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A B S T R A C T

Amoxicillin (AMX) is one of the most commonly prescribed antibiotics around the world to treat and prevent
several diseases in both human and veterinary medicine. Incomplete removal of AMX during wastewater
treatment contributes to its presence in water bodies and drinking water. AMX is an emerging contaminant since
its impact on the environment and human health remains uncertain. This contribution was aimed to evaluate the
electrochemical oxidation (EO) of AMX using different anodes in tap water, NaCl or Na2SO4 solutions and to
evaluate the potential toxicity of remaining AMX and its by-products on zebrafish early-life stages. Chemical
intermediates generated after EO were determined by mass spectrometry and their resulting antimicrobial ac-
tivity was evaluated. AMX did not induce significant mortality in zebrafish during extended exposure but af-
fected zebrafish development (increased body length) from 6.25mg/L to 25mg/L and inhibited enzymatic
biomarkers. Carbon modified with titanium oxide (TiO2@C) anode achieved complete AMX removal in just a
few minutes and efficiency of the supported electrolytes occurred in the following order: 0.1 M NaCl > 0.1M
Na2SO4 > 0.01M NaCl > tap water. The order of potential toxicity to zebrafish early life-stages related to
lethal and sublethal effects was as follows: 0.1M Na2SO4> 0.1M NaCl>0.01M NaCl= tap water.
Additionally, the EO of AMX using TiO2@C electrode with 0.01M NaCl was able to inhibit the antimicrobial
activity of AMX, reducing the possibility of developing bacterial resistance.

1. Introduction

Pharmaceutical drugs are a class of emerging contaminants that
reach the environment through several anthropogenic sources [1]. The
levels of such micropollutants found in hospital and domestic sewage
systems range from ng.L−1 to μg.L−1, being generally higher for
pharmaceutical companies. Owing to the inherent biological activity,
the increasing disposal of pharmaceuticals may represent a risk for the
environment and human health. The concern about such class of mi-
cropollutants is due to the disposal and dangerousness scale [2,3].

In this context, antibiotics have been detected in rivers, lakes,

groundwater, drinking water, sea coastal water, urban effluents, and
treatment plants [4–6]. They are widely used in human and veterinary
medicines to treat and prevent bacterial infections, as well as in feed
additives used in fish farms and livestock production as growth pro-
moters or in modern agriculture to prevent bacterial crop damage
[7–9].

Despite the low environmental levels due to their reasonable sta-
bility and continued release, antibiotics are classified as “pseudo per-
sistent” contaminants [8,10]. Amoxicillin (AMX) is the most commonly
antibiotic prescribed in Brazil [11]. It is known that more than 80% of
AMX is excreted unchanged in urine and faeces of humans and animals
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[12,13] and conventional waste water treatment plants are relatively
inefficient to achieve their complete removal [6,8,9].

The scientific literature data reporting potential effects of AMX on
aquatic life are scarce, probably because in most cases these have been
associated with EC50 values > 1000mg/L, thus indicating low acute
toxicity [7,13,14]. In fact, the maximum concentration of AMX re-
ported in aquatic systems is only of 6.94 μg/L, but the major concern
relates to the long-term exposure associated with the possibility of
generating chronic effects and resistance genes [5,6,15–18].

Considerable efforts have been made to develop novel remediation
strategies for this pharmaceutical class in order to overcome the anti-
biotic-resistant bacteria problem and potential toxicity to non-target
organisms. Electrochemical remediation of pollutants has several ad-
vantages including versatility to remove different contaminants, low
cost, high energy efficiency, easy handling due to simple equipment and
safety to operate in mild conditions [19]. Electrochemical oxidation
(EO) is a promising technology already extensively applied to waste-
water cleaning, in which electro-generated radicals lead to the com-
plete mineralization of organic contaminants [19–24].

Despite high efficiency of some electrodes such as BDD and Ti/
PbO2, their cost and contamination risk by heavy metals due to che-
mical leaching from the anode, respectively, make them unfeasible in
practical applications [23]. The use of carbon and titanium oxide
electrodes could be an alternative of decreasing costs and increasing the
environmental safety. Moreover, the efficiency of EO remediation is
directly related to the electrode material, the electroactive surface area
and the applied current density, whereas concerning to the medium, the
pH has major influence accordingly to the contaminant type [25]. In
turn, minimum system conductivity is required, thus suitable amounts
of NaCl and Na2SO4 salts are commonly added into the medium
[19,21–23].

