of LEEFT.

1.2 ResearchObjectives and Approaches
This work aims to improve the understandietucidate the mechanisrand to

explore the abilities dfEEFT using an operando investigatiorethod Objective 1 is to



obtain the essential knowledgef electric field treatment which is to determine the
electroporation threshold for bacteria inactivation. This work is to determine the required
electric field stragth to kill bacteria under a variety of electrical treatment conditions.
Objective 2 is to elucidatethe mechanism of LEEFT, which is to directly visualize the
bacteria inactivation processliEEFT anddemonstraté electroporation is the dominant
mechanismObjective 3is toexpandhe abilities of LEEFTIn this work,ultrafast bacteria
inactivation is achieved ihEEFT with nanosecond pulse@bjective 4 is to optimize
LEEFT performance.ln this work, we tuneLEEFT between electroporation and
electrochemical oxidation by adjusting the treatment parameters and conditions.
Operando investigation is the main study approach of this work. Alththegh
mechanism of bacteria inactivation in LEE®W&as investigated at some levwelthe bench
scale LEEFT ractorsjt could not be fully illustratedsince the bacteria inactivation cannot
be observed, metal ion release cannot be eliminated, and different mechanisms cannot be
totally separatedHere, an operando investigation method is developed with the assistance
of lab-on-a-chip (LOC) devices and a microscope. The bacteria cells are immobilized on
the chip. When exposed amelectric field, the cell inactivation process is obselinesltu
ard in realtime. Noble metal such as gold and platinum are used as the electrode and
nanowedgeswhere metal ion release is largely inhibited. The oxidation induced by
electrochemical reactions can be sensitively detected using fluorescence inelzsity
and properties of LEEFT can also be evaluated precisely at the-saliglevel.
In this work, LOC devices will be used as the research plasfdr®C is ideal as
a research platform sinceatables reatime in situ visualization and characterizatiolt

is also gpowerful tool for electroporation studies, sinicevercome several disadvantages



of bulk electroporator§. With a much smaller distance between electrodes, which is
usually tens of micrometers, it is capable of generating a higher electric field with
significantly lower voltage. Several studies have been conducted to implement
electroporation orLOC devices, mcluding electroporation of mammalian cells using a
carbon nanotubéeatured microfluidics chip® synthesizing erythrocyte membraceated
magnetic nanoparticles by electroporatibrand selectively lysing cells with different
shapes on a optoelectronic platfcfinLOC devices have also been utilized for
electroporation mechanism study, since they enabled the precise control of electroporation
parameters and in situ observation of the prot¥Eke intracellular effect of nanosewb
electrical pulses has also been investigated with a removable packaging microfluidic
chip3! In this work, a IOC with curved platinum electrodes on chip is fabricated for
electroporation threshold determination. Another LOC with gold nanowedges fabricated
using electrorbeam lithography was edeloped to enable the bacteria inactivation

visualization and mechanism investigation in LEEFT

1.3 Chapter Overview

Chapter 2 reviews the applications afsingLOC as investigation platformen
environmentaland biologicalrelated problemsincluding for electroporation studies,
biofilm formation and horizontal gene transfer studies, and for bacteria electron transfer
studies. This original workisas been published as a book chapter tiiMuatrofluidics for
EnvironmentalApplication® Miarofluidics in Biotechnology (202026 7-290.32

A method to quickly determine the electroporation threshsldlescribed in
Chapter 3. A lab-on-a-chip device withtwo curved platinum electrodes fabricated,

which can generate an electric field wiithear strength gradient between the electrodes.



Bacterial cells exposed to the electric field stronger than the k&Thactivated, while
others remain intacso the threshold could be found direclligeelectroporation threshold
of Staphylococcuspidermidissangsf r om 10 kV/ cm to 35 kV/cm
electric field conditions, decreasing with the increase of pulse width, effective treatment
time, and pulsed electric field frequendye effects of medium conductivity and metal
ions in medium was alsovne st i gat ed. Thi s wo r Rapidh a s be
determination of the electroporation threshold for bacteria inactivation usingoa-k&b
chi p p in&tvifoorment dternationa132 (2019): 105043

Chapter 4 describes @m operando investigation and mechanism elucidation of
LEEFT, wherehe bacteria inactivation process is studiesditu at the sgle-cell level A
lab-on-a-chip that has nanowedgkecorated electrodesas developedRapid bacteria
inactivationspecificallyoccurs at the nanowedge tipsie mechanism studies demonstrate
that dectroporation induced by the locally enhanced eledtelt is the predominant
mechanismThe bacteria inactivation is directly correlated with the enhanced electric field
instead of the applied voltag@uick membrane pore closure confirms that electroporation
is induced in LEEFT, and no generation of reactixygen species (ROS) is detected when
>90% bacteria inactivation is achievdthis work has been publishedMano Lettersas
AOperando l nvestigati on of Locally Enhan
Harnessing LightnindRod Effect for Rapid Bacterih n a ¢ t i (22a(2) (20622)0860
867).34

Chapter 5demonstrates thaEEFT is able to induce ultrafast bacteria inactivation
with nanosecond electrical puls@fe ultrafast bacteria inactivation iItEEFT is studied

on the LOC deviceA single 20 ns pulse at 55 kV/cm has achieved 26.6% bacteria



inactivation, with ten pulses at 40 kV/cm resulting in 95.1% inactivation. LEEFT lowers
the applied electric field by about 8 times or shortens the treatinentby at least 10
times, compared with the system without nanowedges. Accordirthetadheoretical
analysis when the membrane of the cell located at the nanowedge tip is directly charged
by the concentrated charges at the tip, it is much faster anchtrch higher level, leading
to instant electroporation and cell inactivatidrhis work isacceptedas fiNanosecond
Bacteria Inactivation Realized by Locally Enhanced Electric Field TreatnreMature
Water

Chapter 6 is the performance optimization bEEFT. In this chapter, LEEFT is
tuned between electroporation and electrochemical oxidati@antimicrobial efficiency
and oxidative stress under a variety of treatment conditions are.teBtedconditions
where pure electroporation could overweigHeetrochemical reactions to achieve high
antimicrobial efficiencyis found Strongerelectric field and longer pulse width lead to
higher antimicrobial efficiencyElectrochemical reactions occwith higher duty cycle
long pulse width, and high electriield. The tradeoff between high antimicrobial
efficiency and low oxidation generation is achieved by applyieg 2ulses at 7 ~ 8 kV/cm
with aduty cycleof 0.1%. Medium with higher conductivity could enhance the bacteria
inactivation efficiencyLEEFT show wide spectrum performance on both Gpamsitive
and Grarmnegative bacterjabut a relatively lower efficiency is achieved darge algal
cells.

Chapter 7 includes the conclusions of this work, future perspectives and proposed

future study directions of LEEFT.
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CHAPTER 2. APPLICATIONS OF LAB -ON-A-CHIP IN

ENVIRONMENTAL STUDIES

Lab-on-a-chip (LOC) and microfluidicdevices are increasingly being used in
environmentatesearch laboratories, since they provide ideal research platformssior
and reaitime observation. The combination lo®C devices and observation techniques
(such as microscopy) enablessitu visualization characterization, and simulation of a
wide range of environmemeglated processes, thus becoming a valuable investigation

approach in environmental studies.

2.1 LOC for Electroporation Study

Electroporation is the phenomenon whereby pores form on a cell membrane when
the cell is exposed to an ewtal electric field. It is commonly used to control cell
membrane permeability when molecular intracellular transfer is desired. In addition,
electroporation is also a widely used method for cell inactivation and lysis. Researchers in
environmental fieldare also increasingly exploring the possibility of using electroporation
as a bacteria inactivation approach for drinking water disinfeétitre>*%and hazardous
wastewater decontaminatiéhUnderstanding the electroporation process has therefore
become another important environmental study topic. Since the actual formation of these
pores is difficult to observe, Seriget at. have developed l2OC device to image the
dynamics of individual electroporésThe experimental set up are showrFigure 2.1a.
A cover glass was coated with agarose and placed in a recess. Lipid solution was added
and associated with the agarose to form a lipid monolayer. An aqueous droplet with lipid

monolayer was brought onto the cover glass. Two monolayers at the contactraeshdo
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lipid bilayer, which is similar to cell membrane. Two electrodes were placed at the two
sides of the lipid bilayer to monitor the current, and the pores formation was labeled by a
fluorescent dye and recorded with a fluorescent microscbigeiré 2.1b). With this
platform, researchers found several interesting phenomena of electroporation. When the
potential difference across the bilayer reached 100 mV, the membrane permeability started
to change. With higher transmembrane potential, larger por@edphbut a large number

of small pores still existed. In addition, the pores fluctuated (opened and closed) in a variety
of modes, and higher potential did not lead to more stable pores. Two adjacent pores did
not tend to combine, while artbmbination wa found since the potential across the lipid
bilayer will be released when a nearby pore gets large©®@ device to rapidly determine

the electroporation threshold for bacteria inactivation was also repérted

a

PMMA well—_[*
H,0 electrode
H0 Ca2+ Fluo-8
\ droplet /
Agarose S =
Cover glass

Objective lens

Figure 2.1 An in situ investigation on thelectroporatiomprocess(a) A lipid bilayer is

formed on the interface of the droplet and the substrate. When a pore is formed due to
electroporation, Cdions flow into the drop, which could be detected by th& €ensitive

dye fluo-8 and visualized by a microscopy. (b) A microscopy image of poresed on

lipid bilayer. (Adapted and reprinted with permission fottme literature’” Proceedings of

the National Academy of Sciences)

12



2.2 LOC for Biofilm Formation Study

Biofilm formation is a natural process that occurs during bacteria growth. On one
hand, biofilms play important roles in some environmental engineering processes,
including in wastewater biological treatment and microbial fuel cells. However, biofilm
can dso cause environmental and public health probfemsluding by contaminating or
clogging drinking watepipelines orfouling water treatment systems. As a result, the
process of biofilm formation is also gaining more attention in environmental science and
engineering. Drescher et al. have developadiaofluidic device to investigate biofilm
formation in fluidic channel® A meandering microfluidic channel was fabricated with
PDMS and sealed with a cover glaBseudomonas aeruginobacterial solution flowed
through tle microfluidic channel and the biofilm formation process in the channel was
observed with a microscope. This work demonstrated that the 3D biofilm streamers that
bridged the space between obstacles and corners caused major clogging of the channel,
insteadof the biofilm attached on the inner surface. The 3D biofilm streamer was first
formed by the extracellular matrix shed from the attached bacteria, and then worked as a
network to catch the flowing bacteria and biomass, leading to a rapid clogging. With th
microfluidic chip that enableéh situ observation of the biofilm formation, this work
demonstrated a biofilm formation process which is independent of and much faster than
bacteria growth. The results also suggested that the biofilm streamers méut@ntore
to the clogging of flow through systems such as water pipelines.

During biofilm formation, the bacteria within microbial communities can sense
chemical signals from other cells and regulate their own gene expression as a response.

This processs referred to as quorum sensing, and it is an important factor in regulating
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biofilm formation that is a current subject of intense study in the environmental microbial
field. Flickinger et al. have reportedL®C platform to study quorum sensing between
microbial communitie$® The LOC device contained an array of spatially confined
chambers fabricated with Poly (ethylene Glycol) Diacrylate (PEGDA) on a silanized cover
glass using a PDMS moldrigure 2.2a). Pseudomonas aerugino$B. aeruginosawas

used as a model bacterial strain and inoculated in the center chambers or biofilm growth
(Figure 2.2b). The molecule regulators secreted from the biofilm for quorum sensing,
homoserine lactones (HSLs), can diffusgde (filled with 15% PEGDA) and between the
PEGDA chamber to form spatial and temporal gradients, thus enabling analysis of the
relationship between the diffusion of HSLs and formation of nascent new bi&ftdyuré

2.2¢). The results showed that HSlagvdetected by the bacteria cells within a distance of

8 mm. The new biofilm growth within 3 mm away from the existing biofilm, where the
HSL concentration was higher than 1 uM, was enhanced due to the detection of HSL, while
further biofilms were not affded. In addition to regular echip chambers, 3D cavities

with various geometries were fabricated using 3D printing strategy to study the

mechanisms of community regulatitth
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HSL gradient / cell growth rate

Figure 2.2 An in situinvestigation of biofilm formation(a) An image of the chambéor
guorum sensing study with hydrogel chamber wall (stained with red dye) on a glass
coverslip (upper). An image of the PDMS stamp used to make the chamber (lower). (b)
The center chamber was inoculated Wthaeruginosa(c) Schematic of the experiment.
HSL diffuse through the hydrogel chamber wall, which is detected by biofilm in each
chamber (Reprinted with permission frorthe literature3® Copyright (2011) American

Chemical Society)

2.3 LOC for Antibiotic ResisanceGeneTransfer Study

It is now known that horizontal gene transfer is an important pathway by which
antibiotic resistance spreads from one organism to andt€?.devices are promising
platforms for facilitating gene transfer study, since they enidiglén situ and reaitime
monitoring of the process dynamics. IAOC device was reported to investigate the
plasmidmediated horizontal gene transfer within the same species and between different
specieg! The LOC chip consisted of a cover glass with a layer of egm@and a PDMS
cover on top Figure 2.3a). A drop of mixed bacteria solution containing the gene donor
strain Pseudomonas putidearboring an antibiotic resistance plasmid) and recipient strain
(Escherichiacoli or bacteria extracted form activated sludge) was sandwiched between the

agarose and cover glass. The PDMS cover had a channel in it for broth delivery and waste
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removal for bacteria growth{gure 2.3a). The gene donor bacteria carried plasmid RP4,
which was labeled withgreen fluorescence proteiGEP, but also tagged with red
fluorescent genes that repress the expression of GFP. So, the donor bacteria emitted red
fluorescence. When the plasmids were transferred to acceptors, the acceptors would emit
green fluorescent from GFP carried with the plasmids. The gene horizontal transfer process
on the chip was monitored with a fluorescent microscope. The results showed that the
horizontal gene transfer was highly dependent on the structure and compositien of th
biofilm. The plasmids were first successfully transferred from donor sgeseslomonas
putidato acceptoiEscherichia coli(E. coli). Within the pureE. coli colony, the transfer

from the first transconjugants to other cells is very efficient, leatdiraycascading gene
spread within the singlstrain biofilms Figure 2.3b). In comparison, for the activated
sludge biofilm consisting of different species, vertical gene transfer appeared to be the
dominant route instead of horizontal transferg(re 2.3c). It is also found that many
species that showed horizontal gene transfer were associated with human pathogens. Other
LOC systems for gene transfer and antimicrobial resistance related studies were also
reported, including using microfluidic devices tady gene transfer on singtell level*?

