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Exciton transfer along a bio-polymer is essential for many biological processes, for instance, light
harvesting in photosynthetic biosystems. Here we apply a new witness of non-classicality to this
phenomenon, to conclude that, if an exciton can mediate the coherent quantum evolution of a
photon, then the exciton is non-classical. We then propose a general qubit model for the quantum
transfer of an exciton along a bio-polymer chain, also discussing the effects of environmental
decoherence. The generality of our results makes them ideal candidates to design new tests of
quantum features in complex bio-molecules.

Quantum theory can in principle be applied to any physical system!™, regardless of scale. Its principles explain
the stability of matter and are indispensable to understanding the nature of molecular bonding and the dynam-
ics of chemical reactions. This fact, that chemistry is fundamentally quantum regardless of scale, inspired the
field of quantum biology>®, which has now been supercharged by the rapid progress in quantum technologies”®.

The key hypotheses of quantum biology are: (1) that non-trivial quantum effects are present in biological
systems, such as light-harvesting complexes in photosynthetic bacteria, or the DNA, or mitochondria®!%; (2) that
quantum effects enhance biological functionalities, for example by aiding energy transfer along a bio-polymer
chain'

To this day, experimental evidence for both hypotheses is lacking: while there are many possible quantum
models for biological systems, it is difficult to make a conclusive case that classical models (e.g., coupled clas-
sical harmonic oscillators) cannot describe them too, as probing complex systems to the same accuracy as, for
instance, two entangled photons, is not an easy task. Hence it is essential to find witnesses of quantum effects
in biological systems, which could inform realistic experimental schemes to test the validity of the above two
hypotheses. Ideally, such witnesses should rely on minimal and plausible physical principles. It is unrealistic to
expect that loopholes such as the locality one will be closed when dealing with complex systems anytime soon,
hence the need to rely on physical principles.

To make progress on these issues, here we apply a different strategy compared to previously proposed quan-
tum biology tests. We shall use a recently proposed witness of quantum effects'?, to study an exciton on a generic
bio-polymer, i.e., a complex biological system made by many interacting subsystems, the monomers. This witness
is based on this protocol: first, one interacts with the bio-polymer via a quantum probe (photons in this case);
then, by observing how the probe’s dynamical evolution is mediated by the exciton on the bio-polymer, one can
establish the exciton’s degree of non-classicality. The key physical principle we shall assume is the conservation
of energy.

We focus on energy transfer via excitons because it is key for several biological processes, e.g., photosynthesis,
in different biological systems of different scales, e.g., Fenna-Matthews-Olson (FMO) complex or polydiacety-
lene. Furthermore, it was suggested that quantum coherence in energy transfer may be responsible for its high
efficiency'*-'¢. However, while fully quantum models for exciton transfer are available, classical models can
equally well describe it, or are compatible with the experimental findings on the process—hence it has been
difficult to assess whether it is genuinely quantum'”%,

Here we shall use the witness of non-classicality to rule out a vast set of classical models as possible descrip-
tions of the exciton transfer along a bio-polymer. We shall use a photon field as a quantum probe, to infer
quantum features of the exciton on the bio-polymer, and indirectly of the bio-polymer itself. The strength of
this approach is that it doesn’t require the direct control of the bio-polymer but of the quantum probe only. This
makes the argument applicable to all those biological systems that can be described as complex systems made
by properly identified monomers.
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To investigate the possibility of applying this witness of quantum effects in a noisy environment, we shall
also provide a qubit model of the exciton transfer on a chain of qubits, ideally describing a bio-polymer, without
resorting to any dynamical assumption for the latter. This ideal model must not be understood as a detailed
description of the exciton dynamics on the bio-polymer but as a general, system and scale-independent way of
analysing the best conditions to observe the probe’s dynamical evolution required by the witness of quantum
effects. This model intends to assess whether the idea of applying the witness of non-classicality to quantum
biology can be supported by an experiment on a biological system (the bio-polymer). However, a feasibility
study of such an experiment would require enriching the model accordingly, which we leave for future work.
This makes our information-theoretic argument general enough to be used for different systems in other fields
of quantum biology.

Temporal witness of non-classicality

The word “non-classicality” shall indicate, in our paper, a specific information-theoretic property. A system M is
non-classical if it has at least two distinct physical variables that cannot be measured to arbitrarily high accuracy
by the same measuring device'. We call these variables “incompatible’, generalising non-commuting variables
in quantum theory.

