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‘Quantum mechanics underlies biological function and enables next-generation medicine

Quantum biology across systems: from mechanisms to medicine. This graphi-
cal abstract highlights how quantum phenomena-coherence, tunnelling and
spin dynamics-shape fundamental biological processes and point towards
quantum-informed medicine. In photosynthesis, quantum coherence supports
near-lossless exciton transport across pigment-protein complexes, enabling
highly efficient energy conversion. In DNA, proton tunnelling through hydro-
gen bonds can give rise to short-lived tautomeric configurations, which elevate
the likelihood of mispairing during replication and thereby contribute to sponta-
neous mutations at oncogenic hotspots. In mitochondria, quantum decoherence
disrupts electron transport chain redox coupling, elevating ROS production and
accelerating aging, metabolic dysfunction and cancer progression. In the brain,
tunnelling and coherence influence ion dynamics in neuronal channels, poten-
tially contributing to cognition, consciousness and rapid signal transduction.
In sensory systems, quantum mechanisms underlie magnetoreception through
spin-correlated radical pairs in cryptochromes, olfactory discrimination through
vibrationally assisted tunnelling and visual phototransduction through highly
efficient retinal isomerisation. At the centre, these discoveries converge towards
quantum-informed medicine, which envisions diagnostics such as coherence
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lifetime sensors and tunnelling-based mutational signatures, and therapeutics
including mitochondrial redox modulators and DNA-stabilising agents that
directly target the quantum foundations of health and disease.
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Abstract

Background: Quantum biology explores how quantum mechanical
phenomena—including coherence, tunneling, superposition, and spin
dynamics—contribute to biological function. Although once considered
negligible in warm and noisy biological environments, increasing evidence
suggests that quantum effects play important roles in diverse living systems.
Objective: This review aims to summarize the current understanding of quan-
tum biological mechanisms, highlight their relevance to physiology and disease,
and discuss emerging biomedical and technological applications.

Methods: We reviewed recent experimental, computational, and theoretical
advances in quantum biology, including studies employing ultrafast spec-
troscopy, quantum sensing, cryo-electron microscopy, and quantum simulation
approaches. Key biological systems examined include photosynthetic complexes,
enzymatic reactions, DNA base pairing, sensory systems, and mitochondrial
electron transport.

Results: Accumulating evidence indicates that quantum coherence, tunnel-
ing, and spin-dependent processes contribute to photosynthetic energy transfer,
enzymatic catalysis, proton transfer in DNA, magnetoreception, olfaction, and
mitochondrial bioenergetics. Advances in quantum sensing and computational
modeling have further enabled direct investigation of coherence dynamics and
electron transfer mechanisms in biological systems. These findings suggest that
quantum effects may influence aging, cancer, neurodegeneration, and metabolic
dysfunction through mechanisms involving reactive oxygen species production,
mutagenesis, and altered redox signaling.

Conclusion: Quantum biology is evolving from a speculative concept into an
experimentally accessible and translationally relevant discipline. Integrating
quantum principles with systems biology, multi-omics, and precision medicine
may provide new opportunities for diagnostics, biomarker discovery, and ther-
apeutic development. Continued advances in spectroscopy, quantum sensing,
and quantum computing are expected to further establish the role of quantum
phenomena in health and disease.

© 2026 The Author(s). Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics.
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* Quantum biology reveals that coherence, tunnelling and spin dynamics are

not rare anomalies but fundamental design principles that optimise biological
efficiency, precision and adaptability across living systems.

Recent advances in ultrafast spectroscopy, quantum sensing, cryo-EM and
quantum computing have transformed quantum biology from a speculative
theory into a data-driven, experimentally testable science.

Quantum phenomena underlie key biological processes — from photosynthetic
energy transfer and DNA mutagenesis to mitochondrial respiration, sensory
perception and cognition - offering new mechanistic insights into health and
disease.

Understanding decoherence, tunnelling and entanglement in biological con-
texts opens new frontiers for quantum-informed diagnostics, biomarkers and
therapeutics, with direct implications for cancer, aging and neurodegenerative
diseases.

The convergence of quantum mechanics and biology suggests a future of pre-
cision medicine guided not only by genetic and molecular data but also by the

1 | INTRODUCTION

For decades, biology has been interpreted largely through
a classical lens. Cells have been described as ensembles
of biochemical reactions governed by thermodynamics
and kinetics, where diffusion, collision theory and energy
barriers dictate rates and outcomes. Within this frame-
work, living systems are modelled as warm, wet and noisy
environments, where stochastic chemical processes dom-
inate. This perspective has provided remarkable success
in explaining enzyme catalysis, metabolic pathways and
molecular signalling. However, a growing body of evi-
dence suggests that living systems may exploit quantum
mechanical resources - such as coherence, tunnelling,
spin dynamics and entanglement — in ways that directly
influence function,'> Phenomena once considered neg-
ligible in biology now appear to shape fundamental pro-
cesses: long-lived coherence in photosynthetic complexes,
hydrogen and electron tunnelling in enzymatic catalysis,
spin-correlated radical pairs in magnetoreception. Odour
perception can involve vibrational mechanisms, while in
DNA, proton tunnelling may trigger tautomeric shifts

quantum state of biomolecular processes.

within base pairs. These examples indicate that quan-
tum effects, rather than being fully suppressed by thermal
noise, may be stabilised or even enhanced by environ-
mental interactions — a concept captured in theories of
environment-assisted quantum transport (ENAQT). Thus,
quantum biology calls for a reframing of biological expla-
nations, shifting from a strictly classical paradigm towards
one that recognises quantum contributions as functionally
significant.>%’

1.1 | Classical biology versus quantum
biology

The distinction between classical and quantum
approaches lies in the scale, descriptors and design princi-
ples used to explain biological function. Classical biology
relies on entropic mixing, diffusion-driven encounters and
barrier-lowering catalysis. Reaction rates are modelled as
functions of activation energy and temperature.®
Quantum biology, in contrast, emphasises wavefunc-
tion phase relationships, discrete energy levels, tunnelling
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probabilities and spin correlations. Biological systems are
described as open quantum systems, where coherence
may persist on femtosecond-to-picosecond timescales,
often shaped by coupling to vibrational modes of the
molecular environment. This leads to different design
principles: while classical optimisation depends on lower-
ing barriers or increasing reactant concentrations, quan-
tum optimisation may involve energy-level matching,
vibrational resonance or coupling strengths that stabilise
coherence or promote tunnelling. For example, pigment-
protein complexes in photosynthesis™'? appear to harness
vibrational environments to guide excitonic transfer,!!
while mitochondrial electron transport may depend on
the delicate balance of electronic coupling among redox
centres.

