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Collagen-Electrohydrodynamic Hierarchical Lithography for
Biomimetic Photonic Micro-Nanomaterials

Emma McCarthy, Jarrod Thomas, Roni Oppenheimer, Jonathan J. S. Rickard,

and Pola Goldberg*

Biologically engineered nanomaterials give rise to unique and intriguing prop-
erties, which are not available in nature. The full-realization of such has been
hindered by the lack of robust and straightforward techniques to produce the re-
quired architectures. Here a new bottomup bionano-engineering route is devel-
oped to construct nanomaterials using a guided assembly of collagen building
blocks, establishing a lithographic process for three-dimensional collagen-
based hierarchical micronano-architectures. By introducing optimized hybrid
electro-hydrodynamic micronano-lithography exploiting collagen molecules as
biological building blocks to self-assemble into a complex variety of structures,
quasi-ordered mimics of metamaterials-like are constructed. The tailor-
designed engineered apparatus generates the underlying substrates with ver-
tical orientation of collagen at controlled speeds. Templating these hierarchical
structures into inorganic materials allows the replication of their network into
periodic metal micronano-assemblies. These generate substrates with interest-
ing optical properties, suggesting that size-and-orientation dependent nanofil-
aments with varying degree of lateral order yield distinctly coloured structures
with characteristic optical spectra correlated with observed colours, which
varying diameters and interspacing, are attributable to coherent scattering by
different periodicity of each fibrous micronano-structure. The artificial mimics
display similar optical characteristics to the natural butterfly wing’s structure,
known to exhibit extraordinary electromagnetic properties, driving future
applications in cloaking, super-lenses, photovoltaics and photodetectors.

in nature, in art, in mathematics, in
imaging, and in technology. Micronano-
structured films are often used in sen-
sors or in the semiconductor industry for
the fabrication of micro and nanoelec-
tronic devices. The patterns found in na-
ture, where properties are largely deter-
mined by the surface energy as well as
the surface structure, are particularly in-
triguing. Intricate, hierarchical structures
found in certain living creatures are respon-
sible for the fascinating properties and fea-
tures such as iridescence, camouflaging,
or improved fluidics while spanning many
length scales. For instance, self-cleaning
leaves are based on patterns comprised of
microscopic wax crystals whilst periodic ar-
rays in butterfly wings lead to colorful opti-
cal properties and their iridescent surfaces
help them to elude potential predators.

Butterfly wings, due to their 3D
micronano-architectured layers known
to exhibit unique structural colors,!!
circular polarization,”l and dynamic op-
tical changes.’] The hierarchical unique
photonic, multilayer, or helicoidal struc-
ture assemblies of the wing scales play
a critical role in the formation of struc-
tural colors due to the interaction of
light with 2D or 3D periodic sub-micro

1. Introduction

Patterns, ranging from macro to nano levels, are an integral part
of our everyday lives, and they may be found nearly anywhere,

architectures. A prominent example is the angular blue/greenish
color change of the Morpho Didius (Figure 1a), generated by the
topography of the wings and their photonic crystal structure.
Davis et al. have shown that many butterflies possess scales with
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Figure 1. SEM images with zoom-in micrographs (inset, bottom) and photographs (inset, top) of the hierarchical micro- and nanostructures of the a)
Morpho, b) Danaus Plexppusi (Monarch), c) Caligo Uranus and d) Brookiana butterfly wings overviewing the various periodic arrangement and overlapping
micro-scales on the wings and fine lamella-stacking nano-stripes on the scales.

an upper lamina perforated by quasi-periodic holes with a consid-
erable variation in shape and size, including hexagonal, chevron-
shaped, or rectangular holes.[*] Yan et al. have systematically stud-
ied a range of butterfly wing scales and based on the morpho-
logical characterization and 3D schematic models, established
theoretical optical simulations.®] Albeit only several representa-
tive prototype models of butterflies, e.g., Papilio Nireus and Paris,
Troides Helena were chosen, the study has provided an important
generic classification of microstructures sharing common char-
acteristics. These include periodic inverse ridges parallel to the
longitudinal axis of the scale combined with a basal substrate,
consisting of two chitin layers and a chitin—air layer between
them, forming a Bragg reflector!®! with further air space with dis-
ordered columnar pillars as upholders above the substrate. Sub-
dissimilarities are found to be based on sets of hole arrays (with
varying dimensions and distributions), which can be hexagonal
in the host lamina, forming a 2D photonic crystal or rectangular
nano-hole arrays in double or triple-row pattern. These hierarchi-
cal arrays regulate the optical reflection and absorption character-
istics determined by the underlying 3D micronano architectures.

Inspired by nature’s staggering designs in the past decades,
science and technology have been experiencing the germina-
tion of new methods and fabrication technologies for micro
and nanopatterning, which are essential for enabling a vari-
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ety of advanced applications. The control of patterns on sub-
micrometer lateral length scales is of considerable technological
interest and is especially relevant for tailoring the properties of
novel functional materials. A variety of bottom—up, using molec-
ular building components to achieve structures and networks via
chemical self-assembly and top—down, encompassing the fabri-
cation of materials with a predesigned functionality, techniques
for patterning polymer resists have been continuously evolving.
The most prominent examples include photolithography, laser
writing, electron beam lithography, soft lithography imprinting,
self-assembly of block copolymers, molding or embossing-based
techniques, and holographic patterning.”-'?! Hitherto, however,
most of the existing strategies for patterning polymers have re-
vealed limitations in certain aspects. Among the difficulties are
those related to resolution, position control, physical limits, pro-
duction of hazardous by-products during the fabrication process,
versatility, and reproducibility. While most micro-to-nano litho-
graphic techniques utilize resists of macromolecular nature, the
extension toward additional materials, such as biologically in-
spired systems, is of major importance. These could enable in-
valuable surface functionalities that cannot be accomplished with
polymers alone. Moreover, for many applications, such as meta-
materials, it is desirable to control the spatial arrangement of
more than one component and although stacks consisting of

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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three or four functional layers have been reported, true 3D meta-
materials are yet to be accomplished. With traditional methods
the process requires iterative, multistep, procedures, rendering
the patterning methods intricate and less scalable. Novel, cost-
effective lithographic processes are needed to enable straightfor-
ward patterning in a controlled manner on multiple scales, which
will also be suitable for a broad range of materials. Development
of these is essential for the successful future large-scale fabrica-
tion of advanced micro and nano-devices.

Concurrently, the emerging interdisciplinary field of synthetic
biology, combining unconventional approaches from biology,
physics, and engineering, has recently yielded the construction of
novel biomolecular components, networks, and pathways.!1314]
This has demonstrated the possibility of exploiting and rewiring
bio-organisms to establish unique properties, which are not eas-
ily achievable using conventional components and techniques
alone. Biological and molecular building blocks and their con-
trolled assembly thus, pose as excellent constituents for the de-
velopment of nano-engineered systems with desired biomimetic,
bio-metamaterial, chiroptical, or photonic properties. Such sys-
tems, being driven toward energetically more favorable configu-
rations with increased molecular sensitivity and recognition, ren-
der the biologically inspired materials as ideal building blocks for
micro and nanoscale molecular structuring. By exploiting syn-
thetic biology origin nature’s building blocks via collagen-based
micro- and nanostructuring can enable a straightforward and
cost-effective formation of nanostructures with two to three char-
acteristic lateral dimensions to generate lithographically defined
architectures.

