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Bioinspired materials exhibit unique design strategies derived from nature, with remarkable biomimetic
structures and identical biological features. Among them, bioinspired carbon nanotube (CNT)-based
materials have attracted great interest because CNTSs, as construction materials, have several advantages
in terms of their structural, chemical, and physical properties. In this review, we present a systematic
overview of the progress of CNT-based materials with design inspiration from nature in recent years.
Firstly, the advantages of CNTs in the fabrication of bioinspired CNT-based materials are summarized,
including their unique structure with high mechanical properties, controllable functionalized surfaces,
and high conductivity. Secondly, different design strategies are categorized, where CNTs can directly act
as artificial nanochannels, arrange to form CNT-assembled structures, or combine with inorganic,

Received 25th January 2022, organic, and polymer materials to achieve CNT composites. Thirdly, their applications in reinforcement
Accepted 18th February 2022 materials, energy conversion, nanopatterned surfaces, dry adhesion, and bioengineering are discussed.
DOI: 10.1039/d2ma00086e Finally, further challenges and perspectives are outlined, which will offer a comprehensive view and

inspiration for scientists to develop bioinspired CNT-based materials with more advanced and beneficial
rsc.li/materials-advances performances.
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of single or multi-component synthetic materials (as the con-
struction materials). To date, numerous synthetic materials
have been manufactured into bulk with particular structures,
properties, and functions to construct bioinspired materials.
The examples of recently developed bioinspired materials are
commonly derived from the two bioinspired design strategies,
i.e., mimicking structures of natural materials (e.g., chemical
syntheses and biomimetic polymers toward bio-based materials,
self-assembled bioinspired nanocomposites materials, and
emerging artificial wood materials) and mimicking functions
of living matters (e.g., gas-involved (photo) electrocatalysis with
the regulation of biomimetic wetting in energy conversion,
bioinspired nanofluidic iontronics, non-fouling surfaces with
bioinspired dopamine chemistry and zwitterionic polymers).>™

To choose the appropriate materials to construct bioinspired
materials, it is usually necessary to evaluate their application
value in bioinspired design strategies. However, few materials
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have similar features to carbon nanotubes (CNTs), which are
composed of nanoscale structures and possess outstanding
chemical and physical properties.>**™*® CNTs, discovered in 1991
by Iijima, are regarded as graphene sheets rolled up along Bravais
lattice vectors to form hollow cylindrical nanostructures.'® There
are mainly two types of CNTs, i.e., single-walled carbon nanotubes
(SWCNTs, composed of one single graphene layer) and multi-
walled carbon nanotubes (MWCNTs, formed from multiple gra-
phene layers). The diameters of SWCNTs are generally narrower
than that of MWCNTSs, where the diameter of SWCNTs is in the
range 0.8-2nm and that of MWCNTSs in the range 5-20 nm."”*°
Different formations of SWCNTs by rolling of the graphene sheets
along lattice vectors can result in three types of tubes (armchair,
zigzag, and chiral tubes).”° The hollow morphology with nanoscale
diameters and atomically smooth inner surfaces of CNTs make
them ideal artificial materials with nanochannel geometries. Also,
with the strongest carbon bonds, CNTs possess chemical stability,
large surface with strong adsorption, low weight, and high
mechanical strength. Together with the physical properties of
electrical conductivity and possibility of versatile modifications
to obtain special performances, CNTs are expected to be the most
valuable materials in electronics, nanotechnology, materials
science, and bioengineering.>*°>* Nowadays, CNTs are easily
obtained at a very low price due to the development of synthetic
techniques. However, the demands from worldwide commercial
interest will be satisfied by fabricating bioinspired CNT-based
materials combined with the superior properties of CNTs, such
as extremely high mechanical strength, electrical conductivity and
multifunction."” Fig. 1 shows the timeline of the major advances of
carbon nanotubes in their 30 year history.

