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SUMMARY  

The growth of undesired bacteria causes numerous problems, so seeking for 

efficient antimicrobial approaches 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 of LEEFT using 

operando investigation approaches. LEEFT is designed to inactivate bacteria by 

electroporation. A lab-on-a-chip device with curved platinum electrodes is developed for 

rapid determination of the electroporation threshold for bacteria inactivation. The LETs of 

Staphylococcus epidermidis range from 10 kV/cm to 35 kV/cm under different pulsed 

electric field conditions, decreasing with the increase of pulse width, pulse frequency, and 

effective treatment time. To elucidate the mechanism of LEEFT, the bacteria inactivation 

process is studied in situ at the single-cell level on a lab-on-a-chip that has nanowedge-

decorated electrodes. Rapid bacteria inactivation occurs at the nanowedge tips where the 

electric field is enhanced due to the lightning-rod 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% bacteria inactivation 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 resulting in 95.1% inactivation. LEEFT lowers 

the applied electric field by about 8 times or shortens the treatment time by at least 106 



 xv 

times, compared with the system without nanowedges. According to simulation, 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 and to a much higher level, leading to instant 

electroporation and cell inactivation. To optimize the performance of LEEFT, the 

antimicrobial mechanism is tuned between electroporation and electrochemical oxidation. 

There is a higher chance of oxidation generation with higher duty cycle, higher electric 

field, and longer pulse width. Although the antimicrobial efficiency is higher under these 

conditions, the electrochemical oxidation may generate by-products. Pure electroporation 

could be achieved at high electric field with short pulses and moderate duty cycle. When 2 

ɛs pulses are applied at 7 ~ 8 kV/cm with a duty cycle of 0.1%, good antimicrobial 

efficiency (>80%) is achieved by pure electroporation. Medium with higher conductivity 

could enhance the bacteria inactivation efficiency, but also makes it easier for 

electrochemical oxidation. Short pulses, such as nanosecond pulses, could be used to 

minimize oxidation and achieve good antimicrobial efficiency. For different microbes, 

larger algal cells are harder to be inactivated than bacterial cells. The findings shown in 

this thesis improve the fundamental understanding and enhance the further applications of 

LEEFT.  
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CHAPTER 1. INTRODUCTION  

1.1 Background 

1.1.1 Bacteria inactivation 

 Bacteria are indispensable in both ecology and human life. Although they play an 

important role in numerous processes in nature and industry, they could also cause plenty 

of problems. Microbial contamination is a major threat to drinking water safety. Total 

coliform was the most prevalent type of drinking water violation in the US during 1982-

2015, which accounted for 37% of all violations. Especially, the rate of coliform violations 

in rural counties is 56% higher than that in urban area.1 In clinical medicine, microbial 

infection and biofilm formation are primary challenges of wound treatment. Over 90% of 

chronic wounds contain bacteria living in a biofilm structure which is resistant to 

therapeutic maneuvers.2 Biofouling also raises concern in many fields due to the high risk 

of infection when it occurs on food packages and surgical equipment, and the consequent 

higher maintenance cost when it forms on membrane modules, water conduits, or ship 

hulls.3 

 The bacteria inactivation approaches commonly used currently are chlorination for 

drinking water disinfection, heat treatment for food sterilization, antibiotics or antibacterial 

drugs for bacterial infection, and biocidal surface coating for biofouling control.3 These 

methods have been widely implemented for many decades, but issues are still existing. For 

instance, the most widely used drinking water disinfection method, chlorination, has a 

major drawback of generating disinfection by-products (DBPs), such as 

halonitromethanes, which are proved to be cytotoxic and genotoxic.4 DBPs contamination 
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represented about 25% of drinking water violations in the US.1 For liquid food sterilization, 

the elevated-temperature treatment causes nutrition and flavor loss.5 Overuse of antibiotics 

leads to wide spread of antibiotic resistance, and the biocide coating for biofouling control 

may not be environmentally friendly.6,7 Therefore, exploring efficient and environmental-

friendly bacteria inactivation approaches is still critical to improve publica health and 

sustainability.  

1.1.2 Electric field treatment 

 Electric field treatment (EFT) is a process of  exposing cells to a strong electric 

field.8 When the cell is exposed to an external electric field E, the charged ions in the 

cytoplasm and extracellular medium will  migrate and accumulate at the two sides of the 

membrane, generating an induced transmembrane voltage TMV (ῳὠ). The TMV of an 

ideal spherical cell is given in Equation 1.1:9 

Ўὠ ὪὶὉὧέί—ρ Ὡὼὴ
ὸ

†
                                    Ȣ  

where fs is a factor related to the electric field and properties of the cell and medium, r (ɛm) 

is the cell radius, Ὁ (V/ɛm) is the external electric field strength, ɗ is the angle between the 

direction of electric field and the point of interest, t (ɛs) is the pulse width, and Ű (ɛs) is the 

RC time constant of the membrane, which is the time required to charge the membrane to 

63.2% of the maximum possible TMV. The membrane charging constant Ű (ɛs) is further 

determined by Equation 1.2:9 

†
ὶὅ

ς„„
ς„ „

ὶ
Ὠ
„
                                                   Ȣ  
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where r (ɛm) is the cell radius, Cm (F/m2) is the surface capacitance of the membrane, ůi, 

ůe, and ům (S/m) are the conductivities of the cytoplasm, the extracellular medium, and the 

membrane, respectively, and d (ɛm) is the thickness of membrane.  

Charging the cell membrane by ions is like charging a capacitor in a circuit (Figure 

1.1). When the TMV reaches a certain threshold, water molecules initially confined at the 

membrane-water interface tend to orient their dipoles along the local electric field, 

generating a water column spanning across the lipid bilayer. Then, the lipids rearrange their 

head group toward the water column, generating the hydrophilic pore, or electroporation 

(Figure 1.1).8  

 

Figure 1.1 Schematic of the electroporation process. 
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 With a TMV lower than the lethal threshold, the pores on the membrane could 

reseal after the electric field is removed. This phenomenon is called reversible 

electroporation, where the pores can provide pathways for cross-membrane transport, but 

the cell viability is maintained.10 Reversible electroporation has been used for intracellular 

delivery of various molecules, such as nucleic acids, proteins, and drugs.11 A higher TMV 

can lead to irreversible electroporation, where the pores are permanent, thus causing cell 

inactivation.12 EFT mainly relies on inducing irreversible electroporation for bacteria 

inactivation. 

 In conventional EFT (CEFT), medium containing pathogens is placed between two 

parallel plate electrodes. High voltage electrical pulses with durations less than 100 

microseconds are commonly applied. To achieve this strong electric field (>10 kV/cm), the 

distance between the two electrodes typically set as <1 cm, and the applied voltages are 

usually >10 kV.13 CEFT is increasingly finding applications in food preservation and water 

disinfection.10,14-16 Compared to other widely used antimicrobial methods, such as thermal, 

chlorine, and ultraviolet radiation, CEFT has several advantages. First, it is a fast and 

efficient method, where 6-log bacteria inactivation can be achieved within 100 

microseconds. Secondly, no additional chemicals are added, and no electrical reactions are 

induced ideally, so there is no disinfection byproduct. Thirdly, since electroporation works 

on the lipid bilayer membrane, it has broad-spectrum effectiveness to all bacteria. Also, 

since it is a physical process, the bacteria are not likely to develop resistance against it.17  

 Nevertheless, the wide application of CEFT for liquid-food processing and water 

disinfection is hindered by the high required voltage, typically >10 kV, to achieve the 

strong electric field. The high voltage may cause plenty of safety issues, such as water 
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splitting, arc charging, and overheating. It also leads to high energy consumption (typically 

10-100 kJ/L) and potential extra cost required to prevent the safety issues.13 

1.1.3 Locally enhanced electric field treatment (LEEFT)  

 To achieve the same electric field with a much lower applied voltage, metallic 

nanowire-decorated electrodes are used for locally enhanced electric field treatment 

(LEEFT). Attributed to the lightning rod effect, the electric field at the tip of nanostructures 

with high aspect ratio can be enhanced by several orders of magnitude.18-20 The electric 

field distribution in CEFT and LEEFT systems simulated with the finite element method 

are compared in Figure 1.2. The enhancement ratio is related to the aspect ratio of the 

nanowire.18 As a result, cell inactivation can be achieved at the nanowire tips in LEEFT 

with a much lower applied voltage.  

 In several recent studies on LEEFT, electrodes decorated with nanowires (e.g., Ag 

nanowires, CuO nanowires, Cu3P nanowires, and carbon nanotubes) have been studied for 

water disinfection in a parallel LEEFT reactor, which achieved a 6-log bacteria inactivation 

of various bacteria species even at a low voltage (1-2 V).21-24 In addition, a tubular reactor 

with a copper wire central electrode decorated with nanowires has been developed. It 

features two levels of electric fled enhancement, which also achieves a good disinfection 

performance (> 5 logs) at low applied voltages (1-2 V). Moreover, this tubular 

configuration could better fit into the water distribution system.25 In addition to water 

disinfection, there are several other potential applications, such as liquid food sterilization, 

blood sample processing, wound healing, anti-biofouling surface development, and algae 

control.26 Due to the much lower applied voltages, LEEFT is more facile and safer 

compared with CEFT. The energy consumption and electrochemical reactions could also 
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be reduced, thus improving the practicability of using electric field for bacteria 

inactivation.   

 

Figure 1.2 Schematic of a CEFT system and a LEEFT system. A CEFT system. (b) A 

LEEFT system. The color represents the strength of electric field (EF).  

1.1.4 The existing problems 

 Although LEEFT has shown good performance in several water disinfection 

studies, the specific mechanisms are still not fully understood. Irreversible electroporation 

caused by the nanowire-enhanced electric field is believed to be the main mechanism for 

bacteria inactivation, but there is still no direct evidence to confirm that. In addition, the 

basic understanding of using electric field for bacteria inactivation is still lacking, such as 

the electric field threshold of bacteria inactivation is not systematically determined yet, 

which will hinder the real-world application of LEEFT.  

1.2 Research Objectives and Approaches 

  This work aims to improve the understanding, elucidate the mechanism, and to 

explore the abilities of LEEFT using an operando investigation method. Objective 1 is to 
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obtain the essential knowledge of electric field treatment, which is to determine the 

electroporation threshold for bacteria inactivation. This work is to determine the required 

electric field strength to kill bacteria under a variety of electrical treatment conditions. 

Objective 2 is to elucidate the mechanism of LEEFT, which is to directly visualize the 

bacteria inactivation process in LEEFT and demonstrate if electroporation is the dominant 

mechanism. Objective 3 is to expand the abilities of LEEFT. In this work, ultrafast bacteria 

inactivation is achieved in LEEFT with nanosecond pulses. Objective 4 is to optimize 

LEEFT performance. In this work, we tune LEEFT between electroporation and 

electrochemical oxidation by adjusting the treatment parameters and conditions. 

Operando investigation is the main study approach of this work. Although the 

mechanism of bacteria inactivation in LEEFT was investigated at some level in the bench 

scale LEEFT reactors, it could not be fully illustrated, since the bacteria inactivation cannot 

be observed, metal ion release cannot be eliminated, and different mechanisms cannot be 

totally separated. Here, 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 to an electric field, the cell inactivation process is observed in situ 

and in real-time. Noble metal such as gold and platinum are used as the electrode and 

nanowedges, where metal ion release is largely inhibited. The oxidation induced by 

electrochemical reactions can be sensitively detected using fluorescence probes. The ability 

and properties of LEEFT can also be evaluated precisely at the single-cell level. 

In this work, LOC devices will be used as the research platforms. LOC is ideal as 

a research platform since it enables real-time in situ visualization and characterization. It 

is also a powerful tool for electroporation studies, since it overcome several disadvantages 
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of bulk electroporators.27 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 on LOC devices, including electroporation of mammalian cells using a 

carbon nanotube-featured microfluidics chip,19 synthesizing erythrocyte membrane-coated 

magnetic nanoparticles by electroporation,28 and selectively lysing cells with different 

shapes on a optoelectronic platform.29 LOC devices have also been utilized for 

electroporation mechanism study, since they enabled the precise control of electroporation 

parameters and in situ observation of the process.30 The intracellular effect of nanosecond 

electrical pulses has also been investigated with a removable packaging microfluidic 

chip.31 In this work, a LOC with curved platinum electrodes on chip is fabricated for 

electroporation threshold determination. Another LOC with gold nanowedges fabricated 

using electron-beam lithography was developed to enable the bacteria inactivation 

visualization and mechanism investigation in LEEFT. 

