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Biological and Biologically Inspired Functional
Nanostructures: Insights into Structural, Optical, Thermal,

and Sensing Applications

Chao Hsuan (Joseph) Sung, Taige Hao, Herry Fang, Andrew Tran Nguyen,

Valentina Perricone, Haitao Yu, Wei Huang, Ezra Sarmiento,

Adrian Francisco Duran Ornelas, Derek Lublin, Ric Wehling, Sanaz Farajollahi,
Atsushi Arakaki, Dhriti Nepal, Nathan Patrick Lord, and David Kisailus*

Biological materials developed over millennia consist of simple biogenic mate-
rials, yet exhibit exceptional functional properties. Leveraging design features
from these structures with engineered nanomaterial components can lead to
bio-inspired structures that demonstrate superior performance over traditional
engineering materials. We describe nanoscale based architectures in biological
systems, their role in enhancement of structural, optical, thermal and sensing
properties, and their subsequent translation to bio-inspired structures. In
structurally robust biological materials, we highlight nanoscale design features
that enhance strength and stiffness, while retaining toughness. In optically
active biological materials, we show how periodic nanostructures manipulate
electromagnetic waves resulting in structural coloration as well as antireflec-
tive and camouflaging properties. Thermally regulating biological materials
utilize nanopores and other nanostructural features to statically or dynamically
control temperature. In addition, biological materials that are used in sensing
utilize various nanostructures that enhance sensitivity by decreasing activation
thresholds for signal transduction. We discuss challenges and opportunities
including understanding control mechanisms in the formation of biological
materials and leveraging advancements in self-assembly with new additive
manufacturing techniques. The continued evaluation of organisms, including
those that exhibit multifunctionality, provides not only new design features and
pathways, but significant prospects for innovation in this ever-emerging field.

1. Introduction

As we enter the second quarter of the
21st century, the ever-increasing global
population has led to increasing societal
and environmental issues, placing pres-
sure across all industries (e.g., agricul-
ture, mining, manufacturing, construc-
tion, transportation, healthcare, informa-
tion technology).}"%! These issues necessi-
tate the development of high-performance
advanced nanoscale materials, offering an
exciting opportunity for the scientific and
engineering communities.

The global nanomaterials market ac-
counted for USD 10.34 billion in 2020 and
is projected to grow to USD 38.17 billion
by 2029.7] Currently, the healthcare sector
captures the largest market share of nan-
otechnology requiring materials for nano
diagnostics, nano-surgical robots, cell re-
pair applications, nano-biosensors, imag-
ing, and targeted drug delivery.®1% At
the same time, a significant fraction of
the market is related to the need for
nanomaterials in applications related to
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energy conversion (e.g., solar, fuel cell, nuclear), storage (e.g., bat-
teries), and consumption (e.g., light-weight structures).

Currently, the synthesis processes of conventional nanomate-
rials often require complex chemistry, harsh conditions (extreme
pH, temperature, vacuum), and significant energy expenditure,
all of which have negative environmental impacts.['*) Many of the
synthesis processes for these nanoscaled materials lack the ability
to control interfaces or achieve the multiscale (nano-, micro-, and
macro-) architectures needed for high performance and system
integration.[12-16]

Over hundreds of millions of years, organisms have evolved
by adapting against a broad range of ecological pressures and
predation by developing robust structures for selected functions
(e.g., mechanical, thermal, optical, and sensing). These biological
structures, found in both animal and plant tissues, are formed
from a limited selection of starting materials, and demonstrate
performance greater than, or similar to, many traditional en-
gineering materials.l'”’!) The remarkable properties exhibited
in these structures are related to their multiscale architectures,
formed by the controlled synthesis and hierarchical assembly of
nano- to micro-scaled building blocks.[2°2] Specifically, biologi-
cal macromolecules, often structural polysaccharides and func-
tional proteins, are spatially and temporally arranged to form
scaffolds that dictate the multiscale architectures that are filled
with either an organic (e.g., protein) or mineral matrix (the latter
of which is afforded by the orchestration of mineral transport,
nucleation, and growth).3”3#7] In fact, the biological macro-
molecules are not only used to precisely guide the architectural
frameworks, but also enable transport and deposition of minerals
with precise control.[336:48-52]

Leveraging the synthesis-structure and structure-function rela-
tionships observed in biological systems, researchers are now de-
veloping bio-inspired nanostructures as a promising strategy to
address many of the aforementioned technological challenges.>*]
An advantage of bio-inspired materials is that thousands of
blueprints from biological systems can be utilized, but with a sig-
nificantly broader selection of material chemistries and phases
that demonstrate performance under conditions far beyond (e.g.,
temperature, mechanical stresses, radiation intensity, etc.) those
observed in nature. In addition, there is an abundance of biolog-
ical systems that demonstrate multifunctionality that, if utilized,
can lead to transformational developments in many technolog-
ical sectors. Finally, the pathways through which biological sys-
tems control size, shape, phase, and crystallographic orientation
of biogenic minerals continue to be investigated, presenting op-
portunities not only for controlled nanocrystal growth that yields
higher performance (vs conventional methods) but also toward
the development of efficient and accurate manufacturing pro-
cesses that are less energy intensive and potentially less environ-
mentally hazardous. In addition, these processes provide control
in biological systems. Thus, there are significant opportunities to
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leverage knowledge from both biological designs and the orches-
trated synthesis pathways through which these elegant structures
are formed.

While there are existing reviews that discuss bio-inspired func-
tional materials (and we advise readers to refer to them for a
more holistic understanding of this field),>*3%3457] few have fo-
cused specifically on the role of nanoscale structures that af-
ford function in these systems. Here, we provide an overview
of nanostructured biological materials with structural, optical,
thermal, and sensing functions, their bio-inspired derivatives,
as well as insights into the new opportunities and challenges
in this evolving field. These specific functions were selected as
they are critical to enable adaptations to changes in the envi-
ronment and protection against predation, ensuring the sur-
vival of organisms. Structural nanostructures serve as platforms
for withstanding direct physical interactions, while both opti-
cal and sensing nanostructures enable tracking food, avoiding
predation, finding prey, etc., and thermal nanostructures al-
low organisms to adapt to temperature fluctuations, especially
those in extreme habitats. We refer readers interested in other
functional materials inspired by biology to the following re-
views on adhesives,[**%] self-healing,[°?] energy storage and
transfer,[%3-%] catalysis,[°©%7] transport and delivery,[®*7!] and in-
formation storage materials.[”?! Readers interested in the broader
field of bio-inspiration can find comprehensive reviews on bio-
inspired interfaces,/’>”’) nanomaterials,”®7?) modeling,[#*#!] and
synthesis (Figure 1).18283]

2. Structural Materials

Light-weight, energy-efficient, and high-performance structural
materials that exhibit strength and toughness are highly desir-
able for many engineering applications. Creating materials for
airframes, spacecraft, satellites, building structures, and human
protection while also providing multifunctionality (such as ther-
mal or radiation resistance) is a challenging task. This challenge
arises from the fact that introducing constituents intended to en-
hance one function may detrimentally affect another. Nature has
evolved efficient strategies to address this orthogonality, exem-
plified in the biological tissues and biomineralization processes
of numerous animal and plant species that demonstrate precise
control over the material architecture across multiple dimension-
alities. Such strategies can be used for constructing multi-scale
materials that often exhibit exceptional mechanical properties
with additional functionalities, such as wear or thermal resis-
tance, self-healing, sensing, and responsiveness.

2.1. Biological System Designs

Biological systems have developed structurally robust materials
such as bones, shells, teeth, etc.®®1%] These structures, modi-
fied over millions of years in response to both biotic and abiotic
stresses, integrate organic material components, often with nano
and microscale minerals, into multiscale architectures to maxi-
mize fitness.

Many of the constituent mineral (ceramic) materials (e.g., sili-
con dioxide, calcium carbonate, calcium phosphate, and iron ox-
ide) of these structures are inherently strong but brittle, whereas

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Overview of Biological and Bio-inspired Nanomaterial Design. Summary of key biological models and their translation into functional nano-
materials across four domains: Structural, Optical, Thermal, and Sensing material design. Structural Materials: A) Nanoparticulate impact-resistant
architecture of the mantis shrimp, Odontodactylus scyllarus, dactyl club, inspiring durable protective coatings for multiple applications, including wind
turbines. Reproduced with permission.[8*] Copyright 2020, Springer Nature. B) High-performance radular nanofibers of chitons, informing bio-inspired
3D printed nanostructures. Reproduced with permission.l'8171 Copyright 2020, Springer Nature. Copyright 2017, Wiley. C) Brick-and-mortar nacre archi-
tectures, replicated in robust and stretchable hydrogels for space applications. Reproduced with permission.[8586] Copyright 2024, Wiley. Copyright 2005,
Elsevier. Optical Materials: D) Structural coloration in Trigonophorus rothschildi varians, guiding the development of vivid, pigment-free photonic materials.
Reproduced with permission.[8”] Copyright 2004, Royal Society. E) Nanoporous silica shells of diatoms, enabling light-trapping functionalities for pho-
tonic and energy applications. Reproduced with permission.[®] Copyright 2015, Springer Nature. F) Anti-reflective corneal nanostructures of moth eyes,
adapted for high-efficiency solar panel coatings. Reproduced with permission.[39] Copyright 2018, Springer Nature. Thermal Materials: G) Thermoin-
sulating properties of polar bear fur, inspiring advanced textile insulation. Reproduced with permission.[®%] Copyright 2019, Elsevier B.V. H) Ultrabright
scattering scales of Cyphochilus beetles, leading to heat-reflective ceramic coatings and tiles. Reproduced with permission.[?l Copyright 2023, AAAS. 1)
Cephalopod chromatophores with dynamic thermal modulation, informing sustainable buildings (e.g., energy-efficient mechano-thermochromic win-
dows.). Reproduced with permission.[®2] Copyright 2020, Elsevier B.V. Sensing Materials: }) Infrared sensory organs of Melanophila acuminata, serving as
models for IR detection devices. Reproduced with permission.[®3] Copyright 2015, MDPI. K) Chemosensory antennae of Bombyx mori, inspiring chemical
sensing platforms. Reproduced with permissions.[®2°] Copyright 2014, Frontiers. Copyright 2022, Elsevier. L) Mechanosensory nano-slits of Cupiennius
salei, guiding the development of vibration-sensitive sensors. Reproduced with permissions.[®®°7] Copyright 2007, The Royal Society. Copyright 2014,
Springer Nature. All other images used in this figure are licensed under public use licensess. (See Supplemental).

the organic components (e.g., proteins and polysaccharides)
are weak but tough.'%1%] The resultant biological compos-
ite structures are formed via an orchestrated synthesis and as-
sembly across multiple dimensionalities (0D, 1D, 2D), resulting
in larger complex 3D structures with optimized strength and
toughness.®) Furthermore, structural organics functionalized
with charged proteins guide nucleation and growth of the min-
eral components, yielding morphologically controlled nanoscale

Adv. Mater. 2025, 37, €0928 1 €09281 (3 of 56)

building blocks, which are significantly stronger and tougher
than bulk ceramics. The resultant increased strength and tough-
ness of these nanoscale composites are afforded primarily via a
reduction in flaw probability (i.e., Hall-Petch effect), as well as
an increased number of organic-mineral interfaces per length—
leading to additional crack deflection.1%!

Specifically, these interfaces that exist between nanoscale
minerals and the organic scaffolds enable strengthening,

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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stiffening, and toughening through crack deflection, delamina-
tion, fiber bridging, and particle breakage.l'®112] The ability for
crack deflection to occur at interfaces in composite materials
is highly dependent on the modulus mismatch between mate-
rial components.[''>11*] Thus, the nanoscale building blocks in
biological composite materials significantly increase the num-
ber of these dissimilar modulus interfaces (organic-mineral or
organic-organic), resulting in a greater number of sites where
energy can be absorbed via crack deflection.l''®! Based on these
observations, multiscale biological structures and their assembly
processes provide inspiration for the design of advanced nanos-
tructured materials and novel synthesis processes.

2.1.1. OD Features

Many of the mechanically robust biological structures that have
been described to datel'®! involve 1D (nanofiber/nanorod) and
2D (nanoplatelet) features that are integrated into 3D structures.
Many of these 1D and 2D structures originate from biomineral-
ization processes that use 0D nanoparticle building blocks.[11¢]
Recently, we uncovered 0D design features embedded within the
highly impact-resistant dactyl club of the peacock mantis shrimp,
Odontodactylus scyllarus (Figure 2a).8* This mantis shrimp can
strike and penetrate the hard-shelled armor of crustaceans and
mollusks as part of its predatory and ritualized fighting behavior,
exerting high-strain-rate impact forces as high as 1500 N.[117:118]
The multiregional and hierarchical architecture of the dactyl club
works cohesively to dissipate the incoming impact energy and
minimize catastrophic failure (Figures 2a—c k). At the impact sur-
face, a thin (%70 um thick) nanocomposite coating comprised of
0D bi-continuous hydroxyapatite (HAP)—organic (chitin and pro-
tein) nanoparticles (%60 nm) surrounded by additional chitin and
protein matrix protects the underlying structure (Figures 2d-j).
These chitin and protein macromolecules serve as a template
for the growth of bi-continuous HAP-organic nanoparticles with
multiple nanoscale mineral-mineral and mineral-organic inter-
faces (Figures 2g—j). The interpenetrating organic (chitin and pro-
tein) phase of these bi-continuous HAP-based nanoparticles en-
ables an elastic response under quasi-static loading or strain stiff-
ening during high-strain-rate impacts. Upon impact, these com-
posite nanoparticles localize damage and dissipate impact en-
ergy via fracture, amorphization, and generation of dislocations
within the mineral phase along low-angle grain boundary inter-
faces and through rotation and translation within the organic ma-
trix (Figure 2).18*] The unique bi-continuous architecture of the
nanoparticle substantially increases the stiffness and strength of
the structure compared to traditional composites, which lack in-
tegrated phases, thereby improving energy absorption.[3+11]

2.1.2. 1D Features

Beyond 0D architectures, numerous biological materials feature
1D anisotropic structures that play a critical role in enhancing
mechanical performance. These anisotropic elements are com-
posed of organic, inorganic, or hybrid components, and often
serve as the primary load-bearing frameworks in natural sys-
tems. Strong and often stiff biological macromolecules such as

Adv. Mater. 2025, 37, €09281 €09281 (4 of 56)
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cellulose, chitin, collagen, and keratin are the main scaffolding
structural components in nature. These macromolecules typi-
cally assemble into 1D nanofibers/nanotubules to control the for-
mation of structures like wood, teeth, bone, skin, scales, horns,
and hooves.[1%120] The specific arrangement of these macro-
molecules at the nanoscale translates into the bulk structures we
observe, providing tensile strength, stiffness, toughness, and en-
ergy dissipation.*!

As the most abundant biopolymer on Earth, cellulose
contributes to many biological structural materials such as
plant cell walls, tunicate mantles, and bacterial biofilms.[!2>12¢]
The use of cellulose in structural and architected materi-
als throughout human history has garnered significant inter-
est due to its lightweight nature, biocompatibility, and high
specific strength.l?” The various types of hydrogen bonding
in cellulose (e.g., the hydroxyl groups and oxygen atoms of
the p-glucopyranose ring) contribute to its unique physical
properties.['?®] The most well-known example of this is found
in wood, where its mechanical properties are mainly derived
from the dense intra- and inter-molecular hydrogen bonds in
its cellulosic fibers (Figures 3a—c).l'”] These hydrogen bonds
exist at the interfaces between the individual cellulose fibers
and between fiber bundles. Under tensile loading, the hydrogen
bonds at these interfaces can break and reform, dissipating en-
ergy and toughening the material.['**-132] In addition, the phys-
ical entanglement of cellulose fibrils also provides energy dis-
sipation during high-strain-rate impacts.['211?’] Cellulose fibers
found in wood undergo significant toughening due to the rota-
tion and reorientation of microfibrils when strained.['3%133] Un.
der the influence of tensile loading, the angles between the
fibrils decrease, with cellulose fibrils rotating and reorienting
in the direction of the applied tensile force, strengthening the
material.l'**13°] The nanofibril realighment during the loading
process also induces plastic deformation and viscous flow of the
lignin matrix, another mechanism of increasing strength and
toughness.!3% These properties and mechanisms within cellu-
lose make it a compelling source of inspiration for strong and
tough bio-inspired materials and a promising candidate as an al-
ternative to synthetic polymers.

Second to cellulose in abundance, chitin is found as
an independent structural element (e.g., in cuticles of
arthropods).361361371  Chitin is a polysaccharide often co-
assembled with proteins to form anisotropic nanofibrils ranging
from 2 to 7 nm in diameter.['3¥13% These further assemble into
nanofibers (50-250 nm thick) with highly controlled spacing
and orientation in higher order structures.’¢13%1401 While the
ring-like molecular structure of chitin monomers provides rigid-
ity, extensive hydrogen bonding interactions between hydroxyl
and acetyl groups on neighboring chitin molecular chains lead
to significant toughening. This is observed in non-mineralized
structures (e.g., insect cuticles such as beetle elytra) where
nanoscale chitin-protein fibrils are assembled into unidirec-
tional micron-sized bundles that are further architected into
lamellae. These nanoscale 1D organic components provide
significant strength and toughness. Furthermore, the proteins
within these bundles can undergo biochemical hardening via
catechol oxidation or di-tyrosine cross-linking (tanning and
sclerotization), resulting in a graded stiffening of the material
that enhances both hardness and toughness.[#3138.141.142]

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Impact surface and structure of the mantis shrimp dactyl club. a) Photograph of a mantis shrimp and its dactyl club, indicated with white
arrows. b) Optical micrograph of the transverse section of an intact dactyl club showing the impact surface, impact region, and periodic region.
¢) SEM micrograph of a transverse section of an intermolted dactyl club. Inset: nanoparticles 60 nm in diameter are found within the impact surface.
d) Primary grains were found assembled within a single 60 nm secondary particle. The white dots marked with red arrows suggest a second phase. In-
set: the arcs in the FFT pattern indicate the misalignment of primary grains. e) Grain boundaries of adjacent grains, indicated by FFT spectroscopy. Inset:
HRTEM demonstrating the disordered grain boundary adjacent to the (100) planes of HAP crystals. The second phase found in a is outlined in green.
f) Misalignment (x1.5°) of two adjacent grains. g) AFM phase map of a coronal section of the impact surface showing the network of two different
phases. The angle (color scale) refers to the phase change/lag during the AFM tests. The phase change thus reflects changes in mechanical properties.
Inset: high-resolution image illustrating the two different phases. h) HRTEM of stained samples showing chitin molecules surrounding a HAP crystal
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Beyond non-mineralized structures, these protein—chitin as-
semblies can also serve as a scaffold for biomineralization (Sec-
tion 2.1).3%] For example, both gastropods and mollusks uti-
lize acidic proteins that are co-located within chitin-based scaf-
folds to template nucleation and growth of calcium carbon-
ate (aragonite or calcite) to form 1D rod-like architectures (i.e.,
cross-lamellar) or 2D plate-like structures (i.e., nacre; see sec-
tion 2.1.3) that are significantly tougher than geological miner-
als. These robust structures were designed to resist compressive
and bending stresses experienced during predation as well as
during impact with intertidal rocks. These multi-scale hierarchi-
cal crossed-lamellar structures are assembled from nanoscale do-
mains into 1D aragonitic planks that subsequently align to form
lamellae.['**1*4] Fourth-order nanotwinned aragonite nanoparti-
cles serve as the base unit for this structure,['*1%8] agsembling
into third-order 1D aragonite planks coated in conchiolin (i.e.,
chitin + protein) that are 200 nm wide and several microns
long.[1*3146] Ag shown in Figure 4A, these third-order nanoplanks
are bundled to form second-order lamellae, which further assem-
ble in alternating directions at 45° into first-order lamellae.[1*]
These first-order lamellae are arranged in a 0°-90°-0° stacking
sequence to form the various layers of the shell.[1#3146:150] While
the exact formation process of this complex structure has not yet
been elucidated, preliminary work suggests that a combination
of liquid-crystal precursors is involved in traditional biomineral-
ization processes (Section 2.1).[151]

Figure 4B shows the greater crack resistance seen in cross-
lamellar architected conch shells versus that of its constituent
mineral component (geological aragonite). Under compressive
loading conditions, alternating lamellae serve to enhance the
fracture toughness through energy dissipation and crack deflec-
tion along a significant number of interfaces between the mul-
tilayered nanoscale lamellae (Figure 4C).['*}] Additionally, the
fourth-order nanotwinned particles serve to increase fracture
toughness by inducing phase transformations that block crack
propagation.['*8] The path of crack growth can either travel along
the length of the 1D aragonite nanoplanks and lamellae or propa-
gate through the layers of lamellae.[1*6149150] When the crack path
follows the length of the lamellae, they are redirected at the inter-
faces of orthogonal lamellae (Figure 4C).[143146.149] Alternatively,
cracks propagating within lamellae will lead to brittle fracture of
the 1D aragonite planks. In both cases, significant amounts of
energy are dissipated.!'*12] In conjunction with the aforemen-
tioned toughening mechanisms, the alternating directionality of
lamellae act to bridge gaps in adjacent layers caused by fractures,
preventing catastrophic failure.

Another organism that leverages 1D mineralized structures
is the chiton, a mollusk with ultrahard teeth that inhabits in-
tertidal rocks along coastal shores worldwide.'7*>*] Chitons feed
by scraping various types of algae (e.g., crustose and leafy algae)

www.advmat.de

off rocky substrates, necessitating the development of ultrahard
teeth to withstand stresses without frequent failure. One species
of chiton, Cryptochiton stelleri, employs tri-cusped teeth with a
core-shell structure consisting of 1D nanorods of magnetite
within the shell and phosphosiderite within the core (Figure 3d);
these teeth exhibit the greatest hardness and stiffness of any bio-
genic material, as much as threefold harder than human enamel
and nacre.l'’] This extreme mechanical performance is attributed
to the combination of material components and their nanoscale
architecture. These magnetite nanorods are aligned parallel to
the long axis of the tooth, affording high tensile and compres-
sive strength along the leading and trailing edges, respectively, of
the tooth during rasping.!'>>'>’] Nanoscale surface asperities and
mineral bridges between each nanorod help to resist sliding and
increase overall toughness.[17:154155.158]

Interestingly, chitons also demonstrate the ability to produce
new teeth every 3—4 days, aiding in their survival,?1%] while
also enabling investigation of the formation mechanisms of these
nanoscale structures. Each of these 1D architected nanorods
(=150 nm diameter) is surrounded by a thin veneer of chitin-
based fibers associated with charged proteins.[1738155] Here, the
semi-crystalline nanoscale chitinous fibers are assembled and
subsequently decorated by phosphorylated proteins that induce
localized nucleation and growth of ferrihydrite nanoparticles via
a controlled mesocrystalline assembly of 0D nanostructures, %!
which eventually transform to continuous rods of magnetite
(Figures 3e-g). In fact, it was recently discovered that the pro-
tein co-assembly was spatially and temporally controlled by trans-
port from the surrounding epithelial tissue into the tooth via nan-
otubules. This orchestration enables the careful construction of
highly crystalline and ordered nanostructures within these highly
abrasion-resistant and tough teeth.

