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Abstract: A new hypothesis for the mechanism of olfaction is presented. It begins with an odorant
molecule binding to an olfactory receptor. This is followed by the quantum biology event of inelastic
electron tunneling as has been suggested with both the vibration and swipe card theories. It is novel
in that it is not concerned with the possible effects of the tunneled electrons as has been discussed
with the previous theories. Instead, the high energy state of the odorant molecule in the receptor
following inelastic electron tunneling is considered. The hypothesis is that, as the high energy
state decays, there is fluorescence luminescence with radiative emission of multiple photons. These
photons pass through the supporting sustentacular cells and activate a set of olfactory neurons in
near-simultaneous timing, which provides the temporal basis for the brain to interpret the required
complex combinatorial coding as an odor. The Luminescence Hypothesis of Olfaction is the first
to present the necessity of or mechanism for a 1:3 correspondence of odorant molecule to olfactory
nerve activations. The mechanism provides for a consistent and reproducible time-based activation
of sets of olfactory nerves correlated to an odor. The hypothesis has a biological precedent: an energy
feasibility assessment is included, explaining the anosmia seen with COVID-19, and can be confirmed
with existing laboratory techniques.
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1. Introduction

The mechanism of the sense of smell remains unexplained. We know the anatomic
location of the sense of smell occurs in the tissue of the olfactory epithelium (OE) which is
an area of about 2.5 cm2 located in the superior aspect of the nasal cavity. The process of
olfaction begins with the binding of odorant molecules to olfactory receptors (ORs). The
corresponding olfactory nerves (ONs) then utilize a Gprotein-coupled receptor (GPCR)
signal transduction pathway for activation [1]. The glomerulus is contained in the olfactory
bulb of the brain and communicates with the olfactory cortex which interprets afferent
information into olfaction [2]. Each ON expresses a single type of OR [3], and there are
about 106 receptor molecules on each of the cilia of ONs [4]. There is a high density of OR
cells totaling 50 million in the OE [5].

The morphology of human OE has been studied using scanning electron microscopy
technology [6]. This has determined that the OE consists of four cell types, including basal
cells, supporting sustentacular cells, ciliated olfactory receptors, and microvillar cells [7].
This structure is represented in Figure 1.
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Figure 1. Olfactory epithelium with sustentacular supporting cells.

2. Shape Model

There are essentially only two groups of theories for the mechanism of olfaction and all
of these as currently developed and understood theories lack either conceptual agreement
or experimental confirmation. Early attempts to understand olfaction relied entirely on the
odorant’s molecular shape alone, often referred to as a “lock and key” mechanism [8]. Here,
a ligand binds to a receptor and initiates a response. This mechanism of receptor activation
is well understood and is certainly true with many types of receptors. However, this is
certainly not the only mechanism of olfaction. Contradictory evidence includes systematic
studies showing shape alone as a poor predictor of odor [9]. The inadequacies of the shape
model have been reviewed and include examples of striking exceptions to shape theory
such as ferrocene and nickelocene processing a significant smell difference despite having
very similar shapes [10].

3. Vibration Model

An alternate theory of olfaction is the vibration theory. This was originally discussed
as The Scientific Basis of Odour in 1938 [11]. This was further developed and formalized
as Odor and molecular vibration: neural coding of olfactory information in 1977 [12]. The
landmark contribution to this theory came in 1996 with considerations of how the fact
that deuterated analogs smell different cannot be accounted for based on structure-based
theories, and for the first time, presented a mechanism for the vibration theory [13].

This mechanism is based onthe quantum mechanics of physics and is the event of
inelastic electron tunneling (IET). Quantum events occur on physical scales of nanometers.
The activation of an ON from the OR is feasible in this regard because the dimensions of the
ORs have been verified to exist on the nanometer scale [14]. The sequence of events is that
an odorant molecule first binds to an OR. This is followed by IET where an electron within
the OR “tunnels” to another location within the OR. The donor electron is initially at a
higher energy state than it exists in after the IET event. The term ‘tunneling’ is used because
there is no direct physical path for the electron to move from the first to the subsequent
location. Since the electron cannot physically move to the new lower energy location it
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is said to have “tunneled” to this location. This phenomenon is based on particle–wave
duality where electrons exhibit behavior both as a particle and as a wave. Here, there is a
wave function in time and space where at a given time there is a wave function thatdefines
probabilities of location in space. In physics, processes with no loss of energy are defined
as elastic, and inelastic processes have a difference in energy of the initial and subsequent
condition. In IET of the vibrational model of olfaction, as a result of the conservation of
energy, when the electron tunnels to a position with lower energy, the difference in energy
is imparted to the bound odorant molecule; this is an inelastic process, and therefore, this
is IET Figure 2.

Figure 2. The inelastic electron tunneling mechanism is illustrated for human olfaction. When an
odorant molecule binds in the receptor (left), an electron transition from a high energy state A to a
lower energy state B occurs with the difference in energy creating a high energy molecular state of
the odorant molecule (right).

The next event in the vibrational model is that the tunneled electrons then flow through
the OR protein and reduce a disulfide bridge via a zinc ion, and this releases the Gprotein
of the GPCR signal transduction pathway for activation [13]. This signal transduction
cascade then leads to the opening of ion channels generating a current which depolarizes
the membrane of the ON [14].

An excellent example that supports the vibrational model is the similarity of the
sulfurous smell of the vastly different structures of hydrogen sulfide with molecular for-
mula H2S and decaborane with molecular formula B10H14. It is hypothesized that they
both activate at least one receptor in common, supported by the fact they share similar
vibrations at around 2600 cm−1 [10]. A second example supporting the vibrational mech-
anism is that odor character differences between deuterated and undeuterated odorant
isotopomers with identical ground-state conformations, but different vibrational modes
can be distinguished [15].

