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ABSTRACT

Antibiotic transformation products (TPs) generated during water treatment can be

considered of environmental concern, since they can retain part of the bioactivity of

the parent compound. Effect-directed analysis (EDA) was applied for the

identification of bioactive intermediates of azithromycin (AZl) and ciprofloxacin

(CFC) after water chlorination. Fractionation of samples allowed the identification of

bioactive intermediates by measuring the antibiotic activity and acute toxicity,

combined with an automated suspect screening approach for chemical analysis.
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While the removal of AZI was in line with the decrease of bioactivity in chlorinated

samples, an increase of bioactivity after complete removal of CFC was observed (at

> 0.5 mgCl/L). Principal component analysis (PCA) revealed that some of the CFC

intermediates could contribute to the overall toxicity of the chlorinated samples.

Fractionation of bioactive samples identified that the chlorinated TP296 (generated

from the destruction of the CFC piperazine ring) maintained 41%, 44% and 30% of

the antibiotic activity of the parent compound in chlorinated samples at 2.0, 3.0 and

4.0 mgCly/L, respectively. These results indicate the spectrum of antibacterial activity

can be altered by controlling the chemical substituents and configuration

of CFC structure with chlorine. On the other hand, the potential presence of volatile

DBPs and fractionation losses do not allow to tentatively confirm the main

intermediates contributing to the acute toxic effects measured in chlorinated

samples. Our results encourage further development of new and advanced

methodologies to study the bioactivity of isolated unknown TPs to understand their

hazardous effects in treated effluents.
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1. INTRODUCTION

During the past decades, misuse and overuse of antibiotics have contributed to

continuous discharges of these contaminants into the aquatic environment 1. After

human consumption, antibiotics are metabolised and excreted into sewage systems

as pharmaceutically active forms 23. While their administration clearly provides

benefits for human health, the overuse of these substances in animal husbandry

may also undergo serious potential risks #°. In this sense, these substances are also

widely applied for the treatment, prevention and prophylaxis in animals 6. In most

cases, conventional wastewater treatment plants (WWTPs) are not specifically

designed for antibiotic removal and these contaminants are released into the

receiving aquatic environment 7-8. The presence of these pollutants in water bodies

raises concern since they are associated with hazardous toxic effects and antibiotic

resistance %10, This is especially important in areas where treated effluents are

used for water reuse activities and drinking water production ''. Due to its low cost,

good disinfection and oxidation capacity, chlorine (Cl,) has been widely applied as a
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post-treatment in WWTPs (and/or to maintain a residual chlorine in the distribution

system) to protect public health by controlling microbial pathogens 2. Even so, the

presence of chlorine may lead to the formation of halogenated anthropogenic

compounds and disinfection by-products (DBPs) which may have potential

hazardous effects on the environment and to humans.

Among the antibiotics found in treated wastewater effluents, azithromycin (AZI)

represented a breakthrough in the antibiotic era and became one of the best-selling

branded antibiotics worldwide in 1980 314, Up to now, AZI was reported in raw urban

wastewater up to 1 pg/L’. This antibiotic is characterised by its bioactivity against

Gram-positive bacteria and greatly increase against Gram-negative bacteria to treat

some respiratory tract and soft-tissue infections 13. On the other hand, ciprofloxacin

(CFC) has been the centre of considerable scientific interest since its discovery in

the early 1980s 5. Up to now, CFC was reported in raw urban wastewater up to 14

ug/L 7. This pollutant represents one of the most common drugs in the treatment of

bacterial infections from urinary tract, upper and low respiratory tract, skin, bone soft
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tissue as well as pneumonia with increased potency against Gram-negative bacteria

16

Although many efforts have been made to remove these antibiotic drugs from

contaminated water, much less attention has been paid to the chlorinated and non-

chlorinated intermediates generated after water disinfection. These unknown

chemicals might retain part of the bioactivity of the parent compound and entail

relevant concerns for the environment and public health even at low concentration

levels '7. In contact with aqueous chlorine, antibiotics may also undergo

oxidation/substitution reactions yielding intermediates with high toxicity than their

parent compounds '8. Since reference standards are not commercially available for

most of these unknown transformation products (TPs), the evaluation of their

presence and hazardous effects cannot be performed. In this sense, effect-directed

analysis (EDA) has overcome this challenge through the identification of bioactive

