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Developing tools for 
studying biological 
structure and function 
at unprecedented 
spatial and temporal 
resolution

Can quantum 
coherence be relevant 
for biological 
function?

Biological function across all time and 
size scales

A. Vaziri



Quantum vs Classical ?

W. H. Zurek, Physics Today, Oct. 1991



• QM should apply to biology (life) Bohr, 
Jordan,… 1929 onwards

• 1935                                            

probed genetic structure and mutations 
with X-rays

Quantum Biology has long roots:

first quantum probe of biological structures 
and function, acknowledgement of need
to understand detailed molecular structure of 
functional biological entities

N. Timofeev-Resovsky (genetics) 
K. Zimmer (photobiology)
M. Delbrück (quantum physics) 



Chemical/Molecular Biology
• molecules are quantum mechanical 

– energy levels, spin (fermi) statistics (essential!) 
• chemical reaction rates 

– energy barriers understood in terms of quantum 
analysis of molecular structure 

– tunneling through these can contribute
• spectroscopy is quantum mechanical

Schrödinger 1943 “What is Life: the physical aspect of the living cell”

all these features are manifest in biology



• First Era: 1930 – 1950s (b.L.)

molecular structure and pathways, energetics, 
kinetics, stability – quantum nature of molecular 
energy levels, energy barriers... (Schrödinger 
What is Life? 1943)

• Second Era:1960s onward  (a.L.)

Quantum dynamical effects – new generations of 
dynamical probes, innovation via quantum science 
and technology...

DNA 1953



Exploring the Quantum in Biology  

plants, bacteria:
photosynthesis bird navigation

animal smell ion channels

brain…



Current research in quantum biology

• photosynthesis
• magnetoreception – bird navigation
• vision
• olfaction
• brain – microtubules, synapses, ion channels, Posner 

molecules (31P)

• relation of biophysics/chemistry to biological function?  
• integrate microscopic, mesoscopic and behavioral studies…



Photosynthesis

The “light” reactions are rapid and very 

efficient, >95% conversion of photons

…secondary electron transfer reactions,  Water 

splitting, proton transport across thylakoid 

membrane, reduction of NADP+, ATP synthesis…

Charge separation
Reaction
Center

Blue-absorbing pigments

Red-absorbing 
pigments

Orange-absorbing 
pigments

“Antenna”

Light-harvesting

bacteria

green 

plants



Light harvesting complexes have diverse structures



Quantum Coherent Effects in Photosynthesis
(the greening of quantum information)

50% of green matter on earth uses PSII

Photosystem II super-complex 
(figure courtesy of Roberto Bassi)



Does excitation hop or travel like a wave?



James Allen et al., Photosynth. Res., 75, 49 (2003)

well characterized system

FMO: energy ‘wire’ connecting chlorosome to reaction center

Light harvesting apparatus of green sulfur bacteria
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Muh et al. PNAS, 104, 16862 (2007)



2D Femtosecond spectroscopy

§ signal S(3)(τ,T, t) - output electric field, maximum at specific locations

§ retrieves correlation between absorption and emission energies as a 
function of the time T when the light harvesting system is in excited state

t

signal

1 fs is one 1000,000,000,000,000 th of a second



What is coherence?

Incoherent waves

All together now! 
Pedalling in step

Coherent waves



Photosynthetic
Green Bacteria

Engel et al. Nature 446, 782 (2007)

Reaction
Center

Antenna

�wire�

T in femtoseconds

FMO protein



Is photosynthesis performing a 
quantum search?

Engel et al., Nature 446, 782 (2007)

“…the system is essentially performing 
a single quantum computation, sensing 
many states simultaneously and 
selecting the correct answer... In the 
presence of quantum coherence 
transfer, such an operation is analogous 
to Grover’s algorithm…”

Scientific American, April, 2007



Photosystem II – green plants

green = chromophores
grey = protein

vibrational motion of atoms suppress coherence
no quantum computation 

Hoyer et al NJP 12, 065041 (2010) 



Quantum entanglement in light harvesting?

Quantum correlations between electronic states at distant sites:

Open question: biological function  or evolutionary role ??

Site 1 Site 2

and

Site 2Site 1

Sarovar et al ,Nat Phys 6, 462 (2010) 

quantum state is



Entanglement analog with ambiguous cube:
perceive orientational correlations between boxes



• Unusually high for biological process, ~ 95-98 %

• so 1 photon is transduced to 1 electron-hole pair  

• but measurements are highly averaged over
macroscopic samples

Quantum efficiency?

