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Abstract
Biomimicry applies the fundamental principles of natural materials, processes, and structures to
technological applications. This review presents the two strategies of biomimicry—bottom-up and
top-down approaches, using biomimetic polymer fibers and suitable spinning techniques as
examples. The bottom-up biomimicry approach helps to acquire fundamental knowledge on
biological systems, which can then be leveraged for technological advancements. Within this
context, we discuss the spinning of silk and collagen fibers due to their unique natural mechanical
properties. To achieve successful biomimicry, it is imperative to carefully adjust the spinning
solution and processing parameters. On the other hand, top-down biomimicry aims to solve
technological problems by seeking solutions from natural role models. This approach will be
illustrated using examples such as spider webs, animal hair, and tissue structures. To contextualize
biomimicking approaches in practical applications, this review will give an overview of biomimetic
filter technologies, textiles, and tissue engineering.

1. Introduction

Over hundreds of millions of years, highly complex
strategies have evolved to tackle the survival chal-
lenges of organisms and to continuously adapt to
dynamic environmental conditions in diverse ecosys-
tems. Given that every living organism is construc-
ted from materials, it is not surprising that complex
organisms require highly advanced materials at all
hierarchical levels. This includes a complex interplay
of molecular structures of biomacromolecules and
polymeric materials, mesostructured building blocks
that incorporate gradients, anisotropy, and compos-
ite structures to construct tissues, organs, and in some
cases even materials secreted externally for uses such
as hunting or protecting offspring. Consequently,
evolution influences not only materials but also pro-
cesses, structures, and resulting functions (figure 1).
The mimicry of nature’s outstanding design concepts
by mankind has a long tradition, thought to have ori-
ginated thousands of years ago. Since the middle of
the last century, the transfer of concepts from nature

to technology has been called biomimicry, as intro-
duced byOtto Schmitt in 1969. This termwill be used
in this context throughout the manuscript [1].

Biomimetic strategies can be applied either from
a top-down or bottom-up perspective [2]. Both
approaches are based on the hypothesis that nature
offers solutions for a wide range of problems.
Top-down processes begin by defining the prob-
lem and then seeking an analogy in nature that
helps to solve it. Conversely, bottom-up processes
are based on the fundamental research of biolo-
gical systems. Knowledge of natural principles can
then be transferred, as needed, to technical applica-
tions. Several biological principles have found their
way into technological applications, among them
are self-cleaning, high and dry adhesion, mechan-
ical strength, hierarchical structures at themicro- and
nanoscale, and thermal insulation [3].

In this review, the focus is on biological sys-
tems defined by their inherent polymeric materials,
material processing, or material structures (figure 2).
Bottom-up approaches aim to identify the underlying

© 2023 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-3190/acddc1
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-3190/acddc1&domain=pdf&date_stamp=2023-6-28
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9819-8630
https://orcid.org/0000-0002-0457-2423
mailto:thomas.scheibel@bm.uni-bayreuth.de
mailto:gregor.lang@uni-wuerzburg.de


Bioinspir. Biomim. 18 (2023) 041003 T Ebbinghaus et al

Figure 1. The concept of biomimicry: fundamental understanding of biological materials, processes, structures and functions
leads to innovations in technology.

Figure 2. Schematic of strategy for biomimicry: biomimicry is used to enable both biological and technical applications. The
identification and transfer of functions from biology leads to advancements in technology. Technology can produce required
functions for biological in vivo applications.

mechanisms that allow the transfer of a desired func-
tion, first into a material and then into technological
applications. On the other hand, advancements from
technological approaches regarding materials, pro-
cesses, and structures can also be introduced into
biological systems to fulfill a required function. One
prominent example is a medical implant. Medical
implants must mimic natural functionalities and
need to be successfully integrated into a biological
environment. The iterative and contextual research
from different disciplines in natural science and
technology enables the development of innovative
material concepts.

Here, we concentrate on biomimetic polymer
fibers, highlighting the concepts derived from nature
and how they can be emulated for technical applic-
ations. We also address the technical production of
functional materials defined by biomimetic architec-
ture. Thesematerials are not only bioinspired but also
intended for biological applications.

2. Bottom-up strategies for biomimetic
fiber processing

Biopolymeric fibers are ubiquitous in nature, with
prominent examples of high-performing biological

fibers being silk, collagen, cellulose, and keratin [4].
Nevertheless, given that cellulose and keratin fibers
are readily available from plants and animal hair,
there is little motivation to artificially reproduce
such fibers using a biomimetic bottom-up strategy.
On the other hand, silk, and in particular spider
silk, exhibits highly attractive properties such as
mechanical stability, biocompatibility, and in some
cases, resistance to microbial infestation [5]. Given
that farming spiders on an industrial scale is not
viable, there is considerable scientific interest in arti-
ficially producing these fibers, making them avail-
able for various applications. Furthermore, collagen
fibers are highly attractive for regenerative medi-
cine, and technical production routes that enable
the creation of highly pure collagen-based fibers
with reproducible quality could reduce the need
for autografts and allografts. Both silk and collagen
are made of biocompatible structural proteins that
assemble into a hierarchically ordered fibrillar struc-
ture and, in this architecture, provide highly demand-
ing mechanical properties. In light of the significance
of these materials and their potential applications,
the following section will focus on the processing
of these two fibrous systems to yield biomimetic
fibers.
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Figure 3. Different categories for biomimicry of natural spinning processes. The first category comprises primarily materials for
the spinning solutions, the second the spinning process and conditions and the third the post-processing.

Biological fiber processing operates under
physiological conditions, in an aqueous environment,
and at moderate temperatures. These natural condi-
tions must be somewhat emulated to allow for the
assembly of organized hierarchical structures that
result in superior mechanical properties. The devel-
opment of nature-mimicking strategies may start
with the solution, specifically the choice of mater-
ial, solvent, concentration, or the preconditioning,
such as pre-assembly of the underlying polymer.
Furthermore, spinning and post-treatment condi-
tions are essential within fiber processing strategies.
The former encompasses the choice of spinning
method, the mechanism of fiber solidification, and
the spinning conditions. The latter covers processes
like post-stretching, coating, and finishing to pro-
duce a fibrous product with the desired properties.
Figure 3 provides an overview of the relevant aspects
for mimicking the properties and functions of such
fibers.

Considering that themelting temperature ofmost
natural polymers exceeds their degradation temper-
ature, melt processing is not applicable, and pro-
cessing predominantly occurs from a solution. As
for fiber production, the mechanism of solidifica-
tion can either be based on coagulation, using a
non-solvent as applied in wet-spinning and micro-
fluidic spinning (figures 4(A) and (B)), or by dry-
ing, as in the case of dry-spinning and electrospinning
(figures 4(C) and (D)).
Wet-spinning is a well-established solution-

spinning technology used to produce continuous
filaments from polymers. Due to its ease of scalabil-
ity and economic efficiency, it is widely employed to
produce textile fibers such as viscose, nylon, spandex,
and acrylic fibers [6, 7]. In the wet-spinning process,
the spinning solution is continuously extruded into
a coagulation bath through a spinneret [8, 9]. The
coagulationmedium is a non-solvent for the polymer.

The spinneret can have one or more orifices to obtain
a single fiber or a multifilament. Upon immersion
in the coagulation bath, a diffusive exchange leads
to the solidification of the extruded polymer fila-
ment. During coagulation, the solvent diffuses out of
the nascent fiber, while the non-solvent diffuses into
the fiber. The filament is pulled out of the bath, for
instance, with a winding unit. Between the bath and
the winding unit, different steps of post-treatment
can take place, such as washing, post-drawing, or
heat treatment. The entire process is influenced by
several parameters like the system of solvent and
non-solvent determining miscibility and diffusion
coefficients, process temperature, polymer concen-
tration, and winding speed [10].
Microfluidic spinning is a technique that works

with small volumes of solutions in a very confined
space [11] and offers the ability to precisely control
flow conditions within its microscale channels [12].
Microfluidic spinning is predominantly conducted
using a core flow, formed by the polymer solution,
and a sheath flow, which both stabilizes and elong-
ates the core flow and can also be used to initiate fiber
formation via anti-solvent-induced coagulation [13].
This technique is often employed for scientific pur-
poses as it provides the capability to implement highly
complex conditions, such as the combination of vari-
ous sheath flows, the application of gland-like flow
channel geometries, and microscopic in-situ obser-
vation via imaging through the transparent poly-
dimethylsiloxane (PDMS) microfluidic chips. While
microfluidic spinning is usually carried out as a spe-
cial case of wet-spinning, it has also been shown to be
applicable for dry-spinning.
Dry-Spinning is also a solution-spinning tech-

nology. However, in contrast to wet-spinning, solid-
ification is not achieved through coagulation but via
drying [14]. The formation of a fiber after extrusion
is a consequence of solvent evaporation. Therefore,
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Figure 4. Schematic drawings of the major methods used for solution spinning: (A) wet-spinning, (B) microfluidic spinning,
(C) dry-spinning and (D) electrospinning.

the used solvent must be volatile. The rate of evap-
oration can be improved by spinning into a heated
evaporation chamber or hot air streams, as demon-
strated, for example, with dry-spun polyimide fibers
[15]. Subsequent to solidification, post-treatment,
analogous to wet-spinning, can be carried out. For
instance, regenerated silk was heat-stretched after
dry-spinning [16]. Dry-spinning can also be com-
bined with wet-spinning in a so-called dry-jet wet-
spinning process, in which the jet is exposed to
an air gap before being immersed in a coagulation
bath. Shear forces and stretching induce molecular
chain alignment, resulting in excellent mechanical
properties [17]. This spinning techniquewas also suc-
cessfully applied to fabricate strong fibers from nat-
ural polymers such as cellulose and lignin [18, 19].
Another dry-spinning technique is the pressurized
gyration spinning process [20, 21]. The general setup
consists of a cylinder fed with spinning solution and
equipped with orifices or nozzles on the outer plane.
The cylinder is connected to a motor to enable high
rotating speeds and a gas supply to exert additional
pressure on the solution. Due to centrifugal forces
and the additionally applied gas pressure, fibers in
the nano- to microscale can be extruded. The volat-
ile solvent evaporates during the time of flight until
the fibers reach a collector. In contrast to centrifugal
spinning, which applies only centrifugal force to the
spinning solution, the pressurized gyration process
applies both centrifugal force and additional pressure.
Electrospinning can be used as both a melt and

solution spinning technique to produce polymeric
micro- and nanofibers [22, 23]. Electrospinning util-
izes an electrostatic field to eject fibers from a spin-
ning solution. The basic setup comprises a high-
voltage supply, a spinneret, and a collector. The
applied voltage is usually in the range of 5–30 kV [24].
The spinneret in a laboratory setup often consists of
a syringe, filled with the spinning solution, equipped
with a blunt metal needle, and mounted in a syringe
pump [25]. The needle is connected to the voltage

supply, and a grounded or oppositely charged col-
lector, which can be a metal plate or a rotating drum,
is placed at some distance from the needle (typically
10–30 cm). As a droplet of spinning dope is extruded
from the needle, the electrostatic field induces charges
at the droplet’s surface, resulting in deformation into
a so-called Taylor cone. As the repulsive forces of
the accumulated charges and the Coulomb force of
the external electrical field overcome the counteract-
ing surface tension of the solution, a jet can be ejec-
ted from the tip of the Taylor cone [26]. On its way
towards the collector, whipping occurs due to bend-
ing instabilities, and the jet is stretched and dries
before reaching the collector. Finally, a solid fiber is
deposited in the shape of a nonwovenmat (on ametal
plate) or as an aligned fiber mat (on a fast-rotating
drum) [27].