Similarly, mitochondrial electron transport proceeds
through a chain of redox-active centres, where the effi-
ciency and directionality of electron transfer are governed
by distance-dependent electronic coupling and quantum
mechanical tunnelling between these sites.'>""

These ideas have become experimentally accessible.
Two-dimensional electronic spectroscopy (2DES) probes
electronic and excited-state dynamics, including charge
transfer processes, and can provide indirect insight into
redox-dependent changes in biomolecular systems. Fem-
tosecond ultrafast spectroscopy uncovers coherent oscil-
latory dynamics, while diamond nitrogen-vacancy (NV)
centres enable nanoscale detection of magnetic and elec-
tric fields inside living cells, and cryo-EM integrated
with quantum simulations can model charge localisa-
tion and electron-transfer bottlenecks with near-atomic
resolution.>!6-17:18:19

1.2 | Historical origins: From
Schrodinger to photosynthesis

The conceptual foundations of quantum biology can
be linked to Erwin Schrddinger’s classic work What is
Life?,°?! which introduced concepts such as the ‘ape-
riodic crystal’ and order-from-order as bridges between
physics and biology. Later, quantum chemistry provided
a framework for understanding electronic structures and
chemical bonds, whereas enzymology revealed evidence of
hydrogen tunnelling through kinetic isotope effect (KIE)
measurements. For many years, doubts remained - was
it really possible for quantum phenomena to endure and
operate within biological environments overwhelmed by
thermal fluctuations?**

The turning point came with the advent of ultrafast
2DES in the late 2000s. Experiments on photosynthetic
pigment—protein complexes (e.g., the Fenna-Matthews—
Olson [FMO] complex, PSI/PSII) revealed long-lived

3

coherence signatures at physiological temperatures.’*?*

This overturned the assumption that coherence must van-
ish in warm, noisy environments.” Around the same time,
theoretical and computational models began exploring
proton tunnelling in DNA and electron tunnelling in mito-
chondrial Complex I, suggesting that quantum biology
extended well beyond photosynthesis.'?%0:27:28

More recently, applications in cancer biology have
demonstrated that ultrafast spectroscopy can distinguish
coherence lifetimes in healthy versus tumour mitochon-
dria, NV sensing can map ROS flux and mitochon-
drial membrane potentials and cryo-EM combined with
variational quantum eigensolver (VQE) approaches can
model disrupted electron delocalisation in pathogenic
mutations.”’ These advances have transformed quantum
biology from speculative theory into a measurable, experi-
mentally testable discipline (Figure 1).>°

1.3 | Next-generation drivers: ultrafast
spectroscopy, quantum computing and
advances in biophysics

Several technological breakthroughs now drive the rapid
expansion of quantum biology:

Ultrafast spectroscopy. 2DES resolves coherence dynam-
ics in femtoseconds, revealing how excitonic transfer,
redox states and protein vibrations interact in real time.
These measurements have shown altered coherence life-
times in diseased versus healthy systems, providing direct
evidence of quantum effects in living biology.

Quantum sensing.’"*> NV centres in diamond function
as quantum sensors under ambient conditions, capable
of detecting magnetic fields, electric potentials and ROS
flux in living cells at nanoscale resolution. This enables
real-time correlation of altered quantum coherence with
phenotypic outcomes such as apoptosis resistance or
metabolic reprogramming.

Cryo-EM* and quantum simulation. High-resolution
cryo-electron microscopy (EM) provides structural maps
of large biomolecular complexes. Coupled with quan-
tum algorithms (e.g., VQE, density matrix renormalisation
group [DMRG]), these structures can be analysed to
reveal electron-transfer bottlenecks, charge localisation
and coherence loss in mutant proteins.

Quantum computing and quantum machine learning
(QML). Even in today’s NISQ era, hybrid algorithms
like VQE and QAOA allow simulations of multi-electron
biomolecular Hamiltonians that are intractable on clas-
sical supercomputers. By integrating quantum support
vector machines (QSVMs) with hybrid neural networks,
researchers can enhance the interpretation of multi-omics
profiles, protein-folding dynamics and ligand-receptor
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Quantum biology: bridging quantum physics and life sciences

From quantum phenomena to biological functions and future applications
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Quantum biology explores how quantum phenomena operate in living systems and how quantum technologies can help us understand, diagnose, and engineer life.

FIGURE 1 From Schrodinger’s

‘What is Life?” to quantum-informed medicine. This conceptual diagram illustrates the intellectual and

scientific trajectory of quantum biology. Beginning with Schrédinger’s 1944 question ‘What is Life?’, the figure traces the translation of

quantum principles into biological mechanisms and ultimately into medicine. The honeycomb crystal symbolises Schrodinger’s ‘aperiodic

crystal’ and the molecular basis of heredity. Waveforms and molecular orbitals represent quantum coherence, tunnelling and spin

phenomena that shape biological function. These insights converge into modern quantum biology, depicted here as bridging fundamental
physics with living systems. The human silhouette with highlighted organs represents translational applications in quantum-informed
medicine, where coherence lifetimes, tunnelling signatures and spin states can be leveraged for diagnostics and therapies.

interactions, thereby advancing both biomarker discovery
and drug development.**

Precision  biophysics. By integrating ultrafast
spectroscopy, nanoscale quantum sensing and quantum-
classical computation, modern biophysics provides a
pipeline to observe, model and engineer biological quan-
tum effects. This workflow supports not only mechanistic
understanding but also translational applications, includ-
ing the design of quantum-informed biomarkers and
therapeutics.

2 | CORE QUANTUM PHENOMENA IN
BIOLOGY

The dynamics of living matter emerge from the interplay
of quantum physics and biochemical principles. Biological
systems are most often associated with quantum phe-

nomena such as coherence, tunnelling and spin-related
entanglement dynamics. While these processes are well
established in physics, their survival and functional signif-
icance in warm, noisy biological environments represent
one of the most fascinating questions in modern science.

2.1 | Quantum coherence

211 | Definition and biological relevance

Quantum coherence refers to the phase correlation
between quantum states, allowing them to exist as super-
positions rather than collapsing into distinct outcomes.
Within living systems, quantum coherence allows exci-
tations or charge carriers to sample many routes at
once, thereby enhancing both transport efficiency and
accuracy. In this review, the term ‘coherence lifetime’
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denotes the characteristic timescale over which these
phase relationships are preserved before decoherence due
to environmental interactions. Importantly, we distin-
guish between electronic coherence (phase correlations
between electronic states), vibrational coherence (coher-
ent nuclear motion) and vibronic coherence (coupled
electronic-vibrational states), as these forms have distinct
physical origins and functional implications in biological
systems.

Early studies reported long-lived quantum coherence
in photosynthetic complexes based on oscillatory signals
observed in Engel et al.l! However, subsequent work has
reinterpreted these oscillations as arising, at least in part,
from vibronic (electronic-vibrational) coherence rather
than purely electronic coherence. Current understanding
suggests that the functional role and nature of coherence in
photosynthetic energy transfer remain subjects of ongoing
debate, with evidence supporting contributions from both
electronic and vibrational dynamics.'®**

2.1.2 | Photosynthesis as a paradigm

A well-known case of quantum coherence in living sys-
tems is observed within photosynthetic complexes. Studies
of the Fenna-Matthews-Olson (FMO) complex in green
sulphur bacteria, and later in higher plant complexes such
as Photosystem I (PSI) and Photosystem II (PSII), sug-
gested that excitonic energy transfer between pigment
molecules is not purely stochastic, but may include con-
tributions from quantum coherence under specific condi-
tions. Instead, ultrafast 2DES detected long-lived oscilla-
tions, interpreted as signatures of electronic coherence,!!
even at physiological temperatures. This means that exci-
tons effectively ‘sample’ multiple pathways simultaneously
before selecting the most efficient route to the reaction
centre.®?

2.1.3 | Excitonic transport within
chromophores

In pigment-protein assemblies, excitons are delocalised
across several chromophores, creating wave-like energy
transport rather than stepwise hopping. Coupling to spe-
cific vibrational modes of the protein scaffold appears
to stabilise coherence by coupling electronic and nuclear
dynamics. This concept of ENAQT suggests that decoher-
ence, rather than destroying quantum effects, can actually
optimise them by mitigating localisation effects. Such
findings challenge the notion that noise is purely detri-
mental, instead framing it as a functional component of
quantum-biological design.>

3

Together, these studies establish coherence not as a rare
anomaly, but as a robust and biologically advantageous
feature of energy transfer in living systems.

2.2 | Quantum tunnelling

221 | Definition and mechanisms

Quantum tunnelling occurs when a particle passes
through an energy barrier higher than its classical kinetic
energy would allow. In biology, tunnelling has been impli-
cated for both electrons and protons, influencing enzy-
matic catalysis, respiration and proton-transfer-mediated
tautomerisation in DNA base pairs.’’

