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Abstract
Natural anisotropic nanostructures occurring in several organisms have gained more and more attention because of their
obvious advantages in sensitivity, stability, security, miniaturization, portability, online use, and remote monitoring. Due to
the development of research on nature-inspired bionic structures and the demand for highly efficient, low-costmicrofabrication
techniques, an understanding of and the ability to replicate the mechanism of structural coloration have become increasingly
significant. These sophisticated structures have many unique functions and are used in many applications. Many sensors
have been proposed based on their novel structures and unique optical properties. Several of these bio-inspired sensors have
been used for infrared radiation/thermal, pH, and vapor techniques, among others, and have been discussed in detail, with an
intense focus on several biomedical applications. However, many applications have yet to be discovered. In this review, wewill
describe these nanostructured materials based on their sources in nature and various structures, such as layered, hierarchical,
and helical structures. In addition, we discuss the functions endowed by these structures, such as superhydrophobicity,
adhesion, and high strength, enabling them to be employed in a number of applications in biomedical fields, including cell
cultivation, biosensors, and tissue engineering.
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Introduction

The colors in nature have attracted people’s attention since
ancient times, from the poems and couplets written by poets,
paintings created by artists, ornamental organisms produced
by captive breeding, artificial landscapes, and the use of nat-
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ural raw materials to produce bio-inspired materials, known
as bionics [1,2]. Mechanical technology or various other new
technology subjects are developed using the structures and
functions of organisms.

After reviewing the history of science and technology,
many of the major inventions that have affected the progress
of human civilizationwere derived from thinking about bion-
ics [3]; people imitated the structures of plants and animals
to create new architectural structures, invented airplanes
inspired by the flight of birds, mimicked dolphins to invent
submarines, developed robots by imitating the development
of human beings and animals, etc. [4]. For example, the
imitation of human arithmetic created the computer and the
imitation of biological information was used for sensors [5].
All bio-inspired applications are based on the unique struc-
tures and specific functions of organisms in nature [6]. The
typical biological materials are integrated with functions and
corresponding multi scale structures and models. Along with
the development of molecular biology and nanotechnology,
these bionics have served as a source of inspiration for sci-
entists and engineers to achieve various applications.
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Scheme 1 An overview of bio-materials and applications in biomedical
area

With the generation and development of bionics, thou-
sands of organisms in nature have been studied to examine
natural phenomena, explain the mechanism of life, and pro-
mote the development of technology for progress in human
civilization. The organisms in nature are divided into three
main categories, depending on their sources: animals, plants,
or microorganisms. These organisms possess a variety of
structures, such as layered structures, hierarchical structures,
helical structures. These structures are endowedwith specific
functions, superamphiphobicity, adhesion, and high strength,
etc., and have been employed in several applications in
biomedical fields, including biosensing, cell cultivation and
tissue engineering (Scheme 1).

Organisms in nature

Organisms are classified by taxonomy into specified groups
such as the multicellular animals and plants and unicellular
microorganisms, such as a protists, bacteria, and Archaea
[7,8]. Several organisms have been implemented in many
applications based on their typical structures and functional
characteristics.

Fauna

The existing known animals are divided into two classes by
scientists: invertebrates and vertebrates [9]. Here, we will
discuss several typical types of animals that have been stud-
ied and applied.

Insects

The compound eye of the mosquito has excellent super-
hydrophobicity and anti-fogging ability, as droplets do not
easily adhere to and remain on the compound eye surface
[10–12]. Uniformly arranged hexagonal arrays of nanomas-
toidins are present in the ommatidia (Fig. 1A) [12].

Analogous to the compound eye of the mosquito, the
moth eye is also composed of ordered micro-/nanostructures
[10,13,14]. A very low amount of light has the reflection
coefficient of the moth eye, allowing the moth to see in the
dark (Fig. 1B) [13].

In addition to the aforementioned micro-mastodons struc-
tures, the microstructures of cicada wings are arranged in
hexagonal ncp papillae with a spacing of approximately
190 nm (Fig. 1C) [15–17]. Liu et al. developed a new type
of imprinting with cicada wings and fabricated nanoarrays
that are transferrable to a silicon surface and subsequently
showed antireflective properties [15].

Water striders can walk on water, which has attracted the
broad attention of researchers.

Water striders stand effortlessly and easily move quickly
on water with their specially designed legs (Fig. 1D) [18,19].
The legs of water striders are covered with numerous needle-
shaped setae arranged in a similar orientations at the micron
scale, with a tilt angle of approximately 20◦ from the surface
[20]. Inspired by thewater strider legs, somemultiscale struc-
tured materials with a superhydrophobic surface have been
developed [18,21]. Zhang et al. prepared superhydrophobic
coatings on a gold thread to compare their forces andmotions
on gold wires supported on water surfaces (Fig. 1D) [21].

Creatures living in extreme environments have adapted
to live in these environments. Desert plants and animals,
the Stenocara beetle collects condensed water from fog
in the Namib Desert (Fig. 1E) [10,22]. Inspired by the
water-collecting mechanism, Wen et al. designed a super-
hydrophilic bump–superhydrophobic/superoleophilic stain-
less steel mesh (SBS–SSM) filter using a facile method
[Fig. 1E(c)] [23].

In recent years, various functional properties of dragonfly
wings have gradually been reported by scholars all over the
world, making it an important biological model of bionics
[24–29].

Butterflies display various colors that are composed of
structured colors and pigments, and the structured color is
generated by photonic structures that are formed by arranged
and ordered nano-, micron and millimeter wing scales [30,
31]. Figure 2A shows a typical image of Morpho didius.
The dorsal surface of the wings is divided into cover scales
and ground scales; the two layers display a major structure
consisting of ridges connected by crossed ribs [32,33].

