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Abstract: 18 

In this paper, we studied the electrochemical oxidation mechanisms of three typical 19 

fluoroquinolone antibiotics (FQs), and investigated residual antibacterial activity and toxicity 20 

changes after oxidation processes. Electrochemistry coupled to mass spectrometry (EC-MS) was 21 

used to study the oxidation processes of ciprofloxacin (CIP), norfloxacin (NOR) and ofloxacin 22 

(OFL). Eight oxidation products for each parent compound were identified and their chemical 23 

structures were elucidated. The transformation trend of each product, with the continuous 24 

increase of voltage from 0 to 3000 mV, was recorded by online EC-MS. The oxidation pathways 25 

were proposed based on the structural information and transformation trends of oxidation 26 

products. We found the oxidation mechanisms of FQs consisted of the hydroxylation and 27 

cleavage of piperazinyl ring via reactions hydroxyl radicals, while the fluoroquinolone core 28 

remained intact. The antibacterial activity of the parent compounds and their oxidation mixtures 29 

was estimated using zone inhibition tests for gram-negative bacteria Salmonella typhimurium. It 30 

was found that the oxidation mixtures of CIP and NOR retained the antibacterial properties with 31 

lower activity compared to their parent compounds, while the antibacterial activity of OFL was 32 

almost eliminated after oxidation. Furthermore, the toxicity of the three FQs and their oxidation 33 

mixtures were evaluated by using algal growth inhibition test (Desmodesmus subspicatus). The 34 

median effective concentration (EC50) values for the algal inhibition tests were calculated for the 35 

end point of growth rate. The toxicity of CIP and NOR to green algae after electrochemical 36 

oxidation, remained unchanged, while that of OFL significantly increased. The results presented 37 

in this paper contribute to an understanding of the electrochemical oxidation mechanisms of FQs, 38 

and highlight the potential environmental risks of FQs after electrochemical oxidation processes.  39 
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1. Introduction 42 

Fluoroquinolone antibiotics (FQs) are the most widely used group of antibiotics in the treatment 43 

of respiratory and bacterial infections, due to their board-spectrum activity against bacteria. FQs 44 

have been detected in wastewater treatment plant (WWTP) effluents (Kostich et al., 2014), 45 

surface water (Zhang et al., 2014) and in various environment matrixes (Kümmerer, 2009) with 46 

concentrations from ng/L to µg/L level.  47 

The presence of FQs in the environment can induce adverse effects on organisms and human 48 

beings in the long term, even at trace concentrations (Isidori et al., 2005 and Johansson et al., 49 

2014). First, continuous release of FQs into the aquatic environment may induce antibiotic 50 

resistance in native bacterial population (Bos et al., 2015). Resistance has the potential to 51 

adversely affect the health of aquatic and terrestrial organisms including humans (Bengtsson-52 

Palme and Larsson, 2015 and Kümmerer, 2009). Secondly, the presence of FQs raises great 53 

concern about their toxicity in the environment. Robinson et al. (2005) conducted a study which 54 

found seven FQs exhibiting selective toxicity to five aquatic organisms. The combined toxicity 55 

of FQs and other antibiotics was investigated by González-Pleiter et al. (2013) on 56 

cyanobacterium and green alga, finding that strong synergism between these compounds 57 

observable in both organisms. Therefore, it is of great importance to effectively eliminate FQs 58 

from wastewater.  59 

Advanced oxidation processes (AOPs) include a large variety of methods, such as ozone based 60 

processes, photolysis and photocatalysis processes and Fenton reaction based processes, which 61 

can effectively combine with conventional processes to remove resistant pharmaceuticals. 62 

Among them, electrochemical advanced oxidation processes (EAOPs) have recently received 63 



increasing attention due to their high-energy efficiency, versatility, and safety (Sirés and Brillas, 64 

2012). The simplest and most popular EAOP is anodic oxidation with electrogenerated hydroxyl 65 

radicals (·OH) on boron-doped diamond (BDD) electrodes (Eq. (1)). BDD electrodes are 66 

preferred for water remediation since they can generate high amounts of weakly physisorbed 67 

hydroxyl radicals (Marselli et al., 2003 and Moreira et al., 2014), which enhance the removal of 68 

organic chemicals. 69 

BDD + H2O → BDD(·OH)ads + H+ + e−       (1) 70 

Numerous investigations have been conducted on the removal of FQs by EAOPs, most of which 71 

were focused on the optimization of reaction conditions, oxidation kinetics, and efficiency 72 