Based on ongoing research efforts from the group, the aim of this
work was to evaluate the effects of AMX on the development and bio-
chemical activity of zebrafish (Danio rerio) early-life stages after 7 days
of exposure and to perform EO remediation of AMX with different an-
odes, carbon (C), titanium (Ti) and carbon modified with titanium
oxide (TiO2@C) in tap water, NaCl or Na2SO4 solutions. Generated by-
products in such media were monitored by mass spectrometry and
potential toxicity was evaluated by zebrafish embryo tests. The anti-
microbial activity of remaining AMX after EO remediation was mon-
itored using a simple broth microdilution technique.

2. Material and methods

2.1. Test substances

Amoxicillin trihydrate (AMX; CAS: 61336-70-7; 98,7%) was pur-
chased from Sigma–Aldrich (St Louis, MO, USA) and used in all assays
as purchased. For Fish Embryo Extended Toxicity (FEET) Test and
biochemical analyses, a stock solution was carefully prepared by dilu-
tion of AMX in deionized water, kept refrigerated and protected from
light. Test solutions were prepared immediately before beginning the
test by successive dilutions of the stock solution using maintenance
water at 0.75, 1.5, 3.0, 6.25, 12, 25, 50 and 100mg/L of AMX. To
evaluate the EO efficiency, a stock solution of AMX at 12mg/L was
prepared with different electrolytes supported: 0.1M of Na2SO4, 0.01
and 0.1M of NaCl or tap water. To determine the antimicrobial activity
before and after EO process, a stock solution of AMX at 1200mg/L was
prepared in deionized water.

2.2. Fish embryo extended toxicity (FEET) tests

Adult male and female zebrafish (D. rerio) were kindly provided by
the zebrafish facility (ZebTec Tecniplast) at the Institute of Biology,
University of Brasília and kept in separate tanks (ethical approval UFG
Nº 102/2014). Fish were maintained in a Rack Hydrus (Alesco)

recirculating system using water filtered by reverse osmosis, where
water passes through several levels of filtration (activated carbon filters
and biological filters) and is then disinfected by UV light and auto-
matically adjusted for pH and conductivity. The temperature is main-
tained at 26.0± 1 °C, conductivity at 750 ± 50 μS, pH at 7.5 ± 0.5
and dissolved oxygen equal to or above 95% saturation. Nitrate, nitrite
and ammonia are regularly monitored. As previously mentioned, this
water was used to prepare the test solutions of all assays performed.
Adult organisms were fed with commercial dry flake food (TetraMin
Tropical Flakes®) and live brine shrimp. On the day of the test, zebrafish
eggs were collected about 30min after natural mating, rinsed in water
and examined under a stereomicroscope (Bel Photonics STM PRO).
Unfertilized or damaged eggs were discarded. The fertilization success
was checked, and only eggs batches with a minimum fertilization rate
of 90% were used. The fish embryo toxicity test with zebrafish (D. rerio)
was carried out according to OECD guideline 236 [26] with extended
exposure time for 7 days post-fertilization (dpf) to evaluate the sub-
chronic effects of AMX on zebrafish early-life stages. Twenty fertilized
eggs per concentration were randomly selected and carefully dis-
tributed to a 24-well plate, filled with 2mL of different concentrations
of AMX (0.75, 1.5, 3.0, 6.25, 12, 25, 50 and 100mg/L) or negative (CN;
maintenance water) and positive controls (PC: 3,4-dichloroaniline at
4.0 mg/L). The test was performed in triplicate in a climate chamber at
26± 1 °C and 12-h light. Neither food nor aeration was provided
during the assays. Embryo development was assessed at 24, 48, 72, 96,
120, 144 and 168 h post-fertilization (hpf) using a stereomicroscope.
The distinction between normal and abnormal embryonic development
was established according to the zebrafish development descriptions
reported by Kimmel et al. [27]. Lethal (egg coagulation, no somite
formation, non-detachment of the tail from yolk sac and no heart
beating) and sublethal (effects on the eye and body pigmentation, ab-
sorption of the yolk sac, hatching rate, swimming bladder inflation,
otolith, presence of edemas and blood accumulation, tail deformities
and body length) parameters were observed and reported.

