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ABSTRACT

Waterborne disease is a global burden, which is mainly caused by waterborne pathogens
disseminated through unsafe water, inadequate sanitation, and hygiene. Antibiotic resistance,
which can also spread in water, has become an increasingly serious global health threat as it can
prevent the effective treatment of infectious diseases. Improvements on water treatment and
detection are the two critical strategies to control the surveillance of waterborne pathogens as well
as antibiotic resistance bacteria and genes. The advancement in photo- and electro-chemical
methods may provide more opportunities on decentralized water treatment and on-site pathogen
monitoring under source-limited conditions. This thesis is dedicated to exploring the possible
solutions to automatic, rapid, and easy-to-use in situ pathogen analysis for environmental water by
adopting photo- or electro-chemical method, and to enhanced removal of antibiotic resistance
bacteria (ARB) and antibiotic resistance genes (ARGs) from wastewater by combining photo- and
electro-chemical techniques. These include removal of ARB and ARGs by UV-assisted
electrochemical treatment, electrochemical cell lysis (ECL) for DNA extraction from bacteria, and
sunlight-activated propidium monoazide (PMA) pretreatment for live/dead bacteria differentiation
by quantitative real-time polymerase chain reaction (qPCR) detection. Both experimental
approaches and computational modelling were used to evaluate the performance of the techniques
and to bring more insights into the mechanism. Each study presents a demonstration on real
environmental or wastewater to access the potential of their applications under complex

environmental parameters.

UV-assisted electrochemical treatment for ARB and ARGs was conducted using a blue TiO>
nanotube array (BNTA) anode. The inactivation of tetracycline- and SMX-resistant E. coli and the
corresponding plasmid coded genes (fet4 and su/l) damage was measured by plate counting on
selective agar and qPCR, respectively. As a comparison of UV treatment alone, the enhanced
reduction of both ARB and ARGs was achieved by UV-assisted electrochemical oxidation (UV-
EO) without CI" and was further facilitated with the presence of Cl, which is attributed to the in-
situ generated oxidants by electrochemical process. Significantly slower removal of ARG than
ARB was observed for both UV irradiation alone and UV-EO treatment, wherein intracellular

ARG generally reduced slower than extracellular ones, and short amplicons reduced significantly



slower than long ones. The predominant nucleotide damage by UV irradiation andIX
conformational change by UV-EO treatment was visualized by DNA gel electrophoresis for
treated extracellular ARGs. The mechanism on ARB and ARGs damage was further understood
by computational chemical modeling. The slower reduction was found for the native bacteria and
genes, tet4 and sull, in the latrine wastewater than that in laboratory-prepared buffered samples.
The result emphasizes that all the UV-based techniques may only apply after other treatments to
avoid the impairment by the transmittance, color, and particulate material in environmental or

wastewater.

A comprehensive investigation was conducted for ECL in terms of its performance on DNA
extraction from gram-negative bacteria (Escherichia coli and Salmonella Typhi) and gram-
positive bacteria (Enterococcus durans and Bacillus subtilis). A milliliter-output ECL device was
developed based on the disruption of the cell membrane by OH" that can be generated locally at
the cathode and accumulated improvingly through a cation exchange membrane. Both gram-
negative and gram-positive bacteria were successfully lysed within 1 min at a low voltage of ~5
V. To better understand the pH effects on cell lysis, the pH profile at the cathode surface and in
bulk cathodic effluent was simulated via hydroxide transport in the cathodic chamber. The
demonstration of ECL on various environmental water sample types (including pond water, treated
wastewater, and untreated wastewater) showed its potential as a prelude to nucleic-acid based

analyses of waterborne bacteria in the field.

Propidium monoazide (PMA), a nucleic acid-binding dye, has been used to distinguish live from
dead cells prior to PCR-based detection. To explore the off-the-grid application of PMA, sunlight
was investigated for PMA activation as an alternative light source to a typical halogen lamp. PMA
was successfully activated by a solar simulator, and the pretreatment conditions were optimized
with respect to the PMA concentration as 80 uM and the exposure time as 10 min. The optimal
PMA pretreatment was tested on four different bacteria species (two gram-positive and two gram-
negative), and the effects of sunlight intensity and multi-sequential treatment were studied.
Sunlight-activated PMA pretreatment was eventually demonstrated on latrine wastewater samples

with natural sunlight on both sunny and cloudy days. The results showed the potential of sunlight-



X
activated PMA pretreatment to be integrated into a lab-on-a-chip (LOAC) PCR device for off-

the-grid microbial detection and quantification.
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Chapter 1

INTRODUCTION

1.1 Background and motivation

Every year, there are more than 2.2 million deaths and cases of severe illnesses caused by
waterborne diseases, including diarrhea, gastrointestinal diseases, and systematic illnesses. Most
of these deaths are children under five, approximately 4,000 every day (World Health Organization,
2015; Ramirez-Castillo, F.Y. ef al., 2015). The vast majority of these young victims died of
illnesses attributable to their water source contaminated by raw sewage. Unsafe water, inadequate
sanitation, and hygiene were responsible for their deaths, which are preventable. It is estimated
that 780 million people do not have access to improved water sources, and 2.5 billion people (i.e.,
35% of the world’s population) lack access to improved sanitation (Centers for Disease Control
and Prevention, 2018). The World Health Organization (WHO) has reported that the
improvements to drinking-water, sanitation, hygiene, and water resource management could
reduce almost 10% of the total burden of disease worldwide (World Health Organization, 2016).
The Hoffmann research group was motivated by this urgent need, and has been continuously
undertaking efforts on the development of decentralized wastewater treatment technologies and
on-site pathogen monitoring systems that can be applied under source-limited conditions. A self-
contained solar-powered toilet (Caltech Solar Toilet) based on electrochemical wastewater
treatment was invented by our group, as a response to the “Reinvent the Toilet Challenge”
announced by The Bill & Melinda Gates Foundation in 2011. As the core unit, the electrochemical
reactor of the Caltech Solar Toilet utilizes semiconductor anodes for oxidization of chloride to
chlorine, leading to the disinfection of microorganisms (Huang et al., 2016). Hereafter, a “Portable
Pathogen Analysis System (PPAS)” based on nucleic acid detection was proposed to integrate
sample concentration, preparation, and detection for the fast and cost-effective pathogen analysis
of wastewater. In this thesis, I present my work on the photo- and electrochemical methods for the

treatment and detection of waterborne pathogens.
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Bacteria, virus, and parasites have been the leading causes for waterborne disease outbreaks. In

2011 to 2012, waterborne diseases caused 431 cases of illness in United States, wherein 47% were
caused by bacteria, 32% by viruses, and 11% by parasites (Beer et al., 2015). Municipal
wastewater treatment plants are designed to target these pathogens. However, another major threat
to human health that can spread in water, antibiotic resistance, has been overlooked for years until
the last decade. Antibiotics have revolutionized the field of medicine and saved millions of lives
since the discovery of penicillin by Alexander Fleming in 1928 (Martens and Demain, 2017;
Ventola, 2015). Almost one century after, we are facing a global crisis: many antibiotics are no
longer effective for treating even the simplest infection (Martens and Demain, 2017). The
antibiotic resistance crisis has been considered attributable to overuse and misuse of antibiotics. In
addition, the lack of new antibiotic discovery has also made the matters worse. Worldwide, at least
700,000 people die from drug-resistant diseases each year (World Health Organization, 2019). In
the United States, more than 2.8 million antibiotic resistant infections occur each year, which
results in 35,000 cases of death (Centers for Disease Control and Prevention, 2019). In 2015, the
WHO announced a global action that urges international participation on controlling and
monitoring the spread of all forms of antimicrobial resistance, including antibiotic resistance, the

most urgent drug-resistance trend (World Health Organization, 2015).

