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In this work, we present the development of a fully rechargeable bio-
battery, powered by Saccharomyces cerevisiae and utilizing recyclable
PET carbon-based electrodes. Through the integration of yeast with
the iota-carrageenan hydrogel and potassium ferricyanide as a redox
mediator, the bio-battery consistently delivers 450 mV with excellent
cyclability. This eco-friendly approach demonstrates great potential
for advancing sustainable energy solutions, particularly in powering
low-energy applications such as biomedical devices. Ongoing
advancements in membrane design are expected to significantly boost
the long-term performance and operational stability of this system,
further solidifying its applicability in real-world scenarios.

Catalysis by microorganisms to decompose biomass is an
exergonic process that plays an important role in bioenergy
production. Some microorganisms, particularly Saccharomyces
cerevisiae, have demonstrated promising electrically conductive
properties, making them viable candidates for bio-batteries.
Although Saccharomyces cerevisiae has been successfully utilized
in biofuel cells,*” its potential in fully chargeable batteries has
yet to be explored. In contrast to biofuel cells, which directly
oxidize organic substrates using microorganisms to generate
electrical energy from fuels like glucose, Saccharomyces cer-
evisiae-based bio-batteries harness the yeast's metabolic activity
to produce extracellular polymeric substances (EPSs),® serving
as the anode material at low potentials for exergonic energy
delivery. Many components of EPSs, such as proteins,
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polysaccharides, and certain redox-active molecules, can exhibit
conductive properties.” However, the electrical conductivity of
EPSs remains largely unexplored in traditional biofilm studies.®
Recent research has shown that EPSs contain electrochemically
active compounds, such as flavins and c-type cytochromes,
which act as mediators for electron transfer.” These compounds
allow EPS-encased cells to transport extracellular electrons to
acceptors or from donors through an electron hopping mech-
anism. The conductive properties of EPSs, along with their role
in biofilm formation and stability on the anode surface, are
critical factors for the enhanced performance observed in bio-
batteries.’

The transition from microbial MFCs to bio-batteries marks
a significant advancement, as bio-batteries not only “convert”
electricity but also store it, providing a more reliable and effi-
cient power source for a variety of applications. What distin-
guishes bio-batteries is their capacity to store and release
energy, making them far more suitable for practical applica-
tions requiring a stable power supply, such as small biomedical
devices.' Bio-batteries, like the one introduced in this study,
target energy densities in the range of 10-20 W h kg™* and
power densities of approximately 10-15 mW kg~ ', making them
ideal for low-power devices such as implantable sensors and
environmental monitoring systems.'® Despite the feasibility of
MFCs at the laboratory scale, they face challenges such as low
power output and limited long-term stability. The transition to
bio-batteries, particularly those utilizing Saccharomyces cer-
evisiae, represents a significant advancement in addressing
these limitations by combining both energy generation and
storage within a single system.

In the present study, we demonstrate the transition from
a purely biological system to a functional battery configuration,
a task that demands a combination of microbial metabolic
pathways and precise engineering of electrochemical materials
and interfaces to optimize electron transfer efficiency (Fig. 1a).
Our approach features the utilization of Saccharomyces cer-
evisiae on screen printed carbon-based electrodes, using a recy-
clable polyethylene terephthalate (PET) substrate (Fig. 1b), to
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Fig. 1 Fully chargeable microbial yeast bio-battery. (a) Schematic representation of the bio-battery setup, highlighting the iota-carrageenan
hydrogel as anode and cathode components. (b) Photographic depiction of the devices, from left to right: the print of PET with carbon-based
charge collectors, hydrogel with potassium ferricyanide, and the bio-battery in its final configuration. (c) Optical microscopy images (left) and
scanning electron microscopy images (right) showing colonization of the carbon electrodes by Saccharomyces cerevisiae with EPS formation.
(d) Voltammograms of EPSs and potassium ferri/ferrocyanide in 0.1 mol L~! phosphate buffer pH 7.2. The black voltammograms are subtracted
from the capacitive currents. (e) Charge—discharge curves using low currents of 1 pA (green) and 2 pA (orange) and their corresponding discharge
curves which are overlapping. (f) Charge curves at high current (approximately 100 times higher than those in (e)).

stimulate the production of EPSs (Fig. 1c). These EPSs serve as
the anode material alongside an iota-carrageenan hydrogel
(which, in previous studies, typically exhibit ionic conductivities
around 10 °S ecm™*, depending on the preparation method and
hydration level'*). Moreover, by integrating potassium ferricya-
nide within the iota-carrageenan hydrogel in the cathode, we
engineered a bio-battery capable of yielding a voltage output of
450 mV.