Within these, controllably assembled bionano-structures
based on the collagen chassis could offer greater versatility, en-
abling the arrangement of micro-nanometric components with
characteristic length scales ranging from a few to several hun-
dreds of nanometers and thus, tuning the dimensions as well
as properties. Collagen is a family of 28 proteins, which share
the same general repeating amino acid structure, i.e., Gly-X-Y,
where X and Y typically represent proline and hydroxyproline.['’]
Collagen fibrils are 300 nm in length yet, can be assembled to
form fibers with diameters smaller than 15 nm their!* agsem-
bly can easily be modified via small environmental and chemi-
cal modifications. The repeating structure and small size of the
glycine means that the collagen molecule naturally forms a heli-
cal structure in solution. In the right conditions, these helices
can assemble to form nano-fibrils and then fibers (on the um
scale). The process of collagen assembly is physically or chem-
ically driven and can be influenced by a broad range of variables,
including the presence of ions that interact with the forming
fibers,[2%] temperature,?!] or the presence of molecules, which
mediate fiber nucleation or organization. The broad possibilities
that are open for structural modification by manipulating colla-
gen assembly are best illustrated through the enormous differ-
ences between tissues, which are principally formed from colla-
gen. For instance, the cornea is transparent and compliant, be-
cause of the highly conserved assembly of collagen I fibers, i.e.,
15 nm average diameter, in repeating layers acting as an opti-
cal grating.[??! Bone is also formed from collagen type I with di-
mensions of 50-200 nm, which is deposited parallel to the main
loading axis, providing optimal tensile properties and mineral-
ization to provide resistance in compression. To date, it has been
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demonstrated that it is possible to shape collagen assembly pro-
cesses by utilizing cations,[?*] applying compaction,**! exploit-
ing cell populations,!®) and the previously fibrillized collagen
has been used as a support material in a range of biomedical
applications.[?’] We have also demonstrated the use of the com-
bination of the electric field and the hydrodynamics by pattern-
ing dielectric materials, conductive and crystalline materials, and
superapolar lotus-to-rose hierarchical surfaces, with the control-
lable alignment of the internal nano-morphologies.[?’-32 How-
ever, there have been no attempts to guide the assembly of col-
lagen fibers particularly, as template structures for new metama-
terials or biomimetics and particularly, by providing topograph-
ical micropatterned cues, which result in hierarchical micro-
nanostructures, new optical properties as well as biophonic ef-
fects, such as seen in butterfly wings (Figure 1). The flexibility
and high aspect ratio for the functionality of collagen, combined
with its availability for scalable production, render it ideal from
both a fundamental science and application standpoint.

Herein, we have developed a novel lithographic route of ex-
ploiting collagen (type I) as bottom-up building blocks for di-
verse 3D bionanomaterial structuring, inaccessible via conven-
tional patterning techniques or inorganic chemistry. Collagen-
based patterning enables a straightforward and cost-effective for-
mation of nanostructures with two to three characteristic lateral
dimensions via the synthetic biology origin to generate litho-
graphically defined architectures.

Particularly, by exploiting the filamentous nature of collagen
to construct 3D quasi-ordered biomimetics, we have introduced
an optimized hybrid Electro-Hydro dynamic micronano lithog-
raphy combined with harnessing the capacity of Collagen (EHC-
gen) molecules to self-assemble into a complex variety of struc-
tures as a templating intermediate to fabricate hierarchical archi-
tectures (Figure 2), whilst enabling structural tuneability and flex-
ibility overcoming the challenges of complete structural replica-
tion. In this EHCgen lithographic mode collagen is assembled
via several programmed interactions, to produce 3D biomimetic
structures and potential bionanomaterials, which can integrate
technologies across several orders of magnitude using a high
throughput process. In a simplified analogy, the modular colla-
gen (exploited for its intrinsically hierarchical structure) building
molecules, like LEGO blocks, fit together in a distinctive manner
and can subsequently be used to design complex architectures in
terms of structure and property. Our approach, therefore, allows
the development of 3D nano-lithographic structuring using col-
lagen type I as a building block to enable the directed assembly
of biomaterials used to fabricate hierarchical micro- and nanoar-
chitectures (Figure 2). Subsequent to the proof-of-concept of scal-
able production of micronano-structured surfaces, we have iden-
tified how variations in surfaces can allow the tuning of micro
and nanostructures and the resulting optical properties.

This unconventional lithographic route enables the arrange-
ment of components with characteristic length scales ranging
from nanometers to micrometers and controls over variation of
the order, periodicity, and dielectric contrast. EHCgen lithogra-
phy could further allow the construction of a virtually unlimited
range of micro to nano-network structures of any desired mor-
phology. The concept of changing the bionanomaterial’s shape
and spacing of internal structures opens the door to transform-
ing light in many ways. This includes, for instance, the reverse

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) Schematic of capacitor device during the EHMN process under a laterally heterogeneous electric field. A structured upper electrode creates
a heterogeneous force field focusing the instability toward the protruding structures. The initial capillary plugs span the substrate and protruding lines,
leading to an increasing coalescence and subsequently, b) a positive replica of the master pattern is transferred into the polymer. In unstructured
regions, the film remains stable on a much longer timer scale. (b, inset) AFM 3D image of the pattern replication of a line grating after the removal of
the master electrode. c) A controllable evaporative deposition rig consists of a clamp stand placed atop a wooden block suspended via bungee cords
within an enclosure. The micrometer allows micro-adjustments of the speed within a few microns. d). The EHMN patterned substrate, fixed to the
non-rotating head of the micrometer and connected to the step motor, is placed within the templating collagen solution in a beaker, connected to the
Gerbot GUI interface coded via a Raspberry Pi combined with a Gertbot hat used to control the pulling speed. A voltmeter is used to drive the motion of
the micromotor, where the power supply allows the spindle to non-rotating head to controllably withdraw the fixed substrate from the solution along the
y-axis. €) This yields the vertically aligned collagen f) perpendicular to the underlying EHMN substrate grating, which can also be embedded in epoxy
resin and upon scaffold removal yield the free-standing inverted 3D EHCgen (bottom right) hierarchical micro- and nanoarchitecture, subsequently g)

gold-plated via electrodeposition and sputter-coating.

Doppler effect, super lensing, cloaking, and camouflaging de-
vices. The fabricated 3D collagen architectures can be further
exploited as guiding scaffolds for patterning metals or ceram-
ics to create novel photonic or advanced miniaturized devices.
For instance, transferring the periodic replicas into nanostruc-
tured functional systems, via electrochemically grown materials
from underlying substrates and subsequent selective degradation
of the sacrificial collagen template via matrix metalloproteinases,
could deliver freestanding 3D architectures made from new ma-
terials, exhibiting interesting optical metamaterial-like character-
istics. Importantly, collagen type I is a ubiquitous molecule in
mammalian tissues, and is widely available, which further lends
itself to scaling up of the overall lithographic process.

2. Results and Discussion

2.1. Fabrication of Electrohydrodynamically Patterned
Topographic Underlying Substrates

First, we have designed guiding micro-substrates to act as an-
chors for the collagen, yielding tailor-designed large-area arrays
with tuneable placement and spacing between the nanostruc-
tures. Commencing with the electro hydrodynamic micro nano
(EHMN) patterning to fabricate the underlying primary sub-
strates, where we harness the initial film instability to replicate a
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wide range of patterns with high-fidelity and micro to nanomet-
ric lateral length scales. The developed EHMN setup included
a capacitor-like assembled device, within which a thin polymer
nano-film is deposited on the bottom electrode, as opposed to
the topographically structured upper electrode. When annealed
above the glass transition temperature, the nano-film begins to
flow as a viscous liquid. Consequently, applying an electric field
normal to the initially homogeneous interface yields the destabi-
lizing interfacial electrostatic pressure. The latter overcomes the
stabilization of the Laplace pressure and couples to the capillary
wave spectrum, amplifying surface instabilities with a character-
istic wavelength. For an applied electric field, the topographic
pattern of the top electrode constitutes an equipotential surface,
and the instability is focused in the direction of the highest elec-
tric field (Figure 2a). Since, the electrostatic pressure is much
stronger for smaller inter-electrode distances, pattern replica-
tion of topographically structured upper electrode proceeds at a
rapid time scale. The instability is guided toward the protrud-
ing patterns of the top mask, where the liquified polymer is
drawn toward these protrusions (Figure S1, Supporting Infor-
mation), forming a positive replica (Figure 2b; Figure S2, Sup-
porting Information). A successful pattern replication requires
harmonizing the length scale of the master pattern and the in-
stability characteristic wavelength. Importantly, EHMN enables
cost-effective large-area fabrication of micro nanostructured

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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platforms with an inherent capability to directly pattern any ma-
terial of choice with tuneable dimensions. This, in turn, en-
ables fabricating tailor-designed underlying substrates with vari-
ous surface energy, which modifies how collagen assembles onto
the surface, laying the platform for the successive structural as-
sembly across several orders of magnitude via a single process.

