Institutional Repository - Research Portal
Dépôt Institutionnel - Portail de la Recherche
researchportal.unamur.be
University of Namur

RESEARCH OUTPUTS / RÉSULTATS DE RECHERCHE

Linear and Nonlinear Optical Effects in Biophotonic Structures using Classical and
Nonclassical Light
Verstraete, Charlotte; Mouchet, Sébastien R; Verbiest, Thierry; Kolaric, Branko
Published in:
Journal of biophotonics

Author(s)
DOI: - Auteur(s) :
10.1002/jbio.201800262
Publication date:
2019

Publication
- Date de publication :
Documentdate
Version
Peer reviewed version

Link to publication
Citation for pulished version (HARVARD):
Verstraete,
C, Mouchet,
SR, Verbiest,
T & Kolaric, B 2019, 'Linear and Nonlinear Optical Effects in Biophotonic
Permanent
link
- Permalien
:
Structures using Classical and Nonclassical Light', Journal of biophotonics, vol. 12, no. 1, e201800262, pp.
e201800262. https://doi.org/10.1002/jbio.201800262

Rights / License - Licence de droit d’auteur :

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date:
09. Jan. 2023 Moretus Plantin
Bibliothèque
Universitaire

Accepted Article

Linear and Nonlinear Optical Effects in Biophotonic
Structures using Classical and Nonclassical Light

Charlotte Verstraete1 , Sébastien R. Mouchet2,3,∗ , Thierry Verbiest1 , and Branko
Kolaric4,5,6∗∗
1
Molecular Imaging and Photonics, Department of Chemistry, KU Leuven, Celestijnenlaan 200D,
3001 Heverlee, Belgium
2
School of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom
3
Department of Physics & Namur Institute of Structured Matter (NISM), University of Namur,
Rue de Bruxelles 61, 5000 Namur, Belgium
4
Micro- and Nanophotonic Materials Group, University of Mons, Place du Parc 20, 7000 Mons,
Belgium
5
Center for Photonics, Institute of Physics, University of Belgrade, Pregrevica 118, 11080, Belgrade,
Serbia
6
Old World Labs, 1357 N. Great Neck Road Suite 104, Virginia Beach, VA 23454, USA
∗
s.mouchet@exeter.ac.uk ∗∗ branko.kolaric@umons.ac.be
Abstract
In this perspective article, we review the optical study of different biophotonic geometries and biological structures using classical light in linear and nonlinear regime, especially
highlighting the link between these morphologies and modern biomedical research. Additionally, the importance of nonlinear optical study in biological research, beyond traditional cell
imaging is also highlighted and described. Finally, we present a short introduction regarding
nonclassical light and describe the new future perspective of quantum optical study in biology,
revealing the link between quantum realm and biological research.

1

Introduction

It has been known for a long time that colors in nature are not merely there for beauty, but are of
the utmost importance for communication. Both intra- and interspecies communication can occur
thanks to colors, e.g., for sexual communication or to warn potential predators. The biological
relevance of colors can thus not be underestimated because of the role of visual appearance in
natural selection. Examples that definitely come to mind when thinking about colorful natural
specimens, are butterflies and beetles. As butterflies and many beetles have the ability to fly over
extremely long distances, a lot of species have evolved in different geographical locations, and thus
large variations in color can be observed between species and subspecies [1, 2, 3].
Other examples in nature highlighting the important role of colors are flowers. In general,
flowers are reproducing thanks to pollinators carrying around pollen from one flower to another. By
displaying distinctive colors, flowers can appear more attractive and recognizable to such pollinating
insects. Additionally, flowers that do not offer floral rewards (e.g., nectar or protein-rich pollen),
can opt to mimic colors of rewarding flowers and therefore misleading the pollinators [4]. Many
species have therefore developed efficient vision systems able to distinguish different colors [1].
Natural colors can originate from either chemical or physical properties, or both combined.
Colors of chemical origin are caused by colorful pigments and dyes, while physical colors originate
from light interference. The latter, which is developed into further detail in this review, is due
to the interaction of visible light, the wavelength of which is in the order of several hundreds of
nanometers, with nanometer-scale features of photonic structures. Chemical and physical colors are
often easily distinguishable, as pigments can be photobleached and their activity will decline over
time, while structural colors cannot fade, unless the structure is somehow modified or damaged.

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this
article as doi: 10.1002/jbio.201800262

This article is protected by copyright. All rights reserved.

