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Abstract: Bionics provides a model for preparation of structural materials. Recently, the preparation of biomimetic
materials has become an increasingly hot research topic. As an increasingly popular method for the fabricating
micro/nano materials, electrospinning has been providing various products with controllable compositions and
structures, therefore offering excellent prospects for construction of biomimetic structures. This review briefly
described some artificial biomimetic structures which mimic living organisms with multilevel hierarchical structures
from macro to micro, including plant-based soft tissue bio-materials, animal-based soft tissue bio-materials and
animal-based hard tissue bio-materials, such as lotus leaf, moth eye, bone, etc, and related special functional
properties, especially those fabricated via electrospinning. Moreover, the challenges in this field in the future, such as
accurately analyzing about the structures of biomimetic materials, and designing composite functional or
function-integrated materials have also been proposed.

Keywords bionics; biomimetic; hierarchical structure; electrospinning; property
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1. Introduction

Over millions of years of evolution and selection, a large number of organisms, including plants, animals and
biominerals in nature have possessed fascinating structures, almost perfect properties and functions, such as
superhydrophobicity and self-cleaning of lotus leaves, anisotropic de-wetting behavior of rice leaves, attachment
mechanism of geckos, structural color of a butterfly wing, anti-reflection of the moth eyes, mechanical property of
the bone, and so on. Fig. 1 provides some representative biological materials from nature and their selected functions
followed by their detailed descriptions. This field, known as biomimetics, offers enormous potential for inspiring
new capabilities for exciting materials'. The word “biomimetics” was coined by Otto Schmitt in the 1950s for the
transfer of ideas and analogues from biology to technology’, and was first appeared in Webster’s dictionary in 1974
and defined as ‘the study of the formation, structure or function of biologically produced substances and materials
(as enzymes or silk) and biological mechanisms and processes (as protein synthesis or photosynthesis) especially for
the purpose of synthesizing similar products by artificial mechanisms which mimic natural ones’ ’ It is defined
biomimetics as a science of systems which has some function copied from nature, or which represents characteristics
of natural systems or their analogues * till now.

The approach of bio-inspired design has been utilized for thousands of years. It began with mimicking the
motions or functions of animals to improve the capability of human beings, and then gradually shifted to the creation
of novel materials and devices. For example, people learned how to fly from birds, and submarines were created by
learning from fish. However, biological materials are highly organized from the molecular to the nanoscale,
microscale and macroscale, often in a hierarchical manner with intricate nanoarchitecture that ultimately makes up a
myriad of different functional elements. Structural biomimetic or bio-inspired materials refer to the materials which
imitate the structures or the characteristics of the biological materials. In recent years, a great deal of work has been
devoted to fabricating multiscale structures with functional properties through the biomimetic or bio-inspired
approach. Table 1 lists the advantages and disadvantages of some common methods of fabricating biomimetic or
bio-inspired structure or materials as well as the corresponding biological materials. As a versatile and cost-effective
nanofabrication technology, the fascinating morphologies and structures fabricated by electrospinning demonstrate
the excellent prospects of this method for construction of biomimetic structures.

In this review, we mainly summarize some living organisms with multilevel hierarchical micro-nano structures
including plant-based soft tissue bio-materials, animal-based soft tissue bio-materials and animal-based hard tissue
bio-materials (e.g., the lotus leaf, moth eye, bone, etc.) with corresponding special functions (e.g.,
superhydrophobicity, anti-reflectivity and toughness). Particularly, the artificial biomimetic architectures of the
aforementioned structures via electrospinning, as well as the prospects and challenges in the future, have also been

proposed.
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Typical biological materials and their selected functions
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Figure 1. Typical biological materials and their selected functions.
Table 1 Common methods of fabricating bio-inspired materials
Methods Advantages Disadvantages Biologic materials | Ref.
Simple and inexpensive; A mold or template of porous
) ] ] Lotus leaf;
Effective and versatile for membrane is needed; Three )
o ] Cauliflower;
. fabricating a variety of electrodes; Hard control of )
Electrodeposition ) Rice leaf; 5o
structures; Easy to control the membrane pore diameters,
) ] ] Gecko’s foot;
size, shape, and structural interpore distances, and )
) ) ) Shark skin
properties thicknesses; Crack formation
) ) Required heterogeneous
Uniform film thickness; ) Lotus leaf;
reactions; Complex
) Independent from substrate ) ) Morpho butterfly
Chemical vapor ) ) equipment; High temperature; )
. forms/shapes; Relatively high ) ] ) wing; o3
deposition ] ) Volatile metallic chlorides and
efficiency; Easily controllable; ) ) ) Gecko’s foot;
) fluorides as their main
Mass productions ) ) Moth eye
materials; Expensive
High similarity; Simple A mold or template is needed; Lotus leaf;
) equipment; Low cost; High Adhesion between resist Morpho butterfly
Lithography ) ) 17
throughput; From nano to material and template; A wing;
larger structures residue layer left; Limited Shark skin;

Page 4 of 30



Page 5 of 30

RSC Advances

capability in producing Moth eye
complex 3D structures;
Lotus leaf;
Morpho butterfly
Templating/ High yield; High similarity; Complex process; A mold or wing; Gecko’s
Molding/Casting Perfect performance template is needed; Microscale | foot; Rose petal; 8.18-23
Rice leaf; Moth
eyes; Cicada wings
High similarity; High yield; ) )
Plasma/laser o ) Low efficiency; High cost; Lotus leaf;
Mass replication of tightly ) 2426
treatment Microscale; Gecko’s foot i
controlled features
Ease of preparation; )
B Lack of precise control; Less Lotus leaf;
Versatility; )
Layer-by-layer ) ) straight forward for the Morpho butterfly
] Fine control over the materials' ) ) 2730
technique Preparation; Lack of surface wing; Nacre; -
structure; Robustness of )
roughness Water striders leg
products; Nanoscale
Extremely high efficiency; .
Lack of better or more precise
Structural control; N Morpho butterfly
o controllability; Need for more )
Self-assembly Reproducibility ) wing; Moth eye; 3133
. control of the entire i
Controllability; Defect Nacre
morphology, the symmetry
tolerance
Low cost; Molecular-scale ) ) Lotus leaf;
) ) ] Hot solution; Difficult to
homogeneity; Fairly simple Morpho butterfly
Sol-gel process ) control regular surface pattern; ] 2437
controllable; Outstanding wing; Moth-eye; i
use a large amount of solvent
performances Gecko’s foot
o o Simple process; High yield; o ) Bone; Nacre; 3841
Biomineralization Low similarity; Microcscale i
Perfect performance Shell; Teeth
Genetic Almost same structure, High workload; High cost; ) )
) ) Spider silk a4
recombinant property; Mass production Complex process
Different nanofiber assembly; Lack of precise design;
o ) . Lotus leaf; 45 46
Electrospinning Various of fiber structures; Instability of product )
) Rice leaf
Superior performance morphology and performance

