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Livestock manures are potential sources of antibiotics in the environment. Sulfamethazine (SMZ), frequently
used in veterinary medicine, can enter the environment by using manure as soil fertilizer due to its incomplete
absorption in the animal gut and its unmetabolized excretion. The objective of this studywas to evaluate themin-
eralization of 14C-labelled SMZ inmanure under a new redox scenario provided bymicrobial electrochemical re-
actors, termed microbial electroremediating cells (MERC). These devices aim to overcome the electron acceptor
limitation in bacterial oxidative metabolism bymeans of using electrodes to enhance the biodegradation of pol-
lutants in the environment. Our results revealed that the total degradation of 14C-SMZ reached 43.5% in short
term batch laboratory scale experiments under reducing conditions (−400 mV vs. Ag/AgCl). Actually, SMZmin-
eralization was enhanced up to 10-fold in the early stages (after 2 weeks) in comparison with an electrode-free
natural attenuation assay.Moreover,mineralization showed a dependence on electrodepotential,with negligible
results for conditions set to+400mV vs Ag/AgCl. The impact ofmerging electrodes andmicroorganisms for ma-
nure bioremediation suggests a promising future for this emerging technology to treat polluted livestock wastes
and prevent soil and groundwater pollution.

© 2019 Published by Elsevier B.V.
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1. Introduction

Antibiotics are extensively used not only in human and veterinary
medicine but also as growth promoting agents in animal husbandry
[1]. Due to incomplete absorption in the gut, a significant fraction of
these antimicrobials are excreted unchanged or as bioactivemetabolites
through animal feces and urine [2–4]. Sulfamethazine (SMZ), a
sulphonamide, is one of the most used antibiotics in the swine industry
to treat infections and as growth promoter [1,5] and has been found in
dry manure at concentrations as high as 10 mg kg−1 [6]. Thus, when
SMZ containing manure is used as a soil fertilizer on farmland, this
high mobility drug easily leaches into different environmental zones
[7,8].

To date, SMZ degradation has been approached mainly using
physical-chemicalmethods [9–11]. SMZ removal has been also reported
from water and soil using biochar as an adsorption removal technique
[12,13]. Moreover, a number of studies have reported biological re-
moval in waste water reactors using activated sludge under aerobic
[14] and anaerobic conditions [15]. In Both cases showed high SMZ
emistry, Physical Chemistry and
d, Spain.
ñez).
transformation but none of them evaluate the total degradation of the
compound. Not only removal, but mineralization results for SMZ were
reported under aerobic conditions by Topp et al. [16]. All these remedi-
ation strategies would not be needed by reducing the SMZ concentra-
tions in manure before its application to agricultural fields, as a
preventative bioremediation strategy. Some of the manure-handling
practices to reduce manure environmental impact include storage pits
and piles, composting and aerated lagoons but none of them have
shown potential for SMZ degradation. Anaerobic Digestion (AD) is the
most extended emerging manure management technology providing
waste stabilization, organic matter digestion, odour, and pathogens re-
duction, a digestate, and a mixture of gases (biogas) [17]. Nevertheless
the few studies to assess the potential of manure AD in SMZ removal
have not reported promising results [18–20].

Consequently, new strategies for removing veterinary antibiotics in
manure, especially SMZ, must be investigated. Microbial electrochemis-
try and microbial electrochemical reactors, where is realized, offer a set
of tools for enhancing biodegradation based on its unique interaction
between bacteria and electroconductivematerials [21,22]. Thesemicro-
organisms, denominated electroactive bacteria, oxidize organic pollut-
ants and use an anode as an inexhaustible electron acceptor. Likewise,
these microorganisms can also use electrodes as electron source for re-
ducing pollutants [23]. They have demonstrated efficient removal of
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nutrients such as nitrates [22], chlorinated hydrocarbons [24], antibi-
otics [25,26], herbicides [27–29], and petroleum hydrocarbons [30,31].
Furthermore, microbial electrochemistry in combination with the an-
aerobic digestion of livestock manures has already been used to simul-
taneously generate electricity, remove organic matter and recover
nitrogen [31–34], while eliminating unpleasant odors [35]. In the cur-
rent work we designed and performed a bioremediation strategy
using microbial electrochemical reactors, termed microbial
electroremediating cells (MERC), for stimulating swinemanure's native
bacteria to enhance the complete biodegradation of 14C-SMZ to 14CO2.

