


Abstract

Quantum biology is often referred to as an emerging field of research. In the-
ory it shares its roots with the more general field of quantum physics. Many
of the founding figures of quantum theory were intrigued as to whether its
insights into the structure of matter might equally offer insights into living
matter. Experimental evidence for quantum effects in biological systems took
longer to emerge, with tunnelling in enzymes observed in the 1960s. More
recently, advances in ultrafast experimental techniques have led to extensive
investigation into the role of quantum coherence in energy and charge trans-
fer in photosynthesis. Despite this long history, the role that quantum effects
play in biological systems is still very much up for debate. Even more debat-
able is the role that quantum effects may play in that most complex biological
system: the brain. Penrose and Hameroff, for example, have suggested that
consciousness cannot be explained by classical processes, and their Orches-
trated Objective Reduction theory has generated both interest and critique.
Consciousness is the brain’s most profound secret and it remains to be seen
whether quantum mechanics will prove a likely explanation. But, less ambi-
tiously, the brain can also be described as a collection of nerve cells, whose
function involves physiological processes similar to those in other cells. The
aim of this thesis is to investigate how progress made in quantum biology
might be applied to the specific context of neurology. To this end, the thesis
revisits two of the models currently employed in quantum biological research.
The first of these is the Posner molecule model of cognition, developed by
Matthew Fisher. This hypothesis involves the entangled spins of phosphorus
nuclei in calcium phosphate molecules, which have an influence on the balance
of free calcium ions and thus neural activation. This original model is further
developed here to investigate how entanglement and coherence are altered by
the inclusion of lithium isotopes, and whether this might offer an explana-
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tion for the mode of action of lithium in treating bipolar disease. The second
model investigated in this thesis is the vibration-assisted tunnelling model
first developed in the context of olfaction. The hypothesis here is that olfac-
tory receptors are potentially activated by an electron transfer that is facili-
tated by the vibrational modes of the olfactant. Ligand-receptor interactions
are ubiquitous in biological systems and not least in the effective functioning
of the nervous system. This thesis thus re-examines the vibration-assisted
tunnelling model to determine how generalisable it might be, by taking the
specific case of infection with the SARS-CoV-2 virus. While this virus-host
interaction is not neurological, intriguing evidence that antidepressants can
have antiviral effects as well as the profound effects that COVID-19 can have
on the nervous system, suggests that this timely example might offer valuable
neurological insights.
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Chapter 1

Introduction

1.1 Is the brain quantum?

1 The idea that quantum physics might have something to do with explain-
ing that most mysterious organ, the brain, has generated scepticism among
scientists. Just because quantum theory and consciousness are both complex
concepts does not mean they necessarily inform each other. Indeed the con-
texts in which both occur have long been assumed to be incompatible. The
brain is a biological system, functioning at physiological temperatures and
subject to the myriad interactions by which living organisms survive. Quan-
tum effects, on the other hand, are conventionally limited to low temperature
systems isolated from the detrimental effects of environmental interaction [1].
However, the mutual exclusion of biological and quantum systems is no longer
so absolute. Research in the field of quantum biology has had some success
in identifying how quantum processes might benefit living organisms [2–5].
On a fundamental level, it can be said that all biological systems are quan-
tum mechanical, being composed of atoms and thus subject to the quantum
theory of atomic structure first developed by Bohr and Rutherford at the
beginning of the twentieth century [6, 7]. In the field of quantum biology
these are considered to be trivial quantum effects, what is more interest-
ing is whether quantum phenomena such as coherence, entanglement and
tunnelling might play a non-trivial role in enhancing the efficacy of biologi-
cal processes [1–5]. There is mounting evidence that quantum theory might

1This chapter is based on the following paper: B. Adams, F. Petruccione. ‘Quantum
effects in the brain: A review’, AVS Quantum Science 022901 (2020).
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contribute to a more accurate physical description of photosynthesis [8–13].
The avian compass has also been suggested to exploit quantum effects with
behavioural evidence supporting the hypothesis [14–17]. Olfaction [18], en-
zyme catalysis [19] and the intricacies of DNA [20] have all fallen under the
scrutiny of researchers working in the field of quantum biology. The basic
biology of the brain, elevated though it is by the inexplicable phenomenon of
consciousness, is perhaps not, on a mechanistic level, so very different from
other processes that take place in the body. It is no wonder then that inter-
est has grown in whether quantum biology might have some contribution to
make towards understanding the detailed physiological mechanisms that con-
stitute the central nervous system. There have been attempts to tackle the
hard problem of consciousness [21–23], or apply quantum theory to human
psychology and cognition [24–26]. This introduction, however, focuses on the
various instances in which it has been suspected that quantum effects play
a role in the structural mechanisms by which the brain performs its integral
functions: the firing of nerves; the actions of anaesthesia, neurotransmitters
and other drugs; the sensory interpretation and organised signalling that is
central to the vast neural network that we identify as our self.

1.2 The classical brain

Neuroscience has made great strides in understanding how the brain works.
However, if our model of the brain were already fully realised there would be
no need to investigate whether quantum theory might offer any insights [27].
The question of how the brain works is, to state the very obvious, compli-
cated. On one level it is a matter of matter, the network of cells and signalling
processes that constitute the central nervous and related systems. But there
is also the question of how this physiology gives rise to the phenomenon of
consciousness. While advances in imaging techniques have resolved some of
the structure of the brain, new discoveries are still being made [28]. Recently,
previously unheard of lymphatic vessels were discovered in the meninges of
the brain, suggesting a link between the central nervous system and the
immune system and prompting research into their role in neurodegenera-
tion [29,30]. Even less well understood is the relationship between structure
and function and to what extent functional connectivity, or an understanding
of the mind, can be explained by the basic anatomy of the brain [31–34].
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1.2.1 Brain organisation

The central nervous system is made up of the brain and the spinal cord [35].
The human brain is a complex organisation of neural tissue, with approxi-
mately 86 billion neurons [36]. While neurons are responsible for the electrical
activity of the brain they are supported by glial cells, which have a number
of functions [37]. Brain matter consists of both grey and white matter, where
the former is mainly cell bodies and the latter is predominantly made up of
myelinated axons that allow for the transport of signals and the connectivity
of the different brain sections [38]. The brain is a network, dependent on the
complex interaction of its different constituent parts, thus the assignment
of specific function to specific region is a simplification. Nevertheless, for
classification purposes it is often divided and subdivided into a number of
regions [35].

1.2.2 Neural action

Nerve cells, the main constituents of the central nervous system, are elon-
gated cells consisting of cell body, dendrites and axon [35]. A complex net-
work of neurons throughout the body allows for the propagation of informa-
tion that is facilitated by the firing or not firing of neurons, the measure of
a neuron’s action potential [35]. The biophysical mechanism of action po-
tential in neurons is conventionally understood through the work of Hodgkin
and Huxley [39]. In order for a neuron to fire the resting potential must be
raised to the requisite threshold potential. This is mediated by the gradi-
ent of electrically charged ions distributed across the cell membrane [35,39].
Communication between neurons is integral to their ability to convey infor-
mation. There is still some contention as to exactly how nerves communicate,
with evidence for both chemical and electrical signal transmission [40]. This
thesis will focus on the former, where neural communication is mediated
by the release of neurotransmitters. When an action potential propagating
along a neuron reaches the axon terminal it triggers the opening of voltage
gated ion channels which in turn stimulate exocytosis, or the release of neu-
rotransmitters into the synaptic cleft [41]. These neurotransmitters diffuse
across the synaptic cleft and bind to special receptors on the dendritic spines,
opening other ion channels. Ions can now enter this nerve cell and change
the membrane potential, potentially generating an action potential in the
post-synaptic nerve cell [41]. While this is a simplistic model of the action of
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neurons it serves as a means to locate the quantum effects discussed in the
next section. Although neurons have a number of constituent parts, those
important in the context of this introduction are as follows. Microtubules,
as the location of effects described in theories of consciousness as well as
coherent quantum transport. Mitochondria, as the site of electron transport
processes. The axon, as mediator of electrical signals and possible site of bio-
photon transfer. A basic understanding of the synaptic mechanism will also
be beneficial to the discussion of both quantum effects in neurotransmission
as well as the neural action of Posner molecules. For a detailed illustration
of the salient constituents of a nerve cell see Figure 1.1.

1.2.3 Consciousness

While this thesis is preoccupied with the simpler question of structure, that is,
the quantum physics of certain physiological mechanisms in the brain, it does
include some theories as to how this physiology manifests as consciousness.
Biology based attempts to explain consciousness include identifying its neural
correlates by means of neuroimaging methods which study the changes in
neural activity between conscious and unconscious states as well as altered
states of consciousness [42–47]. A formal description of consciousness, given
the difficulty of quantifying its subjective experience, would likely borrow
from complex network theory as well as disciplines ranging from physics to
philosophy [31, 48–52]. The question is still open as to whether quantum
physics has something to add to the debate.

1.3 Non-trivial quantum effects

In 1913, Bohr presented his model of the atom where, in contrast to clas-
sical orbits, electrons occupied discrete energy levels. This followed quickly
on the heels of Planck’s advances in understanding blackbody radiation and
Einstein’s explanation of the photoelectric effect which, along with Comp-
ton’s work with X-rays, ushered in the new era of quantum mechanics [6,7].
Fundamentally, all biology can be described as being quantum mechanical in
the same way that all matter is quantum mechanical. However, the aim of
this thesis is to investigate non-trivial quantum effects in biological systems,
to widen the scope of quantum theory to include biological mechanisms and
not merely the description of their constituent atoms. Quantum weirdness is
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Figure 1.1: The basic structure of a nerve cell. Although a number of the
organelles are missing this simplified schematic is sufficient to gain some
understanding of the location of the various quantum effects discussed in
this thesis. Of interest are the microtubules which occur in different
arrangements throughout the nerve cell and the mitochondria, which will
be discussed in the context of electron transfer. The myelin insulated axon
has also been proposed as a wave guide for neural photonics. The meeting
of dendritic spine and axon terminal at the synaptic cleft is enlarged for
clearer understanding of the mechanism of neurotransmission and the
transfer of neural signals. Synaptic vesicles, which are located at the
synapses, are also the site of the proposed uptake of Posner molecules – and
production of free calcium – during endocytosis.
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the subject of much fascination [53]. First Planck and Einstein demonstrated
that radiation, normally understood as behaving like a wave, can also behave
like a particle [6,7]. De Broglie then suggested that matter, which seems dis-
crete, can sometimes show wave-like effects such as interference [6,7]. Despite
being famous for its uncertainty, the formalisation of the theory has proved
extremely successful in describing the behaviour of microscopic systems. The
mathematical framework of quantum mechanics associates a physical system
with a quantum state that contains all possible information on the system.
What is interesting is that within this framework, for two quantum states
describing a system, a linear combination of these states also describes the
system [6, 7]. It is this that gives rise to the uniquely quantum effect of
superposition states, one of the non-trivial effects discussed in this thesis.
The concept of quantum coherence, which quantifies the relationship be-
tween states in a superposition, is investigated in various biological contexts,
as is entanglement, the non-classical correlation between different quantum
states [1]. Entanglement is often discussed with reference to quantum spin,
the property of elementary particles that determines their behaviour in a
magnetic field [6, 7]. Electron tunnelling is also raised as a potential candi-
date for quantum effects in biological systems. An explanation of tunnelling
follows from the probabilistic description of quantum mechanics which allows
the possibility of a quantum particle passing through a classically forbidden
potential barrier [6, 7]. This thesis is particularly focused on inelastic tun-
nelling, in which the tunnelling electrons are coupled to vibrational modes
in their biological context [18]. For a summary of these non-trivial quantum
effects and their implementation in a neural context see the table given in
Figure 1.2.

1.4 Quantum effects in neural processes

It is perhaps misleading to talk about quantum processes in the brain. Nerve
cells extend throughout the body. The quantum processes discussed in this
thesis are not confined to the brain but take place within neurons and at
synapses. They are therefore implicated in the biological functioning of the
entire body. It might be more accurate to describe these effects as quantum
enhanced neural processing.
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Quantum processes and their neural manifestations

Quantum
process

Coherent 
energy/charge 
transfer 

Energy/charge
transfer in
microtubules and 
possibly mitochondria

General anaesthetic

Biophotons

General
anaesthetic

Radical pair
 and reactive 
oxygen species

Posner qubits

Quantum
spin

 

Radical pair
 and reactive 
oxygen species

Posner qubits

Entanglement
 

Inelastic 
tunnelling 

 

Neurotransmitters

GPCRs

 

Neural
manifestation

Figure 1.2: Non-trivial quantum effects and their neural context. Quantum
spin and entanglement in the neural context are discussed in Chapter 3.
Inelastic tunnelling in G-protein coupled receptors (GPCRs) and related
receptors is discussed in Chapter 4.

1.4.1 Orchestrated Objective Reduction

Orchestrated objective reduction (Orch OR), the application of quantum
mechanical formalism to the question of consciousness, was proposed by Stu-
art Hameroff and Roger Penrose in the 1990s [22, 54, 55]. In his 1989 book
The Emperor’s New Mind: Concerning Computers, Minds and The Laws of
Physics Penrose addresses the possibility that the laws of classical physics are
not sufficient to explain the phenomenon of consciousness, suggesting instead
that quantum physics might be integral to this explanation [21]. His hypoth-
esis initially lacked a biological context in which these quantum effects might
occur. Hameroff, an anaesthesiologist by training, had been previously inter-
ested in microtubules and suggested that they could be a contender in which
to situate a quantum model for consciousness. Hameroff and Penrose have
subsequently collaborated on developing and refining the theory of Orch OR,
by which quantum computations in microtubules influence neural firing and
by extension constitute the neural manifestation of consciousness [22]. Micro-
tubules in general have elicited interest from various researchers attempting
to model quantum effects in the brain.
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Microtubules

Microtubules are formed by the polymerisation of tubulin dimers, which
consist of ↵ and � tubulin proteins. Tubulin dimers first form longitudi-
nal protofilaments; 13 of these protofilaments then form a microtubule with
diameter of approximately 25 nm [22]. Microtubules form part of the cy-
toskeleton of eukaryotic and some prokaryotic cells and contribute to cellular
shape and structure. They have a variety of functions. They are integral to
cell division, forming the spindle apparatus that mediates the division of chro-
mosomes into daughter cells [22,56,57]. Microtubules also act as tracks along
which motor proteins move cellular constituents within the cell [22, 56, 57].
Whereas microtubules are present in all eukaryotic cells the theory of Orch
OR is focused on microtubules in nerve cells and in particular those found
in the dendrites and cell body (soma) of these cells. This is because mi-
crotubules in axons and non-neural cells have a radial, regular arrangement
that is arguably less supportive of information processing. Microtubules in
the dendrites and soma are less regularly arrayed, forming what Hameroff
and Penrose refer to as recursive networks well suited to learning [22, 58].
Microtubules in non-neural cells are also dynamically unstable, able to disas-
semble in various ways. Microtubules in dendrites and nerve cell bodies are
prevented from disassembly by microtubule associated proteins, rendering
them more stable and able to encode the long-term information necessary to
the theory of Orch OR [22, 59, 60]. The specific composition of tubulin has
also lent strength to quantum models of neural processing due to the fact
that it is partially composed of chromophores such as tryptophan, arranged
in a manner similar to photosynthetic systems in plants and bacteria [61,62],
which have been surmised to support coherent quantum effects.

The quantum model of Orch OR

Hameroff and Penrose hypothesise that quantum computations encode infor-
mation in microtubules and objective reduction is how this quantum informa-
tion results in a classical output. The details by which Penrose’s conception
of quantum gravity gives rise to the objective reduction of the quantum wave-
function are beyond the scope of this introduction. In this case Hameroff and
Penrose’s 2014 review of the theory is instructive [22]. The choice of micro-
tubules, and more specifically tubulin dimers, as the biological context in
which Orch OR takes place has been motivated by various reasons. It has
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been suggested that the manifestation of consciousness is not axonal firing
but rather the signal integration that occurs in the dendrites and cell bodies
of nerve cells. This is given some support by the fact that gamma wave
synchrony, which has been suggested to be the neural correlate of conscious-
ness, is generated by dendritic-somatic integration potentials [22, 63]. As
outlined above, microtubule arrangement in the dendrites and cell bodies of
nerve cells is suitable for information processing, making them a good con-
tender for the biological site of consciousness [22, 58, 60]. The localisation
of Orch OR in microtubules also offers a way to model a biological qubit,
which is integral to the quantum nature of the theory. A qubit, the basic
unit of quantum information, is a two-state system that can exist in a su-
perposition of both states at the same time. Initially Hameroff and Penrose
proposed that tubulin dimers might exist in a superposition of mechanical
conformations coupled to London force dipoles [22,55,64]. More recent iter-
ations of the theory locate the quantum description firmly in the constituent
aromatic rings (phenylalanine, tyrosine and tryptophan) that make up the
tubulin proteins [22]. These have pi orbital electron clouds that demonstrate
spatial delocalisation, giving rise to London force electric dipoles, that can
exist in superposition. While Orch OR was originally formulated with elec-
tric dipoles in mind, the authors now propose magnetic dipoles related to
electron spin [22].

Discussions around Orch OR

This section gives only a basic overview of the theory of Orch OR as a means
to introduce the idea of quantum models of the brain and their biological sites
of action. There have been a number of objections raised against Orch OR,
the details of which are given in Hameroff and Penrose’s 2014 review [22].
Those responses that deal with the structural viability of quantum effects
in the brain are briefly addressed in this section. The problem of decoher-
ence is an issue commonly cited against the application of quantum theory
to biological systems. Quantum mechanics is conventionally applied to iso-
lated systems at low temperatures whereas biological systems are typically
described as being warm, wet and messy [1]. In 2000 Max Tegmark addressed
the question of decoherence in the context of Orch OR, concluding that cal-
culated decoherence time scales of 10-13–10-20 seconds are much too short for
quantum effects to play any role in cognitive processes [65]. Hagan et al.
responded to this by asserting that Tegmark had based his calculations on a

11



model that did not closely resemble the one they had proposed. After recal-
culation for a more accurate model they conclude that decoherence times are
closer to 10-5–10-4 seconds [66]. With the development of quantum biology
the question of whether quantum mechanics can contribute any meaning-
ful insight into the functioning of biological organisms has shifted towards a
positive answer. In particular the study of photosynthesis has revealed that
the efficacy of energy transfer and charge separation might be enhanced by
quantum effects [8–13]. Thus the decoherence argument against Orch OR
perhaps holds less weight than other evidence contradicting the theory.

There has been some argument over the lattice arrangement of tubulin dimers
in microtubules, which can be of two types: A and B. The predictions of Orch
OR favour type A whereas actual mouse brain tissue points to the predomi-
nance of type B. Proponents of Orch OR argue that this does not necessarily
discount the theory as quantum effects may only occur in that fraction of
microtubules that are geometrically suitable [22, 67]. Objections by McK-
emmish et al. include the proposed conformational switching of the tubulin
proteins that constitute the biological qubit [68]. They note that the the-
ory demands significant changes in tubulin structure and that any processes
that might drive these conformational changes would be metabolically ex-
pensive [68]. More recent reformulations of Orch OR do not require such
extreme conformational switching and the different states necessary for the
qubit can be achieved through superposed electric or magnetic dipoles in
aromatic rings [22]. McKemmish et al. also note that the electrons in a
single aromatic ring cannot exist in superposition states, being completely
delocalised [68]. This can be incorporated by considering the electron clouds
of two or more rings [22]. Reimers et al. take issue with the possibility of
strong Fröhlich condensation in microtubules [69]. They explain megahertz
coherence demonstrated in microtubules by Pokorný [70] as being due to
weak classical Fröhlich condensation. They go on to suggest that as Orch
OR involves coherent strong Fröhlich condensation the theory is flawed [69].
Hameroff and Penrose respond by citing experimental evidence of the discov-
ery of gigahertz, megahertz and kilohertz resonance in single microtubules.
They argue that the experimental evidence argues strongly in the favour
of Orch OR [22, 71, 72]. Other criticisms have been aimed at the objec-
tive reduction part of the theory, and the way in which this translates into
consciousness. These have been addressed in detail by Hameroff and Pen-
rose [22].
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Microtubules as a site for quantum effects

While Orch OR theory is not without controversy, the suitability of mi-
crotubules as a site for quantum effects has given rise to a number of re-
lated approaches. It seems probable that neuronal microtubules are indeed
implicated in consciousness and cognition. This is supported by the fact
that certain chemicals that influence both consciousness as well as cognitive
function, such as general anaesthetics and antidepressants, involve micro-
tubules [22, 73,74]. The proposed quantum action and alternative biological
sites of processes related to both anaesthetics and antidepressants will be
discussed in the subsequent sections. Craddock et al. suggest an additional
way in which microtubules might play a quantum role in neural process-
ing. They take, as a comparative example, evidence of quantum beats in
the light-harvesting complexes of plants and bacteria [8]. They then suggest
that the tryptophan residues present in the tubulin proteins that constitute
microtubules are structurally and functionally capable of supporting the pos-
sibility of quantum coherent energy transfer [61]. More recent experimental
evidence by Kalra et al. demonstrates that not only are microtubules efficient
light harvesters but that anaesthetics have an effect on these light-matter in-
teractions [75]. The details of this research will be discussed further in the
context of transfer processes.

