Prelude What we call the present is not a point in time but a process where coherence is held just long
enough to register as experience. It’s an ungraspable state in which probabilities collapse and what could
have been becomes what is. It has no mass, no location, no measurable duration yet every sight, every
memory, every event you carry passed through this vanishing threshold we call now. The quantum world
has taught us that there is no reality without interaction. But perhaps it has shown us more: that being
alive means interfering. With time, mass and the possibility of existence. From the pigments in a leaf to the
circuits in the brain, living matter exploits interference to extract order from noise. To ask “How quantum
is life?” is to ask how deep this pattern goes: are we the interference, or the outcome?

FFEQuantum Mechanics And Its Interference With Life**** If the present moment is born out of collapse,
then the question follows naturally: does life itself make use of this collapse? Biology is not insulated from
physics; every living structure is built from atoms whose stability rests on quantum law. But what remains
contested is whether life merely inherits quantum mechanics passively, or whether it has evolved to harness
its peculiar rules actively. The best place to begin with is DNA — the molecule of life. Within its double helix,
hydrogen bonds hold complementary bases in canonical form, but they also support proton transfer that
can generate rare tautomeric forms. In rigorous open quantum systems modeling, Slocombe et al. showed
that quantum tunneling contributes far more to proton transfer in G-C base pairs than classical barrier
traversal, even when decoherence and the cellular environment are accounted for.nThe tautomeric occupancy
probability they compute — ~1.73 x 1074 — suggests these “rare forms” are not negligible aberrations but
continuous flickers in the quantum substrate of the genome. Recent experiments on chiral-induced spin
selectivity (CISS) in biomolecules suggest that electron spin polarization can influence proton tunneling
itself. In lysozyme crystals, measurable spin-dependent proton transport has been observed, tying chirality,
spin, and biochemical rates together in ways that classical chemistry cannot capture. This implies that
DNA and its associated molecular structures might not only host tunneling but also discriminate it, filtering
quantum events through spin states. In parallel, hybrid quantum-classical simulations of nucleobases such
as cytosine have probed how DNA handles excited states and maintains photostability under solar radiation.
These studies reveal the decisive role of conical intersections — where potential energy surfaces cross and
force quantum jumps — in dissipating ultraviolet excitation within femtoseconds. Without such ultrafast
nonradiative relaxation, DNA would accumulate catastrophic mutations.

From there, research has begun to move from observation to engineering. Recently a team at the Univer-
sity of Chicago reported the creation of a “biological qubit” integrated within live cells, using engineered
variants of fluorescent proteins such as EYFP (enhanced yellow fluorescent protein). These proteins natu-
rally support metastable triplet states — electronic states where an electron’s spin is unpaired and long-lived
relative to typical excitations. By exploiting these states, the researchers were able to encode spin qubit
behavior: initializing, manipulating, and reading spin configurations with carefully timed laser pulses under
confocal microscopy. Coherence lifetimes reached the microsecond scale — a staggering achievement given
the noisy, decohering environment of the cytoplasm. Though brief by quantum computing standards, such
lifetimes are extraordinary in a biological context. In principle, such fluorescent protein qubits could be
used to probe cellular environments with unprecedented precision — measuring magnetic and electric fields,
mapping molecular interactions, or tracking biochemical reactions in real time at the quantum level. While
current implementations require cooling and are far from fault-tolerant, the proof of concept is that quantum
information can be instantiated not only in superconductors or trapped ions, but in proteins within a living
organism. If we can engineer stable qubits inside cells, perhaps evolution, over billions of years, has already
learned to exploit similar principles — using protein structures to maintain coherence, filter spin states, or
manipulate quantum behavior in ways we are only beginning to recognize. And if we can embed qubits into
biology, could biology itself have been using qubits all along?