While magnetite nanorods provide the robust abrasion resis-
tance of these teeth, other species of chiton, such as Acantho-
pleura hirtosa and Chiton articulatus, utilize additional nanoscale
iron oxide phases (goethite and lepidocrocite) as well as calcium
phosphate phases (hydroxyapatite).['>15%161] In Chiton articula-
tus, multiple mineral components (i.e., magnetite, goethite, lepi-
docrocite, and hydroxyapatite) form a stiffness and hardness gra-
dient across the tooth cross-section. This enables the preferential
wear of teeth as the softer hydroxyapatite erodes faster than mag-
netite during rasping, leading to self-sharpening.!1]

Mammals also demonstrate the utility of 1D structures in
the form of bones and teeth, which consist of mineral-collagen
nanofiber composites. Within each structure, poorly crystalline
hydroxyapatite platelets are formed within a 1D collagen fiber
scaffold, staggered ~67 nm apart. Beyond mineralized struc-
tures, these 1D collagenous fibers are used in skin, which
is critical for providing protection from predatory attacks and
transducing stimuli from external environments. For example,

lattice. Proteins are stained as dark spots. Inset: FFT pattern of the chitin-wrapped HAP nanoparticles. Diffraction spots represent HAP crystals and the
broad diffuse ring represents the chitin macromolecules. i) HRTEM image shows the organic network within the HAP crystalline network. The green
dashed lines indicate areas that have organic phase, as suggested by the expanded d spacings of the lattice. Inset: FFT pattern. j) HRTEM of HAP particles
after heat treatment at 800 °C. k) Schematic of the dactyl club highlighting the impact surface and illustrating its location and hierarchical nature. From
left to right: drawing of the dactyl club, with the transverse cutaway highlighted in color; impact surface and impact region from the transverse section;
HAP nanoparticles embedded in an organic matrix on the impact surface; bi-continuous network of the HAP nanoparticles within an organic phase
(bottom); oriented attachment of HAP nanocrystals, in which the lattice mismatch and organics embedded within the HAP crystal lattice are illustrated

(top). Adapted with permission.[84] Copyright 2020, Springer Nature.
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Figure 3. Representative biological macromolecules in structural biological materials. a—c) Hierarchical structure of wood and cellulose fibers. Crystalline
and non-crystalline regions are shown. a) Reproduced with permission.['?’] Copyright 2021, Wiley. b,c) Adapted with permission.l'?!l Copyright 2007,
American Chemical Society. d—g) Mineralized iron oxide onto a chitin scaffold. Hierarchical structure of nanorods results in robust mechanical properties.
Adapted with permissions.[17:38160] Copyright 2013, Wiley. Copyright 2010, Elsevier. Copyright 2022, Wiley. h—j) Skin and collagen fibers at the nanoscale.
Skins show resistance to crack propagation. Adapted with permission.['22] Copyright 2015, Springer Nature. k—p) Bighorn sheep horns and keratin fibers
inside keratinized cells. Crystalline intermediate filaments are indicated. Adapted with permissions.['23124] Copyright 2017, Elsevier. Copyright 2019,

Wiley.

investigation into the mechanical properties of rabbit skin re-
vealed toughening mechanisms, such as rotation, straighten-
ing, stretching, sliding, and delamination of individual collagen
nanofibrils, which allow for tear resistance and an insensitivity to
cracking (Figures 3h—j).[1?2] Another class of 1D macromolecules,
keratins, represents the main component of horns and hooves,
contributing significantly to energy absorption under high strain
rate impacts.[123] At the nanoscale, keratin molecules form crys-
talline 1D fiber-like intermediate filaments (IFs) within an amor-
phous matrix (Figures 3k—p). The stretching of these IFs and sub-
sequent breaking of hydrogen bonds inside the fibers were found
to be the main sources of energy dissipation in keratin-based
tissues when observed with in situ wide-angle X-ray diffraction
(WAXD) combined with tensile tests.[124]

2.1.3. 2D Features

Beyond 1D structures, gastropods (as well as bivalves and
cephalopods) have also evolved 2D plate-like nanostructures

Adv. Mater. 2025, 37, €0928 1 €09281 (7 of 56)

(nacre) to improve the toughness of their shell’s inner region to
mitigate the crushing forces from predators and impact against
intertidal rocks.['?] Nacre is composed of 95 wt.% aragonite
and 5 wt% organic biopolymer (chitin and protein) and ex-
hibits 3000 times the toughness of geologic aragonite.[192-16%]
This exceptional mechanical performance arises from the com-
bination of its organic and mineral components as well as their
nanoscale architectures. The 2D aragonite nanoplatelets (200—
500 nm thick, which is species dependent) are arranged in a
highly ordered interlocking laminated structure. Each layer of
2D tablets is encased in an ultrathin (%10-40 nm thick) biopoly-
mer matrix, forming a classic “brick-and-mortar” architecture
(Figure 4G).186:163-166] Thege proteins, associated with the assem-
bled chitin, dictate the nucleation of aragonite while the chitinous
scaffold controls the size of the 2D platelets.!'*’-1%%] The forma-
tion of subsequent layers also creates mineral bridges between
nanoplate layers as additional mineral grows through the pores,
within the organic matrix, to the next layer.[16%170]

Figures 4G,H show the interlocking aragonitic platelets,
which toughen the material through crack deflection due to the
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Figure 4. Schematic of A) the hierarchical crossed-lamellar structure observed in the conch shells. Adapted with permission.[*4] Copyright 2025, Wiley.
B) Plot of the crack tip opening displacement as a function of crack extension in conch and single crystal aragonite. Adapated with permission.[14°]
Copyright 2016, Springer Nature. C) Crack is shown traveling straight through the “weak” direction and being deflected within the next layer. Adapted
with permission.l'3%] Copyright 2004, Elsevier. D) Schematic of different energy dissipation mechanisms in the platelet sliding process. Adapted with
permission.[>#] Copyright 2015, Springer Nature. E) Experimental tensile stress-strain curve for nacre and F) schematics associated with deformation
modes. Adapted with permission.['>*] Copyright 2007, Elsevier. SEM microscopy of nacreous structures exhibiting: G) platelet pullout and H) presence
of interlocking between platelets. Adapted with permission.[8¢] Copyright 2006, Elsevier.

stiffness mismatch between the organic matrix and the arag-
onite nanoplates (i.e., Dundurs parameter). This mismatch at
the many interfaces between these nanoscale platelets dissipates
significant energy and prevents crack coalescence that would
lead to catastrophic failure.'®?] During loading, platelet pullout
(Figures 4F,H) is another energy dissipation mechanism that
augments nacre’s toughness and strength. Furthermore, these
interfaces also limit deformation between mineral layers, provid-
ing ductility by alleviating high local strain (Figure 4D).[1254133]
Figure 4E exhibits the importance of the biopolymer layer, which
allows nacre to deform more than pure aragonite, and signif-
icantly more when the biopolymer is hydrated. The aragonite
nanoplatelets are also composed of nanograins that individually
undergo rotation and deformation to dissipate energy.[16+171:172]
This mobility of these nanograins also contributes to the high
fracture toughness of nacre.[3¢150.163.166] Additionally, nanoasper-
ities on the surfaces of the nacreous plates (Figure 4D) and the
mineral bridges between plates have been proposed as addi-
tional interlocking and toughening mechanisms. When sheared,
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nanoasperities between nacreous plates provide frictional forces
during platelet sliding, which creates an additional layer of
interlocking. Mineral bridges connecting neighboring arago-
nite plates are also broken, further toughening the material
(Figure 4D).11254133173.174] Thege nanoscale mineral bridges are
significantly stronger than bulk aragonitel!®! while their small
diameters afford a high number density on each 2D aragonitic
table, leading to significant strengthening and toughening.

2.1.4. 3D Features

Many of the aforementioned 0D and 1D mineral and organic
nanostructured features are also used as building blocks in the
architected assembly of 3D structures with a unique combina-
tion of lightweight, stiffness, strength, and toughness that other-
wise would not exist. Over the past decade, there have been sig-
nificant studies of biological structures that maximize strength,
stiffness, toughness, and impact resistance. In a recent review
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highlighting multiple multiscaled biological structures in the An-
imal and Plantkingdoms,*] it was determined that the helicoidal
or Bouligand architecture (Figure 5) is a dominant architecture
utilized in impact-resistant materials, particularly in arthropods.
A few examples of Bouligand structures with organic-mineral or
organic-organic components are discussed.

The lobster Homarus americanus cuticle, and other crustacean
exoskeletons, exhibit a sophisticated hierarchical structure com-
posed of chitin nanofibrils, proteins, and mineral nanoparticles
(typically amorphous calcium carbonate) carefully arranged to
form the robust macroscale multilayered cuticle (Figure 5a, VII).
The a-chitin fibers found in the lobster exocuticle exhibit align-
ment on the [020] axis normal to the cuticle surface, which sug-
gests a modulated alignment to enhance out-of-plane stiffness
(Figure 5a, VII).181 Starting from the molecular level, N-acetyl-
glucosamine molecules, produced by enzymes,['®?] (Figure 5a,I)
aggregate to form polymeric a-chitin chains (=10 A chain spac-
ing) (Figure 5a, II) that assemble into stronger anti-parallel
crystalline 1D chitin nanofibrils wrapped with proteins (~3
nm diameter) (Figure 5a, III). These nanofibrils assemble to
form chitin-protein fibers embedded in a mineral-protein matrix
(~20-350 nm diameter) (Figure 5a, IV), which enhances strength
and flexibility. The non-crystalline proteins associated with these
chitinous matrices also contribute to toughness via sacrificial
bonding or by acting as “soft” matrix elements between rigid fib-
rils to aid in crack deflection at fiber-matrix interfaces accord-
ing to Dundurs’ parameter.!1'1113136.137] Thege embedded fibers
then form 2D honeycomb-like mineralized chitin-protein planes
(Figure 5a, V) that stack with a rotation normal to the cuticle sur-
face to form the helicoid structures used for localizing damage
via crack twisting through the layers (Figure 5a, VI). This heli-
coid arrangement also has through-thickness pore canals, which
facilitate biomineralization and ion transport to aid in growth
during molting. The bulk 3D cuticle (1-3 mm) (Figure 5a, VII)
is organized into three distinct layers: the thin epicuticle, the
harder exocuticle (~200-300 pm thick), and the thicker endocu-
ticle (250 um-2.5 mm). The exocuticle, with its smaller pore
canals and tighter pitch of rotation, is designed to resist com-
pressive forces, while the endocuticle offers ductility.['7>181] The
hierarchical design of the lobster cuticle is not only effective in
providing a robust structure but also optimizes material use. By
controlling the architecture at various length scales, the lobster
cuticle achieves a balance between rigidity, flexibility, and perfor-
mance to defend against predators and hunt prey.

Similarly, in the dactyl club of the peacock mantis shrimp, the
impactand periodic region below the surface of the 0D nanoparti-
cle nanocomposite coating is a 3D structure composed of miner-
alized 1D a-chitin fibers (Figure 2b).[*>-1%] In the impact region,
these anisotropic nanofibers (%50 nm diameter) are arranged in a
plane parallel to the club’s surface in a herringbone arrangement.
This optimized and modulated stacking of sinusoidal plies with
specific clocking angles and graded amplitudes gives the dactyl
club superior out-of-plane compressive strength while maintain-
ing the toughness and fracture resistance needed to transfer the
force behind its high-strain-rate punch. The sinusoidal arrange-
ment of the impact region may further improve the toughness by
introducing many interfaces afforded by the nanofiber architec-
ture that inhibit crack growth via crack deflection and subsequent
twisting.[18¢]
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Below the impact region is the periodic region assembled and
oriented chitin nanofibrils that are surrounded by an amorphous
calcium phosphate and carbonate matrix. These nanoscale uni-
directional sheets are stacked upon each other with subsequent
offset in-plane angles to produce a 3D helicoid architecture.[*7®]
Cracks that form upon impact must deflect at the many in-
terfaces between the nanoscale fibers and subsequently twist
in order to propagate, which significantly improves fracture
toughness.[176:178186187] The entire club is also strengthened and
toughened by the continuous fibrous pore canal tubules, which
are oriented perpendicular to the fiber plane, and used for ma-
terial transport during molting."®) Comparative testing of the
inner and outer regions of the dactyl club against geological flu-
orapatite (Figure 5g) demonstrated the difference in energy ab-
sorption for material with and without the helicoidal architecture
via nanoindentation.l'’%] In their analysis of the highlighted re-
gions of the load vs. contact depth curve where pop-in events oc-
curred (Figure 5g), which are indicative of elastic energy release
via cracking, there was an approximate 4X increase in contact
energy absorbed. This is attributed to yielding within the club’s
outer layer before cracking, which is not observed in geologic flu-
orapatite that lacks the nanoscale features and interfaces found
in the club.l*78]

Similarly, other organisms have evolved helicoidal architec-
tures to enhance survivability. These structures are found
in Dbeetle cuticles,'818] scorpion pincers,*12] lobster
clubs,136193-195] crab  shells,1%] fish scales,192%1 and fish
eggs.[2! Some of these structures are also non-mineralized. For
example, in the elytra of the diabolical ironclad beetle Phloeodes
diabolicus (Figure 5d), the endocuticle region (colored blue in
Figure 5e) also exhibits a helicoidal structure built from lamellae
composed of parallel bundles of fibers, which are further com-
prised of unidirectional chitin nanofibrils.[22] This helicoid-like
architecture of the beetle endocuticle, which is subject to impact
from birds, also provides toughened interfaces that encourage
crack deflection and crack twisting to occur between the chitin
fibers and cuticle proteins.*®18% Another example is the coela-
canth “living fossil” fish, which employs a similar strategy of a
double helix within the collagen fibers of its protective scales
to enable remarkable damage tolerance and protection against
predation.[203]

To better understand the contribution of crack twisting in the
overall fracture toughness of the helicoidal architecture, Suk-
sangpanya et al. developed a theoretical model to predict the
nature of crack propagation within (Figure 5h),l'”°! and sub-
sequently validated the model by testing additively manufac-
tured beams where the crack propagation path was carefully con-
trolled (Figure 5i).'%] From the proposed model, it was found
that the initial flat crack introduced into the helicoid structure
(Figures 5hb and 5hc) has a tendency to twist (¢), such that the
crack front is always a straight line and parallel to the fiber orien-
tation (y) with spacing (d). The local fracture mode also changes
to reduce the local strain energy release rate to increase the nec-
essary applied energy release rate to propagate cracks.!'”°! Fur-
thermore, the crack driving force decreases with distance away
from the crack front rotation axis, which promotes crack growth
along the matrix, forming nested twisted cracks that spread
the damage over a larger area.l'”! Three-point bend testing of
additively manufactured notched bars with variations in fiber
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Figure 5. Helicoidal architecture in biological systems. a) Hierarchical structure of the lobster cuticle: a, I) N-acetyl-glucosamine molecules, a, 11) an-
tiparallel chains of a-chitin, a, I11) chitin-protein nanofibrils, a, IV) chitin-protein fibers in a mineral-protein matrix (not shown), a, V) cuticle with pore
canal system (in-plane cross-section), a, VI) twisted plywood structure, and a, VII) three-layered cuticle. Reproduced with permission.['73] Copyright
2010, Wiley. b,c) Helicoidal structural motif consisting of chitinous fibers surrounded by an amorphous calcium phosphate matrix within the periodic
region (periodicity: ~75 um) of the dactyl club of the mantis shrimp, Odontodactylus scyllarus. b) A generalized three-dimensional model of a helicoid
and accompanying SEM fractograph from the periodic region. c) Backscattered (BEI, left) and charge-contrast secondary (SEI, right) scanning electron
micrographs of a transverse cross section through the dactyl club, indicating crack-arrest near the impact surface (IR: Impact Region) and at interfaces
within the periodic region (PR). Adapted with permission.l'76] Copyright 2012, AAAS. d—f) Helicoid structures within the cuticle of the Diabolical iron-
clad beetle (DIB), Phloeodes diabolicus. d) Image of DIB, €) false colored SEM of fractured section of beetle elytra. f) Helicoidal microstructure of chitin
fibers, surrounded by a protein matrix, in the endocuticle. Adapted with permission.['”7] Copyright 2020, Springer Nature. g) Nanoindentation curves of
geological fluorapatite in comparison to the dactyl club outer layer (DOL) and dactyl club inner layer (DIL). Adapted with permission.['73] Copyright 2015,
Springer Nature. h, i) Schematic illustration of a twisting crack behind an initial flat crack in the Bouligand structure in this study with interlayer spacing d
(distance between adjacent fiber layers) and h, ii) pitch angle y (difference in orientation of adjacent fiber layers). h, iii) The twisting crack is represented
by a twisting surface. Adapted with permission.l'’?l Copyright 2017, Elsevier. i) (Top) Digital Image correlation strain distribution measured from 3D
printed helicoid samples with a 0° (left) and 5° (right) misalignment between layers. (Bottom) Comparison with computational models. Adapted with
permission.!'8] Copyright 2018, Elsevier.
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orientation (y = 0°(Figure 5i, left), 5°(Figure 5i, right), 10°, 30°,
and 45°) validated the predictions generated by the model while
minimizing the contribution of competing mechanisms such as
crack branching or sample delamination. This suggests that anal-
ysis of larger or more complex systems will require more power-
ful computational tools to capture the true behavior of the exper-
imental system.[3180]

While many of the aforementioned 3D structures are built
from nanoscale building blocks to form ultra-tough structures,
other organisms have evolved lightweight hierarchical porous
3D structures such as bones, teeth, horns, hooves, wood, and
bamboo. This is made possible through the assembly of 1D
nanofibers (collagen, keratin, and cellulose) and 0D nanoparti-
cles (i.e., hydroxyapatite or silica) while maintaining strength and
toughness.

Additional examples of low-density and tough 3D struc-
tures are found in the siliceous skeletons of diatoms and
sponges.[2042%] Diatoms are a type of phytoplankton whose bod-
ies range from 2 to 200 ym in diameter and are surrounded
by a cell wall composed of nanosilica.[?”2%] The diatom frus-
tule (cell wall) has the highest specific strength (strength to den-
sity ratio) among any known biological material?®! and is com-
parable to the strongest natural polymers.2-211] It is hypothe-
sized that diatoms incorporate nanoparticles of silica into their
cell walls to resist predation by copepods and digestion after
consumption.[2!2213] The frustule is primarily composed of two
silica plates, the epitheca and hypotheca (top and bottom, respec-
tively), which are colloquially referred to as valves.[?'* The silici-
fication process is not yet completely understood but is hypoth-
esized to be enabled by silicon-interacting proteins (SITs) and
mediated by silica deposition vesicles (SDVs), which template in-
tricate nanoscale structures in three dimensions. The details of
mineralization are outside the scope of this review, and we refer
the readers to numerous references.!2%-215-218]

In diatoms, the frustule is assembled from environmental sili-
cic acid at physiological conditions within a specialized mem-
brane known as the silicon deposition vesicle (SDV).[219220]
Within the SDV, diatoms synthesize ~12-30 nm 0D silica
nanoparticles as a precursor to their cell wall. These nanoparti-
cles are then assembled by silaffins into a nearly defect-free bi-
ological composite of protein, polyamides, and silica.[20%216.218]
Silaffins are poly-peptides which possess posttranslational mod-
ifications (such as phosphorylation and covalently attached
polyamides), which enable them to assemble silicic acid into in-
tricate patterned silica, resulting in the highly architected fea-
tures present in diatoms.[?1722222] The composition of the sil-
ica biological composite of diatoms has been studied in many
model organisms, with large variations in resulting morphology
depending on the chemical differences in the species-specific
silaffins and long-chain polyamides.?! In the Coscinodiscus di-
atom, the polyamines form a micron-scale hexagonal monolayer,
which results in the precipitation of a honeycomb-network of sil-
ica at the largest pattern size. Once the hexagon pattern is es-
tablished, the organic components phase segregate into smaller
droplets within the pattern, creating new interfaces for silica
deposition.[?23224] This results in self-similar patterns at progres-
sively smaller scales, down to feature sizes of 50nm.!?'”] These
patterns enable the frustule to function as a hierarchical struc-
tural nanoscale metamaterial built from their near defect-free as-
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sembly, which is responsible for the diatom’s incredible specific
strength at the macroscale.[?21:22]

The mechanical response of different 3D diatom architec-
tures has been studied. In the Fragilariopsis kerguelensis diatom,
stress concentrations are distributed along the frustules by its
microscale transversal ribs (costae). In Finite Element Method
(FEM) studies without the nanostructured ribs (normalized to the
same amount of material), it was estimated that the frustule fails
with 60% less force. This is due to the mechanical interaction be-
tween the top and bottom plates of the frustule that is reinforced
by the double wall honeycomb structure interface formed by the
areola walls. This acts as an optimized 3D topology which is ar-
chitected at the nanoscale for the given loading condition with
a thickness of down to 70 nm.[?*#?26] This optimized 3D topol-
ogy for mechanical strength must also be balanced with the bi-
ological needs of the organism. Luo et al. suggest that the pores
formed by the honeycomb network inherent to diatoms’ cell walls
are stress concentrators that double as crack-arresting sites. This
biologically necessary defect (utilized for exchange of gas and nu-
trients) is adapted by raised orifice reinforcements around each
pore, decreasing the local FEM von Mises stress by 25%, thereby
mitigating the failure mode.[?”!] Diatoms achieve their high spe-
cific strength through the near defect-free nanosilica domains,
which are specialized for different loading conditions by species-
specific organic templates.[29-209.217]

Sea sponges are siliceous marine invertebrates that are ses-
sile filter feeders bound to the sea floor. Within the Euplectella
aspergillum sea sponge, more commonly known as the Venus’
flower basket, 0D nanosilica building blocks are used to create
micron-sized fibers that form the intricate hierarchical lattice
structures observed at the macroscale (ca. centimeters).[227228] Its
skeletal lattice allows fluid flow for feeding and waste removal
without compromising structural stability in its natural deep-sea
habitat. The incredible buckling resistance of sea sponge spira-
cles is the result of many different structures across dimension-
alities. At the nanoscale, silica nanoparticles (~50-200 nm) are
templated by axial protein filaments. The mineral and protein
are subsequently organized into alternating concentric layers of
silica (0.1-2 pm) and layers of organic (5-10 nm) around a cen-
tral core to form the spiracle.[*120522] These spiracles are then
assembled to millimeter-scale lattices similar to those described
in diatoms. Under nanoindentation and tensile testing, the mul-
tiple interfaces presented by the nanosilica-constructed layers of
the spiracles delaminate and slide against each other to dissipate
energy. During failure, cracks initiate in the outermost layers and
must propagate through multiple concentric organic-mineral in-
terfaces, which is afforded by the nanoscale structure to arrest
and deflect cracks before proceeding to deeper layers. Upon fur-
ther loading, the cracks propagate via deflection between the in-
ner layers until they reach the inner core, where they ultimately
£ai] [230231]

2.2. Biologically Inspired Structural Materials
While natural systems discussed in the previous sections ex-
hibit exquisite architectures with robust mechanical proper-

ties, they are inherently limited by the narrow range of avail-
able biogenic minerals, which cannot function in conditions
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required for most high-performance structural engineering ap-
plications. At the same time, biological materials are often
constructed over days/weeks, making it difficult to imple-
ment their processes in industry. However, there are signifi-
cant benefits of using blueprints from these natural structures,
which have been optimized over millions of years, with high-
performance nanomaterials and advanced manufacturing pro-
cesses. This presents a transformational opportunity to man-
ufacture ultrahigh-performance bio-inspired nanostructures for
structural and other applications (i.e., optical, thermal, sensing,
described in later sections).