??  what is the mechanism and timescale for absorption of 
1 photon from sunlight ??



New Quantum Tools

Signal 
input Transmitted

output

Fluorescence
observation

Loss

quantum light: controllable correlated and 
entangled two-photon sources

study single photon absorption
and subsequent energy transfer,
single photon fluorescence and
electron generation

theory for PSII shows oscillations in the rate of 
fluorescent emission of single photons… 



but - light harvesting may de-optimize 
‘pour encourager les autres’

Layer of purple bacteria
with quantum efficiency only
30% - dissipate enough heat
to raise temperature locally
and eliminate the competition



• photosynthesis is optimized for survival
• light harvesting is one of many factors
• in plants overall energetic efficiency correlates 

with growth fitness (Arntz et al. 2000)
• competition for light, protection from excess light 

and oxygen…
• access to nutrients (esp. aquatic ecosystems)
• quantum efficiency may be sacrificed to fend off 

competitors by e.g., dissipating energy as heat…

an antenna is not enough…
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Radical pair magnetoreception
magnetoreceptor 

cells in retina cryptochromes
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Ritz et al. Biophys. J. (2000)

coherent quantum spin dynamics

magnetically sensitive radical pairs
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Cryptochrome – photo receptor system

Radical pair = 2 electrons located on different molecules

• Cryptochrome protein 
binds cofactor FAD

• FAD absorbs light

• electron transfer via 
Trp species generates 
long lived radical pair

Are quantum correlated
dynamics of radical pair
electrons involved in the
avian compass?
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“Radical pair” of two electrons has quantum correlated, ‘entangled’ spins

4 possible spin states: 1x S and 3 x T 



Visual modulation pattern resulting 
from rigidly fixed receptor molecules

T. Ritz and K. Schulten Biophys. J, 78, 707 (2000) experimental validation?



Quantum insights for Avian Compass:

• Possible role of coherent dynamics of entangled electrons
• Needed - direct probe of coherence

flavin

Trp
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photoexcitation of rhodopsin,
fast electron-nuclear 
dynamics in 200 fs



Single photon perception – new quantum tools

Phan et al. PRL 112, 213601 (2014)

rod cells of Xenopus Laevi toads are triggered by single photons

confirm response, measure single photon efficiency of rod cell absorption (27%)

human eye can perceive single photons Tinsley et al. Nat Comms 7, 12172 (2016)
Holmes et al. arXiv:1806.08439



Quantum in the Brain…

direct imaging (fluorescence) of neuron regeneration

mapping neural connections (D-MRI)

is the 
brain a 
circuit?

artificial brains?

AlterEgo (MIT)



developing and refining the theory of Orch OR, by which quantum
computations in microtubules influence neural firing and by extension
constitute the neural manifestation of consciousness.22 Microtubules
in general have elicited interest from various researchers attempting to
model quantum effects in the brain.

1. Microtubules

Microtubules are formed by the polymerization of tubulin
dimers, which consist of a and b tubulin proteins. Tubulin dimers first
form longitudinal protofilaments; 13 of these protofilaments then
form a microtubule with a diameter of approximately 25 nm.22

Microtubules form part of the cytoskeleton of eukaryotic and some
prokaryotic cells and contribute to the cellular shape and structure.
They have a variety of functions. They are integral to cell division,
forming the spindle apparatus that mediates the division of chromo-
somes into daughter cells.22,55,56 Microtubules also act as tracks along
which motor proteins move cellular constituents within the cell.22,55,56

Whereas microtubules are present in all eukaryotic cells, the theory of
Orch OR is focused on microtubules in nerve cells and in particular
those found in the dendrites and cell body (soma) of these cells. This is
because microtubules in axons and non-neural cells have a radial, reg-
ular arrangement that is arguably less supportive of information proc-
essing. Microtubules in the dendrites and soma are less regularly
arrayed, forming what Hameroff and Penrose refer to as recursive net-
works well suited to learning.22,57 Microtubules in non-neural cells are
also dynamically unstable, able to disassemble in various ways.
Microtubules in dendrites and nerve cell bodies are prevented from
disassembly by microtubule associated proteins, rendering them more
stable and able to encode the long-term information necessary to the
theory of Orch OR.22,58,59 The specific composition of tubulin has also
lent strength to quantum models of neural processing due to the fact
that it is partially composed of chromophores such as tryptophan,
arranged in a manner similar to photosynthetic systems in plants and
bacteria,60,61 which have been surmised to support coherent quantum
effects.