2.2. Optimization of the Collagen Fibrils Assembly

The process of collagen assembly is physically driven and can
be influenced by a broad range of variables, including the pres-
ence of ions that interact with the forming fibers, temperature,
or the presence of molecules, which mediate fiber nucleation
or organization. To establish assembly conditions for the design
of collagen-based micronano-structured platforms, we have opti-
mized the thermally driven and pH-dependent process to modu-
late the collagen assembly, with native fibrils typically forming
within ranges of 5.0< pH<8.5 and 15-37 °C.333*] Whilst the
pH of the solution in which collagen is dispersed affects the
stability of the fibrils, influencing both the D-spacing and fib-
ril diameter, 343 temperature affects the hydrophobic interac-
tions, which influence the kinetics of fibril formation alongside
the pH.3%! Therefore, building upon collagen’s ability to assem-
ble to produce the modified collagen constructs with improved
assembly characteristics, we have established optimal assembly-
related parameters (Figures S3 and S4, Supporting Information).
These subsequently allowed us to control the deposition, assem-
bly, and lithographic process as well as inform the modeling
of the structures for novel optical properties and metamaterial-
like performance. The parameters for the concentration, pH, and
temperature*”] were found to be (1.2-1.6 + 0.75-0.93 mg mL™"),
(6.6-7.2 + 0.9-1.5) and (18-36 °C), respectively. The established
and chosen collagen I fibrils for the subsequent EHCGen pat-
terning had dimeters of 9-16 + 1.2-3 nm, 50-300 nm lengths,
and D-spacing of 63 nm, on average. These findings are in cor-
respondence with studies of Li et al. and Harris et al.,’*3% who
have shown that a pH of 2.5 prevents collagen from aggregating
whilst, at pH 7, it aggregates to display characteristic D-spacing
with aligned clustering. At higher pH, fibrils become uniform
and form a matrix, with pH>6.6 enabling fibrils of 85 nm in di-
ameter. Although the rate at which fibrils form at 6.6<pH<8.0
varies, the final diameter and D-spacing across this range are con-
sistent ~#200 nm[**38] and 62 nm, respectively.**! Overall, colla-
gen at higher pH is more compact regardless of ionic strength(3°]
due to an increased formation of net electrostatic interactions
between charged side groups, increasing attraction and yielding
tighter packing assemblies.

2.3. Ordering Collagen on the EHMN Substrates via Controllable
Evaporative Deposition

Subsequently, we have designed an in-house rig for a controllable
evaporative deposition consisting of an automated micrometer
withdrawal system controlled through a Raspberry Pi and config-
ured with a Gertbot GUI, which allows for the drawing speeds
(range: 01.47-148.50 pm min'), required for ordering collagen
on substrates through adherence of the fibril onto the lithograph-
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ically defined underlying features (Figure 2c¢). This, in turn, pro-
vided a tuneable and facile approach for pattern collagen-based
desired nanomaterials, allowing the production of hierarchical
3D structured arrays. When the EHMN substrates are vertically
pulled, the fastest rate of evaporation is at the air-liquid—solid
contact line, resulting in the localized deposition of collagen
fibers on the substrate (Figure 2d). The micrometer allows micro-
adjustments of the speed within a few microns. Two factors play
an important role in this lithographic process, the local induction
of liquid-crystal phase transitions and the presence of competing
interfacial forces, of surface tension versus friction (Figure 2e),
both acting at the meniscus, which determine the collagen orien-
tation, material flux and the higher-order organization. Through
the interplay of these factors, we create a range of lithographically
defined micronano-structured surfaces made of gold, which have
the architecture of optical metamaterials (Figure 2f,g; Figure S2,
Supporting Information).

Collagen fibers were guided using underlying topographical
microcues. Interestingly, a preferential orientation perpendicu-
lar to the underlying micro-grating on the substrate has been
consistently observed irrespective of the direction of the grating
(Figures 2f, 3, 4), contrasting the previous study by Brudzinski
etal., who used patterned titanium surfaces to orientate both cells
and collagen in parallel to grooves.[**) Immersion of the EHMN
substrates in collagen solution which excluded the controllable
evaporative deposition step, yielded a low degree of parallel fibrils
coalignment and did not lead to the perpendicular orientation.
To determine the optimal topographical parameters for collagen
micronano structuring, we have systematically evaluated the de-
gree of collagen ordering (<concentration> = 1.0 + 0.2 mg mL!)
for a range of ridge-to-groove (RTG) ratios. It was found that
whilst surfaces with an RTG ratio of 0.7 did not yield collagen
alignment, a preferential assembly of collagen in a perpendicu-
lar direction on substrates with 1.45<RTG<1.56 ratio was con-
sistently observed. Subsequently, we have established the degree
of perpendicular assembly of collagen by measuring the angle
between the ridge edge and the fibril. All surfaces which pro-
duced vertical collagen orientation within 10° of each other were
taken into consideration (Figure 3a—c), out of which, two guiding
micro-substrates of RTG 1.4 and 1.5 exhibited a statistically sig-
nificant degree of organization (Figure 3b,c). To ensure that align-
ment was not concentration dependent, w/v of 0.5, 1, 1.25, 1.5,
and 1.75 mg mL™" of collagen was deposited onto patterned sub-
strates and analyzed via electron microscopy imaging. To quan-
tify collagen degree of order at different concentrations, the angle
between the ridge edge and collagen fibril was measured. All con-
centrations exhibited a significant perpendicular alignment to
the surface under-structure, however, there was a higher degree
of consistency between concentrations of collagen deposited onto
the micro-patterned surface using an RTG ratio of 1.5, which
yielded the highest percentage of perpendicularly assembled fib-
rils with the lowest variability in concentration (Figure 3d-f).