2.2.1. OD Bio-Inspired Building Blocks

0D building blocks are commonly used as nanoparticle filler
materials in ceramic, metal, and polymer matrix nanocompos-
ite engineering materials. Their addition improves the mechan-
ical, thermal, optical, and electrical properties beyond those of
the unmodified matrix, provided the interphase formed is strong
and defect-free.[322%] One such example of a bio-inspired poly-
mer matrix nanocomposite is the impact-resistant silicon car-
bide (SiC)/chitosan nanocomposite coating developed by Hao
et al.%¢] By gradually increasing the volume fraction of SiC
nanoparticles (~60 nm) within the chitosan matrix, the Young’s
modulus and hardness of the ~#5-8um thick coating increased up
to 70% volume SiC, but diminished at 80% loading due to dis-
continuities in the matrix, leading to poor stress transfer.[237-2]
Under high strain rates (i.e., #10* s71), coatings with 50% volume
SiC provided the greatest damage area reduction against 10 and
100 repeated impacts. The strong interactions between the rein-
forcing particles and the matrix via the interphase allowed for
particle rotation and translation, along with particle jamming, to
maximize the energy dissipative capabilities of the coatings.[*®]
Further tuning of the particle morphology, crystallinity, and com-
position to more closely follow those found in nature, such
as the bi-continuous HAP nanoparticles of the mantis shrimp,
should yield further improvements, but requires further inves-
tigation of the biological system as well as additional improve-
ments in bio-inspired processing techniques. In addition, inte-
gration of architected nanoscale ceramic reinforcing phases into
polymeric matrices like the one described above can provide mul-
tifunctionality, such as improved barrier capability,[>*"! catalytic
activity,[217283] magnetism,!2*3-2%] electrical conductivity,[246:247]
anti-microbial,[?*-%*!] enhanced biocompatibility,°>>*] flame
retardancy,[2>%°¢ and abrasion resistance.[?”-%%] This wide range
of applications can be implemented in multiple industries.[?>!
Silica-based materials have received considerable attention in
bone tissue engineering for their biocompatibility and ability
to covalently graft osteoinductive signaling peptides that pro-
mote bone regeneration.[?®”] Diatoms are able to precipitate silica
nanoparticles via silaffins, in near ambient conditions with re-
markable control over nanoparticle size and morphology.[261:262]
This process has enabled the controlled synthesis of 0D silica
nanoparticles used in tissue engineering and drug delivery.[263.264]
A silaffin of interest, silaffin-1A,12] and a peptide derivative (re-
ferred to as R5) were developed and used not only to make sil-
ica nanoparticles, but also to create a bio-inspired silica-forming
protein glue for bone implants.[2] They successfully fused the
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R5 silaffin peptide with a recombinant mussel adhesive protein
to create an osteopromotive silica nanoparticle (111.5 + 31 nm)
coating for titanium implants that improves the stability of ortho-
pedic and dental implants. The nanoparticle coating allows direct
control of the surface roughness of the implants for cell adhe-
sion while providing cohesive strength an order of magnitude
greater than traditional hydroxyapatite coatings. Jo et al. have
utilized a modification of this peptide modified R5 to create a
bio-inspired silica-forming protein glue for bone implants.[26>-267]
They successfully fused the RS silaffin peptide with a recombi-
nant mussel adhesive protein to create an osteopromotive sil-
ica nanoparticle (111.5 + 31 nm) coating for titanium implants
that improve the stimulate bone tissue growth to provide im-
proved life and stability of orthopedic and dental applications of
implants. The nanoparticle coating allows direct control of the
surface roughness of the implants, which promotes bone tissue
formation, for cell adhesion, while mechanically performing an
order of magnitude higher in cohesion above traditional hydrox-
yapatite coatings.?®’l The diatom’s biosilicification process has
also inspired different chemical mimics. In work by Ismail et al.
polyallylamine hydrochloride was used to mimic the function of
silaffins to deposit negatively charged nanosilica onto the sur-
faces of steel fibers to create stronger cementitious composite
materials due to the increased interfacial bonding, afforded by
the nanosilica coating, between the steel and cementitious ma-
trix.

2.2.2. 1D Bio-Inspired Features

The design of biological macromolecules at the nanoscale pro-
vides abundant inspiration for the fabrication of structural en-
gineering materials.['20-262] Natural nanofibers composed of pro-
teins or polysaccharides play a pivotal role in imparting tough-
ness, tensile strength, and energy dissipation to biological tissue.
Both the nanoscale structure (i.e., molecular architecture) and
the organized arrangement of these fibers, with intermolecular
bonding, have provided insight for the design and fabrication of
strong, tough bio-inspired fiber-based materials, which are dis-
cussed below.

Inspired by the high specific tensile strength and stiffness ob-
served in cellulosic nanofibers, ultra-strong fibers were fabricated
using bacterial cellulose via a wet-stretching and twisting method
(Figures 6e-h) that imparted superior specific tensile strength
and modulus compared to natural cellulose and silk-based mate-
rials (Figures 6i—j).128) Similarly, Li et al. significantly improved
the tensile strength, flexural strength, and toughness of bam-
boo by compacting the cellulose fibers present within biogenic
bamboo.2%%] Bulk bamboo stalks were flattened and chemically
treated to remove lignin and hemicellulose, which allows for
more hydrogen bonding and van der Waals interactions between
cellulose nanofibrils. The resulting mechanical properties of den-
sified bamboo (up to 1 GPa tensile strength and 400 MPa flexural
strength) surpass those of some engineered steels and metallic
alloys, making it a promising sustainable and lightweight alter-
native material for use in aerospace and construction.2¢]

In a similar strategy, protein-based biological fibers were
used as components to make biologically based nanostructures.
Here, a hierarchical keratin-based shape memory material was
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Figure 6. Bio-inspired designs of strong and tough fiber materials. a) Schematic showing hierarchical structure of wool keratin and transition from a-helix
to f-sheet that is feasible under strain. b) Schematic representing the water-triggered shape memory mechanism. c) Mechanical tests and toughening
mechanisms of keratin fibers. Adapted with permission.[27%] Copyright 2021, Springer Nature. e) Schematic of fabricating strong and tough cellulose
macrofibers based on bacterial cellulose. f~h) SEM images of the as-fabricated cellulose fibers. m,n) Comparison of mechanical properties and Ashby

plot. Adapted with permission.[268] Copyright 2017, Wiley.

developed using 1D keratin fibers extracted from biogenic wools
(Figure 6a).27% The transformation of keratin fibers from a-
helix to f-sheet conformation provided the resulting nanofibers
with extraordinary tensile strength and toughness while the re-
versible hydrogen bonds inside the keratin macrofibrils yielded
shape memory effects within 3D printed keratin-based structures
(Figures 6b-d). These studies highlight the promise and poten-
tial of robust structural materials by leveraging specific nanoscale
strengthening and toughening mechanisms of biological macro-
molecules. Extending such bio-inspired designs to synthetic poly-
mers offers a compelling route to further enhance material func-
tionality and performance for a wide range of applications.

The aforementioned description of biological fibers, cellulose,
and keratin provides insight towards producing 1D fibers us-
ing additive manufacturing (AM). Here, the creation and de-
velopment of sustainable feedstock has driven research towards
bio-inspired alternatives to the polymeric materials currently
used.””!] For example, templated growth of oriented mineral-
ized nanorods within the mature chiton teeth by chitinous scaf-
folds, inspired Montroni et al. to synthesize 1D chitin-based
nanofibers using a one-step multivariable process. By tuning
the induced shear stress during the extrusion of chitinous feed-
stocks through a variety of needle gauges using direct ink write
(DIW) printing, control over the nanoscale fibrillar alignment,
which increased tensile strength, was achieved.[??! The biocom-
patibility of these chitin-gel scaffolds with aligned 1D chitin fib-
ril nanostructures also supported the culturing, localization, and
growth of mammalian cells, which demonstrated the potential
of nano-architected chitin in applications beyond structural en-
gineering. For example, tissue engineering has benefited from
chitinous scaffolds through the fabrication of hydrogels and ma-
trices with tunable form and mechanical properties.[13%273:274]
Other engineered applications of nano-scale chitin range from
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drug delivery, cancer treatment, food packaging, and energy
storage.[275-278]

Beyond 1D organic-based nanomaterials, ceramic composites
utilizing cross-lamellae nanostructures found within gastropod
shells have also been employed to augment engineering materi-
als via with ultrastructure optimization.['*®27°] Karambelas et al.
utilized a process termed SHELL (Sequential Hierarchical En-
gineered Layer Lamination) to sequentially architect the cross-
lamellar structures in silicon nitride/boron nitride ceramic com-
posites, where the Si;N, and BN are analogs of the aragonite
planks (ceramic phase) and conchiolin (organic phase), respec-
tively. Through co-extrusion, second-order, and third-order lamel-
lae analogs were created (Figure 7A), where the blue layers corre-
spond to Si;N, and the green regions correspond to BN. Through
cutting and rebonding of the laminates, the cross-laminated
structure was recreated, exhibiting an elevated work of fracture of
3620 ] m~ vs 2860 ] m~? for monolithic Si;N, (Figure 7B). This is
a result of both crack deflection and bridging within the ceramic
system, a property directly observed and replicated from biogenic
cross-lamellar structures (Figure 4C). While there have been suc-
cessful replications of gastropod cross-laminated structures, as
featured by Karamelas et al., the inherent multiscale complex-
ity of the structure has provided a barrier towards replication at
smaller length scales.[?72%%] While features produced were not at
the nanoscale, the cross-lamellar architecture has demonstrated
improvements in impact resistance by 85%, which is due to nu-
merous crack deflection events at the interfaces present between
the multi-order arrangement of lamellae.[?8!] Adaptation of these
mimetic structures on the nanoscale should further enhance im-
pact resistance for use in protection against aerospace debris or
personal protective equipment, such as helmets and armor.

While bio-inspired designs have been used to create 1D
engineered materials such as ceramic composites with superior
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Figure 7. a) Orientation of Si;N, (blue) and h-BN (green) laminates. b) Four-point bend test load vs displacement for biomimetic ceramic. Adapted
with permission.[27°] Copyright 2013, Elsevier. c) Mono-lamellar Ag-NW film was separated from the porous MCE substrate in water. d) Crack extension
characterization of 5-lamellar Ag NW film. High magnification SEM image shows typical debonding and pullout of Ag-NW in the fracture surface of
a freestanding ultrathin Ag-NW film. White arrows indicate the direction of load redistribution. Blue arrows indicate the path of crack propagation.
Inset image shows a schematic diagram of crack propagation. e) Typical sawtooth pattern on the load-displacement curve in mechanical tearing tests.
f) Ashby diagram of toughness versus tensile strength for disordered and 5-lamellar Ag-NW films. Adapted with permission.[28] Copyright 2024, ACS

Publications.

mechanical performance, additional functionality can be
achieved. For example, one-dimensional nanowires (NWs) have
emerged as promising building blocks for inverse photoconduc-
tivity, photocatalytic activity, and ionic conductivity in polymer
electrolyte batteries.[?$2-2%5] Integrating functional 1D NWs into
bio-inspired structural motifs offers a compelling strategy to
improve both the durability and functional performance of
these systems. Zhang et al. utilized the cross-lamellae struc-
ture to build nanoarchitected electrically conducting devices
with enhanced mechanical stability. Here, silver NWs and
polyvinylpyrrolidone (PVP) were used to mimic the aragonite
lamellae and organics of the shell, respectively.[?*¢] PVP-coated
silver NWs, with diameters of 55 nm and lengths of 4 um,
were placed into suspension and shaken in an oscillator to
generate large amounts of bubbles, which helped to facilitate
the self-assembly of the silver NW enabled by the oxygen-silver
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interactions present between the PVP and silver. The bubbles
were subsequently removed through centrifugation, and the
NW films were extracted via a mixed cellulose ester (MCE)
substrate (Figure 7C). The organization of silver NW in the
cross-lamellar structure (Figure 7D) exhibits crack deflection,
as seen within the biological system, with debonding and fiber
pullout to toughen the material (Figure 7D). Energy dissipation
is observed in the sawtooth patterns observed in Figure 7E.
While the cross-lamellar assembly of NW films offers marked
improvement over disordered films (Figure 7F), the difficulty of
fabricating nanoscale mimetic structures that encapsulate the
multiple degrees of complexity featured in the cross-lamellar
structure prevents the utilization of the full breadth of tough-
ening mechanisms seen in biogenic cross-lamellar structures.
Despite only replicating a simplified version of the struc-
ture, Zhang et al. created a silver nanowire film that is more
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structurally robust than non-architected 1D silver nanowires
while preserving its electron transport capabilities, opening the
door to advanced nanodevice assemblies for long-term operation,
by increasing its damage resistance over time.

2.2.3. 2D Bio-Inspired Features

Similar to 1D nanofibers and nanorods, 2D structures—such
as nanoplatelets and thin walls have also been utilized using
bio-inspired methods to strengthen materials. Nacre is one of
the most well-known examples, and has attracted significant re-
search interest as a source of bio-inspired designs. In an effort
to recycle over 10 million tons of annual shell waste and create
sustainable yet strong ceramics, Yan et al. developed a method to
create a conductive ceramic from recycled aragonite nanoplates.
Aragonite plates from biogenic nacre were extracted by dissolv-
ing the biopolymer matrix and subsequently functionalized via
hydrogen bonding with 1.8 nm-thick MXene sheets, a family
of 2D transition metal carbides and nitrides.['¥?¥”] To replicate
the chitin-protein matrix in natural nacre, a mixture of CNF and
PVA was used as the matrix phase.l'828.28] The resulting slurry
of functionalized aragonite, MXene, and CNF/PVA was doctor-
bladed onto a PET substrate, dried, and hot-pressed to form a
3D conductive nacre composite (Figure 8a). SEM microscopy of
the conductive nacre cross-section is displayed in Figures 8b,c.
Backscattered electron microscopy was further used (Figure 8c)
to differentiate the aragonite plates, MXene sheets, and CNF/PVA
matrix. In addition to augmenting the fracture toughness of bio-
genic nacre by over 1.6 times (Figures 8d—g), the resultant com-
posite material also exhibited electrically conductive properties.
Figures 8d—g also indicates that conductive nacre provides sim-
ilar toughness and strength compared to mimics synthesized
via the same protocol without MXene sheets, while eliminating
the need for environmentally unfriendly epoxy resins. Hydrogen
bond interactions between the CNF-PVA matrix and the MXene
functionalized aragonite plates enhance the flexural strength of
the conductive nacre, surpassing that of biogenic nacre and mim-
ics without MXene. The presence of MXene sheets also bridges
neighboring plates, resulting in a bulk conductivity of 0.01 S m™!,
displayed in Figure 8e.['®] Additionally, the presence of MXene in
the conductive nacre enables it to possess a monitoring function
for damage as well as shielding against electromagnetic interfer-
ence, offering potential applications in the aerospace and defense
industries.

Ceramic aerogels, traditionally used for thermally insulating
applications, are greatly limited by their lack of robust me-
chanical properties.[?'2%] Synthesis of aerogels with 1D ce-
ramic nanofibers and imitating the brick-and-mortar structure
of nacre (Figure 8h) has shown promise in augmenting en-
ergy dissipation, tensile strength, and toughness by over tenfold
compared to traditional ceramic nanofiber aerogels.®) Zhang
et al. demonstrated the principle via the synthesis of SiO, aero-
gels, utilizing 2D SiO, nanofiber membranes (NFM) in place of
the aragonite platelets and montmorillonite nanosheets (MMT)
in place of the biopolymer matrix to bind the platelets.[1#35]
SiO, ceramic nanofibers were fabricated via traditional meth-
ods of electrospinning and sintered into a nanofibrous mem-
brane. The resultant membranes, with ceramic nanofibers and
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Montmorillonite nanosheets, were then soaked in a AIBSi (an
aluminoborosilicate-based ceramic) precursor solution for 2 h.
The soaked 2D nanomembranes were stacked and frozen with
liquid nitrogen and calcined at 600 °C for 1 h to form the ce-
ramic aerogel. Figures 8j killustrates the proposed interactions of
MMT nanosheets fortifying the interfacial bonding between the
ceramic nanofiber sheets and their subsequent assembly process
through layer-by-layer immersion and freeze drying to form the
resultant bulk ceramic aerogel. The resultant 3D ceramic aerogel
fabricated with the nacre microstructure was able to withstand a
maximum compressive stress of 317 kPa, with the stress distri-
bution on the mimetic aerogel presented in Figure 8i, surpassing
traditional ceramic aerogels by a factor of 5-10 times.[296300] Tn
addition, Zhang et al. demonstrated multifunctionality of these
nacre-inspired materials through their use of thermally insulat-
ing aerogels, broadening their application to space travel. Equip-
ment, such as rovers or habitation spaces, will be able to more
readily employ these materials as ceramic aerogels are able to
be utilized in more load-bearing components.[®>] Recent work by
Zhu et al. demonstrated a further increase in the operational tem-
perature of nacre-inspired ceramic materials to 1300 °CB3% by
substituting the polymer matrix with a spongey ceramic.

In addition to the retrosynthesis and sol-gel methods utilized
to synthesize the nacre-like systems described above, researchers
have also explored bio-inspired synthesis pathways to better re-
produce the biogenic nacre structure. To that end, Finnemore
et al. proposed a layer-by-layer deposition method that involves
both organic functionalization and inorganic crystallization, cre-
ating artificial nacre (Figure 8m) with 400 nm 2D platelet-like
structures (Figure 8l). Glass slides were cyclically dip-coated into
poly (acrylic acid) (PAA) and poly (4-vinyl pyridine) (PVP) solu-
tions to form a continuous 30 nm thin film. The film was etched
(i-e., the PVP layer was partially etched to form pores) and subse-
quently immersed in a calcium-containing solution and mineral-
ized to form calcium carbonate layers (separated by polymer lay-
ers) via a vapor phase and humidity-driven crystallization method
(Figures 8n,0). Interestingly, the nanoporosity in each PVP layer
enabled pathways for calcite growth, connecting each adjacent
layer and thus replicating the aforementioned nanoscale mineral
bridges in biological nacre. The artificial nacre also demonstrated
analogous fracture mechanisms and similar ratios of plane strain
modulus (Figure 8p) as compared to natural nacre.[2%]

2.2.4. 3D Bio-Inspired Features

Over the past decade, a significant effort has investigated com-
mon design themes in natural systems that enable strength,
toughness, and stiffness.3°) One of the most dominant archi-
tectures observed has been the helicoidal structure (and de-
scribed in the biogenic systems earlier). This robust architec-
ture, observed in many biological systems, has been emulated
using microscale fibrous components, at macroscale dimensions
in engineered composites. Helicoidal architectures applied to
glass, 3923931 carbon,3%+3%] and Kevlar3%! fiber-based compos-
ites have demonstrated superior toughness, perforation resis-
tance, and energy absorption compared to conventional quasi-
isotropic fiber layups currently used in industry.**”] These im-
provements are attributed to the large in-plane delaminations
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Figure 8. a) Digital photograph of a large area (100 cm x 25 cm) layered composite film fabricated by blade coating. b) SEM image of the cross-section
of the conductive nacre showing lamellar structure. c) SEM image of the cross-section of the conductive nacre is taken using backscattered electrons.
d) Flexural stress-strain curves of the natural nacre, artificial nacre, and conductive nacre. e) Comparison of flexural strength and flexural modulus of
the natural nacre, artificial nacre, and conductive nacre. f) Rising crack extension resistance curves (R-curves) of the natural nacre, artificial nacre, and
conductive nacre showing the resistance to failure in terms of the fracture toughness (Kc) as a function of crack extension (Aa). g) Comparison of
fracture toughness and electrical conductivity of the natural nacre and conductive nacre. Adapted with permission.['8! Copyright 2024, Wiley. Nacre-
biomimetic structure design and fabrication of ceramic aerogels. h) Conceptual structure design principle inspired by nacre. i) Stress distribution of
the laminated structural model showed stress transfer and in-plane stress delocalization. j) Weak to strong interface structure design concept for
biomimetic ceramic aerogels. k) Fabrication process of biomimetic ceramic aerogels with laminated structure and interfacial topology interlocking.
Reproduced with permission.[85] Copyright 2024, Wiley. ) Partially demineralized biogenic and m) a single layer of artificial nacre, showing the crystalline
domain boundaries. n) SEM image showing early-stage crystallization through single PVP pores in a trilayer of calorg/organic/calorg (scale bar, 500 nm).
o) Optical micrograph showing 5-35 um birefringent crystalline domains (right: though crossed polarizers) (scale bar, 25 pm). p) The plain strain moduli
for the two natural and three man-made samples as a function of the indentation depth. Adapted with permission.[2°°] Copyright 2012, Springer Nature.

and unique spiraling damage pattern that spread the damage
from impacts over a larger area (Figures 9e-h), while also pro-
viding a more tortuous crack growth path.[176.178.186.187.308] Eor ex.
ample, in Figures 9a—d, a 49% reduction in dent depth and 16%
improvement in residual strength over quasi-isotropic layups
were observed in medium angle (x16.3° alignment) helicoids
for 100] drop tower and compression testing, respectively.?%]
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These helicoid-based composites are now being used in the
sporting industry with potential for the energy and automotive
sectors.3%!

While there are great successes in mimicking these helicoidal
structures at the micro- and macro-scale,?335] the synthesis
of nano-scale helicoidal structures has not seen such preva-
lence. Nevertheless, the development of additive manufacturing
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testing, showing the increase of in-plane damaged area after a 100) impact. Adapted with permission.[3%4] Copyright 2014, Elsevier. i) Schematic diagram
of the controlled alignment of carbon nanotubes by the rotation of electrodes immersed in a photocurable resin bath. Progressive rotation of electrodes
and curing of resin by a digital micromirror device (DMD) produces structures in j) with helicoidal arrangement. k) Compression tests of the printed
samples with different fiber clocking angles, where N = 1 is a rotation angle of 45°, N = 15 is 12°, N = 30 is 6°, and N = 90 is 2°. Adapted with
permission.3191 Copyright 2017, Wiley. I) Schematic illustration of electrospinning setup with patterned collector and programmable voltage collector
used to fabricate a periodic helicoidal microstructure within a transparent impact resistant film. Reproduced with permission.31"l Copyright 2019,
ACS. Schematic illustration and digital micrographs showing high-efficiency ‘brushing and laminating’ strategies for flexibly fabricating biomimetic
macroscopic 3D bulk materials. Adapted with permission.[312] Copyright 2018, Oxford University Press.

techniques capable of controlling nanoscale features has ad-  raphy method, a photo-curable resin containing MWCNT-S is

vanced substantially in the last decade due to it being one of the
most effective and efficient ways to fabricate customized parts
with complex geometries. One such method developed by Yang
and co-authors utilizes electrically assisted nanocomposite 3D
printing to dynamically align surface-modified multiwalled car-
bon nanotubes (MWCNT-S).21 In this modified stereolithog-
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cured after mask images are projected upward onto the bottom
of the substrate by the projector. By controlling two parallel plate
electrodes to apply a rotating electrical field in tandem (Figure 9i),
a Bouligand-type anisotropy can be induced in the final MWCNT-
S reinforced architecture (Figure 9j).31% The printed structures
were then tested with the compression force vertical to the
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alignment of the Bouligand composite. The maximum load of
these samples was profoundly enhanced and attributed to the
fracture resistance of the helicoid, with smaller rotation angles
improving its ability to withstand deflection (Figure 9k).

Another method that utilizes a similar electrical field-
controlled alignment of nanofibers was developed by Chen et al.
In their work, helicoidally aligned nanofibers were prepared by
an electrospinning system that collected the spun nanofibers
with specified pitch angles based on a programmable voltage
control system.3!!l Four pairs of electrodes were mounted on
the collector of the electrospinner to guide the stretching and
alignment of nanofibers through electrostatic interaction along
the electrodes. This specialized setup deposited unidirectionally
aligned nanofibers, layer by layer, with a clockwise rotation to
form a transparent nanofiber helicoid film(Figure 91). The ten-
sile strength and ductility of the composite films reinforced with
3 vol% nanofibers increased by 50% and 150%, respectively, and
outperformed the toughened glass film and resin film controls
in steel ball drop testing. The impact-resistant performance of
these helicoid-bearing films suggests promising use as a protec-
tive layer in applications such as bendable displays and airplane
windows.

In a simpler approach, Chen et al. demonstrated control over
nanofiber orientation through brushing-induced assembly.>12]
In this method, a dispersion of hydroxyapatite (HA) microfibers
and sodium alginate (SA) polymer was formulated to mimic typ-
ical inorganic 1D building blocks and polymer matrix, respec-
tively, found in nature (Figure 9m). This mixture was deposited
across a heated substrate using a commercially available brush
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to form 2D films that contained highly ordered arrangements of
HA fibers embedded in a SA matrix. By precisely manipulating
the angle and orientation of the 1D micro/nanofibers between
each film layer, 3D biomimetic twisted plywood structures sim-
ilar to those found in nature were successfully fabricated. Me-
chanical testing showed that the strength and stiffness of the ma-
terials decreased as the fiber twist angle increased, however, sam-
ples with the ~#10° configuration retained remarkably high values
(257.7 MPa and 15.6 GPa), outperforming the more extreme twist
angles. Post-failure SEM imaging revealed that cracks propagated
preferentially along the axial direction of the HA fibers, occasion-
ally deflecting between adjacent HA and SA layers. Employing
this strategy allows the engineering of nano/microstructural fea-
tures at the macroscale for a variety of different materials and
systems.

