Forget about sterile labs for a moment and think instead of a sparrow, wings beating against the vast sky,
navigating thousands of miles using a compass within its eyes, or a beam of sunlight hitting a leaf, its energy
zipping through a molecular maze with near-perfect efficiency. Could these delicate quantum effects enable
more efficient energy transfer or information processing within complex biological networks? Is it possible
that the detection of a rose’s scent involves inelastic electron tunnelling, whereby odorant vibrational modes
are sensed? The very building blocks of us, our DNA, occasionally allow protons to perform impossible
leaps—‘quantum tunnelling’—which rarely contribute to genetic errors. Is life just molecules bumping around,
or is it harnessing phantoms (superposition, entanglement, and tunnelling), to pull off classically impossible
leaps? How deeply is life itself entangled with the weird, uncertain rules of the quantum world?

But what is quantum, anyway? And why does it matter to a blade of grass, a migrating robin, or you?
To try and answer these questions we have to analyze prominent cases like photosynthesis, magnetorecep-
tion, enzymes, olfaction, DNA, and cognition to assess whether quantum effects are essential optimizations,
incidental occurrences, or negligible artifacts.

Quantum Function in Biology “Quantum biology” questions whether living organisms exploit exotic
quantum phenomena like particles existing in multiple states simultaneously or influence each other instantly
across distances to perform essential biological functions. While life fundamentally obeys quantum laws, do
phenomena like superposition and entanglement play functional roles in larger biological systems? As Marais
et al. (2018) observed, advances in experimental technology have now provided tangible evidence that quan-
tum effects are indeed present and potentially operational across a variety of biological contexts. Quantum
physics supports molecular biology, but its functional usefulness varies: some systems take advantage of
quantum traits for efficiency or sensitivity, while others operate classically. Detecting fleeting quantum
phenomena within the warm, bustling environment of a living cell requires overcoming immense technical
hurdles. Definitively proving how quantum phenomena dynamically interact with biological complexity and
entropy control remains an open experimental challenge.

To grasp the biological complexity, we need to focus on how things connect and work together. Imagine
a bustling city: its complexity arises not just from buildings and people, but from the intricate web of
roads, communication networks, power grids, and social interactions. Similarly, life’s complexity involves
richly connected networks of molecules, cells, and organisms constantly interacting; sophisticated information
processing where systems sense their environment, make decisions, and adapt; the phenomenon of emergence,
where simple interactions give rise to unexpected, larger-scale behaviors (like individual ants creating a smart
colony); and resilience, the remarkable capacity to maintain function amidst change or damage.

Quantifying this complexity and exploring its potential links to the fundamental physics concepts of quantum
features and entropy is a profound challenge. While the universe tends towards disorder, living things
maintain incredible internal order. They achieve this by constantly taking in energy and exporting entropy
(disorder) to their surroundings. We might measure how efficiently a living system manages this energy flow
and entropy export. Mathematical tools can effectively be used to map the patterns of connections and
communication within living systems and analyze how information flows and how surprising or organized
the system’s behavior is over time. Perhaps more complex systems do this with greater finesse.

Potential functional roles of quantum physics in biology require an understanding of the core quantum
phenomena themselves.

e Superposition allows particles to exist in multiple states simultaneously like a spinning coin embodying
both heads and tails mid-air (Ball, 2011).

e Coherence sustains these superposed states and enables wave-like interference; however, warm, noisy
environments, like living cells, rapidly destroy coherence through decoherence (Schlosshauer, 2007).

e Entanglement links particles into a unified system, where measuring one instantly determines its part-
ner’s state, even across vast distances; a connection Einstein famously deemed “spooky” (Hensen et
al., 2015).

e Quantum tunnelling allows particles to traverse energy barriers which is classically impossible, like a
ball occasionally phasing through a wall (Al-Khalili, 2003) and this phenomenon is critical in certain
chemical reactions.



Though these principles govern microscopic particles, their macroscopic relevance in biology depends on
whether organisms utilize them for functional advantage.

