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a b s t r a c t

The ubiquity of antibiotic-resistance bacteria (ARB) and antibiotic-resistance genes (ARGs) in various
environmental matrices is a potential threat to human and ecological health. Therefore, the inactivation
of ARB E. coli S1-23 and the elimination of its associated ARGs, blaTEM-1 and aac(3)-II, were investigated
using the photoelectrocatalytic (PEC) process. Results indicate that the ARB E. coli S1-23
(1 � 108 cfu mL�1) and its ARGs (extracellular and intracellular) could be fully inactivated within 10
and 16 h PEC treatment, respectively. In contrast, photocatalytic (PC) and electrochemical (EC) treat-
ments displayed no obvious effect; however, ARG-containing DNA extracted from E. coli S1-23, which
was used as a model for dissociative naked ARGs, could be completely decomposed within a few minutes
through these three treatments. Further analyses, including PCR, AFM and HPLC, proved that the
structural integrity and surface topography of naked ARGs are damaged during treatment and can be
completely eliminated. Furthermore, there is no generation of cytosine, guanine, adenine or thymine
intermediates during the PEC, PC, and EC treatments. This study is the first report to propose the PEC
treatment as a promising method for complete decomposition of ARB and ARGs in aqueous systems.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Overuse of antibiotics to treat infections in human and animals
results in their massive release into environment (Pruden, 2014),
thereby imposing selective pressure that has increased the inci-
dence of antibiotic-resistance bacteria (ARB) and has driven the
occurrence, persistence, and propagation of ARB as well as their
associated antibiotic-resistance genes (ARGs) (Mao et al., 2014;
Zhang and Zhang, 2011). Especially, ARGs have been recently
recognized as emerging environmental contaminants (Pruden
et al., 2006), and found in various environmental matrices,
nd were considered co-first
including water (lakes, rivers, groundwater, sediments, and
wastewater treatment plant effluents) (Luo et al., 2011; Yang et al.,
2016), soil (Wright, 2011), and air (Pal et al., 2016). Unlike antibi-
otics, which are well known to be pseudo-persistent in both soil
and water, ARGs may persist even when the antibiotics were
removed or the host bacteria were inactivated (Mao et al., 2014).
Intact ARG-containing DNA fragments from ARB cell debris can
confer resistant genotypes to downstream bacterial population by
means of natural transformation and/or transduction, which does
not require live donor cells (Dodd, 2012). Furthermore, ARGs can
also pass between microorganisms via horizontal gene transfer,
including from dead to living cells (Davies and Davies, 2010).
Antibiotic resistance, as mediated by ARGs, observably improves
the survivability of bacteria in the presence of antibiotics, and may
eventually disrupt the symbiotic balance between human and
bacteria.
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Recent efforts to developmethods that eliminate environmental
ARGs have had little success. For example, conventional water
disinfection methods, such as UV irradiation and chlorination,
showed no distinct decrease in ARG levels (Dodd, 2012; McKinney
and Pruden, 2012). Some advanced oxidation processes (AOPs),
utilizing ozonation, the Fenton reaction or UV/H2O2, can destroy
ARGs; however, high doses of the oxidants would be required for
complete ARG removal (Ferro et al., 2016; Moreira et al., 2016),
which may exceed the limitations set by the U.S. Environmental
Protection Agency (USEPA) (Cengiz et al., 2010; Chen et al., 2016).
Comparatively, the photocatalytic (PC) method has been widely
utilized to eliminate different types of microorganisms because of
its strong oxidation power (Shi et al., 2014, 2015). However, due to
the fast recombination of photogenerated electrons and holes, the
bacterial inactivation rate using current the PC method is inade-
quate (Sun et al., 2014). As such, the photoelectrocatalytic (PEC)
method has been frequently employed (Bessegato et al., 2016;
Dominguez-Espindola et al., 2017; Ferraz et al., 2013; Li et al.,
2011; Wang et al., 2009), which dramatically improves the effi-
ciency of the PC method. In this method, application of potential
bias transfers the photogenerated electrons from the conduction
band of the photoanode to the external circuit and then to the
reference electrode (Baram et al., 2007; Li et al., 2011). To date, most
reports regarding PEC inactivation of biohazards aremainly focused
on conventional bacterial inactivation (Dominguez-Espindola et al.,
2017; Li et al., 2011; Sun et al., 2014, 2016). For example, E. coli K-12
(Li et al., 2011; Sun et al., 2014), E. coli BW25113 and its anti-
oxidation single gene knockout mutants (Sun et al., 2016), as well
as fecal coliform bacteria in urban wastewater (Dominguez-
Espindola et al., 2017) were chosen to investigate the PEC inacti-
vation of biohazards. To date, no information is available in the
literature on PEC inactivation of ARB and ARGs.

