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Recent evidence suggests that a broad range of complex and dynamic processes in living systems could exploit

quantum effects to enhance and/or regulate biological functions. These non-trivial quantum effects may play a

crucial role in maintaining the non-equilibrium state of biomolecular systems so as to achieve biological advantages

that cannot be understood within the boundaries of classical physics. Quantum biology is the study of such

quantum aspects of living systems. 
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1. Introduction

Biology has traditionally been considered to belong to the classical domain, while physics and chemistry are deeply

entrenched in quantum mechanics. Yet, living systems are fundamentally quantum mechanical since the dynamics

of their molecular, atomic and sub-atomic chemical machinery is, like everything else, governed by the law of

quantum physics. Does this atomic scale matter in biology? Does life need quantum mechanics? In other words,

can quantum mechanics play a fundamental role and have a physiological impact in biology? Most importantly, are

there any biological molecules or biomolecular systems that exploit non-trivial quantum mechanical effects to

achieve biological advantages that cannot be understood within the boundaries of classical physics? Many of the

early pioneers of quantum mechanics thought that the answer to this question was an affirmative yes , as most

famously argued by Erwin Schrödinger’s highly influential book “What is Life?” .

Yet, until recently, most approaches to investigate quantum effects in biology, like Schrödinger’s, were entirely

theoretical. This was largely because experimental approaches capable of detecting delicate and fragile quantum

effects in biological systems that were dominated by random molecular interactions had not been developed yet.

However, at this stage, it is useful to define what we mean by “quantum effects” in quantum biology. As already

pointed out, at its most fundamental level of particles, atoms and molecules, biology, life, like everything in the

world, is governed by quantum laws. For example, the structure of electronic orbitals and chemical bonds, what are

sometimes referred to as examples of “trivial quantum mechanics”, are as central to structural biology as they are

to chemistry or physics; yet structural biology is not usually considered to be a branch of quantum biology. What is
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meant by quantum biology is the involvement of phenomena that are normally confined to the quantum realm of

atoms and molecules, such as coherence, tunnelling, entanglement or spin, because their effects are normally

cancelled out at the macroscopic level due to decoherence  and would thereby be thought highly improbable

inside the warm, wet and disordered environments inside living cells. More importantly, to be non-trivial, such

effects must explain or drive a biological process that is likely optimised by evolution. That is, for a quantum effect

to be non-trivial, biology must have evolved to exploit it . In contrast, a trivial quantum effect may be detected but

just arises from the material being made of atoms, molecules, electrons, etc—all of which are described by

quantum mechanics.

2. Quantum Effects in Photosynthesis

Photosynthetic organisms harvest light using networks of chromophores that absorb the light and efficiently funnel

solar energy toward a reaction centre where charge separation occurs. Nature’s complex system of chromophores

form an antenna to harvest light, separating the light harvesting from the charge separation—a design principle that

researchers would like to copy in next-generation technologies. Photosynthetic growth occurs via the conversion of

molecular excitations into long-lived chemical energy in the form of adenosine triphosphate (ATP) and reduced

nicotinamide adenine dinucleotide phosphate. These energy-rich molecules fuel the fixation of CO  via the Calvin–

Benson–Bassham cycle . The overall process of photosynthesis is fairly thermodynamically inefficient, with a

practical maximal efficiency of light to biomass conversion of below 10% . However, the initial step of capturing

a photon with a light-harvesting molecule and the transportation to a reaction centre happens with a quantum

efficiency of near unity. At the same time, these processes are remarkably robust . This highly evolved process

has been proposed to take advantage of quantum mechanical effects, despite the warm and noisy environment in

which photosynthesis operates . Understanding the mechanisms operative within the light-harvesting antenna

and subsequent transport to the reaction centre within the photosynthetic organism may help to define the next-

generation of green energy solutions and optoelectronics.

