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Abstract 17 

The widespread use of pharmaceuticals has caused a growing concern on the 18 

presence of pharmaceuticals such as the antibiotic ciprofloxacin (CIPRO) in the 19 

aquatic environment, since they may exert adverse effects on non-target 20 

organisms, including fish. In order to study the uptake, distribution in different 21 

tissues (liver, muscle, brain and gill) and biofluids (plasma and bile), metabolism 22 

and elimination of CIPRO in gilt-head bream (Sparus aurata), controlled dosing 23 

experiments for 8 days at 200 µg/L concentration were carried out. CIPRO was 24 

only observed in bile at concentration up to 315 ± 4 ng/mL, probably due to its low 25 

octanol-water partition coefficient (log P = -2.4 at pH 7.4) and the zwitterionic 26 

behavior (pKa1 = 5.76 and pKa2 = 8.68). CIPRO by-products (BPs) were also 27 

identified in seawater environment, both in presence and absence of fish. The 28 

analysis done by means of liquid chromatography–high resolution mass 29 

spectrometry (hybrid quadrupole-Orbitrap) permitted the annotation of up to 35 30 

BPs of CIPRO in seawater and bile, from which 30 structures were reported for 31 

first time. These results confirm that CIPRO is very susceptible to photolysis, and 32 

that it goes through various phase I and phase II metabolisms in the fish. All these 33 

results suggested that, for a complete characterization of CIPRO exposure, BPs 34 

should also be included in the biomonitoring campaigns since they might also be 35 

toxicologically relevant. 36 

 37 

Keywords: Ciprofloxacin, seawater, gilt-head bream, by-products, high-resolution 38 

mass spectrometry 39 
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1. INTRODUCTION  41 

There is a growing concern on the presence of pharmaceutical active compounds 42 

(PhACs) in the environment since they may exert adverse effects on non-target 43 

organisms after they enter into the ecosystems (Babić et al., 2013; Van Doorslaer 44 

et al., 2014; Zhao et al., 2015). Among PhACs, special attention has been paid to 45 

antibiotics specially due to the rapid expansion of antibiotic resistance observed 46 

since the late 90’s (Aryal, 2001; Carvalho and Santos, 2016; Levy, 1997, 2002). 47 

Due to their high use and continuous release to the environment, their 48 

transformation and elimination rate is balanced and antibiotics are, therefore, 49 

known as “pseudo-persistent” pollutants (Maia et al., 2014). 50 

Fluoroquinolones (FQs) are a class of antibiotics used against respiratory 51 

diseases and bacterial infections in human and veterinary medicine (Alcaráz et al., 52 

2014; Ashfaq et al., 2016; Babić et al., 2013; Turiel et al., 2005). Due to the 53 

widespread application of FQs such as ciprofloxacin (CIPRO), and the fact of 54 

being partially metabolized in the body and not completely removed in wastewater 55 

treatment plants, FQs are the most detected antibiotics in the environment, at 56 

concentrations in the ng/L-µg/L range in aquatic ecosystems, which may act as 57 

sinks for antibiotics through different pathways such as domestic/municipal 58 

wastewaters, surface waters and hospital effluents (Babić et al., 2013). 59 

FQs are resistant to hydrolysis and elevated temperatures but they can absorb UV 60 

radiation and are photodegradable (Babić et al., 2013). Although CIPRO is 61 

threatening the aquatic organisms at actual environmental concentrations (Gomes 62 

et al., 2017), little is known on its distribution, metabolism and elimination in 63 

tissues of aquatic organisms.  64 
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The determination of antibiotics and their by-products (BPs), namely metabolites 65 

and transformations products (TPs), is relevant to establish the sources, transport, 66 

fate and effects in the environment (Carvalho and Santos, 2016). High-resolution 67 

mass spectrometry (HRMS) plays an important role on the determination of BPs. 68 

The high resolution/high mass accuracy, exact mass and isotopic profile 69 

measurements performed by HRMS allow inferring the unequivocal molecular 70 

formula. When full MS data information is complemented with the MS2 spectra 71 

obtained in hybrid mass spectrometers, tentative structure candidates can be 72 

proposed for the BPs (Schymanski et al., 2014). 73 

In this framework, the aim of the present work was to study the uptake, distribution 74 

and metabolization of CIPRO in tissues (brain, liver, gill, muscle) and biofluids 75 

(plasma, bile) of juvenile gilt-head bream (Sparus aurata). Controlled dosing 76 

experiments were performed in the presence and absence of fish in seawater, and 77 

the HRMS analysis of the different matrices was performed in a hybrid 78 

quadrupole-Orbitrap mass spectrometer to annotate the BPs generated under 79 

each condition. 80 

2. MATERIALS AND METHODS  81 

2.1. Standards and Reagents 82 

CIPRO (98%) and [2H8]-ciprofloxacin ([2H8]-CIPRO, 99.6%) were purchased from 83 

Sigma-Aldrich (St. Louis, MO, USA). CIPRO stock solution was prepared at 84 

500 mg/L in methanol (MeOH, Fisher Scientific, Loughborough, UK) and CIPRO 85 

dosing solution was prepared in Milli-Q water at 45.2 mg/L. In both cases sodium 86 

hydroxide (NaOH, ≥ 99%, Merck, Darmstadt, Germany) was added to ease 87 
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CIPRO dissolution. Stock solutions were stored in the darkness at −20 °C. For the 88 

other standards and reagents information see Supplementary Information (SI).  89 

2.2. Metabolite and BP identification experiments 90 

For exposure experiments, juvenile gilt-head bream, weighing around 40 g and 91 

measuring ~ 13 cm in length, were used. Fish were obtained from Groupe 92 

Aqualande (Roquefort, France) and shipped to the Marine Research Centre of 93 

Plentzia (UPV/EHU) to perform the experiments at controlled temperature (18 °C) 94 

and light (14:10 h light:dark cycles). Fish were acclimatized for 3 months upon 95 

arrival and stabilized for an additional 1 week in the dosing tank before starting the 96 

exposure. The water was continuously aerated using aquarium oxygenators and 97 

fish were fed daily with 0.10 g pellets/fish. Water temperature (13 °C) and pH 98 

