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The characterization of pharmaceutical drugs and their transformation products have become an impor-
tant analytical research field because its presence in the environment could induce bacterial resistance.
Despite all efforts made by the scientific community, detection and structure identification of unknown
chemicals still remains the most challenging task in non-targeted analytics. Given that, the objective of
the present study was to develop an untargeted workflow to detect, quantify, identify and character-
ize ofloxacin and its transformation products (OFX TPs) after photocatalytic treatments based on TiO,
nanoparticles and TiO, nanofibers. For the characterization and chemical structure assignment of OFX
TPs, mass defect filters, mass accurate measurements (HRMS), tandem mass spectrometry in a q-Orbitrap
(MS/HRMS) and the photocatalysis of the isotopically labelled ofloxacin (OFX-d3 ) were used. Since a large
set of data was obtained in each run, data treatment based on statistical analysis and mass defect filtering
was used to reduce the number of potential TP candidates from 2497 m/z peaks to 70. Moreover, ions
generated by in-source CID and by redox reactions in the electrospray source (ESI) were also detected
and discarded from the TP candidate list. Moreover, the whole kinetics evolution of the generated TPs
provided a deeper insight into the degradation mechanism and was used to propose a degradation path-
way for the OFX in the aqueous phase. The time evolution of the TPs generated during the photocatalytic
process using both types of catalysts (NPs and NFs) and different set-ups (suspended and supported condi-
tions) indicated that OFX was completely removed from the aqueous solution in less than 4 h. Among the
condition tested TiO, nanoparticles in suspended conditions showed the fastest kinetics (k: 0.161 min~1).

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

There is an increasing concern over antibiotics and its pres-
ence in the environment, since they and/or their metabolites could
induce bacterial resistance. Among them, fluoroquinolones are a
wide class of antibacterial agents used for human and veterinary
applications. Conventional sewage treatment plants are not able to
remove these chemicals, and as a result, they are being introduced
into the aquatic environment at parts per-billion (g L~1) and parts
per-trillion (ngL~1) concentration levels. Although these concen-
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trations are much lower than those used in medical applications,
the related potentially toxic effects in the aquatic environment are
still poorly known and cannot be discarded.

Heterogeneous photocatalysis is an advanced oxidation process
(AOP) that can achieve complete oxidation and mineralisa-
tion of organic compounds [1-4]. The UV irradiation of the
semiconductor promotes the formation of reactive oxidative
species (ROS), which are able to destroy these chemicals to its
complete degradation to CO, and H,0 [5-7]. TiO,, ZnO and
doped nanoparticles (with other metals or different semicon-
ductors [8]), amongst others, have been extensively investigated
as the suspended semiconductors in common heterogeneous
photocatalysis set-ups [2-4]. However, the complete recov-
ery of the semiconductor is still a major industrial challenge
for its reutilisation. It is for this reason that heterogeneous
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photocatalysis, based on supported nanofibers, represents a great
alternative to overcome this problem [9-11].

If the complete degradation of the pollutant is not achieved, the
generated transformation products (TPs) may also promote micro-
bial resistance, but its toxic effects are not known or have been little
investigated. This task represents a particular analytical challenge
because most of the by-products generated are new chemical enti-
ties, for which standards are not available. For the identification of
these TPs, ultra high performance liquid chromatography (UHPLC)
coupled to high-resolution mass spectrometry (HRMS) using elec-
trospray ionization (ESI) is the analytical technique of choice since
it makes it possible the measure of hundreds of TPs in a single full
scan mass spectrometry analysis. The detection of these chemicals
is a challenging task because the ions of interest are often masked
by background noise or are coeluting with other ions of interest. In
order to overcome this tedious task, data mining techniques such
as mass defect filters (MDF) and isotopic pattern filters (IPF) are
frequently used [12-14]. To characterise these new chemical enti-
ties, different approaches might be considered. The first option is to
compare the measured MS/MS against tandem MS databases such
as Metlin [15], Massbank [16] and more recently, MZCloud [17].
Nevertheless, the size and content of these databases are limited to
areduced number of known compounds. Another useful tool is the
comparison of the measured MS/MS against in silico MS/MS spectra
generated by different MS computational tools, such as MetFrag,
Mass Frontier, ACD lab, amongst others [18-20]. Finally, new
approaches, described in the metabolomics and proteomic liter-
ature, consisting of Hydrogen/Deuterium Exchange (HDX) [21-23]
or Stable Isotope Labeling (SIL) techniques [24,25] can also be useful
for the chemical structural elucidation of these TPs.

In this work we present a strategy for the detection and char-
acterisation of ofloxacin (OFX) TPs to provide a deeper insight into
its degradation pathway. Compared to previous photocatalytical
studies of OFX [26-28] and other organic molecules [2-4] this work
presents the adaptation and optimisation of in home data scripts
(mass defect filters, isotope pattern matching, and other statistical
tools) to overcome limitations in the detection and identification of
these new chemical entities since their standards are not commer-
cially available. Moreover, it is the first time that the photocatalysis
of the deuterated ofloxacin (OFX-d3) has been used to discriminate
between positional isomers, and to provide an extra confirmation
about the degradation mechanism.