dissect horizontal and vertical gene tran&fetest antimicrobial susceptibiliff} and
investigate the modulation of antibiotics on horizontal gene traffsfore studes are

reviewed inprevious review works®
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Figure 2.3 An in situinvestigation of gene horizontal transfebiofilm. (a) Schematic of

the device to study antibiotic resistant genes transfer (upper), and the device setup (lower).
(b) Gene spread in pute coli culture. (c) Gene spread in activated sludge community.
For both (b) and (c), the donor cels putida KT2440 are red, normdt. coli or active
sludgecells are colorless, while transconjugants emit green fluoresd®&eginted with
permission fromthe literature’! https://pubs.acs.org/doi/abs/10.1021/acs.est.8b03281.
Copyright (2018) American Chemical SogieFurther permissions related to the material

excerpted should be directed to the ACS)

2.4 LOC for Bacteria Electron Transfer MechanismStudy

Microbial fuel cells, which use microorganisms colonizing electrodes to catalyze
electrochemical reactions and cortvehemical energy into electrical power, are being
intensively studied in the environmental technology field since they possess the potential
capability of converting organic or inorganic waste into power via an environmentally
friendly microbiological pocess'’*8 Understanding the mechanisms of electron transfer
from bacteria to electrode is accordingly imperative for the further development of

potential microbial fuel cells.
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Three possible electron transfer pathways have been proposed: via direct contact,
via conduct pili, and via diffusion of solubleredaxc t i ve mol ecul es seryv
s h u t.* Jiaegsetal. have reported®C device with microelectrodes as a platform to
investigate the electron transfer betw&hewanellaoneidensisind electrode® Finger
shape electrodes were defined by photolithography and deposited onto a cover glass using
metal evaporation and kfiff methods. A passive $i4 layer was deposited by chemical
vapor deposition and patterned to have nanoscale openings orneottedel and a big
opening on the other electrodeiqures 2.4a & b). The nanoholes were small enough to
prevent direct contact between bacteria and the electrode but allowed the indirect contact
through pili or diffusion of extracellular redeactive moleales. A SU8 (a commonly
used epoxypased negative photoresisjamber was fabricated to improve reliability and
environmental control. In situ cell image/tracking with a microscope and current recording
revealed that the currents could be detected evimowt direct contact between bacteria
and electrodes, suggesting that el ectron
diffusion. In addition, the removal of the diffusible mediators caused a rapid drop of the
current, which further supported thd¢&ron transfer occurs predominantly by diffusion

of mediators.
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Figure 2.4 An in situ investigation on bacterialectron transferThe silicon nitride
insulating layer (blue) with nanoholew large window openings is deposited over
electrodes (yellow) to prevent or enable direct contact with bacteria (orange). (b) SEM
images of the bacteria cells on the electrodes with nanoholes (left) and large window
openings (right) (Reprinted with permssion fromthe literature® Proceedings of the

National Academy of Scienge

For other kinds of bacteria, however, the electron transfer mechanism naip nee
be altered. A similal,OC device was fabricated to probe the charge transport from
Geobacter sulfurreducen® electrodé! Gold electrodes were deposited via metal
evaporabn and liftoff. Thick SU8 was then fabricated to form wells around the
electrodes to allow direct contact between bacteria and electreideses 2.5a & b).
Simultaneous recording of cell position and currents indicated that the contact of a cell to
the electrode directly caused a stepwise increasing of cuFkignt€ 2.5¢). The current of
a singleGeobactewas 92 fA, and the current density was estimated to b&A-1®3. In
addition, when the diffusible redox mediators were removed, the curremavaffected.
These measurements together indicated that different 8bewanella the electron
transfer betweeiGeobacterand electrode was mainly due to direct contact. Ding et al.

reported a nanoelectronit®©C system to investigate the electricahdaictivity of both
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Shewanellaand Geobacterand indicated that electrochemical electron transfer at the

cell/electrode interface was the origin of the conductive current for both microbes

(a dae ;
'T"'”'FF""7#!"“:§5b’"::£ﬁ;"::5ﬁ;:

Figure 2.5 An investigation onGeobacter sulfurreducenslectron transfer(a) The

v} 002

5s

schematic ofthe experimental design fdhe electrontransfer (b) SEM image of a well
containing two finger electrodes. () situmicroscopy images dseobactercells around

and on the measured electrode, and the current changes at the same time. The cell that
contact electrode at the same time with the curneméases is marked in réd (Reprinted

by permission from Springer Nature Customer Service Centre GmbH: Springer, Copyright

(2013))

As researchers have started to gain gpeeenderstanding of bacterial electron
transfer, the role of bacterial s@§sembled nanostructures for extracellular electron
transfer has also garnered increased attention. For example, to elucidate the effects of
microenvironment on the intercellularicrobial nanostructures (hanowires) formation, a
onedimensional core/shell bacterial cable has been deveélopbdch allows rational

control of the microenvironmen?é The fabrication method of this cable was different
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from common microfluidics fabrication processes. The cable was generated through a flow
focusing device with coaxially aligned glass capillaries anutiple inlets for different
solutions. Bacteria solution flow was focused into a narrow stream, and alginate was
injected to the device to form the scaffolding for bacteria encapsulatior?*/A@daining
sheath flow was exploited to cross link alginttéecome a solid hydrogédtiure 2.6a).

The results revealed that the formation of intercellular structures is closely related to the
fiber diameters. More densely and closely packed bacteria produced measssetibling
microbial nanowires, which dicdly increased the extracellular electron transfer efficiency
(Figure 2.6b). Furthermore, lack of electreacceptors can enhance the production of the
nanowires Figure 2.6b).
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Figure 2.6 A study on themicrobial nanostructure formatiofa) Schematics of the flow
focusing device for core/shell bacterial fiber generation. The bact@ntaining core
stream (brown) is focused before entering the alginate shell stream (yellow), therr a CaCl
sheath flow is itroduced to crosknk the alginate to form the cord. (b) SEM images of
high (left) and low (middle) bacteria density networks as well as-thegisity networks
cultured in electron acceptor rich conditions (rigf®eprinted with permission fromme

literature®® Copyright (2018) American Chemical Society)

LOC devices offer remarkable advantages as researifbrpia for environment

related process investigation. Their miniaturized size and the flexible configurations for
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realizing various functions provide them with unique capabilities for visualizing and
unveiling the secrets of numerous environmental relgiextesses, which are not
comparable by other approaches. Therefore, we believe the future growth of LOC devices
as research platforms will be focused on exploring novel and clever designs to realize more
functions based on different investigation purpod&mo structures, such as nanoholes,
nanoparticles, nanowires, and coating layer with nanoscale thickness, are providing LOC
devices with more features and functions. Nanofabrication techniques, including electron
beam lithography and atomic layer depasiti are becoming widely used for chip
fabrication. In addition, more and more Jab-chip devices for research purpose are not
restricted to standard chamber or channel on chip configurations. Various 3D geometries
are enabled by thriving 3D fabricationchmiques, such as 3D printing, two photon
polymerization, and micron/submicron stereolithography. To improve the capabilities of
LOC devices, the performance of their basic functions, such as flow control, cell
manipulation, cell culturing, and target tkawg, are also worthwhile of improving. Finding

the environmental problems and processes that could be investigated using LOC platforms
is also important. In addition to visualizing small scale process, such as bacterial related
phenomena, LOC systems aaéso ideal for mimicking and simulating large scale
ecological processes, such as fate and transport of nanoparticles in soil and groundwater
5455 The findings of the oghip simulations could provide valuable experimental data for

modeling and further osite fudies.
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CHAPTER 3. ELECTROPORATION THRESHOLD FOR

BACTERIA INACTIVATIO N

3.1 Background and I ntroduction

Drinking waterdisinfectionis an essentiaprocesdo guaranteg e o pdceestc
safe water. The current widely used disinfection method, chlorination, has a major
drawbackof generatingdisinfection by-products (DBPs), such as halonitromethanes,
which areprovedto be cytotoxicandgenotoxic* Therefore gxploringhigh-efficiencyand
environmentafriendly drinking water disinfection approaches is necessary.
Electroporations a techniqueto createporeson the cell membranéyy applyinga strong
electricfield.2 Whenthe electricfield strengthis sufficiently high, it canalso causecell
inactivation'® As an efficient methodwhich potentially doesnot generatecarcinogenic
DBPs, electroporationwas proved to be a promising techniquefor drinking water
disinfection.In severatrecentstudiesonlocally enhanceelectricfield treatmen{LEEFT),
onedimensionalnanomateriamodified electrodege.g., Ag nanowires CuO nanowires,
CuwP nanowiresandcarbonnanotubes)which cangenerateextremelyhigh electricfield
strengthnearthe tip areasof the nanostructuresgnableda 6-log removal efficiency of
various bacteriaeven with a small voltage (1-2 V).2%24 Although electroporationis a
promisingtechniquethe strongelectricfield (usuallyhigherthan 10 kV/cm) neededor
bacteriainactivationmakesit a potentially high energyconsumingmethod,limiting its
widespreadapplication®® Therefae, to guaranteehe inactivationeffect andat the same
time reducethe energy consumption,it is essentialto find the lethal electroporation

threshold(LET), i.e.,thelowestelectricfield strengthneededor bacterianactivation.
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Whenabacteriumis exposedo anexternalelectricfield, the cell membraneould
be consideredas a capacitorin a circuit. Chargedions inside and outsidethe cell move
underelectrophoretidorce and redistributeon the two sidesof the membranebilayer,
generatinga transmembran@otential®®’ Under this potertial, water moleculestend to
penetrateacrossthe lipid bilayer, leadingto a reorientationof lipids with their heads
towards water moleculesand initiating the generationof aqueouspores® When the
transmembranpotentialis not sufficiently high, the poresaretransientand could reseal
afterthe electricfield is removed.This phenomenoris calledreversibleelectroporation,
which hasbeenwidely usedfor drugor DNA delivery®® If thevoltagereaches threshold
wherethe poresbecomepermanentthenirreversibleelectroporatiotappenscausingcell
inactivation.Also, althoughporesformedduringreversibleelectroporatiorarereseéable,
theymay alsocausecell death,sincethe resealingorocesamight be long, andcytoplasm
leakageand toxic compounduptakemay take place® In the presentstudy, we aimedto
find thelowestelectricfield strengththatcause<ell inactivationwithout differentiatingif
theelectroporations reversibleor irreversible.

Thetypicalin vitro electroporatiorwascarriedoutin a cuvettewith parallelplane
electrodes! The cell suspensionwasfirst treatedundera certainelectricfield strength,
andthenthecell inactivationefficiencywastestedoy microbialculturing.Neverthelesso
determinethe LET, a seriesof different electric field strengthshouldbe tested.Sucha
tedious processgreatly hindered the investigation of the LET. To the best of our
knowledge ho systematid_ET datafor microorganism$iavebeenreported.Thereforea
morerapidandefficient methodis necessaryA lab-on-a-chip (LOC) deviceis a powerful

tool for electroporatiorsinceit overcomeseveraldisadvantagesf bulk electroporators’
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With themuchsmallerdistancebetweerelectrodeswhichis usuallytensof micrometers,
it is capableof generatinga higherelectricfield with significantlylower voltage.Several
studieshave beenconductedto implementelectroporationon LOC devices,including
electroporatiomf mammaliarcellsusinga carbonnanotubefeaturedmicrofluidics chip,*®
synthesizingerythrocytemembranecoatedmagneticnanoparticlesy electroporatiorf®
and selectivelylysing cells with different shapeson a optoelectronicplatform?® LOC
deviceshavealsobeenutilized for electroporatiormechanismnstudy, sincethey enabled
the precisecontrol of electroporatiorparametersindin situ observatiorof the process®
Theintracellulareffect of nanoseconelectricalpulseshasalsobeeninvestigatedwith a
removablepackagingmicrofluidic chip.3! Thereversibleelectroporatiorthreshold,rather
thanthe LET, of severakindsof bacteriahasbeenstudiedin a microfluidic device®?
Here,we reporta LOC platform to rapidly determinethe LET of bacteria.The
proposedapproachor the LET determinations illustratedin Figure 3.1 i) bacterialcells
areimmobilizedontoa glasssubstrateindexposedo anelectricfield with linearstrength
gradient;i) thecellsexposedo theelectricfield strongethanthe LET will beinactivated,
while the othersarestill intact; andiii) the LET could be determinedby combininglive-
deadcell stainingandimageprocessingnethodsThroughsuchanapproachthe LETs of
a model bacterialstrain, S. epidermidis under different pulsedelectric field treatment
conditionshavebeeninvestigatecandarereportedfor thefirst time in this study. Effects
of different mediaproperties,ncluding conductivity, temperaturepH, and disinfection

ions, havealsobeenstudied.
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Figure 3.1 A schematic on the threshali@terminatiormethod The red and gray spheres
represent inactivated and live bacteria, respectively. The color underneath the cells between
two electrodes represents the strength of the electric field. Darker red indicates higher

electric field strength.

3.2 Materials and M ethods

3.2.1 Fabrication of the LOC device.

The LOC devicewas constructedoy depositingplatinum electrodeson a glass
substrate Photolithographyand lift -off methodswere usedfor the fabrication (Figure
3.3). Specifically,alayer of negativephotoresisNR93-1500py was spin-coatedonto the
surfaceof a Borofloat 33 glasswafer; then, the coatedwafer was exposedo UV light
accordingto the designwith a masklessaligner, and the patternwas developedby a
developesolution.Titanium(10 nmthick) andplatinum(100nmthick) weresubsequently
depositedntothesurfaceby thee-beamevaporatiormethod wherethe Ti layerservedas
attachmentayer.52 After deposition the residualphotoresiswvas removedwith acetone,

leavingthe metalelectrode®n the chip surface.
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3.2.2 Cell preparation
Staphylococcuspidermidis(S. epidermidi$ (ATCC 12228)wasusedasa model
bacterialstrainto quantitativelydeterminghe LET. It is acommonlyusedmodelbacteria
for water disinfectionand antimicrdial tests®*®* The bacteriasolution was prepare as
follows: S. epidermidiswasincubatedn nutrientbroth at 35 °C till stationaryphase(15
hours);1 mL of cellswascentrifugedat 500G g for 5 min andresuspended 10 mM
phosphatduffer for threetimes;the washedcellswereresuspendetb 1 mL with 10 mM

phosphatdufferedsolutionto obtainthe experimentabacterialsolution.