2.4. EHCGen Directional Organization
It has been shown that by enhancing the hydrophilicity of a

surface, the organization and mechanical properties of colla-
gen can be changed with surface chemistry and topography

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Quantification of percentage of fibrils aligned between 80°-110° of the ridge edge. Percentage of fibrils aligned at an average of 90° to the
grating (range: 80°-110°) at structural heights of a) 200 nm, b) 500 nm, and c) 1000 nm. Red circles: collagen repeats within & 10°of each other, green
circles: statistically significant repeats versus control, i.e., a non-patterned substrate with a randomized meshwork of collagen fibrils. Alignment as a
function of varying collagen concentrations on the patterned substrates with RTG ratios of d) 1.4 and €) 1.5, which was identified as an optimal average
concentration of collagen deposited onto the micro-patterned yielding the highest proportion of perpendicularly assembled ﬁbrils. f) Quantification of

the percentage of fibrils aligned between 80°-110° of the ridge edge of polystyrene (white) and the PMMA (grey). *

#:p<0.001, #%p<0.01, *p < 0.05, NS

is not statically significant. n = 75 across three biological samples. Error bars refer to + standard deviation.

determining the level of orientation and organization.[***!] The
more hydrophobic substrates yielded either collagen aggregates
or large fibrils. Hydrophilic surfaces resulted in a smooth ini-
tial layer followed by a mesh-like structure of collagen at longer
assembly times. This, in turn, altered the overall mechanical
properties of the collagen matrix, with a more hydrophilic sur-
face allowing for a higher mechanical stability of the collagen
structure.[*!} Overall, a larger amount of collagen was assembled
onto hydrophobic in comparison to hydrophilic surfaces.[*042]
Since the surface chemistry can dictate the adsorption of collagen
molecules and the initial organization of the self-assembly pro-
cess, hydrophobic polymers (e.g., Polystyrene/PMMA) were cho-
sen for the EHMN pattering. To verify whether the surface chem-
istry influenced the collagen orientation, the degree of alignment
was compared between polystyrene and PMMA, with the for-
mer exhibiting a lower surface energy and being slightly less
hydrophobic. Whilst no significant difference was identified be-
tween the percentage of fibrils aligned perpendicular to the ridge
between the polystyrene and the PMMA, a significant difference
was observed between the percentage of fibrils aligned when
compared to the non-patterned control surface of each material.
This indicated that the more hydrophobic underlying PMMA
substrate with an average RTG of 1.5 acted as a more highly align-
ing substrate for collagen fibrils.

Having established the optimal assembly conditions of col-
lagen, we have optimized the pulling speeds of the rig
for controllable structuring of collagen molecules onto the
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EHMN patterned substrates. Initially, low pulling speed (e.g.,
<14.9 ym min~!), produced inconsistent structures, which failed
to achieve discreet collagen organization on the substrate.

The irregularities and merging attributed to Rayleigh insta-
bilities did not allow for the sufficient difference in the fric-
tional adhesion force to be achieved at the pinning or de-pinning
stages of the controllable evaporative deposition process. As the
rate of substrate withdrawal from the collagen solution increased
(>52.0 um min!), discreet horizontal, dimensionally consistent
(*p < 0.05) collagen patterns were generated. Further increasing
the templating speed, a new hierarchical layer started to gener-
ate above the initial y-axis pulling direction with a nematic-like
structure. Interestingly, an increase in templating speed initially
yielded a decrease in the diameter of the collagen alignment until
the speed of 96.3 um min~!, whereafter the diameter increased
again at >147 um min~'. This could be explained through the the-
ory of pinning and depinning of the three-phase contact menis-
cus. As the speed increases, the moving meniscal motion of the
substrate through the templating solution increases the turbu-
lent flow of collagen fibers within the solution, bringing these to
the surface. The increase in the collagen at the three-phase in-
terface allows the fibers to accumulate and bundle, possibly in a
twisting motion, yielding the horizontal band, i.e., the pinning
motion, which proceeds until the stepper motor moves to the
next position. As the templating speed increased, the frequency
of the stepper motor for each step also increased and hence, the
accumulation of collagen fibers at the three-phase contact line
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Figure 4. Representative SEM images of the a, b) EHCgen fabricated metallized substrates consisting of stacked ridges with cross-rib collagen fibers and
the underlying thin film scattering longer wavelength of light (under horizontally and vertically polarized excitation illumination), exhibiting mostly purple
structural colors under the perpendicular incident light ¢) mimicking the wings of the C. Uranus butterfly and red colors at skimming light incidence d)
biomimicking the Aglais io. ) AFM height image of the artificial biomimicking collagen hierarchical micro-nanograting with transverse mode orientation
of the collagen fibrils aligned horizontally across the underlying topographically EHMN structured substrate. Polarized optical microscopy images f, g)
of the collagen fiber bundles assembly across the groove and ridge areas from the overall periodic array of diamond-like prisms display characteristics
similar to the natural Lycaenidae and h) P. Blumei butterflies’ bluish—green scales (green under the perpendicular light green and blue at skimming
incidence) with the well-separated distribution of the nanostructured collagen holes providing the color and the second underlying microstructures
absorbing the transmitted light and preventing it from being back-scattered, appearing turquoise under the optical microscopy. SEM and height AFM
images of the EHCgen fabricated artificial replicas of an i, k) quasi-honeycomb-like structure with a j, inset) an alternate arrangement of pentagon-
like irregular holes and the longitudinal parallel ridges biomimicking the T. Brookiana (insets) butterfly, with the latter in the |) artificially generated
mimics from the inverted EHCgen patterned (non-metallized) substrates forming netlike collagen nanoholes connecting the space between the steep
longitudinal ridges (seen in the zoomed-in SEM image with an average grating period of 0.9 um), channel light into the holes and increase absorption
mimicking the black areas of butterflies.

bundles over a shorter distance on the substrate, producing a nar-
rower gap between the structures. At higher templating speeds
(>147 ym min~!), the increased turbulence within the collagen
solution, caused by the quicker movement of the substrate, dis-
rupted the accumulation and bundling of collagen at the three-
phase contact line. This, combined with the fast-stepping motion
of the motor, brought a higher concentration of collagen to the
surface in the depinning motion, enabling the fibrils to further
attach to the substrate between the horizontal bands. This combi-
nation of factors yields an increased gap between the structured
molecules in the 3D array. The overall controllable evaporative de-
position setup enables the micro-to-nanogap structuring of colla-
gen molecules onto the underlying substrates.
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Collectively, the self-assembly is the joint result of the i) lubri-
cation provided by liquid joints (i.e., menisci), which circumvent
dry friction between surfaces, ii) self-alignment arising from a
combination of capillarity and geometrical shape-matching and
iii) the favorable downscaling of surface tension effects with size.
Structured collagen molecules on the underlying patterned sub-
strates exhibit a different behavior relative to the bulk due to
the configuration being hindered by the confinement of fibrils
at the micro- and nano interfaces. When microstructured sub-
strates are immersed in the collagen solution, there is an absence
of confinement or chemical potential resulting in an initially
stochastic fibril assembly. This is followed by the reduction of
the free energy of collagen on the underlying physical microcues,
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guiding the orientation of fibrils according to the balance of
the interfacial energy (due to the interface formation) and the
nonlocal molecular repulsion. The underlying patterned surface
guides, the itinually randomly distributed, collagen to align per-
pendicular to the grooves, reducing the overall system energy
imposed by the boundary conditions. In the confined geometry
there is a dominance of the liquid surface, interfacial tension, and
surface forces at length scales below the capillary length. Whilst
the underlying substrate is being pulled at a pre-set/desired rate,
the viscous forces dominate the gradual and homogeneous thin-
ning and orientation of the collagen molecules. The evaporation
leads to a loss of solvent and an increase in viscosity and density,
slowing the shear and guiding the patterning of the collagen fib-
rils on the underlying topographical surfaces. The perpendicular
alignment is a result of the decrease in elastic energy in response
to the confined arrangement formed by the hybrid boundaries.[*]