2. The quantum model of Orch OR

Hameroff and Penrose hypothesized that quantum computations
encode information in microtubules and objective reduction is how this
quantum information results in a classical output. The details by which
Penrose’s conception of quantum gravity gives rise to the objective
reduction of the quantum wavefunction are beyond the scope of this
review. In this case, Hameroff and Penrose’s 2014 review of the theory
is instructive.22 The choice of microtubules, and more specifically tubu-
lin dimers, as the biological context in which Orch OR takes place has
been motivated by various reasons. It has been suggested that the mani-
festation of consciousness is not axonal firing but rather the signal inte-
gration that occurs in the dendrites and cell bodies of nerve cells. This is
given some support by the fact that gamma wave synchrony, which has
been suggested to be the neural correlate of consciousness, is generated
by dendritic-somatic integration potentials.22,62 As outlined above,
microtubule arrangement in the dendrites and cell bodies of nerve cells
is suitable for information processing, making them a good contender
for the biological site of consciousness.22,57,59 The localization of Orch
OR in microtubules also offers a way to model a biological qubit, which
is integral to the quantum nature of the theory. A qubit, the basic unit
of quantum information, is a two-state system that can exist in a super-
position of both states at the same time. Initially, Hameroff and Penrose
proposed that tubulin dimers might exist in a superposition of mechani-
cal conformations coupled to London force dipoles.22,54,63 More recent
iterations of the theory locate the quantum description firmly in the
constituent aromatic rings (phenylalanine, tyrosine, and tryptophan)
that make up the tubulin proteins.22 These have pi orbital electron
clouds that demonstrate spatial delocalization, giving rise to London
force electric dipoles that can exist in superposition. While Orch OR
was originally formulated with electric dipoles in mind, the authors now
propose magnetic dipoles related to electron spin.22

3. Discussions around Orch OR

This review gives only a basic overview of the theory of Orch OR
as a means to introduce the idea of quantum models of the brain and

FIG. 2. Non-trivial quantum effects discussed in this review and their neural context.
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difficulty in quantifying its subjective experience, would likely borrow
from complex network theory as well as disciplines ranging from
physics and philosophy.30,47–51 The question is still open as to whether
quantum physics has something to add to the debate.

B. Nontrivial quantum effects
In 1913, Bohr presented his model of the atom where, in contrast

to classical orbits, electrons occupied discrete energy levels. This fol-
lowed quickly on the heels of Planck’s advances in understanding
blackbody radiation and Einstein’s explanation of the photoelectric
effect which, along with Compton’s work with x rays, ushered in the
new era of quantum mechanics.6,7 Fundamentally, all biology can be
described as being quantum mechanical in the same way that all mat-
ter is quantummechanical. However, the aim of this review is to inves-
tigate nontrivial quantum effects in biological systems, to widen the
scope of quantum theory to include biological mechanisms and not
merely the description of their constituent atoms. Quantum weirdness
is the subject of much fascination.52 First Planck and Einstein demon-
strated that radiation, normally understood as behaving like a wave,
can also behave like a particle.6,7 De Broglie then suggested that matter,
which seems discrete, can sometimes show wave-like effects such as
interference.6,7 Despite being famous for its uncertainty, the formaliza-
tion of the theory has proved extremely successful in describing the
behavior of microscopic systems. The mathematical framework of
quantum mechanics associates a physical system with a quantum state
that contains all possible information on the system. What is interest-
ing is that within this framework, for two quantum states describing a
system, a linear combination of these states also describes the
system.6,7 It is this that gives rise to the uniquely quantum effect of
superposition states, one of the nontrivial effects discussed in this
review. The concept of quantum coherence, which quantifies the rela-
tionship between states in a superposition, is investigated in various
biological contexts. As is entanglement, the nonclassical correlation

between different quantum states.1 Entanglement is often discussed
with reference to quantum spin, the property of elementary particles
that determines their behavior in a magnetic field.6,7 Electron tunneling
is also raised as a potential candidate for quantum effects in biological
systems. An explanation of tunneling follows from the probabilistic
description of quantum mechanics, which allows the possibility of a
quantum particle passing through a classically forbidden potential bar-
rier.6,7 This review is particularly focused on inelastic tunneling, in
which the tunneling electrons are coupled to vibrational modes in their
biological context.18 For a summary of these nontrivial quantum effects
and their implementation in a neural context (see Fig. 2).

