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Biomaterial-Based “Structured Opals” with Programmable
Combination of Diffractive Optical Elements and Photonic

Bandgap Effects

Yu Wang, Wenyi Li, Meng Li, Siwei Zhao, Fabio De Ferrari, Marco Liscidini,

and Fiorenzo G. Omenetto™

Naturally occurring iridescent systems produce brilliant color displays
through multiscale, hierarchical assembly of structures that combine
reflective, diffractive, diffusive, or absorbing domains. The fabrication of
biopolymer-based, hierarchical 3D photonic crystals through the use of

a topographical templating strategy that allows combined optical effects
derived from the interplay of predesigned 2D and 3D geometries is reported
here. This biomaterials-based approach generates 2D diffractive optics com-
posed of 3D nanophotonic lattices that allow simultaneous control over the
reflection (through the 3D photonic bandgap) and the transmission (through
2D diffractive structuring) of light with the additional utility of being consti-
tuted by a biocompatible, implantable, edible commodity textile material. The
use of biopolymers allows additional degrees of freedom in photonic bandgap
design through directed protein conformation modulation. Demonstrator
structures are presented to illustrate the lattice multifunctionality, including
tunable diffractive properties, increased angle of view of photonic crystals,

nano- to the macroscale are often devel-
oped by finely selected self-assembly
processes using a limited set of simple
building blocks, which manifest in the
form of diffraction gratings, multilayer
interference stacks, photonic crystals, dif-
fusers, or other optical structures.!l A
variety of striking optical effects, such as iri-
descence, angle-independent coloration,!?!
polarization, complex color mixing,P!
antireflection,®)  ultra-blackness,”!  ultra-
whiteness,®l light focusing,! and dynamic
structural color,'” result from these
unique, naturally occurring material
system. In addition to coloration, such
hierarchical photonic structures also add
further functional utility such as super-
wettability,!! selective vapor responses,!?!
or light trapping.[**!

color-mixing, and sensing applications.

The hierarchical assembly of natural materials that generate
iridescences have been the subject of intense research to under-
stand their assembly, structure, function, and to mimic their
performance. These structures whose features range from the
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These complex photonic architec-
tures over multiple length scales provide
inspiring examples for the fabrication of

synthetic counterparts that attempt to mimic their structure,
optical property, and function,* driving new generation of
photonic devices for a wide range of applications, including
sensing, displays, security, wetting, photovoltaics, aesthetics,
and others.> To date, considerable progress has been made in
forming various bioinspired hierarchical photonic structures.!*®l
Coupling of diffraction gratings with other optical element,
such as multilayer,'<f] 3D photonic crystals,/'”) thin films,!'8l
or diffraction gratings,'° has been a recurring theme for this
purpose. However, integrating structural hierarchy, order/dis-
order, multiple optical elements, and multiple functions into a
single photonic material using simple building blocks is still an
open challenge.

We present here a biomaterials-based approach for the con-
struction of hierarchical 3D photonic structures (composites of
2D diffractive micropatterns and 3D photonic nanostructures)
that integrate multiple optical functions in a single material,
by leveraging a combination of protein self-assembly,'l col-
loidal assembly, and top-down transformation techniques.
Demonstrator free-standing structures that combine structural
color, diffusion, diffraction within the same optical element
are shown. The resulting composites can be programmably
modulated (i.e., stop-band and diffraction tuning) through con-
trolling the layer numbers and lattice constants of assembled
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colloidal crystals and reconfigured through contact-less UV
light and water vapor (WV) exposure. Potential applications
that rely on co-located functions are illustrated by combining
diffusers with photonic crystals for wide viewing angle, multi-
color patterned displays, and by developing combined photonic
bandgap/diffraction-based sensors.

The fabrication of hierarchical 3D photonic structures is
achieved through a facile and scalable manufacturing scheme
that relies on colloidal assembly. The latter is widely adopted
as a facile and economical technique for bottom-up fabrication
of 3D photonic structures.?l To date, several top-down fabri-
cation methods, such as lithography,'72!] microimprinting,?%
or printing,#3 have been combined with colloidal self-assembly
to design hierarchical 3D structures. These approaches can
be time-consuming, uneconomical, and challenging when
additional complexities are introduced in the 3D structures at
multiple length scales. Biological templating has provided an
efficient route to reproduce the intricate 3D structure found in
natural structures,? but is limited in reproducibility and scale-
up, thereby hindering practical applications. On the contrary,
topographical templating coupled with colloidal self-assembly
offers a cost- and time-effective approach for the generation
of large-scale and complex 3D hierarchical structures,?*%
providing a promising pathway to build composite photonic
structures.

