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Abstract: A bio-photonic cavity quantum electrodynamic (C-QED) framework could be imagined as a
system in which both the “cavity” and the “atom” participating in the light-matter interaction scenario
are bio-inspired. Can a cavity be made of a bio-polymer? If so, how should such a cavity appear and
what are the best polymers to fabricate it? Can a bioluminescent material stand the comparison with
new-fashion semiconductors? In this review we answer these fundamental questions to pave the
way toward an eco-friendly paradigm, in which the ever-increasing demand for more performing
quantum photonics technologies meets the ever-increasing yet silent demand of our planet to reduce

our environmental footprint.

Keywords: bio-photonic cavities; quantum electrodynamic framework; light matter interaction;
bio-photonics; bio-materials; biodegradable photonics; biodegradable metamaterials; bio-inspired

metamaterials; fluorescent proteins

1. Introduction

The interaction between light and matter is the process due to which an electro-
magnetic radiation releases energy to matter by interacting with its molecular or atomic
structure. Light-matter interaction processes are countless and involve all the dynamics
that, for example, sustained life development on Earth. Chlorophyllian photosynthesis
constitutes, perhaps, the most elegant example of light-matter interaction. The core of
such reaction is chlorophyll, a molecule capable of selectively absorbing sun radiation and
converting it into an internal charge separation via the excitation of the molecule from the
ground state to an excited one. Such a coherent charge delocalization in a light-absorbing
molecule is often called an exciton, and represents the quantum of the electronic excitation
in a solid [1-3]. Excitons are therefore the first actors playing on the light-matter interaction
stage.

A penetrant intuition from Albert Einstein elucidated that the light-matter interac-
tion occurs on a discrete scale rather than a continuous one, fostering the hypothesis
to associate the color of light to the energy carried by the photon [4]. For this reason,
light-matter interaction processes are better (but not only) described in the framework of
quantum mechanics, where an already appropriate formalism to describe a discrete world
is common [5].

Once excited in a photoluminescent molecule, excitons can radiatively relax by emit-
ting a photon with approximately the same energy of the exciton. If the molecule is placed
in proximity of a resonant cavity, these two elements can interact “weakly” or “strongly”.
Classic optics describes a resonant cavity as constituted by two highly reflecting mirrors
facing each other and displaced by a distance D, determining the discrete set of allowed
resonances (modes) of the cavity (Figure 1a). Such a configuration is sometimes called a
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Fabry-Pérot resonator, the optical cavity by antonomasia [6,7]. In a Fabry—Pérot, therefore,
given a certain value of D, the entrapment and propagation of only precise wavelengths
can be sustained. It is however true that the concept of a resonant cavity can be stretched
and extended to resonant architectures shaped in unconventional ways that could be very
distant from the two-facing-mirrors cliché.

e Cavity Absorbance
—— Emission
—— Absorbance

Wavelength

Figure 1. Sketch of the feedback mechanism at the basis of cavity-atom strong interaction.
(a) Atom or molecule in its ground state placed between a classic Fabry—Perot cavity made of
two mirrors facing each other, displaced by a distance D. If a photon with energy hv suitable to
promote the atom or the molecule to an excited state interacts with the atom or molecule, an exciton
is formed (b). The exciton can radiatively relax by emitting a photon with energy hv, very close to
that of the exciton. The exciton can be stored in the cavity for many roundtrips (according to the
Q-factor of the cavity) as a standing wave (c). Provided a low-Stokes-shift molecule, the photon
stored in the cavity can be re-absorbed by the molecule and excite another exciton (d). (e) A proposed
spectral configuration to optimize the cavity—atom interaction. Here, the cavity absorbance spectrum
is designed to cover the spectral region in which the absorbance and the emission of the gain molecule
overlap.

A weak cavity—atom interaction is usually accomplished by simply placing the atom or
molecule (the physical entity embodying the concept of “matter” throughout this review)
in the proximity of the cavity. The simple presence of an adequately tuned resonant
system (the cavity) in its proximity, offers an additional relaxation channel to the exciton
generated in an emitter (atom or molecule) brought to an excited state. The additional
energy dissipation channel offered by the cavity can significantly modify the photophysics
of the spontaneous emission processes of the emitter, especially through an effect known as
the “Purcell effect” [8-13]. According to what was found by Purcell himself, if a quantum
system is brought to interact with a resonant cavity, its spontaneous emission probability
can be enhanced by a factor f = 3QA3/(47%V) [14]. Here, Q is the quality factor of the
resonant cavity (Q = Ag/AM, Ag being the central wavelength of the cavity and AA the
full-width-at-half-maximum), A = Ag./n is the wavelength assumed by the radiation, with
a free-space wavelength equal to Ag,,, within a cavity made of a material of refractive



Photonics 2021, 8, 470

30f26

index n placed between the two reflecting mirrors. V is a quantity called “modal volume”,
that was at first roughly expressed as the volume of the resonator, but whose definition
has been subsequently refined and generalized [15-17]. The calculation of the correct
modal volume for a particular structure can be a delicate task to accomplish [18]. However,
some noticeable examples have been provided for the most widely used architectures:
(i) photonic crystals (see Equation (1)) [19], (ii) nanocube antennae (Equation (2)) [20],
(iif) dielectric pillar nanocavity and metal/dielectric cavities (Equation (3)) [21,22]:
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where 7max is the position of the maximum of the squared electric field, € and n are,
respectively, the dielectric permittivity and the refractive index of the material in which the
electric field E is confined and A is the wavelength in the resonator.
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where 1y, is the refractive index of the bulk material taken as a reference.

The peculiarity of the weak interaction regime is that the two interacting systems keep
on holding their original nature, so that the observer always deals with a pure exciton and
a pure cavity mode.