Many subsequent evaluations of the vibrational model have been largely in the field
of physics rather than biology. The physical viability has been discussed with the reasoning
that the donor electron must come from an amino acid of the receptor and was evaluated
using calculated values for the Huang–Rhys factors of electron–phonon coupling for
vibrational modes [16]. It is known that the operating principle of IET requires a linear
geometry of the locations on the OR [17]. The energy transitions between particular OR
protein residues comprising the walls of the OR have been studied [18]. A numerical
analysis of the dissipative odorant-mediated inelastic electron tunneling mechanism of
olfaction has been completed [19]. A fully quantum numerical model of the vibration-
coupled IETS mechanism has also been presented [20]. Atomistic simulations yielding
the Eigen-Value vibrational pseudo-spectrahas been presented and claimed to establish
a physical basis for vibration-based odor classification, which harmonizes the Shape and
Vibration theories [21].
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However, there has never been a consensus opinion of the viability of the vibrational
theory, and there have been skeptics. There was a relative paucity of research supporting the
vibrational theory following the declaration in The Proceedings of the National Academy of
Sciences that “there is no experimental data at the molecular level showing direct evidence
of electron transfer—or the effect of odorant vibrations—being responsible for triggering
odorant receptor response” [22]. Further research with GPCRs has questioned the viability
of the IET mechanism through research with non-OR GPCRs, and concluded that if true, it
would necessitate invoking exceptionalism of ORs within the GPCR class of proteins [23].

4. Swipe Card Model

As a result of the problems and inadequacies of both the shape and vibrational models,
there has been an attempt to combine features of each of these in the swipe card model. The
swipe card model includes the shape model of ligand binding to an olfactory receptor but
adds that, following this event, additional information is conveyed by molecular vibration
of the odorant molecule in the OR and uses an analogy that this is similar to the information
encoded in magnetic swipe cards such as credit cards and hotel room keys. Inherent in the
discussion of the swipe card model is the supporting and contradictory evidence of the
shape and vibrational models with investigations of olfaction with molecular configurations
of enantiomers and isotopes, as well as chiral and deuterated molecules.

In the presentation of this model, it was noted that IET is well documented in inorganic
systems and organic molecules such as cytochrome c but was new in signaling with the
vibrational model. Conformational mobility is cited as a limiting factor in the vibrational
model. A discussion was included with the time constraints of IET that olfaction occurs
over milliseconds, which is significantly slower compared with most processes at the
molecular scale.

The swipe card model claims to provide a framework in which to evaluate critically
the vibrational theory and to identify key questions including energy considerations and
discusses several examples that challenge the role of inelastic electron tunneling in general.
It was noted that progress in olfaction understanding is seriously limited by a lack of careful
odorant physiological tests, and that much future mainly experimental research is needed.
It concludes the vibrational model “cannot be the whole story” [10].

All three models of shape, vibration, and swipe have ligand to OR receptor binding
leading to the GPCR signal activation of ONs. Each has been unable to completely explain
olfaction. The Luminescence Hypothesis of Olfaction will now be presented, which is
similar to the swipe card model in that it also includes both shapes with odor molecules
binding to ORs and IET in the theory. It includes a new mechanism that, for the first time,
explains how the brain can detect a multitude of odors, including the seemingly problematic
simultaneously present mixtures, with a limited number of receptors. This hypothesis also
explains the anosmia seen in COVID-19. Finally, this hypothesis makes predictions that
can be tested and verified with existing technology and laboratory procedures.

5. The Luminescence Hypothesis of Olfaction

This hypothesis begins with a discussion of the mathematical problems of other
models. The number of types of ORs has been reported as 390 [24] and as more than
400 [25], in broad agreement with the number of functional genes, which have been
estimated at approximately 400 [26], and the total of 339 intact OR genes which have been
identified in the human genome database [27]. However, the number of odor molecules
has been estimated as ranging from 400,000 to 1 million [28]. In addition, mixtures of
different odorants can be detected allowing the distinction of more than one trillion olfactory
stimuli [29]. Using the low number estimate for the number of odorants of 400,000 and the
high number of receptors of 400, each receptor must be able to bind, on average, at least
1000 different types of odorants.

There is general agreement that the brain must interpret an odor based on complex
combinatorial patterns where each odorant must stimulate multiple ORs [30]. This is
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confirmed experimentally using a combination of calcium imaging and single-cell RT-PCR
where each OR recognizes multiple odorants and each odorant is recognized by multiple
ORs. In addition, different odorants are recognized by different combinations of ORs. [31].
Further studies of the olfactory bulb have also revealed a necessary time-based component
to this complex spatiotemporal activity [32].

The number of possible combinations without repetition can be calculated using
Equation (1):

Number of possible combinations without repetition = n!/[k!(n − k)!] (1)

where k is the number of elements chosen and n is the number of elements to choose from.
The result of this calculation is that, if an odorant stimulates 2 of 400 ORs, there would

be 79,800 unique combinations, and if an odorant stimulates 3 of 400 ORs, there would be
10,586,800 unique combinations. Since there are between 400,000 and one million unique
odorants, the vast majority of odorants would be expected to stimulate 3 ORs. Some may
activate two ORs, and some more than three, but the activation of three ORs for each
odorant would provide for more than a sufficient number of unique combinations.

The concept of complex combinatorial coding has previously been discussed, but the
number of ORs in this coding has not previously been calculated. This is straightforward
and logical. The major difficulty is in understanding how the timing of three separate types
of OR activations can be recognized by the brain for chemical identity. The shape, vibration,
and swipe card models all have one odorant molecule activating one OR at a time. So, three
different odorant molecules must activate the three different types of ORs for that odorant’s
unique “set” in a time span that is recognizable by the brain in a consistent time-dependent
manner. This is the problem that has not been elucidated.

6. False Sets

Consider the condition of odorant mixtures present at the OE. As an initial example
with three odorants present, the set of ORs for Odorants A, B, and C can be represented by
numbering the 400 different ORs:

Odorant OR set
A 1, 16, 200
B 42, 68, 310
C 29, 150, 380
D [not present] 1, 68, 150

So, the brain will be receiving afferent information from these nine ORs, which repre-
sent the three odorants. We know the brain can process this information in parallel, and
that for each of the nine types of ORs, many will be occupied with the many molecules
present for each odorant. With 50 million total ORs in the OE with 400 types of ORs, there
are125,000 ORs for each of the 400 types. With a low estimate of a 10% occupancy rate, this
is 12,500 of each of the 9 OR types present in this mixture, which calculates to 112,500 ORs
being activated in the briefest of time. The brain must recognize all of this as sets of the
three odorants.