Wastewater treatment plants (WWTPs) have been identified as a significant source of both
antibiotic resistance bacteria (ARB) and antibiotic resistance genes (ARGs) that are released into
the environment. Wastewater and WWTPs act as reservoirs of antibiotic resistance that originates
from different sources, e.g., municipal, hospital and livestock waste, and also as the hotspots for
horizontal gene transfer (HGT), which enables broader dissemination of ARGs (Karkman et al.,
2018). HGT can occur through different mechanisms including: 1) transformation, where
competent bacteria uptake free DNA from their surroundings; 2) transduction, where DNA is
transferred from a bacteriophage-infected bacterium into a bacteriophage-susceptible bacterium;
and 3) conjugation, where DNA passes from a donor cell to an acceptor cell through direct cell-
cell contact (Thomas and Nielsen, 2005). Transformation allows the spread of ARGs without a
viable or infective donor microbe. As a result, wastewater treatment processes that kill the microbe

containing ARGs do not necessarily eliminate the discharge of ARGs to downstream, as they are
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not designed to damage nucleic acids (Chang et al., 2017). A number of studies have reported that

individual commonly-used disinfectants, including chlorine, ozone, and UV irradiation, do not
have ideal performances for the elimination of ARGs due to ineffective deactivation with regular
doses for treatment of other pathogens. The incomplete degradation for ARB and ARGs may
promote horizontal gene transfer, e.g., by chlorine, (Shi ef al., 2013; Zhang et al., 2017; Zhuang
et al., 2015) or microbial selection of ARB, e.g., by UV (Guo et al., 2013; Z. Zhang et al., 2019).
Recently, there has been a trend of combined techniques for more efficient control of ARB and
ARGs, especially UV combined with high redox potential oxidants, e.g., UV/chlorine, UV/H;O»,
UV/peroxymonosulfate and UV/S;0s*> (Zhang et al., 2015; Lin et al., 2016; Pang et al., 2016;
Yoon et al., 2017; Guo et al., 2017; Yoon et al., 2018; He et al., 2019; T. Zhang et al., 2019;
Nihemaiti et al., 2020). Higher reduction rates of ARGs were found for most of the UV-combined
treatment methods than UV alone or the oxidant alone. We were motivated by these observations
and interested in combining UV with an electrochemical method for the treatment of ARB and
ARGs in wastewater, considering that electrochemical processes lead to the in situ generation of

the aforementioned oxidants.

Detection methods play a major role in monitoring water quality, surveillance, and quantitative
microbial risk assessment. Proper assessment of pathogens during water quality monitoring is also
critical for decision-making regarding water distribution system infrastructure and the choice of
the best water treatment practices for the prevention of waterborne disease outbreaks (Straub and
Chandler, 2003). The most important requirements for reliable assessment include specificity,
sensitivity, reproducibility, speed, automation, and low cost (Kosti¢ et al., 2011). Traditional
cultivation-based methods are extensively used for pathogen detection in water quality monitoring,
which are, however, labor intensive, time consuming, and often compromised by low sensitivity.
Furthermore, viable but non-culturable pathogen cells may also cause false negative results by

cultivation-based methods (Law et al., 2014; Zhao et al., 2014).

However, there have been numerous advances in biomolecular methods for the detection of
pathogens. For example, quantitative real-time polymerase chain reactions (qPCR or real-time
PCR) provide much faster, more sensitive, and more accurate detection of pathogens than the

traditional cultivation-based methods. Such biomolecular techniques also present the
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unprecedented possibilities for automatic, real-time, and in situ pathogen analysis for microbial

risk assessment purposes. To explore these possibilities, the sample preparation step involves the
most time-consuming, labor-intensive and expensive steps rather than detection itself. The
challenges of the sample preparation followed by downstream nucleic acid-based detection (e.g.,
qPCR) are the low concentration of pathogens in large volumes of water, the complexity of nucleic
acids extraction and purification, and the viability differentiation. Our overarching goal is to
develop techniques to solve these challenges and to adapt and integrate into portable pathogen

analysis systems that can be used under source limited conditions.

1.2 Thesis Organization

Chapter 2 of this thesis presents the inactivation of antibiotic resistance bacteria (ARB) and
degradation of antibiotic resistance genes (ARG) by UV-assisted electrochemical method using a
blue TiO; nanotube array (BNTA) anode. UV combined techniques (e.g., UV/chlorine and
UV/H20;) have been reported to be more efficient for ARG elimination than individual
disinfection oxidants alone. In this chapter, we combine UV and electrochemical methods, which
can generate the oxidants in sifu. Both intracellular and extracellular ARGs have been investigated
for relative degradation efficiency of the UV-assisted electrochemical methods with a comparison
of UV irradiation alone. Comparison of the treatment effectiveness with and without CI as the
contributor to reactive chlorine production and, as a consequence, ARG elimination or reduction
is evaluated. We provide the fluence-based first-order kinetic rates for gene damage as measured
by qPCR. The mechanism of gene damage by this method is visualized by gel electrophoresis. By
demonstrating on the latrine wastewater sampled from the solar-powered toilet located at the
Caltech campus, we suggest that the UV-assisted electrochemical methods have the potential for

efficient ARG elimination as the last step in wastewater treatment.

In Chapter 3, we describe the development of a cost-effective, high-throughput electrochemical
cell lysis (ECL) device for DNA extraction of bacteria in environmental water. ECL provides a
rapid, reagent-free method for cell lysis in contrast to the most commonly used chemical lysis
approaches. The ECL technique relies on the cathodic production of hydroxide ions leading to cell

membrane disruption. ECL operates low applied voltages that can be easily applied under source-
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limited conditions. Unlike the previous ECL studies which mainly focused on clinical samples

with a focus on micro-device fabrication, we explore and optimize the environmental applications
of this technique. Herein, we present a comprehensive study on performance characterization of
ECL with respect to the DNA extraction efficiency for both gram-positive and gram-negative
bacteria. We compare the ECL method with homogeneous alkaline lysis at various pH values and
suggest that ECL can achieve higher DNA extraction efficiencies with shorter reaction times. The
simulations of the hydroxide transport in the cathodic chamber provide additional insight into the
advantages and optimal operation conditions of ECL. We demonstrate the ECL method for DNA
extraction from microbes present in various environmental water samples, including pond water,
treated wastewater, and untreated wastewater. The results confirm the potential of ECL as a rapid

sample preparation technique for microbial monitoring in the field.

In Chapter 4, we present a modification of propidium monoazide (PMA) pretreatment for viability
differentiation followed by qPCR detection. Photoactivation of PMA is normally achieved by
exposure to the bright visible light generated by a halogen lamp, which is energy consuming and
requires a grid-based source of electricity. A halogen lamp is difficult to integrate into the advanced
lab-on-chip PCR devices aiming for microbial detection under source-limited conditions. Instead,
we propose to apply sunlight for photoactivation of PMA without the necessity of grid electricity.
We optimize the pretreatment conditions in terms of PMA concentrations and sunlight exposure
time. The result shows that the signal of DNA in dead cells was successfully reduced by sunlight-
activated PMA under the optimal operation condition. We provide more details on the effect of
sunlight intensity and multiple sequential treatments on the performance of PMA pretreatment.
We also present the demonstration of the optimized PMA-qPCR assays on latrine wastewater

samples on both sunny and cloudy days.



Chapter 2

REMOVAL OF ANTIBIOTIC RESISTANT BACTERIA AND GENES BY UV
ASSISTED ELECTROLY SIS ON DEGENERATIVE TiO2 NANOTUBE
ARRAYS

Wang, S.; Yang, S.; Wang, K.; Yang, H.; Sanfiorenzo, C.; Rogers, S.; Yang, Y; Hoffmann, M.R.
(2020). Removal of antibiotic resistant bacteria and genes by UV-assisted electrolysis on
degenerative TiO nanotube arrays. 7o be submitted.