2. Materials and methods

2.1. Chemicals

Uniformly 14C ring-labelled Sulfamethazine (4-Amino-N-(4,6-
dimethyl-2-pyrimidinyl) benzenesulfonamide) (14C-SMZ)with a radio-
chemical purity of 98%, according to the producer, was purchased from
Campro Scientific (AH Veenendaal, Netherlands) and used as the repre-
sentative antibiotic for sulfonamides. The 14C-SMZ standard had a final
concentration of 0.74 mg mL−1 and a specific radioactivity of 2.41 kBq.
Non-labelled SMZ and N4-acetylsulfamethazine were purchased from
Santa Cruz Biotechnology (Heidelberg, Germany). The 14CO2 detected
over 2% in our assays derived from the radiochemical pollutant, consid-
ering the lowproportion of radiochemical impurities of the 14C-SMZ ap-
plied in the series (98% purity). Scintillation cocktails (Ultima Gold XR
and Ultima Flo AF) were obtained from Packard (Dreieich, Germany).
All other chemicals and solvents were of analytical grade and purchased
from Merck (Darmstadt, Germany).

2.2. Manure

Swine manure was obtained from a local farmer and showed no
presence of SMZ. Table 1 presents themain characteristics of swinema-
nure used during the experimental period (results by wet basis). This
matrix was characterized by high organic matter content (3.47 ±
0.01 g L−1, 54% biodegradable), a high C/N ratio (12.85 ± 0.11 w/w)
and high conductivity (4.2± 0.3mS cm−1). The conductivity wasmea-
sured just before the experiments with the commercially available ECa
sensors UMP-1 (Umwelt-Geräte-Technik, Freising/Weihenstephan,
Germany). The measurements were conducted under the same condi-
tions (water content and temperature) as for the biodegradation
assay. The pH was determined using a pH meter after mixing 2 g of
milled (b2mm)drymanurewith20mLof 0.01MCaCl2 [36]. The carbon
and nitrogen content was analysed using Elemental Analyser (Euro EA,
Eurovector, Milano, Italy).

2.3. MERC operation

MERC were designed and operated under 3 different configurations
to evaluate 14C-SMZ degradation with concomitant production of
Table 1
Swinemanure characteristics. The results are presented as themean values
alongwith standard deviations (n=5). Results are expressed bywet basis.

Parameters Swine manure

pH 7.5 ± 0.1
Conductivity (mS.cm−1) 4.2 ± 0.3
Water content (%) 90.3
COD total (g L−1) 3.47 ± 0.01
COD soluble (g L−1) 1.87 ± 0.2
TKN (g L−1) 0.27 ± 0.02
NH4

+ (g L−1) 0.171 ± 0.012
C / N ratio 12.85 ± 0.11
Copper (Cu) (mg kg−1) 1.39
Zinc (Zn) (mg kg−1) 5.21
electrical current: (1) pol-MERC were operated at a poised anode po-
tential of +400 mV versus Ag/AgCl reference electrode (RE-5B, BASi,
United Kingdom) (+197 mV vs. SHE) by using a potentiostat (NEV2
Nanoelectra, Madrid, Spain). (2) MERC configurationwith an anode po-
tential set spontaneously by the redox potential differences across ma-
nure vertical section by connecting electrodes with a copper wire
using a 5.6Ω external resistor (R), and (3)MERCopen configuration op-
erated in open circuit with the anode and cathode disconnected. The
electrodes were located, in all of the configurations at the bottom of
the manure layer (anode) and above the water body (cathode) with a
distance of 3 cm between each other. The electrodes used in this exper-
iment were made of carbon felt (Sofacel, Barcelona, Spain), as this ma-
terial do not show SMZ adsorption (Appendix, Fig. A1) and has
adequate mechanical properties to conform the system. Additionally,
it is easy to remove from the manure after the treatment, showing a
low impact for the environment. The geometrical area of the electrodes
was 39 cm2 (surface area: 0.7 m2 g−1). Electrode-free controls were
assembled in the glass incubators without the presence of the elec-
trodes and under the same water content, temperature (30 ± 1 °C)
and 14C-SMZ concentrations than the other treatments.