A witness of non-classicality is a protocol to assess whether a physical system M must be described by at least
two incompatible variables, by probing that system with a quantum system. The witness relies on a witnessing task,
which is defined such that if it can be performed by the system M, then M must have two incompatible variables
under given assumptions. For instance, in entanglement-based witnesses of non-classicality'?, the witnessing
task is the creation of entanglement between two spatially separated subsystems Q; and Q,, mediated solely by
M. This witness has been applied to quantum gravity in?**'. The advantage of employing a witnessing task to
assess the non-classicality of M lies in its implication that both non-commuting variables are essential to induce
Q’s dynamical evolution. Consequently, a successful witness of non-classicality would rule out all the classical
models describing M that respect the specified assumptions: these classical models would rely on a single variable
for M, which is insufficient to render the witnessing task possible.

Here we shall exploit a different witness', which can be regarded as the temporal version of the entanglement-
based witness. Let us first consider, for simplicity, a system comprising a single quantum probe Q and the system
under investigation M. The witnessing task for this witness is the quantum coherent evolution of Q driven by M,
under the assumption that a global quantity on M and Q is conserved. If this task can be achieved in an actual
experiment, then we can conclude that M is non-classical.

The witness relies on two assumptions: (i) The conservation of a global variable on M and Q, which must be
a function of a “classical” variable Zys pertaining to M, e.g., its energy; (ii) The formalism of quantum theory.

To illustrate the argument supporting the witness'?, we shall provide proof by contradiction that assumes,
without loss of generality, Q to be a qubit, with Zq being its computational basis, and M to be a bit, with Zy
being its “classical” variable. We shall show that the latter assumption is in contradiction with the possibility of
the witnessing task introduced above.

In order for the witnessing task to be possible, a dynamical transformation Upsq must be allowed on the joint
system M @ Q, that conserves the quantity Zys + Zq (as per condition (i)).

This condition requires [ Upiq, Zu + Zq| = 0.1f M just has one classical variable Zy and we consider the qubit
algebra, then only Hamiltonians of the form «Zq + BZy + yZqgZy are allowed, where «, 8, y are real-valued.
Generalisations are possible to higher dimensions when we relax the assumptions of Q being a qubit and M being
a bit. In these scenarios, the Hamiltonian describing the interactions between Q and M will change to include the
generators of the appropriate algebra. However, the absence of two non-compatible degrees of freedom in M will
still render this interaction incapable of making Q’s classical basis unsharp if it was sharp initially (In quantum
physics, a variable is “sharp” when the state of the system it belongs to is in an eigenstate of that variable. Here,
Zq is sharp on Q if the state of Q is either |0) or |1). For a more formal definition, see?”). Hence if M can realise
the witnessing task, and the assumptions are satisfied, M must have an extra, non-commuting variable—thus
being non-classical, see Fig. 1.

It is important to note here that the conservation law is enforced on the global variable Zg + Zy, rather than
on the local variables Zg and Zy. Furthermore, due to the additive form of the conserved quantity, the global
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Figure 1. Pictorial representation of the temporal witness of non-classicality.

Scientific Reports |

(2024) 14:20094 | https://doi.org/10.1038/s41598-024-66159-x nature portfolio



www.nature.com/scientificreports/

system Q @ M can be expanded to include additional subsystems, provided that their local variables are included
in the global conserved quantity. This makes the temporal witness of non-classicality more robust, as the model
presented here can be easily extended to include an environment, provided that: (1) its local variables satisfy the
global conservation law , and (2) there is a sufficiently high degree of control over its relevant degrees of freedom
to exclude it from being responsible for Q’s coherent evolution.

In the exciton transfer scenario, the quantum controllable system Q is a single photon exciting the bio-polymer
at tp, while the system M is the exciton in a molecular environment. The witnessing task is the quantum coherent
evolution of the photon, mediated by the exciton M that is created on the bio-polymer when the photon Q is
absorbed. The conservation of the global energy of the photon-exciton system and the molecular environment
ensures that assumption (i) is satisfied. This scenario interestingly corresponds closely to experiments on exciton
transfer in polydiacetylene, see e.g.>%.

A qubit model for the exciton transfer

We shall now propose a quantum model to demonstrate the possibility of the witnessing task under energy con-
servation in a noisy environment. This will provide the best experimental conditions to implement the temporal
witness of non-classicality in a real scenario.

We shall consider a bio-polymer whose N monomers are described as a 1-d qubit chain. Here “monomer”
refers to the smallest subunit of the complex system that can support an exciton alone. Experimentally, this can
be initially selected according to the experimental setup, see e.g.”%. In the Heisenberg picture, each monomer
M; is described by its components {Xj, Y;, Z;}, j = 1,..., N, satisfying the Pauli algebra, where Z; is the compu-
tatlonal basis. We introduce the razsmg and lowering operators for each monomer, o i =X+ 1Y to describe
them with the operators {a] o; s Zj}.