Beyond additive manufacturing, materials such as cellulose
nanocrystals (CNC), can self-assemble into helicoids during dry-
ing, driven by the chirality of the CNC surfaces, which imparts a
torque along the twist direction when in contact (Figure 10a).318]
To control the pitch angle of CNC helicoids, the concentration3!?!
and surface chemistry®®] can be modified. Cui et al. success-
fully fabricated helicoid CNC/polyvinyl alcohol hydrogels via an
evaporation-based self-assembly and salt-out technique, which
yielded a 9-fold improvement in tensile strength and 13-fold
improvement in toughness compared to films only immersed
in DI water due to promoted aggregation and crystallization of
PVA chains (Figures 10b,c).’'®) The combination of the rigid
3D CNC helicoid structures with the soft PVA networks and the
multiple supramolecular interactions between them results in a
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composite with a 5.5-fold improvement in elastic modulus, a near
doubling of fracture energy, and force attenuation of 80.4% in im-
pact tests when compared against non-structured PVA hydrogels
(Figures 10d,e). Integration of helicoid CNC nanorods yields the
same benefits as those at the macroscale, which emphasizes the
versatility of the helicoidal architecture at various length scales.

Self-assembly of 3D helicoidal structures using nanoscale con-
stituents was also achieved by Matsumura et al. through chitin-
CaCO; hybrid materials.[*'”] Colloidal liquid-crystalline chitin as-
semblies were used to form chitin-whisker suspensions that sub-
sequently developed a fingerprint texture due to the helical order-
ing of cholesteric structures. These assemblies were then fixed
through photopolymerization of PAA and a crosslinker, result-
ing in a stable gel-like scaffold on which CaCO; mineraliza-
tion could occur (Figure 10f). To accomplish this, calcium pre-
cursors were introduced to the cured helicoidal chitin gels, al-
lowing for mineralization via the controlled diffusion of carbon-
ate ions. The helical structure of the chitin template was main-
tained as the CaCO, crystallized to calcite. SEM cross sections
of the films before and after mineralization demonstrate this
structure (Figures 10g—i), providing insight into how biologically-
inspired templating can guide the synthesis of hierarchically
structured hybrid materials.??") This design and tailorable fab-
rication method, with a broad array of materials selection, offers
significant potential for multifunctional impact-resistance mate-
rials, such as structural batteries, self-cleaning panels, optically
active windows, etc.

3. Optical Materials

Optical biomaterials are among the most captivating natural in-
novations. These structures can manipulate light through preci-
sion micro- and nano-scale architectures with refined chemical
composition. Leveraging self-assembly and hierarchical organi-
zation with a limited material palette, biophotonic systems can
create not only brilliant structural colors, but also fulfill roles such
as communication, photosynthetic enhancement, anti-reflection,
and thermoregulation. Such naturally evolved strategies offer
powerful design principles for constructing bio-inspired opti-
cal materials with multifunctionality and tunable optical perfor-
mance that can be utilized in engineering-relevant applications
such as communications, defense, energy, etc. In both biologi-
cal and related inspired systems, the optical properties arise di-
rectly from the material composition and related nanoscale struc-
tural features (such as nanopores, nanotubes, and multilayered
lamellae) that govern how different wavelengths of light are re-
flected, transmitted, or absorbed.**!l These nanostructures, of-
ten arranged hierarchically and with precise periodicity, function
through mechanisms like interference, diffraction, and scatter-
ing, offering wavelength-specific responses that can be mimicked
and tailored in synthetic analogues. Understanding and replicat-
ing these optical effects thus relies on elucidating the fundamen-
tal structure—property relationships embedded at the nanoscale.

3.1. Biological System Designs
A remarkable diversity of materials exhibiting unique

optical properties can be observed in organisms, mani-
fested either as controlled pigmentation or highly periodic
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ultrastructures.[32232°] Pigments generate colors by selectively
absorbing and reflecting specific wavelengths of light, while
micro- and nano-structures manipulate light, producing a range
of colors without the use of chemicals.323324326] In this section,
structure-based optical biomaterials are discussed in detail based
on their primary functions observed in nature. Optical struc-
tures of different sizes and morphologies can be found in both
animals and plants, serving multiple optical functions,3’! in-
cluding communication (e.g., warning, attraction, camouflage),
photosynthetic efficiency, anti-reflection, and thermoregulation,
ultimately contributing to a significant increase in survival
and fitness.33%8-33%] One of the most striking examples of
natural optical materials is the vibrant and iridescent coloration
seen in numerous insects, birds, and fish.??!] The formation
of these optical materials involves mainly: i) self-assembly of
organic components into stable, ordered/hierarchical patterns,
which is functionally regulated at cellular levels (e.g., chitin
self-assembled scales of the Morpho butterfly); ii) biomineraliza-
tion (i.e., the controlled deposition of minerals within organic
matrices), enabling organisms to form hard, often translucent or
iridescent ordered structures (e.g., the intricate silica frustules of
diatoms with highly ordered/patterned micro-nanopores).[823311
As previously mentioned, many organisms have evolved op-
timized engineering structures using only a limited set of
materials, which often serve additional functions. Optical
materials are often combined to provide a structural support
function. Some examples of dually functional optical/structural
materials include aragonite and calcite in mollusk shells and
echinoderm skeletons, chitin in the arthropod exocuticles,
guanine in fish scales, keratin in avian feathers, and cellulose in
plants. 132333

3.1.1. Structural Color

Iridescence in biological systems plays a crucial role in intra-
and inter-specific communication (i.e., interactions within the
same species or between different species).[*3233] As seen in Mor-
pho butterflies and hummingbirds, it is used for mate attraction,
species recognition, and territorial signaling, or also for preda-
tory avoidance through camouflage and mimicry.**3%1 Mor-
pho butterflies showcase iridescent blue hues resulting from the
chitinous multilayer micro and nanostructures. Tree-like chiti-
nous shapes arranged in rows found in the Morpho scale diffract
and interfere with light, creating vivid colors through struc-
tural coloration.[322324336.337] The layered structure strongly re-
flects blue wavelengths while canceling out others through “con-
structive interference.”[3%333] The precise color reflected is deter-
mined by the shape of these structures and the spacing between
them, ranging from 0.5 to 5.0 um, depending on the species.[33¢!
The refractive index of the cuticle material is crucial in determin-
ing the conditions for the interference and directly influences the
efficiency and wavelength of reflected light. As demonstrated on
the single-scale microstructure of two Morpho species, the dif-
ference in refractive index n between chitin (n ~ 1.56) and air
(n ~ 1) creates strong reflections at each interface.?*®! Kinoshita
et al. also discovered that the presence of some irregularity
in the ridge height eliminates the interferences among the
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ridges, resulting in a diffuse and broad reflection of a uniform
coloration.[32#:338]

While Morpho coloration results from an ordered multilay-
ered system, other insects achieve iridescence through alterna-
tive photonic designs. A notable example is in the elytra of the
beetle Trigonophorus rothschildi varians, consisting of a multilay-
ered structure with randomly distributed cylindrical holes that
reflect light, resulting in orange, green, and violet colorations.®”]
Bird et al.[¥3%8] examined these natural structures using a com-
bination of SEM, optical measurements, and simulations to re-
veal non-specular, wide-angle reflectance due to the intercalated
design. In particular, the cylindrical rods within the multilayer
scatter light over a broad angular range, enhancing visibility
from different perspectives. Nanostructural coloration can also
be found in hummingbirds. Their feather barbs have small, flat
melanin structures (i.e., platelets about 2.5 ym wide) immersed
in a keratin matrix, with specially designed air gaps. The unique
nanometer-scaled melanin /keratin architecture with a refractive
index of ~2 interacts with light, reflecting, refracting, and thus
resulting in vivid color displays.[*3*34?] The mosaic arrangement
and physical characteristics of these platelets differ subtly among
species, creating a spectrum of colors tailored to each hum-
mingbird’s specific needs, such as mating or territorial defense.
Giraldo et al.3*] studied the feather variability and the reflec-
tive properties within the genus Coeligena. The coloration re-
sults from two key factors: the Venetian-blind-like alignment of
the barbules and the V-shaped angular orientation of barbules
on opposite sides of the barbs (Figure 11A). As illustrated in
Figure 11, scanning and transmission electron microscopy re-
vealed the angled positioning of laminar and sidewall structures
within individual barbules (Figures 11B-E), while angular re-
flectance measurements and scatterograms confirmed species-
specific light-scattering behaviors (Figures 11F,L-0). These opti-
cal properties are closely tied to the nanostructural organization
of the barbules, with angular inclination () influencing the direc-
tional reflectance and iridescence, which determines the bird’s
macroscopic appearance. In particular, the angle between the pri-
mary axis of the barb and the lamella, 6, increased from C. vi-
olifer (0°) to C. prunellei (39°), while y, the angle between bar-
bules on opposite sides of the barb, decreased from 173° to 117°
(Figures 11H-K). These structural changes correspond with the
scatterograms (Figures 11L-O), which display increasingly diver-
gent light reflections, indicating species-specific scattering be-
havior driven by fine-scale morphological differences. Function-
ally, these configurations modulate how light is reflected during
courtship. When y is close to 180°, as in C. violifer, reflections
from both sides merge into a single, intense flash (Figure 11L).
In species with smaller y, like C. prunellei, the reflected beams di-
verge, creating two weaker flashes (Figure 110). Such variation
reduces iridescence and suggests an evolutionary role in optimiz-
ing signal visibility for communication and mate attraction.

Beyond fixed coloration, some organisms can dynamically al-
ter their optical properties in response to environmental changes.
For example, Sun et al. found that the exocuticle of the beetle, Dy-
nastes tityus, exhibits a reversible color change from yellow-green
to deep-brown due to different degrees of water absorption within
its spongy chitin-protein multilayer structure. This mechanism
offers valuable insights for developing photonic materials with
controllable iridescence.l3*!]
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3.1.2. Photosynthetic Efficiency (Light Trapping)

In addition to their role in communication, optically relevant bi-
ological structures offer additional functionality in increasing se-
lective light absorption and quantum yield—defined as the effi-
ciency with which absorbed photons are converted into emitted
photons—particularly in the adaptation to low-light environmen-
tal conditions of photosynthetic organisms.?%! Interestingly, Ja-
cobs and colleagues!***! discovered a link between the iridescence
in certain Begonia leaves and enhanced photosynthetic perfor-
mance. These plants contain iridoplasts (i.e., specialized chloro-
plasts featuring photonic crystal structures) and have adapted to
the dim light of tropical forest understories. These structures se-
lectively enhance the absorption of light wavelengths that pen-
etrate the forest canopy and increase quantum yield by 5-10%
under shaded conditions. While light absorption refers to the
amount of light captured by the leaf, quantum yield measures
how efficiently that absorbed light is converted into usable en-
ergy for photosynthesis. A system may absorb a large amount
of light, but if the conversion process is inefficient, the quan-
tum yield remains low. In Begonia, both factors are crucial: iri-
doplasts not only increase the capture of available light but also
improve conversion efficiency, offering a dual advantage for sur-
vival in low-light environments. Another fascinating example is
the silica frustules of diatoms, photosynthetic organisms that
originated during the early Jurassic period (150-200 Ma). Their
pores span from 50 nm to more than 1 um and follow a peri-
odic species-specific arrangement that influences how light in-
teracts, making them living photonic crystals.[>**3#] These peri-
odic nanostructures can create photonic band gaps, where certain
wavelengths of light are absorbed (e.g., the photosynthetically
active radiation) and others are either blocked or reflected (UV
radiation).3*3*IThus, these structures allow diatoms to not only
manipulate light, but also optimize photosynthesis and protec-
tion from harmful radiation. Using rigorous coupled wave anal-
ysis (RCWA) and finite-difference time-domain (FDTD) simula-
tions, which are numerical simulation techniques to calculate op-
tical responses of periodic structures, Chen et al.[®® found that
the light scattering by the hierarchical frustule structure con-
sisting of micro-/nano-scale periodic pores results in enhanced
light absorption in the regions from 380-500 nm and from
650-800 nm (Figures 12A,B). This effect is further elucidated
in Figure 12, which shows a detailed morphological breakdown
of the frustule’s pore architecture and FDTD simulations, com-
paring light absorption for two configurations: Case 1, where
light enters from the valve side at cribellum, and Case 2, where
it enters from the internal plate (Figures 12C-E). The distinct
stacking sequences in each case, along with the simulated elec-
tric field distributions at various wavelengths, demonstrate how
the multilayered, quasi-photonic crystal structure of the diatom
enhances localized field intensities and overall absorption effi-
ciency. Experimental data confirm these predictions, showing in-
creased light absorption when diatom frustules are integrated on
top of an active organic thin film layer (Figure 12F). The num-
ber and geometric arrangement of nanopores in diatom frus-
tules play a fundamental role in defining their photonic response.
A comparative analysis across hundreds of species has revealed
an evolutionary trend wherein square lattice configurations
(emerging from earlier quasi-ordered morphologies) gave rise to
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Figure 11. Structural arrangement and light-scattering analysis of Coeligena feather barbules. A) Microscopic image showing the gorget feather of C.
helianthea. B) SEM image of a longitudinal section of C. violifer barbules, corresponding to the dashed area in (A). C) Equivalent section for C. prunellei.
D) TEM image of a cross-sectioned barbule from C. helianthea. E) Schematic representation of a feather barb with two barbules, indicating lamina (L) and
side wall (S). The lamina is inclined by an angle & relative to the barb’s axis. F) Angular reflectance spectra (normalized) for barbules from C. violifer, C.
helianthea, C. wilsoni, and C. prunellei. G) Schematic of the scatterometry setup, featuring ellipsoidal mirror (E), diaphragm (D), and lens (L); two parallel
rays strike opposite barbule surfaces. H-K) Transverse sections of barbs from different Coeligena species. L-O) Their corresponding scatterograms,
with arrows indicating the direction of incident rays as in (G). Red circles in (L-O) denote scattering angles of 5°, 30°, 60°, and 90°. Scale bars: A) 2 mm;

B,C) 50 um; D) 5 um; H—K) 150 um. Adapted with permission.[>3°] Copyright 2021, Royal Society.

hexagonal arrangements, which offer denser packing and possi-
bly enhanced optical functionality (Figure 12G).[3*¢] This progres-
sion from structural irregularity to higher order may reflect selec-
tive adaptations linked to light harvesting or photoprotection. The
degree of periodicity along the z-axis (i.e., the direction normal to
the frustule plane) was shown to be a key determinant of photonic
response (Figures 12Gb,c). Numerical simulations demonstrate
that a minimum of 15 regularly spaced pores is required to pro-
duce a well-defined photonic stopband, with greater structural
order leading to stronger spectral filtering (Figure 12H). These
findings not only shed light on the functional evolution of di-
atom nanostructures but also provide valuable inspiration for the
development of synthetic photonic devices with tunable optical
properties.
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3.1.3. Anti-Reflection

While many organisms rely on structural colors to enhance
visibility, other organisms, such as insects, have evolved anti-
reflective surfaces on their wings for camouflage and on their
eyes to improve their vision in low-light conditions.[33134/] As first
demonstrated by Bernhard and Miller3*®! on the corneal lenses
of nocturnal Lepidoptera, specifically on the wings of hawk moths,
these surfaces consist of a regular array of nanoscaled conical pro-
tuberances which can modify the refractive index at the boundary
between the insect’s chitinous body (refractive index, n, of 1.54)
and the surrounding air (n = 1.0).337348-350] Blagodatski et al.l>*!]
conducted an extensive study of the nipple-like nanostructured
surfaces across 23 insect orders, which revealed their fascinating
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Figure 12. A) SEM Micrograph of the diatom Coscinodiscus walesii and B) morphometric details of its pore ultrastructure. A,B) Adapted with
permission.343] Copyright 2009, Elsevier. C) Simplified 3D structure of the unit cell of diatom frustule with a thickness of the three layers: Cribel-
lum t; =50 nm, Cribrum t, =300 nm, Internal Plate t; = 1000 nm. D) Left: top view of cribellum, the lattice constant p; =200nm and the hole size
d; =50nm. Middle: top view of cribrum, the lattice constant p, =400 nm and the hole size d, =250 nm. Right: top view of internal plate, the lattice
constant p; =2 um and the hole size d; = 1.3 um. E) FDTD simulated absorption spectra of the simplified diatom frustule model with the 50 nm thick
active layer, case 1 (a), in which the light enters from the valve side, and case 2 (e), in which the light enters from the girdle band side. And normalized
electric-field-intensity |E/Ey|? distribution on the Y-Z plane at 4, (b), 4. (c), and 44 (d) for case 1, 4¢ (f), g (g), and 4, (h) for case 2. Stacking sequence
of case 1 (From top to bottom: air, cribellum, cribrum, internal plate, active layer, and substrate), stacking sequence of case 2 (From top to bottom:
air, internal plate, cribrum, cribellum, active layer, and substrate). F, a) Schematic representation of a PTB7:PC;;BM-based thin film with the diatom
frustules on the top layer. F, b) experimental absorption spectrum for the model of planar active layer without diatom frustule on top (black curve) and
with diatom frustule (red curve), with the experimetnal absorption enhancement curve for diatom frustule (green dashed curve). C-F) Reproduced with
permission.[38] Copyright 2015, Springer Nature. G) 3D model and SEM images showing square and hexagonal lattice arrangements in diatom girdle
bands, including a schematic diagram of photonic stopband formation in periodic pore structures. H) Simulated reflectance curves showing the increase
in stopband intensity with increasing number of periodic pores along the z-direction. The data highlight how precise control of pore number/geometry
directly influences optical performance. Reproduced with permission.[346] Copyright 2025, Spinger Nature.
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diversity and functionality, as unique adaptations to their respec-
tive environments. Using atomic force microscopy, they charac-
terized an extraordinary variety of corneal nanocoatings that ef-
fectively minimize light reflection. Remarkably, these nanostruc-
tures exhibit the full spectrum of Turing patterns—geometric
formations driven by reaction-diffusion processes that underpin
many biological and physicochemical phenomena—that reveal
both convergent and divergent evolution. The insights gained
from this study have profound implications for understanding
the molecular origin, their evolutionary diversification, and their
replication in biomimetic material design. The detailed model-
ing of these Turing-patterned nanocoatings provides a paramet-
ric framework for engineering novel materials with customizable
surface functionalities that have potential applications in optics,
energy-efficient coatings, and stealth technologies.

3.2. Biologically Inspired Materials

The vast array of structural colors observed in the biological
realm is the result of millions of years of evolution, offering valu-
able functional strategies for biomimetic or even paleomimetic
applications.[328352] Notably, color-producing structures have also
been discovered in extinct species.[''2353] Drawing from these
natural examples, researchers have synthesized photonic nano-
materials to mimic their optical functionalities.***! These mate-
rials are finding applications as nontoxic colorants, iridescent de-
vices, and engineered anti-reflective surfaces.

3.2.1. Structural Color

The fabrication of synthetic Morpho-like structures has enabled
the development of materials with vibrant structural colors that
are more sustainable, durable, and fade-resistant than conven-
tional dyes and pigments. Currently, adding color to human-
made products and fabrics typically relies on dyes and paints
(i-e., processes that contribute to %#20% of global wastewater). In
contrast, structurally colored materials offer an eco-friendly al-
ternative, with promising applications across industries such as
paint, printing, and textiles.3503543571 In this regard, the company
Cypris Materials has developed structural color coatings com-
posed of block copolymers that self-assemble into photonic crys-
tals when dried. These form periodic microstructures that can
reflect UV, visible, and infrared light, serving as coatings for var-
ious sectors like automotive, construction, and packaging.**®!
An artificial analogue of the beetle T. rothschildi varians has
also been fabricated by drilling submicron-sized holes in a
SiO/SiGe regular multilayer structure (Bragg reflector), which ex-
hibits similar color behavior to its biological counterpart, such as
non-specularity and slightly angle-dependent reflectance.’®’] As
shown in Figures 13A,B, the beetle displays vivid structural colors
(violet, green, and orange; Figure 13C) across different regions
of the elytra, with corresponding reflectance spectra and well-
defined photonic crystal periodicities observed in cross-sectional
micrographs. To mimic these features, bio-inspired nanoarchi-
tectures with both random (Figure 13D) and regular (Figure 13E)
hole patterns were fabricated in a multilayered (SiO/SiGe) sys-
tem, which successfully replicated the iridescence and angular
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color shifts (Figure 13F). This confirms that the hierarchical pho-
tonic design observed in the beetle can be effectively translated
into engineered materials with tunable optical properties.
Sophisticated optical devices with nanoarchitectures similar to
those found in insects can also be applied in anti-counterfeiting
industry, in which the bio-inspired pattern can be read only by
specialized detectors. For instance, inspired by the polarization
effects found in insect wing scales, Poncelet et al.**] replicated
the bio-optical features for anti-counterfeiting applications. In
particular, using photolithography and wet etching processes,
they created cylindrical (C-grooves), and triangular (V-grooves)
grooves, respectively, which are inspired by the scales of Papilio
blumei and Suneve coronata. The multilayer coating was produced
through plasma-enhanced atomic layer deposition, involving al-
ternating deposition of titanium oxide (TiO,) and aluminum ox-
ide (AL, O;). Analyses showed that V-grooves produce stronger
polarization contrast with a specular reflection spectrum, while
C-grooves exhibit a more dispersive reflection spectrum with
lower polarization. Both structures also display unique optical
effects, such as diffraction and color contrast in polarized light,
enhancing their potential for anti-counterfeiting applications.

3.2.2. Light Trapping and Anti-Reflection

Solar radiation offers one of the most abundant renewable en-
ergy sources, with thin-film solar cells emerging as a promis-
ing low-cost solution for solar energy conversion. However, their
efficiency is limited by the mismatch between light absorption
and carrier transport lengths. To overcome this, advanced light-
trapping strategies have been developed using nanostructures
like photonic crystals, triangular-pyramid gratings, and plas-
monic nanostructures.38360361] Yet, fabricating these subwave-
length structures remains costly and complex. Nature, however,
provides elegant and efficient alternatives. As previously men-
tioned, organisms demonstrate remarkable light-harvesting ca-
pabilities due to their need to optimize the photon capture for
photosynthetic processes or improve their vision using anti-
reflection mechanisms. Hence, mimicking these biological struc-
tures can lead to efficient, low-cost solar cell improvements.
Accordingly, antireflective surfaces mimicking the nanoarchi-
tectures of butterfly scales have been used on Si-based solar cells
to reduce light reflection. Researchers discovered that these in-
spired design structures reduced light reflection from over 35%
to under 5%, increasing the short-circuit current by 66%.3¢%
Using a high-density electron cyclotron resonance plasma etch-
ing technique, Huang et al.’®] developed a simple aperiodic
array of silicon nanotips (SiNTs) on a 6-inch wafer with sub-
wavelength features that minimize light reflection across a wide
range of wavelengths, from ultraviolet to terahertz. Another in-
teresting example is provided by Sun et al., who developed a scal-
able and cost-effective approach for fabricating antireflective sur-
faces inspired by the nanostructures of moth-eyes.[®] Using Roll-
to-Plate ultraviolet nanoimprint lithography (R2P UV-NIL) on
transparent polycarbonate substrates, the authors replicated the
sub-wavelength nipple-array structures observed on moth om-
matidia (Figures 14A—C). These nano-patterns mimic the natural
refractive index gradient of moth eyes, which suppress reflections
and enhance optical transmission. As illustrated in Figure 14D,
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Figure 13. A) Trigonophorus rothschildi varians and B) macroscopically observed colors of the elytra: violet, green, and orange. C) Reflectance of the
elytra (circle, orange; square, violet; and triangle, green). D) Micrographs of the elytra cross sections with the calculated averaged period p of the one-
dimensional photonic crystals and the position of the reflectance maxima A for normal incidence. E) Micrographs of the nanoarchitected 5X (SiO/SiGe)
multilayer with random hole distribution (upper) and regular square hole pattern (bottom) (scale bar 1 um). F) Photographs showing the same fabricated
nanoarchitectures under different illumination angles. Adapted with permission.[8”] Copyright 2010, Springer Nature.

different sub-wavelength geometries (i.e., flat, columnar, triangu-
lar, and conical) were compared to assess how shape influences
refractive index transition. While flat coatings exhibit sharp re-
fractive index contrasts that lead to undesirable reflection, con-
ical and parabolic nanostructures generate a smooth refractive
index gradient. This enables more efficient impedance matching
between air and the substrate.

