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Abstract: The recent advances of quantum biology suggest a potential role in biomedical research.
Studies related to electromagnetic fields, proton pumping in mitochondrial respiratory chain, quan-
tum theory of T-cell receptor (TCR)-degeneracy, theories on biophotons, pyrophosphates or tubulin
as possible carriers for neural information, and quantum properties of ions and protons, might be
useful for understanding mechanisms of some serious immune, cardiovascular, and neural patholo-
gies for which classic biomedical research, based on biochemical approach, is struggling to find
new therapeutic strategies. A breakthrough in medical knowledge is therefore needed in order to
improve the understanding of the complex interactions among various systems and organs typical of
such pathologies. In particular, problems related to immune system over-activation, to the role of
autonomic nervous system (ANS) dysfunction in the obstructive sleep apnea (OSA) syndrome, to the
clinical consequences of ion channels dysfunction and inherited cardiac diseases, could benefit from
the new perspective provided by quantum biology advancement. Overall, quantum biology might
provide a promising biophysical theoretic system, on which to base pathophysiology understanding
and hopefully therapeutic strategies. With the present work, authors hope to open a constructive and
multidisciplinary debate on this important topic.

Keywords: quantum biology; electromagnetic fields; quantum properties of protons and ions;
information transmission in neurons; DNA point mutations; immune dysfunction; cardiovascular
disease; neural dysfunction; stem cells; reactive oxygen species (ROS); obstructive sleep apnea
(OSA) syndrome

1. Introduction

Quantum biology, a new branch of physics, seems to provide new concepts which
might have an impact for a potential breakthrough in biomedical research. Quantum
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biology is defined as the field of studies applying quantum mechanics and theoretical
physical chemistry to biological questions for which classical physics cannot provide an
accurate description [1]. In fact, when biological systems began to be investigated on
nanoscales, it was realized that a quantum mechanical description was necessary, in order
to have a full characterization of the subsystem behaviour. Such a precise description
would be useful to understand the pathophysiology of various pathological disorders. The
foundations of quantum biology can be traced back to the work of scientists such as Dicke in
1954 on superfluorescence [2], and Emilio Del Giudice and co-workers during the eighties
who advanced the development of the theory of water coherent dipole interactions [3,4].
They again proposed a pioneering model to explain Raman spectra of active metabolic cell
processes [3] through collective quantum-based mechanism.

Later, during the nineties, Mari Jibu and co-workers also set analytically the basic
theoretical ideas of quantum biology of the brain [5]. Afterwards, S. Kobe and co-workers
verified the hypothesis of Del Giudice and Jibu experimentally by studying the nanocrys-
talization of calcium carbonate in magnetic fields [6,7], and later, in a series of papers,
A.C. Cefalas and co-workers further advanced the theoretical and experimental notions
of quantum biology by interpreting coherent memory and energy storage, both needed in
quantum biology [8-10].

With the advancement of technology like single-molecule spectroscopy or time-
resolved microscopy, quantum biology has further developed to a point where a crucial
discovery was made: unlike what was believed, quantum coherence can be maintained
inside the warm and noisy environment of the living cell for a sufficiently long time to
allow quantum reactions (see Table 1 for definitions of quantum physics) [11]. In particular,
the groundbreaking work of Engel and colleagues on photosynthesis [12,13] revealed that
one of the basic functions allowing life in our planet is possible thanks to the quantum
property of superposition; the electronic quantum coherence occurring during excitation
energy transfer in a photosynthetic system has proved to be significantly long-lived (more
than 660 femtoseconds), despite the noisy environments at room temperature. Similarly,
studies in the field of the functioning of enzymes [14] and avian compass of migratory
birds [15] allowed what has been called “the Dawn of Quantum Biology” [16].

At this point an important question arises: could the non-trivial quantum effects
of biological systems have a significant influence on biomedical pathology and therapy?
Especially considering “that classical mechanics cannot explain the stable operation of the
cell, as well as any over-cell structures” (Melkikh and Khrennikov [17]).

The discoveries that gave rise to quantum biology are largely due to advances in
physics [3,4] and physical chemistry [16], rather than those in biomedicine, especially
because biomedical research needs to rapidly find effective therapies for patients. More-
over, the typical study programme of biomedical students does not include an in-depth
understanding of higher mathematics or quantum physics. A gap has therefore formed
between the fundamental discoveries of quantum biology and quantum chemistry and the
awareness of their importance by the biomedical world. Filling this gap will require a lot of
work and the creation of multidisciplinary teams and specific programs.

The following paragraphs will summarize advances of quantum studies relevant for
biology on low frequency electromagnetic fields, on proton pumping in mitochondrial
respiratory chain, on quantum theory of TCR-degeneracy, on theories on biophotons,
pyrophosphates, or tubulin as possible carriers for neural information, and on quantum
properties of ion channels and proton tunneling in DNA.

These findings might open new perspectives on the following problems that preclinical
and clinical research has not been able to solve so far: problems related to inflammation and
immune response, the relationship between OSA syndrome and ANS dysfunction, clinical
consequences of ion channels” functional impairment, and of inherited cardiac diseases.

In fact, such pathological processes involve a complex crosstalk among systems and
organs [18-22], which makes it difficult the development of new effective therapies and
would require a multiorgan approach (Figure 1, Table 2). Several therapeutic strategies



Quantum Rep. 2022, 4

150

and mechanisms of action are under investigation. Each is considered promising, but
has not yet proved conclusive despite the great potential inherent; the recent hypothesis
and discoveries of quantum biology could potentially open new perspectives on such
biomedical issues.

Table 1. Divulgative Explanations for «Outsiders» of Quantum Concepts.

Quantum particle is an object that behaves both as a particle and as a wave. Typically, subatomic
particles like electrons have this property. For these objects, classical physics (e.g., Newton’s and
Maxwell’s laws) cannot describe classical parameters (for example, position and speed) and a
completely new physic (quantum mechanics) is needed. Quantum mechanics provides, with a
good approximation, a description of the physical properties of such objects.

Quantum coherence is the condition necessary to a particle for maintaining its quantum behaviour
(for example, the counter-intuitive state of being in two states at the same time). Quantum
coherence is related to the concept that sub-atomic particles have wave-like properties. In order to
maintain coherence, environmental conditions around the particle must be very stable and meet
specific requirements.

Quantum Superposition is a quantum mathematical description that represents the non-locality of
the particle based on its wave-like properties. Accordingly, the particle can be present at multiple
locations at the same time. As an intuitive image, it is like having one stone able to hit many birds
simultaneously with one shot.

