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Abstract: Levofloxacin is an antibiotic classified as an emerging contaminant. Its presence
in aquatic environments represents potential risks to ecosystems and human health, mak-
ing its removal during wastewater treatment of relevant importance. Here, we present a
comprehensive kinetic analysis of levofloxacin photodegradation under UVB solar irra-
diation, with emphasis on the influence of pH and dissolved oxygen, two conditions that
can vary widely in wastewater and impact treatment efficiency. We also investigated the
formation and role of reactive oxygen species in the degradation mechanism, as well as
the cytotoxicity and antibacterial activity of photoproducts. Our findings reveal that the
efficiency of levofloxacin photodegradation is highly dependent on environmental condi-
tions; it requires neutral or slightly alkaline pH and a high concentration of dissolved ox-
ygen, a situation not always observed in contaminated waters. Several reactive oxygen
species are generated, with singlet oxygen being the most reactive with the antibiotic. We
report for the first time the singlet oxygen quantum yield from levofloxacin. Bioassays
demonstrated that photoproducts neither exhibit antibacterial activity nor induce signifi-
cant cytotoxicity. Our study suggests that UVB treatment of contaminated effluent con-
taining levofloxacin could be an effective and environmentally safe strategy for the anti-
biotic degradation under certain conditions of pH and dissolved oxygen.

Keywords: photodegradation; solar UVB light; levofloxacin; pH; dissolved oxygen;
antimicrobial activity; cytotoxicity; highly contaminated wastewater
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1. Introduction

Emerging contaminants (ECs) are a group of synthetic chemicals that cannot be easily
monitored in the environment and can have adverse effects on the environment and human
health [1]. One of the main groups of ECs is pharmaceutical products [2]. These products
often enter water bodies as biologically active compounds, mainly from household and hos-
pital effluents [3,4]. Antibiotics are included in the group of potentially dangerous pollu-
tants for their intensive use in human health, livestock farming, and agriculture. Final efflu-
ents from wastewater treatment plants (WWTPs) have been found to contain antibiotics;
moreover, recent research has documented their presence in surface waters [5,6]. The envi-
ronmental release of this kind of EC at sub-lethal concentrations contributes to the selection
and dissemination of multidrug-resistant bacteria [6,7]. The clinical management of infec-
tions caused by these pathogens is increasingly challenging, often resulting in high morbid-
ity and mortality rates, as well as a substantial burden on healthcare systems [6].

In recent years, many investigations have focused on the study of different processes
to achieve the elimination of antibiotics in wastewater [6-9]. Among these, photodegra-
dation involving sunlight has emerged as an effective approach for the degradation of a
wide variety of pharmaceutical compounds [10-13]. When the substance to be degraded
absorbs sunlight, excited electronic states are generated that can lead to bond breaking,
isomerization, ionization, etc. [12,14,15]. On the other hand, when direct photolysis occurs
in the presence of dissolved oxygen, reactive oxygen species (ROS) can be formed by self-
sensitization mechanisms. These ROS can react with the contaminants themselves, gener-
ating additional degradation pathways [15,16].

Several and very complete works about direct photolysis of fluoroquinolone antibi-
otics have been carried out previously [17-28]; however, some aspects have not yet been
fully clarified.

In the present study, we focused on investigating the influence of pH and dissolved
oxygen concentration on the photodegradation rate of the antibiotic levofloxacin (Lev) in
aqueous solution. Both conditions can have very different values in the contaminated wa-
ter that reaches the wastewater cleaning plants.

Lev is a third-generation fluoroquinolone characterized by a broad spectrum of anti-
bacterial effects [19]. Also, it has the highest excretion rate of unmetabolized molecules (85%
in human urine), making its presence in wastewater very significant [9,19]. The concentra-
tion of Lev found in the environment can vary depending on the type of the effluent. Lev
has been detected in sewage and wastewater in concentrations exceeding 7000 ng/L [9].

It is a fairly common practice in wastewater treatment processes to apply high doses
of acids or alkalis to facilitate the effective action of various chemical purification methods.
This is why the pH values found in wastewater can vary within a very wide range [29,30].

Moreover, biochemical oxygen demand (BOD) is commonly associated with aqueous
systems containing elevated concentrations of biodegradable organic matter. High BOD
levels indicate intense microbial activity, which can lead to significant depletion of dis-
solved oxygen, potentially reducing it to near-anoxic or undetectable levels [31].

For these reasons, we consider it is necessary to revisit the kinetic aspects of Lev pho-
todegradation under different pH and dissolved oxygen concentration conditions.

Regarding the dependence of Lev photodegradation kinetic constants (kphot) on pH,
there is some disagreement found in the literature. While Ahmad et al. [22] reports that
kehot increases continuously from pH 2 to pH 10, other authors [23,27] have found, for some
fluoroquinolone antibiotics structurally related to Lev, that kphot increases from acidic pH
values, reaches a maximum value in the pH range of 7-8, and then decreases when the
pH becomes more alkaline. With respect to the influence of dissolved oxygen concentra-
tion as a variable in the photodegradation of fluoroquinolone antibiotics, to the best of our
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knowledge, there is only one report [17] in which the authors determined the photodeg-
radation quantum yields (®phot) of four fluoroquinolones (excluding Lev) in aqueous so-
lutions equilibrated with air and argon. These experiments showed a wide range of be-
haviors, with no general trend for all the molecules examined. While for norfloxacin, an
83% increase in Pphot is observed in an argon atmosphere, for ofloxacin, the ®phot decreases
by 33%, in both cases, compared to solutions equilibrated with air.