222 |
catalysis

Quantum tunnelling in enzymatic

A classic example is alcohol dehydrogenase, where hydride
transfer exhibits KIEs too large to be explained by classical
transition-state theory. The rates align with models of elec-
tron tunnelling®® modulated by protein dynamics. Simi-
larly, in the mitochondrial Complex I (NADH:ubiquinone
oxidoreductase), electron transfer across flavin mononu-
cleotide (FMN) and iron-sulphur (Fe-S) clusters spans
distances of up to 14 A, consistent with long-range
quantum-mediated electron transfer. Here, tunnelling pro-
vides a natural explanation for efficient electron flow,

linking quantum mechanics to the bioenergetic core of the
ce11.12’15’39

2.2.3 | Proton tunnelling in hydrogen-bond
networks and DNA

Protons, being lightweight particles, tunnel readily across
hydrogen bonds. This has implications for proton-transfer
dynamics in DNA base pairs: base pairs can undergo tran-
sient tautomerisation (e.g., keto — enol, amino — imino)
via proton tunnelling.** Though fleeting, these alterna-
tive forms can mispair during replication, leading to
point mutations.”® This mechanism provides a possible
quantum-mechanical contribution to spontaneous muta-
genesis, complementing classical models of chemical
instability or environmental damage. Proton tunnelling*
is also implicated in hydrogenbond networks in enzymes
and membranes, where it can contribute to proton-coupled
electron transfer (PCET), an important process in bio-
logical energy conversion, including photosynthesis and
aspects of respiration,*>4344
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2.2.4 | Implications for biology

Recognising the role of tunnelling has transformed how
enzyme kinetics are interpreted. Instead of being limited
by over-the-barrier activation energies, reaction rates may
reflect the probability amplitudes of quantum penetra-
tion, modulated by protein conformational fluctuations.?’
In the genetic context, tunnelling-driven tautomerisation
introduces an intrinsic quantum contribution to muta-
tion rates and genome evolution®®* with consequences for
adaptation, disease and aging.*>*

2.3 | Quantum entanglement and spin
dynamics
2.3.1 | Entanglement in biological systems

Quantum entanglement is a quantum mechanical phe-
nomenon characterised by non-classical correlations
between quantum states, such that the state of the system
cannot be described independently of its constituent
components, even when spatially separated.

In biology, entanglement is thought to manifest through
spin dynamics in radical pairs—short-lived molecu-
lar species with unpaired electrons whose spins are
correlated.*’

2.3.2 | Radical pair mechanism in
cryptochromes

The most celebrated example is avian magnetoreception.
Birds and other migratory species appear to sense the
Earth’s magnetic field using cryptochrome proteins in the
retina. When excited by blue light, cryptochromes generate
radical pairs whose spin states (singlet vs. triplet) intercon-
vert in ways that are sensitive to weak geomagnetic fields.
The ability of organisms to detect fields as weak as ~50 uT
strongly suggests reliance on quantum spin coherence and
entanglement, rather than classical mechanisms.*’~>"

2.3.3 | Spindependent reactions in
photosynthesis and enzymatic pathways

Spin dynamics’ are also relevant in photosynthetic reac-
tion centres, where radical pairs form during charge
separation. The yield and directionality of electron transfer
can depend on spin correlations, suggesting that quan-
tum spin effects modulate energy conversion efficiency.
Enzymes such as flavoproteins also generate radical inter-
mediates whose reactivity may be governed by entangled
spin states.

2.3.4 | Potential roles in signalling cascades
Although less well explored, spin-dependent reactions
could influence cellular signalling by modulating the life-
time of reactive intermediates such as reactive oxygen
species (ROS).°>>* Spin chemistry>* may thereby inter-
sect with redox signalling, circadian rhythms and stress
responses. The possibility that entanglement contributes
to biological information processing remains speculative,
but it has gained traction as evidence for spin coherence in
biological conditions continues to accumulate.’->

3 | QUANTUM BIOLOGY ACROSS
SYSTEMS

Fundamental quantum effects—such as coherence, tun-
nelling and spin-related processes—appear in many living
systems, ranging from the light-capturing complexes of
photosynthetic microbes and plants to the sensory mecha-
nisms found in complex animals. In each case, quantum
effects appear not as incidental curiosities but as inte-
gral mechanisms that enhance efficiency, precision or
adaptability.

3.1 | Photosynthesis and energy transfer
311 | The FMO complex and
light-harvesting antennae

Photosynthesis represents perhaps the most striking exam-
ple of functional quantum biology. The FMO complex™®>’
in green sulphur bacteria acts as an energy ‘wire’, trans-
ferring excitonic energy from light-harvesting antennae
to the reaction centre with remarkable efficiency. Quan-
tum mechanical models, supported by ultrafast spec-
troscopy, reveal that excitons are delocalised over multiple
pigments, allowing them to explore parallel pathways
simultaneously.”®

312 |
limits

Quantum efficiency beyond classical

Photosynthetic organisms routinely achieve quantum
efficiencies exceeding 90%, meaning that nearly every
absorbed photon is converted into charge separation at the
reaction centre. Such performance is difficult to explain by
purely classical hopping models, which would incur signif-
icant losses due to dissipation. Instead, coherence enables
wave-like transport, minimising the risk of exciton trap-
ping and enhancing the probability of successful energy
delivery.>”%0
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3.1.3 | Coherence at physiological
temperatures

A major breakthrough came when 2DES revealed long-
lived coherence signatures not only at cryogenic tem-
peratures but also under near-physiological conditions.
This demonstrated that quantum coherence is not an
artifact of low-temperature physics but a robust feature
of living systems, sustained by interactions with protein
vibrational modes. In the ENAQT framework, environ-
mental noise is not merely disruptive but can actively aid
living systems, helping sustain quantum coherence over
extended timescales and promoting more effective energy
transfer.51:62:63

3.2 | Enzymatic catalysis
3.21 | Hydrogen tunnelling in
oxidoreductases

Enzymatic catalysis, traditionally explained through
transition-state stabilisation, often exhibits Kinetic
behaviours that defy classical models. Many
oxidoreductases—including  alcohol dehydrogenase,
lactate dehydrogenase and soybean lipoxygenase-show
evidence of hydrogen tunnelling, where protons or
hydrides cross barriers via quantum penetration rather
than thermal activation.549>6

3.2.2 |
tool

Isotope substitution as a diagnostic

One of the strongest lines of evidence comes from isotope
substitution studies. Replacing hydrogen with deuterium
or tritium significantly alters reaction rates in ways that
far exceed classical KIE predictions. These anomalies are
well explained by tunnelling models, which account for
the lighter mass and higher tunnelling probability of
hydrogen.57:68:69

3.2.3 | Implications for biomedicine

Although still emerging, insights from quantum tun-
nelling in enzymatic catalysis may inform future biomed-
ical applications, including drug design and metabolic
regulation. For drug design, inhibitors that alter barrier
shape or hydrogen-bond networks may specifically disrupt
tunnelling pathways. In metabolic regulation, mutations
that shift protein dynamics can modulate tunnelling prob-
abilities, leading to altered enzymatic efficiency. Quantum

3

enzymology thus opens new opportunities for preci-
sion pharmacology and the design of mechanism-based
therapies.”%"172

3.3 | DNA and genetic stability

3.31 | Proton tunnelling and tautomerisation
Accurate DNA replication relies on the secure match-
ing of complementary nucleotide bases. However, proton
tunnelling across hydrogen bonds can transiently gener-
ate tautomeric forms of bases - such as imino or enol
tautomers-that mispair during replication. Though these
states last only picoseconds, they are sufficient to introduce
point mutations.”>7+7>76