Accepted Article

Examples of natural structural colors are found in organisms [1] ranging from mammals such as
primates (including humans’s blue eyes) and marsupials [5, 6] or birds such as hummingbirds [7]
and pigeons [8, 9] to insects such as butterflies [3] and beetles [2].
Some of the most common photonic structures in nature are photonic crystals. They comprise
periodic photonic structures, with periods in the nanometer scale. Due to this periodicity in
the same size-scale as the incident light, photonic crystals can be regarded as a medium that
periodically changes refractive index in space from the incident light point of view. They can be
probed with both classical and quantum light to unravel linear and nonlinear properties of these
biological tissues. By investigating these properties, many insights can be obtained that could lead
to the development of optical applications through a bioinspiration approach [10].
Nonlinear optical microscopy has been proven to be a very versatile and powerful technique,
which shows many of the advantages of the classical optical microscopy, but without several of
the disadvantages. Some important advantages of nonlinear optical microscopy are the increased
imaging depth, and a strong reduction in photodamage. Additionally, Second Harmonic Generation
(SHG) is an excellent tool to probe anisotropy and unravel the orientation of distinct structural
features.
Beyond studying interaction of classical light with biological matter, the application of nonclassical or quantum light in biomedicine and biology is still at an infant stage of research. However,
in this perspective article, we want to describe the essential features of quantum light to the broad
biological community and to address the most significant advantages and challenges of using quantum light in biology, offering the possibility to move classical biological and biomedical studies into
quantum realm.