Abstract

Antibiotic resistance has become a global crisis in recent years, while wastewater treatment plants
(WWTPs) have been identified as a significant source of both antibiotic resistance bacteria (ARB)
and antibiotic resistance genes (ARGs). However, commonly-used disinfectants have been shown
to be ineffective for the elimination of ARGs. In this study, we investigated a method that utilizes
UV-assisted electrochemical oxidation (UV-EO) that employs blue TiO> nanotube array (BNTA)
anodes for the removal of ARB and ARGs. Inactivation of tetracycline- and sulfamethoxazole-
resistant E. coli along with the corresponding plasmid coded genes (tet4 and su/l) damage is
measured by plate counting on selective agar and qPCR, respectively. In comparison with UV
irradiation alone, enhanced reduction of both ARB and ARGs is achieved by UV-EO without CI',
although the process is facilitated in the presence of CI', which is oxidized in situ to an array of
oxidants generated electrochemically. Substantially slower degradation rates for ARGs than ARB
are observed for both UV irradiation alone and UV-EO, wherein intracellular ARGs generally are
reduced slower than extracellular ARGs, while shorter amplicons are reduced significantly slower
than longer ones. Nucleotide damage by UV irradiation and conformational change by UV-EO
were visualized using DNA gel electrophoresis for treated extracellular ARGs. The mechanism of
ARB and ARGs damage is further explored using computational chemical modeling. Slower
degradation is found for the bacteria and genes, fet4 and su/l, in the latrine wastewater than that
in laboratory prepared buffered samples. Results indicate that UV-based techniques should only

be applied after conventional secondary and/or tertiary water treatment in order to avoid light



transmission attenuation due to turbidity and color in environmental waters or wastewaters.

2.1 Introduction

Antibiotic resistance can arise in microbes due to the misuse of antibiotics, as warned early by
Alexander Fleming in his Nobel Prize Lecture of 1945 (Fleming, 1942). Antibiotic resistance has
grown into a global health concern as the spreading of antibiotic resistance has outpaced the
discovery and development of new antibiotics over the last half century (Walsh and Wencewicz,
2014). Each year, antibiotic resistance in bacteria caused at least 700,000 deaths globally (O’ Neill,
2017). Furthermore, deaths due to antibiotic resistance could increase to 10 million per year by
2050, if no action is taken to control the growth of antibiotic resistance (Review on Antimicrobial
Resistance, 2016). Wastewater treatment plants (WWTPs) have been identified as significant
sources of antibiotic resistance bacteria (ARB) and antibiotic resistance genes (ARGs) released
into environment. ARB and ARGs originate from various sources, e.g., municipal, hospital, and
livestock wastes that ultimately become influents into WWTPs (Karkman et al., 2018). However,
recent studies indicate that traditional wastewater treatment does not effectively eliminate ARB
and ARGs, even though the overall levels of both may be reduced (Joy et al., 2014; Xu et al.,
2015). In addition, the presence of untreated antibiotics (Oberoi ef al., 2019) and other compounds
(e.g., pharmaceuticals and heavy metals) together in a nutrient-rich engineered system makes
WWTPs the hotspots for selection of antibiotic resistance and horizontal gene transfer, including
conjugation, transduction, and transformation (Karkman et al., 2018; Mohammadali and Davies,
2017). In particular, transformation enables microbes to gain antibiotic resistance by taking up free
DNA containing ARGs from their surroundings (e.g., during a sequence of unit operations of a

WWTP) and thereby propagate resistance (Chang et al., 2017; Karkman et al., 2018).

Commonly used disinfectants/oxidants, which include chlorine (Guo et al., 2015, p. 2; Yoon et al.,
2017), ozone (Czekalski et al., 2016; He et al., 2019), and UV irradiation (Chang et al., 2017; He
et al., 2019; McKinney and Pruden, 2012; Yoon et al., 2017), have been investigated for
inactivating ARB and ARGs. Chlorine is the most widely used disinfectant for water disinfection
due to the simplicity of use and its cost effectiveness. A number of studies have investigated the

inactivation of ARB and ARGs by chlorine, showing that both ARB and ARGs can be reduced but
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not completely removed after water treatment (Guo et al., 2015; He et al., 2019; Shi et al., 2013;

Yoon et al., 2017; T. Zhang et al., 2019; Zhang et al., 2015; Zhuang et al., 2015). Horizontal gene
transfer can also be promoted by low concentrations of chlorine and chloramines (Shi et al., 2013;
Zhang et al., 2017; Zhuang et al., 2015), which makes it more difficult for ARB and ARGs
inactivation. Ozonation is used both for wastewater and drinking water treatment for the removal
of organic micropollutants (e.g., antibiotics and pharmaceuticals) and inactivation of pathogens
(Lee et al., 2016; Von Sonntag and Von Gunten, 2012; Xu et al., 2002). Complete inactivation of
ARB and ARGs could be achieved by applying higher ozone doses and longer hydraulic retention
times than those normally used in conventional treatment plants. However, higher O3 dosages
result in higher toxicity of the produced water due to ozonation by-products (Czekalski et al., 2016;
lakovides et al., 2019; Michael-Kordatou ef al., 2017). Additional treatment steps after ozonation
may be required to avoid the regrowth of ARB (lakovides et al., 2019). UV disinfection is a
popular alternative to chlorination/chloramination that is utilized by full-scale WWTPs around the
world (Umar et al., 2019; US Environmental Protection Agency, 2006; van der Hoek et al., 2014)
due to negligible production to toxic disinfection by-products (Z. Zhang et al., 2019). UV
irradiation is considered to be a promising approach for eliminating ARB and ARGs in wastewater
effluents without causing horizontal gene transfer (Umar ef al., 2019; Z. Zhang et al., 2019). UV-
C (wavelength < 280 nm) light can penetrate the cell walls of bacteria and directly damage nucleic
acids by forming dimers of adjacent thymines (McKinney and Pruden, 2012; Z. Zhang et al., 2019).
However, UV disinfection has lower inactivation kinetic rates than other disinfectants, e.g.,
chlorine and ozone (Zhuang et al., 2015), and the extent of ARGs damage is limited under the
water treatment conditions (McKinney and Pruden, 2012; T. Zhang ef al., 2019). Moreover, UV
irradiation may result in microbial selection of ARB (Guo et al., 2013; Z. Zhang et al., 2019).
Alternatively, UV irradiation combined with high redox potential oxidants (e.g., UV/H:O.,
UV/chlorine, UV/peroxymonosulfate and UV/photocatlysis) is found to be more efficient for the
control of ARB and ARGs (Zhang et al., 2015; Lin et al., 2016; Pang et al., 2016; Yoon et al.,
2017; Guo et al., 2017; Yoon et al., 2018; He et al., 2019; Hu et al., 2019; Zhang et al., 2019).
Among these alternatives, UV/chlorine treatment has been shown to result in greater ARGs
removal than either the use of UV or chlorine alone, even though similar elimination rates were

found for ARB inactivation (Zhang et al., 2019).
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Photoelectrochemical processing that combines electrolysis and photocatalysis with UV or visible