2.2.1. Biochemical analyses
Catalase (CAT), glutathione-S-transferase (GST) and lactate dehy-

drogenase (LDH) activities were determined in zebrafish larvae exposed
to 0.75, 1.5, 3.0, 6.25, 12, 25, 50 and 100mg/L of AMX after 168 h of
exposure. On the day of enzymatic analyses, a total of three samples per
concentration (each sample composed of 7 larvae pool) were defrosted
on ice, homogenized and centrifuged (4 °C, 10,000 g, 20min) in order
to isolate the post-mitochondrial supernatant (PMS) fraction posteriorly
used as enzyme extract for activity determinations made by spectro-
photometrically (Thermo Scientific Multiskan Spectrum, USA).
Biomarker determinations were performed based on Oliveira et al. [7],
in which CAT activity was measured at 240 nm by monitoring (for
3min) the decrease of absorbance due to degradation of hydrogen
peroxide (H2O2), as described by Clairborne [28]. GST activity was
determined at 340 nm by monitoring the absorbance increase (for
5min) following the methodology described by Habig and Jakoby [29]
and Frasco and Guilhermino [30]. LDH activity was measured at
340 nm by monitoring (for 5min) the absorbance decrease due to the
oxidation of NADH, according to Vassault [31] and Diamantino et al.
[32]. Enzymatic activities were determined in quadruplicate and ex-
pressed as nanomoles of hydrolyzed substrate per minute per mg of
protein (mmol/min/mg of prot). Protein concentration in samples was
determined in quadruplicate according to the Bradford method [33] at
595 nm, using γ-globulin as a standard.

2.3. Electrochemical oxidation (EO)

The anodes used for EO were Carbon cylinder (C; 3.5× 0.5, length x
diameter cm; geometric area=5.89 cm2), Titanium wire (Ti0;
10.0×0.2, length x diameter cm; geometric area=6.34 cm2) and C
modified (TiO2@C; 3.0× 0.5, length x diameter cm; geometric
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area= 5.10 cm2). The cathode used was steel wire (10.0× 0.3, length
x diameter cm; geometric area= 9.56 cm2). The wire electrodes were
used in a spiral format. The exact inter-electrode gap between anode
and cathode was 4 cm. The applied voltage was controlled by a
Tensiometer, consisting in an adjustable DC Power Supply (HF-30035,
Hikari, São Paulo, SP, Brazil), using 10 V constantly and evaluated the
current created or 50mA constant and the voltage created. Electrodes C
modified (TiO2@C) were prepared from carbon cylinder (C) anodes
immersed in 1mL solution of titanium (IV) isopropoxide and 3.5mL of
ethanol. A microwave-assisted deposition of titanium was carried out in
a CEM-Discover model with PC control. Experiments were conducted in
a closed vessel under continuous stirring and without cooling.
Temperature, power irradiation and pressure were limited at 120 °C,
220W and 220 PSI respectively [34–36].

AMX EO was conducted in a beaker at different times of reaction
(typically 10, 20 and 40min), with constant agitation and protected
from light. At the end of each treatment time, the pH and temperature
of the solution were determined by pHmeter (Quimis Scientific
Apparatus, model Q488AS, Diadema, SP, Brazil). The assays were
performed in duplicate.

2.3.1. Analysis AMX degradation
Degradation of AMX was monitored by UV-Vis spectrometry, dif-

ferential pulse voltammetry (DPV) and mass spectrometry. The spec-
trophotometric measurements were conducted in UV-Visible
Spectrophotometer (Quimis Scientific Apparatus, model Q798U2VS,
Diadema, SP, Brazil) coupled to Unico Application Software (S2100
Series UV/Vis). Spectra were scanned from 200 to 1000 nm. To calcu-
late the percentage of AMX removal (Equation (1)), the peak area ob-
tained at 230 nm for AMX before and after treatments were calculated
by the Origin® 8 software.

% of AMX removal= [(ApdrAMX – AtreatmentAMX) / ApdrAMX] x 100 (1)

Where ApdrAMX stands for the peak area of AMX 12mg/L and
AtreatmentAMX stands for the peak area of AMX after EO.

DPV measurements were performed with a potentiostat/galvanostat
μAutolab III® integrated with GPES 4.9® software (Eco-Chemie, Utrecht,
The Netherlands). For analysis were used electrochemical cell with
0.5 mL of sodium phosphate buffer 0.05M (pH 8) and 0.5mL of AMX
solution before and after treatment, and three electrode systems: glassy
carbon (working electrode), platinum wire (counter electrode) and Ag/
AgCl/KCl 3M (reference electrode) (purchased from Lab solutions, São
Paulo, Brazil). The experimental conditions for DPV were: pulse am-
plitude 50mV, pulse width 0.5 s and scan rate 10mV s−1, all performed
at room temperature.