Quantum Tunnelling is the phenomenon where a quantum object tunnels through a barrier that it
cannot surmount, for example, for adverse thermodynamic conditions. This is counterintuitive
because it is like spookily passing through a thick and tall wall instead of overcoming it.
Quantum Entanglement is a quantum phenomenon that describes the instantaneous interaction
between two particles, which were previously in contact, when they are pushed apart from each
other. Regardless of the distance between them, the two objects (e.g., electrons in a previously
covalent bond), remain “in contact” in a so-called entangled state. It has been observed that the
two particles change their spin in response to the spin changing of the other instantaneously. For
example, given that a particle A has entangled with a particle B, if particle A is found to have
spin-up, then particle B must have spin-down. Later, if particle A is found to have spin-down,
regardless of distance, particle B immediately changes in a spin-up particle.

Table 2. Biomedical terms and abbreviations.

The measure of the total binding strength of an antibody at every

Avidity binding site
Human T-cell leukemia virus type 1 (HTLV-1) is the etiological
Tax peptides agent of an aggressive form of T-cell disorders leading to cancer.
pep Tax peptides are the oncoproteins inside the HTLV-1 which play a
crucial role in the immortalization of malignant T-cells.
CVDs Cardiovascular diseases
ANS Autonomic Nervous System
SNS Sympathetic Nervous System
PNS Parasympathetic Nervous System
HSPCs Haematopoietic Stem and Progenitor Cells
The Baroreflex Sensitivity index is defined as the change in
interbeat interval in milliseconds per unit change in blood pressure.
BRS It measures the control on the heart rate. Alterations of the BRS
contribute to the reduction of parasympathetic activity and to the
increase of sympathetic activity with possible harmful effect on
cardiovascular system.
cv Cardiovascular
ATP Adenosine Triphosphate

ACM Arrhythmogenic Cardiomyopathy
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Figure 1. Complex crosstalk involved in organs dysfunction. The figure illustrates an example of the
complex cross-talk existing among organs. It is based on studies describing neuro-immune pathways
which can create a vicious circle: this phenomenon occurs when there is reciprocal crosstalk among the
nervous system, immune system, and organs and can over-activate both immune or neuro-immune
reactions, making it extremely difficult to understand the triggering events and consequently the
precise mechanisms of action. This negatively affects the discovery of new therapies. For example,
sympathetic nervous system (SNS) activation can induce extravasation of haematopoietic stem and
progenitor cells (HSPCs) from the bone marrow. HSPCs can differentiate in haematopoietic, repairing,
or inflammatory cells. Inflammatory cells can reach the brain, differentiate into microglia (brain
inflammatory cells), and start cytokine production (molecules responsible for inflammatory response),
leading to neuro-inflammation with consequences for organ homeostasis and likely affecting para-
sympathetic nervous system (PNS). Neuro-inflammation in the brain and circulating inflammatory
cells can also directly affect PNS and organs. A multi-organ approach is therefore required, but
current biochemical approach still fails to explain this complex cross-talk, preventing the development
of new effective therapies. Quantum biology research might open new perspectives in exploring and
decode this cross-talk network.

In this review, authors do not mean to give any “answer” or “clear hypothesis” on
possible quantum biology involvement in biomedical research, but rather, they hope to
open a debate on whether quantum biology is developed enough to provide biomedical
research a promising biophysical theoretic system, on which to base the search of answers
not yet provided by current biochemical approach.

2. Methods

For this narrative review, electronic databases were used: PubMed, Scopus, and Google
Scholar. Search terms: quantum biology, electromagnetic fields, quantum properties of
protons and ions, information transmission in neurons, DNA point mutations, immune
dysfunction, cardiovascular disease, neural dysfunction, stem cells, reactive oxygen species
(ROS), OSA syndrome. Being one of the first reviews on this topic, the authors did not
indicate any time limits. The inclusion criteria were: articles in English about quantum
biology and focused on: problems related to inflammation and immune response, ANS
dysfunction, clinical consequences of ion channels’ functional impairment and of inher-
ited cardiac diseases, any study design, and articles published in peer-review journals.
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Exclusion criteria: articles about quantum mechanics that did not have some relevance to
biology. Two independent authors (L.C. and V.R.) performed the research on an electronic
database. In total, 201 articles of quantum biology were obtained, and 54 out of them
were relevant and therefore were analysed (Figure 2). Three authors (L.C., A.B.Q., and
V.R.) independently screened the title and abstract and in case of disagreements, a fourth
author (N.L.) participated in achieving consensus. Data were extracted independently by
six authors (L.C., A.B.Q., A.G., VR,, N.L., AF) including the following information: author
and publication year, aim, results, conclusion. Any disagreement among the reviewers was
resolved by consensus through meetings.

[Identiﬁcation] ) .
Records identified tbrough Additional records identified
database searching through other sources
(I’l . 180) (ﬂ = 21)
A4 \4
Records after duplicates removed
Screening (n =135)
Records screened Records excluded
(n=135) (n = 66)
\ 4
[ Eligibility ] Full-text articles assessed " Full-text articles
for eligibility "| excluded: not relevant to
(n=69) topic
(n=15)

rlncludedj

A

Studies included
(n=54)

Figure 2. Method of studies selection.
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3. Results
3.1. Low Frequency Electromagnetic Fields

Interesting studies [23-28] described the effects of low frequency electromagnetic
fields (EMFs) on stem cells and on ROS production, and hypothesized a future EMFs
application in medical therapies. Usselman and colleagues [28] described an indirect
methodology for investigating possible non-trivial quantum effects on mammal cells: they
applied weak magnetic fields on rat pulmonary arterial smooth muscle cells (rfPASMC) and,
through Electron Paramagnetic Resonance (EPR) Spectroscopy and fluorescence techniques,
observed a decrease of superoxide (O,°~) and an increase of hydrogen peroxide (H,O;)
concentrations.