In addition toMorpho didius, other butterfly species con-
tain important wing structures, including Morpho peleides,
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Fig. 1 A (a, b) A photo and SEM image of a single mosquito eye. (c, d)
A high magnification image of micro-scales (ommatidia). Reproduced
with permission from [12], Copyright 2007,Wiley-VCH.BTheAttacus
atlas moth eye showing the compound eye structure; Scale bar: (a) 100
mm, (b) 5mm, (c) and (d) 500 nm Reproduced with permission from
[13]. Copyright 2011, The Royal Society of Chemistry. C Photograph
and SEM image of Cryptotympana atrata Fabricius wings. Reproduced
with permission from [15]. Copyright 2006, Wiley-VCH. D The super
hydrophobic water strider leg and its application. (a) Photograph of a

water strider. (b) The non-wetting leg of a water strider. (c) SEM image
of the leg with an oriented microsetae. (d) A magnification SEM image
showing the fine nanoscale grooved structures on a seta. Reproduced
with permission from [19,20]. Copyright 2003, 2004, Springer Nature.
E (a) The water-capturing surface of the fused overwings (elytra) of the
desert beetle Stenocara sp. (b) Scanning electronmicro-graph of the tex-
tured surface of the depressed areas. (c) Schematic Illustration of the
Preparation of SBS-SSM. Reproduced with permission from [22,23].
Copyright 2001, Springer Nature, 2016 American Chemical Society

Morpho menelaus, Morpho rhetenor, Morpho sulkowskyi.
However, only minor differences are observed between the
wing structures of butterflies in the various subgenera [33];
Shin et al. combined the directional deposition method and
utilized a silica microspheres base layer and a dielectric mul-
tilayer structure to produce oriented sedimentary assemblage
(Fig. 2B) [30].

Morpho aega wings display a micro-pattern that com-
prises groove microstructures, and droplets tend to slide
along the groove easier, rather than in the perpendicular
direction (Fig. 2C) [34]. Based on this phenomenon, Jiang
et al. displayed the droplets directional slide on the superhy-
drophobic wings of the blue Morpho butterfly [35].

Butterfly wings are iridescent, and they have high gas-
responsive selectivity. Hence, Potyrailo and his coworkers
developed a highly selective sensors using Morpho wings
that were inspired by the natural sensing design (Fig. 2D)
[36–38].

The color of the butterfly wings is largely related to the
photonic crystal. Thus, natural hierarchical photonic struc-
tures have been used to fabricate various sensors, such as
thermoresponsive sensors [39,40]. Xu et al. reported a simple

method for producing an intelligent sensor that exhibited high
performance and tunable color as the temperature changed
(Fig. 2E) [41].

Likewise, the three-dimensional orderednanostructures of
Morpho butterfly wings have been used to fabricate infrared
(IR) sensors (Fig. 2F) [42,43].

In addition to sensors, the highly ordered structures and
large specific surface areas of butterfly wings have also been
used to generate surface-enhanced Raman scattering (SERS)
substrates [44,45]. Zhang et al. reported the development of a
stable and facile SERS substrate to detect an important tumor
marker, carcinoembryonic antigen (CEA) (Fig. 2G) [46].

Reptiles

As a common reptile in nature, geckos can walk on smooth
walls and can even adhere to the ceiling and crawl quickly
[45,47]. These characteristics are caused by the combination
of the size effect of the micro-/nanosetae and sophisticated
motion control geckos, using the adductor and valgus of foot
hallux that ultimately enable it to stand and walk on walls
and ceilings [Fig. 3A(a)] [48]. Jiang et al. first used the highly
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Fig. 2 A (a) Optical images of the scales. (b) The cover scale and
the ground scale. (c) Optical image of a single cover scale. (d) SEM
image of a cover scale from the top view. (e) SEM image of the ground
scale. (f) TEM image of the ground scale. Reproduced with permission
from [32]. Copyright 2014, Royal Society of Chemistry. B Structural
comparison between butterflies (a–d) and fabricated films (e–h). (i–
k) Analysis of optical performance. (l) Images of fabricated films of
various colors ranging from deep blue through green to coppery red
that were achieved by controlling the layer thicknesses. Reproduced
with permission from [30]. Copyright 2012,Wiley-VCH.CDirectional
adhesion on super hydrophobic butterfly wings. (a) SEM images of the
blue butterfly M. aega. (b) The black arrows denote the radial outward
(RO) direction away from the center axis of the body. The droplet easily
rolls along the RO direction when the wing is tilted downwards. Repro-

duced with permission from [34,35]. Copyright 2006, 2012, Royal
Society ofChemistry.DDesign and fabrication of highly selective vapor
sensors inspired by Morpho butterflies. Reproduced with permission
from [36]. Copyright 2015, Springer Nature. E (a) Overall synthesis of
thermoresponsive PCs from Morpho BWs. (b) Mechanism underlying
the temperature responsiveness of PNIPAm-co-AAc-PCs. Reproduced
with permission from [41]. Copyright 2015, American Chemical Soci-
ety. F (a–c) Schematic illustration showing the IR response of the
selectively modified butterfly wing structures. (d, e) IR response for
Au-modified butterfly wings (Au thickness is ca. 50 nm). Reproduced
with permission from [43]. Copyright 2014, Wiley-VCH.G Schematic
of CEA detection using Au butterfly wings. Reproduced with permis-
sion from [46]. Copyright 2017, Royal Society of Chemistry

sensitive the MEMS balance system to study the adhesion of
the superhydrophobic gecko foot [Fig. 3A(b)] [49].

Snakes do not have limbs but can move smoothly like
flowing water, and the weight of a snake is evenly distributed
along its body, allowing it to move in barren or marshy envi-
ronments [50,51]. The spine extends from a series of similar
bony vertebrae from the occipital portion of the skull to the
tip of the tail, and the continuous insertion of the two bones
of the vertebral body is connected by the intervertebral disk
[52]. These joints are deflected at a small angle around the
axis in all directions. In addition, these joints make the snake
easily bend in 360◦, as shown in Fig. 3B [50].

With natural evolution, some organisms with biologi-
cal composite structures have adapted to resist penetration,
such as tortoise shells. In general, they contain organic and
inorganic components in complex mixtures that are hier-
archically organized at the nano-, micro-, and mesoscales
[53]. A number of studies on the structural and mechanical
responses of different biological composites have been exten-
sively reported in the literature. For example, the skin tissues
and deformation behaviors of crabs and lobsters have been
studied by John et al. [54]. Turtles are reptiles of the order

Testudines and are characterized by a special bony or carti-
laginous shell that develops from their ribs and acts as a shield
[55]. Rhee et al. studied the materials, geometric features,
and the correlation between the multiscale/microstructures
and the structural characteristics of tortoise shells (Fig. 3C).

Crocodiles are wild animals with scientific research value,
ecological value, and high economic value [56–58]. The
fragmented skin on the crocodile head provides an appro-
priate example of skin debris research, similar to the scales
of snakes, lizards and fishes that can protect themselves
(Fig. 3D) [58,59].

Marine life

Nacre is the main component of an armored system of shells
used by some animals to protect themselves from predators
and other mechanical forces that displays strong, stiff, and
tough properties (Fig. 4A) [60–62].

