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1. Introduction

The international community is intensifying its efforts to address climate change and environmental
deterioration, leading to an unprecedented urgency for sustainable energy solutions [1-5]. Renewable energy
technologies are essential for greener future; however, a significant challenge still remains: the necessity for eco-
friendly and high-performance energy storage systems [6-12]. Conventional lithium-ion batteries, despite their
widespread application, rely on finite mineral resources, involve energy-intensive manufacturing processes, and
pose significant recycling challenges, which raises questions about their sustainability and environmental impact
[13-18]. Therefore, it is crucial to explore alternative solutions that can promote a circular economy and reduce
ecological damage (Fig. 1). This article is presented as a Perspective that outlines a conceptual research direction
rather than an experimentally validated system. The key novelty lies in proposing viruses as mobile charge carriers
within the electrolyte, which differs fundamentally from previous virus-templated electrode materials. Previous
studies have extensively explored viruses as templates for electrode materials [19-21]. In contrast, the present
Perspective proposes a fundamentally different role, where viruses themselves function as mobile charge carriers
rather than structural scaffolds.
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Figure 1: Conceptual contrast between traditional and viral-based battery systems.

Explore the domain of bio-inspired energy storage, a cutting-edge intersection of biology and technology that
seeks to redefine established concepts [22-26]. While direct experimental validation of charged viruses as charge
carriers in energy storage systems remains unreported, emerging interdisciplinary research suggests that
biological nanostructures, such as viruses with engineered surface charges, could revolutionize charge transport
mechanisms in batteries and supercapacitors [13, 27]. While early concepts of bio-batteries emerged ten years
ago, recent progress in synthetic biology, such as CRISPR-Cas9 genome editing [28-30], cell-free biosynthesis [31-
33], and machine learning-based material design [34-38], could further advance the development of bio-batteries,
particularly in creating a novel type of fully biological battery that utilizes viral charge carriers.

This hypothesis is rooted in viral templating techniques, structural advantages of viral architectures, and
analogous charge dynamics observed in other biological systems (e.g., DNA) [39]. While viruses are typically
regarded as harmful agents, they exhibit distinctive characteristics that render them surprisingly suitable for this
application. Their genetic programmability facilitates the precise alteration of surface charges and structural
attributes, and their natural prevalence and biodegradability present a significant advantage over the resource
limitations and toxicity linked to traditional battery materials. By harnessing these unique structures [40], we can
create transformative electrochemical devices or systems, including next-generation “bio-batteries” [19-21, 41],
that not only deliver exceptional performance but also promote sustainability. Fig. (2) depicts a concept of an
electrochemical system employing charged viruses as charge carriers. These subfigures exemplify scenarios with a
single type of charged virus, e.g., either negatively (left-hand side) or positively charged (right-hand side), while
future iterations of such systems may ultimately incorporate both negatively and positively charged viruses as
charge carriers. Red dashed lines depict the migration of a charged viral species during charging, while blue
dashed lines illustrate its movement during discharging. Here, electrode materials can be viral-based, common
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(e.g., carbon or metal), or a hybrid of both. When viral-based electrodes are integrated, the system exemplifies a
next-generation bio-battery, merging biological programmability with electrochemical functionality. Interestingly, a
recent investigation by Cotton and Phan has revealed a significant evolution in the charge of the SARS-CoV-2 spike
protein [42]. The study indicated that the charge of the spike protein has notably changed from -8.3 in the original
Lineage A and B viruses to -1.26 in the majority of current Omicron variants. Align with a previous report [43], this
discovery emphasizes the capacity of viruses to adjust their charge characteristics in response to environmental
factors, suggesting the potential for viruses to function as programmable charge carriers.

- Discharge e Discharge
—_—_ _— S —
Charge e Charge e”

Electrolyte Electrolyte i Electrolyte Electrolyte
e ; K
.'\D_o
e Lﬁ >
.................................... 3 oy
.. < o
&Tf-l-
B L -
Positive Separator Negative Positive Separator Negative
Electrode Electrode Electrode Negative

Figure 2: Conceptual illustration (hypothetical) of electrochemical systems where charged viruses function as mobile charge
carriers within the electrolyte. The schematic indicates possible locations of viruses (electrolyte phase and electrode
interfaces). This figure represents a proposed concept rather than an experimentally demonstrated system.