2. Electrospinning fundamentals

Electrospinning (or electrostatic spinning), which was originated from electrospraying, was first observed in
1882 by Rayleigh47, studied in detail by Zeleny * and patented by Formhals in 1934 *_ The work of Taylor on
electrically driven jets has laid the groundwork for electrospinning ***>. As shown in Fig2a, a typical
electrospinning setup is composed of three basic elements: a high voltage power supply, a syringe needle and a

grounded target (usually a metal screen, plate, or rotating mandrel). One electrode of the high voltage power supply
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is connected with the spinneret containing the spinning solution and the other attached to the collector which is
usually grounded™. During electrospinning, a solution is first fed through a spinneret and a high voltage is applied to
the solution at a critical voltage (typically more than 5 kV). When the electric force is larger than the solution’s
surface tension, a jet would erupt from the tip of the spinneret. Although the jet is stable near to the tip of the
spinneret, it soon enters a bending instability stage with further stretching of the solution jet under the electrostatic
forces in the solution as the solvent evaporates (Fig.2b). Finally, the continuous as-spun fibers are deposited,

commonly as a 2D nonwoven web, on the collector.
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Figure 2. (a) Schematic illustration of a typical basic electrospinning setup, the Taylor cone, and a SEM image of electrospun
nanofibers. (b) A diagram that shows the prototypical instantaneous position of the path of an electrospinning jet that contained three
successive electrical bending instabilities. (a) Reprinted with permission from **. Copyright 2004 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) Reprinted with permission from®>. Copyright 2008 Elsevier.

The electrospinning process is solely governed by many parameters, classified broadly into solution parameters
(including viscosity, conductivity, molecular weight, and surface tension), process parameters (e.g., applied electric
field, tip to collector distance, feeding or flow rate), and ambient parameters (e.g., humidity and temperature of the
surrounding)56. Each of these parameters significantly affects the resultant fibers’ morphology, and by proper

57
. For

manipulation of these parameters we can get micro/nanofibers with desired morphology and diameters
instance, the polymer solution must have a concentration high enough to cause polymer entanglements yet not so
high that the viscosity prevents polymer motion induced by the electric field. The solution must also have a surface
tension low enough, a charge density high enough, and a viscosity high enough to prevent the jet from collapsing
into droplets before the solvent has evaporated. Morphological changes can occur upon decreasing the distance
between the syringe needle and the substrate. Increasing the distance or decreasing the electrical field decreases the
bead density, regardless of the concentration of the polymer in the solution. Applied fields can, moreover, influence
the morphology in periodic ways, creating a variety of new shapes on the surface. Important electrospinning
parameters which control fabricated fiber properties are to be highlighted here such as: applied voltage, tip to
collector distance, flow rate, polymer concentration, solvent dielectric constant and, collector spinning rate, which
54,56-58

have been summarized and reviewed previously

As an unique spinning technique, electrospinning uses electrostatic forces to produce fine fibers from polymer
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solutions or melts and the fibers thus produced have a thinner diameter (from nanometer to micrometer) and a larger
surface area than those obtained from conventional spinning processes (wet spinning, dry spinning, melt spinning,

>*% Nevertheless, the random orientation of fibrous mats fabricated by conventional electrospinning

gel spinning)
may limit the potential applications of electrospun fibers. Therefore, to overcome various limitations of the typical
electrospinning setup and to further the performance of the electrospun products, researchers have come out with
other modifications to the setup with well- modified and designed fiber generators, collector, auxiliary electrodes and
applied voltage® ™, and so on. And various materials such as polymers, composites, ceramics and semiconductors,
etc., can be fabricated as different morphologies and structures (e.g., random oriented, aligned as well as patterned,

spider-web-like nanofiber/net structures) by controlling the aforementioned techniques®®®

. Furthermore, through
regulating the processing parameters or designing appropriate spinnerets and auxiliary electrodes, individual
nanofiber structure (e.g., bead-on-string, ribbon-like, core-sheath or hollow, multichannel tubular, nanowire-in-
microtube, multi-core, cable-like, porous and branched structure) can also be generated70’71, which will be of

significance for broadening the application fields of electrospinning.

3. Design of plant-based soft tissue bio-materials

3.1. Lotus leaf

Since Barthlott and Neinhuisfirstly revealed the superhydrophobicity of lotus leaves in 1997 % the self-

7376 4 -
which attracts numerous researchers to

cleaning lotus leaf has been among the most well-known studied species
be engaged in fabricating superhydrophobic surface, and a variety of methods have been emerged for constructing
the superhydrophobic surfaces, such as electrohydrodynamics77, templationlg, electrodeposition78, nanoimprint
lithography79, laser ablation®, and sol—gelgl. Raindrops are almost spherical on lotus leaf surface and able to roll off
easily, which is usually referred to as the well-documented “lotus effect” §2.83 (Fig.3a). The lotus leaf exhibits a high
water contact angle (WCA) of around 160° % and a small sliding angle (SA) of about 2° 8, Investigations showed
that this unique property is caused by the surface micrometer sized papillae (Fig.3b). However, detailed scanning
electron microscopy (SEM) images of lotus leaves indicate that the surface of the lotus leaf is textured with 3~10 um
size protrusions and valleys uniformly, which are decorated with 70~100 nm sized particles of a hydrophobic
wax-like material ** (Fig.3c). The combination of these unique micro- and nanoscale hierarchical surface structures
and hydrophobic wax-like material is believed to be attributed to the superhydrophobicity .