A compounding problem is that, with nine ORs, there are combinations of ORs being
activated that may represent an odorant that is not present. For instance, the OR 1 of
odorant A, the OR 68 of odorant B, and the OR 150 of odorant C are all being activated
in this time span. However, this set of 1, 68, and 150 may be the OR set of an odorant
that is not present. We can calculate the number of combinations that are present that
may be the set of an odorant that is not present. Using Equation (1), there are 84 unique
combinations of three of nine possibilities. Three of these sets are present, but there are
81 other sets of three that could represent odorants that are not present. Many of these
would be meaningless ‘noise’ since there are many more possible combinations of 3 of
400 than there are odorant types, but some would also represent odorants that are not
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there. Similar to auditory research where the brain must compare sounds to a lexicon to
understand language, here the brain must compare these sets to a lexicon to experience
chemical identity. In this example the brain is bombarded with 112,500 OR signals; some
are the sets of the three odorants present, most are sets that do not correlate to anything, and
some are the sets of odorants not there. This is with each of the 10% of occupied ORs only
sending one signal, and we will see many, many more signals from each OR are required.

This becomesmuch more complex when there are 30 molecules present, and we know
the brain can distinguish 30 types of odorants simultaneously present [29]. Now using
90 ORs for the 30 sets of odorants and 10% occupancy, the number of activating ORs is:

(125,000 ORs for each of the 400 types)(90 types in this condition)(10%) = 1,125,000.

The problem is orders of magnitude more difficult than this because this one million,
one hundred twenty-five thousand is the number of activating ORs the brain would
analyze to determine that there are 30 types of odorants present. The brain simultaneously
must determine that other combinations of OR activations are meaningless. Again using
Equation (1), there are 117,480 unique combinations of 3 of 90. Thirty of these represent
the odorants that are there, and there are another 117,390 sets of three that represent either
nothing or odorants that are not there.

Yet, there is still another level of complexity that is within the brain’s ability. The brain
can distinguish mixtures of odorants thatare simultaneously present. Experimental results
show that humans can discriminate the “astonishingly large number” of 1.72 × 1012 mixtures
of 30 components out of a collection of 128 odorous molecules [29]. These mixtures are
created with differing concentrations of the 30 components. Somehow the brain can
distinguish trillions of mixtures. Even with 100% occupancy of the 125,000 ORs of each
of 90 types, this is 11,250,000. This 11 million is five orders of magnitude less than the
1.7 trillion detectable mixtures. Clearly, many ORs are activated many times in this brief
period of time to present information to the brain for the interpretation of concentrations
and ratios in addition to identifying 30 odorant types. This seems an unsolvable problem
even without considering the other 117,390 sets of three that represent either nothing or
odorants that are not there. Olfaction sensory processing would be expected to operate
on ms timescales as we know is true with auditory and visual stimuli; however, with
these numbers, the sensory information being sent from the OE must be at rate orders of
magnitude quicker. Incidentally, the quantity of molecules is not felt to be a problem since a
single mist droplet contains up to millions of molecules and a single drop of water contains
over one sextillion (1.0 × 1021) molecules, and any one odorant molecule may dissociate
from one OR and immediately activate others.

The next consideration is the 1:1 correspondence of an odorant molecule to OR ac-
tivation, as is presented in each of the shape, vibration, and swipe card models. Here,
different portions of each of the three individual molecules of the same odorant must be
bound by the three different ORs of a set. This must be true for each of the 400,000 to one
million odorants where different portions of the structure are bound to 3 of the 400 types
of ORs. We know that some molecules do have binding to more than one receptor but
that all 400,000 do is pure speculation. We have calculated that, with the low estimate of
400,000 odorants and 400 OR types, each OR binds, on average, 1000 types of odorants.
Since each odorant set is three, now each OR must bind, on average, 3000 types of odor-
ants. With 1:1 correspondence, the ORs must be nonspecific enough so that each can bind
3000 types of odorants. However, they must be specific enough so that each of the at least
400,000 odorants binds to a unique set of three. The chances that this is true reach the
highest levels of improbability.

How the brain knows an odorant is not there when each of the sets of threeisbeing
activated in the same time span as those OR sets of odorants that are present has not
previously been considered or discussed. There are far more of these “false sets” than
real sets. In the example with 30 odorants, there are 117,390 “false sets” compared to
the actual real 90 sets. That’s an astounding 99.9% that are “false sets”. It is in this
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context that the greater than one trillion mixtures are distinguished. Further, while the
ability of the brain to distinguish 30 different odorants simultaneously present has been
confirmed, the limit of the number of simultaneously present molecules which can be
distinguished has not been evaluated and may be greater than 30, making all of this even
worse for proponents of a 1:1 correspondence. With the number of molecules present in
these mixtures, there are potentially billions of molecules activating millions of nerves that
the brain is interpreting as groups of three for chemical identity. How all of this occurs
in split seconds is astronomically incomprehensible. It is a critically important factor that
makes a 1:1 correspondence exceedingly improbable because we know the brain can tell
without error what is there and in what proportions, and also what is not there.

7. Timing with 1:1 Correspondence

The problem is that, with each molecule activating one OR, then the timing of the
activation of the individual ORs of the set of three is random. The next time any of the
odorants are present in the OE, the timing of the activation of the individual ORs of the
set of three would be different. This timing of the binding of three separate molecules
of one odorant to the corresponding three ORs would be influenced by many factors,
including respiratory rate and depth, since this is the process that brings the odorant
molecules in proximity to the ORs for binding. There are expected to be variations in airflow
patterns and perhaps eddy currents also present at the OE. Changes in concentration would
clearly create differences in the timing for the three bindings with higher concentrations
expected to create decreased time between the three OR activations. Temperature and
other environmental conditions may also be factors. For at least these reasons, the interval
timing of OR activations are random events and there cannot be consistent time intervals
between the bindings of the three individual odorant molecules and the corresponding
ORs of the set. Without consistent interval timing, there appears to be no conceivable
way the brain could interpret this information as the sense of smell. The brain cannot
recognize a pattern when there is no consistent pattern. This is an unsolvable problem with
a 1:1 correspondence of one odorant molecule activating one OR, and this is the presented
mechanism of the shape, vibration, and swipe card models.