2.1. Theory and Experimental Studies

Quantum dynamics has been proposed to play an important role in the light reactions of photosynthesis and these

ideas, though contentious, have received support from both theoretical and experimental studies. Photosynthesis

light-harvesting complexes generally consist of extended arrays of pigments fixed to a rigid protein scaffold. The

dense packing of chromophores leads to a range of interactions and coupling strengths within each complex. After

absorption of photons by a pigment (or group of pigments) contained within a given light harvesting complex (LHC),

the transfer of energy occurs among these molecules. For chromophores with large separations and a low

Coulombic interaction, Förster resonance energy transfer (FRET) theory  provides an accurate description of the

energy transfer as a series of “incoherent hops.” For strongly coupled chromophores with relatively weak coupling

to their surroundings, Redfield theory provides a good description of energy transfer as relaxation within the

coupled chromophores. More complex descriptions are needed when multiple types of couplings are relatively

strong or where specific motions within the bath are important. Regardless of mechanism, energy is ultimately

trapped into a reaction centre (RC), where charge separation takes place. In a bacterial system, electronic
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transitions are guided by a “downhill energy funnel” from higher energy states to lower energy states, but in higher

plants, such energy separation is not obvious.

The description of energy transfer in photosynthesis has a very long history from coherent descriptions in 1932 by

Perrin  to Förster’s seminal work in 1945 . However, it has become clear that FRET alone cannot be

employed to explain the process occurring in photosynthesis due to a significant coupling strength outside of the

FRET regime between their photoexcited chromophores . Moreover, random energy transfer

between densely packed antennae pigments would lead to high losses to the environment before reaching the RC,

resulting in a lower photosynthetic quantum yield than observed . Highly packed pigments, e.g., in the

light-harvesting complex 2 of purple bacteria (LH2), demonstrate stronger couplings and interaction strengths

occurring between molecules wherein the excitation is not isolated to a specific pigment, but rather delocalised in

the form of a Frenkel exciton . Given the wide range of structures seen in the natural world, it is not surprising

that the Redfield and Förster models that describe strongly coupled and weakly coupled regimes respectively are

inadequate to describe the coupling of all chromophores within photosynthetic complexes . Many systems

appear to occupy an intermediate regime that is not captured well by theories describing either extreme of coupling

strength . Modified versions of these models have been built to account for several important phenomena seen

during experimental observations . For specific mathematical models of the bath surrounding the

chromophores, the problem has been solved exactly by Ishizaki and Tanimura using hierarchical equations of

motion . A more general pseudomode method has been introduced by Lambert and co-workers that includes

Matsubara terms and is readily suited for low temperature studies . Other exact methods for arbitrary harmonic

bath models have been introduced by Plenio and co-workers exploiting density matrix renormalisation group

methods .

With the advance in new spectroscopic techniques such as two-dimensional electronic spectroscopy (2DES),

phase-sensitive investigations into the nature of the energy transfer taking place in LHCs could be performed. An

accessible introduction to the theory and data analysis of 2DES signals are provided by Gelzinis et al. and Wang et

al.   In short, contrasting with the classical pump-probe spectroscopy, in 2DES the excitation frequency is

resolved, permitting more accurate maps of energy transfer in spectral congested systems. After the excitation of

the absorption electronic bands of a given system (recorded on the excitation axis, ω ), the system evolves

during a waiting time (t   or t ) having its current state recorded on a detection axis (ω ) to generate a

correlation map. On this map, diagonal peaks correspond roughly to the linear spectrum of the system and the

cross-peaks to the interactions occurring between their absorption bands, arising early (transitions occurring

between common electronic orbitals) or later (energy transfer) and possibly oscillating with the time (Figure 1A). In

this way, this technique has been successfully employed during the last decades for obtaining information on

energy transfer pathways, interactions occurring between the system and the surrounding environment (bath) 
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Figure 1.  (A) Time Evolution of signal amplitudes obtained with 2DES. A cross-peak is shown oscillating in the

frequency equivalent to the energy difference between the two states in the diagonal. A Fourier transformation is

the applied to extract the frequency of the beating signal. Adapted from ref.  (B) 2DES spectra obtained for the

FMO complex at different temperatures at T  = 400 fs. The oscillations obtained for a given spectral position

(white circle) possess a similar phase and frequency in all cases with shorter lifetimes at physiological

temperatures (277 K). Adapted from ref. 

Energy levels found within a photosynthetic complex are thought to be tuned to the environmental bath composed

of protein and solvent interactions . However there is some debate over where the line between system and

bath is drawn . As progress in the field continues, we see how the system now encompasses more of what was

typically previously seen as the bath dynamics. The tuning of spectral properties of the pigments due to their

coupling, as well as with the protein and solvent environment facilitates ultrafast energy transfer, interactions

between chromophores and many other aspects related to the temporal dynamics of LHCs.