The chain’s initial state is:

s = [00...0)(00...0] (1)

as no excitation has been created yet.
Creation of an exciton. A photon Q creates an exc1t0n on the chain. It is initially localised on the first monomer
of the chain. Its quantum observables are X Y Z azjE X + zY and its initial state is:

pp = [10...0)(10...0|. @)
Once the photon interacts with the first monomer, its degree of freedom is swapped with the degree of freedom
of the monomer itself, so that:

Opg = Trpp [SWAPMl,pps ® ppSWAPjV[l’p:| = |10...0)(10...0]|. (3)

Now the exciton is localised on the first monomer of the chain. We focus on the single exciton regime, i.e., the
probability of creating a second exciton in the chain is negligible?>. Crucially, the conservation law is satisfied by

the first step of the model: |:SWAPM1 » ZJI\LI Zi + ZP} =0.
Exciton dynamics and environment. We describe the exciton propagation with an XX-Hamiltonian®:

N N
1
Hxx = 3 Z]n(Xan+1 + YuYny1) — Zann (4)
n=1 n=1
1 N
=3 Z] (0 01 + 0, 0,0) ZB Zn (5)
n=1

where J,,B, € RV n=1,...,N. Notably, this model can capture different bio-polymers simply by changing J,,
and By,. Thus it can be easily extended to other phenomena, like anisotropies in the bio-polymer, next-nearest

neighbours coupling and multiple dimensions. Moreover, since [H XX ZJI\L 1Zj| = 0, this step of the model satis-

fies the conservation law too, as required by the witness.

To be realistic, one must also consider the environment, which induces decoherence. Here we shall model
the environment as a thermal bath, using a quantum homogeniser**. This is a reservoir of R qubits that when
suitably initialised can be used to prepare a system qubit in any quantum state, to an arbitrarily high precision,
improving as we increase R. The only unitary that can accomplish this task, called homogenisation, is the partial
swap pswAP = cos I + isinn swap, where I is the identity operator on a two-qubit Hilbert space and n is the
interaction strength between the system and the reservoir. This makes the quantum homogeniser a universal
quantum machine**. Using this machine to describe the decoherence induced by a suitably prepared environment
on the system, thus, doesn’t affect the generality of the conclusions.

Initially, the qubits in the reservoir are all prepared in the same maximally mixed state, so that:

®R

s—®sj [(|0<0|+|1><1|) : (6)

The decoherence is modelled by the interaction between the system and the reservoir, via the partial swap, and
we shall call the interaction strength 7 the decoherence strength. With this initial state for the reservoir, a
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homogenisation of (at least) one of the monomers to the maximally mixed state would make that qubit effectively
classical, thus not capable anymore of transmitting quantum coherence. Collision models are often applied to
describe processes within a noisy environment, including decoherence. Crucially, they can offer a reliable estima-
tion of the noise that is present in warm biological environments*-?%. This unitary satisfies the conservation law
because [PSWAP, Z]I\Ll Zi+3r, Zl] =0.

The protocol for the decohered exciton transfer works as follows. At each iteration of the protocol k, with
k=1,...,N, each monomer Mj, j = 1,..., N, undergoes the homogenisation process with the R qubits/phon-
ons in the reservoir. This is the decoherence phase, see Fig. 2a). When the homogenisation has been performed
on all the monomers, i.e., the decoherence round has ended, the monomer M transfers its quantum state to the
monomer My ;. This is the transfer phase of the protocol, see Fig. 2b). After the transfer phase, the protocol can
be repeated for the (k + 1) — th iteration. This explains the notation: the upper script 0 in °ps and °¢ refers to
the state of the system and the reservoir, respectively, before the protocol begins, at k = 0.

We shall introduce two different models for the reservoir in this scenario: (1) Markov Environment: we re-
initialise the quantum homogeniser in the maximally mixed state °& whenever a new monomer is involved in
the decoherence phase of the protocol, at every iteration; (2) Non-Markov Environment: the reservoir is never
re-initialised, neither when a new monomer enters the decoherence phase nor when a new iteration of the
protocol begins.

Exciton recombination. At the end of the N — th iteration, we model recombination by swapping again the
spatial degrees of freedom of the bio-polymer and that of the photon. The witnessing task is performed if the
photon is quantum coherently delocalised on every monomer of the chain:

Pp = P0,0/00...00) (00...00] + p1,0]10...00){00...00|+

7
+ £0.1100...00)(10...00| + ... + px00...01)(00...01[; %

This dynamics provides the coherent evolution required by the temporal witness of non-classicality.

To determine experimentally whether the witnessing task is achieved, one can measure the position of the
photon with an interference experiment: observing interference fringes and assuming the conservation law of the
additive quantity EJI\;I Zj + Zfzzl Z) + Zp, the witness allows us to conclude that the exciton, and hence the bio-
polymer, is non-classical. We stress here that the conservation law is enforced on the whole system made by the N
monomers, the R reservoir qubits and the photon. This means that one can consider a change in the Z component
of one subsystem if it is balanced by an equal and opposite change in the Z component of the other subsystems.