2

Linear Optical Effects in Biophotonic Structures

The properties of light and interaction of light with matter are fully described by Maxwell’s theory
within the framework of classical electromagnetism [11]. From a classical point of view, an incident
light beam may interact in three different ways with matter. It can either be transmitted, reflected
or absorbed. These three phenomena play key roles in biological functions of natural organisms
such as their visual appearances or thermal management.
One of the biological tissues optimized for light transmission is found in the transparent wings
of insects such as cicada species in the order Hemiptera [12, 13, 14, 15]. These wings mostly consist
of chitin, a polysaccharide that acts as building material for all insects. Both wing surfaces are
covered by quasi-periodic arrays of hexagonally close-packed protrusions, which are at the origin of
remarkable anti-reflective properties due to a mechanism of impedance matching between the wing
material and air (Figure 1) [12, 13, 14]. This protrusion geometry and the related anti-reflective behavior are very similar for female and male as well as for many investigated cicada species [12, 13].
Over the optical range from 500 to 2500 nm, light transmittance of these wings rises over 90% and
peaks at 98% [12, 13]. Within this wavelength range, which is larger than the lateral lattice parameter of the protrusion arrays, the transmission properties are not function of the microstructure
morphology but the transmittance was found to depends linearly on the protrusion height [13].
These anti-reflective properties are believed to be related with camouflage against potential predators. Similar anti-reflective coatings were also found in other natural organisms such as the corneas
of several insect eyes [16, 17] and the wings of Cacostatia ossa moth, Cephonodes hylas moth and
butterflies from the Greta genus [18, 15, 19, 20, 21, 22, 23]. Due to their broad transparent window,
these subwavelength nanostructures allowing to avoid unwanted light reflection were mimicked in
order to design anti-reflective coatings for anti-glare glasses, screens, solar cells, light-sensitive detectors, camera lenses, telescopes or glass windows [24, 25]. Methods such as sol-gel processes,
chemical vapor deposition, physical vapor deposition, etching processes, nanoimprint and biotemplate methods were used [24, 25]. In nature, biological surfaces are often multifunctional.
They were optimized through evolution for different purposes [1]. In addition to anti-reflective
properties, some cicada wings were found to exhibit (super-)hydrophobic [26, 13, 27, 14, 15] and
anti-bacterial properties [28, 29, 30]. Dellieu and co-workers explained the interplay between the
protrusion morphology, the anti-reflection and the hydrophobic properties [14, 15]: each protrusion can be modeled by a hemisphere covering a truncated cone. The latter plays a key role in
the anti-reflective properties while the hemisphere is involved in the (super-)hydrophobic behavior
of the wing surface. (Super-)hydrophobicity and antibacterial properties are important for many
technological applications. Both behaviors are advantageous in the development of self-cleaning
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Figure 1: The grey Cicada orni (a) displays transparent wings, the anti-reflective properties of
which are due to protrusions covering both wing surfaces (b,c). These protrusions were modeled
by hemispheres covering truncated cones (d). Depending on the species, the spacing distance a0
ranges between 40 and 200 nm, the protrusion diameter, between 40 and 150 nm and the height
h, between 155 and 485 nm [12, 13, 14, 15]. In the case of C. orni, r = 40 nm, R = 85 nm,
H = 200 nm and h = 160 nm. Reproduced from Deparis, O., Mouchet, S.R., Dellieu, L., Colomer,
J.-F., Sarrazin, M., 2014. Nanostructured surfaces: bioinspiration for transparency, coloration and
wettability. Mater. Today Proc. 1S, 122-129, with permission of Elsevier.
surfaces. From an industrial point of view, combining self-cleaning properties and antireflection
thanks to only one single nanostructure is of high interest for instance in the fields of photovoltaics
and solar absorbers [31].
Often, the visual appearance of natural organisms are however governed by light reflection and
scattering. For instance, the fruits of Margaritaria nobilis, a tree, also known as bastard hogberry,
found in the Caribbean, Mexico as well as Central and South America, exhibit bright iridescent
green and blue colorations (Figure 2a,b) due to periodic photonic structures reflecting selectively
incident circularly polarized light as a function of wavelength [32, 33]. After falling from the tree
on the ground, the fruit and its green exocarp split, displaying the colorful endocarp. This visual
appearance attracts birds, which disperse the seeds. In the cell walls of the fruit endocarp tissues,
helicoidal plywood architectures, called Bouligand structures, give rise to light interference and
strong reflection of circularly polarized light (Figure 2c-e). Within the cell’s outer tissues, these
helicoidal structures comprise concentrically-layered cellulose fibrils and have a period of about
180 nm [32, 33]. Such cells are stacked on each other in layers leading to an enhanced optical
response. Inspired by these fruits’ Bragg mirror combined with a cylindrical geometry, novel soft
photonic fibers, which selectively scatter incident light in many directions, were developed by
material scientists (Figure 2f-i) [32, 34]. These elastic polymer fibers exhibit an optical response,
the hue of which is tuned by longitudinal mechanical strain (Figure 2j). Such bioinspired fibers
have applications in the textile industry (for instance, in the development of anti-shirt-pulling
jersey in sports), in optical strain sensing or in flexible photonic materials (e.g., smart surgical
suture changing color when the right strain is applied) [32, 34].
If incident light is neither transmitted nor reflected upon interaction with matter, it is absorbed. In nature, photonic processes also contribute to the enhancement of light absorption. One
of the most important light absorption mechanisms in living organisms occurs in plants and is
related to photosynthesis. Recently, the photonic multilayer structures found in the blue iridescent epidermal chloroplasts of shade-dwelling Begonia leaves were demonstrated to enhance light
harvesting for photosynthesis [35]. They comprise a periodic stack of absorbing thylakoid tissue.
Through enhanced light trapping in the green range of the electromagnetic spectrum (corresponding to the forest canopy shade) and an increased quantum yield in low-light intensity environment,
these leaves’ photosynthesis is enhanced. Alternatively, conical microstructure covering various
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Figure 2: The endocarps of the fruits of M. nobilis exhibit green and blue colors (a,b) due to
their tissues’ cell walls (c,d) comprising Bouligand structures (e). Such structures were mimicked
artificially by synthesizing planar periodic multilayers that were rolled in a water reservoir (f).
Depending on the layer thicknesses, different colors are produced in reflection and transmission
(g). Electron microscopy analyses of cross-sections of the mimicked photonic fibers allow to observe
the rolled multilayer (h,i). Upon mechanical strain, the displayed color can be tuned in the entire
visible spectrum (j). Scale bars: 200 µm (b), 20 µm (c), 10 µm (d), 500 nm (e), 20 µm (g), 20 µm
(h), 1 µm (i) and 50 µm (j). Reproduced from Kolle M., Lethbridge, A., Kreysing, M., Baumberg,
J. J., Aizenberg, J., Vukusic, P., 2013. Bio-Inspired Band-Gap Tunable Elastic Optical Multilayer
Fibers. Adv. Mater. 25, 2239-2245, with permission of John Wiley and Sons.
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Figure 3: The petals of Viola and Rosa flowers (a,e) are covered by conical microstructurations
(b,c,e) at the origin of enhanced light trapping properties. Coatings for solar cells can be inspired
from such structures (d,e). Reproduced from (a-d) Schmager, R., Fritz, B., Hünig, R., Ding, K.,
Lemmer, U., Richards, B. S., Gomard, G., Paetzold, U. W., 2017. Texture of the Viola Flower for
Light Harvesting in Photovoltaics. ACS Photon. 4, 2687-2692 and from (e) Hünig, R., Mertens,
A., Stephan, M., Schulz, A., Richter, B., Hetterich, M., Powalla, M., Lemmer, U., Colsmann, A.,
Gomard, G., 2016. Flower Power: Exploiting Plants’ Epidermal Structures for Enhanced Light
Harvesting in Thin-Film Solar Cells, Adv. Optical Mater. 4, 1487-1493, with permission of (a-d)
the American Chemical Society and (e) John Wiley and Sons, respectively.
plant textures such as petals and leaves (Figure 3a,e) were demonstrated to enhance light harvesting not only by anti-reflective properties, similarly to cicadas’ wings, but also by combining
the reduction of reflection losses and light focusing effects, following the redirection of incident
photons [36, 37, 38, 39]. The cases of Rosa and Viola petals were specifically highlighted because
of their high efficiencies (Figure 3a,e) [38, 39]. Such a combination of optical mechanisms leads
to enhanced absorption for photosynthesis or strengthening of their color saturation, specifically
under low-light conditions. In addition, these microstructures also give rise to superhydrophobic
and self-cleaning behaviors [40, 41]. Because of their omnidirectional and broadband photonic
properties, such photonic structures occurring in plants could lead to the development of novel
designs for photovoltaics, solar absorbers and photocatalysis applications (Figure 3d,e).
Following incident light absorption, fluorescence emission can take place in natural organisms’
integuments if fluorophores are present [42, 43, 44]. These molecules absorb higher-frequency
photons (e.g., ultraviolet, violet or blue) and emit lower-frequency photons (e.g., in the visible
range, from blue to red). This emission originates from electron transition between real states
with the same spin multiplicity. Examples of such fluorescent molecules are the green fluorescent
protein (GFP), psittacofulvin, biopterin and papiliochrome II. The resulting appearance may have
biological functions in the visual communication of some organisms [43, 44]. When occurring in a
photonic structure, emission from fluorophores is modified by the structure in terms of directivity
and spectral intensity [45, 46]. Such a so-called controlled fluorescence takes place within the scales
covering the elytra of the male Hoplia coerulea beetle (Figure 4a). In these scales, a photonic
periodic multilayer (Figure 4b) is found giving rise to its blue-violet appearance (Figure 4c) [47,
48]. Fluorophores embedded within this multilayer emit a turquoise coloration (Figure 4d) under
incident ultraviolet light [49, 50]. Both the color and the fluorescence emission are controlled
by the photonic structure: upon contact with fluids, the fluorescence emission peak is observed to
blue-shift, leading to a navy blue color (Figure 4f) [50, 48] whereas the reflectance peak wavelength
undergoes a red-shift, giving rise to a green appearance (Figure 4f) [51, 52, 53, 54, 55], following
liquid penetration into the scale structure and the filling of its air pores. Very recently, two-photon
excitation fluorescence and Third-Harmonic Generation (THG) analyses (as detailed further in the
next section) highlighted the multi-excited states character of H. coerulea’s fluorophores as well as
the anisotropy of its photonic structure [56].