light irradiation is known to enhance the efficiency of generating active oxidants, e.g., reactive
chlorine species (Cl,, HOCI, ClO-, Cl- and CI>-) and -OH radicals (Feng et al., 2016).
Photoelectrochemical treatment techniques have been shown to effectively degrade a wide variety
of pollutants, e.g., dyes, pesticides, pharmaceuticals, and antibiotics (Pelegrini et al., 2001;
Pinhedo et al., 2005; Catanho et al., 2006; Malpass et al., 2007, 2009; Xiao et al., 2009; Souza et
al.,2014; Koo et al., 2017a; Mohite et al., 2017; Li et al., 2018; Zhou et al., 2019; Qi et al., 2020),
as well as disinfection of E. coli (Christensen et al., 2003; Harper et al., 2001; Ma et al., 2016).
However, few studies have reported on the inactivation of ARB and ARGs by
photoelectrochemical methods. In particular, TiO2 has been one of the most attractive
photocatalysts for water splitting and pollution control due to the high reduction potential of its
valence band edge (> +2.5 V), excellent chemical stability, low cost, and nontoxicity (Fujishima
and Honda, 1972; Koo et al., 2017a; Mollavali et al., 2018; Yang et al., 2018a; Xu et al., 2020).
However, its application on photo-assisted electrochemical process is limited due to fast
recombination of electrons and holes generated by photoactivation, wide band gap, and low
electrical conductivity. Recently, Blue TiO» nanotube array electrodes (BNTA) have been
developed by electrochemical self-doping that leads to significant enhancements of photocatalytic
activity, structural stability, electrical conductivity, and active oxidant generation (Yang and
Hoffmann, 2016a). A limited number of studies have reported on the photoelectrochemical
characteristics of BNTA for pollutant degradation (Koo ef al., 2017a; Xu et al., 2020). To the best
of our knowledge, BTNA has never been used for photoelectrochemical removal of ARB and

ARGs.

In this study, we adopted BNTA for UV-assisted electrochemical inactivation of two different
ARG:s, tetA and sull, which were acquired and amplified from latrine wastewater and cloned into
vector plasmids, respectively, and the ARB were transformed with these vector plasmids. UV-
assisted electrochemical oxidation (UV-EO) experiments designed to inactivate ARB and
intracellular ARG (i-ARGs) were conducted for varied constant currents with the same UV
irradiation intensity in both perchlorate and chloride solutions in order to examine the role of

chlorine in further inactivation of ARB and ARGs. Optimized UV-EO conditions were then



10
applied for inactivating extracellular ARGs (e-ARGs) and for treating latrine wastewater directly.

Plate counts were used for quantifying ARB inactivation kinetics, and quantitative polymerase
chain reaction (qPCR) was used for quantifying the inactivation kinetics of one long and one short
amplicon for each ARG. In addition to qPCR, DNA damage and transformation ability during e-
ARG inactivation were also examined by gel electrophoresis and transformation assays,
respectively. This study was designed to explore the potential of using UV-EO methods for ARB
and ARGs removal in wastewater in order to substantially reduce ARB and ARGs discharge into

the aquatic environment.

2.2 Experimental

2.2.1 Chemicals and Materials

Sodium perchlorate (NaClO4), sodium chloride (NaCl), and benzoic acid were purchased from
Sigma Aldrich (USA). Tetracycline hydrochloride, agarose (Molecular Biology Grade), and TBE
buffer (Tris-Borate-EDTA, 10X) were purchased from Fisher BioReagents (Thermo Fisher
Scientific, USA). Sulfamethoxazole (SMX), a sulfonamide, was purchased from TCI America
(USA). Luria-Bertani (LB) Broth and LB Agar were purchased from Becton, Dickinson and
Company (USA). SYBR Safe DNA Gel Stain and Ultra-pure DNase/RNase-free distilled water
(dH20) was purchased from Invitrogen (Invitrogen by Thermo Fisher Scientific, USA). Quick-
Load® Purple 1 kb Plus DNA Ladder was purchased from New England Biolabs, Inc. (USA).
Milli-Q water (> 18 MQ) produced from a Millipore system (Millipore Co., USA). 0.5 M Borate
buffer (pH 9.5) and potassium iodate (KIO3) was purchased from Alfa Aesar (USA). Potassium
iodide was purchased from Fisher Chemical (Thermo Fisher Scientific, USA).

2.2.2 Construction and Preparation of Plasmids

The two target genes, tet4 and sull, were selected due to their relatively high concentrations in the
latrine wastewater that was tested in this study. They were subsequently PCR amplified from the
latrine wastewater with the primers fet4-long and sul/-full. All the primers used in this study are
listed in Table 2.4 of Section 2.5.4. The plasmid construction for pEB1-tetA and pEBI1-sull was
performed by substituting tet4 and sull for the GFP (green fluorescent protein) gene in pEB1-
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sfGFP (kindly provided by Professor Kaihang Wang, Caltech, Addgene plasmid #103983),

respectively (as shown in Figure 2.1). The detailed method of plasmid construction is described in
Section 2.5.1. E. coli MegaX DHI10B TI® Electrocomp cells (Invitrogen by Thermo Fisher
Scientific, USA) were used as host cells for all the transformation assays in this study, including
the initial propagation of pEB1-sfGFP and construction of pEB1-tetA and pEB1-sull, and were
also involved in the experiments of i-ARGs and the plasmid extraction for the experiments of e-
ARG:s. Electroporation transformation was carefully performed in a 0.2-cm electroporation cuvette
at 2500 V using the Eppendorf Eporator (Eppendorf, Germany). All the plasmids were extracted
by QIAprep Spin Miniprep Kit (QIAGEN, USA) following the manufacturer’s instruction.
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2.2.3 Treatment of intracellular ARGs (i-ARGS)

All the UV-EO experiments were conducted in a batch reactor (Figure 2.2) consisting of a low-
pressure mercury lamp emitting UV light mainly at 254 nm (16.5 cm of length, 9 W, Odyssea

Aquarium Appliance Co., Ltd, China) and a glass reactor with a round quartz exposure window (3
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cm of diameter). Electrolysis was performed by using a previously mentioned blue TiO; nanotube

array (BNTA) (Yang and Hoffmann, 2016a) as the anode and platinum as the cathode. Detailed
preparation and characterization of BNTA is also described in Section 2.5.2. For the degradation
experiments involving i-ARGs, DH10B cells transformed with either pEB1-tetA or pEBI-sull
were cultivated overnight to a log-phase growth at the optical density at 600-nm wavelength
(ODsgoo) of 0.6-1.0, with the aforementioned method. The cells were then harvested by
centrifugation at 5000 rpm for 10 min and then resuspended in 30 mM NaClO4 or 30 mM NaCl to
a final concentration of ~10% cells/mL. A cell suspension of 30 mL was added in the reactor with
a stirrer for mixing. Varied constant direct currents of 6, 12, and 30 mA (equivalent to current
densities of 2, 4, and 10 mA/cm?, respectively; Potentiostat, BioLogic Science Instruments, France)
were applied along with the same UV irradiation for 10 min. Aliquots of 500 uL were taken from
the reaction solutionat 0's, 10 s, 30 s, 1 min, 5 min, and 10 min. As a comparison, the experiments
were also conducted under UV-only conditions with the electrodes inserted in the solution to keep
the same radiation flux. However, a Ti-metal electrode was substituted for BNTA to avoid
photocatalysis by TiO>. The UV irradiance at 254 nm was 5.0 + 0.1 mW/cm?, determined by
chemical actinometry using a solution of 0.6 M potassium iodide and 0.1 M potassium iodate in
0.01 M borate buffer (pH 9.25) (Rahn, 1997). Plate counting was used to evaluate the viability of
the DH10B cells after treatment. A series of ten-fold dilutions was prepared for each sample and
then plated on LB agar with either 10 pg/mL tetracycline or 200 ng/mL SMX. The plates were
cultivated at 37 °C for 16-18 hrs followed by manual counting. Plasmids of a 100-pL aliquot were
also extracted for each sample with Fast DNA Spin Kit for Soil (MP Biomedicals, USA) following
the manufacturer’s instruction. The extracted plasmids were then quantified by qPCR to evaluate

the gene damage.
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Figure 2.2: Photograph of the UV enhanced electrolytical reaction system.