(7.4 ± 0.3) were constant during the exposure. Dissolved oxygen, nitrite, nitrate 99 

and ammonium content were periodically monitored. 100 

An 8-day exposure experiment was designed to identify BPs of CIPRO. Four 101 

1000 × 700 × 650 mm polypropylene tanks containing 250 L of seawater were 102 

used: two of them contained 40 fish each and the other two only seawater. One of 103 

the tanks containing fish and one of the tanks without fish were continuously 104 

fortified at 200 ng/mL (nominal concentration), whereas the other tanks were used 105 

as control (one with fish, one without fish). 106 

CIPRO dosing was performed using a continuous flow-through system with a 107 

peristaltic pump delivering 9 L seawater/h and another pump infusing CIPRO 108 

dosing solution (45.2 mg/L, refilled every 24 h with newly prepared solution) at 109 

40 mL/h to exposure tank. Control tanks were maintained at identical conditions 110 

over the duration of the experiment but only seawater was delivered. 111 
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2.3. Sample Collection  112 

Fish handling and dissection were performed according to the Bioethics 113 

Committee rules of UPV/EHU (procedure approval CEEA/380/2014/ETXEBARRIA 114 

LOIZATE). 10 fish were collected from control and exposed tanks on exposure 115 

days 0 (before exposure), 1, 3 and 8. The fish were immediately anaesthetized in 116 

a tank holding 10 L of seawater containing tricaine and NaHCO3, both at 200 mg/L. 117 

After 5 min, fish were length measured, weighed and dissected to collect tissues 118 

(brain, gill, liver, muscle) and biofluids (bile, plasma). Blood was taken from the 119 

caudal vein-artery using a syringe (previously homogenized with 0.5 mol/L EDTA 120 

solution at pH 8.0) and then, centrifuged for 7 min at 1000 rpm to get the plasma. 121 

Biofluids and fish tissues were snap-frozen and kept in liquid nitrogen during 122 

dissection and stored at -80 °C freezer prior to an alysis. 123 

At the time that fish were removed from the tanks, 2-L water samples were also 124 

collected from the four tanks to determine the concentration of CIPRO and to 125 

identify CIPRO BPs in water. Water samples were extracted and analyzed within 126 

24 h. 127 

2.4. Sample Handling 128 

Fish tissues (brain, gill, liver, muscle) were freeze-dried for 48 h using a Cryodos-129 

50 laboratory freeze-dryer (Telstar Instruments, Sant Cugat del Valles, Barcelona, 130 

Spain). A homogenized pool was prepared for each tissue/biofluid using the 131 

10 fish collected at each sampling day. The pools and the seawater samples 132 

(100 mL) were extracted and analyzed in triplicate using a previously developed 133 

analytical method (Ziarrusta et al., 2017). Procedural blanks were analyzed to 134 
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discard chromatographic peaks associated to contaminations during the 135 

identification of BPs.  136 

2.5. Instrumental Analysis 137 

CIPRO was quantified by liquid chromatography tandem mass spectrometry (LC-138 

QqQ-MS/MS) using a previously developed method (Ziarrusta et al., 2017). BP 139 

identification was performed using a Thermo Scientific Dionex UltiMate 3000 140 

UHPLC coupled to a Thermo Scientific Q Exactive quadrupole-Orbitrap mass 141 

spectrometer equipped with a heated ESI source (HESI, Thermo, CA, USA). For 142 

HRMS measurement information see SI. 143 

2.6. Data Handling 144 

CIPRO was quantified using a 10-point external calibration curve whereas BPs 145 

were identified using Compound Discoverer 2.0 (Thermo). For peak picking, peak 146 

alignment and peak annotation criteria see SI. 147 

3. RESULTS AND DISCUSSION 148 

3.1. CIPRO accumulation in fish 149 

Condition factor (K = (fish weight x 100)/length3) and hepatic somatic index (HSI = 150 

(liver weight x 100)/fish weight) were calculated to assess general fish health 151 

(Nallani et al., 2016). Mortality was not observed in any of the experiments and K 152 

and HSI values were not statistically different between control and exposed 153 

(p = 0.95 and p = 0.78, respectively), indicating maintenance of fish health during 154 

the exposure. 155 

The average concentration of CIPRO in seawater was consistent with the nominal 156 

dosing concentration (200 ng/mL) regardless the absence (235 ± 20 ng/mL) or 157 
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presence (208 ± 3 ng/mL) of fish. The concentration of CIPRO in samples 158 

collected before starting the exposure (day 0) and in samples from all control tanks 159 

was bellow method detection limit (MDL, 2 ng/L, (Ziarrusta et al., 2017)). 160 

Regarding the uptake in fish, CIPRO was only detected in bile whereas it was 161 

under MDLs in the rest of analyzed fish biofluid and tissues regardless the 162 

exposure time.  163 

The concentrations of CIPRO in bile increased over the exposure time: 164 

74 ± 14 ng/mL, 124 ± 30 ng/mL and 315 ± 4 ng/mL (at  95% of confidence level) in 165 

sampling days 1, 3 and 8, respectively. Low uptake factors for CIPRO were also 166 

found in the literature in comparison to other non-ionizable pollutants (Gao et al., 167 