Markovian vs Non-Markovian environment

Here we derive the final state of the photon in the framework of both a Markovian and a Non-Markovian envi-
ronment. The former is equivalent to having a different reservoir per monomer at each iteration of the protocol,
the latter to a reservoir evolving with the bio-polymer. This is the Non-Markovian feature of the model (different
from other models, e.g., in®): the state of each reservoir qubit has “memory”, and it cannot be re-initialised at
every iteration. We assume for simplicity that the system is an N = 3 monomer chain and the reservoir is made
of R = 3 qubits. Every reservoir is initialised in the maximally mixed state in Eq. (6), while the bio-polymer is
initially in the state in Eq. (3). The final state of the photon after the exciton recombination in the Markovian
scenario is (See Supplementary Information, Chapter 1, for a detailed analytical derivation):

SPp :[3,01,1 ® 3,op2 + it]; cos'® n(oef'az_ — al_a;') — 2B, (afLaZ_ + ozl_oz;')] ® 3pp3

— 211]5 cos'® (22 + cos'? ) (af a3 + a7 af), ®

while in the Non-Markovian scenario is (See Supplementary Information, Chapter 2, for a detailed analytical
derivation):

| GG‘ |

PSWAP PSWAP PSWAP
1 Hxx
\ I l i l l
Reservoir Reservoir

Figure 2. Schematic representation of the protocol: (a) decoherence phase; (b) transfer phase.
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3Pp = 310}71 ® 3sz ® 3/’,03
+ith [F(p) + 2itB,G())] (o] a5 — a7 ) ® 2y,
+ it]J1[G(n) + 2itB,F(n)] (“f“; + O‘fo‘;) ® 3/’173 ©)

1
_ Et2]1]2 (Z> + cos™ n + s(n)) [F) (o a3 +ayaf) + G (af a5 — oy ef)]

where 3 Pp; is the density matrix of the photon localised on the monomer M; at the k = 3 iteration of the proto-
col, F(n), G(n) and s(n) are defined in Supplementary Eq.76, Supplementary Eq.77 and Supplementary Eq.79,
respectively.

Discussion
We shall now compare the two states for the Markov (Eq. 8) and Non-Markov (Eq. 9) environments.

In the weak coupling limit, in both scenarios, the exciton mediates a coherent delocalisation of the photon
over the bio-polymer. Hence the witnessing task is successfully achieved, even in the presence of decoherence.
Using the temporal witness of non-classicality, one can conclude that the exciton mediating the photon coherent
delocalisation is non-classical, and so the process governing its transfer along the bio-polymer must be non-
classical itself. This is the key result of the work, which opens the possibility of applying the temporal witness of
non-classicality introduced here to the field of quantum biology, providing a novel tool to discriminate conclu-
sively the role of quantum effects in biological processes.

The model explains why, despite decoherence, a coherent delocalisation of the exciton over the chain is still
possible: the interactions between the monomers mitigate the decoherence, preventing ¥ s from becoming an
eigenstate of Hxx in Eq. (5).

Interestingly, at every time step, the exciton can face three different scenarios: (1) It can remain localised on
the monomer preceding that involved in the transfer phase, as suggested by the coefficients Bj; (2) It can (coher-
ently) hop on to the next monomer. This can occur via two mechanisms: (2.1) Via the intermediate monomers,
see Fig. 3a). This is mathematically expressed by the terms in Eqgs. (8) and (9) that are proportional to Z;: since
Z;is conserved throughout the process, the exciton moves across the monomer M; leaving it globally unaltered;
(2.2) Via the reservoir, see Fig. 3b). One can see this mechanism in Eq. (8) and in Eq. (9) in the terms proportional
to cos'?  and cos'? i + s(n), respectively. Recalling that the interaction between the polymer and the reservoir
is described as a pswap, for the transfer to occur in a Markovian scenario, the swap between the reservoir qubit
and the monomer must not be performed at any step as this would put the monomer in a maximally mixed
state, blocking the coherent evolution of the exciton on the polymer. This occurs with probability cos® ; at every
protocol’s iteration. In a fully Non-Markovian scenario, instead, the environment can also exchange informa-
tion with the chain, leading to active involvement in the coherent evolution of the exciton, which is described
by the additional s(). We notice that the preceding monomers are not involved here: the environment is solely
responsible for the quantum coherent delocalisation of the exciton.

