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Life-sustaining mechanisms were primarily understood within the purview of: (i) intelligent cellular/organellar membranes
guarding/maintaining their internal milieu deterministically, and (ii) the cellular activities being governed by directional
information-flow via the central dogma. In this schema, cellular coherence (inter-molecular networking to achieve functional
unitization) and homeostasis/electrophysiology were explained by the concentration-dependent interaction unidirectional positively
correlated dynamics of catalytic enzymes-substrates, electron donors-acceptors, signalling receptors-ligands, channels-ions,
antibodies-antigens, etc. Such treatments entailed selective/specific and topology-based (affinity-driven) stoichiometric interactions.
Also, only the impact of external radiations (like X-rays, UV-Vis-IR light, micro/radio waves, etc.) on living systems have found
prominence in biomedical literature, with lesser information on internally generated or readdressed low/high-frequency radiations.
The above long-standing paradigm has witnessed a major upheaval in the last decade with the unravelling of murburn concept,
which postulates that diffusible reactive species (DRS) and murzymes (proteins that recruit DRS in routine functions) are a
Sfundamental pivot of life that aid catalytic moiety-/electron-transfers, phase-changes, post-translational modifications, etc. within
the cells, thereby serving diverse agenda of its function. The murburn theorization solicits cellular “Chemico-Electromagnetic
Matrix (CEM) with “molecule-unbound ion-radical/radiation interactions”, which provides powering and coherence for living
systems, and explains why oxygen became the elixir of life. Herein, we project tangible framework/examples of how murburn
concept could afford a seamless interlacing of man-made synthetic components with biological systems, particularly within the
contexts of intelligence/controls, bioenergetics, metabolic and sensing-response agenda. We also discuss mandates wherein
analog-digital conversions could be achieved, and project the scope and limitations of murburn-based approach in futuristic
bionic-cyborg technology. Biomed Rev 2025; 36: 31-43
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I. INTRODUCTION

Norbert Wiener’s (1948) work launched the field of
cybernetics, focusing on how systems—both biological and
artificial—use feedback to regulate themselves. His theories
laid the groundwork for robotics, Al (artificial intelligence),
and modern brain-machine interface technologies. Kevin Kelly
(1995) prophetically wrote- “We are creating machines that
resemble living systems, and we must embrace this evolution.
Biological principles—self-organization, cooperation, and
adaptability—are the future of man-made systems.” Kelly
compared biological ecosystems to machines, demonstrating
how lessons from nature (like ant colonies or immune systems)
can inspire innovations in Al, robotics, and hybrid systems.
He also foreshadowed developments in swarm robotics and
distributed intelligence. In 1998, Kevin Warwick became
the first human to connect his nervous system directly to a
computer network. The experiment allowed him to control
devices and experience sensations remotely, paving the way
for bionic integration. Warwick’s (2002) groundbreaking
experiments in neural implants and brain-computer interfaces
brought the idea of cyborgs from theory to reality. His work
emphasized the feasibility of merging biological and artificial
systems for medical, military, and societal applications. In his
book, Andrew Clark (2003) argued that humans have always
been “cyborgs” due to our propensity to integrate tools and
technologies into our cognitive processes. He discusses the
transformative potential of this integration and its implications
for the future of human intelligence. It is a cornerstone of
philosophical and cognitive science, and lays the groundwork
for understanding the seamless blending of biological and
artificial systems by framing the mind as inherently adaptive and
extendable. He introduced the “Extended Mind Hypothesis”,
arguing that the boundary of the mind is fluid and includes
external tools (how technologies like writing, calculators,
and now neural implants are extensions of human thought).
It shifted perspectives in neuroscience, cognitive science, and
bioengineering, encouraging research into how biological and
artificial systems can be symbiotic rather than competitive.
Wu et al. (2013) discussed the merging of Al and biological
intelligence (BI), highlighting the challenges and opportunities
in creating systems that seamlessly integrate biological
fundamentals into machine operations. Further, in their paper
focusing the introduction of cyborg intelligence, they proposed
a hierarchical framework based on the interaction between
biological cognitive units and computational intelligent units,
offering insights into the theoretical underpinnings of such
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integrations (Wu et al., 2016). Exploring the fusion of Al with
BI through brain-machine interfaces (BMlIs), Shi et al. (2016)
discussed the implementation of systems where biological
entities and machines collaborate, providing a foundation for
integrating biological principles into machine logic. A recent
preprint by Talanov et al (2022) reviews the advancements in
neuromorphic technologies and brain-computer interfaces,
proposing a “Neuropunk revolution” that envisions a new
generation of approaches to integrate cybernetic objects with
biological tissues. It provides a perspective on the future of
human-machine integration.