1.4.2 Quantum models of general anaesthesia

One of the ways in which we might understand the mechanism of conscious-
ness or, less ambitiously, the details of neural processes, is by looking at
chemicals that disrupt these processes. As Luca Turin puts it, ‘the only thing
we are sure about consciousness, is that it is soluble in chloroform’ [76]. To
this end the study of general anaesthetics has offered some way of structur-
ing research into quantum neural processing. There are a few theories as
to how quantum effects are implicated in the action of general anaesthetics.
One of these follows from the investigation of possible quantum effects in
microtubules, initiated by Hameroff and Penrose’s Orch OR theory [77]. An-
other looks at spin changes in anaesthetised fruit flies [78]. Both of these are
preoccupied with the possibility that anaesthetic action disrupts electronic
activity, a theory that first made its appearance in the 1980s [79–82]. There
is also some suggestion that the nuclear spin of anaesthetic molecules might
influence their efficacy [83].
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The action of anaesthetics in tubulin proteins

Craddock et al. argue that understanding general anaesthetics as having a
network [84] or synaptic based effect [85] does not explain how anaesthetics
inhibit the cognitive abilities of simple single celled organisms such as slime
moulds [86, 87]. The fact that this cognition is linked to cytoskeletal micro-
tubules points to a possible site for the action of general anaesthetics [77,88].
There is some uncertainty concerning the exact biological location targeted
by anaesthetics. The Meyer-Overton rule links the potency of anaesthetics
to their increased lipid solubility. Further research suggests that anaesthetics
act in lipid-like hydrophobic regions in proteins [77].

Anaesthetics bind to a number of membrane and cytoplasmic proteins [89–
91], Craddock et al. propose that tubulin, the protein subunit of micro-
tubules, seems the most likely due to the fact that gene expression after ex-
posure to anaesthetic compounds is concentrated on microtubule dependent
functions [77,92]. The quantum mechanism by which anaesthetics operate in
microtubules is based on a number of theoretical observations. The applica-
tion of quantum theory to biological systems has been particularly successful
in the context of energy/charge transfer processes in photosynthesis.

Photosynthetic complexes harvest light and then transfer this excitation en-
ergy to reaction centres at which charge separation takes place [1]. This trans-
fer was initially assumed to take the form of semiclassical hopping between
discrete energy levels of chromophores bound to protein scaffolds. However,
in the past few decades, with the advent of experimental techniques such as
two-dimensional electronic spectroscopy, research suggests that this energy
transfer has wavelike characteristics, with energy delocalised over more than
one chromophore at a time [1, 8]. For a simple schematic illustrating the
principle see Figure 1.3.

Although not without controversy, experimental observation of cross peaks
that oscillate in time has been interpreted as evidence for coherent energy
transfer [93,94]. Building on research that tryptophan rings arranged favourably
in tubulin proteins can act as quantum channels supporting coherent elec-
tron dynamics in a manner similar to photosynthesis [61, 95, 96], Craddock
et al. argue that anaesthetic gas molecules binding in these channels in-
hibit quantum effects and disrupt coherent energy transfer and that this is
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responsible for the effects of general anaesthetics on consciousness [77, 88].
In a later paper Craddock et al. expand their theory to the prediction of
anaesthetic potency. They argue that anaesthetic and related gases change
collective terahertz dipole oscillations in a way that predicts the potency of
their action [97]. While much of this work has been theoretical, exciting
new experimental results by Kalra et al show that microtubules demonstrate
quantum-like energy transfer which is disrupted by the administration of
anaesthetics [75].

Quantum spin and general anaesthetics

In his early research relating to quantum biology, Turin hypothesised that
the sense of smell, understood classically as a lock-and-key mechanism, might
instead be better explained by quantum theory [98]. More recently he has
addressed the common thread between the very different molecules that act
as general anaesthetics. Turin’s theory is that anaesthetic molecules perturb
electron currents in their target proteins [78]. The molecules that comprise
the group of general anaesthetics range from the structurally simple noble
gas xenon to the much more complex molecule alfaxalone, a range that in-
cludes numerous other chemicals without any apparent similarities. It is
this structure-function anomaly that is motivation to look at the underlying
physics of anaesthetics [78, 99]. Being that it is structurally the simplest of
the anaesthetics, more than one attempt has been made to understand the
anaesthetic action of xenon.

In a recent paper Li et al. examine the differing anaesthetic effects of xenon
isotopes. Xenon has nine stable isotopes. Seven of these have zero nuclear
spin but xenon 129 has a nuclear spin of 1

2 and xenon 131 of 3
2 [83]. In

their experiment Li et al. compare the loss of righting reflex in mice, which
correlates with consciousness, under the influence of the different isotopes.
In order to exclude electronic effects they also calculate the polarisabilities
of the different isotopes, finding them to be undifferentiated. Their results
demonstrate that xenon isotopes with non-zero nuclear spin have a lower
anaesthetic effect. As the results do not show a correlation between anaes-
thetic effect and atomic mass they conclude that the differences must depend
on the value of the nuclear spin. Although the details of the mechanism are
not clear the authors hypothesise that as spin half particles have been shown
to be better suited to quantum entanglement, perhaps entanglement pro-
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also focus on the physics of the xenon atom. In 1989 IBM used a scanning
tunnelling microscope to manipulate 35 xenon atoms on a nickel surface into
spelling out the IBM logo; where the xenon atoms extend the conducting sur-
face of the nickel [103]. In a similar manner, Turin et al. suggest that general
anaesthetics might bind to sites in central nervous system proteins in a way
that bridges the gap between electron donors and acceptors. Xenon atoms,
for example, could extend the highest occupied molecular orbit (HOMO) of
the protein they interact with, facilitating electron transfer [78].

In order to detect these currents in a whole living organism Turin et al.
conduct an electron spin resonance (ESR) experiment using anaesthetised
fruit flies, looking for increases in the total spin which could indicate an in-
crease in unpaired electrons. ESR exploits the fact that unpaired electrons
in an external magnetic field can occupy two possible spin-dependent energy
states that are proportional to the field strength. Discounting free electron
spin signals from melanin pigments the results of the experiment lead them
to conclude that general anaesthetics cause a change in spin. Further support
for the hypothesis is offered by the fact that spin changes differ for anaes-
thetic resistant flies [78]. In addition to this, using density functional theory
they demonstrate that chemicals which display similar but less exaggerated
central nervous system effects to anaesthetics, also extend the highest oc-
cupied orbital momentum but to a lesser degree. They conclude, however,
with a degree of caution as to what exactly is the principle behind observed
changes in spin: change in total spin or change in spin polarisation [78].

While electron spin changes under the influence of general anaesthetics points
towards a possible quantum mechanism, there is still some scepticism as to
whether the experimental evidence is sufficient proof of principle. Turin et
al. themselves note that the spin changes could be due to melanin. Al-
though they checked their results against flies deficient in one of three possi-
ble melanins, they concede that particularly neuromelanin, the grey in grey
matter, might play a role [78]. This is potentially interesting in the context
of recent research investigating the quantum role of neuromelanin facilitated
electron transport in sections of the brain [104]. Turin et al. also document
the fact that the experiment was performed under distinctly unphysiologic
conditions. In order for the flies to remain immobile and not disturb the
readings they were kept at 6 °C. Although some temperature variation was
tested this was only between 2 °C and 10 °C. In addition to this the flies
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were kept in anoxic conditions to isolate the effects of anaesthetic gases from
those of oxygen. The potential role of oxygen in the experimental results
points to the involvement of respiration, more specifically the movement of
electrons in the electron transport chain of mitochondria [105]. Turin et al.
cite a number of instances in which it has been shown that mitochondria are
involved in the action of anaesthetics [78,106–108]. In a more recent collab-
oration with Turin, Gaitanidis et al. invite speculation on an unpublished
preliminary report of spontaneous radiofrequency emission from fruits flies
subjected to a magnetic field. They suggest that these emissions originate
from the nervous system due to the fact that they stop under the influence
of chloroform anaesthetic and that they are related to spin-polarised electron
currents in cells. The authors note that these cellular currents could reflect
mitochondrial metabolism but that the variable signal and reaction to anaes-
thetic suggests some more complex biological activity connected to neuronal
activity [109].

The outlook on quantum models of general anaesthesia

While the comparison of electron dynamics in photosynthetic and micro-
tubule proteins is largely theoretical the authors suggest its experimental
verification is possible via two-dimensional electronic spectroscopy, a tech-
nique well established in the analysis of photosynthetic systems [1]. They
propose that quantum beating in tubulin will be altered under the influence
of anaesthetics and that this is a measurable phenomenon [77]. While this
has yet to be attempted there has been some recent experimental work in-
vestigating the possibility that quantum effects play a role in the action of
anaesthetics. Using entangled as well as classical two-photon spectroscopy,
Burdick et al. report that, in contrast to nonhalogenated ethers, halogenated
ethers interact with entangled photons of specific wavelength [110]. They
motivate the research by citing the fact that nerves have been shown to in-
teract with light and biophotons have been identified in neural cells and thus
the optical properties of molecules that act on nerves might be of interest.
Ethers, both nonhalogenated and halogenated, act as general anaesthetics.
Burdick et al. use Raman spectroscopy of sevoflurane and isoflurane, to
demonstrate that these halogenated ethers have many vibrational modes in
the low frequency shift region which would allow for their interaction with
entangled light. They emphasise, however, that this does not necessarily
have anything to do with their anaesthetic properties as nonhalogenated di-
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ethyl ether, which does not interact with entangled light, also acts as an
anaesthetic [110].

1.4.3 Neurochemical binding and activation

mechanisms

For the purposes of this thesis the term neurotransmitter is used with re-
spect to a variety of neurochemicals that fall into this category, binding to
neuroreceptors and modulating neural signalling. Neurotransmitters emitted
by one nerve cell bind to receptors on an adjacent nerve cell and facilitate
the opening of ion channels [35]. This is fundamental to the generation of
action potentials and disruption of this process is believed to contribute to
mental illnesses [111, 112]. Although the focus here is on the action of neu-
rotransmitters it has been suggested by Vaziri et al. that the mechanism by
which ion channels allow the selective transmission of ions might also not be
strictly classical, showing evidence of quantum coherence [113]. The binding
action of neurotransmitters is conventionally understood as a lock and key
mechanism whereby the shape of the neurotransmitter matches its specific
receptor [328, 333]. The lock and key or docking mechanism is implicated
in a number of biological processes: neurotransmission [328]; the action of
enzymes [116]; olfaction [117]; DNA binding [118], all depend to some extent
on lock and key theory. Despite the success of the theory however, an al-
ternative view suggests that something more than molecular shape might be
necessary to explain olfaction and, more recently, neurotransmission.

Lock and key or quantum vibration

Neurotransmitters are a class of molecules that bind to G protein coupled
receptors (GPCRs). GPCRs are a group of receptors that, upon detection
of appropriate molecules known as ligands, activate signalling pathways in
cells [119]. GPCRs play an important role in medical innovation, as targets
for drug action [120]. In addition to neurotransmitters, there are a number
of biological molecules that bind to GPCRs; these include odourants [121].
Olfaction is classically understood as depending on the respective shapes of
the chemical/receptor pair. However, an alternative vibrational theory of
olfaction was first developed by Dyson as long ago as the 1930s [18, 122].
In his 1996 paper Turin suggested that the vibrational frequency of a given
odourant contributes to quantum tunnelling at the receptor [98]. In 2011
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Franco et al. presented experimental evidence in support of the theory. In
particular they claimed that fruit flies could differentiate between deuterated
odourants [123]. There is also some evidence that more complex species such
as lake whitefish and the American cockroach can differentiate between iso-
topes of amino acids and pheromones [124–126]. Horsfield et al. document
a number of experiments that test the theory on both the behavioural and
physiological level [18]. Deuterated odourants are a useful means to test the
vibrational theory of receptor activation due to the fact that replacing hy-
drogen by deuterium shifts vibrational modes, for instance to the 2150 cm�1

vibration of the carbon-deuterium bond [18, 127, 128]. However, there has
also been some recent discussion as to the fact that a differential olfactory
receptor response between undeuterated and deuterated odourants could in
fact be due to a minute contaminant in one of the samples [128]. Paoli et al.
conclude that although their results do not prove the vibrational theory of
olfaction they also do not disprove it, merely calling for caution in experimen-
tal approach [128]. While there is little verification for a vibrational olfactory
mechanism in mammals, a number of the experiments support the theory for
the case of insects. It should be noted, in a discussion of GPCR mechanisms,
that insect olfactory receptors differ from mammalian G protein related ol-
factory receptors and thus experimental results may not be generalisable [18].

While the theory remains controversial it has recently been re-examined in
the context of neurotransmission. A number of different neuroreceptors have
been investigated. Adenosine receptors are rhodopsin-related G protein cou-
pled receptors that bind the neuromodulator adenosine, but can also bind
a variety of other agonist and antagonist molecules [129]. The stimulating
action of caffeine, for instance, is due to its antagonistic binding to adenosine
receptors [130]. Because GPCRs are such an important target for pharma-
ceutical intervention the classification of molecules that act as agonists or
antagonists is a well-developed research field. Molecules can be classified us-
ing various molecular descriptors which include information from molecule
structure, topology and geometry, to dipole moment, electric polarisability
and electrostatic potential [129]. Following on from the fact that adeno-
sine receptors and olfactory receptors are both class A GPCRs, Chee and
Oh present research that tests whether vibrational frequency might also be
an effective molecular descriptor. They suggest that classifying ligands by
vibrational frequencies is an effective way of discriminating agonist from an-
tagonist [129]. Chee et al. then refine this research using a machine learning
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approach and conclude that selected features of molecular vibration allow for
ligand classification of adenosine receptor agonism [131].

Whereas Chee et al ’s research investigates adenosine receptors Hoehn et
al. focus in particular on the neurotransmitter serotonin and its recep-
tors [124, 132]. Although it has a number of other functions in biological
systems serotonin is perhaps most well known for the role it plays in mood.
A widely prescribed class of antidepressants, the SSRIs (selective serotonin
reuptake inhibitors) target this neurotransmitter [133]. In their research
Hoehn et al. address the possibility that serotonin neurotransmission might
utilise vibration assisted inelastic tunnelling effects [124]. Using inelastic
electron tunneling spectroscopy (IETS) theory that was first developed to
understand olfaction they investigate the tunnelling spectra of endogenous
and non-endogenous agonists that bind to the serotonin receptor. Non-
endogenous agonists of this receptor include LSD (lysergic acid dimethy-
lamide), DOI (2,5-dimethoxy-4-Iodo-amphetamine) and other psychedelic
phenethylamines [124]. Their results suggest that the serotonin molecule
shares an inelastic electron tunnelling spectral peak with other agonists that
activate the serotonin receptor. Although the lock and key mechanism has
been very successful in modelling certain aspects of the action of signalling
proteins one of the ways in which it falls short is the prediction of agonist
potency. In addition to the shared spectral peak of related agonists Hoehn
et al. also report that the intensity of this peak might be used as a predictor
of agonist potency [124].

Experimental probing of the vibration assisted tunnelling hypoth-

esis

Experimental investigation of the vibrational theory of neuroreception fol-
lows the lead of Franco et al. in the context of olfaction, where the effects of
deuterated odourants are investigated [123]. Hoehn et al. report the results
of an experiment to test the feasibility of their theoretical approach by mea-
sure of receptor affinity and activation. Once again, agonists of the serotonin
receptor were chosen, specifically 2,5-dimethoxy-4-iodoamphetamine (DOI)
and N,N-dimethyllysergamide (DAM-57). However, the experiment failed to
confirm the vibrational theory of neuroreception as they report that selective
deuteration had no influence on binding affinity or activation [132].
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In another study regarding the binding mechanism of the neurotransmit-
ter histamine, authors Kržan et al. report a significant distinction in the
binding patterns of histamine and its deuterated counterpart, as well as for
other agonists of the histamine receptor [134]. In particular they found that
deuterating histamine increased its binding affinity. They discuss this in the
context of the vibrational theory of olfaction and GPCRs more broadly. In-
stead of confirming the theory they propose an alternative reason for the fact
that experiments suggest that animals can differentiate between deuterated
odourants, concluding that it is a nuclear quantum effect governed by differ-
ences in the strength of hydrogen bonds before and after deuteration [134]. In
contrast to this, theoretical work comparing the structure-activity/vibration-
activity relationship of the histamine receptor and its various ligands suggests
that molecular vibration does play some role in ligand function. In the study
47 ligands that bind to histamine receptors were investigated using a com-
putational approach to molecular vibration. This led to the conclusion that
the many varying agonists and antagonists can be to some extent classified
by their molecular vibrations [135].

The functional mechanisms of GPCRs in general

The lack of experimental verification for vibrational quantum effects in the
context of central nervous system GPCRs prompts Hoehn et al. to sug-
gest that either olfactory receptors function differently from other GPCRs
or the vibrational theory of receptor activation is wrong. Gehrckens et al.
address the latter criticism in a recent preprint, in which they use density
functional theory to investigate the electronic structure of rhodopsin [121].
They choose to look at rhodopsin rather than olfactory GPCRs due to the
fact that a high resolution structure of rhodopsin is available for research
purposes. Rhodopsin also shares important features with olfactory receptors
and is considered the evolutionary ancestor of GPCRs [136, 137]. The main
aim of their research is to demonstrate a mechanism for electron transfer
in olfactory receptors. They go on to identify a tryptophan donor and zinc
mediated acceptor site that would allow electron transfer in rhodopsin. The
zinc ion, surrounded by a tryptophan, a histidine and a conserved glutamate,
lowers the lowest unoccupied molecular orbital (LUMO) of a tryptophan side
chain to below the energy of the highest occupied molecular orbital (HOMO)
of the donor tryptophan, allowing for electron transfer [121]. They also em-
phasise the fact that this capacity for electron transfer does not necessarily
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play a role in the functionality of rhodopsin. In the context of whether this
effect might be generalisable to GPCRs they conclude that an electron trans-
fer mechanism might have been exploited by the offshoots of rhodopsin, in
particular olfactory receptors. They do however suggest that in this sense
olfactory receptors may be unique in that they are relatively non-specific, a
requirement made necessary by the novelty and variety of odourants that will
bind to them. Neurotransmission, they argue, depends on a binding that is
much more specific. On the subject of neurotransmitters, they hypothesise
that the anomalous binding structure of the antagonist metitepine to sero-
tonin related receptors can be explained if the metitepine is in the form of a
radical, having gained an electron in binding to the receptor. This mecha-
nism is in line with the idea that GPCRs are electronic devices rather than
simply lock-and-key [121].

Both theoretical and experimental results do not offer any clear conclusions
with respect to the vibrational theory of neurotransmission for adenosine,
serotonin and histamine receptors and their related ligands. Further research
is necessary to clarify the viability of the approach and its specific relation to
the different actions of neurotransmitter binding affinity and activation capa-
bility [131]. Understanding the mechanism or mechanisms of ligand-GPCR
interaction is particularly important due to the fact that GPCRs are a major
drug target associated with one third of all pharmaceuticals [120,131].

1.4.4 Alternative signalling processes and biophotons

It is perhaps interesting that GPCRs, in addition to binding with molecules
such as neurotransmitters and odourants, also interact with photons [138].
There has recently been some suggestion that cellular communication and
even possibly neural signalling might make use of biophotons in addition
to more well established mechanisms such as neurotransmitters [139–141].
Biophotons are spontaneous ultra-weak photons in the near-UV to near-IR
spectral range produced by biological systems, in particular through oxidative
processes in mitochondria [141,142]. As noted in a recent paper on the sub-
ject, it is known that biophotons are produced in brains [141]. Correlations
have been found between biophoton intensity and neural activity as well as
oxidative dysfunction of neural cells in rat and mouse brains [143–145]. There
has even been some attempt to explain human intelligence in the context of
biophoton emission. Following on from a study that demonstrated that glu-
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tamate, a key neurotransmitter, can mediate biophoton production [344],
Wang et al. examine the spectral characteristics of biophoton emission in a
range of species. They conclude that there is a correlation between higher
order intelligence and the spectral redshift of biophotons emitted by sam-
ple brain slices. This redshift increases in the order of frog, mouse, chicken,
pig, monkey, and human, which reflects with some accuracy the phylogenetic
tree, although they concede that there is no completely objective means to
measure intelligence across species [147]. Their argument has met with some
scepticism, with Salari et al. responding that the experimental results insuf-
ficiently support the hypothesis and that without a mechanistic connection
between spectral shift and intelligence, their correlation is more likely to be
coincidence [148].