chemicals in complex mixtures applying bioanalysis, separation and chemical

analysis 1922, When potential effects are measured in collected samples, their
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complexity is gradually reduced using fractionation liquid chromatography (LC) to

further discard those fractions attaining low or absence of bioactivity '°. In most of

the cases, several fractionation steps are required until the isolated toxic fractions

are ready for toxicant identification 1°. Final confirmation to assign their contribution

effects is required using analytical approaches for structural identification, effect

confirmation of artificial mixtures and hazard evaluation at different biological

organisation levels 23

For compound identification, many non-target and suspect screening

methodologies have been developed for the identification of these substances by

using databases or spectral information 24-27, Since a broad variety of compounds

(up to several thousands of features) can share a given molecular formula, the

application of automated suspect screening methodologies by using prediction tools

(such as prediction of TP exact masses, MS/MS fragmentation and retention times)

may represent an important advance for rapid prioritisation of suspected chemicals

present in samples 2829, Different commercial software and open-source programs
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are available to optimise LC-MS data processing workflows for detection and

prioritisation of tentative chemical structures such as XCMS 39, enviMass 3!, MZmine

2 32 and Compound Discoverer 28. Final confirmation of identified structures is

performed using e.g. reference standards and databases. In almost all cases, these

EDA approaches have been applied to real polluted waters but not for the

assessment of TPs. Only in a few cases, EDA has been applied to study the

bioactivity or ecotoxicity to unknown TPs generated in treatment processes when

references are not commercially available for confirmation 33-35,

In this study, an EDA methodology was developed for the identification and

elucidation of the bioactive TPs generated after AZI and CFC chlorination

experiments. The tentative TPs generated were isolated using a liquid-

chromatography system coupled to an automatic sample collector. The elucidation

of the generated intermediates was performed using a liquid-chromatography

system coupled to high-resolution mass spectrometry with an advanced and

automatic suspect screening methodology based on literature information and
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compound prediction strategies. Antibacterial inhibition (i.e., antibiotic activity) and

acute toxicity tests were employed to assess the ecotoxicological implications of the

isolated unknown chemicals in chlorinated samples.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Azithromycin (AZl) and ciprofloxacin (CFC) were purchased at high purity grade

(> 95%) from Sigma-Aldrich (Steinheim, Germany). Ultra-pure water, acetonitrile and

methanol LiChrosolv grade were supplied from Merck (Darmstadt, Germany). For

antibiotic inhibition test, Micrococcus luteus ATCC 9341 and Yersinia ruckeriNCIMB

13282 were used in iso-sensitest agar (Oxid) and 2/3 Plate Count Agar (Difco)

medium, respectively. Vibrio fischeri bacteria used for Microtox bioassay was

purchased from Modern Water (Guildford, United Kingdom). Sodium hypochlorite

solution (reagent grade, available chlorine 24%, Sigma-Aldrich) was used for the

chlorination experiments. For all principal component analysis (PCA) calculations,

the R Software version 3.5.3 was used.
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2.2 Experimental set-up

Target pollutants (AZl and CFC) were spiked separately at an initial concentration

of 2.0 mg/L in ultra-pure water (buffered at pH 7.3 with sodium phosphate buffer (10

mM)) for a total working volume of 65 mL in triplicate experiments. Then, a proper

volume of chlorine (hypochlorite) was added to achieve the selected initial

concentrations of free available chlorine of 0.0, 0.1, 0.5, 1.0, 2.0, 3.0, 4.0 and 6.0

mgCl,/L. In addition, a control experiment in ultra-pure water without spiking the

parent compounds was also performed. Batch flasks reactors were sealed avoiding

head space and introduced in an incubator at a constant temperature of 25 °C. All

samples were collected after 24 h of treatment and the free available chlorine of

treated water was measured using commercial DPD (N, A-diethyl-p-

phenylenediamine) test kits (LCK310, Hach Lange) with a Hach DR2800

spectrophotometer (DUsseldorf, Germany). The final experimental time of 24h was

selected to maximise chlorination by-products formation while minimising hydrolysis

of the TPs. Experiments containing a concentration higher than 0.05 mgCl,/L after

10
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24 h were discarded for further analysis (actually only those samples with an initial

dose of 6.0 mgCl,/L were finally discarded).