Here, we define “bioinspired CNT-based materials” as
materials that are inspired by biological structures or functions
and developed based on single CNT, assembled CNT or CNT
composites for reinforcement, energy conversion, dry adhe-
sion, and bioengineering applications. A systematic review on
the recent progress of bioinspired CNT-based materials is
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O Progress in recent 5 years:
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Fig. 1 Timeline of the major advances of CNTs in their 30-year history. CNTs were firstly prepared in 1991. Reproduced with permission.*® Copyright 1991,
Nature. Various studies have been conducted on their properties (e.g., capillary and Wetting,35 electrical conductivity,*® Young's modulus,®” and solution
properties®®). In the same period, CNT composites have been developed (e.g., aligned CNT array-polymer,® aligned CNT films,*® and CNT-polymer/
ceramic/metal composites®). Also, there have been many functionalizations, normally chemical or biological modifications and CNT studies (e.g., A-DNA-
SWCNT. Reproduced with permission.*?> Copyright 2003, the American Chemical Society. Lipid derivatives on CNTs. Reproduced with permission.**
Copyright 2003, Science.). Bioinspired CNT-based materials emerged in the early 20th century, normally having similar structures to natural organisms. In
2000-2015, various bioinspired structures were made by CNTs with morphologies of “brush” (Reproduced with permission.** Copyright 2005, Nature.),
“paintbrush” (Reproduced with permission.*> Copyright 2006, the American Chemical Society.), “worm-like” (Reproduced with permission.*® Copyright
2006, Wiley-VCH.), “hairy” (Reproduced with permission.*” Copyright 2007, Wiley-VCH.), “honeycomb” (Reproduced with permission.*® Copyright 2009,
Wiley-VCH.), “sea anemones” (Reproduced with permission.*® Copyright 2008, Wiley-VCH.), “sponges” (Reproduced with permission.>® Copyright 2009,
Wiley-VCH.), “spring” (Reproduced with permission.>! Copyright 2012, Wiley-VCH.), “vine tree” (Reproduced with permission.>? Copyright 2014, Wiley-VCH.),
etc., and even adopted the “bone/muscle” strategy (Reproduced with permission.>® Copyright 2009, Wiley-VCH.), etc. New structures of CNTs, such as VA-
CNTs (Reproduced with permission.>* Copyright 2004, Science.), “bamboo-like” CNTs (Reproduced with permission.>®> Copyright 2005, Wiley-VCH.), and
CNT yamn (Reproduced with permission.>® Copyright 2010, Wiley-VCH.), have also laid the foundation for the design of novel bioinspired CNT-based
materials. In the upper right corner, the progress of bioinspired CNT-based materials in the recent 5 years is summarized. Besides, our group also has paid
great attention to CNTSs, including bioinspired nanoscale channels,>’~° CNT-based desalination,®~%° and CNT-based nanogenerators.®® One study is shown
in the bottom right corner: dynamic CNTs. Reproduced with permission.®® Copyright 2019, Wiley-VCH.

provided, including superior properties of CNTs in construc-
tion, their design strategies, and applications (Fig. 2). The
following content is mainly composed of three parts, as follows:
(i) the superiorities of CNTs in designing bioinspired
CNT-based materials; (ii) the design strategies for bioinspired
CNT-based materials: CNTs directly as artificial nanochannels
or as construction materials with CNT-assembled structures
and CNT composites; and (iii) typical examples of bioinspired

extensive application of bioinspired CNT-based materials and
eventually realize the application of CNTs in practice.

2. Superiorities of CNTs in designing
bioinspired CNT-based materials

2.1 Unique structure

CNT-based materials in applications of reinforcement materials,
energy conversion, nanopatterned surfaces, dry adhesion, and
bioengineering. Finally, the current challenges and future pro-
spects in the development of CNTs are briefly summarized. We
envision that this work will inspire researchers to focus on the

3072 | Mater. Adv., 2022, 3, 3070-3088

Owing to the intrinsic morphology of hollow cylinders with
nanometer diameters and allotropes of carbon made of only
carbon atoms with chemical inertness through sp” bond net-
works, CNTs possess a unique structure and properties. Hollow
nanoscale channels have the equivalent size to that of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Based on the superiorities of CNTs in terms of structure, surface, and properties, diverse design strategies are used to fabricate bioinspired CNT-
based materials in various fields. Artificial mass transport. Reproduced with permission.®” Copyright 2017, Science. CNT-based tree-like materials in
photocatalysis. Reproduced with permission.®® Copyright 2015, Elsevier. CNT-based spider-web-like materials in designing mechanical materials.
Reproduced with permission.®® Copyright 2016, the American Chemical Society. CNT-based gecko-foot-like materials in designing adhesion materials.
Reproduced with permission.”®”* Copyright 2012, Wiley-VCH. Copyright 2008, Science. CNT-based golden spherical cactus-like materials in designing
anti-corrosion surfaces. Reproduced with permission.”? Copyright 2018, Elsevier. CNT-polymer materials in electronics. Reproduced with permission.”
Copyright 2019, the American Chemical Society. CNT composites in actuators. Reproduced with permission.”* Copyright 2021, the American Chemical

Society.

endogenous protein channels, making CNTs ideal materials for
studying the transport of ions and molecules. Resulting from
their covalent sp> bonds, CNTs are the strongest and stiffest
materials reported to date with a tensile strength of up to
100 GPa and Young’s modulus of 1 TPa (about 5-times higher
than that of steel with a value of 210 GPa). The highest
mechanical property of CNTs make them distinguished rein-
forcement materials in designing bioinspired CNT-based mate-
rials, mostly working as frames or substrates."®”>”® Piling or
stacking individual CNTs also results in the formation of
patterned architectures in bioinspired CNT-based materials
with interesting behaviors (e.g., high strength and toughness,
and high dry adhesion).”” More importantly, the elaboration of
other characteristics in bioinspired CNT-based materials is
related to the natural structure of CNTSs.