Heng et al.*’ prepared a hexaphenylsilole (HPS)/polymethyl methacrylate composite film with a lotus leaf like
structure by a simple electrospinning method which shows high stability and excellent sensitivity for the metal ions
Fe’" and Hg®". The membrane mimicked the lotus leaf shape rather than lotus-leaf-like structure, even though it
showed a WCA of about 115° (Fig.3d). Nevertheless, a lotus leaf-like structure could obtain by depositing droplets
or collecting beads on a fiber membrane. Yoon et al.*” described the fabrication of a biomimically designed surface,
which is similar to that of the superhydrophobic lotus leaf. They achieved a superhydrophobic surface exhibiting a
micron-sized pyramid structure consisting of accumulated electrosprayed poly (g-caprolactone) (PCL) droplets on
the surface of electrospun PCL nanofibres (Fig.3e). Through this process, they obtained a superhydrophobic surface
having a WCA greater than 172° and a sliding angle of 14°. Lee et al.®® prepared lotus-leaf-like nanofibrous surfaces
by electrospinning hydrophobic poly (vinylidene fluoride) (PVDF). Micron-sized beads were introduced to the
electrospun PVDF mats, resulting in enhanced hydrophobicity of the electrospun mats (Fig.3f). The addition of a
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small amount of acetic acid to the polymer solution effectively improved the bead-on-string morphology of the
electrospun mats, and led to a higher WCA. The electrospun PVDF fibrous mat showed a maximum WCA of 148.5°
due to the appropriate surface roughness. When mimics lotus leaf, there still is randomness in the control of
morphology of droplets and size of the beads, which would lead to the instability for the superhydrophobicity of the
fabricated hydrophobic material. It was demonstrated by Shiratori et al. that lotus leaf structure can be mimicked by
creating a rough surface texture through heating polyelectrolyte multilayer films containing silica nanoparticles via
LBL assemblygg. Thus, Ma et al.” introduced the LBL technique into the electrospun fibers to construct
superhydrophobic surfaces whose contact angle (CA) did not change as the droplet evaporated, indicating a stable
superhydrophobicity with almost zero contact-angle hysteresis90 (Fig.3g). The average CA for the treated fiber mat

was 168°, which could be attributed to the high density of nanoparticles decorated on the surface of treated fibers.

WCA: 148 5°

Figure 3. (a) Lotus leaves show self-cleaning properties, note that dust is accumulated in the water droplet at the center of the leaves.
SEM images of surface structures on the lotus leaf with (b) low and (c) high magnifications. The scale bar in (b) represents 50 pm; (c)
represents 20 um. (d) SEM image of electrospun film; insert: Photograph of water droplet shape on the electrospun film with a WCA of
(115£2.6) °. (e) Surface consisting of accumulated PCL droplets and fibers sprayed during 2 h. (f) FE-SEM images of the electrospun
PVDF nanofibers with tetrabutylammonium chloride in the polymer solution. The inset picture indicates the CA of water droplet. (g)
SEM image of electrospun nylon fibers after silica nanoparticle and trichlorosilane treatment.

(a) and (c) Reprinted with permission from’ . Copyright 2011 Nano Today. (b) Reprinted with permission from’>. Copyright 2011
Elsevier. (d) Reprinted with permission from s, Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e¢) Reprinted
with permission from"®. Copyright 2010 Macromolecular Rapid Communications. (f) Reprinted with permission from"®".
Copyright 2013 The Korean Fiber Society and Springer Science + Business Media Dordrecht. (g) Reprinted with permission from”’.
Copyright 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.2. Silver ragwort leaf

The silver ragwort uses of fiber-like surface structure to realize the repellent of water and the properties of

self—cleaning85 (Fig.4a).It is one of the examples that have superhydrophobic leaves with WCA of about 147° 3 By

Page 8 of 30



Page 9 of 30

RSC Advances

examining the leaf with a SEM, it can be observed that the leaf is densely covered by many curved fibers with
diameters around 6um (Fig.4b). These fibers are trichomes with unicellular or multicellular structures arising from
the epidermal tissues. Moreover, the secondary structures, numerous grooves with diameters around 200 nm, are
found along the fiber axis (Fig.4c). The surface of a silver ragwort leaf shows a hierarchical micro- and
nanostructure which is essential for achieving a high hydrophobicity94.

As poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) is a hydrophobic polymer™, its wettability
can be turned with change in surface design or topography. In terms of pure electrospinning PVDF-HFP membrane,
the as-fabricated fiber was smooth and the membrane showed a near superhydrophobicity with WCA of about 120°
% Lee et al.” prepared electrospun PVDF-HFP fibrous membranes with plasma treatment. Herein, Ar plasma was
used to wrinkle the surface of the fibrous membrane, which transformed it to a superhydrophilic surface (Fig.4d) and
the membrane surface CA could be increased to 150°. Except for the hydrophobic polymer, a well-known material
with low surface energy is polystyrene (PS), which can be used to make superhydrophobic surfaces’ . Kang et al.”
obtained PS fibers from the highly viscous solution of PS in DMF exhibited an intriguing surface morphology with
numerous protuberances and wrinkles which imitated the structures of lotus leaf and silver ragwort leaf (Fig.4e). The
CA measurements indicated that the electrospun fibrous membranes were superhydrophobic with a WCA of
154.240.7°. This superhydrophobicity was attributed to the combined effects of the regular nanostructural
protuberant and wrinkled morphology formed on the surfaces of the individual fibers during electrospinning and the
microstructural surface roughness of the electrospun membrane itself. Lin et al.'”” demonstrated the fabrication of PS
superhydrophobic fibrous mats in the presence of silica nanoparticles which imitated the structures of lotus leaf and
silver ragwort leaf, too (Fig.4f). The resultant electrospun fiber surfaces showed a stable superhydrophobicity with a

WCA as high as 157.2° when containing 14.3 wt. % silica nanoparticles.

Figure 4. (a) Photograph of a water droplet on a silver ragwort leaf. (b), (c) SEM images of the leaf at different magnifications. (d)
FE-SEM images of PS fibers electrospun from DMF with 14.3 wt. % contents of silica. (¢) FESEM images of electrospun PS fibers
from 35 wt. % solution in DMF. (f) Hollow fibers by carbothermal reduction and nitridation of electrospun composite fibers.

(a-c) Reprinted with permission from 3 Copyright 2006 Nanotechnology. (d) Reprinted with permission from 7, Copyright 2013
Corresponding author, Pusan National University, Korea. (e) Reprinted with permission from . Copyright 2008 Elsevier. (f) Reprinted

with permission from 100, Copyright 2011 Royal Society of Chemistry.