2. Experimental
2.1. Chemicals and reagents

Ofloxacin (OFX), ofloxacin-d; (OFX-d3) and TiO, P25-Degussa
were purchased from Sigma-Aldrich (Steinheim, Germany). LC/MS
grade acetonitrile and water were obtained from Fluka (Steinheim,
Germany), while formic acid (98-100%) was purchased from Merck
(Darmstadt, Germany). Individual OFX and OFX-d3 stock solutions
(1000mgL-1) were prepared in acetonitrile:water (1:1v/v) and
stored at —18 °C. Working standards were prepared by dilution in
water from the stock solution. Nitrogen (99.995% pure) supplied by
Air Liquide (Barcelona, Spain) was used as the sheath and auxiliary
gas in the API source and as collision-induced dissociation gas (CID
gas) in the MS/HRMS experiments.

2.2. Photocatalysis experiments

Photocatalytic experiments with artificial irradiation were
performed in a 600 mL borosilicate 3.3 photochemical reactor
(Trallero&Schlee, Barcelona, Spain). Photocatalytic experiments
with suspended and supported TiO, P25 nanoparticles (NPs) or

home-made TiO, nanofibers (NFs), synthetized by electrospin-
ning, were carried out as follows: 350 mL of an aqueous solution
containing 10mgL~! of OFX (or OFX-d3) and the appropriate
amount of TiO, NPs (or NFs) was added so as to have the desir-
able catalyst loading (250 mgL-1). The resulting suspension was
loaded into the photochemical reactor and sonicated for 30 min
in darkness to ensure the homogenization of the TiO, suspen-
sion and the complete equilibration of adsorption/desorption of
the substrate on the catalyst surface. The solution was then
irradiated using 4UVA lamps of 25W (Radium Ralutec, 9W/78,
350-400 nm, Amax=365nm) placed around the reactor, provid-
ing a total UV irradiation at the center of the solution in the
0.8-1.1 mW cm~2 range. UV irradiation was measured with an UV
light meter YK-35UV from Lutron (Barcelona, Spain). In photocat-
alytic experiments with supported TiO, (NPs or NFs), 10 mg of
TiO, were supported on a glass fiber support and left at the bot-
tom of the photochemical reactor. These experiments were carried
out with 50 mL solution containing 10mgL~1 OFX (or OFX-d3),
and one 25W UVA lamp (Radium Ralutec, 9W/78, 350-400 nm,
Amax=365nm) placed above the reactor providing a total irra-
diance of 1.6mW cm2. Three reference experiments were also
carried out in the same experimental conditions: 10mgL-1 OFX
solution was maintained for 4 h without irradiation and without
catalyst; 10mgL-! OFX solution was maintained for 4 h without
irradiation but with catalyst and 10mgL-! OFX was irradiated
without catalyst (photolysis). Temperature was kept at 25+2°C
and the solution was stirred at 200 rpm in both set-up experiments.
For safety considerations, a UV light mask was used for eye protec-
tion. To follow the kinetic evolution of photoproducts, 14 samples
were periodically withdrawn from the reactor: 0, 5, 10, 15, 20, 25,
30, 60, 90, 120, 150, 180, 210 and 240 min.

2.3. Sample treatment

Sample aliquots (4 mL in suspended conditions and 400 L in
supported conditions) were stored at —70°C until their analysis.
Samples were centrifuged at 20,000g (15,000 rpm) for 15 min to
remove catalyst particles in the experiments where TiO, was sus-
pended. In supported photocatalysis, no sample pre-treatment was
needed, as no catalyst was leeched from the filter to the solution.
Prior injection, all samples were filtered through a 0.22 pwm PVDF
filter (Agilent, PaloAlto, CA, USA) and diluted (1:20) with LC-MS
grade water before the HPLC-HRMS analysis.

2.4. High performance liquid chromatography

High performance liquid chromatography (HPLC) was per-
formed on an Accela HPLC system (Thermo Fisher Scientific, San
Josei, CA, USA) equipped with a quaternary pump, an autosampler
and a column oven. A BEH C18 column (100 x 2.1 mm and 2.5 pm
particle size; Waters, Milford, MA, USA) was used with a flow rate
of 400 pLmin~! and held at 40°C. Solvents used in the gradient
elution program were H,O (solvent A) and CH3CN (solvent B) both
acidified with a 0.1% formic acid (v/v) when using positive ESI and
H,O0 (solvent A) and CH3CN (solvent B) when applying negative ESI.
In both cases, the gradient elution program was as follows: 10% B
isocratic for 1 min as initial conditions, then in 5 min solvent B was
risen up to a 90% B and this mobile phase composition was held for
1 min; finally the system went back to initial condition in 1 min.

2.5. High resolution mass spectrometry

HPLC-HRMS analysis was performed in a Q-Exactive Orbi-
trap (Thermo Fisher Scientific, San Josei, CA, USA) equipped with
a thermally assisted electrospray ionization source (H-ESI II).
The operating parameters in positive mode were as follows: ESI
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voltage was 3.5kV; capillary and vaporizer temperatures were
320°C; sheath gas, auxiliary gas and sweep gas flow rate were 40,
10and 2 au (arbitrary units) respectively, and the tube lens was held
at 50 V. In the negative mode, the ESI voltage was set at —2.5kV and
the rest of tune parameters were the same as in positive mode. In
order to facilitate the ionisation in negative mode a 5 WL min—! post
column addition of NH3 (0.25% v/v) was used. For targeted tandem
MS experiments (MS/HRMS), nitrogen was used as collision gas (1.5
mTorr), and the normalized collision energy (NCE) ranged from 20
to 60% depending on the compound. The mass spectrometer was
operated in profile mode (scan range, m/z 100-1000) with a resolv-
ing power of 70,000 FWHM (full width half maximum) (at m/z 200)
and an automatic gain control setting of 3 x 105 with a maximum
injection time of 200 ms.