2.2 Controllable surface

CNTs have nanoscale tubular structures with a surface area of
up to 50-200 m? g '.%° Due to the presence of the strongest
non-polar C-C bonds and hydrophobicity of pure sp® hybrid
carbon bonds, CNTs are naturally hydrophobic and insoluble
in aqueous and organic solvents. Studies have indicated that
bioinspired CNT-based materials can be obtained with rough

© 2022 The Author(s). Published by the Royal Society of Chemistry

surfaces and low surface energy by introducing CNT frag-
ments.'®#178% However, the hydrophobicity of CNTs restricts
the applicability of bioinspired CNT-based materials. In bio-
engineering, the excellent along the tubular axis, which is
different from graphene and the biocompatibility of bioin-
spired CNT-based materials with biosafety is necessary.>*%*%
Modification of the hydrophilic groups (e.g., carboxylic, carbo-
nyl, and hydroxyl through well-established methods) on the
surface of CNTs will overcome the existing bottlenecks. Due
to the natural mechanical behavior and functionalized surfaces
of CNTs, the bioinspired CNT-based materials will perform
admirably in bioskeletons and biosubstrates. To date, several
chemical modifications (e.g., minimum alteration by non-
covalent functionalization and permanent modification by covalent
functionalization) and doping methods have been developed
for the functionalization of CNTs.*® These approaches allow
the surfaces of CNTs to become controllable functionalized
surfaces by integrating various functional groups, and also
allow additional behaviors to be obtained through the functio-
nalization process. The controllable functionalized surface can
improve the properties of CNTs, which is another superiority
to enhance the performances of bioinspired CNT-based
materials.?” "%

Mater. Adv., 2022, 3, 3070-3088 | 3073
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2.3 High conductivity

As carbon materials, CNTs are either metallic or semiconducting
along their tubular axis, which is different from graphene and
other carbon materials. Thus, by changing the alignment, dia-
meter, aspect ratio, and chirality in CNTs, the electronic con-
ductivity of bioinspired CNT-based materials can be regulated.'®
Befitting from the prominent high conductivity, artificial mass
transport nanochannels, and good mechanical properties of
CNTs, bioinspired CNT-based materials have become popular
alternative materials to solve the problems in energy conversion,
for example, improving the poor electrical conductivity, quick
capacity decay, and lithium anode erosion in lithium-sulfur (Li-
S) batteries, solving the problems of high volume expansion or
contraction in the processes of charging and discharging, poor
cyclability and rate capability of oxides in lithium-ion batteries
(L1Bs), abating capacity fading and increasing inferior rate in
sodium-ion batteries (SIBs), and even promoting photoenergy
conversion in photocatalysis. Moreover, the high conductivity
of bioinspired CNT-based materials make them valuable for

View Article Online

Review

application in biosensors and bioelectronics. In the system, once
specific molecules or physical stimuli are recognized by the
decorated functional groups on the surface of CNTs through
specific interactions, the CNTs in the bioinspired materials
can output the correlated information with electrical signals.
Apparently, smart bioinspired CNT-based materials can obtain
exceptional electrical responses due to the integration of CNTs.
Table 1 lists the popular mimicked living organisms based
on CNTs in the last 5 years, as well as the chemical components
of bioinspired CNT-based materials, the functional activities of
CNTs in bioinspired materials, and their potential applications.
In the next section, the corresponding design strategies for
bioinspired CNT-based materials are further reviewed.

3. Design strategies

Among the synthetic materials adopted for the fabrication of
bioinspired materials, CNTs are regarded as unique materials.
Their high availability in the formation of bioinspired

Table 1 Popular mimicked living organisms for bioinspired CNT-based materials in biostructure design