Therefore, in this study we investigated, for the first time, PEC
inactivation of ARB and its associated intracellular and extracellular
ARGs using an E. coli S1-23 strain containing both the active b-
lactam resistance gene blaTEM-1 and the aminoglycosides resistance
gene aac(3)-II, whichwas isolated from a local natural water source.
In addition, PEC elimination of dissociative ARGs, which were
extracted from E. coli S1-23, was investigated. Quantitative PCR (q-
PCR) was employed to quantify the change in copy number of ARGs
during the ARB inactivation processes. Furthermore, to reveal the
decompositionmechanisms of the dissociative ARGs, total DNAwas
extracted from E. coli S1-23 before and after the treatment; PCRwas
employed to obtain information on the existence of ARGs; atomic
force microscopy (AFM) was used to observe the existence of the
dissociative DNA; and HPLC analysis was used to investigate the
generation of intermediates, including four kinds of nucleotide
bases.

2. Experimental section

2.1. Preparation of bacterial strains and dissociative ARGs

The bacterial strains used in this work are antibiotic-susceptible
wild strain E. coli K-12 (The Coli Genetic Stock Center at Yale Uni-
versity, USA) and antibiotic-resistant strain E. coli S1-23, which was
isolated from water samples collected at a natural fresh water lake
in Guangzhou city, where the pollution source is mainly domestic
sewage (Table S1). The detailed isolation and identification pro-
cedure for this ARB, and other relative information, is provided in
the supporting information (Tables S2 and S3). For preparation of
dissociative ARGs (only containing DNAwithout any bacteria), total
DNA containing the b-Lactamase blaTEM-1 and aminoglycoside
aac(3)-II ARGs was extracted from the isolated bacteria after
cultured at 37 �C for 14 h. Briefly, total DNA was directly extracted
using an Ezup Column Bacteria Genomic DNA Purification Kit
(Sangon, China). The concentration and purity of extracted DNA
was measured spectrophotometrically (NanoDrop 2000, Thermo
Fisher Scientific, USA).

2.2. Reaction apparatus

The PEC (Light þ Bias), PC (Light þ no Bias) and EC (no
Light þ Bias) experiments were all performed in a flow-through
thin-layer three-electrode photoelectrochemical reactor (Li et al.,
2013), and the schematic and picture are shown in Fig. S1. The
thickness of the thin layer was 0.20 mm and the volume of the
reaction chamber was 300 mL. The titanium (Ti) foil photoanode
was composed of a highly oriented free standing TiO2 nanotubular
array (with inner diameter of ca. 80 nm and length of 8 mm), which
was prepared using the anodization method, and the character-
ization of TiO2 nanotube is applicable in our previous work (Nie
et al., 2013; Zhang et al., 2008). The SEM and TEM images of used
TiO2 nanotube were also provided in Fig. S2. The counter and
reference electrodes were composed of platinum foil and saturated
Ag/AgCl, respectively. An LED lamp (NCCU033(T), Nichia Corpora-
tion) served as the light source, with a maximum wavelength at
365 nm and an intensity of 28 mW cm�2. A micro-electrochemical
system (mECS) (USB 2.0, PLAB) from the Changchun Institute of
Applied Chemistry, China, was powered and controlled by a laptop
and used for the application of potential bias fixed at 1.0 V vs Ag/
AgCl, and 0.2 M NaClO4 aqueous solution was adopted as the
electrolyte. The procedures of the PEC, PC and EC experiments were
provided in the supporting information.