2.6. Peak extraction

The generated *raw data files were converted to *mzXML files
with the MSConverter software (http://proteowizard.sourceforge.
net). These files were processed using MZmine version 2.3, an open
source LC-MS derived data processing software (http://mzmine.
sourceforge.net/). The accurate LC-HRMS data was imported and a
list of ions for each scan was generated using the exact mass algo-
rithm. All m/z values under a 10% relative intensity of each full scan
spectrum were discarded for further data analysis. This step might
be critical if a high threshold is chosen, since low abundance candi-
dates would be missed. For each m/z value that could be detected
continuously over ten scans, the extracted mass chromatogram was
constructed and deconvoluted. To avoid peak duplication due to
the isotopic pattern, M+1 and M+2 peaks were fitted into one
candidate. Chromatograms were aligned using the RANSAC algo-
rithm implemented in MZmine2. Maximum allowed retention time
difference before the alignment was set to 0.3 min and maximum
allowed retention time difference after the alignment process was
set to 0.1 min. The software automatically calculated the number of
iterations performed by the algorithm. Finally, each m/z extracted
ion chromatogram was integrated across all samples.

2.7. Data analysis

Untargeted data treatment was processed using MATLAB 2014a
(Mathworks, Natick, MA, USA) with home-made scripts. Data anal-
ysis was performed in two steps. The first step was the selection of
potential TPs based on three criteria: 1) the LC-HRMS peak should
be detected in two consecutive points during the kinetic experi-
ments, 2) the peak area should be above a threshold value of 10°
units, 3) the candidate ion should present a linear response when
diluting. To check the response linearity of the different candidates,
samples were diluted 10 times and 100 times. If this requirement
was not accomplished, the m/z value was removed despite hav-
ing passed the first two filters. The second step in data analysis
included the evaluation of a multiple mass defect and isotopic
patterns (using 3 isotopes) filters. For the selected candidates, its
molecular formulae was estimated with a mass tolerance of 5 ppm
within the following composition ranges: C(5_40), H(10-60), O(0-10),
N(O—B) and F(0_3).

Structural elucidation was based on the accurate mass of the
selected candidates and their product ion scan (MS/HRMS). Identi-
fication of degradation products was confirmed when possible by
direct comparison to on-line databases of the obtained HRMS and
MS/HRMS and in-silico fragmentation prediction.

3. Results and discussions

In this work, analytical tools based on LC-ESI-HRMS and
data-mining techniques were adapted and optimised for a high

throughput in the detection and structural elucidation of OFX TPs
after a photocatalytical treatment based on TiO, nanoparticles
and nanofibers. The photocatalytic degradation of the deuterated
homologue, OFX-d; (Am/z 3.0188), was also carried out in order
to support the structural elucidation of the identified TPs. The LC-
HRMS raw files were imported to MZmine2 for peak extraction
and then exported to MATLAB for further data evaluation. Statis-
tical evaluation and multiple mass defect filtering were essential
to significantly reduce the original data set of more than 2000 m/z
peaks to 134 potential signals to be considered as OFX TPs. Only
those signals appearing in OFX and OFX-d3 photocatalysis at the
same retention time were finally considered for further studies,
thus reducing the generated list to 70 potential TP candidates.
After testing different instrumental conditions, ion generated by
in-source CID and redox reactions were obviated and the potential
TP list was further reduced to 59. Since no standards are available to
unambiguously identify and confirm the identity of the generated
TPs, HRMS in the full scan mode and target MS/HRMS in com-
bination with the isotopically labelled OFX were used to provide
structural evidences on the nature of these ions detected. Deuter-
ated ofloxacin not only proved to be useful in order to annotate
possible structures given a molecular formulae, but also in terms
of understanding the mechanism and the degradation pathway
involved in the photocatalytical process of these kind of organic
compounds. Although ESI in the negative ionisation mode was also
studied no complementary or significant data was obtained in this
ionisation mode. Regarding the quantitative analysis, given the lack
of standards, the wide range of photoproducts generated during the
photocatalytical process, and thus, not knowing the response fac-
tor for these compounds, a semi-quantitative approximation was
performed with the extracted peak area of each individual trans-
formation product.