The fabrication process was further optimized by controlling
two critical parameters: the imprinting force and the viscosity
of the UV-curable resin (Figure 14E). Atomic force microscopy
characterization demonstrated how increasing the imprinting
force from 150 to 350 N led to more pronounced and uniform
nanostructures. Additionally, using higher-viscosity resins pro-
duced taller and more defined features, which contributed to re-
flectance reduction down to 1.21% across the visible spectrum
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and maintained performance at oblique incidence angles up
to 50°. Besides antireflective properties, the fabricated surfaces
displayed hydrophobicity (contact angles >100°), offering self-
cleaning benefits.

Overall, this study highlights the multifunctional potential of
moth-eye-inspired nanostructures and their suitability for large-
scale implementation in optical devices such as solar panels,
touchscreens, and LED displays, marking a significant advance
in nature-derived surface engineering. Nonetheless, while nat-
ural compound eyes offer an elegant solution for wide-angle
vision and anti-reflective performance, their artificial replica-
tion presents technical challenges, specifically to the align-
ment of three-dimensional optical geometries with conventional
two-dimensional sensor platforms.3®*] Most synthetic com-
pound eyes generate curved focal planes that do not conform to
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Figure 14. A) Photo of moth, B) the compound eye, and C) the sub-wavelength array structure constituting the ommatidia. D) Schematics of refractive
index variations: i) flat UV-curable resin coating, ii) columnar sub-wavelength structure, iii) triangular sub-wavelength structure, and iv) conical sub-
wavelength structure. E) Micrograph of the poly(dimethylsiloxane) (PDMS) prepolymer female mold and hardness variation of the mold with different
curing times under 110 °C. B-E) Adapted with permission.[®] Copyright 2018, Springer Nature. F, a) Natural moth compound eye with anti-reflective
nanostructures and b) schematic of the developed BAC-eye system, where microlenses are optically coupled to a flat base via index-matched waveguides.
G) Illustration of the fabrication process involving microfluidic-assisted 3D printing of hemispherical molds. H) Image of a single row of ommatidia
formed on the curved surface, where post height variation reflects the spatial distribution of forces during fabrication. I) Experimental and simulated
results showing the distribution of post height across the hemispherical surface as a function of rotation rate. J) Cross-sectional image of the BAC-eye
substrate showing internal tapered waveguides connecting microlenses to a flat output panel. J, a—j) Optical performance of the fabricated artificial
ommatidia. a) Simulated light intensity profiles illustrating crosstalk between adjacent ommatidia with different angular orientations: (« = 64.8°, g =
0°), (@ =72° B =0°), and (a= 79.2°, p = 0°). b,c) Experimental setup and output image used to evaluate the spatial separation and light delivery from
three curved silicone waveguides. d) Quantified light distribution at the output facet. e-h) Ray tracing simulations in ommatidia with orientations of e,f)
(e =0° g =0° and gh) (a = 36°, f = 0°) for light incident at different angles, demonstrating how orientation modulates intensity at the waveguide
output. i,j) Angular sensitivity functions of the ommatidia with orientations of (« = 0°, f = 0°) and (a = 36°, f = 0°) derived from both experimental
data (red points) and Gaussian fitting (grey surface), indicating directional optical response. Together, these data demonstrate how precise control of
nanostructure geometry and optical alignment enables the fabrication of scalable, high-performance, bioinspired imaging systems. F-J) Adapted with
permission.[364] Copyright 2021, Springer Nature.
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flat commercial detectors, thereby requiring complex image cor-
rection algorithms or multiple sensor arrays. To overcome this
incompatibility, Dai et al.’%*l developed a biomimetic apposition
compound eye (BAC-eye) system taking inspiration from the nat-
ural compound eye (Figures 14Fa,b). The fabrication process re-
lies on a microfluidic-assisted molding technique, a key innova-
tion that enables the precise formation of microlenses directly on
a hemispherical substrate (Figure 14G). Specifically, a 3D-printed
mold patterned with cylindrical microcavities is filled with a lig-
uid resin, which, under rotational motion, self-forms concave
lens shapes through surface tension effects. After UV curing,
these lens cavities are replicated onto a polymer substrate. The re-
sulting structure incorporates tapered, refractive index-matched
waveguides that connect each microlens on the curved surface
to a corresponding output point on a flat base. This fabrication
approach enables spatial control over lens height and geometry,
as illustrated by both experimental imaging and simulations of
height distribution across the hemispherical surface at varying
rotation speeds (Figures 14H,I). These variations in microlens
curvature directly affect the focal properties and alignment with
underlying waveguides, ultimately influencing the imaging fi-
delity of the device. To assess the optical functionality of the fab-
ricated ommatidia, Dai et al.***] conducted a combined simu-
lation and experimental analysis of light propagation through
the curved waveguides made within the photosensitive poly-
mer mixed with 1500 pg mL™" solvent dye. Simulations revealed
how the angular orientation of the ommatidia modulates optical
crosstalk and light intensity profiles at the output (Figure 14]Ja),
while a custom three-channel setup (Figures 14Jb,c) confirmed
the directional light transmission and separation achieved by
the BAC-eye. The recorded intensity distribution (Figure 14]d)
demonstrated a strong correlation with simulated patterns, vali-
dating the optical alignment strategy. Further ray-tracing studies
across different incident angles and ommatidial orientations of
(e, f) (@ =0° B =0° and (g, h) (¢ = 36°, B = 0°) revealed how
precise spatial design minimizes inter-channel interference and
enhances angular resolution (Figures 14Je-h). Finally, the angu-
lar sensitivity functions (Figures 14Ji—j), derived from both exper-
imental data and Gaussian fitting, quantify the directional selec-
tivity of each ommatidium.

The synthesis of these biomimetic materials typically involves
advanced techniques, such as soft lithography, nanoimprinting,
focused-ion-beam, or chemical-evaporation-deposition.[823%]
These methods enable the precise fabrication of periodic nanos-
tructures on a substrate, resulting in synthesized materials
with optical properties comparable to those of the natural
systems.[82331350365] Fach of these techniques presents distinct
advantages and limitations depending on the target resolution,
scalability, material compatibility, and fabrication cost. Soft
lithography and nanoimprinting, are relatively suitable for
large-area replication.[3¢] Among these fabrication methods, the
direct use of biological materials as substrates or templates has
emerged as a particularly powerful strategy for faithfully repli-
cating natural hierarchical micro- and nanostructures.$23¢’] By
using natural surfaces directly as a mold or deposition scaffolds,
this method enables the retention of structural intricacies that
are otherwise extremely challenging to engineer synthetically.

A compelling example of this biomimetic fabrication is pro-
vided by Huang et al.*®?], who replicated the fine structure of
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Morpho peleides butterfly wing scales. With the wing itself as a
substrate, the team used atomic layer deposition (ALD) to build
a coating of amorphous alumina on top of the delicate organic
structure, reacting precursors (Al(CH,); and H,0) at a mild tem-
perature (100 °C). Thickness was controlled by varying ALD de-
position cycles, which added a 1 A layer per cycle, and the re-
flected color of the wing shifted as the coating grew from 10 to
40 nm. The coatings were subsequently annealed (800 °C for
3 h in air) to remove the underlying organic template and crys-
tallize the alumina to improve physical robustness. This inverse
replica preserved the wing’s nanometer-scale structures, and re-
flection peaks in the violet/blue range were observed in optical
micrographs and confirmed by UV-vis Spectroscopy for both
the replica and wing. Interestingly, the alumina replicas demon-
strated functionalities as waveguides and beam splitters, present-
ing a more affordable and reproducible alternative to sophisti-
cated photonic integrated circuit production compared to conven-
tional lithography methods.[3%33%8] Another example is the direct
use of cicada wings (Megapomponia intermedia) to fabricate mul-
tifunctional nanostructured surfaces through silica deposition,
followed by chemical etching and replication using polymethyl
methacrylate (PMMA).36%]

The key advantage of these biological template techniques is
the ability to reproduce complex architectures with minimal de-
sign or computational input. However, it is constrained by the
fragility of biological templates, sensitivity to thermal and chem-
ical treatments, and the difficulty of template removal without
damaging the resulting structure. Additionally, reproducibility
and scalability remain significant challenges when working with
natural variability in biological specimens, 3! which will be dis-
cussed in the final section of this review.

Alternative biologically based methods involve cell-culture
techniques and bio-engineering.[>**] Recent works have focused
on the cell-culture of butterfly scales. Cultured scales can be em-
bedded in polymeric materials or paints or even applied in op-
tical gas sensors, providing different optical responses to differ-
ent vapors.’”% Other examples can be found in the direct use of
diatoms or modified versions to create photonic devices.[>*0371]
Other researchers used in vitro assembly of Wiseana iridescent
virus to produce iridescent films with structural colors more
vivid than those seen in insects.*>*372] While these biologically
driven fabrication methods are highly promising in terms of
sustainability, low environmental impact, and offer the possibil-
ity for bottom-up self-assembly, they still face considerable chal-
lenges related to scalability, control over uniformity, and inte-
gration with current manufacturing processes. Standardization,
long-term stability, and large-area production remain critical bar-
riers to their widespread application in commercial photonics.

4, Thermal Materials

4.1. Biological System Designs

Thermal regulation is a fundamental factor in the survival of
organisms, but also critical in many engineered systems. The
development of thermal regulation technologies must be both
nuanced and powerful to advance science and reduce energy
consumption.3®*! Conventional materials like metals, polymers,
and oxides have inherent limitations, such as thermal expansion
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in metals, thermal instability in polymers, and low thermal con-
ductivity in oxides, which make it challenging to develop effi-
cient thermal regulation materials. Over millions of years, nature
has adapted to diverse environments, including extreme thermal
conditions found in polar regions and deserts, through efficient
thermal regulation via absorption, reflection, scattering,*”®! and
emission.’”*] Some of the most precise thermal regulation sys-
tems are found in nature, particularly within the microstructures
of organisms’ surfaces. By emulating the strategies of animals
that thrive in extreme cold*”*] or heat,[3”%! we can develop robust
thermal insulating materials that incorporate features such as en-
ergy storage and transformation, passive radiative cooling, solar
steam generation, radiative heat dissipation, and infrared stealth
or detection.[77378]

Solar radiation serves as the primary energy source for the
Earth’s surface and living organisms. Effective utilization of this
energy is essential for survival, whether by retaining warmth in
glacial regions, maintaining cooling in deserts, or dynamically
adjusting in response to temperature fluctuations in the sur-
rounding environment.’”?! It is known that thermal radiation
plays a significant role in temperature regulation during solar
exposure for heat exchange. Controlling temperature and surface
emissivity are two key approaches to managing thermal radiation
energy in both biological and engineering systems. The modes
of thermal transport, including convection, conduction, and ra-
diation, can theoretically be engineered by adjusting their nano-,
micro-, and macro-structures. This structural control allows for
the precise tuning of their emissivity, reflectivity, and absorptiv-
ity within specific electromagnetic ranges. Consequently, under-
standing the role of an organism’s ultrastructure in thermal re-
sponse is essential when selecting and designing materials for
customized performance in practical applications. For example,
the hollow and crimped hair structure, along with the thick fat
and fur of cold-adapted animals such as polar bears, Tibetan an-
telopes, and yaks, effectively absorb and reflect the infrared radi-
ation emitted from their bodies, helping them retain warmth in
extremely cold environments.*®" Silver ants can regulate their
body temperature in the scorching desert by leveraging the effi-
cient interaction between their triangular hairs and electromag-
netic waves (Figures 15a—c). This adaptation enhances reflectivity
in the visible to near-infrared range while increasing emissivity
in the mid-infrared band.*”* Therefore, it is essential to under-
stand the relationship between the ultrastructures of organisms
and their thermal response behaviors to guide the design and
manufacturing of materials for engineering applications such
as thermal camouflage, energy-efficient building materials, and
heat management in electronics.

4.1.1. Insulating

Animals that thrive in extremely cold environments have evolved
specialized fur to survive. For instance, polar bears exhibit a re-
markable ability to regulate their body temperature in the Arctic’s
extreme cold, primarily due to the insulating properties of thick
layers of fat and a unique fur design.3*®! Their dense, double-
layered fur coat is comprised of long, oily guard hairs and a thick
undercoat. The water-repellent nature of these guard hairs pre-
vents moisture from penetrating to the inner layers, thus main-
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taining their insulating effectiveness. These medullated (hollow)
guard hairs (%200 um diameter and 15-20 um pore diameter) are
also translucent, allowing solar radiation to reach the polar bear’s
dark skin, underneath the thick fur, maximizing the absorption
of heat.’>?] Additionally, their structure scatters light, contribut-
ing to their white camouflage. The size and spacing of internal
nanostructures fall within the regimes of both Mie and Rayleigh
scattering, producing broad-spectrum scattering of visible light
and resulting in a white appearance. Moreover, the hairs contain
little to no pigment, minimizing absorption and allowing most
incident light to be reflected or scattered, enhancing the bear’s
ability to blend into snowy environments. Beneath this protec-
tive outer layer, the dense, woolly undercoat forms an effective
barrier, trapping a layer of warm air directly against the bear’s
body.*’] Further enhancing this insulation is a substantial layer
of blubber, a thick deposit of fat located directly beneath the skin.
Blubber functions as an effective thermal insulator primarily due
to the inherently low thermal conductivity of lipids, which con-
duct heat far less efficiently than water or muscle tissue. Its high
concentration of triglycerides and low water content reduce heat
transfer. In addition, the microstructure of blubber, composed
of adipocytes embedded in a collagen-rich extracellular matrix,
creates a heterogeneous, disordered environment that scatters
phonons and disrupts coherent thermal conduction, similar to
the behavior of amorphous solids or foams. This structural com-
plexity further impedes heat flow from the bear’s warm core to
the cold external environment. Combined with its considerable
thickness and the bear’s ability to regulate peripheral blood flow,
blubber serves as a crucial adaptation for thermal protection, es-
pecially in icy waters.

The emperor penguin, the only bird species that breeds during
the Antarctic winter, employs a similar insulating strategy to sur-
vive extreme conditions, with ambient temperatures dropping as
low as —40 °C and wind speeds reaching up to 40 m s~!. This
remarkable thermal insulation is largely attributed to the feather
surface, which provides over 80% of the total insulation and ex-
hibits high resistance to wind penetration. A closer examination
of the ultrastructure of penguin feathers reveals a hierarchically
branched architecture: long barbs, with average pore diameters
of around 190 nm, extend from the central rachis, and each barb
is further composed of finer barbules, which themselves con-
tain nanostructured filaments and porous matrices that trap air
at multiple length scales. These nanoscale air pockets and fila-
mentous networks reduce convective and conductive heat loss by
limiting air movement and disrupting heat flow pathways. The
combined effect of hierarchical porosity, surface roughness, and
material heterogeneity results in a multiscale insulation system,
in which nanostructured features play a critical role in enhancing
thermal performance under harsh Antarctic conditions. These
feathers are constructed from pf-keratin sheets with intercon-
nected porosity, highlighting the critical role of porosity in adap-
tive thermal insulation.[38-383] At the molecular level, f-keratin
is a hierarchically assembled biopolymer, consisting of extended
polypeptide chains stabilized by covalent intra-chain bonding,
while the assembly of these chains into higher-order sheet struc-
tures is mediated through weaker non-covalent interactions,
including hydrogen bonding and van der Waals forces. This
multiscale organization results in a material with anisotropic
mechanical and thermal properties. The disordered, heteroge-
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Figure 15. a) Silver ant. b) SEM and c) cross-sectional view of the hairs and d) 2D distribution of a light field around a triangular hair for three exemplary
Mie resonances. e) Schematic diagram showing the interaction between visible and NIR light and a hair at different incidence angles. a—e) Adapted with
permission.373] Copyright 2015, AAAS. f) Thermal energy flow in a typical passive daytime radiative cooling system. Reproduced with permission.[378]
Copyright 2022, Wiley-VCH. g) Photograph of the dorsal side of the male butterfly. h) IR image of the butterfly above the heating device (set at 60 °C)
with the ambient temperature at 25 °C. Top-view (i) and cross-sectional view (j) SEM images of the non-scent patch scales and the scent patch scales
on the Rapala dioetas hindwing. k) Cross-sectional view of a two-dimensional normalized light field intensity distribution at wavelength = 8 pm inside
the simulation model of a scent patch scale. h—k) Adapted with permission.[383] Copyright 2021, AIP Publishing.

neous arrangement of keratin molecules and their bonding in-
terfaces creates significant phonon scattering, impeding coher-
ent thermal transport. Furthermore, the porous structure intro-
duces multiple solid-air interfaces, where acoustic impedance
mismatches further disrupt phonon propagation. Together, these
factors lead to low thermal conductivity, making f-keratin an ef-
fective thermal insulator. When integrated with the feather’s mi-
croscale and nanoscale porosity, this molecular architecture plays
a central role in minimizing heat loss and enabling emperor pen-
guins to maintain core body temperature in extreme polar condi-
tions.

4.1.2. Cooling

For organisms in hot environments, maintaining thermal home-
ostasis is crucial for survival. Saharan silver ants exemplify the
principle of survival of the fittest. Unlike the 1D porous and hol-
low structure of polar bear hairs, optimizing two-dimensional
biomimetic nanostructural parameters (such as geometric con-
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figuration and size) can enhance thermal performance and im-
prove cooling efficiency. For example, Wehner et al.’”?] reported
that these ants maintain their bodies at a temperature lower than
that of the desert sand by utilizing a coating of silver colored hairs
on their backs and sides (Figures 15a—c). These hairs serve a dual
optical-thermal functions: they reflect a broad spectrum of so-
lar radiation while simultaneously enhancing thermal emissivity
in the mid-infrared range. The hairs possess a triangular cross-
section with corrugated surfaces and are aligned in a uniform ori-
entation across the body. This specific geometry facilitates high
reflectance of visible and near-infrared solar radiation through
constructive interference and minimized absorption, acting as a
biological photonic structure. Any visible light that is absorbed
is converted into heat and re-emitted as longer-wavelength in-
frared radiation. The triangular shape and surface corrugations
increase the effective surface area and create a high emissivity
in the thermal infrared region (8-12 pm), which corresponds to
the atmospheric transparency window. This allows heat to be ef-
ficiently radiated away into the sky, even under direct sunlight
(Figures 15d,e). Thus, the ant’s hairs function not merely as a
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reflective shield but as a sophisticated thermal management sys-
tem, coupling photonic reflection with radiative heat dissipation.
This hierarchical structural adaptation enables the ants to forage
under extreme midday desert conditions, when surface temper-
atures can exceed 60 °C, without succumbing to thermal stress.
Additionally, the smooth silver surface on the ants’ undersides re-
flects heat rising from the sand. These evolutionary adaptations
enable the ants to forage during the hottest parts of the day, when
other insects and lizards seek shelter, giving them a unique ad-
vantage over their competitors. This capability arises from the
corrugated triangular surface of hairs, with ~220 nm corruga-
tions and a nanoscale air gap that is hundreds of nanometers
thick. These provide a barrier between the hair and cuticle, re-
ducing thermal transport via convective processes.

While sunlight is vital for all life on Earth, excessive expo-
sure can cause harmful overheating. The Earth’s atmosphere is
transparent to infrared (IR) radiation in the 8-13 pm wavelength
range, allowing terrestrial emitters to dissipate heat into the cold
universe through this atmospheric window. This process enables
passive cooling, allowing objects to reach temperatures below
the ambient environment (Figure 15f).[38] Conventional cooling
methods not only demand substantial energy but also contribute
to environmental concerns by emitting greenhouse gases. Alter-
natively, passive radiative cooling efficiently dissipates heat into
the cold universe through thermal radiation without consuming
energy. Many biological organisms, primarily composed of pro-
teins, polysaccharides, and minerals, can selectively absorb mid-
infrared (MIR) light, exhibiting high MIR emissivity. Addition-
ally, many biological species possess nanostructures that regu-
late light-matter interactions across the UV, visible, near-infrared
(NIR), and MIR ranges. For instance, the triangular cross-section
of the aforementioned desert silver ant hairs plays a crucial role
in enhancing thermal regulation. During hot summer days, their
foraging activities may peak when desert surface temperatures
reach 60-70 °C, while their body temperatures range from 48 to
57 °C.1384]

Pores and holes are another key structural adaptation that en-
hances radiative cooling in organisms. The introduction of air
voids disrupts the uniformity of optical properties, enabling the
regulation of light-matter interactions. Nanoscale pores scatter
visible light, while microscale pores enhance MIR light scatter-
ing, effectively modulating MIR emissivity. For example, the hi-
erarchical scent patch region on the wing scales of the butter-
fly Rapala dioetas exhibits enhanced MIR emissivity due to its
porous structures. The incident MIR light is scattered at the in-
terfaces of these microfibers, improving passive radiative cooling
(Figures 15g-k).13%

4.1.3. Dynamic Temperature Regulation

In another example of dynamic thermal regulation, mammals
with fur use piloerection, a process where arrector pili mus-
cles contract, causing hair to stand erect.® This action traps a
thicker layer of insulating air close to the skin, effectively reduc-
ing heat loss in response to cold environmental temperatures.
The degree of insulation can be adjusted dynamically by vary-
ing the extent of hair erection, providing a rapid and respon-
sive mechanism for conserving body heat. While less effective in
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sparsely haired mammals like humans, piloerection is a crucial
adaptation for maintaining warmth in many furry species.

Beyond evolving and adapting to survive in either extreme cold
or hot environments, most organisms also require a thermostat-
like mechanism, as they can only function within a narrow tem-
perature range. Therefore, dynamic thermoregulation is crucial
for their survival. In nature, opportunities for developing bio-
inspired thermal regulation are found in organisms that can
rapidly change color to blend into their surroundings for defense
or foraging.?l For example, cephalopods like squid alter their
skin appearance by contracting and expanding chromatophore
pigment cells.?®”] Although these biological camouflage effects
primarily operate in the visible spectrum, they have inspired in-
novations in adaptive IR camouflage for thermal engineering ap-
plications. The squid’s dynamic color-changing ability offers a
blueprint for creating tunable thermoregulatory materials. Sim-
ilarly, chameleons can rapidly and intricately change color by
dispersing or aggregating pigment-containing organelles within
dermal chromatophores. Meanwhile, a deeper layer of cells
broadly reflects light, primarily in the near-infrared range, miti-
gating the thermal effects of intense solar radiation and providing
passive thermal protection.®®] Inspired by this, materials that
control the roughness or alignment of nanoscale structures can
be designed to dynamically modulate their ability to absorb or
reflect heat, thereby enhancing heat management under varying
conditions.