The cavity—atom interaction regime can change dramatically, however, if a certain
amount of feedback is introduced between the cavity and the gain material. For example,
let us consider the case in which an emitter in its ground state is embedded in a resonant
cavity (Figure 1a). Upon absorption of a photon carrying an appropriate energy, an exciton
can be generated (Figure 1b). The exciton can then radiatively recombine by emitting a
photon (Figure 1c). If the energy of the emitted photon is very close to that of the exciton
(this is the case of dyes with a very low Stokes’ shift) and the cavity is tuned to resonate at
the energy of the exciton, the photon can be stored inside the resonant cavity for a certain
number of roundtrips (Figure 1c) in the form of a standing wave. This process causes
the available photon to be re-absorbed by the molecule and, therefore, to excite another
exciton. Such a feedback mechanism lays the basis for what is called “strong light-matter
interaction” [2,3,23-30]. A wise way to engineer a cavity—atom system envisioning the
optimization of their strong interaction is the one illustrated in Figure le. By providing
a low-Stokes-shift emitter (namely a photoluminescent material in which a significant
portion of the absorbance and emission spectra overlap), the cavity should be tuned in
such a way that its spectrum (the set of wavelengths that can be stored within it, which
corresponds to the gray part of Figure le) covers the largest part of the spectral region in
which the emission and absorption bands of the gain material overlap.

It goes without saying that the second actor on the light-matter interaction stage is
the resonant cavity.

Maximizing the feedback mechanism occurring between the cavity and the exciton is
a fine art. Such a task could be accomplished from a duplex point of view: (i) by optimizing
the properties of the photoluminescent material, and (ii) by optimizing the properties
of the resonant cavity. The photoluminescent material and the cavity can, therefore, be
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considered the two ingredients constituting the “quantum framework” in which the light-
matter interaction takes place. Their fundamental properties determine the capability of a
system to access light-matter interaction regimes that are still unexplored. Both the gain
material and the cavity are responsible for the environmental harmfulness of the quantum
framework and, as will be shown hereafter, an eco-friendly approach is often sacrificed
to achieve better performances. The difficulties in adopting an eco-friendly approach are
numerous, hidden in both sides of the photoluminescent material and the cavity. Facing
them requires a total paradigm shift. If, indeed, materials commonly employed in classic
photonics have to be replaced with an eco-friendly counterpart, like a biopolymer, then
classic architectures like Fabry—Pérot cavities also have to be ruled out from the design
possibilities.

To meet the philosophy espoused by such a review implies, therefore, three main
steps: (i) to identify planar resonant structures capable of providing an exceptional Q-factor
resonance opening, at the same time, to allow for the possibility of a replica-molding in a
biopolymer, (i) to identify the ideal biopolymer to carry out the replica-molding process,
and (iii) the most performing bioluminescent molecule to serve as an exciton reservoir.
Therefore, this review is focused on illustrating all those readily available technological
solutions to address the aforementioned steps, envisioning the structuring of a totally
eco-friendly and bio-inspired quantum framework for light-matter interaction. For this
reason, the review is structured as follows: Section 2 is dedicated to the description
of the most promising and novel planar architectures belonging to the family of meta-
Surfaces, which manifest a high-Q-factor resonant behavior. In Section 3 we provide some
remarkable examples of biopolymers that could be ideal to replicate the architectures
described in Section 2 via soft-lithography, whereas in Section 4 we browse some of the
most performing bioluminescent materials that could be employed as the active core of the
proposed paradigm. The broad and long-term vision of this work aims to lay the basis to
bridge the worlds of meta-surfaces, biopolymers and bioluminescent molecules, in order to
produce a new generation of bio-inspired, eco-friendly and nano-photonically engineered
quantum framework, in which to tailor deeper and still unexplored light-matter interaction
scenarios.

2. Resonant Meta-Surfaces

As mentioned in the introduction, the first step toward the design of a bio-inspired
cavity quantum electrodynamics framework is to select the right resonator. If a bio-inspired
approach has to be followed, from which commonly used materials for optoelectronics
are excluded, then the puzzle raises its intricacy. In this case, indeed, due to the inability
of common bio-inspired and biodegradable materials to behave like metals or dielectric
mirrors, commonly used optoelectronic architectures are ruled out. New paradigms have
to be explored, such as the so-called resonant meta-surfaces [31-33].

Meta-surfaces are novel nano-architectures whose performance and miniaturization
capabilities are challenging the certainties of classic optics [34]. The prefix “meta” refers to
meta-materials, the wider category to which meta-surfaces belong, since their properties go
well beyond those of the constituent materials, and are mainly determined by their geome-
try. The term “surface”, instead, points out that these structures share a planar nature which
is in perfect agreement with the use of biopolymers. In other words, meta-surfaces (MS) can
be considered as nanostructured surfaces whose optical response can be engineered at will
to accomplish a particular optical task. To achieve a specific functionality, meta-surfaces
can rely on both metallic or dielectric nano-elements [35-44]. For our purposes, dielectric
meta-surfaces are the ones of interest. Manifesting high-Q resonances in the visible range
is only one of the results achievable with meta-surfaces [45-62].

One way to achieve a high-Q-resonant response by means of a meta-surface is to
engineer a so-called “biperiodic” disk lattice [62]. Such a recently studied configuration
relies on a particular lattice arrangement of high-refractive-index dielectric elements in
which the unitary cell consists of two disks: a larger one, with a diameter equal to d + (A/2),
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and a smaller one, with a diameter of d — (A/2) (see Figure 2a). In the case reported in
ref. [35] d = 92 nm, A is a spatial component to be added to d to obtain the large disk
and to be subtracted to d to obtain the small disk. The asymmetry of the system can
be evaluated via an “asymmetry parameter” « = A/d. In the case in which A = 0 nm
(« = 0), corresponding to the mono-periodic lattice, no high-Q resonances are present in the
transmittance spectrum (see Figure 2b, dashed line). When a small asymmetry is introduced
between the two disks composing the unitary cell, such that A =9.2 nm (« = 0.1), two steep
minima in the transmittance spectrum arise, constituting the high-Q-factor resonances
excited in the bi-periodic meta-surface. These resonances are found to possess a dipole-like
character. In particular, the high-wavelength resonance has a magnetic-like character (m),
while the other has an electric-like character (p«). The Q-factor of these modes is about 500
and 1000, respectively, but it can be further increased by changing the asymmetry of the
unitary cell.

