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Abstract: Microbial fuel cells could be used as an alternative for wastewater treatment and electricity
generation. Escherichia coli is a representative bacterium that has been widely studied as a model in
laboratory assays despite its limited ability to transfer electrons. Although previous studies have
employed glucose and methylene blue in electricity production using E. coli, there remains a lack of
understanding on how current generation would impact the production of metabolites and what
the most appropriate conditions for current production might be. To shed light on those issues, this
manuscript used a 32 factorial design to evaluate the effect of the concentration of organic matter
(glucose) and the concentration of the mediator methylene blue (MB) using E. coli DH5α as an anodic
microorganism. It was found that as the concentration of glucose was increased, the production of
electricity increased and at the same time, its degradation percentage decreased. Similarly, a 17-fold
increase in current production was observed with an elevation in methylene blue concentration
from 0 to 0.3 mM, though inhibition became apparent at higher concentrations. The maximum
power generated by the cell was 204.5 µW m−2, achieving a current density of 1.434 mA m−2 at
concentrations of 5 g L−1 of glucose and 0.3 mM of MB. Reductions in the production of ethanol,
lactate, and acetate were observed due to the deviation of electrons to the anode.

Keywords: electricity production; carbon source; redox mediator; anodic electrofermentation; E. coli

1. Introduction

Accelerated industrial development and demographic growth are constantly creating
challenges to human society, some of those challenges include a scarcity of fresh water,
increasing the demand of energy in the order of 28,500 TWh by the year 2021 [1], the
generation of large amounts of waste currently estimated at 360 km3 year−1 [2,3], and
environmental deterioration [4]. Therefore, it is important to develop and implement
energy-efficient processes that add value to the organic matter present in different types of
wastewaters, this will in turn provide a means to achieve water purification and reuse [5].

Microbial fuel cells (MFCs) are bioelectrochemical devices engineered to convert
chemical energy into bioelectricity through the redox processes occurring within living mi-
croorganisms. Microbial fuel cells can provide ecofriendly solutions to energy scarcity and
water pollution [6]. A typical MFC comprises an anode chamber where a microbial culture
oxidizes organic matter into electrons and protons thus producing a flow of electrons that is
diverted through an external circuit and a flow of protons that travels across the electrolyte,
both flows converging to the cathode where oxidized species are finally reduced [7].

Recent advancements have demonstrated that the MFC power density can be substan-
tially improved through alterations in electrode materials and construction, the customiza-
tion of bacterial cultures to boost MFC performance, and the optimization of MFC geometry
and design. Nonetheless, the relatively low power density of MFCs remains a significant
challenge that hinders their widespread adoption for large-scale applications [8,9].

Commonly found in the lower intestines of warm-blooded animals, Escherichia coli, is
a well-known facultative anaerobic bacterium that belongs to the Enterobacteriacea family.

Energies 2023, 16, 7901. https://doi.org/10.3390/en16237901 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16237901
https://doi.org/10.3390/en16237901
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8086-601X
https://orcid.org/0000-0003-4727-7392
https://doi.org/10.3390/en16237901
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16237901?type=check_update&version=1


Energies 2023, 16, 7901 2 of 12

Due to its clear genetic background, convenience to be genetically modified, low nutritional
requirements, and rapid growth, E. coli is one of the most frequently used bacterial models
for the electrochemical oxidation of carbon sources [10–12].

Within the respiratory chain of E. coli, a significant number of primary dehydrogenases
are present to oxidize electron donors, and terminal reductases and quinones are present to
reduce electron acceptors. These components are activated depending on the availability of
final electron acceptors [13,14]. The transfer of electrons to the anode by E. coli has been
tested, and although very low, it is not negligible. Since E. coli lacks nanotubes for direct
electron transfer [15], this transfer appears to be promoted by endogenous redox mediators
such as hydroquinones, as well as other soluble molecules that could act as electron
carriers [15–17]. E. coli DH5α is a widely used strain for maintaining and amplifying
plasmid DNA [18]. Its effective utilization in microbial cells can facilitate initiatives to
expand its application through improvements aimed at achieving a higher efficiency in
electron transfer, as has been done recently [19,20].