3

Nonlinear Optical Effects in Biophotonic Structures

In addition to the optical properties of biological materials collected by linear techniques, much
supplementary information can be gathered with higher intensity laser beams. Such probes allow
to characterize their nonlinear optical properties. At low light intensities the linear optical response
of a molecule can be described by its induced dipole moment (µ(ω)) that will oscillate with the
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Figure 4: The blue-violet iridescent appearance of the male H. coerulea beetle (a) originates from
a periodic photonic multilayer (b) located within the scales covering its body (c). Upon UV
illumination, the fluorophores embedded in these scales exhibit a turquoise coloration (d). After
immersion into water, the scales’ color changes to green (e) when they are illuminated by visible
white light and navy blue (f), under UV light. Reproduced from Mouchet, S.R., Lobet, M., Kolaric,
B., Kaczmarek, A.M., Van Deun, R., Vukusic, P., Deparis, O., Van Hooijdonk, E., 2016. Controlled
fluorescence in a beetle’s photonic structure and its sensitivity to environmentally induced changes.
Proc. R. Soc. B 283, 20162334.
electrical field (E(ω)), resulting in the following relation [57]:
µ(ω) = α(ω)E(ω)

(1)

where α(ω) represents the first-order polarizability, also called linear polarizability and ω is the
frequency of the electromagnetic waves. Macroscopically, for the entire medium with a large
number of molecules, all the induced dipole moments result in an induced polarization given P(ω)
by
P(ω) = χ(1) (ω)E(ω)
(2)
with the first-order or linear susceptibility χ(1) (ω). However, when the light intensity is very high,
this equation does not longer hold and the relation between the total polarization and the electric
field is no longer linear. To account for this nonlinear correlation, the polarization is expanded in
a Taylor series of the total applied electric field. This results in the equation:
P = P(1) + P(2) + P(3) + ... = χ(1) E + χ(2) EE + χ(3) EEE + ...

(3)