In this context, our main objective is to expand and clarify the information regarding
Lev degradation by UVB light performing a kinetic analysis of the photoprocesses varying
pH and dissolved oxygen concentration conditions in the medium. Additionally, we in-
vestigated the generation and participation of ROS, the cytotoxicity of the photoproducts
obtained in the presence and absence of oxygen on mammalian cells, and their residual
activity against pathogenic bacteria, taking as a reference in each case the effects produced
by the non-irradiated Lev.

2. Materials and Methods
2.1. Materials

Levofloxacin > 98% (Lev), superoxide dismutase (SOD) from bovine erythrocytes,
catalase from bovine liver (CAT), D-mannitol, perinaphthenone 97% (PN), deuterium ox-
ide 99.9% (D20), and acetonitrile (CHsCN) HPLC quality 99.5%, were purchased from
Sigma-Aldrich. Sodium azide 99% (NaNs) and isopropyl alcohol 99.7% (IPA) were pur-
chased from Merck. All of these reagents were used as received. The pH of the final solu-
tions for the Lev photolysis experiments was 4.0, 7.4, and 10.0. To adjust the pH, buffers
were prepared according to a literature procedure [32], using citric acid, KH2POs,
NaCOsH, and NaOH, provided by Cicarelli pro-analysis.

In the microbiological test, the culture media used were purchased from Laboratorios
Britania S.A., Buenos Aires, Argentina. These media were trypticase soy broth (TSB: casein
peptone (pancreatic), 17 g; glucose, 2.5 g; soy peptone (papain digest.), 3 g; NaCl, 5 g;
Na:HPOq, 2.5 g; and distilled water, 1000 mL) and trypticase soy agar (TSA: 12 g TSB and
6 g agar—agar; and distilled water, 400 mL). TSB and TSA were autoclaved at 121 °C for
20 min.

In the cytotoxicity analysis, Eagle’s minimum essential medium (EMEM), provided
by GIBCO, and heat-inactivated fetal calf serum (FCS), provided by Natocor, were used.
L-glutamine 99%, gentamicin 98%, neutral red 30% solution (NR), and 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide HPLC grade 97.5% (MTT) were provided by
Sigma-Aldrich (Argentina). Ethanol 99.5% and glacial acetic acid 99.9% were provided by
Cicarelli Pro-Analysis (Argentina), while dimethyl sulfoxide HPLC quality 99.9% was
provided by Sintorgan (Argentina).

In all experiments, the water used was triply distilled.

2.2. Methods
2.2.1. Levofloxacin Photolysis Experiments

Stationary photolysis experiments were carried out via direct irradiation of 2 x 105
M Lev solutions, employing a Rayonet Ltd. (Branford, USA) circular photoreactor, pro-
vided with three UV RPR-3000A lamps, whose maximum emission is 300 nm #* 20 nm.
The irradiance of each lamp is 1700 uW/cm2 The illumination of the samples was carried
out at room temperature (25 + 2 °C). The photoreactor has a ventilation system that pre-
vents temperature fluctuation during the photolysis of the samples. The irradiation used
corresponds to the UVB electromagnetic range of the solar spectrum (280-320 nm), in
which Lev presents its main absorption band independently of the pH of the buffer used
in the different studies (see Figure 1).
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Figure 1. Absorption spectra of 2 x 10~ M Lev in buffer of pH 4.0, pH 7.4, and pH 10.0.

In order to monitor the photodegradation process, UV-Visible absorption spectra of
the antibiotic solution were recorded on a Hewlett Packard 8453A diode array spectro-
photometer using a quartz cuvette with 10 mm of optical path.

The variation in the absorbance of Lev with irradiation time at fixed wavelength was
treated with a pseudo-first-order kinetic by writing the rate as ~0A/dt = kphot A, where A is
the Lev absorbance at different irradiation times, ¢; and kphot corresponds to the apparent
photolysis rate constant experimentally obtained. Then, from plots of In A/Ao vs. t (Equa-
tion (1)), where Ao refers to the Lev absorbance at zero time, the pseudo-first-order rate
constant, kpnot, could be obtained. This rate constant, under constant irradiation condition,
was used as a comparative parameter for the photochemical behavior of the system.

A
lnA—O = _kphot t €))]

To evaluate the participation of oxygen in the degradation mechanism of Lev in-
duced by UVB light, kphot was determined under argon, air, and oxygen atmospheres. For
this experiment, the solutions of Lev were independently irradiated in equilibrium with
air, under continuous bubbling of oxygen and in a hermetically sealed cuvette in which
the antibiotic solution was previously bubbled with argon for 20 min.

To prove the participation of different ROS in the photodegradation of Lev, kphot val-
ues were determined in the absence and in the presence of specific ROS scavengers. In this
case, Lev solutions were irradiated in air atmosphere condition, adding 1 x 107 M of SOD,
1 x 107 M of CAT, 0.2 M of IPA, and 1 x 10 M of NaNg3, all in separate experiments. The
enzymes SOD and CAT were used for the detection of superoxide radical anion (O2*) and
hydrogen peroxide (H202), respectively. Meanwhile, IPA and NaNs were used for hy-
droxyl radical (HO®) and singlet oxygen (O2('Ag)) detection, respectively. The reactions
involved between the ROS and each scavenger are described in Section 3.2.