The application of 2DES at cryogenic temperature (77K) to track energy transport within the Fenna–Mattews–

Olson (FMO) complexes of the green sulphur bacterium Chlorobium tepidum by Engel et al. in 2007 was one of the

key advances of modern quantum biology as it provided evidence for the possible involvement of quantum

dynamics occurring within this system . In this work, oscillating cross-peaks arising at early waiting times up to

660 fs were attributed to electronic coherences occurring between the chromophores enclosed within the protein.

These ultrafast “quantum beats” witness the rapidly changing populations of excited states within the system. The

occurrence of strong coupling between Frenkel excitons formed after the light absorption and the consequent

delocalization of their excitation, is by itself a quantum effect capable of modifying energy transfer pathways

occurring within light-harvesting complexes, due to modifications of their collective dipole configurations. However,

it is possible that quantum mechanics are playing an even bigger role in the process, by allowing the system to

sample different pathways simultaneously through the superposition of states and finding the most efficient path to

the reaction centre, constituting what researchers have been calling a “quantum walk.” Quantum entanglement has

also been proposed to be playing a role in the system , although this is more conjectural.
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The landmark paper by Engel et al.  received many critics from specialists in the field, which argued that the

oscillations observed in the work should be attributed vibrational modes on the electronic ground state of the

protein system . Nevertheless, it also provoked a flurry of similar studies investigating the concept of long-lived

coherence in photosynthesis. Most studies have focused on the light harvesting complexes of purple non-sulfur

(LH1-RC and LH2) and green-sulfur (FMO) bacteria. For example, in 2007, Lee et al. used two colour electronic

coherence photon echo spectroscopy (2CECPE) to characterize coherences between chromophores present

within the isolated reaction centres (RCs) of Rhodobacter sphaeroides  and similarly detected quantum beats

persisting for longer than 400 fs (at 77 K). The study also provided evidence of strongly correlated and long-lived

nuclear modes, suggesting than the energy levels of the chromophores were being modulated by vibrational

modes. The finding that the vibrational modes were of similar frequencies to those of the excitonic energy gap

suggested a vibronic scenario in which nuclear vibrations were fine-tuned to enhance electronic energy transfer 

. A theoretical study of the FMO complex  came to similar conclusions. Vibronic transport has also been

shown to increase the energy transfer by 10% in the LHC of the algae  Chroomonas mesostigmatica . The

possibility of resonance between electronic and vibrational states leads to some interesting and non-trivial

dynamics of mixed character that are thought to influence energy transfer in both the antennae complexes and

reaction centres . For additional studies of other model LHCs, we refer the reader to refs. .

A key question is how relevant long-lived coherences measured in the laboratory are to photosynthesis taking

place within noisy biological environments . However, a key concept that has emerged from several

studies is the role that the environment may play in actually enhancing, rather than destroying quantum coherence.

Experiments carried on the FMO complex at physiologic temperatures (277 K) demonstrated quantum beats that

persisted for 300 fs (Figure 1B). A similar study of LH2 of  Rhodopseudomonas acidophila 10050 demonstrated

quantum beats persisting for at least 400 fs, long enough to play a non-trivial role in the energy transfer .

Another room temperature study of the LH2 of  Rhodobacter sphaeroides provided evidence of a role for

environment-assisted quantum interference between multiple energy transfer and relaxation pathways in a

phenomenon often called quantum phonon antennae . The findings were consistent with theoretical studies

that predicted the enhancement of energy transport at intermediate noise levels, corresponding to those

characteristics of room temperature, when the dephasing frequency is tuned to the excitonic energy gaps and

couplings . Although it has been argued that results, such as these, provide evidence of classical, rather

than quantum behaviour, from his own work on the LH2 of  Rhodoblastus

acidophilus  (formerly  Rhodopseudomonas acidophila 7050), Jang argued that quantum mechanical dynamics

cannot be neglected when modelling transfer dynamics between LHCs is separated by more than 1 nm.

Nevertheless, the interpretation of these spectra remains controversial, with several researchers opting for an

interpretation of a mixture of excitonic dynamics and FRET involved in the energy transfer .