0,°*~ and H,O; are often involved in oxidative stress, but have also a physiological
role inside the cell. A possible physical modulation of their concentration inside a living
cell is therefore of great interest. The mechanism that links O,°*~ consumption and H,O,
production is due to spin-correlated radical-pair behaviour (SCRPM) under radio frequency
(RF) magnetic fields. In quantum mechanics, electron spin is not a classic mechanical
rotation of a sphere, because it is hard to think in terms of its radius and angular velocity,
being an intrinsic characteristic of the particle. Furthermore, in any atom the position
of electron around the nucleus arises an angular momentum with quantized values in
intensity and direction. The sum of orbital angular momentum and spin gives the total
angular momentum of the atom that can interact with an external magnetic field. The
radical-pair (O,*~ and H,O;) mechanism describes the way a magnetic field, interacting
with angular momentum quantization of the atoms, can affect the kinetics of reactions, also
organic. This means that magnetic effect at quantum scale level influenced the O,*~ and
H,0; production inside a mammalian living cell, thus showing a non-trivial quantum effect
on cell metabolism and function. Authors hypothesized that the radical pair underwent
“intersystem crossing” between singlet and triplet states and an applied properly tuned RF
oscillating magnetic field (Zeeman resonance) could ultimately affect the relative amount of
singlet (HyO,) and triplet (O,° ™) reaction products (the reader can find a clear visualization
of the “intersystem crossing” in the paper of Usselman et al. in Figure 2, page 2 [23]).
These resonance effects on ROS product yields are considered a key manifestation of
quantum biology. In summary, this study demonstrated that magnetic fields applied in
living cells can modulate their oxidative state, through a direct action at quantum scale
level, indicating a non-trivial quantum effect at biochemical level. This study has been
developed, confirming the results in HUVEC (Human Umbilical Vein Endothelial Cells)
and highlighting the implications for public health [23,27].

Interestingly, magnetic fields were also found to have an impact on stem cells func-
tioning and differentiation; Gaetani and colleagues [25] found that cardiac stem cells from
human bioptic specimens showed a significant increase in the expression of cardiac mark-
ers, at transcriptional, translational, and phenotypical levels, after 5 days of exposure to
extremely low-frequency electromagnetic fields where a combination of static and alternate
EMFs, tuned to Ca* ion cyclotron energy resonance (ICR), was applied to trigger the
specific differentiation [25,29]. One of the possible explanations [30,31] is the hypothesis
that EMFs could interact with endogenous alternate current electric fields in resistance-
capacitive biological systems in a resonant manner.

Ventura et al. [24], for their part, showed that proper delivery of energy by electro-
magnetic field (at 2.4 GigaHz) by means of radioelectric devices was able to tune stem cell
multipotency, to reprogram human skin fibroblasts into cardiac-, neuronal-, and skeletal
muscle-like cells, and to revert stem cell senescence [32-35].
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3.2. Proton Pumping in Mitochondrial Respiratory Chain and Quantum Theory of
TCR-Degeneracy

- Mitochondrial respiratory chain.

A mathematical model describing proton pumping in mitochondrial respiratory chain,
published by Friedman and colleagues in this special issue [36], might contribute to enhance
knowledge on mitochondria functioning, which is also responsible for ROS production. Mi-
tochondria are essential for storing chemical energy in the form of adenosine triphosphate
(ATP) [37,38], but the physical mechanism of the electron-proton energy remains extremely
difficult to describe in detail. Friedman et al. [36] suggested a model, based on quantum
mechanics calculations [36], with elastic forces facilitating proton transfer in mitochondrial
complex 1 and found that the pumping of protons against the gradient can be obtained by
means of conformation-mediated energy supply from electrons.

The proton pump of complex 1 of the respiratory chain is modelled as having a piston
that has a positive charge at the two ends. The movements of the piston, assisted by the
elastic forces, change the energy level in the system, allowing electron transportation. This
represents a simple model that explains the pumping function of complex 1 to transport the
protons from the side of lower concentration to the side of the higher concentration. Authors
think that their model constitutes the underlying physical mechanism of electrostatic
wave propagation along the membrane arm of complex I and the consequent proton
pumping promoted by this wave and suggested that their unified model of respiratory
chain functionality can provide a coherent framework for further research in the field.

- Quantum theory of TCR-degeneracy.

TCR degeneracy [39] is defined as the property of a single TCR in the immune system
of an organism of recognizing more than a million different peptides and interacting with
several ligands, usually molecules present in the membrane of cells not belonging to the
organism itself (e.g., external pathogens or cells belonging to a transplanted organ). The
key point of this phenomenon is the protein-protein interaction between an antigenic
peptide-major histocompatibility complex (pMHC), present in the “external” cells, and a
TCR present in the organism’s immune system [40]; this TCR-pMHC interaction controls
the function of self-nonself discrimination and regulates the probability of an immune
reaction against microbic pathogens or against a transplanted organ.

Different theoretical approaches have been proposed to explain how this interaction
can impact the downstream signaling in T cells and the immune system activation, but none
of these were able to give a comprehensive understanding of this crucial interaction among
cells. Hence, a quantum mechanical-based approach was adopted by Antipas et al. [41] to
explain the TCR degeneracy, and to explain their different immunological avidity (Table 2).
Quantum chemistry calculations were at the base of these authors’ studies.

They applied quantum mechanics to the interactions between the TCR and pMHC
complex, considering the electronic structure of the proteins, including spin density which
is varied according to the protonation of the N terminus in the peptide structure. In this per-
spective, there is “a cloud” of possible charge concentrations between the two peptides, at
the level of sub-atomic structure, which modulates TCR degeneracy according to the specific
situation and insult (for an interesting visualization of the concept, the reader is addressed
to the Figure 1 of the reference Antipas et al. 2015 [41]). In authors” works [41-44], statistics
and quantum chemical calculations were shown to predict immunological responses.

In particular, the quantum approach was applied on Tax peptides (Table 2) from the
human T-cell leukemia virus type 1 (HTLV-1), which show different immunogenic activity
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even though they share near-identical stereochemistry and interact with the same TCR.
The quantum approach was able to explain how antigens like Tax peptides have different
degrees of immunogenicity with small differences in the chemical structures. It solved this
paradox by digging deep to the atomic structure and electronic features of the antigen’s
peptide structure, which is intrinsically reflected by the principles of quantum mechanics.
The quantum mechanical calculations, taking into consideration the electronic structure
of the primary peptide structure of the antigen, indicated that atomic coordination in the
TCR-pMHC complex reflects the immunological functionality of the different variants of
Tax antigen. The work of Antipas and colleagues is based on the modern chemistry, which
is based entirely on quantum mechanics.