II. QUANTUM EFFECTS IN NEURAL PROCESSES
It is perhaps misleading to talk about quantum processes in the

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

A. Orchestrated objective reduction
Orch OR, the application of quantum mechanical formalism to

the question of consciousness, was proposed by Hameroff and
Penrose in the 1990s.22,53,54 In his 1989 book, The Emperor’s New
Mind: Concerning Computers, Minds and The Laws of Physics Penrose
addresses the possibility that the laws of classical physics are not suffi-
cient to explain the phenomenon of consciousness, suggesting instead
that quantum physics might be integral to this explanation.21 His
hypothesis initially lacked a biological context in which these quantum
effects might occur. Hameroff, an anesthesiologist by training, had
been previously interested in microtubules and suggested that they
could be a contender in which to situate a quantum model for con-
sciousness. Hameroff and Penrose have subsequently collaborated on

FIG. 1. Basic structure of a nerve cell.
Although a number of organelles are
missing, this simplified schematic is suffi-
cient to gain some understanding of the
location of the various quantum effects
discussed in this review. Of interest are
the microtubules which occur in different
arrangements throughout the nerve cell
and the mitochondria, which will be dis-
cussed in the context of electron transfer.
The myelin insulated axon has also been
proposed as a wave guide for neural pho-
tonics. The meeting of dendritic spine and
axon terminal at the synaptic cleft is
enlarged for clearer understanding of the
mechanism of neurotransmission and the
transfer of neural signals. Synaptic
vesicles are also the site of the proposed
uptake of Posner molecules during
endocytosis.
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Eccles 1992 
tunneling across synapses

Penrose, Hameroff 1994 
microtubules, macroscopic quantum coherence

Fisher 2015
entangled Posner molecules



Quantum Cognition 

with nuclear spins?

Swift et al., PCCP. 20, 12373 (2018)

Posner “molecule”: 

long lived nuclear spin 31P,

present in bone mineral, 

maybe also in extracellular 

bodily fluids??

but… entanglement lifetime < 37 min, spin relaxation much faster…

requires entanglement lifetime ~ 1 day 

entangled Posner molecules trigger non-local quantum correlations 

of neuron firing rates → neural quantum processing? Fisher, Ann. Phys. 362, 593 (2015)

Player, Hore, J. R. Soc. Interface 15, 20180494 (2018)



• Microscopic probes of living cells, cellular 
response, biomolecule delivery, 
biochemical/magnetic/electrical monitoring…

• Quantum sensing with defects in diamond…

→

Quantum Biology: tools of quantum science and 
nanotechnology give new probes of structure and 

dynamics of biological systems

Si nanorods
offer cellular
access

each other, our magnetic field based technique will not suffer from
some of the drawbacks of electrically-based detection, such as probe
positioning with respect to the Debye length and background electrical
noise sources at the nanoscale. Furthermore, the detection is inher-
ently non-invasive and issues such as the compatibility of quantum
measurements of the NV defect with biological systems are now well
established in terms of the low toxicity of diamond and the low photo
and microwave powers involved.

The detection set-up we consider consists of a commercial grade
single crystal ultra-pure diamond membrane substrate containing a
fabricated layer of negatively charged nitrogen-vacancy (NV) defect
centres [Fig. 1]. The NV centre is a remarkable optical defect in
diamond which allows discrimination of its magnetic sublevels
through its fluorescence under illumination. Effectively, each NV is
an atomic-sized magnetic field sensor that can be read-out either
confocally11,12 or via a wide-field CCD13, and in a living cellular
environment14. Neurons can be grown directly on the diamond sur-
face15 whose low toxicity is ideal for biological applications16. As we
show, the ensemble of NV centres provides high sensitivity to the
magnetic field fluctuations resulting directly from the transmem-
brane potentials generated by the neural activity at sub-millisecond
time-scales, and the spatial attenuation of the magnetic field at a
100 nm standoff provides micron spatial resolution. This standoff
is conservative, as implantation techniques permit the creation of NV
centres within a few nm of the diamond surface. Employing a phys-
ical model of the hippocampal CA1 pyramidal neuron, developed by
Royeck et al17 and modified by Wimmer et al18,19, we show that the
NV detection system is able to non-invasively capture the transmem-
brane potential activity in a series of near real-time images, with
spatial resolution at the level of the individual neural compartments.
The data obtained will allow both the planar morphology and func-
tion connectivity to be determined. The realisation of this detection
system using available technology would represent a significant step
forward in measuring and understanding the dynamics of whole-
scale neuronal networks.