Given that the redox potential (E0) of the NADH/NAD+ pair is −320 mV, the re-
dox potential of terminal reductases under anaerobic conditions such as nitrite reductase
(E0 = +360 mV), DMSO reductase (E0 = +160 mV), TMAO reductase (E0 = +130 mV), or
fumarate reductase (E0 = +30 mV), allows for the flow of electrons until they reach the
final acceptor. Electron transfer can also be achieved by using exogenous mediators that
compete with the natural final acceptors; these species must be capable of penetrating the
cellular membrane to receive electron charges from the terminal reductases of the cell, then
leave the cell to transfer electrons to the anode. To enable fast electrode reaction kinetics,
exogenous mediators should ideally exhibit not only a low toxicity to microorganisms but
also a high solubility and stability [21]. Exogenous mediators, such as methylene blue (MB),
methyl viologen (MV), neutral red (NR), anthraquinone-2,6-disulfonate (AQDS), 2-hydroxy-
1,4-naphthoquinone, and resazurin, have been used to enhance electron transfer when
electrically inactive microorganisms like E. coli are used with microbial fuel cells [22–26].
Among these redox compounds, methylene blue (E0 = +110 mV) is highly attractive due to
its high redox potential [24]; however, optimization studies of its concentration in relation
to the concentration of the carbon source as an electron donor have not been conducted.
Figure 1 not only provides a schematic description of a microbial fuel cell but also rep-
resents the mediation mechanism of MB. Recent developments have demonstrated the
utility of E. coli in MFC technology, achieving power densities on the order of 11.7 mW m−2

when using E. coli K12 and anodes based on carbon [27]; the use of E. coli DH5 α and
anodes based on carbon nanotubes has rendered even larger power densities, reaching
2740 mW m−2 [28,29]. When dealing with E. coli, differences in MFC electron transfer
measurements can be explained by electrode materials [15], genetic modifications [30], the
use of exogen mediators [20], and cocultures [31,32].
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This manuscript aims at evaluating and improving the production of electric current
obtained when E. coli degrades glucose by means of an anodic fermentation within a
microbial fuel cell, and by using methylene blue as exogenous mediator.

2. Materials and Methods
2.1. Reactor Design and Operation

Escherichia coli DH5α was used as the anodic microorganism and was cultured in
LB (Luria-Bertani) medium that contained 5.0 g L−1 of NaCl, 10 g L−1 of tryptone, and
5.0 g L−1 of yeast extract.

A dual-chamber H-type microbial fuel cell was used to conduct experiments. The
basic setup consisted of two glass chambers, each of them with a total capacity of 250 mL,
separated by a Zirfon® proton exchange membrane with a diameter of 1.5 cm. Graphite
brush electrodes were used for both anodic and cathodic chambers (2.5 cm in outer diameter
and 2.5 cm long, an average fiber diameter of 0.72 µm, a total area of 0.22 m2, MILL ROUSE).
The anodic chamber was loaded with an E. coli DH5α suspension in LB medium that
was supplemented with glucose as an electron donor at different concentrations (1.0, 5.0,
10.0) g L−1 and methylene blue as a redox mediator also at three concentrations (0, 0.3, 3.0)
mM. The cathodic chamber was filled with a solution of 20 mM K3[Fe(CN)6], and oxygen
was supplied through air bubbling using an aquarium pump at a constant flow. An external
resistance of 1 kΩ was part of the external circuit that was used to connect anode and
cathode. The MFC operating temperature was held constant at 35 ◦C at a constant speed of
150 rpm. Anaerobic conditions within the anodic chamber were reached by minimizing the
head space, and by bubbling nitrogen for at least 10 min, prior to each culture.

Data acquisition and electrochemical measurements (polarization curves and volt-
age profiles) were performed by using a multichannel potentiostat with FRA capabilities
(MultiPalmSense4, Palmsens - Houten. Netherlands).

The performance of the MFC was assessed by measuring the net charge (Qe) generated
during each treatment using the current vs. time (I vs. t) profile, as described in the
following expression (Equation (1)):

Qe =
∫

I dt (1)

The construction of the power curves (P = V I) (from the polarization curve V vs. I)
allowed for the determination of the maximum power generated by the cell (Pmax), and
for the determination of the internal resistance which determines a relationship between
the maximum power generated by the cell and the square of the intensity of the current
(Equation (2)) [33].