3.3. Theories on Biophotons, Pyrophosphates, or Tubulin as Possible Carriers for
Neural Information

Physicists and quantum biologists proposed some hypotheses which could provide
new perspectives on how neural information is carried through the brain, toward ANS
and finally to the organs. Three potential “carriers”, with quantum properties, have
been suggested:

biophotons (an experimentally confirmed optical communication among cells [45,46])
pyrophosphate in the “Posner molecule”
microtubules, present in the cell structural skeleton

Biophotons: Kumar and colleagues [47] explored the question on whether biopho-
tons [45,46] might carry information in the brain, in addition to the known electro-chemical
signals, and proposed that myelinated axons might serve as potential biophotons waveg-
uides. Since optical communication can also transmit quantum information, it has been con-
sidered a possible role of superposition or entanglement in neural functions (Table 1) [47].
The problem of environmental decoherence, which might rapidly destroy quantum effects,
seemed to be partly addressed by the evidence that nuclear spins can have tens of millisec-
onds coherence times in the brain and that, at room temperature, it was demonstrated to be
a long-lived nuclear spin entanglement [48,49]. The thesis of photon entanglement through
the brain is also supported by Shi and colleagues [50] who found the photon coherence
preservation after propagation through rat brain tissue slices.

Pyrophosphate: Fisher [51] hypothesized that the function of carrying information
might be performed by a “Posner molecule” Cag(PO4)s, whose mechanism has been
recently explained by Swift et al. [52]. In particular, pyrophosphate, involved in several
biochemical reactions in the cell [53,54], would produce two quantum entangled phosphates
after enzymatic hydrolysis: their incorporation into calcium phosphate Posner molecules
gives the quantum entangled property to the Posner molecules. A calcium-mediated
glutamate release from presynaptic neurons and non-local quantum correlations in post-
synaptic firing among neurons would therefore occur, allowing the information to be
propagated intact over long distances (Figure 3) [55].
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Figure 3. Posner molecule mechanism description: spin values for elementary particles (electron, proton,
neutron). In a nucleus the total nuclear spin is the combination of spin of each nucleon and their
angular momentum inside the nucleus. Spin is an intrinsic angular momentum of subatomic particles.
Nuclei with spin value different from 0, interact with the electric and magnetic fields around them. It
can also be seen as quantum bits of information. Phosphorus exists in the monoisotopic form 3P
with spin % so a couple of such atoms in a molecule can be entangled. The quantum information
contained in their spin protected inside structures, such as the Posner molecule, is not destroyed
by environmental interaction and it can also propagate through other molecule Posner keeping
information intact even over long distances (with respect to neurons’ distances in the cerebral tissue)
in a relatively long time period (millisecond).

Microtubules, one of the major components of the cell structural skeleton, were also
proposed to be potential carriers of brain information, considering the quantum property
of tubulin to be in two superposition states. In fact, in 2013, Sahu and colleagues [56]
described the microtubule as a memory-switching element with multiple symmetries and
demonstrated how every single protein acts as a memory storage unit. In particular, the
microtubule was dropped in a pre-prepared chip, with an atomic force microscope tip to
measure the conductivity of a single microtubule, purified from eventual impurities.

Accordingly, when a voltage bias was applied on a single microtubule, a nearly per-
fect square relationship between current and voltage was obtained. This implies that the
conductivity of a single microtubule changed suddenly at a certain voltage bias. This elec-
trical behaviour shows the memory storage and switching capabilities of the microtubule.
Moreover, the orientation of the tubulin proteins on the surface of the microtubule, which
determines the dipolar direction of the tubulin, changed with the applied voltage bias,
indicating that the protein arrangement symmetry was related to the conducting state
of the microtubule. This correlation between the dipolar direction and the conducting
states provided insights about how a level with a multi-superimposed state originated
and survived.
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This seems to corroborate the theory of consciousness named Orchestrated Objective
Reduction (Orch-OR) conceived by Nobel laureate Sir Roger Penrose [57] and Stuart
Hameroff in the mid-1990s [58]. This theory considers the mind as a quantum computer
able to manage multilevel layers of information and the according reactions and suggests
that quantum states might extend through the nervous system by entanglement between
adjacent neurons through gap junctions. There is an important open debate around this
theory, which by exploring the nature of mind and consciousness, is certainly revolutionary,
but deserves to be mentioned. It is theoretical and, as the other mathematical models, needs
to be experimentally demonstrated.

3.4. Quantum Properties of lon Channels and Proton Tunneling in the DNA
- lon Channels.

Mathematical models of ion channels provided by quantum calculations give molec-
ular descriptions of their structures at a sub-atomic level that can shed light to some
aspects of channels function, involving ion conduction and electrical properties of the
channels. The works that exploited quantum mechanics in this field can be classified into
two main categories:

(1) The studies focused on the selectivity filter of voltage-gated channels (the narrowest
part of the conduction pathway through the pore of the channels), which discriminates
between different ions.

(2) The studies focused on the intracellular hydrophobic gate, which regulates the ion
flow and the overall conductance of the channel.

The studies of point (1) implemented the quantum concept of non-locality on ions
while moving in the selectivity filter, to explain the mechanism behind the filter selec-
tivity and its ability to discriminate between ions at a high flow rate: Summhammer,
Salari, et al. [59-62], by using the Berneche-Roux model of the bacterial KcsA model chan-
nel, mathematically demonstrated solutions of the Schrodinger equation representing the
interaction of a single potassium ion within the surrounding carbonyl dipoles. They showed
that if the quantum wave behaviour of potassium ions is considered, the wave-packet
can propagate in the selectivity filter, demonstrating a quantum non-local distribution of
potassium ions, which become highly delocalized in the filter region of proteins at warm
temperatures [59-62]. Interestingly, this quantum mechanical approach could provide a
consistent explanation of the ability of the selectivity filter to differentiate between ions such
as between potassium and sodium ions. The explanation states that the different magnitude
of kinetic energy loss (“the cooling effect”) requires a different oscillation frequency of the
carbonyl oxygen groups that line the selectivity filter. Hence, it is expected that each ion
has a different magnitude of the cooling effect and unique oscillation frequency of carbonyl
oxygen groups [59-62]. Authors suggested that, from a mathematical point of view, it is no
longer possible to consider an ion to be at one exact position at a given time and that some
features of quantum dynamics, like non-local effects, seem to be essential to resolve the
discrepancy between calculations reported from classical thermodynamics, and transition
rates of ions through channel proteins that have been experimentally observed.

The first study of point (2) was published by Qaswal in 2019 [63] and focused on the
intracellular hydrophobic gate of the channels, attempting to apply the quantum concept
of tunneling to this cell structure. In this study, the closed gate is illustrated as a potential
barrier that should impede the passage of ions; however, ions have a non-zero probability
to pass through the closed gate via quantum tunneling. Classically, the closed gate forms
an energy barrier whose energy is higher than the kinetic energy of passing ions; hence,
the closed channel blocks the permeation of ions and the conductance of the channel will
be zero, due to an absent flow of ions through the closed gate. However, applying the
principle of quantum tunneling on the closed gate and its corresponding ions, it has been
found that ions can pass through the closed gate via quantum tunneling and this passage is
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a probabilistic event [63]. The probability of quantum tunneling of ions through the closed
gate can be calculated by the following equation [63-65]:

P o e (s-Ex)’

)
where m is the mass of the ion, # is the reduced Planck constant, w is the length of the gate,
g is the barrier energy of the closed gate, and Ek is the kinetic energy of ions when they
reach the closed gate.