In the sea, mussels are a mixed underwater fouling
organism that attach to almost all natural or artificial
organic/inorganic matrices under humid conditions. The
presence of 3,4-dihydroxy-l-phenylalanine (DOPA), a cate-
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Fig. 3 A (a) Photo and SEM images of gecko feet. (b) SEM images
of gecko-inspired polyimide films at different magnifications showing
the gecko-like multiscale structures with densely packed microclusters
composed of nanopillars, and a schematic representation of the for-
mation of multiscale structured polyimide (PI) materials using AAO as
templates. Reproducedwith permission from [49]. Copyright 2012, The
Royal Society of Chemistry. B (a) Wire-driven robot arm inspired by
the snake skeleton and octopus arm muscle arrangement. (b) Top view
of the joint and cross-section view of the wire-driven robot. Reproduced
with permission from [50]. Copyright 2013, SAGE Publications Ltd.C
Multiscale hierarchy and structure of the turtle shell. (a) Morphology
of the turtle shell carapace. (b) A costal scute showing the successive
growth pattern. (c) A cross-sectional view of the carapace showing

composite layers. (d) An SEMmicrograph of a fracture surface. (e) An
SEMmicrograph of a cell structure, and (f) An SEMmicrograph of the
fibrous structure inside the cell. Reproduced with permission from [55].
Copyright 2009, Elsevier. D The observed skin fragmentation patterns
in animals, paint and skin. (a) Snapshot of a crocodile head. Bottom:
high magnification image of skin fragmentation in the form of scales
on a crocodile head surface (the crocodile is small, with an eye to nose
distance of 90 mm). Scale bar: 4 mm. (b) Skin fragmentation observed
on the surface of painted door. Scale bar: 1 cm. (c) Skin crumpling
observed on the back of a hand. Scale bar: 2 mm. (d) Schematic of the
mechanical model used to model skin fragmentation under deformation
stress. Reproduced with permission from [58]. Copyright 2014, Nature
Publishing Group

chol amino acid secreted by mussel mucin, is responsible for
strong underwater bonding [Fig. 4C(a)] [63–65].

Underwater animals (such as carp and shark) swim freely
because of the specific structure of their surface. The surfaces
of superoleophobic fish originate from the micro-/nanometer
water-phase hierarchical structures [66,67]. For example,
sharks have squamous scales, including rectangular basins
embedded in the skin and tiny thorns or bristles that are
raised from the surface [68]. Barthelat et al. investigated the
structure and mechanism of a single bony fish (Ctenoid), the
striped bass Morone saxatilis (Fig. 4D) [69].

In nature, corals have a special dendritic structure that
has attracted rapidly increasing research interest worldwide.
Corals develop in the form of microcrystalline calcite aggre-
gates [70]. Tao et al. prepared a series of composite electrode
materials by depositing conducting polymers on amonolithic
coral-like porous carbon (MC), as shown in Fig. 4E(a) [71].

Jellyfish is a very beautiful aquatic animal with a shape
resembling a transparent umbrella, and the diameter of large
jellyfish reaches up to 2 m. The edge of the umbrella body

contains some tentacles,which canbe up to 20–30m in length
(Fig. 4F) [72,73].

Other animals

In addition to the above-mentioned animals, many other
organisms also exhibit specific structures and exceptional
functions. Another common example of a surprising natu-
ral color is peacock feathers, which exhibit different colors
due to the presence of complex, tiny, two-dimensional pho-
tonic crystal structures [10,74]. Zhang et al. selected peacock
feathers as thematrix for embeddingZnOnanoparticles using
in situ methods [75].

Natural spider silk has superior mechanical properties,
particularly its high specific strength (approximately 5 times
greater than steel) and excellent flexibility (approximately 10
times greater than aramid) and toughness (the highest of any
material) [76–78].
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Fig. 4 A The multiscale structure of nacre: view of the inner nacreous
layer of a red abalone shell. B Nacre at the mesoscale: (a) schematic of
the tablet arrangement in nacre; (b) SEM image of a fracture surface in
nacre; (c) top view of the tablet tiling in nacre; (d) reconstitution of the
arrangement of the tablets from one layer to the next; (e) core and over-
lap areas in the tablet arrangements. Reproduced with permission from
[62]. Copyright 2006, Elsevier. B Experimental tensile stress–strain
curve for nacre and (b) associated deformation modes. (c) Experimen-
tal shear stress–strain curve for nacre and (d) associated deformation
modes. Reproduced with permission from [62]. Copyright 2006, Else-
vier. C Mussel-inspired super hydrophobic surface modification. (a)
Photograph of a mussel attached to commercial PTFE and the amino
acid composition of proteins found near the plaque-substrate interface.

(b) Schematic showing the method used to prepare a polydopamine-
patterned super hydrophobic surface. Reproducedwith permission from
[64]. Copyright 2007, American Association for the Advancement of
Science. D The hierarchical structure of a teleost fish scale from the
striped bass M. saxatilis. (a) Images of the whole fish, (b) staggered
multiple scales, (c) an individual scale, (d) a cross section of a scale, (e)
the cross-ply collagen structure, and (f) collagen fibrils. Reproduced
with permission from [69]. Copyright 2012, Wiley-VCH. E (a) Optical
image of the monoliths of the silica template (ST) and the as-prepared
carbon materials (MC). (b, c) SEM images of ST and MC. (d) Opti-
cal image of coral. Reproduced with permission from [71]. Copyright
2013, The Royal Society of Chemistry
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Flora

Lotus leaves are the most common hydrophobic surfaces
in nature and have been studied for many years (Fig. 5A)
[11,79,80]. In 1997, Barthlott and colleagues were the first
to reveal that the lotus leaf comprises a micro-/nanoscale
structure consisting of randomly oriented shepherd epider-
mal cells covered by a hydrophobic wax [79]. Liu et al.
combined the self-cleaning effect of lotus leaves, the struc-
ture of nacre and the adhesive property of mussel adhesive
protein to fabricate graphene composite paper with the inte-
gration of these characteristics [80].