2.3. Bacterial viability detection and quantification of ARGs

E. coli S1-23 and K-12were chosen as themodels of ARB and ASB
to evaluate the PEC inactivation rate, respectively. The cultured
bacteria were washed with sterilized PBS via centrifugation. Then,
to help us to analysis the variation and distribution of ARGs, the
bacterial cell concentration was adjusted to a final cell density of
1 � 108 colony forming units per mL (cfu mL�1) in 0.2 M NaClO4
(electrolyte) according to the experimental of reaction condition
optimization (Fig. S3), which base on the principle that the bacteria
need persist appropriate time during PEC process. Before and after
each treatment, 10 mL of the reaction solution was sampled and
immediately diluted with sterile PBS; an appropriate dilution was
spread-plated, in triplicate, on nutrient agar and incubated at 37 �C
for 24 h. The number of single colonies was counted to determine
the quantity of viable cells.

In addition, to better understand the distribution and variation
of ARGs during the PEC bacterial inactivation process, both the
intracellular and extracellular DNA containing ARGs blaTEM-1 and
aac(3)-IIwere also separated and comparatively quantified through
q-PCR. During the inactivation processes, extracellular and intra-
cellular DNA was extracted in different interval. Bacterial samples
(300 mL) were washed three times with sterilized phosphate buff-
ered saline (PBS) and then subjected to centrifugation; the super-
natant was collected each time. Then, 90 mL lysozyme, 5 mL RNase
and protease were in turn added into bacterial colony and super-
nate, respectively. After incubating at 56 �C for 30 min, the super-
natant was purified and eluted through the DNA absorption
column. Furthermore, the final quantification of DNA concentration
were corrected by its extraction efficiency, and the detailed infor-
mation was provided in supporting information. q-PCR (Bio-Rad
CFX96, USA) was applied to quantify the change in blaTEM-1 and
aac(3)-II gene copy numbers, according to the reported method
(Zhang et al., 2015). Specifically, following protocol optimization
(Table S4 for PCR primer information), PCR amplicons were purified
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using a SanPrep Column DNA Gel Extraction Kit (Sangon, China).
The purified amplicons were ligated into pUCm-T Vector Cloning
Kit (Sangon, China) and then cloned into E. coli DH5a (TakaRa).
Positive clones were screened by PCR, thus verifying successful
cloning of the target genes. Standard curves were obtained for each
q-PCR run using 10-fold serial dilutions (100 to 108 copies mL�1) of
the plasmid harboring the target genes (Table S5 for q-PCR primer
information). To confirm the target specificity, melting curves were
obtained using genomic DNA from E. coli S1-23. Additionally, the q-
PCR amplicons were visualized on 3% agarose gels (run at 120 V for
40 min) to assess the size of the target amplicon (Fig. S4). After
validation and optimization of the protocols of SYBR green q-PCR,
the reactions were conducted in 96-well plates with a final volume
of 25 mL. The detailed reagents, concentrations, and reaction pro-
cedures of q-PCR and the calculation method of copy numbers of
plasmid and ARGs were provided in the supporting information.
Each reactionwas run in triplicate, and the q-PCR efficiency of each
gene ranged from 90% to 110%, with R2 values greater than 0.99 for
all standard curves.