Biophotons have been implicated in cellular signalling in plants, bacteria
and even kidney cells. Following from this Sun et al. present experimen-
tal evidence that nerve cells can also conduct biophotons, and that this ef-
fect can be inhibited by the application of a neural conduction block anaes-
thetic [140, 149]. In their attempt to model the mechanistic details as to
how biophotons are utilised in information transfer, Kumar et al. argue
that neurons are well suited to photonics [141,150]. They cite evidence that
nerve cells contain possible photon sources from mitochondrial respiration or
lipid peroxidation, as well as photon detectors such as centrosomes and chro-
mophores [141, 152–155]. They then hypothesise that myelin-coated axons
of nerve cells act as waveguides for biophotons and that this might facilitate
quantum effects such as entanglement [141]. In order to demonstrate proof of
principle the authors develop a theoretical model of light guidance in axons,
solving the three dimensional electromagnetic field equations in the relevant
context. They investigate a number of limiting factors and potential pitfalls
and conclude that axons are mechanistically viable as waveguides. They go
on to suggest various experiments in which the different aspects of their hy-
pothesis might be put to the test [141,150]. Experimental evidence supports
the case for optical properties in axons, demonstrating directional-dependent
photon propagation in myelinated axons [151].

Quantum effects in energy and charge transfer

In a review that addresses the possibility of quantum neurobiology, Jedlicka
suggests that cognition, typified by complex signal processing and integra-
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tion, can potentially be thought of as occurring outside of strictly neural sys-
tems and that the quantum information processing abilities demonstrated
by plants and bacteria could be useful to the study of cognition in higher
animals [24]. Thus far, the theoretical and experimental advances made in
understanding the role of quantum effects in biological systems have been pri-
marily to do with photosynthesis, in particular light harvesting energy and
charge transfer processes [1]. As noted by Toole et al., however, coherent
energy transfer in photosynthesis is less a unique feature of photosynthetic
systems than it is the result of the specific arrangement of chromophores
within a protein [62].

Kurian et al. propose that biophoton production in mitochondria is absorbed
and channelled via resonant energy transfer by co-localised microtubules.
They argue that neurodegenerative diseases related to compromised micro-
tubule networks could result from ineffective channelling of biophotons into
signalling or dissipation. Experimental evidence shows that microtubules
undergo organisational changes after exposure to photons, particularly in
the absorption range of tryptophan and tyrosine [156]. As previously noted,
a related paper presents a computational approach to quantum coherent
energy transfer in microtubules [61]. The authors argue that similarly to
the arrangements of chromophores in light harvesting photosynthetic com-
plexes, the tubulin proteins that constitute microtubules have appropriate
arrangements of chromophores such as tryptophan. They conclude that it
is feasible that tubulin proteins could support coherent energy transfer in
microtubules [61, 95]. This is supported by experimental results from Kalra
et al, which demonstrate that microtubules show efficient light harvesting
and energy transfer that cannot be wholly explained by classical theory [75].
In a recent related paper Celardo et al. extend the similarities between
photosynthetic antenna complexes and microtubules by demonstrating that
tryptophans in microtubules can theoretically exhibit superradiant excitonic
states [96].

The possible role of tryptophans in transfer processes has also been pre-
viously addressed with respect to the action of neurotransmitters in binding
to and activating GPCRs. In their investigation of rhodopsin, Gehrckens
et al. outline a mechanism by which a tryptophan donor and zinc acceptor
facilitate electron transfer [121]. Tryptophan seems particularly interest-
ing with respect to neural processes as it is the precursor to serotonin, an
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important neurotransmitter. This connection prompts Tonello et al. to hy-
pothesise that the structure of consciousness emerges in a manner analogous
to the serotonin dependent movement of plants towards their source of en-
ergy [157]. In neural processing this is extrapolated as biophoton harvesting
by tryptophans and concomitant serotonin-mediated neural communication
and plasticity [157] In a later paper Tonello et al. expand on this idea with
the hypothesis that the gastrointestinal-brain axis in higher animals might
have evolved from the root-branch axis of plants, and that light plays an
important role in both systems [158].

While these ideas remain for the moment largely theoretical, much of
the theory of electron transport and resonant energy transfer has focused
on the involvement of microtubules. Alternatively, the role of biophoton
use and energy transfer in neural processes could be furthered by a closer
look at the electron transport chain of mitochondrial respiration. As pre-
viously noted, mitochondria are already implicated in the action of general
anaesthetics [78,106–108]. They are also the primary production site of bio-
photons [141, 142]. They might serve as an alternative biological location
in which quantum effects could be investigated. Research suggests that the
arrangement of chromophores in bacteria allows for quantum coherence in
their photosynthetic processes [159]. Similarities between the DNA of bac-
teria and eukaryotic mitochondria has led to the theory that mitochondria
are descended from bacteria, though recent research suggests they are less
directly related [160–163].

While the ancestry of mitochondria remains uncertain their similarity to bac-
teria could arguably manifest in biological structures that support quantum
effects. Both photosynthesis and mitochondrial respiration make use of an
electron transport chain, which powers the charge gradient necessary for ATP
synthesis [164]. For a simple comparison of these electron transport chains
see Figure 1.4. A group of researchers from the Quantum Biology and Com-
putational Physics research group at the University of Southern Denmark are
already investigating proton-coupled electron transfer in the cytochrome bc1
complex in photosynthetic bacteria and higher organism cellular respiratory
systems. The group has published a number of papers motivated by the fact
that malfunctions in the bc1 complex lead to many different diseases. They
also hope to better understand photosynthesis in order to optimise energy
conversion research [165–167]. The reduction and oxidation of ubiquinone is
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Figure 1.4: Simplistic comparison of the electron transport chains of
respiration and photosynthesis. Electrons are transported through a series
of complexes or photosystems, which results in the creation of a proton
gradient. This is used to drive the production of ATP. While the specific
complexes differ between chains they share some features relevant to the
possibility of quantum effects: the presence of chromophores, for instance,
which arguably support coherent energy transfer. Oxidative processes in
the electron transport chain of mitochondria are thought to be the main
source of biophotons. The function or target of these photons, however, is
less clear. It has been proposed that microtubules close to mitochondria
absorb and channel biophotons in a quantum coherent manner [156].
Mitochondria themselves also demonstrate the capacity for photon
absorption, in particular complex IV in the electron transport chain, which
is the target of therapeutic application of infrared light to treat disorders of
the brain [169,171,176].
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essential to the electron transfer reactions in cytochrome bc1 and the con-
centration of ubiquinone is particularly high in the high energy consumption
environment of the brain [168,169]. There is some evidence that transcranial
photobiomodulation, the application of red or near-infrared laser light to the
cranial area, is an effective treatment for various brain disorders [170,171]. It
has also shown promise in treating depression [172] and when coupled with
ubiquinone supplementation [169]. Research suggests that, among other ef-
fects, photobiomodulation can improve attention, memory, executive func-
tion and even rule-based learning [173–175]. The mechanism of this effect
is still not completely clear but the site of the effect is most likely the mi-
tochondrial electron transfer chain, in particular the chromophores in the
different complexes that constitute the chain [169, 171, 176]. Given that the
role of quantum effects in light harvesting, electron and charge transfer has
contributed to a better understanding of elements of the electron transfer
chain in photosynthesis, this knowledge might be fruitfully applied to the
mitochondrial electron transport chain.

Magnetic field effects and the brain

The role of tryptophan chromophores has been discussed with respect to en-
ergy transfer processes in microtubules. Tryptophans also play a potential
role in another well established field of quantum biology: the avian com-
pass. A leading theory of bird migration suggests that birds utilise the
earth’s magnetic field as a guiding tool by means of the radical pair mech-
anism [14, 15, 177]. The radical pair model of avian magnetoreception has
been a subject of study for over four decades. However, in the past few years
there has been growing interest in applying the radical pair mechanism to
novel biological contexts [178–181]. For an excellent review of radical pairs
in new contexts in biology, including potential radical candidates, see the
paper by Zadeh-Haghighi and Simon [182]. The radical pair mechanism is
conventionally summarised in three main steps. First, a photon incident on
a molecule causes electron transfer and pair formation. Second, the radi-
cal pair, originally in singlet spin state, interconverts between singlet and
triplet state under the influence of the nuclear hyperfine and geomagnetic
Zeeman effects. And finally spin-dependent recombination leads to some
signalling state that the bird interprets as a spatial directive [177]. It is
generally accepted that the molecule in which this occurs is the blue light
activated flavoprotein cryptochrome [183–187]. Theoretical research, backed
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by spectroscopic evidence, suggests that light-activated electron transport
occurs between a flavin adenine dinucleotide (FAD) cofactor and trypto-
phan residues in cryptochrome [177], although recent studies suggest a light-
independent radical pair, which will be discussed in the context of reactive
oxygen species [188, 189]. There has also been some controversy over which
of the various types of cryptochromes are expressed with bound FAD and
what this might mean for magnetoreception. Whereas type I animal cryp-
tochromes, found in invertebrates, demonstrate FAD binding, type II animal
cryptochromes, found also in vertebrates, do not bind securely to the pho-
toactive flavin cofactor. Recent research suggests that in the context of avian
migration, type IV cryptochromes that are present in birds are the only vi-
able candidate for bound FAD in a physiological environment [190,191,305].
More recent experimental evidence suggests that radical-dependent magne-
toreception can occur independent of cryptochrome, relying solely on high
levels of intracellular FAD [193].

Although it is well known that a number of species have a functioning mag-
netic sense, humans have not yet been added to that list. In a recent paper,
Wang et al. present the results of an experiment that demonstrates the ef-
fects of earth strength magnetic fields on the human brain [194]. The authors
report that magnetic field changes result in a decrease in amplitude of al-
pha frequency (8-13 Hz) brain waves, an effect normally associated with the
brain’s processing of external stimuli. They conclude that the effect is likely
to be due to ferromagnetism rather than the radical pair mechanism. This
is because the effect is dependent on the polarity of the field, for subjects
in the Northern Hemisphere the alpha wave response only occurs for hor-
izontal rotations if the static component is directed upwards [194]. While
this would appear to exclude the radical pair compass which is dependent on
inclination, the corresponding effects would perhaps need to be confirmed for
subjects in the Southern Hemisphere. It has been suggested, in the context
of avian migration, that birds employ both ferromagnetism and the radical
pair mechanism for navigation [15, 195–197] and this could also be true of
humans’ magnetic sense, the question being whether there is any evidence
that might link magnetic effects in humans with the radical pair mechanism.

Cryptochrome, the proposed site of the avian compass, is also present in
humans [198]. Foley et al. use a transgenic approach to show that human
cryptochrome can act as magnetosensor in the magnetoreception of fruit
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flies [199]. It is also potentially interesting that it is alpha waves that are
effected by the magnetic field changes. Van Wijk et al. present evidence that
biophoton fluctuation is correlated with the strength of alpha wave produc-
tion, where they measure biophoton production in terms of the fluctuations
of reactive oxygen species (ROS) [140,200]. Whereas the majority of research
conducted in the context of avian magnetoreception builds on the hypothesis
that the radical pair is the light-activated FAD-tryptophan pair, new research
suggests that another light-independent radical pair may be responsible for
magnetic effects mediated by cryptochromes [188,189]. Upon light-activation
cryptochromes undergo a redox cycle: after photo-reduction and the forma-
tion of the radical pair that is conventionally assumed to be responsible for
the magnetic effects observed in birds, light-independent re-oxidation results
in a second radical pair. Experimental results from both birds and plants
now suggest that it could be this dark state radical pair that allows for mag-
netic effects [188, 189], although it should be acknowledged that light is still
required to set the redox cycle in motion [195]. The exact form of this pair is
yet to be determined, although it has been hypothesised to involve a superox-
ide [188]. The involvement of a superoxide is not a new theory, having been
suggested as a way to improve the sensitivity of the compass, although there
is still some scepticism as to the viability of this hypothesis [201]. Experi-
mental evidence shows, however, that illumination of cryptochrome and the
subsequent redox cycle results in the formation and accumulation of reactive
oxygen species [202–205]. The production of ROS and how this relates to the
radical pair mechanism has been the motivation for various papers published
in the field of quantum biology. Marais et al. outline a quantum protec-
tive mechanism in photosynthesis [206]. They hypothesise that the high spin
iron in the reaction centres of photosystem II of the electron transport chain
exerts a magnetic field effect that reduces the triplet yield of radical pairs
that are formed during electron transfer. Triplet states are instrumental in
forming ROS which are toxic to living cells [206,207]. In another paper, Us-
selman et al. show how yields of ROS in live cells are altered by radical pair
dynamics, in particular coherent singlet-triplet mixing under the influence
of oscillating magnetic fields at Zeeman resonance [208]. If ROS are corre-
lated with alpha wave production [140, 200] and ROS yields are altered by
the Zeeman effect [208, 209], then this might point to a mechanism that ex-
plains the influence of geomagnetic fields on alpha waves in the human brain.

Reactive oxygen species participate in cellular signaling [210] and have been
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implicated in aging and numerous diseases including mental conditions such
as depression and schizophrenia [211–216]. If humans do have physiological
systems that depend on the dynamics of radical pairs then it is expedient to
understand exactly how these function. The avian compass is disrupted by
broadband radiofrequency electromagnetic radiation that is well below the
WHO-recommended level [217, 218]. This radiation might equally be upset-
ting the balance of ROS in other species and in turn leading to biological
malfunction. Indeed, a recent study has demonstrated the cryptochrome-
mediated accumulation of ROS under the influence of weak pulsed electro-
magnetic fields [219]. There has also been some suggestion that the radical
pair mechanism is implicated in the development of cancer through circa-
dian rhythm disruption and related ROS levels [220]. Though the threat
of radical pair mediated carcinogenesis is debatable, being equivalent, as
one study finds, to the risk of travelling some kilometres towards or away
from the earth’s magnetic poles [221]. Nevertheless, the disruption of cir-
cadian rhythms has also been linked to mood disorders and cognitive func-
tion [222–224]. Although the evidence remains contentious, there is also some
documentation of the psychological effects of geomagnetic storms, which alter
the earth’s magnetic field for a limited period of time [225–227]. The radi-
cal pair mechanism could offer a testable hypothesis as to how these effects
occur [225].

1.4.5 Neural entanglement

One of the first and strongest objections to quantum models of conscious-
ness was the phenomenon of decoherence: that the non-ideal environment
of biological systems would destroy any quantum effects before they could
prove useful. As initially calculated by Max Tegmark in response to Orch
OR theory, the timescales on which decoherence occurs in the environment
of the brain are considerably shorter than neural firing rates of the order of
10-3–10-4 seconds [65]. This conclusion has subsequently been challenged not
simply by researchers interested in Orch OR, but also by the development
of the field of quantum biology. If quantum effects play a role in photosyn-
thesis and possibly other biological contexts, then it is not such a stretch to
consider that they may play a role in neural processes, at the very least in
processes similar to photosynthesis, such as coherent transfer in microtubules.
Decoherence, it has been argued, might even enhance energy transfer [228].
Research suggests that long-lived coherence in photosynthetic systems lasts
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Timescale Biological context

Picoseconds Coherent transfer in photosynthesis/microtubules
Microseconds Coherent electron spin dynamics (RPM)
Milliseconds Approximate neural firing rates

Seconds to hours Coherent Posner spin dynamics

Table 1.1: Timescales for different biological phenomena.

for picoseconds [229]. The coherence lifetime of the radical pair mechanism
is discussed in terms of milliseconds though attempts to measure or compute
this lifetime put it closer to microseconds [177, 230, 231]. It seems unlikely
that coherence in biological systems extends beyond these timescales. This
suggests that coherence would probably not play a role in the explicit firing
of nerves and corresponding cognitive states. However, a new hypothesis
concerning neural entanglement proposes coherence that could last for hours
or even days [100]. For a simple comparison of timescales see Table 1.1.

Entangled Posner molecules

The hypothesis is this: that phosphorus nuclear spin might function as a neu-
ral qubit to allow for quantum processing to play a role in cognition [100–102].
Following on from the proposal by Hu and Wu, that consciousness is linked
to quantum spin [232], Fisher argues that the spin-half phosphorus nucleus
seems the only likely candidate for this role due to the fact that for any
nucleus with spin greater than half, the electric quadropole moment means
quicker decoherence due to electric field interactions in addition to the slower
decoherence caused by the magnetic fields of nearby nuclei. Spin-half nuclei
are thus more favourable in terms of decoherence times. Out of the vari-
ous elements and ions that play an essential role in biological systems, only
hydrogen and phosphorus have spin-half nuclei. Fisher goes on to describe
the details of how the quantum information carried by phosphorus nuclei is
created and preserved [100–102].

Phosphorus is bound into phosphate or polyphosphate ions such as pyrophos-
phate. Phosphate ions constitute part of the adenosine triphosphate (ATP)
molecule, an organic chemical that acts as a source of energy for the many
essential actions that sustain living organisms [100,233]. The electron trans-
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port chain in both photosynthesis and respiration creates a proton gradient
in order to drive ATP production. Fisher postulates that when adenosine
triphosphate is hydrolysed to adenosine monophosphate and pyrophosphate
the two phosphorus nuclei in the pyrophosphate ion will have a specific spin
alignment, either a singlet or one of three triplet states. A quantum mechan-
ical treatment of the enzyme catalysed reaction that creates two phosphate
ions out of pyrophosphate demonstrates that this reaction depends on the
nuclear spin state. More specifically, the enzyme conditional outcome of
the reaction, where the spin dynamics of the triplet states are unfavourable,
mean that the phosphorus nuclear spins in the two distinct phosphate ions
will emerge in a singlet entangled state [100].

Coherence timescales for Posner molecules

Phosphorus in the phosphate ion is surrounded by an oxygen cage, where
the oxygen nuclei all have zero spin. Despite this the coherence time is still
very short for solvated phosphates, approximately one second, due to the
fact that hydrogen quickly binds to phosphate and the non-zero proton spin
contributes to decoherence. A coherence lifetime of a second is long enough
for the quantum effects to be sustained over the process of cellular diffu-
sion [100]. However in order for effects such as memory storage and retrieval
to utilise quantum effects, coherence lifetimes need to be significantly longer.
Fisher argues that if binding with the hydrogen can be pre-empted by a spin
zero cation such as calcium, then longer coherence times might be possible.
He identifies a possible molecule as the Posner molecule [234], thought to
be involved in the formation of hydroxyapatite, an important constituent of
bone tissue [236, 237, 268]. A Posner molecule is, simplistically, a distorted
cube with a calcium ion at each vertex, a ninth at the centre and a phosphate
ion on each of the six faces of the cube [268]. The entangled phosphate spins
then result in entangled Posner molecules [100]. For a schematic illustrating
entangled Posner molecules see Figure 1.5.

Fisher estimates that for phosphorus spins in Posner molecules, coherence
times could be as long as hours [100] or, in a later paper, 21 days [101]. Pos-
ner clusters were first identified by Betts and Posner in hydroxyapatite [234].
However, subsequent research on simulated body fluids suggests that free-
floating calcium phosphate clusters, seen to be stable in solution for long
periods of time, are solvated Posner clusters [102, 236, 238–241]. For sol-
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Figure 1.5: A scheme for neural entanglement. The Posner molecule
structure is interpreted loosely here as a distorted cube with calcium ions
(green) at each vertex and at the centre, and a phosphate ion (yellow) on
each of the six faces [268]. This diagram is not meant to accurately convey
the exact geometry of the Posner molecule but rather give some sense of
Fisher’s proposed qubit. The two Posner molecules share an entangled pair
of phosphate ions. When two entangled Posner molecules are spatially
separated and subsequently taken up into different presynaptic neurons in
the process of vesicle endocytosis, their entanglement results in the
correlated release of neurotransmitters and the coordination of firing across
neurons [100].
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vated Posner molecules the magnetic fields from protons in surrounding
water molecules cause decoherence but, as Fisher argues, the rapid tum-
bling of Posner molecules means that the average magnetic field felt by a
phosphorus nucleus will be zero. Decoherence will then only happen from
residual magnetic field fluctuations and coherence times will thus be much
longer [100, 101]. Player et al. respond to this with their own calculation
of coherence times for Posner molecules. They acknowledge that long lived
spin states in nuclei are well accepted, with relaxation times of up to an
hour being recorded [242, 268]. However, they argue that these extended
times are partly due to experimental control of the coherent spin dynamics,
a condition that Fisher does not take into account [268]. In their analysis
of Posner spin dynamics they take a number of other factors into account
such as dipolar and scalar couplings within Posner molecules as well as the
Zeeman interaction of the phosphorus spins with the geomagnetic field [268].
With intramolecular dipolar interactions as the dominant relaxation path-
way they arrive at a relaxation time of 37 minutes, as opposed to Fisher’s
shortest estimation of approximately a day. They also discuss other ways in
which this relaxation could take place even more quickly [268].

