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Abstract: Three-dimensional printing could provide flexibility in the design of a new generation of
electrodes to be used in microbial electrochemical technologies (MET). In this work, we demonstrate
the feasibility of using polylactic acid (PLA)/graphene—a common 3D-printing material—to build
custom bioelectrodes. We also show that a suitable activation procedure is crucial to achieve an
acceptable electrochemical performance (plain PLA /graphene bioanodes produce negligible amounts
of current). Activation with acetone and dimethylformamide resulted in current densities similar to
those typically observed in bioanodes built with more conventional materials (about 5 Am~2). In
addition, the electrodes thus activated favored the proliferation of electroactive bacteria.
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1. Introduction

The advance of a multidisciplinary field like bioelectrochemistry runs parallel to that
of other fields of knowledge, such as microbiology, electrochemistry, materials science or
manufacturing engineering, in an interdependent manner [1]. Thus, the appearance of
new materials, frequently referred to as nanomaterials, has opened new perspectives in the
development of microbial electrochemical technologies (MET), which could contribute to
overcoming global challenges in sustainable energy and waste management, as numerous
publications have already shown [2-5]. Another technological breakthrough capable of
evolving METs is additive manufacturing (AM)—commonly known as 3D printing—which
has led to a paradigm shift in manufacturing engineering and has revealed potential in
the development of functional MET prototypes [6]. The improvement of electrodes is a
key aspect to promote the techno-economic feasibility of METs, as well as to broaden their
field of application [7]. The search for electrodes that possess the desired characteristics
(high conductivity, biocompatibility, ease of handling, and availability) is a challenge in the
development of METs, even more so with the scaling up of these systems approaches on
the horizon. A recently developed line of research is exploiting the advantages of polymer
electrodes made by AM in electrochemical applications such as sensing [8,9] and energy
storage [10,11].

This study aimed at advancing towards the use AM for the development of bioelec-
trodes for METs. More specifically, we explored the suitability of using polylactic acid
(PLA)/graphene—a common 3D-printing material—to build custom bioanodes. We also as-
sessed the impacts that the activation of the electrodes (three different activation procedures
are proposed) have on their (bio)-electrochemical performance.
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2. Materials and Methods
2.1. Electrodes Manufacturing and Activation

The electrodes were created using additive manufacturing (AM) with a fused deposi-
tion modelling (FDM) technique. The geometry of the electrodes, as shown in Figure 1, was
designed to facilitate wiring and to facilitate subsequent experimentation. The printer used
was a Prusa i3 (RepRap). In order to manufacture the electrodes, it was necessary to use a
computer-assisted design (CAD) model and generate a standard triangle language (STL)
file. Subsequently, the piece was manufactured by depositing a fused polymeric compound.
In this study, graphene-loaded polylactic acid (PLA/graphene, Black Magic 3D, New York)
was used as a printing material. We opted for PLA because it is one of the most popular
materials used in desktop 3D printing (the graphene provides conductivity; volume con-
ductivity: 1.7 S cm™1). The filament (1.75 mm diameter) passed through a 0.4 mm diameter
nozzle, the working temperature of which was 200 °C. Finally, the polymer was deposited
layer by layer on the working surface of the machine. The working bed was tempered to
50 °C during the entire manufacturing process. The printing parameters for successful
manufacture of the parts were as follows: (i) layer height of 0.2 mm, (ii) a linear pattern
with a 40% infill, and (iii) a printing speed of 2000 mm-min~!. Three activation procedures
were essayed: electrochemical, chemical using dimethylformamide (DMF) as solvent, and
chemical using acetone as solvent. The control electrode was gently cleaned with deionized
water after manufacturing, but it underwent no activation procedure. Electrochemical
activation was done in phosphate buffer solution (pH 7) by applying a cell potential of
2.5V during 250 s in a two-electrode arrangement. The counter electrode was a platinum
mesh (Goodfellow, PA, USA). DMF and acetone activation were performed by soaking
the electrodes in the respective pure solvent (Sigma Aldrich, MO, USA) for 60 s and then
removing the solvent by rinsing profusely with deionized water. Immersion times of
more than 120 s in both DMF and acetone caused the destruction of the electrodes. The
pre-treatment procedures were adapted from those proposed by Gusmao et al. [12], who
pointed out DMF and acetone as suitable activation agents, and Browne et al. [13], who
described the electrochemical activation procedure.
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T A

Figure 1. Bioelectrochemical reactor used in the experiments (A). Geometry of PLA electrodes,
dimensions in mm (B).