Inspiration Material & hierarchical structure Functional activities Potential applications Ref.
Silk fiber CNT-SF & G-G fibers High mechanical framework for fibers Structural materials 94
Spider silk BISS-SWCNTs fibrils Stable structural substrate and conductive Electro-mechanical materials 69
Muscle CNT yarn (by mechanical frameworks for electron transfer 95
training)
Mussel Mussel-inspired chemistry: Nanoreinforcements for increasing the Self-adhesive bioelectronics 96
CNTs/PDA GW-hydrogel conductive and mechanical properties
TA-CNTs 97
CNTs/PDA/PANi One-, and two-dimensional conductivity Flexible thermoelectric generators 98
materials
Nacre CNT@PANI/rGO/TA Reinforcement for high strength and Portable and wearable electrical 99
conductivity devices
Salvinia molesta  E-glass/MWCNTs (by ISA-3D) Mechanical support and surface roughness 3D printed materials 83
leaf donor
Wood PTCDA/NC/CNT composite 3D conductive frameworks with micro/ Batteries 100
nanotunnels structures for ionic/electronic
transport
Spider web MWCNT/y-Fe,0; web Mechanical support High-performance energy storage 101
materials
Nacre CNTs/PVP Conductive network Batteries 102
Stem Sn,P;@CNT/C composite Electron expressway and mechanical support Batteries 103
Ear-of-wheat MWCNTs/MONPs composite Conducting network Batteries 104
Trees ciO,/CNT composites Direct electron transport channels in Photocatalysis materials 68
photocatalysis with large specific surface
and thermoelectric conductivity
Golden spherical PSU/CNTSs/FEP with microsphere GC-like structure donor and the network Superhydrophobic materials 72
cactus and nanothorns structures that conduct electrons
Gecko feet VA-CNT strands Adhesion strength Adhesion materials 105
CNTF Adhesion to electrical and thermal 93
management
3DP GC Enhancement in flexural strength Energy conversion, energy storage, 106
environmental or electronic systems
Chameleon HPC-PACA-CNT composite Enhancement in conductivity and capability =~ Multifunctional flexible E-skins 107
of reporting stimuli through resistance
Homarus amer- Radial and circumferential Multifunctional nanofillers with unique Aerospace, mechanical, and tissue 108
icanus claws aligned MWCNT-S structures and excellent mechanical engineering
properties
Evaporation of  Porous-structured CNT films Optical absorptivity from n-band optical Solar hygiene systems, freshwater 109
sweat Transpira- transitions with a wide range of 200 nm- distillation, and electrical power
tion of plants 200 pm and fast water transport channels generation
Polar bear pelt  Porous Ag/cellulose/ CNT- High solar radiation absorptivity Thermal control materials, smart 110
laminated nanofiber membrane garments, and wearable electronics
Moth eye SWCNT coating-deposited Si Optical properties with refraction index neg = Anti-reflective coatings 111
1.01-1.10
3074 | Mater. Adv,, 2022, 3, 3070-3088 © 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00086e

Open Access Article. Published on 24 February 2022. Downloaded on 2/3/2026 9:59:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

CNT-based materials mainly comes from their superior
chemical and physical properties with unique hollow structure,
high strength, high toughness, electrical conductivity, chemical
stability, etc., and their diverse construction assemblies and
design strategies.®”’8*9871% [n this section, we first discuss the
individual CNTs with 1D natural nanochannels to mimic
protein channels, and then a series of bioinspired CNT-based
materials with the design strategies of CNT-assembled struc-
tures (e.g., metal oxide-anchored CNTs, CNT fibers, CNT yarns,
CNT bundles, CNT web, and CNT array) and the CNT compo-
sites structures (e.g., CNT-polymer composite, CNT layer-by-
layer composite, and CNT hydrogel).

3.1 Directly as artificial nanochannels

Biological nanochannels, such as water, calcium (Ca**), and
sodium (Na') protein channels, play critical roles in physiological
processes, sophisticatedly regulating the release of ions and
biomolecules.'**'"? Inspired by these subtle nanostructures,
creating artificial materials with similar morphologies by repli-
cating biological processes has become a popular way to

View Article Online
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understand cellular events. CNTs, a promising allotrope of
carbon, are composed of only carbon atoms. Their seamless
cylindrical morphology with nanoscale inner diameter (for
SWCNTs, their diameters are 1-6 nm, while that for MWCNTSs
is 2-100 nm) makes them ideal artificial nanochannel platforms
for mimicking the mass transport in nano-confined space.
When molecules such as water molecules pass through these
nanochannels, the inner graphitic walls and confined smooth
nanochannel structures of CNTs enhance the transport of
water.'**

Computational chemistry has become a very popular and
instructive method to evaluate the mass transport in CNT-
based nanochannel materials. As shown in Fig. 3a, one study
utilized molecular dynamics (MD) simulations to explore the
ion permeation and selectivity in series computer-designed
CNT-based biomimetic nanopores, in which the series models
(Co, C-2, C-4 and C-1, where the CO model nanopore has two
carboxylate and two amine groups (net charge 0), C-2 model
nanopore has two carboxylate groups (net charge —2), C-4 has
four carboxylate groups (net charge —4), and C-1 has two

Distance (A)

—

+WCNTPs Deformed

>O-0

-WCNTPs Stomatocyte

[} 0.05 0.1

f — g —0- Unbent nanochannel
e 504 —O— Curved nanochannel o-0
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reservoir
/ Coulomb drag energy transfer
ey

Fig. 3 (a) Simulation of derivatized CNTs and comparison of the CO model nanopore with two biological nanopores. Reproduced with permission.™*

reference
electrode

Unbent Cuived
0 -0.05 -01
Voltage (V)