1.3 Chapter Overview  

Chapter 2 reviews the applications of using LOC as investigation platforms on 

environmental and biological related problems, including for electroporation studies, 

biofilm formation and horizontal gene transfer studies, and for bacteria electron transfer 

studies. This original works has been published as a book chapter titled ñMicrofluidics for 

Environmental Applicationsò in Microfluidics in Biotechnology (2020): 267-290.32 

A method to quickly determine the electroporation threshold is described in 

Chapter 3. A lab-on-a-chip device with two curved platinum electrodes is fabricated, 

which can generate an electric field with linear strength gradient between the electrodes. 
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Bacterial cells exposed to the electric field stronger than the LET are inactivated, while 

others remain intact, so the threshold could be found directly. The electroporation threshold 

of Staphylococcus epidermidis ranges from 10 kV/cm to 35 kV/cm under different pulsed 

electric field conditions, decreasing with the increase of pulse width, effective treatment 

time, and pulsed electric field frequency. The effects of medium conductivity and metal 

ions in medium was also investigated. This work has been published as ñRapid 

determination of the electroporation threshold for bacteria inactivation using a lab-on-a-

chip platformò in Environment international (132 (2019): 105040).33 

Chapter 4 describes an operando investigation and mechanism elucidation of 

LEEFT, where the bacteria inactivation process is studied in situ at the single-cell level. A 

lab-on-a-chip that has nanowedge-decorated electrodes was developed. Rapid bacteria 

inactivation specifically occurs at the nanowedge tips. The mechanism studies demonstrate 

that electroporation induced by the locally enhanced electric field is the predominant 

mechanism. The bacteria inactivation is directly correlated with the enhanced electric field 

instead of the applied voltage. Quick membrane pore closure confirms that electroporation 

is induced in LEEFT, and no generation of reactive oxygen species (ROS) is detected when 

>90% bacteria inactivation is achieved. This work has been published in Nano Letters as 

ñOperando Investigation of Locally Enhanced Electric Field Treatment (LEEFT) 

Harnessing Lightning-Rod Effect for Rapid Bacteria Inactivationò (22 (2) (2022): 860-

867).34 

Chapter 5 demonstrates that LEEFT is able to induce ultrafast bacteria inactivation 

with nanosecond electrical pulses. The ultrafast bacteria inactivation in LEEFT is studied 

on the LOC device. A single 20 ns pulse at 55 kV/cm has achieved 26.6% bacteria 
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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 treatment time by at least 106 

times, compared with the system without nanowedges. According to the theoretical 

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 and to a much higher level, leading 

to instant electroporation and cell inactivation. This work is accepted as ñNanosecond 

Bacteria Inactivation Realized by Locally Enhanced Electric Field Treatmentò in Nature 

Water. 

Chapter 6 is the performance optimization of LEEFT. In this chapter, LEEFT is 

tuned between electroporation and electrochemical oxidation. The antimicrobial efficiency 

and oxidative stress under a variety of treatment conditions are tested.  The conditions 

where pure electroporation could overweigh electrochemical reactions to achieve high 

antimicrobial efficiency is found. Stronger electric field and longer pulse width lead to 

higher antimicrobial efficiency. Electrochemical reactions occur with higher duty cycle, 

long pulse width, and high electric field. The trade-off between high antimicrobial 

efficiency and low oxidation generation is achieved by applying 2 ɛs pulses at 7 ~ 8 kV/cm 

with a duty cycle of 0.1%. Medium with higher conductivity could enhance the bacteria 

inactivation efficiency. LEEFT show wide spectrum performance on both Gram-positive 

and Gram-negative bacteria, but a relatively lower efficiency is achieved on large 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 microfluidic devices are increasingly being used in 

environmental research laboratories, since they provide ideal research platforms for in situ 

and real-time observation. The combination of LOC devices and observation techniques 

(such as microscopy) enables in situ visualization, characterization, and simulation of a 

wide range of environment-related 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 external 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 fields are also increasingly exploring the possibility of using electroporation 

as a bacteria inactivation approach for drinking water disinfection 23,25,35,36 and hazardous 

wastewater decontamination.16 Understanding the electroporation process has therefore 

become another important environmental study topic. Since the actual formation of these 

pores is difficult to observe, Sengel et at. have developed a LOC device to image the 

dynamics of individual electropores.37 The experimental set up are shown in Figure 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 contact area formed a 
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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 microscope (Figure 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 pores formed, but 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 anti-combination was found since the potential across the lipid 

bilayer will be released when a nearby pore gets larger. A LOC device to rapidly determine 

the electroporation threshold for bacteria inactivation was also reported.33 

 

Figure 2.1 An in situ investigation on the electroporation process. (a) A lipid bilayer is 

formed on the interface of the droplet and the substrate. When a pore is formed due to 

electroporation, Ca2+ ions flow into the drop, which could be detected by the Ca2+ sensitive 

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

lipid bilayer. (Adapted and reprinted with permission form the literature,37 Proceedings of 

the National Academy of Sciences). 
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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 also cause environmental and public health problemsðincluding by contaminating or 

clogging drinking water pipelines or fouling 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 developed a microfluidic device to investigate biofilm 

formation in fluidic channels.38 A meandering microfluidic channel was fabricated with 

PDMS and sealed with a cover glass. Pseudomonas aeruginosa bacterial solution flowed 

through the 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, 

instead of 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 this 

microfluidic chip that enabled in 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 may contribute more 

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 process is 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 reported a LOC platform to study quorum sensing between 

microbial communities.39 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 mold (Figure 2.2a). Pseudomonas aeruginosa (P. aeruginosa) was 

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 diffuse inside (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 biofilm (Figure 

2.2c). The results showed that HSL was detected 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 µM, was enhanced due to the detection of HSL, while 

further biofilms were not affected. In addition to regular on-chip chambers, 3D cavities 

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

mechanisms of community regulation.40  
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Figure 2.2 An in situ investigation of biofilm formation. (a) An image of the chamber for 

quorum 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 with P. aeruginosa. (c) Schematic of the experiment. 

HSL diffuse through the hydrogel chamber wall, which is detected by biofilm in each 

chamber. (Reprinted with permission from the literature.39 Copyright (2011) American 

Chemical Society) 

2.3 LOC for  Antibiotic  Resistance Gene Transfer Study 

 It is now known that horizontal gene transfer is an important pathway by which 

antibiotic resistance spreads from one organism to another. LOC devices are promising 

platforms for facilitating gene transfer study, since they enable the in situ and real-time 

monitoring of the process dynamics. A LOC device was reported to investigate the 

plasmid-mediated horizontal gene transfer within the same species and between different 

species.41 The LOC chip consisted of a cover glass with a layer of agarose and a PDMS 

cover on top (Figure 2.3a). A drop of mixed bacteria solution containing the gene donor 

strain (Pseudomonas putida harboring an antibiotic resistance plasmid) and recipient strain 

(Escherichia coli 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 (Figure 2.3a). The gene donor bacteria carried plasmid RP4, 

which was labeled with green fluorescence protein (GFP), 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 composition of the 

biofilm. The plasmids were first successfully transferred from donor species Pseudomonas 

putida to acceptor Escherichia coli (E. coli). Within the pure E. coli colony, the transfer 

from the first transconjugants to other cells is very efficient, leading to a cascading gene 

spread within the single-strain 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 transfer (Figure 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 to study gene transfer on single-cell level,42 

dissect horizontal and vertical gene transfer,43 test antimicrobial susceptibility,44 and 

investigate the modulation of antibiotics on horizontal gene transfer.45 More studies are 

reviewed in previous review works. 46 
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Figure 2.3 An in situ investigation of gene horizontal transfer in biofilm. (a) Schematic of 

the device to study antibiotic resistant genes transfer (upper), and the device setup (lower). 

(b) Gene spread in pure E. coli culture. (c) Gene spread in activated sludge community. 

For both (b) and (c), the donor cells P. putida KT2440 are red, normal E. coli or active 

sludge cells are colorless, while transconjugants emit green fluorescence. (Reprinted with 

permission from the literature,41 https://pubs.acs.org/doi/abs/10.1021/acs.est.8b03281. 

Copyright (2018) American Chemical Society. Further permissions related to the material 

excerpted should be directed to the ACS) 

2.4 LOC for  Bacteria Electron Transfer Mechanism Study 

 Microbial fuel cells, which use microorganisms colonizing electrodes to catalyze 

electrochemical reactions and convert chemical 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 process 47,48. 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 soluble redox-active molecules serving as ñelectron 

shuttlesò.49 Jiang et al. have reported a LOC device with microelectrodes as a platform to 

investigate the electron transfer between Shewanella oneidensis and electrodes.50 Finger-

shape electrodes were defined by photolithography and deposited onto a cover glass using 

metal evaporation and lift-off methods. A passive Si3N4 layer was deposited by chemical 

vapor deposition and patterned to have nanoscale openings on one electrode and a big 

opening on the other electrode (Figures 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 redox-active molecules. A SU-8 (a commonly 

used epoxy-based negative photoresist) chamber 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 even without direct contact between bacteria 

and electrodes, suggesting that electron transfer was realized by pili or a mediatorôs 

diffusion. In addition, the removal of the diffusible mediators caused a rapid drop of the 

current, which further supported that electron transfer occurs predominantly by diffusion 

of mediators.  
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Figure 2.4 An in situ investigation on bacteria electron transfer. The silicon nitride 

insulating layer (blue) with nanoholes or 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 permission from the literature.50 Proceedings of the 

National Academy of Science) 

 For other kinds of bacteria, however, the electron transfer mechanism may need to 

be altered. A similar LOC device was fabricated to probe the charge transport from 

Geobacter sulfurreducens to electrode.51 Gold electrodes were deposited via metal 

evaporation and lift-off. Thick SU-8 was then fabricated to form wells around the 

electrodes to allow direct contact between bacteria and electrodes (Figures 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 current (Figure 2.5c). The current of 

a single Geobacter was 92 fA, and the current density was estimated to be ~106 A m-3. In 

addition, when the diffusible redox mediators were removed, the current was not affected. 

These measurements together indicated that different from Shewanella, the electron 

transfer between Geobacter and electrode was mainly due to direct contact. Ding et al. 

reported a nanoelectronics LOC system to investigate the electrical conductivity of both 



 20 

Shewanella and Geobacter and indicated that electrochemical electron transfer at the 

cell/electrode interface was the origin of the conductive current for both microbes.52     

 

Figure 2.5 An investigation on Geobacter sulfurreducens electron transfer. (a) The 

schematic of the experimental design for the electron transfer. (b) SEM image of a well 

containing two finger electrodes. (c) In situ microscopy images of Geobacter cells 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 current increases is marked in red. 51  (Reprinted 

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

(2013)). 

 As researchers have started to gain a deeper understanding of bacterial electron 

transfer, the role of bacterial self-assembled nanostructures for extracellular electron 

transfer has also garnered increased attention. For example, to elucidate the effects of 

microenvironment on the intercellular microbial nanostructures (nanowires) formation, a 

one-dimensional core/shell bacterial cable has been developedðwhich allows rational 

control of the microenvironments.53 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 and multiple 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 encapsulation. A Ca2+ containing 

sheath flow was exploited to cross link alginate to become a solid hydrogel (Figure 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 more self-assembling 

microbial nanowires, which directly increased the extracellular electron transfer efficiency 

(Figure 2.6b). Furthermore, lack of electron-acceptors can enhance the production of the 

nanowires (Figure 2.6b).  

 

Figure 2.6 A study on the microbial nanostructure formation. (a) Schematics of the flow-

focusing device for core/shell bacterial fiber generation. The bacteria-containing core 

stream (brown) is focused before entering the alginate shell stream (yellow), then a CaCl2 

sheath flow is introduced to cross-link the alginate to form the cord. (b) SEM images of 

high (left) and low (middle) bacteria density networks as well as high-density networks 

cultured in electron acceptor rich conditions (right). (Reprinted with permission from the 

literature.53 Copyright (2018) American Chemical Society) 

 LOC devices offer remarkable advantages as research platforms 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 related processes, 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 purposes. Nano 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 deposition, are becoming widely used for chip 

fabrication. In addition, more and more lab-on-chip devices for research purpose are not 

restricted to standard chamber or channel on chip configurations. Various 3D geometries 

are enabled by thriving 3D fabrication techniques, 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 tracking, 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 are also ideal for mimicking and simulating large scale 

ecological processes, such as fate and transport of nanoparticles in soil and groundwater 

54,55. The findings of the on-chip simulations could provide valuable experimental data for 

modeling and further on-site studies.  
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CHAPTER 3. ELECTROPORATION  THRESHOLD FOR 

BACTERIA INACTIVATIO N 

3.1 Background and Introduction 

 Drinking water disinfection is an essential process to guarantee peopleôs access to 

safe water. The current widely used disinfection method, chlorination, has a major 

drawback of generating disinfection by-products (DBPs), such as halonitromethanes, 

which are proved to be cytotoxic and genotoxic.4 Therefore, exploring high-efficiency and 

environmental-friendly drinking water disinfection approaches is necessary. 