2.2. Electrochemical Characterisation Apparatus and Reagents

The electrochemical behavior of the electrodes (control, electrochemical-activated,
DMEF-activated, and acetone-activated) was initially evaluated by cyclic voltammetry (CV)
performed in a 5 mM K3Fe (CN)g solution (support electrolyte KC1 0.1 M), with a scan rate
of 1to 20 mVs~!. Electrochemical impedance spectroscopy (EIS) was recorded at an AC
voltage perturbation amplitude of 10 mV over the frequency region from 100 kHz to 0.01 Hz
in a potential region between 0 and 0.400 V vs. Ag/AgCl (3.5 M) in order to get a deeper
understanding of the pre-treatment effects in the material (frequencies less than 0.1 Hz
were not used in EIS spectra interpretation since it is not possible to ensure pure diffusion-
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controlled conditions; see SI). All the electrochemical assays were performed using a
VSP3 potentiostat (Biologic, France). The data analysis was carried out using the software
associated with the equipment (EC-Lab® v11.33). The ohmic drop was compensated by a
built-in method in the EC-Lab® software, based on resistance determination through EIS.
The reference electrode (RE) was a commercial Ag/AgCl (3.5 M) (Sigma Aldrich).

2.3. Bioelectrochemical Tests

The bioelectrochemical experiments were carried out in three single-chamber mi-
crobial electrolysis cells, named as Control, DMF, and Acetone, according to the anode
pre-treatment applied. The reactor vessels consisted of modified 500 mL Duran® bottles,
which allowed easy housing of the electrochemical apparatus. A three-electrode connection
was used, establishing a working electrode (WE) potential of +0.1 V with respect to the RE.
The counter electrode was a 2 x 2 cm square platinum mesh (Goodfellow, UK).

The electrodes were inoculated with river mud obtained from a local river mixed with
growth medium in a 1:5 volume ratio. The growth medium composition per liter was:
0.87 g of KyHPOy, 0.68 g of KHyPOy, 0.25 g of NH4CL, 0.453 g of MgCl,-6H,0, 0.1 g of KCl,
0.04 g of CaCl,-2H,0, 10 mL of mineral solution, and 0.50 g of sodium acetate as the only
carbon source. The mineral solution composition has been detailed by Marshall et al. [14].

After inoculation, the reactors were operated in fed-batch mode under controlled
temperature conditions (22 + 2 °C). A fresh medium solution with acetate (10 mM con-
centration) was refilled when the current dropped below 10% of the maximum value. The
colonized electrodes were maintained for 60 days in the described growing conditions
before starting the bioelectrochemical characterization tests.

2.4. Microbial Community Analysis

In order to study the microbial community attached to the electrodes, three samples
were obtained from the electrodes (Acetone, DMF, and Control). Genomic DNA from these
electrodes was extracted with the PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc.,
Carlsbad, CA, USA), following the manufacturer’s instructions. The entire DNA extract
was used for the pyrosequencing of the 165-rRNA gene-based massive library, targeting
the eubacterial region V1-V3 165-rRNA and performed at MR DNA (www.mrdnalab.com,
accessed on 20 January 2021, Shallowater, TX, USA) utilizing MiSeq equipment (Illumina,
San Diego, CT, USA). The primer set used was 27 Fmod (5'-AGRGTTTGATCMTGGCTCAG-
3")/519 R modBio (5'-GTNTTACNGCGGCKGCTG-3'). Diluted DNA extracts were used as
a template for PCR reactions. The obtained DNA reads were compiled in FASTq files for
further bioinformatics processing. Trimming of the 165-rRNA bar-coded sequences into
libraries was carried out using QIIME software version 1.8.018. Quality filtering of the reads
was performed at Q25 quality prior to grouping into operational taxonomic units (OTUs)
at a 97% sequence homology cut-off. The following steps were performed using QIIME:
a denoising procedure by using a denoiser algorithm19. Final OTUs were taxonomically
classified using BLASTn against a database derived from the Ribosomal Database Project II
(RDPII, http:/ /rdp.cme.msu.edu, accessed on 20 January 2021) and the National Centre for
Biotechnology Information (NCBI, www.ncbi.nlm.nih.gov accessed 20 January 2021).