In the particular case of O2('Ag), the time-resolved phosphorescence detection
method (TRPD) was also used, which has been previously described in depth [33]. For
this, Lev was dissolved in D20 instead of water to lengthen the O2('A) lifetime [34]. The
excitation of the antibiotic was achieved by employing the Nd:YAG laser output at 355
nm. The radiation emitted by O2(1Ag) at 1270 nm was collected at a right angle with a
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germanium Judson J16/8Sp detector. The detected signal was acquired in a digital oscillo-
scope attached to a personal computer for further processing. Several laser shots were
needed in order to obtain a good signal-to-noise ratio for decay time calculations [35].
The quantum yields of O2(Ag) generation by Lev (®3°) were determined by the com-
parative method described elsewhere [36], using PN in CHsCN as a reference compound.
Briefly, the zero-time extrapolated O2('Ag) phosphorescence intensity (Io) was measured
against the laser fluence (Ev) for Lev and PN. The change in the laser fluency was achieved
by employing filters of neutral density. With the slope comparison of the linear plots of o

vs. Ev for the reference and the sample, and by using Equation (2), the ®;¢” was calculated.

02 —APN
Lev _ sloperey kcfizen PN 1-10

A 7 slopepy kQZ, 4 1-—10-A%

2)

where k©? is the relative rate constants for O2('Ag) radiative deactivation in D20 (k%o =
0.12) and in CHsCN (kQ33cn = 0.30) [36]; @ENis the quantum yields of O2(1Ag) generation
by PN in CHsCN (®5N = 0.98) [36]; and A is the absorbance of PN in CHsCN and of Lev
in D20 at the laser excitation wavelength (355 nm).

2.2.2. In Vitro Bioassays on Bacteria

To assess if Lev retains or loses its bactericidal activity after treatment with UVB light
or if the photoproducts generated in the absence and in the presence of oxygen have effect
on microbial growth, the determination of the number of viable microorganisms and the
agar diffusion test were carried out.

The pathogenic bacteria employed was an Escherichia coli strain (EC7) recovered from
clinical urogenital material. The strain was identified according to conventional proce-
dures and using the automated system mini-API rapid ID32 STREP (BioMérieux) method.
EC7 was resistant to ampicillin and sulfamethoxazole—trimethoprim [37].

For the microbiological assays, a solution of 2 x 105 M Lev in buffer of pH 7.4 was
exposed to UVB light in the dispositive used in the stationary photolysis experiment al-
ready described. Buffer of pH 7.4 was selected for the mentioned experiments because it
provides an optimal and stable environment that allows for bacterial growth conditions.

The Lev photolysis was carried out in an air-equilibrated and argon-saturated atmos-
phere. For the latter, argon gas was bubbled into the Lev solution for 20 min to ensure
complete removal of oxygen before irradiation, and then the reaction cuvette was sealed.

The number of viable microorganisms, expressed as colony-forming units per milli-
liter (CFU mL"), was determined as described below. E. coli strain was grown aerobically
at 37 °Cin TSB overnight. An aliquot (50 puL) of this culture was aseptically transferred to
50 mL of fresh medium (TSB). This microbial suspension was distributed in Eppendorf
tubes to which was added the solution of Lev before irradiation, Lev irradiated in air at-
mosphere conditions, and Lev irradiated in argon atmosphere conditions. The initial Lev
concentration in each tube was 2.0 x 107 M. The volume of Lev solution added to each
tube was replaced with buffer of pH 7.4 for cell control. All tubes were incubated at 37 °C
for 4 h. After that, cell suspensions were 10-fold serially diluted with phosphate-buffered
saline (PBS, pH = 7.4), and each dilution was quantified by the spread-plate technique in
triplicate on TSA. The plates were examined for viable E. coli cells after 24 h of incubation
at 37 °C, and CFU mL-! was determined.

For the agar diffusion method, filter paper discs (previously sterilized in an autoclave)
were impregnated with unirradiated 2 x 10-> M Lev solution and with Lev solution irradi-
ated at different times in air atmosphere conditions. The paper discs were then placed on
plates containing TSA previously seeded with an overnight culture grown of E. coli strain



Compounds 2025, 5, 23

6 of 20

in TSB. After that, the plates were incubated at 37 °C for 24 h, and the diameter of the inhi-
bition halo (clear zone around the discs) was measured. The results were expressed as the
ratio between the diameter of the halo after (1) and before (ho) photolysis, i/ho, which repre-
sents the relative rates of decrease in the bactericidal effect of the antibiotic against the se-
lected bacteria. All of the experiments described were performed in triplicate.

2.2.3. In Vitro Bioassays on Mammalian Cell

The potential cytotoxicity effects of Lev and its photoproducts on mammalian cells
were evaluated using the Vero cells (Cercopithecus aethiops green monkey kidney epithelial
cell line). This normal cell line was acquired from ATCC as Vero CCL-81™. The Vero cells
were grown in EMEM supplemented with 10% (v/v) FCS, 3% (v/v) L -glutamine, and 5%
(v/v) gentamicin at pH 7.2-7.4. Cell cultures were maintained at 37 °C with 5% CO:zand
humidity. For the assay, the cells were plated in 96-well culture plates, incubated until cell
monolayer formation, and then washed with PBS and incubated with the samples at 37
°C for 48 h.

Cell monolayers were exposed to different concentrations of Lev (between 0 and 2 x
105 M or 7.2 ug mL™) before and after irradiation, in the absence and in the presence of
oxygen. For this, Lev solutions were 2-fold serially diluted with EMEM. Untreated cells
were used as a control, in which the antibiotic sample was replaced by buffer at pH 7.4.