Besides its high hydrophobicity, scientist also found white color of silver ragwort leaf is not due to any dye

101

substance but is related to trichomes on the plant surface ™ . The plant is densely covered with a layer of woven

hollow fibers with diameters of about 6 pm. These hollow fibers are responsible for the white color of the plant. One
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of the characteristics of the trichomes is that it is highly resistant to strong irradiation of sunlight and therefore they
protect the plants from damage due to strong sunlight % In order to artificially fabricate the surface of silver ragwort
and endow it with both superhydrophobicity and light shielding ability, Gu et al.”* prepared electrospun PS
membrane which exhibited a similar color as the white-color plants (Fig.5a). The CA tested by applying water drops
onto the surface can be as large as 156° and light-shielding ability checked by monitoring the temperature change of
the substrates under an irradiation of strong light showed well (Fig.5b). However, to mimic the hollow structure
densely covered with a layer of woven fibers, Ge and his coworkers'” gave us a clue that they fabricated hollow
multilayered fibers by the combination of the electrostatic LBL assembly and electrospinning methods (Fig.5c).
What they obtained was a hollow multilayered polyelectrolyte (PE) nanofiber whose Young’s modulus was about
21.6GPa which is much larger than that for most synthetic organic fibers and similar to that of human bone fibers.
Consequently, it is possible to prepare a hollow multilayered fiber containing both superhydrophobicity and light
shielding ability if appropriate polymers are employed. According to the method, a silver ragwort leaf-like structure

can be realized. It will also have toughness.
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Figure 5. (a) trichome like fibers. (b) Temperature changes of the copper plates with (circle) and without (triangle) coating under an
irradiation of light. (¢) Schematic diagram illustrating the fabrication of hollow multilayer polyelectrolyte nanofiber via LBL coating and
removal of the template.

(a-b) Reprinted with permission from . Copyright 2005 Applied Physics Letters. (c) Reprinted with permission from 102, Copyright
2007 Japan Society of Applied Physics.

3.3. Rice leaf

The rice leaves, which possess a hierarchical structure similar to the lotus leaves, show superhydrophobicity

with a WCA of 157+2°. Rice leaves exhibit the ability to directionally control the motion of water microdroplets,
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namely anisotropic wetting. The sliding angles of these two directions are 3~5° and 9~15°, respectively85 (Fig.6b).

103-105
. Numerous

Due to this special structural surface, increasing attention has been paid to anisotropic wettability
artificial surfaces with wetting anisotropy inspired by the hierarchical structures of rice leaf surfaces have been
developed using various methods, including micromolding'®, nanoimprint lithograph'”’, photo lithography'®, and
LBL assemblylog. Scanning electron microscope (SEM) image of a rice leaf revealed the surface of the rice leaf
consists of dual-size structures: micrometer-scale papilla and nanostructures (Fig.6a). However, there is a special
kind of microstructure: sub-millimeter-scale groove arrays (Fig.6¢). The width and depth of these arrays reach up to
200 and 45 um (Fig.6d), respectively. There were also full papilla structures of micrometer-scale, with heights and

widths of approximately 3~5 and 5~8 pm, respectively“o.

There is a three-level geometrical structure
(macro/micro/nano) on the surface of the rice leaf (Fig.6e). The micro- and nano-hierarchical structures of the rice
leaf are crucial to superhydrophobicity (Cassie’s state), while the third-level microgroove arrays provide an energy
barrier to travel in orthogonal directions and contribute to the anisotropic sliding phenomenonlog. It is also observed
there exist nanoscale waxes densely dispersed over the surface, resulting in a superhydrophobic surface similar to
that of the lotus leaf'” (Fig.6f).

When relatively small diameter beads were introduced to fiber film, hydrophobicity was demonstrated to
increase monotonically and the amount of bead will truly influence the value of the CA''"'"?. To mimic the rice
leaves, anisotropic surfaces can be made by simply aligning electrospun nanofibers by careful design of the fiber
collector together with beads. Ma et al.*® combined electrospinning and initiated chemical vapor deposition (iCVD)
to produce superhydrophobic fabrics, where electrospinning generated surface roughness and iCVD reduced surface
energy. A polyacrylonitrile (PAN) mat comprising bead-on string aligned fibers, with 100 nm average fiber size and
2 pwm bead sizes, was first electrospun between parallel electrodes and then coated by iCVD with a 70 nm conformal
layer of polymerized perfluoroalkyl ethyl methacrylate (PPFEMA). When the fiber is fixed on the slide, gaps
between fiber and glass slide formed the grooves, and fiber beads made up the papilla, similar to those of rice leaf.

The surface exhibited superhydrophobic behavior with a WCA of 153° and a threshold sliding angle of 8° in the

direction parallel to fiber axis, and a non-superhydrophobic behavior (WCA of 119°) in the perpendicular direction.

and nanostructures. (b) The anisotropic sliding property of the rice leaf. (c) 60°-tilted-view SEM image of the rice leaf. (d)
Cross-sectional SEM image of the macro- grooves; width = 200 pm and height = 45um. (e) Proposed three-level model of the rice leaf.
(f) Image of the upper surface of the rice leaf, he inset shows a magnified image of the papillae covered by wax.

(a-e) Reprinted with permission from 108, Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Reprinted with
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permission from 109, Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4. Design of animal-based soft tissue bio-materials

4.1. Water strider legs

Water striders are a type of insect with the remarkable ability to stand effortlessly and slide and jump promptly

on water surfaces using their water-resistant legs

(Fig.7a). Locomotion on the surface of water of this fascinating
animal has been the subject of numerous studies'*™"”. Scanning electronic micrographs (SEM) showed that the
supporting legs of water strider are superhydrophobic, as the result of the cooperation of the uniquely hierarchical
surface structure of needle-shaped micro-setae with elaborate nano-grooves and the covered hydrophobic wax layer.
The diameters of setae ranges from 3 mm down to several hundred nanometers and most are roughly 50 pm in length

118

and arranged at an inclined angle of about 20° from the surface of leg "~ (Fig.7b). Until a dimple of about 4.3 mm

depth is formed, water strider's legs do not penetrate into the water surface. The maximal force which supports each

leg of water strider is about 15 times the total its body weight (152 dyn) (Fig.7c) 13119

. This striking repellent force
is attributed to the superhydrophobicity on the legs, which is verified by a static WCA of about 167.6+4.4° 8

To fabricate an artificial water strider, Wu et al.'** utilized electrospun nanofiber wrapped silver wires where
fibers formed a porous web around the silver wire core (Fig. 7¢). When floating on the water, the porous web
prevents the legs from becoming wet (Fig. 7d). Moreover, the maximal supporting force of man-made leg coated
with the superhydrophobic films increases at least 2.4 times compared with the bare hydrophobic copper leg. The
artificial water strider only mimicked the superhydrophobicity of the real one and the special structure of the leg
surface was ignored. Xue et al.'*! reported the first electrospinning of a Polyhedral oligomeric silsesquioxanes
(POSS), polymethylmethacrylate (PMMA) copolymer into uniform fibers that can form a highly superhydrophobic
membrane with a WCA>160° and SA as low as 6.3°. More interestingly, the bead-free electrospun fibers showed a
nanofibrillated structure. These features have not been reported for any electrospun fibers. The photo image given in
Fig.7 (f) shows a secondary structure formed on the fiber surface, which is similar to the seta of a water strider’s leg
(Fig.7c). Such a secondary surface structure was only observed on the uniform fibers electrospun from 5~10 wt. %

polymer solutions.