While the concept of viral-based bio-batteries, especially those that utilize viral charge carriers, remains largely
unexamined, this new evidence of the inherent charge tunability of viruses presents unprecedented opportunities
for their use in energy storage systems. This advancement challenges the perception that the idea of viral-based
bio-batteries is obsolete and lays a strong groundwork for further investigation into this innovative research area.
It is also noted that the proposed charged viruses, serving as charge carriers, are envisioned for both batteries
and supercapacitors, with potential working mechanisms to diversify as research advances (e.g., novel energy
conversion/storage pathways yet to be uncovered), which is why performance metrics remain undetermined. The
core function of charged viruses in the proposed system is as mobile charge carriers, with their mechanism of
action rooted in fundamental electrochemical principles, adapted to their biological nature. Specifically, in battery-
like configurations, they migrate between electrodes under an electric field, driven by electrostatic attraction to
oppositely charged surfaces, and balance redox reactions at electrode interfaces, akin to ion shuttling in
conventional batteries (e.g., Li* in Li-ion battery systems). In supercapacitor-like systems, they accumulate at
electrode surfaces to form electrical double layers (EDLs), contributing to capacitance through charge separation
at the interface, similar to ions in supercapacitors. Beyond practicality, such exploration holds value in its
prospectivity. It may yield not only next-generation biobatteries but also unique insights into bioelectrochemistry.

2. The Viral Advantage: Programmability and Precision

Viruses could be an unexpected yet promising option for bio-engineered charge carriers. Their attractiveness
stems from their natural nanoscale structure and the accuracy with which they can be genetically modified. This
genetic flexibility enables scientists to create viruses with customized surface charge densities, facilitating
enhanced ion adsorption and electron transfer rates in energy storage systems like batteries or supercapacitors.
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Viruses possess the remarkable ability to self-assemble into highly organized structures, a characteristic that
may resolve inefficiencies associated with traditional electrodes. In the context of lithium-ion batteries, for
instance, the uneven distribution of ions during the charging and discharging processes can result in dendrite
formation and a subsequent loss of capacity [13]. This structural feature or ability could theoretically eliminate the
ion transport bottlenecks caused by disordered material accumulation in conventional batteries. For instance, its
nanoscale ordered structure could guide charged species to migrate uniformly along predetermined paths,
fundamentally leading to improved mass transport. The precise design of surface charges could enhance
compatibility with the electrolyte interface, reducing the accumulation of inactive materials and significantly
decreasing capacity fade. This intersection of bioengineering and electrochemistry is providing innovative
solutions to overcome the intrinsic defects of traditional batteries.

Importantly, viruses are biodegradable [44] and can be produced on a large scale in a sustainable manner
through bacterial fermentation [45], a method that requires minimal energy and generates no toxic byproducts.
This is in stark contrast to the extraction of cobalt, lithium, and rare-earth metals, which contributes to
environmental degradation and geopolitical conflicts. By utilizing viruses as renewable "bio-factories", the energy
storage industry could diminish its dependence on environmentally harmful supply chains.

3. Sustainability and Circular Design

The incorporation of viruses into energy storage systems is consistent with the tenets of a circular economy,
which emphasizes the design of materials for reuse, regeneration, and safe biodegradation. In contrast to
synthetic polymers and heavy metals that can remain in ecosystems for centuries, components derived from
viruses could be engineered to decompose into benign organic substances once a device reaches the end of its
useful life. This "cradle-to-cradle" methodology would address the escalating issue of electronic waste, e.g., 62
million metric tonnes in 2022 [46], much of which leaches harmful substances into soil and water sources. From a
lifecycle perspective, viral materials produced via fermentation may significantly reduce energy consumption and
mining-related emissions compared to metal-based systems, although quantitative LCA remains a subject for
future work. Biosafety considerations, including the use of non-replicating or non-infectious viral particles and
controlled degradation pathways, will also be critical for environmental risk management and regulatory approval.