Cell viability was evaluated by the colorimetric test NR uptake and MTT metabolism
assay, as described below. Cell monolayers treated with Lev and its photoproducts were
washed with PBS and incubated with NR or MTT for 4 h at 37 °C. Subsequently, the su-
pernatant was removed by inverting the plates, and the cells were washed three times
with PBS.

In the NR test, the dye within viable cells was released via extraction with a solution
of acetic acid, ethanol, and water (1:49:50). After agitation of the cultures for 20 min, the
absorbance was measured at 540 nm, using a microplate ELISA reader (LabSystems Mul-
tiskan MS, Finland ). In the MTT assay, formazan crystals (from the reduction reaction of
MTT) were solubilized with dimethyl sulfoxide, and the absorbance was measured at 560
nm in the same absorbance reader. The relative viability was expressed as a percentage
with respect to control cells as follows:

% Viability = Aereatedcelt 10 3)
control cell
where A is the absorbance at 540 nm and 560 nm for NR and MTT, respectively. Assays
were carried out in triplicate on independent plates. Variation between each experiment
was calculated using one-way ANOVA, with a confidence level of 95% (p < 0.05) consid-
ered statistically significant. Data were represented as the mean standard deviation of
each group.

3. Results and Discussion
3.1. pH and Dissolved-Oxygen-Concentration Effect on Lev Photolysis

Lev has two reported pKa values, 6.0 and 8.1, corresponding to the deprotonation of
the carboxylic group attached to the fluoroquinolone core (containing pyridine and ben-
zene ring with a fluorine atom at C-6 position) and the amino group of the piperazine
ring, respectively [38]. In this investigation, buffers of pH 4.0, 7.4 (physiological pH), and
10.0 were used as solvents of Lev. In acidic media, the antibiotic is found mainly as a
cation; at pH 7.4, as a zwitterion; and in alkaline media anion form, it will be dominant
[38,39]. The chemical structures of each ionic species are included in Scheme 1, while Fig-
ure 1 shows the absorption spectra of Lev obtained at each pH value studied.
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Scheme 1. Chemical structures of the predominant ionic species at each pH studied.

Independently of pH value, the spectra show a main band at 260-320 nm assigned to
the m — 7* transitions of the delocalized electrons in the aromatic ring, and a weak band
at 330-400 nm caused by an n — 7* electronic transition [39]. Likewise, at acidic pH, the
maximum of the main band shifts 6 nm towards longer wavelengths and has a higher
molar absorption coefficient (294 = 36,800 + 300 M' cm™) compared with pH 7.4 and
10.0, in which the maxima are practically the same and the molar absorption coefficients
are very similar, being €288 nm = 28,900 + 200 M cm™ and €289 nm = 28,700 + 200 M~ cm™" for
pH 7.4 and 10.0, respectively. The molar absorption coefficients were determined in this
work at the three pH conditions studied.

The photodegradation with UVB light was evaluated spectrophotometrically for Lev
at pH 4.0, 7.4, and 10.0. Figure 2A shows the variation in the absorption spectrum of the
antibiotic obtained at pH 7.4 in air-equilibrated solutions in which there is a clear decrease
in the absorbance observed as there is an increase in the irradiation time exposure, indi-
cating that Lev is sensitive to UVB light. On the other hand, Figure 2B shows the pseudo-
first-order plot from which the apparent photodegradation rate constants (kphot) at each pH
were determined. The values of kphot are summarized in Table 1.
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Figure 2. (A) Spectral evolution of 2 x 105 M Lev in buffer at pH 7.4 as a function of UVB light
irradiation time in air-equilibrated atmosphere. (B) Graphic representation of Equation (1) for the
determination of the photodegradation rate constants (kphot) for Lev in buffer of pH 4.0 (black cir-

cles), 7.4 (red circles), and 10.0 (blue circles). Error bars indicate one standard deviation.

Table 1. Photodegradation rate constant (kphot) values of Lev under irradiation with UVB light in

buffer of pH 4.0, 7.4, and 10.0 and in argon, air, and oxygen atmosphere conditions.

kphot (X103)/S‘1

Atmosphere Argon Air Oxygen
pH
4.0 ~0 0.71£0.03 1.9+0.3
7.4 1.2+0.3 9.8+0.1 13.5+0.1
10.0 32+0.2 55+0.2 9.8+0.1

The values of kphot expressed in Table 1 indicate that Lev can undergo UVB photodeg-
radation in acidic, neutral, or alkaline media. Also, a clear dependence between the pH of
the medium and the kphot was observed: at acidic pH, the value of kphot is markedly lower
compared with that obtained at pH 7.4 and 10.0; meanwhile, pH 7.4 is the condition in
which the kphot was the highest. This shows that Lev ionic species are not equally sensitive
to UVB-light treatment, since the cationic species of Lev is much less susceptible to direct
irradiation than the zwitterionic or anionic species.