From Equation (1), the tunneling probability of ions is inversely related to the mass of
the ion, the length of the gate, and the energy of the gate, while it is proportional to the
kinetic energy of the ion. The unique feature of quantum tunneling transport is that the ions
do not have to get higher kinetic energy than the energy of the gate to pass. Actually, the
ions have a probabilistic passage through the gate at any value of kinetic energy according
to Equation (1). The quantum tunneling of ions enables ion channels to get a quantum
conductance that can affect the membrane potential [63-65].

It has been found that sodium ions and potassium ions have low quantum conductance
values at normal physiological parameters, if they are compared with values of classical
conductance when the channel is open [63]. Moreover, these low quantum conductance
values were not able to affect the resting membrane potential of excitable tissues [63].
This indicates that the quantum behaviour of sodium and potassium ions, which are the
main ions that determine the resting membrane potential, not only does not affect normal
physiology, being compatible with normal cellular functions during the resting membrane
potential, but even allows for a better explanation for several observed physiological and
pathological phenomena [66,67].

Further interesting works [64,65] introduced a new concept called “quantum elec-
trochemical equilibrium” which includes, in addition to chemical and electrical (voltage)
gradients, a third gradient called “quantum gradient”. This concept can explain the poten-
tial therapeutic effects of lithium and magnesium ions [68-70] (the reader is addressed to
these references for details).

- Proton tunneling.

Proton tunneling is a specific quantum effect involving the instantaneous disappear-
ance of a proton in one site of a potential barrier and the appearance of the same proton at
the other side. Electron tunneling is a well-known phenomenon. However, a proton has a
mass about 2000 times more than that of an electron, therefore, the probability of tunneling
is lower; nevertheless, proton tunneling still occurs and it has been observed [14]. Proton
tunneling is usually associated to hydrogen bonds, present in many molecules, including
DNA. When a hydrogen atom loses its electron in a bond, it become equivalent to a proton,
which can tunnel through a barrier. Slocombe and colleagues [71] made calculations about
the proton transfer in DNA nucleobases, obtaining a quantum-corrected rate equation,
which can justify quantum tunnelling of the protons. They described the tautomeric double
proton transfer reactions in the DNA base pairs at computational level, and considered
this mechanism one of the possible explanations of spontaneous point mutations, being
the transition state stable enough to be involved in the replication processes. The first who
proposed the proton tunneling model for the origin of spontaneous point mutations in the
DNA base pairs was, however, Lowdin in 1966 [72,73]. Lowdin suggested that the genetic
alphabet stored in the DNA double helix depends upon the stability of the hydrogen-
bonded base pairs and the motion of the proton(s) along these hydrogen bonds [73]. Each
proton belonging to a given hydrogen bond between the A-T or G-C base pairs may be
transferred via quantum mechanical tunneling from the position corresponding to the nor-
mal base pair to the position corresponding to the “rare” one, the latter implying a lesion
of the genetic alphabet [72]. The formation of mismatches that may produce spontaneous
mutations in the genetic code has been hypothesised to be due to the formation and pairing
of rare tautomers of the DNA bases [72], especially during the DNA replication step [71].
Although the replisome is subjected to high fidelity checkpoints during DNA replication,
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the quantum micro-effect of proton tunneling may create a chance for the introduction of a
mismatch in a strand, which will be then maintained in the double helix of the following
DNA copies. Furthermore, the tunneling time of protons in the base-pair nucleotide has
been calculated [74]. Two types have been obtained: the first one is the dwell time and
the other one is the entropic time. According to the authors, the entropic time seems more
relevant because it becomes shorter as the energy barrier decreases. This time requires an
experimental confirmation, but it sounds acceptable because the obtained entropic time of
proton tunneling is within the order of 10~!2 s, which is congruent with time scales of the
molecular transitions.

In the next paragraphs, we will try to figure out if the quantum models detailed above
may help current medicine to unravel some pathophysiological aspects still unclear, and
may be considered in those fields where biochemical and pharmacological approaches
struggle to understand mechanisms of action and to find new effective therapies.

3.5. Problems Related to Inflammation and Immune Response
3.5.1. Stem Cells Therapy

The works on low frequency electromagnetic fields (Section 3.1) and on proton pump-
ing in mitochondrial respiratory chains (Section 3.2) might help in resolving the two main
challenges of stem cell transplantation therapy: a—the differentiation and the efficiency of
transplanted stem cells, and b—the control of inflammation through modulation of ROS
metabolism [23-25,27,28].

Stem cells have been used as possible therapy to replace and regenerate injured cells
thus recovering, at least in part, organ functions [75-80]. The Nobel Prize winning discov-
ery of induced pluripotent stem cells (iPSCs) represented a turning point in the field of
stem cells [81], since iPSCs are obtained by reprogramming any adult somatic cells [82],
which possess almost the same pluripotency property as embryonic stem cells. At present,
stem cells represent a potentially resolving approach [78,80,83-85]; nevertheless, the in-
flammatory microenvironment present in the diseased organ, caused by, among others,
ROS [86-89], can cause massive stem cell death [75,76]. Moreover, residual undifferenti-
ated stem cells may form tumors and proliferate [90]. Finally, very often, there is a low
efficiency or incomplete reprogramming of transplanted stem cells [79], despite progress
being made [82,91].

The studies of Gaetani and Ventura [24,25,32,34,35] suggested that EMFs applied on
stem cells before transplant might improve both the expression of organ markers and an
effective reprogramming of stem cells, also reverting their senescence. Future experiments
performed on preclinical models, like 3D organoids or laboratory animals, could lead
to a possible clinical application. The works of Usselman and colleagues [28] could be
applied to decrease the production of superoxide (O,°~), thus reducing the inflammatory-
related stem cell death. Finally, the work of Friedman et al. [36] on proton pumping in
mitochondrial respiratory chains might improve our knowledge of how ROS are produced
in mitochondria, thus opening possible applications in ROS modulation.

However, it is important to take into account that these studies are in vitro or represent
a mathematical prediction, and that the mass of biological material (i.e., organs and tissues)
surrounding the cellular system might reduce the effects observed in the cited papers.