In what follows, we first outline how transmembrane potentials
generate magnetic fields, their typical strength and detection using

the NV centre as a nanoscale magnetometer. We then analyse the
detection sensitivity for a single axon case. We experimentally verify
this sensitivity by propagating a simulated axon pulse along a micro-
wire and detecting the resulting magnetic field signal with a prox-
imate NV centre. Finally, we employ a model of a hippocampal CA1
pyramidal neuron under a typical excitatory regime in which distal
dendrites undergo current injections of roughly 2 nA. By direct
simulation of the magnetic fields generated at the soma, axon and
dendrites in response to this stimulation, we produce the corres-
ponding image output (assuming current CMOS imaging techno-
logy20) and determine the effective spatial and temporal resolution of
the system.

Results
Sensitivity Analysis. In order to establish our detection regime and
required sensitivity we determine theoretically the magnetic fields
generated by a transmembrane potential. We model an axon
segment as a cylinder of radius a and length L aligned along the z
axis [Fig. 2(a)]. These segments form the building blocks of more
complicated neuron models to be considered later. Let W(r, z, t)
denote the radially-symmetric electric potential at radius r,
longitudinal distance z and time t. Approximating the width of the
cell membrane to be infinitesimally small, there is a step-change in
the potential as it goes from just within the cell, W(a2, z, t), to just
outside the cell, W(a1, z, t). The transmembrane potential, given by
the difference Vm(z, t) 5 W(a2, z, t) 2 W(a1, z, t), therefore
represents the voltage drop across the cell membrane at
longitudinal position z and time t. Using data for Vm, one can
reconstruct the W(r, t) in the regions inside and outside a given
component via the solution of Laplace’s equation with boundary
conditions set by Vm (see Methods section). By solving for the
potentials in both regions, we determine the electric field and
hence current densities using Ohm’s law, J r,tð Þ~~~s r,tð Þ:+W r,tð Þ,
which is integrated using the Biot-Savart law,

B r,tð Þ~ m0

4p

ð
J r0,tð Þ| r{r0

r{r0j j3
d3r0 ð1Þ

Figure 1 | Schematic of the nitrogen-vacancy (NV) in diamond neuron detection system showing a neural network component (in this case an axon) on
a diamond substrate containing fluorescent NV centres. (a) The quantum state may be controlled via application of 2.88 GHz microwave radiation, and
is dependent on the strength of the field produced by the axon. (b) Atomic lattice structure of the NV centre. (c). Upon optical excitation at 532 nm, the
NV centre spin state may be measured (readout) by monitoring the intensity of the emitted red light using a CCD or CMOS camera. (d) Simulated
dynamic output from a single CMOS pixel. (e) By monitoring many pixels, we may obtain a dynamic widefield image of the neural dynamics and network
structure.

www.nature.com/scientificreports
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• Ultrafast spectroscopy, e.g., for quantum dynamics of electronic energy 
transfer in photosynthesis

• Quantum light sources: single photons, entangled photons, photon 
statistics, defects in diamond, …

each other, our magnetic field based technique will not suffer from
some of the drawbacks of electrically-based detection, such as probe
positioning with respect to the Debye length and background electrical
noise sources at the nanoscale. Furthermore, the detection is inher-
ently non-invasive and issues such as the compatibility of quantum
measurements of the NV defect with biological systems are now well
established in terms of the low toxicity of diamond and the low photo
and microwave powers involved.

The detection set-up we consider consists of a commercial grade
single crystal ultra-pure diamond membrane substrate containing a
fabricated layer of negatively charged nitrogen-vacancy (NV) defect
centres [Fig. 1]. The NV centre is a remarkable optical defect in
diamond which allows discrimination of its magnetic sublevels
through its fluorescence under illumination. Effectively, each NV is
an atomic-sized magnetic field sensor that can be read-out either
confocally11,12 or via a wide-field CCD13, and in a living cellular
environment14. Neurons can be grown directly on the diamond sur-
face15 whose low toxicity is ideal for biological applications16. As we
show, the ensemble of NV centres provides high sensitivity to the
magnetic field fluctuations resulting directly from the transmem-
brane potentials generated by the neural activity at sub-millisecond
time-scales, and the spatial attenuation of the magnetic field at a
100 nm standoff provides micron spatial resolution. This standoff
is conservative, as implantation techniques permit the creation of NV
centres within a few nm of the diamond surface. Employing a phys-
ical model of the hippocampal CA1 pyramidal neuron, developed by
Royeck et al17 and modified by Wimmer et al18,19, we show that the
NV detection system is able to non-invasively capture the transmem-
brane potential activity in a series of near real-time images, with
spatial resolution at the level of the individual neural compartments.
The data obtained will allow both the planar morphology and func-
tion connectivity to be determined. The realisation of this detection
system using available technology would represent a significant step
forward in measuring and understanding the dynamics of whole-
scale neuronal networks.