When light excites biomolecules, it creates electron pairs whose spins remain entangled even when separated.
Their recombination or separation depends not only on local chemistry but on weak magnetic fields. In
migratory birds, cryptochrome proteins in the retina use this effect to sense Earth’s field. Directional
information is thus encoded in the evolution of entangled spins that persist long enough in the eye to shape
neural signals and guide migration. Radical pairs also govern the production of reactive oxygen species
(ROS). ROS can damage DNA and proteins when unchecked, yet serve as critical messengers when controlled.
Spin-selective radical pathways bias ROS yields, suggesting that entanglement may tip the balance between



survival and apoptosis. A 2025 review extends this argument to plants, which may exploit coherence,
entanglement, radical pairs, and tunneling to accelerate stress responses under drought or pathogen attack —
conditions where classical diffusion would be too slow. Quantum processes may grant plants the speed and
sensitivity needed to respond before damage becomes irreversible.

Recent reviews (2024-2025) emphasize a central challenge: to explain how quantum coherence can persist in
vivo, how entanglement can scale across many-body systems, and how robust classical behavior emerges from
fragile quantum substrates. Enzymes offer some of the clearest evidence. In hydrogen-transfer systems such
as alcohol dehydrogenase, soybean lipoxygenase, or methylamine dehydrogenase, substituting hydrogen with
deuterium slows reaction rates by factors of 50-200. These anomalously large kinetic isotope effects, coupled
with weak temperature dependence, are inconsistent with classical activation. Instead, they fit deep tunneling
models in which rates depend on donor-acceptor distances less than an angstrom and on specific protein
vibrations that transiently compress this gap. Mutations that alter local geometry quench both the tunneling
and the rate, showing that quantum penetration is not peripheral but essential. The same pattern emerges
in proton-coupled electron transfer (PCET) — ubiquitous in respiration and photosynthesis — where electrons
and protons tunnel concertedly along coupled coordinates. Here, rate laws depend on wavefunction overlap
and reorganization energy of the surrounding protein-water matrix. Temperature-independent isotope effects
and deviations from classical Swain-Schaad relationships point directly to nonadiabatic tunneling. In long-
range electron transfer, such as in ribonucleotide reductase or cytochrome c oxidase, charges move across
proteins over 1-2 nanometers, guided by chains of aromatic “stepping stones.” Distance dependencies (7 ?
1.0-1.4 A?1), ultrafast transients, and sensitivity to subtle side-chain rearrangements confirm that proteins
act as tuned tunneling pathways rather than inert scaffolds.

Photosynthesis expands this lesson to energy transport. In bacterial Fenna-Matthews-Olson (FMO) com-
plexes and plant LHCII arrays, pigments are arranged so that an absorbed photon creates an exciton delo-
calized across several chromophores. For tens to hundreds of femtoseconds, the exciton persists in a coherent
superposition of sites, “sampling” multiple routes simultaneously before collapsing onto the most efficient
path to the reaction center. Two-dimensional electronic spectroscopy has repeatedly observed oscillatory
signals at physiological temperatures — signatures of coherence, electronic or vibronic. Even in cautious in-
terpretations, a clear picture has emerged: protein scaffolds tune pigment energies and environmental noise
to an intermediate regime where environment-assisted quantum transport (ENAQT) operates. Too little
coupling and excitons get trapped; too much and coherence is destroyed; but the reaction center, charge sep-
aration occurs in under a picosecond, minimizing thermal losses. No classical random-walk model achieves
this. One striking example of quantum ambiguity comes from neutrinos — nearly massless elementary par-
ticles produced in nuclear reactions, such as those in the sun, supernovae, and nuclear reactors. They are
electrically neutral, extremely light, and interact very weakly with matter, which makes them difficult to
detect. Trillions pass through our bodies every second. Detecting them requires massive infrastructure. In
Japan, the Super-Kamiokande experiment uses 50,000 tons of ultra-pure water buried 1,000 meters under-
ground in a mine. When a neutrino collides with a water molecule, it produces a flash of Cherenkov radiation.
Over 11,000 photomultiplier tubes line the tank, waiting for these rare, subtle signals.nNeutrinos oscillate
between three different “flavors” — electron, muon, and tau — as they travel. They exist in a superposition
of these states until measured. It’s only through indirect detection that we confirm which flavor a neutrino
“collapsed” into. Until then, it’s not just that we don’t know — the particle doesn’t have a definite identity.