5

Copyright 2012, National Academy of Sciences. (b) MD simulations of water and ion transport in CNTPs. Reproduced with permission.**® Copyright 2019,
the American Chemical Society. (c) Preparation and incorporation of CNTPs in liposomes. Reproduced with permission.'” Copyright 2014, Nature.
(d) Osmotically driven transport in CNTPs. Reproduced with permission.**® Copyright 2014, the American Chemical Society. (e) Presence of CNTPs
resulted in distinct polymersome responses to osmotic stress. Reproduced with permission.*?° Copyright 2018, Wiley-VCH. (f) Electrically actuated, CNT-
based biomimetic ion pump. Reproduced with permission.!?* Copyright 2019, the American Chemical Society. (g) Dynamic curvature nanochannel-
based membrane. Reproduced with permission.*?> Copyright 2019, Wiley-VCH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carboxylate and one amine group (net charge —1)) of filters
were distributed, deriving the natural Ca** and Na*
channels."'® These resultant nanopores had comparable ion
selectivity with the structures of pivotal proteins in bacterial
porins and voltage-gated channels (here, OmpE and NavAb
were chosen). This study provides a novel approach to obtain
advanced artificial CNT-based nanopores. Firstly, the “design
principles” learned from nature are tabulated, then these
principles are validated and optimized by computer simulation,
and finally the principles are employed to design CNT-based
materials. The size regime (nanometer-size of channels, also
called nanoconfinement) is the integral parameter of CNTs,
which seriously affects the transport of ions, water, and bio-
molecules. A smaller size has a great impact on fast, nearly
friction-less flux water flow (flowing in single-file water type)
and unusual ion selectivity (Fig. 3b).5>**'1® In a pore with the
size of 1.5 nm under an applied electric field, two K" cations
(blue) rapidly pass through within ~2 ns, which is accompa-
nied by the overall flow of water molecules (red) through the
CNT channel. The electrostatic effects and strong electroosmo-
tic coupling are supposed to cause these phenomena.

Carbon nanotube porins (CNTPs), a system in which short
pieces of CNTs self-insert into the lipid bilayer, are the repre-
sentative model for bioinspired CNT-based materials to truly
mimic the biological membrane channels. In 2014, Noy et al.
firstly established CNTPs."'” Fig. 3c shows a simple prototype
for a CNT-based system as artificial nanochannels under phy-
siological conditions. In this system, small molecules are
transported but large uncharged species are rejected because
of the size exclusion (Fig. 3d). These rejection characteristics
were governed by the mechanisms of the electrostatic repulsion
and the Donnan membrane equilibrium."*® Further studies
showed that the rate of proton transport would be enhanced
by an order of magnitude in the 0.8 nm-diameter CNTPs. This
is quite different from that in the 1.5 nm-diameter CNTPs,
where Ca®" ions can modulate this proton conductance.'*® In
0.8-nanometer-diameter CNTPs, water molecules are forced
into a single-chain configuration and anion transport is
blocked even in the presence of salts. The tunable ion selectiv-
ity configured the CNTPs into the switchable ionic diodes.®” It
has also been reported that amphiphilic block copolymers were
utilized as lipid bilayers when combining CNTs to get a fully
synthetic biomimetic membrane, where they still maintained
high proton and water permeability and had an additional
response to osmotic stress within the robust polymersomes
(Fig. 3e).”*° In conclusion, these CNTPs exploit the unique
structure of CNTs with suitable biomimetic nanochannels
and selective mass transport performances, which brilliantly
present insights to extend the applications of bioinspired CNT-
based nanochannel materials in novel biomimetic systems.

To date, SWCNTs are widely understood as transporters of
electronic current, electrolyte, and ions, where they act as
synthetic ion channels. Integrating ion transistors and electron
transistors in devices can provide SWCNT-based bionic materials
with breakthrough performances in mass transport. As shown in
Fig. 3f, Shepard et al. demonstrated an electrically actuated,
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CNT-based biomimetic ion pump with the ability to simulta-
neously transport electrons and nanofluids in a single SWCNT
device."?! The Coulomb drag effect was engineered in this SWCNT
device, which realized electrolyte transport without a potential
difference and pressure gradient. In addition, chemically modified
or doped CNTs have emerged, breaking the limitation that bioin-
spired CNT-based materials are not sufficient to satisfy diverse
specific demands in real-life applications."*” Highly efficient
electroosmotic flow was observed in Hinds’ lab by functionaliz-
ing a surface with a pre-microtome vertically aligned CNT-epoxy
composite.”**"** One recent study in Hou’s lab demonstrated
another method of reversible ion transport control. The system
was fabricated using a CNT array-polydimethylsiloxane
composite.>® As shown in Fig. 3g, ionic rectification could be
adjusted in real time by dynamically changing the channel
curvature.

In conclusion, we summarized the following development
characteristics of CNTs as artificial nanochannels in bioin-
spired CNT-based materials in the past 5 years. (1) Computa-
tional chemistry has been widely used to guide the design of
new CNT-based materials for mass transport in nano-confined
channels. (2) Novel systems such as the emergence of CNTPs,
which have identical and even exceptional bio-molecule perme-
ability properties. (3) Various methods, such as integrating
ionic and electronic transistors with SWCNTs, chemically mod-
ifying or doping CNTs in aligned CNT-polymer composites, and
controlling the curvature of CNTs, causing CNT-based material
systems to have unique mass transport behaviors, which can be
applied in numerous fields ranging from biosensing and
nanofluidics to filtration.