(a)

(b)

| — a=0.1 (A=9.2 nm)
=== a=0 (A=0 nm)

0.5

Transmission

210 220 230 240 250 260
Wavelength(nm)

Figure 2. Biperiodic meta-surfaces: (a) Sketch of a biperiodic meta-surface made of a larger element
with a diameter equal to d + (A/2) and a smaller one of diameter d-(A/2). (b) Transmittance spectra
belonging to two different cases. The first one, in which A = 0 (no biperiodicity), and the second
one, in which A = 9.2 nm. In this latter case, two steep minima in the transmission spectrum of the
structure are found, corresponding to the high-Q-factor resonances. Reproduced with permission
from reference [62]. Copyright 2020, American Chemical Society.

Another remarkable example of high-Q-factor meta-surfaces are those in which the
insurgence of resonances is governed by the so-called “Bound states In the Continuum”
(BIC) [53-55,58-61,63-68]. BICs are common phenomena in many fields of physics, such as
optics and acoustics. Let us consider, for example, the simple and general case of a wave
propagating in the harmonic regime e ™. We also consider a certain generic potential
which sustains a set of discrete bound states (see Figure 3). The discrete set of bound states
sustained by the potential are the familiar cases of the bound states of an electron in an
atom or the modes of a metal/insulator/metal cavity or those sustained by an optical fiber.
Outside the “discrete” set, a set of modes exists in the “continuum” as scattered waves.
In addition, locally confined waves with a complex frequency w = w, — i, w, being the
resonant frequency, can arise in the continuum coupled with propagating waves. These
waves assume the shape of “leaky resonances”. Apart from these three cases, non-leaky
bound states can exist in the continuum. These modes are known as “bound states in
the continuum”. BICs can be considered as the ideal (¢ = 0) case of a leaky resonance
with no losses and an infinite quality factor. It is however true that such a wave would be
characterized by a completely non-radiative nature, being by definition decoupled from
a radiative leaky wave. As such, it would be impossible to excite BICs with free-space
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light. In practice, only low-loss BICs or “quasi-BIC” modes can be excited via free-space
light illumination. The concept of a bound state in the continuum has been originally
introduced in the field of quantum mechanics by Von Neumann and Wigner [69]. However,
Fredrich and Wintgen generalized it in terms of a destructive interference between two
resonances which would originally be decoupled, but that, as a consequence of the tuning of
a particular parameter, can be brought to interact and strongly couple with each other [70].

a)
BIC
>N ©)
70
O} E Leaky :5:—--_;_::> [
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Figure 3. Bound States in the Continuum: (a) Sketch of the possible states in the “discrete” and in
the “continuum” sets. If a potential is structured in such a way that only a discrete set of modes is
allowed, then regular bound states will appear due to the confinement action of the potential itself. If
the energy is higher than the height of the potential barrier, a continuum of allowed states is accessed.
The simplest and most probable state in the continuum is a regular scattered state. A so-called “leaky
resonance” can occur in the continuum due to some kind of destructive interference phenomenon that
suppresses some of the radiative channels and forms a bound state. Such a leaky bound state or leaky
resonance is also coupled to a scattered (radiative) wave and, therefore, can be accessed by free-space
light. In the end, a Bound State in the Continuum (BIC) can occur if the aforementioned mechanism
for the leaky resonances suppresses all the radiative channels, thus forming an ideal bound state in
the continuum. The illustration is inspired by reference [71]. (b) Sketch of the architecture re-drawn
from references [60,72], evidencing the tilt angle 6 as the tuning parameter to access the quasi-BIC
visible as steep minima in the transmittance spectrum shown in (c). Reproduced from reference [60].

If the parameter that enables the coupling between these two modes intervenes on the
symmetry of the system, we are in presence of a “symmetry-protected BIC”. These BICs
are of special interest for the purpose of this review, since they occur in structures that can
be readily replicated with a biopolymer through a soft-molding technique. Indeed, when
a particular system holds a degree of symmetry (a reflection or rotational symmetry, for
example), the modes with different symmetry classes are totally decoupled. However, if the
symmetry is somehow broken, these modes can be brought to interact [71]. One noticeable
example belonging to this family of symmetry-protected BICs consists in a lattice made of
a zigzag array of tilted silicon resonators, as shown in Figure 3b [71]. The tuning parameter
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here is the tilt angle 0 of the long axis of one of the facing elements. At 6 = 0°, such a
structure is found to have a symmetry-protected BIC that is impossible to excite through
free-space light. However, while tilting 6, the symmetry is broken, and quasi-BIC modes
become accessible. Such modes appear as steep minima in the transmission spectrum,
whose Q-factor decreases while increasing 6 and, as a consequence, departing from the
perfect symmetry condition.

3. Biopolymers for Soft-Molding Processes

As mentioned earlier, the adoption of a planar resonant structure is paramount to
envision a bio-inspired photonic architecture employing biopolymers as the material of
choice. Polymers like Polydimethylsiloxane (PDMS) can, indeed, be usually structured
at the micro- and nano-scale via a technique called replica molding [73]. Through this
process, any kind of nano-structure can be impressed over the polymer surface by simply
pouring the polymeric liquid solution over a solid master, engineered with the “negative”
shape [74-78].

Replica molding processes are usually carried out with soft elastomers like PDMS,
which can be considered as a standard for these processes. Among all other properties,
PDMS is also bio-compatible. Unfortunately, it is not biodegradable. Since the leitmotif of
this review is to look for a reduction of the environmental footprint left by nano-technology;,
bio-inspired polymers are going to be targeted, keeping PDMS as a benchmark to be
overcome. Natural biopolymers stand out for many aspects, including their light weight,
excellent mechanical properties, biocompatibility, non-toxicity, low cost, etc. Thanks to
these superior merits, natural functional biopolymers can be designed and optimized for
the development of high-performance bio-photonic components [79]. Before describing
in detail some of the most interesting technologically mature solutions, we list hereafter
(Table 1) some of the many characteristics that make biopolymers the ideal choice as a
bio-compatible scaffold with respect to classic soft elastomers [80-82]:

Table 1. Comparison between the proposed biopolymers with respect to PDMS.