In a previous work, Ahmad et al. studied the photodegradation of Lev under UV
irradiation (Airadiation= 287 nm) in the pH range of 2.0-12.0 and found a very low sensitivity
of the antibiotic to light in acidic medium [22]. On the other hand, they observed that the
degradation rate increased as the pH was raised from 5.0 to values close to 10.0. These
results differ from those we have found in our research, since the kphot value was greater
at pH 7.4 than at pH 10.0. Nevertheless, our results are completely in agreement with
those reported by Wammer et al. [23] and Ge et al. [27]. In the first case, the authors stud-
ied the degradation process of the fluoroquinolones enrofloxacin, norfloxacin, and oflox-
acin with simulated sunlight at a pH between 4.0 and 10.0. For all three antibiotics, the
direct photolysis rate for the zwitterionic form, which predominates at a pH between 6.0
and 8.0, was the fastest, followed by the anionic form and finally by the cationic form.
Moreover, for the fluoroquinolones studied, the quantum yields experimentally obtained
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were always higher for the zwitterionic species than for the anionic species, and the quan-
tum yield of the cationic species was very small, essentially indistinguishable from zero.
Ge et al. [27] found a behavior similar when they studied the photolysis of the fluoroquin-
olones gatifloxacin and balofloxacin at a pH between 3.0 and 11.0, under simulated sun-
light. They observed that the photolysis rates for the mentioned antibiotic are pH-depend-
ent, following the order of zwitterionic form (neutral pH) > anionic form (alkaline pH) >
cationic form (acid pH).

The strong dependence of the photodegradation of Lev on the pH of the medium
found in our results could have a very important connotation with respect to the treatment
of contaminated effluents. It is notable that if the effluent has high acidity, photodegrada-
tion is practically negligible. However, for neutral or moderately alkaline effluents, pho-
todegradation of the antibiotic may be feasible.

Another relevant aspect evaluated in the present work was the influence of dissolved
oxygen concentration on the degradation process of Lev induced by UVB light. For this,
the kphot values under argon, air, and oxygen atmosphere at pH 4.0, 7.4, and 10.0 were
determined. The pseudo-first-order plots are shown in Figure 3 for the three pH studies,
and the values of kphot obtained for each atmosphere conditions at each pH are shown in
Table 1.

It is necessary to clarify that in an argon atmosphere at pH 4.0, the kphot could not be
determined since no changes in Lev absorbance were observed with the irradiation time.
For this reason, no data are included in Figure 3 and Table 1. Under acidic medium and
in complete absence of oxygen, it is interpreted that Lev is not photodegraded.

0.0 qo= Z E

-0.2 .

In A/A,

-0.3 1 s

1pH 4.0 1pH 7.4 1pH 10.0
0 10 20 30 40 0 10 20 30 40 O 10 20 30 40
time (min)

Figure 3. Graphic representation of Equation (1) for the determination of the photodegradation rate
constants (kphot) of Lev in argon-saturated (red circles), air (blue circles), and oxygen-saturated (green
circles) atmosphere conditions in buffer at pH 4.0, pH 7.4, and pH 10.0. Error bars indicate one

standard deviation.

To facilitate the visualization of the kinetic data obtained, Figure 4 summarizes the
results of UVB light photodegradations of Lev at different pH values and at different dis-
solved oxygen concentrations.
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Figure 4. Dependence of kphot on pH and dissolved oxygen concentration for UVB irradiated solu-

tions of Lev.

As can be seen in Figure 4, the efficiency of Lev degradation with UVB light not only
depend on pH but also highly depend on the dissolved oxygen in the medium.

The kinetic dependence on oxygen concentration is clear, since in all cases, kphot in-
creases noticeably in solutions in equilibrium with air (oxygen concentration: 0.27 mM at
25°C) [40] and even more in solutions in equilibrium with pure oxygen (oxygen concen-
tration: 1.27 mM at 25 °C) [40], compared with solutions equilibrated with pure argon
(anoxic conditions).

These data could be highly relevant when evaluating a decontamination process,
since highly contaminated effluents generally have a very high BOD, and under these
conditions, the results achieved may be significantly lower than those expected if the anal-
ysis is based on results obtained in aqueous media with moderate or high oxygen concen-
trations.

In summary, if direct photolysis with sunlight is intended to be applied for the deg-
radation of Lev, it is advisable to ensure that the conditions of the effluent to be treated
correspond to a neutral or slightly alkaline pH and that the concentration of dissolved
oxygen is as high as possible.

3.2. ROS Photogenerated and Singlet Oxygen Quantum Yield

Based on the kinetic results previously discussed, we could affirm that Lev is sensi-
tive to direct irradiation with UVB light even in the absence of oxygen, thus indicating the
presence of a unimolecular degradation pathway from the excited electronic states of Lev.
The presence of oxygen significantly increases the kphot values at all pHs studied, thus
demonstrating that a bimolecular degradation process is also involved. The oxygen-de-
pendent pathway is associated with the photogeneration of ROS and the participation of
these species in a self-sensitized degradation process.

Upon absorbing UVB light, Lev molecule is excited to a singlet state ('Lev*) which
undergoes intersystem crossing to a triplet state (*Lev*). Formation of 3Lev* has been ver-
ified by laser flash photolysis by other authors [18,38]. The photodegradation occurs
through 3Lev*, which can undergo typical reaction of fluoroquinolones photolysis, such
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decarboxylation, demethylation, and defluorination, or can react with the dissolved oxy-
gen to generate ROS able to oxidize Lev [17,19-21,25,38,41]. The quenching rate constant
of 3Lev* by oxygen is 1-2 x 10° s [18,38].

To confirm which ROS are formed and participate in the UVB photoinduced degra-
dation of Lev, the kinetic experiments were carried out in the absence and in the presence
of specific ROS scavengers. The studies were carried out at pH 7.4, considering that the
kpnot is much higher under this pH condition compared with the other pHs analyzed. Also,
these studies were performed in air atmosphere since the process is only ~25% slower than
in saturated oxygen atmosphere.

