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GRAPHICAL ABSTRACT

¢ 280 nm ultraviolet/persulfate in-
duces moderate transformations of
ciprofloxacin.

e The transformations involve break-
ages of piperazine ring and quinolone
backbone.

e The incomplete transformations
reduce the antibacterial activity of
ciprofloxacin.

e The response of E. coli protein
network is evaluated by iTRAQ-based
proteomic.

e Degraded CIP induces less stress on
the metabolic process than intact CIP.
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In this study, the degradation of ciprofloxacin (CIP) was explored using ultraviolet activated persulfate
(UV/PS) with 280 nm ultraviolet light-emitting diodes (UV-LEDs), and the toxicological assessment of
degrading intermediates was performed using iTRAQ labeling quantitative proteomic technology. The
quantitative mass spectrum results showed that 280 nm UV/PS treatment had a high transformation
efficiency of CIP ([CIP] = 3 pM, [S208] = 210 pM, apparent rate constants 0.2413 min~'). The high
resolution mass spectrum analyses demonstrated that the primary intermediates included C;5H16FN303
(m/z 306.1248) and C17H1gFN304 (m/z 348.1354). The former one was formed by the cleavage of piper-
azine ring, while the later one was generated by the addition of a hydroxyl on the quinolone backbone.
The toxicological assessment demonstrated that 56 and 110 proteins had significant up regulations and
down regulations, respectively, in the Escherichia coli exposed to degraded CIP compared to untreated
CIP. The majority of up-regulated proteins, such as GapA, SodC, were associated with primary metabolic
process rather than responses to stress and toxic substance, inferring that the moderate UV/PS treatment
can reduce the antibacterial activity of CIP by incomplete mineralization. Consequently, these results
provided a novel insight into the application of UV-LED/PS treatment as a promising removal method-
ology for quinolones.
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1. Introduction

Quinolones are used as common antibiotics for the treatments
of human and animal diseases worldwide. Unfortunately, the
robustness of quinolones against conventional microorganism-
based wastewater treatment plants resulted in their undesired
discharge into natural water bodies (Lapara et al., 2011; Qinqin
et al., 2014). Recently, numerous researchers have found that
quinolones in the environment aggravated several ecological
problems, such as the increase of antibiotic resistance in bacteria
(Oberlé et al., 2012), the physiological teratogenesis of plants/algae
(Ludmilla et al., 2010) and the chronic genotoxicity/carcinogenic
potential to organisms (Min et al., 2014). It was reported that the
removal of quinolones in wastewater treatment plants was mainly
due to their sorption onto activated sludge but not biodegradation
process (Zhou et al., 2013). Therefore, worldwide researchers
attempt to develop cost-effective non-biological treatment
methods for quinolones.

Various advanced oxidation processes (AOPs), such as ozonation
(Liu et al., 2012), Fenton oxidation (Pi et al., 2014a), TiO, photo-
catalysis (Doorslaer et al., 2013) and ultraviolet/H,0, (UV/H,0;)
process (Ou et al., 2016), were proved to be effective. Recently,
activated persulfate (PS, S,04~) oxidation is considered as an
alternative AOP due to its simple operation, high oxidizability and
wide application. Heating, UV illumination and ferrous ion all can
activate PS to generate sulfate radical (SO4-~, E® = 2.65—3.10 V)
(Avetta et al., 2014). Once the SO4-~ is generated, it can induce a
chain of reactions involving the formation of other active species

(Egs. (1)=(5)).

S,0%8~ + hv — 2-S0z (1)
-S0; + OH™ — SOF + -OH (k=6.5 x 107 M 1s71) (2)
:OH + -OH — H303 (k=55 x 10° M~ ' s71) (3)
OH + -SO7 — HSO35 (k=11 x 10°M~1s™1) (4)
HSO5 + -OH — -SO5 + Hy0 (k= 1.7 x 10’ M1 s 1) (5)

Besides SO4-~, hydroxyl radical (OH-) was confirmed to be
responsible for the degradation of quinolones in heating-PS system
(Ji et al., 2014), but it was reported that UV-A (365 nm) activated
SO4-~ had a low reaction rate with quinolones (An et al., 2010).
Since quinolones have a significant absorption at ~275 nm UV-C
(Ou et al.,, 2016), UV-C/PS may induce a multiple degradation,
including photolysis and radical oxidation, of quinolone, which can
be more efficient than heating, ferrous ion or UV-A activated PS. It
was reported that the 254 nm UV/PS had a higher efficiency than
UV/H;0, for quinolones removal in distilled water or wastewater
(Mahdi-Ahmed and Chiron, 2014). However, the further identifi-
cation of degrading intermediates and the safety of UV-C/PS
degrading quinolones are still unknown.