The difference between a Markov and a Non-Markov environment, therefore, lies in the amount of coherence
maintained by the qubits. Such coherence (i) creates, at every iteration, a second “hopping term” between the
two monomers involved in the transfer phase, shifted by a phase factor e'”; (ii) reshapes the probabilities for the
coherent delocalisation of the exciton over the bio-polymer.

Consider now the coefficients of the terms describing the aforementioned mechanisms.

Concerning the coefficients describing the coherent delocalisation of the exciton via the chain (mechanism
(2.1)), Figs.4 and 5 show that in the weak coupling regime (i) F (1) and the coeflicient in the Markov scenario are
equal, and this holds true at every step of the protocol and (ii) G(1) appears to be very small, almost negligible,

QEOEES
i

Reservoir Reservoir

Figure 3. Schematic view of the coherent hopping mechanisms: (a) via intermediate monomers; (b) via
reservoir.
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Figure 4. Coefficients F(17) (blue) and cos'® (orange) at the end of k = 2 iteration.
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Figure 5. Coefficients F(n) (blue) and G(n7) (orange) at the end of k = 2 iteration.

thus its effect is practically negligible (See Supplementary Information, Chapter 3, to check the numerical values
of the coefficients at every step of the protocol, for different values of the decoherence parameter 1 both in the
weak and strong coupling regimes): small values of » make the interaction with the environment very unlikely,
therefore it cannot mediate the exciton transport along the bio-polymer. This elucidates why the coefficient F(1)
has the same value as its Markovian counterpart at every step of the protocol.

Moreover, for some values of 77, both F(1) and G(n) are vanishing: the hopping via chain is prevented by the
strong coupling with the environment. The effect of decoherence is so strong that the monomers lose coherence
as soon as they interact with the environment. They effectively become equivalent to classical bits and not capable
of quantum-coherently transmitting the exciton anymore.

Considering the role played by the Non-Markovian environment in (2.2), i.e., the hopping mechanism via
the reservoir, the same argument as before applies, focusing on the coefficients s(1) and cos'? 5. They have almost
the same numerical values as in the weak coupling regime, as one can see in Fig. 6. As soon as the coupling with
the environment increases, entering the strong coupling regime, the hopping via reservoir becomes impossible
with a Markovian environment, but it is still possible with a Non-Markov environment. Informally, one can say
that the coherence “stored” by a Non-Markov environment is then used by the bio-polymer for the quantum
coherent delocalisation of the exciton.

This is clarified by Fig. 7: entering the strong coupling regime, the coefficient s() describing the coherence
exchange between system and environment becomes larger than the cos!'? , which instead describes a passive
role of the environment in the exciton transport on the chain. Hence the Non-Markovian environment becomes
crucial for the energy transfer in the strong coupling regime, as no other hopping mechanism is allowed. This
may explain why bio-polymer vibrations may be relevant in exciton-mediated transport phenomena, such as
light-harvesting®*->%.
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Figure 6. Coefficients s(17) + cos'?(17) (blue) and cos'?(1) (orange) at the end of k = 2 iteration.
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Figure 7. Coefficients s(17) (blue) and cos'?(1) (orange) at the end of k = 2 iteration.

Conclusions

We have proposed a novel experimental scheme to witness non-classicality in the exciton transfer on a bio-
polymer, using a photonic quantum probe. This witness is subtly different from other ones, e.g.***’, as it inves-
tigates an intrinsic, more general, property of the biological system itself, rather than of the specific process.
This witness has the appeal of being very broadly applicable and of relying only on a few general assumptions:
energy conservation and the formalism of quantum theory. One in fact could relax the latter and recast this wit-
ness of non-classicality in the information-theoretic framework known as constructor theory of information®.
This dynamics-independent approach would achieve full generality in our argument, giving interesting insights
regarding possible physical reasons why biological systems must be non-classical®. We shall explore this in a
forthcoming paper.

We have also provided a qubit model to discuss the possibility of the witnessing task, namely the quantum
coherent evolution of the photon probe, with an analysis of decoherence, in the Markovian and Non-Markovian
regimes. The model shows that the witnessing task is always possible, even in the presence of decoherence, and
it does so in a system and scale-independent way. The generality of the model makes it suitable to describe
several existing quantum biology results'****!. This shows that the application of the temporal witness of non-
classicality'® is meaningful in the field of quantum biology and it could shed new light on the importance of
quantum effects in biological systems. Future investigations on the possibility of designing an experiment with a
real biological system can benefit from the results discussed in this work, using this model as a starting point to
be enriched with system-specific features. For example, the structure of the environment presented in this work
is similar to the one considered in*’, where molecular dynamics simulations are employed to study the coupling
between the protein environment and the vertical excitation energies in a real biological system. Enriched with
the results discussed in this paper, the same simulation could be used to explore the applications of the temporal
witness of non-classicality to a more realistic system.