3.2.3 Electric field treatment

TheLOC devicewaspre-treatedwith poly-L-lysine, which coatedthe chip surface
with positive chargeso immobilize the negativelychargedbacteriacells on the channel
betweenthe two electrodes Specifically, poly-L-lysine (Sigma, mole weight 150,000
300,0000.01%)wasdroppedontothe chip surfacefor 2 hours,thenrinsedwith deionized
(DI) wateranddriedin 60  for 30 min. Thepreparedacteriasolutionwasdroppedonto
thechip andleft still for 40 min to allow cell attachmentThen,the chip surfacewasgently
rinsedwith DI water to removethe unattachedbacteria,leaving the attachedbacteria
immersedin a droplet of DI water. Subsequentlysquarewave pulsedvoltage shocks
(typically 100V) with differentparameterdancludingpulsewidth (1-50 us), frequency(1-
50 kHz), and effective time, which is the productof pulsewidth and pulsenumber(10°-
10° ps), wereappliedto the LOC deviceusinga high-speedpulsegenerato(Avtech AV -
1010B) triggeredwith awaveformgeneratoKeysight33509B).Thetermsof the pulses

areshownin Figure 3.2.
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Figure 3.2 Schematic and terms of a pulsed electric field.

Theeffectsof mediumpropertiesincludingtheconductivity,temperaturepH, and
CU?* concentrationwereinvestigatedMediawith conductivitiesangingfrom 5x10° S/m
to 1 S/m were preparedwith NaS03 as solute to eliminate the effect of possible
electrochemicaleactions®® The pulsewidth andfrequencywerefixed at 1 usand10kHz,
respectivelywhile two effectivetimes,10° and10* us, weretested Temperaturesontrol
of the experimentsn therangeof 4 to 45  wasrealizedby putting the samplesn an
incubatorat different temperaturesThe mediumpH was set by using phosphateuffer
solutionsrangingfrom 4.5 to 12. Media with different Cu?* concentration(0-800 ug/L)
were achievedby addingCuSQ. For the assayson the impact of temperaturepH, and
Cu?*, the appliedpulsewidth, frequency,and effectivetime werefixed at 1 ps, 10 kHz,

and10® ps, respectively.

3.2.4 Electric field simulation
The electric field distribution was simulated by finite elementmethod using
COMSOLMultiphysics.Electrostatianodulewasusedin a 3D modelfor the simulation.
Theelectricfield is calculatedoy Equation (3.1).

% n6 8
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whereV is the electric potential, which is set to 100 V in this simulation. The relative
permittivity of the medium is 80, and vacuum permittivity is 8.84%¥FIm, thickness of

the electrode is 100 nm.

3.2.5 Imaging and data processing

Cellviability wastestedby Propidiumlodide (PI) staining,sincePl moleculeonly
enter dead bacteriawith a compromisedmembraneand bind to DNA and show a
fluorescencenhance@0to 30folds. Someof thebacteriawith intactcell membranesnay
enterthe viable but non culturablestateafter antimicrobialtreatment,but they are still
potentially risky. Thus, we testedthe membrandntegrity in this studyto guaranteghe
inactivationstatusof bacteria®® After electroporatiorireatmentthe treatedbacteriawere
immersedin a dropletof 10 mM phosphatebuffer for 1.5 hoursto reacha stablecell
condition,i.e., live or dead.Then,the bacteriawere stainedwith 3 uM Propidiumlodide
(P1) solutionandleft in thedarkfor 30 min. Microscopyimagesof differentialinterference
contrast(DIC) and fluorescentchannelwere taken using a Zeiss inverted fluorescent
microscopeg(Axio observer7) connectedo a CCD camera.The imageswere processed
with MATLAB. Briefly, arectangulapartof the channelwhich is 440 um long and20
pum high,wascroppedn eachimage,andthenverticallydividedinto 120columnsandthe
cell numberin eachcolumnwascounted.The inactivationefficiencyin eachcolumnwas
calculatedby dividing the numberof inactivatedcells (from fluorescentimage) by the
numberof total cells (from DIC image)in the samecolumn. The electricfield strength
causingb0%cell inactivationwasfound,andtheresultsfrom parallelchannelononechip

wereusedcollectivelyto determingheLET.
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3.3 Resultsand Discussion

3.3.1 The LOC device
A digital photoof thefabricatedLOC deviceanda zoomin microscopyimageof
the channelareshownin Figures 3.30 & c. A total of 43 6 channelunits werefabricated
on one chip for parallel experimentsThe curving edgeof the symmetricelectrodewas

designedaccordingto Equation (3.2) in thecoordinaten Figure 3.3d:
0
P Qw

0
wherex andw representhe half lengthandwidth of the channelwo is the half width at x
=0, andk is aconstanf!®’ As shownin Figure 3.3d, thelengthof the channelunit is 440
pm, and the narrowestwidth at the centeris 20 um. The electricfield strengthcan be
calculatedby theequatiorE=V / (2w), whereOis theelectricfield, andqU is thedistance
betweenthe two electrodesBecauseof the shapeof the electrodeedge,whena certain
voltageis appliedto thetwo electrodesanelectricfield with alinearstrengthgradientwill
be generatedn the channel. This electric field strengh was simulatedby COMSOL
Multiphysicsin a 3D model (Figure 3.3¢), consideringthe 3D geometryeffect. Whena

voltageof 100V is applied,theelectricfield strengthreachesabout40 kV/cm.
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Figure 3.3 Design and fabrication of the LOC devi¢a) Fabrication procedure with both
side view and top view. The side view is drawn across the red dashed line in the top view
images. (b, c) A digital photo of the LOC device and a zaomicroscopy image of the
channel. The scale bar is 200 um. (d) Design of the electrodes. The curving edge of the
electrode is designed according to Equati®a)(in the xw coordinate. The red dashed

frame indicates the rectangular area selected for data analysis. (e) Elddtdistréoution

in the channel simulated with COMSOL Multiphysics when 100 V is applied.

3.3.2 The LET

Figure 3.4a showsa DIC imageand a fluorescentimage stackedtogether,both
takenat the sameposition after an electricfield treatment.The applied pulsevoltageis
100V, the pulsewidth is 1 ps, frequencyis 4 kHz, andthe effectivetime is 10* ps. The
DIC image showsthat bacterialcells are uniformly distributedon the channel(Figure
3.4b), while thereddotsin thefluorescenimagerepresentieadcellsstainedby Pl (Figure
3.4c). It is evidentthatonly the bacteriadistributedin the middle sectionof thechannelare
stainedwith PI, indicating that thesebacteriahave beenexposedto the electric field

strongerthanthe LET andhavebeeninactivated.The inactivationefficienciesalongthe
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channelareplottedin Figure 3.4d. Theregressionine (leastsquae fitting) indicatesthat
the inactivationefficiencyincreasegrom lower than5% to about100% within a narrow
range.Thepositions(x values)showing50%inactivationareabout® 72 mm (Figure 3.4d).
Subsequentlythe correspondinglectricfield strengthat this positionis determinedo be
29.16 kV/cm, basedon the electric field distribution along the channel(Figure 3.4e).
Finally, the LET of S. epidermidisunder such electroporationtreatmentcondition is
reportedo be29.50+ 0.16kV/cm after averagingheparallelresultsfrom 24 channeunits

ononechip.
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Figure 3.4 An exampleof microscopyimagesanddataprocessingnethodThetreatment

condition is1 pspulsewidth; 4 kHz frequency;10* us effective time, and.00 V applied

voltage. (a) A stacked image of a DIC and a fluorescent microscopy image. (b) DIC image

and zoomn images showing all bacteria attached on the substrate in the channel. The
dashed frame represents the area seldotedata analysis. (c) Fluorescent image and

zoontin images of bacteria stained by propidium iodide (PI). (d) Inactivation efficiency

and the fitted |ine plotted &aTdmgormisehée exng
represents the locations whée inactivation efficiency is 50%. (e) Electric field strength

al ong t he |l ength of t he c h-axsnreplesentsTiiee v al

corresponding electric field strength at the defined locations. The scale bars are 20 um for

all microscopy imges.
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3.3.3 LET under different pulsed electric field conditions

The LET is collectively determinedby severalparameter®f the pulsedelectric
field, including pulsewidth (/), frequency(f) andeffectivetime (t) (Figure 3.2). Under
the treatmentconditionslisted in Figure 3.5, the LETs rangebetween10 kV/cm to 35
kV/cm. The error bars represent95% confidenceintervals. The previously reported
electroporatiorthresholdfor mammalcells wasmostly distributedbetweent-2 kV/cm.®°
Thereversibleelectroporatiorthresholddor bacteriawerefoundto be 3-6 kV/cm, which
shouldbelowerthantheirirreversiblethresholcP! Otherstudiesalsostatedhatirreversible
electroporatiomftenrequiresanelectricfield strengthgreaterthan10kV/cm.>®

At afixed pulsewidth andfrequency(individual linesin Figure 3.5a), a negative
correlation betweenthe LET and effective time can be observed.This correlationis
intuitive: beingexposedo an electricfield for a longertime generatesnore andlarger
poreson the cell membranethus, lower electric field strengthis neededfor bacteria
inactivation. The electroporatiorthresholdon syntheticlipid bilayers showeda similar
trend, exceptthat the thresholddecreasedinearly with the logarithmic increaseof the
effectivetime.®® In the presenstudy,the LET decreasesignificantlyin mostcasesvhen
the effectivetime increasefrom 107 to 10° ps, thenslows down whenfurtherincreasing
the effectivetime. This might be attributedto the recoveryability of the cell membrane,
which s lackingfor artificial membranesThisrecoveryability maybestrongemwhencells
areexposedo aweakerelectricfield. Thus,longereffectivetreatmentime is requiredto
achieveethalelectroporation.

The electroporatiorprocessunder pulsedelectric field could be considerecas a

seriesof repeatecporeforming and closing processesWhena strongelectricalpulseis
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applied,poresform on the membraneandcompoundn the two sidesstartto exchange
through the pores. When the electric field is removedbetweentwo pulses,the cell
membranemay resealduring this interval®® The four linesin Figure 3.5a representhe
LETs at different pulsewidth andfrequency but the ratios of pulsewidth to period(T =
1/) areall 1:20,which meanghata longerpulseis followed by alongerrestingtime for
theporesto close.Thus,thetotal treatmentimes(includingtherestingtime) arethe same
for thefour lineswhentheyhavethe sameeffectivetimes.Thedifferencebetweerthefour
lines(Figure 3.5a) indicateghatincreasinghewidth of eachpulseis effectivein reducing
the LET eventhougha longerintervalis providedfor the membrando recover.With a
longerpulsewidth, the poresmay havealreadygrownto the size or phasethat cannotbe
easilyclosed,no matterhow long the interval that follows. In addition, the larger pores
generateanay allow morecompoundgo exchangeacrosshe membranecausinggreater
or irreversible damage.Nevertheless,n real applications,a tradeoff needsto be
consideredor applyinglongerpulsewidths, sinceit maycauseelectrochemicateactions
thatwastethe energyon watersplitting.

Figure 3.5b showsthe negativecorrelationbetweerthe LET andthefrequencyof
the pulsedelectricfield whenthe pulsewidth is fixed at 1 ps. Forthe samepulsewidth, a
higherfrequencymeansa shorterinterval betweentwo pulses,so thatthe poresmay not
haveenoughtime to fully recoverduringtheinterval. Therefore the poreskeepgrowing
whenanewpulseis applied,increasingheprobabilityof membraneuptureandcell death,
andthusdecreasinghe LET. Thesametrendis observedor variouseffectivetimesin this

study,andhasalsobeenreportedn a previousstudyon artificial lipid bilayers®®
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Figure 3.5 The LETs ofS. epidermidisinder different pulsed electric field conditioke)
Dependence of the LET on effective time at different pulse widths and frequencies (with
the same pulse width to period ratio). (b) Relationship between the LET and frequency at

the same pulse width bdifferent effective times.

3.3.4 Effects of medium properties on LET

Different propertiesof drinking water, such as the conductivity, pH value,
temperatureandion speciesmayall affectthe LET of bacteriaThus,the effectsof these
mediumpropertieshawe beeninvestigatedvith the developedlatform.

Conductivity During electricfield treatmentchargingthe cell membranecanbe
consideredas charginga capacitorin a circuit,>’ andthe extracellularmediumactsasa
resistorin the circuit. Thus,the conductivity of the extracellularmediumwill affectthe
trarsmembrangotentialandthe LET. Figure 3.6a showsthe changingof the LET with
the mediumconductivity. The rangeof the conductivitiestested(5x10° to 1 S/m) covers
thevaluesof typical environmentalvatersamplesResultsrom the experimentsvith two
differenteffectivetimes(10® and10* ps) showasimilartrend:the LET decreasewith the

increaseof mediumconductivity,especiallyin the rangeof 2x10%to 0.1 S/m.
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Basedon the theoreticalmodel, the electricfield strengthrequiredto achievethe
samelevel of transmembranpotential(e.g, 1 V) at differentmediumconductivitiescan
be calculated.The transmembraneoltage (TMV) on a sphericé cell inducedby an

externalelectricfield is givenin Equation (3.3),°

o

Yo QA Owéd Qon - 8

whereq Vis theinducedTMV,, fs is a factor relatedto the electricfield andpropertiesof
thecell andmedium,r is theradiusof thecell, Ois theexternalelectricfield strengthdis
theanglebetweenthe directionof electricfield andthe point studied.t is the pulsewidth
of externaklectricfield, andUs themembranehargingconstantThemembraneharging

constantis furtherdeterminedy Equation (3.4):

10

Ch » (

whereCn is the surfacecapacitancef the membranetl;, Ue, Umarethe conductivityof the
cytoplasm the extracellularmedium,andthe membranerespectivelyandd is the thick
nessof membraneAccordingto the valuesreportedin the literature,thefs, Gi, tm, Cm, d,
and R are chosento be 1.5, 0.2 S/m, 5x10® S/m, 0.01 F/m?, 0.005em, and 1 pm,
respectivelyfor the calculation’ Whenthe transmembranpotential(qp V) is assumedo
be 1 V, the changingtrend of the requiredelectricfield strength(E) with the mediun
conductivity( 4} in the calculatedresult(Figure 3.7) is similar to the experimentatesult
(Figure 3.6a). Therefore,the decreaseof the LET with the increaseof the medium
conductivity could be theoreticallyexplained.The resultsof the theoreticalcalculations

(Figure 3.7) andour experimenta(Figure 3.6a) showa similartrend.
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Figure 3.6 Effects of medium properties on the LH®&) Effects of medium conductivity
on the LET. The pulse width is 1 pad frequency is 10 kHz. i) Effects of temperature,
pH, and Cd' concentration of medium on the LET. The pulse width is 1 ps, frequency is