2.4. PCR-agarose gel electrophoresis assay

The existence of nucleic acid structures of blaTEM-1 and aac(3)-II
ARG were investigated using PCR assays. Primer pairs (Sangon
Biotechnology Corporation, China) used in this step are listed in
Table S4. The PCR reaction mixture contained 5 mL of template DNA,
2.5 mL of 10 � PCR buffer, 3 mL of dNTP mixture (2.5 mM), 1.5 mL of
MgCl2 (25 mM), 0.125 mL of Taq polymerase (5 U mL�1), 0.5 mL of
each primer (10 mM), and 11.875 mL of nuclease-free water to a final
volume of 25 mL. The DNA polymerase and main reagents were
provided by TaKaRa, China. The thermocycler conditions for gene
amplification were programmed as follows: initial denaturation at
94 �C for 5 min; followed by 30 cycles of 30 s at 94 �C, 30 s at 55 �C,
and 30 s at 72 �C; and a final extension step for 10 min at 72 �C. In
each PCR run, pristine naked DNA was used as positive control,
genomic DNA extracted from E. coli ATCC 25922 was used as a
negative control, and nuclease-free water instead of naked DNA
was used as blank control (Fig. S5). PCR products were compared to
DNA standards (DL 1000 DNAMarker, TaKaRa, China) after 2% (w/v)
agarose gel electrophoresis. The fragments were visualized by
staining with 4S Green Plus nucleic acid stain (Sangon, China) and
evaluated by digital processing with a gel imaging system (Bio-rad,
USA). To further validate their authenticity, the PCR products were
also sequenced (Sangon Biotechnology Corporation, China). The
sequencing results were uploaded to National Center of Biotech-
nology Information (NCBI, USA) and aligned with target sequences
in GenBank using the BLAST alignment tool (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). Sequence alignment results show significant
similarity with X51534.1 (99%) and KT593872.1 (99%); see sup-
porting information for further details.

2.5. Atomic force microscopy and HPLC analysis

The surface topography of dissociative DNA was characterized
by AFM, equipped with a Multi-Mode V8 system (Bruker, Ger-
many). The DNA sample (3 mL) was diluted with nuclease-free
water to a final volume of 15 mL. Approximately 10 mL of the dilu-
tion was deposited onto a freshly cleaved mica surface. After a
30 min incubation, the surface was washed 5 to 6 times with
nuclease-free water to remove unbound DNA molecules and
NaClO4, and then air-dried before performing AFM. For AFM in air, a
normal dynamic mode Si3N4 cantilever with an oscillation fre-
quency of 1.0 Hz was used and operated in ScanAsyst, which is
proprietary software specific to the instrument. The images were
captured and exported as JPEGs using Nanoscope Analysis (version
1.50; Bruker, Germany) and presented as derived from the original
data, except for flattening to remove the background slope. Based
on the random distribution of DNA, some vision field was selected
for observation in each sample, and the dominant images was used
to represent the final condition of DNA.

Four possible DNA degradation intermediates (nucleotide bases)
were analyzed using an Agilent 1200 series High Performance
Liquid Chromatography (HPLC) system according to Li et al. (2013).
The nuclease-free water and 0.2 M NaClO4 solutions were used as
blanks and negative controls, respectively. Chromatographic sepa-
ration was performed on an Eclipse XDB C18 column
(4.6 � 150 mm, 5 mm particle size, Agilent, USA) at room temper-
ature. Ammonium acetate solution (Eluent A; 0.6 M) and HPLC
grade acetonitrile (Eluent B) with a volume ratio of 95%:5% were
used as the mobile phases. The flow rate was maintained
throughout at 0.8mLmin�1, the sample injection volumewas set as
5 mL, and the selected detection wavelength was 260 nm. The
standard curve and the linear correlation of the four nucleotide
bases, (cytosine, guanine, adenine and thymine) are given in Fig. S6
and Table S6.

2.6. Statistical analysis

Results are expressed as means ± standard deviations. All the
inactivation experiments including q-PCR ARGs quantification and
bacteria counting were replicated three times, and the differences
in the survival of bacteria and activity of ARGs at different exposure
times were determined by using Excel 2010 (Microsoft Office 2010,
Microsoft, USA).