The formation of hierarchical photonic structures is based
on the use of polystyrene (PS) colloidal crystal multilayers on
patterned surfaces as templates. The resulting structures have
three scale-dependent optical responses, namely: i) a photonic
crystal behavior derived from the nanoscale periodicity of the
optical lattice, ii) the diffractive behavior from the microscale
patterning, and iii) light gathering/processing ability derived
from the multi-centimeter size of the devices. A schematic of
the fabrication process is shown in Figure 1a. A crystalline PS
nanosphere monolayer at the water/air interface,?°l generated
through the direct self-assembly of PS nanospheres (diameters
of 210 or 300 nm) is transferred onto predesigned diffractive
surfaces to form templated, close-packed PS colloidal crystal
monolayers. The transfer process is repeated ultimately pro-
viding a template lattice with a controllable number of layers.[?’]
An aqueous solution of silk fibroin is then cast into the lattice
and allowed to solidify into a free-standing film. The PS nano-
spheres are then removed by dissolution in toluene generating
an amorphous (non-crosslinked)®8! free-standing silk inverse
opal lattice presenting both structural color and diffractive
behavior or “hierarchical opals” (HOPs).

HOPs were generated by using three kinds of commercially
available (Digital Optics/Tessera Inc., San Jose, CA, USA), Diffrac-
tive Optical Elements (DOEs) as templates: a diffuser, a pattern
generator (PG), and a grating (Figure S1, Supporting Information).
The resulting HOPs are labeled as Diffuser-HOP, PG-HOP, and
Grating-HOP to represent the DOE function associated with the
photonic crystal lattice. The combination of DOEs and 3D inverse
colloidal crystal offers expanded optical utility through their func-
tional interplay. Specifically, embedding 3D nanoscale photonic
structure reconfigures the diffraction of the 2D optical elements,
while the DOE topography influences the structural color appear-
ance at different angles. It should be mentioned that both the dif-
fuser and PG are used as diffusive templates, but with different
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far-field diffraction patterns and thus different 2D micropattern
designs (Figure S1, Supporting Information). Scanning electron
microscope (SEM) images of the prepared silk HOPs are shown
in Figure 1b—d, and Figure S2 in the Supporting Information. At
the microscale, HOPs can fully replicate the microstructures of
the corresponding substrate. At the nanoscale, they all show the
ordered hexagonal arrays of air cavities (where the PS spheres
were originally located) while displaying the ability to effectively
replicate the surface patterns used as the template, as shown by
the grating with d = 600 lines mm™' and groove depth of 450 nm
observed in the atomic force microscopy (AFM) images and
cross-section profiles (Figure 1h—j and Figure S1d, Supporting
Information). The mismatch between the dimension of the nano-
particles and the grating period can cause some edge irregulari-
ties in the end structures which results in the slight mismatch
in depth and width of the colloidal assembly (Figure 1i,j). The
lattice constant (), defined as the center-to-center distance of the
air cavities, is the same as the diameter of PS sphere used, i.e.,
A =300 nm (Figure 1b—d) and A = 210 nm (Figure S2, Supporting
Information), respectively. The cross-sectional SEM images of
HOPs (Figure le—g) display the coexistence of microscale and
nanoscale features with the patterned diffractive structure and
the inverse photonic lattice both clearly visible. The fidelity of
these free-standing constructs is enabled by the material charac-
teristics of silk fibroin, which on top of its favorable optical prop-
erties,"?] in general, includes its robust mechanical properties
and nanoscale processability. All the HOPs considered here are
three-layered inverse colloidal crystals with a lattice constant of
300/210 nm, unless otherwise noted.