2.5. EHCGen Fabricated Micro-Nanostructures

Subsequently, hierarchical 3D collagen micro-nanostructured
networks were plated with noble metals via electrodeposition and
plasma sputtering (Figure S6, Supporting Information), generat-
ing a range of topographic features, characterized via the low an-
gle backscattered scanning electron microscopy (SEM), atomic
force microscopy (AFM) and polarized light microscopy (POM)
(Figure 4). The fabricated structures consist of several layers,
forming multidimensional gratings. The first, the bottom one,
is comprised of thin homogenous nanofilm resulting from the
depletion process during the EHMN structure formation, where
a fluid flow during the amplification of the initial capillary film
undulations led to a lateral redistribution of the polymer from
surrounding thinning regions. These, are further pinned to the
top electrode from the surrounding polymer film by draining the
liquid bridge that connects them with the unruptured polymer
film. During the electrohydrodynamic grating formation, most
of the patterned polymer is drawn upward toward the top elec-
trode, resulting in redistribution of the material and thinning
of the initially smooth homogenous film surrounding the rising
plugs, leaving an intact smooth thin film layer once the pattern-
ing is complete. The thickness of the underlying film is controlled
by the EHMN experimental parameters including the initial ho-
mogenous polymer film and the inter-electrode spacing as well
as the patterning time. This, in turn, yields control over the un-
derlying color of the thin polymer nano-film (21-1500 nm) sup-
ported on silicon, surrounding the micro-ridges. Starting from
brown (x~18 nm), through blue (100-120 nm) and yellow and
onto light purple (250-280 nm), pink (520 nm) and eventually to
alternating light green and pink (~1.5 um), the color eventually
changes to transparent grey for thicker films, enabling to mimic
the chitin/melanin like colors in conjunction with the hierarchi-
cal structures.

Subsequently, EHMN patterned gratings with an array of
ridge-like underlying sub-micron architectures (width range:
0.3-9.0 um) and connecting the cross rib-like collagen nanos-
tructures, perpendicular to the grooves, yielded a range of hier-
archical structures (Figure 4). These comprised high longitudi-
nal ridges with cross bars, forming open hole-like structures with
average widths varying from 120 to 3 um, overall creating multi-

Small 2024, 2402565

2402565 (8 of 14)

www.small-journal.com

player with various structural colorations (Figure S5, Supporting
Information). For instance, the micronano-structures with a grat-
ing of 450-900 nm, the underlying bottom smooth thin films,
and collagen-formed spacing cavities generate blue and green
structural colors, (Figure 4f-h) resembling the Morpho butter-
fly species. On the other hand, collagen lying transversely to the
micro-ridges with cross-rib open nano cells (<210 x 300 + 30 x
57nm>) yields violet structural colors due to the substrates form-
ing a dense array consisting of stacked ridges and the underlying
thin film scattering longer wavelength of light, exhibiting mostly
purple color, seen in the upper wings of the C. Uranus butter-
fly (Figure 4a—c). These, under the perpendicular incident light
and red at a skimming incidence, are representative of the Aglais
io butterfly (Figure 4d) with an average ridge of 2 um and holes
570 nm in width. The overall collagen intermediate holes’ diam-
eter guides the degree of reflection of light channeled into the
grating ridges affecting the absorption, with an increased quasi-
periodicity reducing the reflection. Low surface area and dense
ridges packing of the micronano-structures in general resultin a
higher reflectance.

Further fabricated hierarchical assemblies, imparting struc-
tural optical properties are comprised of a multilayer architec-
ture of micron-sized patterned diamond-like morphologies with
concavities of nanostructured collagen arrays (3002700 nm), fill-
ing the space below the open micro-ridges (Figure 4e). These,
closely mimic the Polyommatus Daphnis, i.e., the Lycaenidae and
Papilio Blumei butterflies bluish—green scale known as “pepper-
pot” structures in microcells, placed between the dorsal and ven-
tral side of the scale,[**) forming a photonic crystal-like structure.
This hierarchical nanostructure, analyzed via horizontally and
vertically polarized excitation illumination (Figure 4f,g) with an
AFM-coupled confocal scanning microscope (indicating Raman
scattering activity of the structures) reveals an interplay of polar-
ization with the undying structural topography. Since the elas-
tic scattering is dependent on the size of the scatterers, the mi-
crostructures have a dominant signal with the periodic array of
diamond-like prisms and the additional, well-separated periodic
distribution of the intermediate intensity, originating from the
nanostructured collagen. The topographic surfaces comprised of
alternating ridges and grooves with a range of RTGs directing the
assembled collagen molecules perpendicular to the substrate and
specifically registering with the underlying physical pattern via
liquid crystal-like biomaterial exhibiting self-organization, phase
transition, and molecular orientation, yield the photonic nanos-
tructures. These can inhibit specific wavelengths of light guided
by the underlying structural quasi-periodicity, increasing the re-
flection in the blue region and reducing the penetration of light
into the micro-layer (Figure 4h).

Additional micro-nanostructures arranged in a mostly regu-
lar pattern oriented at the same angle to the plane with parallel
longitudinal ridges spaced on average 900-1200 + 300 nm with
irregular holes distributed arbitrarily on the ridges, (Figure 4i-k)
create perforating semi-periodic holes with representative multi-
layer structure with 1000 + 120 nm in height and 300 + 90 nm
in width. These yield a green structural color, mimicking the
Trogonoptera Brookiana, approximated by a quasi-honeycomb-like
structure with an alternate arrangement of pentagons.

It is further possible to control the mimicking of properties of
the lower side of the butterfly wing as well as the black upper-side
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areas known for their unique light trapping features, producing
the ultra-black effects, by creating a sparse material with high sur-
face area to increase absorption and reduce surface reflection.
This is achieved by embedding the top micronano-structured
substrate in a hybrid epoxy/PMMA matrix with subsequent re-
moval of the scaffold, releasing the inverted free-standing micro-
nanoarchitectures, which are then replicated into a metal 3D-
structure (Figure 2f, bottom right). These, when gold-plated,
yield 3D free-standing optical elements comprised of hierarchical
collagen-based assembled morphologies with netlike fine fibrils
filling in the space between and connecting the steep longitudi-
nal parallel (with an average distance of 0.81 + 0.12 pm) ridges
(Figure 41), with inherent variation in hole shape, known to in-
crease absorption and light-trapping effects at non-normal inci-
dence angles.[*>4°]

Given that there is no intrinsic lower limit to the EHMN pat-
terning, the spatial resolution achievable for this lithographic
method is dictated by the collagen dimensions. There is an in-
terplay between the collagen molecules acting as nanostructur-
ing biomaterial and the fabricated micropatterns, where the res-
olution required for the fabrication step of the larger-scale struc-
tures can be lesser than that of the collagen molecules. Our pri-
mary substrates have a resolution of ~300 nm width and 90 nm
depth ridges, topologically guiding the assembly of collagen, de-
termined by the inter-structural arrangements within the gen-
erated nano-morphologies. Thus, the fundamental limit of the
overall lithographic method is determined by the dimensions of
the collagen, which in our case is 12 nm in diameter, and which
can be tailored via the choice of collagen type used for patterning.