(Carlesi Jara et al., 2007, Guinea et al., 2009, Guinea et al., 2010 and Yahya et al., 2014). 73 

However, little attention has been paid to the understanding of oxidation mechanisms of FQs 74 

during EAOPs.  75 

    Online or offline coupling electrochemistry with mass spectrometry (EC-MS) was first used to 76 

study the redox reactions of biomolecules (Hambitzer and Heitbaum, 1986 and Volk et al., 1989) 77 

and simulate drug metabolism (Karst, 2004). In our previous studies (Chen et al., 2012, Chen et 78 

al., 2014 and Hoffmann et al., 2011), EC-MS has been shown to be a reliable and rapid 79 

laboratory tool to investigate the oxidative mechanisms of organic pollutants in the environment 80 

and water treatment processes. In particular, the online monitoring of electrochemical oxidation 81 

processes has the advantage of directly detecting highly reactive and short-lived intermediates 82 

without a time delay. Therefore, we applied this approach to investigate oxidative mechanisms 83 

and identify oxidation products of FQs by electrochemical oxidation.  84 



    However, the abatement of the FQs during electrochemical oxidation can lead to the formation 85 

of various oxidation intermediates and products. There is a great possibility that electrochemical 86 

oxidation products also retain the biological effects of their parent compounds, and even develop 87 

new undesired bio-effects. In earlier studies (De Bel et al., 2009, Michael et al., 2010 and 88 

Vasquez et al., 2013), residual antibacterial activity and toxicity changes in FQs after other 89 

oxidation processes, such as ozonation, UV treatment, and photocatalysis have been reported. 90 

Therefore, the issue cannot merely be addressed by elucidating the structures of oxidation 91 

products. Moreover, the toxicological effects of treated solutions arising from a mixture of 92 

residual parent compounds and their oxidation products should be evaluated.  93 

The objective of the present paper is to study electrochemical oxidation mechanisms of FQs 94 

and evaluate the antibacterial activity and toxicity of the FQs and their reaction mixtures. Three 95 

typical FQs (Fig.1), ciprofloxacin (CIP), norfloxacin (NOR) and ofloxacin (OFL), which are the 96 

most frequently detected in WWTPs and natural water (Kostich et al., 2014, Zhang et al., 2014 97 

and Van Doorslaer et al., 2014), were selected to conduct this study. We identified oxidation 98 

products and proposed oxidation pathways of the three FQs using EC-MS. A bulk EC cell for 99 

rapid electro-synthesis, introduced in our latest work (Zhu et al., 2015), was used to prepare mg 100 

quantities of the reaction mixtures for biological tests. The antibacterial activity of the FQs and 101 

their oxidation mixtures was assessed using a typical zone inhibition test with gram-negative 102 

bacteria, Salmonella typhimurium, as a reference bacterium. The toxicity change of the FQs 103 

during electrochemical oxidation processes was investigated using algal growth inhibition tests 104 

with green algae (Desmodesmus subspicatus).   105 



2. Materials and methods 106 

2.1 Chemicals and regents 107 

All solvents (chromatographic grade) and chemicals (analytical grade) were used as received 108 

from the commercial suppliers. Ciprofloxacin (99%, CAS 85721-33-1), norfloxacin (99%, CAS 109 

70458-96-7), and ofloxacin (99%, CAS 82419-36-1) were purchased from Sigma-Aldrich. 110 

Ammonium acetate (p.a.), methanol (LiChrosolv purity), and dimethyl sulfoxide (DMSO) were 111 

purchased from Merck KGaA (Darmstadt, Germany). Formic acid was obtained from ROMIL 112 

(Cambridge, UK). High purity water (18.2 MΩ·cm) was produced by a MilliQ plus 185 113 

(Millipore, Molsheim, France).  114 

2.2 Online EC-MS setup 115 

2.2.1 Electrochemical reactions 116 

A commercial EC reactor (Antec Leyden, The Netherlands) with a built-in platinum counter 117 

electrode and Roxy potentiosat was set up as reported in previous investigations (Chen et al., 118 