Mass spectrometry analysis was carried out in a mass spectrometer
microTOF III (Brucker Daltonics, Bremen, Germany) equipped with a
commercial ESI (Brucker Daltonics, Bremen, Germany). Analyses were
performed by direct infusion (3 μL/min) after extraction in methanol
and formic acid 1 mM. All analyses were performed in the positive
mode. ESI (+) source conditions were as follows: nebulizer nitrogen
gas with 200 °C temperature, 0.4 bar pressure; drying gas of 4 L/min;

capillary voltage of −4 kV; transfer capillary temperature of 180 °C;
end plate offset of −500 V; skimmer of 35 V and collision voltage of
−1.5 V. Each spectrum was acquired using 2 microscans and processed
with Data Analysis software (Brucker Daltonics, Bremen, Germany).

2.3.2. Fish Embryo Acute Toxicity (FET) tests
Fish Embryo Acute Toxicity (FET) test was carried out according to

OECD guideline 236 [26] with some modifications. Twenty fertilized
eggs per concentration were randomly selected and carefully dis-
tributed to a 96-well plate, filled with 200 μL of different EO of AMX
with different electrolytes supported: 0.1 M of Na2SO4; 0.01, 0.1M of
NaCl, tap water or negative control (CN; maintenance water). Tests
were performed in triplicate in a climate chamber at 26 ± 1 °C and
12 h under light. Embryo development was assessed at 24, 48, 72 and
96 h, using a stereomicroscope (BEL PHOTONICS STM 800).

2.4. Evaluation of antimicrobial activity

Broth microdilution was conducted to determine the minimum in-
hibitory concentration (MIC) of AMX before and after EO using TiO2@C
electrode with 0.01M NaCl (10min), according to the document
“Performance Standards for Antimicrobial Susceptibility Testing” pro-
posed by the Clinical and Laboratory Standards Institute [37]. The
microorganisms used were Staphylococcus aureus ATCC 25923, Pseu-
domonas aeruginosa ATCC 27853 and Escherichia coli ATCC 25922.
Microdilution plates were incubated at 37 °C for 18–24 h and the results
were observed with 0.5% solution of triphenyltetrazolium chloride.

2.5. Statistical analysis

GraphPad Prism® (version 5.0, GraphPad Software, San Diego, CA,
USA) was used for the statistical analysis of FEET, biomarker determi-
nations and FET test. Comparisons between different experimental ex-
posure groups were performed with a one-way ANOVA followed by
Dunnett's multiple comparison tests. Each experimental value was
compared to its corresponding control. Statistical significance was ac-
cepted when the probability of the result assuming the null hypothesis
(p) was less than 0.05.

3. Results

3.1. Fish embryo extended toxicity (FEET) test

The subchronic effects of different concentrations of AMX in em-
bryo-larval stages of zebrafish were investigated during 7 dpf (or 168 h)
of exposure. No significant lethal effect was observed during 168 h of
exposure to AMX, as shown in Fig. 1A (24, 48 and 72 h: data not
shown). Thus, it seems to have no embryotoxic potential in this tested
condition; however, AMX significantly increased the body length of
zebrafish larvae at 6.25, 12 and 25mg/L (Fig. 1B).

Fig. 1. (A) Survival rate of zebrafish life stages ex-
posed to different AMX concentrations (mg/L) and
analyzed at 96, 120, 144 and 168 h. (B) Effects of
AMX on the body length of zebrafish larvae (μm)
after 168 h of exposure. Bars represent mean ± SEM
of three independent tests. *p < 0.05 and
**p < 0.01 statistically different from the negative
control (NC; reconstituted water).
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3.1.1. Biochemical effects
The AMX effects on the biomarkers CAT, GST and LDH activities are

presented in Fig. 2. Catalase (CAT) activity was not significantly altered
in zebrafish embryos exposed to AMX (Fig. 2A). GST and LDH activity
were significantly inhibited from 6.25mg/L to 100mg/L (Fig. 2B) and
from 1.5mg/L to 50mg/L of AMX compared to control, respectively
(Fig. 2C).

3.2. Electrochemical oxidation remediation of AMX

3.2.1. Effect of pH, temperature and voltage
The rate of chemical reactions is often and highly influenced by pH

and temperature. In case of EO, the applied voltage has utmost im-
portance, whereas pH and temperature can exert adverse effects over
electrode polarization efficiency. The aforementioned parameters were
verified in order to optimize the experimental conditions of anodic
remediation and the achieved efficiency is presented in Fig. 3.

Temperature, pH and current effects before and after 10min of
treatment were observed, without any obvious changes that could
suggest improvements in the selected EO remediation under the in-
vestigated conditions (Table 1). The current flow increase as the elec-
trolyte concentration increased was expected, as it was not possible to
measure the current with the equipment used for the medium with
distilled water, since the concentration of salts were low.