3.1. Data analysis

The extracted raw data was arranged into an m x n peak matrix,
where m was the set of samples analysed (12) and n was the set of
ions detected (m/z values) in each sample (2497). After the applica-
tion of the first data analysis step described in the Section 2, a total
of 2270 background ions were removed from the original peak list,
obtaining a new matrix of 12 x 227. The second step in data evalu-
ation, which was based on the chemical structure, consisted in the
application of a single (SMDF) and multiple (MMDF) mass defect
filters that were developed, applied and compared using in home-
scripts. The SMDF was based on the core structure of ofloxacin
and common reactions that can take place during the photocat-
alytical process: multiple hydroxylation/dehydroxylation (+n OH;
+n 2.7 mDa), CO, loss (10.17 mDa), defluorination (—1.6 mDa), C—C
oxidations/reductions (+n Hy; +n 15.66 mDa). It is for that reason
that SMDF was chosen to be between 100 and 200 mDa over the
mass range of 300-400Da. As a result, only 35 candidates with
closely related chemical structure to OFX were identified as poten-
tial TPs. Moreover, the previous inspection of the raw LC-HRMS
data also revealed the presence of ions at m/z below 300 and over
500, in agreement to previous works reported by Hapeshi et al.
[27], Michael et al. [28] and Hapeshi et al. [29]. For instance, these
authors reported the cleavage of the piperazine ring of OFX yield-
ing the [M+H]* ion at m/z 279 and the dimerisation of the OFX
molecule generating the [M+H]* ion at m/z 588. Hence, a MMDF was
developed in order to consider TPs over the whole mass range. In
addition to the SMDF (Filter #1 of the MMDF), Filter #2 was chosen
to be around a mass defect of 50-100 mDa covering a mass range
0f 200-300 Da; Filter # 3 was chosen to be between 500 and 700 Da
comprising a mass defect between 450 and 550 mDain order to out-
put dimers and high molecular weight structures. When the MMDF
was applied, 99 OFX TPs were identified in addition to those 35
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Fig. 1. (A) Total ion chromatogram in the electrospray positive ion mode m/z 100-1000 is shown for a sample collected at 15 min under supported TiO, nanofibers (B) m/z
100-200; (C) m/z200-300; (D) m/z 300-400; (E) m/z 400-500 and (F) m/z 500-800. Characteristic retention time of all TPs detected is shown in the presented chromatograms.

candidates obtained with the SMDF. For the best filtering per-
formance, the MMDF had to be applied as no good results were
obtained by extending the SMDF algorithm (increasingm/z and
mass defect ranges). Fig. 1 shows the TIC and extracted ion chro-
matograms in different m/z ranges in order to illustrate how
extensive the generation of TPs was. After the whole process of
data analysis mentioned before, this 12 x 134 matrix was further
reduced by only picking up those signals appearing in OFX and OFX-
d3 photocatalysis. Every MS scan was inspected for pairs of two m/z
peaks, M, which corresponded to OFX TPs, and (M +n x 3.0188 Da,
being n the number of —CD3 groups) which denoted OFX-d3 TPs.
The acceptance criteria for each pair of m/z peaks were a maxi-
mum mass tolerance (1 ppm) and a maximum allowed retention
time of 0.2 min. Thus, a comprehensive list of 70 candidate ions was
obtained, being reduced to 59 candidates after discarding those ions
generated by both in-source CID and redox reactions, as described
in Section 3.2. Table 1 summarises the final list, showing the accu-
rate m/z value identified, the proposed molecular formula and its
associated mass relative error (ppm), RDB (ring and double bond
equivalents), the isotopic pattern fit and retention time (minutes).
The accurate mass measurement and the product ion mass spectra
of OFX and its TPs were used to elucidate and to propose a tentative
chemical structure. Data compiled in Table S1 shows the most char-
acteristic product ions, their experimental m/z value, associated
mass relative error (ppm), ion assignment and RDB value).

3.2. Discrimination between TPs and in-source generated ions

Different operational conditions should be tested when con-
ducting untargeted analysis, especially if the nature of the analytes
under study is not known or has not been previously studied. In
order to discard those ions originated by in-source fragmentation,
adduct formation or redox reactions in the ESI source, the effect
of the electrospray working conditions were studied. Two different
samples submitted to the photocatalysis process with TiO, NPs and
TiO, NFs were chosen for this purpose.

3.2.1. In-source CID fragmentation and adduct formation

The S-lens and in-source fragmentation energy are tune param-
eters that can favour in-source CID fragmentation. For that reason,
these parameters were changed in replicated injections between
40 and 80V and between 5 and 50 eV respectively. Two coeluting
candidates (2.50 min) to be TPs, both detected in the positive ESI
mode, m/z 360.1356 and m/z 378.1463, were checked for the in-
source CID fragmentation. The absence of the product ion at m/z
360.1356 in the MS/MS spectrum of the ion at m/z 378.1463 con-
firmed the independent nature of both ions. Another in-source CID
fragmentation example was found for m/z318.1610, which showed
two chromatographic peaks at 2.48 and 2.68 min, the last one at the
same retention time of OFX. Both m/z signals were attributed to the
carbon dioxide cleavage from ofloxacin. The first peak (2.48 min)



J. Jimenez-Villarin et al. / J. Chromatogr. A 1443 (2016) 201-210 205

Table 1

Detected ofloxacin transformation products after TiO, - NF photocatalysis. Deuterated molecular weights are not show.