3.5.2. Anti-Inflammatory Agents and Transplants for Organ Failures

Growing evidence indicates a role played by immunity in pathologies not directly
related to infection events [19,21,92-99]. In heart or brain ischemia, for example, the
beneficial effects of reperfusion after an ischemic event may be compromised by what is
called reperfusion injury, an exaggerated innate immune response triggered by a rapid
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oxygen availability after a period of hypoxia [92,98,100-103], which is characterized by an
increase of ROS and toxic molecules damaging lipids, DNA, RNA, and proteins [18,104].
Despite considerable efforts and undoubted progress, effective anti-inflammatory and
anti-oxidant therapies, mitigating the inflammatory response without compromising the
repair mechanism, are not yet available. The main issue was a poor translation between pre-
clinical studies and clinical results. For example, the anti-inflammatory agent Etanercept
and the anti-oxidant molecules superoxide dismutase and catalase, failed to show the
therapeutic effects seen in animals when given to patients [105-107]. These experiences
suggest an insufficient understanding of the mechanisms of action of immune response,
essential to achieve effective pharmacological modulation. In this regard, the quantum
biology studies on ROS production [36] and modulation [28] might help research aimed
at understanding one of the mechanisms of action of immune response: oxidative stress.
An immediate clinical application of EMFs on humans suffering oxidative stress after
reperfusion injury is perhaps still too far, but theoretically speaking, multidisciplinary
teams might create and patent EMFs-based devices able to reduce inflammation-related
ROS production.

Another extremely important issue medical research has to deal with is the problem
of organ rejection after transplant. Solid organ transplantation is a lifesaving therapy for
patients with end-stage organ failure, like kidney, heart, liver, lung, or pancreas extreme
dysfunction. Unfortunately, about 50% of patients undergo organ rejection within ten years
after transplant and the problem of organ donors’ availability is a significant limitation
point [108]. In the organ rejection, the donor’s organ undergoes severe inflammation,
fibrosis, and, finally, damage and rejection [108-110]. As described previously (Section 3.2),
TCR-degeneracy is the key point of this process. Despite active research [111,112], there are
no therapies that can directly prevent recruitment of several inflammatory cells including T
cells, and the promising results obtained by targeting the adaptive immune response did
not allow an optimal long-term graft survival rate [39,40,113]. If confirmed, the described
work of Antipas and colleagues [41-44] on the quantum behaviour of the TCR-pMHC
complex could start pioneering studies on mechanisms of actions responsible for organ
rejection and for other immune dysfunctions including auto-immune diseases, where an
organ is attacked by its own immune system. These studies should be deepened, with the
aim of describing in detail the mechanism of action of TCR-degeneracy and TCR-pMHC
complex interaction, in order to find a way to modulate it. The turning point would be to
“inform” TCR that the transplanted tissue or the organ affected by autoimmune pathology,
is not a harmful external pathogen, but a tissue to be accepted as “self”.

3.6. OSA and Alterered Cardiovascular Autonomic Regulation

OSA is a sleep-disordered breathing characterized by frequent episodes of complete or
partial occlusion of the upper airway, causing intermittent hypoxia during sleep and sleep
fragmentation. Such frequent cycles of hypoxia and reoxygenation have been associated
with enhanced sympathetic activation, inflammatory activation, and increased oxidative
stress, leading to cytokines and free radical production [114]. Furthermore, experimental
evidence in animals demonstrated that intermittent hypoxia can activate an oxidative
cascade (ROS-Carbon Monoxide-H,S signaling cascade) potentially affecting important
physiological parameters like blood pressure through the stimulation of carotid body neural
activity [115].

Among the changes induced by OSA-related intermittent hypoxia, altered cardiovascu-
lar autonomic regulation represents the main physiopathological basis for the hypothesised
causal relationship between OSA and cardiovascular diseases. In fact, patients with OSA
exhibit baroreflex sensitivity (BRS) reduction, increased heart rate variability, and elevated
blood pressure, indicating ANS dysfunction [116,117].
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Furthermore, OSA can cause debilitating symptoms like restless sleep, daytime sleepi-
ness, and mood-related suffering such as irritability, anxiety, and depression [118]. Such
symptoms can be the consequence of an impaired nervous system regulation: Hilton and
colleagues [119] showed that OSA syndrome depresses waking vagal tone, which may
compromise the myocardium during periods of heightened sympathetic activity.

Thus, a better understanding of the autonomic regulation of the cardiovascular sys-
tem in OSA could unhide potential additional mechanisms and help researchers to ex-
plain the increased incidence of cardiovascular disorders in sleep apnoea/hypopnoea
syndrome patients.

In particular, there are two important questions related to ANS modulation in OSA
that deserve to be answered:

(1) despite numerous studies demonstrating the association between OSA and hyperten-
sion, it is still unclear why effective OSA treatment with continuous positive airway
pressure (CPAP) does not consistently improve blood pressure;

(2) itisunclear why a percentage of OSA patients, who are adherent to OSA treatment,
continue to suffer from residual excessive daytime sleepiness.

In order to address these two issues, it would be essential to quantify the activities of
the sympathetic and parasympathetic nervous systems in order to better understand ANS
dysfunction in each tissue and district of the organism. In detail, it would be helpful, from
a pathophysiological perspective, to trace the information carried by neurons from the
brain stem to the periphery and vice-versa and to study how ANS maintains homeostasis
in different organs and tissues. At present, ANS can be measured indirectly through heart
rate variability or catecholamines secretion [120], whilst a direct non-invasive tracing is
currently unavailable.

With the current knowledge on nervous system functioning, based on the well-known
electro-chemical signals, it is difficult to find solutions for the above-mentioned clinical
problems. Therefore, new theories arose in order to understand more in depth how the
nervous system works; in particular, how neural information is carried along the systems.

Among the experimental theories that can be applied to directly measure ASN ac-
tivity, biophotons, the Posner molecule, and microtubules deserve to be mentioned (see
Paragraph 3.3 [47,51,56].

Biophoton emission is an ultra-weak emission of optical light, namely of electromag-
netic energy, which is found to be a common phenomenon in biological systems and in
humans, where it is also correlated with pathological conditions [121] and ROS genera-
tion [45,46]. One of the most important roles of this ultra-weak optical emission in living
organisms (comparable to the light emitted by a candle far away) seems to be related
with information transfer [122]. Nevertheless, these ultra-weak signals can be measured
only on the surface of the organisms. If future research confirms biophotons as carriers of
neural information “inside” the nervous system, and finds a way to trace them, it might be
possible to measure and analyze cardiovascular autonomic regulation in many different
cardio-respiratory disorders.