AMX decay was monitored by means of UV-Visible
Spectrophotometry. Initially (t= 0), two maximum absorption bands at
230 and 273 nm could be observed. AMX degradation after 40min of
EO in Na2SO4 was ca. 59% and 65% for C and TiO electrodes, respec-
tively. Remarkably, AMX removal over 72% could be achieved in only
10min in 0.1 M Na2SO4 using TiO2@C as anode (Fig. 4 A). To simulate
real situations, another supporting electrolyte (NaCl) and tap water
were subjected to EO treatment for 10min (Fig. 4 B). The highest ef-
ficiency for AMX removal was obtained with NaCl 0.1 M as supporting
electrolyte. Remediation in tap water, despite not being most effective,
could provide a maximum of 43% AMX removal in 10min of reaction,
which makes the study method potentially applicable for actual sam-
ples. In addition, a 68% removal was obtained after EO treatment in

0.01M NaCl electrolyte (10min).

3.2.2. Electrochemical behavior of AMX and remediated solutions
The effect of pH and ionic strength was also evaluated (Fig. 5A). A

fresh AMX solution was compared to those subjected to EO for 40min
using C and Ti anodes, and 10min using TiO2@C (Fig. 5B). Interest-
ingly, AMX solutions exhibited some peak shifts after treatment as
compared to untreated solutions (0.63 V), being 0.68 V for Ti electrode,
0.75 V for C electrode and 0.77 V for TiO2@C electrode (Fig. 5B). Re-
sults with TiO2@C electrode in NaCl are shown in Fig. 5C.

3.2.3. Mass spectrometry analyses
Mass spectrometry analyses were further conducted to confirm re-

sults as the most sensitive technique for this purpose. The most abun-
dant peak in the AMX untreated standard spectrum presented m/z of
388.0920, that could be assigned to sodium adduct [M+Na]+. A lower
intensity peak with m/z of 366.113 corresponded to [M+H]+

(Supplement material 1).

3.2.4. Fish Embryo Acute Toxicity (FET) test
The acute effects of by-products generated after 10min of AMX EO

using TiO2@C with different electrolytes (tap water; NaCl at 0.01M and
0.1M; Na2SO4 at 0.1 M) on zebrafish early-life stage were investigated
during 96 h. No significant lethal effect was observed in treatments
using electrolyte 0.01M NaCl and tap water during 96 h, with survival
rate ≥90% in all exposure periods, as shown in Fig. 6A. Comparably,
by-products generated after EO in 0.1 M NaCl and Na2SO4 induced
significant mortality in zebrafish larvae after 96 h of exposure (Fig. 6A).
EO of AMX in 0.1 M NaCl significantly decreased the body length of
zebrafish larvae after 96 h of exposure (Fig. 6B). In contrast, treatment
using electrolyte 0.01M NaCl and tap water did not alter the body
length of larvae after 96 h of exposure (Fig. 6B).

Furthermore, no significantly malformations were observed after
treatments with 0.01M NaCl and tap water (data not shown). In con-
trast, by-products generated after EO with 0.1M NaCl and Na2SO4 in-
duced significant malformations in zebrafish after 48 h of exposure
including: yolk sac edema (YE), blood cells accumulation (BA), delayed

Fig. 2. Levels of (A) catalase (CAT), (B) glutathione S-transferase (GST) and (C) lactate dehydrogenase (LDH) activity in zebrafish larvae after 168 h of exposure to
AMX expressed as mean values ± SEM. *p < 0.05, **p < 0.001 and ***p < 0.001 statistically different from the negative control (NC; reconstituted water).
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yolk sac absorption (YS) and pericardial edema (PE), with respect to
control samples which presented a normal development (Table 2;
Supplement material 2).

3.2.5. Antimicrobial activity
EO of AMX using TiO2@C electrode with 0.01M NaCl after 10min

(AMX-treated) was observed to significantly influence the antibiotic
activity of AMX (Table 3).

In contact with E. coli, the concentration of AMX-treated capable of
inhibiting microbial growth was about 250 times greater with respect to
that required using AMX. The same fact occurred with S. aureus, since

EO using TiO2@C electrode with 0.01M NaCl reduced the anti-
microbial activity of AMX in ca.30 times. In tests using P. aeruginosa
strain for both AMX and AMX-treated, MICs were higher than 1200 μg/
mL. This response was expected for AMX before treatment, since P.
aeruginosa is intrinsically resistant to most β-lactams [38] but were
consequently inactive in the inhibition of bacterial growth after EO
using TiO2@C electrode with 0.01M NaCl.