Rint =
Pmx

I2 (2)

The anodic electrofermentation efficiency (ηEF) is defined by Equation (3) [34]:

ηEF =
Qe

∑ ∆Qpi
(3)

where the number of electrons released to the anode and transferred through the external
circuit (Qe) are calculated by using Equation (1), while the term ∑ ∆Qpi represents the
total electron charge due to the formation of products during the open-circuit fermentation
(control treatment), minus the electron charge due to product formation during the anodic
electrofermentation. To calculate this parameter, it is required to evaluate the number of
electrons (NPi) per mol of product i by means of Equation (4).

N(Cw NxOy Hz) = 4w − 3x − 2y + z (4)
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If (nPi) is the number of moles of product i formed and F is the Faraday constant
(96,458 C mol−1), then:

Qpi = nPi NPi F (5)

2.2. Analytical Methods

Glucose was measured according to the glucose oxidase method [35]. Biomass was
determined by measuring the optical density of a culture sample at 600 nm by using a
spectrophotometer. Bacteria metabolites of E. coli DH5α (lactate, acetate, and ethanol)
were determined by using an HPLC system (Agilent, Tokyo, Japan) equipped with a
refractive index detector. Separations were carried out on an ICSEP COREGEL- 87H3
column (Transgenomic, Omaha, NE, USA). The mobile phase consisted of an aqueous
solution of sulfuric acid 0.01 N, at a flow rate of 0.6 mL min−1 [36].

2.3. Experimental Design and Statistical Analysis

A factorial design 32 (duplicate) was performed to evaluate the effect of organic matter
concentration as an electron donor (glucose 1, 5 and 10 g L−1) and methylene blue (MB)
concentration as an electron carrier (0, 0.3 and 3.0 mM), on the performance of the MFC.
Statistical analysis was performed by an ANOVA, a comparation of means, and by the
response surface methodology using software Statgraphics Centurion V 19.1.2.

3. Results

As previously explained, a full 32 factorial design was used to evaluate the incidence of
the organic load (glucose concentration) and redox mediator (methylene blue) on the MFC
performance. Experiments were conducted under batch mode and using E. coli DH5 α.

As shown in Figure 2A, time-domain voltage profiles for treatments using three
different concentrations of mediator and glucose at a constant concentration of 5.0 g L−1

were compared. While no significant potential difference across the cell was developed
for the culture without mediator, a rapid increase in the MFC voltage profile was detected
for the culture when the concentration of methylene blue was increased from 0.0 mM to
0.3 mM, as the maximum voltage drop across the MFC went up from negligible values
to almost 0.31 V; once this value was reached, it remained almost constant for the rest of
the treatment.

Energies 2023, 16, x FOR PEER REVIEW 5 of 13 
 

 

charge was produced. Similar results have been reported elsewhere; for example, by using 

an H-type MFC, Taskan and coworkers [37] evaluated the concentration effect of selected 

mediators such as methylene blue (MB), 2-hydroxy-1,4-naphthoquinone (HNQ), and 

neutral red (NR) on cell performance using domestic wastewater as substrate. It was 

found that for every mediator, there was a concentration threshold above which any 

further concentration increase would produce a decrease in cell current; that was 50 µM 

for HNQ and 300 µM for both MB and NR. This reduction was associated with an increase 

in the internal resistance of the cell, so it was concluded that large concentrations of 

mediator species would foment the adsorption of mediator molecules on the surface of 

the electrode, which would in turn affect the overall internal resistance of the cell [37]. 

Similarly, Rahimnejad and coworkers found that current would decrease when increasing 

the concentration of methylene blue beyond 3.0 mM; this could be attributed to the 

formation of methylene blue aggregates that might occur at large concentration [26,38]. 

On the other hand, methylene blue at concentrations beyond 1.5 mM inhibits microbial 

growth; therefore, this molecule has been used to treat E. coli infections [39–41]. What all 

of this suggests is that cell performance is adversely affected by large concentrations of 

methylene blue not only for its antimicrobial properties but also for its absorption on the 

surface of the electrode (thus increasing internal resistance) and the formation of dimers 

which might hinder electron transport, and thus any redox process involving the 

methylene blue itself. Moreover, it has also been reported that for a culture of E. coli with 

methylene blue at concentrations beyond 0.3 mM, current production was at least 10 times 

larger than the ones corresponding to cultures without a mediator [15]. Finally, no 

inhibitory effect was detected beyond 10 mM of methylene blue (antimicrobial 

properties). These findings have been explained in terms of mediator depletion due to 

adsorption on the walls of the reactor [15]. 