TP mfz Molecular formula Mass error (ppm) RDB Isotopic pattern fit (%) Retention time (min)
1 195.1229 [CsH1905]* -13 -0.5 92 0.92
2 209.1018 [CsH1706]* 0.6 0.5 95 0.90
3 217.1068 [C10H1705]* 0.9 2.5 90 1.13
4 231.0832 [C5H14N20g]* 3.7 -0.5 91 0.89
5 254.1600 [C10H24NOg |* 0.8 -0.5 89 0.96
6 261.1035 [C14H14FN2 051" 0.4 8.5 96 1.15
7 275.1096 [C7H19N209|* 4.0 -0.5 93 1.21
8 279.0776 [C13H12FN2O4]" 0.1 85 94 2.55
9 279.0776 [C13H12FN204]* 0.1 8.5 94 3.64

10 283.1756 [C12H2707]* 1.7 -0.5 88 1.51

11 304.0928 [C14H14N305]* -0.1 9.5 90 2.70

12 305.0943 [C15H14FN2 O4]* 3.6 9.5 91 0.90

13 306.1083 [C14H16N305]* -0.5 8.5 91 2.80

14 314.0668 [C13H13FNO7 |* -0.8 7.5 90 0.90

15 315.1788 [C11Ha7N208]* -1.0 -0.5 93 1.61

16 316.1452 [C17H19FN30,]* -1.0 9.5 88 2.48

17 318.1610 [C17H21FN3 0, ]* -0.6 8.5 89 2.48

18 319.1366 [C12H21N307] *All -23 4.0 95 2.31

19 320.1242 [C15H1sN305]* 0.2 8.5 91 234

20 329.1700 [C15H25N2 06 ]+ -2.0 4.5 94 1.40

21 331.2102 [C15H29N305] ** -04 3.0 94 0.90

22 334.1194 [C16H17FN304]" -1.0 9.5 91 1.40

23 335.1119 [C15H17N306] ** 2.2 9.0 90 3.94

24 336.1354 [C16H19FN304]* -0.1 8.5 93 1.40

25 338.1511 [C16H21FN304]* 0.2 7.5 91 1.12

26 679.5114 [C36He7N6Og ]+ -0.7 6.5 91 3.35

27 340.2595 [C1sH34N305]* -0.1 3.5 90 2.10

28 341.1216 [C14H19N307] te —-0.5 7.0 90 2.33

29 342.2149 [C17H30N205] ** -0.1 4.0 84 2.52

30 344.1609 [C1sH21N304]* 13 9.5 83 2.15

31 345.1884 [C15H27N306] ** -3.0 4.0 85 1.61

32 346.1202 [C17H17FN304]" 0.4 10.5 92 2.48

33 347.2048 [C15H29N306] ** -0.7 3.0 93 3.90

34 348.1354 [C17H19FN304]* -0.1 9.5 95 248

35 349.1831 [C14H23N307] * -3.5 3.0 86 3.11

36 350.1146 [C16H17FN305]* +0.1 9.5 91 2.37

37 353.1718 [C14H26FN207]* -0.1 2.5 87 3.28

38 360.1356 [C1gsH19FN304]" 0.2 10.5 90 1.62

39 360.1356 [C1sH19FN304]* 0.2 10.5 89 2.50

OFX 362.1510 [C1sH21FN304]* -0.1 9.5 99 2.50

40 363.1549 [C15H24FN, 071" -34 4.5 89 2.28

41 363.1629 [C14H25N308] ** -1.8 4.0 85 2.15

42 364.1301 [C17H19FN305]* -0.2 9.5 86 2.25

43 364.1503 [C17H22N306]* -0.1 8.5 94 3.45

44 364.1671 [CigHas F O4N3|* 0.4 8.5 91 2.40

45 365.1578 [C17H23N306] ** -0.8 8.0 87 1.90

46 374.1149 [C1sH17FN305]* 0.3 11.5 93 2.48

47 376.1303 [C1sH19FN305]* -0.1 10.5 91 2.50

48 378.1463 [C1sH21FN305]* 03 9.5 84 2.50

49 379.1510 [C15H24FN, 05 ]* -04 4.5 85 1.93

50 379.1497 [C1sH23N207]* -0.8 8.5 80 3.81

51 392.1253 [C1gsH19FN306]* 0.2 10.5 92 245

52 394.1411 [C1sH21FN306]* 0.5 9.5 83 245

53 396.1566 [C1sH23FN306]* 03 8.5 92 2.68

54 412.1521 [C1gHa3FN307]* 1.6 8.5 81 2.51

55 430.1773 [C22H25FN305]* 1.3 11.5 85 2.82

56 434.2087 [C22H29FN305]* 0.2 9.5 88 2.94

57 447.2930 [C19H39N6O06]* 0.8 12.0 80 3.08

58 505.3344 [C22H25N6O7 ]+ -1.8 3.5 89 4.70

59 621.4221 [C33H57N407]* -0.1 7.5 95 3.24

was attributed to a TP generated in the photocatalysis process,
while the other, eluting at 2.68 min was thought to be generated
by in-source CID from OFX. This hypothesis was in accordance to
the MS/HRMS fragmentation pattern of OFX, which yielded a prod-
uct ion due to the CO, loss (m/z 318.1610). This fact was further
confirmed by increasing the CID energy, which produced simulta-
neously a decrease on the intensity of protonated OFX [M+H]" and
the increase in the abundance of m/z 318.1610. In addition to the
mentioned examples, 5 additional suspect ions were found to be
generated via in-source fragmentation, all being removed from the
candidate list. Finally, this list was examined regarding for adduct

formation (mainly H,O, CH3CN, HCOOH) in both positive and neg-
ative electrospray polarities. The absence of ions that matched in
both retention times and mass shifts indicated that no adducts were
present.