2012 and Hoffmann et al., 2011).  119 

The electrochemical reactions were conducted in a flow-through “ReactorCell” (Antec Leyden, 120 

The Netherlands) containing a working electrode and a pH-dependent HyREF electrode for 121 

reference. In this study, a BDD working electrode was used for oxidation. Each reaction solution 122 

was composed of 50 µM of the parent compound with a 10 mM ammonium acetate buffer, in a 123 

mixture of methanol and water (2:3) containing 0.1% formic acid. The reaction solution was 124 

pumped through the EC cell at a constant flow rate of 10 µL/min. The residence time of the 125 

solution at the working electrode was approximately 3s. A potential ramp at a scan rate of 10 126 



mV/s was applied to record the dynamic transformation processes of target ions. The mass 127 

spectra of the FQs at different reaction voltages were recorded by applying constant voltages to 128 

the EC cell. All reactions were conducted at a constant temperature (25°C) and repeated in 129 

triplicate to ensure the stability of the system and minimize bias and random errors. 130 

2.2.2 Mass spectrometry conditions 131 

ESI-MS experiments were carried out on a QTRAP 2000 (ABSciex, Darmstadt, Germany) and a 132 

high-resolution Fourier Transform Ion Cyclotron Resonance mass spectrometer (ESI-FTICR-MS) 133 

Ultra (ThermoFisher Scientific, San Jose, CA, USA), respectively. The settings of the method 134 

were performed as given in detail by Chen et al. (2012) and Hoffmann et al. (2011). 135 

2.3 Preparation of reaction mixture for toxicity testing 136 

Scaling up reactions were conducted in an offline “SynthesisCell” (Antec Leyden, The 137 

Netherlands) following the work-up method introduced in our previous work (Zhu et al., 2015). 138 

An 80 mL solution containing 8 mg of a parent compound, and 10 mM ammonium acetate with 139 

0.1% formic acid, was oxidized in the “synthesis cell” for approximately 2 h. The reaction 140 

solution was stirred throughout this period by a magnetic stirrer.  400 mL of the reaction solution 141 

was collected by repeating this reaction five times. The solvent of the reaction mixture was 142 

removed by a SpeedVac system (Thermo Fisher Scientific, USA). The samples were dissolved in 143 

water and the pH of the sample solution was adjusted to 3. Based on the structures and properties 144 

of FQs and their oxidation products, a CHROMABOND® HR-XCW column (6mL/500 mg, 145 

Macherey and Nagel, Düren, Germany) was selected as the solid phase for solid phase extraction 146 

(SPE). Each SPE column was conditioned twice with 40 mL MeOH and then 10 mL H2O 147 

(pH=3). An 80 mL sample solution was loaded onto the columns at a flow rate 4-5 mL/min. 148 



Each column was then washed twice with 10 mL water, and the components of the sample were 149 

eluted with 1 mL MeOH/ACN/Formic acid (20/75/5) five times. Finally, the eluate was dried 150 

using the SpeedVac.  151 

     The F– concentrations in the reaction solutions of CIP, NOR and OFL were measured by an 152 

ion chromatography system (ICS-3000, Dionex, USA). An IonPac AS23 Anion-Exchange 153 

Column (4 x 250 mm, Dionex, USA) was used for separation. The column temperature was set 154 

to 30 °C. The mobile phase was composed of 4.5 mM of Na2CO3/0.8 mM of NaHCO3, and the 155 

flow rate was set at 1.0 mL/min. 156 

The final oxidation mixtures of the three FQs, named Ciprofloxacin Product (CP) mixture, 157 

Norfloxacin Product (NP) mixture and Ofloxacin Product (OP) mixture, were analyzed by an 158 

Agilent1100 DAD-HPLC system (Agilent Technologies, Waldbronn, Germany) interfaced with 159 

a Q-TRAP 4000 (ABSciex, Darmstadt, Germany). A C18 Eclipse Plus column (100 x 4.6 mm, 160 