The enzymes superoxide dismutase (SOD) and catalase (CAT) were used as inhibi-
tors of superoxide radical anion (O2*) and hydrogen peroxide (H202), respectively, since
they interact efficiently with the mentioned ROS according to Reactions (1) and (2) [42,43].
On the other hand, isopropyl alcohol (IPA) and sodium azide salt (NaNs) were used as
hydroxyl radical (OH*) and singlet oxygen (O2('Ag)) scavengers, respectively (Reactions
(3) and (4)) [34,42].

2 0 +2 H*+ SOD — H202 + O2(3Z¢) (Reaction (1))

2 H:O2 + CAT — 2 H20 + O2(3%y) (Reaction (2))
(CHs):CH(OH) + 2 OH* — (CHs)2CO + 2 H20 (Reaction (3))
O2(*Ag) + NaNs — O2(°Zg") + NaNs (Reaction (4))

The variation in Lev absorbance as a function of photolysis time was recorded, both
in the absence and in the presence of ROS scavengers. Then, a pseudo-first-order kinetic
analysis analogous to that already described was performed with the experimental data
obtained. The corresponding kphot obtained in the presence of each inhibitor (k;,%}})t) was
relativized to the rate constant value in their absence ( klghot ). The ratios obtained

(k]‘;’g:,t /kphot) are represented in the bar graph shown in Figure 5.
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Figure 5. Ratios of the kinetic constant in the absence (Lev) and in the presence of the ROS inhibitors
isopropyl alcohol (Lev +IPA), superoxide dismutase (Lev + SOD), catalase (Lev + CAT), and sodium
azide salt (Lev + NaNBs).
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In Figure 5, a clear decrease in the kphot values can be observed when ROS inhibitors
are present in the solution, thus allowing us to infer the generation of O:*", H202, OH*,
and O2('Ag) in the photodegradation mechanism of Lev, and that the antibiotic is suscep-
tible to attack by these species. A more pronounced effect in the reduction of kphot was
observed in the presence of NaNs, possibly suggesting that Lev is especially susceptible
to O2('Ag).

As additional evidence of the presence of O2('Ag) in the photodegradation mecha-
nism of Lev, the TRPD technique was used, which allows for the direct detection of the
mentioned ROS. For this, a solution of Lev in D20 was used, and it was excited by em-
ploying a 355 nm laser. The signal obtained, shown in the insert of Figure 6, unambigu-
ously confirms the generation of O2(1Ag) from the excitation of Lev. This signal corre-
sponds to the phosphorescence emitted by O2('Ag) at 1270 nm, which decays mono-expo-
nentially with a lifetime of 15 us approximately. The large lifetime of this ROS is a neces-
sary factor to explain the reactivity observed with the antibiotic.

To quantify the capacity of photogeneration in the mentioned ROS, the determina-
tion of the quantum yield of O2('Ag) generation by Lev (®%°") was carried out using the
comparative method described in Section 2.2.1 and Equation (2), with PN as a reference
compound. The results are shown in Figure 6, and the ®}°V value obtained was 0.30 +
0.03. The value obtained is substantially higher than that found by other authors for the
Lev enantiomer ofloxacin, but it is similar to that of other fluoroquinolone antibiotics, such
as flumequine and rufloxacin [17].

0.3
0.15 Lev
= —D,0
g 0.10
0.2 - 0.05
5 ¢Y
S é 0 30 60 90
-° time (us)
0.1-
0.0-

0 505 40 60 80 100
0,
E (%)

Figure 6. Dependence of the amplitude of the Oz('Ag) phosphorescence emission extrapolated at
time zero (lo) on the laser fluence (Er) for (red circle) PN in CHsCN and (blue circle) Lev in D20.
Inset: O2('Ag) phosphorescence decay signals at 1270 nm for Lev in D20; the signal of D20 was added

for comparative purposes.

Previous works by other authors have demonstrated the photogeneration of ROS by
fluoroquinolone antibiotics, including Lev, and their participation in the photodegrada-
tive mechanism, employing both direct and indirect methods [17-19,25,44-46]. They re-
port that Lev can produce O2°7, OH*, and O2('Ag) under UVB, UVA, and simulated sun-
light, and also prove that these species could attack the antibiotic.

Likewise, our work provides additional information: although the ROS O2°*-, OH",
H20z, and O2('As) can be generated from Lev and react with it, the antibiotic appears to be
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more susceptible to O2(*Ag). Because this is the ROS that most oxidizes Lev, we quantify
its generation by self-sensitization, using the direct TRPD method. Furthermore, to the
best of our knowledge, the quantum yield of O2(1Ag) generation by Lev (®5°") has not been
previously reported until now.

3.3. Activity of Levofloxacin and Its Photodegradation Products on Escherichia Coli

To evaluate if the photodegradation of Lev leads to alteration of its antimicrobial ac-
tivity, the number of viable microorganisms, expressed as colony-forming units per mil-
liliter (CFU mL-1), was determined using the pathogenic bacteria E. coli EC7 strain.

The 2 x 10> M Lev solutions at pH 7.4 were irradiated in an air and argon atmosphere
long enough to achieve a high antibiotic degradation and the accumulation of photoprod-
ucts. The Lev consumption was monitored by absorption spectrophotometry.

The results obtained are shown as Log CFU mL-! for each treatment in Figure 7A.

Additionally, the inset shows the absorption spectrum of Lev solutions employed in
this experiment before and after UVB irradiation, and in an air and argon atmospheric
condition. In both cases, it was observed that the main absorption band decreases sub-
stantially, reaching a diminution approximately 70% of the initial absorbance. This de-
crease in absorbance was achieved by irradiating a Lev solution equilibrated with air, with
a light dose of 55.1 J/cm?, and a Lev solution equilibrated with argon, with a light dose of
266.2 J/cm2.