The Posner molecule is a cluster having a central Ca?* ion surrounded by six phos-
phate PO4>~ anions. According to Fisher and Weingarten [51,55], when pyrophosphate (a
molecule widely present in the organism) undergoes hydrolysis, two molecules of phos-
phate are produced and the result is that the nuclear spins of their phosphorus remain
predominantly quantum entangled and become incorporated into Posner molecules. This
process would produce quantum entangled Posner molecules which can propagate intact
information through other Posner molecules: for example, inside glutamatergic neurons,
even over long distances. A device able to detect it might follow information through the
nervous system and would help in those situations where neurological functions are strictly
related to pathological symptoms, as happens in OSA [123].
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Microtubules are structures constituted by polymers of tubulins, which are the base of
the cytoskeleton, providing structure and shape to eukaryotic cells. As described above, the
tubulin seemed to have the quantum property of storing information and of instantaneously
propagating it through superposition and entangled states. Should neural information
be carried by this way, an eventual device tracing such a transmission might provide a
detailed “image” of the entire crosstalk between ANS and organs. This might deepen
the knowledge of the neuropathology of sleep-wake disorders, which involve brainstem,
hypothalamus, and basal forebrain [123].

Although different as far as theoretical bases are concerned, these three theories could
in part coexist with the aim of revolutionizing the medical technology available to clinicians
and allowing new means to further explore ANS alterations.

3.7. Ion Channels Dysfunction and Inherited Cardiac Diseases

- lon channels dysfunction.

Ion channels are pore-forming proteins inserted in the cell membrane, which allow
ions, typically Ca**, Na*, K*, C17, to cross the membrane. They are present in the plasma
membranes of all cells and have multiple essential functions, including the regulation
of membrane potential through the control of the ions flow crossing. There are many
types of ion channels, and the crossing of ions through the membrane is one of the key
functions of the most important biological processes such as cardiac, skeletal, and smooth
muscle contraction, nutrients transport, or neurotransmitter release [124,125]. Disruption
of their normal functions, caused by genetic mutations or by other mechanisms like the
autoimmune attack on the ion channel [126-128], can have devastating, often fatal con-
sequences for the organism; cystic fibrosis, long QT syndromes (LQTS), sudden infant
death syndrome, calmodulinopathy, cardiac arrhythmias, and amyotrophic lateral sclerosis
(ALS), are all characterized by ion channels abnormalities (interestingly, in ALS, much
evidence suggests that therapies targeting ion channels may be able to contrast motor
neurons’ excitotoxicity) [129-134].

For this reason, ion channels are frequently the target of drugs and therapies [128,135];
however, for many ion channels disorders, there are no pharmacological therapies available.

At this stage of quantum biology studies, there are only mathematical models that
would provide a new theory on ion channels functioning and related mechanisms of
actions. Recent theoretical models [64,66,67] have suggested that different factors like
hypoxia or inflammation implicated in the pathogenesis of excitability disorders, such as
cardiac arrhythmias, epilepsy, and chronic pain disorders, can decrease the energy of the
ion channel gate. In their calculations, authors showed that the gate-energy decrease caused
by such factors can significantly augment the quantum tunneling to the degree that sodium,
potassium ions, and protons will be able to depolarize the resting membrane potential.
The state of depolarized membrane potential represents a state of hyper-excitability that
predisposes cardiac cells to develop arrhythmias, and neurons to produce epilepsy and
pain disorders.

Additionally, the model of quantum tunneling has been applied on protons during
acidosis and its related pathologies [66]. The mathematical calculations have shown that
protons quantum tunneling through the closed sodium channels can depolarize the mem-
brane potential, hence, cardiac arrhythmias or even cardiac arrest could happen. As the
tunneling probability implies that the quantum particle has a non-zero probability to
pass through a barrier, it is important to assess whether the event of quantum tunneling
falls within the time scale of the biological function. Particularly, the quantum tunnel-
ing through the closed channels should result in a tunneling time sufficient to produce
tunneling currents congruent with those that affect the membrane potential of cells. The
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usual unitary currents of ion channels that can affect the membrane potential are measured
within pico-amperes (pA = 10712 A) or even less and this current is generated when the ion
passes within a time scale of 10~7 s. However, longer passage time and thus lower current
can change the membrane potential. Accordingly, the tunneling time through the closed
gate can be calculated by the following equation

h
ttunneling = E[(ip (2)

where I is the Planck constant, Ex is the kinetic energy of the ion, and P is the tunneling
probability. To reach the time scale of 10~ s, the tunneling probability should be within
the order of 107, which has been demonstrated mathematically and theoretically in these
papers [63-70].

Finally, the quantum-tunneling-induced membrane depolarization may be the univer-
sal mechanism behind the cellular effects of lithium ion including its therapeutic effect to
treat bipolar disorder [68,70].

If the mechanisms of quantum behaviours of ions and protons through the channels
are confirmed, they will probably improve the understanding of mechanisms of action,
likely leading to technological repercussions in the search for therapies that currently do
not exist.

- Inherited Cardiac Diseases.

Rare diseases with a genetic origin are often caused by a point mutation in the DNA,
i.e., the substitution of a single nucleotide (base) at the DNA level resulting in an amino
acid change in the corresponding protein. Although these changes are microscopic, they
may have a clinical devastating impact depending on the position of the substitution and
on the role of the protein.

In the field of inherited cardiac diseases, there are at least two emblematic disorders
that should be mentioned for their high risk of sudden cardiac death and partial response to
therapy: the arrhythmogenic cardiomyopathy (ACM) and the calmodulinopathy [135-137].

The genetic bases of ACM relate to the junction structures that allow a tight connection
among adjacent cardiomyocytes and their simultaneous beating in the heart. Mutations in
the genes coding for junctional proteins underlie the development of ACM [138-140]. ACM
disease affects apparently healthy young people, including athletes and sporty people,
and the first manifestation could sometimes be sudden cardiac death. All the therapies
currently employed in ACM patients partially alleviate symptoms and the risk of sudden
cardiac death but are not able to prevent the progression of the disease [138].

The other fitting example concerns the “calmodulinopathy”, caused by a point mu-
tation in any of the three genes encoding calmodulin (CaM), which is a Ca®* signalling
protein ubiquitously expressed, which, in the heart, modulates different ion channels and
participates in several cellular processes [141].