Electroporation is a technique to create pores on the cell membrane by applying a strong 

electric field.8 When the electric field strength is sufficiently high, it can also cause cell 

inactivation.10 As an efficient method which potentially does not generate carcinogenic 

DBPs, electroporation was proved to be a promising technique for drinking water 

disinfection. In several recent studies on locally enhanced electric field treatment (LEEFT), 

one-dimensional nanomaterial-modified electrodes (e.g., Ag nanowires, CuO nanowires, 

Cu3P nanowires, and carbon nanotubes), which can generate extremely high electric field 

strength near the tip areas of the nanostructures, enabled a 6-log removal efficiency of 

various bacteria even with a small voltage (1-2 V).21-24 Although electroporation is a 

promising technique, the strong electric field (usually higher than 10 kV/cm) needed for 

bacteria inactivation makes it a potentially high energy-consuming method, limiting its 

widespread application.56 Therefore, to guarantee the inactivation effect and at the same 

time reduce the energy consumption, it is essential to find the lethal electroporation 

threshold (LET), i.e., the lowest electric field strength needed for bacteria inactivation.  
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 When a bacterium is exposed to an external electric field, the cell membrane could 

be considered as a capacitor in a circuit. Charged ions inside and outside the cell move 

under electrophoretic force and redistribute on the two sides of the membrane bilayer, 

generating a transmembrane potential.9,57 Under this potential, water molecules tend to 

penetrate across the lipid bilayer, leading to a reorientation of lipids with their heads 

towards water molecules and initiating the generation of aqueous pores.58 When the 

transmembrane potential is not sufficiently high, the pores are transient and could reseal 

after the electric field is removed. This phenomenon is called reversible electroporation, 

which has been widely used for drug or DNA delivery.59 If  the voltage reaches a threshold 

where the pores become permanent, then irreversible electroporation happens, causing cell 

inactivation. Also, although pores formed during reversible electroporation are resealable, 

they may also cause cell death, since the resealing process might be long, and cytoplasm 

leakage and toxic compound uptake may take place.60 In the present study, we aimed to 

find the lowest electric field strength that causes cell inactivation without differentiating if  

the electroporation is reversible or irreversible.  

 The typical in vitro electroporation was carried out in a cuvette with parallel plane 

electrodes.11 The cell suspension was first treated under a certain electric field strength, 

and then the cell inactivation efficiency was tested by microbial culturing. Nevertheless, to 

determine the LET, a series of different electric field strength should be tested. Such a 

tedious process greatly hindered the investigation of the LET. To the best of our 

knowledge, no systematic LET data for microorganisms have been reported. Therefore, a 

more rapid and efficient method is necessary. A lab-on-a-chip (LOC) device is a powerful 

tool for electroporation since it overcomes several disadvantages of bulk electroporators.27 
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With the 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 on LOC devices, including 

electroporation of mammalian cells using a carbon nanotube-featured microfluidics chip,19 

synthesizing erythrocyte membrane-coated magnetic nanoparticles by electroporation.28 

and selectively lysing cells with different shapes on a optoelectronic platform.29 LOC 

devices have also been utilized for electroporation mechanism study, since they enabled 

the precise control of electroporation parameters and in situ observation of the process.30 

The intracellular effect of nanosecond electrical pulses has also been investigated with a 

removable packaging microfluidic chip.31 The reversible electroporation threshold, rather 

than the LET, of several kinds of bacteria has been studied in a microfluidic device.61  

 Here, we report a LOC platform to rapidly determine the LET of bacteria. The 

proposed approach for the LET determination is illustrated in Figure 3.1: i) bacterial cells 

are immobilized onto a glass substrate and exposed to an electric field with linear strength 

gradient; ii)  the cells exposed to the electric field stronger than the LET will  be inactivated, 

while the others are still intact; and iii)  the LET could be determined by combining live-

dead cell staining and image processing methods. Through such an approach, the LETs of 

a model bacterial strain, S. epidermidis, under different pulsed electric field treatment 

conditions have been investigated and are reported for the first time in this study. Effects 

of different media properties, including conductivity, temperature, pH, and disinfection 

ions, have also been studied. 
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Figure 3.1 A schematic on the threshold determination method. 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 Methods 

3.2.1 Fabrication of the LOC device. 

 The LOC device was constructed by depositing platinum electrodes on a glass 

substrate. Photolithography and lift -off methods were used for the fabrication (Figure 

3.3a). Specifically, a layer of negative photoresist NR9-1500py was spin-coated onto the 

surface of a Borofloat 33 glass wafer; then, the coated wafer was exposed to UV light 

according to the design with a maskless aligner, and the pattern was developed by a 

developer solution. Titanium (10 nm thick) and platinum (100 nm thick) were subsequently 

deposited onto the surface by the e-beam evaporation method, where the Ti layer served as 

attachment layer.62 After deposition, the residual photoresist was removed with acetone, 

leaving the metal electrodes on the chip surface.  
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3.2.2 Cell preparation 

 Staphylococcus epidermidis (S. epidermidis) (ATCC 12228) was used as a model 

bacterial strain to quantitatively determine the LET. It is a commonly used model bacteria 

for water disinfection and antimicrobial tests.63,64 The bacteria solution was prepared as 

follows: S. epidermidis was incubated in nutrient broth at 35 °C till  stationary phase (15 

hours); 1 mL of cells was centrifuged at 5000³ g for 5 min and resuspended in 10 mM 

phosphate buffer for three times; the washed cells were resuspended to 1 mL with 10 mM 

phosphate buffered solution to obtain the experimental bacterial solution.  

3.2.3 Electric field treatment 

 The LOC device was pre-treated with poly-L-lysine, which coated the chip surface 

with positive charges to immobilize the negatively charged bacteria cells on the channel 

between the two electrodes. Specifically, poly-L-lysine (Sigma, mole weight 150,000-

300,000, 0.01%) was dropped onto the chip surface for 2 hours, then rinsed with deionized 

(DI) water and dried in 60  for 30 min. The prepared bacteria solution was dropped onto 

the chip and left still for 40 min to allow cell attachment. Then, the chip surface was gently 

rinsed with DI water to remove the unattached bacteria, leaving the attached bacteria 

immersed in a droplet of DI water. Subsequently, square-wave pulsed voltage shocks 

(typically 100 V) with different parameters, including pulse width (1-50 µs), frequency (1-

50 kHz), and effective time, which is the product of pulse width and pulse number (103-

106 µs), were applied to the LOC device using a high-speed pulse generator (Avtech AV-

1010-B) triggered with a waveform generator (Keysight 33509B). The terms of the pulses 

are shown in Figure 3.2. 
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Figure 3.2 Schematic and terms of a pulsed electric field. 

 The effects of medium properties, including the conductivity, temperature, pH, and 

Cu2+ concentration, were investigated. Media with conductivities ranging from 5×10-5 S/m 

to 1 S/m were prepared with Na2S2O3 as solute to eliminate the effect of possible 

electrochemical reactions.65 The pulse width and frequency were fixed at 1 µs and 10 kHz, 

respectively, while two effective times, 103 and 104 µs, were tested. Temperature control 

of the experiments in the range of 4 to 45  was realized by putting the samples in an 

incubator at different temperatures. The medium pH was set by using phosphate buffer 

solutions ranging from 4.5 to 12. Media with different Cu2+ concentration (0-800 µg/L) 

were achieved by adding CuSO4. For the assays on the impact of temperature, pH, and 

Cu2+, the applied pulse width, frequency, and effective time were fixed at 1 µs, 10 kHz, 

and 103 µs, respectively. 

3.2.4 Electric field simulation 

The electric field distribution was simulated by finite element method using 

COMSOL Multiphysics. Electrostatic module was used in a 3D model for the simulation. 

The electric field is calculated by Equation (3.1): 

   %  6ɳ                                                                Ȣ  
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where V 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 8.84×10-12 F/m, thickness of 

the electrode is 100 nm.   

3.2.5 Imaging and data processing 

Cell viability was tested by Propidium Iodide (PI) staining, since PI molecules only 

enter dead bacteria with a compromised membrane and bind to DNA and show a 

fluorescence enhanced 20 to 30 folds. Some of the bacteria with intact cell membranes may 

enter the viable but non culturable state after antimicrobial treatment, but they are still 

potentially risky. Thus, we tested the membrane integrity in this study to guarantee the 

inactivation status of bacteria.66 After electroporation treatment, the treated bacteria were 

immersed in a droplet of 10 mM phosphate buffer for 1.5 hours to reach a stable cell 

condition, i.e., live or dead. Then, the bacteria were stained with 3 µM Propidium Iodide 

(PI) solution and left in the dark for 30 min. Microscopy images of differential interference 

contrast (DIC) and fluorescent channel were taken using a Zeiss inverted fluorescent 

microscope (Axio observer 7) connected to a CCD camera. The images were processed 

with MATLAB.  Briefly,  a rectangular part of the channel, which is 440 µm long and 20 

µm high, was cropped in each image, and then vertically divided into 120 columns, and the 

cell number in each column was counted. The inactivation efficiency in each column was 

calculated by dividing the number of inactivated cells (from fluorescent image) by the 

number of total cells (from DIC image) in the same column. The electric field strength 

causing 50% cell inactivation was found, and the results from parallel channels on one chip 

were used collectively to determine the LET.  
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3.3 Results and Discussion 

3.3.1 The LOC device 

 A digital photo of the fabricated LOC device and a zoom-in microscopy image of 

the channel are shown in Figures 3.3b &  c.  A total of 4³6 channel units were fabricated 

on one chip for parallel experiments. The curving edge of the symmetric electrode was 

designed according to Equation (3.2) in the coordinate in Figure 3.3d: 

ύ
ύ

ρ Ὧὼ
                                                                Ȣ  

where x and w represent the half length and width of the channel, w0 is the half width at x 

= 0, and k is a constant.61,67 As shown in Figure 3.3d, the length of the channel unit is 440 

µm, and the narrowest width at the center is 20 µm. The electric field strength can be 

calculated by the equation E= V / (2w), where Ὁ is the electric field, and ςύ is the distance 

between the two electrodes. Because of the shape of the electrode edge, when a certain 

voltage is applied to the two electrodes, an electric field with a linear strength gradient will  

be generated in the channel. This electric field strength was simulated by COMSOL 

Multiphysics in a 3D model (Figure 3.3e), considering the 3D geometry effect. When a 

voltage of 100 V is applied, the electric field strength reaches about 40 kV/cm. 
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Figure 3.3 Design and fabrication of the LOC device. (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 zoom-in microscopy image of the 

channel. The scale bar is 200 µm. (d) Design of the electrodes. The curving edge of the 

electrode is designed according to Equation (3.1) in the x-w coordinate. The red dashed 

frame indicates the rectangular area selected for data analysis. (e) Electric field distribution 

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

3.3.2 The LET 

 Figure 3.4a shows a DIC image and a fluorescent image stacked together, both 

taken at the same position after an electric field treatment. The applied pulse voltage is 

100V, the pulse width is 1 µs, frequency is 4 kHz, and the effective time is 104 µs. The 

DIC image shows that bacterial cells are uniformly distributed on the channel (Figure 

3.4b), while the red dots in the fluorescent image represent dead cells stained by PI (Figure 

3.4c). It is evident that only the bacteria distributed in the middle section of the channel are 

stained with PI, indicating that these bacteria have been exposed to the electric field 

stronger than the LET and have been inactivated. The inactivation efficiencies along the 
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channel are plotted in Figure 3.4d. The regression line (least square fitting) indicates that 

the inactivation efficiency increases from lower than 5% to about 100% within a narrow 

range. The positions (x values) showing 50% inactivation are about °72 mm (Figure 3.4d). 

Subsequently, the corresponding electric field strength at this position is determined to be 

29.16 kV/cm, based on the electric field distribution along the channel (Figure 3.4e). 