2.1. Mimicking the properties of silk fibers
Silk fibers provide an excellent example of a nat-
ural material displaying a unique combination
of highly desirable properties such as mechanical
strength (table 1), microbe-resistance (in some
cases), biocompatibility, biodegradability, and non-
immunogenicity. On the one hand, these proper-
ties make silk materials a perfect candidate for med-
ical applications [28]. On the other hand, artificially
reproducing such properties has proven to be highly
challenging. Compared to, for instance, a melt-spun
plastic fiber, silk fibers are built up in a much more
complex hierarchical structure that is not solely based
on the underlying silk proteins, but is also highly
dependent on the processing conditions and tech-
nique. Strikingly, this complexity is further emphas-
ized when comparing the silk spinning mechanisms
of spiders and silkworms—two completely different
species that have developed nearly identical highly
complex spinning mechanisms, including silk gland
geometries, highly concentrated aqueous spinning
solutions, ion exchanges, pH drops, water resorp-
tion, and shear forces [29–31]. Silk fiber formation

4



Bioinspir. Biomim. 18 (2023) 041003 T Ebbinghaus et al

Table 1. Overview of mechanical properties of silks and other materials (∗ 100% relative humidity) [39].

Material Strength (GPa) Extensibility (%) Toughness (MJm−3)

Araneus major ampullate silk 1.1 27 160
Bombyx mori cocoon silk 0.6 18 70
Nylon fiber 0.95 18 80
Kevlar 49 fiber 3.6 2.7 50
Carbon fiber 4 1.3 25
Wool∗ 0.2 50 60
Synthetic rubber 0.05 850 100
Elastin 0.002 150 2

can be characterized as a liquid-to-solid phase trans-
ition, which is induced as the highly concentrated
(∼50%w/v) spinning dope passes the tapered spin-
ning duct [32]. Due to the tapered form of the duct,
shear stress and elongational flow increase, which
are assumed to promote the alignment of the pro-
teins and, ultimately, anisotropic fibril formation.
Simultaneous dehydration and ion exchanges occur,
where sodium and chloride levels are reduced, while
phosphate and potassium concentrations increase
[33]. The replacement of the more chaotropic ions
with more kosmotropic ones is thought to promote
the structural arrangement of the proteins by expos-
ing the hydrophobic dimeric areas of the carboxy-
terminal domains (CTDs) in a parallel conforma-
tion, which are crucial for spider silk assembly. The
decrease in pH value (spider major ampullate gland:
7.2–5.7 and silkworm: 7.1–6.2) [33, 34] induces a
conformational change in the CTDs. In addition, it
triggers the antiparallel dimerization of an amino-
TD (NTD) in the case of spider silk. Shear forces
on the spinning dope originate from the pulling of
the thread by the spider’s legs or, alternatively, the
silkworm’s head. The final mechanical properties of
silk fibers are, therefore, a consequence of (a) the
molecular architecture of the silk proteins, (b) the
intermolecular assembly of the proteins, and (c) their
processing. Especially crystalline domains formed
by beta-sheet structures account for the mechanical
strength and stiffness of the fibers.

Unlike silkworms, most spiders cannot be
domesticated due to their territorial and cannibal-
istic nature [35]. Thus, an alternative route to access
this material has been developed, the recombinant
production and processing of spider silk proteins.
Nonetheless, bottom-up biomimicry of the natural
silk spinning process is required to reproduce the
desired properties, and research to tackle this chal-
lenging task has been ongoing for decades [35–38].

2.1.1. Regenerated B. mori silk
Biomimicry begins with the preparation of spinning
solutions. In the case of silkworm (B. mori) silk, nat-
ive cocoon silk must be degummed to obtain regener-
ated silk fibroin. Degumming is carried out to remove
glue-like sericin proteins that cover the fibroin double

filaments. It is typically performed by boiling in
an alkaline solution, which can result in hydrolytic
molecular degradation [40, 41]. Therefore, alternat-
ive strategies such as enzymatic degradation of seri-
cins have been studied with the goal of maintain-
ing high molecular weight fibroin upon degumming
[42–44]. Moreover, spinning conditions and post-
treatment significantly impact the resulting proper-
ties of regenerated fibroin fibers. Wei et al repor-
ted capillary dry-spinning of regenerated silkworm
fibroin (RSF) [45]. They used 44–48 wt% aqueous
solutions, which were dry spun into air at low humid-
ity. The solvent evaporated within a 10 cm distance
from the winding unit, and fibers were dried after-
ward for 24 h, followed by post-drawing in 80%
ethanol. This approach yielded fibers with an aver-
age breaking strength of 298 MPa and diameters of
around 15 µm. Regarding mimicking natural spin-
ning conditions and analyzing their impact on fiber
properties, dopes at a pH between 5.2 and 6.9, as
observed in nature, were tested and yielded excel-
lent spinnability. In contrast, lower pH values and
the addition of different metal ions (magnesium and
potassium) disrupted the continuous spinning pro-
cess. Among other reasons, this could be a con-
sequence of rapid gelation. Jin et al further developed
this setup [46]. Their spinning solution had a concen-
tration of 40–60 wt%, and calcium chloride (CaCl2)
was added to adjust the calcium concentration to
0.3 M. At these conditions and with applied post-
stretching in diluted ethanol, the breaking strength
could be increased to 357.3 MPa. Additionally, the
beta-sheet ratio of post-drawn fibers was determined
to be 47%, thus increasing compared to the spinning
parameters used by Wei et al. This value is close to
the beta-sheet content of 50% in degummed cocoon
silk. The authors therefore concluded that a pH drop
can be neglected. Peng et al transferred these spinning
conditions to a microfluidic setup to investigate the
effect of humidity on fiber structure and properties
[47]. The microfluidic chip mimicked the natural
aspect of a tapered spinning duct. They used a fibroin
concentration between 38 and 47 wt%. The relat-
ive humidity was varied between 40 and 50%. It was
observed that fibers spun at 40% relative humidity
were consistently thinner than those spun at 50%.
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This could be a result of differing rates of solidific-
ation. The diameters were in the range of 5–10 µm.
The lower humidity affected the secondary struc-
ture content as well and increased the amount of
beta-sheets. The content of beta-sheets approached,
and even exceeded, that of beta-sheet structures in
degummed silk, depending on the fibroin concentra-
tion in the spinning solutions. However, once again,
the tensile stress of the fibers could be increased up to
541 MPa.

Luo et al used a microfluidic setup, including
a single channel microfluidic chip, to mimic the
tapered shape of a spider’s spinning duct [48]. The
chips were fabricated using PDMS. The width of the
channel decreased exponentially from the inlet of
2000 µm to the outlet of 100 or 250 µm. The height
of the channel was kept constant at 85 µmThe reduc-
tion in width generated increasing shear forces and
elongational flow, promoting the alignment of the
silk fibroins in the spinning solution. Bombyx mori
silk fibroin, regenerated at 50 wt% in aqueous buf-
fer, was dry-spun, reeled in air, and post-drawn in
80 vol% ethanol. The authors fabricated two types
of fibers: a monofilament with a diameter of around
12 µm spun from the 250 µm outlet, and a multifila-
ment with a diameter of 2 µm spun from the 100 µm
outlet. The latter mimics the hierarchical buildup
of spider dragline and silkworm silk, exhibiting a
multifibrillar microstructure. Mechanical testing of
the spun filaments showed superior performance of
the post-drawn multifilament silk fibers compared to
the monofilament and degummed cocoon silk, with
a breaking stress of 614 MPa and a breaking strain
of 27%. These values closely match the natural blue-
print (table 1). Post-drawing was shown to increase
the amount of beta-sheet crystals, accounting for
the achieved mechanical strength. The post-drawn
multifilament demonstrated the highest content of
beta-sheets compared to both the other samples and
the degummed silk fibers. Li et al took a further
step to approach the natural silk spinning process in
2017 [49]. In addition to introducing shear stress on
the spinning solution, they incorporated ion gradi-
ents into a sheath flow microfluidic setup. These ion
gradients were achieved by adding potassium and
hydrochloric acid (KCl and HCl) to a PEO sheath
flow and CaCl2 to an 8%w/v silk solution. After
spinning, the samples were sequentially incubated
in methanol and water, without post-drawing, and
then dried. The authors investigated the impact of
these ions on the secondary structure content and
the mechanical properties of the fibers. The addition
of metal ion gradients seemed to influence the sec-
ondary structure, as an increase in beta-sheets was
observed, a phenomenon that did not occur when
applying shear stress alone. Mechanical properties
showed an increase in ultimate tensile strength and
extensibility upon introducing the ion gradient and

combining it with the sheath flow. However, despite
closely mimicking the natural setup, the maximum
tensile strength of the fibers achieved was 47.28 MPa
with a respective extensibility of 12%, significantly
below the strength of natural silk fibers. To overcome
this issue, the authors proposed to increase the effect-
ive shear stress by, for instance, increasing the con-
centration of the silk solution. It must be noted that
this study abstained from post-drawing, a technique
typically used to enhance the tensile strength of fibers
and also applied in nature.