4.2. Biologically Inspired Materials

The ability to regulate thermal radiation is crucial across var-
ious technologies, such as thermal management in electron-
ics, passive radiative cooling systems, infrared stealth and cam-
ouflage, thermophotovoltaic energy conversion, and spacecraft
thermal control. With the rapid advancement of micro to nano-
manufacturing techniques and characterization methods, bio-
inspired synthetic materials developed from the investigation
of these organisms have demonstrated promising applications
in thermal engineering. The representative materials are de-
scribed with emphasis on the relationship between the structural
features and the corresponding thermoregulation functions. In
addition, the breadth in materials selection—metals, ceramics,
polymers, composites, and even biological materials—offers the
ability to target a wide array of commercial and defense appli-
cations such as aerospace, electronics, housing, etc. This diver-
sity in material selection is particularly valuable for tailoring
thermal, mechanical, and optical properties to meet application-
specific requirements. At the same time, a number of synthesis
methods are available or are being developed to engineer these
nanostructured materials. These include, for example, freeze-
spinning/casting,®*3%] 3D printing,*! self-assembly,*??] as
well as utilizing natural biomaterials either by preserving their
structures or modifying them through carbonization.?%}]

4.2.1. Insulating
Bio-inspired materials that replicate natural structures, such

as polar bear fur, provide lightweight, high-efficiency thermal
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Figure 16. Schematic of thermal insulation in a) polar bear hairs and b) encapsulated aerogel fibers. SEM images of c) a polar bear hair and d) encap-
sulated aerogel fibers. a—d) Adapted with permission.[38] Copyright 2023, AAAS. e) Yak on the Tibetan Plateau (>4000 m), f) raw yak hairs with guard
and down hairs, g) naturally crimped yak hair, h) stretched yak hair showing extended length. e—h) Adapted with permission.[®0] Copyright 2019, Elsevier

B.V.

insulation, making them ideal for cold environments and ap-
plications like thermal clothing or building insulation. In con-
trast, conventional materials like foams also offer thermal insu-
lation but are often flammable and can emit toxic gases when
subjected to high temperatures. Polar bear hairs feature a porous
core and dense shell structure that minimizes heat loss. Repli-
cating these design characteristics and selecting from a broad
base of materials (e.g., polymers, ceramics, natural materials) can
lead to structures with extremely low thermal conductivity for
practical thermal insulation applications. Inspired by the nanos-
tructure of the polar bear hair, a natural radiative-cooling fiber,
Qiu et al. developed a 2D Ag/cellulose/carbon nanotube (CNT)
laminated nanofiber membrane that combines sunlight absorp-
tion and thermal radiation reflection.®®3] Maintaining outdoor
thermal comfort in cold environments requires maximizing heat
gain while minimizing heat loss, as heat exchange between the
human body and the surroundings is complex. The CNT layer,
with its nanoscale tubes, exhibits broadband solar absorption due
to several intrinsic optical and electronic properties. First, the
high aspect ratio and quasi-one-dimensional structure of CNTs
enable strong light-matter interaction through multiple scatter-
ing and absorption events across a broad spectral range, from
ultraviolet to near-infrared. Additionally, the electronic structure
of CNTs, characterized by delocalized z-electrons, allows effi-
cient absorption of photons, converting incident solar energy into
heat via non-radiative relaxation processes. The presence of de-
fects, tube-tube junctions, and their random orientation within
the membrane further enhances light trapping by increasing op-
tical path lengths and reducing reflectance. Together, these fac-
tors contribute to the CNT layer’s high and broadband solar ab-
sorptance, making it effective for solar thermal harvesting. Mean-
while, the Ag layer, with its high carrier density, provides excep-
tional infrared reflectance. Using a foam finishing process and
magnetron sputtering, the researchers achieved high solar ab-
sorptivity through the CNT coating and strong infrared reflectiv-

Adv. Mater. 2025, 37, e09281 €09281 (30 of 56)

ity via the Ag coating. When applied to a skin-simulating heater,
the laminated membrane increased the temperature by 2.3 and
2.9 °C compared to CNT/cellulose and cellulose/Ag membrane,
respectively, demonstrating that thermal insulation results from
the combined effects of the Ag and CNT layer. This synergy en-
hances radiation-based warming by optimizing solar heat ab-
sorption while reducing infrared heat loss. The natural insula-
tion, inspired by the design of fibers that mimic polar bear fur,
is now being explored for its potential in human thermal man-
agement devices.[*** Additionally, yaks residing in cold plateau
regions possess a dense coat of long hair with abundant micro-
crimps. Each yak hair naturally forms spiral microcrimps.[*! Un-
like the hollow structure of polar bear hair, both fine and coarse
yak hairs feature solid cross-sections without a porous medulla,
emphasizing the essential role of microcrimps in heat retention
(Figure 16).

4.2.2. Cooling

Inspired by the aforementioned silver ants, Wu et al.3%! fabri-
cated hierarchical, flexible, hair-like photonic structures with a
triangular air gap (TAG) using soft nanoimprint lithography with
polydimethylsiloxane. The optimal cooling effect was achieved
when a TAG-covered glass bottle exhibited a temperature reduc-
tion of ~6.7 °C compared to a bare bottle. Additionally, these
flexible films can be applied to wearable devices. For instance, in
a watchband, areas covered by TAG showed an average temper-
ature reduction of 4.5 °C compared to uncovered regions
(Figures 17a-c). Inspired by the Cyphochilus Dbeetle
(Figures 17d,e), Tso et al.®! found that its whiteness arises
from a network of chitin filaments combined with an inter-
connected structure of air pockets. This ultrathin structure
produces exceptional visual whiteness, primarily due to multiple
scattering from the randomly entangled, disordered network of
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Figure 17. a) Schematicillustration of the preparation of the TAG and BAG samples and flexible films. b) Rooftop measurement and thermal images of the
bare bottle and the bottle covered by TAG. c) Thermal image of the watchband areas covered and uncovered by TAG. a—c) Adapted with permission.[3%]
Copyright 2020, Elsevier B.V. d) The optical and e) cross-sectional SEM image of a Cyphochilus scale. f) SEM images of a fabricated cooling ceramic
sample showing the hierarchically porous structure. g) Variation in the surface temperature. d—g) Adapted with permission.°l Copyright 2023, AAAS.

chitin filaments, and shows great potential for applications in ef-
ficient daytime passive radiative cooling. Based on the structural
designs revealed in these biological materials, they synthesized
alumina nanoparticles via phase inversion and sintering to
create a cooling ceramic with a densely packed outer layer and
numerous internal nanovoids. This cooling ceramic maintained
a temperature below ambient air, with an average sub-ambient
temperature reduction of 3.8 °C and a maximum reduction of
8.8 °C. Additionally, its effective evaporative cooling performance
was demonstrated by a rapid surface temperature drop, while
commercial tiles exhibited only negligible temperature variation,
as observed through infrared imaging (Figures 17f,g).

4.2.3. Dynamic Thermoregulatory Materials

Thermoregulatory materials were originally designed to con-
trol the temperature of spacecraft and satellites, ensuring in-
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ternal stability by minimizing thermal fluctuations. The dy-
namic coloration of animal skins provides a wealth of inspira-
tion for IR adjustment systems. Effective IR attenuation is vital
for areas including intelligent thermoregulation, adaptive ther-
mal camouflage, and energy-efficient buildings. Drawing inspi-
ration from squid skin, Gorodetsky et al.[?%] developed an artifi-
cial thermoregulatory platform that combines the static infrared-
reflecting design of space blankets with the dynamic color-
changing abilities of squid skin. They engineered a composite
material made of a soft, stretchable infrared-transparent poly-
mer matrix, overlaid with an array of infrared-reflecting metal
domains anchored within the matrix by columnar nanostruc-
tures (Figures 18a—f). Unlike traditional space blankets, these
composite-based sleeves can be actively adjusted to manage
heat flux between the wearer and the surrounding environment
in real time, allowing for nearly an order of magnitude im-
provement in controlling local changes in body temperature
(Figures 18g,h).
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Figure 18. a) Image of a space blanket on a human arm. b) Schematic of the space blanket. c) Image of a squid. d) Schematic of squid skin layer.
e) Composite material on arm in wearable form. f) Schematic of the composite. g) Heat flux through the composite without (left) and with (right) actu-
ation. h) Temperature increase of forearms with space blanket- and composite-based sleeves under 0%, 10%, 30%, and 50% strain. a—h) Adapted with
permission.[3%! Copyright 2019, Springer Nature. i) Squid in expanded (left) and contracted (right) states. j) Strain-induced transition of metal domains
from abutted (left) to separated (right). k,|) Reflectance and transmittance spectra of composite under 0%, 30%, and 50% strain. m) Coffee-filled cup

covered with composite. n) Thermal camera time-lapse images. o,p) External and internal temperature differences after 90 min for material-covered vs.
bare cups. i-p) Adapted with permission.[3®”] Copyright 2022, Springer Nature.

Later, the same research group drew inspiration from a com-
mon squid’s unique skin,[3%3%] where muscle-controlled chro-
matophores enable changes in appearance by switching between
contracted and expanded states (Figure 18i).>*”1 They developed
reconfigurable nanostructured metallized composite materials
that alter their infrared reflectance and transmittance by mechan-
ically stretching, which switches the surface metal domains be-
tween abutted and separated states (Figure 18;j). To explore how
these composite materials interact with mid-infrared light be-
fore and after mechanical actuation, they applied strains rang-
ing from 0% to 30% and then to 50%. The resulting spectra
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indicated a decrease in total reflectance and an increase in to-
tal transmittance (Figures 18k,l). Additionally, the thermoregu-
latory performance was assessed by observing the cooling ef-
fects on a hot beverage-filled disposable paper cup. The exter-
nal and internal temperature differences between the insulated
cup and a bare cup stabilized at approximately 2.6 + 0.3 °C
and 3.1 + 0.2 °C, respectively, after 90 min (Figures 18m-p).
These innovative materials could provide a viable techno-
logical solution to the cost, performance, and sustainability

challenges currently facing the food and beverage packaging
industry.
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5. Sensing Materials

Highly efficient, sensitive, selective, and cost-effective sensors
are needed in many advanced manufacturing sectors. For ex-
ample, in semiconductor fabs, sensors with ultralow detection
limit and rapid response times are needed for precise control
of different chemical precursors. For example, in semiconduc-
tor fabs, sensors with ultralow detection limit and rapid response
times are needed for precise control of different chemical precur-
sors. The increasing demand in automation and construction of
smart cities necessitates sensors that can provide real time detec-
tion in complex environments.[*?! In medicine, biocompatible
nanoscopic sensors are needed to detect different biomarkers for
the diagnosis of diseases.[*! Although high-performance con-
ventional sensors exist, many still suffer from drawbacks such
as complex instrumentation, high cost, substantial energy ex-
penditure, and stringent maintenance requirements. To meet fu-
ture demands, a new generation of sensors must possess en-
hanced sensing performance while concurrently being robust,
cost-efficient, and easily deployable and integrated. All living sys-
tems have engineered intricate sensory strategies that demon-
strate remarkable performance and recognition capabilities!*??]
and thus, offer valuable inspiration for advancing conventional
sensing technologies.

5.1. Biological System Designs

Biological sensory systems function similarly to artificial sensors,
wherein stimuli are converted into electrical signals via a trans-
duction process, but require far less energy to operate and utilize
relatively simple materials (e.g., proteins) as the active sensing
elements. Organisms detect different stimuli through a variety
of specialized receptors that convert various stimuli into electri-
cal signals via a sensory transduction system, which exhibits re-
markable selectivity and sensitivity in the complex environment
of nature.[*®]

Some of the most important biological sensors, such
as chemoreceptors,[*4405] mechanoreceptors,[*®%] thermore
ceptors,[*19*12] and photoreceptors,[*131>] utilize sophisticated
nanostructures resulting from millions of years of evolution.
All modalities of organismal sensing rely on biological macro-
molecules as the fundamental functional unit, among which
proteins are the most well-studied. From stimuli recognition
to signal transduction, different classes of proteins, such as
enzymes, *1*7] antibodies,[*1*#20] and receptors,[*?'#?] execute
highly specific tasks, with receptor proteins responsible for most
external stimuli detection.[*>*] Though our current under-
standing of proteins is rather superficial, the breadth of existing
literature is substantial, thus we refer the readers interested in
the field to these outstanding works on proteins.[*27~431]

Receptor proteins located on cell membranes are genetically
programmed to respond to different stimuli and act as reversible
gates of ion channels.[**?) When activated, these proteins undergo
conformational (structural) changes to allow the flow of ions,
which initiates an action potential for a variety of cascading cel-
lular processes.[**3] Although the size of receptor proteins varies,
they are inherently nanoscopic (largest known VLGR1 recep-
tor protein composed of #6300 amino acid residues, measuring
~4 nm in diameter and ~180 nm in length).[***35] Exquisite
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functional characteristics arise from the small size of recep-
tor proteins. For example, low molecular weight proteins dif-
fuse faster and can be expressed more frequently on cell mem-
branes, leading to greater interaction with a target analyte and
consequently, faster response time.[****38] In general, smaller
proteins are less susceptible to steric hindrance and experience
greater ligand-binding events,[**! but larger proteins (still at the
nanometer scale) possess greater selectivity against specific ana-
lytes due to their more complex chemical environment.[*40:441]

While receptor proteins form the foundational sensing units,
they do not act in isolation. Their capabilities are fully realized
when strategically arranged within specialized cellular architec-
tures and ultimately embedded in sensory structures (e.g., sen-
silla), forming the complex sensory organs.[**?] This hierarchi-
cal assembly allows for the integration and amplification of indi-
vidual protein-level responses, converting nanoscale biochemi-
cal recognition into organism-level perception and response.[**?]
This complex sensing then arises from the cooperation among
multiple receptors or the involvement of specialized structural
elements. For example, scorpions employ arrays of slit receptors
to achieve omnidirectional sensitivity and further refine their sig-
nal recognition through interfaces with viscoelastic pads.[*+3#44]
While these examples illustrate the effects of receptor integra-
tion, the focus of this review is directed towards the nanoscale
features and their specific functional roles in sensing, rather than
the collective operation of distinct receptor classes.

5.1.1. Chemical Sensing

For many organisms, olfactory information is critical in many
aspects, including prey and predator detection, mating, and
foraging.*l As early as the 1970s, researchers found that the
male silk moth, Bombyx mori, can detect sex pheromones with
great sensitivity and selectivity at low concentrations despite
having far fewer neurons (10°-10°) than that of mammalian
olfaction.®*#%] Male silk moths can detect the pheromone bom-
bykol at concentrations as low as 3,000 molecules per ml (in
air) at an airspeed of 57 cm/s,[** showing canine-like sensitiv-
ity with significantly fewer olfactory neurons. In these moths,
nanoscale chitin-protein complexes are assembled in a hierar-
chical structure within their antennae, which enables this high
level of sensing.*7#%8] On the antennal stalk, pairs of antennal
side branches extend out to form a bipectinate structure (Figure
19a).°41 At an average of 2-3 um, the olfactory sensilla are the
smallest structures of the antenna and can be found on both the
antennal stalk and side branches (Figures 19a,b).**! The sen-
silla located on the inner side of the side branches act as mi-
croscopic sieves for odorant molecules!***#*!l while nanoscopic
pores (diameter 10-60 nm) and channels on the surface of the
sensilla facilitate the diffusion of odor molecules to the sen-
sillum lymph (aqueous fluid).[*>** The excellent pheromone
recognition capabilities of moth antennae are largely attributed to
both its hierarchical structure, assembled from nanoscale chitin-
protein complexes, and facile binding of pheromone molecules
to specific receptor proteins, formed via expression and subse-
quent folding and anchoring of polypeptides at the nanoscale.[*>>]
The sieve-like antennae effectively trap air, allowing infiltration
and diffusion of odorant molecules into the sensillum lymph
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Figure 19. Main olfactory sensory organs of the silk moth, Bombyx mori, and the fruit fly, Drosophila melanogaster. a) Single antennal branch at higher
magnification showing the different sensillum types. Scale bar: 25 um. Adapted with permission.[*6%] Copyright 2005, Springer. b) Schematic dia-
gram of an olfactory sensillum showing the detailed configuration of ORNs and accessory cells with respect to cuticular specializations. Adapted with
permission.[461] Copyright 2004, Springer. c) Airflow at the antenna of the male moth Antheraea polyphemus. Air was blown from a glass tube toward
the antenna. Scheme of the glass tube, antenna, and thermistor positions drawn to scale. By means of a thermistor (0.2 mm diameter) the airstream
velocity was measured without the antennae (open squares and dashed lines), in front of the antenna (open circles), and behind the antenna (dots).
Reproduced with permission.[*4¢] Copyright 2009, Springer. d) Dose-dependent increases in the bombykol (red) or Z11-16:Ald (blue)-induced spike
frequency of BmOR1-GAL4IUAS-PxORT male moths. Error bars represent + SEM (n = 10). Adapted with permission.[462] Copyright 2011, PLoS Genet.
e) Current trace with application of the indicated concentrations of bombykol. Bombykol was sequentially applied to the same oocytes. Adapted with
permission.[463] Copyright 2005, AAAS. f) Schematic representation of Drosophila olfactory organ. Adapted with permission.[#64 Copyright 2019, Cell
Press. g—i) Cross-sections through various subtypes of sensilla basiconica (sb) on the antenna of Drosophila with pores labeled (P) and arrows indicating
pore tubules. SB: small sh. TB-2: thin sb. TB*: thin sb with relatively thick cuticular wall and different internal morphology. Adapted with permission.[463]
Copyright 1999, Elsevier. j) Recording responses with a capillary tip containing the stimulus. Left, schematic of stimulus presentation showing a capillary
tip containing material; r indicates the radius at which the impulse rate exceeds the spontaneous rate by more than 20 impulses s~'. Right top, response
of the T1 neuron to an intermediate dose of cis-vaccenyl acetate. Approach of the stimulus to the sensillum, the time of sensillum contact, and stimulus

removal are indicated. Right bottom, control stimulus. Adapted with permission.[466] Copyright 2007, Cell Press.

through the nanoscopic pores (Figure 19c). Due to the hy-
drophobicity of most pheromone molecules, solubilization and
transport of pheromone through the sensillum lymph to recep-
tor proteins is facilitated by small soluble proteins (15 kDa)
called pheromone binding proteins (PBPs), which are highly en-
riched in the sensillum lymph and exhibit great binding affinity
against pheromone molecules.[****] Subsequently, binding be-
tween pheromone components and receptor proteins activates
the chemo-electrical transduction mechanism for pheromone
recognition.® (Figure 19d shows excellent sensing performance
of silk moth receptor proteins). Furthermore, unlike the gen-
eral perception mechanism involved in odorant recognition from
foods and plants, pheromone recognition is selective, wherein
sex pheromones are detected by specifically tuned olfactory re-
ceptors expressed in male antennae (Figure 19e shows greater
sensitivity against pheromone bombykol). With this lock-and-key
configuration, the full array of sexual behavior of silk moths can
be elicited by a single compound, bombykol.

Adv. Mater. 2025, 37, e09281 €09281 (34 of 56)

Chemical sensing organs and mechanisms similar to that of
male silk moths can be found in other insects. For example,
in the common fruit fly, Drosophila melanogaster (Figure 19f),
researchers have observed high sensitivity against analyte
molecules despite having only ~1300 olfactory receptor neu-
rons, 62 odorant receptors, and ~50 glomeruli.[*74%8] Although
chemical sensing is inherently a chemical process wherein neu-
ral signals are generated due to binding of volatile ligands to
odorant receptors, the nanoarchitected structure of the sens-
ing organ can greatly enhance sensitivity and response time.
Adult fruit flies also possess sensilla similar to the aforemen-
tioned silk moths (Figure 19f).1#6>46846] Pores ranging from
50 to 200 nm in diameter can be found on the cuticular sensil-
lum walll*644%] under which pore tubules can be found, acting
as diffusional pathways for odorant molecules to reach the olfac-
tory receptor neuron dendrites within the sensillum lymph space
(Figures 19g—i).1#68470 Tt is widely believed that the nanoporous
morphology of the sensillum wall allows for selective diffusion
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Figure 20. a,b) Biological design features of flexible tactile sensors. b) Adapted with permission.[*%%] Copyright 2022, MDPI. c) Deflection of tarsus by
an angle a exceeding 25° leads to pressure on the pad in front of the vibration receptor. d) SEM micrograph of the metatarsal organ of C. salei circled in
(c). Arrow indicates nanoslits of the lyriform structure. e) Frequency dependence of Young’s modulus (filled symbols) and of sensory thresholds of the
lyriform vibration sensor (open circles). c—e) Adapted with permission.[?¢] Copyright 2007, The Royal Society.

of small odorant molecules (0.5-5 nm in diameter) and pre-
vents airborne particle entry, while simultaneously limiting the
loss of inner lymph liquid.[**! Previous studies have also shown
the nanostructure of these tubules allows for certain “wicking”
mechanisms that promote unidirectional diffusion of odorant
molecules towards the olfactory receptors and subsequently gen-
erate active potential in the olfactory neuron, thus enhancing
sensitivity.*’ Figure 19j shows results from experiments con-
ducted by Naters and Carlson demonstrating the ultra-low detec-
tion limit of one sensillum.!*6¢]

5.1.2. Mechanical Sensing

Another sensory mechanism that many organisms utilize
is mechanotransduction, in which specialized tactile sen-
sors (or mechanosensors) detect diverse physical stimuli such
as pressure,*1™73] vibration,[*7>*4] tension,l*73475] flow,[*73474]
shear, 724754761 and sound!*”7#78] from their environment.[*7?480]
These mechanosensors convert external mechanical forces from
their surroundings into electrical signals. At the molecular
level, primary receptor proteins, including force-gated ion chan-
nels and mechanically responsive G protein-coupled receptors
(GPCRs, with sizes ranging from 300 amino acids to 1100 amino
acids, ~<10 nm in diameter)*®!] are responsible for sensing
and converting physical forces into cellular signals.*®?! In re-
sponse to mechanical deformation, these mechanoreceptors un-
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dergo conformational changes that trigger the opening or clos-
ing of ion channels, resulting in rapid biochemical or elec-
trical responses essential for reflexive behavior and informa-
tion processing.[*83484] This touch-based information gathering
is critical in generating neural responses to significantly small
external vibrations, which hold a crucial role in survival and
adaptation. Many organisms have developed various optimized
tactile systems, from whiskers in mammals to slit sensilla in
spiders, into highly deformable and hierarchically organized
structures, which enhance the creature’s fitness within complex
environments. [ 407:474:480:485]

Mammalian vibrissae (Figures 20a,b) are a common example
of highly specialized tactile sensors that have evolved to provide
important mechanosensory information. Whiskers, as the more
common name suggests, are hair-like sensors used by animals to
“whisk” or oscillate, which enables organisms to effectively navi-
gate and interact with their surroundings, detect prey, and avoid
obstacles. Vibrissae, which are long and curved structures, are
primarily composed of keratinous molecules that are organized
into nanoscale intermediate filaments that are further assembled
into macrofibrils, providing both strength and flexibility.[*¢! Un-
like antennae found in arthropods, which contain sensors along
the length of the shaft, mammalian vibrissae lack such local sen-
sory elements. Instead, any mechanical movement or deforma-
tion experienced by a whisker is transmitted to its base, where
it is anchored in a follicle densely packed in a collagen-rich en-
vironment with a diverse array of microscale mechanoreceptors
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called the follicle-sinus complex (FSC).l**”] These mechanore-
ceptors primarily consist of nerve endings, axon terminals of
sensory neurons that innervate the vibrissal follicle, and Merkel
cells, epithelial cells responsible for initiating mechanotransduc-
tion via the release of neurotransmitters, which then convert
any mechanical signals, such as bending or vibration, into neu-
ral impulses.[*®>*8] The sensitivity of whiskers may be influ-
enced by their tapering shape and intrinsic curvature,!*® stiff-
ness gradients,**°] and the viscoelastic properties of keratin, 8¢
enabling precise detection of environmental textures and shapes.
Additionally, functionally graded keratin in elephant whiskers,
which transitions from a stiff root to a compliant tip, suggests
a direct influence on the frequency, amplitude, and power of me-
chanical signals felt by mechanoreceptors in the follicle upon
physical stimulation.[*®°] This stiffness gradient affects the num-
ber of short-term or dynamic contacts along the length of the
whisker, leading to a large increase in vibrational amplitude un-
der equivalent loading compared to homogeneous whiskers.[*8]
The collective behavior and arrangement of nanoscale alpha-
keratin helices, which enable both elastic and viscous responses
to stress,[*8¢] allows the whisker to dynamically deform repeatedly
producing continuous and precise mechanical sensing.

While biomimetic studies have examined flexible tactile sens-
ing applications inspired by mammalian vibrissae,[*0%408] there
are still opportunities to further investigate the relationship be-
tween ultrastructural features in these biological systems and
their use in mechanosensing. Certainly, recent studies!*?740947]
have made progress in addressing this knowledge gap in vib-
rissal structure-function relationships through advanced struc-
tural characterization. Adineh et al.l*"’] utilized PeakForce Quan-
titative Nanomechanical Property Mapping (PFQNM) via atomic
force microscopy to identify a non-uniform modulus distribu-
tion in the whisker cross section. These results, coupled with
similarly patterned gradients in chemical properties and finite
element simulations, suggest that these heterogeneous distribu-
tions likely contribute to the remarkable sensitivity of these tactile
sensors.[*”] However, further extensive evaluation is required to
delineate the underlying relationship between these properties
and their functions.