  

Figure 2. Electricity production in a dual-chamber microbial fuel cell by using E. coli. (A) MFC 

voltage profile at 5 g L−1 of glucose and three concentrations of methylene blue. (B) Electric charge 

produced vs. glucose and methylene blue concentration. 

The presence of glucose was found to have a positive effect on the generation of 

current only when methylene blue was used. In the absence of methylene blue, current 

production was marginal at best, as reported in Table 1, which indicates that E. coli 

requires the use of an external redox mediator to generate significant MFC currents. 

Similar conclusions were drawn with cultures of E. coli with neutral red, where currents 

in the order of 0.1 mA were achieved when no mediator was used; however, in the 

presence of neutral red, currents in the order of 1.2 mA were reached [42]. On the other 

hand, cocultures of E. coli with P. aeruginosa (which is well known for producing several 

redox mediators) rendered larger current values than its pure-culture counterparts 

[31,43]. 

  

Figure 2. Electricity production in a dual-chamber microbial fuel cell by using E. coli. (A) MFC
voltage profile at 5 g L−1 of glucose and three concentrations of methylene blue. (B) Electric charge
produced vs. glucose and methylene blue concentration.

However, when the culture was conducted at a concentration of methylene blue of
3.0 mM, the maximum voltage drop generated across the MFC went down to 0.19 V. After
each treatment was completed, the overall electric charge was calculated as the area under
the curve on a current versus time plot using Equation (1). As can be seen from Figure 2B,
in the absence of a redox mediator, E. coli DH5 α renders neither a significant current nor
an appreciable voltage drop across the MFC. However, when methylene blue is added at a
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concentration of 0.3 mM, there is a significant increase in both current and voltage drops.
For example, the treatments conducted at 5.0 g L−1 of glucose revealed that when the
concentration of methylene blue was increased from 0 to 0.3 mM, the charge increased from
1.3 coulomb to 25.6 coulomb. However, when the methylene blue concentration was further
increased to 3.0 mM, the cell performance decreased, and only 13.5 coulombs of charge was
produced. Similar results have been reported elsewhere; for example, by using an H-type
MFC, Taskan and coworkers [37] evaluated the concentration effect of selected mediators
such as methylene blue (MB), 2-hydroxy-1,4-naphthoquinone (HNQ), and neutral red
(NR) on cell performance using domestic wastewater as substrate. It was found that for
every mediator, there was a concentration threshold above which any further concentration
increase would produce a decrease in cell current; that was 50 µM for HNQ and 300 µM for
both MB and NR. This reduction was associated with an increase in the internal resistance
of the cell, so it was concluded that large concentrations of mediator species would foment
the adsorption of mediator molecules on the surface of the electrode, which would in turn
affect the overall internal resistance of the cell [37]. Similarly, Rahimnejad and coworkers
found that current would decrease when increasing the concentration of methylene blue
beyond 3.0 mM; this could be attributed to the formation of methylene blue aggregates
that might occur at large concentration [26,38]. On the other hand, methylene blue at
concentrations beyond 1.5 mM inhibits microbial growth; therefore, this molecule has been
used to treat E. coli infections [39–41]. What all of this suggests is that cell performance is
adversely affected by large concentrations of methylene blue not only for its antimicrobial
properties but also for its absorption on the surface of the electrode (thus increasing internal
resistance) and the formation of dimers which might hinder electron transport, and thus
any redox process involving the methylene blue itself. Moreover, it has also been reported
that for a culture of E. coli with methylene blue at concentrations beyond 0.3 mM, current
production was at least 10 times larger than the ones corresponding to cultures without
a mediator [15]. Finally, no inhibitory effect was detected beyond 10 mM of methylene
blue (antimicrobial properties). These findings have been explained in terms of mediator
depletion due to adsorption on the walls of the reactor [15].

The presence of glucose was found to have a positive effect on the generation of current
only when methylene blue was used. In the absence of methylene blue, current production
was marginal at best, as reported in Table 1, which indicates that E. coli requires the use of
an external redox mediator to generate significant MFC currents. Similar conclusions were
drawn with cultures of E. coli with neutral red, where currents in the order of 0.1 mA were
achieved when no mediator was used; however, in the presence of neutral red, currents
in the order of 1.2 mA were reached [42]. On the other hand, cocultures of E. coli with
P. aeruginosa (which is well known for producing several redox mediators) rendered larger
current values than its pure-culture counterparts [31,43].