In actual water treatment, full mineralization of antibiotics will
likely be infeasible due to the competitive reactions of various other
contaminants (Dodd et al., 2009). Furthermore, the operational cost
also limits the degradation level of targeted antibiotics. Therefore, a
moderate degradation may be feasible. The degrading intermediate
determination and relevant toxicological evaluation can be used to
support this application prospection. To this end, a series of tradi-
tional toxicological evaluation techniques, such as antibacterial
activity assay, were applied to investigate the toxicity of degrading
intermediates at cellular level (Paul et al., 2010; Rodrigues-Silva
et al.,, 2013). However, these studies provided limited information
regarding to the negative impacts of intermediates on molecular

and metabolic functions. Furthermore, whether the generated
products have specific toxic activities against human and other
species in environment is also needed to be evaluated (Brienza
et al.,, 2016). The action mechanism of quinolones involves a se-
ries of interactions with specific functional proteins and metabolic
pathways, thus, the safety assessment of their degrading reactions
required a global investigation in the perspective of protein
network level.

Within the last decade, the development of isobaric tags for
relative and absolute quantitation (iTRAQ) labeling quantitative
proteomic technology provides us with a novel and powerful
technique that can identify, characterize, and quantify protein
expression in cells, tissues or organisms under given conditions.
Several researches already focused on applying quantitative pro-
teomic to screen useful genes and proteins for specific chemical
compound degradation in functional microbes (Kjeldal et al., 2015),
or to perform the toxicology and risk assessment of environmental
contaminants (Liu et al., 2016). However, there is no study which
uses iTRAQ proteomic for the safety evaluation of a water treatment
method. The potential findings in regard to the safety of degrading
intermediates on protein network level can provide guidance for
the regulation of reaction extent from complete mineralization to a
moderate degradation, which may reduce the energy and chemical
consumption.

In our previous study, the 280 nm irradiation was proved to have
the highest degrading efficiency of ciprofloxacin (CIP) among
255—365 nm ultraviolet light-emitting diodes (UV-LEDs) (Ou et al.,
2016). Therefore, the 280 nm UV-LED was deliberately used to
activate PS in this research. The degradation effectiveness and in-
termediates were determined using high resolution mass spectrum
(HRMS), and the iTRAQ proteomics analysis was used to evaluate
the impact of CIP and its degrading intermediates on Escherichia
coli. This study was expected: (1) to describe the degradation
pattern of CIP in the 280 nm UV/PS system, (2) to explore the po-
tential application of iTRAQ proteomics for the safety evaluation of
AOPs, and (3) to prove the feasibility of applying moderate degra-
dation for quinolone elimination.

2. Methods
2.1. Chemical reagents

All chemical reagents in the study were of the highest purity
available (Text S1).

2.2. UV-LED micro-module and degradation experiments

A UV-LED irradiation micro-module was designed and assem-
bled. The detailed structure and constitution of this device were
described in our previous study (Ou et al., 2016). The irradiating
intensity of the UV-LEDs were measured using a HAAS-3000 light
spectrum irradiation meter (Everfine, China). The average irradia-
tion intensity of the 280 nm UV-LED chips was 0.023 mW cm 2 at
the surface of the reaction solution. The irradiation dose was
calculated as:

Dose = Int x T (6)

where Int is the irradiation intensity and T stands for the irradiation
time (s), and the irradiation dose has a unit of mJ cm~2.