Radical-Pair Spin Correlations - The Bird, the Magnet, and the Compass FEvery autumn, the
European robin embarks on a 2,000-mile journey to Africa, guided by an internal compass. How? Deep in
its eye, a protein called cryptochrome, when exposed to light, creates two “radical” molecules, each with
an unpaired electron that become entangled like cosmic twins. These electron particles are linked across
space. Earth’s magnetic field subtly alters their invisible connection, making them oscillate between linked
states (“singlet”) and unlinked states (“triplet”) under geomagnetic influence.[~1] These oscillations control
a chemical signal which gives the robin a sense of direction. The proof? Scientists tested this by bathing
birds in weak radio waves, and suddenly, they were hopelessly lost. It was like jamming the signal between
the entangled electrons. Their singlet-triplet oscillations were disrupted by the weak radio frequency fields,
confirming quantum underpinnings (Ritz et al., 2004). This experiment is a prime example of a quantum-
controlled stress test: using a tailored electromagnetic pulse to deliberately disrupt a quantum state and
observe the subsequent functional failure in the organism. This provides compelling evidence that the
quantum link is essential for navigation, not just a passive correlate. The robin’s navigation system runs on
quantum code.

But wait-is This Quantum Enigma Necessary? If cryptochrome’s radical pairs were not quantum-
entangled, could the robin still navigate? A competing hypothesis suggests yes, pointing to magnetite-based
sensors found in other species like pigeons (Mora et al., 2004). Yet, this classical model fails to explain
the robin’s eerie sensitivity to radio waves. Here, quantum mechanics isn’t just a backdrop, it is the script.
Though uncertainties remain, the radical-pair model remains the most compelling explanation for avian
magneto-reception and demonstrates functional quantum effects at a macroscopic scale.

While the robin’s compass exploits quantum entanglement for sensing, plants may harness a different quan-
tum phenomenon—coherence—to achieve the near-instantaneous transport of energy.

Photosynthesis & Quantum Coherence When sunlight spills over a forest, a microscopic ballet unfolds
within every leaf. Energy needs to race to the plant’s reaction center before it is lost. Particles of light—
photons—slip into chlorophyll molecules, sparking a chain reaction essential for carbon fixation. Photosyn-
thetic organisms achieve near-perfect energy transfer efficiency, which prompts investigations into quantum
coherence. Scientists suspect this energy transfers are not just random hops. Early experiments detected
signs of a quantum phenomenon, where energy exists in multiple places at once (superposition), and takes
all paths simultaneously like a pianist playing every note of a symphony simultaneously before choosing
the perfect chord. Utilizing two-dimensional spectroscopy revealed oscillatory signals in pigment-protein
complexes like the Fenna-Matthews-Olson (FMO) complex, which suggests electronic coherence lasting ap-
proximately 300 femtoseconds at physiological temperatures (Engel et al., 2007). It seems evolution had
crafted a quantum shortcut for near-perfect efficiency. This led to hypotheses that excitons[ 2] travel via
“quantum walks”, sampling multiple pathways simultaneously.

However, recent analyses argue that electronic coherences decay too rapidly to influence energy transfer,
attributing observed oscillations to molecular vibrations rather than quantum effects (Cao et al., 2020).
Quantum mechanics governs exciton delocalization[ 3], but classical models with thermal fluctuations may
explain transport efficiency without invoking long-lived coherence. While classical models may explain
efficiency, the functional significance of transient quantum coherence remains debated. Whether nature
exploits quantum effects beyond classical explanations remains an open question.

Enzymes, the Tunnelling Wizards FEnzymes are life’s ultimate catalysts, accelerating reactions a trillion
times faster than they would occur alone, with the hydrogen-transfer steps often exhibiting kinetic isotope
effects (KIEs)["4] and exceeding classical predictions. How this is possible? By exploiting the quantum
rulebook. Alcohol dehydrogenase, an enzyme that detoxifies alcohol uses quantum tunnelling observed when
protons vanish from one side of a barrier and reappear on the other without thermal activation (Klinman &
Kohen,2013), like ghosts passing through walls.