2.3 Effect-directed analysis approach

An adapted effect-directed analysis (EDA) methodology was applied for the

identification of the bioactive intermediates generated after water chlorination (Fig.

1) 36. Briefly, samples collected after 24h of chlorination were biologically (antibiotic

activity and acute toxicity) and chemically (chromatographic and mass spectrometry

analysis) analysed. Then, computational assessment was performed for

identification of the chemicals present in samples. The bioactivity of each chlorinated

sample was plotted together with the presence of each identified intermediate

(chromatographic area of the TPs identified divided by the area of the

chromatographic peak of the parent compound at initial time) by principal component

analysis (PCA). With this information, the suspect hazardous intermediates present

in chlorinated samples were tentatively pointed out and the most representative

bioactive sample was selected for fractionation and further isolation of the TPs.

11
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Sample fractions were again biologically and chemically analysed as well as

computationally assessed in duplicate to unravel their contribution as hazardous

chemicals in chlorinated treated samples.

2.3.1 Biological analysis

The antibiotic activity and acute toxicity endpoints were selected to evaluate the

hazardous effects of the antibiotics selected and TPs in chlorinated samples and

fractions. The antibiotic activity was chosen since it is related to the specific mode of

action (MoA) of these pollutants. In parallel, the acute toxicity was selected since it

is classified as a conventional endpoint measured in the environment.

To evaluate the antibiotic activity 37, the iso-sensitest agar (Oxid) medium with an

addition of 7.5 pg/L of tylosine (adjusted to pH 8.0) and inoculated with M. luteus

ATCC 9341 bacteria was used for samples collected from AZIl experiments. In the

case of CFC experiments, 2/3 Plate Count Agar (Difco) 5% of 1M phosphate buffer

with an addition of 8,000 ug/L of cloxacilline (adjusted to pH 6.5) and inoculated with

Y. ruckeriNCIMB 13282 bacteria was used. In both cases, 35 mL of the inoculated

12
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agar was poured into a 120 x 120 mm bioassay plate containing 9 holes per plate.

A volume of 250 pL of samples was transferred to individual holes with the addition

of 50 pL of 1M phosphate buffer. Then, sample plates were incubated at 30 “C for

16 hours. Antibiotic activity of samples was determined by observing the growth

inhibition of the bacterial culture and measuring the diameter of the non-bacterial cell

density corresponding to the absence of bacterial growth. All the values were

calculated related to the antibiotic activity of the parent compound before

chlorination.

Additionally, the 1ISO 11348-3 protocol for testing bacterial bioluminescence of

wastewater matrices was used to assess acute toxicity throughout Microtox® Model

500 Toxicity Analyser (Strategic Diagnostics Inc., Newark, DE, US) 38, Stain of

luminescent bacteria Vibrio fischeri NRRL B-11177 were prepared from

commercially available freeze-dried reagents stored at -20 "C. A volume of 2 mL was

required for sample analysis. Then, the percentage of decay on emitted light was

measured when samples were in contact 15 min with the bioluminescent bacterium

13
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V. fischeri. The data expressed as ECsy was transformed into toxicity units (TU =

100/ECsp) 39, where a higher TU indicates a greater effect 40,

2.3.2 Chemical analysis

A liquid chromatography system coupled to a high-resolution mass spectrometer

LC-LTQ-Orbitrap-MS/MS was used as described previously 4'. Briefly, 20 uL of

samples were injected and separated in a ZORBAX Eclipse XDB-C18 (150 mm x

4.6 mm, 5 um; Agilent Technologies, Santa Clara, CA). The mobile phases were (A)

10 mM ammonium formate in water at pH 3.0 and (B) acetonitrile. The optimised

chromatographic gradient was performed as follows 4': initial mobile phase

composition (95% A) held for 1 min, followed by a decrease in composition A to 5%

within 9 min, then to 0% in 3 min, held for 2 min, and up to 95% in 1 min and held

for 1 min.