Polymer

Silk Cellulose Hydrogel PDMS
Property
Mechanical property Excellent Good Good Good
Optical clarity Excellent Excellent Very Good Moderate/Negative
Biocompatibility Excellent Excellent Excellent Good
Biodegradability Excellent Excellent Excellent Negative
Low absorption Excellent Excellent Moderate Negative
Tunable fluorescence Moderate Negative
Rapid prototyping Moderate Moderate Moderate Negative

3.1. Silk

A special place in the family of bio-inspired polymers for optics is occupied by
silk fibroin. Silk can be easily extracted from the cocoons of Bombyx mori Lepidoptera
through a multistep procedure involving (i) silk cocoon degumming through a boiling
process, (ii) dissolution in a salt solution and (iii) transformation in an aqueous solution via
dialysis [83] (see Figure 4).
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Figure 4. Silk fibroin water solution fabrication: Silk cocoons are degummed through a boiling
process and dissolved in a LiBr salt solution. The obtained solution is inoculated in a dialysis cassette
and dialyzed for 48 h in ultrapure water. After that, the dialyzed solution is stirred to obtain the silk
fibroin in aqueous solution. Inspired by references [83,84].

Once silk fibroin is obtained in an aqueous solution, it is readily available for the most
variegated nano-engineering processes. Replica molding for microfluidic structures has
probably been the first application on which micro-structured silk fibroin devices have
been based [85-87].

For example, 3D silk photonic crystals have recently been obtained in the form of a
three-dimensional inverse opal [61] (see Figure 5). The fabrication technique is easy yet
effective. A 3D opal of polystyrene PS beads is obtained through a bottom-up technique,
and then the aqueous silk fibroin solution is infiltrated in the opal and left to dry. In the end,
the composite is immersed in toluene to dissolve the PS beads and obtain a silk inverse opal.
Such a structure can be tuned via UV light exposure, which can also be easily localized by
using proper shadow masks, or water vapor (WV) exposition.

o°$%°€ . 4 iii "
o0 : 21
o L D \— Xy e

PS colloidal

Introduction PS spheres Cry
Vi =

Aqueous
silk solution

Patterning Non-uniform

Figure 5. Three-Dimensional silk photonic crystal: (i) PS beads are deposited over the water
surface via a hydrophilic substrate. (ii) The sphere forms a crystalline monolayer at the water/air
interface through self-assembly. (iii) Colloidal crystals are generated by subsequent scooping transfer
procedures from the water/air interface to the sphere-coated substrate. (iv) The aqueous silk solution
prepared as mentioned before is (v) introduced in the so-formed PS sphere 3D photonic crystal.
(vi) The silk 3D inverse opal is obtained by dissolving the polystyrene beads in toluene. (vii) The silk
inverse opal is shadow-masked and exposed to WV (water vapor) or UV light to obtain the desired
pattern. Reproduced with permission from reference [88].
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Such a mechanism can be further refined to use the silk inverse opal as a canvas for
nano-scale resolution painting. The chemical “brush” consists of a cartridge loaded with a
methanol-water (MeOH) mixture capable of inducing local conformational changes in the
silk inverse opal, and thus locally changing its lattice constant. Such a fascinating technique
can be understood as a form of humidity photonic structural painting [89].

The silk fibroin has also proved valuable as an all-water based Electron Beam (E-beam)
resist, both positive and negative [90]. The two concurrent mechanisms that allow silk
fibroin to behave as a positive (wash away the exposed area) or negative (wash away
the non-exposed area) resist are (i) the formation of water-soluble peptides (in the case
of the positive resist) and (ii) water radiolysis (for the negative case). In the former case,
silk fibroin in an aqueous solution is crystallized to manifest water-insoluble properties.
Under electron beam irradiation, the proteins composing such silk crystals degrade due
to inelastic collisions with electrons. This process produces water-soluble peptides that
can be easily washed away with water. In the latter case, water radiolysis, occurring as a
consequence of high electron beam doses, induces a helicoidal folding of silk fibroin with
the formation of intermolecular crosslinks that make the exposed area water-insoluble. The
possibility to dope the silk fibroin’s aqueous solution with dyes like Green Fluorescent
Protein (GFP), quantum dots and enzymes has been investigated with success, producing
photoluminescent and bio-compatible E-beam resists.

3.2. Cellulose

An exceptional alternative to non-biodegradable polymers for replica molding appli-
cations is represented by cellulose. Cellulose consists of a chain of D-glucose units linked
via a glycosidic bond, a particular kind of covalent bond that links the OH group of a
sugar molecule to an atom or another molecule. In the case of cellulose, the glycosidic
bond occurs between the OH group present on the C; of the first monosaccharide and the
C4 of the subsequent monosaccharide, by eliminating one water molecule to form a long
polymeric chain. Hence, cellulose can be considered as the “polysaccharide” skeleton of a
large part of the vegetable reign [91].