Posner molecules in their biological context

Fisher also outlines the way in which entangled Posner molecules give rise
to quantum effects in neural processes. The entanglement of the spin and
rotational states of Posner molecules leads to correlations in the chemical re-
actions of spatially separated Posner molecules. These entangled molecules
are taken into presynaptic glutamatergic neurons in the process of vesicle
endocytosis. The acidic environment causes Posner molecules to bind and
release calcium which stimulates exocytosis and further release of glutamate,
which enhances neural firing. Thus, because the chemical reactions of Pos-
ner molecules are entangled the subsequent release of glutamate and resultant
neural firing might also be considered entangled [100, 102]. Fisher outlines
a number of possible experiments that might verify the various stages of
the theory, most pressingly whether Posner molecules are present in bodily
fluids. Whereas free-floating calcium phosphate clusters resembling Posner
molecules have been found to be stable in simulated body fluids [238], there is
still some uncertainty as to whether they are present in vivo [100,101]. Less
fundamental but more interesting in the context of this thesis is the suggested
investigation of the effects of a chemically viable replacement of the central

35



calcium in a Posner molecule with lithium ions [100,101]. There is some ev-
idence that lithium, used to alleviate the symptoms of bipolar disorder, has
isotope dependent effects on the behaviour of rats [100, 243]. There is also
experimental evidence to support the differential lithium isotope dependence
of calcium phosphate cluster size distribution and calcium capacity in mito-
chondria [244]. Fisher postulates that the efficacy of lithium as a treatment
for mental disorders could be due to the increased decoherence induced by
the lithium nuclear spins included in the Posner molecule [100,102].

Neural qubits and quantum computing

While the results of experiments to verify this model of entangled neural
processes are yet to be completed the theory has caught the interest of re-
searchers working in the field of quantum information theory. Halpern and
Crosson apply Fisher’s Posner molecule theory in the context of quantum
communication, quantum computation and quantum error correction. They
address how a quantum information based model of Posner molecules might
contribute to the understanding of Posner chemistry and vice versa, what in-
sights Posner molecules have for quantum information processing. They also
demonstrate how entanglement can change molecular binding rates, which
goes some way to supporting Fisher’s neural entanglement hypothesis [245].
The authors conclude that the quantum information based formulation of
Posner molecules might be a way of framing biological Bell tests [245], a
claim that is potentially interesting in light of recent observations of entan-
glement between living bacteria and quantised light [246].

This is not the first time that phosphorus spin and quantum computing
have crossed paths. In 1998 Kane proposed a scalable quantum computer
where information is encoded onto spin half phosphorus nuclei in a substrate
of spin zero silicon, ensuring the long decoherence time necessary for quan-
tum computing. Computations are then performed through the interaction
of nuclear spin with donor electrons [247]. Kane’s idea has recently been
reworked by Tosi et al. into what they call the flip-flop qubit, where the
combined electron-nuclear spin states of a phosphorus donor are controlled
by microwave electric fields. This research, along with work done by He et
al. into engineering a viable exchange interaction between two phosphorus
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bound electrons has done much to advance the course of spin based quan-
tum computing [248, 249]. The fields of quantum computing and quantum
neurobiology might inform each other in other ways too. Quantum dots
have been proposed as an alternative means to implement a quantum com-
puter [250]. They have also been used to model the mechanism by which
anti-acetylcholine receptor antibodies contribute to the neuromuscular dis-
order myasthenia gravis [251]. Even more recently, graphene quantum dots
have been shown to prevent and even undo the protein clumping of neurons
in the brain that leads to Parkinson’s disease [252]. A separate study study
demonstrated similar results for Alzheimer’s disease [255].

1.5 An outline of the thesis

The field of neurophysics already attests to the fact that the study of the
brain borrows from ideas across the spectrum of physics: electricity and
magnetism, mechanics, thermodynamics, optics [31]. It is perhaps not com-
pletely surprising that quantum physics might contribute too. A number
of the hypotheses included in this introductory dicussion rework, to some
extent, ideas already established with respect to other biological systems.
Coherent energy transfer in photosynthesis is reimagined in the tryptophan
rings of neural microtubules. The vibrational theory of olfaction is reap-
plied to the binding action of neurotransmitters. And while Fisher’s Posner
qubits depend on nuclear spin, unlike the radical pair model developed with
respect to avian migration, their spin dynamics mediate the outcome of sig-
nalling processes in a potentially illuminating fashion. As it stands, the future
of quantum neurobiology is the future of quantum biology more generally;
progress made in either will further the other. With this in mind, Chapter
2 gives an overview of how quantum physics is relevant to biology, and the
tools, such as open quantum systems theory, that are required to undertake
this investigation.

This mechanistic focus would seem to ignore the question of consciousness
and how it emerges from these underlying neural mechanisms. Lynn et al.
describe the future of brain network research, albeit in a classical capacity, as
a cross-scale approach that links the microscopic to the macroscopic: protein
reactions in neurons to synaptic connectivity to brain region connectivity to
social networks [31]. Jedlicka, in his review of the future of quantum neuro-
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biology, touches on the evidence that quantum physics has also been used to
describe human behaviour [24–26]. A recent study using behavioural as well
as brain imaging data showed that value-based decision-making was more
accurately described by quantum rather than classical reinforcement learn-
ing [256].

The use of a quantum framework to accurately describe human behaviour
does not necessarily mean that this behaviour results from quantum effects in
neural processes. A clearer understanding of these processes, however, could
also elucidate to what extent quantum physics is involved in the emergence of
cognition from neural activity [24]. It is towards this clearer understanding
that this thesis aims, by looking more closely at two specific instances of the
way in which quantum biology more generally might be leveraged towards
understanding quantum effects in the brain and nerves.

The first of these examples entails a focus on quantum effects related to spin
coherence and entanglement, in particular nuclear spin in Posner molecules.
Chapter 3 thus looks more closely at Fisher’s Posner molecule hypothesis,
investigating to what extent specific biological parameters, such as coupling
strength and symmetry, impact quantum measures of coherence and entan-
glement. Fisher’s model is then extended to look at the impact that doping
with lithium ions has on measures of coherence and entanglement.

The second subject of interest in this thesis is that of vibration assisted
electron tunnelling and its role in receptor activation mechanisms. The overt
subject of interest in Chapter 4 – SARS-CoV-2 invasion of host cells – is
not specifically nerve and brain related. However, the aim is to investigate
how generalisable are theories of vibration assisted tunnelling in the context
of biological receptors. The aim is also to look at how physiology and neu-
rology intersect. For instance, COVID-19 has been reported to have serious
neurological effects, the origins of which are not yet fully understood. In
addition to this, therapeutic drugs that target the nerves and brain, such as
antidepressants, have been suggested to play a therapeutic role in treating
COVID-19, though how they do this also remains to be explained. By better
understanding how ligands such as the SARS-CoV-2 spike protein interact
with host cell receptors this research was aimed at better understanding re-
ceptor mechanisms to hopefully gain some insights into specific neurological
contexts.
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Chapter 2

Quantum Tools

2.1 Quantum physics in biology

While the founding figures of quantum mechanics speculated on the role that
quantum effects might play in living systems, the field would remain mostly
theoretical until experimental techniques were developed for the investiga-
tion of systems on such small time and length scales. Many of the relevant
processes – such as energy transfer – happen on ultrafast timescales such as
pico and femtoseconds. Developments in experimental techniques such as ul-
trafast spectroscopy, single-molecule spectroscopy, time-resolved microscopy
and single-particle imaging have contributed much to the recent accumulation
of research in quantum biology [1,258]. Most of this experimental investiga-
tion, however, has been in the context of photosynthetic systems. There has
also been some suggestion that more tractable, hybrid or artificial models
of these systems would be useful in advancing the field [258]. It remains to
be seen how techniques used fruitfully in investigating coherent energy and
charge transfer processes might be applied to other contexts in quantum bi-
ology. For investigations into tunnelling, the widely adopted experimental
approach is selective deuteration or the exploration of isotope effects, given
that tunnelling is strongly dependent on the mass of the tunnelling quantum
object. This approach is also used to investigate vibration-assisted tunnelling
in olfaction and related phenomena, though caution is noted with respect to
the possibility of contaminants skewing the results [128]. Direct evidence for
radical pairs in avian magnetoreception is lacking, with most of the evidence
being behavioural [177]. However, a recent experiment has demonstrated
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autoluminescence in the context of radical pair dynamics, opening a new era
in experimental techniques relating to radical pairs [259].

Theoretically the field is more widely developed. A number of models have
been used to describe the dynamics of quantum systems in biological envi-
ronments, many of which begin with a simple Hamiltonian describing the
charge transport or spin dynamics. Classically, energy transport has been
modelled using Förster resonance energy transfer (FRET) theory. Quantum
theoretical frameworks of this transport use a variety of approaches including
Redfield theory and the numerically exact hierarchical equations of motion
(HEOM) [258]. In the case of the spin dynamics, the initial density ma-
trix treatment of radical pair reactions initiated by Haberkorn has garnered
discussion [263–265]. A number of other open quantum systems approaches
have been applied to the problem [263–265]. Open systems approaches have
also been applied to proton tunnelling in DNA [266]. In modelling the effects
of quantum tunnelling in enzymes, reaction rates following from transition
state theory are modified by multiplication with a tunnelling correction fac-
tor [258]. Another theoretical approach widely employed in quantum biology
is density functional theory, which is often used to calculate relevant param-
eters. Finally, a number of theoretical approaches use different measures of
coherence – such as relative entropy – or entanglement – such as concurrence
or negativity – in order to investigate how quantum a given biological system
is [268,269,278].

2.2 Quantum mechanics in brief

Quantum mechanics is conventionally described as arising out of the failure
of classical physics to explain key experimental interactions between light
and matter. This prompted Planck, in 1900, to postulate that interactions
between matter and electromagnetic radiation of frequency ⌫ are quantised,
occurring only in integer multiples of h⌫, where h is the fundamental Planck’s
constant. Further contributions from Einstein, in the context of the photo-
electric effect, led to the development of quantum mechanics, a theory that
has proved extremely successful in predicting and describing microphysical
systems [6, 7]. The initial mathematical formulation of quantum mechanics
included Schrödinger’s use of wave mechanics as well as the earlier matrix
mechanics employed by Heisenberg [6, 7].
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2.2.1 The postulates of quantum mechanics

Quantum mechanics is a mathematical framework that describes a physical
system such as an electron or photon with a quantum state that completely
characterises the system and is denoted by | i. All states available to this
system are contained in the appropriate Hilbert space H. The fundamental
postulates of quantum mechanics are given below [6].

• At a given time t the state of a system is fully described by a state vec-
tor | (t)i in an abstract complex linear complete inner-product vector
space known as a Hilbert space H. In quantum mechanics the wave
function | (~r, t)i is square-integrable or normalised which is to say that
it satisfies Z

| (~r, t)|2d3r = 1,

where | (~r, t)|2d3r represents the probability of finding the particle, at
time t, in the volume d

3
r around the point defined by ~r.

• A measurable physical quantity or observable such as position, angu-
lar momentum or energy can be represented in quantum mechanical
formalism by a linear Hermitian operator A which acts on the state
vector of the Hilbert space to produce another state vector. In the case
of finite dimensional Hilbert spaces an operator can be represented as a
matrix in the basis of the space. The eigenvectors of A form a complete
basis.

• The measurement of a specific observable can be formalised as the ac-
tion of the corresponding operator A on the state vector | i. The
outcome of this measurement is always one of the eigenvalues an of the
operator. As A is Hermitian the eigenvalues are real. When a mea-
surement on a system in one of the eigenstates | ni gives the outcome
an, the state of the system immediately after measurement is given by
the projection of | i onto the subspace corresponding to the outcome,
that is

A | ni = an | ni .

If, for example, m eigenvectors correspond to the same eigenvalue an

then an is m-degenerate.
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• For a system in a state | i the probability of measuring an observable
with non-degenerate eigenvalue an is given by

Pn(an) =
| h n|  i |

2

h |  i
.

For an m-degenerate eigenvalue this probability is

Pn(an) =

P
m

j=1 | h 
j

n
|  i |

2

h |  i
.

When the system is already in an eigenstate | ni of the observable then
measurement is certain to yield the corresponding eigenvalue an.

• The quantum analog of the classical Hamilton function is the Hermitian
linear operator H, the Hamiltonian, which represents the energy of a
quantum system. The time evolution of a system described by a state
vector | (t)i obeys the Schrödinger equation,

i~ d

dt
| (t)i = H(t) | (t)i . (2.1)

2.2.2 The density operator

The density operator ⇢ is a mathematical tool that is used to describe quan-
tum systems that cannot be represented using a pure state vector. Instead
this system is considered to be in an incoherent mixture of states | ii with
weights !i where the density operator can be written as

⇢ =
X

i

!i | ii h i| .

In the non-relativistic case the density operator must satisfy the following
mathematical conditions, where Tr is the trace over the Hilbert space of the
system [271,272]:

1. Tr⇢ = 1;

2. ⇢ is non-negative, ⇢ � 0;

3. ⇢ is Hermitian, ⇢† = ⇢;
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4. Tr⇢2  1, with Tr⇢2 = 1 only for pure states, that is ⇢ = | i h |

The density operator can also be used to express expectation values for a
system in a mixed state represented by an incoherent mixture of pure states.
For an observable A the expectation value is given by

hAi = Tr{A⇢}.

The unitary dynamics of a density operator ⇢ are given by the Liouville-von
Neumann equation

d

dt
⇢(t) = �

i

~ [H(t), ⇢(t)], (2.2)

where the square brackets represent the commutator:

[A,B] = AB � BA.

Equation (2.2) can be derived from the Schrödinger equation given in Eq.
(2.1), given that the density operator evolves as

⇢(t) = U⇢(t0)U
†
. (2.3)

where U(t) is the unitary operator and converts the initial state | (0)i at
time t = 0 into the state | (t)i at some later time t:

| (t)i = U(t)| (0)i

2.3 Open quantum systems

Quantum mechanics, as formulated in Equation (2.1), conventionally de-
scribes the behaviour of isolated systems. Biological systems, however, can-
not be described in such simplistic terms, due to the fact that they interact
with what is often described as a warm, wet and messy environment. As such,
quantum mechanical descriptions of biological systems use principles from
the theory of open quantum systems. This involves modelling the composite
system of subsystem and environment as a closed system, before tracing out
the environment or bath using the partial trace. For a simple schematic of
an open system see Figure 2.1.
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Figure 2.1: A schematic illustrating the concept of an open quantum
system, including the Hamiltonians (H) that mathematically describe the
system and environment as well as the interaction between the two.
Biological systems interact with their environments and thus are often
modelled using an open systems approach. This involves modelling the
system and environment as a closed system, the environment is then traced
out to arrive at the reduced system dynamics. Image from [262].
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2.3.1 The partial trace and open system dynamics

For a composite quantum system the Hilbert space is given by the tensor
product of the individual Hilbert spaces of subsystem and bath

H = HS ⌦HB.

For this composite system the partial trace allows for the elimination of the
degrees of freedom corresponding to the bath [272], The reduced density
operator ⇢S is obtained by taking the partial trace over subsystem B of the
total density operator ⇢ 2 H:

⇢S(t) = TrB⇢(t).

Chapters 3 and 4 of this thesis both use an open quantum systems master
equation approach. In particular the approach is Markovian, where quantum
Markov processes are the simplest representation of open system dynamics,
neglecting memory effects under the assumption that future behaviour is
independent of the past. To derive the Markovian master equation as set
out by Breuer and Petruccione [272], we employ the concept of a dynamical
map. This assumes that the state of the composite system can be prepared
in an uncorrelated product state

⇢(0) = ⇢S(0)⌦ ⇢B,

at t = 0, where ⇢S(0) is the initial state of the reduced system and ⇢B is a
reference state for the environment, such as a thermal equilibrium state [272].
The evolution of the density operator for the composite system is given by

⇢(t) = U(t, 0)⇢(0)U †(t, 0) = U(t, 0)[⇢S(0)⌦ ⇢B]U
†(t, 0).

The dynamics of the reduced system at some time t > 0 can then be given
by

⇢S(t) = TrB{U(t, 0)[⇢S(0)⌦ ⇢B]U
†(t, 0)} = V (t)⇢S(0).

For a fixed final time t and reference state ⇢B, V (t) is a dyamical map which
maps the reduced system onto itself. It can also be shown that

TrS{V (t)⇢S} = TrS⇢S = 1
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Figure 2.2: A schematic illustrating the dynamics of open quantum
systems, where ⇢A is the subsystem of the composite system ⇢A ⌦ ⇢B and
the partial trace is used to recover the reduced dynamics of the subsystem
of interest. Image from [272,273].

from which it can be concluded that the quantum operation represented by
V (t) is convex-linear, completely positive and trace-preserving.

If t is allowed to vary the result is a one-parameter family of dynamical maps
{V (t)|t � 0}, with V (0) the identity map, which describe the full time evo-
lution of the open system. The Markovian approximation can be made if the
reservoir correlation functions decay much faster than the system evolution.
This can be formalised using the semigroup property

V (t1)V (t2) = V (t1 + t2), t1, t2 � 0.

Under specific mathematical conditions, the semigroup V (t) can be repre-
sented in exponential form

V (t) = e
Lt
,

where the linear map L is the generator of the semigroup. From this it is
possible to derive the Markovian quantum master equation for the reduced
system

d

dt
⇢S(t) = L⇢S(t).
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2.3.2 The master equation

Given that the composite system is unitary the dynamics can be represented
by Equation (2.2) where H is the Hamiltonian of the composite system

H = HS ⌦ IB + IS ⌦HB +HI ,

and HS, HB and HI are the Hamiltonians of the subsystem, the bath and
the interaction respectively, IS and IB are corresponding identity matrices.
Tracing out the bath gives the dynamics of the reduced system:

d⇢S(t)

dt
= �iTrB[HI , ⇢(t)]. (2.4)

To make the solution of this more tractable some approximations are applied.
In the interaction picture the Liouville-von Neumann equation is given by:

d

dt
⇢I(t) = �i[HI(t), ⇢I(t)], (2.5)

which has the integral form:

⇢I(t) = ⇢I(0)� i

Z
t

0

[HI(t
0), ⇢I(t

0)]dt0. (2.6)

Substituting this into the reduced system dynamics gives:

d

dt
⇢S(t) = TrB [HI(t), ⇢(0)]�

Z
t

0

TrB [HI(t), [HI(t
0), ⇢(t0)]] dt0 (2.7)

We now institute the first of the approximations, which is the Born or weak-
coupling approximation. This assumes that if the system S is weakly coupled
to a bath B that is very large then the influence of the system on the bath
is small and we can express the total density matrix as ⇢(t) = ⇢S(t)⌦ ⇢B(0).
Applying the Born approximation to Equation (2.7) gives

d

dt
⇢S(t) = �iTrB

⇥
HI(t), ⇢S(0)⌦ ⇢B(0)

⇤

�

Z
t

0

dt
0 TrB

⇥
HI(t),

⇥
HI(t

0), ⇢S(t
0)⌦ ⇢B(0)

⇤⇤
. (2.8)

A second approximation is made by replacing ⇢S(t0) with ⇢S(t), making the
master equation local in time and the time evolution of the system at some
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time t only dependent on the present state ⇢S(t). The Markov approximation
is then allowed if the time scale over which the bath correlation functions
decay is small compared to the time scale over which the system changes.
We can then substitute t

0 = t � s and let the top limit of the integral go to
infinity [272]. This gives

d

dt
⇢S(t) = �iTrB

⇥
HI(t), ⇢S(0)⌦ ⇢B(0)

⇤

�

Z 1

0

ds TrB
⇥
HI(t),

⇥
HI(t� s), ⇢S(t)⌦ ⇢B(0)

⇤⇤
. (2.9)

Timescales for the evolution of the system are typically defined by |!�!0|
�1

where ! 6= !0 are frequencies of bath harmonic oscillator modes. If the
timescale on which the relaxation of the reduced system occurs is much less
than the evolution of the system, then the non-secular terms for which ! 6= !0

may be neglected. This is known as the secular or rotating wave approxi-
mation. To perform the rotating wave approximation the Hamiltonian is
decomposed into operators A that act on the reduced system and operators
B acting on the environment, with the standard assumption that

hB(t)i = Tr[B(t)⇢B] = 0.

For more details about the explicit assumptions made and how the final form
of the master equation follows from the bath correlation functions, see [272].