Over the past several years, our group has advocated that
effective charge separation (ECS) forms the most fundamental
thermodynamic drive of life forms, leading to the obligatory
production and involvement of diffusible reactive species
(DRS, some of which are also called reactive oxygen spe-
cies or ROS, in aerobic systems) in physiology. This broad
view of looking at cellular life process was called murburn
concept. We theorized that the holistic integration of cellular
powering, coherence, homeostasis, electro-mechanical and
sensing-response (PCHEMS) activities proceeded obligatorily
via DRS, enabling the cells to function with a “Chemico-
Electromagnetic Matrix (CEM), and serve as simple chemi-
cal engines (SCE), without “overt deterministic intelligence”
governing functionalisms at the acute timescales [Manoj &
Jaeken, 2023; Manoj et al., 2023a,b; Jacken &Manoj, 2025].
In recent literature, it has also been proposed that there could
exist “digital-type biological circuitry” in cellular systems
[Penketh, 2022, 2023]. These two nascent and fundamentally
radical ideas provide a new window of opportunity in bionics-
cyborg research, and the potential fusion of these emerging
ideas is the focus of the current futuristic projection write-up.
We believe that this article could form a monumental step
towards the material realization of Kelly’s (1995) “The line
between the born and the made is disappearing”, Clark’s
(2003) “There is no sharp divide between BI and external
devices, instead, we achieve a kind of biological-machine
co-evolution.” and Warwick’s (2003) “Cyborgs aren't just
science fiction. They 're here, and they represent the future of

human evolution.” statements.

Il. THE CLASSICAL VIEW OF LIFE-SUSTAINING
MECHANISMS AND BI

Arguably, the most pivotal aspect of a living cell’s functioning
is “powering”, which is the modality used by the organism
for availing resources from the environment to perpetually
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execute its “will”, apparently exerting against the forces of
equilibrium that constantly work to undo cellular organization
and function. The highly acclaimed classical explanations for
cellular powering (whether by photosynthesis in thylakoidal
membranes OR respiration in mitochondrial membranes)
rests on: (i) electron transport chains (ETC, a deterministic
electronic relay circuitry of immobile/mobile protein/
biomolecular agents embedded in or distributed around
phospholipid membranes), (ii) directional proton(ion)-
pumping/channelling to generate electro-chemical gradients,
and (iii) harnessing of such an ionic gradient thereafter by
proton(ion)-translocating rotary machineries that perform
chemical (synthesis of ATP) or mechanical (bacterial flagella-
assisted motility) work, and/or generate thermal energy (by
uncoupling proteins or thermogenins) [Alberts et al., 2008;
Berg et al., 2002; Nelson & Cox, 2004; Voet & Voet, 2011].
Since 2017, we systematically pointed out the infeasibility
of such mirage-like proposals, pointing out that they lack
foundations in reality and are based on misinterpreted
observations. We specifically highlighted multitudes of
untenable aspects of the “ETC-CRAS (chemiosmotic rotary
ATP synthesis)” bioenergetics proposal [Manoj group’s
publications from 2017 to 2024]. Specifically, the features-
(i) violating fundamental principles of thermodynamics, (ii)
lacking spatio-temporal (kinetic) viability, (iii) demonstrating
the mechanistic incompatibility of structure-distribution
of proteins and architecture of organelles/cells and (iv)
faring poorly on probabilistic/evolutionary scales- were
clearly brought forth. Although the leading majority of the
bioenergetics community remain recalcitrant, it is a matter
of foregone conclusion that the ETC-CRAS proposal is
fundamentally flawed. This is evidenced by the plummeting
drop in usage of terms such as ‘proton motive force’ and
‘chemiosmosis’ in scientific literature [Manoj, 2022]. The
most crucial and unassailable fact which we pointed out was
that mitochondria and chloroplasts are practically aprotic
organelles. These micron-dimensioned and lipid invaginated
organelles with packed components have very low amounts
of water to dissociate and provide any significant free protons
for pumping; and it is thermodynamically unviable that water
dissociates to give protons for this purpose (free energy change
for the heterolytic dissociation of water is >79 kJ/mole). This
irrefutable reality renders the proton-centric chemiosmotic
bioenergetics view redundant (Manoj, 2018a). The most
salient aspect of the classical view of cellular functioning
is that the main protagonists, proteins, act with their diverse
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target molecules at a defined active site, going via a transition
state (involving a topological complementation of the protein
bound with its target molecule), finally to form the products
in fixed stoichiometry. The ion-pumping and high-throughput
channel theories postulated that ions and various molecules
are specifically and selectively acted upon by proteins and
therefore, the concentrations of various components and their
interactions thereof were maintained as a rather deterministic
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outcome, based on the “will” of membrane-embedded
proteins (in particular!). This mechanistic view is graphically
depicted in Figure 1. Under this purview, the “intelligence and
regulation” by central dogma is enough to assure that the cells
would produce a bunch of proteins, whose active sites would

dictate the outcomes of cellular PCHEMS.
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Figure 1. The classical view of protein-mediated function
in biology invokes the topologically complementary binding
of target molecules to a specific/unique active site on the
protein, to stoichiometrically and deterministically give rise
to product(s), going via a ‘transition state’ complex.