The presence of 2D microscale and 3D nanoscale patterns
allows for the integration of different optical properties in a
single, biocompatible matrix. The nanoscale periodic lattice
structure of HOPs is responsible for the material's structural
color as previously shown for silk inverse opals.?821 The
total reflectance spectra of both Diffuser-HOP and PG-HOP
clearly show reflective stop-band peaks centered at A = 585 nm
(Figure 2a,b), and A = 420 nm (Figure S3, Supporting Infor-
mation) for A = 300 nm and A = 210 nm, respectively. These
stop-band positions fit in well with those of silk inverse
opals with the same lattice constant and refractive index (RI)
(n=1.54 at 633 nm, Figure S4, Supporting Information),?% fur-
ther indicating highly ordered hollow silk fibroin structure even
on patterned surface. Expectedly, these high reflectance regions
are more efficient with the increase of layer numbers of the
inverse colloidal crystals (Figure S5, Supporting Information).

The bright structural color appearance (inserts in
Figure 2a,b) derives from the interaction between the 3D
nanoscale photonic lattice and the 2D microscale patterns. The
concomitant introduction of microscale patterns can not only
modulate the structural color of HOPs, but maintain the per-
formance of the DOEs with the added utility of the interplay
between reflective and diffusive/diffractive functionality. The
farfield diffraction patterns in both reflection and transmis-
sion obtained by propagating a laser beam through the HOPs
(as schematically shown in Figure 1k) are shown in Figure 2c—f
along with the AFM images of the inverse opals’ diffractive sur-
faces. Additional functionality is illustrated in Figure 2g, which
shows the images produced when an object (i.e., the word
“Tufts” from an LCD display) is viewed through different HOPs.
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Figure 1. Formation of hierarchical photonic structures. a) General schematic of the fabrication process. Left to right: introducing monodisperse
PS nanospheres to water surface; crystallization at the water/air interface; forming hierarchical PS colloidal crystals with controllable layers through
layer-by-layer transferring the crystalline monolayer to patterned substrate; casting silk solution into the template and drying to generate patterned
silk/PS composite; removing PS nanospheres to attain hierarchical inverse colloidal crystal. b—g) Typical surface (b—d) and cross-sectional (e-g)
SEM images of HOPs formed by using templates of colloidal crystals composed of PS spheres with diameter of 300 nm on different topographically
patterned substrates: (b,e) diffuser (Diffuser-HOP), (c,f) pattern generator (PG-HOP), and (d,g) grating (Grating-HOP). h—j) Replication process of
Grating-HOP showing an AFM image of the 2D diffractive surface (h), the cross-section profile of the 2D diffractive surface used as the template (i),
and the replicated inverse opal profile (j). k) General schematic of the performance of the Grating-HOP structure. Scar bars in (b—d): 5 um (left),

500 nm (right). Scar bars in (e-g): 500 nm.

As shown in Figure 2h and 2i, the image is either defocused
or diffracted by the Diffuser-HOP and Grating-HOP, respectively,
indicating the preservation of the optical function caused by the
templating and replication of sub-micrometer topographies.
While the far-field intensity distribution of a DOE depends
on its surface structure (e.g., height and periodicity), transpar-
ency, and effective RI, both the reflective and transmissive con-
tributions can be modulated by tuning the photonic bandgap
associated with the inverse colloidal crystal lattice. As such, the
number of layers in the colloidal photonic crystal will determine
the optical interplay in the HOP structures. The effect of the
photonic crystal lattice on the diffractive properties of PG-HOPs
and Diffuser-HOPs was evaluated (Figure 3a and Figure S7,
Supporting Information) by comparing the far-field intensity of
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the diffracted orders of a HOP and an identical diffractive struc-
ture without the photonic crystal lattice. The laser wavelength
was selected to match the stop-band peak position to enhance
the contribution due to the photonic crystal lattice. As shown
in Figure 3b (and Figures S6 and S7, Supporting Information),
the reflected diffraction intensity increases, while the trans-
mitted diffraction intensity decreases in correspondence of the
increase in the number of lattice layers due to the enhanced
reflectivity from photonic crystal leading to higher diffraction
efficiencies. This is also illustrated in Figure 3c, where the
reflected first-order diffraction efficiency from Grating-HOPs
increases with the number of lattice layers when the stop-band
matches the laser wavelength, while the transmitted diffraction
efficiency decreases.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Integration of structural color and diffraction. a,b) Total reflectance spectra of Diffuser-HOP (a) and PG-HOP (b) with A=300 nm. The spectra
of corresponding 2D optical elements are also shown for comparison. Inserts: photographs showing vivid structural colors. Scale bars: 2 mm.
c,d) Corresponding 3D AFM images of Diffuser-HOP (c) and PG-HOP (d). e,f) The projected diffraction patterns in both reflection and transmission
modes obtained from propagation of a green laser (A= 543.5 nm) through Diffuser-HOP (e) and PG-HOP (f). g) Schematic of the experimental setup to
generate transmitted images of the “Tufts” words through HOPs. The red double arrow indicates the separation between the actual image and the sample.
h,i) Corresponding transmitted images of the “Tufts” words through Diffuser-HOP (h) and Grating-HOP (i) with A =300 nm. The arrows in (h) indicate