The role of a Non-Markovian environment in the witnessing task becomes essential in the strong coupling

T

regime: the only way for the witnessing task to be possible whenn = % & 1.5711is to rely on the interaction of

the bio-polymer with its own Non-Markovian environment. This is because the reservoir has memory of the
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occurred process and maintains coherence throughout it. Instead, in a weak coupling scenario, the witnessing
task is possible independently of the Markovianity of the reservoir. This conclusion is intuitively pleasing since
in the strong coupling regime the separation between the system and environment becomes nonphysical and it
is more appropriate to think of the environment as being part of the system.

The generality of our witnessing scheme makes it an ideal candidate for designing new experiments in
quantum biology, to pin down conclusively the role of quantum effects in exciton transfer and other energy
transfer processes. We leave the development of this research to future work, to enrich this idealised model with
system-specific dynamical features to make it capable of informing the feasibility of the witnessing task in a real
system, not only its possibility.

Data availibility
All data generated or analysed during this study are included in this published article and its Supplementary
Information file.

Received: 22 December 2023; Accepted: 27 June 2024
Published online: 29 August 2024

References
1. DeWitt, B. S. The Global Approach to Quantum Field Theory (Oxford University Press, 2003).
2. Schrodinger, E. Die gegenwirtige situation in der Quantenmechanik. Naturwissenschaften 23, 807. https://doi.org/10.1007/BF014
91891 (1935).
3. Wigner, E. P. Remarks on the mind-body question. In Philosophical Reflections and Syntheses 247-260 (Springer, 1995).
. Deutsch, D. Quantum theory as a universal physical theory. Int. J. Theor. Phys. 24, 1. https://doi.org/10.1007/BF00670071 (1985).
5. Schrodinger, E. What is Life?: With Mind and Matter and Autobiographical Sketches (Cambridge University Press, 1992). https://
doi.org/10.1017/CB09781139644129.
6. Abbott, D., Davies, P. C. W,, Pati, A. K. & Penrose, S. R. Quantum Aspects of Life (2008). https://doi.org/10.1142/p581. https://www.
worldscientific.com/doi/pdf/10.1142/p581.
7. Lambert, N. et al. Quantum biology. Nat. Phys. 9, 10. https://doi.org/10.1038/nphys2474 (2013).
8. Kim, Y. et al. Quantum biology: An update and perspective. Quant. Rep. 3, 80. https://doi.org/10.3390/quantum3010006 (2021).
9. Marletto, C., Coles, D. M., Farrow, T. & Vedral, V. Entanglement between living bacteria and quantized light witnessed by Rabi
splitting. J. Phys. Commun. 2, 101001. https://doi.org/10.1088/2399-6528/aae224 (2018).
10. Lloyd, S. A quantum of natural selection. Nat. Phys. 5, 164. https://doi.org/10.1038/nphys1208 (2009).
11. Dorner, R., Goold, J., Heaney, L., Farrow, T. & Vedral, V. Effects of quantum coherence in metalloprotein electron transfer. Phys.
Rev. E 86, 031922. https://doi.org/10.1103/PhysRevE.86.031922 (2012).
12. Huelga, S. & Plenio, M. Vibrations, quanta and biology. Contempor. Phys. 54, 181. https://doi.org/10.1080/00405000.2013.829687
(2013).
13. Di Pietra, G. & Marletto, C. Temporal witnesses of non-classicality and conservation laws. J. Phys. A: Math. Theor. 56, 265305.
https://doi.org/10.1088/1751-8121/acda6b (2023).
14. Engel, G. S. et al. Evidence for wavelike energy transfer through quantum coherence in photosynthetic systems. Nature 446, 782.
https://doi.org/10.1038/nature05678 (2007).
15. Panitchayangkoon, G. et al. Long-lived quantum coherence in photosynthetic complexes at physiological temperature. Proc. Natl.
Acad. Sci. 107, 12766. https://doi.org/10.1073/pnas.1005484107 (2010).
16. Lloyd, S. Quantum coherence in biological systems. J. Phys: Conf. Ser. 302, 012037. https://doi.org/10.1088/1742-6596/302/1/
012037 (2011).
17. Wilkins, D. M. & Dattani, N. S. Why quantum coherence is not important in the Fenna-Matthews-Olsen complex. J. Chem. Theory
Comput. 11, 3411. https://doi.org/10.1021/ct501066k (2015).
18. Duan, H.-G. et al. Nature does not rely on long-lived electronic quantum coherence for photosynthetic energy transfer. Proc. Natl.
Acad. Sci. 114, 8493. https://doi.org/10.1073/pnas.1702261114 (2017).
19. Marletto, C. & Vedral, V. Witnessing nonclassicality beyond quantum theory. Phys. Rev. D 102, 086012. https://doi.org/10.1103/
PhysRevD.102.086012 (2020).
20. Bose, S. et al. Spin entanglement witness for quantum gravity. Phys. Rev. Lett. 119, 240401. https://doi.org/10.1103/PhysRevLett.
119.240401 (2017).
21. Marletto, C. & Vedral, V. Gravitationally induced entanglement between two massive particles is sufficient evidence of quantum
effects in gravity. Phys. Rev. Lett. 119, 240402. https://doi.org/10.1103/PhysRevLett.119.240402 (2017).
22. Dubin, F. et al. Macroscopic coherence of a single exciton state in an organic quantum wire. Nat. Phys. 2, 32. https://doi.org/10.
1038/nphys196 (2006).
23. Kay, A. Perfect, efficient, state transfer and its application as a constructive tool. Int. J. Quant. Inform. 08, 641. https://doi.org/10.
1142/50219749910006514 (2010).
24. Ziman, M. et al. Diluting quantum information: An analysis of information transfer in system-reservoir interactions. Phys. Rev.
A 65, 042105. https://doi.org/10.1103/PhysRevA.65.042105 (2002).
25. Ziman, M., Stelmachovi¢, P. & Buzek, V. Description of quantum dynamics of open systems based on collision-like models. Open.
Syst. Inf. Dyn. 12, 81. https://doi.org/10.1007/s11080-005-0488-0 (2005).
26. Ziman, M. & Buzek, V. All (qubit) decoherences: Complete characterization and physical implementation. Phys. Rev. A 72, 022110.
https://doi.org/10.1103/PhysRevA.72.022110 (2005).
27. Violaris, M., Bhole, G., Jones, J. A., Vedral, V. & Marletto, C. Transforming pure and mixed states using an NMR quantum homog-
enizer. Phys. Rev. A 103, 022414. https://doi.org/10.1103/PhysRevA.103.022414 (2021).
28. Civolani, A., Stanzione, V., Chiofalo, M. L. & Yago Malo, J. Engineering transport via collisional noise: A toolbox for biology
systems. Entropy 26, 20. https://doi.org/10.3390/e26010020 (2024).
29. Saha, T., Das, A. & Ghosh, S. Quantum homogenization in non-Markovian collisional model. New J. Phys. 26, 023011. https://doi.
org/10.1088/1367-2630/ad212f (2024).
30. Butkus, V., Zigmantas, D., Valkunas, L. & Abramavicius, D. Vibrational vs. electronic coherences in 2D spectrum of molecular
systems. Chem. Phys. Lett. 545, 40. https://doi.org/10.1016/j.cplett.2012.07.014 (2012).
31. Tempelaar, R., Jansen, T. L. C. & Knoester, J. Vibrational beatings conceal evidence of electronic coherence in the FMO light-
harvesting complex. J. Phys. Chem. B 118, 12865. https://doi.org/10.1021/jp510074q (2014).
32. Reppert, M. & Brumer, P. Quantumness in light harvesting is determined by vibrational dynamics. J. Chem. Phys. 149, 234102.
https://doi.org/10.1063/1.5058136 (2018).