3.3.2 | Spontaneous mutation rates

This mechanism provides a quantum-level explanation for
spontaneous mutations, independent of external muta-
gens. Because of quantum mechanical proton tunnelling,
DNA carries an unavoidable background level of repli-
cation errors, which in turn influences genetic diversity
and evolutionary change. Recent computational studies
suggest that certain oncogenic hotspots in KRAS and
TP53 may be particularly susceptible to tunnelling-induced
mutations, potentially explaining why these loci recur so
frequently in cancer.**-”

3.3.3 | Evolutionary implications

Beyond disease, tunnelling-driven mutations may con-
tribute to the balance between stability and adaptability in
genomes. While excessive mutagenesis threatens genomic
integrity, a low level of quantum-driven variability may
enhance evolvability, providing raw material for natural
selection.*’

3.4 | Sensory biology

3.41 | Olfaction and the vibrational theory

The sense of smell has long posed puzzles for classical
lock-and-key models. The vibrational theory of olfaction
proposes that receptors detect not only molecular shape
but also vibrational frequencies, possibly through inelas-
tic electron tunnelling.”®”” This would explain why some
structurally distinct molecules with similar vibrational
spectra elicit nearly identical odours, while structurally
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similar compounds may smell different. Although still
debated, experiments with isotopically substituted odor-
ants lend support to this hypothesis.”®7?:80:81

3.4.2 | Vision and rhodopsin isomerisation
Visual perception begins with the cis-trans isomerisa-
tion of retinal within rhodopsin, one of the fastest and
most efficient photochemical reactions known. Quantum
effects contribute to the extraordinarily high quantum
yield (>65%) and speed (femtoseconds) of this process. The
coherent excitation of vibrational modes appears to direct
retinal isomerisation along the correct pathway, ensuring
rapid and reliable signal initiation.

3.43 | Magnetoreception and cryptochrome
radical pairs

In the radical pair mechanism of magnetoreception, sin-
glet radical pairs are inherently quantum mechanically
entangled at their formation. However, this entanglement
is more appropriately regarded as an intrinsic feature of
the underlying spin-correlated chemical process rather
than a demonstrated functional driver of magnetic sensing.
Current evidence indicates that magnetic field sensitiv-
ity primarily arises from spin dynamics and singlet-triplet
interconversion governed by hyperfine interactions, while
the direct functional role of entanglement in biological
magnetoreception remains unproven.®>%3

Migratory birds and other animals can sense the Earth’s
magnetic field, a feat explained by the radical pair mech-
anism in cryptochrome proteins. When photoactivated,
cryptochromes generate radical pairs whose spin states
(singlet vs. triplet) are sensitive to weak geomagnetic
fields. Spin coherence and entanglement allow organisms
to perceive fields as weak as 50 uT, well below classical
detection thresholds. This provides one of the most com-
pelling examples of functional quantum entanglement in

biOlOgy.84’8S’86‘87

3.5 | Mitochondrial bioenergetics

3.5.1 | Electron tunnelling in the respiratory
chain

Mitochondria house the electron transport chain (ETC),
where redox centres such as FMN and Fe-S clusters in
Complex I mediate electron transfer over nanometer dis-
tances. Classical diffusion models cannot account for such
efficiency; instead, electron tunnelling provides a natural

explanation. Coupling between redox sites ensures rapid
electron flow necessary for ATP production.®®

3,52 |
transfer

Quantum coherence in electron

Emerging evidence suggests that coherence may play a role
in synchronising electron motion across multiple redox
centres, thereby reducing energy losses and optimising
mitochondrial bioenergetics. In this context, ‘mitochon-
drial coherence’ refers to the transient preservation of
phase relationships during electron transfer among redox
centres within the ETC, such as FMN and Fe-S clus-
ters, distinguishing it from excitonic coherence observed
in photosynthetic systems. This coherence is characterised
by a finite coherence lifetime, defined as the timescale over
which these phase relationships are maintained before
decoherence occurs. Ultrafast spectroscopic studies have
revealed that coherence lifetimes differ between healthy
and cancerous mitochondria, linking quantum electron
transfer dynamics to disease-associated bioenergetic dys-
function.

3.5.3 | ROS regulation and aging

ROS arise when electrons leak from the system due to
impaired tunnelling or loss of coherent transfer.*”°° While
ROS serve as signalling molecules at low levels, their
accumulation causes oxidative damage, contributing to
aging and age-related diseases. This positions quantum
mitochondrial dysfunction as a central factor not only in
cancer but also in broader processes of senescence and
degenerative disease.” "

Across photosynthesis, enzymatic catalysis, genetic
fidelity, sensory systems and mitochondrial metabolism,
quantum mechanics emerges as a fundamental design
principle of life. Coherence enables near-perfect energy
transfer, tunnelling accelerates reactions and introduces
genetic variability, and entanglement through spin dynam-
ics grants organisms extraordinary sensory capabilities.
These diverse manifestations underscore the view that life
does not merely tolerate quantum effects but harnesses
them for functional advantage.”**

3.6 | Quantum-associated target
molecules: From mechanism to disease

To move beyond system-level descriptions, we define a
set of quantum-associated target molecules that function
as convergence points linking quantum mechanisms to
disease phenotypes. These molecules are selected based on
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three criteria: (i) the presence of experimentally or theoret-
ically supported quantum effects, (ii) a well-defined molec-
ular architecture enabling mechanistic interpretation and
(iii) direct relevance to disease-associated biological pro-
cesses.

Rather than reiterating individual processes, this sec-
tion integrates previously described phenomena into a
molecule-centric and mechanism-oriented framework,
emphasising why these systems are particularly suitable
for studying quantum biological function and how their
effects can be interpreted in physiological and pathological
contexts.

3.6.1 |
axis)

Mitochondrial Complex I (FMN-Fe-S

Mitochondrial Complex I is selected as a representative
target because it combines a structurally defined elec-
tron transfer chain with well-established links to disease.
As outlined in Sections 3.5 and 5.1, electron transport
across FMN and Fe-S clusters operates under regimes con-
sistent with quantum tunnelling and partially coherent
charge transfer. These properties can be experimentally
probed using ultrafast spectroscopy and quantum sensing
approaches that quantify coherence lifetimes and redox
dynamics.

Functionally, these redox centres form a unified quan-
tum functional axis, where electronic coupling and envi-
ronmental interactions regulate energy transfer efficiency.
Perturbations arising from mutations, oxidative stress or
structural disorder lead to coherence loss and electron
leakage, resulting in excessive ROS production. This estab-
lishes a direct mechanistic pathway linking quantum-level
instability to metabolic dysfunction, aging and cancer,
positioning Complex I as a primary site of quantum
vulnerability in disease.

3.6.2 | DNA base pairs as quantum
mutational units

DNA base pairs are selected as minimal and ubiquitous
molecular systems in which quantum effects can directly
influence genetic outcomes. Building on Section 3.3,
hydrogen-bonded base pairs provide a well-defined struc-
tural environment where proton tunnelling can occur and
be modelled computationally and experimentally.

Within this framework, proton tunnelling induces
transient tautomeric states that alter base-pairing fidelity.
These events, while short-lived, can be propagated
through replication processes, introducing mutations
without external chemical damage. Thus, DNA base

3

pairs function as discrete quantum mutational units, in
which quantum fluctuations are translated into heritable
genomic variation. This perspective provides a mechanis-
tic basis for spontaneous mutagenesis and its contribution
to oncogenesis and genome instability.