2.2.4 Treatment of Extracellular ARGs (e-ARGs)

The plasmid stock for pEB1-tetA or pEB1-sull was spiked into 30 mM NaClO4 or 30 mM NaCl
to achieve a concentration of ~10 ng/uL. The electrolysis experiments were conducted under UV
irradiation only or UV-EO at a constant current of 30 mA which was optimized in the experiments
involving i-ARG. An aliquot of 500 pL was taken from the reaction solution at the same sampling

point as used for i-ARG treatment.

The plasmid DNA damage was evaluated by both qPCR and gel electrophoresis. All the samples
were directly used for gPCR measurement. An aliquot of each sample was treated by a restriction
enzyme, Sbfl (NEB #R0642), at 37 °C for 15 min to linearize the plasmid DNA with the position
shown in Figure 2.3. Both the samples with and without restriction were carried out for gel
electrophoresis on 1% TBE agarose gels at 100 V for 30 min using MyGel™ InstaView
Electrophoresis System (Accuris Instrstruments by Benchmark Scientific, USA). The DNA bands
were visualized by SYBR Safe DNA Gel Stain (10,000X, Thermo Fisher Scientific, USA) with 1
kb plus ladder (New England Biolabs Inc., USA).
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Figure 2.3: Plasmid DNA maps of pEB1-tetA and pEB1-sull showing the positions of the two
restriction enzymes, Xbal and Sbfl.

The effect of the electrolytes on gel electrophoresis and qPCR inhibition was investigated and
described in Section 2.5.3. No difference was observed for gel electrophoresis or qPCR between

the samples in the non-electrolyzed sample and those electrolyzed in NaCl.
2.2.5 Treatment of ARGs in Wastewater

The treated latrine wastewater was collected from a solar-powered recycling electrochemical toilet
system located on Caltech campus (Pasadena, CA). The initial condition parameters of the
wastewater are 236 mg/L for chemical oxygen demand (COD) and 26.2 mM for NH4" as major
pollutants, which are similar to those previously reported (Jasper et al., 2017; Wang et al., 2020;
Yang and Hoffmann, 2016a). More details are listed in Table 2.2 of Section 2.3.4. Sterilized filter
papers with 8.0-um pore size (diameter, 55 mm; Cat No., 1002 055; Whatman) were used for
filtration to remove big particles before the electrolysis experiments. The filtered wastewater with
a volume of 30 mL was directly added into the reactor for UV-enhanced electrolysis under
optimized electrical conditions, i.e., the current density of 10 mA/cm?, with a duration from 0-30
min. To determine the viability of ARB cells before and after treatment, an aliquot of each sample
was plated on both non-selective and selective LB plates (with 10 pg/mL tetracycline or 200
pg/mL SMX) and incubated overnight at 37 °C. To monitor gene damage by the treatment, 200
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uL of each sample was extracted using a Fast DNA Spin Kit for Soil (MP Biomedicals, USA)

following the manufacturer’s instruction. Following extraction, both the long and short amplicons
of tetA and sull genes were detected by qPCR and quantified using the calibration curves for

plasmids, pEB1-tetA and pEB1-sull, respectively.
2.2.6 Quantitative PCR

The gene damage of fet4 and sull after treatment was determined by qPCR (MasterCycler
RealPlex 4, Eppendorf, USA). Both a short amplicon (216 bp for tet4 and 162 bp for sull) and a
long amplicon (1200 bp for tet4 and 827 by for sull) were quantified for each gene using the
primers previously reported (Chang et al., 2017; Czekalski et al., 2016; Xu et al., 2015) (Table 2.4
in Section 2.5.4). Each 20-pL reaction mixture contained 10 pL of Fast EvaGreen qPCR Master
Mix (Biotium, USA), 0.5 uM of forward and reverse primers and 2 pL of template. The thermal
cycling was for 2 min at 95 °C followed by 45 cycles of 5 s at 95 °C, 5 s at the annealing temperature
(Table 2.4 in Section 2.5.4), and 15 s for short amplicons or 60 s for long amplicons at 72 °C. The
qPCR amplification efficiency was 73% for tet4 long, 91% for tetA short, 90% for sull long,
and 96% for sull short. The R? value was above 0.99 for all the amplicons (Figure 2.4). A non-
template control (NTC) was set up with each qPCR measurement. Among all the qPCR runs with
45 thermal cycles, no amplification was detected for two long amplicons, and 38.4 was detected
as the lowest C; value (the highest concentration) of NTC for two short amplicons. The limit of
detection was determined as 8 copies/uL, which was the highest value among the 4 different

amplicons measured in this study.
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Figure 2.4: The qPCR calibration curves for 4 amplicons, tet4 long (1200 bp), tetA_short (216
bp), sull long (827 bp), and sull short (162 bp), with slope, y intercept, R?, and PCR efficiency
(E) calculated from 10¢"sP)_1 The error bars represent one-standard deviation of triplicate
measurements.

2.2.7 Radical Generation Probed by Benzoic Acid Degradation

Benzoic acid (BA) was used as a probe molecule to estimate radical production rates. Degradation
of benzoic acid with an initial concentration of 1 mM was performed in 30 mM NaClO4or 30 mM
NaCl for 1 hr, with treatments including UV only (in ClO47), EO only (in ClO4 or in CI'), and UV-
EO at 30 mA of constant current (equivalent to 10 mA/cm?). The concentrations of benzoic acid
were then analyzed by UPLC-MS/MS (Thermo Scientific, Vanquish-TSQ ALTIS) equipped with
a Atlantis® HILIC Silica column (3 um, 2.1 mm X% 100 mm). The mass spectrometer was operated
in the negative ionization (ESI) mode with a spray voltage of -2500 V and a vaporizer temperature
of 350 °C. Quantification was performed using multiple reaction monitoring (MRM), and the
MRM transition was m/z 121/77. The gradient solvent program started from 90% acetonitrile in 5
mM ammonium acetate with 1-min hold, then decreased to 50% acetonitrile over 4 min, followed
by a return to 90% acetonitrile over 1 min, and equilibrium for 1.9 min. For quality assurance and
quality control (QA/QC), samples diluted with methanol (10 pL of injection) were spiked with 10
pg of mass-labeled internal standard, benzoic acid-D5 (98%, Cambridge Isotope Laboratories, Inc.,

USA). The lower limit of quantification (LOQ) was set to 80 ng/L with signal to noise ratio of 10
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to 1. Calibration standards and blanks were reinjected during the sequence to validate the

instrument response and avoid benzoic acid carry over.
2.3 Results and Discussion
2.3.1 Inactivation of ARB and Degradation of ARGs

Figure 2.5 shows the changes in the logarithmic relative concentrations in cell culturability of ARB
on selective agar plates and gene damage for both intracellular and extracellular plasmids
measured by qPCR, as a function of UV dose and time. Different treatment conditions were
investigated and compared, including UV irradiation only in 30 mM ClO4 (Figure 2.5a and d),
UV-EO by BNTA anode in 30 mM CIO4 (Figure 2.5b and e), and in 30 mM CI- (Figure 2.5c and
f). A constant direct current of 30 mA was applied for UV-EO treatment, which was optimized by
the treatment of i-ARGs with varied currents (Figure 2.6). The initial cell concentrations of ARB
measured on selective plates were ~2.3 x 107 and ~2.9 x 10" CFU/mL for tetracycline-resistant
and SMX-resistant E. coli, respectively. For the treatment of extracellular plasmids, the initial
concentrations were 8.0 x 10% and 1.3 x 10° copies/uL for pEB1-tetA and pEB1-sull quantified
by gqPCR, respectively. The plasmid DNA quantification by qPCR amplicons with different
lengths were consistent with the average standard deviations between long and short amplicons of

5.4 x 107 and 1.6 x 108 copies/uL for pEBI1-tetA and pEB1-sull, respectively.
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Figure 2.5: Inactivation of antibiotic resistant E. coli and degradation of fet4 and sull genes with
UV irradiation or UV-EO treatment at an optimized current of 30 mA on the BNTA anode. The
experiments were conducted in 30 mM NaClO4 (“ClO4’) or 30 mM NacCl (“C1™). The error bars
represent standard deviation from triplicate experiments.
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Figure 2.6: Logarithmic relative concentration of both long and short qPCR amplicons for fetA
and sull as a function of 1) UV2s4 dose and 2) time, during treatment of intracellular plasmids
hosted in E. coli DH10B with UV and UV-enhanced electrolysis at various currents conducted in
30 mM NaClO4 (a-d) and 30 mM NacCl (e-h). The error bars represent standard deviation from
triplicate experiments, and the lines represent the linear regressions of the data. The fluence-based
first-order kinetic rates, &, are derived from the slope of the linear curves and labeled in units of
cm?/mJ. Some data points are excluded from linear regression due to their deviation from first-
order kinetics by observation and are labeled in dashed border.