Twenty milliliters of CIP solution at 1 mg L~ (3 uM) was spiked
into the quartz vessel. In the UV/PS experiments, the initial con-
centration of NayS;0g was in the range of 10—200 mg L!
(42—840 pM). The solution was maintained at 25 + 2 °C,

pH = 6.8-7.2, and its uniformity was achieved by shaking the
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vessel at 60 r min~L The reaction was initiated by turning on the
UV-LED array. At a pre-defined time, ascorbic acid, at a concen-
tration that was stoichiometrically equivalent to the initial Na;S;0g
dose, was added to stop the reaction. Afterwards, 20 mL of the
sample was transferred into a brown amber tube and then stored at
4 °C before sample analysis. The UV-only and PS-only control ex-
periments were included in the experimental design. In the influ-
ence factors experiments, the solution pH was adjusted using a
5.0 mM phosphate-buffered solution, and predetermined amount
of NaCl, NaHCO3, Na,;SO4 or humic acid was added into the solution.

2.3. Ion chromatography and total organic carbon (TOC) analyses

The determination of F~ and NO3 was performed using an ICS-
2500 analyzer (Dionex, USA) with an ED50A detector. A DIONEX
IonPac® AS15 column was used with 30.0 mM NaOH solution as the
mobile phase. Furthermore, the TOC was measured using a Liquid
TOC trace analyzer (Elementar, Germany).

2.4. Qualitative and quantitative analysis of CIP and its
intermediates

The identification of intermediates was performed using a Tri-
pleTOF 5600+ HRMS (Applied Biosystems SCIEX, USA). The quan-
titative analysis of CIP and degrading intermediates was performed
using a TripleQuad 5500 tandem mass spectrometer (Applied
Biosystems SCIEX, USA). The detailed operational procedure and
parameters are presented in Text S2.

2.5. Proteomics analysis preparation

In the proteomics analysis, E. coli ATCC11303 was used as the
model microorganism, which was inoculated into 100 mL culture
medium at 100 r min~' for 12 h. Subsequently, the cells were
separated from the medium by centrifugation at 3500g for 10 min
and were washed three times. The cells at 0.1 g L~! were inoculated
into 20 mL medium containing (in mg L’1) 30 KHzPQOy4, 70 Nadl, 30
NH4CI, 10 MgS0y4, 30 beef extract, 100 peptone and 1 CIP or its in-
termediates in the dark at 25 °C on a rotary shaker at 100 r min~!
for 24 h. After exposure, the cells were separated and washed using
phosphate buffer solution for protein extraction. The further pro-
tein extraction procedure is presented in Text S3.

2.6. Protein digestion, iTRAQ labeling and analysis

Briefly, proteins from each sample were reduced with 10 mM
dithiothreitol for 1 h at 37 °C. The cysteines were blocked with 1 pl
blocking reagent for 10 min at room temperature. The protein
samples were added in 10 KD Amicon Ultra-0.5 centrifugal filter
devices, followed by centrifugation at 12,000 r min~' for 20 min.
After removal of the liquid, the samples in filter devices were
digested by 50 pl trypsin at 4% w/w overnight at 37 °C. Subse-
quently, the samples were centrifuged, and 1 pg trypsin was added
to each filter for 2 h. After centrifugation, liquid in the collection
tube was collected.

The tryptic peptides were labeled with iTRAQ reagent multiplex
kit according to the manufacturer's instructions. Subsequently, the
labeled peptides were dried in a vacuum concentrator. The samples
were then resolved with solution containing 2% v/v CAN and 0.1% v/
v formicacid, centrifuged at 12,000 r/min for 20 min, and detected
by a TripleTOF 5600+ HRMS (Applied Biosystems SCIEX, USA)
equipped with a Nanospray Il source and a NanoLC 400 system. All
HRMS data were combined to search the NCBI database (http://
www.ncbi.nlm). To avoid false positives, the identified proteins
were subjected to an in-house BLAST search at NCBI to confirm the

matches. The detailed information of further protein identification
is presented in Text S4.

2.7. Inhibition halo experiment

The inhibition halo experiment was performed to evaluate the
reduction of antibacterial activity. The agar plates were inoculated
with 1.2 x 108 CFU mL~! E. coli, and parallel 10-pL treated samples
were separately spiked on agar plates. The plates were then
cultured at 37 °C for 24 h, and the inhibition halo diameter was
measured.