the visible letters through silk inverse opal film. In (i), the “Tufts” word in the middle is diffracted to both sides by Grating-HOP. Scale bars: 2 mm.

Tuning the stop-band of the photonic crystal introduces an
additional degree of spectral selectivity on the diffractive structure
that templates the lattice, which in turn can provide tunability
and selectivity over the diffracted pattern from the structure.
The influence of the lattice constant on the diffractive proper-
ties of HOPs was first examined by assembling HOPs with dif-
ferent lattice constants A. Tuning the photonic lattice influences
the extraction efficiency of specific wavelengths?>3% and allows
one to enhance the intensity of diffracted spectral components
in reflection when the laser wavelength matches the stop-band
peak position. This is confirmed by the measurements shown in
Figure 3d, where illumination by a blue laser (1 =405 nm) causes
the structure with A = 210 nm to display higher reflected diffrac-
tion intensity than the corresponding structure with A = 300 nm,
while reflected intensities are lower for the A = 210 nm lattice
compared to the structure with A = 300 nm spacing when the
structure is illuminated by a green laser (A = 543.5 nm). Expect-
edly, the transmitted diffraction intensities correlate with what
observed above (Figure S8, Supporting Information). Similarly,
Grating-HOPs with A = 210 nm show lower +1st order reflected
diffraction efficiency and then higher transmitted diffraction
efficiency than the corresponding structure with A = 300 nm
when illuminated by a green laser (Figure 3c) due to the
mismatched wavelength between laser and stop-band peak.

Adv. Mater. 2019, 37, 1805312
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One of the advantages of using biopolymers, and specifi-
cally silk fibroin, is the ability to induce controllable con-
formational changes in the amorphous matrix of the mate-
rial through the rearrangement of the fibroin molecular
chains.l?®l This is achieved by using either UV or WV to
modify the photonic lattice of silk inverse opal and allowing
for programmable structural color tuning. This unique fea-
ture applies to the HOPs presented here (Figure S9a—d, Sup-
porting Information), where the same strategy can be adopted
to provide photonic lattice tuning and further rational design
of the material's spectral response. The (irreversible) recon-
figuration of the photonic lattice by UV or WV allows further
degrees of freedom in the design of 2D/3D optical structures
allowing for multispectral optimization of the diffracted/
transmitted/reflected spectral components and their inter-
play. Figure 3e,f shows an example of hierarchical structures
modulation caused by UV or WV treatment on the diffrac-
tion performance of the HOPs. Conformational changes in
the lattice result in controllable variations of the diffraction
intensity, consistent with the associated change in reflec-
tion intensity because of photonic crystal lattice modulation
(Figure 3e,f and Figure S9c¢,d, Supporting Information). It
is observed that while the lattice constant can be tuned, the
surface micropatterns are almost unaffected after either UV

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Diffraction performance modulation. a) Reflected (top) and transmitted (bottom) diffraction patterns of PG-HOPs with different layers
of inverse colloidal crystals (A =300 nm ) illuminated by a green laser. b) Relative diffraction, absolute reflection, and transmission intensity of PG-HOPs
as a function of layer numbers of inverse colloidal crystal. c) Calculated +1st order diffraction efficiency of Grating-HOPs as a function of layer numbers.
The samples were illuminated by a green laser. Insert: transmitted diffraction pattern showing different diffraction orders. d) Reflected diffraction
patterns of five-layer Diffuser-HOPs with A=210 nm (1,2) or A=300 nm (3,4) illuminated by a blue (1,3) or green (2,4) laser. e,f) Reflection and diffrac-
tion intensity as a function of UV (e) and WV (f) treatment time. Inserts show the corresponding reflected diffraction patterns generated by using a
green laser illumination. g) Photograph showing the split of a white light beam into its component colors of a Grating-HOP film with A =300 nm. Scale
bar: 2 mm. h) Transmitted diffraction patterns obtained by shining a white light beam through grating and five-layer Grating-HOPs. i) The transmission

intensity (+1st order) difference between grating and Grating-HOPs (/g = Igrating-Hop) as a function of wavelength.

or WV treatment, as confirmed by the surface SEM images
(Figure S10, Supporting Information).