2.3.1.1 Inactivation of ARB

In general, the inactivation of tetracycline- and SMX-resistant E. coli occurred rapidly under all
the treatment conditions present in Figure 2.5. The logarithmic removal of ARB by different
treatment conditions with the same duration has the order of UV < UV-EO/CIO4 < UV-EO/CI".
The required UV dosages for 2-logio and 4-logio removal of ARB and ARGs are summarized in
Table 2.5 of Section 2.5.5. Included in Table 2.5 are relevant literature values that were obtained

employing treatment techniques related to those used in this study. Under a UV2s4 dose of 50
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mJ/cm? (10 s duration), 2.6-logio of SMX-resistant E. coli and 3.9-logi of tetracycline-resistant E.

coli were removed by UV irradiation alone, and > 4-logio removal was achieved for both types of
ARB by UV-EO treatment. Furthermore, in the presence of Cl" during UV-EO treatment > 5-logio
was obtained for ARB with UV dose of 50 mJ/cm? (10 s duration), and no surviving ARB were
observed after a UV dose of 150 mJ/cm? (30 s duration). The enhanced elimination of ARB is
attributed to the in sifu generation of the HCIO/CIO" due to the anodic oxidation of chloride.

2.3.1.2 The Kinetics of ARG Damage

In contrast to the fast removal of ARB, significantly slower reduction was found for the
corresponding gene damage measured by qPCR (Figure 2.5). This result is consistent with
previous studies (He et al., 2019; Yoon et al., 2017; T. Zhang et al., 2019). Results show clearly
that ARGs can survive from treatment and have the potential for dissemination through horizontal
gene transfer even when the ARB are completely eliminated. Linear-regression fitting for the gene
damage data is shown in Figure 2.5; the fluence-based first-order kinetic rate constants, k, were
determined from the slopes, which are summarized in Table 2.5 of Section 2.5.5. In general, for a
given amplicon, the same order among different treatments was found for kinetic rates of gene
damage measured by qPCR as that found for ARB inactivation measured by plate counting, i.e.,
UV < UV-EO/CIOs < UV-EO /CI. These results indicate that the oxidants generated by
electrochemical oxidation of chloride and water, i.e., -OH and HCIO/C1Or, not only enhance ARB
removal but they also lead to ARG damage. The latter result can be attributed to a greater number
of target sites on the DNA strands. For a 2-log removal, the required UV dose was 271-384 mJ/cm?
for long amplicons and 1645-2003 mJ/cm? for short amplicons with UV irradiation only. With
UV-EO, doses of 177-256 mJ/cm? for long and 1245-1772 mJ/cm? for short amplicons in ClO4
were required, while doses of 128-154 mJ/cm? for long and 960-1181 mJ/cm? for short amplicons
with UV-EO in Cl" were needed (Table 2.5 in Section 2.5.5). The required UV doses for the
removal of ARB and ARGs found in this study are much higher than those in previous studies at
a comparable level of removal. The experimental setups, i.e., a batch reactor used in this study and
the petri dish used as a thin film reactor in previous studies (Chang et al., 2017; He et al., 2019;
Nihemaiti ef al., 2020b; Yoon et al., 2018, 2017; Zhang et al., 2019), may have accounted for the

differences in reported kinetic rates.
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2.3.1.3 Effect of Amplicon Length on ARG Damage

Both long (tet4_long, 1200 bp and sul/l long 827 bp) and short amplicons (tet4_short, 216 bp and
sull short 162 bp) were measured for each target ARG. Although the short amplicon between 70-
200 bp is optimal for the standard qPCR quantification, the longer amplicon with the length >1000
bp has the capability to capture DNA damage (Chang et al., 2017; Egan et al., 2007; T. Zhang et
al., 2019). The development of the qPCR dye, EvaGreen, enabled the quantification of long
amplicons by qPCR with less inhibition (Mao ef al., 2007; McKinney and Pruden, 2012). It is
noticeable that the short amplicons for both target ARGs followed first-order kinetics over the
entire UV dose of 3000 mJ/cm? under all the different treatments applied in this study, however,
the long amplicons appeared to have a tailing effect that deviated from first-order kinetics at
exposure higher than 300 mJ/cm?. Therefore, the rate constants for the long amplicons were
determined only from the data that fit true first-order kinetics, i.e., 0-300 mJ/cm?. As expected, the
longer amplicons have significantly higher rate constants than the short amplicons for all the cases
due to the greater number of attacking targets in the long amplicons than for the short ones (Chang
et al., 2017). The k values of long amplicons are larger than those of short ones by a factor of 5.4,
7.0, and 7.7 for UV only, UV-EO treatment in ClO4 and in CI, respectively. This trend is
consistent with the increasing k for a given amplicon in the order of UV-EO/Cl" > UV-EO/ClO4 >
UV, which can be explained in terms of the extra target DNA damage sites created by the oxidants

(i.e., -OH and HCIO/CIO") having greater impact on the long amplicons and thus larger k values.
2.3.1.4 Intracellular and Extracellular ARG Damage

Figure 2.5 shows that extracellular ARGs (e-fet4 and e-sull) reacted faster than the intracellular
ones (i-tetA and i-sull) for a given qPCR amplicon. The only exception was for the tet4 short
under UVzs4 irradiation, which gave no significant difference (P = 0.9, n = 3) for k between
intracellular and extracellular genes. All the other amplicons with the different treatments resulted
in higher & values for the extracellular genes than for the intracellular ones by a factor from 1.21
to 1.36. For UV-only treatment, Yoon et al., (2017) reported a faster damage rate for e-ARGs than
of i-ARGs by a factor of 1.7, while McKinney and Pruden (2012) found insignificant difference
in the damage rates of e-ARGs and i-ARGs (McKinney and Pruden, 2012). The results obtained
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in our study indicate that the cellular components can protect the intracellular genes from both

UV- and oxidant-induced damage to some extent. The difference found in various studies may be

attributed to different host bacterial strains, initial concentrations, and experimental setups.