3. Results and discussion
3.1. Degradation kinetics

The degradation efficiencies in the UV-only, PS-only and UV/PS
experiments are presented in Fig. 1a. A slight variation in the CIP
concentration was observed in the PS-only experiment, indicating
that inactivated PS had a negligible effect on CIP. To the contrary,
illumination at 280 nm UV resulted in a significant decrease of CIP.
For 3 pM (1 mg L™1) CIP, the removal effectiveness reached ~70%
after 60 min irradiation. Furthermore, the treatment using 280 nm
UV/PS was more effective than UV-only treatment, and its removal
efficiency reached ~97% within 20 min. Based on the fitting calcu-
lation, the degradation of CIP by 280 nm UV/PS was confirmed to be
a pseudo-first order reaction. The related kinetics curves are pre-
sented in Fig. 1b. The apparent rate constant of UV-only treatment
was 0.0247 min~', and the half-life of CIP was 28.1 min (Table S1).
Compared with the results of the UV-only experiments, the
apparent rate constant in the UV/PS system increased to 0.2442
min~! with a half-life of 2.8 min, which may be ascribed to the
promotion of SO4-~ oxidation. The degradation efficiencies and
kinetics in the experiments involving different influence factors are
presented in Text S4.

The variation of TOC is presented in Fig. 1c. For a 3 uM CIP so-
lution, the TOC was 0.593 + 0.061 mg L~! at the initial time. After a
reaction time of 60 min, only a slight variation of TOC was observed
in the 280 nm UV/PS system. This low mineralization efficiency
indicated that UV/PS oxidation induced an incomplete trans-
formation of CIP. Since CIP contained one fluorine atom and several
nitrogen atoms (Fig. S2), the formation of inorganic anions, such as
F~ and NOg3, can also describe its transformation pattern in the UV/
PS system. The variations of F~ and NO3 are shown in Fig. 1d. The
dosage of F~ increased from 0 to 0.027 mg L™, suggesting a fracture
of C—F bond in CIP. Theoretically, 3 uM CIP contained 0.057 mg L}
fluorine, which was higher than the observed F~ dosage. Further-
more, only a slight increase of NO3 was observed, implying that the
C—N bonds in CIP were still remained. These ion chromatography
results also proved an incomplete mineralization of CIP, which may
generate various oxidized intermediates.

3.2. Degradation intermediates and generating mechanism

According to the published studies, three sites in CIP, including
the C—F bond, the C=C bond in the quinolone moiety and the
piperazine ring, can be attacked by the free radicals generated in
the UV/ferrous-activated PS systems (Ji et al., 2014; Mahdi-Ahmed
and Chiron, 2014). The screening of potential intermediates from
the HRMS data was based on the possible transformations of these
sites. Eventually, six steady intermediates were confirmed in the
280 nm UV/PS system. They were identified as Cy5H16FN303
(product A, m/z 306.1248), C17H1gFN304 (product B, m/z 348.1354),
C15H1gFN303 (product C, m/z 308.1405), C17H1gFN305 (product D, m/
z330.1248 ), C17H19N304 (p[‘OdLlCt E, m/z 330.1448) and C]7H]6FN304


http://www.ncbi.nlm
http://www.ncbi.nlm

314 J.-s. Ye et al. / Chemosphere 165 (2016) 311-319

(product F, m/z 346.1198) (Scheme 1). The observed MS? spectra
and related information of these products are presented in
Figs. S3—S8 and Table S5.

Product A (Fig. S3) had a MW of 305.1176 Da, which was re-
ported to be formed through the cleavage of CoH, from the piper-
azinyl moiety (Pi et al., 2014b). Product B (Fig. S4) had a MW of
347.1281 Da. It was reported that product B may have a hydroxyl
substitution at Site 10 of CIP (Mahdi-Ahmed and Chiron, 2014). The
further oxidation of product B on the C=C bond of quinolone
moiety may form product C (Fig. S5), which had a MW of
307.1332 Da. Product D (Fig. S6) and product F (Fig. S8) may be the
oxidized products on the piperazine ring of CIP, and the product E
(Fig. S7) may have a hydroxyl substitution at side 5 on the C—F
bond. These results indicated that UV/PS oxidation mainly induced
transformations of the peripheral moieties. In the previous study
(Ou et al., 2016), only products A, B and E were observed in the
280 nm UV-only system, suggesting that products C, D and F were
the characteristic intermediates in UV/PS oxidation of CIP.