Additionally, viral charge carriers could facilitate the development of entirely new device architectures. For
instance, flexible and lightweight bio-batteries utilizing viral electrolytes could transform wearable electronics and
medical implants, where biocompatibility is crucial. Researchers have already made strides in creating edible
batteries from melanin sourced from cuttlefish ink, demonstrating the potential of biologically derived materials
to innovate energy storage solutions [47]. The compatibility of viruses with living systems could further advance
this field.

4. Challenges and Considerations

Viral-based energy storage systems, while promising, encounter several significant challenges. Firstly, the issue
of scalability is paramount; although the production of engineered viruses at the laboratory level is achievable,
transitioning to industrial-scale manufacturing necessitates the development of advanced bioreactor systems and
standardized protocols to maintain consistency. Secondly, the stability of viral structures under operational
conditions, such as exposure to high voltage, extreme temperatures, or extended cycling, requires thorough
testing. Viruses are naturally adapted to biological environments rather than electrochemical cells, and their
protein-based structures may be susceptible to degradation under stress.

In addition, ethical and regulatory challenges must be addressed. The public's perception of viruses, even
those that are non-infectious, may lead to resistance due to their associations with disease. Therefore, clear
communication regarding safety measures, such as the use of non-pathogenic strains and the implementation of
fail-safe mechanisms, will be essential for fostering societal acceptance. Concurrently, regulatory frameworks
need to adapt to accommodate these innovative biohybrid devices, ensuring a balance between fostering
innovation and conducting comprehensive risk assessments.
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Furthermore, as a nascent concept, direct performance metrics (e.g., energy/power densities) for
electrochemical systems using charged viruses as charge carriers remain undetermined, as few such established
systems yet exist. Compared to conventional ionic charge carriers (e.g., Li*, CI") which are atomic or molecular-
scale with minimal mass, viruses are larger nanoscale particles with greater mass. Specifically, bare ions (e.g., Li*,
~0.6 nm, ~6.94 Da) [13] are far smaller and lighter than viruses (e.g., the SARS-CoV-2 spike protein, ~65-125 nm
and ~141-200 kDa in general) [48, 49], presenting inherent challenges for both gravimetric and volumetric
performance metrics (e.g., fewer charge carriers per unit mass and volume), unless viral surface charge density is
engineered to be exceptionally high. From a transport perspective, the electrophoretic mobility of nanoscale viral
particles is expected to be several orders of magnitude lower than that of small ions, which may limit power
performance. Their large hydrodynamic size may also increase electrolyte viscosity and introduce risks of pore
blockage in dense electrode structures. Therefore, future systems would likely require low-viscosity media and
hierarchical porous electrodes to ensure effective mass transport. Additionally, unlike common ions, viruses could
offer precise engineering of surface charge (density/distribution) and shape, enabling selective transport,
enhanced interface interactions, and adaptive responses to environmental cues. These features may enable niche
applications (e.g., biocompatible devices) where conventional systems struggle due to the limitation of intrinsic
properties of fixed ion. However, the unique nature of nanoscale charged viruses as charge carriers creates
distinct needs for battery components compared to Li-ion batteries (smaller ions). Li-ion battery electrodes use
dense structures for ion intercalation. Viral systems may need 3D porous architectures (maximizing surface
interaction without trapping viruses) and tunable surface chemistry (enhancing charge transfer without
irreversible adsorption). These tailored material needs highlight a key direction for future development.