Its large availability (an annual world biomass production of about 10'? tons), united
with consolidated extraction and purification procedures, makes cellulose one of the most
known and technologically explored biopolymers. Highly demanded features such as
hydrophilicity, water insolubility, chirality, biodegradability and broad chemical func-
tionalization capability are naturally possessed by cellulose, making it an inexhaustible
framework in which to develop a variegated plethora of technologies. Actually, cellu-
lose played a pivotal role in spreading written culture and developing human thinking,
considering its use since ancient Egypt as a technological material for the production of
papyri. The textile industry, on its side, fostered a deep knowledge of cellulose chemistry to
produce increasingly efficient filaments, like “viscose” [92]. There are mostly four pathways
for the production of cellulose: (i) extraction from plants, (ii) bio-synthesis from bacteria,
fungi and algae, (iii) in vitro cellulose synthesis and (iv) chemosynthesis by ring-opening
polymerization. The first one is by far one of the most used. Relatively pure cellulose fibers
can be extracted from cotton. However, if agro-wastes from, for example, cocoa, tomato
pomace, and similar sources [93] have to be used within a circular economy framework,
then purification techniques are mandatory. In these cases, a multistep procedure can be
followed. As a first step, the vegetables from which cellulose must be extracted are dried
in an oven overnight to remove water as well as other sugars and alcohol residuals. Then,
the dried materials are dispersed in trifluoroacetic acid (TFA). The last step consists of
centrifuging the solutions, so that the remaining clear solution can be easily cast over the
desired substrate. In Figure 6, such a multistep procedure is illustrated together with films
produced from cocoa pod husks, rice husks, parsley stem and spinach stem.
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Figure 6. Cellulose structure and preparation: (a) Cellulose polymeric chain formed via glycosidic
bond between multiple D-glucose subunits. (b) Cellulose purification scheme for the achievement of
bioplastics from non-edible agro-wastes. Powdered wastes from vegetables are dissolved in TFA,
centrifuged and casted to let the solvent evaporate and obtain the film. Reproduced with permission
from reference [93], Copyright 2014, American Chemical Society.

The obtained purified cellulose solution can be directly used to replicate micro- and
nano-structures for high-end photonics. For example, purified cellulose has been recently
used as a biodegradable and water-insoluble scaffold for the molding of photonic crystals
and meta-surfaces in applications as optical diffraction gratings, structural dielectric colors,
plasmonic resonators and Surface-Enhanced Raman Scattering (SERS) [94] (see Figure 7).

If additional water solubility is demanded, hydroxypropyl cellulose (HPC) can be used
instead of the pure version [95]. HPC is a water-soluble substance derived from cellulose
to which hydroxypropyl groups are added—a feature that, among the other chemical
modifications, carries additional OH groups, which make HPC even more reactive than
pure cellulose. HPC-based sub-micrometric structures have been produced via both hot
embossing and replica-molding techniques, showing exceptional optical and plasmonic
properties [95].

Moreover, cellulose nanocrystals (CNCs) can also display cholesteric liquid crystalline
phases. Cholesteric liquid crystals (CLCs) are chiral mesostructures whose pitch induces
a Bragg-like reflection band which can be easily understood as the photonic band-gap of
1D photonic crystals [96-101]. Considering the disruptive impact CLCs had in tunable
and active optics, micro-lasers and other devices, it is easy to figure out the potentialities
of the cholesteric phases of crystalline cellulose [102]. CNCs are obtained, in general, via
acid hydrolysis [103-107]. The choice of the acid for the hydrolysis process is determinant
in the stability of the produced colloidal CNCs suspensions. The best results have been
obtained by using H,SO;, since such a process introduces sulfate half-ester groups into
the CNC surface, a feature that improves the colloidal stability of the produced CNCs in
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water [108-110]. Once CNCs are obtained, chiral nematic phases are gradually approached
while increasing the concentration of CNCs in a water solution [111,112]. In highly diluted
suspensions, CNCs distribute themselves in an isotropic phase. While increasing the
concentration above a critical threshold, chiral nematic phases appear in the form of
localized liquid crystalline droplets called “tactoids” [113-116]. The pitch of the cholesteric
phase of the polymer is even influenced by the source from which CNCs are extracted [103].
Cellulose extracted from wood pulp, for example, is suitable to obtain pitches of about
100-300 nm, while those extracted from bacteria, tunicates and cotton lead to pitch lengths
of around 500-2000 nm, 1000 nm and 100400 nm, respectively [97,108,117]. Cholesteric
phases in CNCs have been recently analyzed via hyperspectral imaging, a tool that provides
incomparable investigation possibilities regarding the defect structures in CNCs [118].
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Figure 7. Cellulose Micro- and Nano-Devices: Solid-state micro- (a) and nano-scale (c) masters with the respective micro-
(b) and nano-scale (d) cellulose replicae. Biodegradability in (e) soil and (f) sea water. (g) Dielectric and (h) plasmonic
colors obtained by the structure in panel (d), for the dielectric case, and by the metallization of the same structure, for the
plasmonic case. (i) Stability of the cellulose photonic crystal in panel (b) in MilliQ water for a three-month immersion.
Reproduced with permission from reference [94]. [Copyright 2020, American Chemical Society].

3.3. Hydrogels

Hydrogels represent an exceptional bio-inspired alternative to classic non-biodegradable
polymers for soft molding lithography. Their outstanding bio-compatibility makes them
the material of choice for biological applications. Moreover, their broad customizability
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in terms of mechanical and chemical properties makes them irreplaceable for tissue engi-
neering, regenerative medicine and drug delivery [119-132]. Replica molding involving
hydrogels is usually carried out by pouring a gel precursor over a solid-state master which
is then immersed in the gelling agent [133]. However, improvements have been made to
this technique by ensuring a controlled release of the gelling agent [132] (see Figure 8).

a)
([ +] © 00 [ +] - Gelling
Agent
Agarose
Stamp
Liquid gel precursor
N
Replica
Molding
b)
©00©
[ I | | .
i Hydrogel
Structures

c)

Figure 8. Hydrogel Replica Molding: (a) A liquid gel precursor is poured over a substrate. (b) An
agarose stamp embedding the gelling agent is then positioned over the casted liquid gel precursor
to carry out a classic replica-molding procedure. The gelling agent is gradually released. (c) Once
the gellification process is complete, the agarose stamp is removed and the gellified structures are

produced. Reproduced with permission from reference [132], copyright 2006, American Chemical
Society.

Biocompatible photonic hydrogels based on elastin-like polymers have been used as
genetically engineered stimuli-responsive photonic hydrogels [134-139]. Bovine serum
albumin hydrogel-based micro-optics have been fabricated via direct laser writing [140].
Stimuli-responsive hydrogels have been used to modify the shape of a liquid droplet
serving as a microlens, mounted over the hydrogel itself [141].