10 kHz, and effective time is 1fis.
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Figure 3.7 Theoreticalanalysis of the membrane charging procé&sefigure shows the
changing of membrane charging constdand the electric field strenghto achieve 1 V

transmembrane potential with the changing of medium conductivity

TemperatureTemperaturenaychangehefluidity andpermeabilityof thebacteria
membranethusaffectingthe LET.” To investigatethe temperatureffects, bacteriawere
electricfield-treatedat4 ,45 , androomtemperatur¢23 ) respectivelyTheresults
aredepictedn Figure 3.6b, wherethereddotsrepresenthe LETs whenthebacteriawvere
putinto4 or45 anddirectly subjectedo the electricfield treatmentwhile for the
greendots,the bacteriawerefirst putinto the correspondingemperature$or pre-heating
or cooling for 40 min, andthentreatedwith electricfield. The LET at45 s dightly
lower thanthat at room temperaturavithout pre-treatment(red squares)Accordingto a
previousstudy, Staphylococcubecamemore sensitiveto pulsedelectricfield treatment
with the increaseof treatmenttemperaturé! It might be due to the reductionof the
membranehargingtime, or thedecreasef theminimumtransmembranpotentialneeded
to disruptthe cell membraneat a higher temperaturé?” When the bacteriawere pre-

cooledor heatedthe LETsbothslightly increasedgreensquaresomparedo redsquares).
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It wasreportedthatheatpretreateaellstendedo havehigherheatresistanceanddamage
repaircapability,which could mitigatethe adverseeffectof high treatmentemperaturg*
An increaseof electroporatiornresistancevas also observedin a previousstudy when
Escherichiacoli (E. coli) wastreatedwith previouscold shock’

pH. An important parameteraffecting biological systems,pH should also be
consideredExtremepH may interferewith the bacteriamembraneaesealcapabilityand
inactivetheinjuredbacteriathusdecreasinghe LET.”® To testtheseeffects bacterishave
beenfirst treatedin DI waterandthenimmersedn mediawith differentpH. Within a pH
rangeof 4.5to 12, the LET was only affectedslightly between28.6 and 32.1 kV/cm
(Figure 3.6¢). A previousstudydemonstratethataftera poststoragan citratephosphate
buffer of pH 4.0 for four hours,the inactivationefficiency of E. coli by electroporation
increasedignificantly. Thisindicatedthatthesublethainjuredbacteriamight be sensiive
to low pH conditions’ The sameoutcomehasnot beenfoundin the presenstudy,which
might be dueto the slightly higherpH (4.5 comparedvith 4,0), shorterpoststoragetime
(1.5h comparedwith 4 h), or the different propertiesbetweenS. epidermidisandE. coli.
Neverthelesstesultsof the LEEFT experimentsn our previousstudyindicatedthat pH
rangingfrom 3 to 11did notaffectthedisinfectionefficiencieson E. coli.”® Themechanism
of pH influenceis still not clearandneeddurther study.

Copper(Il) ions (Cu?*). Using antimicrobialmetalions, suchas CU?* or Ag*, is
another efficient water disinfection technique’”-"® Electroporation may work
synergisticallywith thes metalions sincetheformationof transientporesandincreaseof
membrangyermeabilitymay assistthe delivery of microbiocidalions into the cells3® If

suchsynergisticeffect exists,the LETs will be lower. The effect of Ci?* onthe LET is
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depictedn Figure 3.6d. Theblueline showsthe LETswhenCu?*is only presentedluring
theeledric field treatmenprocesg~5 sincludingsomehandlingprocesses)yhile thered
line representtheresultswhenCu?* is presentedothduringandaftertreatmenfor 1.5h.
A slight decreasef the LET with theincreaseof CU?* concentratioris notedfor the red
line, which indicatesthat higher Cu/?* concentratiorin the mediummay reducethe LET.
Neverthelessthe blueline showslittle changejndicatingthatthe extraCu?* uptakeonly
during the electric field treatmentdoes not cause significant antimicrobial effect.
Collectively, the resultssuggesthat microbiocidalionsin the mediummay decrease¢he

LET, butsufficienttimeis requiredfor theionsto transportinto the cells.

3.4 Perspective

From the thresholdvalueswe measuredthe energy consumptionfor bacteria
inactivation could be further investigated.The energyconsumptionof the electric field
treatmentprocesss determinedoy both the strengthand durationof the appliedelectric
field. In this study,we definetheproductof the LET andeffectivetime astheenergyindex
to representhe energyconsumptiorrequiredfor bacteriainactivation.Comparablédo the
A C Tvalue (the productof concentratiorof a disinfectant,C, andthe contact time with
water,T), whichrepresentslisinfectantdosagen waterchlorination theenergyindexcan
provide guidancefor the electricfield treatments y s t @esigh’é As shownin Figure
3.8, the energyindex decreasewvith the increaseof the LET, indicatingthat the energy
consumptiorwill be lower if a higherelectricfield canbe applied.This trend could be
explainedby the much shortereffective time neededfor bacterialinactivationwhen a
strongerelectricfield is applied.This resultalsoindicatesthe importanceof electricfield

strengthfor electricfield treatmentdisinfection.To achievethe samedisinfectioneffect,
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when a strongerelectricfield is applied,the processcould becomenot only moretime
efficient, butalso moreenergyefficient. However thereis atradeoff of providingastrong
electricfield, sinceit hasarisk of causingsafetyissuessuchasarcdischargeThetrend
of thefour linesof differentpulsewidth in Figure 3.8 alsosuggestshatlongerpulsewidth
is preferredor savingenergy Neverthelesgshesameradeoff hasto beconsideredBased
onour previousstudy,alow energyconsumptions achievedor LEEFT processwhichis
1.2 J perlitter of water?® The energyconsumptiortrendfoundin the presenwork could

be usedto furtheroptimizethetreatmenprocessandreducethe energyconsumption.
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Figure 3.8 Changing of the energgdex with the LET.

Investigating the LETs of various pathogensis of great significance for
implementingLEEFT technologyin water disinfection. The developmentof the LOC
platformheremakedt moreconvenientaindrapidto determinghe LETs. Accordingto the
LET valuesandchangingrends thetreatmenparametersf the LEEFT processouldbe
more rationally designed which helps guaranteehe disinfection efficiency as well as
reduceenergyconsumptionFor the future studies this platformwill be appliedto study

the LET of otherbacterialstrainsbesidesStaphylococcudemonstratech this study,and
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potentially protozoa.Other impact factors, such as different organcs in water, growth
statusandmembranestructure®f bacteriacouldalsobestudiedIn themeantimetheLOC
devicewill befurtherimprovedby combiningpretreatmentsampldoading,electricfield

treatmentposttreatmenstorageandcell staininto onedevice.

3.5 Conclusion
In summarywe havedevelopeda rapid platform combininga LOC device,live-

anddeadcell staining,andimageprocessingnethodgo quantitativelystudythe LET for
bacteriaTheLETsof Staphylococcusangedrom 10to 35kV/cmwhentheappliedpulsed
electricfield had pulsewidths of 1 to 50 us, frequenciesof 4 to 100 kHz, and effective
treatmenttimesof 1 msto 1 s. Decreasef the LET wasnotedwhena higher effective
time, alongerpulsewidth, or a higherpulsefrequencywasapplied.Higher conductivity
reducedhe membranehargingconstantthusloweredthe LET. The presencef Cu?*in
the mediummay alsoreducethe LET, while the effectsof temperatureand pH werenot

significantin the presat study.
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CHAPTER 4. MECHANISMS OF LEEFT FOR BACTERIA

INACTIVATION

4.1 Background and I ntroduction

Bacteria are indispensable for both ecological systems and human bodies, but the
growth of undesired bacteria can also cause serious problems. Seeking approaches for
baderia inactivation is an everlasting effort. Most of our current practices for bacteria
inactivation highly rely on the uses of chemicals, such as antibiotics for infection treatment,
chlorine for water disinfection, and chemical &otiling agents. Theyhave been
effectively inactivating bacteria, but caused new problems: overuse of antibiotics has
already raised the concern of antibiotic resist&fichlorination generates disinfection-by
products (DBPs) that can be carcinogéhiand antifouling agents may be harmful to
human health or the environment.

Effective physical processes, such as thermo/ultraviolet radf&tfdrmcoustic
vibration848° microwave®® and electric field treatment (EF¥), can be superior
alternatives to chemical approaches for bacteria inactivation, although many of them suffer
from high capital cost or energgpnsumption. Among these processes, EFT is increasingly
finding applications in food preservation and water disinfecfidhi® EFT aims to
inactivate bacteria by electroporation: when a cell is exposed to a strong electric field, an
induced transmembrane voltage (TMV) will causeeptormation on the lipid bilayer
membrané;®’88 and when this external electric field is strong enough, the membrane
damagei.e., the poresyill become lethal to the bacterial celfsThe lethal edctroporation

threshold was found to be between 10 ~ 35 k\ieifypically, in order to achieve the
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strong electric field, EFT processes require high applied voltages (e.g., ~ 23 kV to achieve
35 kV/cm ona 0.65 cmgap),®® which lead to safety issuesigde reactions, and high energy
consumption.

A strategy to realize the high electric field strength with lower voltages is to
decorate the electrodes with sharp objects, such as nanowires or nanowedges. Attributed
to the lightningrod effect, the eledtr field near the tips could be largely enhanced
depending on the aspect ratio of the electrode decordfiohs.a result, even with
relatively low applied voltages, the locally enhanced electric field can still build up the
transmembrane voltage that is suHfiti to cause irreversible electroporation and bacteria
inactivation. Although this concept has been claimed as the predominant mechanism for
benchscale EFT water disinfection devices equipped with nanewodified
electrodeg??224359%94  (irect demonstration of lightniagd effect for bacteria
inactivation, especially at the singgtell level, is not yet done. Here, we conduct locally
enhanced EFT (LEEFT) on a laln-a-chip device that has nanowedgedified electrodes
and investigate # bacteria inactivation procegs situ. Results show that the bacteria
located at the tips of nanowedges on both positive and negative electrodes are rapidly
inactivatedin LEEFT. Electroporation induced by the locally enhanced electric field
attributed ¢ the lightningrod effect is the predominant mechanism for this bacteria
inactivation. It is the firstime process visualization and mechanism illustration of LEEFT
at the singlecell level. The findings of this work will provide strong supports foiftiere

applications of LEEFT.
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4.2 Materials and Methods

4.2.1 Chip fabrication

Glass wafer was used as the substrate for electrode deposition. Gold nanowedges
were first defined by electron beam lithogragRigure 4.1). Then, 200 nm gold layer was
deposited using electron beam evaporation andffifinethod. The gold bulk contact pads
of 300 nm thickness were defined by photolithography and fabricated Hoff liftethod.
Gold is both mechanically and electrochemicatgble and does not have significant
antimicrobial effectslt is also widely used as electrodes or contact pads in microchips.
There are 330 nanowedges on one chip in total. The interval between nanowedges is 7
which is to deploy a large numberrdnowedges without interference between each other
on showing bacteria inactivation phenomenon. The default nanowedge is 200 nm wide at
the tip and £m wide at the base in default chips. Note that the chips designed for interval
experimentsKigure 4.% and 4.10) have nanowedges of 200 nm width tip and 400 nm

width base in order to achieve 800 nm interval.

T T T T T

Figure 4.1 Photos of the lalon-a-chip. A digital photo of the lakbn-a-chip and the zoom
in microscopy image showing the nanowedges on the two electrodes. The scale bars are 5

mm (left) and 1&m (right).
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To fabricate the gold nanowedges, a layer of electron beam resist PMMA A6 was
spincoated on theurface of a glass wafer substrate. Then, the substrate was exposed using
an electron beam lithography system (Elionix EE$00). After development, a thin layer
of gold (200 nm) was deposited using abemm evaporator (Denton Explorer). The
unwanted goldwas removed by a I#bff method using acetone, leaving the gold
nanowedges on the substrate. After the nanowedges were fabricated, the 300 nm thick bulk
gold electrodes with 25 or 50 nrelectrode separation gap were fabricated using a similar
procedure xcept that photolithographyasused rather thanlgeam lithography. A layer
of photoresist (NRE500py) was first spin coated on the substrate, then exposed by
photolithography (Heidelberg MLA150), and the gold was depositeeb®am evaporator

and lift-off method.

4.2.2 Chip wash and coating with polyL -lysine

To achieve bacteria immobilization on the chip, the fabricated chips were first
washed with 5% bleach for 30 min, rinse with DI water, washed with 38@sfdr 1 hour,
stored in DI water overniglit,and then dried in oven before treatment. The dried chips
were then coated it positively chargedgoly-L-lysine (0.01%, mw 150,00@300,000;
SigmaAldrich) for bacteria immobilization. Specificallyoly-L-lysine and 2 M borate
buffer was first mixed at laddedontotthe eenterafb out
a dried chipcoveringthe gap between the two electrodes. After 3 hours of coating at room
temperature, the chips were rinsed with DI
chips were stored in 4 polyL-lysinedsiagositvebya t i n g
charged polymer, which can immobilize the negatively charged bacteria on the chip

surface. To reuse the chips after experiments, repeat the wash and coating steps.
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4.2.3 Cell culture and harvest

S. epidermidis or B. subtilisere cultured in nutrient broth for 15 hours, &atoli
was cultured in LB broth for 7 hours before use. For the immobilized cells, 4 mL bacterial
solution was centrifuged at 4000 rpm for 5 min. The supernatant was discarded, and the
bacterial pallet wasesuspended in 1 mL 10 mM phosphate buffer. After 3 times of
washing, the cell pallet was resuspended in 0.5 mL 10 mM phosphate buffer to achieve the
bacteria suspension with a higher cell concentration. For the experiment withdveey

cells, bacteriavere washed with DI water for 3 times instead of phosphate buffer.

4.2.4 Experimental setup for immobilized bacteria cells

To conduct LEEFT with immobilized bacteria cells, add&#6f prepared bacteria
suspension ontooly-L-lysinecoated chip to cover thgap between two electrodes, then
let the cells settle down for 50 mins in room temperature. During this time, a layer of cells
will be immobilized on the chip surface. Then, the bacterial solution on the chip was gently
washed away with 4 ml DI water comimng 15¢ z Propidium iodide (PI) using a pipette,
to remove the neimmobilized cells and leave the immobilized bacteria in a drop of Pl
staining DI water. The chip was then flipped, put onto a coverslip, loaded onto an inverted

microscope foin situobservation Figure 4.2a).

4.2.5 Experimental setup for freemoving bacteria cells

To visualize the bacteria inactivation process with -frewving bacteria, stain
bacteria in the prepared bacteria suspension withM®| and 5¢ z SYTO 9 (Thermo
Fisher Scientift) for 5 min before usg.dd 40¢l of stained bacteria suspension onto the
chip to cover the gap between two electrodes. Then the chip was flipped, put onto a

coverslip, and loaded onto an inverted microscopefsitu observation gigure 4.2b).
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Figure 4.2 Experimental setuffa) Experimental setup for immobilized cells. The medium

is DI water containing PI stain. Only dead cells could be stained with Pl and show red
fluorescence, while live cellsenot stained. (b) Experimental setup for fmeeving cells.