I1l. THE ADVENT OF MURBURN CONCEPT, AN
UMBRELLA OF EXPLANATIONS FOR VARIOUS
FACETS OF LIFE

Murburn derives its origin from “mured burning” (a closed
but unrestricted redox process), which involves stochastic
interactive equilibriums of ‘molecules, unbound ions, and
radicals/radiations’ (Manoj, 2018b). These interactions may
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lead to one or two electron transfers, modification of moieties,
phase changes, post-translational alterations of proteins, etc.
The umbrella of considerations and explanations based in
‘murburn’ led to the proposal of models for a wide variety of
metabolic and physiological processes (Manoj, 2022 gives a
chronological listing of publications until 2022; and Manoj
et al., 2023a,b gives the developments thereafter). In its
essence, murburn concept entails the probabilistic/stochastic
involvement of interactions outside “active site”’, and therefore,
demonstrate promiscuity in “substrate/ligand/partner”
preferences and markedly give non-integral and variable
stoichiometry. Murburn models are thermodynamically,
kinetically, mechanistically and probabilistically robust, also
accounting for the structure-distribution correlations with
the function of the proteins/biomolecules in milieu. Murburn
concept advocates the viability/necessity of spontaneous
one-electron equilibriums propagating freely in the cells,
amongst its components, more so in specific regimes with
high amounts of redox active proteins/biomolecules and ions.
[This murburn postulation does not deny the existence of well-
established active-site/transition-state mediated 2e mechanistic
enzymology!] Such murburn perspective affords a new chemo-
electrical foundation to understanding biological phenomena,
which was hitherto lacking in classical biology (which relied
extensively on proteins’ active-site based mechanisms alone!).
In essence, murburn concept holds that suitable redox-active
biomolecules donate 1-electron in the presence of O, inevitably
producing *O" (as the free energy change of this reaction
is -250 kJ/mol) and secondary diffusible reactive oxygen
species (DROS) with many consequences: (i) The anionic
DROS generate effective charge separation (ECS) powering
electrophysiological processes. (i) DROS get engaged in
stochastic in fluid reactions of diverse nature, including exergonic
phosphorylations (e.g., ATP synthesis) and other derivatizations.
(ii1) DROS interact with water and could rearrange lattice
structure around proteins. (iv) The exergonic nature of DROS
reactions could produce electromagnetic radiations that may be
used in information and energy transport in cells and tissues. So,
the comprehensive functioning and “intelligence” of biological
systems could be better integrated and explained (particularly at
acute time-scales!) with murburn models. Altogether, murburn
concept fundamentally revolutionizes our understanding of
life, with several applications to be tapped. A significant aspect
of murburn theorization is that it is fully compatible with the
coacervate or colloidal nature of cellular milieu (unlike the
classical treatments which deem cytoplasm as a dilute solution!).
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This fundamentally significant reality affords the scope for more
efficient and probabilistic theorization/models for real space-
mass-time quantitative applications. The murburn perception
at the protein interaction level is shown in Figure 2 and the
overall systemic level is shown in Figure 3. Herein, stochastic
interactions between various molecules, ions and radicals/
radiations are also given importance for the maintenance of
routine cellular activity. It is to be clearly registered that the
cellular functions may not obligatorily seek the formation of
a highly conserved topologically complementary transition
state between the protein and its target molecule, but the
interactions could be mediated via various diffusible reactive
species (DRS, formed due to effective charge separation, ECS)
[Manoj group’s publications from 2017 to 2024, of which key
are listed within the bibliography. This is essential to convince
the reader that substantive work has gone into this idea over
the last 2.5 decades!]. Murburn purview postulates that the
fundamental PCHEMS is simply/directly the straight-forward
manifestation of the ECS-CEM-SCE pivot, and results in BI.
This perspective does not counter the existence/validity of
affinity-based mandates of central dogma, but complements/
supplements it at acute timescales. A comparison of manmade
artificial and biological (classical & murburn) intelligent systems
is given in Table 1.