2012). The low octanol-water partition coefficient (log P:-2.4 at pH:7.4) and the 168 

zwitterionic behavior of CIPRO may reduce its uptake rate and accumulation 169 

capacity in lipidic tissues. However, its bioavailability and accumulation in biofluids 170 

(such as bile) can be increased due to the larger transfer capacity across cell 171 

membrane of the ionized form of the compound (Erickson et al., 2006). Moreover, 172 

saline environment can also reduce the accumulation factors of the drug, since 173 

some FQs are apparently worse absorbed by fish in saline environment (Elston et 174 

al., 1994). Finally, the metabolization of CIPRO should be also suggested to 175 

explain its low accumulation since it is susceptible to photolysis by dealkylation, 176 

defluorination and hydroxylation (Turiel et al., 2005). CIPRO can go through 177 

various phase I and II metabolisms after entering into fish body and its 178 

accumulation without any transformation can be also reduced (see discussion in 179 

section 3.2). 180 

3.2 CIPRO BPs 181 
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BPs of CIPRO were studied in seawater (in the presence and absence of fish) and 182 

in biological tissues (liver, brain, muscle, gill) and fluids (plasma, bile). Table S2 183 

includes the molecular formula, the theoretical m/z of the [M+H]+ form and the 184 

corresponding ∆Mass (ppm) for each matrix, the most abundant fragments in the 185 

MS2 spectra and the retention time for CIPRO and all identified BPs (see MS2 186 

spectra in Fig. S1). 187 

CIPRO fragmentation is conditioned by the two charge isomers, namely CIPRO A 188 

and CIPRO B (see Fig. S2), which show different collision induced dissociation 189 

(CID) spectra (Kovačević et al., 2014). CIPRO A corresponds to the isomer where 190 

the charge resides in the piperazinyl ring and CIPRO B to the isomer when the 191 

proton resides in keto group. CIPRO A fragmentation begins with a CO2 neutral 192 

loss and CIPRO B loses first H2O (Kovačević et al., 2014)  193 

a) BPs in water in the absence of fish 194 

In a first approach BPs in the absence of fish were studied due to the susceptibility 195 

towards photolysis shown by CIPRO (Burhenne et al., 1997; Pereira et al., 2007; 196 

Vasconcelos et al., 2009). Up to 20 BPs (see Fig. 1) were observed and 16 were 197 

reported for the first time. 198 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 
 

  199 
Fig. 1. Proposed degradation pathway of CIPRO in seawater (in the absence and presence of gilt-head bream fish) and in fish bile.200 
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BP1 (m/z 360.13541) showed a composition change of +CO with respect to 201 

CIPRO. The absence of m/z 70 (C4H8N) indicated that the modification occurred in 202 

the piperazinyl ring. The N-formylation of CIPRO could explain the basicity loss of 203 

the secondary nitrogen and the favored equilibrium towards the equivalent of 204 

CIPRO B structure, as pinpointed by the water loss observed in fragment m/z 342. 205 

Additionally, the abundant ion m/z 243 (C13H8FN2O2) suggested the loss of 206 

C5H9NO moiety (m/z 99) in the piperazinyl ring from the dehydratated fragment 207 

(m/z 342). This BP was previously described in the literature (Haddad and 208 

Kümmerer, 2014; Morales-Gutiérrez et al., 2014). 209 

BP2-BP4 consisted on monohydroxylated derivatives of CIPRO. BP2 (m/z 210 

330.14484), an oxidative defluorination of CIPRO, has been widely described in 211 

the literature (Guo et al., 2013; Haddad and Kümmerer, 2014; Paul et al., 2010; 212 

Vasconcelos et al., 2009; Villegas-Guzman et al., 2017; Wetzstein et al., 1999). 213 

The much lower abundance of fragment m/z 286 (loss of CO2) than fragment m/z 214 

312 (loss of water) pinpointed that the equivalent structure of CIPRO B was 215 

favored. Fragments m/z 70, 217, 231, 243 and 312 indicated that an oxidation had 216 

caused the loss of the fluorine atom through a nucleophilic aromatic substitution. 217 

The lack of loss of water, together with defluorination, pinpointed that the hydroxyl 218 

group was introduced in the aromatic ring. However, with the data available, it was 219 

not possible to assign the position of the hydroxyl group in the aromatic ring, which 220 

could be located in the position left by the fluorine atom or in the adjacent carbon 221 

(Ramanathan et al., 2005). BP3 (m/z 348.13541) also corresponded to the 222 

hydroxylation of CIPRO but without defluorination. The presence of m/z 70 223 

showed that the piperazinyl ring was unmodified. Similar to BP2, the lack of loss of 224 

water suggested that the hydroxyl group was located at any carbon with sp2 225 
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hybridation. However, fragment m/z 305 (C15H14FN2O4), with all oxygen atoms and 226 

one nitrogen atom less than the precursor (m/z 305=348-C2H5N), pinpointed that 227 

the piperazinyl ring was broken before common dehydration or decarboxylation in 228 

the carboxylic group. This difference could be caused if the hydroxyl group was 229 

placed in the carbon with the sp2 hybridation in the piperidin-4-one ring as reported 230 

in the literature (Guo et al., 2013; Haddad and Kümmerer, 2014). Finally, for BP4 231 