Finally, the LET of S. epidermidis under such electroporation treatment condition is 

reported to be 29.50 ± 0.16 kV/cm after averaging the parallel results from 24 channel units 

on one chip. 
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Figure 3.4 An example of microscopy images and data processing method.The treatment 

condition is 1 µs pulse width; 4 kHz frequency; 104 µs effective time, and 100 V applied 

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

and zoom-in images showing all bacteria attached on the substrate in the channel. The 

dashed frame represents the area selected for data analysis. (c) Fluorescent image and 

zoom-in images of bacteria stained by propidium iodide (PI). (d) Inactivation efficiency 

and the fitted line plotted along the length of the channel. The value ñ°72ò on the x-axis 

represents the locations where the inactivation efficiency is 50%. (e) Electric field strength 

along the length of the channel. The value ñ29.16ò on the y-axis represents the 

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

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

     The LET is collectively determined by several parameters of the pulsed electric 

field, including pulse width (l), frequency (f) and effective time (t) (Figure 3.2). Under 

the treatment conditions listed in Figure 3.5, the LETs range between 10 kV/cm to 35 

kV/cm. The error bars represent 95% confidence intervals. The previously reported 

electroporation threshold for mammal cells was mostly distributed between 1-2 kV/cm.60 

The reversible electroporation thresholds for bacteria were found to be 3-6 kV/cm, which 

should be lower than their irreversible threshold.61 Other studies also stated that irreversible 

electroporation often requires an electric field strength greater than 10 kV/cm.56 

     At a fixed pulse width and frequency (individual lines in Figure 3.5a), a negative 

correlation between the LET and effective time can be observed. This correlation is 

intuitive: being exposed to an electric field for a longer time generates more and larger 

pores on the cell membrane, thus, lower electric field strength is needed for bacteria 

inactivation. The electroporation threshold on synthetic lipid bilayers showed a similar 

trend, except that the threshold decreased linearly with the logarithmic increase of the 

effective time.68 In the present study, the LET decreases significantly in most cases when 

the effective time increase from 102 to 103 µs, then slows down when further increasing 

the effective time. This might be attributed to the recovery ability of the cell membrane, 

which is lacking for artificial membranes. This recovery ability may be stronger when cells 

are exposed to a weaker electric field. Thus, longer effective treatment time is required to 

achieve lethal electroporation.  

 The electroporation process under pulsed electric field could be considered as a 

series of repeated pore-forming and closing processes. When a strong electrical pulse is 
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applied, pores form on the membrane and compounds on the two sides start to exchange 

through the pores. When the electric field is removed between two pulses, the cell 

membrane may reseal during this interval.58 The four lines in Figure 3.5a represent the 

LETs at different pulse width and frequency, but the ratios of pulse width to period (T = 

1/f) are all 1:20, which means that a longer pulse is followed by a longer resting time for 

the pores to close. Thus, the total treatment times (including the resting time) are the same 

for the four lines when they have the same effective times. The difference between the four 

lines (Figure 3.5a) indicates that increasing the width of each pulse is effective in reducing 

the LET even though a longer interval is provided for the membrane to recover. With a 

longer pulse width, the pores may have already grown to the size or phase that cannot be 

easily closed, no matter how long the interval that follows. In addition, the larger pores 

generated may allow more compounds to exchange across the membrane, causing greater 

or irreversible damage. Nevertheless, in real applications, a trade-off needs to be 

considered for applying longer pulse widths, since it may cause electrochemical reactions 

that waste the energy on water splitting. 

 Figure 3.5b shows the negative correlation between the LET and the frequency of 

the pulsed electric field when the pulse width is fixed at 1 µs. For the same pulse width, a 

higher frequency means a shorter interval between two pulses, so that the pores may not 

have enough time to fully recover during the interval. Therefore, the pores keep growing 

when a new pulse is applied, increasing the probability of membrane rupture and cell death, 

and thus decreasing the LET. The same trend is observed for various effective times in this 

study, and has also been reported in a previous study on artificial lipid bilayers.69 
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Figure 3.5 The LETs of S. epidermidis under different pulsed electric field conditions. (a) 

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 but different effective times. 

3.3.4 Effects of medium properties on LET 

 Different properties of drinking water, such as the conductivity, pH value, 

temperature, and ion species, may all affect the LET of bacteria. Thus, the effects of these 

medium properties have been investigated with the developed platform.  

 Conductivity. During electric field treatment, charging the cell membrane can be 

considered as charging a capacitor in a circuit,57 and the extracellular medium acts as a 

resistor in the circuit. Thus, the conductivity of the extracellular medium will  affect the 

transmembrane potential and the LET. Figure 3.6a shows the changing of the LET with 

the medium conductivity. The range of the conductivities tested (5×10-5 to 1 S/m) covers 

the values of typical environmental water samples. Results from the experiments with two 

different effective times (103 and 104 µs) show a similar trend: the LET decreases with the 

increase of medium conductivity, especially in the range of 2×10-3 to 0.1 S/m.  
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Based on the theoretical model, the electric field strength required to achieve the 

same level of transmembrane potential (e.g., 1 V) at different medium conductivities can 

be calculated. The transmembrane voltage (TMV) on a spherical cell induced by an 

external electric field is given in Equation (3.3),9 

Ўὠ ὪὶὉὧέί—ρ Ὡὼὴ                                         Ȣ         

where ȹVi is the induced TMV, fs is a factor related to the electric field and properties of 

the cell and medium, r is the radius of the cell, Ὁ is the external electric field strength, ɗ is 

the angle between the direction of electric field and the point studied, t is the pulse width 

of external electric field, and Ű is the membrane charging constant. The membrane charging 

constant Ű is further determined by Equation (3.4): 
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where Cm is the surface capacitance of the membrane, ůi, ůe, ům are the conductivity of the 

cytoplasm, the extracellular medium, and the membrane, respectively, and d is the thick 

ness of membrane. According to the values reported in the literature, the fs, ůi, ům , Cm, d, 

and R are chosen to be 1.5, 0.2 S/m, 5×10-6 S/m, 0.01 F/m-2, 0.005 ɛm, and 1 µm, 

respectively, for the calculation.9 When the transmembrane potential (ȹVi) is assumed to 

be 1 V, the changing trend of the required electric field strength (E) with the medium 

conductivity (ůe) in the calculated result (Figure 3.7) is similar to the experimental result 

(Figure 3.6a). Therefore, the decrease of the LET with the increase of the medium 

conductivity could be theoretically explained. The results of the theoretical calculations 

(Figure 3.7) and our experimental (Figure 3.6a) show a similar trend. 
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Figure 3.6 Effects of medium properties on the LET. (a) Effects of medium conductivity 

on the LET. The pulse width is 1 µs and frequency is 10 kHz. (b-d) Effects of temperature, 

pH, and Cu2+ concentration of medium on the LET. The pulse width is 1 µs, frequency is 

10 kHz, and effective time is 103 µs. 
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Figure 3.7 Theoretical analysis of the membrane charging process. The figure shows the 

changing of membrane charging constant Ű and the electric field strength E to achieve 1 V 

transmembrane potential with the changing of medium conductivity ůe. 

 Temperature. Temperature may change the fluidity and permeability of the bacteria 

membrane, thus affecting the LET.70 To investigate the temperature effects, bacteria were 

electric field-treated at 4 , 45 , and room temperature (23 ), respectively. The results 

are depicted in Figure 3.6b, where the red dots represent the LETs when the bacteria were 

put into 4  or 45  and directly subjected to the electric field treatment, while for the 

green dots, the bacteria were first put into the corresponding temperatures for pre-heating 

or cooling for 40 min, and then treated with electric field. The LET at 45  is slightly 

lower than that at room temperature without pre-treatment (red squares). According to a 

previous study, Staphylococcus became more sensitive to pulsed electric field treatment 

with the increase of treatment temperature.71 It might be due to the reduction of the 

membrane charging time, or the decrease of the minimum transmembrane potential needed 

to disrupt the cell membrane at a higher temperature.72,73 When the bacteria were pre-

cooled or heated, the LETs both slightly increased (green squares compared to red squares). 



 40 

It was reported that heat-pretreated cells tended to have higher heat resistance and damage 

repair capability, which could mitigate the adverse effect of high treatment temperature.74 

An increase of electroporation resistance was also observed in a previous study when 

Escherichia. coli (E. coli) was treated with previous cold shock.75 

 pH. An important parameter affecting biological systems, pH should also be 

considered. Extreme pH may interfere with the bacteria membrane reseal-capability and 

inactive the injured bacteria, thus decreasing the LET.75 To test these effects, bacteria have 

been first treated in DI water and then immersed in media with different pH. Within a pH 

range of 4.5 to 12, the LET was only affected slightly between 28.6 and 32.1 kV/cm 

(Figure 3.6c). A previous study demonstrated that after a post-storage in citrate-phosphate 

buffer of pH 4.0 for four hours, the inactivation efficiency of E. coli by electroporation 

increased significantly. This indicated that the sublethal injured bacteria might be sensitive 

to low pH conditions.75 The same outcome has not been found in the present study, which 

might be due to the slightly higher pH (4.5 compared with 4,0), shorter post-storage time 

(1.5 h compared with 4 h), or the different properties between S. epidermidis and E. coli. 

Nevertheless, results of the LEEFT experiments in our previous study indicated that pH 

ranging from 3 to 11 did not affect the disinfection efficiencies on E. coli.76 The mechanism 

of pH influence is still not clear and needs further study. 

 Copper (II)  ions (Cu2+). Using antimicrobial metal ions, such as Cu2+ or Ag+, is 

another efficient water disinfection technique.77,78 Electroporation may work 

synergistically with these metal ions since the formation of transient pores and increase of 

membrane permeability may assist the delivery of microbiocidal ions into the cells.36 If  

such synergistic effect exists, the LETs will  be lower. The effect of Cu2+ on the LET is 
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depicted in Figure 3.6d. The blue line shows the LETs when Cu2+ is only presented during 

the electric field treatment process (~5 s including some handling processes), while the red 

line represents the results when Cu2+ is presented both during and after treatment for 1.5 h. 

A slight decrease of the LET with the increase of Cu2+ concentration is noted for the red 

line, which indicates that higher Cu2+ concentration in the medium may reduce the LET. 

Nevertheless, the blue line shows little change, indicating that the extra Cu2+ uptake only 

during the electric field treatment does not cause significant antimicrobial effect. 

Collectively, the results suggest that microbiocidal ions in the medium may decrease the 

LET, but sufficient time is required for the ions to transport into the cells. 

3.4 Perspective 

     From the threshold values we measured, the energy consumption for bacteria 

inactivation could be further investigated. The energy consumption of the electric field 

treatment process is determined by both the strength and duration of the applied electric 

field. In this study, we define the product of the LET and effective time as the energy index 

to represent the energy consumption required for bacteria inactivation. Comparable to the 

ñCTò value (the product of concentration of a disinfectant, C, and the contact time with 

water, T), which represents disinfectant dosage in water chlorination, the energy index can 

provide guidance for the electric field treatment systemôs design.79 As shown in Figure 

3.8, the energy index decreases with the increase of the LET, indicating that the energy 

consumption will  be lower if  a higher electric field can be applied. This trend could be 

explained by the much shorter effective time needed for bacterial inactivation when a 

stronger electric field is applied. This result also indicates the importance of electric field 

strength for electric field treatment disinfection. To achieve the same disinfection effect, 
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when a stronger electric field is applied, the process could become not only more time 

efficient, but also more energy efficient. However, there is a trade-off of providing a strong 

electric field, since it has a risk of causing safety issues, such as arc discharge. The trend 

of the four lines of different pulse width in Figure 3.8 also suggests that longer pulse width 

is preferred for saving energy. Nevertheless, the same trade-off has to be considered. Based 

on our previous study, a low energy consumption is achieved for LEEFT process, which is 

1.2 J per litter of water.23 The energy consumption trend found in the present work could 

be used to further optimize the treatment process and reduce the energy consumption.  

 

Figure 3.8 Changing of the energy index with the LET. 

Investigating the LETs of various pathogens is of great significance for 

implementing LEEFT technology in water disinfection. The development of the LOC 

platform here makes it more convenient and rapid to determine the LETs. According to the 

LET values and changing trends, the treatment parameters of the LEEFT process could be 

more rationally designed, which helps guarantee the disinfection efficiency as well as 

reduce energy consumption. For the future studies, this platform will  be applied to study 

the LET of other bacterial strains besides Staphylococcus demonstrated in this study, and 
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potentially protozoa. Other impact factors, such as different organics in water, growth 

status and membrane structures of bacteria could also be studied. In the meantime, the LOC 

device will  be further improved by combining pre-treatment, sample loading, electric field 

treatment, post-treatment storage, and cell stain into one device.  

3.5 Conclusion 

 In summary, we have developed a rapid platform combining a LOC device, live-

and-dead cell staining, and image processing methods to quantitatively study the LET for 

bacteria. The LETs of Staphylococcus ranged from 10 to 35 kV/cm when the applied pulsed 

electric field had pulse widths of 1 to 50 µs, frequencies of 4 to 100 kHz, and effective 

treatment times of 1 ms to 1 s. Decrease of the LET was noted when a higher effective 

time, a longer pulse width, or a higher pulse frequency was applied. Higher conductivity 

reduced the membrane charging constant, thus lowered the LET. The presence of Cu2+ in 

the medium may also reduce the LET, while the effects of temperature and pH were not 

significant in the present study.  
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CHAPTER 4. MECHANISMS OF LEEFT FOR BACTERIA 

INACTIVATION  

4.1 Background and Introduction 

Bacteria are indispensable for both ecological systems and human bodies, but the 

growth of undesired bacteria can also cause serious problems. Seeking approaches for 

bacteria 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 anti-fouling agents. They have been 

effectively inactivating bacteria, but caused new problems: overuse of antibiotics has 

already raised the concern of antibiotic resistance;80 chlorination generates disinfection by-

products (DBPs) that can be carcinogenic;81 and anti-fouling agents may be harmful to 

human health or the environment.  