2.4. Mineralization assays

All configurations (electrode-free control, MERCopen, MERC and pol-
MERC) were conformed in glass incubators with 60 mL manure and
equilibrated for 2 weeks (Scheme 1). After this equilibration phase
14C-SMZ standard was applied to give the desired concentration of 1
(± 0.1) μg mL−1 of manure and a specific radioactivity of 2.41 kBq μg-
1. This point of exposure is further referred to as the initial time (t0).
The concentration was chosen to mimic concentration of SMZ found
in swine manure [6]. All the experiments were incubated at 30 ± 1 °C.
Water evaporation was compensated weekly by the addition of deion-
ized water. The mineralization of 14C-SMZ to 14CO2 was studied in a
closed aerated laboratory system (Scheme 2). At sampling times all
the incubators were placed as part of this system and aerated for 1 h
with humidified CO2 free air (1Lh−1). The evolved 14CO2 frommineral-
ization of 14C-SMZ was adsorbed in special traps with 10 mL NaOH 1 N
(Schematic 2). First sampling of the liquids in the traps was three days
after application and subsequently three times per week. The 14CO2
production rate and cumulative 14CO2 were expressed as percentage
of the applied 14C-SMZ and measured during 32 days. After these
32 days all configurations were stopped but pol-MERC treatment,
which it was shifted into MERC with anode and cathode connected by
a 5.6 Ω external resistors (R). The redox potential of the anode in
MERC was set spontaneously by the redox potential differences in the
Scheme 1. Overview of experimental conditions. At day 0, a pulse of SMZ was supplied to
the manure. Days before inoculation (equilibration phase) are indicated as negative, days
after inoculation (mineralization assays) are indicated as positive.



Scheme 2. Laboratory system for monitoring the 14C-SMZ mineralization under different configurations. The zoom depicts a pol-MERC with a three-electrode system controlled for a
potentiostat, polarizing the anode (working electrode) at +0.4 V vs Ag/AgCl reference electrode. 1 N NaOH solution was harvested three times per week for measuring the 14CO2
released from14C-SMZ mineralization in manure. All systems were performed by triplicate.
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manure vertical section and stayed stable at −400 mV versus Ag/
AgCl·14C-SMZ mineralization was monitored until incubation day 62
to evaluate the effect of changing the redox scenario on the capability
of the microbial community to mineralize 14C-SMZ.

2.5. Electrochemical analysis

All electrochemical experimentswere carried out under potentiostat
control, using a three-electrode arrangement consisting of the working
electrode, an Ag/AgCl reference electrode (+197mV versus normal hy-
drogen electrode (NHE)) (RE-5B, BASi, United Kingdom) and a counter
electrode. All potentials are provided versus Ag/AgCl (sat. KCl) being
+0.197 V vs. standard hydrogen electrode (SHE). The anode potential
in pol-MERC was continuously poised at +400 mV reference electrode
using a potentiostat (NEV3 Nanoelectra, Madrid, Spain). Electrodes po-
tential and current productions were continuously recorded with a
multimeter (7700, Keithley instruments). Cyclic voltammetry (CV)
was recorded before and after 14C-SMZ pulses and after shifting pol-
MERC intoMERC to qualitatively characterize the electrochemical activ-
ity of themanure by imposing a scan rate of 1mV s−1 from the open cir-
cuit voltage (OCV) potential by a potentiostat (NEV3 Nanoelectra,
Madrid, Spain).