where P(1) , P(2) and P(3) are the linear, quadratic and cubic orders of electric field polarization,
respectively. χ(2) and χ(3) represent respectively, the first- and the second-nonlinear susceptibilities,
or the second- and third-order susceptibilities. These nonlinear susceptibilities are at the origin of
nonlinear optical effects such as multiphoton excitation fluorescence and SHG [57].
A linear optical experiment example is the absorption of a photon with a specific wavelength
and energy, resulting in the electronic and vibrational excitation of the material (Figure 5). After
vibrational relaxation, the material gets back to a lower energy level while emitting a photon with
a lower energy, such as in fluorescence emission, as exemplified in the previous section.
In the case of two-photon excitation fluorescence, which is a nonlinear effect, high intensity
photons illuminate a sample. Because of the high intensity, two photons can simultaneously interact
with the sample. Such an interaction is similar to one-photon fluorescence, however with different
selection rules. Since two photons are absorbed initially and give rise to only one emitted photon,
this resulting photon has a higher energy than each of the two absorbed photons.
In SHG, the investigated material also interacts with two photons. Unlike two-photon excitation fluorescence, a third photon will be instantaneously emitted. The two initially absorbed
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Figure 5:
Jablonski diagram of one- and two-photon excitation fluorescence, and
Second Harmonic Generation (SHG) Considering one-photon excitation fluorescence, one
photon is absorbed which brings the molecule or the nanostructure from the ground state (S0 ) to
an excitated singlet state (S1 ). Immediately (less than 10−12 s) internal conversion follows within
the excited state, and the molecule falls back to the lowest vibrational state within S1 . A photon
is emitted afterwards, leading the molecule back to its ground state S0 . Within S0 , the molecule
is usually in an excited vibrational level. The molecule recovers its original energy state after
another internal conversion. In the case of two-photon excitation fluorescence, two photons are
absorbed simultaneously, after which internal relaxation follows. One single photon is emitted,
with a higher energy than the two incident photons. In SHG, two photons interact simultaneously
with the molecule or the nanostructure and excite it to a virtual state, via another virtual state.
Immediately after the absorption (ca. 10−15 s), one photon, with the exact half wavelength (and
thus the double energy) is emitted [58].
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Figure 4: The blue-violet iridescent appearance of the male H. coerulea beetle (a) originates from
a periodic photonic multilayer (b) located within the scales covering its body (c). Upon UV
illumination, the fluorophores embedded in these scales exhibit a turquoise coloration (d). After
immersion into water, the scales’ color changes to green (e) when they are illuminated by visible
white light and navy blue (f), under UV light. Reproduced from Mouchet, S.R., Lobet, M., Kolaric,
B., Kaczmarek, A.M., Van Deun, R., Vukusic, P., Deparis, O., Van Hooijdonk, E., 2016. Controlled
fluorescence in a beetle’s photonic structure and its sensitivity to environmentally induced changes.
Proc. R. Soc. B 283, 20162334.
electrical field (E(ω)), resulting in the following relation [57]:
µ(ω) = α(ω)E(ω)

(1)

where α(ω) represents the first-order polarizability, also called linear polarizability and ω is the
frequency of the electromagnetic waves. Macroscopically, for the entire medium with a large
number of molecules, all the induced dipole moments result in an induced polarization given P(ω)
by
P(ω) = χ(1) (ω)E(ω)
(2)
with the first-order or linear susceptibility χ(1) (ω). However, when the light intensity is very high,
this equation does not longer hold and the relation between the total polarization and the electric
field is no longer linear. To account for this nonlinear correlation, the polarization is expanded in
a Taylor series of the total applied electric field. This results in the equation:
P = P(1) + P(2) + P(3) + ... = χ(1) E + χ(2) EE + χ(3) EEE + ...

(3)

where P(1) , P(2) and P(3) are the linear, quadratic and cubic orders of electric field polarization,
respectively. χ(2) and χ(3) represent respectively, the first- and the second-nonlinear susceptibilities,
or the second- and third-order susceptibilities. These nonlinear susceptibilities are at the origin of
nonlinear optical effects such as multiphoton excitation fluorescence and SHG [57].
A linear optical experiment example is the absorption of a photon with a specific wavelength
and energy, resulting in the electronic and vibrational excitation of the material (Figure 5). After
vibrational relaxation, the material gets back to a lower energy level while emitting a photon with
a lower energy, such as in fluorescence emission, as exemplified in the previous section.
In the case of two-photon excitation fluorescence, which is a nonlinear effect, high intensity
photons illuminate a sample. Because of the high intensity, two photons can simultaneously interact
with the sample. Such an interaction is similar to one-photon fluorescence, however with different
selection rules. Since two photons are absorbed initially and give rise to only one emitted photon,
this resulting photon has a higher energy than each of the two absorbed photons.
In SHG, the investigated material also interacts with two photons. Unlike two-photon excitation fluorescence, a third photon will be instantaneously emitted. The two initially absorbed
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Figure 6: Two-photon excitation fluorescence microscopy and spectroscopy of H.
coerulea’s elytra. The elytra of the male H. coerulea beetle show a strong TPEF response
with excitation at (a) 900 nm and (b) 800 nm, resulting in clear image of the scales covering
the beetle’s elytra (with a 75 mW incident power). (c) At a low incident power (20 mW), The
two-photon excitation fluorescence excitation spectra were measured with excitation wavelengths
ranging between 800 and 1300 nm. (d) A small red-shift of the peak wavelength and a decrease
in intensity is observed when the scale is put into contact with water. The excitation wavelength
equals 800 nm, the incident power is 20 mW. Scale bars: (a) 200 µm and (b) 100 µm. Reproduced
from [56].
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in the previous section [56]. It was further characterized with nonlinear optical methods. Due
to the embedded fluorophores, two-photon excitation fluorescence was observed at a wide variety
of wavelengths (Figure 6a-c). No SHG signal was measured, but it could be overshadowed by
the strong two-photon excitation fluorescent signal. Additionally, the influence of water on the
elytra was examined (Figure 6d). This resulted in a small red-shift and a strong decrease in signal
intensity. This research thus provided a better insight in the photonic properties of H. coerulea’s
elytra and its hygrochromic behavior (i.e., color change upon contact with water).
Although much useful information can be derived from these simple experiments, not many
insect biological tissues have been characterized with multiphoton microscopy. Some other example
are the two-pronged bristletails Plusiocampa christiani and Pheggomisetes ninae [84] as well as the
the fire-chaser beetle Melanophila acuminata [85].
THG signal has been recently used in the investigation of fossilized teeth. The comparison
between the dental anatomy of fossilized and currently living crocodilians provided with new insights in these species’ evolution. The evolutionary signature of crocodilian teeth was found to be
consistent over time [86].