3. Results and discussion

3.1. Inactivation of ARB and release of associated ARGs

The viability of the ARB E. coli S1-23, with an initial concentra-
tion of 1 � 108 cfu mL�1, was first investigated during PEC, PC and
EC inactivation processes. With very low intensity of UV illumina-
tion and potential bias applied, no obvious cell density decrease
was observed during 14 h of PC or EC treatment (Fig. S7). Similar
results were observed by Dunlop et al. (2015), who found that two
antibiotic resistant E. coli strains, J-53R (rifampicin resistant) and
HT-99 (chloramphenicol resistant), in urban wastewater were also
resistant to PC treatment (Dunlop et al., 2015). Conversely, E. coli
S1-23 could be effectively inactivated by PEC treatment, with a
completely different inactivation tendency as PC and EC treatment.
That is, the cell density of the ARB decreased very slowly during the
initial 3 h treatment. This is due to that the antioxidative enzymes
including catalase and superoxide dismutase were able to defend
against the oxidative stress (Sun et al., 2014, 2016). The inactivation
rate increased very swiftly after 10 h of PEC treatment, resulting in
complete inactivation in this study, which might be caused by the
destruction of the defense system after an overwhelming attack by
the continuously produced reactive species (RSs) (Sun et al., 2014,
2016). The possible reason for a higher PEC inactivation capacity
is the dramatic improvement over the PC treatment by suppressing
the photogenerated hþ and e� recombination in the PEC system
(Baram et al., 2007; Li et al., 2011). In addition, the photocurrent
were also compared in the PC, EC, PEC systems (Fig. S8), which
further demonstrated the superior elimination rate of PEC method.

To find any difference between the ARB and antibiotic suscep-
tible bacteria (ASB) during the PEC inactivation process, the inac-
tivation of E. coli S1-23 and E. coli K-12 was also comparatively
investigated under the same condition. Both strains showed similar
PEC inactivation curves, indicating that ARGs might not affect the
bacterial tolerance to RSs (Fig. S9). This result agrees with a study
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by Tsai et al., who investigated different susceptibilities of ARB and
ASB towards RSs attack. They determined that the susceptibility of
ARB and ASB was mainly dependent on the species of microor-
ganism (Tsai et al., 2010). For example, methicillin-resistant
Staphylococcus aureus (MRSA) and antibiotic-sensitive S. aureus
were equally susceptible to TiO2 photocatalysis, while ARB and ASB
of Acinetobacter baumannii and Enterococcus faecalis showed
different susceptibilities (Tsai et al., 2010).

Previously, we posed a convincing argument that during the PEC
treatment process, bacteria would lose membrane integrity,
thereby releasing cytoplasmic contents and causing DNA to leak out
of the cell, or allowing RSs to penetrate the cell (Sun et al., 2014). As
it is well known, if ARG-containing DNA is still intact during the
treatment process, it could confer resistant genotypes to down-
stream bacterial populations by natural transformation and/or
transduction (Dodd, 2012). As such, the functional integrity of
intracellular and extracellular ARGs was also investigated during
ARB inactivation by PEC method in this work. Additionally, the
changes in ARG copy numbers were quantified using q-PCR, with
the amplification efficiency as follows: blaTEM-1 (E ¼ 94.85%,
R2¼ 0.9995) and aac(3)-II (E¼ 99.67%, R2¼ 0.9989). As Fig.1 shows,
the copy number of total (i.e.: intracellular and extracellular) bla-
TEM-1 and aac(3)-II genes declined from approximately 6 � 107 to
0 copies mL�1 along with the decrease of bacterial cell density
(1 � 108 cfu mL�1) during 14 and 16 h PEC treatment process,
respectively. However, the decrease in copy number of both ARGs
was not always consistent, with a slow decrease during 6e10 h. A
possible reason for this is that a large amount of bacterial debris,
including proteins and RNA, were produced during this period (Sun
et al., 2014) and then oxidized by the RSs produced in the PEC
system, thereby allowing the ARGs to temporarily escape the
intensive RSs attack. Meanwhile, strong stress responses, including
SOS stress responses, envelop stress response and oxidation stress
response, might exist in the remaining bacterial cells (Boor, 2006),
which could protect bacteria from the RSs attack. All bacteria were
inactivated within 10 h, but the blaTEM-1 and aac(3)-II genes were
fully inactivated following another 4 and 6 h of treatment,
respectively, in the study. In contrast, both PC and EC processes had
aweak effect on the functional integrity of the blaTEM-1 and aac(3)-II
genes, which remained in the reaction system even after a pro-
longed 16 h treatment. The PC and EC treatment results are very
similar to those seen with conventional water disinfection
methods. For example, chlorination cannot effectively remove
seven ARGs (blaTEM-1, ampC, aphA2, tetA, tetG, ermA and ermB) and
Fig. 1. Variation tendency of total aac(3)-II, blaTEM-1 gene copy numbers of antibiotic-
resistance bacteria during the PEC, PC, EC processes. The error bars represent the
standard deviation of replicates (n ¼ 3).
even can promote aminoglycoside resistance in drinking water (Shi
et al., 2013). Possible reasons for these phenomena are that the
redox potential of chlorine is too weak to destroy ARG-containing
DNA (Sharma, 2011), or that the frequent occurrence of ammonia
can reduce the ARG inactivation by chlorination (Zhang et al., 2015).
In addition, UV irradiation has little effect on the tetO and tetW
levels (Auerbach et al., 2007) because the damaged, but biologically
active, DNA may be repaired to full activity through either dark or
light repair (Dodd, 2012; USEPA, 2006).