In parallel, the concept of using charged viruses as charge carriers differs fundamentally from established
bioelectrochemical systems. Microbial fuel cells rely on metabolic electron generation, enzymatic biobatteries on
catalytic redox reactions, and DNA-based systems on structural or redox-active properties, none of these position
biological entities as mobile charge carriers. To provide clearer context, it is worth noting that some systems
overlap: for instance, DNA-based biobatteries, as highlighted in literature [50], often integrate with enzymatic
cascades where DNA acts as a scaffold to accommodate high densities of catalysts (including enzymes), while
enzyme cascades enhance energy densities. Charged viruses, by contrast, are envisioned as engineerable, mobile
charge transporters. Their tunability (via genetic modification of surface charge, distribution, and shape) exceeds
that of microorganisms (metabolically constrained), enzymes (catalytically focused), or DNA (structurally limited).
Conceptually, viral production may offer cost advantages over nutrient-dependent microbes or labile enzymes,
though this requires validation. Future research will clarify their complementarity to existing technologies.
However, direct performance, stability, or cost comparisons remain premature, as experimental data for viral-
based systems are lacking. Instead, Table 1 provides a conceptual overview, contrasting core biological or chemical
entities, charge carrier types, tunability, and key traits across these systems.

Table 1: Conceptual comparison of key electrochemical systems, highlighting core entities, charge carriers, and

distinctive traits.

System Core Biological or | Charge Carrier - S
Type Chemical Entity Type Tunability Conceptual Advantages Current Limitations
Viral-based ) Nanoscale High (genetic engineering | Tailored charge transport A proposed concept
Charged viruses , . i ) . o
system viral particles | of charge density, shape) Adaptive design Components not yet optimized
Li-ion Inorganic compounds . ) ) . Mature high energy Limited by rare materials
battery (e.g., LiCoO, graphite) Litions Low (fixed ion properties) density Safety concerns
Microbial | Living microorganisms + | Low (metabolic pathways Renewable Slow kinetics
) lons (e.g., H") . ) .
fuel cell (e.g., bacteria) hard to reengineer) (uses organic waste) Nutrient dependence
Enzymatic Enzvimes lons (e.g., K*) Moderate (limited Hieh reaction specificit Enzyme degradation
biobattery y & protein engineering) & P y Low stability
DNA-based . Moderate (sequence- | Scaffold for high catalyst | Poor mobility as charge carriers
system DNA strands lons (e.g.. HY) based structural tuning) density Limited charge transport
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5. Future Directions and Implications

To transform the concept of viral energy storage into a tangible reality, it is crucial to foster interdisciplinary
collaboration. Innovations in synthetic biology may improve the efficacy of viral charge carriers; for example,
CRISPR-based modifications could allow viruses to "self-repair" minor structural impairments during their
operation [28]. Additionally, machine learning could expedite the design process for viral proteins that possess
optimal electrochemical properties. The investigation of charged viruses as charge carriers extends beyond energy
storage; it signifies a transformative shift towards bio-inspired innovation. By drawing insights from nature's
extensive evolutionary history, scientists can create technologies that are not only efficient but also fundamentally
compatible with ecological systems.

Furthermore, technologies based on viruses have the potential to democratize energy storage access. In
contrast to lithium, which is predominantly found in a limited number of countries, viruses can be cultivated in
various locations with basic biotechnological resources, thereby enabling developing regions to engage in the
transition to green energy. Notably, viruses offer unique tunability compared to inorganic ions, i.e., their surface
charge density, shape, and surface chemistry could be modified to optimize mobility, reduce aggregation, or
enhance electrode interactions, probably enabling tailored transport efficiency. While this perspective focuses on
their role as charge carriers, future research could uncover novel charge storage mechanisms (e.g., virus-mediated
intercalation, capsid redox activity) as the field matures.

6. Conclusion

The idea of utilizing charged viruses as charge carriers for electrochemical systems is innovative, probably lead
to a revolutionary breakthrough. In other words, the concept of using charged viruses as charge carriers
represents an exploratory research direction rather than a near-term technological solution. Despite the
numerous challenges as mentioned above, the intersection of biotechnology, materials science, and sustainability
research presents a promising avenue for rethinking energy storage solutions. By harnessing the programmability,
renewability, and biodegradability of viruses, we may move closer to a future where technology not only mitigates
environmental damage but also contributes to the regeneration of our planet.
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