2.6 µm particle size, Agilent Technologies, Waldbronn, Germany) was used for separation. The 161 

column temperature was set to 30 °C. The binary mobile phase consisted of (A) H2O with 0.1% 162 

formic acid and (B) acetonitrile with 0.1% formic acid. A 17 min gradient was used as follows: 163 

0-2 min 90% A isocratic, 2-10 min 10-90% B linear, 10-13min 90% B isocratic, 13-13.10 min 164 

10-90% A linear, 13.10-17 min 90% A isocratic at a flow rate of 800 µL/min. The components 165 

were analyzed in the multiple reaction monitoring (MRM) mode (CIP: 332->288, NOR: 320-166 

>276, OFL: 362->318). 167 

2.4 Antibacterial activity test 168 



An inhibition zone test was carried out according to the Disk Diffusion Test Methodology by 169 

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) (Matuschek et al., 170 

2014) with slight modifications.  171 

Salmonella typhimurium, as a typical Enterobacteriaceae, was selected as the test bacteria. S. 172 

typhimurium was cultured overnight in Oxoid Nutrient Broth no. 2 (Sigma-Aldrich), at 37 ± 1°C,  173 

in an incubator shaking at 150 rpm for 8-10 h. Densities of the overnight inoculum were 174 

computed in formazine attenuation units (FAU) by relating measured optical densities (λ = 595 175 

nm) (Infinite 200, Tecan, Crailsheim, Germany). 100 µL of individual stock cultures were spread 176 

on nutrient agar plates, containing 15 g/L agar, 7.5 g/L yeast extract, 7.5 g/L casein Peptone and 177 

5.0 g/L NaCl (Merck KGaA, Damstadt, Germany). Filter papers (∅: 8 mm) spiked with 10 µL of 178 

an aqueous sample solution were placed on the plates. Subsequently, the plates were incubated at 179 

37±2°C for 16-20 hours. After incubation, the inhibition zone diameters were measured to the 180 

nearest millimeter. Inhibition zone diameter is the criteria indicating the antibacterial activity. 181 

The statistical difference between the parent compound and its oxidation mixture at the same 182 

exposure concentration was calculated by a t-test (p < 0.05). The statistical differences among 183 

different exposure concentrations of the same sample were determined by a one-way ANOVA 184 

followed by Student-Newman-Keuls multiple comparison test (p < 0.001).  185 

2.5 Algal growth inhibition assay 186 

The algal growth inhibition tests with Desmodesmus subspicatus were following OECD 201 187 

guideline (2011) with minor modifications. The algae growth inhibition test was carried out in 188 

24-well microplates with a final assay volume of 2 ml per well (Eisentraeger et al. 2004). CIP, 189 

CP mixture, NOR, NP mixture, OFL and OP mixture were diluted by the incubation medium in a 190 



1:2 dilution series with three internal replicates: 0.625-20 mg/L, 0.625-20 mg/L, 0.625-10 mg/L, 191 

0.625-10 mg/L, 2.5-80 mg/L, and 0.625-20 mg/L, respectively. Two controls were used, one 192 

with 0.1% DMSO and one with millipore water (Millipore, Schwalbach, Germany). The algal 193 

biomass was determined at 24, 48 and 72h by relating measured optical densities (λ = 595 nm) 194 

(Infinite 200, Tecan, Crailsheim, Germany). The algal growth inhibition assay was performed in 195 

triplicate per concentration. 196 

    Statistical analyses were performed using the software package ToxRat Professional XT, 197 

version 2.10 (ToxRat® Solutions GmbH, Alsdorf, Germany) based on the logarithmic increase of 198 

biomass during the test period. Dose–response curves were plotted by the software Graphpad 199 

(Prism 6.0, La Jolla, USA) using log (agonist) vs. response with a variable slope, where the top 200 

and bottom of the curve was respectively set to 0% and 100%, respectively. The significance was 201 

p < 0.05.  Evaluations were based on nominal concentrations of FQs and the oxidation mixtures, 202 

respectively.  203 



3. Results and discussion 204 

3.1 Electrochemical oxidation of FQs  205 

3.1.1 Identification of transformation products 206 

The voltage – mass intensity curves of the three FQs (Fig.2) were first recorded to determine the 207 

reaction starting voltage, while a potential ramp from 0 to 3000 mV with a slope of 10mV/s was 208 

applied. The starting voltages of electrochemical oxidation of CIP, NOR and OFL in the EC cell 209 

were 1150, 1200 and 1100 mV, respectively.  210 

    The mass spectra of the three compounds at constant voltages of 1500, 2000, 2500 and 3000 211 

mV were then recorded to observe the possible oxidation product peaks. Eight possible 212 

ciprofloxacin oxidation products (CPs) with masses of 263, 291, 306, 334, 348, 350, 360, and 213 