The medium is DI water containirgYy TO 9 and PI stain. The live cells are stained with
SYTO 9 and show green fluorescence. The dead cells are stained with Pl and show red

fluorescence.

4.2.6 LEEFT procedures

The pulsed voltages were applied to the chip using a pulse generator (Avtech
Electrosystems LTd.) which is triggered with a waveform generator (Keysight 33509B).
The typical pulses used in this work haweszulse width, 108s period (10 kHz)500,000
pulses, corresponding to 1 s effective treatment time and 50 s total time, unless stated
otherwise(Figure 4.3). The effective treatment time is the total time when the applied
voltage is not 0, which equals pulse width x pulse number. Thepiddeof 2¢s is used
to minimize electrochemical reactions. The pulse waveform was measured using an

oscilloscope (Keysight InfiniiVision 6000-Xeries).
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Figure 4.3 Waveform of the applied electdatpulsesThe pulses arat 18 V with 2&s pulse
width, 100 es period, denoted as 18 VEX/100¢€s. The effective treatment time is

calculated as the total time when the voltage is not 0, which emgualése width x pulse

number.

4.2.7 ROS detection

For ROS étection experiments, the ROS indicator DGBA was added to stain
the bacteria at 0.2 mM during the bacteria immobilizing process for 50 min. After staining,
DCFH-DA was washed away with DI water. To ensure that this method is able to detect
ROS generatio, pulses with longer pulse width (268/10 ms) at 20 V were tested as
positive control. Significant fluorescence near the positive electrode was observed,
indicating this method is valid for ROS detection.

In DMSO test, DI water containing 15% DMSO ab8le z Pl was used as the

medium to quench ROS and protect bacteria form ROS damage.
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4.2.8 Reversible electroporation tests

For reversible electroporation tests,
medium before treatment. Electrical pulses of 14 ¥#2100 £s/20,000 pulses were
applied, and the microscopy images were collected. Ten minutes after the electrical

treatment, 1M Pl was then added, and the images were collected again.

4.2.9 Microscope observation

The LEEFT treatment process was observed acordedn situ using an inverted
fluorescence microscope (Zeiss Axio Observer 7). Cell and nanowedge images were
captured via DIC channel. Pl was excited at 488 n¥.(3 9, and SYTOX Green, and
DCFH-DA were excited at 555 nm, respectively. All fluorescgghals are filtered with a

90 HS filter. The video taking was triggered by the Keysight 33509B waveform generator.

4.2.10 Image processing and data statistics

The microscopy images were processed using MATLAB. The fluorescence image
of PI signal before treatemt was subtracted from the image after treatment, which only
keeps the changing of PI signal. The subtracted image was then processed for inactivation
and counting analyzing.

The bacteria inactivation percentage is represented as the percentage of
nanowedges that have inactivated cell at the tip, which is
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There are 330anowedges on one chip for the default design. Each treatment experiment

was repeated with three chips, and the error bars show the standard deviation of the three
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repeated experiments. Note that for the chips that have 0.8 um interval nanowedges, cell
numker at the nanowedge tip is less than nanowedge number due to the small interval.

Bacteria inactivation is represented as the percentage of dead cells, which is
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4.2.11 Electric field and TMV simulation

The naneenhanced electric field and transmembrane voltage (TMV) was simulated
using electric current module in COME&M™ultiphysics. A 3D model of the labn-a-chip
was built. The COMSOL builin materials glass, gold, and wateere assigned to the
substrate, electrodes (both bulk contact pads and nanowedgedheanddium. The
relative permittivity of watewas set 278.5. Since DI watewasused in this work, the
electrical conductivityvas set atx10* S/m.

To simulate the cell transmembrane voltage toncentric spheres were built to
representthe bacterial cell with lem diameter and 50 nm thick cell wéfl.For the
extracellular water, intracellular medium, and the cell membrane, the conducaiigsv
were set alx10% 0.2, and 5x10S/m?” and the relative permittivity values were 78.5,

60, and 70respectively?®

4.3 Resultsand Discussion

4.3.1 Rapid bacteria inactivation at nanowedge tip

Lab-on-a-chip has been intensively used for operando investigation of microbiology
related processéé3">Here, ve developed a labn-chip device with golchanowedges
fabricated on both positive and negative electroéfesu(e 4.4a) to enable the operando

investigation. The gap between the two electrodes snb0The length and thickness of
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the nanowedge are 8 um and 200 nm, respectively. The width ofibevedge tip is 200
nm, and it gradually increases terh to allow a steadier connection to the bulk electrode.
This is the default chip design this work unless otherwise stated. When a voltage is
applied to the two electrodes, the electric field neartanowedge tips will be enhanced
due to the lightningod effect, which is simulated using COMSOL MultiphysiEgy(ire

4.4p).

Electric field strength (kV/cm)
e
5

50 pm (34 pm

Before
LEEFT

Figure 4.4 Bacteria damage in LEEF{a) Microscopy image of the latm-a-chip. (b) The
naneenhanced electric field at the nanowedge tipder18 V applied voltage. (¢ & d)
Microscopy images of the immobilized bacteria cells before (c) and after (d) treatment.
Scale bars are 16m in normalimages and &m in the zoorrn images. (e & f) PI
fluorescence onset indicating pore formation position of a cell at nanowedge tip on negative
electrode (e) and positive electrode (f). The arrows indicate the position of the cell
membrane adjacent to theanowedge tip, which is also the onset position of PI

fluorescenceThe ale bars are &m.
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The chip was preoated withpositively chargedoly-L-lysine and the model
bacteria Staphylococcuspidermidis (S. epidermidis were uniformly distributed and
firmly immobilized on the chipsince they are negatively chargé&dgure 4.4c). Live-and
dead cell distinguishing stain propidium iodide (P1) was added in the deionized water (DI
water) medium before treatment (St experimental setup ifrigure 4.2a). After
500,000 electrical pul ses at 18 V with 2
(denoted as 18 V/ 2 s/ 100 eFguréddB)theb&criap ul s e ¢
at the tips of nanowedges on both positive and negative electrodeseshiuorescence
of the PI stain, indicating cethembrane damage, whilether bacteriaare still intact
(Figure 4.4d). The zooran image clearly shows that only the cells located very close to
the nanowedge tips are damaged, which is consistent wittldbiic field enhancement
pattern (Figure 4.4b). By comparison, for the electrodes that have no nanowedge
modification but a smaller gap of 3m, hardly any cells are affecte@igure 4.5),
suggesting that this electrical treatment is not sufficierkilkdoacteria in bulk or orthe

electrode edge.

Figure 4.5 Electrodes that have no nanoweddde figure shows the electrodes that have
no nanowedgesut a smaller gap of 3dm after 18 V/2gs/100 £s/500,000 pulses

treatment. The scale bar is 4@ in left image and m inthezoomin image.
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The bacteria damage process was observed ittimeal The onset position of Pl
fluorescence indicasdhat the cell membrane damage takes place at thequoadjacent
to the nanowedge tip, where the naamhanced electric field has the highest strength. The
circled bacteria cells at the nanowedge tips on the negative elediigdes(4.4e) and
positive electrodeRigure 4.4f) do not show fluorescence before the treatment (0 s). The
arrows indicate the location where the cell membrane is adjacent to the nanowedge tip.
After the treatment starts, the red fluorescence of Pl stain first originates from the adjacent
point indicatel by the arrows (shown in 0.1 s, 0.2 s, and 0.4 s), suggesting that the part of
the cell membrane subjected to the strongest electric field will be perforated first.

The bacteria damage occurs rapidly in LEEFT. To figure out how fast it is, different
effective treatment time (i.e., the total time that the applied voltage is not zero, equals to
pulse width x pulse number) was tested by applying diffenemibers o2 € s/ 100 ¢ s
pulses. Under 30 V and 18 V applied voltage, 0.1 ms and 1 ms effective tretitnedat
long enough to achieve >80% bacteria damage (represented by the percentage of
nanowedges indecl bacteria damage at tihdip), respectively indicating that bacteria
damage in LEEFT is very rapiéifure 4.6a). Under relatively lower applied volias (14
V and 10 V), bacteria damage stays at low percentage even with 1 s effective treatment
time, suggesting that the limiting factor of the lower bacteria damage is the applied voltage
rather than treatment timé&igure 4.6a). Therefore, the bacteriaathage efficiency at
different applied voltages with 1 s effective treatment time were tested. In case the cell
damage was reversible, we conducted parallel experiments but stained the cells 2 hours
after treatmentvith PI. Since reversible membrane damagjesuld already recover after

2 hours, the cells stained with Pl are considered inactif&t€dere is no significant
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difference between the efficiency of cell damage and inactivation, except that cell
inactivation isslightly higher at low voltagesHgure 4.6b), which is due to random cell
inactivation in all cells after 2 hours. The efficiency shows a positive coorehaith the

applied voltageKigure 4.6b). The cell damagstarts at a low voltage d0 V, and 20 V

is already high enough to achieve bacteria inactivation for almost all nanowdbiges
significant differencés observedetween the positive and negative electrodes. This result
indicates that with 1 s effective treatment time, most cell damage is irreversible, leading to

cell inactivation.This is further confirmed byhe phenomenon that the damaged bacteria
lostcellintgr ity and decayed after storEgurein nut
4.7). Therefore, when 1 s effective time (500,000 pulses) is used, we consider the cell

inactivation efficiency is approximately the same with cell damage.
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Figure 4.6 Bacteria inactivation characterization in LEEF3). Bacteria damage efficiency

(i.e., the percentage of nanowedges inducing bacteria daraagifferent effective

treatment time. Positive and negated ect r odes are denoted as +
Bacteria damage and inactivation efficiency versus the applied voltage with 1 s effective
treatment time. (e f) Bacteria inactivation with wedges of different width (c & e) and

different length (d & f) (g7 i) Microscopy images of different kinds of freeoving

bacteria in the media before (upper) and after (lower) LEEFTS (gpidermidis(h) E.

coli. (i) B. subtilis The scale bars are tén.

The high aspect ratio of the nanowedges is importabEEFT, indicated by the
control experiments with different chip desigiéglres. 4.6c - f). After thetreatment of
18 V/2¢s/100es/500,000 pulses, the nanowedges with 200 nm widtjukes. 4.6¢c & €)

and 8m length Figures.4.6d & f) show a much highafficiency of bacteria inactivation
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than other wider or shorter electrode modifications. LEEFT also works femioeeg
bacteria cells suspended in the medium. SYTO 9 anstaitiedS. epidermidisare
suspended in DI water before the treatmEigyre 4.6g upper. See the experimental setup

in Figure 4.2b). During thetreatmen{18 V/2¢s/100es/500,000 pulses), bacteria cells are
attracted toward the nanowedges on both positive and negative electrodes, especially to the
tips. Subsequently, those near tigs get inactivated, indicated by switching from the
green fluorescence of SYTO 9 to the red fluorescence dFiguire 4.6g lower). As the
bacteria cells are negatively charged in DI water, most of them accumulated at the positive
electrode because dfd electrophoretic force. Some cells are attracted to the nanowedge
tips on the negative electrode, which is probably due to the strong dielectrophoretic force
induced bythe strong and neaniform electric field near the tipS:°° Two other kinds of
bacteria Bacillus subtiligB. subtilis Gram +) andscherichia col(E. coli, Gr am T ) ,
also tested, which show similar transport and inactivation phenomen& vafiidermidis
(Figures.4.6nh & i), suggesting that LEEFT could bevide spectrum bacteria inactivation

method.
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Figure 4.7 Cell decay of the damaged cells in LEERhe chip after LEEFT of 20 V/2

en

s t o rveekstained withu t r

pul ses was

500, 000

€s/100gs /

either Pl oISYTO 9 (fluorescence ddYTO9 is not shown), so no dividing was found due

to DNA interruptionby the stainsThe cellsstainedwith Pl in the yellow circlesre cells

damagedby LEEFT. They decayednd could not be clearly seen from the DIC image

within 6 hours indicating the cell damage is irreversible, causing cell inactivaiore

that tis cell decay is not due to DNA interruption by PI stain sincethédracells are also

stained with DNAbinding probeSYTO 9. The scale bar is&m.
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4.3.2 Eledroporation is the predominant mechanism

In LEEFT, only the bacteria located near nanowedge tips are inactivated, while
bacteria in bulk are not affected. This pattesnconsistent with the electric field
enhancement due to the lightnirgd effect, suggesting that irreversible electroporation
induced by the enhanced electric field is the most possible mechanism for bacteria
inactivation. Here, we investigaten the mechanism andiscuss thevidence collected.

First, we found that the bacteria inactivation depends on the strength of the nano
enhanced electric field rather than the applied voltage. Chips of different positive/negative
electrode gaps (26m, 50em, 1M em) were tested for bacteria inactivatidrhe chips
with a smaller gap achieve a high®acteria inactivationHigure 4.8a & Figure 4.9d).

This is because that under the same applied volthgesttength of the narenhanced
electric fieldwill be reversely proportional to the gap between the two electréigpsrés

4.93 b & c). The chipswith nanowedges of different intervals (@818, 4em, 40em) were

also tested.Similarly, because of the stronger lightniray effect for electridield
enhancment Figures.4.10a & b), the nanowedges with a larger interval in between could
achieve higher bacteria inactivation under the same applied vofiaged 4.80 & Figure

4.1@). When all the results are analyzedethey the percentage of bacteria iraation

at the tips of nanowedges shows a positive correlation with the electric field strength
(Figure 4.8 left), but not with the applied voltage&igure 4.8c right). This result
indicates that the bacteria inactivatisrattributed to th@aneenhanced electric field.

We also found that the bacteria inactivation is not due to reactive oxygen species
(ROS). Although inducing ROS is a commonly used antimicrobial method, it has some

side effectssuch agenerating byproducts. Electric fieltreatment systems could generate
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ROS, especially under high voltages or long treatment times. To test if the baoteria
inactivaed by ROS DCFHDA stain was used to detect ROS generatt8f! In the
experimental group with 30 V/2s/100es/100,000 pulses treatment, DGEIA stained
cells show no fluorescencd-igure 4.8d upper), suggesting no ROS generation.
Meanwhile, >®% bacteria inactivation is achieveeidure 4.8d lower & experimental
group, no DMSO in Figure 4.8n), indicating that this bacteria inactivation is not due to
ROS damage. To confirm this ROS detection method is valid, we intentionally induced
ROS generatin with a much longer pulse width in the positive control (20 V/&29Q0
ms/1000 pulses). The significant green fluorescence of DORHtained cells shows that
ROS is generated near the positive electréigufe 4.8 upper). The positive electrode
showsmore inactivated bacteria at each nanowedge tip than the negative electrode and the
experimental groupHigure 4.8 lower & positive control, no DMSO inFigure 4.8h),
which could be attributed to the ROS damage.