Satoh et al dry-spun RSF aiming to mimic a
fiber with properties like that in the natural cocoon
silk [16]. They dissolved fibroin in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), a highly volatile
organic solvent, and added the ionic liquid 1-hexyl-
3-methyl-imidazolium chloride (HMIM-Cl) to the
solution. The spinning solution was spun into air and
guided onto a first winding unit after 100 cm. The
filament was then dried under vacuum for more than
5 h. The fibers were subsequently heat-stretched,
immersed in methanol to remove the ionic liquid,
and dried again under vacuum. The use of a two-
solvent system, the volatile HFIP and the non-volatile
HMIM-Cl, inhibited overly rapid solidification of
the fiber. Consequently, a smooth surface without
pores and a core without voids could be achieved.
However, the cross section of the spun fibers was
belt-like instead of circular, which was attributed
to the plasticization through HMIM-Cl. Energy-
dispersive x-ray spectroscopy was used to demon-
strate the complete removal of the ionic liquid after
washing. The highest recorded yield strength of the
fibers was 159.9 MPa, with a corresponding break-
ing strain of 31.5%. Thus, the achieved toughness
was lower compared to the natural blueprint, but the
use of the ionic liquid might be a strategy to achieve
compact fibers in the future.

Magaz et al employed solution blow-spinning of
regenerated silk fibroin in aqueous- and formic acid-
based (FA) solutions, combined with an inline vapor
post-treatment [50]. This technique allowed the fab-
rication of random and aligned nonwoven meshes,
with fiber diameters in the range of 260–910 nm.
The resulting ultimate tensile strength varied signific-
antly between fibers spun from aqueous or FA solu-
tions. The former led to an ultimate tensile strength of
0.3MPa, while the latter resulted in 3.5MPa. By using
a coaxial nozzle, the authors tried to mimic natural
fiber formation aspects like pH drop and substitu-
tion of metal ions. However, the fibers produced were
not analyzed with respect to their mechanical proper-
ties. Examination of the secondary structure content
showed an increased amount of beta sheets compared
to untreated fibers. This observation could be due to
the fact that self-assembly was induced, which would
reflect an approach to integrate biomimetic aspects
into conventional solution blow spinning.
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Figure 5.Wet-spinning setup by Schmuck et al. Reproduced from [54]. CC BY 4.0.: The spinning solution is transferred in a
syringe and mounted on a syringe pump (left). The solution is extruded in an aqueous buffer coagulation bath and reeled with a
winding unit (middle). The fibers are post-stretched in air (right). Licensed under CC BY 4.0.

2.1.2. Recombinant spider silk
As described above, spider silk cannot be efficiently
obtained from living spiders, but recombinant spider
silk proteins (spidroins) present a highly interest-
ing alternative [35–37]. FA and HFIP, often used
as solvents for spidroin spinning, result in pro-
nounced denaturation of the protein secondary struc-
ture, thereby inhibiting natural pre-assembly mech-
anisms like micelle formation [51]. Replacing these
organic solvents with aqueous solvent systems is a
fundamental prerequisite for a biomimetic setting,
but this approach relies on proteins that are soluble
in aqueous buffers. Andersson et al designed a recom-
binant spidroin called NT2RepCT based on a repet-
itive domain of E. australis, flanked by non-repetitive
NTDs and CTDs, based on A. ventricosus sequences
[52]. Both TDs are highly soluble and pH-responsive.
The protein could be concentrated between 10%w/v
and 50%w/v in aqueous spinning solutions. These
concentrations were achieved by centrifugal filtration
of the purified protein. The proteins formed micelles
in solution, which elongated upon the introduction
of shear from a pulled glass capillary with a tip dia-
meter of 10–30 µm, and these solutions were spun
into aqueous coagulation baths. The pH of the coagu-
lation bath had a significant impact on fiber forma-
tion. Continuous fibers could only be spun in a pH
range from 3.0 to 5.5. Outside that range, fiber frag-
ments or no fiber formation was observed. Greco
et al further wet-spun a 30%w/v aqueous solution
of NT2RepCT spidroin into an aqueous buffer at
a pH of 5.0 [53]. Incubating the fibers for more
than five hours in the coagulation bath improved
both the mechanical properties and water insolubil-
ity. Significant morphological changes due to this
treatment were not observed. The improvement is
attributable to an increased beta sheet content of the
fibers, yielding a tensile strength of 70 MPa with a
corresponding strain at break of 30%. Schmuck et al
used the same spidroin and conducted a comprehens-
ive study on the impact of various spinning para-
meters on the mechanical properties (figure 5) [54].

According to their studies, the reeling speed and the
post-drawing are the most important parameters to
improve themechanical performance of the wet-spun
fibers. With their optimal setup of spinning condi-
tions, they achieved a fiber toughness of 129 MJm−3.
This toughness is around two and a half times higher
than that of Kevlar. They also showed that further
post-stretching to 80% increased the fiber strength
while decreasing the toughness. These results indicate
the possibility of adjusting the properties of the fibers
to some extent to meet application requirements.

In 2022, Arndt et al published a study in which
NT2RepCT was modified to produce fibers with a
toughness equivalent to that of natural dragline silk
[55]. As discussed previously, beta sheets are the
structural components responsible for the mechan-
ical strength of silk. Consequently, they designed
a spidroin based on NT2RepCT, which contains
more amino acid motifs capable of forming beta
sheets. The fibers were spun as reported previously,
but were only minimally stretched during the reel-
ing from the coagulation bath. Fourier-transform
infrared (FTIR) spectroscopy revealed that fibers
spun from such modified protein variants indeed
showed an increased amount of beta sheets. Tensile
testing indicated that one of the variants exhibited an
increased toughness of 146MJm−3, which is compar-
able to that of native dragline silk.

In another study, biomimetic silk fibers with the
same toughness as native dragline silk were produced
by Heidebrecht et al in 2015 [56]. Here, the protein
used was based on the sequence of a major ampullate
dragline fibroin of A. diadematus (ADF3). Eight vari-
ants differing in length and the presence or absence of
TDs were analyzed. The spinning solution was wet-
spun into a mixture of isopropanol and water as a
coagulation medium. After solidification, the fibers
were post-stretched up to 600% to induce the struc-
tural conversion to beta sheets and to further align
the spidroins. The study of the mechanical perform-
ance of the fibers revealed that biomimetic prepara-
tion of the spinning dope via dialysis against sodium
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phosphate buffer allowed self-assembly of proteins
with TDs. These phase-separated, highly concen-
trated biomimetic spinning dopes yielded fibers with
significantly increased toughness. The variant with
both an NTD and CTD even displayed a toughness
of 189 MJm−3, outperforming the toughness of the
natural counterpart. In a detailed investigation using
dynamic light scattering, light microscopy, and nuc-
lear magnetic resonance (NMR), Stengel et al elucid-
ated that this biomimetic dope preparation induces
differences at the molecular structural level [57]. The
results show that during preparation using phosphate
buffer, self-assembly continuously advances over time
until a liquid-liquid phase separation, which is not
the case for dopes prepared by conventional dia-
lysis against poly-ethylene-glycol. Slight differences in
both the dopes and the spun fibers were observed
using NMR. Concerning the dope, a higher degree
of assembly in case of the biomimetic dope and dif-
ferences in the conformation of tyrosine residues
were noticed. Solid-state NMR did not show struc-
tural disagreements in the beta-sheet regions of the
fibers, but in the non-beta-sheet domains in the form
of different packaging of tyrosine aromatic rings.
These differences seem to be responsible for the sig-
nificant improvement of the mechanical properties.
Another step to get closer to the natural blueprint
of A. diadematus dragline silk was taken by Saric
et al [58]. A. diadematus dragline silk is a com-
posite fiber and consists of at least the two major
ampullate 2 spidroins, ADF3, and ADF4 [37]. In con-
trast to most approaches using only one spidroin,
Saric et al used co-expression of engineered ADF3
and 4 (eADF3, eADF4) to spin composite silk fibers
using microfluidic wet-spinning with a sheath flow of
phosphate buffer and subsequent post-drawing up to
400%. As described before, spin dopes were produced
by dialysis against phosphate buffer, which enabled
dimerization and self-assembly through the CTDs.
The wet-spun fibers weremechanically characterized,
showing a tensile strength of 834 MPa and an extens-
ibility of 32%, which exceeds all previously presen-
ted properties. The fibers spunwith co-expressed pro-
tein were also compared to an in vitro mixture of
the two spidroins. Theirmechanical performance was
significantly lower, exhibiting a strength of 614 MPa,
which could be a consequence of reduced molecu-
lar alignment due to the preparation method. In a
recently published approach, Saric and Scheibel used
the amino acid sequences of eADF3 and eADF4 to
generate a new spidroin variant containing parts of
both sequences and TDs [59]. The spinning solu-
tion, fiber spinning, and post-treatment were con-
ducted as described before. The new variant was sub-
jected to extensive characterization. Wet-spun fibers
were analyzed regarding their mechanical properties
and displayed a tensile strength of 419 MPa. The
reduced strength compared to the results presented
before could, among other reasons, be due to the

reducedmolecular weight of the newly designed vari-
ant. However, the work of Saric et al demonstrates the
immense potential of silk fibers when closelymimick-
ing the key aspects of the natural process.