And yet, the questions raised are far from settled. Is the wavefunction itself a physically real entity, or merely
a probabilistic tool of knowledge? Does collapse signal an objective process in nature, or only the limits
of our epistemic access? Could life and consciousness themselves be implicated in the act of measurement?
These debates occupy the frontier of contemporary research, and they return us to the deeper philosophical
problem: how can we speak of reality at all, if every description depends on our perception of reality and
our way of questioning it?

Philosophical Foundations of Reality For centuries, thinkers have pondered what makes the living
world fundamentally different from inanimate matter. Ancient philosophers like Aristotle even speculated
fantastical transformations (believing, for instance, that one bird species morphed into another in winter)
when confronted with mysteries like bird migration. He grounded reality in the physical world, arguing that
form is not separate from matter but intrinsic to it, and that potential becomes actuality through internal



processes, not external ideals. In that sense, Aristotle comes startlingly close to the quantum idea that a
system exists in superposition. In Plato’s allegory of the cave, reality itself was cast as shadow and light;
for him, reality was anchored in abstract forms, immaterial templates that physical objects merely imitate.
Descartes, trying to escape the illusions of the senses, anchored truth in the one thing he could not doubt:
his own awareness. “Cogito, ergo sum.” I think, therefore I am: not because I observe, but because I
experience. St. Augustine noted that the present is elusive, vanishing into memory as soon as it arrives
which is a view uncannily resonant with the quantum picture of reality unfolding in discontinuous instants.
Locke and Berkeley reduced knowledge to perception, with Berkeley insisting that “to be is to be perceived.”
Hume radicalized skepticism by stripping causality of necessity, treating it only as a pattern imprinted by
habit. Kant tried changing the perception by claiming that causality, space, and time were a priori forms of
intuition — not learned from experience but conditions that made experience possible. We do not see reality
itself (the “thing-in-itself,” or noumenon), but only the structured phenomena shaped by our minds. In this
way he hoped to stabilize realism by relocating its foundations inside the human mind. Even Whitehead,
often overlooked in this context, envisioned the universe not as a collection of fixed entities but as a web of
unfolding “actual occasions” — moments of experience in which potential becomes concrete.

The famous physicist John Wheeler went as far as to argue that life and observers might be central to the
very existence of a concrete past. In his “participatory universe” vision, he suggested that by observing the
universe, life reaches back in time to transform the many potential quantum histories into one consistent
cosmic history . As Wheeler put it, we are participants in the genesis of reality. We don’t just pass through
a universe that is already there; in important ways, the universe grows through the questions we ask of it.
Every measurement an organism makes - each photon absorbed, each molecule sensed - is a question posed to
nature, and nature must give an answer, thereby pruning away other possibilities. Thought experiments like
Wigner’s friend honestly don’t clear things up. Imagine a scientist observing a lab where their colleague has
just measured a quantum particle. From the outside, the entire lab — colleague, particle, detector — is still in
superposition. From the inside, the colleague has seen a definite outcome. Whose version of reality is real?
Until the outside observer checks, both seem valid. The implication is unsettling: perhaps consciousness
isn’t registering outcomes but it’s deciding them?