In nature, other species with superhydrophobicity have
also been observed and studied. For example, rose petals
show a high water contact angle (CA) and a water-adhesive
property [11,81]. A periodic array of microarrays and
nanoscale cuticular folds on top of each micropapilla was
observed on the surface of rose petals (Fig. 5A). Feng et
al. used the solvent evaporation-driven nanoimprint pattern
transfer process to replicate themicro-/nanostructures of rose
petals [82]. Lai et al. used simple electrochemical methods
to change the diameter and length of nanotubes and reported
the development of nanostructured superhydrophobic TiO2

films with adjustable surface adhesion properties [83].
In addition to the superhydrophobicity of the lotus leaf

and rose petals, rice leaf is another natural species that dis-
plays anisotropic wetting [10,84]. The rice leaf also exhibits
a hierarchical structure with waxy nanobumps, but the
quasi-one-dimensional arrangement of microcapsules leads
to anisotropic wettability [Fig. 5B(a)] [84]. Wu et al. pre-
pared oriented poly (vinyl butyral) nanofiber arrays using an
oriented electrospinning technique [Fig. 5B(b)] [85]. Kang et
al. developed three types of anisotropic micro-channel arrays
with various shapes, such as prisms, rectangles and overhang
structures, usingUV-assistedmicro-molding techniques, fol-
lowed by octafluorocyclobutane surface modification [86].

Recently, uni-directional liquid spreading on the peris-
tome ofNepenthes alata has been observed, which is mainly
derived from its unique superhydrophilic layered structure
and micro-cavities with curved edges and a sharp wedge
angle (Fig. 5C) [87,88]. A novel bio-inspired uni-directional
liquid spreading surface was proposed and fabricated using
a two-step oblique UV exposure lithography technique
inspired by N. alata by Chen et al. [89].

Natural bamboo (Phyllostachys pubescens) is an eco-
friendly, widely distributed and versatile plant in nature. In
recent years, more and more interest and research have been
devoted to the use of bamboo as an eco-friendly material for
a wide range of engineering and civil construction applica-
tions, including scaffolds, fiber-reinforced composites and
bridges [60,90]. Bamboo has been used as a raw material
for the isolation of biologically active substances, such as
two C,C-hexosyl proteins, O-hexosyl-O-deoxyhexosyl sar-

cosine and 6-C-glucose alkaline starch protein, which have
high antioxidant, antibacterial, and melanin inhibitory and
antiallergic activities [91]. Gao et al. used a simple and exten-
sible combination of hydrothermal carbonization, activation,
and vacuum annealing to successfully fabricate a novel bio-
inspired honeycomb layered nanocomposite (BHNC) using
bamboo-based industrial by-products as model carbon pre-
cursors (Fig. 5D) [92].

Microbiota

Microorganisms comprise a wide variety of biological
groups, including bacteria, viruses, fungi, some small proto-
zoa, microscopic algae, etc. [93]. The industrial applications
of microorganisms include the food industry, pharmaceuti-
cal industry, metallurgy, mining, oil, leather, light chemical
industry, and other industries [94–97]. Through a genomic
study of Bacillus subtilis, a series of genes related to the
production of antibiotics and important industrial enzymes
was identified [98]. Lactobacillus is an important microe-
cological regulator that has been used in the food fermen-
tation process; genomics research of this organism will
help researchers identify the key functional genes and then
transform the strain to make it more suitable for industrial
production processes [99].

A large number of microorganisms have the ability to
oxidize and decompose complex organic matter and certain
inorganic substances, and convert these substances into sim-
ple substances, or convert toxic substances into non-toxic
substances [96,100]. Xu et al. investigated the feasibil-
ity of using a bio-electrochemical system integrated with
a capacitor deionization-microbial electrolytic desalination
tank (MCDC) to treat the actual shale gas-produced water
[101].

Many organisms provide inorganic materials intracellu-
larly or extracellularly [102–104]. For example, unicellular
organisms such as magnetotactic bacteria produce magnetite
nanoparticles and [102] diatoms produce synthetic siliceous
materials [103]. Gadd et al. studied the effects of the ureolytic
fungi Neurospora crassa, Pestalotiopsis sp. and Myrothe-
cium gramineum to generate nanoscale copper carbonate and
examined the roles of fungal extracellular proteins in the for-
mation of this mineral [104].

Microalgae carbon dioxide fixation systems are an envi-
ronmentally friendly, energy-efficient, and cost-effective
method for addressing the problem of global warming, which
is mainly caused by the increase in atmospheric carbon diox-
ide (CO2) produced by fossil fuel combustion [105,106].
Miyamoto et al. have previously proposed a system for the
conversion of algae biomass to H2 using photosynthetic
bacteria [107]. In addition to water treatment applications,
microbes can decompose organics to generate energy, which
is called a microbial fuel fell (MFC) [108,109].
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Fig. 5 A (a) Photograph and SEM image of a lotus leaf. (b, c) ESEM
images of the lotus leaf at different magnification. (d, e) Photograph
and SEM images of rose petals. (f) SEM images of the fabricated PS
filmwith the similar petal’s surface structures. Reproducedwith permis-
sion from [11,80]. Copyright 2011, Elsevier, 2008, American Chemical
Society. B (a) Digital photos and scanning electron microscope (SEM)
images of rice leaves. (b) Digital photograph of a piece of a glass
strip that was divided into two sections by vertically oriented nanofiber
arrays. Different sections show different wetting anisotropy characteris-
tics in this picture.Reproducedwith permission from [84,85].Copyright
2008, 2012, The Royal Society of Chemistry. C (a) Schematic of

procedures used to synthesize the BHNC sample with beehive-like
hierarchical nanoporous structures, where the micropores formed on
the meso/macropores walls of the interconnected carbon nanosheet
frameworks. (b–d) FESEM and (e) TEM images of the beehive-like
microstructures of the BHNC sample, and (f) HR-TEM image of the
edge of the BHNC. The beehive-like hierarchical nanoporous carbon
framework is clearly visible in the structural model shown in (a) and is
shown at higher magnifications in (b–d) and highlighted by the yellow
rings in (e). Partial graphitization was observed in the distorted lattice
fringe image of the BHNC (f). Reproduced with permission from [92].
Copyright 2015, The Royal Society of Chemistry
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Applications in biomedical fields

Organisms in nature have evolved many unique structures
and excellent functions, which are the source of inspiration
for human inventions. With the development of technology,
natural, non-toxic, biocompatible and biodegradable natural
materials, as well as biomimetic materials, have been widely
used in the biomedical field, such as cell cultivation, biosen-
sors and tissue engineering [110,111].