3.6.3 | A unified molecular framework

Across these systems, a common pattern emerges: quan-
tum effects are not diffusely distributed but are concen-
trated within specific molecular architectures that act
as functional nodes. These nodes are characterised by
structurally constrained environments, sensitivity to envi-
ronmental coupling and measurable quantum parameters
such as tunnelling rates or coherence lifetimes.

Importantly, these features define not only how quan-
tum effects operate but also how they can be experi-
mentally accessed and interpreted. As a result, quantum-
associated target molecules provide a tractable bridge
between nanoscale quantum behaviour and mesoscale
biological outcomes, including metabolic imbalance and
mutational accumulation.

By focusing on such target molecules, quantum biology
shifts from a descriptive discipline to a mechanism-
oriented and experimentally grounded framework,
enabling direct linkage between measurable quantum
parameters and disease-relevant phenotypes without
extending beyond biologically and clinically tractable
systems.

4 | EXPERIMENTAL AND
COMPUTATIONAL ADVANCES

Quantum biology has matured from a speculative field into
a data-driven science largely because of transformative
advances in experimental measurement and computa-
tional modelling. These tools allow direct observation of
coherence, tunnelling and spin dynamics in biological
systems and provide theoretical frameworks for simu-
lating biomolecular quantum states with unprecedented
accuracy. Together, they form the backbone of modern
quantum biophysics (Figure 2).

4.1 | Ultrafast spectroscopy
411 | Two-dimensional electronic
spectroscopy

Ultrafast laser spectroscopy has become indispensable
for probing quantum coherence in biomolecules. 2DES
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These experimental and computational platforms enable direct observation, precise measurement and predictive modeling
of quantum phenomena in biological systems, paving the way toward quantum-informed medicine.

FIGURE 2

Experimental and computational advances in quantum biology. This figure illustrates four key technologies that are

transforming quantum biology into a measurable and applicable science. Ultrafast spectroscopy such as 2DES enables femtosecond-resolved

visualisation of coherence lifetimes and electron dynamics in systems like photosynthetic complexes and mitochondria. Quantum sensing

with NV centres in diamond detects spin states, membrane potentials and redox signals in living cells with nanoscale precision. Cryo-EM

provides high-resolution structural data that, when integrated with quantum simulations, reveals electron delocalisation and tunnelling

bottlenecks in large biomolecules. Finally, quantum computing tools like VQE and quantum machine learning are opening new possibilities

for simulating complex biomolecular systems, predicting protein folding and accelerating drug discovery. Together, these platforms bring

quantum biological phenomena into reach for experimental and translational applications.

provides femtosecond temporal resolution while simulta-
neously resolving frequency domains, enabling visualisa-
tion of coherent oscillations in real time.

Here, ‘coherence oscillations’ refer to time-dependent
oscillatory modulations arising from phase-coherent
superpositions between quantum states, typically mani-
fested as oscillations in the off-diagonal elements of the
density matrix and observed as quantum beat signals in
spectroscopic measurements.

By separating ground-state bleach, stimulated emission
and excited-state absorption signals, 2DES can directly
identify quantum beat signatures of excitonic superposi-
tion states.”>%%%7

4.1.2 | Applications in photosynthesis

In photosynthetic light-harvesting complexes, 2DES
revealed that excitons remain coherent for hundreds of

femtoseconds, even at physiological temperatures. This
finding revolutionised our understanding of photosyn-
thetic energy transfer, demonstrating that coherence is
not an artifact of cryogenic conditions but a functional
strategy for near-lossless transport.”

4.1.3 | Applications in mitochondria

More recently, ultrafast spectroscopy has been applied
to mitochondrial ETCs, where electron transfer through
FMN and Fe-S clusters is thought to involve quantum
tunnelling and coherence. These experimental advances
enable the direct observation of quantum phenomena by
resolving specific measurable signatures. Ultrafast spec-
troscopic techniques, such as 2DES, capture coherent
oscillatory signals in time-resolved spectra, which are
interpreted as signatures of quantum coherence. In par-
allel, quantum sensing approaches, including NV centres
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in diamond, detect spin-dependent signals and local elec-
tromagnetic field fluctuations at the nanoscale, providing
direct evidence of quantum states and their dynamics in
biological systems.

Preliminary studies have shown that mitochondria from
tumour cells exhibit shorter coherence lifetimes compared
with those from healthy cells, suggesting that quantum
decoherence may underlie bioenergetic dysfunction and
ROS overproduction in disease contexts.””

By enabling direct visualisation of coherence dynamics,
2DES and related ultrafast methods provide experimen-
tal validation for quantum-biological theories and cre-
ate a bridge between physical predictions and biological
function.'”

4.2 | Quantum sensing
421 | NV centres in diamond as quantum
probes

Quantum sensing technologies based on NV centres in dia-
mond offer nanoscale resolution of magnetic and electric
fields under ambient conditions. NV centres exploit the
quantum spin states of NV defects, which can be optically
initialised and read out with high sensitivity. These defects
serve as quantum magnetometers and electrometers, capa-
ble of detecting fields generated by single molecules or
organelles,101’“’2*103’104

422 | Magnetic resonance and spin
detection in cells

In biological systems, NV magnetometry allows visual-
isation of redox activity, ROS dynamics and mitochon-
drial membrane potential inside living cells. For example,
the spin state of radical pairs in cryptochromes can
be probed to study magnetoreception, while ROS gen-
erated by dysfunctional mitochondria can be detected
in real time at subcellular resolution. NV-based sensing
has thus emerged as a powerful complement to ultra-
fast spectroscopy, extending quantum measurements into
living systems and providing direct connections between
quantum dynamics and cellular physiology.'%

4.2.3 | Biomedical potential

Beyond fundamental studies, NV sensing holds promise
for non-invasive diagnostics. By detecting quantum-level
signatures such as altered spin coherence or abnormal

3

redox activity, NV sensors could one day serve as quantum
biomarkers for early disease detection, including cancer
and neurodegeneration.'

4.3 | Structural integration

While structural biology and quantum computing are
broadly applied across many areas of molecular biology,
their relevance in this context lies in enabling the direct
investigation of quantum phenomena in biological sys-
tems. In particular, high-resolution structural data and
quantum-enabled simulations provide a framework to
probe electron transfer, coherence, tunnelling and spin-
dependent processes at the molecular level, thereby link-
ing technological advances to the mechanistic foundations
of quantum biology and its biomedical implications.

431 |
biology

Cryo-EM revolution in structural

Cryo-EM now enables determination of large biomolec-
ular assemblies at near-atomic resolution, overcoming
limitations of X-ray crystallography and NMR. This struc-
tural revolution provides the foundation for integrating
quantum simulations with experimentally determined
conformations.

432 | Coupling cryo-EM with quantum
simulation

For example, cryo-EM structures of mitochondrial Com-
plex I and cytochrome c oxidase can be combined with
VQE or DMRG calculations to model electron-transfer
pathways, charge delocalisation and redox potentials. This
hybrid approach enables identification of bottlenecks in
electron transport that arise from mutations or conforma-
tional changes, directly linking atomic-level structure to
quantum-level function.'”1%8

4.3.3 | Functional insights

Such integrations have already revealed specific Fe-S clus-
ters where electron delocalisation is disrupted in cancer-
associated mutations, explaining impaired bioenerget-
ics. Going forward, structural-quantum integration may
guide drug discovery efforts, for instance, by identifying
allosteric binding pockets capable of restoring coherence
or bypassing defective electron-transfer routes,'>!0%10.111
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4.4 | Quantum computing in biology

4.41 | VQE for biomolecular Hamiltonians
Classical computers struggle to solve the electronic struc-
ture of large biomolecules, particularly those with strongly
correlated electrons (e.g., Fe—S clusters, flavoproteins). The
VQE," a hybrid quantum-classical scheme, is employed
to approximate ground and excited states of molecular
Hamiltonians using near-term quantum processors. Early
demonstrations show that VQE can accurately compute
redox potentials and coupling constants in Fe-S clusters,
directly relevant to mitochondrial electron transfer.'®

442 |
binding

QML in protein folding and ligand

Beyond simulation, quantum computing offers new
approaches to data-driven biology. QML methods, such
as quantum kernel methods, QSVMs and variational
quantum neural networks (VQNNSs), are being applied
to multi-omics datasets, protein structure prediction and
drug discovery."*

In protein folding, algorithms like the quantum approx-
imate optimisation algorithm (QAOA)'> can map folding
landscapes more efficiently than classical heuristics, iden-
tifying metastable intermediates that underlie misfolding
diseases such as cancer-related p53 mutations. In drug dis-
covery, quantum-enhanced models improve prediction of
binding affinities and accelerate de novo molecular design,
moving beyond brute-force screening towards quantum-
guided medicinal chemistry.