2.6. Microbial viability

Identical experiments as the ones for themineralization assayswere
assembled in order to examine the influence of the antibiotic on the col-
onization of the anodes and on the planktonic cell viability. They were
equilibrated as well for 2 weeks before SMZ application and monitored
by measuring the bioelectrocatalytic oxidation current with a
multimeter. Electrode andmanure sampleswere collected at twodiffer-
ent times of the experimental period: after 2 weeks of operation of each
MERC, right before SMZ application (t0), and after 3 weeks of SMZ
application (ta). These samples were analysed by scanning electron mi-
croscopy (SEM) and fluorescence microscopy to study the bacterial col-
onization of the electrodes and the planktonic growth in the media.
Samples of each carbon felt electrode were taken by cutting two small
pieces of electrode with scissors. One of themwas treated for SEM anal-
ysis, and the other one for cell viability analysis. All the electrode sam-
ples collected were gently rinsed with sterile phosphate buffer
(50 mM) prior to its preparation in order to remove the planktonic
cells. For SEM analysis, each sample of electrode was cut in half in
order to examine the two faces of each electrode exposed to themedia.

Samples for SEM (carbon felt samples) were fixedwith 5% (v/v) glu-
taraldehyde in cacodylate buffer (0.2 M, pH 7.2) and dehydrated
through a graded series of ethanol solutions (25, 50, 70, 90 and 100%;
10 min each stage). Subsequently, the samples were rinsed two times
in acetone for 10min and immersed in anhydrous acetone at 4 °C over-
night. Finally, the samples were dried in CO2 at the critical point and
coated with gold (50 nm thickness) using a Polaron E5400 coating sys-
tem and argon as process gas. Micrographswere taken using a scanning
electron microscope DSM-950 (Zeiss).

For fluorescencemicroscopy analysis, the sampleswere incubated in
thedark at room temperature for 15minwith SYTO9 stain (2 μLmL−1 of
a 3.34 mM stock) and propidium iodide stain (2 μL mL−1 of a 20 mM
stock) from a LIVE/DEAD BacLight bacterial viability kit. Afterwards,
they were washed with 30 mM phosphate buffer. In the case of the
cell suspensions, the cells were harvested (10.000 rpm, 8 min) and
washed twice in buffer. Images were taken in a Leica TCS-SP5, equipped
with four laser (488 Ar, 561 He/Ne, 633 He/Ne and 405 UV) and 4 prism
spectrophotometer detectors. The objective used was a HCX PL APO
lambda blue 20.0 × 0.70 IMMUV (oil). The software was the Leica Con-
focal Software (LCS) formulti-dimensional image series acquisition. The
software built 3D images from sequences of 32 images each onewith an
interval of 5 μm. The sections of the electrode were obtained from the
projections of each 3D image generated.
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3. Results

3.1. Enhanced SMZ mineralization by using MERC

In the current section we have explored the use of different micro-
bial electrochemical configurations (Schematic 1) to enhance the com-
plete biodegradation of 14C-SMZ to 14CO2 in comparison with an
electrode-free control. Surprisingly the native microbial community of
the manure without the assistance of electrodes showed certain level
(17%) of 14C-SMZ mineralization after one month of incubation period
(Fig. 1A). However, the presence of a negative anode potential provided
in MERC (−400 mV set spontaneously by the redox potential differ-
ences across manure vertical section) enhanced by 10-fold the cumula-
tive mineralization during the first two weeks of incubation.
Furthermore, the antibiotic cumulative mineralization resulted to be
43.5% (Fig. 1A), with mineralization rates over 3% per day (Fig. 1B). In
this system the two electrodes were connected by a resistor, so electri-
cal current could flow from anode to cathode. Noteworthy, it has been
previously reported that the mere presence of electroconductive mate-
rial buried in soil enhanced pollutant removal by probably mediating
the interspecies electron transfer among bacteria [37]. This hypothesis
was exploredwith aMERC configuration under open circuit (MERCopen)
was set up revealing a cumulative mineralization value of 31% in the
same period of time. So electron flow from anode to cathode triggered
the maximal bioremediation response, but electron flow between the
conductive carbon felt and the neighbour redox environment as occurs
in MERCopen still show a considerable bioremediation effect.