3.2.2. In-source oxidation

Redox reactions may occur in the ESI source [31] leading to
false data interpretation. In these experiments, the ESI potential
was varied between 2 and 4kV to discriminate between those
ions generated during the photocatalysis process from those that
could be originated by a redox process in the ionisation source. For
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Fig. 2. lon intensity behaviour versus the capillary voltage to illustrate: (A) Redox; (B) non-redox; (C) radical; (D) cation behaviours.

instance, the relative intensities of ions at m/z 336.1354 (tg: 1.12
and 1.40) and m/z338.1511 (tg: 1.12 min) were recorded versus the
ESIvoltage in the positive mode (Fig. 2A). When the ESI voltage was
gradually increased, the relative intensity of ion at m/z 336.1354
increased while the intensity of m/z 338.1511 simultaneously
decreased when the ESI voltage was set over 2.5 kV. These results
indicated that the first m/z peak could came from an oxidation pro-
cess of m/z 338.1511, resulting in the oxidation of one hydroxyl
group to carbonyl. In contrast, those ions not suffering redox reac-
tions in the source only showed a slightly increase with the ESI
voltage, as shown in Fig. 2B, with m/z 346.1210 and m/z 348.1354
respectively. In this study, other examples of redox reactions were
found in the positive ionisation mode. lons corresponding to TP21
and 28 (m/z331.2102 and m/z 341.1216 respectively), which were
considered to be radical cations ([M]**) generated in the electro-
spray source, described a convex exponential function when the
ESI voltage was gradually changed (Fig. 2C). Different to the men-
tioned behaviour, TP34 and OFX (m/z348.13541 and m/z362.15106
respectively, both [M+H]*) showed a concave function when the ESI
voltage was increase, represented in Fig. 2D. A total of eight radical
cations (including the mentioned examples) were found to describe
the same convex trend when the capillary voltage was changed.

3.3. Characterisation of ofloxacin transformation products

As mentioned in Section 3.1 and as can be seen in Fig. 1, 59
intermediates were identified as OFX TPs generated during the pho-
tocatalytical process. The elemental composition was calculated on
the basis of the accurate m/z values and the isotopic patterns. For
each TP, a chemical structure was proposed taking into account
their high resolution product ion spectrum (MS/HRMS). Table S1
summarizes the MS/HRMS information of the most relevant TPs
of OFX and OFX-ds3. Moreover, tentative chemical structures have
been proposed for each TP after the interpretation of the mass spec-
tral data obtained in this study and they have been also included in
Table S1.

The first TPs to be characterised were those TPs sharing the same
core structure of OFX and showing similar fragmentation patterns.
For instance, TP 36, 39, 42, 51, 52, amongst others, showed the loss
of H,0 (m/z 18.0105) due to one or multiple hydroxyl groups in
their structure due to the attack of the radical OH. For instance,

TP 48 was attributed to the hydroxylation at position 12, which
was previously reported by Calza et al. [26]. Amongst the different
positional isomers that could be hypothesized for TP48, position
12 is the only one able to show a water loss on TP48 and those TPs
derived from it, that is, TP 46, 47, 51 and 52. Since the MS/MS spec-
trum of TP46, attributed to the hydroxylation at position 12 and
oxidation at the pyperazine moiety, showed the same product ions
of TP48, made it possible to discard the hydroxylation at position
2" or 3'. Moreover, the *OH attack at position 14 was also discarded
as it would have shown the loss of C3H7NO, on the quinolone moi-
ety, as stated by Calza et al. The neutral loss of CO, (m/z 43.9898)
was always observed in the MS/MS spectrum when the generated
transformation products still had the quinolone moiety unmodi-
fied or with little modifications (TP 22, 23, 24 and 25 as well as
TP 30-39). Additionally, the simultaneous loss of CO, and C3H;N
occurring at the pyperazine moiety yielding the ion at m/z261.1035
was observed in the MS/MS spectra of TPs 32, 34, 43 and 46, as
well as in the tandem mass spectrum of OFX. The loss of C3H7N at
the pyperazine moiety observed for OFX was of special significance
since C—C oxidations of some of the generated TPs could be easily
distinguished. For example, TPs 46-48 are a clear example on how
this product ion could reveal how many unsaturations showed the
pyperazine moiety, since the most unsaturated ring (3 unsatura-
tions) showed the loss of C3HN while the reduced form showed the
loss of C3H7N (1 unsaturation). That was applicable to all TPs which
showed oxidations in the piperazine ring.

Despite having obtained relevant data to characterise and
attribute chemical structures to the identified TPs, the chemical
structure of some of them could not be fully characterised. The
information obtained with the accurate mass and the MS/HRMS
was not enough relevant to propose a chemical structure with
a high degree of confidence. Moreover, the lack of standards
or previous literature describing such degradation made more
complicated this characterisation. However, these transformation
products were attributed to the lasts steps of ofloxacin degrada-
tion since they started appearing at the middle-end of the reaction.
It is for this reason that TP1 to TP5 and TP10 could be the result
of extensive hydroxylation and chemical transformations involv-
ing all chemical processes taking place during the photocatalytical
treatment.
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Fig. 3. MS/MS spectrum of non-deuterated (in black) and deuterated (in grey) of TP 24.