Silver Wire

Figure 7. (a) Photograph of a water strider standing on the water surfaces. (b) Numerous oriented microscale setac and (c) nanoscale
grooved structures on a seta. (d) A model man-made water strider standing on the water surface. A copper strip with a mass of 0.5 g was
carried. Upper inset is the side view of the strider leg walking across the water surface. Lower inset notes the deformation of the surface

around the legs. Scale bar: 1 cm. (e) Optical microscopy image of one leg of the miniature water strider showing porous nanofibers

Page 12 of 30
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coated on a silver wire. Scale bar is 200 mm. (f) The SEM examination revealed that the constituent setas consisted of uniform fibril

bundles.

(a-c) Reprinted with permission from 122 Copyright 2007 American Chemical Society. (d-e) Reprinted with permission from 120

Copyright 2008 Royal Society of Chemistry. (f) Reprinted with permission from 121 Copyright 2009 Royal Society of Chemistry.

4.2. Feather

Feathers also have attracted a lot of attention due to their high hydrophobicity '***'*°

. The microscopic structure
of feathers appears to conform closely to the requirements for optimal water repellency. Fig.8 (a) shows an optical
picture of a piece of duck feather, indicating that duck feathers are highly ordered and have hierarchical branched
structures. Fig.8 (b) shows that duck feathers are composed of branches with different dimensions, including
micro-sized backbones (rachis), trunks and barbules. And the branch is composed of micro-sized tomenta which has
nanosized grooves and protuberances (Fig.8c). SEM images reveal that duck feathers have multi-scale texture and
the water repellency of the bird feather in general is attributed to the trapped air space in it, forming an air cushion at
the feather—water interface thereby keeping the feather from being wet. According to the principles of
superhydrophobicity, increasing of the surface roughness of a solid surface can result in increasing of the water
contact angle which ranges from 100°~140°'%.

To mimic the branched surface of the bird feather, Wu et al.'*® fabricated branched poly (vinyl alcohol) (PVA)
nanofibers by coaxial electrospinning of two-liquids under an alternating magnetic field in a facile manner (Fig.8d).
The resultant branched structure showed that both the PVA nanofiber trunks with diameter of 100~200 nm and the
PVA nanofiber branches with diameter of 10~30 nm were formed in a single step (Fig.8¢). However it did not show

any water repellency. To obtained a similar branched structure as well as superhydrophobicity, Wu et al.'*

produced
a feather-shaped radiating poly (vinyl butyral) (PVB) nanofiber pattern by collecting fibers between a metal needle
and a straight strip (Fig.8f). Obviously, both droplets have a streamlined shape indicating a similar wetting
anisotropy as the feather (Fig.8g and h). While Wu et al.'*® shows us the superhydrophobic branched structure, the
structure exposes to us the embarrassment at the same time, because it lacks mimcing the tomenta structure of the
feather. In terms of grooves and protuberances of the mimiced feather, electrospinning combined with
electrospraying can be adopted'”’. As shown in Fig.8i, well-aligned nanofiber array can be obtained on the
high-speed rotator by electrospinning while nanoparticles by electrospraying simultaneously. Firstly, a highly aligned
nanofiber array containing nanoparticles is collected at the high-speed rotator. Then remove it from the rotator and
set it over two fix point, a fiber bundle is possible to be created by this proper means'*® (Fig.8j). Thus a manmade
feather-like structure is got where nanoparticles act as protuberances and valleys act as grooves. (Fig.8k). We would
find that water will be aligned along the direction of grooves, and groove depth, groove width as well as particle size
will be truly influential on water morphology, thus to the WCA. By employing proper polymers (e.g., PVDF, POSS),
this artificial feather will show superhydrophobicity.
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Figure 8. (a) FE-SEM image showing hierarchical structure of duck feather (scale bar, 100 mm). (b) FE-SEM image of tomenta of a
duck feather (scale bar, 100 nm). (c) Schematic illustration of electrospinning technique for forming branched nanofibers. (d) TEM
images of hyperbranched nanofibers. (e) Digital photograph of fan-shaped radiating nanofiber pattern collected by a spiculate copper
needle perpendicular to a rectilinear copper strip. (f) and (g): A water droplet set on the surface of (f) goose leaf, (g) Fan-shaped
radiating nanofiber pattern. (i) Schematic illustration of the electrospinning/electrospraying setup. (j) nanofiber array containing
nanoparticles. (k) artificial feather.

(a-c) Reprinted with permission from'> Copyright 2008 IOP Publishing. (d-e) Reprinted with permission from 126 Copyright 2012
Wiley Periodicals, Inc. (f-h) Reprinted with permission from 120, Copyright 2008 Royal Society of Chemistry.

What’s more, envied by scientists, delicate hollow structures have been adopted by feathers of many birds with

multichannel inner structure (Fig.9a). It is the structure that could reduce weight by increasing friction with air and

129,130

serve as heat-shields from intense solar radiation . Multichannel structures may possess considerable advantages

such as independent addressable channels, better mechanical stability, unique thermal properties and larger

surface-to-volume area which might be promising candidates for a wide range of applications such as bionic super

131

lightweight, thermo-insulated textiles~ . More recently, inspired by multi-channel inner structures of bird feathers,
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Zhao et al."”* developed a multi-fluidic compound-jet electrospinning technique to fabricate biomimetic hierarchical
multi-channel microtubes (Fig.9b and c¢). Such nanofibers should be of novel and improved properties that do not
exist in each component. It is a promising candidate for a wide range of applications, such as for bio-mimic

super-lightweight thermoinsulated textiles.

Figure 9. (a) Multichannel inner structure of feather barb. (b) Schematic illustration of the three-channel tube fabrication system. (c)
SEM images of multichannel tubes with variable diameter and channel number. (a) Reprinted with permission from'*. Copyright 2008

Elsevier. (b-c) Reprinted with permission from'>”. Copyright 2007 American Chemical Society.