Following these various approximations we arrive at the final Born-Markov
master equation. In the finite-dimensional case, the most general form of the
Markovian quantum master equation is given by:

d

dt
⇢S(t) = i[HS, ⇢S] +

NX

k=1

�k

✓
Ak⇢SA

†
k
�

1

2
{A

†
k
Ak, ⇢S}

◆
, (2.10)

where the first term represents the unitary dynamics while the second term
describes the effects of dissipation and decoherence, and {} indicates the an-
ticommutator. The operators Ak are often referred to as Lindblad operators,
while the �k are interpreted as rates.

2.3.3 Solving the master equation

While it would be useful to have exact solutions for the master equations
employed in the biological context, the systems are often complex and in-
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tractable and lend themselves to numerical rather than analytical solutions.
This has been the approach of this thesis. It should be stated, however,
that these solutions are contingent on the given parameters of the biological
system of interest, for example coupling strengths in organic materials. This
remains a point of contention in quantum biology, where some of these pa-
rameters come from experiment and some from techniques auch as density
functional theory, with variable results. For further discussion of this point
in specific biological contexts see Chapter 3 and 4. An example of some of
the Mathematica code used in the numerical calculations of this thesis can be
found on GitHub here: https : //github.com/BetonyAdams/PHD � code.
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Chapter 3

Nuclear spin entanglement in the
brain

3.1 Overview

1 The role of quantum spin in biological systems is one of the primary top-
ics of quantum biology [1, 2, 252]. A pivotal question in the field is whether
quantum coherence – and possibly entanglement – may contribute to the
functional importance of biological processes, such as the charge transfer
that underpins photosynthesis or the spin-dependent chemical reactions that
may constitute the mechanism of the avian compass. Spin chemistry has a
long history, with its origins in the 1960s [253, 254]. Spin biology, in which
spin-dependent chemical reactions are modulated by the geomagnetic field,
has almost as long a history. In the 1970s it was first proposed that the rad-
ical pair mechanism might explain how birds navigate so accurately across
great distances [14]. The radical pair mechanism focuses on the spin states
of paired electrons. More recently, however, it has been suggested that nu-
clear spin is better suited to playing a role in biological processes, due to
the fact that nuclear spin has much longer coherence times than electron
spin [100–102]. In particular, it has been suggested that phosphorus nuclear
spin, bound into calcium phosphate molecules known as Posner molecules, is
ideally suited to play a role in cognition and memory. Spin half phosphorus
nuclei have very long decoherence times, a factor that is increased by their

1This chapter is based on the following paper: ‘Coherence and entanglement in lithium-
doped Posner molecules’, arXiv:2310.13484 [quant-ph] (2023).
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‘shielding’ in Posner molecules by spin-zero calcium nuclei [100–102].

Quantum to biological transduction is an integral step in the modelling of
quantum effects in biological processes. In the radical pair mechanism this
step is achieved by the electronic spin selectivity of the chemical reactions in-
volved in biological functioning [260,274,275]. In the Posner molecule model,
it has been suggested that the binding and hydrolysis of Posner molecules
is dependent on the phosphorus nuclear entanglement [100]. Hydrolysis of
Posner molecules releases free calcium ions, which in turn play a powerful
role in cellular and neural signalling. In this way quantum entanglement is
implicated in coordinated calcium signalling [100].

In this chapter we take a closer look at the quantum properties of Pos-
ner molecules, such as coherence and entanglement. Given that there are
six phosphorus nuclei in each Posner molecule, we investigate the spin in-
teractions and how these influence coherence and entanglement. To begin
with we use established measures of coherence and concurrence to quantify
these quantum resources in pure Posner molecules, by which we mean those
molecules that only contain calcium and phosphate ions. We then extend
this model to look at the common phenomenon of doped Posner molecules,
in which spin zero calcium ions are replaced by other ions with nuclear spin,
such as lithium and hydrogen.

In particular we look at the effects of lithium ion substitution on coherence
and entanglement. Our motivation for investigating lithium is the evidence
that different lithium isotopes have different behavioural effects in animal
studies [243, 288]. Lithium is an important drug in the treatment of bipolar
disease. It has been suggested that the different outcomes of lithium treat-
ment could be explained by the different nuclear spins of lithium isotopes,
which, when incorporated into Posner molecules, would differently modulate
the spin dynamics [100,101]. We model the spin dynamics in order to confirm
whether different lithium isotopes have different effects on entanglement and
thus Posner hydrolysis and free calcium ions.

In order to determine whether it is only the spin entanglement that is instru-
mental in the different effects of lithium ions we investigate other ways in
which lithium isotopes may differ in their mode of action. In particular we
look at the role of spin in relaxation mechanisms and whether the different
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isotopes induce spin relaxation to different degrees. We also apply results
from radical pair literature, such as the effects of electromagnetic noise of
different frequencies, to gain insight into nuclear spin dynamics. And finally,
we investigate a novel way in which entanglement between phosphorus nu-
clei, before they are bound into Posner molecules, is enhanced rather than
destroyed by interaction with hydrogen ions.

3.2 The radical pair mechanism: electron spin

The radical pair model of avian magnetoreception has given rise to a number
of papers outlining how birds might sense the Earth’s magnetic field through
the spin states of paired electrons. This radical pair compass can be outlined
in the following three steps. First an incident photon transfers its energy
to a donor molecule causing electron transfer, which results in a spatially
separated electron pair that is conventionally taken to be in a singlet state.
Second, under the influence of the geomagnetic Zeeman effect and the hyper-
fine interaction with surrounding nuclei, the spin state begins to interconvert
between singlet and triplet states. Finally, recombination occurs, which is
dependent on the spin state [260, 274, 275]. In this way spin states translate
into biologically relevant signalling states.

The role that spin coherence might play in the sensitivity of this magnetic
compass has been investigated in a number of papers [276–278]. There has
also been discussion of the importance of quantum entanglement in this mech-
anism [269,279–281]. This follows from the fact that the radical pair is con-
ventionally taken to originate in the entangled singlet state. For two spin-half
electrons, if the first electron of the pair is in a state given by the vector

|"i =

✓
1
0

◆
,

and the second electron is in the state given by the vector

|#i =

✓
0
1

◆
,

then the singlet state can be written as:

S =
1
p
2
(|"#i � |#"i). (3.1)
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However, once this singlet is exposed to the nuclear environment it can un-
dergo conversion to the triplet states, only one of which is entangled,

T0 =
1
p
2
(|"#i+ |#"i). (3.2)

While the subject is still up for debate, there is some indication that, while
coherence is important, entanglement is not strictly necessary for the radical
pair mechanism to function [269, 277, 282]. What is potentially interesting,
however, is that should entanglement play a role in this mechanism, one way
in which to enhance the entanglement lifetime is the application of appropri-
ate magnetic fields. This would create a subspace in which almost all mixed
(singlet and triplet) states are entangled due to increasing the energy sepa-
ration of the two non-entangled triplet states T+ = |""i and T� = |##i [283].
In this chapter we investigate coherence and entanglement in a model that is
analogous to the radical pair mechanism but utilises correlated nuclear spins
rather than correlated electron spins.

3.3 The Posner molecule mechanism: nuclear

spin

Calcium ions are integral to physiological processes in the body. They play
an important role in, among other things, the release of neurotransmitters
and the activation of nerve cells [284, 285]. Amorphous calcium phosphate
has been proposed as an essential reservoir for calcium ions in biological sys-
tems [287]. One of the forms that calcium phosphate can take is the Posner
cluster, first identified by Betts and Posner and referred to in this paper as
the Posner molecule [234]. A recent hypothesis suggests that quantum effects
could play a role in Posner molecule formation and dissolution and thus also
the storage and release of calcium ions. In this way, entanglement of spin-half
phosphorus nuclei that are subsequently assembled into Posner molecules
may play a role in quantum cognition [100]. Phosphorus nuclei make for
good qubits due to the fact that spin-half nuclei have no quadrupole moment
and longer relaxation times [100]. In Fisher’s initial hypothesis, entangled
phosphorus nuclei are achieved through the enzyme-catalysed hydrolysis of
pyrophosphate, which consists of two phosphates [100]. Pyrophosphate is a
byproduct of adenosine triphosphate (ATP), a molecule integral to energy
processes in cells. It has been suggested that due to spin constraints on the
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molecular dynamics of a pyrophosphate molecule bound to the enzyme py-
rophosphatase, the two phosphates are produced with their phosphorus nuclei
in a singlet (entangled) state. If these entangled phosphates are bound with
calcium into separate Posner molecules, then this might be thought of as cre-
ating entangled Posner molecules, where the phosphorus spin is shielded from
decoherence by a spin-zero cage of oxygen and calcium [100]. Furthermore,
this entanglement may influence Posner molecule dynamics and future bind-
ing, which causes the molecules to melt and release calcium, which then has
an effect on neural activation. In this way phosphorus nuclear spin entangle-
ment might play a role in neural excitability. It has also been suggested that
Posner molecules can be doped with ions other than calcium, such as mag-
nesium or lithium, and that the non-zero nuclear spin of these ions would
change the spin dynamics of the phosphorus nuclei [100–102]. See Figure
3.1 for a schematic of undoped and doped Posner molecules. The relative
composition of Posner molecules has been shown to depend on other ions
available during their formation [237]. Two monovalent lithium ions, for ex-
ample, might take the place of the central divalent calcium ion [100]. The
non-zero spin of the lithium nuclei would then have a resultant effect on
phosphorus spin dynamics and potential neural activation. This could also
explain the interesting experimental result that lithium isotopes, 6Li and
7Li, have differing effects on parenting behaviour as well as hyperactivity in
rats [243, 288]. With this in mind we model the spin dynamics of a pair of
spin-correlated phosphorus nuclei in two Posner molecules doped with differ-
ent lithium isotopes. We use this model to investigate some of the questions
raised by the Posner molecule model of neural entanglement: how might we
measure nuclear coherence and entanglement, do different lithium isotopes
have an effect on this entanglement, and what effects do these isotopes have
on the spin dynamics?
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Figure 3.1: A schematic representation of undoped and doped Posner
molecules. At the top are two Posner molecules, with eight calcium ions
(purple) at the corners of the cube and one calcium ion at the centre. On
each of the faces of the cube is a phosphate (yellow). The red loop
represents one set of entangled phosphates, with correlated phosphorus
nuclear spin. At the bottom, we have removed the calcium ions (no nuclear
spin) to simplify our representation of the spin dynamics. We have also
introduced two lithium ions (doped Posners) instead of the calcium ion at
the centre. For clarity in our results section we have numbered the relevant
spins 0–5 for the phosphorus spins and 6–7 for the lithium spins. This
means that an interaction between spin 0 and 1 will have J-coupling
strength J01 and so forth. The initial entanglement in our model is between
spins 0 and 0 in each Posner molecule, which are in a singlet state. In our
model we consider intermolecular entanglement and coherence, between
phosphorus nuclei in distinct Posner molecules, and not intramolecular
entanglement.

55



3.4 Theory

3.4.1 A simplified model

In a recent paper Player and Hore investigate the claim made by Fisher [100]
that the lifetime of the entangled phosphorus nuclear spins might extend to
as long as 21 days [289]. By considering intramolecular spin interactions
rather than intermolecular spin interactions, as Fisher does [100], they reach
a much reduced, though still appreciably long, lifetime of 37 minutes. In their
paper they use concurrence to illustrate the dependence of entanglement on
the singlet character of the phosphorus nuclear spins [289]. Following their
example we construct a spin Hamiltonian for three different variations of a
pair of entangled Posner molecules: no lithium, 6Li (nuclear spin 1) and 7Li
(nuclear spin 3

2). The coherent spin Hamiltonian is given by:

ĤS = B0

X

k

�kS
k

z
+
X

i<k

2⇡Jik ~Si~S
k
. (3.3)

For pure Posner molecules: k = 1, ..., NP . For Posner molecules doped with
lithium k = 1, ..., NP , NP+1, ..., NP + NL. This gives �k = {k  NP : �P |

k > NP : �L}, where �P and �L are the gyromagnetic ratios of 31P and the
different lithium isotopes and B0 is the geomagnetic field. The first term
represents the Zeeman interaction for the phosphorus and lithium nuclei.
The second term represents the indirect spin coupling or scalar coupling
between the various nuclei in the pure Posner molecule or lithium doped
Posner molecule, where Jik is the strength of the coupling between nucleus
i and k. We follow the lead of Swiftet al. [101] who arrive at an effective
Heisenberg-like Hamiltonian by discounting the anisotropic contribution to
J-coupling, which tends to be averaged out by the rotational motion of the
Posner molecules. Here,

S
k

↵
=

⇢
k  NP : SP

↵

k > NP : SL

↵

�
,

where S
P

↵
and S

L

↵
are the spin operators for phosphorus and lithium, with

↵ = x, y, z.

It has been proposed that introduction of lithium into Posner molecules
might exert its influence through the interaction of lithium nuclear spin with
phosphorus nuclear spin [100]. To investigate how lithium isotopes change
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the quantum behaviour of Posner molecules we include measures for both
coherence as well as entanglement. As a coherence measure we use the basis-
independent coherence given by [278]:

CBI(⇢) = log2d� S(⇢), (3.4)

where
S(⇢) = �tr[⇢ log2 ⇢], (3.5)

is the von Neumann entropy. CBI(⇢) is the relative entropy distance to the
maximally mixed state with dimension d and |ii representing each of the
singlet and triplet states,

Id/d =
d�1X

i=0

1

d
|ii hi| . (3.6)

To measure entanglement we follow the example of Player and Hore [289],
using concurrence as originally formulated by Wootters [290], given by

C(⇢) = max(0,
p
�1 �

p
�2 �

p
�3 �

p
�4), (3.7)

where the �i are the eigenvalues in decreasing order of the matrix

⇢(�y ⌦ �y)⇢
⇤(�y ⌦ �y), (3.8)

where ⇢⇤ is the complex conjugate of ⇢ and �y is the relevant Pauli matrix.

Exactly how quantum effects such as coherence and entanglement potentially
mitigate bipolar disorder is unclear. For undoped Posner molecules, Fisher
hypothesises that the rotational entanglement inherited from their spin en-
tanglement modulates their chemical binding. Binding in turn allows Posner
molecules to melt and release calcium which is implicated in neural activa-
tion [100]. A recent paper by Halpern and Crosson translates Fisher’s ideas
into quantum information formalism. Among other things the paper details
how entanglement might increase molecular binding rates [245]. Increased
binding rates would mean increased calcium production, enhanced neuro-
transmitter release (Fisher specifies glutamate) and altered neural activity.
Glutamate is an excitatory neurotransmitter [291]. Bipolar disease may be
related to calcium signalling [292–294] as well as neural excitability. Neurons
from patients with bipolar disorder are hyperexcitable and, furthermore, this
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hyperexcitability was reversed by lithium treatment [295, 296]. With this in
mind it is instructive to investigate what effect lithium might have on Posner
molecule entanglement and thus neural excitability. And to what different
degree 6Li and 7Li might attenuate this excitability.

3.4.2 The (problem of) parameters

Parameters for the Zeeman part of the coherent Hamiltonian are well de-
fined. The gyromagnetic ratios of 31P, 7Li and 6Li in MHz.T�1 are 17.24,
16.55 and 6.27, respectively [297, 298]. We take the Earth’s magnetic field
to be 50µT. The primary problem we encountered in modelling the spin sys-
tem is the lack of definitive J-coupling strengths. For pure Posner molecules
we use, as a starting point, the phosphorus-phosphorus J-coupling strengths
as calculated by Swift et al. [101]. It should be noted, however, that these
coupling constants depend on the fact that Swift et al. assume the Posner
molecules have symmetric configurations. Other Posner molecule configura-
tions would alter and multiply the possible J-coupling constants and there
is some evidence that Posner molecules prefer low symmetry states at room
temperature [299]. Agarwal et al. recently published a detailed analysis
of J-coupling constants in the context of Posner molecules of varying sym-
metries [300]. Both Swift et al. and Agarwal et al. estimate the coupling
constants from theoretical first principles calculations [101,300]. Phosphorus-
phosphorus J-coupling strengths in adenine triphosphate, a source of the
pyrophosphate used to assemble Posner molecules, have been reported as
being approximately two orders of magnitude bigger [306] than the values
calculated by Swift et al. [101]. For this reason, and given the lack of experi-
mentally verified parameters, we examine how phosphorus nuclear coherence
and entanglement in Posner molecules depends on the size of the J-coupling
coupling constants.

Lithium coupling constants are also difficult to estimate accurately from the
literature. For this reason the J-coupling constants between relevant atoms
were calculated using ORCA [301]. Specifically, we performed DFT calcu-
lations using the pcseg-2 basis set [302] for all atoms, and the pcJ-2 basis
set [303] - built specifically for the calculation of these coupling constants -
for phosphorus and lithium atoms. The hybrid B3LYP exchange-correlation
functional was used. Agarwal et al. conclude in their paper that although
J-coupling constants play an important role in Posner spin dynamics, it is
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ultimately the size of the spin system that has the greatest effect. We were
interested to see whether our results confirmed their conclusion as we add
the extra spins of the lithium isotopes [300]. What is also interesting in the
context of a discussion of the different effects of lithium isotopes on the spin
dynamics of Posner molecules is that 6Li and 7Li have J-coupling strengths
that vary to a measurable degree. Scalar or J-coupling is the indirect interac-
tion of nuclear spins through their intermediate interaction with surrounding
electrons. For lithium isotopes the different gyromagnetic ratios of the nuclei
in question have an effect on the coupling strength, with larger gyromagnetic
ratio of 7Li resulting in larger J-coupling constants. Comparison of 6Li and
7Li gyromagnetic ratios gives �7/�6 = 2.6 [298, 304, 305]. We have used this
ratio to compare the effects of different lithium isotopes on nuclear coherence
and entanglement in lithium substituted Posner molecules.

3.5 Results

3.5.1 Pure Posner molecules

Before considering phosphate nuclear entanglement in the context of lithium
doped Posner molecules we consider the simplest case of an undoped Pos-
ner molecule to be clear as to what we mean by coherence or concurrence.
Coherence, in this context, refers to the distance of a given state from a
maximally mixed state. Concurrence corresponds to the probability of the
entangled singlet state being above one half. In Figure 3.2 we show how
increasing the strength of the J-couplings increases the coherence and con-
currence. We have illustrated this by plotting the coherence and concurrence
for J-coupling strengths beginning with those calculated by Swift et al. and
increasing in increments up to at least two orders of magnitude. There are
now two papers in which Posner molecule J-coupling constants have been
estimated using theoretical calculations [102, 300]. However, in the brain,
ATP, the molecule from which phosphates are hypothetically assembled into
Posner molecules, has been measured to have J-coupling strengths up to two
orders of magnitude greater [306] than those calculated by Swift et al. for
Posner molecules. The J-coupling constants calculated by Swift et al. [101]
are also for a very specific Posner molecule configuration and it is unclear
whether this is the energetically preferred configuration [299]. In order to
investigate what effect the symmetry of the molecule might play we plotted
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Figure 3.2: Dependence of coherence (top) and concurrence (bottom) on
the J-coupling strengths from smaller to larger values: For coupling
strengths of the order of those calculated by Swift et al. [101] very little
coherence and concurrence remain when the interactions of all phosphorus
nuclei are considered. Both can be increased by increasing the J-coupling
strength. Phosphorus-phosphorus J-coupling strengths in adenine
triphosphate, a source of the pyrophosphate used to assemble Posner
molecules, have been reported as being approximately two orders of
magnitude bigger [306] than the values calculated by Swift et al. [101] for
Posner molecules with specific symmetries.

the coherence (Figure 3.3) and concurrence (Figure 3.4) for two asymmetric
Posner configurations. We approximated the asymmetry by using different J-
couplings. For the first configuration the two halves of the Posner molecules,
with respect to the entangled nuclei, were comparably strongly coupled. For
the second configuration there was one very strongly coupled half. In the
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Figure 3.3: Dependence of coherence on the specific symmetries of the
Posner molecules: We tried two different asymmetric configurations by
varying the J-couplings. In the top graph, where the J-couplings are all
different but both halves of the molecule are comparatively strongly
coupled the coherence is attenuated compared to the symmetric case. In
the bottom graph the asymmetry is more pronounced, with one side of the
Posner molecule being very strongly coupled in comparison to the other
half. Surprisingly, this caused an increase in coherence, possibly due to the
strongly one-sided coupling effectively reducing the dimension of the Posner
molecules.

weakly asymmetric case coherence and concurrence were both attenuated
compared to the symmetric case. This would appear to be in agreement
with the conclusion by Agarwal et al. that on average entanglement is bet-
ter supported by symmetric molecules [300]. However, in the case of the
very strongly asymmetric Posner molecule, the coherence and concurrence

61



Figure 3.4: Dependence of concurrence on the specific symmetries of the
Posner molecules: Similarly to the case for coherence, we tried two different
asymmetric configurations by varying the J-couplings. In the top graph,
concurrence is almost nonexistent. In this case the J-couplings are all
different but both halves of the molecule are comparatively strongly
coupled, with very weak concurrence between 100 and 200 seconds. These
results appear to be partially in agreement with the conclusion in the
recent paper by Agarwal et al that on average symmetric molecules are
expected to have a better entanglement yield [300]. However, when we
arranged the J-couplings so that there is a very strongly coupled half of the
Posner molecule (with respect to the entangled nuclei) then the concurrence
is markedly increased. Very strong asymmetry in effect reduces the
dimension of the Posner molecules, which appears to have the effect of
increasing the entanglement.
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Figure 3.5: Entanglement transfer between the different phosphorus nuclei
in a Posner molecule, where only one of the nuclei of each Posner molecule
is initially entangled, P(0) with P(0): Entanglement is only transferred
between the initial phosphorus P(0) and the furthest phosphorus P(3) in
each of the entangled Posner molecules, regardless of J-coupling strength.
There is zero entanglement seen between any of the other pairs, where P(4)
and P(4) is given as an example.