Lu et al used a microfluidic chip to mimic the
shape of a spider’s major ampullate gland and spin-
ning duct [60]. In addition to the biomimetic shear
force-inducing spinning setup, they incorporated cel-
lulose nanofibers (CNFs) to reinforce the resulting
fibers. To do this, they blended a 45 wt% aqueous
RSF solutionwith different ratios of CNFs before dry-
spinning. Their microfluidic chip was composed of
three segments responsible for storage, elongation,
and shear. The width of the channel decreased from
4 mm to 244 µm from the inlet to the outlet, while
the depth was kept constant at 150 µm. After dry-
spinning, the fibers were post-stretched in 80 vol%
ethanol before drying. In the case of a ratio of 1/1000
between CNFs and silk (RSF/CNF 1), they achieved
fiber diameters in the range of 8 µm.Mechanical test-
ing of the fibers indicated an improvement of the
tensile strength due to the CNFs. RSF/CNF 1 fibers
displayed a tensile strength of 487 MPa with a break-
ing strain of 16%. This study highlights the possibility
of exceeding the mechanical properties of the natural
model by combining biomimicry with well-known
reinforcement strategies.

Jao et al used an advanced electrospinning
(e-spinning) setup to mimic the hierarchical struc-
ture of native silk in an aligned e-spun mat [61].
The molecular and hierarchical buildup of silk is the
reason for its excellent mechanical toughness, which
outcompetes many synthetic fibers [62]. The setup
of Jao et al consisted of a conventional e-spinning
setup, which was extended with two parallel track-
drawing devices (figure 6). These devices weremoun-
ted to the left and right of the propagation direction
of the solidifying jet. When RSF-fibers were spun,
they stuck onto the surface of the top of the rota-
tion drawers. During the rotation, the fibers were
transported downwards. Meanwhile, they became
aligned and were stretched until they were depos-
ited on a collector at the bottom of the setup. The
degree of stretching was defined by the geometry of
the setup. Consequently, post-drawing, as applied by
both spiders and silkworms in nature, was mimicked
in the described setup. It induced further alignment
of protein chains inside the fibers and increased the
number of crystalline beta-sheets inside the protein.
Using FTIR spectroscopy, the secondary structure
was probed and revealed an increasing number of
beta-sheets with increasing draw ratio. Accordingly,
by increasing the draw ratio, the ultimate strength of
the fibrous mat was increased up to 640 MPa, while
the maximal elongation decreased.

In conclusion, it can be said that biomimetic
strategies consistently result in superior mechan-
ical properties when processing silk fibers. Table 2
provides an overview of the examples discussed,
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Figure 6. Schematic of track drawing setup, which combines electrospinning and post-drawing of the spun nanofibers (left). The
post-drawing and post-treatment induce structural changes in the fibers increasing Young’s modulus and ultimate tensile strength
(rights). Reprinted with permission from [61]. Copyright 2021 American Chemical Society.

summarizing the most relevant aspects regarding
materials and solution, processingmethods and post-
treatment, as well as the characteristic fiber properties
in terms of diameter and mechanics. Furthermore,
the respective approaches were categorized accord-
ing to their degree of biomimicry (figure 7(A)). This
means that approaches, where only the solutions were
biomimetic (aqueous and highly concentrated), are
depicted with one point (green), and approaches
where, for instance, biomimetic spinning (blue point)
and post-treatment (grey point) were performed in
addition are categorized with three points. By correl-
ating these three categories with the toughness of the
resulting fibers, the aforementioned effect of promot-
ing themechanical strength of silkmaterials by apply-
ing biomimetic principles can be well visualized since
there is a clear trend towards enhanced toughness
with a higher degree of biomimicry. In this context,
the spinning dope concentration seems to play a cru-
cial role, as it has been shown that there is a clear trend
towards high strength when concentrations approach
the values of the natural spinning dopes of approxim-
ately 50%w/v (figure 7(B)).

2.2. Mimicking the properties of collagen fibers
Collagen is a structural protein that is abundant in
the native tissue of humans and animals. Collagen is
translated inside animal cells, where it forms triple-
helices before being secreted into the extracellu-
lar matrix (ECM) to form fibrils, beaded filaments,
anchoring fibrils, and networks [63]. There are vari-
ous types of collagen, amongwhich types I, II, III, and
VI are categorized as fibril-forming collagens [64].
Depending on the specific requirements of the tissue,

the diameters of assembled collagen fibrils can range
from ∼16 nm (in cartilage) up to more than 250 nm
(in tendon) [65]. Consequently, collagen fibrils and
fibers are not actually spun in terms of a spinning pro-
cess such as conducted by spiders and silkworms, but
self-assemble. The fibrillary, hierarchical structure of
collagen gives native tissue its properties like mech-
anical stability and elasticity, as well as porosity and
transparency (as in the cornea) [66] The biomimicry
of collagen-based fibers, with structural andmechan-
ical properties comparable to the natural blueprint,
is highly relevant in the field of tissue engineering
and even considered for textile fibers. The follow-
ing section will focus on collagen-based fibers pro-
duced via spinning technologies and with respect to
mechanical properties. An overview of the selected
examples is given in table 3.

Spinning of collagen fibers usually relies on dena-
turing solvents like HFIP, HCl, 2,2,2 trifluoroeth-
anol (TFE), acetic and trifluoroacetic acid (TFA)
[66]. These solvents contrast with the physiologic-
ally aqueous environment in which collagen is syn-
thesized and secreted. Upon isolation of collagen
from animal sources and processing of extracted col-
lagen, the native protein architecture is lost [67].
Therefore, biomimetic research in this field addresses
the use of naturally abundant collagen with the aim
to achieve mechanical properties comparable to the
natural counterpart and to generate fibers formedical
applications, for example, tissue regeneration. Haynl
et al spun collagen fibers using a microfluidic setup
[68]. In the microfluidic chip, the spinning solution,
collagen in acetic acid (pH 3), was surrounded by
a sheath flow of buffer solution (pH 8). The sheath
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Figure 7. (A) Color-coded diagram of reported silk fiber toughness with respect to degree of biomimicry upon processing. The
publications are rated regarding the afore described categories of biomimicry: solution, spinning and post-treatment.
(B) Reported tensile strength plotted over respective concentration of the spinning solution. Dashed line represents linear
trendline. References in brackets respectively.

flow neutralized the spinning solution, inducing fib-
ril formation and increased alignment of the proteins.
The fibers were pulled through a water bath for wash-
ing and finally wound up. The reeling of the filament
was used to post-draw the fibers. With this setup, a
minimum fiber diameter of 3 µm was realized. The
resulting fiber diameter could be adjusted by tuning
the flow rates of both buffer and spinning solution.
Importantly, in contrast to the natural counterpart,
this technique allowed the production of continuous
collagen fibers. Mechanical characterization revealed
a strength of 383 MPa and an extensibility of 25%.
Fiber toughness was calculated to be 52.9 MJm−3.
The achieved elastic modulus and tensile strength
exceeded themechanical properties of tendons and all
other man-made collagen fibers (table 3) [69, 70].

In contrast to microfluidic spinning, wet-
spinning of extracted collagen often yields fibers
with poor mechanical strength and water solubil-
ity, which makes pre- or post-treatment strategies
necessary [66]. Therefore, artificial collagen fibers are
often crosslinked to enhance their stability against wet
conditions and improve their mechanical perform-
ance. Dasgupta et al published an extensive study
comparing different crosslinkers and the resulting
fiber properties [71]. They used a microfluidic setup
to wet-spin collagen fibers. The spinning solution
was fabricated with acetic or hydrochloric acid and
extruded via a coaxial setup with a sheath flow of
phosphate buffer into a coagulation bath of 20%
ethanol. After drying, the fibers were crosslinked
using more than 50 different approaches and ana-
lyzed using wet-tensile testing. Glyoxal-crosslinked
collagen fibers exhibited an ultimate tensile strength
of 299 MPa with a corresponding breaking strain
of 9.5%. The fibers were further subjected to long-
term stability and biocompatibility tests. Tronci et al
investigated the impact of themolecularweight of two
collagen-derived polypeptides on the resulting fiber
properties [72]. They used gelatin and hydrolyzed

fish collagen. The spinning solutions were prepared
from 3% to 40% (w/v) collagen in either 2,2,2-TFE
or dimethyl sulfoxide (DMSO). The spinning solu-
tion was extruded into a coagulation bath of ethanol
or acetone and dried without further post-treatment.
The fibers were then crosslinked using differentmeth-
ods. The authors showed that the resulting fiber dia-
meter depends on the polymer, solvent, concentra-
tion, and coagulationmedium. The diameters ranged
from approximately 120 to 460 µm. The mechan-
ical properties were affected by the spinning condi-
tions and additionally by the method of crosslinking.
Fibers spun from gelatin and crosslinked using 1,3-
phenylenediacetic acid exhibited a maximum tensile
stress of 65 MPa with a respective strain at break of
9% and Young’s modulus of 726 MPa. Tonndorf et al
examined the possibility of a non-toxic riboflavin-
induced (RF) photo-crosslinking of collagen fibers,
which is an important step regarding possible med-
ical applications [73]. The spinning solution was pre-
pared using acetic acid. The solution was wet-spun
through a coaxial setup with a wet spinning buffer as
a sheath flow into a bath filled with the same buffer.
Subsequently, the fiber was drawn through a bath of
50 wt% ethanol and a third bath for the crosslinking
of the fibers. The photo-induced crosslinking with
RF was compared to that of the often-applied cross-
linking agent glutaraldehyde (GA). Crosslinking with
both methods led to collagen filaments that could
be handled and mechanically tested in the wet state.
However, GA-crosslinked fibers exhibited a tensile
strength of 4.7 cN/tex, whereas the RF-crosslinked
fibers only showed a strength of 1 cN/tex. Cell cul-
ture tests revealed improved cytocompatibility for
RF photo-crosslinked collagen fibers compared to
GA-crosslinked fibers. Yaari et al reported the wet-
spinning and crosslinking of human recombinant
collagen with the aim of application in regenerative
medicine and tissue engineering [74]. Here, the con-
centrated spinning solution was prepared by dialysis
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Figure 8. SEM images of fibers with different post-drawing ratios (DR): A to G: DR1:1, DR1:3.3, DR1:4.9, DR1:6.5, DR1:8.1,
DR1:9.8, DR1:11.4. Reprinted (adapted) with permission from [74]. Copyright 2016 American Chemical Society.

from collagen dissolved in HCl and wet-spun into
phosphate-buffered saline with inline post-stretching
to increase fibrillar alignment. The fibers were incub-
ated in the coagulationmedium, crosslinkedwithGA,
and dried afterwards. As expected, the fiber diameters
decreased with increasing draw ratio down to a dia-
meter of 10µm(figure 8). Tensile testing revealed that
post-drawing to the highest degree did not yield the
best mechanical performance. Crosslinked collagen
fibers showed a stress at break of 151MPa and a strain
of 20.5% in the hydrated state, which is comparable
to native human tendons. The surface of fracture was
further analyzed using SEM. Undrawn fibers exhib-
ited a core–shell structure with distinct but weakly
oriented fibrils in the core. In contrast, the fibrils in
the core of drawn samples appeared more aligned.