4.3. Butterfly wings

It was pointed out that Morpho butterflies produce rather remarkable colors, also known as structural colors,

providing a striking example of pattern formation in biological syster115134’135

. The origin of the brilliant blue color of
Morpho butterflies wing has been studied by so many researchers that a variety of mechanisms appeared, such as
blue light reflection', optical interference'’, light diffraction'*®, light scattering139 and photonic crystal effect' .
Because of the striking iridescent color, methods of replicating butterfly wing appeared, for example atomic layer

144

deposition'"', molding lithography'*, sol-gel deposition'*’, nanoimprint lithography'**. It is revealed that the

hierarchical photonic structures of the wing scales play a critical role for the formation of its beautiful color of

Morpho wings (Fig.10a) '*

. The wing is made of quite small scales and forms at least two layers over the wing
membrane. The typical dimension of the scale is 150 um in length and 60 pm in width. Thirty five to forty rows of
lamellas align on the scale surface with almost an identical interlacing (Fig.10b). Furthermore, there are several
ridging stripes (~184 nm in width and ~586 nm in clearance) on the surface of each scale (Fig.10c). The fine
nanostripes are composed of multiple layers of cuticle lamellae of varying dimensions and are stacked stepwise. The
lamellae are located 1.6 um from each other and supported by cross-ribs, which dictate the interlamellae spacing and
hold the lamellae 1 um above the bottom surface of the scales. This so-called organizational color is produced by
light interference, diffraction and scattering'>>"*"-'.

The elaborate architecture in butterfly wing is primarily based on photonic crystal structures, which all
demonstrate great skill in physical manipulation of light. These structures can broaden the horizon for the design of
photocatalystsm. Chen et al."*® created a multilayer scattering-enhanced photoactivity where the electrospun
titanium tetraisopropoxide (TTIP)/ poly (vinyl pyrrolidone) (PVP) nanofibers deposited prior to a blocking layer and
a prefabricated layer. Then the multilayer sequentially was introduced onto the glass slide coated with fluorine-doped
tin oxide (FTO) and finally calcinated at 450°C under air atmosphere to eliminate organic residues and to encourage
the crystallization of titania. Result showed the structure has a 99% scattering and confirmed the scattering-enhanced
photoactivity of the electrospun titania nanofibers to be utilized as wavelength-dependent light propagation materials.

149
1.

Shang et a synthesized a multicomponent oxide, Bi;WOg4/TiO, as an example, with hierarchical heterostructure
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successfully as a mat via electrospinning (Fig.10d). Due to the structure-property relationships, the as-prepared
hierarchical heterostructure exhibited enhanced visible photocatalytic activity (photodegradation efficiency of
rhodamine B reaches nearly 100% after 30 min of visible-light irradiation) and close investigation revealed that the
surface area, grain size, and hierarchical heterostructure of the Bi,WO4/TiO, mat could improve the photocatalytic
activities.

To fabricate a film with structural color, the fiber should be meticulously arranged in a particular way.
Kuwayama et al.' reported that mats of electrospun fibers with a narrow distribution of diameters with wavelengths
in the visible region show different structural colors depending on fiber diameter owing to the interference effect. Ma
! demonstrated the same effect using electrospun fibers. The electrospinning fibers made from a phenylsiloxane
resin/PMMA copolymer were then transferred to a glass slide and coated with PPFEMA (nominally 30 nm thick
coating). The average fiber diameter before coating with PPFEMA was 1.24 pm with a standard deviation of 0.08
pm. The color observed for these fibers is believed to be the effect of Mie scattering. Based on preliminary
calculations using Mie scattering model, Ma described that fibers with too small or too large sizes (diameter<<600
nm or >10 um) do not have unique scattering peaks or valleys within visible wavelength and therefore structural

colors.

c<m mm pm nm
Figure 10. (a) Photograph of a Morpho. (b and ¢) SEM image of the hierarchical micro- and nanostructures on the surface of the

butterfly wings. (b) The periodic arrangement of overlapping micro-scales on the wings and (c) fine lamella-stacking nano-stripes on the
scales. (d) The Sketch Map of the Bi;WO4/TiO, Hierarchical Heterostructure. (a-c) Reprinted with permission from' . Copyright
2009, American Chemical Society. (d) Reprinted with permission from'* Copyright 2012 Royal Society of Chemistry.

4.4. Corneal nipple

In the year of 1969, Bernhard, for the first time, discovered the moth cornea almost does not reflect the
near-infrared light, so as to hide themselves'. Electron microscope studies of the corneal lenses of moths reveal that
the outer surface is covered in a regular array of excessive cuticular protuberances, termed corneal nipples, typically

132153 (Fig 11a,b and c). The nipples appeared to be arranged in domains with

of about 200 nm height and spacing
almost crystalline, hexagonal packing. The nipple distances were found to vary only slightly, ranging from about 180
to 240 nm, but the nipple heights varied between 0 (papilionids) and 230 nm (a nymphalid). The nipples create an

interface with a gradient refractive index between that of air and the facet lens material, because their distance is
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distinctly smaller than the wavelength of light'**

. Moths use hexagonal arrays of nipples as antireflection coatings to
reduce reflectivity from their compound eyes, and exhibit almost perfect broadband anti-reflection properties'>>. The
structure of the cornea can also increase light transmission in dark conditions, which improves the sensitivity of light
vision'*. Quite a lot of processes emerged following the first artificial moth-eye structure/film produced by
interference lithography'**, like nanoimprinting'”’, spin-coating technique'*®, electrochemical etching' ™.

TiO, has been widely used as antireflective coatings (ARCs) due to its matching refractive index (RI) (anatase
2.49, rutile 2.903) and low deposition cost in semiconductor detectors and photovoltaic industry'®. Li et al.'"'
fabricated particle-like TiO, nano-structured film coating via electrospinning. By adding a certain amount of
diethanolamine (DEA) to the TiO, precursor solution, nanoparticles were received on a glass substrate and undergo
further calcination to change to TiO, (Fig.11d). Its highest transmittance value was obtained at 6.0wt% DEA addition
and was over 90%. One of the possible ways for antireflective coatings to function it by providing a gradient of
effective optical density for light to enter a material instead of a single sudden jump. The anti-reflective property can
be achieved by using monolayer coatings of sub-wavelength thickness (A/4) with matched RI to the geometric mean

12 Raut et al.'®® proposed electrospinning as a technique to

of the refractive indices of the media above and below
fabricate porous SiO, ARCs on large-area glass substrates. After the deposition of SiO, nanofibers onto a glass
substrate via electrospinning, it is subsequently sintered to render sub-wavelength porous- SiO, anti-reflection film

on the glass substrate. This resulted in formation of a dense array of a 150 nm thick, around 20 nm in diameter SiO,

spherical nanoparticles (Fig.11e and f) ARC on the glass which has a transmittance of higher than 90%.

deposited particle-like TiO,. (e) TEM image of the electrospun and subsequently sintered SiO, that forms the ARC. (f) Cross sectional
SEM of the sub-wavelength thick SiO, ARC on glass.

(2) Reprinted with permission from'®*. Copyright2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Reprinted with
permission from’>. Copyright 2011 Elsevier. (c) Reprinted with permission from'*. Copyright 2010 Elsevier. (d) Reprinted with
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permission from °'. Copyright 2013 Elsevier. (e-f) Reprinted with permission from'®. Copyright 2013 Elsevier.