IV. MURBURN CONCEPT AND ITS POTENTIAL
RELEVANCE/APPLICATION IN BIONIC/CYBORG
SYSTEMS

Murburn concept’s application potential in bionic-cyborg
technology is yet to be demonstrated. At the outset, murburn
concept poses high scope/potential for integrating living
systems with bionic and cyborg components. As murburn
models emphasize how biological processes can be driven by
mild radicals and electron flows, it could provide a framework
for understanding complex biochemical reactions in ways that
might align with artificial cum synthetic systems. Murburn
concept-based approaches would focus on low-energy redox
processes, DRS/ROS management, and metabolic coherence.
It would offer a biologically realistic approach to solving
challenges such as energy supply, oxidative stress, and
bioelectrical coherence, etc. laying the foundation for the
next generation of cyborg technologies. By synchronizing
artificial systems with natural physiological processes,
murburn principles promise a future where biological and
bionic systems function as one cohesive entity. A snapshot of
a few possibilities is shown in Figure 4.
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Figure 2. The murburn view is a larger set of interactions (i.e. does not negate the well-evidenced and documented events of Figure
1), invoking the intermediary formation of DRS via ECS. Herein, there could be some binding of low or high affinity between the
enzyme and target molecule, but there is uncertainty in the location of reaction and stoichiometry of product formation, owing

to the DRS being mobile and its ability to enter into interactive equilibrium with diverse components of the milieu.
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Figure 3. The basic systemic chemico-physical theorization logic of murburn concept for life involves the oxygen-water redox
equilibrium as the crux, which is influenced by diverse molecules, ions and electron-donors/acceptors in milieu. This also makes
the system sensitive and responsive to ambient chemical, thermal, electrical, pressure, radiations, etc. features. As the underlying
principles of murburn concept in life-systems is essentially the same as simple chemical systems, it would be facile to integrate

man-made components with life-systems.

Biomed Rev 36, 2025



36

Manoj et al.

Table 1: A comparison of the fundamental differences among the perceptions on intelligences of man-made and biological (both

classical and murburn) systems.

Criteria Man-made Al Classical Bl Murburn BI

1 | Constitution and Ordered networks and gates of passive | Deterministically placed Networks of interactive molecules, ions,

components (conductors/resistors, capacitors, “intelligent proteins on radicals and radiations that constitute a
inductors, memristors, etc.) and active | membranes”serve as sentinel cell (and its immediate environment)
(transistors, ICs, processors, etc.) parts, | and sentient entities, controlling
memory devices (RAM/ROM), sensors | the flux of cations in and out of
and actuators, communication and the cell
powering modules, etc.

2 | Nature of electrical Electronic lonic (2e stabilized species) Electronic/ionic (both 1e and 2e active
activity species)

3 | Operational principle | Internal manipulation of voltage in Circular logic: Membrane- Directional logic: Oxygen comes in and
for electrical activity | loci/bins embedded proteins (MEP_ induces ECS-DRS dynamics!

generate and regulate Trans-
membrane potential (TMP) and
TMP controls MEPs!

4 | Origin of intelligence | Emerges from an interfaced labyrinth | Resides in molecules Emerges from interactive e-transfer
(decision-making of hardware and software, derived by | (membrane-embedded protein | networks of molecules, ions, radicals,
ability in real external electrical input. pumps and channels), organelles | and radiations
dimensions of space- (nucleus), and organs (brain)
mass-time)

5 | Fundamental External voltage provision is a must Internal Electron Transport Chain | Internal Effective Charge Separation
powering proteins pump protons across (ECS) by proteins (taking electrons

membrane, generating trans- from nutrients) with oxygen serving as

membrane potential (TMP) and mobile acceptor generates discretized

Proton Motive Force (pmf). electromotive force (EMF) and TMP is a
consequence.

6 | Dependence on Electrical activity is input and required | Electrical activity is the causative | Electrical activity is an outcome of
electrical activity for intelligence for intelligence intelligence and not its cause!

7 | Self-maintenance Maintenance depends on external Self-maintenance by auto- Auto-powered systems that can evolve
and goals electrical input; goals written in the powering; Goals written in the spontaneously owing to stochasticity

driving logic DNA-RNA code

8 | Overall Abides by laws of physics Vital determinism bypasses laws | Abides by laws of physics

of physics

A. Energy-transfer/efficiency and compatibility in
hybrid systems; biocompatible power source for
implants.

Cyborg systems need efficient methods to integrate biologi-
cal and synthetic elements, especially for energy transfer
between components. Murburn concept emphasizes electron
flow through one-electron radical-ion networks, which could
mimic the natural bioenergetics of cells, such as oxidative
phosphorylation by means of simple (chemical) exergonic
ROS-dependent ATP-synthesis. Therefore, artificial compo-
nents could use mild and unrestricted radical-ion systems to
bridge energy/continuity gaps between biological tissues and
bionic electronics. This could support the development of
hybrid cells (with artificial membranes or sensors) that ex-
change energy seamlessly with electrical circuits or batteries.
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A salient use-case scenario would be wearable or implantable
devices that scavenge energy from metabolic pathways (e.g.,
glucose oxidation or oxygen reduction) without disrupting
natural processes. When the goal is to utilize the body’s own
biochemical redox reactions to power implants, neural pros-
thetics, or biosensors, murburn systems could provide solu-
tions as they rely on mild redox reactions that could harvest
metabolic energy from oxygen and ROS without disrupting
cellular processes. Thus, we could develop self-sustaining
implants (such as pacemakers or cochlear implants) that are
powered by locally generated redox cycles. We could also
design microbial fuel cells embedded in tissues for continu-
ous, biocompatible energy production. Artificial systems in
cyborgs and bionic organisms often face challenges related
to oxygen management for energy production. Also, cellular
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Figure 4. The depiction of diverse domains where murburn concept could mediate/interface the interaction between bionic/