Tissue engineering

Tissue engineering is an emerging discipline that combines
cell biology and materials science for the in vitro or in vivo
construction of tissues or organs. The aim is to obtain a small
amount of living tissue from the body, use special enzymes
or other methods to isolate cells (also known as seed cells)
from the tissue culture for vitro expansion, and then mix
the expanded cells with good biocompatible, biodegradable
and absorbable bio-materials (scaffolds) in the appropriate
proportion to allow the cells to adhere to the biomaterial
(scaffold) to form a cell–material complex. Next, the com-
pound is implanted into tissue or organ lesions in the body;
with the gradual degradation and absorption of bio-materials
in the body, the implanted cells proliferate and secrete extra-
cellular matrix in the body and finally form corresponding
tissues or organs to achieve the purpose of repairing the
wounds and reconstructing functions [112,113]. The three or
four elements required for tissue engineering mainly include
the isolation of seed cells, production of biological materials,
the integration of cells and biological materials, and the inte-
gration of implants with the microenvironment in the body.
Simultaneously, the development of tissue engineering tech-
niques will also change the traditional medical model and
enable further developments in regenerative medicine that
will ultimately be used in the clinic.

Cell culture

The primary step in tissue engineering is cell culture. Cell
culture in vitro requires specific conditions in vivo that
must mimic physiological conditions in the body, where the
medium, the substrate, the culture equipment, etc., influ-
ence cell growth and activity. With the development of
biological technology, researchers have achieved the trans-
formation fromstatic cultivation to dynamic cultivation, from
2D cultivation to 3D cultivation [114,115]. Compared to
static cultivation, dynamic cell cultivation methods display
a better interchange of nutrients, energy, gas, and excreted
substances.Meanwhile, 3Dmodels are more physiologically
relevant than 2D cell cultivation because the 3Dmodelsmore
closely represent the microenvironment, the cell–cell inter-
actions, and the true biological processes in vivo and exhibit

a higher degree of similarity to cell morphology and func-
tional differentiation in vivo.However, the continuous supply
of nutrients is a major challenge in 3D cell culture.

Hydrogels are widely used in three-dimensional fixation
and cell culture in basic biological research, biochemical
processes, and clinical treatments [115,116]. However, the
ability to support cell viability and modulate the cell phe-
notype in a structurally stable gel remains a challenge as
the gel becomes harder and harder as the stiffness increases
[115]. Some marine organisms have been shown to exhibit
unique microstructures that facilitate molecular transport
through their elastic tissues. For example, the skin of blue
whales and brain corals exhibit a textured relief such that
the skin can absorb a larger number of molecules, includ-
ing water [115,117]. Inspired by the texture of the grooved
skin of marine animals, Lee et al assembled hydrogels that
contained computationally optimized micro-sized grooves
on the surface (Fig. 6A) [115]. In addition, the gel was
designed through a uniaxial freeze-drying process to be a pre-
set alignedmicro-channel similar to a plant’s vascular bundle.
The resulting gel showed significantly increased water dif-
fusivity with less variation in gel stiffness, but only when
the microgrooves and micro-channels were aligned together.
Whenmicrogrooves andmicro-channelswere not aligned, no
significant enhancement in rehydration was achieved. The
design of this material greatly enhanced the viability and
neural differentiation of stem cells and the formation of 3D
neural networks in the gel.

In addition, most plants have anisotropic, aligned vascular
bundles in their stems that enable the roots to supply all parts
of the plant body with the absorbed water and nutrients. The
vein of a leaf is considered an optimal transport system.Mes-
ophyll cells are divided into small areas by fine veins called
pellets. The transpiration of water in different parts of the
leaves fluctuates with time, and thus, the transport of mois-
ture in the veins also fluctuates [118]. However, due to the
existence of multiple paths in the vein network and dimples
on the vessel wall, the pressure field and nutrient concentra-
tion in the pores in which the mesophyll cells are located are
nearly uniform. Therefore, inspired by this structure, Liu et
al. designed a novel cell culture chambers to achieve a sta-
ble and homogeneous microenvironment [119]. The device
consisted of a new micro-channel system that mimicked the
vessels in the veins to transport the medium, and the cell cul-
ture chamber mimicked the areole and included microgaps
that mimicked the pits (Fig. 6B). The effects of the areole and
pits on the cell culture chamberflowfieldwere discussed. The
bio-inspired microfluidic devices were robust platforms that
provided fluid-like microenvironments in vivo.

In addition to natural bio-materials, bio-inspiredmaterials
have great prospects in cell culture. Our group has a long-
standing commitment to developing bio-inspired materials
for biomedical applications, such as photonic crystals. Cell
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Fig. 6 A Schematic describing a strategy for controlling hydrogel per-
meability by recapitulating themicrogrooves of marine organisms (e.g.,
blue whale and brain coral) and microvascular bundles in plant stems.
Reproduced with permission from [115]. Copyright 2015, Nature Pub-
lishing Group. B The transport of liquid in an octagonal areole. (a) The
areoles on a chinar leaf, which mainly have three kinds of shapes, i.e.,
hexagon, heptagon and octagon. (b) The structure of an octagonal are-
ole and the transport of liquid in it. Reproduced with permission from
[119]. Copyright 2017, The Royal Society of Chemistry. C Schematic
diagram of the preparation of the stretched inverse opal films. Fluo-
rescence microscopy images of NIH-3T3 cells cultured on different
substrates after 48 hours: (a) on a glass dish, (b) on an unstretched

inverse opal substrate, (c) on three-fold and six-fold stretched inverse
opal substrates (d) Scale bars represent 200 mm. Double-sided arrows
indicate the direction of stretching. Reproduced with permission from
[120]. Copyright 2014, TheRoyal Society of Chemistry.D SEM images
of tendon fibroblasts cultured on different portions of one substrate: (a)
on an unstretched portion; (b) on a 3-fold stretched portion; (c) on a
6-fold stretched portion and a 12-fold stretched portion; and (d) on a 12-
fold stretched portion. (e–h) High magnification images of the images
shown in a–d. Black arrows indicate the cell orientation. White arrows
indicate the direction of stretching. Scale bars represent 200 μm in a–d
and 20μm in e–h. Reproduced with permission from ][121]. Copyright
2015, American Chemical Society

adhesion and alignment are two important considerations in
tissue engineering applications as they regulate subsequent
cellular proliferation and differentiation procedures. Thus,
Gu et al. proposed a bio-inspired inverse opal substrate with
an adjustable nanoscale patterned structure for regulating
cell adhesion and alignment, which was rooted in photonic
crystals inspired by opals (Fig. 6C) [120]. Substrates with
different pattern orientations were achieved by tailoring the
amount of stretch applied to the polymer inverse opal film.
Cells cultured on these substrates showed an adjustable mor-
phology and alignment. Meanwhile, soft hydrogels that had
poor plasticity andwere difficult to cast into a patterned struc-
ture were used to infiltrate the inverse opal structure. Cell
adhesion rates, cell morphology, and alignment were modu-
lated by these hybridized substrates. In addition, the authors
established a gradient of cell orientations using a simple
stretched anti-opal substrate (Fig. 6D) [121]. Rendon fibrob-
lasts grown on a stretched inverse opal gradient exhibit an
arrangement corresponding to the elongation gradient of the
substrate. This “random alignment” of cell gradients repro-
duced the insertion of many connective tissues and would
have important applications in tissue engineering.