 Effective physical processes, such as thermo/ultraviolet radiation,82,83 acoustic 

vibration,84,85 microwave,86 and electric field treatment (EFT),87 can be superior 

alternatives to chemical approaches for bacteria inactivation, although many of them suffer 

from high capital cost or energy consumption. Among these processes, EFT is increasingly 

finding applications in food preservation and water disinfection.10,14-16 EFT aims to 

inactivate bacteria by electroporation: when a cell is exposed to a strong electric field, an 

induced transmembrane voltage (TMV) will cause pore formation on the lipid bilayer 

membrane,8,37,88 and when this external electric field is strong enough, the membrane 

damage, i.e., the pores, will become lethal to the bacterial cells.10 The lethal electroporation 

threshold was found to be between 10 ~ 35 kV/cm.33 Typically, 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 on a 0.65 cm gap),89 which lead to safety issues, side 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 lightning-rod effect, the electric field near the tips could be largely enhanced 

depending on the aspect ratio of the electrode decorations.18 As a result, even with 

relatively low applied voltages, the locally enhanced electric field can still build up the 

transmembrane voltage that is sufficient to cause irreversible electroporation and bacteria 

inactivation. Although this concept has been claimed as the predominant mechanism for 

bench-scale EFT water disinfection devices equipped with nanowire-modified 

electrodes,13,22-24,35,90-94 direct demonstration of lightning-rod effect for bacteria 

inactivation, especially at the single-cell level, is not yet done. Here, we conduct locally 

enhanced EFT (LEEFT) on a lab-on-a-chip device that has nanowedge-modified electrodes 

and investigate the bacteria inactivation process in situ. Results show that the bacteria 

located at the tips of nanowedges on both positive and negative electrodes are rapidly 

inactivated in LEEFT. Electroporation induced by the locally enhanced electric field 

attributed to the lightning-rod effect is the predominant mechanism for this bacteria 

inactivation. It is the first-time process visualization and mechanism illustration of LEEFT 

at the single-cell level. The findings of this work will provide strong supports for the future 

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 lithography (Figure 4.1). Then, 200 nm gold layer was 

deposited using electron beam evaporation and lift-off method. The gold bulk contact pads 

of 300 nm thickness were defined by photolithography and fabricated by lift-off method. 

Gold is both mechanically and electrochemically stable and does not have significant 

antimicrobial effects. It 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 ɛm, 

which is to deploy a large number of nanowedges without interference between each other 

on showing bacteria inactivation phenomenon. The default nanowedge is 200 nm wide at 

the tip and 1 ɛm wide at the base in default chips. Note that the chips designed for interval 

experiments (Figure 4.9b and 4.10) have nanowedges of 200 nm width tip and 400 nm 

width base in order to achieve 800 nm interval.  

 

Figure 4.1 Photos of the lab-on-a-chip. A digital photo of the lab-on-a-chip and the zoom-

in microscopy image showing the nanowedges on the two electrodes. The scale bars are 5 

mm (left) and 10 ɛm (right). 
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To fabricate the gold nanowedges, a layer of electron beam resist PMMA A6 was 

spin-coated on the surface of a glass wafer substrate. Then, the substrate was exposed using 

an electron beam lithography system (Elionix ELS-G100). After development, a thin layer 

of gold (200 nm) was deposited using an e-beam evaporator (Denton Explorer). The 

unwanted gold was removed by a lift-off 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 ɛm electrode separation gap were fabricated using a similar 

procedure except that photolithography was used rather than e-beam lithography. A layer 

of photoresist (NR9-1500py) was first spin coated on the substrate, then exposed by 

photolithography (Heidelberg MLA150), and the gold was deposited by e-beam evaporator 

and lift-off method.  

4.2.2 Chip wash and coating with poly-L-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 30% H2O2 for 1 hour, 

stored in DI water overnight,95 and then dried in oven before treatment. The dried chips 

were then coated with positively charged poly-L-lysine (0.01%, mw 150,000-300,000; 

Sigma-Aldrich) for bacteria immobilization. Specifically, poly-L-lysine and 2 M borate 

buffer was first mixed at 1:1, then about 50 ɛL of the mixture was added onto the center of 

a dried chip, covering the gap between the two electrodes. After 3 hours of coating at room 

temperature, the chips were rinsed with DI water and dried in 60  for 20 min. The coated 

chips were stored in 4  to avoid coating layer degradation. poly-L-lysine is a positively 

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. subtilis were cultured in nutrient broth for 15 hours, and E. coli 

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 was resuspended 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 with free-moving 

cells, bacteria were 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 40 ɛl of prepared bacteria 

suspension onto a poly-L-lysine coated chip to cover the gap 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 containing 15 ɛɀ Propidium iodide (PI) using a pipette, 

to remove the non-immobilized cells and leave the immobilized bacteria in a drop of PI 

staining DI water. The chip was then flipped, put onto a coverslip, loaded onto an inverted 

microscope for in situ observation (Figure 4.2a).   

4.2.5 Experimental setup for free-moving bacteria cells 

 To visualize the bacteria inactivation process with free-moving bacteria, stain 

bacteria in the prepared bacteria suspension with 15 ɛM PI and 5 ɛɀ SYTO 9 (Thermo 

Fisher Scientific) for 5 min before use. ȷdd 40 ɛl 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 microscope for in situ observation (Figure 4.2b).   
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Figure 4.2 Experimental setup. (a) Experimental setup for immobilized cells. The medium 

is DI water containing PI stain. Only dead cells could be stained with PI and show red 

fluorescence, while live cells are not stained. (b) Experimental setup for free-moving cells.  

The medium is DI water containing SYTO 9 and PI stain. The live cells are stained with 

SYTO 9 and show green fluorescence. The dead cells are stained with PI and show red 

fluorescence.  

4.2.6 LEEFT p rocedures  

 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 have 2 ɛs pulse width, 100 ɛs 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 × pulse number. The pulse width of 2 ɛs is used 

to minimize electrochemical reactions. The pulse waveform was measured using an 

oscilloscope (Keysight InfiniiVision 6000 X-series).  
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Figure 4.3 Waveform of the applied electrical pulses.The pulses are at 18 V with 2 ɛs pulse 

width, 100 ɛs period, denoted as 18 V/2 ɛs/100 ɛs. The effective treatment time is 

calculated as the total time when the voltage is not 0, which equals to pulse width × pulse 

number.  

4.2.7 ROS detection 

 For ROS detection experiments, the ROS indicator DCFH-DA 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 generation, pulses with longer pulse width (200 ɛs/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 and 15 ɛɀ PI 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, 5 ɛM SYTOX Green was first added to the 

medium before treatment. Electrical pulses of 14 V/2 ɛs/100 ɛs/20,000 pulses were 

applied, and the microscopy images were collected. Ten minutes after the electrical 

treatment, 15 ɛM PI was then added, and the images were collected again.  

4.2.9 Microscope observation 

 The LEEFT treatment process was observed and recorded in situ using an inverted 

fluorescence microscope (Zeiss Axio Observer 7). Cell and nanowedge images were 

captured via DIC channel. PI was excited at 488 nm. SYTO 9, and SYTOX Green, and 

DCFH-DA were excited at 555 nm, respectively. All fluorescent signals 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 treatment 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 

ὄὥὧὸὩὶὭὥ ὭὲὥὧὸὭὺὥὸὭέὲ Ϸ

ὲόάὦὩὶ έὪ ὲὥὲέύὩὨὫὩί ὸὬὥὸ ὬὥὺὩ ὨὩὥὨ ὦὥὧὸὩὶὭὥ ὥὸ ὸὭὴ

ὸέὸὥὰ ὲόάὦὩὶ έὪ ὲὥὲέύὩὨὫὩί
Ȣ 

There are 330 nanowedges 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 

number 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  

ὄὥὧὸὩὶὭὥ ὭὲὥὧὸὭὺὥὸὭέὲ Ϸ
ὲόάὦὩὶ έὪ ὨὩὥὨ ὦὥὧὸὩὶὭὥ ὥὸ ὲὥὲέύὩὨὫὩ ὸὭὴί

ὸέὸὥὰ ὲόάὦὩὶ έὪ ὦὥὧὸὩὶὭὥ ὥὸ ὲὥὲέύὩὨὫὩ ὸὭὴί
Ȣ 

4.2.11 Electric field and TMV simulation  

The nano-enhanced electric field and transmembrane voltage (TMV) was simulated 

using electric current module in COMSOL Multiphysics. A 3D model of the lab-on-a-chip 

was built. The COMSOL built-in materials glass, gold, and water were assigned to the 

substrate, electrodes (both bulk contact pads and nanowedges), and the medium. The 

relative permittivity of water was set at 78.5. Since DI water was used in this work, the 

electrical conductivity was set at 1×10-4 S/m.  

To simulate the cell transmembrane voltage, two concentric spheres were built to 

represent the bacterial cell with 1 ɛm diameter and 50 nm thick cell wall.96 For the 

extracellular water, intracellular medium, and the cell membrane, the conductivity values 

were set at 1×10-4, 0.2, and 5×10-7 S/m,97 and the relative permittivity values were 78.5, 

60, and 70, respectively.98  

4.3 Results and Discussion 

4.3.1 Rapid bacteria inactivation at nanowedge tip 

Lab-on-a-chip has been intensively used for operando investigation of microbiology 

related processes.32,37,51 Here, we developed a lab-on-chip device with gold nanowedges 

fabricated on both positive and negative electrodes (Figure 4.4a) to enable the operando 

investigation. The gap between the two electrodes is 50 ɛm. The length and thickness of 
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the nanowedge are 8 µm and 200 nm, respectively. The width of the nanowedge tip is 200 

nm, and it gradually increases to 1 ɛm to allow a steadier connection to the bulk electrode. 

This is the default chip design in this work unless otherwise stated. When a voltage is 

applied to the two electrodes, the electric field near the nanowedge tips will be enhanced 

due to the lightning-rod effect, which is simulated using COMSOL Multiphysics (Figure 

4.4b). 

 

Figure 4.4 Bacteria damage in LEEFT. (a) Microscopy image of the lab-on-a-chip. (b) The 

nano-enhanced electric field at the nanowedge tips under 18 V applied voltage. (c & d) 

Microscopy images of the immobilized bacteria cells before (c) and after (d) treatment. 

Scale bars are 10 ɛm in normal images and 5 ɛm in the zoom-in 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 the nanowedge tip, which is also the onset position of PI 

fluorescence. The scale bars are 5 ɛm. 
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The chip was pre-coated with positively charged poly-L-lysine, and the model 

bacteria Staphylococcus epidermidis (S. epidermidis) were uniformly distributed and 

firmly immobilized on the chip since they are negatively charged (Figure 4.4c). Live-and-

dead cell distinguishing stain propidium iodide (PI) was added in the deionized water (DI 

water) medium before treatment (See the experimental setup in Figure 4.2a). After 

500,000 electrical pulses at 18 V with 2 ɛs pulse width and 100 ɛs period are applied 

(denoted as 18 V/2 ɛs/100 ɛs/500,000 pulses, see the waveform in Figure 4.3), the bacteria 

at the tips of nanowedges on both positive and negative electrodes show red fluorescence 

of the PI stain, indicating cell membrane damage, while other bacteria are still intact 

(Figure 4.4d). The zoom-in image clearly shows that only the cells located very close to 

the nanowedge tips are damaged, which is consistent with the electric field enhancement 

pattern (Figure 4.4b). By comparison, for the electrodes that have no nanowedge 

modification but a smaller gap of 34 ɛm, hardly any cells are affected (Figure 4.5), 

suggesting that this electrical treatment is not sufficient to kill bacteria in bulk or on the 

electrode edge.  

 

Figure 4.5 Electrodes that have no nanowedges. The figure shows the electrodes that have 

no nanowedges but a smaller gap of 34 ɛm after 18 V/2 ɛs/100 ɛs/500,000 pulses 

treatment. The scale bar is 10 ɛm in left image and 5 ɛm in the zoom-in image.  
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 The bacteria damage process was observed in real-time. The onset position of PI 

fluorescence indicates that the cell membrane damage takes place at the position adjacent 

to the nanowedge tip, where the nano-enhanced electric field has the highest strength. The 

circled bacteria cells at the nanowedge tips on the negative electrode (Figure 4.4e) and 

positive electrode (Figure 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 PI stain first originates from the adjacent 

point indicated 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 × pulse number) was tested by applying different numbers of 2 ɛs/100 ɛs 

pulses. Under 30 V and 18 V applied voltage, 0.1 ms and 1 ms effective treatment time is 

long enough to achieve >80% bacteria damage (represented by the percentage of 

nanowedges induced bacteria damage at their tip), respectively, indicating that bacteria 

damage in LEEFT is very rapid (Figure 4.6a). Under relatively lower applied voltages (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 time (Figure 4.6a). Therefore, the bacteria damage 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 treatment with PI. Since reversible membrane damages should already recover after 

2 hours, the cells stained with PI are considered inactivated.88 There is no significant 
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difference between the efficiency of cell damage and inactivation, except that cell 

inactivation is slightly higher at low voltages (Figure 4.6b), which is due to random cell 

inactivation in all cells after 2 hours. The efficiency shows a positive correlation with the 

applied voltage (Figure 4.6b). The cell damage starts at a low voltage of 10 V, and 20 V 

is already high enough to achieve bacteria inactivation for almost all nanowedges. No 

significant difference is observed between 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 by the phenomenon that the damaged bacteria 

lost cell integrity and decayed after stored in nutrient broth at 35  for 6 hours (Figure 

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.  