(m/z 348.13541), the absence of fragment m/z 70 and the presence of two losses 232 

of water (fragment m/z 272 corresponded to the loss of two water molecules of the 233 

precursor together with the loss of the cyclopropyl group) suggested that the 234 

hydroxylation occurred in the piperazinyl ring. Moreover, the presence of 235 

fragments m/z 272 (C14H11FN3O2) and m/z 285 (C16H16FN3O), both maintaining all 236 

the N atoms of CIPRO, indicated that this hydroxylation could increase the stability 237 

of the piperazinyl ring since the characteristic fragments of piperazinyl ring 238 

cleavage in CIPRO (m/z 231, 249 and 217) were not detected. 239 

A single dihydroxylated BP of CIPRO was observed, BP5 (m/z 346.13975), which 240 

could correspond to an oxidative defluorination plus a second hydroxylation of 241 

CIPRO. The presence of m/z 70 indicated that the piperazinyl ring was unmodified. 242 

Similarly to BP2, fragments m/z 328 (loss of water) and m/z 300 (loss of CO) 243 

pinpointed that the equivalent structure of CIPRO B was favored, and both –OH 244 

groups should be placed in the aromatic ring for larger structural stability. One of 245 

the hydroxyl groups should be placed in replacement of the fluorine atom or in the 246 

adjacent sp2 carbon atom, but the position of the second hydroxyl group could not 247 

be determined. We discarded that the second hydroxyl group was located at the 248 

sp2 carbon atom in the piperidin-4-one ring since fragment m/z 303, corresponding 249 

to C15H16N2O5 and equivalent to fragment m/z 305 observed in BP3, was not 250 
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observed. Similar BPs with two hydroxyl groups in the aromatic ring have been 251 

previously described in the literature (Haddad and Kümmerer, 2014; Wetzstein et 252 

al., 1999). 253 

N-methylation of CIPRO was observed in BP6. The absence of m/z 70 suggested 254 

that the methylation of CIPRO occurred in the piperazinyl ring. Furthermore, the 255 

precursor ion m/z 346.15615 was almost completely fragmented and the rest of 256 

fragments (m/z 332, 314, 312, 249, 231) corresponded to common CIPRO 257 

fragmentation. In the case of BP7 (m/z 362.15106), hydroxylation plus methylation 258 

of CIPRO occurred. The absence of fragment m/z 70, and the presence of m/z 86 259 

(C4H8NO) indicated a modification of the piperazinyl ring by the addition of a 260 

hydroxyl group and a methyl group. Similar to BP6, demethylation (m/z 348) was 261 

observed in the fragmentation, and the ion m/z 330 (C17H17FN3O3) could 262 

correspond to the dehydration of the demethylated fragment rather than to the loss 263 

of a methoxy group (-32) from the parent m/z 362. In addition, similar to BP4, the 264 

presence of fragment m/z 272, indicating that something had stabilized the 265 

piperazinyl ring, pinpointed that BP7 could be either the methylation product of 266 

BP4 or the hydroxylation product of BP6. 267 

Methoxylation of CIPRO was observed in both BP8 and BP9. BP8 (m/z 268 

344.16049) showed both the gain of a methoxy group and the loss of the fluorine 269 

atom. Therefore, the most plausible structures were the oxidative replacement of 270 

the fluorine atom with the methoxy group or the methoxylation of the adjacent sp2 271 

carbon atom (Ramanathan et al., 2005). This is in agreement with the presence of 272 

m/z 70 fragment and the lack of a methoxy group loss. Moreover, the loss of water 273 

(m/z 326) and the decarboxylation (m/z 300) suggested that neither the carboxylic 274 

group nor the secondary amine of the piperazinyl ring were modified and that the 275 
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protonation was in equilibrium between these two functional groups. In the case of 276 

BP9 (m/z 362.15106), in contrast with BP7 and BP8, a loss of a methoxy group 277 

was detected in the fragmentation pattern (m/z 330). The absence of fragment m/z 278 

70 and the presence of m/z 68 pinpointed that an unsaturation (-H2) appeared in 279 

the piperazinyl ring during fragmentation, most probably during the loss of the 280 

methoxy group. Furthermore, fragment m/z 86 (C4H8NO) could be explained by 281 

the presence of the methoxy group in the piperazinyl ring. Lastly, the abundant 282 

fragment m/z 302 belongs to C2H4 loss after demethoxylation. 283 

In the case of BP10, the precursor ion m/z 330.12485 contained one unsaturation 284 

(-H2) more than CIPRO. The absence of fragment m/z 70 and the presence of m/z 285 

68 pinpointed that the unsaturation should be located in the piperazinyl ring, 286 

caused after dehydration of BP4 or demethoxylation of BP9. The higher stability of 287 

alkene function compared to imine group pinpoints that the unsaturation should be 288 

located between two carbon atoms. A regioisomer of BP10 with the unsaturation in 289 

the imine group has been previously described in the literature (Salma et al., 2016). 290 

Similar to BP10, BP11 (m/z 312.13427) also contained an unsaturation more than 291 

CIPRO but in this case defluorination had also taken place. The absence of the 292 

fragment m/z 70 and the presence of m/z 68 pinpointed that the unsaturation 293 

should be placed in the piperazinyl ring. 294 

Esterification of CIPRO was also observed in BPs 12 and 13 of CIPRO. In the 295 

case of BP12, the precursor ion m/z 346.15615 pinpointed the addition of CH2 in 296 

the molecule. Similar to BP6, the MS2 spectra contained abundant fragments (m/z 297 

332, 314, 312, 249, 245, 231) also present in CIPRO. However, compared to BP6, 298 

the presence of the fragment m/z 70 suggested that the piperazinyl ring was 299 

unmodified and esterification in the carboxylic group of CIPRO was the most 300 
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tentative structure. However, BP13 (m/z 374.15106) could correspond to the N-301 

formylation of BP12 or esterification of BP1 since, once the methyl group was lost 302 

(m/z 360), the fragmentation pattern (m/z 342, 231, 243) corresponded to BP1. 303 