Negative potentials as low as−400 mV are typically reached in an-
odes buried in flooded environments due to the anoxic nature of the en-
vironment [27,29]. Although such a condition already enhanced the
microbial activity, some authors have additionally reported higher bio-
remediation rates under a more positive anode potential by using a
potentiostat as a tool for polarizing the electrode [37,28]. An electron ac-
ceptor with a higher redox potential is consistent with having a higher
cell growth yield and harvesting more electrical current. This was in-
deed the case when polarized anodes under a pol-MERC configuration
Fig. 1. A) Cumulative mineralization of [14]C-SMZ under MERC (black line-squares),
electrode-free control (purple line-squares) and pol-MERC (grey line-diamond) during
32 days. B) Mineralization rate of 14CO2 production from 14C-SMZ. In pol-MERC (grey
line-diamonds) the working electrode was polarized at +0.4 V (versus Ag/AgCl) during
32 days, when was converted into MERC (shifted-MERC) by substituting the
potentiostat by a low external resistor (indicated by grey arrow) and monitored until
day 62. Systems operated as MERC from the initial time (MERC) (black line-squares)
showed higher mineralization rates and were operated for 32 days. Average value
presented resulted from three experimental replicates. The error bars represent
standard deviation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
(+400mV) were assayed in antibiotic-free manure (Fig. A2). However,
the addition the SMZ antibiotic to the pol-MERC configuration revealed
an unexpected result: a severe inhibition of the cumulative mineraliza-
tion of 14C-SMZ in manure so just 1.1% of the original 14C was detected
after 32 days of incubation (Fig. 1A). Evenmore intriguing, the presence
of the antibiotic did not seem to affect the increasing trend for current
production (Fig. A2). Furthermore pol-MERC showed a maximum cur-
rent density of 15 mA m−2 while MERC reached only 3.5 mA m−2.

In order to evaluate whether the positive electrode potential pro-
vided by pol-MERC had adverse effects on microbial SMZ degradation
capacity, either by reducing the SMZ bioavailability, or damaging the
microbial community, we followed the next strategy: 32 days-old pol-
MERC setups were converted into MERC (referred as shifted-MERC
fromnowon) (Schematic 1) by substituting the potentiostat equipment
with a low external resistor. This new configuration led to a drop in the
anode redox potential from +400 mV to a negative anode potential of
−400 mV for the remainder of the assay. The new configuration re-
vealed both a decrease of current, consistent with a lower redox poten-
tial, and an increase in the 14C-SMZ mineralization rate. Nevertheless
the total mineralization was only 9.7% after 62 days (Fig. 1B), far from
the mineralization achieved in those configurations just set up as
MERC from the very beginning where electrodes potentials were kept
negative during the entire assay (Fig. 1A). This result supports the hy-
pothesis that artificial condition as positive electrode potential acted
as a damaging force to the SMZ-degrading microbial function.

3.2. Microbial electrochemical activity

Electron transfer between themanuremicroorganisms and the elec-
trodes was analysed by cyclic voltammetry (CV) in order to understand
the relationship between cumulative mineralization and
bioelectrochemical activity (Fig. 2). A different electron transfer profile
was observed during the adaptation period, providing inflexion peaks
centred at different redox potentials under the different treatments.
These differences were constant during the entire assay. Pol-MERC
showed an oxidation peak centred at −0.11 and + 0.17 V in the
equilibration-phase and at −0.11 and + 0.20 V after 14C-SMZ applica-
tions (Fig. 2A and B). The peak currents of these oxidation peaks were
considerably higher under the presence of the antibiotic. In contrast,
the electrocatalytic wave under MERCopen possessed only a single in-
flexion point at a potential of −0.05 V and − 0.01 V, before and after
the antibiotic pulse respectively, both with lower current (Fig. 2A and
B). Shifting from pol-MERC into MERC (shifted-MERC) seemed to
change the bacteria-electrode interaction as cyclic voltammograms
showed (Fig. 2C). The maximum current value of the oxidation peaks
after this electrode potential shifting was considerably lower, mainly
the one centred at +0.20 V. Furthermore, when the system was oper-
ated as a MERC for the full incubation period, the only oxidation peak
detected was centred at −0.11 V but produced a higher electrical cur-
rent in regards to the same peak under pol-MERC after SMZ application
(Fig. 2B).

