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An eco-friendly approach to usual optical cavities, in which an electromagnetic radiation can release energy to matter by
interacting with its molecular or atomic structure. Based on bio-inspired and biodegradable meta-surfaces, able to behave
as a resonator for light, their optical response can be engineered at will to accomplish a particular optical task.
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| 1. Resonant Meta-Surfaces

The first step toward the design of a bio-photonic cavity is to select the right optical resonator. If a bio-inspired approach
has to be followed, commonly used materials for optoelectronics are excluded. 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 [WI2IE],

Meta-surfaces are novel nano-architectures whose performance and miniaturization capabilities are challenging the
certainties of classic optics [4. 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
geometry. 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 BIEIABIRIIOLINANIILA] 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 [15/[L6][17][18][19][20][21][22][23][24][25][26][27][28][29][30][31][32]

One way to achieve a high-Q-resonant response by means of a meta-surface is to engineer a so-called “biperiodic” disk
lattice 2], 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), and a smaller
one, with a diameter of d — (A/2) (see Figure 1a). In the case reported in ref. B 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 = A/d. In the case in which A = 0 nm (a = 0), corresponding to the mono-
periodic lattice, no high-Q resonances are present in the transmittance spectrum (see Figure 1b, dashed line). When a
small asymmetry is introduced between the two disks composing the unitary cell, such that A=9.2 nm (a = 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 (mg), while the other has an electric-like character (py). 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.
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Figure 1. 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 B2, 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) [231241[25][28][29][30][31][3S][34)[SS[SEI[S7I[38]  B|Cs 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 2). 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, — iy, 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 (y = 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 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 2. 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 49,
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Figure 2. 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 411, (b)
Sketch of the architecture re-drawn from references 42 and BY, 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 29,

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 1. 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 2b [41. The tuning parameter here is the tilt angle 8 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.

| 2. Biopolymers for Soft-Molding Processes

Polymers like Polydimethylsiloxane (PDMS) can be usually structured at the micro- and nano-scale via a technique called
replica molding 3], 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 “4145146][47][48]

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 42, 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 BB



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
2.1. 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) silkk cocoon degumming through a
boiling process, (i) dissolution in a salt solution and (iii) transformation in an aqueous solution via dialysis 53! (see Figure
3).

LiBr—

|

nep \ nap i

Silk cocoons Degummed Dissolution
silk fibroin

i ¥ 7

Dialysis Inoculation in

Silk fibroin Dialysis cassette
solution

Figure 3. 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 23154,

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 5356157],

The silk fibroin has also proved valuable as an all-water based Electron Beam (E-beam) resist, both positive and negative
58] 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),



guantum dots and enzymes has been investigated with success, producing photoluminescent and bio-compatible E-beam
resists.

2.2. Cellulose

An exceptional alternative to non-biodegradable polymers for replica molding applications 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 B2,

The textile industry, on its side, fostered a deep knowledge of cellulose chemistry to produce increasingly efficient
filaments, like “viscose” 89 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 8 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 4, 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 4. 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 €1, 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) €2,

If additional water solubility is demanded, hydroxypropy! 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 [62l,



2.3. 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 in terms of mechanical and chemical properties makes them irreplaceable for tissue

engineering, regenerative medicine and drug delivery [64I[65I[661[67I[68)[69[70N7A72[73)[74][Z5][76][77]  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 78, However, improvements have been made to this technique by ensuring a controlled release of the gelling agent

[ (see Figure 5).
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Figure 5. 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 4, copyright 2006,
American Chemical Society.

Biocompatible photonic hydrogels based on elastin-like polymers have been used as genetically engineered stimuli-
responsive photonic hydrogels [BOIBLIB2|B384]  Boyine serum albumin hydrogel-based micro-optics have been
fabricated via direct laser writing [, Stimuli-responsive hydrogels have been used to modify the shape of a liquid droplet
serving as a microlens, mounted over the hydrogel itself (8],

Silk-based hydrogels have been successfully employed to produce lenses for Light-Emitting Diodes with a light extraction
efficiency of over 95% 7. 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 &2,

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. B8 since then, optical devices such as planar waveguides or agarose-infiltrated optical fibers have been proposed £
[90][91]
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