To further confirm that the bacteria inactivation at 30 ¥¢2100¢s is not due to
ROS, a ROS scavenger, DMSO, was added to the medium at 15% (w/w) to quench ROS
and protect bacteria from its damag@ln the positive control group, the bacteria at the
positive electrodes are largely protected by DM&@yre 4.8y & positive control in
Figure 4.8n), proving that 15% DMSO is able to protéetcteria from ROS damage. In
the experimental group, even with the ROS scavenger, the bacteria inactivation percentage
and inactivated cell number are not affectéidire 4.8 & experimental group in Figure
4.8n), which further confirms that the bacteinactivation at the nanowedge tips is not due

to ROS damage.
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Figure 4.8 Antibacterial mechanisrmetudy. (a) Bacteria inactivation on chips of different
gaps between positive and negative electrodes. (b) Bacteria inactivation on chips of
different intervals between nanowedges. (c) Relationship between the bacteria inactivation
and the electric field strength (ER) the tip of the nanowedge (in away from the
nanowedge tip) (left), and the applied voltageght). (d) Fluorescence of DCFBEA.-

stained cells (upper), and bacteria inactivation with no DMSO (lower) in experimental

group. (e) Fluorescence of DCHbA-stained cells (upper), and bacteria inactivation with

no DMSO (lower) in positive control group. Green fluorescence indicates ROS generation.
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(f & g) Bacteria inactivation with 15% DMS@ (f) experimental group and (g) positive
control. (h) Bacteria indivation percentage and the average inactivated cell number at

each nanowedge tipphe ale bars are 16m.
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from the nanowedge tip (left). (c) Simulation results under 15 V. (d) Microsoopges

after LEEFT at 15 V/2s/100es/500,000 pulses. The scale bars areri0
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Figure 4.10 Chips with nanowedges of different intervéh) Strength of the narno
enhanced electric field on the chip with nanowedges of different intervals (right). The data
shows the strength of the electric field at the star point which &n®@ftom the nanowedge

tip (left). (b) Electric field at 0.£m from the nanowedge tip under 20 V. (c) Microscopy
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images after LEEFT of 20 V&s/100es/500,000 pulses. The upper and lower electrode is
the positive and negative electrode, respectively. Note that the nanowedges are 200 nm at
the tip and 400 nm at the baseachieve the small interval in between. The scale bars are

10em.

The third piece of evidence is the quick cell membrane recovery after LEEFT,
which supports that electroporation is the main bacteria inactivation mechanism.
Reversible electroporation i@ phenomenon that pores formed on the lipid bilayer
membrane reseal automatically after the electric field is removed. It occurs when the cell
is exposed to a relatively weaker electric fieldashorter treatment tinf€. The changing
of PI fluorescence intensity of four celtxated at nanowedge tipader 14 V/Zs/100es
intermittent treatment shows that when the treatment is orafegdl 0,000 pulses for 1 s
total time), the fluorescence increases, which means pore formation and PI dye inflow
(Figure 4.11a). When the treatment is removed (gaga 5 s), the fluoresmnce stops
rising immediately, suggesting that the pores close and the membrane regains its integrity
after the treatment stopBigure 4.11a). This kind of quick cell membrane recovery is a
common phenomenon in reversible electroporatiGbut is hard to find in other kinds of
membrane damages, such as direct oxidation. Therefore, quick pore isestang

evidence for reversible electroporation.
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Figure 4.11 Detection of reversible electroporatidi) Increase of Pl stain fluorescence

of four cells at nanowedge tips on positive and negative electrodes, respectively, under
intermittent treatment. The redeaindicates that the treatment is on, which are 14 V/2
€s/100es/10,000 pulses for 1 s total timiehe grayareaindicates that the treatment is off,
which is 0 V for 5 s. The inserted images show Cell No. 1 at the positive eledtiede (
orangedata ling. (b) Schematic of the double staining method with SYTOX Green and Pl
for reversible electroporatn detection. (c) Microscopy images showing reversible
electroporation under 14 V. The cells inside the yellow frames had reversible pores on
membrane since they are stained with SYTOX Green at Time point 2 but are not stained
with Pl at Time point 3. Theells inside the red frames have irreversible pores since they

are first stained with SYTOX Green and then stained witA . €ale bars are &m.

Reversible electroporation was also detected using a double staining method with
SYTOX Green and PIl, whictare both DNA stains andan only enter cells with
compromised membrart®2 SYTOX Green is first added to the medium (Time point 1,

Figure 4.11b). After the treatment is applied, perforated cells are stained with SYTOX
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Green and show green fluorescence (Time poikiglre 4.11b). After 10 minutes, Pl is
added, which could only stain the cells that still have compromised membrane. Thus, the
cells that are not stained with Pl are considered as having reversible pores (Time point 3,
Figure 4.11b). With a relatively low applied valige at 14 V (2s/100es/20,000 pulses),

some already perforated cells could not then be stained with PI, indicating the pores formed
on the cell membrane are reversitg(re 4.11c). While under a high applied voltage at

80 V (1es/1 ms/10 pulses), almball cell perforation is irreversibléigure 4.12). This
phenomenon conforms to the feature of electroporation, indicating that electroporation is
the predominant mechanism for bacteria inactivation in LEEFT. Note that when 1 s
effective treatment timg00,000 pulses) is used, there is no significant reversible damage
as shown irFigure 4.6b. It is mainly due to the longer treatment time, which increases the
cell death possibility. It is also possible that although reversible pores close after LEEFT,
the long pore open time already allows sever compound transfer between the inside and

outside of the cell, which leads to cell function damage and cell inactivation ultimately.

Negative electrode Positive electrode

Time point

Time point 3

Figure 4.12 Microscopy imagesshowing irreversible electroporatiofhe treatment
condition is80 V/1es/1 ms/10 pulses. The cells inside the red frames have irreversible
pores on membrane since they are stained 8MMOX Green at Time point 2 and also

stained with Pl at Time point The ale bar is &m.

Due to the lightningod effect, the electric field at tips of metal rods with a high

aspect ratio will be greatly enhanced. Therefore, this strong electric field could be sufficient
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to charge celmembrane, cause irreversible electroporation, and kill bacteria with lower
applied voltages. Although benslkeale LEEFT for water disinfection was developed based
on this concept, the mechanism was only supported by control experiments done with
electrodeswith/without nanowire modification&?* There was no direct evidea
confirming that the bacteria were inactivated due to the locally enhanced electric field and
electroporation. The results achieved in this study provide important evidence on the
mechanism. Firstly, only the bactetizcated inthe locally enhanced elgic field are
inactivated while others in bulk are intaEigure 4.4b & d). The inactivation percentage
shows a positive correlation with the strength of the locally enhanced electric field instead
of the applied voltageHgure 4.8c). Furthermore, when >90% bacteria inactivation is
achieved with LEEFT at 30 V&s/100¢s, there is no significant ROS generatibig(rre
4.8d), indicating this bacteria inactivation is not due to ROS damage. Reversible
electroporation is detected undelatively lower applied voltagé-{gure 4.11), suggesting
that LEEFT could induce electroporation, and irreversible electroporation causing bacteria
inactivation could be dominant at higher voltages.

It is worth noticing thathe electric field enhancemé by nanowedges is the same
for both positive and negative electrottesoretically(Figure 4.% & 4.109. Consistently,
all the bacteria inactivation phenomena discussed above do not show a significant
difference betweethe positive and negative electtes. An electrochemical disinfection
study reported that anode induced significantly higher bacteria inactivation than cathode,
suggesting that electrical reduction should not cause the same level of cell damage as
electrical oxidatiort® Our positive control group for ROS detection also confirms that

(Figure 4.8). Therefore, the same phenomenon on both electrodes found in this work
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indicates that eictrical oxidation/reduction should not be the mechanism causing bacteria
inactivation. Besides that, metal ions should not play a role in bacteria inactivation, neither.
Since gold is electrochemically stable, under the very shostfllses at voltagdewer

than 30 V, there should be no significant gold ion release. Therefore, electroporation is

demonstrated as the predominant mechanism causing bacteria inactivation in LEEFT.

4.3.3 Theoretical analysis of the transmembrane voltage

Since electroporation is the predominant mechanism for bacteria inactivation, the
induced transmembrane voltage (TMV), which is the increased potential difference across
the cell membrane resulting frotine exposure to an external electric field, was aneady
theoretically using finite element simulation to compare LEEFT and bulk EFT. Both the
onchip system like the one used in this woRiglre 4.13 and a 3D system with a
standing nanowireHigure 4.14) were simulated. One cells in LEEFT and one cdiiuitk
EFT are compared, which is Cell No. 1 located at the nanoweddédijrd 4.13 left),
and Cell No. 2 located between two electrodes without nanowé&ilyed 4.13a right).
The simulation results show that the voltage drop across the membraribeigdgctric
field, is greatly enhanced at Cell No. 1 near the nanowedgd-iguré 4.1 left)
compared to Cell No. Z{gure 4.13 right). The maximum TMVs of the two cells show
that with the same applied voltage, cell No. 1 in LEEFT located at thevirantip can
achieve around 7.5 times higher TMV than cell No. 2 in bulk EFRgufe 4.1%),
indicating that much lower voltage could be applied to achieve the same level of TMV on

cellsin LEEFT than in bulk EFT.
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Figure 4.13 Theoretical analysis of cell TMV in LEEFT and bulk EER chip (a)
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o

Simulation set up for LEEFT (left) and bulk EFT (right). (b) Left view of the middle cutting
plane showing the electric field across the cell membrane of cell No. 1 in LEEFT (left) and
cell No. 2 in bulk EFT under 20 V applied voltage (right). Thewasrmdicate the direction

of the electric field. The scale bars are €. (c) Maximum TMV on cell No. 1 and cell

No. 2 under different applied voltages.
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Figure 4.14 Theoretical analysis of cell TM\h LEEFT and bulk EFTn a 3Dmodel.(a)
Simulation set up for LEEFT (left) and bulk EFT (right). [H)e wltage drop, i.e.,the
electric field, on the cell membrane of cell No. 1 in LEEFT (left) and cell No. 2 in bulk
EFT under 20 V applied voltage (right). The arrows indicate the directitme@lectric
field. The scale bars are Cefn. (c) Maximum TMV on cell No. 1 and cell N&.under

different applied voltages. The maximum TMV of cell No. 1 is 9 times higher than that of

cell No. 2.

4.4 Conclusionand Outlook

This work is a singleell level proofof-concept study of LEEFT. We are optimistic
that LEEFTcanhave plenty of applicains. The bacteria inactivation at nanowedge tips
does not require ROS generation, which minimizes the side reactions, making it suitable
for high-quality sample processing, such as liquid food or blood sample. LEEFT effectively
kills bacteria with lower gltages and short pulses, which makes it safe for medical
applications, such as wound healing, and eneffigient for largescale treatment

processes, such as water treatment. Since the bacteria inactivation is highly localized, it is
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perfect for surfacéreatment, such as biofilm and biofouling prevention. Furthermore, it
can also find applications in continuous flow syssesince bacteria could be attracted to
the nanowedge tips and get inactivated. Theshmsvn rapid cell damage and the
effectivenessfboth electrodes further improve its efficiency. Since electroporation targets
the phospholipid membrane, LEEFT should work on a broad range of cell types with more
applications, including intracellular molecule delivery and cell ly$fig.

In real applications, the efficiency of LEEFT could be royed through several
ways. Electrodes all covered with nanowires could be developed to increase the effective
zones. The treatment systeetupand operation processcould be improved depending
on different applications. For instance, fluid mixicenbe introduced in continuous flow
systems to improve the possibility of transporting bacteria to the nanowire tipgulEee
width and voltage of thelectrical pulsesould be altered to effectively manipulate cells
in the flow, such as to attract bacter@lls to the nanowire tips or to repulse the dead cells
from the tips. For large scale applications, the cost could be reduced by using cheaper
electrode materials, such as Cu electrodes with CuO 4 @anowires synthesized on the
surface. The synerdis effect of electroporation with metal ioffs°® 0zone?? and other

antimicrobial reagents could also be applied to further improve the efficiency of LEEFT.
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CHAPTER 5. ULTRAFAST BACTERIA INACTIVATION | N LEEFT

5.1 Background and Introduction

Public health is threatened by a wide variety of pathogenic water contamination.
More than 650 million people around the world still lack access to clean Waldre
importance of finding effective water disinfection methods cafmeotbverstated. The
action speed is a major parameter indicating the efficacy of a water disinfection method
since higher speeds allow higher flow rates and lower hydraulic retention times (HRTS).
Antibacterial agents, such as metal ions and compoundsytansively studied for their
antimicrobial applications in waté?®1%They act by interrupting cell functionalities, such
as causing protein dysfunction, and posting dweéastress and genotoxicity, which takes
place at a time scale of minutes to hdif$® A silver nanoclustepacked with
daptomycin was reported to cause 88%aphylococcus aurew®ll damage after 2 hours
of incubation at the concentration equivalent t&Mdaptomycin and 200M Ag.1!!