While extensive quantum biology studies focus on excitation energy transfer, biology also exploits proton transfer

and there are suggestions that the quantum efficiency of this mechanism may also be enhanced by quantum

effects . Halobacteria possess retinal-containing protein complexes called bacteriorhodopsins that function by

pumping protons across their membrane upon absorption of a photon . The light-driven proton transfer

mediated by these proteins, generates a proton gradient, which drives the synthesis of ATP by ATPases localised
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in the membrane of these bacteria constituting an important alternative source of energy . These complexes are

currently being commercialised in the form of membrane patches obtained from Halobacterium salinarum and are

employed during the production of artificial retina, photosensitive and erasable material for optical information,

recording and processing and electronic ink for laptop display . A simple model of light-induced proton

pumps in artificial photosynthetic systems was studied by Ghosh et al. in which a photon-to-proton quantum yield

of the model system was analysed as ~55% .

2.2. Bio-Inspired Synthetic Light Harvesting Systems

2DES experimental spectra of photosynthetic complexes can easily become congested and thereby difficult to

interpret. To counteract this, investigations into energy transfer dynamics in photosynthetic complexes have

recently been conducted in simpler bio-inspired synthetic systems constructed with biological and synthetic parts.

Such hybrid biotic/abiotic systems are also of interest because they could provide the prototypes of next-generation

green energy technologies including incorporation into solar cells . Alongside theoretical modelling of the

quantum dynamics of both charge and energy transfer in an artificial system , such an approach can

complement lab-based investigations . Design principles of lab-based bio-inspired systems typically utilise a

biologically relevant chromophore system anchored to a scaffold through various covalent and non-covalent

functionalizations that are designed to mimic chromophore–pigment interactions.

As described above, coupling of chromophores to their environment in a LHC is thought to play a vital role in

facilitating fast energy transfer. In one study of energy transfer from carotenoid peridinin donor to acceptor

chlorophylls from marine dinoflagellates , the energy gap between donor and acceptor was tuned to modify, and

thereby investigate, the role of electronic and vibrational coupling. The data-rich technique of 2DES demonstrated

that minor changes to the chlorophyll functional groups (e.g., the formyl group) led to faster decoherence and

lowered energy transfer efficiency within the complex . An easily modifiable scaffold, such as the tobacco

mosaic virus capsid protein, offers a highly versatile base from which chromophores can be attached at precise

locations using linkers of varying length and rigidities. In one study, rotationally rigid linkers were shown to have a

large influence on the lifetime of exciton correlations .

To further investigate linker chemistry, the distinct vibrational properties of chemically functionalised carbon

nanotubes was utilised to probe the effects of vibronic coupling on coherence and energy transport within various

chromophore heterodimers . In addition, room temperature quantum beatings associated with strong vibronic

coupling was demonstrated in a system of multichromophoric synthetic heterodimers with rigid linker chemistry .

Dimerised chromophores provide another means to investigate variables affecting interchromophore coupling and

long-range efficient charge transfer, as well as representing the reaction centre photoinduced charge separation of

the special pair. Using both symmetric and anti-symmetric dyads, the extent of excitonic coupling on coherence

times can be investigated without the typical experimental challenges associated with direct in vivo experiments on

reaction centres and their many reaction pathways . In a bio-inspired synthetic model system of bacterial

photosynthesis, absorption spectra of bacteriochlorin (BC) dimers as seen in  Figure 2a were measured with
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phenylene bridges of varying lengths . Stronger dimer interaction due to the shorter phenylene bridges led to

excitonic splitting of bands and faster relaxation, as seen in the time-resolved photoluminescence spectra in Figure

2b. Additionally, the excited state dynamics of the stronger coupled system was drastically modified by bridge

length and solvent choice. Efficiency of charge transfer decreased with increased bridge length by nearly one order

of magnitude with each phenylene addition . Dynamics of the system was investigated by 2DES and was shown

to be consistent with coherence having both electronic and vibrational components .

Figure 2.  Inserting phenylene bridges between two chromophores shown in (a) has a profound effect on the

coupling and excited state dynamics of a dimer system. Faster relaxation is seen in the time-resolved

photoluminescence spectra (b) when the coupling is stronger and the pigment spacing is smaller. This study

reflects properties seen within special pairs in cyanobacteria. Adapted from ref. .