Biomaterial scaffolds

Biomaterial scaffolds are an important component of tis-
sue engineering that are used alone as a structural support
for tissue growth or as a delivery platform for cells or
biomolecules [112]. A variety of scaffold structures has been
developed to suit different applications, including hydrogels,
porous catheters, sponges, and nanofibers. These structures
are derived from natural or syntheticmaterials. Natural mate-
rials often have high biocompatibility, recognition domains,
and hydrophobicity and lack cellular interactions that can
lead to poor cell reaction or poor integration with the host tis-
sue. Therefore, a major focus of tissue engineering research
is the design of bio-materials that provide information about
cells and tissues. Inspired by mussel adhesion, scientists
found that dopamine self-polymerized under alkaline con-
ditions [63,65]. The reaction provides a universal coating for
metals, polymers, and ceramics, regardless of their chemi-
cal and physical properties. In addition, this polymeric layer
is rich in catechol groups and has been used to immo-
bilize primary amines or thiol biomolecules via a simple
dipping process. Wu et al. generated a 3D printed bio-
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ceramic scaffold with a uniform self-assembled calcium
phosphate/polydopamine nanolayer surface using biocom-
patibility, biodegradability, and the excellent photothermal
effect of polydopamine (Fig. 7A) [122]. The designed bifunc-
tional scaffolds with mussel-inspired nanostructures were
used as a satisfactory controlled photothermal agent to effec-
tively induce tumor cell death and inhibit tumor cell growth in
mice. In addition, the prepared polydopamine-modified bio-
ceramic scaffolds supported the attachment and proliferation
of rabbit bone marrow mesenchymal stem cells (rBMSCs)
and significantly promoted the formation of new bone tissue,
even in response to a photothermal treatment.

Different materials, such as natural/synthetic polymers,
carbon nanotubes, hydroxyapatite (HAp), and silicates, have
been used to design and process nanocomposites to meet the
diverse needs of tissue engineering [111,123–125]. Special
attention has been given to the combination of biopolymers
(i.e., proteins, polysaccharides, and glycosaminoglycans)
with inorganic/ceramic fillers, which provide biomaterial
composites with optimized properties [125]. The natural
tissue interface is a continuous gradient structure; thus, ver-
satile biological composites are needed to create suitable
biomimetic engineered grafts for interfacial tissue engi-
neering. Kaplan et al. used silk protein-based composites
along with selective peptides and mineralized domains to
mimic cartilage-to-bone conversion at the osteochondral
interface. Gradient composites support tunable mineraliza-
tion and mechanical properties corresponding to the spatial
concentration gradients of mineralized domains (R5 pep-
tides). The composite system showed a continuous change
in composition, structure, and mechanical properties, as well
as cell compatibility and biodegradability [124]. Panzavolta
et al. developed a hybrid scaffold that consisted of a unique
but integral layer capable of simulating different areas of
cartilage and bone for osteochondral interface regeneration
(Fig. 7B) [126]. The authors developed assemblies composed
of a layer of gelatin with a layer containing different amounts
of gelatin and hydroxyapatite nanocrystals and glued the lay-
ers together using a gelatin solution to form a multilayered
scaffolds. The scaffolds exhibited high interconnected poros-
ity andmechanical properties that variedwith stent thickness,
compressive stress, and modulus values of approximately 1
and 14 MPa.

Blood vessels play an important role in tissue engi-
neering by serving as transport channels for nutrient and
gas exchange. The successful function of these vessels is
highly dependent on their ability to mimic the native arter-
ies. However, their complex handling, controversial integrity,
or uncontrollable cell location and orientation limit the cur-
rently available vascular prostheses [127]. Polymeric inverse
opal films have been stretched into oval porous patterned
substrates, and cells grew in a certain direction on these
substrates [128,143]. However, the construction of three-

dimensional tubular inverse opal films, which have elliptical
porous pattern surfaces, and their use as scaffolds in tis-
sue engineering research has not been investigated. Thus,
Zhao et al. proposed a new tubular scaffold with a specific
surface microstructure that imitated a structural container
(Fig. 7C) [127]. Tubular stents were constructed by rota-
tionally expanding a three-dimensional tubular inverse opal
film replicated from a colloidal crystal template in a cap-
illary tube. Due to the ordered porous structure of inverse
opal films, the expanded tubular scaffold had an elliptical
patterned microstructure oriented circumferentially on its
surface. These customized tubular scaffolds were effective
in enabling endothelial cells to form an integrated, hollow
tubular structure on their inner surface and induced smooth
muscle cells to form a circumferential orientation on their
outer surface (Fig. 7D). These features of our tubular scaf-
folds hold great promise for the construction of biomimetic
vessels.

Biosensors

Biosensors are instruments that are sensitive to biological
matter and converts their concentrations to electrical signals
for detection and include immobilized bio-sensitive materi-
als for identifying elements (including enzymes, antibodies,
antigens, microorganisms, cells, tissues, nucleic acids, and
other bioactive substances), suitable physical and chem-
ical transducers (such as oxygen electrodes, phototubes,
piezoelectric crystals), and signal amplification devices.
Biosensors function as a receptor and a transducer [129].

SERS

Natural biological organismswith finemicro-/nanostructures
have been used as biosensors, due to their lowcost, easy avail-
ability, and biodegradability. Naturally occurring nanostruc-
tures with fine micro-papillae structures, such as cicada and
butterfly wings, have been used for surface-enhanced Raman
scattering (SERS) substrates [17,44].Graphium weiskei but-
terfly wings have been confirmed to contain a nanoconical
structure of chitin, which is a structural protein located in
the purple and blue regions and has been used to create a
biocompatible SERS platform [45,130]. Wood et al. used a
SERS platform composed of gold-coated G. weiskei wings
to detect hemozoin crystals in early circular lysate blood
samples containing 0.0005 and 0.005% early ring-stage P.
falciparum-infected RBCs [45]. The authors identified the
key characteristic spectral markers of the malaria agent P.
falciparum and detected early stages of parasitemia at levels
ranging from 0.0005 to 0.005% in lysates from infected RBC
samples, thus revealing the suitability of these substrates
for biomedical applications of SERS. In addition, the natu-
rally occurring wings with nanostructures have been utilized
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Fig. 7 A (a) Photographs of 3D printed pure bioceramics (BC), DOPA-
BC (2 mg/mL), DOPA-BC (4 mg/mL), and DOPA-BC (6 mg/mL)
scaffolds. Optical images of pure BC (b) and 4 mg/mL DOPA-BC
(c) scaffolds from the top view. Scanning electron microscopy (SEM)
images of pure BC (d), 2 mg/mL DOPA-BC (e), 4 mg/mL DOPA-BC
(f), and 6 mg/mL DOPA-BC scaffolds. Reproduced with permission
from [122]. Copyright 2016, Elsevier. B Schematic of the procedure
utilized to assemble two- and three-layer scaffolds. Reproduced with
permission from [126]. Copyright 2015, Wiley-VCH. C Schematic of
the fabrication process for tubular scaffolds with circumferentially ori-
ented ellipse inverse opal microstructures. Reproduced with permission