The comparison of the product ion spectra of TPs generated from
the photocatalysis of OFX and OFX-d3 was useful for the chemical
structure assignment. Especially useful was when it was needed to
know the tentative position of the different methyl groups present
in the suspect molecule. Since the accurate m/z value can led to
different molecular formulae, and thus, different molecular struc-
tures, the use of the deuterated ofloxacin (isotopically labelled in
the piperazine methyl group) and target MS/HRMS (described in
the Section 2) were crucial to discriminate amongst all possibili-
ties. There are several examples in which the molecular structure
was confirmed by means of the deuterated compound, that is,
when the piperazine methyl did not suffer any modification. For
instance, Fig. 3 shows the MS/HRMS spectra obtained for TP 24
(m/z 336.1360; m/z 339.1549) when studying both OFX and OFX-
d3 photocatalysis. After the opening of the piperazine ring and the
likely loss of C;Hy, the labeled methyl group, at 4, still remained in
this position, fact which lead to the proposal of the molecule shown
in Fig. 3. Having applied the described methodology and reasoning,
it was possible to confirm 18 structures generated after the photo-
catalysis process. On the other hand, if the same ions were observed
in both experiments would indicate the loss of the piperazine
methyl group or its substitution in the mentioned position. This was
the case found for the rest of molecules presented in Table 1. More-
over, multiple potential deuterated molecules (n x 3.0188 Da) were
inspected and were not detected. This would indicate that after rad-
ical CH3/CDj loss, further methyl additions might not been taking
place to the generated TPs. Moreover, the generation of dimers did
not led to multiple deuterated molecules, thus indicating that the
loss of the piperazine methyl is a previous step to molecule dimer-
sisation or after the dimersisation of OFX or generated TPs, methyl
groups are lost. However, despite all efforts made in this study,
there is still a need to achieve higher confidence in the proposal of
some chemical structures, since some identified isomers were not
possible to distinguish on the basis of their accurate mass and their
MS/MS pattern.

3.4. Degradation pathway

The OFX concentration over the photocatalytical process was
monitored by LC-HRMS following the [M+H]" trace. Results were
fitted into a first order kinetics and pseudo-constant rates obtained
are shown in Table 2 for both suspended and supported experi-
ments using TiO, nanoparticles and nanofibers. As it was expected,
the degradation was faster when NPs or NFs were suspended in the
media than under in supported conditions: as this higher rate can
be attributed to the more available specific surface area to be in

Table 2

Pseudo-constant rates (min—') found for ofloxacin photocatalysis in the different
tested conditions. A reference solution was also analysed without being submitted
to irradiation. Photolysis blanks tests were also conducted in both set-ups tested.

Suspended k (min~!) r? Supported k (min~!) r2
Reference solution - - - -
Photolysis 0.007 098 0.023 0.95
TiO, P25 0.161 0.99 0.023 0.99
TiO, NF 0.022 0.97 0.032 0.95

contact with the solution containing OFX. Similarly, TiO, NPs were
able to achieve complete OFX removal faster than TiO, NFs due to
its higher specific surface area.

Apart from the mentioned degradation rate, some differences
in the TPs nature were found when comparing both materials.
Independently of performing the experiment in suspended or sup-
ported conditions, low molecular weight TPs were observed when
NPs were used, while NFs generated ions with higher m/z ratios.
These differences observed in the TPs production suggested differ-
ent degradation mechanisms when using NPs or NFs. However, due
to the complexity of the photocatalytical process, these different
mechanisms are still not known and they are under investigation.

After annotation of the candidate structures, two approxima-
tions were taken into account in order to suggest the path by which
OFX is degraded: time evolution and mass comparison of all TPs
generated from both OFX and OFX-d3 photocatalysis in the different
conditions tested. As no standards were available, peak area evolu-
tion has been considered, as in previous publications [26-34], as a
quantitative approximation in order to follow the evolution of the
generated TPs. The degradation pathway was built up looking for
first-generation TPs, that is, small transformation changes to OFX
structure. Then, consecutive degradation was investigated look-
ing for small modifications to first-generation TPs. Most of these
found TPs were characterised by maintaining the quinolone moi-
ety, which is the main responsible for the antibacterial activity,
thus, the drug is not inactivated [26-29].

Atentative degradation pathway is shown in Fig. 4. For instance,
it was considered to be first generation TPs demethylation of the
pyperazine ring (TP 34) yielding the ion at m/z 348.1354, hydroxyl
attack and consecutive demethylation generating a hydroxylamine
at the N-pyperazine position giving raise to TP 42 (m/z 364.1503),
defluorination (TP 30) yielding the ion at m/z 344.1609, decarbox-
ilation generating TP 17 (m/z 318.1610) and C;Hy4 loss at the 5'-6'
positions of the pyperazine ring yielding TP 24 (m/z 336.1354).
Additionally, hydroxyl attack to the OFX quinolone moiety led to
TP 48 (m/z 378.1463). The results from the extracted-ion chro-
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Fig.5. Degradation kinetics of OFX (m/z362.1511 in black dots), TP 24 (m/z336.1354
in black diamonds), TP 34 (m/z 348.1354 in grey squares), TP42 (m/z 364.1303 in
black dots and dashed lines) and TP 48 (m/z 378.1463 in grey dots).

matograms were handled to build plots of the TPs peak area
evolution (% relative to their maximum) versus reaction time
(Fig. 5). These TPs showed a fast concentration increase after 5 min
of photocatalytical treatment, which agrees to the assumption of
being first-generation TPs.