362 were detected by EC-MS. The electrochemical oxidation of NOR also led to form eight 214 

possible products (NPs) with masses of 251, 279, 294, 322, 336, 348, 350, and 368. Furthermore, 215 

we observed 8 possible ofloxacin oxidation products (OPs) with masses of 279, 307, 336, 346, 216 

348, 350, 364, 376, and 392. The structural information of the oxidation products was identified 217 

by EC coupled to high resolution FTICR-MS. The elemental composition/molecular formulas 218 

were created on the basis of the exact masses (error < 2 ppm) with FTICR-MS. The low errors 219 

indicated the high grade of confidence in the assignation of the elemental composition. Some 220 

products were not detected in the FTICR-MS, possibly due to the differences in sensitivities of 221 

mass spectrometry. On the basis of the mass spectrometry analysis data of QTRAP and FTICR-222 

MS, we elucidated the chemical structures of oxidation products (Table 1).  223 

3.1.2 Oxidative mechanism 224 



The voltage – mass intensity curves of each oxidation product were also recorded to observe the 225 

transformation trends of these products (Fig.2). We found CP 306, CP 348, CP 350 and CP 362 226 

formed at the same time with the decline of the mass intensity of CIP, and then decreased soon at 227 

relatively low oxidation voltage. The results reveal that CIP can be easily and rapidly oxidized to 228 

the four products, which will then mostly be oxidized to other products or eliminated with the 229 

increase of voltage. CP 334 and CP 360 formed after the first four products, and slightly 230 

decreased with the increase of voltage, implying that they were generated at higher oxidation 231 

voltages and partly transformed to other products. The products formed at last were CP 263 and 232 

CP 291, of which mass intensity increased to the end, indicating that the two products are further 233 

oxidation products. We observed similar transformation trends for NPs and OPs (Fig.2).   234 

    Based on the structural information and transformation trends of identified oxidation products 235 

as well as a literature review, the primary oxidation pathways of the three FQs were proposed 236 

(Fig.3). We found that oxidation and cleavage of the piperazinyl ring represent the main 237 

oxidation pathways of FQs in our study, while the fluoroquinolone core remained unchanged. 238 

Compared to the literature, we believe the piperazinyl ring was first attacked via the hydroxyl 239 

radicals generated by the electrode, and then oxidized following the different pathways as shown 240 

in Fig.3 (a, b and c).  241 

Pathway I: N-dealkylation processes (Liu et al., 2012 and Thabaj et al., 2007) occurred at the N1 242 

and N4 position on the piperazinyl ring, forming desethylene products (CP 306, NP 294, OP 243 

336). The N1 and N4 positions were attacked by hydroxyl radicals and the oxidation of the alkyl 244 

group adjacent to the nitrogen formed unstable alcohol intermediates, which split away, taking 245 

an ethylene group with them. Subsequently, CP 306, NP 294 and OP 336 were fully dealkylated 246 

to the transformation products CP 263, NP 251 and OP 279, which were also identified in other 247 



oxidation processes (Hubicka et al., 2013 and Ji et al., 2014). In the case of OFL, the N-248 

dealkylation reaction at N4 position also resulted in OP 348, which later was transformed into 249 

OP 350.   250 

Pathway II: The hydroxylation of the piperazinyl ring and a subsequent loss of 2H produced a 251 

keto-derivative of the piperazinyl ring. Further hydroxylation of the keto-derivative led to 252 

hydroxyl-keto-derivative products: CP 362, NP 350 and OP 392, which have been reported 253 

previously (Dewitte et al., 2008, Liu et al., 2012 and Zhou and Jiang, 2015). The subsequent loss 254 

of the CO group resulted in the opening of the piperaziyl ring, and formed CP 334, NP 322 and 255 