The stronger oxidants used in water disinfection, such as free chlorine and ozone,
post faster antimicrobial effects on microbes. They damage the cell structure via direct
oxidation or generating reactive oxygen species (R&Ihe CT valuesife, the product
of concentration anHiRT) of these disinfection methods indicate a traffebetween the
treatment time and disinfectant dose: to shorten the treatment time, a higher dosage is
necessary. Thigeatmentime to achieve 99% inactivation Bicherichia coli(E. coli) is
10 s and 0.1 s using 6 mg/L free chlorine and 5 mg/L ozone (the highest typical doses),
respectively:'2 Most of othempathogenidacteria and protozoa are more resistant Fhan

coli.l12
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Although chemicabased approaches are widely useavater disinfection, they
cause problems such as generating carcinogenic disinfectipnotlycts (DBPs)and
inducing antimicrobial resistané&!'31“Therefore, alternative physical methods are also
investigated, such as using ultraviolet (UV), thermal treatment, and electric field treatment
(EFT). UV at around 260 nm can damage bacteria DNA by dimerizing thymine eslecu
inhibiting transcription of genetic code, and preventing its reproduction. The dosage for
99% inactivationof bacteria and viruses ranges frérmo 25 mW s/ct, meaning that with
atypical UV intensity of 5 mW/cr) the required exposure time idedst 1 $1211°Another
light-related method, photocatalysis, inactivates waterborne microbes Hhhraug
photocatalytic redox mechanism relying on photocatalytic materials, such afTI€ast
tens of minutes are used to achi®@@% disinfection!® Heat acts to kill bacteria by
denaturation of proteins and nucleic acid:
necessary to inactive 90% of most water and-fooche pathogens!”In conventionaEFT
(CEFT) processes, highioltage electrical pulses are applieetween two parallel plate
electrodes to generate a strong electric field, which induces irreversible electroporation that
damages the cell membrane and thus cell inactivitfdtulses with micro to millisecond
durations are already capable to induce cell inactivation, which has pushed the action speed
to the subsecond regiofA'®

As the action speed is criticalaalisinfection method, it is intriguing to know what
the minimum time is needed to inactivate bacteria and by which method. The antimicrobial
agents usually need a relatively long time since they inhibit bacteria by disturbing their
microbiology processes. Tlaetion speed of oxidants is limited by the mass transfer and

kinetics of the redox reactions. The physical methods can potentially be faster, such as
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electroporation, where the pore formation on the membrane only needs a few nanoseconds
after a sufficientransmembrane voltage (TMV) is built & However, building up the
TMV usually requires tens to hundreds of microseconds, which becomes the major speed
limitation. That is why electrical pulses with micro to millisecond pulse width are currently
used inCEFT. Furthermore, an extremely high applied voltage (typically several tens of
kilovolts) is required inCEFT, which leads to safety concerns and high energy
consumption, thus largely hindering its wide applicatifs!®

In this work, we greatly push the bacteria inactivation time to the nanosecond
region using locally enhanced electric field treatment (LEEFT). LEEFT psawed from
CEFT by decorating the electrodes with nanoscale tip structures, which can locally enhance
the electric field by lightningod effect and reduce the applied voltaifeSince charges
are concentrated at the nanoscale tips, we hypothesize that LEEFT can charge the cell
membrane much faster th&@®EFT and break the charging time limit, thus inducing
ultrafast electroporation. LEEFT with low voltage DQlakC has demonstrated superior
performance for water and aerosol disinfecfibff2490.92.93.12022 pacently, an operando
investigation of LEEFT with microsecond pulses illustrated that electroporation is the
predominant mechanisffi. Nevertheless the antimicrobial effect of LEEFT with
nanosecond pulses has not been discovered before. In this studgalize ultrafast
nanosecond bacteria inactivation using LEEFT. We have developed a LEEFT platform
with lab-onra-chip devices to catuct operando investigations, demonstrated the ultrafast
nanosecond antimicrobial effect at the sincgdl level, and illustrated its mechanisms. The
results show that nanosecond LEEFT has significant advantage<B¥ar by both

shortening the treatment time and lowering the applied electricTie&tell located at the
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nanoscale tip is chargedstantly by the charges concentrated at the tip, windoces
rapid electroporation and bacteria inactivation. To the destir knowledge, this is the
first-time demonstration and characterizatiomahosecondacteria inactivation realized

by LEEFT.

5.2 Materials and Methods

5.2.1 Lab-on-a-chip fabrication and pre-treatment

A lab-on-chip is developed to visualize and charactefiee liacteria inactivation
of LEEFT. The chips were fabricated by depositing gold hanowedges and electrodes on a
glass wafer substrat&ifure 5.1a). The gold nanowedges have a width of 200 nm at the
tip, which gradually increases tein at the base to alloa steadier connection to the bulk
electrode. The thickness, length, and interval of the nanowedges is 20Cemma8d 7
em, respectively. The detailed chip fabrication andtpeatment methodare stated in
Section4.2.1 To immobilize the cells on @b, the chips were first washedth bleach,
and 30% hydrogen peroxidend coated with poH.-lysine. The chip wash and polly-

lysine coating method are stated in Section 4.2.2

5.2.2 Bacteria culture, harvest, and immobilization on the chip

The model bacteri&taphylococcus epidermidfS. epidermidis(ATCC 12228)
andEscherichia coli (E. colifATCC 10798) were cultured for 15 hours in nutrient broth
and LB broth, respectivelylThe cell harvest and immobilization methods are stated in

Secton 4.2.3 and 4.2.4’he experimental setup is showrFigure 5.1b.
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Figure 5.1 Photos of the chipnd theexperimental setuda) Digital photos andptical
microscopy images of the labtachip with 20em or 50em gap between the two
electrodes. i) The experimental setup. The cells are immobilized on the chip surface. The

medium is DI water containing SYTOX Green or PI stain.

5.2.3 Electrical pulses and the anitmicrobial efficiency

The electrical pulses were applied to the chip using a pulse gengkatech
Electrosystems, AM010B), which was triggered by a waveform generator (Keysight
33509B). The pulse waveform was measured using an oscilloscope (TekdB6iX104)
(Figure 5.2). The applied electric field used in tHeures and discussions is the
background electric field, which is simply calculated by the equ&@idd o 'Q whereV

is the applied voltage andlis the distance separating the positive/negative electrodes.
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Since the distance between the electrodes is subject to change in other studies and in
practical applications, using the background electric field to represeayplied treatment

strength makes it more convenient to compare with other studies.
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Figure 5.2 Waveform of a single electrical puld@) The original pulse is a peak due to
the short pulse width. (b) The peak is represented as a square pulse at the root mean square

(RMS) voltage, which is 108.1 V (22 kV/cm when applied te 81). (c) The RMS voltage
is calculated by the equatian - ® 0 QowhereT is 20 ns,0 ho are the

startingand enthg time of the peaky is potential, andis time. The area under the original

pulse voltage square (blue line) equals to the area under square pulse voltage square (orange

line).

The applied electric field used in the figures and discussion is the background
electric field, which is calculated by the equatigfr,=V/ d, whereV is the applied voltage
and d is the distance separating the positive/negative electrodes. Since the electrode
separation distance is subject to change in other studies and in real applications, same
applied voltage may yield very different electric field. Therefore, the backgroenttiel
field is widely used in electric field treatment to represent the applied treatment strength.

For LEEFT, the electric filed at the tif:f) is enhanced roughly estimated Bguation

5.1
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whereC is the background electric fielb andC is

the length and width of the nanowedge, c¢rid a constant® Theexact electric field at the
nanowedge tip is affected by some factors, such as the exact shape and material of the
nanowedge.Therefore, using the background electric field to represent the applied
treatment strength is more general, and makes it moreeommnt to compare with other
studies.

Pulses were delivered at a duty cycle of 0.1% (pulse width/period = 0. E/t)wo
the membranéo fully discharge between pulses and avoid electrochemical reactions. In
the experiments shown Figure 5.1, both 1%and 0.1% duty cyckwere tested, which
corresponddto 500 kHz frequency (&s period) and 50 kHz frequency (26 period) for
20 ns pulses, and 5 kHz frequency (2@8Qeriod and 0.5 kHz frequency (2 ms period)
for 2 es pulsesrespectively

The antimicobial efficiency of CEFT is the percentage of cells inactivated or
damaged between the two electrod&inceCEFT is a homogenous treatment process, the
area of interest is the bulk space between the two electrédgsrd 5.8a). The
antimicrobial efficiency is calculated as the number of inactivated or damaged bacteria
divided by the total number of bacteria between the two electrdthesantimicrobial
efficiency of LEEFT is represented by the percentage of nanowedges inductegeba
damage or inactivatiomifferent fromCEFT, LEEFT is a heterogenous process. The area
of interest (effective zona} the nanowedge tips, not the whole bulk space between the
two electrodes. Therefore, the percentage of the nanowedges that cem lnadteria

inactivation is the best characterization of the antimicrobial efficiency of LEEIgUre
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5.8b). There are 330 nanowedges on one chip. For both CEFT and LEEFT, each treatment
condition was repeated three times with three chips. The errordmesent the standard

deviation from the three replicates

5.2.4 Double staining method, oxidative stress detection, membrane lipid

peroxidation detection, and microscopy

Before treatment, the bactemamobilizedon chip wereimmersed in a drop of DI
water containing M live/dead cell viability stairs Y TOX Green(Invitrogen) Thecells
damagediuring the treatmenwould show green fluorescence. Twenty minutes after the
treatment, propidium iodide (Plnvitroger was addedtal5 &M to stain the inactivated
cells, which would show a red, orange, or yellow fluorescence in the microscopy images
(Figure 5.3). Reversible pores should already close within the 20 minutes window, so the
cells stained with Pl are considered to hgermanent membrane damage and be
inactivatec®

Time point 1 Time point 2 Time point 3

SYTOX 20 mins later

e <3
medium O

Microscopy images are taken: Microsoopy images are taken:
damaged cells are green. inactivated cells are
red/ orange/ yellow.

Figure 5.3 A schemat of the double staining method with SYTOX Green and PI stain.

To measure thdéacterialcell oxidatve stress the cellswere stained usinga

fluorescence probe DCFHA (SigmaAldrich) at 0.2 mM during the bacteria
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immobilizing process for 50 mitf. When electrical pulses are applied, the cells having
oxidative stress will show a green fluorescence. Strong oxidation will result in stronger
fluorescencen more cells. Thereforehé overall cell oxidatve stress(shown inFigure

5.1 upper) was calculated ake product of the area of cells showing fluorescence and
the mean DCFHDA fluorescence intensity of the cells.

To assess lipid peroxidatios. stgphylococcuscells were stained with 20M
BODIPY 581/591 C11 reagelfinvitrogen)for 50 min and then treated with electrical
pulses. In the presence of lipid peroxides, the stained cells will show a fluorescence shift
from red at ~590 nm to green at ~54M.?% The Green/Red Ratio was calculated by
avaaging the green/red fluorescence ratio of 10 cells exactly located at the tip of 10
nanowedges. Higher ratio indicates more sever lipid peroxidation.

The bacteria were observed using an inverted fluorescence microscope (Zeiss Axio
Observer 7). The cell and nanowedge images were captured via the DIC channel. Pl was
excited at 555 nm. SYTX Green and DCFHDA were excited at 488 nm. BODIPY
581/591 C11 was excited at both at 488 nm (for green fluorescence) and 555 nm (for red

fluorescence). All emission light was filtered by a 90 HS filter.

5.2.5 Bacterial cell scanning electron microscopy (SEM) imging

The bacteria immobilized on the chip surface were first fixed overnight in
phosphate Buffer(pH 7.4) containing 2% lgtaraldehydeand 2% paraformaldehyde
(Electron Microscopy Sciences L}d. a t Subsequentlythe samplevasdehydrated in
ethanolsolutionwith increasing concentrations (50%, 70%, 90%, and 100%) for 30 min

per stepfollowed bycritical point drying(Electron Microscopy Sciences Ltd. EMS85¢)
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The samples were then sputterated with a thin layer of gold and observed using an SEM

(Hitachi SU8230).

5.2.6 Electric field and the transmembrane voltage (TMV) simulation
The naneenhanced electric field and TMV were simulated usitfigite element
method in COMSOL Multiphysics 5.6. Tlhietailed simulation method is stated in Section

4.2.11.

5.2.7 Data analysis
All microscopy images were processed using scripts developed in MATLAB
(version 2021b, MatWorks). The error bars on the data represent the standard deviation

derived from three independent tesith three chips

5.3 Resultsand Discussion

5.3.1 Bacteria inactivation at the nanowedge tips achieved by nanosecond pulses

A lab-on-a-chip is developed for the operando investigation. Two gold electrodes
with gold nanowedges are deposited on the chip surface. The model bacteria
Staphylococcus epidermid(S. epidermidis)are uniformly immobilized on the chip and
immersed in deionized (DI) wateFigure 5.4a). When a voltage is applied, the electric
field near the nanowedge tips is greatly enhanced due to the lightangffect. The
applied electric field is 55 kV/cm whel38 V is applied across a 2 electrode gap, and
the naneenhanced electric field achieved at the nanowedge tips can be ~400 kV/cm based
on simulation Figure 5.4b). A live/dead cell viability stain propidium iodide (PI) is added
to the water beforeéatment. When pores form on the cell membrane, the cell is stained

with Pl and shows red fluorescence. The fluorescence changing of individual cells after a
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single 20 ns pulse at 55 kV/cm applied electric field is shoviagare 5.4c. All cells have

a dyeinflow (fluorescence increase) to some extent right after the pulse, but some cells
maintain a low intensity for up to 10 seconds until the fluorescence finallgsspikhough

pores are induced on the membrane by the single pulse, some pores mayickige q
within milliseconds aftethe pulse, thus limiting further dydiffusion into the celland
delaying the fluorescence spi# No significant difference is found between the cells
located at the positive and negative electrodes. The microscopy images at different time
points show that the dye diffuses into the cell from the nanowedge tip, indicating that the
cell danage is directly induced by the nanowedgig(re 5.4c).

To distinguish reversible cell damage and cell inactivation, a double staining
method is used. Another live/dead cell viability stain, SYTOX Green, is first added to the
medium before treatment eterminetotal cell damage (green fluorescence). Twenty
minutes after the treatment, Pl is then added to stain the inactivatedriglice (5.3).
Reversible pores should already close within the 20 minutes window, so the cells also
stained with PI (show ange or red color) are considered to have permanent cell damage
and be inactivate®f!?> After a single 20 ns pulse at 55 kV/cm, 59.7% and 26.6%
nanowedges at the positive electrodes achieved bacteria damage and inactivation,
respectively. After 10 pulses are appledd0 kV/cm, the percentages increase to 98.8%
and 95.1%. The nanowedges at the negative electrodes show similar perforfrgunee (

5.4d).
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Figure 5.4 Bacteria inactivation by nanosecond pulses at theweadge tips(a) The

model bacteria S. epidermidis are immobilized on the chip. (b) The simulated nano

enhanced electric field under 55 kV/cm applied electric field. (c) The relative Pl intensity

of individual cells after a single pulse is applied. Each line represeingla sell located

at the nanowedge tip on either the positive or the negative electrode. The microscopy

images show the PI dye diffusigratten. (d) Bacteria inactivation after LEEFT (20 ns
pulse 40 kV/cm, 10 pulses). The red and orange cells are waaetl cells stained with PI.

(e) Sideby-side comparison of optical microscopy and SEM imagjtss LEEFT (20 ns

pulse, 55 kV/cm, 10 pulses). The red arrows indicate the flattened cells, while the white

arrows indicate the inactivated cells that still m@im a good shape. (f) Bacteria
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inactivation achieved byonconnected nanowedges, and the simulation of the-nano
enhanced electric field. (g) Bacteria inactivation at the nanowedge tips that are arranged to

a AGTO pattern. Upp emagebBfbre EEAT;dowear: duorestanaer o0 s €
channel microscopy image after LEEFT. (h) Bacteria inactivation achieved by densely
packed nanotips. The inactivated cells in (g) and (h) are only indicated by PI stain and show

red fluorescence.