2.6. Optical Characteristics of the Micronano-Architectures

The fabricated micro-nanomaterials were subsequently studied
for optical properties and understanding of their interaction with
light via polarized light and optical birefringence microscopy.
EHCGen heretical structures consist of various stacks of lay-
ers comprised of thin depleted residue nanofilm, patterned grat-
ings, and collagen-structured molecular nanocavities, used as
templates for the infiltration of symmetric gold layers sepa-
rated by air gaps, yielding the optical reflection and proper-
ties (Figure S5 and Table S5.1, Supporting Information). These
3D-micronanostructured collagen-based substrates, allow for the
non-local effects in the surface plasmon resonance, yielding
angle-dependent color changes of the surface. With reflectance
varying due to the structural motifs, gaps, and dielectric filling,
the polarization with respect to the incident light yields a similar
spectral shift of metamaterials.[*”] The gold-plated substrates ex-
hibited predominantly blue shift on the surface and when tilted,
a strong nonlinear angle-dependent, red-shifted reflectance. The
reflectance of linearly polarized light, as a function of the an-
gle and wavelength of light at the substrates (ridges: 0.6-2.1 um,
cross-rib holes: 0.15-3.0 pm, n = 12), ¢ and 4, respectively in the
range of 450-900 nm (Figure 5a) exhibited significant changes at
small angles of ¢ <10°, further visible via MATLAB simulation
exhibiting an average resonance-like effect from the substrates
(Figure 5b). The hierarchical micro-nanostructures, at increased
templating speeds, yield a more intricate system of 3D arranged
collagen on the EHMN substrates, which generate optical cav-
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ities within the layers, where the incident light is trapped and
slowed down whilst propagating through the structure. Reduc-
ing the refractive index of the 3D gold micro-nano patterned col-
lagen, a metamaterial-like effect is observed for 1.5°<¢<6.0° and
sub-micron underlying gratings (<900 nm) whilst for the larger
ridges (>0.9 um), similar behavior was observed at 1.7°<¢$<4.8°
with an overall optimal window of 2.75°<¢< 3.25° achieved at
high controllable evaporative deposition templating speed. This
lays the platform for the possibility of controlling and consider-
ably slowing down the incident light to such an extent that whilst
the propagation direction remains constant, a negative phase ve-
locity occurs, yielding a negative refraction angle in the struc-
tured bionano-material. Further modeling indicates that the hier-
archical periodically nano-structured collagen gratings could be
applicable as compatible 3D bionano metamaterials. Finite differ-
ence time domain simulations demonstrate that the coupled sur-
face plasmon resonance from gold-plated substrates can induce
optical x—y polarized light propagations. In these nanostructure
arrays, the modeled effective permeability of 3D arrays around
the resonant frequency exhibits a typical Drude-Lorentz feature.
This lays the theoretical possibility of a negative permeability u, ¢
in such elements, for small damping (Figure 5c). Light polarized
in different directions couples differently to localized plasmon
resonances of the ordered noble metal network at the submicron
scale. The nanostructured arrays yield a reduction of the plasma
frequency of gold with a decrease in reflection, explained by the
Drude model in a lessening of plasma frequency from the bulk
value. Thus, the composite EHMN-collagen gold could consti-
tute a new material with distinct optical characteristics (Figure
S7, Supporting Information).

A marginally undulating reflectance spectrum of the
micronano-structured layers of ridges and cross-spars, with
a characteristic peak at ~450 nm exhibited 21% higher re-
flectance relative to the thin underlying polymer film reflector
with 210 nm thickness, due to the wider spatial spread of the
reflected and scattered light flux of the latter (Figure 5d). The
hierarchical morphology of micronano structure with thin
ridges and sparse cross-collagen holes formed a stacked array
peaking in the blue wavelength region (Figure 5d, inset). The
reflectance of a typical dielectric micronano-surface exhibits
an average extinction band at 457 + 21 nm, and the metallic
modulated nanostructure at 480 + 30 nm (Figure 5e). The
further absorption dips arise from the resonant coupling to
surface plasmon polaritons, the different directionality of the
polarized light coupling to the localized plasmon resonances
of the Au nanonetwork and the polarization of nano-domains
relative to the incident light, yields similar spectral blue shift in
metamaterials.[*”] A considerably, 12-18-fold, lower reflectance
(between 0.06% and 0.09%) and an enhanced absorption from
resonance effects at the same wavelength, are observed for the
micron-nanostructured substrates with higher surface area and
deeper and wider ridges and holes. This is characteristic of the
butterfly adwing-like and the black areas with increased light
trapping features. Overall, smaller widths and lengths of the
holes facilitate reduced reflectance with the lateral sizes having
more prominent effect influences on reflectance compared with
depths.[*8]

Different hierarchical micronano-structures result in diverse
light absorption. Holes with typical dimensions in the range of
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Figure 5. Angle dependence of the operation wavelength of a) reflectance versus wavelength of light directed at the substrate at angles of 86° (black
triangle), 66° (green square), 46° (blue diamond), 26° (purple diamond) and 6° (red circle) and b) numerical extinction versus wavelength and angle
of incidence of the substrate exhibiting significant resonance shift toward longer wavelength with a decrease of the incident angle. MATLAB mesh
plot (inset) of the angle variation versus the refractive index of the EHCgen patterned arrays and the varying ridge and cross-rib diameters of collagen
holes demonstrating the effect of ¢ (at A = 700 nm) with varying refraction angles. c). Theoretical effective permeability of EHCgen gold micro- and
nanostructure around the resonance frequency with FDTD of a 3D representation of gold nanonetwork. d). Reflectance spectra of the micronano-
structured multilayers of ridges and cross-spars and a thin underlying polymer film reflector with 210 nm thickness with (inset) the array exhibiting
blue reflection. ). Reflectance variation of a dielectric micronano-surface (green), metallic modulated nanostructure (red), and (non-metallized) micro-
nanostructured substrates with higher surface area with deeper and wider ridges (black). f). Absorbance spectra for the EHCgen patterned substrates
with varying sizes of 500 nm (top left), 400 nm (middle left), 300 nm (bottom left) and EHMN gratings only (500 nm (top right), 400 nm (middle
right), 300 nm (bottom right)) with widths of 100 nm (black), 200 nm (red) 300 nm (blue), 400 nm (green) and 500 nm (yellow) with a significantly
increased absorbance in the 420-450 nm region of the spectrum. g). The reflectance changes as a function of the variation of hole widths, reducing from
the highest reflecting bare silicon substrate (gray) when the hole widths decrease from 1200 nm to below 480 nm. With the bio-mimicked structures
reducing reflectance for any incident angle, the increase in the angle of incidence leads to a redshift in the extinction resonance due to the structural angle
dependence whilst rotating the substrate by 180° yielding directional green to bluish reflection with underlying flat blue-reflecting thin film in the longer
wavelength range. h). Reflection spectra for unpolarized incident light of hierarchical gold-infiltrated collagen-EHMN micro- and nano-morphologies
with the characteristic peaks and reflection of blue, green, purple, and orange (inset) optical responses as a function of the structural dimensions.

(>80%) and considerably decreased values in the green/orange
spectral ranges (<10%) (Figure 5f,g). It is overall observed that
the layers of quasi-periodic holes between ridges with increasing
spacing up to >1.2 um, resulted in higher reflectance, consid-
erably dropping for the hole widths decreasing below 480 nm
(Figure 5g). Controlling the deposition of the collagen-formed
nano-holes, particularly within the wavelength range of visible

hundreds of nanometers, significantly alternating the interac-
tions with incident light and the arrays of underlying diffraction
EHMN gratings with perpendicular slits on the magnitude of
21,1991 yield efficient optical diffusers in the visible range. Whereas
the quasi-honeycomb-like structures, diffract the incident light
into the grooves to be absorbed. These exhibit the reflectivity peak
at 450 nm with the highest reflectance found in the blue region
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light, enables achieving enhanced absorption from localized plas-
mon resonance effects when the hole radius is roughly propor-
tional to the wavelength of light®" with for instance, orange
and red peaks absorption at ~480 and ~520 nm, respectively
(Figure 5f). The absorption peak of gold EHCgen patterned sub-
strates is on average more than three times higher than the non-
structured counterparts, indicative of the enhancement of optical
absorption caused by the 3D micronano-architectures. The elec-
tric field amplitude of localized surface plasmons is 3.9-fold en-
hanced due to the coupling with the 3D architectures relative to
the non-structured surfaces. With the bottom nanofilm guiding
most of the light to propagate through the holes, it is repeatedly
reflected by the oblique ridge walls, leading to the augmentation
of the effective path length for light absorption, resulting in mul-
tiple reflections. The elaborate 3D quasi-honeycomb hierarchical
micro- and nanoarchitecture that does benefit the near-infrared
light harvesting amplifies the response of Au to light with the ab-
sorption peak reaching almost twice that of non-structured coun-
terparts, indicating an enhancement of optical absorption caused
by the 3D EHCgen architectures. The deep vertical ridges with lit-
tle or no holes show the highest visible light absorption (~70%)
and collagen-generated holes appear to reduce the absorption
abilities as a function of the decreased number of lines of holes
(from typically three to one) between the ridges.