According to our previous study, bacterial intracellular compo-
nents, including DNA that may contain ARGs, could leak into the
extracellular environment during the PEC bacterial inactivation
process (Sun et al., 2014). In this study, prior to treatment,
approximately 2.6 � 105 copies mL�1 of each blaTEM-1 and aac(3)-II
were found extracellularly, which may have leaked from dead cells
or maybe have been actively released by the bacteria (Vorkapic
et al., 2016); while 6 � 107 copies mL�1 of intracellular DNA pre-
sented (Fig. 2 and Fig. S10). During the PC and EC treatment pro-
cesses, the copy number of both intracellular and extracellular
ARGs did not noticeably change (Fig. S10). In contrast, during the
PEC treatment process, the blaTEM-1 and aac(3)-II ARG copy
numbers obviously decreased. Specifically, once the bacterial den-
sity declined, the intracellular and extracellular ARG copy numbers
began decreasing within 4 h (Fig. 2). This indicates that DNA
leakage occurred at a very early stage of bacterial inactivation; or
that inactivation did not occur simultaneously to all bacteria in the
suspension. That is, the structural integrity may vary between
bacteria, even during the same PEC treatment stage. Furthermore,
in this study, it was found that more than 99.9% of the extracellular
ARGs lost their amplification capacity at the beginning of PEC
treatment; however, after 4e6 h, the copy numbers of extracellular
genes began to accumulate again, confirming the leakage of intra-
cellular ARGs into the extracellular space. Subsequently, after
6e10 h, both intracellular and extracellular ARGs copy numbers
stabilized. With further bacterial inactivation, the concentration of
extracellular ARGs surpassed the intracellular ARGs for the first
time. When extending the treatment time to 16 h, no fluorescent
signal was observed in the q-PCR of aac(3)-II and blaTEM-1 ARGs,
indicating that the intracellular and extracellular ARGs were
completely destroyed.

Information provided by q-PCR can indicate if ARGs have been
decomposed and deprived their amplification capacity, which
relatively represents their functional integrity. Nevertheless, inac-
tivated genes might only be fragmented, which potentially allows
for integration or repair by downstream bacteria through natural
Fig. 2. Variation tendency of intracellular and extracellular aac(3)-II, blaTEM-1 gene
copy numbers of antibiotic-resistance bacteria during PEC process. The error bars
represent the standard deviation of replicates (n ¼ 3).



Fig. 3. Electrophoresis gel images of naked DNA containing blaTEM-1 and aac(3)-II ARGs during (a) PEC, (b) PC and (c) EC processes. (M: marker; 0, 1, 2, 3, 5, 8, 11, 15 mean different
treatment, the unit is min).