The sideby-side canparison of theoptical microscopy and SEM imagé&igure
5.4e & Figure 5.5) shows that some inactivated cells are flattened and have significant
cytoplasm release (red arrows), while some other inactivated cells still maintain their
original structure (whe arrows). The flattened cells show intracellular compound release
but not severe cell membrane damage, indicating the cell inactivation is due to membrane
permeability increase at one point but not whole cell oxidation or degraditior. the
cells being inactivated but still maintaining a good structure, no significant pores are
observed. The electropai@n pores have sizes in nanometers and are at most metastable,

which are too fragile to withstand the sample preparation required for SEM infging.
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Figure 5.5 Sideby-side comparison of theptical microscopy and SEM image$a)
Inactivated cells treated B9 ns pulses at 22 kV/cm with 28 effective treatment time

and(b) 20 ns pulses at 12 kV/cm with 20 ms effective treatment time.

The nonconnected nanowedges could also induce ultrafast bacteria inactivation
with nanosecond pulses. Three rows of nanowedges (@ngth, 200 nm tip widtlgand1
em middle width) havebeen fabricated between the positive and negative electrodes
(Figure 5.4f). The simulation shows that the electric field could be enhanced at both tips.
After 1 pulses (20 ns pulse width at 14 kV/cm) are applied, 70atfh 52.7%
nanowedges achieve bacteria damage and inactivation, respectively, at the positive side
tips (pointing up), and 72.4% and 47.7% at the negative sideFigperés 5.4f&g ). When
smaller tip structure@ em long and 200 nm widgre densely arranged Jarge number

of bacteria could be inactivateligure 5.4h), suggesting that an antimicrobial and biofilm

87



inhibition surface could be developedeverthelessthere is a tradeff between the
nanotip arranging density and electric field enhancememrt,enthe nan@nhanced electric
field will decrease when the horizontal interval between the nanotips is sniadjere

5.6).

a b
Horizontal interval: 0.5 um Horizontal interval: 16 um
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Figure 5.6 Simulation of the enhanced electric field of nanotip structureshim (a)
Simulation images of the nanotip structures on chip with different horizontal interval. (b)

The naneenhanced electric field over the horizontal interval between nanotip structures.

5.3.2 LEEFT enables ultrafast bacteria inactivation

The antimicrobibperformance of LEEFTs compared with that dEEFT (without
nanowedges) at three different pulse widths (20, 200, and 20@Bigsjes 5.7a & b).
The antimicrobial efficiency of LEEFT is represented by the percentage of nanowedges
that achieve bacteridamage/inactivation. The antimicrobial efficiency GEFT is the
percentage of cells damaged/inactivated between the two electrigle®s 6.8). The duty
cycle is 0.1% (pulse width/period = 0.1%), and the effective treatment tiemetlie
product of pute width and pulse number) is 20 ms for all 3 pulse widths. With 2000 ns
pulses, >95% bacteria inactivation is achieved at 40 kV/cm applied electric flelEHn
(Figure 5.7a). In LEEFT, similar inactivation efficiency is achieved at 12 kV/cm,

demonstrating over 3 times reduction in the applied electric field, which is attributed to the
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eledric field enhancement at the nanowedge tipigyre 5.7b). For shorter pulses, the
advantage of LEEFT is further revealed. The antimicrobial efficiency drops dramatically
in CEFT as the pulses are shortenegre 5.7a). Only 0.89% inactivation is found with

20 ns pulses at 40 kV/cm. On the contrary, LEEFT only shows a slight dednease
antimicrobial efficiency when the pulses are shortened to 2€igarg 5.7b). This result
indicates that 20 ns pulsaretoo short to charge the cells in the bulk spac€BRT) but

is almost long enough to induce electroporation on the cells located ainowedge tip

(in LEEFT).
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Figure 5.7 Antimicrobial performance of LEEFTa & b) Antimicrobial efficiency of (a)

CEFT and (b) LEEFT under different pulse widths. EF (kV/cm) represents the applied
electric field (EF = Applied voltage U Di
treatment time and duty cycle are fixe@@tms and 0.1%. (c & d) Antimicrobial efficiency

of (¢) CEFT and (d) LEEFT subjected to 20 ns pulses at different effective treatment times.
The duty cycle is 0.1% (26s period and 50 kHz). (e) Antimicrobial efficiency of LEEFT

on S. epidermidis (SE), ahiotic-resistant S. epidermidis (Resistant SE), and E. coli
treated with 20 ns pulses at 22 kV/cm. In figure, dataare presented as mean values.

Error bars represent the standard deviation (s.d.) from n = 3 replicates. The dot plots
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represent raw dataf total bacteria damage (red circles) and bacteria inactivation (blue
triangles). (f) Microscopy images of the bacteria after LEEFT with 20 ns pulses at 22

kV/cm after 2Ces effective treatment time.

Figure 5.8 The area of interest f@@EFT and LEEFT(a) The white rectangle is the area

of interest forCEFT, which is to investigate the antimicrobial efficiency in the bulk space
between the two electrodes. The antimicrobial efficiencCBFT is calculatedas the
percentage of cells inactivated or damaged between the two electrodes in the white
rectangle The image was taken after 20 ns pulses at 55 kV/cm for 200 ms effective
treatment time. More bacteria are damaged or inactivated at the electrode dadges wh
induced by the electric field enhancement due to the thin electrode edge (300 nm thick).
However, in practical applications, the electrodes are two parallel plates, where there is no
sharp edge and significant electric field enhancement. So, theohrmterest (white
rectangle) is defined to consider the bulk space and avoid the area affected by the edge. (b)
The nanowedge tips are the effective zones of LEEFT, so that the red squares are the area
of interest for LEEFT.The antimicrobial efficiencyof LEEFT is represented by the
percentage of nanowedges inducing bacteria damage or inactivation, which is calculated
by the number of nanowedges have damaged/dead bacteria at the tip after treatment divided
by the total number of nanowedgd$ie image wa taken after 20 ns pulses at 40 kV/cm

for 200 ns effective treatment time.
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The bacteriainactivation by LEEFT and CEFT with 20 ns pulsesat different
effectivetreatmentimes(different pulsenumbers)areshownin Figures 5.7c & d. With
20 ms effective treatment,37% nanowedgesnduce bacteriadamageunder7 kV/cm in
LEEFT (Figure 5.7c), whichis higherthan19.4%in CEFT under55kV/cm (Figure 5.7d),
indicatingan 8-time decreas®f the appliedelectricfield in LEEFT. At 55 kV/cm, CEFT
achievedl0% baderia inactivationafter 200 ms effective treatmenttime, while LEEFT
achieved7.1%with 200 ns, which is 10° timesshorter.This resultshowsthe significant
advantageof LEEFT in termsof shorteningthe treatmenttime and reducingthe applied
electricfield. Fornanosecontd EEFT, applyinga strongerelectricfield cangreatlyreduce
energyconsumptionFigure 5.9). It is becausdy slightly increasinghe appliedelectric
field, theeffectivetreatmentime canbeshortenedy severabrdersof magnitudgFigure
5.7d). This propertyis differentfrom the chemicalbasedantimicrobialmethodgelyingon
oxidation,whereincreasinghe chemicaldosageonly allows a similar scaleof treatment
time decreaseso thatthe productof dosageandtime (i.e., the CT value)remainssimilar
for a certain disinfection efficiency!'? It can be explainedby the inherentmechanism
differencebetweenrelectroporatiorandoxidation.For electroporationthe cells cannotbe
perforatedf theelectricfield doesnot reachathreshold ho matterhow longtheelectrical
pulseis andhow manypulsesareapplied.However,onceporesareinducedby a strong
electricfield, a shorteffectivetreatmentime is sufficientto inactivethe bacteria,which

canreducethe energyconsumgion by severalordersof magnitude
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Figure 5.9 Relative energy consumption of 20 ns pulses at different applied electric field.
The energy consumptiod is calculated by) & @ © Qo whereV is the applied

voltage,l is the currentt, t is thestartingand enehg time of one pulsd,is time, anch is
the pulse number. The relative energy consumption is calculated by normalizing all data to
the smallesd value. Data are presented as mealues. Error bars represent the s.d. from

n =3 replicates.

For an antibiotieresistant strain db. epidermidisLEEFT achieves similar bacteria
inactivationperformancesthe regular strainqijgures 5.7e & f). This could be explained
by the mechanism @ledroporation where the pores are induced on the lipid bilayer, and
the two strainhavethe same basic structure of lipid bilayers. The inactivation efficiency
of Gramnegative bacteri&. coliis lower thantie GrampositiveS. epidermidigFigures
5.7e & f). Sincetheyhave different cell wall structurethelethal electroporation threshold
may be different> Grampositive bacteria have thicker cell wall because of a thick
peptidoglycan layer outside the lipid bilayer membrane, wisicisually used to explain
thar higher resistance to mechaniealdoxidation disruption when comparedth Gram
negative bacteri®” 3! Although Gramnegative bacteria have thinner cell wall, there are

two sets of lipid bilayers. Since LEEFT kills bacteria via causing electadion on the
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lipid bilayer, theadditional setf lipid bilayers may explain the higher resistanc& ofoli

to LEEFT overS. epidermidis

5.3.3 Electroporation is the predominant mechanism for bacteria inactivation

Our previous work demonstrated that eleptration is the predominant
mechanism for bacteria inactivation in LEEFTHere, we findreversible electroporation
under nanosecond pulses, confirming that bacteria inactivation by nanosecond pulses
is also caused by electroporation. Each linEigure 5.10a represents the Pl uptake of an
individual cell at the nanowedge tip. The cells are subjected to intermittent treatment,
where 20 ns pulses are applied at 12 kV/cm and 0.1% duty cycle for 1 s (the yellow area),
and then turned off for 4 s (the blue ardd)e fluorescence increases when the pulses are
applied, suggesting pore formation and dye inflow. When the pulses are removed, the
fluorescence stops increasing immediately, indicating quick pore closure and membrane
recovery. This process can repeat seMimes unit the cell is eventually inactivated. This
phenomenon is also found in cells located at the tips eEnanected nanowedgdsdure
5.11). The rapid membrane recovery is common in electroporation but not in other kinds
of cell damage, such @lsermal treatment or oxidation, indicating that electroporation is

induced in LEEFT and can cause bacteria inactivation.
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Figure 5.10 Investigation of the bacteria inactivation mechaniga). Pl fluorescece
intensity indicates quick pore closure. Thi
and 0.1% duty cycle for 1 s. The Aoff o i nc
images of the cell. (b) Upper: the cell oxidative stress at differemitions (all measured

after LEEFT with 20 ms effective treatment time). The asterisk (*) denotes bubble
formation Dataare presented as mean values. Error bars represent the s.d. from n = 3
replicates. The dot plots represent the corresponding raw Hateer: the green

fluorescence of DCFHDA showing the oxidative stress in cells near the positive electrode.

On Off On Off On Off On Off On Off On
Cell No.1 at Positive side
Cell No.2 at Positive side
—— Cell No.1 at Negative side
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Figure 5.11 Quick pore closure in the cells at the tips of ytmmnected nanowedgéekhe
nono (yellow area) indicates 20 ns pul ses

indicates 0 V for 4 s. The insets agtical microscopy images of the cell.
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To investigate if there is reactive oxygen species (ROS) or oxidation damage
induced bythe electrical pulses, the cell oxidative stress is detected using a fluorescence
probe DCFHDA. The dye is widely used to detect cellular ROS I1é%1°*No significant
oxidative stress is detected under 20 ns pulses at 22 kV/cm and 50 kHz (0.1% duty cycle)
even after 20 ms effective treatment ti(Rggure 5.1M), but >80% bacteria inactivation
has already been achieved atk¥//cm with 20¢s effective treatment time (as shown in
Figure 5.7d), suggesting that the bacteria inactivation is not due to oxidation. Additionally,
even when significant oxidative stress is detected by DOPHN some cells €.g, 20
ns/500 kHz at 2RV/cm), it does not necessarily cause bacteria inactivafiguie 5.12.

This further supports that the bacteria inactivation achieved without detected oxidative

stress should be solely due to electroporation.

Figure 5.12 The relationship of cells having oxidative stress and being inactivahed.
image is the fluorescensack of DCFHDA stained cells (green, indicating oxidative
stress) and Pl stained cells (red, indicating cell inactivation)ls#EFT of 20 ns/500 kHz

at 22 kV/cm for 20 ms effective treatment time. The green cells have oxidative stress, but
not all of them are inactivated. This indicates that even significant oxidative stress is

detected in some cells, it does not necessarily dzarderia inactivation.

In addition to the oxidative stresthe cell membrane peroxidation is measured
using BODIPY 581/591 C11 reagerdnd no significant membrane peroxidatios

detected unde20 ns pulses wdn~90% bacteria inactivation has been acadfFigure

96



5.13.12% There should be no water ionization events causing cell inactivation, since the
breakdown strength of water is higher than 2 MVieith the pulse width <50 i$2133

which is much higher than the highest applied eledild in this work (55 kV/cm) and

the naneenhanced electric field at the nanowedge #d900 kV/cm). Bubblesvereonly

formed under very strong treatment conditions where severe oxidative stress has already
been detected (denoted by *Rigure 5.1M). In this study, herewasno bubble formation

under 20 ns pulses even at 55 kV/&tanosecond pulses induce less oxidative stress than
longer pulsesHigure 5.1(), meaning that the ultrashort pulses are less likely to induce
electrochemical reactions under the same voltage and duty cycle. Although electrochemical
reactions may cause more bacteria inactivation, they raise problems including water
splitting and gemating disinfection byproducts (DBPs), thus deteriorating the water
guality. With nanosecond pulses, a stronger electric field and higher frequencies could be
applied to achieve more efficient bacteria inactivation, while maintairpoge
electroporationgliminating unwanted side reactions, and minimizing DBP generation.
Ultrafast nanosecond pulses are also safer to operate, which makes the approach more

applicable for realorld water disinfection applications.
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Figure 5.13 Analysis and microscopy imaging of cell membrane peroxidaliorassess

lipid peroxidation,S. staphylococcusere stained with 2@M BODIPY 581/591 C11
reagent and then treated with 20 ns pulses at several different applied dielckrand
effective treatment times. In the presence of lipid peroxides, the stained cells will show a
green shift in fluorescence activity from red at ~590 nm to green at ~510 nm. The
Green/Red Ratio is calculated by averaging the green/red fluoresidfelizeells located
exactly at the tip of 10 nanowedge. Higher ratio indicates more sever lipid peroxidation.
The results show that the cell Green/Red Ratio after treated with 20 ns pulses stays the
same with the control group, which are significantlyéowhan the positive control group,
indicating that no significant lipid peroxidation is detected under 20 ns pulses. The
corresponding antimicrobial efficiencies dhe sameasthe data shown ifigure 5.7d.

No significant membrane peroxidation is detected even though around 90% bacteria
inactivation is achieved, indicating that the bacteria inactivation is not due to extracellular
ROS generation or membrane peroxidation. Data are presented as mean waubars

represent the s.d. from= 3 replicates.
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