For the preparation of the bio-batteries, iota-carrageenan
hydrogel membranes were initially prepared by soaking them
in a 0.1 mol L' phosphate buffer pH 7.2 for 10 minutes. The
anodic and cathodic compartments consisted of two hydrogel
membranes each. The cathodic hydrogel was immersed in
a saturated solution of potassium ferricyanide. For the anode,
a bioelectrode was obtained by incubating the electrode in
a bioreactor containing Saccharomyces cerevisiae previously
activated with glucose. The membranes made of iota-
carrageenan hydrogel containing EPSs produced by the yeast
cells or ferricyanide were then separated by a separator. Three
types of membrane separators were tested: a home-made
membrane of 210 micrometer thickness made of carrageenan,
a home-made fibroin membrane obtained by electrospinning,
and a sandwich-shaped membrane consisting of two

5166 | Sustainable Energy Fuels, 2024, 8, 5165-5169

commercial Whatman membranes filled with iota-carrageenan
membrane (410 microns). In all three cases, the battery oper-
ated adequately, but when a carrageenan membrane conjugated
with Whatman was used, a comparatively low crossover rate was
observed. The current collectors were prepared by silk-
screening carbon ink onto recycled PET. Initial studies of
crossover showed that the battery could be used for between 2
and 3 hours, and due to this, all our experiments were limited to
2 hours. After this time, a new bio-battery was produced and
used in reproducibility studies. Since our objective is to
demonstrate for the first time that it is possible to charge and
discharge a battery using EPSs, we are not concerned with
crossover occurring after hours of use. We anticipate that other
membranes and configurations will need to be incorporated to
allow for a greater number of cycles.

Fig. 1d illustrates the two half-cell reactions, with the onset-
wave oxidation potential of EPSs at —0.100 V and reduction
potential of ferricyanide at +0.350 V, resulting in a theoretical
open-circuit voltage (OCV) expectation of 450 mV. Although
these results are consistent with the literature for each semi-
reaction,” this is the first reported experiment of pairing these
compounds for application in a battery. For the initial charge-
discharge tests, currents of 1 pA (green) and 1.5 pA (orange)
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were employed, and their corresponding discharge curves,
which overlap, are illustrated in Fig. le. After 1 minute of
charging, the battery was discharged, and the same voltage
profile was observed in both cases, indicating the susceptibility
for battery cycling beyond its use as a primary bio-battery.
Additionally, the possibility of using higher currents for
charging was tested, such as 50 and 100 pA, approximately 100
times higher than the previous current. While it was feasible to
charge the battery with these currents, a distinctive profile
began to emerge in the voltage elevation. Since the anodic
compartment is obtained through EPS formation on the elec-
trode surface, the charging capacity likely reaches its maximum.
Upon discharging the battery with the same current values,
a rapid decay is observed, confirming the charging limit
provided by the anode compartment (Fig. 1f). To verify this
hypothesis, intermediate current values were utilized, enabling
the observation of a perfect alignment of results. Values
between 4 and 20 mA maintained proportionalities in the ob-
tained voltage. When low currents were used to discharge the
bio-battery, for example, 0.2 pA, a diffusion profile was
observed, confirming that the reaction is limited by the EPS
(Fig. 2a). It's worth noting that even after the final cycles of
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charge and discharge, the bio-battery maintains its OCV rela-
tively stable. The OCV value achieved was at 100% of the theo-
retical value when the hydrogels were paired (Fig. 2b).

Considering that EPSs can be optimized regarding their
quantity in the bio-battery, it was also observed that the amount
of EPSs influences the current. Adding EPSs near the anodic
compartment increased the current density (Fig. 2c). These
findings highlight the dynamic nature of the influence of EPSs
on bio-battery performance, offering insights into strategies for
enhancing the overall efficiency and stability in long-term
operation. Experiments conducted after increasing the quan-
tity of EPSs in the compartment also show that the battery
maintains a stable OCV (Fig. 2d). A charge and discharge of
0.3mC were achieved, demonstrating a state of charge of 99%,
indicating excellent stability (Fig. 1e and f). The transient mode
density obtained from the polarization curve shows a maximum
power density of approximately 15 mW kg (Fig. 1g), which is
notably higher, for example, when compared to a microbial fuel
Celll4,5,12714

The preparation process, utilizing recyclable materials such
as PET carbon-based electrodes and hydrogel membranes,
shows the feasibility of sustainable manufacturing practices in
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Fig. 2 Bio-battery performance. (a) Variation of voltage used in battery charging versus time using different current values in the range of 4-20
pA. In the same graph, there is a discharge curve using a low current of 0.2 pA. (b) Long-term stability demonstrating the high stability of OCV
over 2 hours. (c) Current density versus voltage curves of the battery using different quantities of EPSs in the anodic compartment. (d) OCV
measured after the addition of 300 microliters of EPSs in the anodic compartment and after 6 cycles of charge and discharge. (e) Current versus
time during potentiostatic charge—discharge at +1.0 V. (f) Charge obtained during a 200 second charge and discharge cycle at +1.0 V. (g) Power

curve obtained after charging in (f).
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bio-battery fabrication. With the theoretical open-circuit voltage
expectation of 450 mV closely matching experimental results,
our findings validate the efficacy of the engineered system.