Table 1. Current density (I), electric charge produced (Qe), and remotion efficiency of glucose (%R)
for different glucose (G) and methylene blue (M) concentrations.

G (g L−1) M (mM) I (mA m−2) Qe (C) %R

1.0 0.0 0.048 ± 0.03 0.36 98.2 ± 1.4
1.0 0.3 0.974 ± 0.04 19.37 93.3 ± 1.0
1.0 3.0 0.432 ± 0.02 7.22 92.8 ± 2.7
5.0 0.0 0.081 ± 0.02 1.28 61.8 ± 7.1
5.0 0.3 1.434 ± 0.18 25.57 40.6 ± 2.8
5.0 3.0 0.832 ± 0.02 13.49 32.1 ± 6.8

10.0 0.0 0.058 ± 0.02 3.68 75.4 ± 6.6
10.0 0.3 2.037 ± 0.13 34.44 44.2 ± 2.8
10.0 3.0 1.201 ± 0.08 21.96 34.2 ± 3.1

In line with the ANOVA and Pareto diagram (Figure 3A), the concentrations of glucose
and methylene blue on electric charge were both significant (p < 0.05). In the case of



Energies 2023, 16, 7901 6 of 12

methylene blue, a significant second-order model was determined. Neither the glucose
quadratic effect nor the mixed term between glucose and methylene blue were significant.
The overall model, given by Equation (6), had a regression coefficient (r2) of 0.973 with
an adjusted r2 of 0.928. From this equation, it followed the linear terms in glucose and
methylene blue had a positive effect on the electric charge; however, the methylene blue
quadratic term was negative, which indicated inhibition. The quadratic effects of glucose
and the interaction were not significant for the model.

Qe = −2.93615 + 0.70788 × G + 89.64 × M + 0.02224 × G2 + 0.2496*G × M − 28.9403 × M2 (6)
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Figure 3. Effect of glucose and methylene blue on electric charge produced in a dual-chamber
microbial fuel cell. (A) Pareto diagram of standardized effects. (B) Surface response of electrical
charge as a function of the initial concentrations of glucose (G) and of methylene blue (M).

The surface response model, plotted in Figure 3B, indicates an optimal value for the
electric charge of 79.7 C at 1.6 mM of methylene blue and 10.0 g L−1 of glucose. It is
worth noting that the methylene blue inhibitory effect that occurs at concentrations beyond
1.5 mM. as mentioned in [40], and other aspects that might adversely affect the electric
charge (already considered) might limit the usefulness of the model.

As can be seen from Table 1, glucose utilization efficiency values ranged from 93% for
an initial concentration of glucose of 1.0 g L−1 to nearly 40% for larger initial concentrations
of glucose (5–10 g L−1) and all of this at 0.3 mM of methylene blue. As can be seen, initial
concentrations of glucose of 1.0 g L−1 rendered the largest values of glucose utilization
efficiency. In any case, the carbon source was never completely depleted. This behavior has
been previously explained by considering that the use of high organic loads will increase
the production of organic acids, thus increasing the acidity of the anolyte, which will
in turn reduce microbial activity and COD removal [44]. Similarly, the accumulation of
fermentation products such as acetate, lactate, and ethanol will inhibit microbial growth
when using E. coli [45,46]. It has been shown that lactic acid at a concentration of 5.0 g L−1

would completely inhibit the growth of E. coli [47], Similarly, it has been reported that any
additions of acetate species at concentrations beyond 0.45 g L−1 would reduce the rate of
E. coli growth by almost 50% [48].

As can be seen from Table 1, the incidence of methylene blue on glucose degradation
was very significant. For example, for an initial concentration of glucose of 5.0 g L−1,
the percentage of degradation dropped from 40.6% to 32.1% when the methylene blue
concentration was increased from 0.3 mM to 3.0 mM. These results are in line with the
potential inhibitory effect the methylene blue has been reported to exert on microbial
growth. According to the experimental results, the largest variation on the remotion of
organic matter can be mostly explained by the presence of methylene blue.