4. Discussion

In this study, lethal and sublethal effects of AMX before and after EO
remediation using TiO2@C electrode with different electrolytes (tap
water; NaCl at 0.01M and 0.1M; Na2SO4 at 0.1 M) were reported using
zebrafish early-life stage as an organism model. AMX did not induce
significant mortality to zebrafish at concentrations ≤100mg/L during
extended exposure (7 dpf or 168 h; Fig. 1A). Oliveira et al. [7] eval-
uated the acute toxicity of AMX on embryos and larvae of zebrafish, and
reported that AMX at concentrations≤ 1125mg/L induced no sig-
nificant mortality in zebrafish after short-term exposure (96 h). In an-
other study, Park and Choi [14], observed a LC50-96 h greater than
1000mg/L for Oryzias latipes fish exposed to AMX. As previously
mentioned, data on potential effects of AMX on aquatic life are scarce in
scientific literature, probably because in most cases, it has been asso-
ciated with EC50 values > 1000mg/L, indicating low toxicity

Fig. 3. Variation of pH, temperature and voltage during the EO of AMX in 0.1M of Na2SO4 with anodes of carbon cylinder (A), titanium wire (B) and TiO2@C (C).

Table 1
Variation of pH, temperature and current to AMX remediation after 10min
treatment with anode TiO2@C using different electrolytes.

pH Temperature (ºC) Current (mA)a

Initial Final Initial Final

Tap water 7.71 7.78 ± 0.057 27.60 27.90 ± 0.424 -b

0.01M NaCl 8.31 8.77 ± 0.042 25.90 27.35 ± 0.495 20
0.1M NaCl 7.08 8.20 ± 0.417 21.20 23.15 ± 0.495 60

a Voltage= 10 V.
b Below the capacity of the measuring equipment.

Fig. 4. (A) EO of AMX in 0.1M Na2SO4 with different anodes. (B) Percentage of AMX removal after 10min EO treatment with anode TiO2@C using different
supporting electrolysis.
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[7,13,14].
In addition to low mortality, our study showed that AMX is able to

increase body length of zebrafish larvae (6.25–25mg/L) after 168 h of
exposure (Fig. 1B). In fact, several antibiotics are used to stimulate fish
growth [13,39,40] and enhance livestock feed efficiency [40,41], sug-
gesting an improvement of nutrients absorption by weight gain. Until
now, the mechanisms of growth promotion as a result of dietary anti-
biotic supplementation are still not exactly known [40]. Moreover, we
evaluated biochemical responses of zebrafish larvae exposed to AMX
through the analysis of biomarkers of oxidative stress (CAT and GST)
and energetic metabolism (LDH). CAT activity was not significantly
modified by AMX, while GST (6.25–100mg/L) and LDH (1.5–50mg/L)
were inhibited (Fig. 2). Oliveira et al. [7] evaluated the effects of AMX
(75, 128, 221mg/L) on biomarkers activities in zebrafish larvae during
96 h and no changes in GST and LDH activities were detected.

Considering that GST is an enzyme that plays an important role in
phase II of the detoxification process, responsible for the bio-
transformation of xenobiotic compounds and acts a marker of anti-
oxidant mechanisms [42–45], our results showed that AMX inhibited
the detoxification process and the antioxidant activity in the embryonic
stage of zebrafish. A similar fact occurred with LDH, a key enzyme in
the anaerobic pathway of energy production. LDH acts as a cell injury
marker at tissues, particularly when high levels of energy are required
in a short period of time as in case of chemical stress conditions
[42,44–46]. In the present work, AMX significantly inhibited LDH,
which may indicate a decreased glycolytic capacity in zebrafish larvae
or suggest cellular necrosis leading to enzyme leakage and/or enzyme
inhibition [45].

Considering theses toxic effects and the problem of antibiotic-re-
sistance, we performed EO remediation of AMX. The assay solutions for
EO, akin to the expected for aquatic systems, were not buffered. The
water electrolysis in EO processes leads to electro generation of hy-
droxyl radical (OH●) and H+, hence, causing pH changes, which sup-
port the efficiency and stability of anodic materials. Thus, pH was de-
termined during treatment time. The final medium pH after 40min of

EO at C, Ti and TiO2@C anodes were of 5.5, 7.3 and 6.2, respectively
(Fig. 3).

Moreover, the exothermic behavior of water electrolysis was evi-
denced in all experimental conditions. The higher temperature incre-
ments observed for C anode can be attributed to ohmic resistance [47].
It was shown slightly variations of potential during the time of the
treatment, however for the TiO2@C anode there was a drop up to 3 V,
indicating that the electrode might show less energy consumption over
the remediation process (Fig. 3A e 3C).