In contrast to the aforementioned research, Koeck
et al used self-assembly during wet-spinning without
crosslinking to yield collagen fibers with good mech-
anical properties [75]. Additionally, these fibers were
woven into flat and tubular textiles, which could find
application as substrates for muscle tissue regenera-
tion. For the spinning solution, equine collagen was
dissolved in acetic acid or HCl at various concentra-
tions. The solutions were extruded into a coagula-
tion bath with a mixture of ammonium hydroxide
and acetone. The fibers were dried without further
post-treatment. Upon coagulation, collagen fibrils
formed through self-assembly. The topography of
the assembled fibrils exhibited a periodic, cross-
striated D band pattern, which is characteristic of
fibril-forming collagens and matches well with nat-
ive collagen [76]. This pattern has not been shown for
artificially spun collagen before. Fibers were achieved
with diameters between 25 and 75µm in the dry state,
a breaking strength of 241MPa, a strain of 17%, and a
toughness of 24 MJm−3. The woven fabrics were fur-
ther subjected to cell studies to assess their suitability
for different biomedical applications.

Electrospinning is also used as a collagen pro-
cessing technique to generate scaffolds for tissue
engineering with both materials and dimensions
comparable to those of native tissue. Shields et al

analyzed, among other things, the mechanical prop-
erties of electro-spun collagen scaffolds [77]. They
used collagen type II from chickens and dissolved
it in HFIP. After e-spinning, the scaffolds were cut
into bone-like pieces for tensile testing. The non-
crosslinked scaffolds contained fibers with diameters
ranging from 70 nm to 2.74 µm and an average fiber
diameter of 496 nm. Uniaxial tensile testing of scaf-
folds with an average thickness of 0.20 mm revealed
an average ultimate tensile strength of 3.3 MPa with
an ultimate strain of 2.6%. The scaffolds were fur-
ther examined regarding their biocompatibility with
adult human articular chondrocytes. Sizeland et al
investigatedwhether e-spun collagen displays the nat-
ive collagen structures of D-spacing and triple helices
[67]. They spun solutions of collagen from porcine
gelatin and hoki skin in acetic acid. In comparison
to native porcine and hoki collagen, electron micro-
scopy revealed that the e-spun fibers did not exhibit
the characteristic D band pattern, which is a res-
ult of gaps and overlaps in the molecular collagen
architecture. This finding was confirmed using small-
angle x-ray scattering (SAXS). ATR-FTIR was used
to identify the triple helical structure. The data from
FTIR analyses did not show evidence of refolding
into the native helical buildup occurring during fiber
formation.

3. Top-down strategies for the
application-driven biomimetic design

In contrast to the previous chapter, the focus here is
not on biomimicry of biological materials and pro-
cesses but on the technical production of functional
fibrous materials for application in both biology and
technology. The design of these materials is inspired
by natural structures, which result in the desired func-
tionality. This functionality is a consequence of the
biomimetic design. Therefore, an appropriate choice
of both biomimetic and technical polymers and their
processing needs to be identified. Three types of
applications are presented: textiles, filters, and tissue
engineering (figure 9).

14



Bioinspir. Biomim. 18 (2023) 041003 T Ebbinghaus et al

Figure 9. Functionality of bio-inspired materials is achieved by mimicking morphology and structure. The top-down applications
of are found in textile-, filter- and tissue engineering.

3.1. Biomimetic design of textiles
Prominent examples of biomimetic textile applica-
tions include fibers for thermally insulating fabrics
and functional clothing for moisture wicking and
heat dissipation. Both applications utilize a hierarch-
ical structure to achieve the desired functionality.

The first two examples in this subchapter address
the topic of thermal insulation. Wang et al reported
an example of biomimicry in the context of thermally
insulating fibers [78]. Their inspiration was the hair
of polar bears, which exhibits a structure with a hol-
low core and an outer aligned porous shell. These
fibers were fabricated using a wet-spinning foaming
process. The polymers used were thermoplastic poly-
urethane and polyacrylonitrile (PAN), with dimethyl-
formamide (DMF) as the solvent, and water used
as a coagulation medium. Diphenylmethane diisocy-
anate was used as a blowing agent during solidifica-
tion. After wet-spinning, the fibers were immersed in
water for 12 h to remove residual solvent and then
dried. The resulting outer diameter was approxim-
ately 1.5 mm. Among other properties, the thermal
insulation of these polar bear hair-like fibers was
examined in comparison to commercial polyester
textiles. The fibers exhibited low thermal conduct-
ivity, lower than that of cotton or polyester fab-
rics. The low conductivity is attributed to the higher
porosity of the biomimetic fibers. Zhao and Fang
were inspired by the hierarchical and fibrous struc-
ture of hides and aimed to mimic comparable fibers

using wet-spinning [79]. They prepared a mixture
of polyvinylidene difluoride (PVDF), polyurethane
(PU), and polyvinylpyrrolidone (PVP) in DMF as the
fiber material. PVP was used as an additive for pore
formation to control the porosity of the fibers. The
solution was extruded into a coagulation bath con-
taining 65 vol% ethanol. The fibers were left in the
bath for 30 min and then soaked in water for 24 h to
remove residual DMF and wash out the water-soluble
pore-forming additive. Finally, the fibers were dried
and woven. The porous and hierarchical structure
of the fibers was examined using scanning electron
microscopy (SEM) (figure 10). The hierarchical struc-
ture resulted from the phase separation of the poly-
mers. The outer diameter of the fiber was approxim-
ately 270 µm, with the PVDF sub-fiber ranging from
2 to 20 µm. The insulation capability of the fibers
and woven textiles was analyzed. In comparison to
other insulating materials such as PU foams or poly-
p-phenylene terephthalamide aerogels, the produced
fibers exhibited an excellent combination of mechan-
ical strength and thermal insulation.

Chen et al drew inspiration from the branching
structure of plants to enhance water absorption and
one-way transport of water in knitted fabrics [80].
To achieve this, they developed a circular knitting
pattern that created bigger loops at the front side
of the fabric and smaller loops at the back, creat-
ing a gradient. This knitting pattern can incorporate
two different fiber materials, such as polyester and
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Figure 10. Images of hierarchical porous fibers for thermal insulation: (B–G) SEM images of fiber cross section, longitudinal
section, matrix, sub-fiber, cortex and surface (H) pore size distribution of the woven textile (I) schematic drawing of the
hierarchical fiber structure and the woven textile. Reprinted (adapted) with permission from [79]. Copyright 2022 American
Chemical Society.

cotton. The gradient mimics the water transport in
plants. Two liquid water transport tests, the trans-
planar water transport test and the moisture man-
agement test, were conducted. Additionally, air res-
istance and permeability towards water vapor were
measured. Some of their designs successfully led to a
significant improvement in the rate of water absorp-
tion and water transport compared to two other knit-
ting patterns. Wang et al also addressed the issue of
moisture-wicking fabrics, but on the microstructural
level [81]. They took vascular plants as their nat-
ural model. To mimic the structure of plants, they
followed a multistep process. Firstly, they prepared
a solution of cellulose acetate (CA) in a mixture

of acetone and DMSO (3:2 mass ratio). This solu-
tion was electrospun onto a PLA nonwoven substrate
and dried, resulting in fiber diameters of approx-
imately 670 nm. These membranes were then dip-
coated with a solution of micro-fibrillated cellu-
lose and dried. Lastly, fluorinated polyurethane was
electro-sprayed on top of the CA membrane to cre-
ate a multilayer structure. This textile structure was
characterized in terms of its drying rate and anti-
gravity water transport. The hierarchical structure
with branched fibers and a gradient in pore sizes
enabled fast water transport and subsequent evapor-
ation. Miao et al also aimed to mimic the hierarch-
ical and interconnected network of vascular plants
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to achieve a textile with efficient sweat release and
heat dissipation [82]. They utilized electrospinning
for the fabrication of the textile. PU and boron nitride
nanosheets were dissolved/mixed into a tri-solvent
system of DMF, ethanol, and acetone and electrospun
with a voltage of 40 kV. Multilayer constructs were
created through layer-by-layer assembly of single lay-
ers with decreasing pore size. Additionally, the mem-
branes were plasma-treated. The gradient in pore
size and fiber diameter (900–2500 nm) mimicked the
hierarchical structure of plants and enabled antigrav-
ity water transport. Evaluation of water transport,
evaporation rate, and thermal conductivity identified
this construct as a promising approach for drying and
cooling textiles.

Lastly, an example of reinforced biomimetic fibers
was presented byUreña-Benavides and Kitchens [83].
They prepared alginate fibers with incorporated cel-
lulose nanocrystals (CNCs) acting as fiber rein-
forcement using wet-spinning. This reinforcement
strategy mimics the structural buildup of plants,
where cellulose fibers in the cell walls are surroun-
ded by layers of cellulose microfibers and CNCs that
are not oriented along the core fiber axis. In their
study, they produced an aqueous spinning solution of
sodium alginate and CNCs, which was then extruded
into a coagulation bath of calcium chloride, allowing
them to spin cellulose fibers with incorporated CNCs.
Similar to the natural model, the orientation of the
CNCs significantly affected the resulting mechanical
properties. Depending on the applied spinning con-
ditions and the fraction of CNCs, they were able to
influence this orientation and achieved fibers with a
maximum toughness of 390 gpd.

3.2. Filters
Air and water pollution pose risks to both human
health and ecosystem preservation. To enhance filter
efficiency and selectivity, it is necessary to identify
new designs and concepts. Filter efficiency can be
evaluated based on pressure drop, energy consump-
tion, and the absorption rate of particles of different
sizes. One concept to increase the efficiency of filtra-
tion membranes is the application of submicron or
nano-fibers [84].