Silk-based hydrogels have been successfully employed to produce lenses for Light-
Emitting Diodes with a light extraction efficiency of over 95% [142]. A micropatterned glucose-
responsive hydrogel made of a glucose-responsive material (3-(acrylamido)-phenylboronic
acid), crosslinked to acrylamide and deposited over a silica optical fiber, was shown to be
effective for glucose detection [142].

Among the wide zoo of hydrogels available for the replica molding process, the
agarose-based ones are worth mentioning. A micro-scale replica molding with agarose
over a PDMS stamp has been demonstrated in 2004 by Mayer et al. [143]. Since then,
optical devices such as planar waveguides or agarose-infiltrated optical fibers have been
proposed [144-146].

4. Bio-Luminescent Gain Materials

On the photoluminescent material side (from this moment on, this review will use
the terms “gain” and “photoluminescent” as synonyms), optimization could be carried
out by intervening on the transition dipole moment of the molecule trying to maximize it.
Such an approach is so powerful that, by using a high-transition-dipole moment molecule
embedded in a cavity, it has recently been possible to reach an extremely strong light—
matter interaction, usually called “ultra-strong coupling” regime, in which the coupling
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strength between the discretized electromagnetic field of the cavity (playing the role of
the light) and the excitons present in the molecule (playing the role of the matter) reached
a value equal to a significant fraction of the energy of the molecular transition [147].
Considering such evident benefits, the always increasing research efforts toward the
design of more performing dyes should not come as a surprise. It is true, however,
that there have been numerous efforts to design inorganic semiconductor crystals such
as Perovskites or Quantum Dots, which, in their most performing versions, owe their
properties to the presence of Pb or Cd in their structure [148-159]. Such a feature makes
them environmentally harmful.

On the other hand, it is well known that there are many large-dipole-moment molecules
readily available in nature which can be used as the “active” core in our light-matter inter-
action scenario, in replacement of Cd- and Pb-based semiconductors [33,160]. Indeed, if we
exclude inorganic semiconductors, fluorophores can be divided into two big categories: (i)
intrinsic and (ii) extrinsic. Intrinsic fluorophores are those readily available in nature, while
extrinsic ones are molecules whose photophysical, optical and chemical properties are
customized to accomplish specific tasks, which are not addressable utilizing the intrinsic
fluorophores. Intrinsic fluorophores can be bound to proteins to endow them with intrinsic
fluorescence. For this reason, they are of special interest for this review, since they can
represent the photoluminescent core of highly photoluminescent biological materials.

4.1. Intrinsic Fluorophores: Aromatic Amino Acids and Enzyme Cofactors

The photoluminescent core of intrinsic proteins is constituted by the fundamental
aromatic amino acids: (i) tryptophan, (ii) tyrosine and (iii) phenylalanine. All of them
manifest absorption and photoluminescence in the UV range. Phenylalanine is a monosub-
stituted benzene derivative, very similar to toluene. In phenylalanine, the bond between
the phenyl group and the alanine partially destroys the symmetry of the benzene ring, open-
ing symmetry-allowed transitions and, as a consequence, absorption and emission bands.
Even though the transition dipole moment of phenylalanine is very low, understanding the
origin of the photoluminescence of phenylalanine is fundamental to gain insight into more
complex but yet very similar molecules. Tyrosine, for example, differs from phenylalanine
by the presence of a hydroxylic group in the para position. The transition dipole moment
of tyrosine is still small but slightly higher than that of phenylalanine. Tryptophan derives
from indole, substituted in position C3 with an alanine. As a consequence, its absorption
properties stem from the high asymmetry of the indole molecule, where delocalized 7
electrons play a major role. Such a high asymmetry, together with incomplete delocaliza-
tion of 7 electrons, generates a high dipole moment (3.4 D). Since the emission properties
of tryptophan are highly influenced by the surrounding electromagnetic environment,
tryptophan is largely used as an indicator of protein conformational change.

Apart from fundamental amino acids, enzyme cofactors can show a high photolumi-
nescence as well. Two of the most known are nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD). Both are usually chemically bound to a protein,
a process that dramatically increases their quantum yield [160-168]. Vitamins can also
exhibit intrinsic photoluminescence. Pyridoxal phosphate, which is the active form of
vitamin B6, is one of the most studied [169-177].

4.2. Aggregation-Induced Emission (AIE) Materials

Plenty of examples of bio-compatible and biodegradable high photoluminescent
probes can be readily found in the framework of the so-called “aggregation-induced
emission” (AIE) materials. Such kinds of composites are known to show no photolumi-
nescence in their molecular form, but high photoemission upon aggregation [178-183].
These materials are highly interesting, since photoluminescent materials naturally tend to
form aggregates, a process that usually proves detrimental for their photoluminescence.
AIE was first observed by Luo et al. in 2001, when previously absent photolumines-
cence was enabled upon aggregation of 1-methyl-1.2.3.4.5-pentaphenylsilole [184]. Here,
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Luo et al. observed that a freshly casted droplet of 1-methyl-1.2.3.4.5-pentaphenylsilole
showed practically no photoluminescence, but it did while drying and, therefore, upon
aggregation. From that moment, many examples of AIE have been provided, such as
hydrocarbon luminogens [185], heteroatom-containing luminogens [186], luminogens with
cyano substituents [187], luminogens with hydrogen bonds [188-190], polymeric lumino-
gens [191,192], organometallic luminogens [193-196]. The capability of such molecules
to manifest photoluminescence upon aggregation is somehow similar to a mechanism
that will be discussed below, when we focus on a particular kind of new generation flu-
orophores called “Phytofluor”. Indeed, the intramolecular rotations of aromatic rotors
serve as a preferred non-radiative energy relaxation channel. Upon aggregation, such a
mechanism is no more preferred due to cumbersome constraints. As a result, radiative
channels open and bright photoluminescence arises [197]. One of the most interesting
examples of a non-fluorescent protein whose luminescence is turned on via molecular ag-
gregation is provided by the so-called “Green Fluorescent Protein” (GFP), a protein whose
use in photonic technologies will be investigated shortly in this review. The chromophore
of the GFP, a p-hydroxybenzylideneimidazolinone (p-HOBDI) molecule, is stored in an
a-helix, surrounded, in turn, by a proteic 3-Barrell. Such a spatially tight configuration
does not allow the free rotation around the exo-methylene double bond, so that the only
allowed relaxation channel for the chromophore is the radiative one that carries along
the bright photoluminescence due to which GFP is so famous. Both denatured proteins
or synthetic chromophores that cannot benefit from the steric hindrance of the (3-Barrell
suffer a tremendous quenching of the photoluminescence. However, upon aggregation,
the restoration of the photoemissive properties has been recently demonstrated [198]. Of
course, such a concept can be generalized to all those chemical configurations in which
a molecular complex can modify the chromophore environment providing the necessary
hindrance to disfavor the photo-isomerization of the molecule. For example, Debler et al.
demonstrated that, when bound to the GFP chromophore, the antibody-stilbene complex
provides the ideal steric condition to inhibit the photo-isomerization and unlock bright
photoluminescence [199,200]. Such a technique is extremely promising for diagnostics
purposes.