IS

Scientific Reports |

(2024) 14:20094 | https://doi.org/10.1038/s41598-024-66159-x nature portfolio


https://doi.org/10.1007/BF01491891
https://doi.org/10.1007/BF01491891
https://doi.org/10.1007/BF00670071
https://doi.org/10.1017/CBO9781139644129
https://doi.org/10.1017/CBO9781139644129
https://doi.org/10.1142/p581
https://www.worldscientific.com/doi/pdf/10.1142/p581
https://www.worldscientific.com/doi/pdf/10.1142/p581
https://doi.org/10.1038/nphys2474
https://doi.org/10.3390/quantum3010006
https://doi.org/10.1088/2399-6528/aae224
https://doi.org/10.1038/nphys1208
https://doi.org/10.1103/PhysRevE.86.031922
https://doi.org/10.1080/00405000.2013.829687
https://doi.org/10.1088/1751-8121/acda6b
https://doi.org/10.1038/nature05678
https://doi.org/10.1073/pnas.1005484107
https://doi.org/10.1088/1742-6596/302/1/012037
https://doi.org/10.1088/1742-6596/302/1/012037
https://doi.org/10.1021/ct501066k
https://doi.org/10.1073/pnas.1702261114
https://doi.org/10.1103/PhysRevD.102.086012
https://doi.org/10.1103/PhysRevD.102.086012
https://doi.org/10.1103/PhysRevLett.119.240401
https://doi.org/10.1103/PhysRevLett.119.240401
https://doi.org/10.1103/PhysRevLett.119.240402
https://doi.org/10.1038/nphys196
https://doi.org/10.1038/nphys196
https://doi.org/10.1142/S0219749910006514
https://doi.org/10.1142/S0219749910006514
https://doi.org/10.1103/PhysRevA.65.042105
https://doi.org/10.1007/s11080-005-0488-0
https://doi.org/10.1103/PhysRevA.72.022110
https://doi.org/10.1103/PhysRevA.103.022414
https://doi.org/10.3390/e26010020
https://doi.org/10.1088/1367-2630/ad212f
https://doi.org/10.1088/1367-2630/ad212f
https://doi.org/10.1016/j.cplett.2012.07.014
https://doi.org/10.1021/jp510074q
https://doi.org/10.1063/1.5058136