4

Nonclassical Light for Super Resolution Quantum Imaging
in Biological Systems

Besides the fact that at the most profound level, light is a purely quantum phenomenon, a majority
of linear and nonlinear effects can be explained within the framework of classical physics [57].
Nonclassical light (quantum light) is the light which properties and interactions with matter
can only be described using the formalism of quantum physics. The quantum light is used to
beat the limitations of classical light regarding diffraction limit and signal-to-noise ratio which are
essential requirements for biologically oriented research. The archetypes of nonclassical light are
entangled and squeezed light [87, 88, 89, 90].
Quantum entanglement is a phenomenon in which a particle such as a photon exhibits a quantum state characterized e.g., by its energy or polarization, and cannot be described independently
from the state of another particle even if these particles are separated by a significant distance.
Measurements of physical properties such as position, momentum, spin, polarization and energy
performed on entangled particles can be found to be correlated.
Entangled photons are generally generated by nonlinear processes such as Spontaneous Parametric Down-Conversion (SPDC) in which a beam of photons produced by a laser interacts with a
nonlinear optical crystal or a nonlinear waveguide and spontaneously decays into pairs of correlated
photons.
Since the first development of quantum physics, the entanglement is considered to be “the
characteristic trait of quantum mechanics, the one that enforces its entire departure from classical
lines of thought” [91][92]. This assessment was later confirmed by Bell’s theorem [93] and the
subsequent experiments, establishing that quantum entanglement gives rise to a certain kind of
non-locality in nature.
The nonclassical nature of quantum entanglement has been employed in quantum technologies
despite several fundamental difficulties: it is indeed very sensitive to decoherence, which generally
accompanies interaction with the local environment. In addition, it is also limited by the socalled entanglement monogamy, which states that two particles in a maximally entangled state
cannot be entangled with a third particle. As a consequence, it ultimately restricts the number
of degrees of freedom involved in any related technique. However, one of the primary and most
challenging goals [94, 92] of modern quantum research is to exploit quantum entanglement at
ambient temperature and within the biological matter and to reveal links between classical and
quantum dynamics in biologically consequential processes such as photosyntesis, signal recognition,
navigation such as for migratory birds, etc. Since experiments of quantum light with biological
matter are still at an infant stage, we present here some exciting examples which can be used to
enhance quality of the image and signal-to-noise ratio using both entangled and squeezed quantum
light.
Quantum imaging is indeed one of the most promising quantum applications in biologically
oriented research. Improving optical imaging is essential since many natural photonic nanoarchitectures as described in section 2 as well as many subcellular structures are on length scales far
below the diffraction limit of classical light [95]. Imaging such structures in situ and their inter-

This article is protected by copyright. All rights reserved.

10

Accepted Article

actions with different agents is the holy grail of modern biophysics and biophotonics. In the last
ten years the possibility of manipulating single quantum states, in particular photons, has opened
the possibility to develop technologies exploiting properties of quantum correlations for imaging
purposes [87]. Here in this perspective articles the three most studied quantum imaging methods,
namely Ghost Imaging (GI), Sub-Rayleigh Imaging (SRI) and squeezed light microscopy, will be
briefly described.