The high-resolution mass spectrometer LTQ-OrbitrapVelos™ (Thermo Fisher

Scientific) was equipped with a heated electrospray ionisation source (HESI-II). The

analysis was performed in positive and negative ionisation modes. As no peaks

14
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attributed to TPs were found in negative ion mode chromatograms, further data

processing was carried out only with that acquired in positive ion mode. Samples

were acquired in full scan data acquisition from 7/z100 to 1,000 range at a resolving

power of 60,000 FWHM. For structural elucidation of TPs, MS/MS fragmentation was

performed in data dependent acquisition mode (DDA) at 30,000 FWHM from m/z

100 to 1,000 range, for the three most intense ions from a selected list of 16 exact

masses corresponding to potential AZI (Table S1) and 13 exact masses for CFC

collected from literature (Table S2), (pre-acquisition suspect screening approach). If

selected masses were not found, the three most intense ions detected in a full-scan

MS spectra were automatically selected for fragmentation. All data were further

processed with a post-acquisition suspect screening approach (Section 2.3.3).

Additionally, isotopic data-dependent (IDD) was performed for the expected isotopic

ratios of 0.32 and 0.64 comprising a mass difference of 1.9971 Da. All MS/MS

experiments were performed applying a dynamic mass exclusion mode to

discriminate co-eluted compounds: ions fragmented more than three times during

15
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25 seconds were further ignored for fragmentation during the following 30 seconds

(corresponding to peak plus tailing). Mass spectrometry conditions were designed

as follows: spray voltage, 3.5 kV; source heated at 300 °C; capillary temperature,

350 °C; sheath gas flow, 40 (arbitrary units); and auxiliary gas flow; 20 (arbitrary

units) 4'. Fragmentation techniques selected were: collision-induced dissociation

(CID) at a normalised collision energy of 30 eV (activation Q of 0.250 and an

activation time of 30 ms) and higher-energy collisional dissociation (HCD) at a

normalised collision energy of 55 eV (activation time of 0.100 ms) with isolation width

of 2 Da. The entire system was controlled via Aria software under Xcalibur 2.1.

2.3.3 Computational analysis

An advanced post-acquisition suspect screening approach for identification of the

TPs generated in chlorination experiments and collected in the corresponding

fractions was applied using Compound Discoverer 3.0 (Thermo Fisher Scientific Inc.,

Waltham, MA). The adapted methodology is presented in Fig. S1 and Table S3 2.

Briefly, input files containing the chromatograms and mass spectra files from

16
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analysed samples were loaded separately into the software. In addition, chemical

structures of AZ| and CFC were also loaded to further create a list of tentative TPs

predicted by the software after applying the following chemical reactions to the

parent compound structures (a maximum combination of three): dehydration,

desaturation, reduction, oxidative deamination to ketone, oxidative deamination to

alcohol, chlorination, hydration, oxidation, reductive defluorination and dealkylation.

A number of 1655 and 497 exact masses were predicted from AZIl and CFC chemical

structures, respectively. Automatic data processing starts with filtering MS data

between 100 and 1000 Da and from 1 to 12 min with a S/N ratio of 3. To compensate

for small differences in retention times, chromatographic alignment was performed

by using a mass tolerance error of £5 ppm and a maximum retention time shift of 0.3

min. Immediately after, data processing was performed by searching the predicted

list of TP exact masses in sample files. Then, the fragments present in collected

MS/MS data were automatically matched with the predicted fragments generated

using /n silico fragmentation with a mass tolerance error of £ 5 ppm. Those

17
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compounds with FISh (Fragment lon Search) coverages higher than 65% were

selected for data evaluation 42.

2.3.4 Statistical analysis for the estimation of hazardous TPs

Additionally, principal component analysis (PCA) was used to evaluate the

correlations between the bioactivity measured (antibiotic activity and acute toxicity,

separately) and the TPs identified in chlorinated samples, following the approach

previously reported 43. Relative areas in percentage values (area of the peaks

detected in chromatogram divided by the area of the chromatographic peak of CFC

before the treatment) were used as input value using the FactoMineR included in

the Remdr environment (RcmdrPlugin.FactoMineR interface) for automatic data

processing. For all calculations, the R Software version 3.5.3 was used.