The higher electroactive area of the modified anode, as well as the
recognized electrocatalytic performance of TiO2 nanostructured sys-
tems, have been proven with EO of AMX in this work. Supporting
electrolytes, Na2SO4 and NaCl, were used to allow the flow of electric
current and thus to promote AMX degradation. In addition, they also
led to the formation of oxidants persulfate (S2O8

2−) and hypochlorite
(ClO−) ions, respectively, contributing to the AMX oxidation and its
oxidation intermediates; therefore, increasing mineralization efficiency
of the process [21,24,48].

The highest efficiency for removal of AMX was obtained with NaCl
as supporting electrolyte. According to literature, NaCl is also the most
efficient electrolyte in EO when compared to Na2SO4 [49,50]. While
hydroxyl radicals are on the surface of the anode and have a very short
lifetime, the active chlorine from NaCl may be present in the whole
solution, since it does not necessarily remain on the surface of the
anode and plays an important role as an organic oxidant [25].

AMX was also determined by means of DPV at different pH condi-
tions. Fig. 5A shows a linear dependence between peak potential and
pH, in agreement with the expected proton participation in the anodic
reaction of AMX. The voltammetry analysis of selected assay solutions
was performed in order to get new insights about the EO mechanism.
Briefly, equal aliquots prior and after EO process were taken from assay
solutions and determined by DPV at GCE. The peak potential, 1a, at
Epa=0.63 V, corresponds to the EO of fresh AMX (Fig. 5B). The peak
current falls intensely for treated samples, whereas akin to the ob-
servation previously in spectrometric determinations, the highest decay

Fig. 5. (A) Differential pulse voltammograms obtained with vitreous carbon electrode in relation to optimum pH (B) AMX before and after EO on Na2SO4 (C) or NaCl
support electrolytes.

Fig. 6. (A) Survival rate of zebrafish early-life stage
exposed to EO of AMX using TiO2@C electrode with
different electrolytes (tap water; NaCl at 0.01M and
0.1M; Na2SO4 at 0.1 M) for 24, 48, 72 and 96 h. (B)
Effects of different electrolytes used in EO of AMX on
the body length of zebrafish larvae (μm) after 96 h of
exposure. Bars represent mean values ± SEM of
three tests. *p < 0.05 and ***p < 0.0001 statis-
tically different from the respective negative control.
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is achieved at TiO2@C anode, even in a quarter of treatment time. Some
peak shifts could be observed for AMX solutions after treatment
(Fig. 5B). This is due to the final pH of treatments even using buffer to
analyze solutions (it was not possible to maintain pH at 8 because the
concentration of salts used as electrolytes was high enough to interfere
in the buffering conditions).

Therefore, the difference of DPV and UV-visible in determination of
AMX removal, which was 93% and 73%, respectively, for media con-
taining 0.1M Na2SO4 and TiO2@C electrode can be explained by the
final pH treatment. For electrolyte 0.01M NaCl, the potential was the
same before treatment, then results in DPV and Uv-Vis were similar,
65% and 68%, respectively (Figs. 4 and 5C).

Mass spectrometry analyses confirmed the most abundant peak [M
+Na]+ and a lower intensity peak [M+H]+ in the AMX standard
spectrum, in agreement with reported results by Frontistis et al. [22]
(Supplement material 1). In addition, a typical fragment of electro-
chemistry AMX degradation (identified as I; identification error: −4.8)
could be visualized in detailed mass spectrometry range 100–240m/z
for AMX treated solutions. Ganiyu et al. [23] reported the 167.02m/z
fragment among others after studying the kinetic mineralization and
toxicity of amoxicillin.

As observed in other detection methods, UV-visible and DPV ana-
lyses, MS analysis proved that AMX removal was almost complete in
only 10min of treatment with TiO2@C anode. So, we use this treatment
with different electrolytes to evaluate the toxic potential for zebrafish
early-life stages.

Considering AMX-treated, tap water removed 43% of AMX and it
was non-toxic for zebrafish early-life stage. The highest efficiency for
AMX removal (> 99%) occurred with 0.1 M NaCl; however, in this
condition, by-products generated induced lethal (∼57% of mortality;
Fig. 6A) and sublethal (malformations) effects (Table 2 and Supplement
material 2) and affected the body length of zebrafish larvae (Fig. 6B),
whereas 0.01M NaCl removed approximately 70% of AMX and caused
no acute toxicity for zebrafish early-life stages (Fig. 6A).