Figure 3.6: Dependence of entanglement transfer on symmetry constraints:
Entanglement transfer depends on the symmetry of the molecule with the
weakly asymmetric case (orange) having no entanglement transfer. There is
zero entanglement seen between any of the other pairs, in both symmetric
and asymmetric cases where P(4) and P(4) is given as an example, (the
blue graph is beneath the orange).
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are surprisingly increased. This may be due to a combination of increased
J-coupling strengths as well as an effectual reduction in dimension of the Pos-
ner molecule due to the unequal coupling strengths. The latter is potentially
interesting given the suggestion that entanglement is increased in calcium
phosphate dimers as compared to trimers [300]. Following the example of
Player and Hore [289] we also investigated how entanglement is transferred
between the different phosphorus nuclei in a Posner molecule, where only
one of the nuclei is initially entangled. Entanglement is only transferred
between the initial phosphorus and the furthest phosphorus in each of the
entangled Posner molecules, regardless of J-coupling strength, see Figure 3.5.
We also investigated how entanglement transfer depends on the symmetry
of the molecule with the weakly asymmetric case having no entanglement
transfer whatsoever, see Figure 3.6.

3.5.2 Doped Posner molecules

It was noted that it is possible to replace calcium ions in calcium phos-
phate aggregates with other appropriate ions, such as sodium, magnesium or
lithium [100,101,237]. Lithium is monovalent, therefore to replace a calcium
ion in a pure Posner molecule requires two lithium ions [101]. As with pure
Posner molecules the spin state oscillation depends on the J-coupling con-
stants. In Figure 3.7 we consider how the different lithium isotopes change
the coherence and concurrence of a pair of phosphorus nuclei. In the case
of coherence, the two isotopes do have different effects, with more coherence
in the 6Li case. However the coherence in both cases is so small as to be
almost negligible. In the case of concurrence, both 6Li and 7Li destroy any
entanglement, as measured by singlet state population. There is also no en-
tanglement transfer. These results are not promising with regards to Fisher’s
suggestion that lithium’s mode of action is through being incorporated into
Posner molecules. They also reiterate the conclusion in Agarwal et al. that
the size of the spin system is the main constraint on the entanglement [300].

What, if anything, does the incorporation of lithium do to the spin dynamics
of entangled phosphorus nuclei? The answer might lie in a closer inspection
of the Zeeman interaction. We investigated what effect the lithium isotopes
have on the spin dynamics of the singlet and three triplet states, see Figure
3.8. For pure Posner molecules (top graph) the three triplet states are degen-
erate and out of phase with the singlet state. Introducing 6Li and 7Li causes
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the entangled triplet state to instead oscillate in phase with the entangled
singlet state. This might be seen as analogous to the high field effect for a
radical pair, when the hyperfine interaction is sufficiently smaller than the
external magnetic field and the two non-entangled triplet states are sepa-
rated in energy from the entangled states. Coherent mixing of the singlet
and entangled triplet states in radical pairs can be driven by different Larmor
precession frequencies, with the frequency of mixing related to the difference
in gyromagnetic ratio [259]. In the Posner analogy the Earth’s magnetic field
is at least three orders of magnitude larger than the J-coupling interaction.
In addition to this, the small gyromagnetic ratio of 6Li gives a precession fre-
quency of ⇡ 1970 Hz whereas 7Li gives ⇡ 5200 Hz, very close to phosphorus
at ⇡ 5420 Hz.

3.6 Discussion

3.6.1 Relaxation pathways

In the previous sections we have considered only the coherent dynamics. For
example we plotted the dynamics of lithium doped Posner molecules for up
to 500 seconds (see Figure 3.8). If spin relaxation is taken into account
then it must be acknowledged that both lithium isotopes have a quadrupo-
lar moment that means they relax faster than the spin 1

2 phosphorus nuclei.
Lithium lifetimes vary in the literature; Fisher’s original papers discussing
entanglement in Posner molecules notes the difference in coherence lifetimes
between solvated 6Li (⇡ 5 minutes) and 7Li (⇡ 10 seconds) while hypothe-
sising that phosphorus lifetimes might be as long as 21 days [100, 102]. In
their paper on the spin dynamics of Posner qubits, Player and Hore dispute
this, invoking intramolecular dipole interactions to arrive at an estimate of
37 minutes [289]. They also discuss a number of ways in which this lifetime
might be significantly reduced, one of which is the replacement of calcium
by other ions such as sodium [289]. We add to this a possible relaxation
pathway that is specific to the case of lithium isotopes, that is scalar relax-
ation. For a spin half nucleus A (phosphorus) coupled to a second nucleus
B (lithium) that is undergoing fast quadrupolar relaxation, the fluctuating
magnetic field associated with fast relaxing nucleus B offers an additional
relaxation mechanism for nucleus A. This is known as scalar relaxation and
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Figure 3.7: Effect of lithium isotopes on coherence (top) and entanglement
(bottom) transfer: For the case of coherence we have increased the scale of
the y-axis to illustrate how coherence is transferred differently between
different nuclei. For two entangled spins initially P(0) and P(0) the
maximum coherence is transferred to the furthest spins in each molecule,
although there is a very small degree of coherence between other pairs, see
for example P(4) with P(4) (with attention to the y-axis scale). Greatest
coherence transfer is seen in pure Posner molecules (blue), followed by
lithium 6 (red) and lithium 7 (green). However, the overall coherence is still
minimal. In the case of entanglement, only pure Posner molecules (blue)
show any entanglement and entanglement transfer.

is seldom taken into account due to the fact that it is most effective for nuclei
that have similar Larmor frequencies [307]. This dependence is given in the
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Figure 3.8: Effect of lithium isotopes on the spin dynamics: For pure
Posner molecules (top graph) the three triplet states are degenerate and out
of phase with the singlet state. Introducing lithium 6 (middle) and lithium
7 (bottom) causes the entangled triplet state to instead oscillate in phase
with the entangled singlet state.
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formula for the scalar relaxation lifetime

Rsc =
8⇧2

J
2

3
I(I + 1)

⌧sc

1 + (!B � !A)2⌧ 2sc
, (3.9)

where Rsc is the relaxation rate of nucleus A, J is the scalar coupling constant
between A and B, I is the spin of the quadrupolar nucleus B, ⌧sc is the
correlation time associated with the scalar relaxation and !A and !B are the
respective Larmor frequencies, given by

!L =
�B0

2⇡
, (3.10)

where � is the gyromagnetic ratio and B0 is the magnetic field in ques-
tion [307]. Scalar relaxation is described by two types. We are interested in
type 2, which occurs at low fields such as the geomagnetic field, which we
here take to be 50µT. For type 2 scalar relaxation ⌧sc is the T1 of the fast
relaxing quadrupolar nucleus [307]. What is of interest is that the Larmor
frequencies of 6Li and 7Li differ to a large degree, whereas the Larmor fre-
quencies of 31P and 7Li are close enough that scalar relaxation might offer a
viable relaxation mechanism. To test this theory we calculated the relaxation
rates and lifetimes for phosphorus nuclei in Posner molecules doped with ei-
ther 6Li or 7Li. We use relaxation time scales for lithium isotopes as given in
Fisher’s original paper on Posner molecules, although spin-relaxation times
for lithium isotopes vary widely across the literature. Due to the similarities
between the Larmor frequencies of 7Li and 31P, scalar relaxation contributes
an additional relaxation mechanism for the phosphorus nuclei in a Posner
molecule, resulting in a phosphorus relaxation time of only seconds. Due
to the large difference between the Larmor frequencies of 6Li and 31P the
corresponding scalar relaxation lifetimes are at least five orders of magnitude
greater.

3.6.2 Electromagnetic noise

It is often stated that a diagnostic test for the radical pair mechanism is
the use of electromagnetic fields at frequencies equal to the singlet-triplet
transition frequencies. In a previous paper we applied an open quantum
systems approach to the radical pair mechanism to investigate transition
operators and their related frequencies [308]. We reapply this model to the
case of entangled phosphorus nuclei. In our model we only need consider
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the open systems description of a single Posner molecule as the entangled
Posner molecules are coupled only through their initial conditions and are
sufficiently separated to not interact further. The Hamiltonian of the open
quantum system is the sum of a free term H0 and an interaction term HSB

H = H0 +HSB, (3.11)

where
H0 = HS +HB.

We will describe the dynamics in the interaction picture, in which both state
vectors and operators evolve in time. The system, in this case for a pure
Posner molecule, includes the six phosphorus nuclear spins of the Posner
molecule and how these interact with the Earth’s magnetic field (Zeeman
effect) and each other (J-coupling). This is given by Equation (3.3). This
system then interacts with a bath given by

HB =
X

n

!na
†
n
an, (3.12)

where the !n are the frequencies of the n�th bosonic operator, a
†
n

is the
creation operator and an is the annihilation operator. Each Posner molecule
of the entangled pair interacts with a separate but identical bath. The inter-
action Hamiltonian for one Posner molecule can thus be written as

HSB =
X

k

X

n

(gn,kan + g
⇤
n,k

a
†
n
)⌦ (↵kS

k

x
+ S

k

z
), (3.13)

where the index k keeps track of the different phosphorus nuclei and S
k

x
or

S
k

z
represent dissipation and decoherence respectively, with ↵k � 0 a model

parameter weighting the extent to which S
k

x
and S

k

z
contribute. What is

of interest in a discussion of the entanglement are the transitions between
possible states. The transition operators result from the decomposition of the
operator V k = ↵kS

k

x
+S

k

z
in the basis of the eigenoperators of the diagonalised

system Hamiltonian HS. They are found using

[HS, V
k

q
] = �!k,qV

k

q
and [HS, V

k,†
q

] = !k,qV
k,†
q

,

where q here labels the number of transition operators and the transition
frequencies corresponding to each operator V

k, !k,q � 0, are expressed in

69



terms of the parameters of the system Hamiltonian, that is the magnetic
field and the coupling constants [308]. A transition frequency equal to zero
corresponds to decoherence in the system, which is found using

[HS, V
k

0 ] = 0.

Given that the transition frequencies depend on the specific parameters of
the system Hamiltonian, they will vary according to the relative strengths
of the Zeeman and scalar coupling terms. For the radical pair mechanism,
which is concerned with electron spin, hyperfine coupling strengths range
from kHz to MHz [260]. This gives transition frequencies that range from
kHz to MHz, which seems consistent with the fact that the avian compass
is disrupted by broadband electromagnetic noise [308, 309]. For the Posner
molecule nuclear spin states the transition frequencies vary according to the
strength of the Zeeman and J-coupling terms. In particular the two entangled
states, which are unaffected by the external magnetic field, have transition
frequencies which reflect the J-coupling constants, which are of the order of
Hz. This is potentially interesting in light of the fact that the brain emits
electromagnetic radiation of the order of Hz, colloquially known as ‘brain
waves’ or neural oscillations. The origin of brain wave radiation is yet to
be fully understood, and may have no association with (entangled or other)
calcium ion production. However, given that the interconversion of entangled
states is of similar frequencies, the background electromagnetic radiation
generated by the brain (and other organs) should be taken into account as
a possible source of noise or driven interconversion when discussing the spin
dynamics of Posner molecules.

3.6.3 Entangled subspaces

In Fisher’s original Posner molecule hypothesis, the entanglement is impor-
tant in the context of quantum to biological transduction: how do the quan-
tum effects result in measurable biological outcomes? Fisher contends that
the Posner molecule entanglement results in modified molecule binding, melt-
ing and free calcium ion release [100]. If entanglement is indeed important
with regards to Posner molecules and neural activation, how might biolog-
ical systems have maximised this quantum resource? Agarwal et al. [300],
for instance, suggest that different forms of calcium phosphate, for example
dimers rather than trimers, are better suited to neural processing, having
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very long lived entanglement. We suggest here that the parameters supplied
by the particular environmental context – the specific values of the Zeeman
effect in the Earth’s field relative to the strength of the J-coupling constants
– act to naturally enhance the entanglement. In a paper investigating en-
tanglement in radical pairs, Tiersch et al. suggest that one way in which to
enhance the entanglement lifetime is the application of appropriate magnetic
fields. This would create a subspace in which almost all mixed (singlet and
triplet) states are entangled due to Zeeman shift of the two non-entangled
triplet states [283]. We were interested in how this could apply in the case
of nuclear spin entanglement. Entangled phosphates are hypothesised to be
created by the hydrolysis of pyrophosphate [100]. Before these entangled
phosphates bind to spin zero calcium and form Posner molecules, they might
also end up binding to hydrogen [100]. Hydrogen has a large gyromagnetic
ratio. We were interested to see whether hydrogen binding to phosphates
could instead be beneficial to enhancing the entanglement, by creating an
entangled subspace. In Figure 3.9 we demonstrate what happens to the dif-
ferent spin states of the entangled phosphates bound with hydrogen. When
the external magnetic field is of comparable strength to the J-coupling then
there is mixing between all four of the spin states. However, for an exter-
nal magnetic field that is much stronger than the J-coupling, as is the case
for Posner molecules in an Earth strength field, then the two non-entangled
triplet states are sufficiently separated in energy to prevent mixing. The re-
sult is an entangled subspace, where only the entangled states mix. In Figure
3.10 we illustrate this using concurrence as a measure of entanglement. The
usefulness of this increased entanglement is debatable. Indeed, a paper by
Eisert et al. argues that in a diffusion model the loss of position informa-
tion can degrade entanglement considerably [310]. However, in the radical
pair mechanism, for example, it is less the entanglement than it is the spin
state that is important. Singlet and triplet states have differential reactivity.
In our example of nuclear spin entanglement, increased entanglement also
means increased singlet state. If this increased singlet yield plays a role in
any biologically relevant chemical reaction, then the high field effect we de-
scribe here may be functionally important. Phosphorus is also found within
cell membranes, which are composed of phospholipids. In this case the bind-
ing of hydrogen to fixed phosphates may possibly exploit this entanglement
‘distillation’. Entangled subspaces in the context of nuclear spin dynamics
could also give insight into ways of enhancing entanglement in spin models
of quantum computers, where the spins are fixed rather than diffusive.
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Figure 3.9: Different spin states of the entangled phosphates bound with
hydrogen: When the external magnetic field is of comparable strength to
the J-coupling there is mixing between all four of the spin states, (top).
Note the red and green states are degenerate. However, for an external
magnetic field that is much stronger than the J-coupling, as is the case for
Posner molecules in an Earth strength field, then the two non-entangled
triplet states are sufficiently separated in energy from the entangled states
to prevent mixing. The result is an entangled subspace, where only the
entangled states (blue and orange) oscillate and the non-entangled triplets
(green and red are degenerate) show a straight line (bottom).
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Figure 3.10: Comparison of entanglement for different strengths of the
external field with respect to the J-couplings. The blue graph shows how
entanglement is increased for an external field, such as the Earth’s field,
that is three orders of magnitude greater than the J-coupling strengths.
The orange graph shows the decreased entanglement for an external field
that is of the order of the J-couplings. Our measure of entanglement is
concurrence which looks at singlet character. However there is also an
entangled triplet state. Including this in the measure of entanglement
should give us a fully entangled subspace.

3.7 Conclusion

Our conclusions are tentative given the lack of definitive parameters in the
context of Posner molecules, both with or without lithium. Indeed, what
this highlights is the importance of parameters in quantum biology. For in-
stance we demonstrated that across a viable range of J-coupling constants,
increased coupling strength increased phosphorus nuclear coherence and con-
currence in Posner molecules. Given that these coupling strengths depend
on the symmetry of Posner molecules and that this symmetry is disputed,
more research remains to be done to determine the relevant parameters. For
lithium-doped Posner molecules our results do not support the hypothesis
that different lithium ions differently influence phosphorus nuclear coherence
or concurrence. Although there is a marginal difference between the iso-
topes, both isotopes result in almost negligible coherence and concurrence.
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This conclusion appears to be in agreement with the conclusion by Agarwal
et al. that is is primarily the number of spins in the system that attenuate
the entanglement [300]. What is potentially interesting is that lithium does
change the spin dynamics of the correlated phosphorus nuclei. If this were
to translate to spin-dependent binding and thus free calcium ion production,
then an argument could be made for lithium modulating the production of
free calcium and thus neural excitability. A way to test this might be to con-
firm that treatment with lithium changes levels of free calcium and phosphate
ions, and that this holds to different degrees for different isotopes. There is
some evidence to suggest that administration of lithium does indeed have an
effect on serum concentrations of these ions, though the mechanism remains
debatable [311,312].

While our results for coherence and concurrence in lithium substituted Pos-
ner molecules remain inconclusive, the spin dynamics highlight a potentially
interesting phenomenon. When entangled phosphates bind to hydrogen in-
stead of calcium, it is proposed that quantum effects are destroyed. However,
the fact that the external magnetic field is much larger than the scalar spin
coupling allows for an effect analogous to the high-field effect in the radical
pair, where mixing occurs only between the entangled states. In effect the
Earth’s magnetic field supplies an entangled subspace. This means that any
travel outside of this magnetic field, such as space exploration and settlement
will have to factor in these changes to the Zeeman splitting and the physio-
logical implications thereof. This has further implications outside of biology,
for example in the use of quantum computers that might use spin entangle-
ment as a resource. Phosphates and phosphorylation are also ubiquitous in
biological systems, and entangled phosphates may play a role outside of their
incorporation into Posner molecules. Smolin [313], for instance, hypothesises
how Fisher’s theory of entangled phosphates might be combined with ideas
from spin quantum computing and applied to the biological context of cell
membranes, which are composed of phospholipids. While the viability of
this remains to be seen, the parallel between phosphorus nuclear spin in the
quantum computing and biological case – especially given the potential for
entanglement preservation – leads us to the conclusion that the topic deserves
further attention.
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Chapter 4

Vibration assisted electron
transport in receptors

4.1 Overview

1In biology there are many instances in which the binding of two molecules
leads to an important functional outcome; this is the case with biologi-
cal receptors, for instance. The correct recognition of appropriate binding
molecules or ‘ligands’ underscores this functionality. At the same time one
of the underlying principles of biological systems is their adaptability. This
means that recognition and activation of receptors is not relegated to a single
specific ligand. Instead receptors are to some extent promiscuous; respond-
ing – to a greater or lesser degree – to a number of different ligands. This has
implications for drug discovery, but also for the understanding of endogenous
ligands and how they compete for specific receptors. Many of the receptors
necessary for the efficient functioning of the brain and nervous system are
activated by ligands that also play a fundamental role in biological functions
which would not fall under a strict definition of cognitive function. Sero-
tonin, perhaps most widely recognised as the neurotransmitter associated
with happiness, binds and activates a number of serotoninergic receptors.
These receptors are found in the brain, the central and peripheral nervous
systems, but also in epithelial cells, such as those in the intestine and else-

1This chapter is based on the following paper: B. Adams, I. Sinayskiy, R. van Gron-
delle, F. Petruccione. ‘Quantum tunnelling in the context of SARS-CoV-2 infection’, Sci
Rep. 12 16929 (2022).
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where [314, 315]. In the context of this thesis, which focuses on quantum
effects in the brain and nerves, any insights into receptor binding are use-
ful. The application of quantum theory to more general receptor mechanisms
in biological systems will hopefully shine light on the more specific case of
neural activation and motivates the focus of this chapter on SARS-CoV-2
binding to host receptors. Viruses offer a novel case study, straddling, as
they do, the properties of both living and non-living systems [316]. As such,
they might also offer a novel application for quantum biology. There has
been some research into investigating how quantum mechanics and viruses
intersect. For example, Park et al. engineered a virus to obtain enhanced
energy transport in excitonic networks [317]. Quantum dots have been used
to label viral proteins in an attempt to enhance live imaging of virus-host
interactions [318,319]. They have also been suggested to have antiviral prop-
erties [320–322]. There has even been an attempt to simulate the life cycle
of a virus using quantum gates [323].