This assertion that the precise timing intervals between the three OR activations of an
odorant set are random over time is a pivotal tenet of The Luminescence Hypothesis of
Olfaction. Returning to the environment at the OE with 30 simultaneously present odorants,
it has been presented that the brain can distinguish trillions of mixtures interpreting the
afferent information from 30 sets of three ORs with a total number of ORs of up to 11,250,000,
which is diminished only by the receptor occupancy rate. With trillions being so much
larger than 11 million, each OR must be activated a multitude of times in just a split second.
The brain would need to distinguish this among the overwhelming odds of 99.9% or 117,390
“false sets” to the 90 true sets of odorants actually present. With this number of events
occurring in such a brief period, the timing intervals between the three OR activations of an
odorant set must be of a level of precision and reproducibility that far exceeds the binding
of three separate molecules of the same odorant to three separate ORs in the context of all
the confounding variables that affect any individual molecular OR binding. This detailed
mathematical description defies an explanation utilizing a 1:1 correspondence.

Three separate molecules of the same odorant binding to three separate OR’s can be
logically excluded based on the randomness of the timing of these multiple bindings in
the context that they must be interpreted by the brain as a set, with a corresponding time
restraint which must be consistent for that odorant. It would be expected that the timing
must be “near simultaneous” because likely tens of thousands of other molecules of other
odorants are simultaneously present and must also activate a set of three ORs, and the
brain is able to distinguish mixtures.

This condition of OR sets of three necessitates a mechanism of 1:3 correspondence
where a single molecule elicits the response of three different ORs in such a brief period
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of time that a different odorant, with a different and unique set of three ORs that is
simultaneously present in the OE, can also be distinguished by the brain.

This complex combinatorial coding with consistently reproducible time dependence is
well explained with an analogy to music and hearing. Music has twelve notes in an octave
including the flats and sharps. A chord is defined by three or more unique notes sounded
together. Three unique notes simultaneously experienced by the ear areinterpreted by the
brain as a cord. If the three notes are separated in time they are not perceived as a cord, and
if repeated attempts have inconsistent timing between the three notes it will just result in
random incomprehensible noise. This becomes worse if more than one cord is attempted,
each with three unique notes and all separated with inconsistent intervals of time. It is
the combination of a unique set of three notes experienced simultaneously that creates
music. In very much the same way, three ORs experiencing activation together in time is
interpreted by the brain as an odor.

8. Mechanism for a 1:3 Correspondence

The Luminescence Hypothesis of Olfaction provides a mechanism for greater than or
equal to a 1:3 correspondence where a single odorant molecule activates multipledifferent
ORs in “near simultaneous” time such that the brain interprets this activity consistently
with a corresponding sense of odor. The Luminescence Hypothesis of Olfaction has a
classical end to a quantum beginning. The first event is the binding of an odorant molecule
to an OR. This is followed by the quantum event of IET leaving the odorant molecule
in an excited state Figure 2 [20,23]. Previous discussions of IET in regard to olfaction
have focused on the tunneled electron and possible Gprotein-mediated signal transduction
pathway ON activation. In this model, the location and destiny of the tunneled electron
arenot important. It is the high energy state of the odorant molecule thatleads to the “near
simultaneous” activation of three ONs.

Luminescence is the emission of light from an excited electronic state of a molecular
species. There are fluorescence or phosphorescence luminescence bands which are differen-
tiated based on the average lifetime of the excited state, where phosphorescence is much
longer than fluorescence. The stored energy of an excited electronic state is dissipated
radiatively with the emission of photons which is luminescence, or non-radiatively with
the release of thermal energy. There are two mechanisms for non-radiative energy transfer
processes, which are the Förster resonance mechanism and the Dexter exchange mecha-
nism. The Förster resonance mechanism functions with donor–acceptor distances as long as
50–100 angstroms, and the Dexter exchange mechanism involves direct contact between the
donor and the acceptor atoms or molecules [33]. Each of these modes of energy dispersion
of the high energy state of the odorant molecule following IET will now be considered in
the context of providing for the required greater than or equal to 1:3 correspondence.

Fluorescence results from the molecular transition from the singlet state to the ground
state and has a typical lifetime of nanoseconds. Phosphorescence results from the molecular
transition from the triplet state to the ground state and has a typical lifetime of milliseconds.
Organic molecules only showing efficient fluorescence and phosphorescence are extremely
weak. This is because the transition from the triplet state to the ground state with phos-
phorescence is quantum mechanically forbidden, requiring the participating electron to
undergo a spin flip. The triplet state in organic molecules is typically considered a “dark”
state because there is nonradiative recombination at room temperature [34]. This excludes
phosphorescence.

Considering the required “near simultaneous” activation of three ONs with non-
radiative energy transfer, the Dexter exchange mechanism is excluded since there is no
continuity between ORs which are physically separated by sustentacular cells. The Förster
resonance mechanism of non-radiative energy transfer is also excluded. This exclusion is
based on the distance where the proximity of ORs for the Förster resonance mechanism
of non-radiative energy transfer to operate would require distances of 50–100 angstroms
between ORs, and the actual distance is calculated to be on the order of a few micrometers
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based on 50 million ORs contained in the 2.5 square centimeters of the OE. An exhaustive
analysis of all possible modes of energy dispersion of the high energy state of the odorant
molecule following IET would include thermal transfer to the receptor to which the odorant
molecule is bound. This is excluded in this hypothesis because this cannot provide for the
required greater than or equal to 1:3 correspondence.