Dimethoxylation of CIPRO was observed in BP14. The presence of the fragments 304 

m/z 70 and m/z 348, indicating the decarboxylation of the precursor ion m/z 305 

392.16163, pinpointed that the piperazinyl ring was unmodified. The composition 306 

change +C2H4O2 could come from the introduction of two methoxy groups in 307 

CIPRO. However, since only a small fragment showing the methoxy loss was 308 

observed (m/z 360), the methoxy groups should be located in carbons with sp2 309 

hybridation, at least one in the aromatic ring and the second one also in the 310 

aromatic ring or in the piperidin-4-one ring. Abundant fragment m/z 227.11816 311 

could not be explained due to the absence of a molecular formula related with 312 

CIPRO that could explain that exact mass. 313 

Although the MS2 spectrum of BP15 was quite poor, the fragment m/z 346 314 

corresponded to the loss of a methoxy group from the precursor m/z 378.14598. 315 

Compared to CIPRO, BP15 contained one more oxygen atom and an unsaturation, 316 

which could be explained if the methoxy group was located on the piperazinyl ring 317 

and generated an unsaturation when fragmented. This is in agreement with the 318 

absence of the m/z 70 fragment. Furthermore, after demethoxylation, a small 319 

fragment, corresponding to a water loss (m/z 328), and a lack of decarboxylation 320 

were observed, suggesting that N-hydroxylation occurred in the secondary amine 321 

group to favor the positive charge equilibrium to the oxygen atom in the piperidin-322 

4-one ring.  323 

BP16-BP18 had undergone the cleavage of the piperazinyl ring, which has been 324 

previously described in the literature (Haddad and Kümmerer, 2014; Villegas-325 
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Guzman et al., 2017; Guo et al., 2013; Hu et al., 2011; Morales-Gutiérrez et al. , 326 

2014; Paul et al., 2010; Salma et al. 2016; Vasconcelos et al., 2009; Zhang et al., 327 

2015; Prieto et al., 2011; Babić, et al.,2013; Maia et al,. 2014). BP16 (m/z 328 

380.16163) could correspond to the methoxylation and hydroxylation of CIPRO 329 

after the cleavage of the piperazinyl ring. The loss of a methoxy group was clearly 330 

observed (m/z 348), which could be located in the N-methyl moiety formed after 331 

the cleavage of the piperazinyl ring due to the presence of fragment m/z 86 332 

(C4H8NO) instead of the fragment m/z 70, similar to BP9. On the other N-methyl 333 

group, obtained after the cleavage of the piperazinyl ring, hydroxylation is 334 

proposed in order to explain the presence of the fragment m/z 72 (CH3H6NO). 335 

After demethoxylation, water loss (m/z 330) and defluorination (m/z 328) were 336 

observed in the spectrum. Villegas et al. (Villegas-Guzman et al., 2017) described 337 

a similar BP, but with two hydroxyl groups in the structure. In the case of BP17, 338 

the precursor ion m/z 362.11468 contained two more oxygen atoms and a single 339 

unsaturation. The lack of m/z 70 suggested that the piperazinyl ring had been 340 

modified. Furthermore, the CO loss before the water loss (m/z 334) suggested the 341 

presence of at least an aldehyde group. In the absence of a dehydration and in the 342 

presence of fragment m/z 72 (C3H6NO), one possible structure could contain two 343 

aldehyde groups after the cleavage of the piperazinyl ring, as already described in 344 

the literature (Hu et al. 2011; Paul et al., 2010), and the MS2 fragments observed, 345 

including m/z 334, 316, 299, 273, 259 and 245, matched with the reported values. 346 

Finally, according to the Compound Discoverer 2.0 program, BP18 (m/z 347 

390.14598) corresponded to the oxidative deamination to alcohol plus glycine 348 

conjugation of CIPRO. Glycine conjugation in the carboxylic acid group of acidic 349 

xenobiotics and oxidative deamination of primary amines are common phase II 350 
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and phase I reactions, respectively (Hop and Prakash, 2005). In the case of 351 

CIPRO, a previous cleavage of the piperazinyl ring is required to form the primary 352 

amine. This structure is also in agreement with the lack of fragment m/z 70. 353 

BP19 (m/z 344.10411, C17H14FN3O4) contained 4 hydrogen atoms less and an 354 

oxygen atom more than CIPRO. The presence of fragment m/z 70 suggested no 355 

modification in the piperazinyl ring. On the other hand, the loss of water (m/z 326) 356 

and the consecutive CO loss (m/z 298) were attributed to the carboxylic group. 357 

Therefore, the most probable position to add an unsaturation and the keto group 358 

was the cyclopropyl ring, which was supported by the presence of the fragment 359 

m/z 53 (C3HO). However, it was not possible to determine if this oxidation involved 360 

the cleavage of the cyclopropyl moiety since it is not common in literature. 361 

Finally, the structure of BP20 (m/z 360.17180) showed a +C2H4 composition 362 

change compared to CIPRO, but the structure could not be annotated since we did 363 

not observe neither a methyl or ethyl loss in the fragmentation, nor a modification 364 

of the piperazinyl ring (m/z 70), but a decarboxylation (m/z 316) of the precursor 365 

ion.  366 

Oxidation, methylation (N-, C- or O-methylation), oxidative defluorination (in 3 BPs 367 

out of 20), reductive defluorination (1 BP our of 20), dehydrogenation of the 368 

piperazinyl ring (in 2 BPs) and the cleavage of the piperazinyl ring with (1 BP) or 369 

without (2 BPs) the loss of the primary amine formed during the cleavage were the 370 

main phase I transformations of CIPRO in seawater. The only phase II 371 

transformation of CIPRO observed was BP18, which suffered oxidative 372 

deamination of the piperazinyl ring and glycine conjugation. Regarding toxicology 373 

of the BPs, even though most of the annotated BPs were identified in the present 374 

work were for the first time and scarce information is found in the literature, 375 
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Toolaram and co-workers reported that BP2, BP5 and BP17 may be genotoxic to 376 

bacteria and mammals according to QSAR (Quantitative Structure Activity 377 

Relationships) predictions (Toolaram et al., 2016). However, they reported that 378 

antagonistic mixture interactions or the low concentration of the BPs in the mixture 379 

was not sufficient to cause any observable effect in the bioassays (Toolaram et al., 380 