Considerable efforts have also been invested in projects aimed at building more complex and bio-inspired wholly

synthetic systems, although larger aggregates are still some way off the complexity of a biological light-harvesting

complex. Drawing inspiration from biological light harvesting complexes, chlorosomal J-aggregates have been

employed as a mimic of the chlorosomal light-harvesting units within green bacterial photosynthesis and exhibited
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efficient singlet energy transfer using a biologically relevant solvent . Elsewhere, the rigid scaffold

chromophore interactions of natural light-harvesting systems have been mimicked with cyanine dye-derived host

solid-state matrix. Focusing on the structural similarities to chromosomal assemblies in green sulfur bacteria

capable of low-light photosynthesis, the solid-state environment was found to modulate vibronic coupling of the

system and direct energy transfer . Agglomeration of dyes into nanotubes and structured bundles bio-inspired

green bacteria facilitated longer exciton diffusion lengths and wider exciton delocalisation consistent with theory 

. Using similar systems, vibronic coupling was shown to be the origin of long-lived beating signals in tubular

and nanoring artificial light harvesting architectures that mimicked inter-pigment distances .

3. Fluorescent Protein as a Novel Model System for Quantum
Biology

3.1. Excitation Energy Transfer

In 1965, Förster proposed three main regimes for energy transfer between donor and acceptor fluorophores that

share common atomic transitions: “strong”, intermediate “weak” and “very weak” coupling . This distinction is

strongly correlated with the relative rates of energy transfer to the rate of excited-state vibrational relaxation. A rate

of energy transfer is defined as the reciprocal of the time required for the energy transfer from an excited-state

donor molecule to a ground-state acceptor molecule. In the strong coupling regime, the rate of energy transfer is

much larger than that of the vibrational relaxation process so that all the vibronic subtransitions associated with the

energy transfer in both molecules are resonant. When the interaction is approximated by the Coulombic coupling

between absorption and emission dipoles, the rate (i.e., efficiency) of energy transfer is inversely proportional to

the third power of the distance between donor and acceptor  . The strong coupling strength results in major

alterations of the absorption spectrum and is thought to be possible to mediate excitation energy transfer up to 100

nm . In the intermediate weak coupling regime, the rate of energy transfer is comparable to that of vibrational

relaxation by an order of magnitude in which coherent energy transfer is thought to prevail. The coupling strength

between fluorophores within this regime is expected to lead to minor alterations in the absorption spectrum, such

as Davydov splitting of certain vibronic bands. In the very weak coupling regime, the coupling strength is much

lower than the vibronic bandwidth so that the vibrational relaxation takes place prior to energy transfer. In this

regime, fluorophores act independently so that it is expected that there is no alteration of the absorption spectrum.

In addition, energy transfer is thought to be incoherent via FRET and is typically limited by a distance up to 10 nm.

The interaction is inversely proportional to the six power of the distance between donor and acceptor  . In 1974,

Knox and Kenkre formalised the theory of slow dephasing coherent energy transfer based on the unification of the

strong and weak coupling theories . Figure 3 shows the rate of excitation transfer as a function of interaction

energy as predicted by Förster for the strong, weak and very weak coupling regimes, as well as predicted by the

Kenkre and Knox formalism. Both Förster’s theory and Kenkre–Knox’s formalism hypothesized that energy transfer

associated with the intermediate weak coupling regime should be coherent, but little is known about this regime

experimentally.
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Figure 3. Comparison of transfer rates predicted by Förster for the strong, weak and very weak regimes and the

formalism of Kenkre–Knox to unity the weak and strong coupling theories. Light curves (upper and right scales)

correspond to Förster’s pairwise transfer rates as a function of interaction energy, u, in which curves a, b and c

indicate Forster’s “strong”, intermediate “weak” and “very weak” coupling regimes, respectively. The single function

predicted by Kenkre and Knox is depicted as a heavy curve (lower and left scales). The parameters α and w

indicate the decay rate and the rate of energy transfer, respectively. Note that the upper and right scales are taken

into account in a particular case where α = 1.8 × 10  s  was chosen. Adapted from ref. 