3. Results and Discussion
3.1. Electrodes Characterisation in Abiotic Conditions

The aim of the abiotic characterization was to assess the impact of the different activa-
tion procedures on the electrochemical performance of the electrodes. Although the use
of the Fe(CN)6]4’/ 3- pair to evaluate the electrodes activity is not directly transferable to
other electrochemical systems (e.g., bioelectrochemical systems), it provides an prelimi-
nary estimate of the effectiveness of the electrode [2,15,16]. The results from the CV tests
(Figure 2) revealed a poor electrochemical performance of the electrochemically activated
electrode compared to the DMEF- and acetone-activated electrodes. In addition, and in
accordance with Gusmao et al. [12], we observed that the activation procedure greatly
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affects the electrochemical properties of the material. Our results indicate that, based on the
peak potential separation (AE) of the CV profiles (Figure 2), the acetone activation promotes
a faster heterogeneous electron transfer rate than the DMF treatment (AE = 0.500 V against
0.758 V), probably caused by differences in their electrocatalytic capacity.

(=] —

- — Acetone

--- DMF
Electrochemical

Current/ mA
0.0

05

-1.0

0.5 0.0 0.5

Potential / V vs. Ag/AgQCI(3.5M)

Figure 2. Cyclic voltammograms obtained for the different activation methods using the redox couple
Fe(CN)g]* /3 at2mV-s—L.

To gain a deeper insight on the impact of the activation method on the electrodes’
performance, EIS analyses were carried out using the same redox pair (Fe(CN)]*~/37),
with a polarization potential of 0.250 V vs. Ag/AgCl (3.5 M). The resulting Nyquist plots
are shown in Figure 3. A characteristic semicircle-like pattern, attributable to the impedance
associated with the charge transfer process, is observable for both the DMF and acetone
electrodes in the high frequency region (see Figure 3, inset), indicating that the oxidation
reaction was kinetically controlled (R¢; = 313 () for DMF and 238 () for acetone, where Rt
is the charge transfer resistance). It is interesting to note that for the electrode activated
with acetone, the “semicircle” region is depressed, which is probably indicative of pseudo-
capacitive behavior [17]. In contrast, the electrode treated with DMF exhibited behavior
closer to the ideal capacitive behavior. The electrochemical-activated electrode showed
much higher charge transfer impedance, indicating a poor electrochemical performance,
which confirms the results obtained in the CV tests.
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Figure 3. Nyquist plots from EIS experiments carried out at 0.250 V vs. Ag/AgCl (3.5 M). The
impedance spectra from different pre-treatments can be compared. The inset shows a detail from the
high frequency region. The electrical equivalent circuits that fit the EIS data are shown in Figure S2 in
the Supplementary Materials (the value of the electrical components is included in Tables S1 and S2).
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3.2. Electrodes Characterisation in Biotic Conditions

Following the abiotic tests, the electrodes were inoculated and operated according the
procedure described in Section 2.3. Current started to increase right after inoculation in the
DEM and acetone electrodes. A period of 60 days was allowed to favor the development of
a mature electroactive biofilm, at the end of which the current profiles were fairly repeatable
across successive cycles (see Figure S1 in the Supplementary Materials), and the averaged
maximum current densities for the acetone and the DMF electrodes were 5.2 and 4.8 Am 2,
respectively. The electrochemically activated electrode failed to produce any current which,
together with the poor performance it displayed in the abiotic test, led us to dismiss this
electrode. Therefore, it was not subjected to further analyses in biotic conditions. Regarding
the control electrode, although it produced some current, it was almost negligible compared
to that of the DMF and acetone electrodes (see Figure S1 in the Supplementary Materials).