On the basis of time evolution and chemical reactions taking
place during the photocatalyc process, consecutive degradation
of these TPs occurred, and thus, next generation TPs were ten-
tatively proposed. For instance, TP 24 could presumably lead to
TP12 after the cleavage of the N—CH, bond between the 3'-4’ posi-
tions. Finally, TP 12 would tentatively lead to TP 6 (m/z 261.1035)
and TP 9 (m/z 279.0776) after CO, and C,H,4 loss respectively. TP
48 has been reported?® to lead to TP 52 (m/z 394.1411) after the
consecutive addition of a hydroxyl group to the quinolone moiety.

TP 42 could presumably lead to TP 36 (im/z350.1146) and TP 19 (m/z
320.1242) after the loss of the methyl group and the simultaneous
loss of —F and C,H4 (5'-6') respectively. These last two mentioned
TPs could explain the generation of TP 13 (m/z 306.1083) via two
differentreaction mechanisms. In regard to the faster concentration
increase of TP 36 (Fig. S1), the loss of the methyl group at posi-
tion 13 seems to be favoured in comparison to the loss of CoHy in
the pyperazine ring. Also this was confirmed by knowing at which
kinetic point both TPs started to appear, thus, being 10 min for TP
36 and 20 min for TP 19. However, parallel reaction pathways lead-
ing to the same TP may also be considered, as for example, TP 19
showed a concentration increase after 120 min of treatment.

Apart from oxidation due to reactive oxidative species (ROS),
the generated holes (h*) on the TiO, surface (Fujishima et al. and
Salvador) can also oxidate organic species if they are adsorbed on
the surface of the catalyst. A tentative explanation rationalising
its presence has been reported in previous literature [36] and the
mechanism for this particular case is shown in Fig. S2. After an elec-
tron capture by the N atom at the 1’ or 4’ and consecutive electron
rearrangement, a new N—C bond might be formed leading to an
imine or an iminium ion. These compounds might immediately be
transformed to their respective enamines after losing the H at posi-
tion 6’ thus appearing TPs 16, 22,32,39,47 and 51 or the pyperazine
ring might be opened leading to different reactions.

Although not being the most common reactions in TiO, poho-
tocalysis, reduction processes occurring at the quinolone moiety
were also observed on some of the identified TPs, for instance TP
24 to TP25 or OFX to TP44. These reduction processes have been
previously reported in literature [33,35]. The interaction of H* ions
with the excited electrons, generated after the emission of one elec-
tron from the valence band to the conduction band, leads to the
formation of H* radicals and molecular hydrogen at the photocat-
alyst’s surface, thus being plausible these reduction processes on
the mentioned molecules.
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High molecular weight molecules (m/z 500-1000) were sepa-
rated on the C18 LC column as shown in Fig. 1. The presence of
such molecules has been extensively reported [29,34]. The sta-
bilized organic radicals can be subject to dimerization reactions
via carbon-carbon or carbon-oxygen couplings or via addition of
such radicals onto neutral molecules [33]. Structure annotation of
some of these signals was not possible due to the fact that tan-
dem MS was not obtained despite having performed different LC
runs increasing the collision energy. However, it was noticed a
mass difference of +58 Da between consecutive chromatographic
peaks indicated in Fig. 1, which could be attributed to consecu-
tive additions of butyl groups. There were some exceptions, as
TP 26 (m/z 679.5181, (m/z 340.2591 due to [M+2H]?*)) shown in
Fig. S4, which tentatively resulted from the condensation of two
core structures of ofloxacin and the consecutive groups cleavage
and oxidation/reductions reactions, as it was observed in previous
examples shown in Fig. 4.

Conclusions

Peak picking and structure identification still remain the most
significant challenging tasks in untargeted analytics. The statisti-
cal analysis and mass defect filters presented in this paper have
demonstrated the capability to successfully filter thousands of m/z
signals to 70 signals to be potential candidates to OFX TPs. The
application of the in-home data scripts significantly reduced data
processing time and allowed the automated detection of candidate
TPs, even if some of them were coeluting or masked by the back-
ground noise. Although all these filtering parameters described can
be easily defined and modified for instant results update, the mass
spectrometrist’s critical point of view is crucial to identify in-source
reactions that might be taking place, inducing false data interpreta-
tion. In addition to classical structural elucidation techniques based
on HRMS and MS/HRMS, the study of the isotope labelled ofloxacin
OFX(-d3), has proven to be of significant support for the correct
structure assignment. Moreover, its use has also provided a deeper
understanding on the mechanism involved in the photocatalyti-
cal process since it was possible to compare OFX(-d3) kinetics. On
the basis of the identified TPs and their observed kinetics, it was
proposed a general scheme of degradation which started with lit-
tle modifications of OFX structure such as reduction, oxidations,
hydroxylations and ended with low molecular weight structures.
High molecular weight structures were also detected, presum-
ably corresponding to OFX dimers generated in the termination
step of the radical processes. Furthermore, it has been possible to
discriminate between first generation TPs and their consecutive
transformation pattern. Finally, these results are the starting point
of toxicological studies addressed to assess the potential toxicology
of the characterised TPs.
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