2.3.5 Sample fractionation

Taking into account the PCA results of the suspected bioactive intermediates

present in chlorinated samples, the most representative bioactive sample containing

all the TPs identified was selected for sample fractionation (2 mgCl,/L vs 2 mg/L of

18
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CFC at an initial time). To achieve a proper concentration of the isolated TPs in one

fractionation cycle, this experiment was repeated at a higher concentration adding

the corresponding proportion of reactants (10 mgCl,/L vs 10 mg/L CFC at an initial

time). This is considered a critical step since a minimal concentration of the TPs

(normally present at low concentration levels) is required to further reach detection

limits during LC-MS/MS analysis and the selected bioassays. Then, fractionation

was performed by using a preparative HPLC Agilent 1260 Infinity high-pressure

liquid-chromatography system coupled to a diode array detector (HPLC-DAD). The

fraction collection was automatically carried out in a 1100/1200 fraction collector

G1364C using a diverter valve to switch from waste to the collector position. A

volume of 100 uL of samples was injected in a ZORBAX Eclipse XDB-C18 column

(150 mm x 4.6 mm, 5 ym; Agilent Technologies, Santa Clara, CA) at a flow rate of 1

mL/min and column temperature of 25°C. Pure mobile phases selected were (A)

pure water and (B) acetonitrile to avoid the presence of any residual interference

affecting to bioassay measurements. The chromatographic gradient was carried out

19
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as follows: initial mobile phase composition (90% A) held for 5 min; to 40% in 1 min

and held for 7 min; to 30% in 1 min and held for 6 min; to 20% in 1 min and held for

6 min; to 10% in 1 min and held for 6 min; and to 90% in 1 min held for 5 min.

Detection was monitored at the maximum absorption wavelength of 271 nm

measured in a UV-1800 UV-VIS spectrophotometer (Shimadzu Inc., Kyoto, Japan).

The total volume collected for each fraction was approximately 2 mL. Since

reference standards of TPs are not available to quantify recoveries in solid-phase

extraction and pharmaceutical TPs are not usually volatile, fractions were collected

in glass collectors, evaporated to dryness with nitrogen and reconstituted in 0.5 mL

of pure water. Reconstitution in pure water was carried out to prevent the presence

of organic solvents interfering on bacteria integrity on the bioanalysis of fractions 44~

46, In addition, since pure water was the solvent used in chlorination experiments, a

better comparison with the fractions collected is assured. All fractions collected were

evaluated using biological (by antibiotic activity and acute toxicity measurement as

explained in biological analysis section) and chemical (using the LTQ-Orbitrap for

20
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MS/MS compound identification, as explained in chemical analysis section)

analyses. Finally, computational assessment (using Compound Discoverer, as

presented in the computational analysis section) was performed for compound

identification.

3. RESULTS AND DISCUSSION

3.1 Biological and chemical analyses of chlorinated samples

Chemical analyses revealed an AZI removal up to 88% after 24h of the addition of

the highest chlorine dose (4 mgCl,/L) (Fig. 2a). This percentage of elimination is in

line with the decrease in the initial antibiotic activity up to 85% (Fig. 2b). As observed

in other oxidation treatment processes reported in the literature 47, the decrease on

the measured antibiotic activity is due to the elimination of the parent compound as

none of the intermediates generated had any relevant contribution to the overall

antibiotic activity. In terms of acute toxicity, no effects were observed after any of the

chlorination experiments performed (Fig. 2c). These results are in accordance with

those reported in the literature about oxidation treatment processes, where the

21
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absence or reduction of the toxicity of the intermediates generated after AZI

degradation was observed 4849,

On the other hand, chlorination promoted complete CFC elimination (ca.100%)

after 24h of treatment adding an initial chlorine dose of 0.5 mgCl./L (Fig. 2a). These

results are in line with the negligible antibiotic activity at 0.5 mgCl,/L (Fig. 2b). The

antibiotic activity exceeded 41%, 44%, and 30% of the initial effect of the parent

compound in the experiments performed at 2, 3, and 4 mgCl,/L, respectively (Fig.

2b). This fact suggests that some of the CFC intermediates generated might retain

part of the antibiotic activity of the parent compound. Controversial data about the

antibiotic activity of the intermediates generated during CFC degradation have been

reported in the literature. A reduction on antibacterial activity regarding the

elimination of CFC was generally observed after photolytic, photocatalytic,

electrochemical and Fe (VI) oxidation %54 In some cases, it was reported a

negligible antibacterial potency of the TPs generated in those water treatments 4.

On the contrary, the bioactivity of the intermediates generated was sometimes

22
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detected after ozonation treatment °°, in line with the results obtained in this study in

chlorination experiments.