4.4.3 | Future potential
Although still constrained by the limitations of noisy
intermediate-scale quantum (NISQ) devices, these meth-
ods foreshadow a future in which full-scale quantum sim-
ulation of biomolecules becomes routine. Such advances
would fundamentally transform our ability to predict,
manipulate and engineer biological systems at the quan-
tum level. %17

Experimental and computational advances have trans-
formed quantum biology from theoretical speculation into
an empirically grounded field. Ultrafast spectroscopy has
confirmed coherence lifetimes in photosynthetic and mito-
chondrial systems; NV-based quantum sensing has opened
windows into live-cell spin and redox dynamics; cryo-EM
structures integrated with quantum simulations connect
structure to quantum function; and quantum computing
provides the tools to solve Hamiltonians and analyse bio-
logical data far beyond classical limits. Collectively, these

innovations are establishing a new era in which quan-
tum processes in biology are observable, modellable and
increasingly exploitable for biomedical applications.''®!!

5 | BIOMEDICAL IMPLICATIONS

The convergence of quantum biology and medicine sug-
gests that quantum phenomena are not only fundamental
to life’s processes but also central to the onset, progres-
sion and treatment of disease. Quantum effects such as
coherence, tunnelling and spin dynamics may underpin
hallmarks of human health, aging, cognition and pathol-
ogy. Understanding these processes provides opportunities
to identify new biomarkers, reveal disease mechanisms
and design quantum-informed therapies (Figure 3).!20:%!

5.1 | Aging and metabolism

51.1 | ROS and mitochondrial decoherence
Mitochondria are key bioenergetic organelles where elec-
tron tunnelling and coherence enable efficient ATP pro-
duction. When coherence is disrupted — through muta-
tions, environmental stress or age-related damage — elec-
tron leakage increases, leading to excess ROS production.
While low levels of ROS play signalling roles, chronic
accumulation damages DNA, proteins and membranes,
driving cellular senescence and organismal aging. From
this perspective, mitochondrial decoherence is not merely
a metabolic defect but a quantum mechanical failure that
accelerates the aging process.!?>!%3

512 | Quantum biomarkers of aging

Potential markers of aging may thus include quantum-
level signatures such as shortened coherence lifetimes
in ETCs, altered spin states of Fe-S clusters or enhanced
proton tunnelling frequencies associated with muta-
genesis. Detecting these signatures with ultrafast
spectroscopy or NV sensing could provide quantum-
informed biomarkers of biological age, complementing
classical measures such as telomere length and epigenetic
clocks.'?*

5.2 | Neurobiology and cognition

5.2.1 | Quantum hypotheses in consciousness

The brain represents one of the most intriguing fron-
tiers for quantum biology. The Penrose-Hameroff
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Quantum biology is enabling a new paradigm of medicine—precise, predictive and deeply connected to the quantum nature of life.

FIGURE 3
translational medicine to enable next-generation diagnostics and therapies. Quantum biomarkers — such as altered coherence lifetimes,

Quantum-informed diagnostics and therapeutics. This figure illustrates how quantum biology is converging with

tunnelling rates or spin states — offer non-classical indicators of aging, stress and disease. Quantum sensing technologies, including NV
centres and spin-based biosensors, enable nanoscale, non-invasive detection of redox states and membrane potentials. On the therapeutic
side, modulating quantum features like tunnelling or coherence may restore redox balance or improve metabolic function. Finally, quantum
simulations support precision drug design by modelling electron-transfer pathways and redox-active interactions. Together, these strategies

define a new paradigm of quantum-informed biomedicine.

orchestrated objective reduction'” hypothesis proposes
that microtubules within neurons sustain quantum coher-
ent states that may contribute to consciousness. While
highly debated, this theory highlights the possibility that
cognitive processes could involve non-classical dynamics
beyond traditional neurophysiology.'?°

5.2.2 | Quantum tunnelling in ion channels
and neurotransmission

More concrete evidence suggests that quantum tunnelling
plays a role in neuronal signalling. Ion channels, such as
potassium and proton channels, may exploit tunnelling
to accelerate ion transfer across barriers, ensuring rapid
action potential propagation. Neurotransmitter release can
be affected by tunnelling effects, since the processes of
vesicle fusion and PCET are highly sensitive to dynam-

ics occurring at the quantum scale.'?”'?® These processes
could provide the speed and precision required for high-
frequency neural signalling, linking quantum mechanics
to cognition and memory.'?’

5.3 | Disease mechanisms

5.3.1 | DNA mutations via tunnelling

Spontaneous mutations arising from proton tunnelling-
induced tautomerisation in DNA bases are implicated
in cancer and neurodegeneration. Quantum models
predict elevated tunnelling at oncogenic hotspots,
consistent with the recurrence of specific point muta-
tions in tumour genomes. In the nervous system,
similar tunnelling-driven mutations may contribute
to the accumulation of pathogenic variants linked
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Quantum biology transforms oncology through a closed-loop cycle of data, computation and intervention for precision and adaptive cancer care.

FIGURE 4 A quantum-informed oncology workflow. This diagram presents a conceptual framework integrating quantum biology into

oncology, from patient profiling to precision therapy. Multi-omics data - including genomics, proteomics and metabolomics - reveal redox

imbalances and mitochondrial dysfunction linked to quantum effects in cancer. Structural models derived from cryo-EM, AlphaFold or MD

simulations support quantum mechanical calculations (e.g., VQE, QPE) to extract key electron transfer parameters such as AG, 1 and Hp,.
These simulations guide the identification of coherence loss, tunnelling disruption or spin anomalies as diagnostic biomarkers. Drug
discovery targets quantum-sensitive proteins using tunnelling-aware docking and spin-modulation strategies. Finally, therapeutic

interventions are designed to restore quantum coherence or exploit vulnerabilities in redox signalling. Clinical outcomes feed back into the

system, enabling continuous optimisation through a closed-loop learning framework.

to disorders such as Alzheimer’s or Parkinson’s
disease.*0:130

5.3.2 | Mitochondrial dysfunction via
decoherence

Mitochondria also play a central role in disease through
quantum decoherence in their ETCs. Shortened coher-
ence lifetimes correlate with reduced ATP production,
elevated ROS and increased apoptosis resistance — all fea-
tures of cancer cells. Neurodegenerative diseases similarly
involve impaired mitochondrial coherence, linking quan-
tum dysfunction to both energy crisis and oxidative stress
in neurons. Thus, tunnelling and coherence defects repre-
sent quantum origins of pathology across multiple disease
categories.'??

5.4 | Translational quantum biomedicine

54.1 | Quantum-informed diagnostics
Translational medicine is beginning to incorporate quan-
tum insights into diagnostic pipelines (Figure 4). Ultrafast
spectroscopy can reveal altered coherence in mitochon-
dria, NV sensors can map spin dynamics and ROS flux
in patient samples, and quantum mutational signatures
(e.g., elevated G— A transitions from tunnelling) can refine
genomic diagnostics.