Liu et al utilized the electro-netting technique
to produce PAN nanofibers that mimic the struc-
ture of spider webs [85]. These nonwoven meshes
are intended for use as filtration membranes for par-
ticulate matter (PM). PAN was dissolved in DMF,
and a certain amount of lithium chloride was added.
This spinning solution was electrospun onto a PAN
nonwoven substrate. The resulting fibers had dia-
meters of around 375 nm for the substrate fibers
and 30 nm for the electro-netting fibers. The stacked
design resulted in a reduced pore size. These non-
wovens mats were characterized in terms of their fil-
tration efficiency and resulting pressure drop. The
nano-nets exhibited good particle capture capability

through adhesion and interception. Compared to the
pure substrate, the nano-nets improved particle cap-
ture capability without negatively affecting the pres-
sure drop. The spider web-like filter achieved a PM0.3

removal efficiency of 99.996%. Additionally, Liu et al
reported a combined electrospinning and electro-
netting method [86]. In this case, PAN was dis-
solved in a mixture of dopamine hydrochloride (DA)
and DMF. Unlike the first study, no substrate was
used. It was a simultaneous process of electrospin-
ning and electro-netting. After spinning, the non-
wovenmeshes were incubated in TrisHCl buffer solu-
tion for 20 h to induce the self-polymerization of
DA. The meshes were then washed with water and
dried. The process resulted in similar fiber dimen-
sions as described above. These filter membranes
maintained their high filtration efficiency even after
storage at relative humidity above 90% for ten days.
The authors further investigated the performance of
liquid separation and dye adsorption, demonstrating
that nanofiber-nets (thickness 8.5 µm) exhibited a
high rejection efficiency of over 99.9% and simultan-
eously a very high permeation flux of 453 Lm−2h−1,
attributed to the highly interconnected open-porous
structure.

An impressive example of a biomimetic approach
combining top-down with bottom-up techniques,
translating a natural principle into a completely dif-
ferent technical context, was presented by Burgard
et al, who successfully mimicked the mesostruc-
ture of penguin downy feathers (figure 11) [87].
The authors employed core–shell electrospinning
of polystyrene (PS) (core) fibers seeded with N,
N′, N′′ -tris (1- (methoxymethyl) propyl) benzene-
1,3,5-tricarboxamide (BTA) on the shell. Subsequent
incubation of these fibers in an BTA solution resulted
in self-assembly of off-standing BTA fibrils, with the
smallest diameter measuring 140 ± 60 nm. Air fil-
tration experiments using such mesostructured non-
woven meshes revealed significantly improved filter
efficiencies for particles smaller than 1 µm compared
to neat PS nonwoven meshes. Remarkably, despite
the enhanced filter efficiency, the pressure drop (∆p)
across the filter membrane did not increase. This
renders bio-inspired meso-structures highly attract-
ive not only for filters but also in the fields of catalysis,
energy storage, and energy harvesting.

Another example of biomimetics in filter design is
demonstrated by Guan et al, who addressed the topic
of personal protective equipment [88]. They util-
ized a biomimetic hierarchical structure design using
cellulose-based fibers to create filter membranes. To
fabricate these multiscale membranes, a slurry of cel-
lulose nano- and microfibers was mixed with sil-
ver nanowires, which possess antibacterial properties.
The slurry was then transferred into a bath, and a
substrate was dip-coated in the medium. After dry-
ing, the composite membrane was peeled off the sub-
strate. These membranes exhibited permeability for
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Figure 11. (A) Image of a feather of a Humboldt penguin (left) and a respective SEM image of the lower barbs (right).
(B) Schematic illustration of the membrane preparation through electrospinning and fibril growth on the fiber surface.
(C) Microscopy images of BTA fibrils on glass slides: non-seeded fibrils, non-seeded fibrils with e-spun polystyrene fibers and
mesostructured membrane with seeded fibrils on the fiber surface (from left to right). [87] John Wiley & Sons. © 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

both air and moisture and achieved a high PM2.5 fil-
tration efficiency of approximately 92%. The reduced
pore size resulting from the inherent multiscale fibers
contributed to this high efficiency. The incorpora-
tion of silver nanowires provided additional antibac-
terial properties. This processing technique offers the
potential for automation, enabling large-scale pro-
duction of protective equipment.

Li et al employed micro-stereolithography to fab-
ricate fish gill-shaped structures [89]. These bio-
mimetic structures were developed as a means to
produce chemical-free microfluidic filtration mem-
branes with anti-fouling properties. The fabrication
process involved building up the three-dimensional

structure layer by layer through photo-curing. Firstly,
a filtration membrane was immersed in the print-
ing ink and left still for one hour. Then, the ink-
soaked membrane was placed on the printing stage,
and the 3D fish gill structure was printed onto its
surface using micro-stereolithography. The filtration
and anti-clogging performance were evaluated using
a surfactant-stabilized emulsion and plastic micro-
particles. The gill-shaped filters demonstrated anti-
fouling properties through the ricochet behavior of
droplets and particles, allowing them to flow along
the filter in the mainstream. Ling et al addressed
the issue of water purification and demonstrated the
generation of ordered multilayer membranes using
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silk nanofibrils and hydroxyapatite [90]. These bio-
genic material-based membranes aimed to increase
water throughput while maintaining high filtra-
tion efficiency. The fabrication process was inspired
by the biomimetic processes of silk self-assembly
and biomineralization of hydroxyapatite. Firstly, an
aqueous solution of silk with a concentration below
0.3 wt% was prepared. This solution was incubated
at 60 ◦C for a week to induce nanofibril growth.
Then, CaCl2 and Na2HPO4 were added, and the solu-
tion was incubated for another week at 37 ◦C to
grow hydroxyapatite nanocrystals. Finally, the solu-
tion was vacuum-filtrated, resulting in a biomaterial
membrane on top of a polycarbonate filtration mem-
brane. This method yielded alternating ordered lay-
ers of approximately 200 nm of fibrils and mineral. It
was demonstrated that these composite filters could
be used for water purification. Variations in the poly-
mer used for the nanofibrils could further enhance
the filter efficiency for pollutants.

Homaeigohar et al drew inspiration from car-
nivorous plants [91]. The leaves of these plants are
coated with a sticky adhesive to attract and capture
prey. Similarly, the researchers immobilized BSA pro-
teins on the surface of electrospun Poly(acrylonitrile-
co-glycidyl methacrylate) nanofibers to enhance the
filtering selectivity for water filtration. The nonwoven
mesh was electrospun from a 20 wt% solution in
DMF, resulting in fiber diameters of approximately
100–125 nm. The dried nonwoven meshes were then
incubated in an BSA/PBS buffer for 24 h. The filtra-
tion performance was analyzed in terms of the capab-
ility to remove proteins and nanoparticles. Aqueous
solutions of BSA and aqueous suspensions containing
40 nm gold nanoparticles were utilized. In aqueous
media with a pH ranging from 4 to 7, the nan-
ofibers experienced swelling, resulting in a reduction
of the average pore size of the membrane. This swell-
ing phenomenon created greater steric hindrance and
facilitated the interaction between the filtrates and
the surface functionalization. SEM was employed by
the authors to confirm the adsorption of gold nan-
oparticles onto the functionalized surface. Moreover,
the functionalized membrane demonstrated a signi-
ficantly enhanced filter efficiency for BSA when com-
pared to a non-functionalized membrane.

3.3. Tissue engineering
A significant amount of research is focused on tis-
sue engineering, which aims to artificially fabricate
biological tissue for use in tissue regeneration or
replacement. The incorporation of biomimetic ele-
ments, such as biological structures, materials, and
physicochemical properties, is believed to enhance
the biocompatibility of these artificial constructs.
This chapter is divided into two parts: the first part
explores the biomimicry of fibers used in artificial
blood vessels, while the second part addresses scaf-
fold design for tissue engineering. Blood vessels are

present throughout the human body and play a cru-
cial role in the circulatory system. Numerous stud-
ies are dedicated to mimicking the structure of nat-
ural vessels to achieve biocompatible and functional
implants.

Jia et al aimed to mimic helical blood vessels
using microfluidics for biomimetic organ-on-a-chip
applications [92] They utilized a microfluidic chip
to spin hollow, helical hydrogel microfibers. A two-
flow setup was employed, with CaCl2 solution as the
inner flow and alginate solution as the outer flow.
Contact between the two solutions resulted in imme-
diate crosslinking. By adjusting the ratio of inner
to outer flow rate, the geometry, pitch, amplitude,
and diameter of the helical structures could be con-
trolled. The use of a blend of alginate and collagen
as the outer medium improved biocompatibility and
enabled the growth of HUVEC cells inside the hol-
low fibers. In 2021, Xie et al developed a protocol
for the continuous generation of perfusable hydro-
gel microtubes based on the same process described
above [93]. These tubes, composed of alginate, were
crosslinked by both a sheath flow and a collecting bath
of CaCl2. The geometry and morphology of these
tubes could be precisely manipulated through fluid
dynamics, and cells could be directly loaded into the
fibers. This approach allows for themimicking of spe-
cific vessel shapes in microtissues. For instance, Xie
et al produced hollow alginate fibers with glomerular-
like structures to mimic blood vessels [94]. They used
a setup with CaCl2 as the core flow and sodium algin-
ate mixed with calcium carbonate as the sheath flow.
A bath of CaCl2 was utilized to complete the cross-
linking process. The uncrosslinked alginate solution
dropping down from the outlet stayed on the fiber
and solidified in the bath, resulting in a continuous
fiber with incorporated CaCl2 and glomerular-like
structures—a promising result for kidney-on-a-chip
devices. The tubes were then immersed in a hydrogen
chloride solution, which triggered a chemical reac-
tion between CaCl2 and protons, releasing trapped
CO2 bubbles and inflating the tubes. Endothelial cells
were subsequently seeded into the perfusable fibers to
generate vascular constructs. Another type of hollow
fibers for tissue construction was generated by Zuo
et al, combining photo-cross-linkable methacrylated
gelatin (GelMA) and alginate [95]. Theirmicrofluidic
setup comprised three inlets, enabling coaxial laminar
flow. In the first inlet, hyaluronic acid was injected as
the core flow, while in the second and third, a solution
of alginate, GelMA, and a photoinitiator was injected.
The filament was spun into a bath of CaCl2, followed
by exposure to UV light to crosslink the GelMA. The
laminar flow conditions facilitated the fabrication of
a double-layer hollow fiber. By adjusting the outlet
diameters and tuning the flow rates of the three solu-
tions, the authors were able to control the thickness of
the different layers. For instance, the thickness of the
outer layer could be varied between 50 and 180 µm.
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Figure 12. Preparation of tissue constructs via pressurized gyration: (A) aqueous blends of silk fibroin and PEO; (B) schematic of
pressurized gyration setup containing a rotating cylinder with the spinning solution, a motor and a gas inlet; (C) resulting fibers
after 5 s of spinning (D) macroscopic image of fibers (E) SEM image of these fibers. Reproduced from [100]. CC BY 4.0.