For the micro-nanostructured periodic array of diamond-like
prisms the generated cavity resonances for light reflected off the
interstitial regions between adjacent incurvatures result in sub-
tle color hue variations whereas, for the thicker concavities, the
surface resonances are closely spaced in wavelength compared
to the interstitial regions. A redshift in the reflectance spectra is
observed as the interstitial gap space becomes larger, confirm-
ing the dependence of the optical response of the structure on
the gap distance/diameter. The dependence on illumination po-
larization (0° indicating the position where the sample is parallel
to the polarization of the incoming light with reference to mir-
ror and parallel polarizers, rotating the surfaces between 0°, 90°,
and 180°) indicates that larger electromagnetic fields are localized
in the interstitial space between adjacent microstructures. While
incident radiation excites a plasmon trapped in this interstitial
space, the polarization charges on either side of the gap oppose
each other. This produces high dipolar coupling fields, resulting
in interstitial plasmons. At the non-normal incident light, turn-
ing the thickness of the polymer film and the cavity leads to the
variation of the resonant light transmitted through the top layer,
modifying the retro-reflected observed hue from the pronounced
green to bluish at skimming incidence (Figure 5g).

When an incident light interacts with the hierarchical gold-
infiltrated collagen-EHMN micronano morphologies, it partly
passes through the open nanoholes, reaching the underlying
ridges and the thin residue nanofilm, reflecting various colors
in the visible range (Figure 5h). These depend on the micro-
nano morphology dimensions with the lateral bands’ width aris-
ing from the ridge arrays acting as gratings.>'*? The reflected
light subsequently, exits through the open cross-ribs, resulting
in a blue-colored band, or scattered by the structures and the
thin film reflector, resulting in a sparse blueish scattering color
band. Furthermore, parts of the incident light hit the grid of
ridges and are partly reflected by the slightly overlapping hier-
archical architectures. These act as an array of multilayers con-
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sisting of a layer of high refractive index material, on the order
of hundreds of nanometers in thickness, surrounded by air, re-
sulting in an additional blue—green peak, spatially shifted to the
longer wavelengths. The primary maximum extinction band is
observed ~450 nm and a minimum at 500 nm (an underlying
film of 150 nm yielding the red—purple colors (Figure 5h, inset))
with a further maximum progressively red-shifting 4 contribu-
tion to the reflectance in the longer wavelength range. These yield
broader peaks for the vertically oriented ridges at 525 and 570 nm
(and underlying film with a thickness of 210 nm), resulting in the
overall purple-blue and green reflected colors, respectively.>>>*]
This is due to the variation of the plasma frequency by the nano-
structuring and corresponding air fraction,l>>! where the gold-
surface plasmon has been shown to shift to <500 nm with compa-
rable extinction at 520 nm, previously observed for nanoparticles.
This is in correspondence with the Au nano rod-like structures,
where the short-wavelength transverse mode matches the gold
nanoparticles and the long-wavelength longitudinal mode, pro-
duced by the optical field along the rod-like nanostructure.[*’]

3. Conclusion

Herein, a novel hybrid bottom—up and top—down bionano litho-
graphic process for hierarchical 3D micronano-architectures has
been developed via guided assembly of collagen building blocks
as templating intermediates combined with a hybrid electrohy-
drodynamic micro-nanopatterning. This enables generating a
range of quasi-ordered mimics of photonic crystal-like metama-
terials. Engineering of new structured materials and properties
via biosynthetic biology origin enables a route of exploiting col-
lagen molecular constituents’ capacity as “Lego” blocks to self-
assemble into diverse hierarchical micro-nanostructures. Being
unavailable by conventional lithography or wet nanochemistry
techniques, this further allows control over the dimensionality
of the evolving 3D architectures. The facile collagen-based litho-
graphic technique provides the ability for a straightforward de-
sign, manufacture, and control of robust submicron patterns at
low cost and high throughput. Patterns’ resolution ranging from
nanometer to micrometer scale precision, can be fine-tuned via
adjustments of the physical and experimental parameters in-
cluding the nanofilm thickness, collagen’s pH and concentra-
tion, assembly time, speed of patterning, and the selection of
the underlying guiding substrate. Its versatility and application
appeal are emphasized by the possibility of patterning a wide
range of underlying materials combined with single and multi-
layer biomolecular assemblies. This yields a variety of hierarchi-
cal architectures and anisotropic sub-structures and with the in-
herent compatibility with aqueous conditions, renders it particu-
larly conducive to patterning biomolecules. Therefore, the inclu-
sion of this lithographic route into the established manufacturing
processes is envisioned.

The fabricated 3D EHCgen architectures were subsequently
studied for optical properties and understanding of their inter-
action with light and the optical response of the novel assem-
blies assessed via extinction and reflection measurements of the
left- and right-handed circularly polarized light. The hierarchi-
cal architectures characterized by hole and ridge arrays with dif-
ferent sizes and arrangements, creating surfaces with interest-
ing optical properties, have been found to exhibit a range of
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visible colors. For instance, iridescence-like color is observed,
when spot-illuminated with white light, or opposite optical re-
sponses, when analyzed by polarized microscopy and reflectance
measurements. This demonstrated that size-and-orientation-
dependent nanofilaments with varying degrees of lateral order
yield distinctly colored structures correlating with the character-
istic spectra. For the steeper ridges and larger holes, increasing
the surface area for absorption within their structure, the inci-
dent photons are found to be largely absorbed with an absorption
peak arising from the resonance between holes and the incident
light. Further classical electrodynamics calculations, considering
the full multipolar response of the fabricated metamaterials via
a multiple scattering formalism, revealed the presence of an or-
dered and continuous nanometer-scale network. This yielding a
reduction of plasma frequency of the noble metal plated material
with the polarization-sensitive anisotropic localization could en-
able further a possibility of switchable nanophotonic logic devices
and multiplexed detection at the single structure level. Whilst the
underlying nano-films, acting as thin reflectors, can exclusively
yield the coloration, a more intense reflection is observed when
the micro-ridges form tall stack-like structures. These act as re-
flective multilayers, where increasing the number and decreasing
the distance between them enhances the obtainable reflectance
and brightness.

Further to acting as novel free-standing micro- and nano mor-
phologies, it is possible to exploit the fabricated EHCgen plat-
forms for tailor-designing and engineering a virtually unlimited
range of micronano network structured morphologies and from
materials of choice, e.g., alloys, ceramics, or perovskites, to cre-
ate novel properties and optical performance. Moreover, since in
solution, collagen fibers can interact with a range of constituents
including nanomaterials, carbon-based materials, nanoparticles,
quantum dots, and buckyballs to produce complex ordered struc-
tures, the thought-after patterned substrates can be prefabricated
to have specific functionality. These can be then transferred into
the continuous nanonetworks, incorporated with functional ma-
terials to interconnect with 3D scaffolds. Such functional network
bionano materials, exhibiting an increased performance due to
the high aspect ratio and nanoscale features, will lay the plat-
form for a range of potential uses including photovoltaics, op-
tical imaging, electrochemical and light-storage devices, cloak-
ing materials, high-speed optical computers, and nano-lasers
as well as numerous further applications in transformation
optics.