Negligible acute toxicity was measured in the absence of chlorine in CFC

experiments (Fig. 2c). The maximum increase up to 4.1 TU was observed after

adding 2 mgCl,/L (Fig. 2c). Also, in this case, controversial data about acute toxicity

of the intermediates generated during CFC degradation have been reported in the

literature. For instance, a decrease in acute toxicity was observed after sonolysis

and UV treatment experiments spiked at 15 mg/L of CFC %6:57. On the contrary, an

increase in acute toxicity of about 18% was observed from the TPs generated after

1 hour of CFC chlorination at 10 molar equivalents of chlorine dose %8, and up to

26% after radiation-induced experiments at 33 mg/L of CFC 9.

As shown in this study, the potential intermediates generated during chlorination

of AZI did not show any effect in the biological tests applied. The intermediates

generated during CFC experiments were pinpointed as concerning TPs since acute

toxicity and antibiotic activity were measured after chlorination experiments.

23
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3.2 Computational analysis of chlorinated samples and elucidation of

transformation pathways

Thirteen TPs were tentatively identified in AZI chlorinated samples (Table S4), and

the transformation pathway and their relative presence are presented in Fig. 3. As

previously reported, the elimination of the parent compound was mainly led by O-

dealkylation of L-cladinose moiety (TP590) suggested from the instability of

macrolides in aqueous solution 42, and confirmed by its presence at the initial time

up to 80%. However, the increase of initial chlorine concentration led to its further

elimination reaching a presence of 12% in treated samples when 4 mgCl,/L was

added at the initial time. This intermediate was mainly transformed into TP576 after

demethylation of the dimethylamine group in D-desosamine moiety 42. As reported

previously 89, both hydrolysis of D-desosamine moiety and demethylation were also

observed directly from AZl parent compound being transformed into TP591 and

TP734A (and found in this study up to 132% and 65% at 4 mgCl./L, respectively). It

is important to mention that none of the most intense compounds elucidated contains
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a chlorine substituent in their chemical structures after the experiments performed.

As previously reported 90, the pseudo-first order kinetic constants at different pH

values showed that the reactivity of AZI with free available chlorine was favoured at

higher pH within the range of 7.5 and 8.5 (optimal pH value was 8.0). Therefore, the

use of a pure water pH at 7.3 may explain the low presence of halogenated TPs after

chlorination experiments. As explained previously and in Fig. 2, none of these

elucidated intermediate structures from AZ| presented hazardous effects in treated

effluents.

Seven TPs were tentatively identified in CFC chlorinated samples (Table S5). The

transformation pathway and their relative presence are presented in Fig. 4. As

previously reported 67, initial chlorination of CFC structure induced the destruction of

the piperazine ring moiety into TP365 (not detected in this study). The instability of

TP365 probably led to the opening of the piperazine ring and rapidly transformed

(though imine hydrolysis and the loss of CH,0) into TP305 6'-63, which was detected

in this study at high percentage values (32% relative area to the initial area of CFC)
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when 0.5 mgCl,/L of chlorine was added. However, the increase of initial chlorine

concentration led to its further elimination reaching low levels (4%) at 2 mgCl,/L of

chlorine dose. In fact, TP305 was most likely transformed by Aktchlorination, and

further elimination of the C,H3;NCIl, moiety generating the compound TP262. In

comparison to TP305, TP262 attained the highest concentration when chlorine was

added at 2.0 mgCly,/L at an initial time (up to 95% from the initial presence of CFC).

These results are in accordance with the previous data reported in the literature

where TP262 formation was observed from 12.4% (after 2h of chlorination treatment)

to 54.4% (after 50h) 1. Additionally, TP262 was also found as the main intermediate

generated in photo-Fenton degradation experiments after 30 min of treatment, 1.5

times-fold higher when compared with the other generated TPs 5'. Finally, the

presence of additional intermediates in samples with an excess of chlorine indicates

that TP305 may generate further chlorinated compounds in treated samples: the

chlorinated TP296 was observed up to 39% when decreasing the presence of TP262

to 5% at an initial chlorine concentration of 4.0 mgCl,/L. This fact indicated that the

26

ACS Paragon Plus Environment

Page 26 of 64



Page 27 of 64

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

Environmental Science & Technology

highest extent on transformation pathway was achieved when increasing the

chlorine concentration %2. The most significant concentration of TP296 was detected

at 3.0 mgCl,/L of chlorine up to 44%. Otherwise, other oxidation intermediates (e.g.