 

 



 57 

 

Figure 4.6 Bacteria inactivation characterization in LEEFT. (a) Bacteria damage efficiency 

(i.e., the percentage of nanowedges inducing bacteria damage) at different effective 

treatment time. Positive and negative electrodes are denoted as + and ī, respectively. (b) 

Bacteria damage and inactivation efficiency versus the applied voltage with 1 s effective 

treatment time. (c - f) Bacteria inactivation with wedges of different width (c & e) and 

different length (d & f). (g ï i) Microscopy images of different kinds of free-moving 

bacteria in the media before (upper) and after (lower) LEEFT. (g) S. epidermidis. (h) E. 

coli. (i) B. subtilis. The scale bars are 10 ɛm. 

The high aspect ratio of the nanowedges is important to LEEFT, indicated by the 

control experiments with different chip designs (Figures. 4.6c - f). After the treatment of 

18 V/2 ɛs/100 ɛs/500,000 pulses, the nanowedges with 200 nm width (Figures. 4.6c & e) 

and 8 ɛm length (Figures. 4.6d & f ) show a much higher efficiency of bacteria inactivation 



 58 

than other wider or shorter electrode modifications. LEEFT also works for free-moving 

bacteria cells suspended in the medium. SYTO 9 and PI-stained S. epidermidis are 

suspended in DI water before the treatment (Figure 4.6g upper. See the experimental setup 

in Figure 4.2b). During the treatment (18 V/2 ɛs/100 ɛs/500,000 pulses), bacteria cells are 

attracted toward the nanowedges on both positive and negative electrodes, especially to the 

tips. Subsequently, those near the tips get inactivated, indicated by switching from the 

green fluorescence of SYTO 9 to the red fluorescence of PI (Figure 4.6g lower). As the 

bacteria cells are negatively charged in DI water, most of them accumulated at the positive 

electrode because of the electrophoretic force. Some cells are attracted to the nanowedge 

tips on the negative electrode, which is probably due to the strong dielectrophoretic force 

induced by the strong and non-uniform electric field near the tips.13,99 Two other kinds of 

bacteria, Bacillus subtilis (B. subtilis, Gram +) and Escherichia coli (E. coli, Gram ī), are 

also tested, which show similar transport and inactivation phenomena with S. epidermidis 

(Figures. 4.6h & i ), suggesting that LEEFT could be a wide spectrum bacteria inactivation 

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

ɛs/100 ɛs/ 500,000 pulses was stored in nutrient broth at 35 . All cells were stained with 

either PI or SYTO 9 (fluorescence of SYTO 9 is not shown), so no dividing was found due 

to DNA interruption by the stains. The cells stained with PI in the yellow circles are cells 

damaged by LEEFT. They decayed and could not be clearly seen from the DIC image 

within 6 hours, indicating the cell damage is irreversible, causing cell inactivation. Note 

that this cell decay is not due to DNA interruption by PI stain since all other cells are also 

stained with DNA-binding probe SYTO 9. The scale bar is 5 ɛm. 
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4.3.2 Electroporation is the predominant mechanism 

 In LEEFT, only the bacteria located near nanowedge tips are inactivated, while 

bacteria in bulk are not affected. This pattern is consistent with the electric field 

enhancement due to the lightning-rod effect, suggesting that irreversible electroporation 

induced by the enhanced electric field is the most possible mechanism for bacteria 

inactivation. Here, we investigated on the mechanism and discuss the evidence 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 (25 ɛm, 50 ɛm, 100 ɛm) were tested for bacteria inactivation. The chips 

with a smaller gap achieve a higher bacteria inactivation (Figure 4.8a & Figure 4.9d). 

This is because that under the same applied voltage, the strength of the nano-enhanced 

electric field will be reversely proportional to the gap between the two electrodes (Figures 

4.9a, b & c). The chips with nanowedges of different intervals (0.8 ɛm, 4 ɛm, 40 ɛm) were 

also tested. Similarly, because of the stronger lightning-rod effect for electric-field 

enhancement (Figures. 4.10a & b), the nanowedges with a larger interval in between could 

achieve higher bacteria inactivation under the same applied voltage (Figure 4.8b & Figure 

4.10c). When all the results are analyzed together, the percentage of bacteria inactivation 

at the tips of nanowedges shows a positive correlation with the electric field strength 

(Figure 4.8c left), but not with the applied voltages (Figure 4.8c right). This result 

indicates that the bacteria inactivation is attributed to the nano-enhanced 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 effects, such as generating by-products. Electric field treatment systems could generate 
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ROS, especially under high voltages or long treatment times. To test if the bacteria are 

inactivated by ROS, DCFH-DA stain was used to detect ROS generation.100,101 In the 

experimental group with 30 V/2 ɛs/100 ɛs/100,000 pulses treatment, DCFH-DA stained 

cells show no fluorescence (Figure 4.8d upper), suggesting no ROS generation. 

Meanwhile, >90% bacteria inactivation is achieved (Figure 4.8d lower & experimental 

group, no DMSO in Figure 4.8h), indicating that this bacteria inactivation is not due to 

ROS damage. To confirm this ROS detection method is valid, we intentionally induced 

ROS generation with a much longer pulse width in the positive control (20 V/200 ɛs/10 

ms/1000 pulses). The significant green fluorescence of DCFH-DA stained cells shows that 

ROS is generated near the positive electrode (Figure 4.8e upper). The positive electrode 

shows more inactivated bacteria at each nanowedge tip than the negative electrode and the 

experimental group (Figure 4.8e lower & positive control, no DMSO in Figure 4.8h), 

which could be attributed to the ROS damage. 

 To further confirm that the bacteria inactivation at 30 V/2 ɛs/100 ɛs 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 damage.102 In the positive control group, the bacteria at the 

positive electrodes are largely protected by DMSO (Figure 4.8g & positive control in 

Figure 4.8h), proving that 15% DMSO is able to protect bacteria from ROS damage. In 

the experimental group, even with the ROS scavenger, the bacteria inactivation percentage 

and inactivated cell number are not affected (Figure 4.8f & experimental group in Figure 

4.8h), which further confirms that the bacteria inactivation at the nanowedge tips is not due 

to ROS damage.  
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Figure 4.8 Antibacterial mechanism study. (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 (EF) at the tip of the nanowedge (0.1 ɛm away from the 

nanowedge tip) (left), and the applied voltages (right). (d) Fluorescence of DCFH-DA-

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

group. (e) Fluorescence of DCFH-DA-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% DMSO in (f) experimental group and (g) positive 

control. (h) Bacteria inactivation percentage and the average inactivated cell number at 

each nanowedge tip. The scale bars are 10 ɛm. 
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Figure 4.9 Chips of different gap between positive/negative electrode. (a) Simulation 

model setup. (b) Strength of the nano-enhanced electric field on chips with different gaps 

(right). The data shows the strength of the electric field at the star point which is 0.1 ɛm 
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from the nanowedge tip (left). (c) Simulation results under 15 V. (d) Microscopy images 

after LEEFT at 15 V/2 ɛs/100 ɛs/500,000 pulses. The scale bars are 10 ɛm. 

 

Figure 4.10 Chips with nanowedges of different interval. (a) Strength of the nano-

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 is 0.1 ɛm from the nanowedge 

tip (left). (b) Electric field at 0.1 ɛm from the nanowedge tip under 20 V. (c) Microscopy 
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images after LEEFT of 20 V/2 ɛs/100 ɛs/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 base to achieve the small interval in between. The scale bars are 

10 ɛm. 

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 is a 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 field or a shorter treatment time.88 The changing 

of PI fluorescence intensity of four cells located at nanowedge tips under 14 V/2 ɛs/100 ɛs 

intermittent treatment shows that when the treatment is on (red area, 10,000 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 (gray area, 5 s), the fluorescence stops 

rising immediately, suggesting that the pores close and the membrane regains its integrity 

after the treatment stops (Figure 4.11a). This kind of quick cell membrane recovery is a 

common phenomenon in reversible electroporation,37,88 but is hard to find in other kinds of 

membrane damages, such as direct oxidation. Therefore, quick pore reseal is strong 

evidence for reversible electroporation.  
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Figure 4.11 Detection of reversible electroporation. (a) Increase of PI stain fluorescence 

of four cells at nanowedge tips on positive and negative electrodes, respectively, under 

intermittent treatment. The red area indicates that the treatment is on, which are 14 V/2 

ɛs/100 ɛs/10,000 pulses for 1 s total time. The gray area indicates that the treatment is off, 

which is 0 V for 5 s. The inserted images show Cell No. 1 at the positive electrode (the 

orange data line). (b) Schematic of the double staining method with SYTOX Green and PI 

for reversible electroporation 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 PI at Time point 3. The cells inside the red frames have irreversible pores since they 

are first stained with SYTOX Green and then stained with PI. The scale bars are 5 ɛm. 

Reversible electroporation was also detected using a double staining method with 

SYTOX Green and PI, which are both DNA stains and can only enter cells with 

compromised membrane.103 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 point 2, Figure 4.11b). After 10 minutes, PI is 

added, which could only stain the cells that still have compromised membrane. Thus, the 

cells that are not stained with PI are considered as having reversible pores (Time point 3, 

Figure 4.11b). With a relatively low applied voltage at 14 V (2 ɛs/100 ɛs/20,000 pulses), 

some already perforated cells could not then be stained with PI, indicating the pores formed 

on the cell membrane are reversible (Figure 4.11c). While under a high applied voltage at 

80 V (1 ɛs/1 ms/10 pulses), almost all cell perforation is irreversible (Figure 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 time (500,000 pulses) is used, there is no significant reversible damage 

as shown in Figure 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. 

 

Figure 4.12 Microscopy images showing irreversible electroporation. The treatment 

condition is 80 V/1 ɛs/1 ms/10 pulses. The cells inside the red frames have irreversible 

pores on membrane since they are stained with SYTOX Green at Time point 2 and also 

stained with PI at Time point 3. The scale bar is 5 ɛm. 

 Due to the lightning-rod 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 cell membrane, cause irreversible electroporation, and kill bacteria with lower 

applied voltages. Although bench-scale LEEFT for water disinfection was developed based 

on this concept, the mechanism was only supported by control experiments done with 

electrodes with/without nanowire modifications.22,24 There was no direct evidence 

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 bacteria located in the locally enhanced electric field are 

inactivated while others in bulk are intact (Figure 4.4b & d ). The inactivation percentage 

shows a positive correlation with the strength of the locally enhanced electric field instead 

of the applied voltage (Figure 4.8c). Furthermore, when >90% bacteria inactivation is 

achieved with LEEFT at 30 V/2 ɛs/100 ɛs, there is no significant ROS generation (Figure 

4.8d), indicating this bacteria inactivation is not due to ROS damage. Reversible 

electroporation is detected under relatively lower applied voltage (Figure 4.11), suggesting 

that LEEFT could induce electroporation, and irreversible electroporation causing bacteria 

inactivation could be dominant at higher voltages.  

 It is worth noticing that the electric field enhancement by nanowedges is the same 

for both positive and negative electrodes theoretically (Figure 4.9b & 4.10a). Consistently, 

all the bacteria inactivation phenomena discussed above do not show a significant 

difference between the positive and negative electrodes. 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 oxidation.104 Our positive control group for ROS detection also confirms that 

(Figure 4.8e). Therefore, the same phenomenon on both electrodes found in this work 
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indicates that electrical 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 short 2 ɛs pulses at voltages lower 

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 from the exposure to an external electric field, was analyzed 

theoretically using finite element simulation to compare LEEFT and bulk EFT. Both the 

on-chip system like the one used in this work (Figure 4.13) and a 3D system with a 

standing nanowire (Figure 4.14) were simulated. One cells in LEEFT and one cell in bulk 

EFT are compared, which is Cell No. 1 located at the nanowedge tip (Figure 4.13a left), 

and Cell No. 2 located between two electrodes without nanowedge (Figure 4.13a right). 