from [127]. Copyright 2016, The Royal Society of Chemistry. D (a)
Schematic of the construction of the bioinspired vessels based on the
expanded tubular inverse opals. (b, c) Fluorescence microscopy images
of (b) A7r5 (green) cultured on the outer surface and (c) HUVECs
(red) cultured on the inner surface of the scaffolds, scale bars for (b,
c) and (d) represent 200 μm and 50 μm, respectively. Double-sided
arrows indicate the circumferential direction. (d) Confocal image of a
3D reconstruction of the bioinspired vessel captured at a partial cross-
section. Reproduced with permission from [127]. Copyright 2016, The
Royal Society of Chemistry

as SERS substrate for biomarkers. Zhang et al. fabricated
a stable and simple SERS-based readout assay to detect a
significant tumor marker, carcinoembryonic antigen (CEA)
[46]. The authors utilized Au-coated butterfly wings with a
natural three-dimensional (3D) graded submicron structure
rather than relying on aggregates of metal nanoparticles. The
fabricatedAu-coated butterflywings showed excellent SERS
performance and stability at a high temperature (80 ◦ C)
and long periods (6 months) at the submicron level. The
authors used enzyme-linked immunosorbent assays (ELISA)
to detect antibodies that can be replaced with chemically
synthesized CEA aptamers, which could greatly simplify the
entire assay.

Our group also has performed a series of studies on SERS
based on bio-inspired materials. Plasma nanoparticles are
commonly used as optical sensors in sensing applications,
and the optical signal produced by the interaction of the
analyte with the plasmonic nanoparticle is influenced by the
surrounding physical structure in which the nanoparticle is
located. Mu et al. presented a three-dimensional structure
of inverse opal photonic crystal hydrogels to improve the
Raman signal from plasma for protein and DNA analysis
[Fig. 8A(a)] [131]. A SERS analysis of the composite protein
was achieved by the hybridization of plasmonic nanoparti-
cles and photonic crystals. This process favored the Raman

analysis by providing a high density of “hot spots” in a 3D
array, as well as the additional enhancement of the local
electromagnetic field at the edge of the PhC band and the
periodic refractive index profile. Liu et al. conducted a mul-
tiplex bio-analysis using photonic crystals and SERS for
dual coding, as shown in Fig. 8A(b) [132]. PC beads and
SERS nanotags served as carriers and tags, respectively, for
the sandwich detection of multiple antigens. In addition to
the amplification capabilities of both encoding modes, the
authors also showed that the quantitative analysis of multi-
ple analytes displayed good stability, a low background, and
high sensitivity. Meanwhile, these researchers also proposed
an ultra-sensitive protein biosensor with a core-shell SERS
nanotag as a marker and photonic crystal beads (PCBs) as a
carrier [Fig. 8A(c)] [133]. Raman dyes (RDs) were embed-
ded in the interface between the gold core and the silver shell
in the bimetallic nanoparticles to form SERS nanotags. The
sensitivity was significantly improved because the Raman
signals enhanced by the coupling of core–shell structures,
and the linear dynamic range (LDR) was prolonged due to
the high surface area-to-volume ratio of PCBs. Overall, the
fabricated SERS substrate displays a good stability and a
low background and has great potential for applications in
the detection of biomarkers.
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Fig. 8 A (a) Schematic of photonic-plasmonic hybrid IOPHB for
the multiplex analysis of proteins based on their Raman fingerprints.
IOPHBs were fabricated using self-assembled silica photonic crys-
tal beads (PCBs) as templates. (b) Schematic of the SERS nanotag
preparation and multiplex bioassays generated using photonic crystal
beads and SERS nanotags. (c) Schematic of the protein detection pro-
cess using SERS nanotags of Au@Ag NP and PCB. Reproduced with
permission from [131,132]. Copyright 2015, Wiley-VCH, 2016, The

Royal Society of Chemistry. B OBPs immobilized on PEG-modified
interdigitated electrodes. (a) Schematic of the interdigitated electrodes,
(b) COOH–PEG– SH forms Au–S bonds with gold electrodes, and
(c) BdorOBP2 forms covalent amino bonds with PEG-electrodes by
EDC/NHS coupling. Reproduced with permission from [135]. Copy-
right 2014, Elsevier B.V. C Fabrication process and characterization of
carbonized plain weave cotton fabric (CPCF). Reproduced with per-
mission from [138]. Copyright 2016, Wiley-VCH

Gas sensor

In addition to the natural surface-based sensors, insects have
a delicate sense of smell that allows them to sensitively and
selectively detect thousands of chemical pheromones at very
low concentrations through their remarkable olfactory sys-
tem, which has been used to construct gas sensors [134,135].
For insects, the outstanding selectivity and sensitivity of
the olfactory system is achieved by filters that discriminate
between small soluble binding proteins and odorant recep-
tors. These soluble binding proteins (mainly odor-binding
proteins (OBPs)) are not only readily expressed and puri-
fied but are also highly stable to temperature, pH, solvents
and proteases [136]. As one of the most important olfactory
proteins, odorant-binding proteins (OBPs) from insects are
the most promising candidates for producing biosensors to
detect biochemical molecules in chemical ecology and other
biotechnological applications. OBPs and peptide sequences
derived from the insect OBPs (Drosophila and Apis mel-
lifera) have been used to detect floral odors, alcohols and

explosives. Therefore, Liu et al. designed anolfactory biosen-
sor to immobilize OBPs from oriental fruit fly to detect the
semiochemicals (Fig. 8B) [135]. After successful isolation
and purification, OBPs were immobilized with a specially
designed polyethylene glycol (PEG) SH–PEG–COOH link-
age to generate a robust sensor membrane, which sensitively
detected isoamyl acetate, beta-ionone, benzaldehyde, and
other compounds.