The odorant molecule following IET can develop a high energy state by the excitation
of electrons from lower energy states to higher energy states or by excitation of vibrations
from lower amplitude oscillations to higher amplitude oscillations. This is evidenced by
both vibrational and electronic IET spectroscopy acquisitions from single molecules [35].
The previous vibration and swipe card models considered only vibrational excitations. The
Luminescence Hypothesis of Olfaction differs from these in that it considers both modes
of high energy. Electronic excitation is considered more likely to create the required three
photons since this mode is of much higher energy than vibrational excitations.

9. All Things Considered

A set of three ORs per odorant type is a mathematical certainty. The 3:1 correspondence
with the release of three photons from the high energy state of an odorant molecule
following IET has been discussed. In this situation, the OR that binds the molecule may
not be among the set of three.

Another scenario is that the OR that binds the molecule is among the set of three, and
in this case, the release of two photons would meet the 3:1 correspondence. This would
be one OR/ON activation from classical ligand binding to a receptor, coupled with two
OR/ON activations with quantum IET. Incidentally, these two photons must be of different
energies, so a quantum entangled pair would be excluded.

An additional consideration is that there exists a 1:1 correspondence with individual
odorant molecules activating individual ORs and that three separate molecules are acti-
vating the corresponding three OR set in a numerically non-proportional manner. In this
scenario, the three types of ORs corresponding to an odor experience different rates of
excitation, and the brain would need to interpret this differential proportionality of receptor
types activation as odor identification. However, this nuance of the 1:1 correspondence
models does not solve the false set problem or the presented problems with reproducible
interval timing of the components of the sets to be identified as sets. The fact that the brain
can recognize with 100% accuracy sets of three ORs when there are over 1 million ON
activations in split-second timing when the actual true sets representing chemicals identify
is only 0.1% of all of the combinations is an unresolved challenge for any model with a 1:1
correspondence.

10. Can IET Produce Photons?

The key question is if IET can produce photons. The answer is yes, and for both types
of excitation states and for both inorganic and organic molecules.

Light emission by IET has been known for many years [36] and can be from single or
from higher-order multielectron inelastic tunneling [37]. The phenomenon of light emission
via the inelastic tunneling of electrons through potential barriers or junctions has been used
in the development of micro- or nanosized electrically controlled sources of optical radiation
for use in optoelectronic systems [38] to develop miniaturized light sources and ultradense
photonic instruments in the visible and near-infrared spectrum [39] in research and devel-
opment of optical antennas [40] and scanning tunneling microscopy. Scanning tunneling
microscopy photon emission through IET is known as scanning tunneling microscopy-
induced luminescence and is useful for the study of the intrinsic luminescence of molecules
in their chemical environments as well as allows charge transfer to be monitored with
submolecular resolution [41].

A common method utilized to electrically excite photons via in elastic electron tun-
neling is metal–insulator–metal tunnel junctions [42]. Noble-metal films can also exhibit
electroluminescence through inelastic electron tunneling [43]. The optical properties of
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IET tunnel junctions have been controlled by changing the shape or the material of the
electrodes with the aim to improve photon emission efficiencies [44]. In addition, the
resonant peak of emitted photons from IET can be spectrally tuned [45]. Interestingly,
electroluminescence following IET has been found to be linearly polarized [43].

Organic molecules are also confirmed to exhibit photon emissions following IET.
For example, organic molecules have been utilized in the junction of scanning tunneling
microscopy-induced luminescence [46]. Photon emissions from organic polycyclic aromatic
hydrocarbon molecules following IET have also been investigated [47]. Photon emissions
following IET in organic molecules are not solely from excited electronic states as evidenced
by the molecule porphyrin, which exhibits intrinsic fluorescence and produces photons
from molecular vibronic transitions [48].

Significantly to The Luminescence Hypothesis of Olfaction, research in quantum
computing has revealed two or more photons emitted from a single molecule as a result
of IET. The production of multiple photons from a single molecule is termed bunched
emission, and the time between the releases of the photons in bunched emission following
IET has been measured to be less than nanoseconds and in the range of 50 picoseconds [49].

Of the four types of luminescence decay, only fluorescence is possible with this pro-
posed mechanism. The Luminescence Hypothesis of Olfaction involves fluorescence lumi-
nescence with radiative emission of multiple photons from an excited molecular state of
odorants in the ORs which results from IET Figure 3.

Figure 3. Odorant molecule in high energy state following IET (left). Emission of three photons as
the odorant molecule decays to the ground energy state (right).

The next consideration is the number and energy of the photons which would be
released from odorant molecules thatdecay from a high energy state. Each odorant has
a unique molecular structure that has unique resonances when in an elevated electronic
energy state. The energy of these resonances corresponds to the high energy state of the
molecular bonds. The molecular bonds of odorant molecules have been studied with
excitation by absorbing infrared light with specific wavelengths [26]. Very much like IR
spectroscopy reveals absorption wavelengths of organic molecules, the emission spectra
of luminescence reveal the emission wavelengths. They are similar in that they both are
unique and based on the molecular bonds of the organic molecule. The emission spectra
areat lower energy than the absorption spectra because the absorption of energy and the
subsequent emission is not 100% efficient. Wavelength is related to energy by E = hc/λ. As
an example, Figure 4 represents the excitation and emission spectra of anthracene. There
are three strong and one weak emission bands from the decay of the high energy state
of anthracene. Similarly, high energy states of molecular vibration modes have unique
decay energies.
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Figure 4. Excitation and emission spectra of anthracene that have the same mirror image relation at
the absorption and emission spectra. Adapted from Byron, C.M. and Werner, T.C., J. Chem. Ed., 1991,
68, 433.

Figure 4 depicts the high energy state being achieved through IR absorption; in the
Luminescence Hypothesis of Olfaction the high energy state results from IET, and a similar
emission spectrum would result. An experimental database of the optical properties of
organic compounds has been created and includes emission wavelengths [50]. In a separate
report, 11,460 experimentallysynthesized fluorescent organic molecules were extracted
from the Reaxys database with corresponding emission wavelengths between 200 and
900 nm [51]. This mechanism creating an emission spectrum can provide for the required
1:3 correspondence where a single odorant molecule results in three photons.