The simulation results show that the voltage drop across the membrane, i.e., the electric 

field, is greatly enhanced at Cell No. 1 near the nanowedge tip (Figure 4.13b left) 

compared to Cell No. 2 (Figure 4.13b right ). The maximum TMVs of the two cells show 

that with the same applied voltage, cell No. 1 in LEEFT located at the nanowire tip can 

achieve around 7.5 times higher TMV than cell No. 2 in bulk EFT (Figure 4.13c), 

indicating that much lower voltage could be applied to achieve the same level of TMV on 

cells in LEEFT than in bulk EFT.  
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Figure 4.13 Theoretical analysis of cell TMV in LEEFT and bulk EFT on chip. (a) 

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). The arrows indicate the direction 

of the electric field. The scale bars are 0.5 ɛm. (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 TMV in LEEFT and bulk EFT in a 3D model. (a) 

Simulation set up for LEEFT (left) and bulk EFT (right). (b) The voltage drops, 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 direction of the electric 

field. The scale bars are 0.5 ɛm. (c) Maximum TMV on cell No. 1 and cell No. 2 under 

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

cell No. 2. 

4.4 Conclusion and Outlook 

 This work is a single-cell level proof-of-concept study of LEEFT. We are optimistic 

that LEEFT can have plenty of applications. 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 voltages and short pulses, which makes it safe for medical 

applications, such as wound healing, and energy-efficient for large-scale treatment 

processes, such as water treatment. Since the bacteria inactivation is highly localized, it is 
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perfect for surface treatment, such as biofilm and biofouling prevention. Furthermore, it 

can also find applications in continuous flow systems since bacteria could be attracted to 

the nanowedge tips and get inactivated. The as-shown rapid cell damage and the 

effectiveness of both 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 lysing.105 

 In real applications, the efficiency of LEEFT could be improved through several 

ways. Electrodes all covered with nanowires could be developed to increase the effective 

zones. The treatment system setup and operation processes could be improved depending 

on different applications. For instance, fluid mixing can be introduced in continuous flow 

systems to improve the possibility of transporting bacteria to the nanowire tips. The pulse 

width and voltage of the electrical pulses could be altered to effectively manipulate cells 

in the flow, such as to attract bacteria cells 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 or Cu3P nanowires synthesized on the 

surface. The synergistic effect of electroporation with metal ions,36,106 ozone,92 and other 

antimicrobial reagents could also be applied to further improve the efficiency of LEEFT. 
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CHAPTER 5. ULTRAFAST BACTERIA INACTIVATION I 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 water.107 The 

importance of finding effective water disinfection methods cannot be overstated. 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 compounds, are intensively studied for their 

antimicrobial applications in water.106,108 They act by interrupting cell functionalities, such 

as causing protein dysfunction, and posting oxidative stress and genotoxicity, which takes 

place at a time scale of minutes to hours.109,110 A silver nanocluster-packed with 

daptomycin was reported to cause 84% Staphylococcus aureus cell damage after 2 hours 

of incubation at the concentration equivalent to 10 ɛM daptomycin and 200 ɛM Ag.111  

 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 (ROS).112 The CT values (i.e., the product 

of concentration and HRT) of these disinfection methods indicate a trade-off between the 

treatment time and disinfectant dose: to shorten the treatment time, a higher dosage is 

necessary. The treatment time to achieve 99% inactivation of Escherichia 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.112 Most of other pathogenic bacteria and protozoa are more resistant than E. 

coli.112   
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Although chemical-based approaches are widely used in water disinfection, they 

cause problems such as generating carcinogenic disinfection by-products (DBPs) and 

inducing antimicrobial resistance.81,113,114 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 molecules, 

inhibiting transcription of genetic code, and preventing its reproduction. The dosage for 

99% inactivation of bacteria and viruses ranges from 5 to 25 mW˖˖˖s/cm2, meaning that with 

a typical UV intensity of 5 mW/cm2, the required exposure time is at least 1 s.112,115 Another 

light-related method, photocatalysis, inactivates waterborne microbes through a 

photocatalytic redox mechanism relying on photocatalytic materials, such as TiO2. At least 

tens of minutes are used to achieve 99% disinfection.116 Heat acts to kill bacteria by 

denaturation of proteins and nucleic acids. For thermal processing, 1 min at 65  is 

necessary to inactive 90% of most water and food-borne pathogens.117 In conventional EFT 

(CEFT) processes, high-voltage electrical pulses are applied between two parallel plate 

electrodes to generate a strong electric field, which induces irreversible electroporation that 

damages the cell membrane and thus cell inactivation.118 Pulses with micro to millisecond 

durations are already capable to induce cell inactivation, which has pushed the action speed 

to the sub-second region.118  

 As the action speed is critical to a disinfection 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. The action 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 sufficient transmembrane voltage (TMV) is built up.8,88 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 in CEFT. Furthermore, an extremely high applied voltage (typically several tens of 

kilovolts) is required in CEFT, which leads to safety concerns and high energy 

consumption, thus largely hindering its wide applications.118,119  

 In this work, we greatly push the bacteria inactivation time to the nanosecond 

region using locally enhanced electric field treatment (LEEFT). LEEFT is improved from 

CEFT by decorating the electrodes with nanoscale tip structures, which can locally enhance 

the electric field by lightning-rod effect and reduce the applied voltages.34 Since charges 

are concentrated at the nanoscale tips, we hypothesize that LEEFT can charge the cell 

membrane much faster than CEFT and break the charging time limit, thus inducing 

ultrafast electroporation. LEEFT with low voltage DC and AC has demonstrated superior 

performance for water and aerosol disinfection.13,22-24,90,92,93,120-122 Recently, an operando 

investigation of LEEFT with microsecond pulses illustrated that electroporation is the 

predominant mechanism.34 Nevertheless, the antimicrobial effect of LEEFT with 

nanosecond pulses has not been discovered before. In this study, we realize ultrafast 

nanosecond bacteria inactivation using LEEFT. We have developed a LEEFT platform 

with lab-on-a-chip devices to conduct operando investigations, demonstrated the ultrafast 

nanosecond antimicrobial effect at the single-cell level, and illustrated its mechanisms. The 

results show that nanosecond LEEFT has significant advantages over CEFT by both 

shortening the treatment time and lowering the applied electric field. The cell located at the 
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nanoscale tip is charged instantly by the charges concentrated at the tip, which induces 

rapid electroporation and bacteria inactivation. To the best of our knowledge, this is the 

first-time demonstration and characterization of nanosecond bacteria 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 characterize the bacteria inactivation 

of LEEFT. The chips were fabricated by depositing gold nanowedges and electrodes on a 

glass wafer substrate (Figure 5.1a). The gold nanowedges have a width of 200 nm at the 

tip, which gradually increases to 1 ɛm at the base to allow a steadier connection to the bulk 

electrode. The thickness, length, and interval of the nanowedges is 200 nm, 8 ɛm, and 7 

ɛm, respectively. The detailed chip fabrication and pre-treatment methods are stated in 

Section 4.2.1. To immobilize the cells on chip, the chips were first washed with bleach, 

and 30% hydrogen peroxide, and coated with poly-L-lysine. The chip wash and poly-L-

lysine coating method are stated in Section 4.2.2. 

5.2.2 Bacteria culture, harvest, and immobilization on the chip 

 The model bacteria Staphylococcus epidermidis (S. epidermidis) (ATCC 12228) 

and Escherichia coli (E. coli) (ATCC 10798) were cultured for 15 hours in nutrient broth 

and LB broth, respectively. The cell harvest and immobilization methods are stated in 

Section 4.2.3 and 4.2.4. The experimental setup is shown in Figure 5.1b. 

 

a 
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Figure 5.1 Photos of the chip and the experimental setup. (a) Digital photos and optical 

microscopy images of the lab-on-a-chip with 20 ɛm or 50 ɛm gap between the two 

electrodes.  (b) 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 antimicrobial efficiency 

The electrical pulses were applied to the chip using a pulse generator (Avtech 

Electrosystems, AV-1010-B), which was triggered by a waveform generator (Keysight, 

33509B). The pulse waveform was measured using an oscilloscope (Tektronix, DPO 5104) 

(Figure 5.2). The applied electric field used in the figures and discussions is the 

background electric field, which is simply calculated by the equation ὉὊ ὠὨϳ , where V 

is the applied voltage and d is 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 represent the applied treatment 

strength makes it more convenient to compare with other studies.  

 

Figure 5.2 Waveform of a single electrical pulse. (a) 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 to 50 ɛm). (c) The RMS voltage 

is calculated by the equation ὠ  ᷿ ὠ ὸὨὸ, where T is 20 ns, ὸȟὸ are the 

starting and ending time of the peak, V  is potential, and t is 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 equation, EF = V / d, where V 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 background electric 

field is widely used in electric field treatment to represent the applied treatment strength. 

For LEEFT, the electric filed at the tip (Etip) is enhanced roughly estimated by Equation 

5.1: 
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where Ὁ  is the background electric field, ὒ  and Ὀ  is 

the length and width of the nanowedge, and ὥ is a constant.18 The exact 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 more convenient to compare with other 

studies. 

Pulses were delivered at a duty cycle of 0.1% (pulse width/period = 0.1%) to allow 

the membrane to fully discharge between pulses and avoid electrochemical reactions. In 

the experiments shown in Figure 5.10b, both 1% and 0.1% duty cycles were tested, which 

corresponded to 500 kHz frequency (2 ɛs period) and 50 kHz frequency (20 ɛs period) for 

20 ns pulses, and 5 kHz frequency (200 ɛs period) and 0.5 kHz frequency (2 ms period) 

for 2 ɛs pulses, respectively. 

The antimicrobial efficiency of CEFT is the percentage of cells inactivated or 

damaged between the two electrodes. Since CEFT is a homogenous treatment process, the 

area of interest is the bulk space between the two electrodes (Figure 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 electrodes. The antimicrobial 

efficiency of LEEFT is represented by the percentage of nanowedges inducing bacteria 

damage or inactivation. Different from CEFT, LEEFT is a heterogenous process. The area 

of interest (effective zone) is the nanowedge tips, not the whole bulk space between the 

two electrodes. Therefore, the percentage of the nanowedges that can induce bacteria 

inactivation is the best characterization of the antimicrobial efficiency of LEEFT (Figure 
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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 error bars represent 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 bacteria immobilized on chip were immersed in a drop of DI 

water containing 5 ɛM live/dead cell viability stain SYTOX Green (Invitrogen). The cells 

damaged during the treatment would show green fluorescence. Twenty minutes after the 

treatment, propidium iodide (PI, Invitrogen) was added at 15 ɛM 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 PI are considered to have permanent membrane damage and be 

inactivated.88  

 

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

 To measure the bacterial cell oxidative stress, the cells were stained using a 

fluorescence probe DCFH-DA (Sigma-Aldrich) at 0.2 mM during the bacteria 
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immobilizing process for 50 min.34 When electrical pulses are applied, the cells having 

oxidative stress will show a green fluorescence. Strong oxidation will result in stronger 

fluorescence in more cells. Therefore, the overall cell oxidative stress (shown in Figure 

5.10b upper) was calculated as the product of the area of cells showing fluorescence and 

the mean DCFH-DA fluorescence intensity of the cells.  

To assess lipid peroxidation, S. staphylococcus cells were stained with 20 ɛM 

BODIPY 581/591 C11 reagent (Invitrogen) 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 ~510 nm.123 The Green/Red Ratio was calculated by 

averaging 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. PI was 

excited at 555 nm. SYTOX Green and DCFH-DA 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) imaging 

 The bacteria immobilized on the chip surface were first fixed overnight in 

phosphate Buffer (pH 7.4) containing 2% glutaraldehyde and 2% paraformaldehyde 

(Electron Microscopy Sciences Ltd.) at 4 . Subsequently, the sample was dehydrated in 

ethanol solution with increasing concentrations (50%, 70%, 90%, and 100%) for 30 min 

per step, followed by critical point drying (Electron Microscopy Sciences Ltd. EMS850).124 
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The samples were then sputter-coated with a thin layer of gold and observed using an SEM 

(Hitachi SU8230). 

5.2.6 Electric fi eld and the transmembrane voltage (TMV) simulation 

 The nano-enhanced electric field and TMV were simulated using a finite element 

method in COMSOL Multiphysics 5.6. The detailed 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, MathWorks). The error bars on the data represent the standard deviation 

derived from three independent tests with three chips. 