cyborg and biological components.

powering is a significant challenge for long-term bio-hybrid
systems, such as bioengineered tissues or cyborg compo-
nents. Murburn-based processes highlight efficient oxygen
management through mild radical production and electron
transport, akin to cellular respiration. This could lead to the
development of artificial mitochondria or bio-hybrid power
sources for bionic systems. Therefore, a use-case scenario
would be in artificial organs or wearable devices that harvest
oxygen from bloodstreams to generate electricity for power-
ing embedded electronics. Murzymes (oxidases, peroxidas-
es, etc.) under murburn models can facilitate mild oxidative
reactions, producing ATP-equivalents or metabolic energy by
using small ROS molecules like H,O, and superoxide. These
reactions could mimic natural mitochondria, providing local-
ized power sources for lab-grown tissues, synthetic organs,
or bionic implants. Such efforts could help design artificial
mitochondria-inspired “batteries” inside tissue-engineered
organs or neuro-implants, powering them continuously with
the body’s natural oxygen flux. Murburn reactions describe a
way in which electron transfer occurs using oxygen, without
requiring large energy inputs. Bionic and cyborg systems, es-
pecially those that interface with living tissues, could benefit
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from integrating this principle by mimicking nature’s energy-
efficient ways of transferring electrons and handling meta-
bolic processes. This could allow for more effective power-
ing of bionic components using biological energy sources,
improving longevity and integration without heavy reliance
on external power.

B. Integrative thermoregulation and miscellaneous
radiation-based energization/exchange amongst bio-
logical and cyborg components
Murburn concept provides a thermodynamically viable ex-
planation for thermogenesis in mitochondria [Manoj’s eLet-
ters to Science/Science Advances in 2023]. The ability to
generate and dissipate heat is vital for both biological and
artificial systems. Bionic technologies that incorporate prin-
ciples from murburn concept can improve thermal manage-
ment, ensuring that devices do not overheat and can function
optimally within the biological/ambient environment. Also,
thermal energy-based changes and transductions (for both
fuelling/energizing and sensory effects) can be achieved.
Murburn concept is the fundamental phenomenological
explanation for photosynthesis, photoreception and photody-
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namic effects in physiology [Manoj group’s publications in
photosynthesis, as listed in Manoj 2022]. Based on the new
know-how, futuristic technologies could incorporate sun-
light-tapping panels integrated into bionic-animal systems
for providing alternative energetic sources. Photo-sensitive
arrays based in murburn concept could also enable light-guid-
ed sensing-response options for bionic systems. Also, such
radiation-based interactions of components could be used to
bring about synergy and coherence within the bionic/cyborg
systems. A comprehensive interactive network of high and
low energy radiations and DRS networks (the murburn-EM
matrix) was recently proposed [Jacken & Manoj, 2025].

C. Electrophysiological “sensing-response” con-
nectivity for communication between biological and
synthetic components

For successful integration of living systems and bionic com-
ponents, the need to effectively interface them and get them
to communicate seamlessly at a biochemical level may be
required. Murburn concept endorses that low concentrations
of radicals-ion network relays can modulate signalling and
metabolic pathways without causing damage. Synthetic com-
ponents could generate controlled one-electron signals that
biological systems naturally respond to. This approach could
bridge the gap between neural signals and artificial sensors
or actuators, improving the performance of prosthetics and
brain-machine interfaces. Murburn-based chemistry may
also facilitate the coupling of biosensors to physiological
pathways without excessive interference. A typical applica-
tion would be incorporating murburn-like radical processes
into neural implants to fine-tune synaptic signals, enhancing
real-time interaction between the brain and artificial limbs.
When we would seek to improve the interaction between
neuronal or muscular tissues and bionic devices, we could
attempt it by leveraging murburn reactions to stabilize elec-
trical signals. Murburn concept explains mild, stochastic
fluctuations in electrophysiology that maintain coherence in
ion channels, synapses, and nerves. Thus, we could create
adaptive neural interfaces that minimize noise by mimicking
natural bioelectric rhythms. We could also optimize brain-
machine interfaces for smoother signal transduction between
neurons and external devices. Murburn reactions are typi-
cally seen in electron-transport systems (like cytochromes
on endoplasmic reticulum and respiratory complexes in mi-
tochondria) that form the foundation for biochemical elec-
trochemical processes. This knowledge could be used to
improve the electrochemical interfaces between biosensors,
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actuators, or neural implants and the biological systems they
connect with. It provides a model for creating stable redox
environments that closely mimic biological electron trans-
fer systems. A major challenge in brain-machine interfaces
(BMlIs) is maintaining electrical coherence between neurons
and artificial electrodes. Fluctuations in bioelectricity can
create noise and disrupt signal quality. Awareness of murburn
reactions can promote low-level stochastic electron transfers,
which align with natural, fluctuating ion channel activities
seen in neurons. These principles can be applied to adaptive
electrodes that behave like neurons by maintaining dynamic
signal coherence through redox balancing. Neural implants
for paralysis patients or memory-enhancing chips could use
murburn-based electrode systems to ensure smooth, noise-
free communication between neurons and machines.