Q. Jiang et al. / Water Research 125 (2017) 219e226 223
transformation and/or transduction, thereby allowing acquisition
of the antibiotic-resistance genotype. As such, further investigation
into the disruption of dissociative ARGs (regarded as emerging
environmental contaminants) by PEC treatment is needed to
confirm whether ARGs are damaged thoroughly or possibly
mineralized.

3.2. Decomposition of dissociative naked ARG-containing DNA

In this study, the naked DNA extracted from E. coli S1-23 was
Fig. 4. AFM images of naked DNA containing blaTEM-1 and aa
used as the model for dissociative ARGs. Elimination of naked ARG-
containing DNA during the PEC, PC, and EC processes was first
assayed using agarose gel electrophoresis. The genomic DNA
showed a bright band prior to treatment, while no bright bands
were observed during the entire PEC treatment process, even after
the first minute of treatment (Fig. 3a). These results illustrate that
the structure of dissociative DNA can be rapidly and completely
damaged without leaving small intact fragments. Additionally, the
structure of the DNA strands during PEC treatment was character-
ized using AFM. As shown, prior to treatment, the strand structure
c(3)-II ARGs before or after PEC, PC and EC treatments.
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was noticeable in the DNA samples, with some DNA aggregating as
it interacted with the negatively charged mica slide (Fig. 4 and fig.
S11), as reported by other people (Thundat et al., 1994). During PEC
treatment, only a small part of the strand structure remained after
Fig. 5. Electrophoresis gel images of PCR-amplified produc
1 min; and after 2 min the DNA strands were fully destroyed.
In addition, HPLC was employed to quantitatively analyze

possible intermediates resulting from PEC, PC and EC treatments,
including the four nucleotide bases cytosine, guanine, adenine and
ts for blaTEM-1 ARGs during PEC, PC and EC processes.
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thymine, which are the building blocks of DNA. No chromato-
graphic peak was observed in the blank nuclease-free water control
(Fig. S12). For 0.2 M NaClO4 electrolyte and naked DNA without
treatment controls, only one chromatographic peak appeared at a
1.4 min retention time, which belonged to NaClO4. No other peak
assigned to DNA was observed, indicating that the experimental
conditions in this study are applicable to the quantitative detection
of cytosine, guanine, adenine and thymine. Similar to the non-
treated DNA sample, no chromatographic peaks existed during
the entire PEC treatment process (Fig. S12a), indicating that no
cytosine, guanine, adenine or thymine was produced during PEC
treatment. Thus, these results further proved that the DNA was
thoroughly damaged, or even mineralized, by PEC treatment. To
some extent, this differs from our previous work (Sun et al., 2014),
inwhich although the band of genomic DNA still existed after 2 h of
PEC bacterial inactivation, its intensity gradually decreased and the
DNA band completely disappeared after 5 h. The reason for the
prolonged elimination of the DNA bands in the previous study
might be due to the bacterial cell wall conferring protection against
RSs penetration into the intracellular space, thereby avoiding direct
DNA oxidation. In addition, during the previous bacterial inactiva-
tion process, the decomposition of DNA and its leakage from bac-
teria were in a dynamic equilibrium, which slowed the elimination
of total DNA. However, in this study, the extracted DNA is not
protected by the bacterial cell wall and is directly exposed to the
RSs attack.

In contrast, the bright band of DNA persisted throughout the PC
(Fig. 3b) and EC (Fig. 3c) treatments, and showed a slight migration
due to the formation of larger-scale higher molecular weight DNA
aggregates. This indicates that destruction of the extracted DNA
was not accomplished by these two methods, which was further
proved by AFM. As AFM images show, with the extension of PC and
EC treatment time, the sample distribution density increased and a
large-scale aggregate was formed (Fig. 4). Similar results were also
observed by Nowicka et al., who also found that the DNA confor-
mation converted and aggregated with the increased H2O2 con-
centration in the Fenton system (Nowicka et al., 2013).
Nevertheless, different from the current work, the �OH that origi-
nated from H2O2 could further induce aggregates of calf thymus
DNA in gold substrate to become smaller, dispersed fine-grain
structures. This discrepancy may be due to the structural differ-
ences between calf thymus DNA and E. coli genomic DNA.
Furthermore, AFM results generated by Liu et al. showed that most
plasmid DNA molecules were opened, relaxed circles after 20 min
of illumination in a PC system using Ag/AgBr/TiO2 as a catalyst, with
linear DNA molecules appearing after 40 min of treatment (Liu and
Zhang, 2015). While, considering lower energy consumption, it is
not suitable to use higher intensity of UV light intensity. Further-
more, the PEC process which combined the UV light and potential
bias has superior capability to eliminate ARGs to the combined PC
and EC process. Therefore, with same energy input, PEC could
contributed higher efficiency than both combined or separated PC
and EC process.