TP333) were also identified from CFC 6! at a lower concentration than 10% after

chlorination experiments (Fig. 4). As explained previously and in Fig. 2, some of the

elucidated intermediate structures for CFC presented hazardous effects in treated

effluents.

3.3 Estimation of the hazardous TPs generated in CFC chlorinated samples

Estimation of the tentative hazardous TPs identified in CFC experiments (in terms

of antibiotic activity and acute toxicity) was evaluated using PCA plots (Fig. 5), which

allowed correlating bioactivity measured with the presence of individual TPs

identified in chlorinated samples (Table S6 and Table S7). Since variables were

measured on different scales (relative percentages and toxic units), both PCAs were

normalised to the specific range of [-1, +1]. The direct correlation of an intermediate

with a given effect estimates its tentative hazardous contribution in chlorinated
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samples. The two first principal components (PCs) pointed out the TP296 (Fig. 5a)

as the key intermediate contributing to the increase of 41%, 44%, and 30% in the

antibiotic activity in treated samples of the experiments performed at 2, 3, and 4

mgCl,/L, respectively (Fig. 2b). This may be due to the different chemical

substituents of this intermediate which may govern antibacterial efficacy and

influence the side-effect profile 4. On the contrary, an inverse correlation was

observed for TP339, TP305 and TP333. Otherwise, PCA loadings pointed out a

direct correlation between acute toxicity of chlorinated samples and the presence of

TP262, TP290 and TP292 (Fig. 5b). Since TP262 was found in chlorinated samples

at the maijor relative presence of 95% at 2.0 mgCl./L (Fig. 4), it might be classified

as the key intermediate contributing to the increase of 4.1 TU in the acute toxicity in

chlorinated samples (Fig. 2c). The contribution of TP290 and TP292 may also exhibit

higher toxicity of these intermediates compared to the rest of TPs, and therefore,

despite their apparently low relative presence (Fig. 4), they may also contribute to

the total toxicity of the samples. In addition, the synergic effects of these compounds
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cannot be discarded. Otherwise, an inverse correlation was observed for TP339 and

TP296. These intermediates may result in lower steric resistance and easier

penetration into a cell of luminescent bacteria 6%, which subsequently might lead to

an increase in toxicity. Additionally, as expected the electronegative atoms

contained in quinolone molecules (such as F, N, and O atoms) may donate electrons

to photo-bacterium and thus inhibited the luminance emission 8.

In both statistical experiments (Fig. 5a and Fig. 5b), the generation of low

molecular mass DBPs, not considered in this study, might have also contributed to

the hazardous effects measured in treated samples. In this context, it was previously

reported that monochloroacetic acid was the main DBP formed during chlorination

of CFC and detected at a concentration around 100 pg/L after 24 hours (when CFC

was spiked at 16 mg/L adding a chlorine dose of 1 mM) 9. In our conditions selected,

the formation of monochloracetic acid was expected to be minimal since CFC was

spiked at a much lower concentration of CFC (2 mg/L) and chlorine dose (0.056

mM). Taking into account the PCA results, which tentatively pointed out TP296 and
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TP262 as hazardous intermediates, fractionation and further chemical and biological

analyses, as well as computational assessment, were needed to confirm or rule out

the risk of these intermediates in chlorinated samples.

3.4 Confirmation of the hazardous TPs generated in chlorinated samples

Taking into account the PCA results, the most representative sample containing

all the TPs identified was selected for sample fractionation (2 mgCl,/L vs 2 mg/L of

CFC at an initial time). To achieve a proper concentration of the isolated TPs without

launching several sample fractionation cycles, the experiment was repeated at a

higher concentration adding the same proportion of reactants (10 mgCl,/L vs 10

mg/L CFC at initial time). After sample fractionation (Fig. 6a), measurements on

antibiotic activity and acute toxicity indicated no toxic effects (in comparison to

control samples) when no chromatographic peaks were detected in the fractions

collected (every 2 min approximately) at the beginning and the end of the

chromatogram (Fig. 6b). Chromatographic and mass spectra data from LC-MS/MS

(Orbitrap Velos™) system of fractions showed that TP333 was found in fraction 2

30

ACS Paragon Plus Environment

Page 30 of 64



Page 31 of 64

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

Environmental Science & Technology

but at low concentration values (Fig. 6¢). Two intense peaks in fractions 3 and 4

were assigned to TP262 (generated after the elimination of the piperazine ring

moiety), and TP296 (a further chlorinated intermediate of the transformation

pathway), respectively (Fig. 4). Conversely, no compound assignment was possible

for fraction 5 (Fig. 6¢).