D. Reduced complexity in biochemical pathways for
integration, minimizing oxidative stress and integrat-
ing/synchronizing biological-artificial redox metabo-
lisms

Murburn concept emphasizes parsimonious and parallel re-
action pathways, which makes complex biochemical sys-
tems easier to model and control. Such simplified approach
could help model metabolic processes and simulate how bio-
electronic interfaces interact with tissues. By understanding
energy flows and signalling with minimal steps, artificial
components can operate in tandem with natural ones without
causing disruptions. A simple application would be in cyborg
devices using murburn models to mimic enzyme activity and
support organ regeneration or tissue healing by supplement-
ing failing biochemical functions. Also, when the goal is to
manage the build-up of DRS/ROS at the interface of biologi-
cal tissues and synthetic implants (to prevent inflammation,
degradation and rejection), an advanced awareness of mur-
burn principles/strategies could buffer ROS levels through
controlled redox reactions, mimicking natural biochemical
regulation and immune profiles/properties. Such strategies
could help design anti-oxidative surfaces on implants to re-
duce oxidative damage and enable ROS-regulating coatings
in bionic limbs and organs for improved biocompatibility
and longevity. When we seek to synchronize/integrate bio-
logical and artificial metabolisms for greater harmony, mur-
burn based approach could allow for seamless interactions
that also streamlines energy/material flows. These could aid
in artificial tissue and organ development (biohybrid kid-
neys, say!) that work in tandem with native organs by tap-
ping into shared energy resources, sustaining redox balance.
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Cardiac pacemakers or retinal implants with murzyme-based
protective layers could enhance biocompatibility, improving
patient outcomes over long-term usage. We could also build
bio-compatible synthetic muscles that interface with body’s
metabolic process for powered movement.

E. Miscellaneous redox-activity based bioelectronic
sensor systems, soft robotics for biomedical applica-
tions, neuro-prosthetics, and artificial nerve networks
Murburn models could aid develop implantable biosensors
that can detect biochemical changes with high sensitivity
and low power consumption. Murburn principles could be
used to drive electron transfers and signal processing directly
within the body’s redox environment. The implanted sensors
could be used for continuous monitoring of key redox active
metabolites or oxygen sensing in critical care patients. It
could be used to build adaptive, real-time feedback systems
in robotic limbs or wearable medical devices to respond
to biological signals. This could also fuel the development
of long-lasting bioelectronic devices (e.g., pacemakers or
brain implants) that release/uptake mild radicals or alter
one-electron equilibriums to maintain tissue health while
preventing scarring or inflammation. This is particularly
useful for implanted sensors and electrodes, where long-
term biocompatibility is critical. We could incorporate mild
redox-based energy flows into soft robotics for enhanced
flexibility and adaptability in medical devices. We could
leverage murburn reactions for local energy generation and
controlled chemical signalling in soft, bio-compatible robots.
At one hand, these could aid develop soft exoskeletons that
interface with the body’s redox systems for powered motion
and could at the other hand, also help build surgical robots
with real-time biofeedback, reducing stress on tissues during
procedures. Murburn systems would allow for distributed,
low-energy redox-driven reactions, similar to the way natural
muscles operate through mild oxidative bursts. Redox-active
murzymes could act as energy converters within hybrid
muscles, facilitating smoother transitions between rest and
contraction states. Cyborg muscles or exoskeleton suits that
leverage murburn principles for real-time adaptive control
during walking or heavy lifting.