The diffraction properties of the Grating-HOP structures
when illuminated by a white light source are also shown in
Figure 3h, where the dispersed spectrum can be seen in sev-
eral positive and negative diffractive orders. Compared to the
plain grating, the transmitted diffraction patterns are affected
by the photonic crystal transfer function which filters light in
the stop-band. This is verified by analyzing the transmitted
spectrum in the m = 1 diffracted order, which shows a con-
sistently lower transmitted intensity where the stop-band
position of the inverse opal lattice is present with varying
reflected intensity as a function of the number of layers in the
photonic crystal lattice (Figure 3i and Figure S11, Supporting
Information).

The interplay between the photonic bandgap and 2D dif-
fusion/diffraction affects the overall iridescence of the struc-
tures, providing a strategy to enhance spectral selectivity
in biopolymer-based materials whose index contrast is low
compared to inorganics and generally do not possess a com-
plete photonic bandgap. This interplay has an impact on the
reflected structural color at different angles. As an example,
in the case of Diffuser-HOP/PG-HOP, the vivid yellow color

Adv. Mater. 2019, 317, 1805312
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is still visible as the viewing angle is changed from normal to
oblique (Figure 4a and Figure S12a, Supporting Information)
in contrast with the unpatterned silk inverse opal (seen at the
edge of each element), whose color is notably blueshifted.
The diffused reflectance spectra measurement (Figure 4b and
Figure S12b, Supporting Information) show largely unchanged
peak wavelengths as the observation angle increases. This
underscores the diffusive effect of the micropatterns that
results in increased viewing angles for the nanoscale lattice’s
structural color.

Conversely, the color varies from blue to red with the
increase of observation angle for a silk diffraction grating. This
simple diffractive effect is altered by adding a photonic crystal
lattice and by increasing the layer numbers of the photonic
crystal (Figure 4c). The observed structural color of a five-layer
Grating-HOP is nearly unchanged beyond a certain angle,
in contrast to the angle-dependent iridescence of a plain silk
inverse opal.?® This provides another example of the coordi-
nated effect between the angle dependence of the 2D grating
and the photonic crystal iridescence, with the structural color
from the stop-band of the photonic crystal gradually domi-
nating the response as the lattice gets larger with the increase
of the number of assembled colloidal layers.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

&

a Diffuser-HOP
Inverse opal

Light source (fixed)
Detector

400 500 600
Wavelength / nm
Diffuser-HOP

1
L

-
"

n

"

“

-
"
[

[

-
]

o

L

700

Grating

Grating-HOP (3layers)
Grating-HOP (5layers)

Increasing viewing angle

Figure 4. Structural colors of HOPs at different angles. a) Side-view photograph of Diffuser-HOP with A = 300 nm. The arrow indicates the inverse
opal structure surrounding the Diffuser-HOP. b) Reflectance spectra of Diffuser-HOP measured under diffusive reflection mode with different detection
angle (6). insert shows the diagram of diffusive reflection measurement system. c) Schematic (left) and photographs (right) of reflected structural
coloration on the grating and Grating-HOPs with A = 300 nm at different angles. d—f) Broad angle pattern display. (d,e) Shadow masks designs
(left) and the corresponding photograph of patterned HOPs (right). (d) A “silk” word and (e) a tree pattern is created by selectively exposing part
of Diffuser-HOP to UV light and PG-HOP to water vapor, respectively. f) Schematic diagram and photographs of the PG-HOP with a tree pattern
observed at the angles from 15° to 45°. 6 is defined as viewing angle. The photographs of a silk inverse opal with a tree pattern observed at different

angles are also shown for comparison. Scale bars: 2 mm.