0.6+

Absorbance

0.31

] 0.0 ‘ \~
4] 300 400
% (hm)

Log CFU mL”

(A)

@ b)) ©

Treatments



Compounds 2025, 5, 23

14 of 20

1.0-_ Q

0.84

S

0.4 §
0.2-

0.0- (B) Q o

0 50 100 150 200 250
time (min)

h/h,

Figure 7. (A) Effect of 2 x 107 M of Lev on E. coli EC7 strain: (a): cellular control without Lev, (b) Lev
before irradiation with UVB light, (c) Lev irradiated with UVB light in argon atmospheric condition,
and (d) Lev irradiated with UVB light in air atmospheric condition. Inset: Absorption spectrum of
2 x 10> M Lev before (black line) and after irradiation, in an argon atmosphere (orange line) and in
an air atmosphere (blue line). (B) Relative normalized diameter of the bactericidal inhibitory activity
of 2 x 10°°M of Lev irradiated under air atmospheric conditions over E. coli EC7 strain. ho and h
represent the inhibitory halo diameter at t =0 (ho) and at different UVB irradiation times (), respec-
tively. Inset: Variation in the inhibition halo as a function of Lev photolysis time. The numbers in
the image indicate 0:0 min photolysis, 30:30 min photolysis, 1:60 min photolysis, 2:120 min photol-
ysis, and 4:240 min photolysis.

Figure 7A (main) shows a reduction of approximately 6 log in the number of micro-
organisms treated with non-irradiated Lev with respect to E. coli cell control, an expected
result because of the bactericidal effect of the antibiotic.

On the other hand, after UVB irradiation, the antimicrobial activity of Lev was mark-
edly affected both in argon and air atmospheres. When the solution was irradiated in an
argon atmosphere, the number of bacteria resembled the cell control, while when irradi-
ated in air, the number of microorganisms was reduced by only 1 log.

Complementarily, the effect of Lev irradiation with UVB light on its activity was also
evaluated by the agar diffusion test. For this, the E. coli strain was exposed to the antibiotic
(2 x10-° M) in buffer of pH 7.4 before and after 0.5, 1, 2, and 4 h of direct irradiation in air
atmosphere. In this assay, we selected irradiation of air-equilibrated Lev solution because
it allows for both degradation pathways: the unimolecular and the dissolved oxygen-de-
pendent.

The results obtained were expressed as the relative index of bactericidal activity (/ho)
as a function of irradiation time (Figure 7B).

Figure 7B clearly shows a decrease in the bactericidal capacity of Lev with the in-
crease in the irradiation time. Moreover, 2 h of irradiation is enough for the complete loss
of the antimicrobial effect of the antibiotic, which is consistent with the results obtained
in the viable microorganism-determination experiments described above.

Our results of both microbial assays indicate that Lev loses its bactericidal capacity
against E. coli strain via exposure to direct UVB light. This can be attributed to the degra-
dation of the antibiotic as a consequence of the photolysis process. It is clear that this light-
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induced degradation process affects essential parts of the molecule for it to be active, ei-
ther by unimolecular or oxidative pathways. Likewise, this result suggests that the pho-
toproducts generated under the experimental conditions employed do not have antimi-
crobial activity on the bacterial strain analyzed.

It should also be noted that the fact that some differences were found between the
activity of irradiated Lev in air and argon atmospheres also leads us to suspect that the
predominant products generated under each condition are different from each other.

Sturnini et al. evaluated the antibacterial activity of several fluoroquinolone antibiot-
ics by determining the minimum inhibitory concentration (MIC) in different microorgan-
isms, before and after exposing the compounds to natural sunlight [21]. In their research,
they found that the antimicrobial action generally decreased after irradiation due to the
degradation of the parent compound. Notably, several photoproducts retained significant
functionality, as in the case of the antibiotics marbofloxacin, enrofloxacin, and danofloxa-
cin. In agreement with our findings, they observed that the photoproducts obtained from
the degradation of Lev are less effective against tested strains, including E. coli, compared
to the non-irradiated antibiotic.

Ge et al. also found similar results in their study, using a solar simulator to irradiate
fluoroquinolones antibiotics and evaluating antimicrobial activity before and after light
exposure, using an agar diffusion test similar to the one performed in our work [25]. They
observed that Lev and ciprofloxacin showed a decrease in their antibacterial potency after
irradiation over the E. coli strain, while enrofloxacin and difloxacin retained significant
antibacterial activity during initial photodegradation, indicating the presence of active
primary degradation intermediates.

Contrarily, Geng et al. observed that irradiation with 254 nm UV light did not pro-
duce significant changes in Lev activity against E. coli over short exposure times (less than
30 min), attributing this phenomenon to the retention of photoproduct activity as a result
of little changes in essential parts of the molecule [47]. However, these authors did not
evaluate what occurred at longer UV irradiation times, where structural modifications
may be enough to generate photoproducts with lower antimicrobial activity.

Based on the information available in the literature and the results obtained in our
study, we conclude that direct photolysis generally does not lead to antibiotic mineraliza-
tion but rather to the formation of photoproducts. The change in the antimicrobial activity
is highly dependent on the structure of the antibiotic and the irradiation conditions, which
determine the type of intermediates generated during the degradation process.