4.5. Spider silk

Spider dragline silk from the spider’s orb-web is one of the most attractive materials available to date. The fiber

165 The feature of the hierarchical

is stronger than steel and has a tensile strength approaching that of Kevlar
architecture of a spider silk are arranged with highly organized, densely H-bonded B-sheet nanocrystals within a

semiamorphous protein matrix which consists of 3;-helices and B-turn protein structures'®® (Fig.12). The perfect
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mechanical performance of spider silk can be explained solely by structural effects'®’. The exceptional mechanical
properties of spider silks arises from B-sheet nanocrystals that universally consist of highly conserved poly-(Gly-Ala)
and poly-Ala repeatsl(’x, by providing stiff orderly crosslinking domains embedded in a semi-amorphous matrix that
consists predominantly of less orderly B-structures, helices and B-turns. B-Sheet nanocrystals also provide cohesion
between the long polypeptide strands, enabling the amorphous domains to stretch significantly. When silk fibers are
exposed to stretch, B-sheet nanocrystals reinforce the partially extended and oriented macromolecular chains by
forming interlocking regions that transfer the load between chains under lateral loading'®'"".

A valid strategy for fabricating the spider silk-like fiber is to make use of materials similar to or same as the
spider silk. Comparison of silkworm and spider silk reveals that both materials have a similar morphology'’’,
therefore scientists are inspired to take advantage of silkworm silk to simulate the spider dragline silk. Wang et al.'”*
produced submicron diameter fibers with a coaxial internal structure with silkworm silk as core and a poly (ethylene
oxide) (PEO) as shell using a two-fluid electrospinning technique. Then the silk/PEO fibers were annealed under
high humidity to induce the conformation transformation from the random coil and/or silk I to predominantly 3-sheet
(silk II) structure. Finally, the PEO shell was extracted with water from the now insoluble silk core filament,
resulting in a solid, crystallized silk fiber with diameter as small as 170 nm. Apart from silkworm silk, a novel
silk-like protein, aneroin, which originates from the sea anemone N. Vectensis, has a highly similar sequence of
decapeptide repeats in aneroin to that of spider silks'”>. Yang et al."”* demonstrated for the first time the generation
of this protein silk fibers by electrospinning. The methanol-treated as-spun fibers using aneroin with molecular
weight of ~62kDa exhibited a better mechanical properties especially strength (~60 MPa) and stiffness (~1.8 GPa)

which is similar to those of recombinant spider silks.

B-sheet p-sheet
nanocrystal nanocrystal Electron density
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: Skin sk
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Figure 12. Schematic of the multiscale spider silk structure that ranges from nano to macro. It displays key structural features of silk,
including the electron density at the Angstrom scale, hydrogen bonded B-strands, B-sheet nanocrystals, a hetero-nanocomposite of stiff
nanocrystals embedded in a softer semi-amorphous phase and silk fibrils, which assembles into macroscopic silk fibers. Reprinted with

permission from'®. Copyright 2010 Nature Publishing Group.

4.6. Gecko’s foot

Since 1872 the first documented study was reported of the mechanism by which geckos can walk on walls and
ceilings ', researchers have already studied the mechanism of gecko’s adhesiveness'’®'”’. Geckos are exceptional
in their ability to climb rapidly up smooth vertical surfaces since they developed the most complex hierarchical
surface structures capable of smart adhesion (Fig.13a). A gecko’s foot possesses nearly five hundred thousand

keratinous hairs or setae, namely approximately 14000 setae per mm” '™’

and can produce 10 N of adhesive force with
approximately 100 mm” of pad area'™' (Fig.13b). Each 30~130 um long seta is only one-tenth the diameter of a
human hair and contains hundreds to thousands of projections terminating in 0.2~0.5 um spatula-shaped structures' ™

(Fig.13c). One can predict that each seta should produce an average force of 20 uN and an average stress of 0.1 N
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183,184

mm? (~1 atm) '”’. Van der Waals (vdW) forces are the primary mechanism utilized to adhere to surfaces , and

capillary forces (as high as 100 KPa) created by humidity naturally present in the air are a secondary effect that can

. . 176
further increase adhesion force

. The attachment mechanism of van der Waals forces also apply to these examples:
beetle'™, ladybug'®* and tree frog (Scynax perereca) '*° which all have the same or familiar hierarchical surface
structures as the gecko’s toe pad (Fig.13c). However, it is also found that electromagnetic (EM) radiation produced
by the photoelectric effect allows the gecko to walk on walls and ceilings by electrostatic attraction' ™

In order to mimic the gecko’s pad, an electrospun well-aligned nanofiber array is needed. Najem'’ collected
nylon 6 electrospun fiber array using the rotating disc collector (RDC) (Fig.13d). By peeling it off the surface of the
RDC and then placing it on a glass slide, he created gecko-inspired dry adhesives (Fig.13h). The dry adhesives are
electrically insulating, and show strong shear adhesion strength of 27 N/em®. This measured value is 270% that
reported of gecko feet and 97-fold above normal adhesion strength of the same arrays. Ballarin et al.'® followed the
idea of Najem187 but collected Polycaprolactone (PCL) electrospun self-aligned fiber array with a tip collector
(Fig.13e, f and g).The produced nanofiber array was then tested by a T-peel test, resulting adhesion strength of
(758.7+£211.7) KPa. The single contact adhesion energy value also suggested that vdW forces provided the primary
adhesion mechanism. This study demonstrated how a principle saw in natural dry adhesive structures such as gecko
toes which could be applied to a variety of synthetic electrospun materials. Their finding enables us to create
electrically insulating dry adhesives with a strong shear adhesion and relatively weak normal adhesion for easy

detachment.

lmal arca of
two feet ~ 220 mm?|

ﬁp&uud (.[“_“ 1‘ To lamella
Lamellac diameter 5- :111 pm g : 7
km.lhl -2 mm £~ 14000 mm-? (C)
/
\Euldk fevel (branches)/
iength 20-30 pm
@ @ AT, / /-5‘ ‘8
Lower level (spatulae)\,
” S/

N length 2-5 pym
Selae diameter 0.1-0.2 pm
plscta 100-1000
Tips of spatulae .
length ~ 0.5 pm
width 0.2-0.3 ym