The EO with 0.1 M Na2SO4 was responsible for 75% of AMX re-
moval, but it induced the highest toxicity for zebrafish (Fig. 6A and
supplement material 2), which can be related to intrinsic effects of
Na2SO4. Ganiyu et al. [23] evaluated the potential of the substoichio-
metric titanium oxide (Ti4O7) as ceramic electrode for degradation and
mineralization of aqueous solutions of 0.1 mM AMX containing 0.05M
Na2SO4 as supporting electrolyte. The potential toxicity of AMX during
electrooxidation treatment was investigated by the bioluminescence

inhibition assay (Microtox method), which is based on metabolic ac-
tivity of the bacterial population (Vibrio fischeri) and any inhibition of
enzymatic activity causes a corresponding decrease in bioluminescence.
The authors observed an increased V. fischeri bioluminescence inhibi-
tion at the early stages of electrolysis reaching 100% of inhibition, due
to formation of aromatic/cyclic organics as the predominant oxidation
intermediates, which are more toxic than parent AMX solution. How-
ever, after 360min of electrolysis, the bioluminescence inhibition de-
creased, indicating the mineralization/degradation of both AMX and its
oxidation reaction intermediates into less toxic and biodegradable
compounds [23].

Therefore, considering that EO of AMX using TiO2@C electrode
with 0.01M NaCl was efficient in AMX removal and induced no toxic
effect in zebrafish early-life stage, the antimicrobial potency of this
antibiotic was evaluated through broth microdilution technique. Frontistis
et al. [22] reported that AMX at 1455 μg/mL completely inhibited
Klebsiella pneumoniae (NCTC 5056) and Enterococcus faecalis (ATCC
14506), but after EO treatment, no concentration of AMX-treated was
able to completely inhibit growth of these bacteria, reducing only a rate
of 50–60% of the bacterial population. In the present study, the anti-
biotic activity of AMX-treated was also observed at concentration
≥600 μg/mL (Table 3). There have been reports that AMX transfor-
mation by-products exhibit a small antimicrobial activity against some
strains such as S. aureus, E. faecalis and E. coli [22,51,52]. It is important
to report that, in this work, AMX and its by-products are in much higher
concentrations than those found in effluents, surface waters and
groundwater. Based on that, it can be suggested that these by-products
do not present antimicrobial activity in levels found in the environ-
ment.

5. Conclusion

In summary, our findings demonstrated that AMX induced no
mortality but affected the zebrafish development (increased body
length) and the activity of enzymatic biomarkers such as GST and LDH
during extended exposure. The EO remediation was efficient in the
AMX degradation and can be applied for other organic pollutants.
TiO2@C anode achieved a complete AMX removal in just a few minutes
and the efficiency of the supported electrolytes occurred in the fol-
lowing order: 0.1M NaCl > Na2SO4> 0.01M NaCl > tap water. The
potential toxicity order to zebrafish early life-stage considering the le-
thal and sublethal effects was as follows: Na2SO4> 0.1M
NaCl> 0.01M NaCl= tap water. Additionally, EO of AMX using
TiO2@C electrode with 0.01M NaCl was able to inhibit the anti-
microbial activity of AMX, reducing the possibility of developing bac-
terial resistance. Therefore, EO using TiO2@C electrode could be an
interesting alternative for drinking water and wastewater treatment
plants, considering its low cost and environmental safety.
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Table 2
Malformations rate in zebrafish early-life stage induced by EO of AMX using TiO2@C electrode with 0.1M Na2SO4 and 0.1M NaCl after 48, 72, and 96 h of exposure
expressed as mean values ± SEM of three independent tests. YE: yolk sac edema; BA: blood accumulation; PE: pericardial edema and YS: delayed yolk sac ab-
sorption.

Electrolytes 48 h 72 h 96 h

YE (%) BA (%) YS (%) PE (%) YS (%) PE (%)

0.1M Na2SO4 55 ± 0.15 55 ± 0.15 100 ± 0.00 76 ± 0.17 100 ± 0.00 82 ± 0.18
0.1M NaCl 42 ± 0.16 72 ± 0.08 67 ± 0.47 50 ± 0.36 83 ± 0.24 69 ± 0.03

Table 3
Minimum inhibitory concentration of standard strains in contact with AMX
before and after EO using TiO2@C electrode with 0.01M NaCl by 10min.

Strain Minimum inhibitory concentration (MIC) μg/
mL

AMX AMX-treated

Escherichia coli ATCC 25922 4.68 1200
Pseudomonas aeruginosa ATCC

27853
>1200 >1200

Staphylococcus aureus ATCC 25923 18.75 600
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