Calmodulinopathy usually manifests at an early age (around 4 years old), with ex-
tremely severe and often fatal symptoms [142]. The mechanistic implications of CaM
mutations have basically been studied in vitro, since no animal models are available. The
impairment of two different cardiac ion channels interacting with calmodulin (the L-type
Ca?* channel Cav1.2 and the ryanodine receptor 2) is responsible for the main disease
phenotypes observed: the LQTS and the Catecolaminergic Polymorphic Ventricular Tachy-
cardia [143,144]. One of the major issues in calmodulinopathy is the lack of effective
therapies able to prevent life-threatening arrhythmias, despite several therapeutic strate-
gies, both pharmacological and surgical, having been tested [145-147], and despite the
continuous efforts of precision medicine research [143].
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Overall, inherited arrhythmia syndromes with a high risk of sudden cardiac death
demand a deeper understanding of the molecular mechanisms underlying the disease,
to explain why some penetrant genetic mutations have such a severe manifestation. We
think that a major comprehension of these biological phenomena should start from basic
inter-disciplinary research that is essential both for translational applications and for the
search of effective therapies.

Despite the fact that a clinical application of quantum biology findings to the rare
genetic diseases is too far away, some theories explaining the generation of spontaneous
mutations based on the quantum effect deserve to be deepened. In particular, proton
tunneling (Paragraph 3.4) has been proposed as one of the possible mechanisms that may
be responsible for the spontaneous formation of point mutations in the DNA [71,72].

The magnitude of the biological molecules and the distances of atoms involved in
the basic chemical bonds within these molecules suggests the possibility that non-trivial
quantum effects may underlie the well-known physical-chemical effects already described
in this context. However, the extent of quantum effect for the effective formation of a
point mutation with respect to other forces/mechanisms, like deamination pathway or
the polarisation interactions of aqueous solutions [71], is not known. In addition, the
modelling systems employed in different studies remain inevitably at a computational
level, and refer to a simplified reproduction of the different chemical bonds within a
molecule, missing important aspects related to the complexity of biological molecules and
to their 3D structures.

4. Conclusions and Perspectives

The idea that quantum physics may have a role in biology is not recent: Bohr, Frohlich,
Schrodinger, and Penrose dealt with physics aspects of life in a series of lectures and
publications [57,148-150]; Dicke, Del Giudice, Jibu, Kobe, and Cefalas laid the foundation
of basic concepts needed in quantum biology [2-10], and quantum biology has rapidly
been extended to the human cell [23,71].

Quantum studies, including mathematical models and experimental investigations,
appear potentially useful to better approach some clinical problems.

In particular, research on the effect of EMFs on living cells and ROS production,
studies on proton pumping in mitochondrial respiratory chains, and a quantum approach
to TCR-degeneracy, might be useful to better understand the mechanisms of action of
inflammatory-related organ injury, transplant rejection, and oxidative stress in OSA.

Quantum hypotheses on biophotons, pyrophosphates, and tubulin as possible carriers
of neural information could provide new perspectives to improve the knowledge of the
impact of sleep-disordered breathing on ANS functioning and of neuroscience in general.
Finally, studies on quantum properties of ion channels and proton tunneling in the DNA
might, respectively, improve the knowledge about ion channels functioning and DNA
mutations occurrence, implicated in ion channels and inherited cardiac diseases.

Other studies on biological information in the fields of consciousness and evolution
of the species have seriously considered the quantum approach [5,11,151,152], making
extremely clear how the remarkable quantum physics successes are now being entered into
the biomedical field. As an example, the recent article of Yang and colleagues [153], which
came out while this review was in preparation, directly observed an ultrafast hydrogen
bond strengthening in liquid water when a 100-nm water sample was excited with an
approximately 3315 cm ! infrared laser pulse. Experimental results indicated that when
the water molecules were hit by photons, they generated specific vibrations. Initially, these
vibrations led the hydrogen atoms to attract those of oxygen and immediately after they
led to the opposite action: the hydrogen atoms pushed oxygen atoms away with force, thus
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expanding the space between the molecules. This phenomenon is known as the so-called
nuclear quantum effect, which was thought to be at the center of many strange properties of
water, but it was never been directly observed [153]. A thorough revision of this recent arti-
cle is beyond the scope of the present work; however, this discovery shows how advances
in quantum mechanics are approaching the “core” of biology itself: all living organisms
are made up of water for a percentage ranging from about 70% to over 90%. Many human
pathologies like auto-immune diseases or organ ischemic injury compromise, for example,
connective tissue function and organ extracellular matrix, which contain a high percentage
of water [154,155]. If further studies on quantum properties of water demonstrate non-
trivial effects on living cells, perspectives for biomedical research will be remarkable. The
same can be said for studies on proton tunneling in enzyme reactions [156,157]: if they are
experimentally confirmed and observed in multicellular organisms or even in superior
animals, they would have incredible implications for biomedical research.

In conclusion, in the present review, authors described the challenges facing the
biomedical community when addressing clinical problems related to immune response,
ANS and OSA, ion channels dysfunction, and genetic diseases.

In the light of these difficulties, an innovative and promising approach is required and
quantum biology might provide the necessary new theoretical basis.

In view of the accumulated experimental, theoretical, and computational evidence on
the influence of quantum effects on the cell physiology, it seems clear that a substantial
amount of research needs to begin to uncover the interface between the quantum phenom-
ena at the sub-cellular nanoscale level and the biochemical effects observed at macroscopic
scale. Accordingly, specific experimental tests performed by multidisciplinary teams would
represent a great opportunity and might provide the scientific platform for concrete appli-
cations of quantum biology resources to biomedical research and clinical practice.

Limitations

Living systems are macroscopic, complex, hot, wet, and noisy; therefore, there is the
important challenge of verifying whether quantum coherence is maintained as the complex-
ity of the living system increases, and what type of mechanisms might protect quantum
effects against the harsh environments in the biological systems. The question whether
complex living entities, like pluricellular organisms or even animals, can manifest non-
trivial quantum effects remains under a strong debate [158]. In particular, Tegmark [159]
disagreed with Sir Roger Penrose and colleagues’ theory of the brain as a quantum com-
puter on the base of calculation of neural decoherence rates, which suggested that cognitive
processes can be considered as a classical and not as a quantum system. Davies in 2004 [160]
addressed the issue of “decoherence evasion” which should be reached by the biological
system through a quasi-isolation from the decohering environment, and the possibility of
existence, inside the living entity, of decoherence-free subspaces. An interesting debate
on the topic was published in 2008 [161]. Despite part of these issues being addressed by
the experimental works cited in this review, a definitive evidence of non-trivial quantum
effects in complex organisms, in particular in humans, is still lacking. Further studies are
needed, especially when a possible medical application is considered.
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