The capacity to exhibit uniform structural color over a broad
viewing angle and to locally reconfigure the structural colors
by selectively exposing parts of the HOPs to external stimuli
and then design multicolor patterns make Diffuser-HOPs or
PG-HOPs potentially viable for wide-angle pattern displays.
To demonstrate this, we first generated a multicolor “silk”
word and tree pattern by selectively exposing part of HOP to
UV and WV for different times and modulating the photonic
crystal lattice constant to display patterned structural color,
as shown in Figure 4d,e. Structural color analysis at different
angles exhibits that PG-HOP with a tree pattern (Figure 4f,
top) shows little difference in structural color as the viewing
angle is increased from the normal, in contrast to an unpat-
terned silk inverse opal where the angle-dependence of struc-
tural colors is evident (Figure 4f, bottom).

Given the coexistence of spectrally responsive functions
within a unique optical element, these structures offer inter-
esting opportunities for sensing by combining the features of
photonic crystals and DOEs. Typically, photonic-crystal-based
sensors work on monitoring stop-band spectral shifts, while
DOEs-based sensors commonly rely on the analysis of far-field
diffraction pattern changes in response to outside stimuli.?"!
In this case, HOPs allow for simultaneous monitoring of stop-
band spectral shifts and diffracted orders, combining the utility

Adv. Mater. 2019, 37, 1805312
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of both approaches. As an example, a Diffuser-HOP is used
to monitor the RI changes of isopropyl alcohol (IPA)—glycerol
mixtures. Figure 5a (and Figure S13a, Supporting Information)
shows the reflectance change when the HOPs were immersed
in IPA-glycerol mixtures with varying compositions. The per-
formance of the sensor is shown in Figure 5b (and Figure S13b,
Supporting Information), which plots the wavelength and reflec-
tion intensity with different volume fraction of glycerol (¢). An
increase of the concentrations of glycerol enhances the RI of
the mixed solution and results in a redshift of the stop-band,
along with a decrease of reflection intensity for both HOPs
with different lattice constants. The wavelength sensitivity
obtained using the converted RI values is =263 nm/RIU (RIU,
refractive index unit), comparable to some plasmonic sensor
without physical swelling effect.??l The diffraction patterns of
Diffuser-HOPs as well as silk diffuser in different IPA-glyc-
erol mixtures and the corresponding diffraction perfor-
mance as a function of glycerol concentration are shown in
Figure 5c,d. The diffraction intensity of Diffuser-HOP decreases
with increasing glycerol concentration, the same as that of silk
diffuser (Figure 5d). This dual sensing based on stop-band
(wavelength shift and relative intensity change) and diffrac-
tion (intensity change) can add utility for sensing applications,
pending further research to improve selectivity and sensitivity.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Applications of the HOPs for sensing. a,b) Colorimetric sensing. (a) Stop-band response of a nine-layer Diffuser-HOP with A = 300 nm
to IPA—glycerol mixtures with varying compositions. Inserts show the structural color change when the glycerol concentration varies from ¢=0to ¢=0.8.
(b) Stop-band central wavelength and intensity as a function of the volume fraction of glycerol, ¢. c,d) Diffraction-based sensing. (c) Transmitted
diffraction patterns of diffuser and Diffuser-HOPs immersed in different IPA-glycerol mixtures. (d) Relations between normalized diffraction intensity

and the volume fraction of glycerol.

In summary, we have fabricated a set of silk-fibroin-based
hierarchical 3D photonic structures and demonstrated the
control of their multiscale (nano, micro, and macro) features.
The integration of 2D DOEs and 3D photonic crystals offers a
material format that integrates reflection, diffusion, and diffrac-
tion, enabling a suite of user-defined optical properties, such
as tunable diffraction performance, increased angle of view,
and structural color mixing. The combination of a versatile
biopolymer material format (silk fibroin), hierarchical photonic
structure, and the controllability of structural color and diffrac-
tion, are promising directions for applications at the interface
of photonics and biological systems. These structures could
open paths for implantable devices for biomedical applications,
including biodegradation process and drug delivery moni-
toring.>3l Moreover, the easy implementation of high reflectivity
at specific wavelengths (through increasing the layer numbers
of inverse colloidal crystal) and high light diffusion makes
HOPs useful as potential interfaces to optoelectronic devices,
to enhance their performance through increased light trap-
ping and absorption within the devices.'>**# Finally, the pro-
tein nature of silk fibroin enables these structures to be used as
templates that can be removed at high temperatures and readily
transferred to other materials (such as Au, Al;O;, TiO, to
name a few), further opening paths for photonic-crystal-based
optoelectronics applications.
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