2016). 381 

b) BPs in water in the presence of fish 382 

14 of the previously detected BPs were also observed (BP 1-2, 4-6, 8-10, 12-13, 383 

15-17, 20) and 10 new BPs were annotated in seawater in presence of fish, from 384 

which 9 were reported for the first time in the present work (see Fig. 1). 385 

In BP21, while decarboxylation of precursor ion m/z 356.14050 was not observed, 386 

the fragment corresponding to the dehydration (m/z 338) was one of the main 387 

fragments. Dehydration is common when the secondary amine of piperazinyl ring 388 

is modified. The absence of the fragment m/z 70 and the presence of m/z 68 389 

pinpointed that the unsaturation should be in the piperazinyl ring (similar to BP10 390 

and BP11) and fragment m/z 94 suggested the presence of an N-ethylene group. 391 

Therefore, BP21 could be the alkylation product of BP10. 392 

Similarly, in BP22 (m/z 372.13541) the introduction of an unsaturation in the 393 

CIPRO structure is also required in order to explain the modification of +C2O. The 394 

absence of the fragment m/z 70 and the presence of m/z 68 pinpointed that the 395 

unsaturation was located in the piperazinyl ring, similar to BPs 10, 11 and 21. 396 

Fragment m/z 344, due to a CO loss before dehydration (common in aldehydes), 397 

together with the presence of the abundant fragment m/z 110 and the presence of 398 

a water loss (m/z 354), related to the equivalent of CIPRO B structure, suggested 399 
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an introduction of an N-alkyl aldehyde group in the secondary amine of the 400 

piperazinyl ring. Therefore, BP22 could be the alkylation product of BP10. 401 

In BP23, the precursor ion m/z 362.15106 was poorly fragmented and the 402 

composition change +CH2O compared to CIPRO could not be attributed to the 403 

introduction of a methoxy group because no methoxy loss was observed. The 404 

absence of fragment m/z 70 pinpointed that piperazinyl ring was modified and, 405 

therefore, the methoxy group could not be located in the aromatic ring. The most 406 

abundant fragment m/z 100 (C5H10NO) suggested that both transformations 407 

(methylation plus hydroxylation) should be present in the piperazinyl ring. Thus, 408 

the addition of +CH2O should be attributed to a methylation plus hydroxylation of 409 

CIPRO. The single water loss observed (m/z 344) could be attributed to the 410 

common water loss when the secondary amine group has been modified. Hence, 411 

N-hydroxylation of the secondary amine and methylation of a carbon atom in the 412 

piperazinyl ring was suggested to explain BP23.  413 

BP24 (m/z 346.11976), a keto transformation of CIPRO, could be considered an 414 

oxidated product of the monohydroxylated BP4. The absence of m/z 70 indicated 415 

that the piperazinyl moiety was modified with a carbonyl group in the piperazinyl 416 

ring, as. described in the literature (Guo et al., 2013; Morales-Gutiérrez et al., 417 

2014; Salma et al., 2016; Hu et al., 2011), and the MS2 fragments observed, 418 

including m/z 328, 318, 275, 257 and 229, matched with the reported values. 419 

In BP25 (m/z 360.13541) fragments m/z 340 (360-HF) and m/z 332, 420 

corresponding to a CO loss before dehydration (common in aldehydes), were 421 

observed. The lack of the m/z 70 and the presence of fragment m/z 98 indicated 422 

that the aldehyde should be in the piperazinyl ring. The fragment m/z 68 could 423 

correspond to the aldehyde loss and the formation of an unsaturation in the 424 
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piperazinyl ring. In this case, and on contrary to BP1, the N-formylation of CIPRO 425 

was discarded because otherwise the equilibrium would be favored towards the 426 

equivalent of CIPRO B structure, causing a water loss not observed in BP25. 427 

Therefore, the aldehyde group should be bonded to a sp3 carbon of the piperazinyl 428 

ring. 429 

BP26 (m/z 332.14050) is a constitutional isomer of CIPRO. Although it presented 430 

similar fragmentation to CIPRO (m/z 314, 312, 249, 245, 231, 203), the main 431 

difference in the MS2 spectra is the absence of fragments m/z 70 (C4H8N) and m/z 432 

136 (C8H7FN). One option to justify the lack of fragment m/z 70 could be the 433 

cleavage of the piperazinyl ring, giving place to an unsaturation. 434 

BPs 27-30 suffered the oxidative deamination of the piperazinyl ring of CIPRO 435 

when fish were present. In BP27 (m/z 351.13508) oxidative deamination of 436 

primary amine could explain the loss of nitrogen without losing any carbon atom 437 

and, therefore, the cleavage of the piperazinyl ring was suggested followed by the 438 

oxidative deamination to alcohol. Moreover, the two methyl losses observed 439 

(fragments m/z 337 and m/z 305) could correspond to the fragmentation of the N-440 

ethyl group. The second hydroxyl group added to the CIPRO structure should be 441 

in a sp2 carbon atom since only two water losses were observed (fragments m/z 442 