3.2 As construction materials

3.2.1 CNT-assembled structures. To achieve the best use of
the structural superiority of CNTs, in some design strategies for
bioinspired CNT-based materials, CNTs are usually assembled
or arranged in particular structures. In one strategy, individual
CNTs are employed to mimic the “stem” and the “branches” of
plants. The novel ear-of-wheat-shape CNT-based electrode material
is shown in Fig. 4a,'® while manganese oxide (Mn;O,) nano-
particles (MONPs) (“cereal-grains”) are tightly anchored on the
surface of CNTs (“central stems”). The metal oxide Mn;O, has a
high theoretical potential for lithium storage through conversion
reactions. When accompanied by CNTs, its defect of low conduc-
tivity is further addressed, resulting in a high reversible capacity.

Carbon nanotube fibers (CNT fibers) and CNT yarns are
almost identical assembly types of CNT-based materials in
bioinspired design, which are famous for overcoming the
length limitation of individual CNTs, possessing a length of
up to several kilometers. However, the breaking strength of
individual CNTs generally decreases when they are assembled
into structures similar to CNT-based fibers or yarn materials. The
weak van der Waals forces in adjacent nanotubes are the key
factor in this limitation. One approach learned from nature is to
enhance the mechanical strength by introducing stronger inter-
actions between neighboring CNTs. The design inspirations
come from natural masterpieces including silk and muscles,

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00086e

Open Access Article. Published on 24 February 2022. Downloaded on 2/3/2026 9:59:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

a Metal oxide-anchored CNT

SEM images
EDX spectrum L
u 5 v

CNTs/MONPs

CNTs/MONPs

C CNT bundle

i
—>

-~ (P=——

A ——

Thin filament Mechanical
Thick filamentexercising

Mechanijcal
organizing

@S CNT bundle

e CNT thread

View Article Online

Materials Advances

b  CNT fibers
heet with g
“:\\ N Hzfo;;génds ﬁ
Aligned 2
| .
Wi Fibril
i bundle
1 Biomimetic
__Silk fiber fiber (~10 pm)
-
7
192
CNT-SF fibers
d CNTweb

Fig. 4 (a) Biomimetic ear-of-wheat-shaped MnzO4 nanoparticles on CNTs. Reproduced with permission.104 Copyright 2020, Wiley-VCH. (b)
Biomimetic CNT-SF fiber and its breaking process. Reproduced with permission.®* Copyright 2021, Wiley-VCH. (c) Bioinspired microstructure-
reorganized behavior of CNT yarn. Reproduced with permission.>®> Copyright 2020, The Royal Society of Chemistry. (d) Biomimetic spider-web-like
MWCNT/y-Fe,Oz composites. Reproduced with permission.'°* Copyright 2017, Wiley-VCH.

which have hierarchical structures and possess excellent
mechanical properties. Learning from the biological structures
of natural silk fibers, reinforcing strategies of interactions force
replacement and inorganic-organic interfacial design were
developed.'*® Mimicking silk fibers, Zhang et al. injected silk
fibroin (SF) and glycerol into spun CNT fibers and obtained
composite CNT-based fibers (Fig. 4b), showing an increased
breaking strength of up to 1023 MPa (+250%), improved tough-
ness from 7.8 to 10.3 MJ m ™ (+132%), and Young’s modulus of
81.3 GPa (+442%).”* The MD simulation indicated that the
glycerol-rich B-sheet of SF together with abundant hydrogen
bonds between SF and CNTs contributed to enhancing the
mechanical properties of the CNT fibers. To construct the
assembled CNT yarns with higher mechanical properties,
inspired by the mechanical exercising-induced hierarchical
structure of human muscles, through cyclic stretching training
(cyclic stretching or cyclic loading), Xu et al. firstly created
a novel microstructure-reorganized strategy to fabricate a
hierarchical CNT bundle and CNT thread mechanical organizing
structure (Fig. 4c).>® This structure entirely copied the structural
organization behavior of human muscles and had +64% tensile
strength, +148% Young’s modulus, +30% conductivity, and +35%
enhanced piezo-resistive sensitivity than that of the pristine
CNT yarn.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The spider with a web-like shape structure is another
bioinspired design strategy for bioinspired CNT-based materials
with particular structures of CNT web. As shown in Fig. 4d, to
improve the cell performance, a method of controlling the
structure and composition of the anode materials was conducted,
where a material with biomimetic spider-web-like MWCNT net-
works was demonstrated by Park et al., which had the structural
characteristic and working patterns of sticky spider-webs.'®" In
this system, the MWCNT web functioned as the conductive
support with 3D internetworked pathways to improve the perco-
lated transport, and y-Fe,O; particles as the active sites tightly
attached on the surface of the MWCNT network to make the
construction more stable. Ultimately the obtained biomimetic
LIB exhibited a high capacity of 822 mAh g ' at 0.05 Ag ' with a
fast rate capability of 72.3% retention at a current density in the
range of 0.05 to 1 A ¢, and promising cycling stability (>88%
retention after 310 cycles with >99% Coulombic efficiency).