Emerging studies suggest that quantum-informed diag-
nostic approaches, including measurements of mito-
chondrial coherence dynamics and redox-related sig-
natures, may provide additional layers of information
for disease characterization. However, these approaches
remain at an early stage of development, and further
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experimental validation is required to establish their clini-
cal utility.

These quantum-informed biomarkers promise earlier
and more precise detection of disease, particularly for
cancers and age-related disorders."!

5.4.2 | Therapeutics targeting coherence and
tunnelling

On the therapeutic front, drugs designed to stabilise
electron delocalisation in mitochondrial complexes may
restore coherence and reduce ROS generation. On the
other hand, by modifying hydration shells or disrupt-
ing hydrogen-bond networks surrounding DNA, certain
compounds may inhibit tunnelling-driven tautomerisa-
tion, thereby reducing mutation frequency and poten-
tially slowing the development of cancer. Early studies
already test mitochondrial-targeted antioxidants, spin-
modulating agents and DNA-stabilising compounds as
quantum-directed therapeutics.'?%-'*2

543 |
medicine

The future of quantum-informed

In the long term, integrating quantum biomarkers with
multi-omics and patient stratification may enable a new
paradigm in precision medicine — where therapies are
matched not only to genetic and epigenetic profiles but
also to the quantum mechanical state of key biomolecular
processes.

The biomedical implications of quantum biology are
profound. In aging, mitochondrial decoherence accel-
erates ROS-driven decline; in neurobiology, tunnelling
and coherence may underlie both cognition and dis-
ease; in pathology, quantum processes explain muta-
genesis and bioenergetic failure; and in translational
medicine, quantum-informed diagnostics and therapeu-
tics are beginning to emerge. Together, these insights
suggest that quantum mechanics is not merely compat-
ible with life but integral to its health, dysfunction and
treatment,>!33134

6 | CHALLENGES AND LIMITATIONS

Despite the remarkable progress in quantum biology, sig-
nificant challenges remain before the field can be fully
integrated into mainstream biomedical science. These
challenges reflect both fundamental physical constraints
and technological bottlenecks, as well as the difficulties of
bridging complex theory with experimental reality. Three

3

areas—decoherence in noisy environments, scaling limita-
tions in quantum simulations and the gap between models
and validation—represent the most pressing hurdles.?

6.1 | Decoherence in warm, noisy
environments

6.1.1 | The problem of decoherence

Quantum coherence and entanglement are fragile states
that rapidly collapse under thermal noise and environ-
mental interactions. Living cells operate at ~310 K in
aqueous, ion-rich environments that should, in principle,
destroy coherence on femtosecond timescales. This raises
the central paradox of quantum biology: how can life sus-
tain quantum effects under such inhospitable conditions?
(Figure 5).1%

6.1.2 | Partial solutions and open questions
Research indicates that biomolecules could take advantage
of ENAQT, a phenomenon in which specific forms of noise
help preserve coherence by reducing exciton localisation.
Protein scaffolds, vibrational modes and structural sym-
metry may act as natural error-correction mechanisms,
extending coherence lifetimes beyond naive predictions.
However, these protective strategies remain poorly under-
stood and may vary across systems. Determining the
general principles that govern noise-tolerant quantum
states in biology remains a major challenge.

6.1.3 | Clinical relevance of decoherence

From a biomedical perspective, decoherence is more than
a physical constraint; it may underlie disease. For exam-
ple, shortened coherence lifetimes in mitochondria have
been linked to impaired energy production and elevated
ROS in cancer and neurodegeneration. However, prov-
ing a direct causal link between decoherence and disease
remains challenging, highlighting the necessity for more
precise and direct measurement techniques.

6.2 | Scaling limitations in quantum
simulations
6.2.1 |

The computational bottleneck

Accurately simulating biological molecules at the quan-
tum level requires solving the many-body Schrodinger
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Biological systems span a spectrum from quantum coherence to decoherence, shaping health and disease.
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Maintaining quantum coherence may be a fundamental principle of cellular health—and a new frontier for medicine.

FIGURE 5

Quantum decoherence landscape in cellular physiology. This diagram illustrates how biological systems occupy a spectrum

of quantum coherence. On the left, quantum-coherent states (e.g., photosynthetic complexes, cryptochromes) preserve coherence through
structural order and low noise. The centre depicts partially coherent systems like mitochondrial Complex I and enzymatic active sites, where

tunnelling and vibronic effects remain functional despite moderate thermal and redox noise. On the right, decoherent states such as aging

cells and cancerous mitochondria suffer from oxidative stress and structural entropy, impairing quantum mechanisms. The landscape

suggests that maintaining coherence may be critical for cellular health and introduces novel avenues for quantum-informed diagnostics and

therapies.

equation for systems with thousands of electrons. Classi-
cal computers are incapable of handling such complexity
beyond small model systems. Even with approxima-
tions, traditional quantum chemistry struggles to capture
strongly correlated electron dynamics in biomolecules
such as Fe-S clusters or photosynthetic reaction centres.

6.2.2 | Near-term quantum hardware

Quantum computing offers a potential breakthrough, but
current devices are in the NISQ era. Present quantum pro-
cessors suffer from short qubit coherence times, limited
gate fidelity and insufficient qubit counts to model realis-
tic biomolecules. Algorithms such as the VQE and QAOA
have shown promise on small systems, but scaling them to
clinically relevant biomolecular networks remains far out
of reach.

6.2.3 | Path forward

To overcome this limitation, advances are needed in fault-
tolerant quantum hardware, error correction protocols and
hybrid quantum-classical workflows that can efficiently
allocate computational resources. For now, performing
quantum-level simulations of whole proteins, organelles
or cellular signalling pathways is still more of a goal than
a reality.

6.3 | Bridging theoretical models with
experimental validation
6.3.1 | Theory-experiment disconnect

Many quantum-biological models predict phenomena—
such as long-lived coherence or tunnelling-induced
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mutations - that are difficult to confirm experimentally.
Computational predictions often rely on idealised Hamil-
tonians, whereas biological systems are heterogeneous,
dynamic and embedded in complex cellular environ-
ments. This creates a persistent gap between theoretical
abstraction and biological reality.'*°

6.3.2 | Experimental limitations

Although techniques such as ultrafast spectroscopy and
NV-based sensing provide unprecedented resolution, they
often probe simplified or isolated systems (purified com-
plexes, in vitro samples) rather than intact living organ-
isms. In addition, because quantum signals are inherently
faint, advanced analytical methods are needed to separate
them from surrounding noise. Establishing reproducibil-
ity and biological relevance across laboratories remains a
challenge.

6.3.3 | Multidisciplinary integration

Closing this gap requires closer collaboration between
quantum physicists, biologists, chemists and clinicians.
New computational approaches need to merge quantum
mechanics with systems biology and multi-omics informa-
tion, whereas experimental studies should create assays
that connect quantum phenomena directly to functional
outcomes including metabolism, genetic mutations and
the course of disease. Without such cross-disciplinary inte-
gration, the clinical translation of quantum biology will
remain limited.