! 48000xD  300kV HM gmm
thickness — 0.01 pm



RSC Advances

Syringe Syringe
pump

Nylon 6 dissolved
in formic acid

(d) (e) U

€«———Needle
«—— Polymer jet

Decreasing fiber diameter

Rotating disc
collector
Figure 13. (a) Schematic drawings of a Tokay gecko including the overall body, one foot, a cross-sectional view of the lamellae, and an
individual seta. p represents number of spatula. (b) Standard electron microscopy (SEM) image showing rows of setae on the bottom of
a gecko’s foot. (c) SEM image of spatulae on a gecko’s foot. (d) Schematic of the electrospinning setup. (e) Tip collector electrospinning
setup. (f) Macroscopic image of well aligned fibrous PCL membrane collected on the tip collector setup. (g) SEM micrograph of the
well aligned fiber. (h) SEM micrograph of hierarchical structure, Insert: schematic diagram. (a) Reprinted with permission from'"°.
Copyright 2007 Taylor & Francis. (b-c) Reprinted with permission from'®’. Copyright 2011 Royal Society of Chemistry. (d) Reprinted
with permission from'®. Copyright 2012 Corresponding author, University of Akron. (e-h) Reprinted with permission from'®®,

Copyright 2013 Society of Plastics Engineers.

5. Design of animal-based hard tissue bio-materials

5.1. Bone

Bone refers to a family of materials that all have the mineralized collagen fibril as their basic building block'”.
The general structure of bone is a three-dimensional composite structure consisting of inorganic apatite crystals and

. 191
organic collagen fibers ’

(Fig.14). Plate-shaped crystals, with 50X25 nm of length and width and with 2~3 nm
thickness, of carbonated hydroxyapatite, with crystals aligned along their C-axis, are embedded in a type I collagen
(Col) framework. The fibrils consist of triple-helix collagen chains with 1.5 nm diameter and 300 nm length and it’s
arranged in parallel arrays, with crystals aligned (sub-layers) '*>. Consecutive sublayers rotate through the lamellar
plane by an average of 30°, forming a so-called plywood like structure. As each lamella is composed of five
sub-layers, the total rotation is 150°, thus forming an asymmetric structure. Moreover, the collagen fibril bundles

rotate around their axis within the five sub-layers'”

. Both facts enhance the isotropic properties of bone found at the
macroscopic scale, as previously reported. Moreover, this type of architecture hinders crack propagation and
increases toughness.

An attractive strategy for fabricating these types of composite biomaterials is to mimic the key features of

nature bone. Ashrafet et al.'” prepared polyvinyl alcohol (PVA)/Col/hydroxyapatite nanoparticles (nano-HAp)
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composite nanofibers by electrospinning. It is of interest to observe that large numbers of HAp nanorods are
preferentially oriented parallel to the longitudinal direction of the electrospun PVA/Col nanofibers. FTIR and
thermal analysis demonstrated that there was strong intermolecular hydrogen bonding between the molecules of
PVA/Col/n-Hap. Xie et al.'”” fabricated of “aligned-to-random™ electrospun poly (lactic-co-glycolic acid) (PLGA)
nanofiber scaffolds that mimic the structural organization of collagen fibers, where the aligned portion could mimic
the high level of alignment for collagen fibers in a normal tendon that is responsible for a high tensile modulus and
strength in the direction of muscle force and the random portion could recapitulate the less ordered organization of
collagen fibers in a bone. Tests showed toughness of the aligned and random scaffolds were 142.5+£97.9MPa and
52.7£24.2MPa, respectively.

When facing mimicking biomaterials with controlled structure, mechanical properties, and function, things
seem to change to be difficult. However, there still exists experience scientists can draw the lessons of. Li et al.""
prepared silk/apatite composites (an amorphous of -sheet) by growing apatite on functionalized nanodiameter silk
fibroin fibers by electrospinning. The functionalized fibers were spun from an aqueous solution of silk/PEO
containing poly (L-aspartate) (poly-Asp), which was introduced as an analogue of noncollageous proteins normally
found in bone. Silk fibroin associated with the acidic poly-Asp and acted as template for mineralization. Apatite
mineral growth occurred preferentially along the longitudinal direction of the fibers. The results suggest that this
approach can be used to form structures with potential utility for bone-related biomaterials based on the ability to
control the interface wherein nucleation and crystal growth occur on the silk fibroin.
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Figure 14. The hierarchical organization of bone. Plate-shaped crystals, of carbonated hydroxyapatite, with crystals aligned along their

c-axis, are embedded in a type-I collagen framework. The fibrils consist of triple-helix collagen chains with 1.5 nm diameter and 300 nm

length. The apatite crystals are nucleated at specific regions on or within the collagen fibrils. Reprinted with permission from 192

Copyright 2010 Elsevier.

6. Conclusions and outlook

It is clear that nature has a large number of materials and structures with rather unique characteristics and the
emerging field of biomimetic is already gaining an increasing attention in the scientific and technical arena.
Electrospinning has succeeded within the last years in establishing itself as an internationally highly recognized
enabeling method granting access to a broad range of functional structures. This review provides an overview of
typical structures of the organisms and recent developments in controlled fabrications of well-defined bio-inspired

structures of nanomaterials via electrospinning. As we understand what these properties originated from, we can
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begin to exploit them for commercial applications, like solar cell, sunlight splitting catalysts, biomedical implants
and self-cleaning fabric.

Although great achievements have been accomplished in this field through years of efforts, current work is not
going as we expect as there are still many challenges. An important issue that should be mentioned is accurately
analyzing about the structures of biomimetic materials. For example, it is found that wax exists on the surface of

196,197

many plants and animals (e.g., the lotus leaf, rice leaf and water strider leg) and whether the wax on the

surface has a significant impact on the property (e.g., superhydrophobicity) should be analyzed. Another issue that
hampered researchers move forward is that current research work are almost focus on the one functional property.
How to design composite functional or function integrated materials is still facing the challenges. For example,
lotus leaves are famous for their superhydrophobic, low adhesive and self-cleaning properties due to the
micro-papillae structure. Butterfly wings present superhydrophobicity, directional adhesion, structural color,

self-cleaning, chemical sensing capability, and fluorescence emission functions depending on the multiscale

198

structures . As a result, studying the structure-property correlation especially when electrospinning is combined

with at least one biomimetic or bio-inspired method or even an array of methods is of significant importance. In
addition, it is important to match the material’s structure and property to the desired practical condition which of
course is sometimes a complicated process. One may want to systematically design “biomimetic materials”, the
objective of which is to seek deeper insights into mechanisms being up to the structures as well as achieving higher
performance.

Opportunity is always accompanied with challenges, thus electrospinning can be expected to contribute greatly
to further advances in nanotechnology and future researches, which will proceed in the area of controlled

arrangements of electrospun nanofibers and their potential applications.
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