The authors further demonstrated the potential of
these fibers for cell encapsulation within the differ-
ent layers, using endothelial and osteoblast-like cells.
Endothelial cells were introduced in the middle layer,
while osteoblast-like cells were placed in the outer
layer to mimic bone tissue.

Another example of the production of a required
biological architecture has been presented by Zhou
et al. They utilized coaxial electrospinning to create
hollow poly(ε-caprolactone) (PCL) b-polyethylene
glycol (PCL-)b-PEG and PLGA microfibers as refer-
ence objects for validating diffusion magnetic reson-
ance brain imaging [96]. This imaging technique is
based on the anisotropic diffusion of water in axonal
fibers, which typically exhibit diameters ranging from
0.16 to 9 µm [97]. The spun fibers aim to mimic
the axonal fibers in the brain and, consequently, need
to exhibit this anisotropic diffusion behavior. Zhou
et al successfully fabricated fibers with diameters in
the micron range by employing a coaxial spinneret
setup with two concentric needles. PCL-b-PEG and
PLGAwere used as the shell materials, while PEOwas
utilized for the core. Using these electrospun fibers,
they effectively created reference objects for magnetic
resonance imaging (MRI). Multiple fiber strips were
stacked into a tube filled with deionized water and
incubated for one week. MRI confirmed the desired
anisotropic diffusion behavior of water.

Electrospinning is a versatile technique for mim-
icking the natural ECM environment of various tis-
sues and organs. It allows for the fabrication of
artificial ECM scaffolds using synthetic polymers,
biopolymers, and blends. These scaffolds are specific-
ally designed to interact with cells, promote prolifer-
ation and growth, and thereby support the formation
of functional tissue. Biomimicry can be applied to
address different aspects of the ECM. The dimensions
of fiber diameter and pore size in the nonwoven mat
play a crucial role in designing effective scaffolds that
match the desired tissue for successful tissue regener-
ation or replacement.

Lowery et al demonstrated that the pore size
of electrospun nonwoven mats affects the migra-
tion of human dermal fibroblasts into the constructs
and the tendency to produce ECM between the
fibers [98]. By blending PCL with PEO and post-
treating in water, they produced scaffolds with sim-
ilar fiber diameters but different void sizes ranging
from approximately 3–24 µm. The authors noted
that there is an optimal pore diameter range (∼6–
20 µm) in the order of the average cell diameter
(∼15 µm), which enables cells to grow into the scaf-
folds and proliferate in a three-dimensional man-
ner. If the void size is too small, cells cannot migrate
into the scaffold; if it is too large, ECM generation
is reduced, and cells prefer growing alongside fibers
rather than branching out three-dimensionally. In
contrast, Sisson et al examined the impact of small
(110 nm) and large (600 nm) electrospun gelatin fiber
diameters on the behavior of human osteoblast-like
MG63 cells [99]. The nonwoven mat with the lar-
ger fiber diameter exhibited an average pore size of
1.00± 0.61 µm2, while the one with the smaller fiber
diameter had an average pore size of 10.7± 5.7 µm2.
The authors found that osteoblasts behave differ-
ently in terms of penetration depth, growth, and dif-
ferentiation depending on the fiber morphology. A
larger fiber diameter, leading to larger void sizes,
allowed MG63 cells to migrate deeper into the con-
struct, promoting improved cell growth. On the other
hand, a smaller fiber diameter promoted differenti-
ation. Both scaffold properties, fiber diameter, and
pore size, can be adjusted through process paramet-
ers and the choice of materials. These properties have
a significant impact on cell behavior and must be
carefully tailored according to the desired applica-
tion. Additional factors to improve cell viability are
fiber alignment and the choice of solvent. In a non-
cytotoxic and green setup Heseltine et al used a pres-
surized gyration process to spin fibers from aqueous
blends of silk fibroin and PEO (figure 12) [100]. This
process yields aligned fiber bundles. Depending on
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the blend ratio and the processing parameters, fiber
diameters between 0.71 and 2.10 µm were achieved.
These fibers were used in cell culture experiments
with both human osteosarcoma and human fetal
osteoblast cells. In comparison with fibers spun from
toxic HFIP, the fibers from aqueous solution revealed
significantly improved cell viability and prolifera-
tion for both cell lines. This finding could be due
to residual HFIP inside the fibers. Therefore, this
research underlines the importance of using non-
toxic processing routes to fabricate successful tissue
constructs.

In addition to the structure, the fiber material
is another aspect that can be mimicked. Collagen,
the most abundant structural protein in the ECM,
is widely recognized as one of the most favored
biomaterials [101]. However, spinning solutions with
a high concentration of collagen are typically achieved
using HFIP or strong acids. The dissolution of col-
lagen in these solvents results in the irreversible
destabilization of the native triple helical configur-
ation, rendering e-spun collagen soluble in aqueous
physiological media [102]. Wang et al proposed an
approach to overcome this issue by blending colla-
gen with poly(L-lactic acid) (PLLA) [103]. By dis-
solving collagen and PLLA in TFA, the authors were
able to spin fibers with an average diameter of around
350 nm. These fibers exhibited a sheath-core struc-
ture, with PLLA forming the sheath due to phase sep-
aration during the spinning process. Pant et al also
utilized the phenomenon of phase separation to pro-
duce core–shell structured fibers from a blend solu-
tion of nylon-6 and lactic acid (LA) [104]. In this
case, nylon-6 was used as the core material, while LA
served as the coating. The authors further modified
the surface properties through calcium base treat-
ment, resulting in the conversion of surface LA to cal-
cium lactate. This conversion increased biocompat-
ibility, as investigated using mouse osteoblasts, and
highlighted the potential of this composite nonwoven
mat for bone tissue engineering. Overall, it is evid-
ent that further development of tailored processing
strategies is necessary to meet the morphological and
material requirements for different types of cells and
scaffolds.

Park et al produced biodegradable and nano-
structured scaffolds by electrospinning a blend of
poly(glycolic acid) (PGA) and chitin in HFIP for use
as an artificial ECM in tissue engineering [105]. Both
PGAand chitin are biocompatible and biodegradable.
The resulting average fiber diameter was approxim-
ately 130–150 nm. During solidification, phase sep-
aration occurred due to the immiscibility of PGA
and chitin in the as-spun structure. The degradation
and compatibility of these fibers with human epi-
dermal fibroblasts were analyzed. Degradation tests
were conducted in PBS (pH 7.2) at 37 ◦C, revealing
that the rate and amount of degradation decreased
with increasing chitin ratio in the blend compared

to pure PGA. Blends with chitin exhibited prolonged
structural integrity. Nonwoven mats coated with
BSA demonstrated promising results for cell attach-
ment and spreading. Zhixiao et al employed elec-
trospinning to fabricate tissue scaffolds from PCL
and CA [106]. These scaffolds were designed for
wound healing and skin renewal applications and
aimed to inhibit the differentiation of epidermal
stem cells (EpSCs). The scaffold morphology con-
sisted of microfibers with an average diameter of
648 nm entangled with nanofibers measuring 82 nm.
To assess the suitability of these scaffolds for EpSC
adhesion, stem cells were seeded on the construct, and
SEM analysis was conducted. The cells were observed
to be tightly attached to the fibers and embedded
within the micro- and nanostructure of the scaffold.
Scaffolds with these cells were shown to improve
wound healing through activation of the Notch sig-
naling pathway.

In contrast to the aforementioned research,
Narayanan et al employed electrospinning to gen-
erate aligned nonwoven meshes instead of randomly
deposited ones [107]. These aligned scaffolds were
designed to mimic the microenvironment of muscle
fibers for skeletal muscle regeneration, necessitating
both structural and muscle cell compatibility. The
authors used solutions of 20%–40% PLGA in a 3:1
mixture of THF and DMF. By electrospinning on a
rotating drum, they successfully created aligned scaf-
folds with fiber diameters ranging between 335 nm
and 3013 nm. C2C12 murine myoblast cells were
cultured on these scaffolds, and their adhesion and
proliferation were characterized. Matrixes with larger
diameters, ranging from 1500 nm to 3013 nm, exhib-
ited improved proliferation and differentiation of the
myoblasts. An in vivo evaluation was conducted using
a mouse model, comparing the scaffold with myo-
blasts to the transplantation of myoblasts alone. The
comparison showed a significantly greater number of
dystrophin-positive myofibers at the transplantation
site, highlighting the critical role of topography in
successful cell conditioning for muscle regeneration.
Another study focusing on tissue microenvironment
was published by Nelson et al in 2014 [108]. The
aim of their study was to develop in vitro scaffolds
for evaluating the potential of novel anti-metastatic
breast cancer drugs. Since late-stage breast tumor
ECM exhibits aligned structures, they mimicked this
ECM using aligned electrospinning. The scaffolds
were spun from a 5% (w/w) solution of PCL in HFIP
and had an average diameter of 795 nm. Cells were
seeded onto these aligned scaffolds and onto ran-
domly deposited nonwoven mats for comparison.
In contrast to the latter, the majority of cells on the
aligned construct exhibited an elongated shape along
the fiber axis. Additionally, the aligned PCL nan-
ofibers promoted increased migration distance com-
pared to the random nonwoven mesh. This finding
aligns with observations from tissue biopsies, which
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Figure 13. Schematic of preparation of a three layer composite wound dressing: (A) multilayer preparation: E-spun PCL with
immobilized PS microspheres (top), collagen/chitosan sponge (middle), aligned e-spun PCL/gelatin scaffold (bottom);
(B) sponge and outer layer inhibit bacterial infections, curcumin (Cur) and gelatin in the aligned scaffold promote wound
healing; (C) aligned scaffold regulates cell proliferation and growth; (D) in vivo tests of wound dressing for burn wounds.
Reprinted (adapted) with permission from [109]. Copyright 2022 American Chemical Society.

have demonstrated that the radial rearrangement of
fibers in tumor tissue facilitates metastatic migration.