3.2. Fluorescent Protein

Since the discovery of green fluorescent protein (GFP) isolated from the jellyfish Aequorea Victoria , FP has

become an essential tool to study modern cell biology by enabling genetic protein tagging and the visualisation of

cellular interactions in living cells . Each FP chromophore is composed of 3 amino acids encased at the centre

of a cylinder-shaped three-dimensional structure, which is the FP β-barrel. Many naturally occurring FPs tend to

form dimers or tetramers . Thanks to mutagenic studies, GFP can be genetically engineered to optimise its

photophysical properties such as absorption/emission spectra and brightness for bioimaging applications. For
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example, enhanced GFP (eGFP)  presents a higher fluorescence than that of wild-type GFP and yellow

fluorescent protein (YFP) emits light in the yellow spectrum . Both eGFP and YFP are derivatives from wild-type

GFP. Modification of the sequences allow further improvement of the photophysical properties of FP so that FPs

are used to perform measurements of intracellular compounds and expression levels .

Nascent FPs are colourless and so must undergo maturation to become fluorescent. The maturation process

involves the folding of the β-barrel, torsional rearrangements, cyclization, oxidation and dehydration of the

chromophore . For example, the chromophore of GFP is formed by the autocatalytical post-translational

modification of 3 amino acids (Ser65-Tyr66-Gly67)  and is embedded in the β-barrel that has a diameter of 24 Å

and a height of 42 Å . The β-barrel is thought to play a role as a molecular bumper by isolating the fluorophore

from molecular collisions caused by the external vibrational environment . Thus, FPs are less accessible to

external quenchers whilst interacting actively with their biological environment. Within the eGFP β-barrel, there is a

cavity harbouring four additional water molecules . This interaction with the medium is necessary for proper

function in terms of FP florescence as dried films of eGFP showed a decreased fluorescence to  1/3 of the peak

value of the hydrated protein . The β-barrel is also thought to be implicated in limiting the proximity between

adjacent fluorophores and to play a role to avoid self-quenching . Structure-guided evolution of cyan

fluorescent protein (CFP) leads to the creation of mTurquoise2, this mutagenic study in conjunction with X-ray

crystallography provides evidence that modification of the β-barrel affects the brightness, maturation rate,

photostability, fluorescence lifetime and even the quantum yield .

3.3. Förster Resonance Energy Transfer

FRET is a nonradiative energy transfer mechanism mediated by Coulombic dipole-dipole coupling, by which

excitation energy is transferred from an excited-state donor molecule to a ground-state acceptor molecule. Upon

excitation, FRET occurs at close proximity (typically a range of 1–10 nm) with spectral overlap and appropriate

relative dipole orientation between the donor and the acceptor fluorophores . When donor and acceptor

fluorophores have common atomic transitions, then energy transfer proceeds discretely via the FRET mechanism.

Applications of FRET spectroscopy and microscopy in life science have rapidly increased over the past two

decades because of the usefulness of FRET for proximity detection . The extensive use of FPs for FRET

measurements  as a ‘‘spectroscopic ruler’’  has assumed that energy transfer between fluorophores

takes place via an incoherent FRET mechanism . This assumption is based on the understanding that

coherent energy transfer between adjacent fluorophores will be prevented at the distances between donor and

acceptor limited by the FP β-barrel structure. Moreover, physiological conditions are thought to promote rapid

vibrational decoherence, thereby causing incoherent energy transfer  in which fluorophores behave

independently, and excitation energy is transferred discretely from a donor to an acceptor. However, it has been

observed that FPs show anomalous photophysical behaviour that cannot be explicitly explained by the theory of

the very weak coupling , suggesting the possibility that excitation energy can

be transferred coherently between FPs, even under physiological conditions.
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3.4. Anomalous Photophysical Properties of Fluorescent Proteins

Cinelli et al. reported in 2001 that, at room temperature, the nonstationary dynamics associated with vibronic wave

packets in GFP involved a dephasing time of  1 ps , which is  50 times slower than organic fluorophores .

In this study, an oscillatory modulation of the differential optical transmissivity after femtosecond laser excitation

was observed and used to characterise the coherent dynamics of single-electron vibronic wave packets in GFP

. In 2005, Jung et al. utilized polarisation transient absorption spectroscopy to observe the rate of energy

transfer among YFP dimers and reported a 2.2 ps anisotropy decay constant, which corresponds to a bidirectional

energy flow with a time constant of 4.4 ps , which is a surprisingly fast time considering a lifetime of YFP ( 3

ns) . According to the formalism of Knox and Kenkre , these results may be attributed to coherent energy

transfer between FPs associated with the intermediate weak coupling regime.