3.3. Destruction of ARG structure and function

Considering that the structural integrity of the naked DNA was
damaged during PEC treatment, it is reasonable to suppose that the
ARG-containing DNA may be deprived of its ability to control and
disseminate antibiotic resistance traits; therefore, its function
during PEC treatment was further investigated. Both the original
template DNA and the ARG amplicons (b-lactamases blaTEM-1 and
aminoglycosides aac(3)-II) were successfully detected prior to
treatment (Fig. 5 and Fig. S13). After 1 min of PEC treatment, the
blaTEM-1 or aac(3)-II ARG amplicons were no longer observed,
implying that the function of the DNA fragments encoding the
ARGs were completely destroyed. Similar results were also found
for the PC and EC systems, indicating that the naked ARGs without
cell wall protection are more vulnerable to damage. In an adverse
environment, living bacteria would initiate stress responses
through alteration of their gene expression. For example, DNA
damage responses could help bacteria to monitor and restore the
integrity of their genome, as well as coordinate DNA repair with
other cellular processes, such as cell division and growth (Williams
and Schumacher, 2016). Several major regulators of E. coli,
including OxyR, SoxRS, and RpoS, could be activated during oxida-
tive stress. OxyR and SoxR undergo conformational changes when
the bacteria is oxidized in the presence of H2O2 and �O2

�, respec-
tively (Chiang and Schellhorn, 2012). Comparatively, in this study,
the dissociated naked ARGs, as environmental contaminants, could
also be easily damaged by PEC treatment due to its strong oxidation
capability. However, the electrophoresis results during PC and EC
treatment also exhibit different patterns from PEC (Fig. 5 and
Fig. S13). That is, when the PEC treatment time was prolonged to 2
or more min, no obvious DNA template bands were observed,
indicating not only that the ARG fragments were destroyed and
deprived of amplification function, but also that the structure of the
DNA template was fully damaged. In contrast, in both PC and EC
systems, the PCR DNA template bands were always present
throughout the investigation, although they were slightly different
from the untreated DNA with lower molecular weight. This might
be because the PC and EC treatments could only destroy the func-
tional integrity of ARGs, with a limited capability to destroy the
total DNA structure. These results were further confirmed by AFM
(Fig. 4). Overall, the structural integrity of ARG-containing DNA
samples could be damaged by the PEC, PC and EC processes, with
the PEC treatment resulting in particularly extreme DNA damage
that might be irreversible and permanent.

4. Conclusions

In sum, PEC treatment based on semiconductor TiO2 nanotubes
could effectively inactivate antibiotic-resistance bacteria and lead
to intracellular and extracellular leakage of ARGs into the envi-
ronment. During the ARB inactivation process, intracellular and
extracellular blaTEM-1 or aac(3)-II ARGs could be fully destroyed by
depriving them of their amplification functionality. Moreover, the
dissociative naked ARG-containing DNA, a model for emerging
environmental contaminants, could also be quickly eliminated by
PEC, PC and EC treatment, due to their lack of a protective bacterial
cell wall. Comparatively, the PEC method possessed a higher attack
capacity, which fully decomposed ARG-containing DNA without
producing intermediates. Therefore, the present study illustrates an
effective water disinfection technology and also introduces an
effective technique to control the development and propagation of
ARB and ARGs.
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