11. Activation of ORs by Photons

The next event in The Luminescence Hypothesis of Olfaction is the activation of ORs
by photons. This has never been suggested but is not without precedent. Rhodopsin is
the photoreceptor of rod cells in the retina and absorbs light to mediate the first step of
vision by activating the G protein transducin. Rhodopsin’s light-sensitive ligand 11-cis-
retinal is covalently bound to the apoprotein via a protonated Schiff base. Light absorption
induces 11-cisto all-transisomerization and begins a cascade of events in the G protein
signal transduction pathway [52]. Very much like light travels through the cornea and
vitreous to the retina, in the Luminescence Hypothesis of Olfaction light travels through
sustentacular cells to ORs.

The next consideration is the structure of ORs. The A–F system of GPCR classification
identifies six classes based on the amino acid sequences and functional similarities. The
OR is designated in Class A, which is known as the “rhodopsin-like family”, the same
family as the light-sensitive photoreceptor of rod cells in the retina [53]. Within this family,
the OR subfamily is the largest of Gprotein-coupled receptor families [54]. The common
features and distinct characteristics of sensory transduction in photoreceptors and ONs
have been evaluated. This includes a discussion of signal detection, cell morphology,
electrophysiology, sensitivity, detection of stimuli, discrimination between stimuli, sensory
transduction activation, amplification, receptor and Gprotein inactivation, and adaptation.
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ONs are described as sharing “an amazing level of similarity” to photoreceptors in several
aspects. In addition, the OR complexity compared to photoreceptors is evidenced by the
use of five opsin genes to cover the visible spectrum, whereas ONs use hundreds of OR
genes to cover the odor space [55]. The isolation of genes that code for olfactory receptors
which showed they belonged to the class of Gprotein-coupled receptors led to the award
of the 2004 Nobel Prize in Physiology or Medicine [56], exemplifying the importance of
olfaction research in the scientific community.

The structure of other G protein-coupled receptor proteins is characterized by seven
hydrophobic membrane-spanning domains. The ligand binding of ORs has been described
“to resemble rhodopsin”. However, the conformational changes of the OR with interactions
with odorant molecules are not fully understood [57]. ORs have been reported to have
“structural mimicry” with rhodopsin, and the mechanism of signaling activation through a
conformational change in the transmembrane segments is believed to lead to interactions
with Gproteins [58].

However, there remains an incomplete understanding of both the structure and func-
tion of ORs. For instance, the structural changes ORs undergo at the molecular level
areundetermined [1]. In fact, there is a total absence of an experimentally verified structure
for ORs, and the quest has been called “elusive”. The reasons include experimental difficul-
ties not encountered in research of other types of receptors. One of these is that ORs are
not efficiently transported to the cell surface when expressed in cells other than olfactory
sensory neurons [59]. There appears to be something special and mysterious about ORs.
What is known seems to support the tenets of The Luminescence Hypothesis of Olfaction,
and what is unknown leaves open the real possibility that it is true.

12. Luminescence Timing

The Luminescence Hypothesis of Olfaction is dependent upon the consistent timing
of the activation of each of the ONs associated with the unique set of ORs for a particular
odorant molecule. This required consistency has been presented based on the brain’s ability
to interpret all situations with odorants present at the OE as an experience of a particular
odor. The decay of the high energy state of an odorant molecule in an OR following IET
leading to multiple photons is the beginning of this timing assessment. For this hypothesis
to be true, it would require these photons to be emitted in such a brief period of time
that they are cumulatively recognized by the brain as a set. This has been experimentally
measured in picoseconds [Leon]. This timing is the activation of the set of three ORs,
distinct from the known ms processing time of the brain. Because these will travel literally
at the speed of light, and the distances to adjacent ORs of the set contained within the
OE are so small, the time from the release of a photon to arrival at the other ORs is not a
confounding variable.

There is extensive research that supports this required timing condition of The Lumi-
nescence Hypothesis of Olfaction. The event of IET occurs on the order of nanoseconds [10].
Chemical sensing is one of the explicit purposes that fluorescence lifetime standards have
been developed. These standards reveal that fluorescence lifetimes vary from picoseconds
(ps) to nanoseconds (ns), and significantly, the decay times are independent of the excitation
and emission wavelengths [60]. Subsequent single photon timing spectroscopic techniques
have confirmed ps time constants [61]. Extended fluorescence lifetimes would be beneficial
in certain applications and the cloning of green fluorescent proteins has been accomplished
including mutants, but lifetimes have not been able to be extended beyond the ns range [62].
The time intervals of ns and ps are found in both organic and inorganic molecules and
discussions have included both orbitals and bonds as sources [63–65]. The timing on this
scale appears to be universally true and ps have also been measured with chlorophyll
fluorescence decays [66]. Verification of ns and ps times are based on the experimental tech-
niques of single-molecule spectroscopy, diffuse optical tomography, time-resolved emission
spectra, and advanced time-correlated single photon counting relying on multidetector
and multidimensional acquisition [67].
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The “dark state” in fluorescence, which is the unsupported concept that there is a time
lag between the moment of excitation and the beginning of emission is believed to be very
short, even shorter than the emission, and has been called “nonexistent”,with evidence
that “remain scarce” [65,68]. All of these times are orders of magnitude shorter that the
dwell time of the odorant ligands on the OR which are on a millisecond timescale [69].The
combination of a brief, if even existent “dark state”, along with ns and ps fluorescence
lifetimes indicates the release of the multiple photons of an odorant set resulting from the
decay of high energy states of odorant molecules in ORs following IET would be on a
time-scale so brief that they would be experienced as a set by the brain, providing for the
time basis for the interpretation of sets of ONs of individual odorant molecules.

13. Overlap

An analysis of the number of molecules present at the OE with a mixture of 30 odorants,
the corresponding 90 types of ORs, the mathematical certainty of sets of three for chemical
identity, and false sets leads to the concept of overlap. A logical explanation of how the
brain is able to distinguish real odor sets from false sets is that there is an interval of time
where only true sets are experienced. This window of time must be very brief since there are
over one million ON activations in the condition of 30 mixtures in split-second timing. Real
OR sets being activated in a time span without overlap of other sets is considered. If there
is an overlap in time of OR activations from differing sets it would seem incomprehensible
that the brain could sort that out. This set time interval can be estimated. With a mixture of
30 odorants and the corresponding 90 OR types, a total of 50 million OR cells at the OE, a
sensing time of a half second, and a low estimate that each OR is activated only once, the
set time interval is calculated as:

set time interval = (0.5 s)/[(90/400 OR’s)(50 million)(1 set/3 OR’s)] = 130 ns/set.