The relative intensity variations and abundance variations of
these intermediates are presented in Fig. 2. The dominating in-
termediates were product A and product B. The intensity of product
A increased to approximate 1.2 x 108 at 10 min and then showed a
decreasing tendency. Furthermore, the intensity of product B
showed a slower increasing tendency with a maximum of
2.4 x 10° at 20 min. Undoubtedly, the hydroxyl addition at Site 10

(a) Residual percentage

—O—PS only
~/\—UuviPs

60—%
o]
20+ l

clc (%)

of | hA——a 4
T T T T T T T
0 10 20 30 40 50 60
Time (min)

(c) Total organic carbon

80 —{ UV only
7 —O—PS only
-\~ UVIPS
g 60~
oo
© 404
20+
0 T T T 4 T T T
0 10 20 30 40 50 60

Time (min)

and the breakage of piperazine ring were the dominant trans-
formations in terms of the relative intensity in 280 nm UV/PS
treatment. The four other intermediates were the minor products.
Among them, product C increased to 4.5 x 10% at 30 min, and
maintained at 3.2 x 10 within 60 min. Products D and E both had
maximum values at 5 min. The intensity of product F increased to
2.2 x 10* at 30 min and disappeared at 60 min. These results also
confirmed the proposed generative pathways from product B to
product C, and from product D to product F. Of note, all these
products were also observed in the 280 nm UV-LED/H,0; system;
however, the abundance distribution was different (Ou et al., 2016).
In the UV-LED/H;0, system, the dominating product was product B,
while product A was the minor one, which may be attributed to the
different reaction mechanisms between 280 nm UV/H,0, and UV/
PS. In the UV/H,0; system, OH- oxidation was the main reaction. In
the UV/PS system, the selective electron-transfer reaction of SO4-~
was dominating, which generated OH- and other oxidizing agents
(Neta et al., 1977). Therefore, the degradation of CIP may be a
complex process, which included the reactions between CIP and
OH-, SO4- 7, etc.

3.3. Proteome analysis

To reveal the safety of degrading intermediates, the proteomic
analysis of E. coli, which involved biomarkers, protein expression

(b) Kinetics

Infc/c)

54 O Uuvonly, R’=0.9976 a
[J uvPs, R =0.9989 =
-6 T T T T T T T
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Time (min)
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. F
EENo,
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Fig. 1. Basic degradation efficiency of ciprofloxacin. Experimental conditions: solution temperature 25 + 2 °C, pH 6.8—7.2, [ciprofloxacin]o = 3 pM, [S;03]o = 210 uM (in PS-only
and UV/PS experiments). All the experiments were carried out in triplicate with error bars representing the standard error of the mean.
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and cellular metabolism networks, was investigated. Among 1102
quantifiable identified proteins, 56 and 110 proteins had significant
up-regulated expression and down-regulated expression, respec-
tively, in the E. coli exposed to 30 min UV/PS degrading CIP
compared to untreated CIP (both [CIP]g = 3 pM, Table S7). The
functional categories of these proteins in Panther database were
annotated to verify their biological functions. In the molecular
functions, 22 up-regulated expression proteins (Fig. 3a and
Fig. S9a), including GapA and SodC, were hydrolase, isomerase,
lyase, oxidoreductase and transferase those participated in catal-
ysis. GapA is a glycolytic enzyme converting glyceraldehyde-3-
phosphate to 1,3-bisphosphoglycerate for energy generation
(Sangolgi et al., 2016). This housekeeping protein is essential for the
maintenance of basic cellular functions and the upward expression
in healthy situations (Liu et al., 2015). SodC is important for elim-
inating hydrogen peroxide and superoxide anion (Ribeiro et al.,
2015). Therefore, their enhanced abundance indicated the
improvement of cellular metabolism in E. coli exposed to degrading
CIP.