4. Experimental Section

Materials:  Solvents (ethanol, toluene, and methanol) were purchased
from Sigma-Aldrich and Fisher Scientific. Polystyrene 100 kg mol~" was
for the EHMN lithography (Polymer Standards). Materials were used as
received with no further purification steps. Highly polished p-doped sil-
icon wafers with <100> crystal orientation (Wafernet) were used during
the EHMN as bottom and top electrodes (X-lith eXtreme Lithography).
Four species of butterflies (Trogonoptera Brookiana male, Morpho Dididus,
Danaus Plexppus, and Caligo Uranus, male (Gold Edged Owl)), were ac-
quired from commercial suppliers (Durham, USA, Minibeast, UK). All
specimens were kept mounted in wooden insect boxes with naphthalene
to prevent decay between measurements.

EHMN Micronanopatterning: Polystyrene and N-acetylglucosamine
polymers were used for thin film deposition and patterning during the
EHMN patterning and highly polished p-doped silicon wafers were used
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as electrodes in the capacitor set-up. Silicon wafers were cleaned in
a “Piranha” solution of 3:1 sulfuric acid and hydrogen peroxide, fol-
lowed by rinsing with deionized water and drying under nitrogen. An
initial solution of polystyrene in toluene 3%w/w was spin-coated onto
the freshly cleaned 1.0 X 1.0 cm? electrodes and these were electri-
cally connected to the external voltage supply and annealed above the
polymer’s glass transition temperature. The EHMN patterning capaci-
tor was enclosed inside a high-precision performance convection oven,
where the temperature was thermostatically controlled, ensuring that
there was no temperature gradient on the substrates. Once the EHMN
process had been completed, the capacitor set-up was cooled down to
RT to quench the formed structures, and the external voltage supply was
disconnected.

EHCgen Lithography: A dedicated rig was designed and engineered
for an evaporative deposition with an automated micrometer-based
withdrawal system controlled through a Raspberry Pi and configured
with a Gertbot GUI, allowing drawing speeds in the range: 01.48-
148.60 mm min~'. The integrated micrometer allowed for micro-
adjustments of the speed within a few microns. The withdrawal rates of
the stepper motor were calculated as follows: For ECD, 8 mL of the tem-
plating collagen solution contained within a 10 mL beaker was used to
maintain the same basal conditions of the meniscus at the three-phase
contact line. A range of collagen solutions were prepared at concentrations
of 0.5-5 mg mL~! and subjected to ECD on EHD-patterned substrates
at a selected speed. The step angle of the stepper motor was 1.8° and
360° represented a 500 um withdrawal distance, therefore a full 1000 pm
withdrawal distance equal to two full 360° rotations of the micrometer:
360°/1.8° = 200 steps per rotation. The frequency of steps per second was
inputted into the Gertbot GUI, e.g., for a frequency of TF to travel 1000 um,
403.95s mm~"=0.40395 s mm~' = 148.533 um min~'. Conversion calcu-
lated for withdrawal feed rates as F values inputted into the Gerbot GUI are
summarized below. The resulting micro-nanostructures were gold-plated
via electrodeposition and sputtering with an initial nucleation step of 0.0
and —1.2V and a 50 mV s~ at scan rate followed by the deposition step
of 3 s at —0.8 V. The nanostructures were alternatively coated with a thin
gold nanofilm using an Emitech sputter-coater with a direct current argon
plasma (Au of 99.999% purity, Kurt J. Lesker) using two cycles of 10 s at
70 mA. To fabricate the inverse ECHGen morphologies, collagen-EHMN
gratings were embedded in a hybrid epoxy/PMMA matrices with subse-
quent removal of the scaffold, releasing the inverted free-standing micro-
nanoarchitectures, which were then replicated into a metalized inverted
3D-structure.

1

Frequency / F Withdrawal Feed Rate / um min~

1.000 148.533
0.750 111.400
0.500 074.267
0.400 059.413
0.300 044.560
0.250 037.133
0.125 018.567

Scanning Electron Microscopy: ~ Small sections from the wings of butter-
flies Trogonoptera Brookiana male, Morpho Dididus, Danaus Plexppus, and
Caligo Uranus were mounted on SEM stubs and subsequently, scanning
electron microscopy (SEM) characterization was performed using a LEO
ULTRA 55 SEM including a Schottky emitter (ZrO/W cathode) and a ther-
mally assisted field emission source scanning electron microscope (FEI
Helios dual beam) at acceleration voltages of 1-10 kV with a lateral reso-
lution of 2-5 nm.

Transmission Electron Microscopy: ~ Samples were analyzed using an FEI
Technai 12 transmission electron microscope at an acceleration voltage of
120 kV. For cross-sectional imaging, a thin layer of platinum was sputter-
coated on the substrate, followed by embedding in a Spurr epoxy resin. The
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substrate was removed, and the remaining structure was sectioned using
a diamond knife via the Leica Ultra-cut Microtome, yielding sections with
an average thickness of 30-60 nm.

Finite-Difference Time-Domain and Numerical Simulations: 2D sim-
ulations of the optical response of the structures were conducted by
finite-difference time-domain (FDTD) solutions consisting of regions, with
structural dimensions extracted from SEM images, with boundary condi-
tions for the simulation model of perfectly matched layer in z direction,
periodic in x—y direction, auto non-uniform mesh accuracy x = dy = dz
=1 nm, plane wave light source, polarizes along x—y direction, 4 = 300—
1200 nm, frequency-domain field and power. The refractive index was esti-
mated as 1.56 + 0.06i irrespective of A and dielectric Au constant from Ref.
[56,57] Absorbance of the system assumed to be equal to 1-transmissivity-
reflectivity, calculated via the Kubelka-Munk function R, where R, = k/s
= (1-R,)?/(2 R,), where k and s are the absorption and scattering coef-
ficients, respectively and R, = measured/reference values.

Atomic Force Microscopy:  |PK NanoWizard |l atomic force microscope
was used to characterize the micro- and nanostructures topography. The
atomic force microscopy (AFM) measurements were performed using tap-
ping mode via intermittent contact of the tip with the sample in ambient
conditions. NCHV-A cantilevers with a resonance frequency of 320 kHz
and stiffness of 42 N m~" were used. Height and phase images were ana-
lyzed with Gwyddion’s software (Version 2.55). Each scan was performed
at 1024 x 1024 pixel quality at 3s/line raster rate, for a total of 1 h per
region. AFM-coupled confocal scanning microscope using the NT-MDT
VIT_P cantilevers was employed to study the Raman scattering activity of
the structures.

Optical Characterization: A Leica DM2000 optical polarizing micro-
scope was used to investigate the optical properties of the samples. The
optical transmission and reflection characterization of the samples was
evaluated in terms of variations in the intensity of light using unpolarized
incident light and the attached spectrometer (Horiba). Additionally, spec-
tral reflectance measurements were carried out with an Olympus BX51 mi-
croscope equipped with both an incoherent white light (halogen) source
and a Xenon UV-vis light source (PX-2 Ocean Optics) and an optical fiber
reflectance probe coupled to a QE65000 Ocean Optics spectrometer. The
measurements were acquired from three to nine locations on each sam-
ple. The microscope Xenon lamp acted as an illumination source for the
spectroscopic measurements. 20—100 um optical fibers (ThorLabs) in the
focal plane of the 20x objective working distance have served as a pin-
hole for the signal collection. Motorized MicroHR Imaging Spectrometer
with solid-state UV-coated silicon over indium gallium arsenide detector
for 200-1700 nm and the Syner]Y for Windows software were used for data
acquisition and analysis. Achromatic polarizers were used for polarization
measurements. For transmission/reflection measurements in different di-
rections, the sample was mounted on a multirotational stage enabling
both the rotation around the focal axis of the objective and tilting away
from normal incidence.
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