Meanwhile, the new coronavirus SARS-CoV-2 has fundamentally changed
the world we find ourselves in. While SARS-CoV-2 vaccine development has
been integral, there is some suggestion that we have entered a new era of
pandemics [324]. It seems imperative that research into understanding viral
mechanisms is accelerated. One way in which this might be achieved is to
look at how research outside of established disciplines might allow new in-
sights into physiological mechanisms. Quantum biology, which looks at how
non-trivial quantum effects, such as coherence, tunnelling and entanglement,
might play a role in biological systems, is one such field of research [1, 2, 4].

The phenomenon of energy and charge transfer is central to much of the
research emerging in this field. There is some evidence that coherent energy
and charge transfer play a role in photosynthetic networks [1, 8–10]. This is
perhaps the best known application of quantum effects in the biological con-
text. Charge transfer, however, is also important in the context of tunnelling
in enzymes, which was first observed a number of decades ago [325]. Electron
tunnelling has also been proposed to be the mechanism, or one of the mech-
anisms, by which olfactants activate olfactory receptors [18, 117]. Olfactory
receptors are a class of rhodopsin-like receptors known as G-protein coupled
receptors, or GPCRs [121,326]. These receptors are implicated in numerous
important physiological phenomena from the regulation of inflammation to
the binding of neurotransmitters, the latter of which is currently emerging
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as a new application of vibration-assisted electron tunnelling [124, 129, 135].
Electron tunnelling in these contexts has been investigated as an alternative
to the lock-and-key mechanism, a shape-based explanation of receptor bind-
ing.

Our primary motivation in this chapter is the following: given the impor-
tance of receptor recognition, binding and activation in the biological context
and given the expansion of the lock-and-key model to include the possibil-
ity of vibration-assisted tunnelling, it is salient to review the evidence for
tunnelling in the context of viral mechanisms of host invasion. This chapter
follows two main threads. First we outline the case for quantum tunnelling
as an alternative or augmentation to the lock-and-key mechanism in the con-
text of enzyme function, olfaction and neurotransmitter reception. We then
review those aspects of SARS-CoV-2 infection that suggest a role for quan-
tum tunnelling, specifically the involvement of enzymes as well as certain
types of receptors. We also address the possible consequences of this connec-
tion using three aspects of SARS-CoV-2 infection: host cell invasion, medical
intervention and post-viral syndrome.

4.2 A quantum approach to biological receptor

mechanisms

4.2.1 Broader biological context

While quantum coherence in photosynthesis might garner more attention,
quantum tunnelling in a biological context is arguably the oldest exemplar
of the field of quantum biology. In the 1960s, Löwdin suggested that proton
tunnelling might be the physical basis of DNA mutations [3, 327] an idea
that is still very much of interest today [270]. Also in the 1960s, enzymes,
first described over a century ago by Fischer as operating through a lock-
and-key mechanism [328], were subsequently suggested to exploit quantum
tunnelling [3, 325, 327]. Both electron and proton tunnelling in enzymes is
now a well established field of research [329–332]. Other biological phenom-
ena have also been characterised as utilising the lock-and-key mechanism of
receptor binding. Cellular receptors bind with specific ligands and are inte-
gral to signalling processes throughout the body [333]. Receptor recognition
and binding accounts for a range of physiological phenomena [334].
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An important class of these receptors are G-protein coupled receptors (GPCRs),
examples of which are receptors that mediate the sense of smell or the bind-
ing of neurotransmitters in order to open ion channels. What is interesting
about GPCRs, in the context of quantum biology, is that they are related
to rhodopsin [121, 326]. Rhodopsin is a retinal photoreceptor protein which
consists of the light-sensitive chromophore retinal in an opsin protein [335].
Chromophores are a central theme with respect to quantum effects in pho-
tosynthesis, where it has been suggested that quantum coherence might play
a role in energy and charge transfer [8–10]. This is perhaps less a unique
feature of photosynthesis than it is due to the more general arrangement of
chromophores in a protein [62]. Chromophores, then, would appear to be
important to redox activity in biological materials. There is also a growing
focus on the role that the protein scaffold might play in enhancing energy
or charge transfer. Far from the warm, wet, decoherent environment that is
often cited as an argument against quantum effects in biology, the vibrational
or spin states of proteins might be coupled to electronic states in a favourable
way [336,337]. Interaction with proteins can fundamentally change the prop-
erties of a chromophore. Rhodopsin and related opsins, for instance, absorb
across a range of frequencies even though they share the same chromophore:
retinal. What differs is the opsin protein, which tunes the chromophore’s
absorption frequency [338].

The coupling of vibrational to electronic states is most often imagined with
respect to the proteins in which the chromophore is embedded, but it might
be re-imagined in terms of protein-receptor bonding. While it is still debat-
able that GPCRs, being related to rhodopsins, operate through a mechanism
related to electron transfer, both olfaction and neurotransmitter binding have
been of interest in the context of quantum biology. Olfaction has conven-
tionally been described as operating through the recognisable shapes of olfac-
tants [117]. However, this model has to some extent failed at fully describing
the intricacies of our olfactory apparatus. This has given rise to an alterna-
tive vibrational theory of olfaction. In this theory, the vibrational spectrum
of a ligand rather than its shape is responsible for receptor activation by facil-
itating electron tunnelling [18,339]. While there is some evidence to support
the differentiation of deuterated odorants in various species [123–126], there
remains some scepticism with regards to the theory [340]. The suggestion
has been made that the mechanism of olfaction might be closer to a swipe
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card model, with various different factors contributing [341].

More recently, attempts have been made to apply the vibrational theory
of olfaction in a different physiological context: the binding of neurotrans-
mitters. Neurotransmitters are integral to the process of neural signal trans-
mission. Signals travelling along the axon of a nerve cell are communicated
to adjacent nerve cells by the release of neurotransmitters across the synaptic
cleft between cells [41]. These neurotransmitters bind to membrane receptors
which facilitate the opening of ion channels and thus initiate the activation
of nerve cells [41]. Theoretical research suggests that the action of specific
neurotransmitters such as serotonin and related ligands is correlated to their
vibrational spectra [124,132]. Similar theoretical effects have been suggested
for the binding of histamine [135] and adenosine [129, 131] although experi-
mental verification is still lacking. What we would like to highlight, however,
is the fact that charge transfer is a well established topic in quantum biology.
More specifically, the biological context of this transfer is very often that of
membrane-embedded proteins. Within this research much attention is paid
to how the biological environment might assist transfer processes, through,
for example the vibrations of the protein scaffold or the vibrations of a bind-
ing ligand. It is thus potentially informative to consider this in the context
of infection by the SARS-CoV-2 virus, which utilises membrane-embedded
proteins to invade host cells, see Figure 4.1.

4.2.2 The specific context of SARS-CoV-2

Our current knowledge of the SARS-CoV-2 virus touches on a number of
the specific biological instances outlined in our discussion of tunnelling ef-
fects: enzymes, receptor binding and olfaction. Before it can proliferate, the
virus first needs to invade its host cell. Research suggests that the SARS-
CoV-2 virus most likely invades host cells by interaction with host enzymes,
in particular angiotensin converting enzyme (ACE2) [342, 343]. The spike
protein of the virus, which is also the target of the vaccine, binds with
membrane-embedded ACE2 and facilitates the fusion of virus and host mem-
brane [344, 345]. In its ordinary cellular context, ACE2 is an enzyme that
modulates the form of the GPCR-binding ligand angiotensin, a hormone that
is part of the renin-angiotensin-aldosterone system (RAAS). Among other
things, angiotensin is important to the balance of vasodilation and vaso-
constriction and is integral to cardiovascular function [346–348]. The exact
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Figure 4.1: The SARS-CoV-2 spike protein facilitates host cell invasion by
binding with cell membrane embedded ACE2 receptors. Illustration by
Angela Illing.
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interaction of the coronavirus spike protein with its host cell is also of poten-
tial importance in light of the new mutated versions of the virus [349, 350].
Mutations in the viral genome that code for the spike protein have led to fears
of increased transmissability [351,352]. While the ACE2 enzyme is currently
the focus of much of the research, other enzymes have also been implicated in
SARS-CoV-2 viral infection. Research suggests that the host cell enzyme ser-
ine protease TMPRSS2 is necessary for protein priming of the spike protein
and facilitates the virus entering the host cell [353, 354]. Another enzyme,
cathepsin L, has been linked to spike protein cleavage and enhanced viral
entry into host cells [353, 355]. Given the importance of enzymes in viral
activity and given the fact that quantum tunnelling plays a role in enzyme
activity it seems a closer look at quantum effects in the context of viruses
might prove fruitful.

More generally, a closer look at receptor mechanisms might offer some in-
sights. Criticism of the vibration assisted tunnelling theory of olfaction often
points to the fact that there isn’t evidence for electron transfer in olfactory
receptors, which are GPCRs [356]. However, a recent, as yet to be reviewed,
paper suggests that there is the potential for electron transfer in certain types
of GPCRs. Various possibilities for the specific site of this electron transfer
are explored in detail in the paper [356]. In the context of SARS-CoV-2, one
of these is of particular interest: the disulfide bridge. ACE2 is not a G-protein
coupled receptor. Evidence does suggest, however, that its interaction with
the spike protein might involve redox activity [357–359]. This redox status
is also suggested to involve a disulfide bridge. Both spike protein and ACE2
are rich in cysteine residues, which are implicated in intramolecular disulfide
bonds [357]. Indeed, the infectivity of SARS-CoV-2 appears to depend on
the disulfide redox potential with resistant animals lacking a redox-active
disulfide [357,358]. Binding affinity has also been demonstrated to be signif-
icantly impaired when the disulfide bonds of ACE2 and SARS-CoV-2 spike
proteins are reduced [359]. ACE2 receptors have a disulfide bridge in common
with certain types of GPCRs. While we acknowledge that this is far from
definitive, we think there is enough evidence to at least inspire some interest
in the possibility of electron transfer in receptors in general and in COVID
infection in particular. We think this for the following reasons. Firstly, the
identification of the disulfide bridge in GPCRs, which is also found in the
ACE-2 receptor that we model. Secondly, electron transfer through proteins
is well established in quantum biology, as is the fact that this transfer is aided
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by protein vibrations. It is thus not completely unfounded to consider that
electron transfer might play a role in the proteins that constitute receptors,
especially given the presence of cysteine and tyrosine sites, which have been
implicated in electron transfer reactions in other contexts.

GPCRs themselves also appear to play a role in the disease associated with
SARS-CoV-2 infection. The effects of COVID-19 on olfaction have been
widely documented as one of the defining symptoms of the disease [360,361].
ACE2 has elevated expression in the olfactory epithelium, where olfactory
GPCRs are also located, which might account for the anosmia or altered
sense of smell associated with COVID-19 [362]. GPCRs are also important
in the context of COVID-19 inflammatory responses. Increased morbidity has
been linked to the cytokine storm induced by the virus. Cytokines are small
proteins produced by immune cells. The overproduction and dysregulation
of cytokines, however, may lead to tissue damage and death [363–365]. As
such, cytokines have been suggested as a possible therapeutic target to ame-
liorate COVID-19 mortality [363,364]. A specific class of cytokines known as
chemokines, and the chemokine receptor system, have been implicated in the
severe clinical sequelae of COVID-19 [366]. Chemokine receptors belong to
a group of rhodopsin-like transmembrane GPCRs similar to those activated
by neurotransmitters and odorants [121, 367]. Whether or not quantum ef-
fects might be at play in any of these facets of SARS-CoV-2 infection and
COVID-19 is debatable. However, molecular recognition and binding in the
physiological context is integral to viral infection. As a common factor to en-
zyme function, receptor binding, olfactory symptoms and immune response,
it deserves closer scrutiny through as many lenses as possible.

4.2.3 Relationship between transfer likelihood and vi-

brational modes

Theory

We model the interaction of the spike protein and the ACE2 receptor as
a vibration assisted electron transfer [337, 368]. Biological systems interact
with their environments and thus are often modelled using an open systems
approach. In this approach the ligand protein, the receptor and environment
are considered a closed system before tracing out the environment to get
the reduced dynamics of the system of interest. The Hamiltonian describing
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the system, environment and their interaction is used to derive the master
equation [272]. Using this open systems approach and borrowing from a
model developed for olfaction [369], we outline here the relationship between
the maximum transfer probability in an ACE2 receptor and its coupling to
a single vibronic mode associated with a SARS-CoV-2 spike protein. To
simplify things we model the receptor as a dimer (see Figure 4.2) where the
Hamiltonian is given by:

HR = ✏D |Di hD|+ ✏A |Ai hA|+ J(|Di hA|+ |Ai hD|), (4.1)

where ✏D and ✏A are the energy levels of the donor (D) and acceptor (A) levels
and J describes the coupling between levels and the likelihood of transition.
For a dimer isolated from external interaction, the maximum probability of
a transition from donor to acceptor is given by

Max[PD!A(t)] =
J
2

J2 +�2
, (4.2)

where � = (✏A � ✏D)/2. When the energy of the donor and the acceptor are
equal then the probability of transfer [PD!A(t0)] = 1 at time t0 = ⇡/2J [368].
For a dimer that is not isolated the total Hamiltonian is given by:

H = HR +HP +HR�P +HE +HR�E. (4.3)

The receptor is represented by the dimer with Hamiltonian, HR. The Hamil-
tonian of the ligand, in this case the spike protein, is represented as a har-
monic oscillator with frequencies ! associated with the protein:

HP = !(a†a+
1

2
). (4.4)

The interaction between the receptor and the protein is given by:

HR�P =
X

i=D,A

! |ii hi| �i(a+ a
†). (4.5)

The sum runs over the interaction of the protein with both the donor and
the acceptor; the latter is presumed to be zero in the numerical solution.
The coupling strength between ligand protein and receptor is given by �

and a and a
† are the creation and annihilation operators associated with the

spike protein vibrations, with associated frequency !. The Hamiltonians HR,

83





HP and HR�P represent the system in our model of SARS-CoV-2 receptor
tunnelling. The membrane environment HE and its interaction with the
receptor HR�E are similarly approximated as:

HE =
X

E

!E(a
†
E
aE +

1

2
), (4.6)

and:
HR�E =

X

i=D,A

X

E

!E |ii hi| �iE(aE + a
†
E
), (4.7)

where �iE represents the coupling between the receptor and its membrane
environment. This coupling is taken to be weaker than the spike protein
coupling to the receptor. The Hamiltonians HR�P and HR�E represent com-
peting interactions, HR�P is essential for receptor recognition of the spike
protein, HR�E on the other hand describes undifferentiated coupling to a
multitude of environmental vibronic modes in the vicinity of the receptor.
The spike protein vibrations are discriminated from the environment vibra-
tions through their specific frequencies as well as the stronger coupling con-
stants [369]. Here the sum runs over both the donor and the acceptor as well
as all the possible environmental vibrations.

We now employ an open systems approach. The total density matrix of the
receptor, protein and membrane environment satisfy Liouville’s equation:

d⇢R+P+E

dt
= �i[H, ⇢R+P+E], (4.8)

where H denotes the total Hamiltonian describing the spike protein, receptor
and membrane environment (Eq. 4.3). Here we are interested in the reduced
dynamics of the protein and receptor only. This can be achieved by tracing
out the membrane environment degrees of freedom, namely

⇢R+P = TrE[⇢R+P+E]. (4.9)

If we assume a weak coupling between the receptor and the membrane en-
vironment, we can apply the Born-Markov approximation and replace Li-
ouville’s equation for the total system (Eq 4.8) by the corresponding mas-
ter equation for the reduced system (for receptor and protein only) as fol-
lows [272]:

d

dt
⇢R+P = �i[HR +HP +HR�P , ⇢R+P ] (4.10)
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�

Z 1

0

d⌧TrE{[HR�E, [HR�E(�⌧), ⇢R+P ⌦ ⇢E]]},

where HR�E(t) denotes the interaction Hamiltonian between receptor and
membrane environment in the interacting picture and is given by,

HR�E(t) = e
it(HR+HP+HR�P+HE)

HR�Ee
�it(HR+HP+HR�P+HE) (4.11)

⇡

X

i=D,A

X

E

!E |ii hi| �iE(aEe
�i!Et + a

†
E
e
i!Et).

To calculate the sum over the environmental degrees of freedom we introduce
the spectral density as,

X

E

!
2
E
�iE�jE�(! � !E) = �ijJi(!). (4.12)

After integrating over the environmental degrees of freedom and time ⌧ we
obtain the following master equation,

d

dt
⇢R+P = �i[HR +HP +HR�P , ⇢R+P ] (4.13)

+
X

j=A,D

j(|ji hj| ⇢R+P |ji hj|�
1

2
{|ji hj| , ⇢R+P}+),

where j = ⇡(Jj(0�) + Jj(0+)) denotes respective decoherent coupling of
donor and acceptor to the membrane environment. We assume that the
initial state of the dimer (receptor) is at the donor site, and the vibronic
mode is initially in the thermal state (T = 300K). Using numerical simulation,
we would like to understand if coupling to a vibronic mode could enhance
the transition probability in the dimer system: from donor to acceptor. To
this end, we will measure the usefulness of the vibronic mode coupling by
considering the following difference:

�PMax = Max[PD!A(t)]vibronic mode � Max[PD!A(t)], (4.14)

where Max[PD!A(t)]vibronic mode denotes the maximum probability of the tran-
sition in the dimer system calculated from the numerical integration of Equa-
tion (4.13), while Max[PD!A(t)] represents the maximum probability of tran-
sition without vibronic mode coupling, given by Equation (4.2).
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Table 4.1: Parameters for
numerical solution [369,370]

✏A � ✏D (cm�1) J (eV) �D (eV) !1 (cm�1) !2 (cm�1) !3 (cm�1)

500� 1700 0.0001� 0.1 0� 0.419 1669 1240 1000

Results

The difference Max[PD!A(t)]vibronic mode�Max[PD!A(t)] is plotted for a range
of parameters. These parameters have been estimated with respect to compa-
rable biological contexts, in particular Solov’yov et al.’s model for vibration-
assisted tunnelling in olfactory receptors [369]. For clarity we have collected
these parameters in Table 4.1. The coupling between spike protein and re-
ceptor (�) is plotted from weak to strong coupling and we have assumed that
the coupling only occurs between the spike protein and the donor level, that
is �A = 0. This coupling strength is plotted as a fraction of the vibronic fre-
quency and hence is unitless. Average energy levels and level coupling are es-
timated with respect to redox processes in other biological systems [369,371].
This coupling between levels in the dimer (J) is then plotted for a range of
different values for each vibronic frequency: 0.0001, 0.001, 0.01 and 0.1 eV.
The frequencies of the vibronic mode of the spike protein are taken from
studies that investigate SARS-CoV-2 using Raman spectroscopy [370]. This
includes the vibrational spectrum for both the S1 and S2 subunits as well as
the full spike protein and the receptor binding domain [370].

We have plotted results for three different frequencies !1 = 0.2069 eV (1669cm�1),
!2 = 0.1537 eV (1240cm�1) and !3 = 0.1240 eV (1000cm�1), see Figures
4.3–5. For closer reference, we have taken the specific peaks corresponding
to the spike protein Amide I, Amide III and phenylalanine, see Table S1
in reference (79) [370] for details. All three cases show a parameter regime
in which the vibronic mode enhances electron transfer probability. White
regions represent parameter regions where vibronic modes do not enhance
electron transfer probability. Redder regions are where vibronic modes have
a negative effect on electron transfer probability. Bluer regions represent
where vibronic modes enhance electron transfer probability.

Vibronic modes have a marked effect on transfer probability in a selective
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parameter regime, with this effect growing as coupling strength between lev-
els increases. However when coupling between dimer levels is too weak (J
= 0.0001 eV) the vibronic mode has no effect. And when the coupling is
too strong (J = 0.1 eV) the vibronic mode begins to have a negative effect.
This suggests a distinct biologically relevant parameter window in which
vibration-assisted tunnelling takes place. Although the different frequencies
of the vibronic mode display similar effects, the higher frequency (see Fig-
ure 4) appears to only have a single parameter regime in which the vibronic
mode shows marked enhancement. However, lower frequencies (see Figures
4.4 and 4.5) appear to have two regimes in which the vibronic mode enhances
transfer probability.

Whereas Figures 4.3, 4.4 and 4.5 demonstrate the effects of the proposed
model over a range of biologically viable parameters, we were also interested
in testing the model at the extremes of these parameters. To this end we
have chosen the dimer coupling strength with the least favourable outcome
(J = 0.1 eV) and plotted the effects of the vibronic coupling (�D) for very
strong coupling to the vibronic mode. While this has an unfavourable ef-
fect at small dimer detuning, at larger dimer detuning the effect becomes
favourable, showing enhanced transfer probability in distinct regions, espe-
cially for higher frequencies of the vibronic mode (see Figure 4.6).