Except for some proteins with unknown functions, the other 16
up-regulated expression proteins were related to antioxidation,
transport, binding, molecular structure and translation regulator
activity (Fig. 3a). Five of them, including PstS, YadG, ArtP, AtpC and
DppD, were associated with substrate transport. Furthermore, PstS,
YadG, ArtP and DppD are the ATP-binding cassette (ABC) trans-
porters responsible for transporting various substrates across
membranes (Yang and Driessen, 2015). KEGG Motif search identi-
fied that YadG, ArtP and DppD had 13 (Fig. S10a), 13 (Fig. S10b) and
8 (Fig. S10c) motifs, respectively. Since both ATPases associated
with diverse cellular activities (AAA) domain and ABC domain were
related to substrate binding (Zhang et al., 2016), the up-regulated
synthesis of these transporters with various substrate binding do-
mains suggested that the substrate transport and metabolism of
E. coli exposed to degrading CIP were significantly improved.

Compared to the up-regulated proteins, some down-regulated
proteins were also acted as deaminase and ligase that partici-
pated in catalysis (Fig. 3a and Fig. S9a). Riboflavin biosynthesis
protein RibD was a deaminase, acting as the central component of
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the cofactors flavin mononucleotide and flavin adenine diucleotide,
which were the ligand of pyruvate dehydrogenase and succinate
dehydrogenase (Gudipati et al., 2014). None significantly differen-
tiated synthesis of pyruvate dehydrogenase E1 component and
NAD(P)H-flavin reductase indicated that the decreased formation
of RibD did not trigger the decline of riboflavin production. The
down-regulated ligases included valine-tRNA ligase ValS and
serine-tRNA ligase SerS, which catalyzed the attachment of valine
and serine to tRNA. They played important roles in DNA translation
and protein formation (Iwawaki and Tokuda, 2011). Their decreased
formation was one of the reasons why the synthesis of some pro-
teins those regulated by ValS and SerS significantly reduced in the
current study.

When classified the protein functions based on the biological
processes, the categories of the up-regulated proteins were meta-
bolic process, localization, cell communication, biological regula-
tion and stimulus response (Fig. 3b). The metabolic process was
mainly related to primary metabolic process, phosphate/nitrogen-
containing compound metabolic process, biosynthetic process,
catalytic process, vitamin metabolic process, precursor metabolites
and energy generation (Fig. S9b). This finding inferred that the
toxicity of the degrading products of CIP was significantly
decreased because most of the up-regulated proteins were associ-
ated with the primary metabolic process rather than the responses
to stress and toxic substance. Although the decreased expression
proteins also exhibited similar biological processes, the detailed
pathways they involved were different (Fig. 3b and Fig. S9b).

To confirm this inference, the interactions in biological networks
among proteins were investigated through String analysis (string-
db.org) at high confidence. No up-regulated synthesis proteins
enriched in some networks (Fig. S11), whereas, several interactions
among partial down-regulated proteins were found (Fig. 4).
Seventeen down-regulated proteins, especially the key node pro-
teins Lon, Hfq, Tig, Obg, SecA and SecF, were enriched in the first
network that mainly involved: (1) the export of protein across the
cell membrane, (2) the control of stress response, cell cycle and
ribosome biogenesis, (3) the degradation of abnormal proteins and
RNA expressed under stresses, (4) the regulation of mRNA

Mass: 329.1376

Mass: 307.1332
C15H1gFN3O3
m/z = 308.1405

Mass: 347.1281
C17H1gFN3O4
m/z = 348.1354

Ciprofloxacin
C47H1gFN3O3
m/z = 332.1405

Mass: 305.1176
C15H16FN3O3
m/z = 306.1248

C17H1gN304 A
m/z = 330.1448
A o e
/ Mass: 331.1332 N

Q \ F.
,,,,,,,,,,,,,, . ‘ OH
Mass: 329.1176 : AN N

Cy7H1FN305 N [~
m/z = 330.1248 H~
Mass: 345.1125

C17H16FN3O4
m/z = 346.1198

Scheme 1. Proposed generative pathways for the ciprofloxacin intermediates after 280 nm UV/PS treatment.
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Fig. 2. Relative intensity and abundance variations of observed intermediates after 280 nm UV/PS treatment. The relative intensity indicates the peak area of extract ion chro-

matogram from MS/MS data, which has a dimensionless unit.

translation in response to envelope stress. The decreasing expres-
sion of these proteins in response to toxic stresses confirmed that
the abnormal expression of proteins and RNA obviously reduced,
indicating the toxicity of UV/PS degrading CIP was significantly
lower than that of intact CIP.