4.3. Fluorescent Proteins—Part A: Phycobiliproteins and Phytofluor

A special place in the realm of bio-inspired photoluminescent materials is occupied
by proteins. Intense fluorescence can be expressed by Phycobiliproteins, whose emission
range spans from blue to red [201-208]. Phycobiliproteins are capable of absorbing and har-
vesting the part of the light spectrum missed by chlorophyll and, as such, their absorbance
spectra often peak around 470 nm to 650 nm. Their function is especially useful in water
vegetable systems like algae, due to the weak penetration of short wavelengths in water.
The capability of the phycobiliproteins to harvest light is highly enhanced by their elegant
“antenna-like shape”. Within the phycobilisomes (protein complexes in which phycobilipro-
teins are contained), phycobiliproteins are weakly emissive, but their photoluminescence
dramatically increases upon their removal. Phycobiliproteins owe their photoluminescent
properties to bilins, prosthetic groups consisting of open-chain tetrapyrrole groups, rep-
resenting the covalently bound chromophores to the protein itself. There are four main
phycobiliproteins: (i) Allophycocyanin, (ii) R-Phycocyanin, (iii) B-Phycoerythrin and (iv)
R-Phycoerythrin. The large density of chromophores (bilins) present in phycobiliproteins
is responsible for their exceptional photophysical properties. Phycobiliproteins have been
recently successfully used as LASER dyes, in a classic Fabry—Pérot configuration [181].

An innovative family of bio-inspired fluorescent materials, that are attracting increas-
ing interest, is the so-called “Phytofluors”. Phytofluors are derived from phytochromes, a
family of light-sensitive biliproteins that are very important for the adjustment of the living
organism to environmental light conditions. Phytochromes are involved in vital processes
of the plant which are not directly connected to photosynthesis, like seeds germination,
leaves extension and flowering. The original phytochrome consists of a two-components
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dimer: a chromophore and an apoprotein. The phytochrome chromophore belongs to
the family of bilins (as in the case of the phycobiliproteins) and consists of an open-chain
tetrapyrrole called phytochromobilin [202,209,210] (see Figure 9).

O=——OH

H

R: CH=CH, phytochromobilin
R: CH-CH, phycocyanobilin

Figure 9. Chemical structure of Phytochromobilin and Phycocyanobilin.

This chromophore optimizes the absorption of light by undergoing a trans-cis isomer-
ization between the two configurations known as P, and Py,. The former absorbs red light,
while the latter absorbs in the near-infrared. The high efficiency of such a photoisomeriza-
tion process prevents a high photoluminescence quantum yield of the chromophore as it
is. Upon replacement of the natural bilin prosthetic group with phycoerythrobilin (PEB),
the phytochrome turns into a highly fluorescent biliprotein. Such a process is favored
by the fact that PEB spontaneously binds to the apoprotein of the phytochrome [202]. It
has recently been reported that both the apoprotein and the chromophore itself can be
expressed in E. coli bacteria, with the great advantage that, via a tyrosine-to-histidine
mutation, the chromophore expressed in E. coli is readily fluorescent even though it lacks
the trans-cis isomerization capability [211,212].

4.4. Fluorescent Proteins—Part B: Green Fluorescent Proteins and Similar

Talking about bioluminescent proteins, it is dutiful to reserve a place of honor to
the famous green-fluorescent-protein (GFP). First isolated from Aequorea Victoria jellyfish
(where the GFP is activated via a Forster Resonant Energy Transfer by a blue-emitting
protein, namely the aequorin), the three-dimensional structure of the GFP (motif) is con-
stituted by a distorted central «-helix protected by an 11-stranded (3-barrel, where a
chromophore responsible for the intense photoluminescence of the molecule is embed-
ded [213-217]. The GFP can be represented as a nearly perfect cylinder with a diameter
of about 2.5 nm and a height equal to 4 nm [218]. As expressed in the previous section,
the GFP chromophore is made by three adjacent amino acids (Ser65, Gly67 and Tyr66),
surrounded by a chemical environment made of amino acid residuals (see Figure 10a,b).
The distorted «-helix protecting the chromophore is the key to favoring its folding in a
photosensitive configuration, accessible to visible-light energies. Such a conformational
state can be reached through a cyclization reaction in which an imidazole ring is formed
(p-hydroxybenzylideneimidazolinone).

In the absence of the distortion induced by the x-helix, the molecule would reach
a stable configuration by forming hydrogen bondings with the water molecules in the
environment. This would imply additional energy to bring the molecule to its excited state,
ruling out the possibility to carry out such a process via visible light.