Electronic sensors

Natural biomaterial-derived carbon materials, such as car-
bonized filaments, are potential elements for themanufacture
of low-cost, scalable, and environmentally friendly elec-
tronic components due to their abundance, renewability, and
conductive properties [137,138]. Cotton is undoubtedly the
dominant natural fiber used in our daily life for apparel and
textiles. Plain cotton is one of themost popular cotton fabrics.
It consists of warp yarns and weft yarns (each yarn con-
sists of dozens of twisted cotton fibers) that are aligned to
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Fig. 9 A Schematic showing the procedure for fabricating the patterned
photonic NC (I). Schematic and photographs showing the unfolded
analytical device with photonic NC channels (red) for lateral-flow
assays and label-free detection of analytes using the device (scale
bar: 2 cm) (II). Reproduced with permission from [141]. Copyright
2016, American Chemical Society. B Schematic showing the pho-

tonic pseudopaper and fluorescence ELISA performed on the substrate.
Reproduced with permission from [142]. Copyright 2017, American
Chemical Society. C Schematic showing the procedure used to fab-
ricate the opal capillary with multiple heterostructures for enhanced
fluorescent aptamer-based assays. Reproduced with permission from
[143]. Copyright 2017, American Chemical Society

form a simple cross-shaped pattern. Although natural cotton
fibers are not electrically conductive, a simple heat treat-
ment can convert them to highly conductive carbon fibers,
while maintaining the original integrity and flexibility of the
fibers [139]. Zhang et al. fabricated highly sensitive,wearable
strain sensors based on commercial plain weave cotton fab-
ric, which showed a largemachinable strain range (> 140%),
high sensitivity (strain of 0–80% and strain of 80–140%),
unobtrusive drift, and long-term stability, while having the
advantages of a low cost and a simple manufacturing pro-
cess, and versatile applications (Fig. 8C) [138]. Likewise,
Kim et al. reported a novel bio-piezoelectric nanogenerator
(BPNG) that uses naturally rich, self-aligned cellulose fibers
and an untreated onion skin (OS) as an effective piezoelectric
material with∼ 2.8 pC/N of piezoelectric strength [140]. The
prepared OSBPNG produces high-voltage electrical energy
conversion efficiencies, which produced a maximum output
voltage (approximately 106 V) when 6 cells were connected
in series, instantly providing 73 combinations of LEDs.
The OSBPNG was also very effective in promoting throat
movements, such as coughing, alcohol consumption, and
swallowing. Furthermore, it could be used for pacemakers
and healthcare units and distinguishing voice signals, indi-
cating the potential for speech recognition.

Microfluidics

In the field of biosensors, biochemical analyses comprise the
majority of applications. Our group has long been engaged
in biomedical engineering research, including bio-inspired
materials, biosensors, and microfluidics. Gao and colleagues
are mainly committed to biochemical analyses based on
photonic crystals [141–143]. They fabricated a pseudopaper
microfluidic chip based on patterned photonic nitrocellulose
using self-assembled monodisperse silica nanoparticles as a
template [141]. SiO2 nanoparticles were used to form pho-
tonic crystals with well-arranged hexagonal structures in the
micro-channels, thus resulting in nitrocellulose with comple-
mentary inverse opal structures (Fig. 9A). After lamination,
a hollow channel that was partially filled with photon nitro-
cellulose was obtained to increase the fluorescence intensity
for multiplex detection of human immunoglobulin G and
two cancer biomarkers: carcinoembryonic antigen (CEA)
and α-fetoprotein (AFP). In addition, the pseudopaper can
be used for a highly sensitive fluorescent bio-analysis with
enzyme-linked immunosorbent assays (ELISA) based on the
fluorescence enhancement of photonic crystals (Fig. 9B)
[142]. Due to the slow photon effect of the photonic struc-
ture, the fluorescence emission of the ELISA increased up
to 57-fold without increasing assay time or complexity. As
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the detection signal was significantly amplified, a simple
smartphone camera was a sufficient detector for fast, on-
site analysis. As proof of concept, a quantitative analysis of
human IgG, with a limit of detection of 3.8 fg/mL, was below
the limits of a conventional ELISA and paper-based ELISA.

In addition, the fluorescence enhancement of photonic
crystal has also been used to generate analytical capil-
lary devices for real-time detection. Gao et al. reported a
method for producing opal capillaries with multiple het-
erostructures for aptamer-based assays inspired by plant
transpiration (Fig. 9C) [143]. During the manufacturing pro-
cess, monodisperse SiO2 nanoparticles (NPs) self-assemble
in glass capillaries and solvents are gradually evaporated
from the top of the capillaries. Multiple heterostructures are
easily prepared inside the capillaries by simply changing the
colloidal solution through the capillaries. Polydopamine was
coated on the surface of the silica nanoparticles with immo-
bilized aminomethyl-modified aptamers for the fluorescence
detectionof adenosine triphosphate (ATP) and thrombin.Due
to the fluorescence-enhancing effect of photonic heterostruc-
tures, the fluorescence signal for detection is amplified up to
40-fold. The limit of detection for ATP was 32 µM, and the
limit of detection for thrombin was 8.1 nM.

Conclusion and perspective

In recent years, multiple types of nature sourced substrates
have been utilized or duplicated for biomedical applica-
tions, in this review we have presented a comprehensive
summary of recent progress on bio-sourced or bio-inspired
materials and structures and their applications in biomedi-
cal engineering. Because of the deeply theoretical research
and technological innovations, biological materials currently
bear significant value in an extremely wide range of areas,
including physical, chemical, biological, engineering, and
medical fields. Despite the many exciting and compelling
developments, there remain challenges that pose a gap
between academic proof-of-concept studies and practical
techniques for addressing real-world problems. For exam-
ple, detection direct on bio-sourced materials still remains
great challenges since individual difference of same organ-
isms, also here is still room for improvement of the existing
fabrication methods.

In summary, we anticipate that those natural substrates
originating from natural will have important applications
in tissue engineering. As well as a natural scaffold for 3D
tissue culture for study the in-vivo cell morphology and func-
tions, further future research is still required to optimize
these models to enable their introduction to the field of tissue
engineering as the natural biocompatible and biodegradable
scaffolds. Moreover, the natural ordered structure itself is a

promising alternative to POCT and may assist patients in
challenging and underdeveloped areas.
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