Is Tunnelling a Necessity? Critics say this is just “good chemistry,”: protein dynamics may optimize
donor-acceptor distances or vibrational modes to enhance tunnelling, but experiments show reactions slow
drastically when hydrogen is replaced with heavier deuterium—a smoking gun for tunnelling. Quantum tricks
seem most vital where speed or precision is paramount like a chef using a blowtorch for creme brulee when
a lighter won’t do. While tunnelling likely contributes to catalysis, its universality and necessity remain
contested.

The Nose Knows... Or Does It? If the necessity of quantum tunnelling in enzyme catalysis remains a
subject of active debate, its proposed role in the biological sense of smell has also faced sterner experimental
scrutiny. What makes a rose smell like a rose? For decades, scientists have agreed that receptors recognize
odor molecules by shape. Then came a wild idea; what if noses perceive molecular vibrations? The theory?
Inelastic electron tunnelling, like a tiny guitar string plucking a scent’s unique frequency.

However, the vibrational theory of olfaction, proposing that odorant receptors detect molecular vibra-
tions via inelastic electron tunnelling, has largely been disproven. When researchers swapped hydrogen
for deuterium[~5] in odor molecules (shifting their vibrational spectra), experiments on human olfactory
receptors(OR5AN1) and mouse neurons(MOR244-3) revealed no differential responses.["6] The receptors
responded identically to normal and deuterated isotopes, contradicting predictions of the vibrational theory.
However, Drosophila[~7] studies showed flies could distinguish isotopic odorants, suggesting species-specific
mechanisms.

Structural studies further support lock-and-key binding mechanisms. Though intriguing, the vibrational
hypothesis lacks empirical support, which reinforces classical models of olfaction. The verdict? Smell is a
lock-and-key game. Quantum vibrations, while poetic, don’t hold the key. The nose seems to work primarily
through the classical “lock and key” shape fit.

While the case for quantum vibrations in smell has proven weak, the evidence for quantum tunnelling
influencing life’s very blueprint—the DNA—is far more compelling.

The DNA’s Quantum Gamble DNA’s double helix is a masterpiece of precision, yet errors do creep in.
The base pairs of DNA occasionally undergo tautomerization|[ 8], where protons tunnel between sites, and
potentially cause mismatches during replication.[~9] Quantum models predict G-C tautomers interconvert
orders of magnitude faster than classical hopping (Slocombe et al., 2022). But don’t panic: most tautomers
vanish before replication, and repair enzymes fix the rest. While tunnelling contributes to tautomerism, its
evolutionary impact remains unclear. It is a cosmic game of chance, with quantum mechanics as the dealer.

Quantum Mind Hypotheses—A Bridge Too Far? Could consciousness itself be quantum? Penrose
and Hameroff’s “Orch OR” model claims microtubules in brain cells host quantum computations, collapsing
into awareness like a cosmic wave. But physicist, Max Tegmark (2000), calculated that brain noise would
snuff out coherence in a trillionth of a second which is far too fleeting for thought. No experimental evidence
supports macroscopic quantum effects in cognition, and classical network dynamics adequately explain brain
function. For now, the brain remains a classical machine, humming with electricity, not quantum mysticism.

Quantum Thermodynamics: Delayed Decoherence in Cellular Environments A powerful new
framework called quantum thermodynamics, which blends the rules of the ultra-small with the flow of energy
and disorder, is revealing nature’s ingenious strategies for preserving this microscopic quantum phenomena.

Imagine trying to hear a whisper in a hurricane. Biological cells face a similar challenge. Their solution?
Large molecules, particularly proteins, act as architects, forming intricate structures that shield delicate
quantum states within protected pockets. In the photosynthetic machinery of plants and bacteria, proteins
like the Fenna-Matthews-Olson complex hold light-sensitive molecules in precise arrangements. This “struc-
tural scaffolding” minimizes disruptive jostling from the surrounding cellular wet environment, allowing
crucial electronic coherence, which is essential for super-efficient, energy transfer to persist for hundreds of
femtoseconds (a millionth of a billionth of a second!) even at body temperature. Quantum thermodynamics
explains this through Environment-Assisted Quantum Transport (ENAQT)["10], showing that under the



right conditions, the gentle warmth of the cell doesn’t just destroy coherence; it can actually enhance it.
Vibrations within the protein can synchronize energy flow, turning environmental noise into a constructive
force that helps, rather than hinders, the quantum process.