Biological analysis showed a relative antibiotic activity of around 1% in fraction 2,

4% in fraction 3, 52% in fraction 4, and 3% in fraction 5 (Fig. 6b). The significant

presence of TP296 in fraction 4 was in agreement with the 52% of antibiotic activity

measured in this fraction. For this intermediate, the fractionation process allowed to

recover the 78% of the chromatographic area from the initial chlorinated sample.

Therefore, TP296 (the chlorinated molecule generated from TP305, Fig. 4) was

tentatively identified to retain the antibiotic activity of its parent compound CFC in

chlorinated samples. Nonetheless, despite 22% of compound losses were observed

during fractionation, synergistic and antagonistic effects cannot be discarded. These

results are in accordance with the reported literature indicating that the spectrum of
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antibacterial activity can be altered by controlling the substitution and configuration

of position 8 on CFC structure with C-F, C-Cl and N substituents (Fig. 6a), and

expanding the antibacterial spectrum against anaerobes 156467.68 Additionally, these

results confirm the suitability of PCA estimations to identify the most hazardous

intermediates generated during water treatment in terms of antibiotic activity (Fig. 5).

On the other hand, while chlorinated samples were toxic at an initial concentration

of 2 mgCl,/L (Fig 2c), no acute toxicity was observed in any of the fractions collected

exceeding ECsg values. In this context, calculations of EC4o were performed from the

slope of the linear regression of concentration vs. % effect and converted in TU

values as reported previously 8270 (Fig. S3). In particular, the most abundant

intermediate highlighted by chlorination experiments TP262 (Fig. 4) was found at the

highest acute toxic value of 4.6 TU in fractions collected (Fig. 6b and Fig. 6¢). Yet,

the fractionation process allowed to recover only 42% of the TP based on the

chromatographic areas before and after fractionation. Therefore, partial loss of this

TP along sample evaporation and fractionation might also contribute to the reduction
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of acute toxicity measured in the fractions. It is important to mention that other

estimated toxic intermediates (such as TP290 and TP292), present at low

concentration levels were also affected by fractionation losses since they were not

detected in fractions collected.

The identification of the most relevant intermediates in terms of antibiotic activity

generated from chlorination experiments with CFC was successfully achieved using

an EDA approach, which includes fractionation of bioactive samples in combination

with biological, chemical and computational assessment using an automated

suspect screening methodology. The TP296 (generated from the destruction of the

piperazine ring moiety and its further chlorination) was identified to maintain 41%,

44% and 30% of the antibiotic activity of the parent compound in chlorinated samples

at 2.0, 3.0 and 4.0 mgCl,/L, respectively (Fig. 2) being classified as a potentially

concerning intermediate after water chlorination. Therefore, the use of EDA

approaches in combination with PCA evaluation represents a potential approach for

the identification and confirmation of hazardous TPs in treated samples. Although
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the complete elimination of antibiotics should eventually be the objective of water

treatment processes, the elimination of the potential bioactive TPs generated is also

required, even when complete elimination of the parent compound is attained.
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Figure 1. Adapted effect-directed analysis workflow used in this study.
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chlorination experiments at different initial chlorine dose. Relative values of presence

and antibiotic activity were calculated with respect to the values measured at the

initial time. In the case of acute toxicity is calculated in toxic units (TU). The red

square indicates the sample selected for further sample fractionation.
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814  The relative presence of the most representative intermediates identified after
815  chlorination experiments at different chlorine dose.
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Figure 4. a) Suggested transformation mechanism of ciprofloxacin in chlorination
experiments. In yellow, tentatively identified intermediates detected in this study. b)
The relative presence of the intermediates identified after chlorination experiments
at different chlorine dose. The red square indicates the sample selected for further

sample fractionation.
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837 and relative antibiotic activity of fractions collected and control samples; and c)

838 chemical analysis (chromatographic area) of fractions and control samples.

64

ACS Paragon Plus Environment