In what follows, we first outline how transmembrane potentials
generate magnetic fields, their typical strength and detection using

the NV centre as a nanoscale magnetometer. We then analyse the
detection sensitivity for a single axon case. We experimentally verify
this sensitivity by propagating a simulated axon pulse along a micro-
wire and detecting the resulting magnetic field signal with a prox-
imate NV centre. Finally, we employ a model of a hippocampal CA1
pyramidal neuron under a typical excitatory regime in which distal
dendrites undergo current injections of roughly 2 nA. By direct
simulation of the magnetic fields generated at the soma, axon and
dendrites in response to this stimulation, we produce the corres-
ponding image output (assuming current CMOS imaging techno-
logy20) and determine the effective spatial and temporal resolution of
the system.

Results
Sensitivity Analysis. In order to establish our detection regime and
required sensitivity we determine theoretically the magnetic fields
generated by a transmembrane potential. We model an axon
segment as a cylinder of radius a and length L aligned along the z
axis [Fig. 2(a)]. These segments form the building blocks of more
complicated neuron models to be considered later. Let W(r, z, t)
denote the radially-symmetric electric potential at radius r,
longitudinal distance z and time t. Approximating the width of the
cell membrane to be infinitesimally small, there is a step-change in
the potential as it goes from just within the cell, W(a2, z, t), to just
outside the cell, W(a1, z, t). The transmembrane potential, given by
the difference Vm(z, t) 5 W(a2, z, t) 2 W(a1, z, t), therefore
represents the voltage drop across the cell membrane at
longitudinal position z and time t. Using data for Vm, one can
reconstruct the W(r, t) in the regions inside and outside a given
component via the solution of Laplace’s equation with boundary
conditions set by Vm (see Methods section). By solving for the
potentials in both regions, we determine the electric field and
hence current densities using Ohm’s law, J r,tð Þ~~~s r,tð Þ:+W r,tð Þ,
which is integrated using the Biot-Savart law,

B r,tð Þ~ m0

4p

ð
J r0,tð Þ| r{r0

r{r0j j3
d3r0 ð1Þ

Figure 1 | Schematic of the nitrogen-vacancy (NV) in diamond neuron detection system showing a neural network component (in this case an axon) on
a diamond substrate containing fluorescent NV centres. (a) The quantum state may be controlled via application of 2.88 GHz microwave radiation, and
is dependent on the strength of the field produced by the axon. (b) Atomic lattice structure of the NV centre. (c). Upon optical excitation at 532 nm, the
NV centre spin state may be measured (readout) by monitoring the intensity of the emitted red light using a CCD or CMOS camera. (d) Simulated
dynamic output from a single CMOS pixel. (e) By monitoring many pixels, we may obtain a dynamic widefield image of the neural dynamics and network
structure.
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New Quantum Tools
2-photon absorption image 

of live mouse brain:

Kawakami et al  Biomed. Opt. 
Express 6 891 (2014)

entangled photon pairs can give greater resolution

2-photon microscopy of 
live mouse brain:

Firing of individual neurons

Kim et al Cell Reports 17, 3385 (2016) 
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Craniotomy is complete and
the trapezoidal-shaped bone

is detached from the skull

Figure S1

> 1 million neurons accessible

Mouse 
skull

“Crystal 
Skull”

probe molecule
(yellow fluorescent protein)



Developing tools for 
studying biological 
structure and 
function at 
unprecedented 
spatial and temporal 
resolution

Can quantum 
coherence be 
relevant for 
biological function?

Biological function across all time and 
size scales

A. Vaziri
B. HHMI/U. Vienna



One can best feel in dealing with living 
things how primitive physics still is

Albert Einstein

Sit down before fact like a little child, and be 
prepared to give up every preconceived 
notion, follow humbly wherever and to 
whatever abyss Nature leads or you shall 
learn nothing

Thomas Henry Huxley

?



Max Delbrück
Nobel Prize Lecture 1969 

Arts versus Sciences:

While the artist's communication is linked forever with its 
original form, that of the scientist is modified, amplified, fused 
with the ideas and results of others and melts into the stream of 
knowledge and ideas which forms our culture. The scientist has 
in common with the artist only this: that he can find no better 
retreat from the world than his work and also no stronger 
link with the world than his work.