The bioelectrochemical performance of the electrodes was assessed by means of CV
tests. The voltammograms recorded under non-turnover conditions (no substrate was
available) showed the characteristic redox systems of a typical bioanode [18], with half-
wave potentials at —0.310 V, —0.364 V, and —0.376 V (Figure 4), in accordance with the
redox system associated to Geobacter sp. [19-21] and the mixed anodic consortia [19,22].
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Figure 4. Cyclic voltammograms obtained under non-turnover conditions (scan rate: 0.1 mV-s~1).

The results of the CV tests performed under turn-over conditions (33 mM acetate [23])
are shown in Figure 5. The current of the control cell was negligible (not included in the
figure), compared to that of acetone and DMEF. The voltammogram of the acetone electrode
displayed a typical sigmoid-shaped profile, presenting a flat activation region (—1.000 to
—0.500 V), a linear zone (—0.500 to +0.035 V), and an incipient “plateau”, caused by the
mass transfer limitation. In contrast to this, the DMF electrode showed a peak at +0.244 V
instead of the expected plateau region. This could be caused by a poor diffusion of either
acetate or oxidation products (probably protons) through the biofilm [24]. This, together
with the greater “thickness” of the voltammogram in the non-faradaic region (—1.000 to
—0.500 V), suggests that the DMF activation generates an electrode/biofilm structure with
a larger electrical capacity that could hinder the diffusion of species.
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Figure 5. Cyclic voltammograms recorded under turnover conditions (scan rate of 0.1 mV-s~1). The
control electrode produced a negligible current and is not presented here.

3.3. Microbial Community Analysis

To gain a deeper insight into the impact that the activation procedures have on the
microbial communities that thrive on the surface of the electrodes, the taxonomic compo-
sition of the anodic biofilms was analyzed (Figure 6). The genus Geobacter, a well-known
exoelectrogen [20], was found in all three biofilms. Its relative abundance was much higher
in the biofilms of the acetone- and DMF-activated electrodes compared to the control (con-
trol 4.9%, DMF 33.4%, acetone 52%). Thus, the activation procedures of the PLA /graphene
electrodes seem to trigger a selection process in which diversity (in terms of the number of
taxa) is lost in favor of a greater richness in the electroactive genera. This might explain (at
least in part) the improved bioelectrochemical performance of acetone and DMF electrodes.
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Figure 6. Taxonomic classification at genus level for the three samples. The genera represented by
less than 1% of relative abundance have been grouped in “others”.

4. Conclusions

This study demonstrates the suitability of PLA/graphene as an electrode material for
METs. Results revealed that the PLA /graphene 3D-printed electrodes require previous
activation to improve their electrochemical activity. Among the procedures of activation,
DMF and acetone treatments showed comparable performance. The analysis of microbial
communities using the material as bioanode showed a selective enrichment in the genus
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Geobacter, a well-known exoelectrogen, in the electrodes treated with DMF and acetone. The
maximum current density reached was approximately 5 Am 2, enabling the PLA /graphene
to be considered as a promising material for innovative electrode design, opening new
application possibilities for METs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12010275/s1, Figure S1. Current density profiles of two
successive cycles at the end of a 60 days period that allowed for the development of a stable biofilm;
Table S1: Fitted parameters to EC 1 (DMF and acetone electrodes); Table S2: Fitted parameters to EC
2 (control and electrochemical-treated electrodes); Figure S2. Equivalent circuits for abiotic electrode
essays’ modellization. (1) DMF and acetone (2) Control and electrochemical treatment.
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