Quantum biology faces formidable but surmountable
challenges. The fragility of coherence in warm, noisy envi-
ronments raises fundamental questions about how life
protects quantum states. The restrictions of present-day
quantum devices hinder efforts to perform realistic simula-
tions of biomolecules. Finally, the gap between theoretical
predictions and experimental validation must be narrowed
to ensure that quantum phenomena are more than elegant
models—they must be demonstrable, reproducible and
clinically meaningful. Addressing these challenges will
determine whether quantum biology remains a promis-
ing frontier or matures into a transformative pillar of
21st-century biomedicine 516137138

7 | FUTURE PERSPECTIVES

Quantum biology is no longer a purely theoretical curios-
ity — it is emerging as a framework that could reshape
our understanding of life and disease.'** While these con-

3

cepts highlight promising directions for the field, many
of the proposed mechanisms and applications remain
speculative and require further experimental validation.
Accordingly, this section is intended to provide a forward-
looking perspective on emerging hypotheses rather than a
summary of fully established findings. Looking ahead, the
field is poised to evolve in three major directions: the inte-
gration of quantum biology into systems-level approaches,
the translation of insights into quantum-inspired therapies
and the formulation of a unified theory of life that explicitly
incorporates quantum principles.®'

7.1 | Integration of quantum biology into
systems biology and multi-omics

7.1.1 | From molecules to systems

Current quantum-biological studies often focus on iso-
lated components—photosynthetic complexes, enzymes
or DNA base pairs. Yet, in living organisms, these processes
are embedded within highly interconnected molecular
networks. The upcoming challenge is to merge quantum-
scale models with systems biology, creating links that span
from fundamental subatomic processes to the physiology
of entire cells.!?%140:141

7.1.2 | Quantum signatures in omics datasets
Large-scale genomics, proteomics, metabolomics and
epigenomics provide a rich context for correlating quan-
tum signatures with clinical phenotypes. For example,
tunnelling-induced mutational spectra could be linked to
tumour sequencing datasets, or coherence lifetimes in
mitochondrial proteins could be mapped against tran-
scriptomic and metabolomic changes in aging tissues.
Incorporating quantum parameters into multi-omics inte-
gration pipelines could reveal hidden determinants of
disease risk and therapeutic response.'®

Emerging evidence suggests that quantum-related
effects may contribute to complex biological processes and
disease-relevant pathways. However, these associations
remain an area of active investigation, and further experi-
mental and mechanistic studies are required to establish
their functional significance.

7.1.3 | Data-driven quantum biology

Machine learning and quantum-enhanced algorithms will
play a crucial role in integrating these complex datasets.
By leveraging quantum kernel techniques and variational
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circuits, researchers may identify patterns invisible to
classical approaches, thereby building predictive mod-
els of health and disease that incorporate quantum-scale
fluctuations. This integration promises to establish quan-
tum biology not as an isolated discipline but as a core
dimension of systems biomedicine.'*?

7.2 | Development of quantum-inspired
therapies
7.21 | Restoring quantum coherence

As evidence accumulates that decoherence underlies
disease, therapies could be designed to stabilise or
restore quantum coherence in biomolecular systems.
Mitochondrial-targeted small molecules or peptides that
enhance electron delocalization may reduce ROS produc-
tion, improve energy efficiency and delay aging-related
decline.

7.2.2 | Modulating tunnelling pathways
Therapeutics could also be aimed at reducing harmful
tunnelling events, such as proton tunnelling that drives
DNA mispairing and mutagenesis. Agents that modulate
hydration shells, alter proton donor-acceptor geometries,
or reinforce canonical hydrogen bonding could lower tun-
nelling probabilities, thereby reducing mutation rates in
cancer or neurodegeneration.

7.2.3 | Spin-based therapies

Another promising direction involves spin chemistry.
If radical pair spin dynamics contribute to sensory
biology and redox signalling, drugs or magnetic fields
designed to influence spin coherence could alter sig-
nalling outcomes. Such spin-modulating interventions
may one day represent a new class of quantum-informed
therapeutics.

7.2.4 | From concept to clinic

Although speculative, the first clinical trials incorporating
quantum biomarkers - such as mitochondrial coherence
lifetimes — have already been initiated in oncology. This
suggests that quantum-inspired therapies could transition
from concept to reality within the coming decade.

7.3 | Towards a unified theory of life at
the quantum level

7.3.1 | Beyond reductionism

Classical biology explains life through genetics, chemistry
and thermodynamics, but it leaves unresolved the extraor-
dinary efficiency, precision and adaptability of many bio-
logical processes. Quantum biology offers the possibility of
a unified theory of life in which coherence, tunnelling and
entanglement are recognised as fundamental principles
alongside Darwinian evolution and molecular genetics.

7.3.2 | Philosophical and scientific
implications

Such a theory would not only deepen our understanding
of how life works but also redefine our conception of what
life is. If quantum processes are essential to biological func-
tion, then the origin of life itself may be inseparable from
the conditions that support quantum coherence. More-
over, the study of cognition, consciousness and complex
behaviour may ultimately require a quantum-informed
neuroscience.

7.3.3 | Long-term vision

In the next 10-20 years, as fault-tolerant quantum comput-
ing matures, researchers may be able to simulate entire
metabolic pathways and signalling networks at the elec-
tronic level. Entanglement-based models could be applied
to study chromatin dynamics, neural synchrony or even
consciousness. The ultimate goal would be a quantum
theory of biology that unifies molecular physics with
systems-level physiology, providing a conceptual founda-
tion as transformative as the central dogma or the genetic
code.

The advancement of quantum biology will depend on
expanding its scale, applying its insights across disciplines
and integrating its diverse approaches. By embedding
quantum effects into systems biology and multi-omics
frameworks, developing therapies that exploit or correct
quantum mechanisms and formulating a unified theory
of life grounded in quantum principles, the field has the
potential to fundamentally reshape medicine and biology.
What began as an exploration of coherence in photosyn-
thetic complexes is now moving towards a vision in which
the quantum nature of life is a cornerstone of 21st-century
science and medicine.
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10.

| CONCLUSION

. Quantum biology reveals that life operates through a

dual classical-quantum framework, where coherence,
tunnelling, spin dynamics and entanglement actively
shape core biological processes-from photosynthetic
energy transfer to enzymatic catalysis, DNA stability,
sensory perception, mitochondrial bioenergetics and
possibly cognition.

Quantum mechanisms are not rare anomalies but evo-
lutionary design principles that enable biological sys-
tems to achieve efficiencies, precision and adaptability
that are unattainable by classical physics alone.
Coherence and tunnelling provide mechanistic clar-
ity to long-standing biological questions, explaining
near-lossless exciton transport, rapid enzyme catalysis
and the spontaneous tautomerisation-driven muta-
tions that influence evolution, aging and disease.

Spin dynamics and quantum entanglement offer a uni-
fying explanation for extraordinarily sensitive biolog-
ical sensing, including magnetoreception and poten-
tially other yet-undiscovered signalling modalities.
Quantum biology provides new biomedical opportu-
nities, including biomarkers such as mitochondrial
coherence lifetimes, tunnelling-associated mutational
signatures and spin-state indicators of redox imbal-
ance and disease progression.

Therapeutic innovation may emerge by directly tar-
geting quantum-level dysfunction, such as restoring
electron delocalisation in mitochondria, suppressing
pathological proton tunnelling in DNA or modulating
spin-dependent radical pair reactions.

Integrating quantum parameters into systems biology
and multi-omics frameworks could uncover hidden
determinants of health, aging and disease that remain
invisible to classical molecular analyses.

Rapid advances in ultrafast spectroscopy, quantum
sensing, cryo-EM/quantum simulation and quantum
computing will accelerate the transition of quantum
biology from a foundational science to an applied
medical discipline.

Quantum biology marks a paradigm shift comparable
to the discovery of the genetic code, redefining the fun-
damental nature of survival, adaptation and disease
through the quantum fabric of living matter.

By embracing the quantum dimension of life, biology
and medicine move towards a future in which diag-
nostics, therapeutics and systems-level understanding
are grounded not only in chemistry and genetics but
also in the quantum architecture that underlies all
biological function.
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