www.nature.com/scientificreports/

33. Duan, H.-G., Nalbach, P., Prokhorenko, V. I., Mukamel, S. & Thorwart, M. On the origin of oscillations in two-dimensional spectra
of excitonically-coupled molecular systems. New J. Phys. 17, 072002. https://doi.org/10.1088/1367-2630/17/7/072002 (2015).

34. Halpin, A. et al. Two-dimensional spectroscopy of a molecular dimer unveils the effects of vibronic coupling on exciton coherences.
Nat. Chem. 6, 196. https://doi.org/10.1038/nchem.1834 (2014).

35. Wilde, M. M., McCracken, J. M. & Mizel, A. Could light harvesting complexes exhibit non-classical effects at room temperature?.
Phys. Eng. Sci. 466, 1347. https://doi.org/10.1098/rspa.2009.0575 (2009).

36. Li, C.-M., Lambert, N., Chen, Y.-N., Chen, G.-Y. & Nori, E Witnessing quantum coherence: From solid-state to biological. Sci.
Rep. 2, 885. https://doi.org/10.1038/srep00885 (2012).

37. Knee, G. C., Marcus, M., Smith, L. D. & Datta, A. Subtleties of witnessing quantum coherence in nonisolated systems. Phys. Rev.
A 98, 052328. https://doi.org/10.1103/PhysRevA.98.052328 (2018).

38. Deutsch, D. & Marletto, C. Constructor theory of information. Phys. Eng. Sci. 471, 20140540. https://doi.org/10.1098/rspa.2014.
0540 (2015).

39. Marletto, C. Constructor theory of life. J. R. Soc. Interface 12, 20141226. https://doi.org/10.1098/rsif.2014.1226 (2015).

40. Strampfer, J. & Schulten, K. The effect of correlated bath fluctuations on exciton transfer. J. Chem. Phys. 134, 095102. https://doi.
0rg/10.1063/1.3557042 (2011).

41. Renger, T. et al. Normal mode analysis of the spectral density of the Fenna-Matthews-Olson Light-harvesting protein: How the
protein dissipates the excess energy of excitons. Phys. Chem. B 116, 14565. https://doi.org/10.1021/jp3094935 (2012).

42. Olbrich, C.,, Strimpfer, J., Schulten, K. & Kleinekathéfer, U. Theory and simulation of the environmental effects on FMO electronic
transitions. J. Phys. Chem. Lett. 2, 1771. https://doi.org/10.1021/jz2007676 (2011).

Acknowledgements

We thank Simone Rijavec, Maria Violaris, Mattheus Burkhard, Antonio Pantelias Garcés, Virginia Tsiouri and
Tristan Farrow for sharp comments and fruitful discussions on this manuscript. This research was made possible
through the generous support of the Gordon and Betty Moore Foundation. G.D.P. thanks the Clarendon Fund
and the Oxford-Thatcher Graduate Scholarship for supporting this research.

Author contributions
All the authors contributed equally to the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-66159-x.

Correspondence and requests for materials should be addressed to G.D.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:20094 | https://doi.org/10.1038/s41598-024-66159-x nature portfolio


https://doi.org/10.1088/1367-2630/17/7/072002
https://doi.org/10.1038/nchem.1834
https://doi.org/10.1098/rspa.2009.0575
https://doi.org/10.1038/srep00885
https://doi.org/10.1103/PhysRevA.98.052328
https://doi.org/10.1098/rspa.2014.0540
https://doi.org/10.1098/rspa.2014.0540
https://doi.org/10.1098/rsif.2014.1226
https://doi.org/10.1063/1.3557042
https://doi.org/10.1063/1.3557042
https://doi.org/10.1021/jp3094935
https://doi.org/10.1021/jz2007676
https://doi.org/10.1038/s41598-024-66159-x
https://doi.org/10.1038/s41598-024-66159-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Temporal witnesses of non-classicality in a macroscopic biological system
	Temporal witness of non-classicality
	A qubit model for the exciton transfer
	Markovian vs Non-Markovian environment

	Discussion
	Conclusions
	References
	Acknowledgements