Rewinding Decoherence Life might also exploit a peculiar property of its environment: memory[ 11].
Normally, quantum disturbances cause instant and irreversible fading (decoherence). But the dense, dynamic
wet environment inside a cell-water molecules, ions, and other particles-does not forget instantly. These
components retain brief temporal correlations, creating a “memory” effect. This memory can partially
reverse decoherence, similar to the “spin-echo” techniques physicists use in labs. This reversal is potentially
crucial for birds. Cryptochromes in their eyes are thought to use entangled electron pairs as a compass.
The surrounding cellular environment, with its fleeting memory, helps sustain this fragile quantum link long
enough for navigation. Quantum thermodynamic models predict that this non-Markovian[~12] (memory-
having) environment could potentially allow biological systems to extract significantly more useful work—
theoretically up to 30-40% more—from quantum correlations, linking this resilience directly to energy efficiency
(Abiuso et al., 2025; Binder et al., 2018).

The Efficiency Edge: Why Quantum Beats Classical The fundamental reason life might bother with
these complex quantum tricks boils down to thermodynamics: energy efficiency. Quantum thermodynamics
predicts that processes utilizing coherence achieve higher precision with less wasted energy (lower entropy
production). Enzymes in our cells, such as lactate dehydrogenase, appear to exploit this principle. They
might maintain “tunnelling coherence” (where particles quantum-mechanically skip through barriers) during
chemical reactions, achieving high speed and specificity without excessive consumption of energy molecules
like ATP. Frameworks like Steepest-Entropy-Ascent Quantum Thermodynamics (SEAQT)["13] model how
systems naturally evolve towards states that manage internal noise and energy flow to delay decoherence,
thereby optimizing performance.

Despite exciting progress as far, significant hurdles remain. While quantum thermodynamics can explain
effects in single proteins or complexes, proving large-scale quantum coherence across whole organelles or
tissues is daunting. SEAQT suggests larger size inherently challenges coherence stability due to faster
entropy production. Current tools still struggle to capture atomic-scale detail and femtosecond speeds
simultaneously. Crucially, most evidence comes from isolated molecules; validating these quantum effects
inside living organisms (in vivo) is the next frontier. Bridging this gap requires tools that can track quantum
events across biological scales.

Hybrid sensor networks are being developed for this purpose: Diamond-based quantum sensors (NV cen-
ters)["14] are deployed to map nanoscale spin correlations across an entire organelle, while quantum-enhanced
MRI simultaneously tracks the resulting energy flow. Machine learning could then identify hidden links be-
tween these datasets, creating dynamic maps to show if quantum connections directly influence larger-scale
biology. Overcoming this pervasive environmental noise requires a deeper understanding of how proteins
actively exploit it, as advanced non-Markovian models suggest.

Initiatives like the Quantum Biology Tech (QuBiT) Lab, has been cultivating collaboration between physicists
and biologists, and using emerging tools like attosecond X-ray spectroscopy, which is vital for translating
these theoretical methods into true biological understanding.

Nature’s Quantum Blueprint Quantum thermodynamics provides a compelling lens to view life’s inge-
nuity. It reveals cells not as passive victims of decoherence, but as active architects and engineers. They build
shielded pockets, harness environmental memory, and likely employ efficient quantum error correction-all
governed by principles like ENAQT and SEAQT . These strategies minimize wasted energy (entropy) while
maximizing the resilience of useful quantum effects. This isn’t magic; it is evolution exploiting the deepest
laws of physics for supreme efficiency. The quest to understand life’s quantum mechanics is driving a new
generation of scientific tools. The shift is from passive observation to active interrogation: harnessing noise,
testing causality through disruption, and engineering synthetic biology from the ground up. This integrated
approach merges physics, computation, and engineering to transform quantum biology from a fascinating
frontier into a foundational science, revealing how nature masterfully exploits the quantum realm to thrive.



This understanding could revolutionize technology and lead to vastly more efficient solar energy systems,
incredibly sensitive biosensors, and robust, energy-efficient quantum computers.