2.3.2 Mechanisms on ARG damage

To further understand the mechanisms leading to plasmid damage, gel electrophoresis was
conducted for both e-fet4 and e-sull before and after the treatment of UV alone and UV-EQO, with
a comparison of all the same samples but treated by the restriction enzyme Sbfl (Figure 2.7).
Untreated pEB1-tetA and pEB1-sull (i.e., controls) are shown in lane 1 of each gel electrophoresis
image that has bands between 4-5 kb and close to 4 kb, respectively. These were identified as the
supercoiled form of the plasmids. The bands in lane 5 of all the images show an upward transition
after the restriction of plasmids by enzyme Sbfl that reflect the real sizes of the plasmids (4865 bp
and 4514 bp for pEB1-tetA and pEBI1-sull, respectively), which were identified as the linearized
form of the plasmids. For the treatment by UV alone (Figure 2.7a and d), the gel electrophoresis
images do not show a significant conformational change of the plasmids until 5 min of the
treatment (i.e., a UVass dose of 1.5 J/em?). The native supercoiled plasmids were significantly
diminished when the UV dose was higher than 1.5 J/cm?, as the fluorescence of the bands was
much less intensive. A higher band on gel appeared for both plasmids simultaneously, which is
identified as relaxed nicked circular form. Plasmid DNA mainly maintained a covalently circular,
supercoiled form in vivo or in isolated extracts directly from bacterial cells (Hayes, 2003). The
supercoiled plasmid migrates faster than linear DNA with the same base pair length due to their
smaller size, resulting in a lower band on agarose gel. Relaxed nicked circular plasmids (caused
by single-strand breaks) and linearized plasmids (caused by double-strand breaks) are the most
common topological variations that cause the upward transition of the band compared to the
supercoiled plasmid on an agarose gel. Thus, the relaxed nicked circular plasmid migrates slower
with the uppermost band (Chen et al., 2007). Figure 2.7a and d clearly show that UV irradiation
can induce a significant conformational change in the plasmid (e.g., relaxed nicked circular form
caused by single-strand breaks) when a sufficient UV fluence is applied, which was also observed

in a previous study (Yoon et al., 2017). The native supercoiled bands almost disappeared after 10
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min of the treatment (i.e, the UV dose of 3 J/cm?), which indicates that more extensive

fragmentation of the plasmid was caused at this level of the UV dosage. However, the formation
of UV-induced DNA damage visualized by gel electrophoresis appears to be much slower than the
gene damage detected by qPCR (Figure 2.5). UV irradiation induces damage to DNA bases and

results in pyrimidine dimerization at a lower dose.
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Figure 2.7: DNA electrophoresis gel of extracellular plasmids, pEB1-tetA (a-c) and pEB1-sull
(d-f), as a function of UV dose in mJ/cm? and time in s, with different treatment including UV in
ClO4 (a and d), UV-EO with BNTA at 30 mA in CIO4 (b and e) and in CI" (c and f). All the tests
were carried out with an initial concentration of ~10 ng/uL plasmids in 30 mM NaClOj4 labeled as
“ClO4™ or 30 mM NaCl labeled as “Cl™”. UV intensity was 5 mW/cm? at 254 nm. The first lane
“L” of each image shows the standard 1kb plus DNA ladder. All the DNA samples are presented
without (w/0) any enzyme treatment (lane 1-5) and with (w/) restriction by Sbfl enzyme at 37 °C
for 15 min (lane 6-10).

Gel electrophoresis shows that the UV-EO treatment process caused substantially faster plasmid
conformational damage when compared to UV alone. This result is consistent with the higher
kinetic rates of gene damage detected by qPCR. The bands at the higher DNA markers that
appeared after only 30 s or 1 min of treatment (Figure 2.7b, c, e, and f) were identified as nicked
circular plasmids. Overall, these results show significant oxidant-induced DNA damage, i.e.,
single-strand breaks (Suquet et al., 2010; Yoon et al., 2017). The native supercoiled plasmids were

noticeably diminished after 1 min of treatment, while the nicked circular plasmids showed a
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noticeable diminishment after 5 min of treatment. Fragmentation of plasmid DNA was induced at

a corresponding level of damage.

For pEBI1-sull, a greater degree of conformational change was observed for UV-EO without the
presence of Cl" (Figure 2.7¢) than for the one with Cl- (Figure 2.7f) (Suquet et al., 2010). In the
presence of only ClOy4 as an electrolyte, -OH is the predominant oxidant generated by the UV-EO
process, whereas HOCI/OCI™ predominate when Cl the electrolyte. Previous studies have shown
that HOCI/OCI is relatively unreactive toward sugar or the polyphosphoribose backbone of DNA,
although reactive chlorine causes nucleobase damage. (Burrows and Muller, 1998; Hawkins and
Davies, 1998; Suquet et al., 2010) The nicked circular plasmid and the diminishment of both native
supercoiled and nicked circular plasmids may indicate that the nucleobases were extensively
damaged. On the other hand, -OH, as well as other reactive oxygen species, can cause both types
of damage, which could result in the more significant conformational change of plasmids observed
in this study (Burrows and Muller, 1998; He et al., 2019; Kennedy et al., 1997; Suquet et al., 2010).
In contrast, higher kinetic rates of gene damage as detected by qPCR were found for UV-EO in
Cl -than in ClO4". It may be explained by the significantly higher amount of HOCI/OCI generated
in Cl" than -OH levels in ClO4 at the same coulomb of charge. Such differences due to CI°
oxidation were not observed for pEB1-tetA. As a note of caution, the plasmid DNA conformational
changes that were observed by gel electrophoresis may also cause bias on qPCR quantification.
For example, approximately 4.5-fold and 3-fold greater PCR amplification was found for nicked-
circular and linear plasmids, respectively, than for the supercoiled plasmid due to the smaller
tension that leads to easier denaturation in the PCR process (Lin et al., 2011). However, such an
impact was not observed by the qPCR detection used in this study. DNA damage (e.g., oxidant-
induced DNA fragmentation and UV-induced pyrimidine dimer formation) may have caused a

more dramatic elevation of qPCR C; values.

2.3.3 Simulation of Radical Generation

Benzoic acid (BA: 1mM) was used as a radical probe with known rate constants for the various
radicals (ko = 5.90 x 10° M s7!, ke = 1.8 x 101°M 57! kepp.= 2 x 10 M 1) (Buxton et al.,
1988a; Gilbert et al., 1988; Martire ef al., 2001a). As shown in Figure 2.8, BA was not degraded
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under UV irradiation. During EO treatment, BA was oxidized by electrochemically produced -OH.

The reaction between BA and -OH follows second-order kinetics, which can be further simplified
to a form of pseudo-order kinetics as Equation 2.1:

TBA = Koy |- OHI[BA] = kops[BA] (2.1)

The observed rate constant (kobs) fitted by linear regression is 2.58 x 10 s'1. The corresponding

steady-state -OH concentration ([OH]ss) is calculated to be 4.37 x 10'* M according to Equation
2.2.

[- OH] g = -2 2.2)

k.oy

UV irradiation was found to accelerate the degradation of BA. The kqbs and [-OH]ss are calculated
as 5.16 x 10% s! and 8.75 x 10'* M, respectively. The two-fold increase in [-OH]ss after
introducing UV irradiation into EO process implies that more -OH radicals were produced in
addition to those produced by electrolysis through electron tunneling. The synergistic -OH
production results from water oxidation by photogenerated holes (Figure 2.15 b vs. ¢ in Section

2.5.2).
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Figure 2.8: BA degradation by BNTA at 10 mA/cm? in the absence (EO) and presence (UV-EO)
of UV. All tests were performed in 30 mM NaClOs, except tests “EO w/ CI”” and “UV-EO w/ CI"™”
were conducted in 30 mM NaCl. (a): Dots and dashed lines represent experimental data and results
of kinetic model simulation, respectively. (b): Experimental data fitted by the first-order kinetics.
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In the presence of Cl-, the EO degradation of BA was enhanced. Chloride can be oxidized to free

chlorine (HOCI/OCI', pKa = 7.5). It can readily react with -OH to form Cl- and Clz-~ (Park et al.,
2009a; Yang et al., 2016). Upon UV irradiation, the BA degradation was further enhanced. Free
chlorine was produced during the UV-EO process. The concentrations of free chlorine are
proportional to the electrolysis duration and current density (Figure 2.9). These results imply that
chlorine was produced by the electrochemical oxidation of chloride rather than through the
photochemical oxidation pathway. It is suspected that the extra radical inputs were produced from

the UV photolysis of free chlorine (HOCl —-OH + Cl-).
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Figure 2.9: Chlorine evolution during UV-EO process in 30 mM NaCl at varied current densities.
Error bars represent one standard deviation from triplicate experiments.