Strategies also exist for mimicking hierarch-
ical tissue structures using multilayer constructs.
The concept is to enhance effectiveness and com-
bine the functionality of different layers into a pre-
cisely designed construct. He et al utilized aligned
electrospun nanofibers to mimic natural tissue for
wound dressings [109]. They integrated aligned
scaffolds into a composite three-layer structure
(figure 13). The middle layer consisted of a colla-
gen and chitosan sponge, the inner layer comprised
an aligned PCL/gelatin scaffold, and the outer layer
featured a hierarchical micro- and nanostructure of
PCL and PS-microspheres. The aligned scaffold was
electrospun from a blend solution of 16% PCL in a
7:3 mixture of acetic and FA, with later addition of
4% gelatin. The diameters of the aligned fibers ranged
from 163 to 204 nm. The aligned fiber structure sig-
nificantly influenced cell arrangement and growth
direction. The outer layer was inspired by the super-
hydrophobic surface of lotus leaves, which reduces
contact area and increases hydrophobicity. This layer
was electrospun from a blend solution of 20% PCL
and PS microspheres in the same acetic and FA mix-
ture as before, resulting in a composite of randomly

arranged fibers and beads. The top layer aimed to
inhibit bacterial adhesion and wound contamination
by mimicking the lotus leaf ’s hydrophobic proper-
ties. The function of the middle layer was to prevent
exudate accumulation and dehydration. The con-
structs were further tested for their wound healing
capacity using in vivo burn tests with rats.

Hu et al aimed to fabricate multilayer scaffolds
using coaxial electrospinning for vascular tissue
engineering, generating triple-layered scaffolds [110].
The core solution consisted of 7 wt% PLGA in HFIP
and DCM at a ratio of 1:1, while the shell solution
comprised 7 wt% gelatin and collagen (2:1) dissolved
in HFIP. Both solutions contained 1 wt% of Tween
80, a non-ionic surfactant. The nonwoven meshes
were spun onto a rotating, spiraled copper wire.
Between a bottom and top layer of coaxial nanofibers,
a layer of pure PLGA nanofibers was spun to create
a hollow three-layered scaffold. Subsequently, the
constructs were crosslinked using a solution of N-
(3-dimethylaminopropyl)-N′-ethylcarbodiimide/N-
hydroxysuccinimide (EDC/NHS) or GA vapor.When
compared to fibers spun without Tween 80, the non-
woven meshes with Tween 80 showed no beads,
a smooth surface, a more uniform coaxial struc-
ture, and improved spinning process stability. The
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average fiber diameter was 465 nm. Crosslinking had
no significant impact on porosity, but in terms of
biomechanical performance, EDC/NHS-crosslinked
scaffolds outperformed those crosslinked with GA
vapor. Furthermore, a hemolysis experiment demon-
strated that the EDC/NHS-crosslinked scaffolds
exhibited better blood compatibility compared to
GA-crosslinked scaffolds. Cell viability tests con-
firmed the potential of the EDC/NHS multilayer
scaffolds for bioinspired vascular applications. Shao
et al designed another multilayer scaffold for bone
tissue engineering [111]. The scaffold was created
by weaving nanofiber yarns electrospun from poly-
lactic acid (PLA) and Tussah silk fibroin (TSF). This
design aimed to mimic the hierarchical structure of
bone ECM, which is crucial for scaffold functionality.
The yarns were fabricated by electrospinning 8 wt%
solutions of TSF and PLA from two dope supplies
into a rotating funnel collector. The nonwoven mesh
was then drawn as a bundle from the rotating col-
lector using a winding unit. This yarn was woven into
a three-layered fabric. The addition of 10 wt% silk
fibroin in the solution resulted in a fiber diameter
of 500 nm and a yarn diameter of 85 µm. Generally,
the amount of added fibroin significantly impacted
the fiber morphology, likely due to changes in solu-
tion viscosity and conductivity. In vitro experiments
demonstrated that the woven fabric supported the
adhesion and proliferation ofmesenchymal stem cells
and mineralization. Moreover, in vivo studies showed
that the biomimetic construct improved bone form-
ation in damaged femurs.

When it comes to nerve tissue scaffolds, electrical
conductivity within the construct plays a crucial role.
Tang et al addressed this aspect by combining elec-
trospinning and electrospraying to create a composite
scaffold that showedpromising results for nerve tissue
engineering [112]. They sprayed collagen and con-
ductive polypyrrole nanoparticles onto the surface of
aligned microfibers of PCL. Aligned scaffolds were
achieved using a rotating drum as a collector in the
electrospinning setup. After seeding PC12 cells onto
the scaffold, two effects were observed. Firstly, the
aligned fibers promoted the orientation of PC12 cells
along the fibers and elongated neurites. Secondly, the
combination of the conductive microenvironment of
the scaffold and external electrical stimulation of the
cells led to increased neurite outgrowth and expres-
sion levels.

4. Conclusion and outlook

The global market for polymer fibers is characterized
by a significant volume, primarily consisting of syn-
thetic and cellulose-based fibers. Over the past two
decades, the production of these fibers has exceeded
80 million metric tons worldwide, with synthetic
fibers accounting for more than 90% of this total
[113]. These statistics highlight a dramatic increase

in the consumption of fossil resources and energy,
which are essential for the production, recycling,
and melt-processing of polymers. In contrast, nature
exemplifies material and energy efficiency as crucial
factors for survival. Fiber spinning and production
in nature occur at moderate temperatures, without
the need for harsh chemical conditions, resulting in
high-performance materials that meet requirements
with minimal resource usage. Considering the global
climate situation and the urgent need to change our
resource utilization practices, it is imperative to care-
fully reevaluate all options in every technical field
and explore alternatives, even if they may not initially
seem economically attractive. One promising avenue
within the context of polymer fibers is the develop-
ment of biomimetic fibers.

In this review, we have made efforts to categor-
ize the extensive field of biomimetic polymer fibers
into two sections. The first category examines two
biological fibers, silk and collagen, and their biomim-
icry through technological approaches, emphasizing
the mechanical performance of the resulting fibers.
Several studies have demonstrated that a combina-
tion of careful mimicry of silk materials, spinning
conditions, and post-treatments is key to achieving
materials with comparable mechanical properties to
those found in nature. Notably, the concentration of
the spinning solution has a significant influence on
fiber mechanics, and it is possible to achieve mech-
anical properties that match or even surpass those
of synthetic fibers. Microfluidics plays a pivotal role
in investigating the impact and necessity of natural
spinning conditions on fibers. Once the key para-
meters are identified, spinning techniques such as
wet-spinning can be adjusted to enable the scalable
production of silk materials. Collagen, an import-
ant material for biomedical applications, has also
been successfully processed using multiple spinning
techniques. While the achieved mechanical proper-
ties are comparable to those of native collagen, these
fibers often lack the native protein structure due
to the processing conditions. In the medical field,
it is important to substitute toxic crosslinkers with
non-toxic alternatives or adopt a closer approach
to the natural model by working without artificial
post-treatment and utilizing natural self-assembly.
The second category focuses on the design of func-
tional fibrous materials for both biological and tech-
nical applications. The application of biomimetics in
these fields enables advancements in various tech-
nical applications, such as air and water filtration
or thermally insulating materials. Furthermore, bio-
mimetics enhances the functionality of materials in
biomedical applications, including tissue engineer-
ing and in vitro research. Within these disciplines,
biological concepts offer strategies for developing
more efficient and environmentally friendly materi-
als. Another area of research focuses on mimicking
natural structures, such as the ECM. Understanding
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how the geometric properties of a scaffold influence
cell behavior and well-being is crucial for designing
materials suitable for in vivo applications.

The production of biomimetic fibers often does
not appear economically attractive or compatible
with industrial scale-up. Nonetheless, it is crucial
to start identifying techniques for biomimetic fiber
processing to explore the multitude of opportunit-
ies nature provides. Strategies should be pinpointed
to tackle significant areas of sustainability of poly-
mer fiber production. Sustainability encompasses key
facets such as the choice of polymer and its produc-
tion, solvent selection, and processing temperature.
Biopolymers, from the beginning, provide the benefit
of being processed from solutions at moderate tem-
peratures, obviating the need for expensive heating.
In solution spinning, it is crucial to identify suit-
able solvents, which differ depending on the specific
biopolymer. It is noteworthy that much of the current
research depends on hazardous chemicals. However,
these chemicals are not inherent to the natural spin-
ning processes of biopolymers. Therefore, they should
serve as a temporary workaround. Processing from
aqueous or recoverable solvents will be a prerequis-
ite for scale-up, aiming to prevent toxic waste pro-
duction. Scaling up of fiber processing for industrial
applications needs refinements in several spinning
methods, such as traditional electro-spinning, to shift
from lab-scale to high-yield processes. In the domain
of nanoscale fibers, essential for applications like tis-
sue engineering or filtering, promising techniques
include pressurized gyration and centrifugal electro-
spinning [114, 115]. In the future, it will be essen-
tial to evolve different techniques capable of creat-
ing fibers with varying dimensions (e.g. micro, nano)
or morphologies (e.g. monofiber, aligned nonwoven
meshes, random nonwoven meshes).

The authors of this review are convinced, that bio-
mimetics and bio-inspiration provide strategies for
a variety of problems in both technical and biolo-
gical applications. Biomimeticsmight also be oneway
to identify new groundbreaking materials, processes
and structures as alternatives for the synthetic fiber
industry.
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