Schrodinger’s cat makes the same point through paradox. Beneath its cartoonish surface if no one looks, does
reality ever resolve into one version? If the cat breathes, moves, or simply knows it is alive, then it interacts
— with itself, its surroundings, or the air — and collapses its own wavefunction. From inside the box, the
superposition might be broken long before any external observer checks. But from outside, the whole sealed
system remains in limbo — its state unresolved until information escapes. It’s not the cat’s awareness that
counts, but whether that awareness becomes entangled with the rest of reality. The paradox is not about
the cat’s awareness but about entanglement: when does private experience become woven into the fabric
of shared reality? This coexistence — of resolved experience within unresolved systems — reveals something
deeper about quantum life than the metaphor ever intended. The familiar world of tea cups, conversations,
and ground beneath our feet appears stable not because it is truly stable, but because quantum ambiguity is
continually collapsed into classical certainty through countless interactions. Let us take a thought experiment
(obviously unrealistic) to make the quantum picture more tangible. If T saw someone truly teleport, I would
not merely be watching an event unfold. I would be collapsing a superposition — reducing all the places
they might have been into the single place where I found them. And that collapse would not be passive.
By perceiving it, by registering it in my brain, by forming a memory, I would become entangled with the
outcome. My version of reality would now include theirs. I would not just be observing collapse, I would be
part of it: which in quantum mechanics, this is called measurement. In human life, we call it consciousness.
Some interpretations avoid this entirely. The Many-Worlds theory, for instance, says all outcomes occur— just
in separate branches of the universe. Others, like QBism, treat quantum mechanics as a tool for updating
subjective beliefs, not describing objective reality. Whether or not consciousness causes collapse, it remains
the only domain where probability gives way to presence — not as a mathematical outcome, but as something
felt, located, and known.

And that’s where the physics turns speculative but fascinating. Could consciousness itself be a quantum
process? Not merely interacting with quantum systems, but composed of them — unfolding as a series of
internal quantum events happening inside the brain? How quantum physics is applied in every aspect of our



lives?

Consciousness and The Collapse One controversial proposal linking quantum physics and consciousness
is the Orch-OR theory (Orchestrated Objective Reduction), introduced by physicist Roger Penrose and
anesthesiologist Stuart Hameroff. They suggest that consciousness originates from quantum events inside
neurons, specifically within protein structures called microtubules. These cylindrical filaments may support
coherent quantum states — a kind of biological qubit — capable of superposition and entanglement. When
these states reach a threshold of instability, they undergo an objective collapse, which Penrose and Hameroff
interpret as a discrete moment of conscious experience. In this view, Orch-OR paints consciousness as
quantum computation punctuated by collapse: a sequence of orchestrated quantum reductions, each collapse
selecting a specific outcome, which becomes the content of experience in that instant. Remarkably, Hameroff
and Penrose even put numbers to it: they propose that collapse events occur roughly every 25 milliseconds in
certain neuronal circuits. That corresponds to 40 times per second, in the gamma EEG frequency range (~40
Hz), which is associated with the binding of perceptual features into unified conscious episodes. Microtubules
are especially abundant in cortical pyramidal neurons — the very cells most involved in these oscillations. They
form the cytoskeletal architecture of axons and dendrites, guiding transport, shaping synaptic connections,
and supporting the timing of electrical signaling. If coherent quantum states within microtubules could
couple to the brain’s anatomical rhythms — cortical loops, thalamic relays, hippocampal synchrony — then
collapse events might not simply occur in isolation but could align with the distributed timing that makes
consciousness feel unified across regions of the brain.

Hameroff and Penrose also argue that microtubules might preserve coherence through mechanisms such
as topological shielding, nuclear spin interactions, or vibrational synchrony across their lattice structures.
Intriguingly, evidence has emerged that quantum vibrations in the kilohertz to megahertz range can be
detected in microtubules, and that certain anesthetics — known to selectively suppress consciousness — appear
to dampen these oscillations. Such findings hint at the possibility that quantum-level processes may play a
functional role in cognition, even if the details remain highly contested. Criticism, however, remains strong.
The brain is not an isolated laboratory setup but a warm, wet, and noisy environment. Standard decoherence
calculations suggest that any neuronal superposition should vanish in 10713 to 10715 seconds — a timescale
trillions of times shorter than the ~25 ms required for Orch-OR to be viable. For many neuroscientists, this
mismatch renders the theory implausible. Yet, its significance may lie less in providing a complete account
than in reframing the question: instead of seeing consciousness as something that merely exists in a quantum
universe, Orch-OR asks whether consciousness itself could be the act of quantum selection, each collapse not
only reflecting awareness but constituting it.