The second network, containing proteins Tmk, ThyA, FolD, FolA,
PurK, Amn, PurB and DeoD, was primary associated with purine
and pyrimidine metabolism, decreasing the transformation of

(a)

Up-regulated

uBinding

u Catalysis

= Structural molecule
Down-regulated .

= Translation regulator
u Transporter

u Antioxidant

Up-regulated

u Biological regulation
u Cellular process
Down-regulated o

u Localization

u Metabolic process

u Response to stimulus

Fig. 3. Function categories of differently expressed proteins in Escherichia coli after
exposure to 30 min UV/PS degrading ciprofloxacin compared to untreated ciproflox-
acin. Experimental conditions: solution temperature 25 + 2 °C, pH 6.8-7.2,
[ciprofloxacin]o = 3 uM, [S;03]o = 210 uM. (a) Molecular function of up-and down-
regulated synthesis proteins, (b) Biological function of up-and down-regulated syn-
thesis proteins.

adenine, hypoxanthin, adenosine 5'-monophosphate, deoxy-
adenosine, deoxyguanosine (Fig. S12) and deoxythymidine 5'-
phosphate (Fig. S13). Therefore, the low expression of these pro-
teins illustrated that it was unnecessary for cells to generate more
energy to maintain cellular metabolism under the exposure to UV/
PS treated CIP. The third network (NarG, NuoA, NuoC and DmsB)
was also related to the decreasing energy metabolism, which
further confirmed the above results. Both respiratory nitrate
reductase 1 alpha chain (NarG) and dimethyl sulfoxide reductase
chain B (DmsB) serve as reductases under anaerobic condition,
catalyzing nitrate to nitrite, and dimethyl sulfoxide to dimethyl
sulfide (Bouchal et al., 2010; Gonzalez et al., 2013), respectively. The
down regulation of the proteins in this network indicated a
decreasing energy metabolism of cells exposed to UV/PS degrading
products both in aerobic and anaerobic conditions.

3.4. Antibacterial activity

E. coli was used as the reference organism for the estimation of
the residual antibacterial activity. The variation of antibacterial
activity of the treated CIP solution was determined qualitatively by
measuring the inhibition halo diameter. The typical results are
presented in Fig. 5, where the diameter of inhibition halo decreased
from 21 mm (control) to 9 mm (10 min), and finally disappeared
after 20-min reaction, suggesting a total elimination of antibacterial
activity. Similar antibacterial activity reduction of incomplete
degrading antibiotic was reported in the studies using quantitative
assessments (Dodd et al., 2009; Cai and Hu, 2016). Since no
mineralization was observed (Fig. 1c), the elimination of antibac-
terial activity was attributed to the transformation of CIP.

CIP is supposed to interact with two targets, DNA gyrase and
topoisomerase IV, resulting in DNA replication failure. The quino-
lone backbone is the basic framework, while the peripheral moi-
eties play different roles in antibacterial activity. According to the
HRMS results, products A and B were the primary intermediates.
The piperazine ring can directly interact with DNA gyrase or
topoisomerase IV (Ma et al., 1999), thus, the fracture of it (product
A) may have significant suppression on the antibacterial activity.
Since Site 10 at CIP is very close to the site for DNA gyrase (or
topoisomerase IV) binding, the addition of a hydroxyl to this site
(product B) can also inhibit the antibacterial activity (Domagala,
1994). Furthermore, the carboxyl group is important for cleaving
or perturbing DNA (Tillotson, 1996). The consecutive oxidation of
product B to form product C resulted in damage of carboxyl group,
which had a significant inhibition of antibacterial activity. However,
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Fig. 4. Biological networks of down-regulated synthesis proteins in Escherichia coli exposed to UV/PS degrading ciprofloxacin compared to untreated ciprofloxacin.

in comparison with CIP, the exposure of E. coli to UV/PS degrading
products did not trigger the significantly differentiated expression
of DNA gyrase subunit A and B, DNA topoisomerase 1 and DNA
topoisomerase 4 subunit A in the current study, which is not
consistent with these earlier findings. CIP exhibited inhibitive effect
on 110 significant down-regulated expression proteins (Table S7),
suggesting that DNA gyrase and topoisomerase IV may not be the
most sensitive targets. The influence of CIP on proteins not just
limited in the scope of some target molecules but a whole protein
network and various metabolism pathways.