4.1

Ghost Imaging

GI is the first so-called quantum imaging technique that attracted a huge interest of a broad
scientific community. It exploits intensity correlation fluctuations for imaging an object. One
spatially incoherent beam propagates through an object and is collected by a detector, called
"bucket detector" that has no spatial resolution (Figure 7) [87][96]. The second correlated beam
does not interact with the object and is collected by a spatially-resolved detector, made of an
array of pixels. The image of the object is retrieved by measuring a correlation S(xj ) coincidence
between detectors (xj being the position of the pixel j in the reference region). This result is
significant since the image is reconstructed using the detected spatial information that did not
actually interact with the object.
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Figure 7: Schematic view of Quantum Ghost imaging setup, "Image plane" configuration. Correlated photons are generated in a nonlinear crystal pumped by an UV laser. The photons are
separated by a beam splitter. The center of the crystal is imaged on both the object and the camera. In order to retrieve the ghost image, the coincidences between the single-photon avalanche
diode (SPAD) and the camera are recorded. As indicated by the broken arrows the position of the
SPAD relatively to the object is unimportant, the only requirement being that it collects the full
light beam to act as a "bucket detector". Reproduced from [96] with permission of Wiley.
However, strictly speaking, GI does not represent a true quantum imaging protocol, since
it can be performed without entangled light. Classical light GI has been widely employed in
computational science to perform so-called computational ghost imaging recovery [97].
Besides the fact that GI does not require entangled light, it still presents an important advantage, offering significantly larger visibility in the presence of a diffusive medium, a condition
important for recoding images in open air especially in the presence of fog (e.g., LIDAR application)
or for imaging of biological samples where tissues represent the diffusive media [98] (Figure 8). It
should be point out that in the Morris article [98], at the first time the imaging a real biophotonic
structure, i.e., a wasp wing, using low numbers of entangled photons is fully described. Furthermore, Morris and coworkers showed that quantum GI techniques based on low photon number
counting enable the successful reconstruction of images with less than one photon per pixel, which
is an essential advantage for imaging biological processes in situ. In addition, using quantum light
for GI significantly enhances the properties of various GI protocols [99, 100].
Furthermore, Zeilinger’s group[100] exploits new entangled light protocols for optical imaging
and clearly demonstrated the possibility to detect images at various wavelength ranges significantly
improving signal-to-noise ratio with respect to classical imaging. The presented experiment is the
archetype example in which quantum knowledge-information can be extracted from a system, even
when photons are never detected. Zeilinger’s protocol is the foundation for building a true quantum
imaging system.
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Figure 8: I) Schematic view of the experimental setup: (a) XYZ closed-loop piezoelectric stage,
(b) sample, (c) 100×oil objective, (d) excitation light (532 nm), (e) laser source, (f) dichroic filter,
(g) long-pass filters, (h) 50:50 fiber beam splitter, (i) single-photon detectors, and (j); II) Example
of the super-resolution technique applied to a cluster of 3 NV centers. (a) Typical scan on a region
of the sample obtained collecting the signals emitted by each center on a pixel-by-pixel basis via
single-photon sensitive confocal microscope. (b) Magnification of the area of interest. (c) Map of
g(2) function. (d) Map of g(3) function. (e) Super-resolved map for k = 2. (f) Super-resolved
map for k = 3, III) Quantum image of a wasp wing at low photon number count. (a) Image of a
wasp wing using 40,419 detected photons and (b) the corresponding reconstructed image. (c) An
image of the same wasp wing with a greater number of photons and (d) its associated reconstructed
image. Scale bar, 400 µm. Modified from [87, 101] and [98] with permission from APS Publishing
and Springer Nature, respectively.
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4.2

Sub-Rayleigh Imaging

Recently, significant results in which the diffraction limit was beaten have been achieved exploiting
emission properties of materials such as stimulated emission depletion (STED) and ground state
depletion (GSD) [102]. These methods require very specific experimental conditions such as a dual
laser excitation system, the presence of materials that allow luminescence quenching by stimulated
emission and nontrivial shaping of the quenching beam. A possibility to overcome these limits
is to use nonclassical correlations of quantum light, similar to GI. SRI can be viewed as the
extension of the quantum ghost imaging technique that uses N quantum light sources with intensity
measurements being replaced by N -fold coincidence detection strategies. By employing quantum
light and coincidence measurements, the resolution is significantly enhanced [87].
A first step in SRI is to produce entangled photons by SPDC, to record the correlations between
photons, like in the case of GI and to build an image based on these correlations. In the case
when multi-entangled states are used with a higher number of entangled photons, the resolution
is improved. However, due to the difficulties to produce multiphoton entanglement, a successful
practical strategy relies on exploiting post-selection1 to extract the "nonclassical component" from
a classical state containing information about the object that is imaged. Several theoretical schemes
have been proposed to achieve SRI [104].
Recently, super resolution was experimentally confirmed by illuminating an object with a laser
and by post-selecting into arrays of single photon detectors. Note that pixels are generated only
when photons are correlated, i.e., simultaneously detected. This example shows that with a unique
and clever combination of nonclassical light and luminescent emission, it is possible to beat the
diffraction limit to generate an image, only through
p correlations. This method reaches a subRayleigh resolution improvement by a factor of ln (Nmax /N ).
1 Post-selection is the selection of a subset of data, conditioned on the outcome of a certain measurement. For
details, see reference [103].
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4.3