Geckos, with extraordinary adherence and climbing ability on
diverse surfaces in various atmospheres, have fascinated humans
for millennia. Utilizing modern micro-nano morphological ima-
ging techniques (SEM, TEM, and AFM), the secret of their climbing
mechanism has been partly revealed. The van der Waals forces
from the spatula of the geckos’ feet with a hierarchical structure
are considered as the origin of their adhesion. Accordingly,
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inspired by the biological structure of geckos’ feet, various fabrica-
tion strategies have been developed to create synthetic dry adhe-
sive surfaces. Among the adopted materials, the vertically aligned
CNTs (VA-CNTs) are outstanding because of their remarkable
mechanical properties, large aspect ratio, and exceptional align-
ment type by just abundant hollow individual CNTs via horizontal
van der Waals interactions. Theoretical simulation has predicted
that their adhesion strength is up to 500 N em ™ on glass, which is
much higher that of the natural array on geckos’ feet.

Surface modification is an efficient strategy to directly
enhance the adhesion of contact surfaces. Dai et al. proved that
the best adhesion strength of 29.3 N cm™> could be achieved just
by using radio-frequency tetrafluoromethane plasma.’*” Also,
polydopamine (PDA) in the mussel adhesive protein is consid-
ered the crucial component in simple, convenient, efficient, and
environmentally friendly chemical modification, which can help
improve the dry adhesion performance of traditional biomimetic
CNT-based materials, even in a wet environment (Fig. 5a).'%
Patterning CNTs is another useful strategy. Recently, Yao et al
reported the one-step synthesis of a CNT forest (CNTF)
(Fig. 5b)."*® In this system, the patterned aluminum layer con-
trolled the morphology formation of CNTs to form CNTF, which
resulted in a 5.9-times increase in adhesion.

3.2.2 CNT composites. To make full use of the structural,
surficial, and conductive properties of CNTs, they are adopted as
multifunctional nano-scale fillers to create composite structures
in most design strategies for bioinspired CNT-based materials.
Normally, the accompanying materials are inorganic, organic,
and polymer materials. There are three main design types of
bioinspired CNT-based composites including CNT-polymer com-
posites, CNT layer-by-layer composites, and CNT hydrogels.

To obtain bioinspired CNT-based materials with particular
requirements such as softness, wearability, and flexibility, poly-
mers are added. As shown in Fig. 6a, with a spring-like structure,
s superelastic and electroconductive fiber was fabricated by Xu
et al.”® By imitating the behavior of climbing plants, this fiber
possessed biomimetic coiled tendril structures. Elastic polyester
fiber (PF) was chosen as the core yarn, and flexible but conductive
CNT/PDMS composite yarn (C/P CY) was then wrapped around
PF to produce C/P CWY. CNTs constituted the framework and the
coiled C/P CY provided abundant conductive pathways.

a CNT array

CNTs

PDA@CNTs
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The polar bear pelt has an impressive radiation control
strategy. Mimicking this strategy, Qiu et al. recently used a
multistep to design a porous Ag/cellulose/CNT-laminated nano-
fiber membrane (Fig. 6b)."'® This membrane had a laminated
construction, where the CNT layer coating the cellulose layer
was the solar radiation absorptivity layer to harvest solar
thermal energy. An Ag layer was deposited via magnetron
sputtering on the other side of the cellulose layer, reflecting
infrared radiation from the human body. CNTs are black
materials, and thus the obtained CNT layer could function as
a heat collector to maximize heat input from the sun, while the
Ag layer acted as the infrared reflector to minimize the human
radiation heat output. Using the electrical conductivity of the
additive CNTs to generate Joule heat, the membrane also had
perfect thermal management.

Good conductivity is one advantage of CNTs, making bioin-
spired CNT-based materials excellent candidates in the field of
energy conversion. Mimicking entire bulk structures to form
sheet materials or composites with multidimensional pores is
one design strategy. As shown in Fig. 6c, Yang et al. developed
an ordered nacre-like cathode for Li-S batteries.'®* A high sulfur
loading was achieved with conductive polyvinylpyrrolidone (PVP)
dispersed CNT-based monolith structures, in which the interval
interspace was prepared via a unidirectional freeze-drying
method. This nacre structure-like CNT sheet matrix resulted
in cyclic stability with >99.9% coulombic efficiency and out-
standing rate performance with 5 mg cm > sulfur loading,
further increasing to 10 mg cm™>, high discharging capacity of
1236 mA h g~* at 0.1C and 498 mA h g~! at 2C.