In addition to vibrissae, nano- and micro-scale slits, or “crack”
sensors offer alternative design features that show remarkable
mechanotransduction capabilities. The large Central American
wandering spider, Cupiennius salei, is able to detect minute
vibrations using micro/nanoslits in their exoskeleton as well
as through their hair-like sensilla, making it one of the most
vibration-sensitive creatures in the world. Vibrational signals
are involved in a myriad of aspects of a spider’s life, including
prey capture, predator detection, and mating.[*’*#91] The spider’s
main vibration-sensing organs are located near the tip of each
of its metatarsus legs (Figures 20c,d). When surface vibration
is present, the tarsus moves in an upward direction, as indi-
cated by the arrows in Figure 20c, and pushes against the cutic-
ular pad connecting the tarsus and the metatarsus. These pads,
called lyriform sensing organs, which consist of nanoscale lamel-
lae composed of chitin-protein fibrils arranged in a twisted ply-
wood structure,[*?] are viscoelastic and contain micro/nanoslits
(Figure 20d) that result in higher compliance of the otherwise
mechanically stiff exoskeleton of the spider.[** The slits are di-
rectly connected to the nervous system of the spider that collects
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vibrational information.!””! With this type of sensing organs, spi-
ders can detect minute cuticular strains as low as a few microep-
silons (107%), which is equivalent to surface movement as small
as 1 nm.I*”4] 1t is important to note that besides sensitivity, the
lyriform slit sense organ also acts as a high-pass filter that can
differentiate between background vibrations and actionable vi-
brational inputs for the spider (Figure 20e).[%!

5.1.3. Thermal Sensing

The ability to detect changes in the thermal signature of one’s
environment is vital for survival as it provides signals for a phys-
ical response, such as moving away from, or toward, regional
fluctuations in temperature in order to gain growth advantages,
avoid potential damage, etc.>! Biological thermal sensing can
be largely separated into two categories: i) direct temperature
detection and ii) infrared (IR) detection.’”] These functionali-
ties involve different mechanisms and apparati which can detect
minute changes in ambient temperature and low-level IR signals.

Strategies to detect direct temperature changes usually involve
neurons, the fundamental unit for sensing of somatosensory sys-
tems (responsible for the perception of external stimuli). A vari-
ety of ion channels, ranging from sub-nanometer to nanometer
in diameter, are housed within the lipid bilayers of neurons. They
are ubiquitous in virtually all organisms, as their function is es-
sential for the reversible gated flow of ions triggered by external
stimuli. For example, invertebrates utilize thermosensitive tran-
sient receptor potential ion channels (thermoTRPs) for temper-
ature sensing, which are a major component of their peripheral
nervous system.[324%] The function of different ion channels in
the TRP family varies depending on the chemistry of the primary
afferents (i.e., nerve fibers), each being able to detect temperature
changes in specific ranges. In general, nanoscale receptor pro-
teins expressed in the cutaneous (skin) nerve endings undergo
conformational (i.e., structural) changes in response to thermal
stimuli, which trigger the on/off flow of cations (Na*, Ca?',
K*).11) This signal is then relayed to the spinal cord and sent
to the brain for temperature detection.***] These ion channels
can either detect environmental temperature changes or monitor
internal temperature and subsequently trigger cascading physi-
ological responses to maintain homeostasis. The heat-activating
mechanism of thermosensitive ion channels remains enigmatic.
Proposed mechanisms include dynamic hydrogen-bond inter-
actions and protein denaturation during temperature changes,
leading to conformational changes of the receptor protein.[*9>4%
It is important to note that ion channels are utilized in the detec-
tion of other stimuli (i.e., mechanical force sensing (e.g., Mimosa
pudica),|*7] pressure sensing (e.g., Escherichia coli),***] pH sens-
ing (e.g., Caenorhabditis elegans),[*°! etc.). The versatility of ion
channels in stimulus detection and signal transduction is the ba-
sis of the complex neural networks and their infinite responsive
actions we see in many organisms. Thus, further investigations
of these strategies are paramount toward understanding mecha-
nisms of detection and processing of signals, as well as comput-
ing the valid responses to external stimuli.[59:501]

Since heat is often transmitted as IR radiation, many organ-
isms have developed excellent radiant heat sensors. Interestingly,
organisms such as snakes utilize TRP channels with great IR
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Figure 21. Infrared (IR) organ of Melanophila acuminata. a) Dome-shaped IR sensilla at the base of the organ (inset: whole organ). Each sensillum
is accompanied by a smaller wax gland (wg) characterized by tiny pores. Bar: 15 um (Inset 100 pm). b) Cross-section of single IR sensillum prepared
by focused ion beam (FIB). Specimen was air-dried; therefore, only the cuticle is preserved. Microcavities (mc) of the intermediate layer and the inner
pressure chamber (ipc) can be discerned inside the sphere. exo: exocuticular outer dome. Bar: 5 um. c) Schematic drawing of a photomechanic IR
sensillum covered by an outer dome of hard exocuticle (exo). The tip of the dendrite (d) is suspended by fine filaments inside the inner pressure
chamber (ipc), which communicates with the fluid in the microcavities (mc) of the intermediate layer. Any increase in fluid pressure is transferred onto
the dendritic membrane. (Is): lamellated exocuticular shell of the sphere. (a-c) Reproduced with permission.[®3] Copyright 2015, MDPI. d) Experimental
setup used for electrophysiological recordings. Inset: emission characteristic of the ORIEL IR element when supplied with 9W. Note that the maximum
is at 3 um (i.e., like that of a typical forest fire). e) Response of pit organ exposed to unfiltered IR stimulus (1), 1.65 um long pass filter inserted into the

camera shutter (2), and 2.4 um longpass filter inserted into the camera shutter (3). d,e) Adapted with permission.[>%] Copyright 1998, Springer.

adsorption properties (instead of photochemical transduction)
for detecting radiant heat of warm-blooded animals at a distance
of up to 1 m.[*!?] Additionally, fire beetles, Melanophila acuminata
and Merimna atrata, require higher sensitivity to IR signals at
much greater distances due to their reliance on burnt substrates
(from forest fires) to grow and thrive.>>*0592] The IR detection
mechanism of Melanophila acuminata was first reported in 1997,
which operates based on a photomechanical principle.>*3] Within
the pit organ of the fire beetle are 50-100 dome-shaped cuticular
structures (15-20 pm in diameter) composed of layers of chitin
fibers,[°2l which houses IR sensilla (Figures 21a,b). At the top of
each sensilla is a spherule containing an inner spongy structure
that is filled with biological fluid and enclosed by a rigid exocu-
ticle (Figure 21c).[°*l Nanochannels in the chitinous exocuticle
connect the spongy structure to a chamber outside of the shell
to compensate for pressure fluctuations due to ambient temper-
ature changes. The dendritic tip of a mechanosensitive neuron
is anchored in the pressure chamber at the bottom of the in-
ner spongy structure. When IR radiation illuminates the sensilla,
the liquid in the inner spongy structure absorbs radiation en-
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ergy and expands. Additionally, biological macromolecules, such
as protein and chitin, rich in C—H, N—H, and O—H groups,
which exhibit swinging frequencies in the range of 100 THz, can
also absorb IR radiation in the range of 3 um (corresponding to
emission maximum of a forest fire),’®! and heat the liquid.[>%]
The increase in pressure caused by these reactions deforms the
membrane of the dendritic tip (the only compliant component of
this structure) with nanometer-scale displacement, which subse-
quently triggers the mechanosensory neuron.>>5%?! Figures 21d,e
demonstrates the sensitivity testing conducted by Schmitz et al.,
highlighting the fire beetle’s ability to detect low-intensity IR
signals.[>%]

5.1.4. Magnetic Sensing
Some organisms have demonstrated the ability to sense and
utilize magnetic fields for navigation. Prokaryotic microorgan-

isms known as magnetotactic bacteria (Figure 22a)>"%] synthe-
size approximately 20 magnetic nanoparticles with diameters of
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Figure 22. a) Transmission electron microscopy (TEM) micrographs of a magnetotactic bacterium and b) its magnetic particles. Adapted with
permission.>%] Copyright 2008, RSP. c¢) Magnetic particles form a chain-like 1D structure within the bacterium and are postulated to function as
biological compass needles that enable the bacterium to migrate along oxygen gradients in aquatic environments under the influence of the Earth’s
geomagnetic field lines. d) Formation of magnetic particles using various biomimetic surfaces with biomineralization protein Mms6. Reproduced with
permission.>" Copyright 2016, RSC. e) Cryo-EM reconstruction of MamK filaments. A, section of a micrograph of MamK filaments. B, three-dimensional
reconstruction of the MamK filament. C, homology model of MamK fitted into the cryo-EM reconstruction. Dashed brackets indicate regions shown in
greater detail in D and E. Reproduced with permission.[>'2] Copyright 2016, RSC.

approximately 40 nm within their cells (Figure 22b).°%! These
particles form chain-like 1D structures within the cells, enabling
the bacteria to orient themselves along Earth’s geomagnetic field
lines. The bacteria perform active oxygen sensing to reach the
oxic-anoxic transition zone, which is typically located in the up-
per part of sediments.’®! The mechanisms controlling sizes and
shapes of these 0D nanoparticles have been well elucidated in
iron oxide nanoparticle formation. The size and morphology of
these particles vary significantly between strains or cell types.
Some morphologies, such as elongated or bullet-shaped parti-
cles, are unique to magnetotactic bacteria and cannot be re-
produced through artificial chemical synthesis methods. Both
0D and 1D structure formations are regulated by magnetotac-
tic bacteria-specific proteins encoded within their genomes.>%!
The 0D structures—specifically the size and shape of individual
particles—are regulated by multiple biomineralization proteins
known as Mms proteins.[1(Figure 22d).>'% Furthermore, us-
ing Mms protein, various surface geometries have been success-
fully utilized for the fabrication of diverse magnetic materials!>!!]
The 1D structures are formed by an acting-like filamentous pro-
tein called MamK, which controls the alignment of particles
within the cells (Figure 22e).1°2! Modifications of both 0D and
1D structures within the cells have been achieved by inducing
or suppressing the expression of these proteins through genetic
modifications.?]

5.2. Biologically-inspired materials
Over the past few decades, researchers have looked to natural

systems for inspiration for developing new sensors, seeking so-
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lutions for detecting different stimuli with high sensitivity and
selectivity in complex natural environments. Studies of the male
silk moth have resulted in new chemical sensors leveraging in-
novative synthesis techniques and practical applications of their
bioinspired counterparts with similar hierarchical nanostruc-
tures. To date, gas-phase chemical sensors using semiconductor-
, metal oxide-, nanofiber-, and chromatography-based platforms
have been developed. From these, cantilever-based gas sensors
utilizing moth antennae nanostructures have dramatically in-
creased sensitivity.

5.2.1. Chemical Sensing

The concept of measuring bending or change in resonance fre-
quency to detect adsorption was first proposed by Wilfinger et al.
in 1968,°1451] and implemented by Kolesar, who used microme-
chanical cantilevers for nerve agent detection.>'®] With the prolif-
eration and advancement of atomic force microscopy (AFM)PY]
additional progress through the use of microcantilevers and sen-
sitive instrumentation for capturing low-intensity signals.[>*]
Taking inspiration from the silk moth Bombyx mori antenna,
Spitzer et al. fabricated micromechanical cantilever gas sen-
sors that demonstrated practical detection of 2,4,6-trinitrotoluene
(INT, a component found in explosives) as low as 530 parts
per trillion (ppt) with an estimated detection threshold below
1 ppt.>'8 To reach this level of sensitivity, Spitzer et al. devised
a two-step synthesis method to produce high surface area mi-
crocantilevers using physical vapor deposition (PVD) to form a
1um metallic titanium layer onto a silicon microcantilever, fol-
lowed by anodizing in a fluoride-containing electrolyte to form
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Figure 23. A) Schematic illustration of Bombyx mori antenna. B) Schematic demonstration of the multiscale 3D bioinspired hierarchical Si-MPs@TiO2-
NRs@FeO(OH)-NBs core-shell superstructures on a microcantilever where a) a Si pillar corresponds to an antennal stem, b) TiO2 NRs on Si-MPs
correspond to antennal branches, and c¢) FeO(OH) NBs on Si-MPs@TiO2-NRs are associated to sensilla. SEM images of a nanostructured micro-
cantilever decorated with C) Si-MPs@TiO,-NRs and with D) Si-MPs@TiO,-NRs@FeO(OH)-NBs, with d) top views and e) side views. Adapted with

permission.[®®] Copyright 2022, Elsevier.

vertically oriented titania (TiO,) nanotube arrays.[°!*) These nan-
otubes, which were 1700 + 50 nm long and 100 + 5 nm in di-
ameter with a wall thickness of 20 + 5 nm, are analogous to the
sensilla found on moth antennal branches. The ability to fabricate
with nanoscale precision and controlled orientation, a very high
density of nanotubes (~8 X 10? nanotubes cm~2) was achieved,
increasing the surface area of the cantilever by a factor of 80 and
approximately two orders of magnitude greater number density
compared to the silk moth Bombyx mori (600 to 900 sensilla per
antennal branch). Thomas et al. fabricated a high-performance
organophosphorus agent sensor that better mimics the hierarchi-
cal nanostructure of male silk moth antennae (Figure 23A).%]
Starting with microcantilevers with silicon micropillar (MP)
patterns on one side, TiO, nanorods (NR) were synthesized on
the surfaces of MPs by first depositing a thin layer of Ti by
PVD, followed by heat treatment to oxidize into TiO,. A hy-
drothermal process was then employed to produce NR mor-
phology (Figure 23B middle, and Figure 23C). Finally, goethite
nanobranches (NBs), measuring 117 + 18 nm in length and
19 + 4 nm in diameter, were synthesized on the TiO, NR sur-
faces via a second hydrothermal process (Figure 23B, right, and
Figure 23D). In this “highly vertical hierarchical and multiscale
superstructure,” the goethite NBs are analogous to the sensilla,
wherein they are both the smallest functional unit of the sen-
sor and the dominant adsorption sites of analyte molecules. The
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combined effect of increased surface area (factor of 490 com-
pared to a microcantilever without nanostructure) and the facile
binding of organophosphorus molecules to iron oxide surfaces
promotes both mass and surface stress effects on the microcan-
tilever, resulting in dramatic shifts in the resonance frequency
under different exposure concentrations. Sensing experiments
carried out against dimethyl methylphosphonate (DMMP), a
common simulant of sarin gas, demonstrated detection limits as
low as 3 ppb with a response time less than 70 s, demonstrating
the sensor’s ability to prevent death in humans (a lethal dose of
Sarin equates to 10 min exposure at 64 ppb).1>>2!

In addition to enhancing the performance of microcantilever-
based sensing technologies, researchers have also taken inspi-
ration from the micromechanical and chemical mechanisms
of insect olfaction. In the animal kingdom, volatile organic
compounds (VOCs) are recognized by olfactory receptors as
they are odorants that are crucial in survival. By comparison,
the mechanisms involved in VOC recognition in insects are
substantially simpler and require less components than those
of mammalian olfaction.[®?!] Previous research has shown that
various fruit flies in the genus Drosophila can detect VOCs with
high sensitivity and selectivity.[>?22*] A crucial component of in-
sect olfaction is the secretion of odorant binding proteins (OBP),
which, when combined with interesting nanostructures, facil-
itates the capture and diffusion of odorant molecules to the
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Figure 24. Hexagonal nanoporous MoS, FET-based EtOH sensor mimicking the Drosophila olfactory system. a) Schematic of Drosophila (left), close-up
view of the head with antennae and maxillary palp (left inset), schematic of antenna containing olfactory organs (middle), hexagonal nanoporous MoS,
bio-FET for detection of VOCs using LUSH (right). b) 3D representation of hexagonal nanoporous MoS, with selective edge functionalization. c) STEM
micrograph of hexagonal nanoporous array (scale bar 20 nm); EDX elemental mapping of d) Mo L and e) S K peaks in hexagonal nanoporous MoS,
(scale bar 20 nm). f) Cross-sectional STEM micrograph of throughout perforation of hexagonal nanoporous MoS, (scale bar 20 nm). g) Schematic
images of energy barrier height corresponding to bare hexagonal nanopore (left), immobilized LUSH (middle), and EtOH coupled with LUSH (right) at
the edges of the hexagonal nanopore. Reproduced with permission.[323] Copyright 2023, American Chemical Society.

olfactory receptors to trigger an electrical response
(Figure 24a).5%] Shim et al. utilized similar designs to fabricate
field-effect transistor (FET)-based gas sensors for volatile organic
compound detection.l®?] Inspired by the nanoporous sensilla
and incorporation of OBP in fruit fly antenna, hexagonally
nanoporous MoS, FET ethanol sensors were synthesized using
a simple block copolymer lithography technique (Figures 24b-f).
Block copolymer containing polystyrene and poly (methyl
methacrylate) was applied on the MoS, nanosheets, which as-
semble to form a patterning mask. Subsequent dry etching with
boron trichloride plasma and wet etching in diluted potassium
ferricyanide of the MoS, nanosheets yields hexagonal nanopores
with an approximate radius of 20 nm. Nanopores on the fruit fly
antennas serve as pathways for odorant molecules to travel to
the sensillum lymph space, where free-flowing odorant binding
proteins and the olfactory receptors are housed. Similarly, the
hexagonal nanopores of the MoS, FET serve both as the pathway
and active sites of odorant binding. Sensitivity is further en-
hanced by immobilization of synthesized odor-binding protein
LUSH on the edges and walls of the nanopores (Figure 24g),
yielding an ultralow detection limit of 107 % ethanol that is
critical for early detection of harmful VOCs in many industrial
settings.

5.2.2. Mechanical Sensing
Studies of whisker structures in mammals and antennae in

arthropods have informed the development of artificial tactile
sensors capable of detecting minute pressure and vibrations,
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with applications in robotic skin, environmental monitoring, and
minimally invasive surgical tools.[*] Natural systems can distin-
guish the diverse mechanical stimuli through several nanoscale-
dependent mechanisms, including piezoresistive, piezocapaci-
tive, piezoelectric, triboelectric, and iontronic responses.[“®®! For
example, piezoelectricity is observed in biological materials like
bone and certain connective tissues and has led to the develop-
ment of bio-inspired flexible tactile sensors using materials like
polyvinylidene fluoride (PVDF) and zinc oxide (ZnO) nanowires.
Similarly, piezoresistive mechanisms rely on changes in elec-
trical resistance due to mechanical deformation and are often
achieved using carbon nanotube (CNT) composites embedded
in stretchable polymers.[*4%] These diverse sensing modes en-
able multifunctional and multidirectional detection capabilities
that are not only critical for the survival of organisms, but can
be leveraged via bioinspiration using engineered nanomaterials
that can be implemented into many applications.[*%¢]

Bio-inspired tactile sensors (e.g., e-whiskers) inspired by the
natural design and functioning of mammalian vibrissae have
been developed by integrating high-aspect-ratio materials such as
carbon nanotubes (CNTs) embedded in flexible polymers, sim-
ulating the natural counterpart’s sensitivity and resilience. A
key differentiation between natural vibrissae and bio-inspired E-
whiskers is based on differences in the sensing mechanisms.
While natural systems rely on follicular mechanoreceptors to
relay stimuli, e-whiskers often use piezoresistive, capacitive, or
even triboelectric mechanisms to translate mechanical interac-
tions into readable signals.

For example, biomimetic e-whiskers made from carbon nan-
otubes (CNTs) combined with silver nanoparticles (AgNPs)
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Figure 25. Electronic whiskers. a) Schematic showing the design of an e-whisker device with 5 and 30 wt.% AgNP composite lines patterned on the
top and bottom surfaces of a PDMS fiber, respectively. Adapted with permission.[*%%] Copyright 2014, PNAS. b) SEM micrograph of nanoslits on the
spider-inspired sensor. c) E (yellow), A (green), D (blue), and G (red) strings played open (with no finger stopping) produce different wavefunctions.
Collected using a spider-inspired nanoscale crack sensor. d) The measured sound waves of music playing (Salut d’Amour; excerpt shown at top).
e) Comparisons of the acoustic waveform and auditory spectrogram changes measured by electrical resistance using the nanoscale crack sensor (left-
hand image) and a standing microphone (right-hand image) in a noisy (~92 dB) environment. b—e) Adapted with permission.[®”] Copyright 2014, Springer
Nature. f) The resistance change of a nanocrack when the crack opens. g) The NCBEW mechanosensor responds to the applied force with a wide range
from 0 to 67.5 uN. h) The linear relationship between the applied force and relative resistance changes within the range from 0 to 5.5 pN. Considering
the noise level, the minimum resolution for force detection is as low as 72.2 nN. i) The scanning results of the NCBEW mechanosensor on the samples
with a stage height of 32 um. The blue line and red line indicate the data obtained by the NCBEW device and surface profilometer, respectively. j) The
profiling results of a 30-nm-thick Au stripe on a glass substrate obtained from the NCBEW mechanosensor. Adapted with permission.[>2’] Copyright

2023, Springer Nature.

embedded in elastic polymers (Figure 25a) provide a highly flex-
ible, yet responsive tactile sensor with tunable sensitivity.[*%¢]
Here, the CNT-AgNP films, fabricated by mixing CNT paste with
AgNP ink, followed by patterning the composite onto a poly-
dimethylsiloxane (PDMS) substrate and annealed, demonstrated
significant pressure sensitivity and robustness through their con-
ductive network. The synthesis involves Additional methods, as
discussed by Sayegh et al.*%l include PDMS casting, screen
printing, and various micro- and nano-fabrication techniques,
such as photolithography and chemical vapor deposition (CVD),
to achieve precise dimensions and enhance the mechanical prop-
erties of e-whiskers. These methods help to ensure that the ar-
tificial systems maintain the necessary flexibility and durability
required for practical applications.

These e-whisker sensor systems have demonstrated utility
for a wide range of industrial and robotic applications. Where
traditional tactile sensors often rely on piezoresistive or capaci-
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tive mechanisms,[*®] they lack the flexibility and rapid response
required for more dynamic and complex environments. Con-
versely, bioinspired tactile sensors, such as the CNT-AgNP com-
posite whiskers, exhibit a pressure sensitivity up to 8%/Pa—over
ten times higher than conventional capacitive or piezoresistive
sensors. This high sensitivity is attributed to the unique ultra-
structure of the composite material, which allows for subtle
changes in resistance in response to small deformations.[2¢] An
et al. demonstrated a triboelectric nanogenerator (TENG)-based
whisker system, which allows for self-powered tactile sensing.
This system can detect forces as low as 1.129 uN and perform
environmental mapping in low-visibility conditions. This high
sensitivity is attributed to the unique nanostructural features of
the composite material, which allow for subtle changes in resis-
tance in response to small deformations.52°1 Additionally, these
TENG-based whiskers also provide alternative, self-powered,
and sustainable robotic systems, with low energy consumption,
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durability, and ease of integration for continuous
operation.[*064%0526]  Dye to the effective modulation of
electric resistance with mechanical deformation, these

bio-inspired designs also result in heightened pres-
sure sensitivity, far surpassing that of traditional tactile
sensors.

Other mechanosensing strategies and mechanisms have been
developed. Inspired by the aforementioned nanoslit lyriform
structure of the spider tactile organ (Figure 25b), Kang et al.
fabricated ultrasensitive mechanical sensors capable of detect-
ing minute strains (gauge factor of over 2000 in the 0-2% strain
range) and vibrations (detection amplitudes of ~10 nm).”’] Fab-
rication of the ultrasensitive mechanical sensor involves deposi-
tion of a stiff, 20 nm-thick platinum (Pt) layer on a polyurethane
acrylate (PUA) substrate, which mimics the viscoelastic proper-
ties of the spider tactile organ. Controlled nanoslits were then
formed on the Pt layer by mechanically bending and subse-
quently cracking the Pt film, leading to a controlled crack den-
sity and directionality. Resistance across the Pt film is used as
the signal for recognizing vibration and strain (i.e., as the Pt
film bends, resistance would increase due to the discontinu-
ity of the film). This affords a significant advantage whereby
non-linear nanocracks in the Pt film result in continuous re-
sistance variations due to gap-bridging steps along the zigzag
edges of the cracks. Testing of the sensors involved direct pres-
sure application, which was conducted by mounting the sensor
on a violin or a human neck. These experiments demonstrated
capabilities beyond recognizing simple strains, including voice
recognition with much better recognizable patterns compared
to a microphone as well as the potential for speech recognition
(Figures 25c—e).