Utilizing murburn principles could allow us to enhance
the performance of neuroprosthetic devices by mimicking
the natural stochastic redox processes governing nerve ex-
citability. Advanced murburn models for neuronal activity
could help to stabilize and facilitate smooth neural commu-
nication. Futuristic efforts to design artificial nerve networks
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for spinal cord repair and sensory restoration could be aided
by incorporating murburn concept-based ideas. This could
also aid the development of cybernetic neural implants for
people with motor disabilities, allowing intuitive control over
external devices. Rebuilding damaged nerves or designing ar-
tificial ones to restore sensory functions in amputees requires
stable bioelectrical signalling. Murburn principles could op-
timize signal transduction across artificial nerve networks by
ensuring a balance of DRS equilibriums. Prosthetic limbs with
murburn-based sensors could fashion and adjust grip strength
based on detected muscle fatigue or stress levels.

V. SPECIFIC CONTEXTS AND EXAMPLES OF HOW
MURBURN CONCEPT COULD FASHION ANALOG
TO DIGITAL (A/D) CONVERSIONS IN BIONIC/CY-
BORG SYSTEMS

Classical and common protein-ligand binding based phe-
nomena are typically understood as unidirectional process,
i.e. more ligand or more protein present correspondingly
gives rise to greater transition-state bound species, which, in
turn, gets translated downstream into a greater analog signal.
This may get attenuated at higher concentration levels of the
ligand, in which case we might observe a saturation of the
signal. However, life processes are sometimes characterized
by zeroth order reactions (even into micromolar ranges) and
threshold-based “all or none” type responses. These can re-
sult as an outcome of murburn chemistry. The following are
some potential areas where such murburn processes could be
harnessed for analog-digital conversions.

A. Encoding biological stochasticity into digital
signals

Biological processes, especially in neurons and ion channels,
exhibit stochastic behaviour, wherein small, random fluctua-
tions in chemical and electrical states contribute to activity.
Murburn reactions align with these natural fluctuations by
allowing distributed, low-energy electron transfers and redox
reactions. Murburn models could provide a bridge between
noisy, analog biological fluctuations (e.g., ion flow through
channels) and digital logic gates. Specialized biosensors
with murzyme-inspired coatings could detect subtle analog
changes in ionic flux, pH, or redox state and translate them
into current/voltage pulses that correspond to binary values
(0s and 1s). In neuro-prosthetics: A brain-machine interface
(BMI) could translate stochastic bursts of neural activity
into discrete digital signals for controlling robotic arms or



40

Manoj et al.

exoskeletons. When a muscle neuron fires with low, irregular
ionic fluctuations, murburn-inspired systems could normal-
ize and integrate the noise into consistent, digitizable current/
voltage surges/spikes.

B. Threshold-based A/D conversion based on redox
gradients

Biological systems often exhibit chemical gradients and
redox activity to fashion biochemical sensing/response. In
murburn models, small molecules like oxygen and peroxide
(and their redox products thereof) modulate reactions at spe-
cific concentration thresholds. Redox thresholds could act as
analog inputs that trigger digital outputs- for example, when
the redox potential exceeds a certain level, the system out-
puts a “1”, otherwise, it remains “0”. This could be based
on cell geometry and other local interactive equilibrium fea-
tures. Murzyme systems can tune redox fluxes dynamically,
thereby functioning as analog sensors with specific thresh-
olds for generating binary responses. When blood glucose
reaches a critical threshold, a murburn-based biosensor could
generate a digital signal to trigger insulin pumps or cardiac
pacing interventions.

C. Time-based signal processing and frequency en-
coding of redox bursts

In murburn-driven reactions, electron transfer occurs in a
time-dependent, non-linear fashion. Similarly, neurons rely
on temporal patterns (e.g., spike trains) to encode informa-
tion. Murburn principles can help match these time-based
analog patterns to digital systems. We could use modelled
frequency-modulated redox bursts to encode biological sig-
nals for digital conversion. A burst of ROS or electron trans-
fer can correspond to a binary sequence, such as a spike train
translated into current or voltage pulses. Time-varying re-
dox currents can act as analog inputs that are quantized into
discrete pulses for digital processing. In cochlear implants,
sound waves captured by the ear generate graded electrical
potentials. Murburn-inspired redox modules could convert
these potentials into digitized signals, improving sound clar-
ity and enabling fine-tuned neural stimulation.

D. Multi-sensor networks for distributed A/D
conversion

Murburn reactions allow distributed and parallel electron
transfers, which are similar to multi-channel sensory net-
works in biological systems. This distributed nature can fa-
cilitate multi-point A/D conversions for complex systems,
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such as the simultaneous recording of neural signals from
different regions. Multiple murzyme-based sensors can si-
multaneously monitor various biochemical signals (e.g., pH,
redox potential, oxygen levels) and convert these into parallel
digital outputs. Each redox change in the system corresponds
to a unique binary code, enabling the translation of multi-
dimensional analog inputs into digital datasets for processing
by artificial components. For developing full-body robotic
prosthetics, distributed sensors along the skin or muscles can
capture localized metabolic signals (e.g., lactate build-up or
oxygenation) and convert them into real-time digital feed-
back for the prosthetic limb.