The sensing time is likely less than one half second and since the speed of biological
systems is so high; a realistic estimated set time interval would be a factor of ten less or 13
ns. This is the time span that a set of three ORs can be activated without overlap from other
set activations. This calculation estimates the maximum interval without overlap; perhaps
it is much less, even on the order luminescence emission times.

Considering the multitude of molecules present at the OE with a mixture of 30 odor-
ants, it would seem to be impossible with a 1:1 correspondence that the individual bindings
of three separate molecules of an odorant to three ORs could occur without overlap in ON
activation timing with the bindings of other odorant molecules from the other 29 odorants
present. If there is overlap, as would be expected with a 1:1 correspondence, false sets
would result.

However, the luminescence timing of picoseconds to nanoseconds does fit well with
this analysis. This is sufficiently fast so there would not be overlap in OR activations in a
set time interval, leading to set identification by the brain and perceived chemical identity.

14. Signal Processing

This is essentially a pattern recognition problem, the brain must be able to recognize
the pattern or set of three OR’s each and every time an odorant molecule is present at the
OE in any and all conditions. This molecular recognition stage of olfaction is integrally
associated with how the brain interprets the afferent information from OR sets, and insight
may be gained from previous research which has established the brain processing time of
milliseconds for both vision and hearing.

Investigations of vision have revealed that the brain processing time is hundreds of
milliseconds, and also that our eyes typically fixate on an object for hundreds of millisec-
onds. This means information reaching our eyes at different moments is processed in the
brain together [70]. We also know that single neurons in the human auditory core fire as
early as 10–20 ms in latency following an auditory stimulus, but that the first stages of
neuronal processing in the primary auditory area peaks around 50ms after sound onset,
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meaning that first stages of neuronal processing in the neocortical circuit occur in about
30 ms [71]. Further, properties of a speech sound are neurally encoded for more than 500 ms
after the speech sound has dissipated from the acoustic signal [72]. This research utilizes
the perception of phonemes which are distinct units of sound that distinguish one word
from another, such as the pronunciation of the letters p,b,d, and tin the words pad, pat, bad,
and bat. These time intervals mean that the brain processes multiple phonemes at the same
time. In addition, the phonetic representations of the three most recently heard phonemes
are maintained in parallel, and the activity pattern encoding these features evolves, sys-
tematically, as a function of elapsed processing time, which prevents consecutive speech
sounds from co-occupying the same activity pattern. The fact that speech sound properties
are neurally represented for much longer than the sensory input permits the auditory
system access to the history of multiple phonemes simultaneously. Finally, the processing
trajectory for human speech processing does not trace a widespatial path across distinct
regions, and instead, phonetic features remain locally encoded for up to 400 ms, then the
trajectory to higher centers is different for different features, indicating there may not be a
strict anatomical transposition from low to high-level areas [73].

A major difference in considering olfaction compared to vision and hearing is that,
with both vision and hearing, the brain is encoding sequencing in a time-dependent manner
in order to experience motion and speech. With olfaction, chemical identity is paramount.
Perhaps the concentration of a single odorant can be interpreted by the brain as the rate
of set activations, and the concentrations in mixtures are interpreted by the proportional
ratio of sets. The ability of the brain to interpret complex signals is evidenced by vision and
auditory research. What must be explained with olfaction is the details of what and how
information is presented to the brain for the interpretation of chemical identity.

What needs to be considered here is that while the set of three OR activations is
presented to occur as rapidly as picoseconds to become a “set” in time, can the much longer
signal processing time of milliseconds allow the brain to interpret the afferent information
for chemical identity? This is where the previous research in vision and hearing provides
for the continued viability of The Luminescence Hypothesis of Olfaction in this regard.
Results in both vision and hearing investigations have confirmed that in both cases sensory
input occurs more rapidly than signal processing times and that multiple afferent vision
and hearing stimuli are processed at the same time, maintained in parallel, and are neurally
represented much longer than the sensory input. So, chemical identity with olfaction can
be understood to be very similar to visual and auditory senses. The hypothesis is that sets
of three are experienced so rapidly that they are separated in time sufficiently to be distinct
from other sets of three from the many molecules present, and these are processed much
slower, with the maintenance of set identity while other sets are experienced.

15. Energy

A final consideration in the viability of The Luminescence Hypothesis of Olfaction
is energy. It is known that vision in humans occurs through the absorption of photons
from 400 to 780 nm by photoreceptors in the retina. The mechanism involves acis, trans-
geometric isomerization of the 11-cis-retinal chromophore found in rhodopsin in rods and
also in cone opsins of retinal photoreceptors. These photons carry energy in the 2.5 eV range,
but only 1.5 eV per opsin molecule is used to elicit protein conformational changes [74].

In The Luminescence Hypothesis of Olfaction, the energy contained within the high
energy state of the odorant molecule following IET is released in the multiple photons of
an odorant set. The important question here is if there is sufficient energy in this decay to
create three photons, each with sufficient energy to elicit activation of an ON.

While the majority of vibrational theory proponents promote a single phonon process,
multiphonon processes have also been discussed and have been determined to be as quick
as the single phonon process, suggesting that contributions from different phonon modes
of an odorant molecule should be included for electron transfer in olfaction. However, both
models are limited by the energy difference between the donor and acceptor states in the
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olfactory receptor using the IET mechanism, which is widely reported as 200 meV [75].
However, this energy of 200 meV is not certain, could result in an electronic and/or a
vibrational high energy state, and could be higher allowing for the emitted photons to be
in the visible and/or IR range.