Investigating Quantum effects? Exploring quantum correlations within the warm, disordered environ-
ment of living systems requires new scientific tools which do not just detect these fleeting effects but reveal
their functional role.

To combat cellular “noise” that drowns out delicate quantum signals, researchers are developing “Quantum
Noise Filters”. Instead of merely shielding quantum states, these tools actively harness environmental vi-
brations. Engineered protein cages or nanomaterials, designed using non-Markovian models, can convert
disruptive heat and motion into stabilizing forces for quantum correlations (Plenio et al., 2013; O’Reilly et
al., 2022). Combining ultrafast spectroscopy (like 2DES) with targeted vibrational cooling, can enable scien-
tists to now manipulate the cellular environment around processes like photosynthesis and directly measure
how correlations respond.

Second, bridging the gap between nano-scale quantum events and biological function demands “Multi-Scale
Quantum Correlators”. Current tools struggle to track how correlations propagate across biological scales:
for instance, from a single protein to an entire mitochondrion. Hybrid sensor networks solve this: imagine
deploying diamond-based quantum sensors (NV centers) to map nanoscale spin correlations across an or-
ganelle while quantum-enhanced MRI simultaneously tracks energy flow. Machine learning then identifies
hidden links between these datasets, creating dynamic “correlation maps” to show if quantum connections
influence larger-scale biology.

”

Thirdly, proving quantum correlations drive biological outcomes requires “Quantum-Controlled Stress Tests.
Taking techniques from quantum computing, scientists now use tailored light or magnetic pulses to delib-
erately manipulate quantum states (e.g., disrupting entanglement in bird magnetoreception proteins). If
the organism’s navigation fails only when quantum links are broken, this establishes causal evidence. Tools
like cavity Quantum Electro-Dynamics (QED) amplify control precision, while microfluidic assays measure
real-time functional impacts.

Fourth, “Quantum Darwinism Biosensors”["15] offer a clever workaround for decoherence. Even when fragile
quantum states vanish, their most stable information may imprint on the classical environment. Advanced
single-molecule probes (e.g., nanopores) can detect these “footprints” like ion fluxes or protein shape changes
predicted to arise only from prior quantum correlations. This indirect approach turns decoherence from a
hurdle into a source of evidence.

Finally, “Artificial Quantum Biosystems” let researchers engineer biology from the ground up. By con-
structing synthetic light-harvesting complexes with intentionally embedded quantum properties (e.g., guar-
anteed entanglement) and comparing them to classical versions, teams can isolate quantum advantages. De
novo[ " 16] protein design and ultrafast spectroscopy make these controlled experiments possible, revealing
whether quantum correlations actively enhance functions like energy efficiency.

Why Do These Tools Matter These tools shift the focus from observation to interrogation. By em-
bracing noise as a tool, linking quantum events across biological scales, testing causality through disruption,
hunting quantum imprints in classical data, and engineering synthetic prototypes, science is moving toward
a pivotal conclusion: that quantum correlations are not just curiosities, but are actually functional tools biol-
ogy exploits to thrive. This integrated approach merges physics, computation, and engineering to transform
quantum biology from a frontier into a foundational science.

Final Thought Is life quantum then? The answer is a mosaic: yes, in birds and leaves, no in noses
and neurons. Photosynthesis and magneto-reception likely exploit quantum effects for optimization, while
olfaction and consciousness operate classically. Experimental innovations promise to unravel where and how
biology harnesses quantum phenomena. This would give insights into life’s efficiency and inspire quantum
technologies. As research progresses, the interplay between quantum physics and biology will remain a fron-
tier, challenging our understanding of life’s fundamental principles. It is an ambitious quest to decipher the
intricate conversations between life’s countless components and revealing how systems masterfully manage



energy, information, and potentially, the subtle tricks of the quantum realm. Quantum mechanics isn’t life’s
puppet master. It is a tool, wielded where it matters most. As this mystery unravels, we will understand
how the universe builds the sublime from math.

The next time you watch a sunset or marvel at a migrating flock; remember you’re witnessing a dance older
than life itself; a dance written in the language of quanta.