E. Adaptive A/D converters in cyborg implants using
murburn feedback loops

Murburn systems inherently support dynamic feedback
loops, by virtue of the le (unstable) to 2e (stable) cycling
logic. These loops could help calibrate A/D conversions in
real-time by adapting to changes in the biological environ-
ment (e.g., fluctuating metabolic activity). Adaptive redox
circuits that dynamically adjust their threshold levels based
on feedback from biological systems could be used. This
would ensure that the A/D conversion remains stable even
when the biological input fluctuates due to fatigue or stress.
The feedback loop allows for real-time recalibration of the
A/D conversion, ensuring smooth and consistent signal trans-
fer. Adaptive A/D converters in smart wearables (like blood
oxygen monitors) could adjust their sensitivity to avoid false
readings under different physiological conditions, such as
physical exercise or sleep.

FE Digital control of redox-based biohybrid actuators
In some bionic systems, digital signals would be needed to
trigger biohybrid actuators (e.g., artificial muscles) powered
by biochemical reactions. Murburn-driven reactions can serve
as bio-electrochemical switches that respond to digital inputs.
Digital input signals (0 or 1) can control the initiation or ces-
sation of murburn-based redox cycles, which then drive bio-
chemical actuators. For instance, a digital pulse from a brain-
machine interface could activate localized ROS production,
triggering the contraction of a synthetic muscle. Binary inputs
from neural signals could control bio-electronic actuators for
walking or lifting, allowing real-time interaction between the
biological nervous system and robotic components.

VI. SUMMATIVE STATEMENTS

The classical membrane electrogenic ion-pumps and high-
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throughput channel proposal stands totally discredited and
refuted beyond redemption (Manoj et al., 2025a). Murburn
concept is a fully mathematically grounded theory now,
consolidated with equations for organellar/cellular TMP
(Manoj et al., 2025b) and murzyme-mediated biological
electron transfer (BET) and catalysis (Manoj, 2025). Further,
murburn’s role in post-translational modifications (Manoj,
2024a) and immunological integrations have been estab-
lished (Manoj, 2024b). Our efforts to algorithmically classify
enzymes mechanistically and with Al-assisted training into
classical or murburn systems have also met with success (un-
published work, to be released soon; part of which is avail-
able at: https://shark-app-tly4j.ondigitalocean.app/). Such
developments offer exciting new opportunities for model-
ling, predicting and directly interfacing man-made artificial
components with biological systems.

Murburn concept offers a thermodynamically and kineti-
cally facile “molecule-ion-radical/radiation interaction” that
explains the acute necessity of oxygen for sustaining life
and provides a framework for seamlessly integrating living
systems with bionic and cyborg components. By leveraging
mild one-electron transfers and radical reactions (and or their
interactive scheme with radiations), it is feasible to derive
simplified electron transport, and bio-compatible energy
flows. This facet could help solve challenges related to en-
ergy management, signal integration, and long-term biocom-
patibility. In the future, murburn-based chemistry could lead
to new forms of biohybrid systems that operate seamlessly
with natural biology, revolutionizing areas such as neural in-
terfaces, prosthetics, and implantable medical devices. Incor-
porating murburn principles into cyborg and bionic systems
could allow for better energy management, lower oxidative
stress, and improved electrochemical integration. These ben-
efits could enable more sustainable, compatible, and efficient
merging of living tissues with artificial components, push-
ing forward the possibilities in the fields of bioengineering,
medical devices, and synthetic biology. From self-powered
implants to adaptive prosthetics, the stochastic, redox-driven
processes central to murburn principles align closely with
the dynamic nature of living systems. As cyborg research
evolves, murburn-based approaches will likely play a piv-
otal role in designing self-regulating, energy-efficient, and
metabolically coherent devices that seamlessly integrate with
human physiology. Murburn concept could offer an elegant
solution for analog-to-digital (A/D) conversions by leverag-
ing the natural stochasticity, threshold responses, and time-
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based signalling found in biological systems. It may provide
a robust framework for matching continuous, noisy biologi-
cal inputs with the discrete digital outputs required by bionic
and cyborg devices. Through threshold-based redox sensing,
frequency modulation, distributed sensor networks, and adap-
tive feedback, murburn principles could enable seamless com-
munication between living tissues and artificial components,
paving the way for the next generation of cyborg technolo-
gies. As of now, the reluctance in the leadership of scientific
community to recognize murburn concept as a fundamental
biochemical logic is the main barricade preventing the applica-
tion of the new idea in diverse fields. With the advent of time,
greater acceptability for murburn concept would pave the way
for its application in bionic-cyborg technology.
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