In addition, Zhang et al. fabricated a highly sensitive
nanocrack-based electronic whisker (NCBEW) that combines
the sensory mechanisms of whisker deflection and nanoslit
compliance.’?’] Sensing fibers were fabricated using thin strips
of polydimethylsiloxane (PDMS) as cantilevers to mimic the flex-
ibility of animal whiskers. A gold film sputtered on the PDMS
cantilever was subsequently patterned using photolithography to
define the placement of nanocracks, formed by bending the can-
tilever. Resistance across the Au film was used as a signal for
the detection of mechanical forces. When the cantilever bends
inwards such that the crack edges are forced into contact, resis-
tance decreases because of the overlapping effect, wherein com-
pressive forces from this bending motion close cracks, leading to
a decrease in resistance (Figure 25f).°%] Interestingly, when the
cantilever is stretched and the cracks open, the resistance experi-
ences an instantaneous change in resistance proportional to the
applied strain due to the tunneling effect of the metal-insulator
(air)-metal arrangement (Figure 25f).52] Their mechanosensor
demonstrated a detection resolution of 72.2 nN, which was fur-
ther improved by reducing the flexural rigidity of the sensing
fiber (i.e., using softer materials or a thinner cantilever), such
that a smaller flexural event induces a larger response in resis-
tance (Figures 25g,h) response. Topographical investigations of
smooth surfaces using the NCBEW showed comparable sensi-
tivity and signal stability to commercial surface profilometers
(Figure 251i). Its ability to recognize 30 nm-thick surface features
demonstrates the ultrasensitivity of this design with potential ap-
plications in sensing minute forces, such as tactile recognition,
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air flow monitoring, gravitational field orientation, and fall detec-
tion (Figure 25j).

5.2.3. Thermal Sensing

Detection of temperature fluctuations and radiant heat is
crucial across many fields, including medical diagnostics,
industrial maintenance, environmental monitoring, and
surveillance.l?9>30-3321 Ag previously mentioned, organismal
sensing against various stimuli is achieved via ion channels
within nerve cells. The conformational changes of these bi-
ological nanochannels induced by stimuli enable or prohibit
the transport of species across biological membranes. This
nanogating function for molecular transport is essential for
the next generation of nanodevices. In addition, the tunable
functions, flexibility in shape and size, ability to operate in com-
plex environments, and superior robustness of biological ion
channels are also desirable properties in bio-inspired artificial
nanochannels.[#99:333-538]

The thermogating mechanism of artificial temperature-
sensitive nanochannels is currently being explored in numerous
different ways. One of the first and most heavily explored meth-
ods is the use of thermosensitive polymers, specifically poly(N-
isopropylacrylamide) (PNIPAM). Azzaroni's group was the first
to demonstrate an artificial solid-state ion nanochannel by us-
ing PNIPAM to modify the surface of a polyimide (PI) conical
nanopore.[>**] PNIPAM, acting like molecular brushes, under-
goes conformational changes at a lower critical solubility tem-
perature (LCST), as such, when the temperature is raised above
the LCST, PNIPAM brushes dehydrate into a collapsed state to
increase in the effective cross-section of the nanopore, thereby in-
creasing the flow of ions (Figure 26a, left). Conversely, when the
temperature drops below the LCST, PNIPAM brushes swell and
prevent ionic flow (Figure 26a, right).[>**] Biological ion channels
also possess ionic rectification properties, wherein the current
is asymmetric under different potential bias, which is analogous
to the I-V response of semiconductor diodes.’*! To engineer
such properties, Jiang’s group decorated gold-coated nanopores
with PNIPAM and fabricated a temperature-responsive single-
nanopore ionic rectifier.>*%) At temperatures below LCST, the
nanochannel is able to rectify ionic currents due to the surface
charge retained by the anions adsorbed to the gold pore wall. At
temperatures above LCST, the nanochannel exhibits ohmic ion
transport behavior (Figure 26b). They later demonstrated the use
of multi-polymer systems, synthesized through a layer-by-layer
method, resulted in the continuous tunability of ion rectification
at different temperatures (Figures 26¢,d).>*!]

Beyond direct temperature monitoring, IR detection also has
potential applications in industrial monitoring, owing to its non-
contact and non-invasive features. IR detection technologies were
initially limited to military research, development, and use, un-
til their declassification in 1992.54) IR detection can be clas-
sified into two types based on its operation conditions: cooled
IR detection and uncooled IR detection. Cooled IR detection
mechanisms typically involve either photocurrent or photovoltaic
technologies, both requiring cryogenic or thermal-electric cool-
ing systems, which are bulky and expensive.l**! By comparison,
uncooled IR detection is simpler, smaller, and less expensive,
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Figure 26. a) Cartoon describing the thermally driven nanoactuation of the PNIPAM brushes in the nanopore as demonstrated by Azzaroni’s group.
Reproduced with permission.[333] Copyright 2009, Wiley. b) Temperature dependence of the ionic current through the PNIPAM-modified single nanopore
as demonstrated by Jiang's group. The inset cartoons illustrate the gate-like temperature-responsive change in effective pore size. ¢,d) I-V curves
measured on single conical gold-coated nanopores with and without PNIPAM modification, respectively. b-d) Adapted with permission.[>?] Copyright
2010, Wiley. e,f) Cartoon of a microcavity sealed with a freely suspended nanomembrane in the planar state at room temperature (e) and in deformed
states (f). g) SEM micrograph of the silicon substrate with a uniform array of microcavities; and h) higher magnification SEM image showing the smooth
edges of the microcavity and the trenches separating the individual cavities. Reproduced with permission.[42] Copyright 2006, American Chemical

Society.

subsequently receiving significant attention from the United
States Department of Defense, with major development grants
awarded to industry partners (e.g., Honeywell and Raytheon).l>*3]
Although these efforts were successful, uncooled IR technology
still trails cooled IR technology in terms of sensitivity and spatial
resolution.

As previously mentioned, biology has developed strategies to
execute uncooled IR detection with great sensitivity and precision
without complex and costly infrastructures, which prompted re-
searchers to explore bio-inspired approaches. Tsukruk et al. de-
veloped an IR sensor that follows a similar thermal-pneumatic
transduction mechanism of the aforementioned fire beetles.>*?]
Ultrathin nanocomposite membrane composed of a mono-
layer of gold nanoparticles and polymers (via layer-by-layer
deposition)l>*] was used to seal an array of microcavities in sili-
con substrates (Figures 26e-h). Changes in temperature and IR
illumination resulted in the expansion or contraction of the air
inside the microcavities, which deflects the membrane inward or
outward. In addition, the lack of cross-talking between neighbor-
ing microcavities suggests the possibility of high-resolution IR
microimaging with this device.

5.2.4. Magnetic Sensing

Based on investigations of magnetotactic bacteria described
above, researchers have leveraged their magnetic properties for
medical-based applications. Various functional molecules can be
displayed on the magnetic particle surfaces, making them ap-
plicable for cell separation and immunoassay techniques based
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on bound/free separation.>®®] Particle production has also been

enhanced through the genetic modification of the genomes.[>**!
This synthetic biological approach will potentially enable the de-
sign and creation of novel organisms capable of producing func-
tional 0D and 1D magnetic structures de novo.

6. Perspective and Opportunities

This review provides an overview of the implementation of
nanoscale features of simple biogenic materials that have en-
abled the exceptional performance and survival of biological
organisms. The advantages of exploring these systems, which
have evolved over millennia, are many. We cannot only imple-
ment advanced materials that surpass the performance of the
limited selection of biogenic materials, but we can also integrate
them using biological blueprints that yield engineered structures
that far outperform current engineering structures that have
been developed for only a few hundred years. In addition to this,
most biological structures that we have presented demonstrate
multifunctionality, often providing, for example, mechanical sta-
bility as well as additional capabilities (e.g., thermal resistance,
self-healing, self-sensing, etc.). This is often achieved by design
tradeofls, where biological systems may sacrifice some of one
type of performance to enhance another (e.g., microtubules that
cross lamellar in arthropods are mechanical defects but offer
self-healing or even self-cooling). In addition, many biological
systems, which are assembled under ambient conditions to form
exquisite architectures with high fidelity, offer a wealth of infor-
mation towards new synthesis and manufacturing pathways—
including addressing sustainable processes as well as reducing
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waste at the product end of life. With millions of species demon-
strating exquisite functionality, there is a plethora of opportuni-
ties to investigate organismal material selection, formation
pathways, multiscale architectures, and built-in
multifunctionality—all of which offer valuable insights into
novel synthetic strategies and design paradigms that will benefit
our society and planet. Thus, the following section presents
both challenges and opportunities for scientists and engineers
that may leverage biological systems for new, environmentally
friendly, advanced materials.

6.1. Challenges
6.1.1. Structural complexity

Materials selection governs the overall trajectory of the synthesis
pathway for both biogenic and synthetic systems. In biological
systems, material composition is largely governed by the avail-
ability of nutrients and fundamental building blocks in the envi-
ronment, in conjunction with evolutionary constraints and se-
lective pressures. For example, many marine organisms such
as echinoderms,®*! mollusks,>*! corals,®*! crustaceans,>*!
forams,’*! and coccolithophores!>**! have used calcium carbon-
ate mineral for their skeletal structures. Although inherently brit-
tle, these organisms have compensated by producing sophisti-
cated structures that resulted in exceptional performance.

Man-made materials, on the other hand, are produced from
a nearly unlimited selection of materials, which presents issues,
such as reliance on mining, transportation, and complex, often
energy-intensive, fabrication processes, contributing negatively
to the environment. Despite the arduous fabrication processes,
these synthetic-based materials often fall short of specific perfor-
mance characteristics found in natural systems. This is, in part,
due to the lack of multiscale architectures exhibited in biolog-
ical systems, which as described earlier, have established con-
trolled synthesis and hierarchical assembly of nano- to micro-
scaled building blocks.[2*-**] The underlying driver behind this
exquisite organization is the spatial and temporal regulation of
organic formation and mineral assembly, which is required to
achieve functional anisotropy and integration with ad hoc emerg-
ing properties commonly observed in natural systems.[*®! Bio-
logical systems use specific molecular cues, such as those en-
coded in protein sequences, to direct the growth pathway with
high fidelity.>>!l In order to leverage biological processes, ad-
ditional knowledge of these systems is required. There exist
some critical gaps in our understanding of cellular processes
for synthesis, transport, modification, assembly, and storage of
biomaterials. The genes and their regulatory networks involved
in these cellular processes, as well as the control of ion trans-
portation through nanochannels, are largely unknown. Further-
more, sequence-specific functions, dynamics, conformation, and
assembly behavior of proteins are largely unknown due to chal-
lenges in characterization and limitations of current simulation
methods.[552-554

In addition, the physical and chemical phenomena that help
to control biosynthesis processes, especially those at the organic-
mineral interface, are still relatively unexplored. Also, the 2D
and 3D structures of proteins, whose conformational states of-
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ten dictate kinetic pathways of syntheses, are unknown in com-
plex media. Through a greater understanding of the role of these
interfaces and molecular-scale architectures, new synthesis pro-
cesses demonstrating greater control can be developed. Some
challenges that still exist are the development of advanced char-
acterization methodologies that provide real-time information of
these processes and architectures. Development of new, ultrafast
in situ techniques, such as in atomic force microscopy, trans-
mission electron microscopy, and synchrotron X-ray, may reveal
knowledge about dynamic processes, the role of these interfaces,
etc., which will aid in the advancement of bio-inspired processes.

Many bio-inspired processes utilize functionalized organ-
ics to control the nucleation and growth of nanoscale mate-
rials. These are being explored, for example, via controlled
nanoparticle growth,>>>35] uge of insoluble crystalline poly-
mers or self-assembled monolayers as templates for inorganic
crystallization.!83317558] These bio-inspired synthesis processes
typically involve the use of readily available high-purity organics
(polymers, alkane thiols, etc.), which are less complex than their
biological counterparts that are capable of controlling both nu-
cleation, growth, and self-assembly that provides the multiscale
architectures in biological structures. Although their synthesis
(andyield, see the next section 6.1.2) is challenging, new methods
are being identified to synthesize structurally complex polymers
used as templates for mineralization. These novel techniques are
discussed in greater detail in Section 6.2.2.

6.1.2. Scalability

Aside from the difficulty in synthesizing complex hierarchical
nanostructures, the ability to produce these materials at scale re-
mains a significant challenge. While biological systems can use
environmentally friendly processes and ambient conditions to
synthesize and assemble structures over a period of hours or even
days, industrial processes!>>*>® require much faster or capital-
intensive processes, which are often costly,**1°%] environmen-
tally unfriendly, or require significant time for optimization.>®3!
These time constraints present significant challenges toward the
scalable manufacturing of highly controlled, architected nano-
materials. To realize the spatial resolution and precision needed
for nanomaterial production at an economically beneficial time
scale, fabrication processes usually involve complex instrumenta-
tion, stringent and harsh conditions, diverse (sometimes scarce)
materials, etc.°®* These industrial processes can lead to inhomo-
geneous size distributions as well as defects or impurities that are
deleterious to performance;!***°%] post-synthesis instability and
agglomeration of nanomaterials;[°®-%l challenges in quality con-
trol over large quantities, especially surface, and interfaces.®’] In
contrast, bio-inspired fabrication approaches are being explored,
offering potential for a high level of control while significantly
reducing cost and complexity in nanomaterial production.>%->¢]

6.2. Opportunities
6.2.1. Novel Techniques in Synthesis and Characterization

One of the primary drivers for the multi-scale formation of bio-
logical nanostructures is spatial and temporal control of assembly
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of molecularly architected biological macromolecules (e.g., struc-
tural polysaccharides and functional proteins) with concurrent
and kinetically controlled mineralization. One potential solution
for synthetic processes is the utilization of peptidomimetics and
proteomimetics to synthesize artificial sequence-defined poly-
mers, which has attracted great interest in recent years. Through
methods such as precise macromonomer polymerization®”%l and
iterative growth,l’’1572] researchers have demonstrated the ability
to fabricate synthetic analogs of biological polymers.l>’3574] Repli-
cating tertiary protein topology is also possible through manip-
ulation of intramolecular cross-linking and partial or complete
alterations of the backbone composition.>”>] Furthermore, previ-
ous research demonstrates how these artificial sequence-defined
polymers can be used to control the mineralization of inorganic
materials,l’’6>78] which opens up an entirely new field of inor-
ganic synthesis with greater control over the free energy land-
scape of nucleation and growth.

To accelerate the development of synthetic analogs of bio-
logical macromolecules, researchers have benefited from us-
ing modeling and simulation to facilitate various stages of bio-
inspired syntheses. Accurate protein visualization has become
more achievable with novel computational methods like Al-
phaFold, helping researchers study the exquisite adaptability,
complexity, and utility of biological templates.[>”°]

Data science-driven approaches also provide insight for the
development of bio-inspired materials by correlating experi-
mentally gathered data with computational predictions.[”®) Sim-
ulations based on density functional theory (DFT) can pre-
dict atomic-level interactions, while reactive molecular dynamics
(MD) and coarse-grained (CG) simulations extend this knowl-
edge to larger spatial and temporal scales.’**>%2] DFT calcula-
tions can predict mechanical properties like strength and stift-
ness at the atomic level. MD simulations can highlight in-
terphase behavior,!'72180] design polymer sequences,>®3] deter-
mine binding model* and growth rate,”’] and assess me-
chanical properties of nanostructures.”®84 Coarse-grained sim-
ulations further scale these insights, shedding light on larger
structural features such as assembly interdigitation in polymer-
grafted nanoparticles.>®>] At the macroscale, finite element meth-
ods (FEM) and peridynamics models can simulate fracture mech-
anisms and energy dissipation in composite materials.[58¢->8]
As these hierarchical strategies enable researchers to explore
material properties for optimizing design, machine learning
(ML) and materials informatics can further accelerate mate-
rial innovation when coupled with the aforementioned pre-
dictive modeling techniques.® In a similar vein, machine
learning has also been utilized for process optimization of
nanomaterial synthesis,®!l allowing researchers to fine-tune
instrument parameters efficiently.>®?! By leveraging data sci-
ence to study biology’s resource-efficient and multifunctional
design strategies, we can uncover sustainable approaches that
not only reduce environmental impact but also enhance mate-
rial performance—ultimately meeting the modern demand for
multifunctionality.l>>%4]

Advanced characterization methods are also crucial in reveal-
ing details of multiscale architectures as well as validating and
testing the bio-inspired materials. Significant effort has been in-
vested in improving the characterization of biological and syn-
thetic nanomaterials, including the use of advanced tip-based
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spectro-microscopy techniques,!>*>°%] mass spectrometry,>>7->%]

and cryo-electron microscopy.**! Visualization of nanomateri-
als typically involves electron microscopy, wherein topography is
investigated via scanning electron microscopy (SEM)[®®! or tip-
based microscopy, !l while crystallinity and internal structure
are investigated via transmission electron microscopy (TEM).[62]
Due to the need to investigate complex local composition of bio-
logical and bio-inspired nanomaterials, novel spectro-microscopy
has been developed to push the spatial resolution and detec-
tion limit of elemental /chemical characterization. These typically
involve the combined use of microscopy techniques capable of
atomic resolution and spectroscopy techniques that can be fo-
cused on nanoscale features, allowing both visualization of nano-
materials and elemental/chemical mapping of small samples.
Starting from elemental composition, high-resolution scanning
transmission electron microscopy (HRSTEM) coupled with en-
ergy dispersive X-ray spectroscopy (EDX) or electron energy loss
spectroscopy (EELS) is often utilized and has achieved atomic
resolution.l¥l While spectroscopy-coupled HRSTEM is rela-
tively commonplace in most research environments, nanometer-
resolved chemical investigations have been challenging due to
the processes involved in signal-generating mechanisms from
complex molecules. Nevertheless, emerging techniques, such as
atomic force microscopy-based infrared spectroscopy (AFM-IR)
and tip-enhanced Raman spectroscopy (TERS), demonstrate in-
vestigation of local chemistry with spatial resolution far below
conventional optical diffraction limits.[6¢4605] Lab-scale utilization
of AFM-IR showcased consistent nanoscopic chemical mapping
of specific vibrational modes for different classes of materials,
including minerals, polymers, and biological samples.[®**] New
techniques and apparati are also being developed to investigate
nanomechanical properties,[®®! surface characteristics,[®’] and
material properties in situ.[®%] While AFM-IR excels in the char-
acterization of complex heterogeneous samples, TERS is capable
of achieving atomically resolved chemical investigation. Most no-
tably, researchers have been able to resolve structural and chem-
ical heterogeneities of a molecule at the single-bond limit.[5%]
Furthermore, protein sequencing with lateral resolution better
than 2 nm has been realized to probe secondary structures, allow-
ing researchers to investigate the structural complexities of bio-
logical macromolecules and their function.’®! Clearly, this ever-
evolving field of nanomaterial characterization will play a crucial
role in advancing the understanding of synthesis-structure and
structure-function relationships in biological and bio-inspired
materials.

6.2.2. Additive Manufacturing

Rapid advancements in additive manufacturing (AM) have been
made within the past decade and provide significant poten-
tial as a high-throughput method for fabricating bio-inspired
structures.[®19-612] This is, in part, due to advantages such as print-
ing complex organic forms, cost effectiveness, speed, and mate-
rial compatibility.[®13]

Montroni et al. demonstrated direct ink write printing of
chitin-based gel fibers with control over molecular orientation
by inducing different extrusion conditions (pressure, needle
diameter, needle geometry).”2 AM of bio-inspired nanoscale
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features is not commonplace, but there is still success in the di-
rect synthesis of biological nano-motifs through methods such as
two-photon polymerization.!?25614] In addition, field-assisted AM
has been used to form hierarchical structures, and post-
processing (mineralization) of printed structures offers potential
to print composites with multiscale structures.[61>-618]

There is also a significant opportunity to fabricate hierarchi-
cal, multiscale heterogeneous structures that can leverage devel-
opments in polymer science and engineering. Here, inks that
are used in printing can incorporate block co-polymers (BCP)
or even engineered biological macromolecules that incorporate
functional domains that can bind to, and induce nucleation of
selected inorganic nanocomponents, while other domains can
be selected to control folding into specific architected designs.
In fact, researchers have identified self-assembly as an ideal
candidate for nanomaterial production scale-up while maintain-
ing control of the resulting nanostructures!®>¢20 with enhanced
chemical and structural complexities(®?!] that can self-assemble
into higher order structures have demonstrated utility in the
controlled growth of inorganic nanomaterials,[®??l and have de-
servedly received great research interest in the 21st century.[®?3]
These polymer templates provide tunability of the nucleated ma-
terials, wherein the structure and chemistry of the designed
block copolymer and the solution in which the polymer is dis-
solved can be manipulated to control assembly.[2462%] Many mor-
phologies have been obtained and identified through BCP self-
assembly, including micelles, rods, lamellae, vesicles, and hexag-
onally packed hollow hoops.[®%] These can act as stand-alone
functional units with engineering applications, such as energy
storage,[927628] photonics,I®®! and drug delivery,®® but when
utilized as templates for inorganic growth, results in exquisite
nanostructures that would be nearly impossible to fabricate with
conventional top-down processes.[®!l Furthermore, significant
advances in self-assembly have been made with DNA,[632-634]
RNA,[635636] and proteins.[®7:638] Proteins, for example, demon-
strate highly tunable secondary structures formed to generate ex-
pressed functional groups to afford controlled nucleation of min-
eral components and can thus be leveraged to form nanoarchi-
tected structures. These types of templated growth techniques are
inherently similar to biological material growth, wherein biologi-
cal macromolecules impart structural complexity on the resulting
biominerals. Thus, integration of these self-assembled and tem-
plating macromolecules offers new opportunities for achieving
multi-scale architectures that replicate biological designs.

6.2.3. Multifunctionality

The exploration of multifunctionality in bio-inspired nanomateri-
als represents the next frontier, unlocking the capacity to perform
complex, integrated functionalities seen in biological systems.
While significant research has yielded bio-inspired monofunc-
tional materials (i.e., structural, optical, thermal, and sensing),
researchers investigating mechanically robust biological struc-
tures that integrate additional functionality often involve non-
trivial trade-offs. For example, tubules and channels are often
found in mechanically robust biological systems, such as insect
cuticles,*®! crustacean exoskeletons,[®*l and bones,**°] providing
pathways for nutrient transport during regeneration and heal-
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ing processes. However, tubules and channels are defects that
weaken the overall structure. Through evolution, such compro-
mises to achieve multiple functionalities are demonstrated in
many organisms.[641:642]

In another example, the aforementioned Saharan silver
ant (Cataglyphis bombycina) demonstrates thermal-optical func-
tionalities through triangular-shaped nanohairs that simulta-
neously enhance reflectivity in the visible and near-infrared
spectrum while increasing thermal emissivity in the mid-
infrared range.’73¢3641 Similarly, the butterfly wing scales
of Morpho butterflies exhibit nanoscale chitin architectures
that produce structural coloration while facilitating thermal
regulation.[3223243%2] Multifunctionality in nature is not limited
to thermal-optical systems, but extends across various domains,
including structural, sensory, and biochemical interactions. This
inherent characteristic of biological materials to respond adap-
tively to a wide array of environmental challenges offers an ideal
blueprint for the development of synthetic materials. While some
organisms have been studied, significant opportunities exist via
the exploration of the many multifunctional biological systems.

Addressing the barriers to synthesizing multifunctional
nanostructures requires tackling further interconnected chal-
lenges, including scalability, advanced characterization, and the
integration of current knowledge across length and timescales.
These challenges hinge on achieving at least the level of com-
plexity and integration found in natural systems and their subse-
quent design. Many challenges lie in front of researchers striv-
ing to truly embrace biological inspiration to attain the same
level of fidelity and performance of biogenic materials. How-
ever, this also means there are many exciting opportunities for
growth. With multidisciplinary efforts, which can combine the
use of biology with materials science, chemistry, mechanics, and
additive manufacturing, coupled with advanced characterization,
multiscale modeling, and machine learning, we can more deeply
understand synthesis and assembly pathways in biological sys-
tems and translate these to produce the next generation of high-
performance and even sustainable engineered materials.
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