319 and m/z 287), one from the alcohol formed after oxidative deamination and 443 

the other one coming from the carboxylic group. However, there was no sufficient 444 

information in the MS2 spectra in order to locate this hydroxyl either in a sp2 445 

carbon atom of the aromatic ring or in the sp2 carbon of the piperidin-4-one ring. 446 

BP28 (m/z 406.14089) corresponded to the combination of hydration, oxidative 447 

deamination to ketone and glycine conjugation of CIPRO. After the cleavage of the 448 

piperazinyl ring, while the primary amine suffered oxidative deamination to ketone, 449 
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the hydroxylation of the other side of the opened ring was suggested. In the MS2 450 

fragmentation two fragments related to water loss were observed (m/z 388and m/z 451 

370), one corresponding to the hydroxyl group in the piperazinyl side and the other 452 

one corresponding to the carboxyl group. This structure could also explain the 453 

absence of fragment m/z 70. Additionally, CO loss due to the presence of carbonyl 454 

group was observed in small fragments such as m/z 98. For BP29 (m/z 455 

460.15146) an oxidative deamination plus glutamine conjugation was proposed. A 456 

large neutral CO2 loss was observed (m/z 416) related to the two carboxylic 457 

groups present in glutamine. Fragment m/z 243 (C9H11N2O6) was also related to 458 

the glutamine conjugative. Although usually the presence of fragment m/z 70 is 459 

related to a lack of modification in the piperazinyl ring, this was not the case in 460 

BP29, which had suffered oxidative deamination. Finally, three transformations 461 

from CIPRO were suggested to annotate BP30 (m/z 404.12524) as the 462 

dehydrogenated derivate of BP28: oxidation, oxidative deamination to ketone plus 463 

glycine conjugation. However, we could not justify fragment m/z 306 464 

(C15H17FN3O3) corresponding to the loss of C4H2O3 from the precursor ion.  465 

Compared to the BPs annotated in the absence of fish, oxidative deamination and 466 

both glycine and glutamine conjugation gained importance CIPRO in the presence 467 

of gilt-head bream since 4 of the 10 new BPs had suffered both transformation 468 

reactions (see Fig. 1). 469 

c) BPs in fish tissue and fluid 470 

Although CIPRO metabolites were searched in gilt-head bream liver, brain, muscle, 471 

gill, plasma and bile, BPs were only detected in bile and will be further commented. 472 

5 BPs were found in fish bile and none of them was detected in seawater (see 473 

Fig. 1). The 5 new BPs, named BP31-BP35, had gone through defluorination, 474 
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which had only been observed in 4 of the 30 BPs previously annotated in water. 475 

Moreover, all of them, except BP31, suffered oxidative deamination. Neither 476 

glycine nor glutamine conjugates were observed. 477 

In BP31-33 reductive defluorination took place and, in those BPs, the fluorine atom 478 

was not replaced by a hydroxyl group in the aromatic ring. BP31 (m/z 314.14992) 479 

corresponded to the reductive defluorination of CIPRO. Although the MS2 spectra 480 

was poor, fragments m/z 296 and m/z 268 corresponded to the common water 481 

and the consecutive CO losses. In BP32 (m/z 333.14450), reductive defluorination, 482 

oxidative deamination and hydration of CIPRO were observed. The structure 483 

shown in Fig. 1 explained the absence of the fragment m/z 70. The presence of 484 

the abundant fragment m/z 255 (C15H15N2O2) could be explained as water and CO 485 

loss from the carboxylic group, dehydration from one of the hydroxyl groups and 486 

demethylation from the alkyl group. Similarly, fragment m/z 241 (C14H13N2O2) 487 

corresponded to the demethylation of fragment m/z 255. Both fragments 488 

suggested that the second hydroxyl group could not be lost, and to match with the 489 

reductive defluorination proposed by Compound Discoverer, both OH groups 490 

should be placed in adjacent carbons. Finally, oxidative deamination plus 491 

reductive defluorination of CIPRO was proposed for BP33 (m/z 315.13394) . The 492 

absence of m/z 70, together with the oxidative deamination and the loss of CO 493 

(m/z 287), pinpointed the introduction of an aldehyde group in replacement of the 494 

secondary amine of the piperazinyl ring. Fragment m/z 255 could be explained as 495 

dehydration (-18) in the carboxyl group and demethylation (-14) in the N-ethyl 496 

group of fragment m/z 287. 497 

On the contrary to BP31-33, oxidative defluorination was pinpointed in BP34-35. 498 

BP34 (m/z 345.14450) corresponded to the oxidative deamination, oxidative 499 
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defluorination plus methylation of CIPRO. Similar to BP32, the fragment m/z 317 500 

indicated a CO loss from the precursor, suggesting the presence of an aldehyde 501 

formed during the oxidative deamination. Fragments m/z 283 and m/z 271 502 

suggested the presence of the N-ethyl group formed after the cleavage of the 503 

piperazinyl ring. On the other hand, since methoxy group loss was not observed, 504 

the methoxy or hydroxyl group plus methyl groups should be located in the 505 

aromatic ring, being most probable the addition of the methoxy group to either the 506 

sp2 carbon that contained the fluorine atom or to the adjacent one. Actually, since 507 

two regioisomers were detected, one could contain the methoxy group in the sp2 508 

carbon atom where the fluorine atom had been located and the other one could 509 

contain the methoxy group in the adjacent sp2 carbon atom. Lastly, fragment m/z 510 