3.3. Microbial viability after SMZ application

Microbial colonization of electrodes and planktonic viability was
studied by scanning electron microscopy and fluorescence microscopy
(Fig. 3). In absence of antibiotic in the equilibration phase, SEM images
showed a higher microbial colonization at the anodes of both pol-MERC
and MERC systems in comparison with the electrodes of MERCopen. At
this time, a larger amount of biomasswas observed in between the elec-
trode fibres at the anode of pol-MERC, whichwas polarized at a positive
potential. Actually, this system presented a higher current production
throughout the entire assay. However this microbial colonization at
pol-MERC anode after SMZ applicationwas notably reduced as revealed
by SEM images. In order to better examine the electrode colonization in
presence of SMZ, we stained the living cells with a fluorophore and



Fig. 2. Cyclic voltammetry analysis at different incubation periods for different
configurations (scan rate: 1 mV s−1). A. CV carried out 2 weeks after setting up the
systems, during the equilibration period and before 14C-SMZ addition. B. CV carried out
2 weeks after spiking the systems with 14C-SMZ. C. CV carried out after pol-MERC
conversion into MERC by substituting the potentiostat by a low external resistor. CVs are
represented for polMERC (black line), MERC (dark blue line) And MERCocp (grey line).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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analysed the samples using confocal microscopy. The projections and
the sections taken with the multi-dimensional image series acquisition
allowed us to observe the scope of themicrobial colonization at the car-
bon felt. The fluorescence images showed important differences on the
biomass adhesion to the electrodes. Whereas MERCopen and pol-MERC
electrodes were barely colonized and the majority of bacteria were lo-
cated at the electrode surface, MERC system showed biomass attach-
ment to the fibres beyond 100 μm depth from the electrode surface. In
the case of the MERCopen, the electrode colonization before and after
SMZ application did not seem to be altered. However, the microbial
presence at pol-MERC anode was visibly reduced after adding SMZ.

No visible differences were observed on the planktonic microbial
density among the four different systems assayed (Fig. A3).

4. Discussion

Our experiments demonstrate how electrode-assisted bioremedia-
tion (so-called electrobioremediation) may enhance mineralization of
antibiotic as 14C-SMZ. Optimal mineralization happened at negative
redox potentials at rates as high as 10-fold higher than electrode-free
systems at the initial stage of the assay. Interestingly just the sole pres-
ence of the electroconductive material, even under open circuit condi-
tions (MERCopen), revealed an enhancing effect on SMZ mineralization.
Thus, these results suggest that conductivematerial may stimulate itself
the necessary redox reactions that SMZ biodegradation requires. This
phenomenon may be related with direct interspecies electron transfer
(DIET). This term was firstly reported by Lovley et al [38] to describe
the electrochemical connection between two differingmicrobial species
developing syntrophic metabolisms through direct contact [39].
Futhermore, Kato et al [40], also reported how magnetite can mediate
interspecies electron transfer between Geobacter sulfurreducens and
Thiobacillus denitrificans for stimulating acetate biodegradation. In our
case the graphite may play a similar role than magnetite to stimulate
SMZ biodegradation. Still, further research should be performed to
have conclusive evidence about such phenomenon.

On the contrary, high anode potentials set in pol-MERC did not stim-
ulate the microbial community to enhance SMZ degradation and erase
the capacity for mineralization. Given the diprotic acid nature of SMZ,
and its primarily anionic form at pH values above 7.4 (the manure
pH), the bioavailability maybe one reason for the negligible mineraliza-
tion. Thus, electro-adsorption processes of negatively charged SMZmay
occur in contact with the positively polarized electrode (+400 mV).
Nevertheless, shifting from pol-MERC to MERC the electric field pro-
vided by the positive anode potential at +400mVwas erased and, con-
sequently also the possible SMZ electro-adsorption processes on the
electrode. Nevertheless the shifted-MERC configuration did not fully re-
cover the high SMZ mineralization detected in MERC configurations.
This impairment situation might be associated to an alteration on the
zeta potential and bacterialmembrane permeability due to thepresence
of a positive potential poised to the anode of pol-MERC, like other agents
as cations have been previously reported to do [41,42]. Under this sce-
nario, the antibiotic penetration through the bacterial membrane
could be facilitated and damage partly the microbial community. As a
consequence, the microbial capability to degrade SMZ would be mini-
mized and cellular viability of those strains at the anode proximity
could be negatively altered. Beside themineralization data, SEM images
and confocal microscopy equally support this effect, showing a minor
microbial colonization at pol-MERC anodes after SMZ application,
being the majority of bacteria located at the electrode surface.