5.3 Results and 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 epidermidis (S. epidermidis) are uniformly immobilized on the chip and 

immersed in deionized (DI) water (Figure 5.4a). When a voltage is applied, the electric 

field near the nanowedge tips is greatly enhanced due to the lightning-rod effect. The 

applied electric field is 55 kV/cm when 138 V is applied across a 25 ɛm electrode gap, and 

the nano-enhanced 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 before treatment. When pores form on the cell membrane, the cell is stained 

with PI 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 shown in Figure 5.4c. All cells have 

a dye inflow (fluorescence increase) to some extent right after the pulse, but some cells 

maintain a low intensity for up to 10 seconds until the fluorescence finally spikes. Although 

pores are induced on the membrane by the single pulse, some pores may close quickly 

within milliseconds after the pulse, thus limiting further dye diffusion into the cell and 

delaying the fluorescence spike.88 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 damage is directly induced by the nanowedge (Figure 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 to determine total cell damage (green fluorescence). Twenty 

minutes after the treatment, PI is then added to stain the inactivated cells (Figure 5.3). 

Reversible pores should already close within the 20 minutes window, so the cells also 

stained with PI (show orange or red color) are considered to have permanent cell damage 

and be inactivated.88,125 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 applied at 40 kV/cm, the percentages increase to 98.8% 

and 95.1%. The nanowedges at the negative electrodes show similar performance (Figure 

5.4d).  
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Figure 5.4 Bacteria inactivation by nanosecond pulses at the nanowedge 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 PI intensity 

of individual cells after a single pulse is applied. Each line represents a single cell located 

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

images show the PI dye diffusion pattern. (d) Bacteria inactivation after LEEFT (20 ns 

pulse, 40 kV/cm, 10 pulses). The red and orange cells are inactivated cells stained with PI. 

(e) Side-by-side comparison of optical microscopy and SEM images after 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 maintain a good shape.  (f) Bacteria 
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inactivation achieved by non-connected nanowedges, and the simulation of the nano-

enhanced electric field. (g) Bacteria inactivation at the nanowedge tips that are arranged to 

a ñGTò pattern. Upper: DIC channel microscopy image before LEEFT; lower: fluorescence 

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 side-by-side comparison of the optical microscopy and SEM image (Figure 

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 (white 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 degradation.126 For the 

cells being inactivated but still maintaining a good structure, no significant pores are 

observed. The electroporation pores have sizes in nanometers and are at most metastable, 

which are too fragile to withstand the sample preparation required for SEM imaging.88  
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Figure 5.5 Side-by-side comparison of the optical microscopy and SEM images. (a) 

Inactivated cells treated by20 ns pulses at 22 kV/cm with 20 ɛs effective treatment time 

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

 The non-connected nanowedges could also induce ultrafast bacteria inactivation 

with nanosecond pulses. Three rows of nanowedges (8 ɛm length, 200 nm tip width, and 1 

ɛm middle width) have been fabricated between the positive and negative electrodes 

(Figure 5.4f). The simulation shows that the electric field could be enhanced at both tips. 

After 106 pulses (20 ns pulse width at 14 kV/cm) are applied, 70.1% and 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 side tips (Figures 5.4f&g ). When 

smaller tip structures (4 ɛm long and 200 nm wide) are densely arranged, a larger number 

of bacteria could be inactivated (Figure 5.4h), suggesting that an antimicrobial and biofilm 
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inhibition surface could be developed. Nevertheless, there is a trade-off between the 

nanotip arranging density and electric field enhancement, where the nano-enhanced electric 

field will decrease when the horizontal interval between the nanotips is smaller (Figure 

5.6). 

   

Figure 5.6 Simulation of the enhanced electric field of nanotip structures on chip. (a) 

Simulation images of the nanotip structures on chip with different horizontal interval. (b) 

The nano-enhanced electric field over the horizontal interval between nanotip structures. 

5.3.2 LEEFT enables ultrafast bacteria inactivation 

 The antimicrobial performance of LEEFT is compared with that of CEFT (without 

nanowedges) at three different pulse widths (20, 200, and 2000 ns) (Figures 5.7a &  b). 

The antimicrobial efficiency of LEEFT is represented by the percentage of nanowedges 

that achieve bacteria damage/inactivation. The antimicrobial efficiency of CEFT is the 

percentage of cells damaged/inactivated between the two electrodes (Figure 5.8). The duty 

cycle is 0.1% (pulse width/period = 0.1%), and the effective treatment time (i.e., the 

product of pulse 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 field in CEFT 

(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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electric field enhancement at the nanowedge tips (Figure 5.7b). For shorter pulses, the 

advantage of LEEFT is further revealed. The antimicrobial efficiency drops dramatically 

in CEFT as the pulses are shortened (Figure 5.7a). Only 0.89% inactivation is found with 

20 ns pulses at 40 kV/cm. On the contrary, LEEFT only shows a slight decrease in 

antimicrobial efficiency when the pulses are shortened to 20 ns (Figure 5.7b). This result 

indicates that 20 ns pulses are too short to charge the cells in the bulk space (in CEFT) but 

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

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

CEFT and (b) LEEFT under different pulse widths. EF (kV/cm) represents the applied 

electric field (EF = Applied voltage ù Distance separating the electrodes). The effective 

treatment time and duty cycle are fixed at 20 ms and 0.1%. (c & d) Antimicrobial efficiency 

of (c) CEFT and (d) LEEFT subjected to 20 ns pulses at different effective treatment times. 

The duty cycle is 0.1% (20 ɛs period and 50 kHz). (e) Antimicrobial efficiency of LEEFT 

on S. epidermidis (SE), antibiotic-resistant S. epidermidis (Resistant SE), and E. coli 

treated with 20 ns pulses at 22 kV/cm. In figure a-e, data are 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 data of 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 20 ɛs effective treatment time. 

 

Figure 5.8 The area of interest for CEFT and LEEFT. (a) The white rectangle is the area 

of interest for CEFT, which is to investigate the antimicrobial efficiency in the bulk space 

between the two electrodes. The antimicrobial efficiency of CEFT is calculated as 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 edge, which is 

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, the area of interest (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 efficiency of 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 nanowedges. The image was taken after 20 ns pulses at 40 kV/cm 

for 200 ns effective treatment time. 
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The bacteria inactivation by LEEFT and CEFT with 20 ns pulses at different 

effective treatment times (different pulse numbers) are shown in Figures 5.7c &  d. With 

20 ms effective treatment, 37% nanowedges induce bacteria damage under 7 kV/cm in 

LEEFT (Figure 5.7c), which is higher than 19.4% in CEFT under 55 kV/cm (Figure 5.7d), 

indicating an 8-time decrease of the applied electric field in LEEFT. At 55 kV/cm, CEFT 

achieved 10% bacteria inactivation after 200 ms effective treatment time, while LEEFT 

achieved 97.1% with 200 ns, which is 106 times shorter. This result shows the significant 

advantage of LEEFT in terms of shortening the treatment time and reducing the applied 

electric field. For nanosecond LEEFT, applying a stronger electric field can greatly reduce 

energy consumption (Figure 5.9). It is because by slightly increasing the applied electric 

field, the effective treatment time can be shortened by several orders of magnitude (Figure 

5.7d). This property is different from the chemical-based antimicrobial methods relying on 

oxidation, where increasing the chemical dosage only allows a similar scale of treatment 

time decrease, so that the product of dosage and time (i.e., the CT value) remains similar 

for a certain disinfection efficiency.112 It can be explained by the inherent mechanism 

difference between electroporation and oxidation. For electroporation, the cells cannot be 

perforated if  the electric field does not reach a threshold, no matter how long the electrical 

pulse is and how many pulses are applied. However, once pores are induced by a strong 

electric field, a short effective treatment time is sufficient to inactive the bacteria, which 

can reduce the energy consumption by several orders of magnitude. 
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Figure 5.9 Relative energy consumption of 20 ns pulses at different applied electric field. 

The energy consumption J is calculated by ὐ ὲ᷿ ὠὍὸὨὸ, where V is the applied 

voltage, I is the current, t1, t2 is the starting and ending time of one pulse, t is time, and n is 

the pulse number. The relative energy consumption is calculated by normalizing all data to 

the smallest J value. Data are presented as mean values. Error bars represent the s.d. from 

n = 3 replicates. 

 For an antibiotic-resistant strain of S. epidermidis, LEEFT achieves similar bacteria 

inactivation performance as the regular strain (Figures 5.7e &  f). This could be explained 

by the mechanism of electroporation where the pores are induced on the lipid bilayer, and 

the two strains have the same basic structure of lipid bilayers. The inactivation efficiency 

of Gram-negative bacteria E. coli is lower than the Gram-positive S. epidermidis (Figures 

5.7e &  f). Since they have different cell wall structures, the lethal electroporation threshold 

may be different.33 Gram-positive bacteria have thicker cell wall because of a thick 

peptidoglycan layer outside the lipid bilayer membrane, which is usually used to explain 

their higher resistance to mechanical and oxidation disruption when compared with Gram-

negative bacteria.127-131 Although Gram-negative bacteria have thinner cell wall, there are 

two sets of lipid bilayers. Since LEEFT kills bacteria via causing electroporation on the 
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lipid bilayer, the additional set of lipid bilayers may explain the higher resistance of E. coli 

to LEEFT over S. epidermidis. 

5.3.3 Electroporation is the predominant mechanism for bacteria inactivation 

Our previous work demonstrated that electroporation is the predominant 

mechanism for bacteria inactivation in LEEFT.34 Here, we find reversible electroporation 

under nanosecond pulses, confirming that the bacteria inactivation by nanosecond pulses 

is also caused by electroporation. Each line in Figure 5.10a represents the PI 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 area). The 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 several times unit the cell is eventually inactivated. This 

phenomenon is also found in cells located at the tips of non-connected nanowedges (Figure 

5.11). The rapid membrane recovery is common in electroporation but not in other kinds 

of cell damage, such as thermal 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 mechanism. (a) PI fluorescence 

intensity indicates quick pore closure. The ñonò indicates 20 ns pulses applied at 12 kV/cm 

and 0.1% duty cycle for 1 s. The ñoffò indicates 0 V for 4 s. The insets are microscopy 

images of the cell. (b) Upper: the cell oxidative stress at different conditions (all measured 

after LEEFT with 20 ms effective treatment time). The asterisk (*) denotes bubble 

formation. Data are presented as mean values. Error bars represent the s.d. from n = 3 

replicates. The dot plots represent the corresponding raw data. Lower: the green 

fluorescence of DCFH-DA showing the oxidative stress in cells near the positive electrode. 

 

Figure 5.11 Quick pore closure in the cells at the tips of non-connected nanowedges. The 

ñonò (yellow area) indicates 20 ns pulses at 12 kV/cm for 1 s. The ñoffò (blue area) 

indicates 0 V for 4 s. The insets are optical microscopy images of the cell. 
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To investigate if there is reactive oxygen species (ROS) or oxidation damage 

induced by the electrical pulses, the cell oxidative stress is detected using a fluorescence 

probe DCFH-DA. The dye is widely used to detect cellular ROS level.100,101 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 time (Figure 5.10b), but >80% bacteria inactivation 

has already been achieved at 22 kV/cm with 20 ɛs 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 DCFH-DA in some cells (e.g., 20 

ns/500 kHz at 22 kV/cm), it does not necessarily cause bacteria inactivation (Figure 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 inactivated. The 

image is the fluorescence stack of DCFH-DA stained cells (green, indicating oxidative 

stress) and PI stained cells (red, indicating cell inactivation) after LEEFT 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 cause bacteria inactivation. 

In addition to the oxidative stress, the cell membrane peroxidation is measured 

using BODIPY 581/591 C11 reagent, and no significant membrane peroxidation is 

detected under 20 ns pulses when ~90% bacteria inactivation has been achieved (Figure 
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5.13).123. There should be no water ionization events causing cell inactivation, since the 

breakdown strength of water is higher than 2 MV/cm with the pulse width <50 ns,132,133  

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

the nano-enhanced electric field at the nanowedge tips (<1000 kV/cm). Bubbles were only 

formed under very strong treatment conditions where severe oxidative stress has already 

been detected (denoted by * in Figure 5.10b). In this study, there was no bubble formation 

under 20 ns pulses even at 55 kV/cm. Nanosecond pulses induce less oxidative stress than 

longer pulses (Figure 5.10b), 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 generating disinfection by-products (DBPs), thus deteriorating the water 

quality. With nanosecond pulses, a stronger electric field and higher frequencies could be 

applied to achieve more efficient bacteria inactivation, while maintaining pure 

electroporation, eliminating unwanted side reactions, and minimizing DBP generation. 

Ultrafast nanosecond pulses are also safer to operate, which makes the approach more 

applicable for real-world water disinfection applications.  
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Figure 5.13 Analysis and microscopy imaging of cell membrane peroxidation. To assess 

lipid peroxidation, S. staphylococcus were stained with 20 ɛM BODIPY 581/591 C11 

reagent and then treated with 20 ns pulses at several different applied electric field and 

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 fluorescence of 10 cells 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 significantly lower than the positive control group, 

indicating that no significant lipid peroxidation is detected under 20 ns pulses. The 

corresponding antimicrobial efficiencies are the same as the data shown in Figure 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 values. Error bars 

represent the s.d. from n = 3 replicates.  

 


































