The transient mode density analysis revealing a maximum
power density of approximately 15 mW kg ' highlights the
superior performance of our bio-battery compared to traditional
microbial fuel cells. A fundamental aspect of the bio-battery
design lies in the structure of the hydrogel electrolyte contain-
ing carrageenan. Carrageenan, a polysaccharide derived from
seaweed,” offers unique properties that make it an ideal
candidate for use in hydrogel electrolytes. The structure of the
hydrogel is important for facilitating ion transport within the
battery while maintaining structural integrity and stability.
Carrageenan hydrogels exhibit a porous network structure,'
providing ample space for the diffusion of ions necessary for the
electrochemical reactions occurring within the battery. This
porous structure allows for efficient ion transport, facilitating
the movement of ions between the anode and cathode
compartments of the bio-battery.*®"” Furthermore, carrageenan
hydrogels possess excellent mechanical properties, offering the
necessary support and stability to the overall battery structure.
The hydrogel can be readily manipulated using forceps and
repositioned within each battery compartment to achieve
optimal placement (see Fig. 1a). This ensures that the hydrogel
electrolyte can withstand the mechanical stresses experienced
during bio-battery operation without compromising its func-
tionality. Integrating ferricyanide within the carrageenan
hydrogel further enhances the electrochemical performance of
the bio-battery. The presence of ferricyanide ions within the
hydrogel facilitates redox reactions at the electrode-electrolyte
interface. A long-term stability assessment conducted over
a period of 2 hours revealed that the system maintained itself
without significant losses during this time (Fig. 2b). This
timeframe is necessary, for instance, to meet the energy
demand of bio-medical devices such as endoscopic pills.****

To date, two bio-batteries have employed bacteria as bio-
logical redox agents. One study developed a micro-scale bio-
battery using Shewanella oneidensis MR-1, featuring horizon-
tally aligned anodic and cathodic chambers connected by a salt
bridge.>® This system achieved a power density of 0.33 mW ¢cm >
and a current density of 45 pA cm™ 2 after 96 hours. Another
design utilized a combination of three microbial species (Ske-
wanella oneidensis MR-1, Bacillus subtilis, and Synechocystis sp.
PCC 6803) in a typical micro fuel cell configuration, yielding
a maximum power density of 42 uW cm ™2 and a current density
of 220 pA ecm ™22 While these bacterial bio-batteries present
valuable findings, the yeast-based bio-battery developed in this
work advances the concept of sustainability by leveraging
Saccharomyces cerevisiae and its EPS. Unlike many systems that
rely on synthetic or non-renewable materials, this approach
prioritizes biocompatibility and environmental stewardship,
aligning with broader goals of sustainability.

However, achieving long-term stability poses significant
challenges. Issues such as biofilm detachment from electrodes,
loss of EPSs, and hydrogel degradation can undermine the
battery's efficiency over time. Addressing these challenges could
involve reinforcing the hydrogel's physical properties and
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employing membrane separators—particularly advanced
microporous membranes—to prevent cross-linking between the
anode and cathode. Additionally, exploring more durable elec-
trode materials and maintaining steady EPS production could
extend the battery's operational life, making it more viable for
practical applications.

Conclusions

Saccharomyces cerevisiae demonstrates promising electrically
conductive properties, making it a viable candidate for bio-
batteries in low-power applications such as biomedical
devices, environmental sensors, and portable electronics. The
successful implementation of S. cerevisiae-based bio-batteries,
however, requires a comprehensive understanding of its
microbial metabolic pathways, along with precise engineering
of electrochemical materials and interfaces to optimize electron
transfer efficiency.

Utilizing Saccharomyces cerevisiae on recyclable 3D-printed
PET carbon-based electrodes to produce EPSs represents
a novel approach to bio-battery development. Integration of
potassium ferricyanide within the iota-carrageenan hydrogel,
alongside Saccharomyces cerevisiae on PET carbon-based elec-
trodes, yielded a bio-battery with a voltage output of 450 mV and
demonstrated high-performance cyclability. With future
implementations of membranes more resistant to crossover, it
will be possible to increase long-term stability and broaden its
applications. The use of environmentally friendly materials
such as iota-carrageenan and Saccharomyces cerevisiae,
combined with recyclable PET platforms, highlights the
potential for sustainable and eco-friendly bio-batteries.

Future research should focus on integrating this bio-battery
into existing energy systems, either independently or in hybrid
setups with traditional power sources. Scaling up the design,
improving materials, and enhancing the stability could enable
the transition from the lab prototype to real-world applications.
Additionally, exploring advanced cathode materials like organic
compounds, quinones, or organic frameworks with custom-
izable redox properties could further enhance the performance,
paving the way for a new generation of sustainable energy
storage and low-power devices.
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