OP 364. CP 334 and NP 322 were then dealkylated to CP 291 and NP 279, respectively. OP 364 256 

was first dealkylated to OP 350, which later was transformed into OP 307. 257 

    In addition to the products produced by Pathway I and II, several by-products were identified. 258 

Amidation of CIP, occurring at N4 position, led to CP 360. The trihydroxylation product of NOR 259 

was also detected.  260 

We observed some differences in the generation of desethylene products (CP 306, NP 294, OP 261 

336) proposed above from some other literature (Chen and Chu, 2015, Ji et al., 2014 and Zhang 262 

et al., 2015) which proposed their formation from CP 334, NP 322 and OP 364 by loss of CO. As 263 

we observed from the voltage – mass intensity dependence curves of oxidation products (Fig. 2), 264 

desethylene products formed prior to CP 334, NP 322 and OP 364 at lower voltages, which 265 

indicated the desethylene products forms rapidly from parent compounds via N-dealkylation 266 

processes during electrochemical oxidation.  267 

Furthermore, the release of inorganic ions was found to be an indicator of the oxidation 268 

mechanism (Lin et al., 2013a and 2013b). In our study, the release of F- in the reaction solutions 269 



was investigated, however, only 4.3%, 5.4% and 7.9% of F- were found to be released in the 270 

reaction solutions of CIP, NOR and OFL, respectively. The results indicate the oxidation at 271 

fluoroquinolone core and further mineralization of the parent compounds may only be side 272 

reactions due to our reaction conditions, which are consistent with the oxidation mechanisms that 273 

we proposed.  274 

    Fluoroquinolones are structurally related antibacterial agents that function primarily by 275 

inhibiting the DNA-gyrase or topoisomerase activity of bacteria (Shen et al., 1989). Due to the 276 

intact fluroquinolone core after electrochemical oxidation, oxidation products of FQs may retain 277 

antibacterial activity and potentially result in antibiotic resistance. Furthermore, we hypothesize 278 

that the oxidation products still retain their toxicity to aquatic organisms. Therefore, antibacterial 279 

activity testing and toxicological evaluation of three FQs and their oxidation products is essential. 280 

3.2 Toxicological evaluation of FQs and their oxidation mixtures 281 

3.2.1 Chemical analysis of scaling up electrochemical oxidation reactions 282 

The oxidation mixtures for ecotoxicological evaluation were prepared by scaling up reactions in 283 

“SynthesisCell”. The oxidation mixtures were then purified and concentrated by SPE, dried 284 

using speedvac, and finally reconstituted into stock solutions. The quantification of the three 285 

parent compounds in the stock solutions was conducted by HPLC-MS/MS. The percentages of 286 

CIP, NOR and OFL were 7.5% (g/g), 15.5% (g/g) and 2.3% (g/g) respectively, only contributing 287 

a minor amount to the mixtures. Although the quantity of primary products cannot be calculated, 288 

the relative percentages of parent compounds and their primary oxidation products in the 289 

mixtures were calculated based on the UV spectrum (Fig.4) by HPLC-UV/vis (Agilent 290 

Technologies, Waldbronn, Germany), assuming the same adsorption factor for all compounds. 291 



The percentages of the parent compounds in the three final oxidation mixtures were lower than 292 

the amount of their primary oxidation products.  293 

3.2.2 Residual antibacterial activity 294 

The diameters of inhibition zones of the six samples at different concentrations for S. 295 

typhimurium are shown in Fig.5. In parallel, the negative controls (Millipore water) and solvent 296 

controls (Millipore water with 1% DMSO) were tested and no inhibition zone was observed in 297 

either case. 298 

As shown in Fig.5, the zone diameters of the six samples, which reflect the antibacterial 299 

activity, decreased with the decrease of exposure concentrations. Comparing the parent 300 

compounds to their oxidation mixtures, at the same exposure concentration, CIP, NOR and OFL 301 

all formed larger inhibition zones than their oxidation mixtures. This indicates that the oxidation 302 

mixtures have a lower antibacterial activity than their parent compounds at the same 303 

concentration. Among all the samples of the oxidation mixtures, only the CP mixture (exposure 304 

concentration 50 mg/L) showed a significant antibacterial activity with ≥ 22 mm zone diameter 305 