The highermicrobial degradation capacity of SMZ andmicrobial col-
onization at the anode inMERC contrasts with the low electrical current
shown in chronoamperometric (Fig. A2) and cyclic voltammetric tests
(Fig. 2), so results somehow expected due to the low redox potential
of the anode. The polarized electrodes (pol-MERC) induced a higher
electrochemical response in the manure microbial community. Micros-
copy results discard anode enrichment in pol-MERC with electroactive
microbial communities due to an increase in the cell density on the elec-
trode surface. Thus, abiotic electrochemical reactions might contribute
to this higher response. The different electrochemical response is not
only quantitative but the CV analysis also points to different electron
transfer mechanisms (Fig. 2).

A higher concentration of planktonic dead cells was present after
SMZ application regardless to electrode potential, which is consistent
with the antibiotic character of this compound (Fig. A3). Nevertheless
the mechanisms of the active redox couples were not significantly af-
fected by the addition of the antibiotic (Fig. 2). The current production
increased under both, MERC and pol-MERC, after the SMZ pulse
(Fig. A2). This might be attributed to the fact that the electroactive com-
munity had not reached steady state within the equilibration time and/
or 14C-SMZ utilization as a carbon source for electroactive bacteria oc-
curred. Indeed, increases in the electroactive microbial activity simulta-
neous to antibiotics removal in MERC have been previously reported
[25,26]. Nevertheless SMZ (1 (± 0.1) μg m L−1 of manure) may



Fig. 3. SEM images before and after SMZ addition, and the projections and sections observed with confocal fluorescence microscopy after SMZ application. Live cells were stained with
SYTO9 stain.
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contribute to the total current in a discreet range compared with the
background current, based in the high organic content of the manure
(3.47 g L−1). Further studies are needed to completely elucidate
whether direct impacts (e.g., the graphite electrode served as a direct
electron acceptor for SMZ-oxidation), indirect impacts (the electrode
somehow stimulated the activity of oxidizing bacteria involved in bio-
degradation of SMZ, for instance enforcingmetabolic cooperation strat-
egies) or both, take place under the presence of electrodes.

To the best of our knowledge, this is the first time that a significant
mineralization of 14C-SMZ has been reported in manure. Most of the re-
search regarding biodegradation of SMZ has been devoted to studies in
water and soil with just a few reports for the degradation of this sub-
stance within manure, where significant mineralization of SMZ has
not being reported elsewhere [18–20]. Although the addition of limiting
nutrients (N and P) [43] and soluble electron acceptor [44,45] have been
reported for enhancing bioremediation, our results demonstrate the
ability for stimulating native populations based on insoluble amend-
ments with low impact for the environment. Our electrode-assisted
treatment performs bioremediation by avoiding chemicals consump-
tion or manure manipulation with negative environmental conse-
quences providing an endless, low priced and sustainable terminal
electron sink showing minimal environmental disturbance [46]. Fur-
thermore, we believe that electrobioremediation shows a great poten-
tial for solving a environmental problem by minimizing antibiotic
discharge into natural landscape; so our next strategy will be to inte-
grate this electrode-assisted approach into bioelectrochemically-
assisted constructed wetland (so-called METlands) for in situ pollutant
degradation [47]. Such a configuration will facilitate the scaling-up to
rural environmentswheremanure andMETlandsmay perfectly coexist.

5. Conclusions

In the present study, we demonstrate how the use of electrodes at
negative anodic potential in SMZ-contaminated manure increases the
full degradation of this antibiotic. This technology can be used for in
situ decontamination of antibiotic-polluted manure, as a soil preventa-
tive bioremediation strategy,with all the advantages of other in situ bio-
remediation approaches, while avoiding bioaugmentation or artificial
addition of nutrients, which impact the environment. Thus, the results
presented here enforce the establishment of electrodes as a conceivable,
cost-effective, and environmentally friendly strategy for enhancing an-
tibiotic degradation prior the pollution of a natural environment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioelechem.2019.04.008.
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