Since the full structure and function of ORs is unknown, direct comparisons to
rhodopsin are not possible. Since the ORs are in the rhodopsin-like family, it is rea-
sonable to consider the mechanism of activation to be similar to the retina’s response to
photons. A practical strategy to approach this problem is to consider the mechanism with
rhodopsin, which involves a cis-to-trans configuration conversion of an alkene. The energy
requirements for this are established for many molecules. For instance, the cis–trans energy
difference for the peptide bond in the gas phase and in an aqueous solution of N-methyl
acetamide is 2.5 kcal per mole, which calculates to 0.11 eVper molecule [76]. The cis–trans
isomerization of azobenzene is 2.9 kcal per mole [77], and the intramolecular competition
between cis and trans formamides has been shown to be less than 1.0 kcal per mole [78]. It is
believed that ORs use the GPCR signal transduction pathway for activation, but there may
be an activation mechanism of lower energy than cis to trans isomerization. These values
are presented for comparison based on the conjecture that ORs use the same mechanism
of cis to trans isomerization, as is the case with rhodopsin, and if so, The Luminescence
Hypothesis of Olfaction is energetically possible.

16. COVID-19

Research on the mechanism of the total loss of smell, or anosmia seen in COVID-19,
hasbeen performed with the hopes of gaining insight into the mechanism of olfaction.
The reasoning is that if we can understand why it suddenly doesn’t work, maybe we
can understand how it does work. However, at this time, the cellular and molecular
mechanisms of anosmia with COVID-19 remain unclear [79]. A downregulation of OR
genes has been detected [80], but downregulation could explain altered olfaction, not the
total loss of the ability. COVID-19 has a high prevalence of anosmia of 38% [81]. The source
has not been discovered to be related to the transmembrane serine protease TMPRSS2
which is involved with cell entry [82]. The main finding in multiple research efforts is that
it is the sustentacular cells that mediate the dysfunction, and not the neural cells of ONs or
the brain [80,83].

The Luminescence Hypothesis of Olfaction can explain the anosmia of COVID-19. We
know the sustentacular cells are affected byCOVID-19 with inflammation and changes in
density [80,83]. This would be expected to result in a change in the index of refraction
of the sustentacular cells. This change in the index of refraction with the corresponding
change in the velocity of photons through the sustentacular cells would disrupt the precise
timing of any set of photons that the brain is interpreting as corresponding to an odor. In
The Luminescence Hypothesis of Olfaction, the sustentacular cells are the communication
medium that provides for the 1:3 correspondences which areinherently unique tothis
hypothesis. A prediction of The Luminescence Hypothesis of Olfaction is that COVID-19
results in a change in the index of refraction of sustentacular cells, and that recovery of
olfaction correlates with a return to the normal index of refraction of sustentacular cells.

17. Validation

The developmental process for The Luminescence Hypothesis of Olfaction began with
the calculation of the number of possible combinations without repetition because of the
limited number of OR types of about 400 and the brain’s ability to distinguish more than
400,000 odors. It considers the previously unresolved problem of how the timing of ON
activation from three separate molecules of the same odorant can be activated in a consistent
time span to be experienced as a set for interpretation by the brain as an odor, in the context
of other simultaneously present odorants, each which must also activate a different set
of ONs. The condition where greater than a million ONs representing up to 90 OR types
being activated by a multitude of individual molecules simultaneously present at the OE
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from 30 different odorant types was discussed in the context where up to 99.9% of sets of
three are ‘false sets’ and all of this occurs in split-second timing. It is presented that this is
a receptor-level recognition pattern and cannot be sorted out by higher-level processing
alone. Possible factors cited that prevent consistent and reproducible binding to the OR sets
for three separate odorant molecules included respiratory rate and depth, concentration,
temperature, and other environmental conditions. It is this seemingly unsolvable problem
that there mathematically must be sets of ONs to correlate to an odor, in the context they
must arrive inthe brain with consistent timing intervals that preclude a 1:1 correspondence
with one molecule to one OR.

The Luminescence Hypothesis of Olfaction is the first to presentthe necessity of or
mechanism for a 1:3 correspondence. The sequence of events has been explained as the
binding of an odorant molecule to an OR, IET with an odorant molecule created in a high
energy state, fluorescence luminescence decay with radiative emission of three or more
photons for the majority of odors, near simultaneous activation of the multiple ONs of an
odorant set, and finally, the transmission of this set of signals to the olfactory cortex of the
brain for recognition of chemical identity.

Discussions of timing and energy and a mechanism to explain the anosmia of COVID-
19 may be interesting, even supportive, but ultimately the destiny of this theory lies in
experimental validation. Fortunately, this is a relatively easy task for the olfaction research
community. A good model is able to make predictions, and The Luminescence Hypothesis
of Olfaction predicts a change in the index of refraction of sustentacular cells with COVID-
19. This can be tested in a similar manner as the techniques used to determine the index of
refraction of the cornea to be 1.376 [84]. The definitive test for The Luminescence Hypothesis
of Olfaction will be through observations of ON activation with electromagnetic radiation in
the energies of the luminescence of organic odorant molecules. Several detection methods
have been used to quantify receptor activation in heterologous systems, including the
secreted placental alkaline phosphatase assay, the luciferase assay, and real-time cAMP
assays [85]. Real-time in vitro monitoring of odorant receptor activation by an odorant
in the vapor phase has also been measured using cAMP release [86]. Of these, calcium
imaging would appear to be an attractive initial experimental technique to determine the
truth of The Luminescence Hypothesis of Olfaction. Experimental verification of OR/ONs
responding to photons would be the initial validation and support. No other currently
proposed mechanism would predict this, and the existence of photon reactive OR/ONs
would lead to further investigations to test the 1:3 proposed correspondence. A further
investigational plan would be experimenting with photon detectors to measure group
photon emissions with time resolution sufficient to detect if sets of three photons are
released from ORs on this time scale.

The Luminescence Hypothesis of Olfaction has multiplicity, reproducibility and con-
sistent timing, is energetically possible, has a biological precedent with the retina, explains
the anosmia of COVID, predicts a change in the index of refraction of sustentacular cells in
normal vs. COVID-19, and can be validated with existing laboratory techniques.
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