(EUCAST, 2016), while the parent compounds that CIP (50, 25 and 10 mg/L), NOR (50 and 25 306 

mg/L) and OFL (50 and 25 mg/L) all formed ≥ 22 mm inhibition zones. At the lowest 307 

concentration (2.5 mg/L), CP mixture, NP mixture and OP mixture showed no antibacterial 308 

activity, while CIP, NOR and OFL still formed 17.3, 10.8 and 11.7 mm inhibition zones, 309 

respectively. In addition, Fig.5 (c) shows there was already no inhibition zone of the OP mixture 310 

observed when its concentration was lower than 50 mg/L. These findings imply that the 311 

antibacterial activity apparently declined after electrochemical oxidation, particularly for OFL.  312 



As mentioned previously, quinolone core is believed to be responsible for the antibacterial 313 

property of FQs. However, we found although all the identified oxidation products appear to 314 

retain the fluoroquinolone core, the antibacterial activity of the oxidation mixtures declined after 315 

electrochemical oxidation. Therefore, we hypothesize that the hydroxylation and ring cleavage of 316 

piperazine with the fluoroquinolone core intact can also reduce the activity of the three FQs. In a 317 

previous study, Paul et al. (2010) observed the decrease of the antibacterial activity in CIP 318 

reaction solutions during photo(cata)lytic processes. They further discussed that piperazine 319 

transformation may reduce FQ binding affinity to DNA topoisomerase, and consequently 320 

diminish the antibacterial potency, which agrees well with our findings.  321 

Nevertheless, the mixtures after electrochemical oxidation still showed measurable 322 

antibacterial activity in the microbial tests. To investigate the contribution of the parent 323 

compounds in the oxidation mixtures for residual antibacterial activity, we calculated the 324 

concentrations of the parent compounds in their mixtures, based on the quantification data by 325 

HPLC-MS/MS. The CP mixture with a concentration of 50 mg/L forming 23.8 mm inhibition 326 

zone showed similar antibacterial activity to the sample of CIP with 10 mg/L forming 23.3 mm 327 

inhibition zone. However, the calculated concentration of CIP in the mixture was only 3.8 mg/L, 328 

which implies that CIP only contributes to a part of the activity of the mixture. Similarly, the NP 329 

mixture at 50 mg/L, containing 7.8 mg/L NOR, formed 20 mm inhibition zone, which is larger 330 

than that of NOR at 10 mg/L (19 mm). The OP mixture (50 mg/L) including 1.15 mg/L OFL 331 

formed 11.8 mm inhibition zone, which is equal to OFL at 2.5 mg/L (11.7 mm). These findings 332 

indicate that not only the parent compounds in the mixtures caused residual antibacterial activity. 333 

In the study of Čvančarová et al. (2015), the responsibility of the products for the residual 334 

antibacterial activity after biotransformation was evaluated by Principal Component Analysis 335 



(PCA). They found most of CIP and NOR products still contributed to residual antibacterial 336 

activity, while the formation of OFL products resulted in a decrease of the activity for five 337 

different strains, which is consistent with our experimental results. Therefore, we assume that the 338 

oxidation products of the three FQs retained the antibacterial property, which may also 339 

contribute to residual antibacterial activity. 340 

Although the antibacterial activity of the FQs was reduced after electrochemical oxidation, the 341 

residual activity of the oxidation mixtures still should be considered. 342 

3.2.3 Toxicity change on green algae  343 

In order to investigate the toxicity change of the FQs during electrochemical oxidation, a growth 344 

inhibition test (D. subspicatus) was used to evaluate the toxicity of the FQs and their oxidation 345 

mixtures.  346 

Concentration – response curves of the algal growth inhibition test were shown in Fig.6. The 347 

EC50 values of the parent compounds and their oxidation mixtures for the end point of the growth 348 

rate, after 72 h exposure, were calculated by ToxRat software. The EC50 values are first obtained 349 

on the specie D. subspicatus. The EC50 values of the CP mixture (8.7 mg/L) and the NP mixture 350 

(6.7 mg/L) was found to be almost the same as that of their parent compounds (CIP: 8.8 mg/L, 351 