Circular dichroism (CD) absorption spectroscopy is one of the most powerful techniques for stereochemical

analysis. CD is the difference between the absorption of left and right circularly polarized light and can be used to

identify the position of electronic bands and study the electronic coupling associated with the strong and

intermediate coupling regimes (manifested by Davydov splitting) . Visser et al. studied CD spectra from

blue fluorescent protein (BFP), CFP, eGFP, and YFP, which are variants of GFP, and tetrameric Discosoma sp. red

fluorescent protein (DsRed) . In this study, DsRed presented a CD spectrum with an exitonic signature at the

inflection point of the low-wavelength edge of the absorption band, whilst the other FPs CD spectra coincided with

their absorbance spectra. These results suggest stronger than expected coupling between the chromophores in

DsRed . Note that DsRed oligomerisation, to form tetramers containing four chromophores, occurs even at low

concentrations. Photon antibunching was detected using a scanning confocal microscope with single molecule

sensitivity, indicating that, upon excitation, single chromophore emits photons one at a time, rather than, as might

be expected for an entirely classical system, the four chromophores emitting photons independently of each other

.

In 2009, Koushik et al. performed FRET measurements using multiple FRET acceptors and consecutively

observed anomalous surplus energy transfer. In this study, predictions based on a FRET model underestimated the

experimentally observed energy transfer efficiency. The authors concluded that either the theoretical assumptions

of the FRET model are incorrect for this system, or additional energy transfer pathways were active .

3.5. Generation of Polarisation-Entangled Photon Pairs in an Ensemble of eGFP
Molecules

Thanks to recent advances in techniques for optical spectroscopy, it has been become possible to precisely

manipulate and monitor light for the study of light-matter interactions in biological systems. In 2016, Shi et al.

reported that, unlike organic fluorophores, eGFP is less affected by background noise in response to the

generation of spontaneous four wave mixing (SFWM). In this study, eGFP demonstrated a coincidence-to-

accidental ratio (CAR) of ∼145, which is ~10 times larger than that of the best performing organic fluorophore,

pyrromethene 556 whose CAR is ∼15 . In 2017, the same group demonstrated the generation of polarisation
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entangled photonic states from the SFWM process in an ensemble of eGFP molecules at room temperature

through two horizontally and two vertical polarized pump pulses . The data were used to reconstruct the density

matrix of the entangled photonic states. The result indicates that eGFP fluorophores are relatively insensitive to

environment/thermal decoherence, which may be attributed to the isolation of an encapsulated fluorophore inside

the FP β-barrel structure .

3.6. Exciton Coupling in Homodimers of Yellow Fluorescent Protein VenusA206

In 2019, further experimental evidence for room temperature coherent molecular in- teractions between FP

fluorophores was obtained by Kim et al. The study reported unexpected FP quantum behaviour resulting from

excitonic coupling in homodimers of dimeric yellow fluorescent protein VenusA206 under physiological conditions

(Figure 4A) . Time-resolved fluorescence anisotropy measurements were used to reveal ultrafast energy

transfer (defined as faster than the instrument response function of the anisotropy system, ~146 ps) between FP

fluorophores when VenusA206 FPs dimerise (Figure 4B). CD absorption spectroscopy revealed Davydov-splitting

(Figure 4C) in VenusA206 dimers, which is a quantum mechanical manifestation of fluorophore excitonic coupling.

Moreover, a novel approach combining photon antibunching (AB) with fluorescence correlation spectroscopy

(FCS), AB/FCS fingerprinting, was used to compare the number of independent emitters and fluorescent fluctuating

molecules in the same sample. Figure 4D shows the results of the AB/FCS fingerprints for monomeric

VenusA206K (Black), monomeric VenusA206K tandem dimer with the Venus fluorophores separated by a 20 nm

linker (VenusA206K-20nm-TD, Green) and dimeric VenusA206 tandem dimer (VenusA206-TD, Red), which

indicate that the VenusA206-TD behaves as a single quantum entity. Alteration of VenusA206-TD emission

behaviour as a result of exciton coupling between FP fluorophores again provides strong evidence for quantum

coherent molecular interactions. Note that singlet-singlet annihilation, which is an alternative classical description

for reducing two excitation events to one emission event and is supposed to be dependent on excitation power,