The largest current density value of 2.0 mA m−2 was achieved when using methylene
blue at a concentration of 0.3 mM and glucose at 10 g L−1; however, when the concentration
of glucose was reduced to 5.0 g L−1, the current density decreased to 1.4 mA m−2; a further
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reduction in the concentration of glucose to 1.0 g L−1 rendered an even smaller current
density, in the order of 0.97 mA m−2, but in that case, one of the largest glucose remotion
efficiency values (93.3%) was achieved (corresponding to a cell voltage of 210 mV). By
taking these observations into consideration, the polarization and power curves shown in
Figure 4 reveal the maximum power generated by the cell was in the order of 204.5 µW m−2,
and the internal resistance of the cell was in the order of 288.8 ohms. Other authors have
claimed that when using dual MFC devices with carbon anodes and E. coli, current density
values ranging from between 300 and 810 mA m−2 were achieved at power densities
ranging from between 78 and 350 mW m−2, at cell voltages in the order of 240–250 mV and
electrode areas from 1.7 to 8.0 m2 [49,50]. As can be seen, those experimental findings were
observed at similar voltage values to the ones reported within this manuscript; however,
there is a significant mismatch in the electroactive area of the electrodes, so it is not possible
at this point to conduct a fair comparison.
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Regarding the ANOVA and Pareto diagram (Figure 5A) for the concentrations of
glucose and methylene blue on the remotion of glucose in the microbial fuel cell, it was
observed that both factors were significant with a very significant second-order glucose
term (p < 0.05). The quadratic effect on the methylene blue as well as the mixed interaction
terms were nonsignificant. The overall model, given by Equation (7), has a regression
coefficient (r2) of 0.972 with an adjusted r2 of 0.926. From this equation, it follows that the
linear terms in glucose and methylene blue have a negative effect on glucose degradation;
however, the glucose quadratic term is positive. The surface response model, plotted on
Figure 5B, indicates an optimal value for the remotion of glucose close to 100% after 24 h
at 0.0 mM of methylene blue and 1.0 g L−1 of glucose. These values confirm that in the
absence of bacterial inhibitors such as methylene blue at low concentrations of glucose,
where low numbers of organic acid species are accumulated, the consumption of organic
matter is maximized. However, considering the interest in the production of electric current
in the MFC, the optimal values for current generation should be reconciled with the optimal
values for the degradation of organic matter.

%R = 124.567 − 20.587 × G − 67.2915 × M + 1.5174 × G2 − 0.9007*G × M + 21.2181 × M2 (7)
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The production of electric current from a microbial fuel cell is due to the deviation of
the electrons that are produced by the oxidation of organic matter towards the electrode
to the detriment of the production of metabolites which are the natural reservoirs of the
produced electrons. To evaluate this effect, a set of three experiments were conducted at a
constant initial concentration of glucose (5.0 g L−1), and the production of metabolites were
evaluated after a 24 h treatment: (i) an anodic fermentation under open-circuit conditions,
(ii) an anodic fermentation without methylene blue under closed-circuit conditions, and
(iii) an anodic fermentation with 0.3 mM of methylene blue under closed-circuit conditions.
As can be seen from Figure 6, for each treatment, the metabolites lactate, acetate, and
ethanol were measured. When conducting fermentations within the anodic compartment,
the anode receives a fraction of the electrons generated during substrate oxidation. Because
of this, a reduction in the levels of intracellular NADH takes place, which, in turn, adversely
affects the production of reduced species such as intermediary metabolites [51]. In line with
these ideas, Figure 6 reveals significant differences in the production of metabolites when
compared against the anodic fermentation treatment that uses methylene blue. It is worth
mentioning that no significant differences were found for the treatments lacking methylene
blue (conventional fermentation in open-circuit conditions vs. anodic fermentation), where
average concentration values of 2.5 g L−1 of lactate, 1.5 g L−1 of acetate, and 2.0 g L−1 of
ethanol were found. These results indicate that E. coli would have a limited capacity for the
transference of electrons to the anode. The treatment with methylene blue was characterized
by a net decrement in the production of metabolites, i.e., a 35% reduction in lactate, 98.4%
reduction in acetate and 75.5% reduction in ethanol. This could be explained in terms of
the capacity of methylene blue to facilitate the diversion to the electrode of a portion of
the electrons that resulted from the oxidation of glucose. It was reported that during the
production of electricity by means of anodic fermentation with E. coli, the concentration of
lactate was reduced from 3.3 mM to 2.2 mM and the concentration of acetate was reduced
from 4.4 mM to 2.2 mM when using neutral red as the redox mediator [42].

Likewise, the production of ethanol by means of anodic fermentation with Saccha-
romyces cerevisiae was reduced from 1.7% to 0.3% when methylene blue was added [52].