NOR: 6.8 mg/L). Whereas the EC50 values of the OP mixture (26.8 mg/L) are much lower than 352 

that of OFL (102.7 mg/L) after 72h exposure. Our results showed that the toxicity of the 353 

oxidation mixtures is equivalent or even higher than that of their parent compounds. This 354 

observation indicates the algal toxicity of the FQs increased after electrochemical oxidation. 355 

Photoautotrophic microalgae, as primary producers that supply nutrients for the rest of the 356 

aquatic biota, play a crucial role in the structure of the whole aquatic ecosystem. Therefore, 357 



microalgae are often considered as a good indicator for xenobiotics and water quality. Table 2 358 

summarizes the EC50 values of the FQs obtained in this study and the toxicity data reported in 359 

the literature for the three FQs on different green algal species. Although there is no toxicity data 360 

of the oxidation mixtures on green algae available in previous works, the toxicity increase after 361 

electrochemical oxidation observed in the present study emphasizes the potential risks of the 362 

oxidation mixtures in the aquatic environment.  363 

     Several studies on toxicity change of FQs during other oxidation processes showed different 364 

results. De Bel et al. (2009) investigated the toxicity change of CIP on P. subcapitata at different 365 

pH values, and observed a dramatic increase of growth inhibition after 20 min of ultrasonic 366 

irradiation. Vasquez et al. (2013) observed genotoxicity in the photo(cata)lytically treated 367 

solutions of OFL, however, the effects decreased to non-toxic level after continuously increasing 368 

irradiation time. In the study of Michael et al. (2010), different toxicity profiles for treated 369 

effluents of OFL by the solar Fenton and TiO2 methods on D. magna were observed. The 370 

toxicity of the solution treated by solar Fenton processes dramatically increased at 30 and 60 min 371 

treatment time, while the toxicity only slightly increased using TiO2 photocatalysis. In Carbajo et 372 

al. (2015) study, the toxicity of OFL decreased in four bioassays with an increasing ozone 373 

dosage during ozonation treatment. We assume that the toxicity change of FQs differs in 374 

different oxidation processes, and likely depends on oxidation mechanisms, reaction time, and 375 

oxidative strength. However, the formation of toxic intermediates during oxidation processes 376 

was confirmed by most investigations and is in good agreement with the results of our study.   377 



Conclusions 378 

The purpose of the current study was to understand oxidation mechanisms of FQs during 379 

electrochemical oxidation processes and evaluate the antibacterial activities and algal toxicity of 380 

FQs and their oxidation products.  381 

• Electrochemical oxidation products of the three FQs were identified and oxidation pathways 382 

were proposed. Electrochemical oxidation mechanisms of FQs on a BDD electrode were 383 

hydroxylation and cleavage of piperizinyl ring via hydroxyl radicals. Our study shows a 384 

general understanding of the FQs transformation during electrochemical oxidation processes, 385 

which is indispensible for the optimization of the treatment of wastewater containing FQs. 386 

• Most of CPs and NPs retained antibacterial activities, although at a lower level than that of 387 

their parent compounds. The antibacterial activity of OFL had an appreciable decrease after 388 

electrochemical oxidation. Although the antibacterial activity of FQs reduced after EAOPs, 389 

we should not ignore the potential risk of FQs and their oxidation products inducing drug 390 

resistance, especially in hospital effluents containing high concentrations of FQs.  391 

• The mixtures of FQs after electrochemical oxidation showed equivalent and even higher 392 

toxicity to green algae (D. subspicatus) compared to their parent compounds. The results 393 

indicate that the oxidation of the piperizinyl ring cannot remove the toxicity of the FQs and 394 

may generate toxic oxidation products.  395 

In summary, we found that the piperazinyl ring of FQs was completely oxidized while the 396 

fluoroquinolone ring remained intact during electrochemical oxidation on a BDD electrode. Due 397 

to the residual antibacterial activity and algal toxicity increase observed in the present study, the 398 

oxidation of the piperizinyl ring is not sufficient to eliminate the toxicological effects of FQs. 399 



Stronger electrochemical oxidation of FQs by introducing strong oxidative agents or in 400 

combination with other technologies should be studied in further investigations. 401 
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