But hre the speculative meets the empirical. If microtubules can sustain coherence long enough to influence
neuronal timing, they would function as biological qubits embedded in the brain. This no longer seems
entirely fanciful. As previously discussed in 2025, researchers engineered fluorescent proteins into living qubit-
like systems, achieving microsecond coherence times even within the cytoplasm. These synthetic “protein
qubits” could initialize, manipulate, and read out spin states with lasers, effectively turning biomolecules into
quantum sensors. If human engineering can achieve this, it is not unreasonable to imagine that evolution,
over billions of years, might already have developed natural strategies to stabilize and exploit coherence
inside neural architectures. In that sense, Orch-OR may not be right in detail, but it gestures toward a
deeper truth: that life, and perhaps consciousness itself, may be structured by quantum information, filtered
and collapsed in ways we are only beginning to glimpse. And so the speculation folds back to a tangible point.
Consciousness, whether or not it originates from quantum collapse, is inseparable from a world where reality
is continually made real through measurement. The deepest irony is that in searching for the quantum basis
of life, we find ourselves looking back into the mirror: the observer has never been outside the system, but
part of the process all along.

Conclusion Thus, life straddles the line between object and subject, between being a physical system and
an observing entity. We are made of quantum matter, and we also take measurements of quantum matter.
Inanimate matter surely “measures” too (particles bumping into particles), but only living systems (to our
knowledge) assemble the information from measurements into a model of the world, act on it with purpose,
and (in higher forms) reflect upon it. Life is quantum all the way down - its atoms obey quantum laws - but
it’s also quantum at the level of function and interaction, exploiting phenomena that defy classical intuition.



The very act of living - metabolism, sensing, adapting - can be viewed as a quantum process filtered through
the lens of evolution.

“How quantum is life?” At this point, we can confidently say: life is quantum enough to blur the boundaries
between physics and philosophy. Quantum theory provides a language for some of life’s deepest riddles -
Why do we have a “now”? What does it mean to observe? How do mind and matter relate? - and offers
new ways to think about them. The answers are not all in, of course. We are just beginning to probe the
quantum underpinnings of biology and the physical basis of consciousness. We may find that only some
aspects of life invoke quantum coherence, or we may find that quantum biology and quantum mind ideas
revolutionize our understanding of health, cognition, and even evolution. Regardless, the pursuit is already
yielding a richer picture of life’s place in the universe. Importantly, embracing a quantum view of life doesn’t
mean embracing mysticism or abandoning scientific rigor. It means expanding rigor to include the observer
in the equation. The classical worldview prized an objective reality with clear separation - subjects here,
objects there. The quantum worldview suggests a more holistic reality where what things are cannot be fully
described without also describing how they are observed or interacted with. And so the challenge in front of
us is both exciting and humbling. What feels most urgent to me is that this isn’t just about science in the
narrow sense. If quantum mechanics really does run through the fabric of life, then we need new ways to see
it, to measure it, and to make sense of it, of our picture of evolution, of thought, even of choice itself may
need to shift. It means physicists, chemists, and biologists sitting at the same table, asking questions none of
them could answer on their own. We’ll need experiments delicate enough to catch coherence in living cells,
models that can cross the gap between molecules and whole organisms, and maybe even new languages for
describing what happens when quantum rules and biological rules meet. The future of this field will depend
on collaboration and imagination. It might look like a new kind of research institute, where people who
normally work in different buildings share the same lab bench. Or it might simply mean keeping the door
open: being willing to let ideas from one science fertilize another, even when they don’t fit neatly at first. If
the past century showed us anything, it’s that the biggest revolutions come when disciplines collide. Maybe
the next one will come from seeing life itself through quantum eyes.