3.4. Toxicity of Levofloxacin and Its Photodegradation Products on Mammalian Cells

To detect the effect of Lev photodegradation on eukaryotic cells, cytotoxicity assays
were performed using the mammalian cell line Vero. A monolayer of cells was exposed to
different concentrations of the Lev in buffer at pH 7.4 before and after irradiation with
UVB light, in air and argon atmosphere. The Lev solutions (2 x 10°M or 7.2 ug mL™)
irradiated and non-irradiated used in these experiments were prepared in the same way
as in the microbiological assays describe in Section 3.3.

Cell viability was then assessed using neutral red uptake (NR) and MTT metabolic
reduction assays. The results obtained are shown in Figure 8A and Figure 8B, respectively.
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Figure 8. Percentage cell viability of Vero cells exposed to different concentrations of Lev before and
after UVB irradiation under argon or air atmospheric conditions, evaluated by (A) NR uptake and

(B) MTT metabolic assay.

As can be seen in Figure 8A, the RN uptake assay indicates that cell viability was not
significantly affected by either the buffer used or the non-irradiated antibiotic at any of
the concentrations tested. In addition, no significant cytotoxic effect of the irradiated anti-
biotic was observed at concentrations less than or equal to 4.6 ug mL-" and at both atmos-
pheric conditions evaluated. However, at the maximum concentration tested (7.2 ug
mL1), a slight decrease in cell viability was observed (less than 20%). This decrease was
more pronounced in Lev solution irradiated in an air atmosphere than in Lev solution
irradiated in an argon atmosphere.

The results obtained suggest that, in general, UVB-irradiated solutions of Lev do not
induce lysosomal damage in Vero cells; however, at higher concentrations, a slight cyto-
toxic effect may occur.

On the other hand, as shown in Figure 8B, similar profiles were obtained in the MTT
assay. No alteration of mitochondrial respiration was observed as a consequence of the
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exposure of Vero cells to Lev or its photoproducts obtained after UVB exposure at concen-
trations less than or equal to 4.6 pg mL~ and at both atmospheric conditions evaluated.
However, at the highest concentration of Lev tested, a slight cytotoxic effect (less than
15%) was observed, which was more pronounced when the antibiotic was irradiated un-
der air atmosphere conditions.

Furthermore, in both the RN and MTT bioassays, at high concentrations of Lev and
its photoproducts, a difference in cell viability was observed depending on the dissolved
oxygen concentration of the irradiated solutions. This indicates that the compounds
formed in the absence and in the presence of oxygen are different and consequently have
different effects on mammalian cells.

In the work carried out by Viola et al., the authors found that although Lev and other
fluoroquinolone antibiotics have significant phototoxicity, the products generated under
irradiation with UVA, UVB, and visible light are not involved in cellular damage pro-
cesses [18]. The observed phototoxicity is a consequence of the ROS generated through
self-sensitized processes. They verify this by evaluating the integrity of red blood cells
and by using a fibroblast cell line.

On the other hand, Sturnini et al. evaluated the cytotoxicity of several fluoroquin-
olones using the bioluminescence test of the marine bacteria Vibrio fischeri and found that
Lev, after being irradiated with a solar simulator for 15 min, generates photoproducts with
a notable inhibition of light emission in Vibrio fischeri compared to non-irradiated Lev,
indicating a toxic effect [24]. Similar results were found by de Oliveira et al. using the same
bioassay on the fluoroquinolone lomefloxacin and its photoproducts obtained by irradia-
tion with 254 nm UV light for 60 min [48].

We emphasize the importance of evaluating the toxicity of the products generated by
each compound under a particular treatment and by more than one bioassay, without
generalizing the behaviors, since they may be different as a consequence of the generation
of different intermediaries.

In summary, the experimental conditions used in our research generated photoprod-
ucts that have no antimicrobial activity and do not present significant toxicity on mam-
malian cells, regardless of the concentration of dissolved oxygen in the medium. These
demonstrate that UVB light could signify an adequate treatment for degrading Lev in a
contaminated effluent without the compounds formed representing a potential risk to the
environment and human health.

4. Conclusions

In the present investigation, we demonstrated that the antibiotic levofloxacin is sensi-
tive to UVB solar irradiation; however, the rate of photodegradation depends considerably
on the pH and oxygen concentration of the medium. The highest photodegradation rate was
achieved at pH 7.4 and in the presence of oxygen. Moreover, at a higher dissolved oxygen
concentration, a higher photodegradation rate of levofloxacin was reached. On the other
hand, photodegradation of the antibiotic is negligible under acidic and anoxic conditions.

In the presence of oxygen, levofloxacin is degraded by a self-sensitizing mechanism
involving the reactive oxygen species superoxide anion, hydroxyl radical, hydrogen per-
oxide, and singlet oxygen; levofloxacin is especially sensitive to the singlet oxygen. For
this reason, the generation of this oxidizing species was quantified directly through its
phosphorescent signal emitted at 1270 nm. The quantum yield of singlet oxygen by
levofloxacin was determined and reported in this work for the first time.

The results of the microbiological tests on a pathogenic Escherichia coli strain reveal
that photodegradation of levofloxacin leads to the loss of its antimicrobial activity. Fur-
thermore, cytotoxicity tests on the mammalian cell line Vero indicate that the photoprod-
ucts do not exhibit significant cytotoxicity.
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Finally, we can conclude that UVB sunlight treatment of contaminated effluents con-
taining levofloxacin could be a very efficient and ecologically safe strategy to degrade the
antibiotic provided that pH and oxygen conditions are adequate. However, we consider
that additional experiments are necessary by using complex water matrices that offer
more information to ensure the greatest efficiency of the treatment.
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