Squeezed Light

Recently, a different kind of nonclassical light, namely squeezed light, has been suggested in order
to achieve improved resolution. The basic concept of squeezing emerges from the dynamics of a
quantum harmonic oscillator [105, 106]. In most general descriptions, squeezed light can be defined
as the light for which the noise of the electric field, i.e., the intensity fluctuations, and phases fall
below the vacuum state.
The so-called squeezing factor R is related to the variances of the position and momentum,
i.e., the intensity and the phase in the classical picture and determines the extent of the light
squeezing. If R > 1, the position variance is below the vacuum state and the light intensity is
squeezed (increased signal-to-noise ratio). In the case where R < 1, the squeezing of the phase
is achieved. However, it is important to notice that in accordance with the uncertainty principle
(i.e., both position and momentum not simultaneously observable) , the phase and intensity cannot
be squeezed at the same time. That is illustrated in the next figure that shows the graphical
representation of the squeezed light. Forty years ago, many studies related to squeezed light
were published but without experimental realization of the squeezing. The first experimental
signature of squeezed light was observed in a groundbreaking experiment of Slusher [107], using
the process of four-wave-mixing in an atomic vapor of sodium atoms. Soon after the Slusher
experiments, other approaches have been realized for generating squeezed light such as a fiber-based
approach, exploiting the other nonlinear phenomena such as the third-order Kerr-type nonlinearity
and second-order nonlinearity of a ferroelectric crystal. Recently, processes of PDC (parametric
down conversion) and optical parametric oscillation (OPO) within a cavity are used to generate
squeezed light. The first approaches to generate squeezed light are fully described elsewhere [107].
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Figure 9: Schematic view of the quantum noise i.e., ball, showing the even distribution of uncertainty between the two quantities amplitude A and phase Φ (b) Squeezed noise, where the
uncertainty in one quantity is less than quantum noise, while the other uncertainty is greater than
quantum noise.
Significant advancements have been made from the initial 0.3 dB squeezing till today’s near 15 dB
squeezing. It is, however, interesting to point out that the experimental platforms to achieve
squeezing, i.e.,nonlinear crystals, fibers and atomic ensembles used in the late eighties are almost
the same as those used today for generating highly efficient squeezing [108],[105, 106] Beyond the
physical significance .of generating and characterizing squeezed light, squeezed light microscopy,
also called photonic force microscopy (PFM), has recently been developed by Taylor et al. [90]
for fast and accurate sub-shot noise measurements, i.e., tracking of (polymers and bipolymers)
particles (Figure 10).
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Figure 10: Squeezed light microscopy. Motion of a particle near the focus is tracked with an
amplitude-squeezed local oscillator and an amplitude-modulated probe (red). The probe provides
dark-field illumination, with the particle tracking signal arising from interference between scattered
light from the probe and the local oscillator. Particles are also manipulated with trapping fields
(yellow), and visualized on a CCD camera using an imaging field (green). Reproduced from [90]
with permission of SAPS.
The experiments performed by Taylor’s group showed that subcellular structures as small as
10 nm can be observed by its local influence on the thermal motion of nanoparticles. This is
striking since up to now the same resolution can only be achieved by a state-of-the-art atomic
force microscopy. It should be pointed out that optical quantum enhanced particle tracking using
squeezed light holds increasing relevance, with a wide range of potential applications in biology,
from microrheology improving sensitivity of the viscoelastic response of the medium, to revealing
the properties of the cytoplasm and biological processes at higher frequency [90]. More generally,
the use of nonclassical squeezed light could enhance significantly a wide range of biological measurements techniques, such as two-photon microscopy, super-resolution and absorption imaging.
Furthermore, the combination of a squeezed light source with different optical resonator geometries
allows not only sub-noise tracking of particles but also possibilities to determine the shape and
structure of the tracked particles.

5

Conclusions

In this perspective article, we present the state of the art of linear and nonlinear optical studies of
various biophotonic and biological structures using classical light. The importance of biophotonic
studies for the biomedical community is especially emphasized in this article. We also present
a short overview of quantum light and its potential (and most profound) applications in current
biology-oriented research. Although quantum light has a large advantage over classical light, due
to breaking the diffraction limit, real quantum experiments in bio-optics are still far away from
realization and real-life applications. One of the reasons for that is the lack of synergy between
physicists and biologists. The primary aim of this article is to attract the interest of the broad
biological community for the biophotonics and experiments with quantum light, which could be
used to open new horizons in biologically oriented research. The synergy and cooperations between
physicists, biologists and physicians could open the door for new groundbreaking applications of
quantum techniques in biology and medicine. This progress article is one of the first small steps
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in that direction.
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