In our simple model we have used only some of the peaks of the spike pro-
tein spectrum. However, we suspect that all vibrational modes of the spike
protein will have some effect on electron transfer over the biologically rele-
vant parameter range that we have chosen, either enhancing (blue regions)
or decreasing (red regions) transfer, as we have shown on the graphs. We
wanted to illustrate this as simply as possible, even though the real transfer
may rely on the cumulative effects of all vibrational modes. This is why we
have plotted the graphs over parameter ranges rather than for exact param-
eters, which are lacking. Our approach demonstrates which parameters are
favoured for which vibrational frequencies. It would be interesting, given
more accurate parameters for dimer coupling strength and protein-receptor
coupling strength, to check whether these exact parameters correspond to
enhancement at the strong vibrational modes. For now our model is an
idealised one which we nonetheless hope serves as a useful overview of the
concept.
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Figure 4.3: The difference between the maximum probability of transition
with and without vibronic mode �PMax as a function of the dimer detuning
("A � "D) and the coupling strength between donor and vibronic mode
(�D). Results show coupling to vibronic mode frequency ! = 0.2069 eV
(1669cm�1). Bluer regions show enhanced transfer with vibronic modes,
white regions show no enhancement while redder regions demonstrate
decreased transfer. Graphs (a)–(d) show the effects of increasing dimer
coupling strength by an order of magnitude from J = 0.0001 eV to J = 0.1
eV. The results effectively illustrate the window of (biologically relevant)
parameters within which vibration-assisted tunnelling has an effect.

4.2.4 Possible implications

Novel therapies for COVID-19

A better understanding of the various ways in which viruses and host cells
interact through molecular recognition and binding might also lead to novel
treatments for COVID-19. It has already been suggested that treatment with
ACE2 inhibitors might have an effect on the severity of the disease. However,
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Figure 4.4: The difference between the maximum probability of transition
with and without vibronic mode �PMax as a function of the dimer detuning
("A � "D) and the coupling strength between donor and vibronic mode
(�D). Results show coupling to vibronic mode frequency ! = 0.1537 eV
(1240cm�1). Bluer regions show enhanced transfer with vibronic modes,
white regions show no enhancement while redder regions demonstrate
decreased transfer. Graphs (a)–(d) show the effects of increasing dimer
coupling strength by an order of magnitude from J = 0.0001 eV to J = 0.1
eV. The results effectively illustrate the window of (biologically relevant)
parameters within which vibration-assisted tunnelling has an effect.

reviews are mixed as to whether this treatment may help or harm [372,373].
It has also been suggested that introducing soluble ACE2 might work against
the virus by binding to the viral spike protein before it can bind to membrane
ACE2 receptors [374]. ACE2 receptors also catalyse the different forms of
angiotensin that bind with GPC receptors, in particular angiotensin recep-
tors [346,347]. Whereas ACE2 inhibitors prevent the production of different
angiotensin proteins, angiotensin receptor blockers prevent the action of an-
giotensin proteins. What is interesting is that there is some evidence that
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Figure 4.5: The difference between the maximum probability of transition
with and without vibronic mode �PMax as a function of the dimer detuning
("A � "D) and the coupling strength between donor and vibronic mode
(�D). Results show coupling to vibronic mode frequency ! = 0.1240 eV
(1000cm�1). Bluer regions show enhanced transfer with vibronic modes,
white regions show no enhancement while redder regions demonstrate
decreased transfer. Graphs (a)–(d) show the effects of increasing dimer
coupling strength by an order of magnitude from J = 0.0001 eV to J = 0.1
eV. The results effectively illustrate the window of (biologically relevant)
parameters within which vibration-assisted tunnelling has an effect.

targeting angiotensin receptors with receptor blockers also confers some pro-
tection against the SARS-CoV-2 virus [375–377].

Mechanisms of receptor binding are an important factor in pharmaceuti-
cal development. GPCRs, for instance, are one of the major targets of many
pharmaceutical drugs and bind to a broad spectrum of ligands [378]. The
specificity of this binding is complicated by receptor promiscuity and re-
lated antagonism or partial agonism [379]. Does the spike protein’s affinity
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Figure 4.6: The difference between the maximum probability of transition
with and without vibronic mode �PMax as a function of the dimer detuning
("A � "D) and the coupling strength between donor and vibronic mode
(�D). Comparison of highest and lowest vibronic frequencies ! = 0.2069 eV
(1669cm�1) and ! = 0.1240 eV (1000cm�1) for very strong coupling to
vibronic mode. Coupling strength with respect to frequency is plotted up
to a maximum of 2 rather than 1, as in previous figures. The detuning
between the dimer levels is plotted up to 0.5 eV rather than 0.2 eV as in
previous figures.

for ACE2 receptors also mean an affinity or partial agony for related an-
giotensin receptors, and GPCRs more generally? The involvement of GPCRs
in viral infection has already been investigated in the context of the Ebola
and Marburg viruses which employ a glycoprotein to facilitate host invasion.
Chemical screening allowed for the indentification of a number of inhibitory
agonists of various GPCRs, including receptors for serotonin, histamine, and
acetylcholine, which showed antiviral action [380]. The SARS-CoV-2 spike
protein is also a glycoprotein and screening for appropriate GPCR agonists
might also yield novel therapeutic options. Tryptophans, for instance, have
been demonstrated to play a potentially therapeutic role in SARS-CoV-2 in-
fection [381, 382]. Tryptophan is the precursor to serotonin, perhaps most
widely known as a neurotransmitter implicated in mental illnesses such as
depression [383]. In the field of quantum biology there has been recent in-
terest in whether quantum effects play a role in the binding of serotonin to
its relevant GPCRs [124,132].

What makes this more interesting in the context of COVID-19 is that antide-
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pressants known as selective serotonin reuptake inhibitors (SSRIs) have been
shown to be somewhat effective against the SARS-CoV-2 virus [384–386].
While the studies are far from being conclusive this isn’t the first time that
these antidepressants have been investigated as antivirals, although the mech-
anism of action appears to be less to do with serotonin modulation than viral
replication [387,388]. Recent studies also suggest that SSRIs are not alone in
their potential as a COVID-19 therapeutic. Other antidepressants, including
venlafaxine, appear to improve the prognosis of patients hospitalised with
COVID-19 [385]. Venlafaxine targets both serotonin and norepinephrine,
both of which bind to GPCRs to activate ion channels [389,390].

Other GPCR agonists have also been reported to have some effect in mitigat-
ing COVID-19 infection. Histamine, which plays a role in neuromodulation
and transmission in addition to mediating immune and allergy responses,
is an agonist that binds to a number of GPCRs [391]. Antihistamines, on
the other hand, bind to histamine GPCRs and act as blockers or reverse
agonists. There is some evidence that certain antihistamines protect against
SARS-CoV-2 infection by disrupting the way in which the virus binds to
its host cell [392]. There is still some doubt as to whether nicotinic recep-
tors act, as least in part, as GPCRs [393]. These receptors, which bind the
neurotransmitter acetylcholine as well as the agonist nicotine, do however
open ion channels [394, 395]. Whereas there is little debate that smoking
itself offers any protection against COVID-19, surprising statistics around
the hospitalisation of smokers and non-smokers with COVID-19 has led to
some speculation that nicotine might be a potentially therapeutic interven-
tion against severe disease. It remains unclear, however, whether the effects
of nicotine are helpful or harmful [396,397].

The generalisation of the vibrational theory of olfaction to the binding of
neurotransmitters has led to some suggestion that the agonist and antago-
nist action of certain ligands might be classified according to their vibrational
spectra [129, 131, 135]. In the context of SARS-CoV-2, new therapeutics
might be discovered by screening and selecting related ligands through, for
example, their Raman spectra. The different vibrational spectra of mutated
spike proteins might also allow some prediction of the infectivity of new vari-
ants of SARS-CoV-2. This chapter has focused on the SARS-CoV-2 spike
protein binding to ACE2 receptors and its possible interaction with G-protein
coupled receptors. In particular it has looked at at how the spike protein vi-
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bronic mode might alter electron transfer in certain receptors. What many
of these receptors potentially have in common is a disulfide bridge and the
potential for redox activity [356,357]. Targeting the disulfide bonds has been
shown to modulate host cell invasion [358]. This interest in the redox activity
of the SARS-CoV-2 virus might also be extended beyond host cell invasion to
offer insights on other aspects of COVID-19. ACE2 is a regulator of oxidative
stress and it has been suggested that increased vulnerability to COVID-19
is related to increased oxidative stress, through factors such as increased age
or underlying health issues [357,398–400]. Redox reactions proliferate in the
body, not least in the electron transport chains within mitochondria. The
spike protein has also been shown to directly modulate mitochondrial activ-
ity, most probably through ACE2 signalling [401]. Whether or not the spike
protein is involved, a growing body of research suggests that mitochondria
are implicated in COVID-19 and as such might inform novel therapeutic
options [398,402,403].

.

Post-viral syndrome: Long COVID

While redox considerations, receptor binding mechanisms and the involve-
ment of GPCRs in SARS-CoV-2 infection might lead to possible novel treat-
ments for the disease, it might also offer insights into the post-viral condition
referred to as ‘long COVID’ [404]. Research into this condition is still in the
very early stages, and much of it is focused on the urgent need for more
research to be undertaken, due to the large number of people who appear
to experience long term symptoms relating to COVID-19 [404–406]. Long
COVID is not necessarily correlated with the severity of the active infection,
with some patients reporting mild symptoms during the initial, acute stage
of the disease before going on to experience lingering sequelae [404, 407].
Some of the long-term effects may be due to damage wrought by COVID-19
to organs such as the lungs and heart [407–409]. However, an appreciable
portion of those reporting long term effects show no obvious biomarkers to
account for their disorienting collection of symptoms, ranging from fatigue
and joint pain to brain fog, memory problems, mood swings and mental ill-
ness [407,408].

In its lack of defining mechanism and broad range of symptoms, long COVID
resembles the condition that is sometimes called myalgic encephalomyelitis
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(ME) or chronic fatigue syndrome (CFS) [404, 408]. It is well known that
viral infections can cause a range of long term effects [410, 411]. Despite
this, the condition remains under-researched, and, due to its various psy-
chological manifestations often prompts suggestions that the syndrome is
psychosomatic [412,413]. There is some research, however, that points to the
involvement of GPCRs in both ME and CFS, in particular the disruption
of GPCR function by autoantibodies [414–416]. GPC receptors control a
wide range of essential functions and bind to a broad spectrum of different
ligands, which makes them an excellent target for drug development. How-
ever this also means that specific ligands might interact with receptors other
than their primary receptor, contributing, for example, to the side-effects of
a GPCR-targeting drug [378]. Whether long COVID involves GPCR disrup-
tion remains to be seen. But if ACE2 can bind both the SARS-CoV-2 virus
as well as molecules such as angiotensin, then perhaps the virus can mimic, at
least partially, the way in which angiotensin binds to GPCRs, either through
specific viral proteins or through autoantibodies.

GPCR disruption would also potentially explain the wide-ranging array of
symptoms reported by long COVID sufferers, as GPCRs are implicated in
many different physiological processes [326]. GPCR involvement in ion chan-
nel action might also prove an avenue of research for potential therapeutics.
Viruses or the virome play an important, as yet not fully understood, role
in the body [417]. It is thus conceivable that long COVID is a manifesta-
tion of some aspect of the SARS-CoV-2 virus being incorporated into host
cells even beyond the infected stage. Viroporins, for instance are viral pro-
teins that can oligomerise in host cell membranes to form ion channels of their
own [418,419]. The physiological mechanisms behind both ME and CFS have
been suggested to involve ion channels [420]. It might thus be interesting to
investigate this in the context of long COVID, particularly as the envelope
protein found in the SARS-CoV-2 virus has been shown to have viroporin ca-
pabilities [421,422]. Ion channels are instrumental in maintaining membrane
potential. While it is more common knowledge that membrane potential is
integral to the activation and efficient function of nerve cells, all cells have an
associated membrane potential. It is also becoming clearer that this mem-
brane potential plays an important role in disease, not least cancer [423,424].

Membrane potential is also integral to mitochondrial function, where it is
coupled to energy and charge transfer in metabolic processes. Both ME and
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CFS have been suggested to involve metabolic processes [425, 426]. It has
recently been suggested that long COVID resembles ME and CFS in redox
imbalance, inflammation, an impaired ability to generate adenosine triphos-
phate (ATP), and general hypometabolic state, all of which implicate mito-
chondria in the process [398, 403]. There is some evidence that supporting
redox processes, through co-enzymes for instance, may help with metabolic
illnesses [427,428]. There is even some evidence that the ingestion of chloro-
phyll, the chromophore central to photosynthesis, might alter mitochondrial
ATP production [429]. It is thus perhaps not too much of a stretch to suggest
that elements of the SARS-CoV-2 virus might be incorporated into the redox
function of mitochondria. These issues are peripheral to our main purpose
in this chapter, which is to model the binding of the SARS-CoV-2 spike pro-
tein as an electron transfer process. However, we hope that the discussion
might lead to the consideration of other contexts in which protein binding
might disrupt the electronic properties of cells and how this might inform
both novel treatments as well as post-viral long-term symptoms.

4.3 Future Perspectives

This chapter has been structured around two related assertions. The first of
these builds on the possibility that the lock-and-key or shape-based mecha-
nism used to describe a number of biological phenomena might be replaced
or augmented by a quantum tunnelling mechanism. As such, quantum tun-
nelling is worth investigating in a variety of contexts where molecular recogni-
tion and reception play a role; in particular, in this chapter, in the context of
membrane-receptor binding of SARS-CoV-2. The second assertion addresses
this specific context and the way in which quantum tunnelling might be im-
plicated in the receptor binding of the SARS-CoV-2 spike protein, either
through the role of enzymes or the involvement of GPCRs. In the event of
the latter, the degeneracy that no doubt allows biological systems their flex-
ibility, also allows for the wide range of symptoms attributed to COVID-19
and long COVID. If GPCR-targeting pharmaceuticals can target more than
the specific receptor they are aimed at, causing a variety of side-effects, then
perhaps the spike protein behaves in a similar manner. And perhaps a better
understanding of receptor recognition might contribute to better medical in-
tervention. Regardless of whether these assertions prove to be true, the point
remains that questions of interest in quantum biology, such as tunnelling in
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the context of enzymes and GPC receptors, intersect with some of the open
questions in SARS-CoV-2 research. As such, quantum biology can add to
the store of knowledge that will offer protection against the SARS-CoV-2
virus as well as novel future viruses.

Techniques used in quantum biology, such as the comparison of vibrational
spectra to predict GPCR agonist potency [124], might also inform approaches
to virus research. The vibrational characteristics of the SARS-CoV-2 spike
protein have already been used to gain insight into its structure by trans-
lating the protein into music [430]. More prosaically, SARS-CoV-2 infec-
tion has also been investigated using Raman spectroscopy [431, 432]. This
might be extended to comparing the spectra of mutated spike proteins and
whether this correlates with how infectious the mutated versions are, in a
manner similar to how the potency of serotonin receptor ligands might be
classified by vibrational spectra [124,433]. Vibrational spectra might also be
used to identify new drugs to protect against infection. Vibration-assisted
tunnelling in the context of neurotransmitters has already inspired research
into the use of vibrational spectra to classify different ligands that bind to
specific receptors [129, 135]. This could be generalised to the case of SARS-
CoV-2 infection using the appropriate vibrational spectra. One example of
this is the use of soluble ACE-2, or angiotensin blockers, to protect against
SARS-CoV-2 [372,373]. If vibrational frequency is implicated in this binding,
then pharmaceuticals with similar vibrational frequencies to these treatments
could be investigated for their potential protective effects.

Quantum biology might also offer some insights into the long term debilitat-
ing effects of COVID-19 and shape possible treatments. While the focus in
this chapter has been on quantum tunnelling in enzymes and GPC receptors,
other related mechanisms of interest in quantum biology offer further avenues
of research. ACE2, for example, is a regulator of oxidative stress [357]. Reac-
tive oxygen species (ROS) have also been implicated in GPCR activity [434].
ROS are important signalling molecules but are also implicated in cellular
inflammation and damage [435]. The production of ROS has been demon-
strated to be sensitive to magnetic fields, a fact that has been attributed
to the involvement of radical pairs, one of the primary topics of interest in
quantum biology [208]. Inflammation is a contributing factor in both acute
infection with the SARS-CoV-2 virus as well as in long COVID [436, 437].
Recently it has been shown that the application of electromagnetic fields can
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significantly ameliorate the inflammation associated with COVID-19 [438].
Progress made in quantum biology may thus have even more to offer the
study of viruses than the preliminary ideas laid out in this chapter.
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Chapter 5

Conclusion

Quantum mechanics is often cited when it comes to trying to understand the
phenomenon of consciousness. This may be less from any properly identified
characteristic of the former which lends itself to explaining the latter and
more to do with the fact that both are conceptually ‘difficult’ subjects. Is
there a more specifically practical sense, then, in which quantum mechan-
ics might be useful in better understanding the brain? The brain, strange
though its emergent effects might seem, is, in a hardware sense, not that
much more than a collection of nerve cells. In this sense, the aim of this
thesis was not to attempt an explanation of consciousness, but to investigate
to what extent quantum effects may play a role in the hardware of the brain.
Despite their special function, the underlying processes associated with nerve
cells are not all that much different from processes that occur in other cells
more generally. Indeed, there is growing interest in the fact that the mem-
brane potential by which nerve cells generate their action is a more general
feature of all cells, playing a fundamental role in morphogenesis and regen-
eration. Key to this membrane potential are transmembrane proteins which
control how porous cells, including nerve cells, are to the passage of different
molecules. Receptor binding and activation are central to the action of these
transmembrane proteins. Receptor binding and activation are also a growing
field of research in quantum biology. This interest grew out of the vibrational
theory of olfaction, in which it was suggested that the vibrational spectra of
olfactory molecules caused vibration-assisted electron transfer to take place
in the corresponding receptors [18]. While the theory is still up for debate,
olfactory receptors resemble those receptors that neurotransmitters bind to,
to facilitate nerve activation, which is fundamental to how nerves – and the
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brain – work. Due to this similarity the olfactory research has been reapplied
in the context of neurotransmitter and receptor binding in nerves, particu-
larly with respect to serotonin, histamine and adenosine [124,129,135]. While
the experimental evidence is lacking and the theory still elicits debate, one of
the aims of this thesis was to investigate just how much of a general principle
vibration-assisted receptor activation might be. While this question hints at
the ways in which physical and mental processes might begin to overlap in
simple but no less profound ways, it is also of practical relevance. Given the
enormous impact of the SARS-CoV-2 pandemic, and the emerging research
that COVID-19 has neurological as well as physiological symptoms, focusing
on how viruses hijack transmembrane receptors to infect cells seemed an apt
choice. The aim of this was multifold. On the theoretical side of things the
aim was to generalise the theory from a specific context such as olfaction to
a mechanism that may take place not only in receptors but in the context of
any protein/ligand facilitated electron transfer. While there is growing ac-
ceptance of vibronic coherence in photosynthetic charge transfer, it has not
been fully articulated how exactly this differs from vibration assisted transfer
in receptors. The aim of this thesis was to suggest that vibration assisted
tunnelling in receptors is as likely to occur as in other contexts where the
protein scaffold plays a role. On the more practical side, the aim was to fur-
ther understand how illnesses such as COVID-19 can have severe neurological
as well as physiological effects, and, the flip side of this, to understand why
medicines targeting a specific receptor can partially activate other receptors.
A better understanding of receptor mechanisms might hopefully lead to the
repurposing of old drugs to new contexts and develop a new understanding
of – and novel treatments for – mental illnesses.

Mental illness and its interventions was also the launching point for the other
point of focus of this thesis: specifically the role that lithium plays in ame-
liorating bipolar disorder, and what might explain the different actions of
lithium isotopes. Once again the aim was to begin with a mechanism or
model developed in the context of quantum biology and extend this into the
neurological context. In this case the model in question was the radical pair
mechanism of coupled electron spins. For the purposes of this thesis, how-
ever, the spin pairs were taken to be phosphorus nuclei in calcium phosphate
molecules, as envisaged by Matthew Fisher [100, 101]. The original model
was then extended to include lithium ions in order to investigate their ef-
fects on quantum parameters such as coherence and entanglement. While
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the results suggest that coherence and entanglement do not survive the de-
cohering effects of either isotope, one intriguing outcome of the research was
the observation that the earth’s magnetic field creates a subspace in which
the entangled spin states of two phosphorus nuclei are preferred. While this
thesis was very much focused on investigating the hardware of the brain, that
is neural processing, entangled calcium phosphate molecules might begin to
bridge the gap between this hardware and the consciousness it gives rise to.
If, as it is sometimes suggested, consciousness arises out of global rather than
local interactions of the brain, then the particularly quantum flavour of non-
locality that is entanglement might advance our understanding of conscious-
ness. Should it turn out that experimental evidence supports hypotheses of
quantum enhanced neural processing we might turn this knowledge towards
thinking about how we think.
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