The presence of Cl significantly complicates the mechanisms of radical production, because CI
can be converted to multiple radicals (CI-, Cly--, CIOH", efc.). To unveil the speciation of these
radicals, a computational kinetic model comprised of 39 zero-, first-, and second-order elementary
kinetic reactions was developed (Table 2.1). The decay of BA as functions of reaction time under
different test conditions is the outcomes of the interplays between BA and radicals. Therefore,
fitting the data in Figure 2.8a by the kinetic model calibrates the unknown rate constants (k’s). As

a consequence, the speciation of radicals can be back-calculated. Reaction 5 (vide infra) represents
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the electrochemical production of -OH. Given the -OH radical production rate, the corresponding

k’s were calibrated by the degradation of BA in test sets “UV” and “UV-EQ”. The k for reaction
6 was fitted by the degradation BA in test “EO w/Cl™”. We assume that the Cl- produced by BNT

under UV irradiation is negligible because the previous study indicates that this pathway could be

significant only if the TiO: is chlorinated by concentrated HCI (Yuan et al., 2011). Therefore, the

k for Reaction 6 remains constant under in test “UV-EO w/ CI””’. Reaction 7 was introduced to

account for radical input by the photolysis of HOCI. The k was obtained by fitting BA degradation

data of test “UV-EO w/ CI™”. For all the simulations that involve CI-, the [CI] was set as 30 mM.

The [HOCI] was set as 35 mg/L, the plateau concentration observed after 600 s UV-EO treatment

at 10 mA/cm?.

Table 2.1: Critical reactions included in the kinetic model.

Reaction No. | Reaction Rate constant Reference

pH-dependent equilibrium

1 H'"+ OH — H,0 1.00 x 101 M s! Matthew and
Anastasio,
2006

2 H,O - H + OH 1.00 x 103 Mt gt Matthew and
Anastasio,
2006

3 OCl + H" — HOC1 5.00 x 10" M1 ¢! Matthew and
Anastasio,
2006

4 HOCI — OCI + H* 1.60 x 10° M1 ! Matthew and
Anastasio,
2006

Electrochemical reactions

52 M-OH — HO EO: 6.1 x10"M s! | Fitted value

UV-EO: 1.1 x 10°M
¢l

62 MO + CI' — CI 8.8 x 107 s Fitted value

UV/chlorine

7 HOCI — CI' + HO 3x10%Ms! Fitted value
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Cl' generation

8

Cl + HO' — CIOH

430 x 10° M1 g1

“NDRL/NIST
Solution
Kinetics
Database,”
n.d.

CIOH' — CI + HOr

6.10 x 10° M1 ¢!

G. Jayson et
al., 1973

10

Cl' + OH — CIOH"

1.80 x 1019 M1 !

Kldning and
Wolff, 1985

11

CIOH + H" — Cl' + H,O

2.10 x 1019 M1 !

G. Jayson et
al., 1973

12

CIOH +CI — Cl»' +OH

1.00 x 10° M1 ¢!

Grebel et al.,
2010

13

Cl,”+OH — CIOH +CI'

4.50 x 10" M1 g1

Grebel et al.,
2010

14

Cl'+Cl - Cly

6.50 x 10° M1 ¢!

Kldning and
Wolff, 1985

15

Ch' - ClI'+CI

1.10 x 10° M1 ¢!

G. Jayson et
al., 1973

Cl> generation

16

Cl' +ClI' - Clz

1.00 x 108 M1 g7

Wu et al,
1980

17

Cl' +Clyy — CI +Cl»

1.40 x 10° M1 ¢!

Park et al,
2009b

18

Cl,” +Clh” = 2CI +Cb

8.30 x 108 M1 ¢!

“NDRL/NIST
Solution
Kinetics
Database,”
n.d.

19

Cl2 + HO- — HOCI + ClI

1.00 x 10° M1 ¢!

“NDRL/NIST
Solution
Kinetics
Database,”
n.d.

Cl> dissolution
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20 Cl + HoO — CLLOH +H* 1.50 x 10' Mt ¢! Wang  and
Margerum,
1994

21 Cl,OH — HOCI + CI' 5.50 x 10° M 57! Wang and
Margerum,
1994

HO' transformation

22 HO — O +H* 1.26 x 1012 M1 st Buxton et al.,
1988b

23 O+ H,O —- HO + OH 1.80 x 10° M 57! Buxton et al.,
1988b

24 HO +OH — O + H;O 1.30 x 1010 M1 st Buxton et al.,
1988b

HO:", HO>', O> " related

25 HO + O — HO: 1.00 x 1010 M1 st Buxton et al.,
1988b

26 HO' + HO, — HO, + OH 7.50 x 10° M 57! Buxton et al.,
1988b

27 HO> + O — HO, + 0; 9.70 x 10’ M 5! Buxton et al.,
1988b

28 HO' + HO;' — H,0 + Oy 6.60 x 10° M 5! Buxton et al.,
1988b

29 HO, + HOz" — H;0, + O3 8.30 x 10° M 57! Buxton et al.,
1988b

30 HO» - H + Oy 1.60 x 10° M st Bielski et al.,
1985

31 HO + Oy — OH™ +0» 8.00 x 10° M 57! Buxton et al.,
1988b

Radicals quenched by free chlorine

32 HO' + HOCI — CIO" + H,O 2.00 x 10° M 57! Matthew and
Anastasio,
2006

33 HO' + OCl — CIO" + OH 8.80 x 10° M 57! Connick,
1947

34 Cl' + HOCl — ClO" + H + CI' 3.00 x 10° M ! 57! Zehavi and

Rabani, 1972
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35 Cl' + OCl — CIO" +CI' 8.20 x 10° M ¢! G. Jayson et
al., 1973

Radicals quenched by benzoic acid

36 HO' + C¢HsCOO — Products 590 x 10° M s! | Buxton et al.,
1988b

37 Cl' + C¢HsCOO — Products 1.80 x 10" M s'! | Martire et al.,
2001b

38 Cly” + CéHsCOO — Products 2.00 x 10° M s | Hasegawa
and Neta,
1978

39 O~ + C¢HsCOO — Products 4.00 x 10’ M!' s | Buxton et al.,
1988b

2The M-OH and MO represents the active sites of BNTA to generate -OH radicals and oxidize CI,
respectively. The active sites are assumed to be infinite. Thus, {M-OH} and {MO} were set as one

in the model. The reactions then follow zero-order kinetics.

As shown in Figure 2.8a, the kinetic model describes well the experimental data (R? > 0.90). We

then use the calibrated model to estimate the speciation of radicals in the presence of Cl". For EO

treatment in the presence of CI', Cl>- is the dominant radical, followed by -OH and Cl- (Figure

2.10a). With UV irradiation, concentrations of all radicals increased (Figure 2.10b), which is in

agreement with our assumption that the photolysis of free chlorine produces more radicals.

(@) (b)
10-°
—_ -10 —_
£ 5
5 10" — G- s
£ * -
8 10- — g
< — Ho* s
8 1013 8
c c
3 10-14 8
— CIOH*
10-1% T T 1
0 200 400 600
Time(s)

10-9
1 0-10_
Cly*-
10-11< — CI*
1012+ — Ho*
1013
10-14 — CIOH*-
1015 T T 1
0 200 400 600
Time(s)

Figure 2.10: Radical speciation in tests (a) EO w/ Cl" and (b) UV-EO w/CI" in the presence of 30

mM NaCl and 35 mg/L free chlorine.

2.3.4 UV-Assisted Electrochemical Oxidation of ARGs in Wastewater
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The initial bacterial concentrations in wastewater are ~6.3x10? and ~2.4x10° CFU/mL counted on

non-selective LB and selective LB agar with 200 pg/mL SMX, respectively. No colony wa