cannot be employed to explain strong AB in VenusA206-TD since a dependence on excitation power was not
observed. It is also noteworthy that FPs encase a single fluorophore within β-barrel structure that are
easily modified by genetic engineering techniques, making them ideal tools as well as novel model
systems for studies of quantum effects in a biological system.
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Figure 4. Quantum signatures observed in homodimers of yellow fluorescent protein, VenusA206, when they

dimerise. (A). An illustration of a pair of dimeric VenusA206 molecules based on the crystal structure. Venus

chromophore and its β- barrel are depicted as blue spheres and yellow ribbon structures, respectively. A residual,

alanine-206, that involves in dimerization is depicted as red. The separation proximity between centre-to-centre FP

fluorophores in crystals is 2.5 nm, and the closest distance between its fluorophores is 1.5 nm. (B). Time-resolved

fluorescence anisotropy of VenusA206K (Black), monomeric VenusA206K-20nm-TD (Green), and VenusA206-TD

(Red). (C). Dimerization alters its circular dichroism spectrum that results in Davydov splitting. For each fluorophore

concentration, the VenusA206 CD absorption spectrum was subtracted from its matching CD spectrum of

VenusA206K. (D). AB/FCS fingerprints for the three samples. The inset shows the antibunching measurements of

VenusA206K (black), VenusA206-TD (red) and VenusA206K-20 nm-TD (green). Adapted from ref. .

3.7. Conclusions and Outlook

It is apparent that the results of the generation of photonic entanglement in eGFP  and excitonic coupling

between dimeric VenusA206 FPs  at room temperature support the hypothesis that FPs have evolved a

mechanism to prolong quantum coherence under physiological conditions and might therefore have unique

photophysical properties. FP is a simple, accessible and amenable system that can be genetically manipulated.

Moreover, a unique advantage of FPs over other probes, such as organic dyes, is that they are resistant to the
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presence of external quenchers  as well as presenting a high quantum efficacy . Application of these

approaches will provide an insight into understanding how biological systems maintain quantum effects in a warm,

wet and complex biological environment as well as how such quantum effects influence biological processes and

behaviours. Furthermore, knowledge learned from these approaches may open a new avenue towards quantum-

bio-inspired technologies, such as the development of efficient quantum light sources and next-generation

biosensors that exploit quantum behaviour.

4. Conclusions

It is clear that quantum biology is a growing area of interdisciplinary research with contributions from quantum

physicists, molecular biologists, biochemists, mathematicians, engineers, chemists and spectroscopists. As

described here, important advances have been made in the well-established fields, such as photosynthesis,

enzyme catalysis and avian navigation, as well as in less established areas, such as fluorescent proteins, ion

channels and proton tunnelling in DNA. Yet questions and challenges remain. Although there is no doubt that the

molecular machinery of life involves the motion of individual electrons or protons that necessarily involves quantum

phenomena such as coherence, tunnelling or entanglement, establishing a biological function for these quantum

features remains a challenge. For obvious reasons, most experimental data have been obtained from in vitro

systems capable of generating measurable signals. However, even the best available in vitro systems, such as

photosynthetic complexes and whole enzymes, consist of thousands or millions of atoms that are already too

complex to realistically model at the quantum level. One approach to address this problem, as outlined in this

review, is to utilise nanotechnology approaches to build biomimetic systems that are simpler than their biological

counterparts and thereby more amenable to mathematical modelling and computation. This is clearly a fruitful area

for further development and even technological applications.

Nevertheless, in vitro systems, even biomimetic ones, are unlikely to convince the sceptics that quantum biology is

relevant to life. Proof requires demonstration that quantum phenomena play a role in biological function in living

cells and thereby contribute to fitness. Yet quantum biological phenomena have only so far been investigated in a

limited range of organisms, most of which, such as birds or photosynthetic bacteria, are relatively intractable to the

powerful tools of molecular biology and synthetic biology. The challenge of the future will be to transfer measurable

quantum biological systems into the more tractable workhorses of molecular biology and synthetic biology, such as

E. coli or yeast, to engineer system that allow simultaneous detection of quantum level events and their

macroscopic outcomes. This challenge will require a new generation of scientists who can work across the

disciplines of physics, chemistry and biology. This is not a new challenge. The discipline of biochemistry

necessitated a similar merging of chemistry with biology about a hundred years ago. It required the training of a

new generation of students and researchers able to take on the challenge of working at an interdisciplinary frontier.
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