327 was attributed to a water loss due to the presence of the carboxylic acid group 511 

of CIPRO, and this structure also explained the absence of fragment m/z 70 512 

(C4H8N) and the presence of fragments m/z 74 (C3H8NO) and m/z 86 (C4H8NO). 513 

Finally, hydration, oxidative deamination to ketone plus oxidative defluorination of 514 

CIPRO was suggested to explain the metabolite BP35 (m/z 347.12377). The CO 515 

loss observed before dehydration (fragment m/z 273) suggested the presence of 516 

an aldehyde group formed from the cleavage of the piperazinyl ring and the 517 

oxidative deamination of the primary amine formed. The presence of the fragment 518 

m/z 301 attributed to a decarboxylation and the fragment m/z 287, corresponding 519 

to a subsequent dehydration, pinpointed that one hydroxyl group should be 520 

located in a position where dehydration could occur. Hence, we suggested a 521 

structure with a hydroxyl group in the aromatic ring (no water loss) and another 522 

one in the N-ethyl group formed during the cleavage of the piperazinyl ring. The -523 

OH in the aromatic group should be related to defluorination but, with the 524 
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information available, we could not annotate its position, which could replace the 525 

fluorine atom or could be located in the adjacent sp2 carbon. Lastly, the fragment 526 

m/z 241 (C14H13N2O2), which kept both nitrogen atoms of the precursor, could be 527 

explained by decarboxylation, CO loss from aldehyde, dehydration of the alcohol 528 

plus demethylation. 529 

As above mentioned, defluorination was characteristic of all the BPs observed in 530 

bile, and BP31 was the most similar in structure to the 4 defluorinated BPs 531 

observed in seawater (BP2, BP5, BP9 and BP11). However, BP2, BP5 and BP9 532 

were already present in the seawater in the absence of fish, therefore, BP31 was 533 

not necessarily their precursor. In the case of BP11, which was only present in the 534 

presence of fish, it could correspond to the oxidation of BP31. 535 

3.3 Relative abundances of CIPRO BPs  536 

In order to compare the abundances of BPs in the different scenarios studied, 537 

equivalent chromatographic signal response factors were assumed for all the BPs. 538 

Since response factors may differ among BPs, these results should be considered 539 

qualitative. Fig. S3 shows the relative abundances calculated as the ratio of the 540 

individual peak area with respect to the sum of all peak area in the different 541 

samples (seawater, seawater with fish and fish bile). All peak areas were 542 

corrected using internal standard ([2H8]-CIPRO). 543 

CIPRO was significantly the most abundant compound in seawater in the absence 544 

and presence of fish, accounting for approximately the 95% of all the compounds 545 

detected in the aqueous phase. BP1 (N-formylation of CIPRO), BP4 (hydroxylation 546 

in the piperazinyl ring of CIPRO) and BP13 (N-formylation + esterification of 547 

CIPRO) were detected both in the absence and presence of fish in approximately 548 

1% of the total compounds. In the presence of gilt-head bream, BP21 and BP24 549 
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were also detected at similar levels. The relative profile for CIPRO and BPs in 550 

seawater remained fairly consistent over the duration of the experiment regardless 551 

the presence or absence of fish. The BPs in the presence of fish correspond to the 552 

most complete scenario since we did not only consider the BPs formed in 553 

seawater due to photodegradation or degradation by microorganisms present in 554 

seawater but we also take into account those present in the seawater media due 555 

to either fish elimination or formation in the water media in the presence of fish 556 

excrements. 557 

In the case of fish bile, BP32 was found at the highest abundance (33-58%), 558 

followed by CIPRO (18-26%) and BP33 (19-28%) and the relative profile varied 559 

with time. Overall, while a slight decrease of BP32 was observed with time, BP33 560 

increased. An increase of BP34 up to 6% was also observed at day 3 of exposure, 561 

and BP31 (4%) and BP35 (3%) also increased in the last exposure day (day 8). 562 

4. CONCLUSIONS 563 

In order to assess risks associated with the exposure to PhACs in aquatic wildlife, 564 

a complete understanding of the uptake of the pharmaceutical together with its 565 

potentially bioactive BPs is required. Although this can vary from specie to specie 566 

and under different environmental conditions (seawater vs freshwater), in the 567 

present work it has been observed that CIPRO is only accumulated in gilt head 568 

bream bile and not in lipidic tissues.  569 

On the other hand, even though CIPRO was significantly the most abundant 570 

compound in seawater, accounting for approximately the 95 % of all the 571 

compounds detected in the aqueous phase, 30 different BPs were detected in 572 

water and another different 5 BPs in fish bile. The fact of having just 14 BPs in 573 
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common in seawater in the absence and presence of fish clearly indicates that the 574 

degradation of CIPRO is dependent on environmental conditions. It is worth 575 

mentioning that in the BPs annotated in the presence of fish, oxidative 576 

deamination and both glycine and glutamine conjugation gained importance. In the 577 

case of bile, while glycine or glutamine conjugates were observed, defluorination 578 

and oxidative deamination were relevant, with BP32 being even more abundant 579 

than CIPRO. Lastly, with in-silico tests that concluded genotoxicity of CIPRO BPs 580 

to bacteria and mammals, and having reported 30 BPs out of 35 for the first time in 581 

the present work it is suggested that the identification of new BPs is a required 582 

challenge in order to include the determination and effects of PhACs BPs in 583 

environmental exposure assessment. 584 
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• First uptake/biotransformation study with ciprofloxacin-exposed gilt-head bream 

• Ciprofloxacin and its by-products (BPs) were only observed in gilt-head bream bile 

• Up to 35 BPs (30 novel structures) were annotated in seawater and bile using HRMS 

• Different ciprofloxacin degradation pathway was found in presence and absence of fish 

• Besides pharmaceuticals, BPs should also be considered for risk assessment studies 