The distorted shape of the x-helix, however, prevents the formation of hydrogen
bondings, at the same time fostering the cyclization reaction. Such a process involves:
(i) dehydration (Figure 10c), after which a very unstable reaction intermediate is produced
and (ii) oxidation (Figure 10d), which concludes the cyclization, leading to the formation
of a double ring [219]. In this state, the GFP chromophore is found in the so-called
“protonated” form. When hit by a photon carrying an appropriate energy, the molecule is
brought to an excited state characterized by an anionic form (Figure 10e).

The relaxation of the chromophore from its ionized state occurs via a process known
as “excited state proton transfer” (ESPT), that can be largely influenced by the pH of the
environment, determined by the amino acid residues. In fact, in its protonated form,
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the pKa of the wild-type GFP chromophore in solution is rather alkaline (~ 8). After the
excitation, the pKa decreases, assuming a value around 1. For this reason, the chromophore
is deemed to be an awesome photoacid [218].
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Figure 10. GFP structure and cyclization: (a) Structure of the GFP highlighting the 3-barrell (green
stripes) embedding the distorted «-helix. The chromophore, in the middle of the «-helix, is reported
in the zoom. (b—d) Cyclization of the GFP chromophore starting from (b) the starting molecule which
(c) undergoes a dehydration and (d) an oxidation process. The state plotted in (d) is the ground state
or the “protonated” form of the chromophore. Upon excitation, the molecule brings itself into the

so-called “anionic” state, plotted in (e).

GFP can be easily expressed in both prokaryotic and eukaryotic cells. It is common
to see GFP expressed in E. coli bacteria, a configuration that lies at the core of many
photonic applications, among which random and classic lasing, distributed feedback lasing,
light-matter interaction and photonic entanglement [220-226]. The GFP is only one of the
countless fluorescent proteins endowing organisms with bioluminescent properties. Such
a broad choice allowed us to select blue-green-red triplets of photoemissive proteins to
obtain white emitting diodes. One noticeable example of this has been reported by Weber
et al., who used a blue (mTagBFP), green (eGFP) and red (mCherry) protein to form a
white emitting gel, used as a light down-conversion coating [227]. Forster Resonant Energy
Transfer (FRET) has been broadly reported between photoluminescent proteins [228]. FRET
has been demonstrated between a large number of protein doublets, among which EGFP
and tdTomato [229]. Some of the most popular FRET pairs are cyan-yellow fluorescent
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protein pairs. Cyan donors like mTurquoise, mCerulean, mTFP1 and Aquamarine hold
the great advantage of possessing very high quantum yields [230-239]. Typical acceptors
to be coupled to cyan donors are variants of the Enhanced Yellow Fluorescent Proteins
(EYFP) [239-242]. Red-green FRET pairs are common as well. On the green side, the GFP is
the undisputed standard. Suitable red-emitting acceptors are mRuby derivatives, mGarnet
and mCherry [243-248].

We report here a table (Table 2) summarizing the comparison of the transition dipole
moment (tdm, expressed in Debye) of the molecular fluorophores (rhodamine, pyrromethene
and coumarines) with those of some of the mentioned fluorescent proteins:

Table 2. Comparison of the transition dipole moment of the molecular fluorophores (rhodamine,
pyrromethene and coumarines) with those of some of the reported fluorescent proteins.

Molecule tdm (D) Reference
Rhodamine 123 8.1 Chung et al. [249]
PMb46 7.1 Chung et al. [249]

Coumarin (C153) 6.3 Uudesmaa et al. [250]

6MMC (Coumarin derivative) 6.4-9.8 Pandey et al. [251]
phiYFP 10.2 Nifosi et al. [252]
EYFP 10.1 Nifosi et al. [252]
Dronpa 10.46 Nifosi et al. [252]
GFP-S65T 10.5 Nifosi et al. [252]
mTFP0.7 9.915 Nifosi et al. [252]

5. Conclusions

Looking for a bio-inspired polaritonic framework in which to tailor an exceptional
light-matter interaction, two main goals have to be pursued: (i) innovative resonant
systems that provide the necessary “light” discretization and (ii) highly photoluminescent
biological molecules as “matter” (exciton) reservoirs. It has been reported how architectures
belonging to old-paradigm optoelectronics like Fabry—Pérot cavities are unsuitable to
accomplish the first task, and a new kind of resonant meta-surfaces are readily available to
replace them. Indeed, the field discretization occurring in meta-surfaces owes its properties
only to the geometrical and structural distribution of the nanoelements by which the meta-
surface is constituted. Such a planar character opens up to the replica-molding process
applied to biodegradable polymers. Among the large zoo of meta-surface structures, we
described two specific kinds of special interest under our perspective: (i) the so-called
bi-periodic meta-surface and (ii) the ones sustaining symmetry-protected bound states in
the continuum. Both of them can lead to high-Q-factor resonances and can be replicated
via replica-molding processes in biopolymers. The second part of the review is, therefore,
dedicated to mentioning some of the most remarkable bio-inspired polymers, which we
think can be ideal to replicate meta-geometries toward biocompatible and biodegradable
meta-surfaces, ready to host a biological gain material. Among these, we mentioned silk,
cellulose and examples taken from the vast world of the hydrogels.

The third part of the review is dedicated to exploring some of the most intriguing
and promising bioluminescent molecules, ready to be embedded in the biocompatible
meta-surface. The simple but very important case of the aromatic enzymes, as well as two
of the most important enzyme cofactors—NADH and FAD—have been described. Plant-
derived fluorophores such as Phycobiliproteins and Phytofluors have been reported as a
valid alternative to common extrinsic fluorescent probes, like rhodamines and coumarins.
In the end, the noticeable example of fluorescent proteins like the green fluorescent protein
has been analyzed, together with some of the most recent photonic and optoelectronic
applications embedding them as a photoluminescent technological core.

As a perspective, this review envisions the merging of these two technologically
advanced and mature worlds to enable the development of a new quantum framework in
a fully biocompatible, biodegradable and bio-inspired scenario.
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