Based on the production of lactate (C3H6O3), acetate (C2H4O2), and ethanol (C2H6O)
as presented in Figure 6, the total number of electrons incorporated into these metabolic
products during open-circuit fermentation (OCV) was 367.6 mmol; while in anodic electro-
fermentation (0.3 mM of MB), 105.0 mmol of electrons were incorporated. The difference
between these two values (262.5 mmol) corresponds to the reduction in metabolite pro-
duction (anodic electrofermentation vs. open-circuit fermentation). On the other hand, the
transference of electrons through the external circuit during anodic electrofermentation, cal-
culated from Figure 2A (glucose at 5.0 g L−1 and MB at 0.3 mM) by means of Equation (1),
would amount to 0.26 mmol (25.57 coulombs), which means an electrofermentation ef-
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ficiency of 0.1%. It can be observed that the electron flow through the external circuit
alone cannot account for the reduction in lactate, acetate, and ethanol during the anodic
electrofermentation. Similar results have been found for cathodic electrofermentation pro-
cesses, where cells consume electrons and increase the production of metabolites, as seen
for the acetone–butanol production by Clostridium. In this scenario, the flow of electrons
through the external circuit, measured by chronoamperometry, is much lower than the
increase in electrons incorporated into acetone and butanol, resulting in electrofermentation
efficiencies ranging from between 0.2% and 1.0% [53–56]. This electron imbalance could be
attributed to the diffusion of oxygen from the cathodic chamber, which has been reported
as one of the primary causes of low efficiency in microbial fuel cells [57]. Furthermore, the
most significant factor considered was the poor glucose degradation rate, which, under
the experimental conditions considered here, was in the order of 40.6% (Table 1), whereas
under open-circuit fermentation conditions, glucose degradation reached 76%. The limited
glucose degradation hindered the release of electrons that could otherwise be diverted to
the anode, thus increasing the electrofermentation efficiency. Additionally, since acetate is
not involved in the regeneration of NADH during the E. coli metabolism, the low glucose
degradation led to a reduced acetate production, which is the metabolic compound that
drives ATP production through substrate-level phosphorylation. This diminished ATP
production, which in turn resulted in a low biomass yield. Reductions in biomass yield up
to 56% have been observed with E. coli cultures under closed-circuit conditions compared
to their open-circuit counterparts [42]. This study demonstrated the ability of the E. coli
DH5α strain to generate electricity in a microbial fuel cell using exogenous redox mediators,
despite its limited ability to transfer electrons to the anode itself. The experimental evi-
dence gathered here opens the doors to explore new applications of E. coli through genetic
engineering. For instance, enhancing its electrogenic capacity through the production of
endogenous redox mediators [58], direct electron transfer [59], or its ability to form a dense
biofilm on the anode surface [20] are strategies that have recently begun to be evaluated.
These strategies could further improve the performance of the MFC to achieve large-scale
utilization of these devices.
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4. Conclusions

Microbial fuel cells are devices capable of degrading organic matter while simultane-
ously generating electricity. The most relevant results of this study demonstrate that the
highest substrate degradation percentage is achieved at lower concentrations (1.0 g L−1),
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while substrate degradation decreases at higher concentrations. On the other hand, to
attain a higher current production, high substrate concentrations are required as the source
of electrons (10.0 g L−1), thus necessitating a trade-off relationship for the initial substrate
concentration between electricity production and organic matter degradation. It was ob-
served that E. coli produces only a very marginal amount of current in the absence of
methylene blue (MB) or any redox mediator, indicating its limited capacity for electron
transfer to the anode, either directly or through the production of endogenous mediators.
The use of MB significantly increases current production, reaching a maximum current of
1.434 mA m−2 at 0.3 mM of MB. Nevertheless, at a concentration of 3.0 mM of MB, there
is an observed inhibition in current density, resulting in a 47.2% reduction in electricity
production. Based on these findings, the experimental conditions considered here, which
included 5.0 g L−1 of glucose and 0.3 mM of MB, are deemed suitable for the cultivation
of microbial fuel cells. Finally, the experimental evidence gathered here would support
that anodic electrofermentations carried out in MFC (microbial fuel cell) devices induce the
redirection of electrons generated during substrate oxidation towards the anode, thereby
reducing the synthesis of fermentation products (lactate and ethanol) traditionally used as
intracellular electron acceptors, which are subsequently excreted into the culture medium.
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