(a) Control (c) 10 min

-

(b) 5 min

® 45 min

(d) 20 min (e) 30 min

Fig. 5. Escherichia coli inhibition halo at different times of 280 nm UV/PS treatment.
Initial Escherichia coli dosage = 1.2 x 10% cfu mL~".

3.5. Cost evaluation

The results of the UV-LED/PS treatment in terms of the removal
efficiency and antibacterial activity reduction were observed to be
rather good. However, its energy and material cost still need to be
evaluated. The electrical energy per order (EE/O) value was used.
The EE/O is defined as the electrical energy in kilowatt per hours
(kWh) required to degrade a specific contaminant by one order of
magnitude in 1 m® contaminated water or air. Generally, EE/O can
be calculated using Eq. (6).

Pt

EE/O = 50V (7)
where P is the total electrical power used for the treatment (kW); t
is the irradiation time (h); and V is the volume of treated water
(m?). Detailed procedure of the calculation method was reported in
Ref. (He et al., 2013). The electrical energy cost values (EE/O_¢) were
calculated to be 0.01155 and 0.00086 kWh m> order!, respec-
tively, for the 280 nm UV-LED-only and UV-LED/PS
([S2087] = 210 puM) treatment (Table S6). For UV-LED/PS treat-
ment using different dosage PS, the chemical oxidant cost values
(EE/O., the cost of PS) increased from 0.0043 to 0.0867 kwh m~3
order~! when [S,03] increased from 42 to 840 pM.

The EE/O value was calculated by taking into account the EE/O_¢
and the EE/O_.. Thus, it can be used to represent the overall cost and
to guild the optimization. Obviously, the addition of PS consumed a
large proportion of cost in total EE/O. The EE/O.. consumed 84.7%
and 96.4% in the UV-LED/PS treatment using 84 and 210 uM PS,
respectively. And this ratio continuously increased when PS dosage
increased. Of note, the total EE/O of UV-LED/PS treatment using
84 pM was 0.01038 kWh m~> order~!, which was lower than the
total EE/O of UV-LED only treatment. However, the EE/O of UV-LED/
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PS treatment using 210 pM was 0.02253 kWh m~> order™ . These
results indicated that the overall cost of UV-LED/PS treatment can
be adjusted by changing the addition dosage of PS. Compared with
UV-LED/H,0, treatment (0.00643 kWh m™> order ),
[CIP]o = 30 uM, [H20,]o = 300 uM) (Ou et al., 2016), the EE/O values
of UV-LED/PS treatment was higher. However, the EE/O values
obtained were significantly lower than the values in the experi-
ments using conventional mercury lamps (Tan et al., 2013).

4. Conclusion

To conclude, the 280 nm UV/PS treatment induced a moderate
degradation of CIP, which had a high transformation efficiency and
a low mineralization. The HRMS data demonstrated that the pri-
mary intermediates included Ci5H1gFN303 and Ci7H1gFN304. The
transformation pathway involved the cleavage at piperazine ring,
the addition of the hydroxyl and the further oxidation on quinolone
backbone. The iTRAQ proteomic assessment identified a total of 56
and 110 proteins with significant up- and down-regulation,
respectively, in the E. coli exposed to UV/PS degraded CIP
compared to untreated CIP. Most of the up-regulated proteins were
associated with primary metabolic processes rather than response
to stress and toxic substance, confirming that the toxicity of the
degradation intermediates was significant decreased. The current
study provides insights into the action mechanisms of CIP and its
degrading products on E. coli, clarifying that the UV/PS moderate
degradation is an alternative cost-effective and safety treatment
strategy for quinolones.
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