Interestingly, design strategies by controlling the alignment
of CNTs within polymers for the fabrication of bioinspired CNT-
based materials with additional properties have also attracted
attention from researchers. Through an electrically assisted 3D
printing method, Chen et al. fabricated Menger structures with
Bouligand-type surface-modified MECNTs (MWCNT-S) to recre-
ate the architectures of the claws of Homarus americanus (which
are mainly are made of Bouligand-type chitin-protein fibers)."®
In the printing process, controlling the rotating electrical field
could dynamically align the MWCNTS. A smaller rotation angle of
adjacent MWCNTs led to greater energy dissipation and impact
resistance. Moreover, with the requirement of multifunctional

N
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Fig. 5 (a) Fabrication of PDA-modified VA-CNTs. Reproduced with permission.’®® Copyright 2019, the American Chemical Society. (b) Horizontally
aligned surface segments, enhancing the adhesion of CNTF. Reproduced with permission.*?® Copyright 2021, Elsevier.
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bionic electronic skins for smartly outputting multi-stimulation
signals, inspired by the chameleon, Zhao et al presented a
multifunctional E-skin composited liquid-crystal hydrogel based
on poly(acrylamide-co-acrylic acid) hydrogel (PACA), CNTs, and
hydroxypropyl cellulose (HPC) (shown in Fig. 6d).’®” With the
help of additive CNTs in this system, the composite with hydrogel
structure could output stimuli in electrical resistance signals.
Based on a variation in color, the multifunctional bioinspired
CNT-based materials had the ability to visually map the stimulat-
ing sites and quantitatively feedback external stimuli with elec-
trical resistance changes.

Various methods, such as solvent casting, melt mixing method,
and in situ polymerization have been adopted to obtain stable CNT-
based composites.'* Naturally, CNTs are hydrophobic, possibly
having toxicity by inducing an immune response in clinical
applications.®** Accordingly, functionalized CNTs (e.g:, carboxylic,
carbonyl, and hydroxyl groups) or CNT compositions (e.g:, tetra-
fluoromethane, polydopamine, and tannic acid) are fabricated by
introducing molecules with hydrophilic, bioactive or specific
groups, improving the dispersion of CNTs and the adhesion
between CNTs and accompanying materials,3>°7105:127:130:131

4. Applications

The superiorities of CNTs and informed design strategies
enable material engineers to fabricate bioinspired CNT-based
materials, with design ideas from nature that are both

© 2022 The Author(s). Published by the Royal Society of Chemistry

ingenious and practical, which have beneficial applications.
In this section, we demonstrate a few typical application
examples of bioinspired CNT-based materials.

4.1 Reinforcement materials

Reinforcement materials emerged in the middle of 20th century.
Their promising characteristics of high stiffness, toughness with
lightweight, and anticorrosion, make them applicable in aero-
space, constriction, energy generators, biomedicine, etc. However,
although single CNTs have the strongest intrinsic mechanical
properties, the average strength of an individual CNT is only
9.6 GPa in CNT-based materials. Thus, efforts are still needed to
change the weak interaction between two neighboring CNTs for
the wide use of CNTs as construction materials. Bioinspired CNT-
based materials, with homologous reinforcing strategies from
nature, will profoundly make bioinspired CNT-based materials
suitable as reinforcement materials.

In Section 2, we discussed the bioinspired CNT-based rein-
forcement materials with enhanced mechanical properties of
CNT fibers, CNT yarn, and CNT web structures. Moreover,
inspired by the special hierarchical structure of natural spider
silk, Pan et al. fabricated bioinspired spider silk single-walled
carbon nanotubes (BISS-SWCNTSs) (Fig. 7a).®® Through a multi-
step fabrication procedure, the internal and external structures
of these CNT-based film materials had similar appearances to
that of spider silk. Specially, iron particles were embedded in
BISS-SWCNT bundles as glue spots, and the highly organized

Mater. Adv,, 2022, 3, 3070-3088 | 3079
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SWCNTs with a skin-core structure were surrounded by an
amorphous carbon layer. This bioinspired material exhibited
a tensile strength of 550 MPa and Young’s modulus of 6.5 GPa.
Due to the above-mentioned hierarchical structure, the reinfor-
cement was isotropic in the transformation of BISS-SWCNTSs to
alignment. Further equivalent superiority mechanical proper-
ties were observed in experiments on the PMMA/BISS-SWCNT/
PMMA composite film, which had 300% improvement in
tensile strength and 300% improvement in Young’s modulus.

To obtain bio-based nanocomposites with flexible and
stretchable abilities of high strength and toughness, learning
from the interface engineering of mussel byssus, Li et al
described a biomimetic design strategy for the fabrication of
TEMPO-oxidized nanofibrillated cellulose (TONFC)/soy protein
isolate (SPI) (SPI/CT/TONFC, SCTs) nanocomposite films with
strong and tough mechanical properties (Fig. 7b).’” Tannic
acid-functionalized MWCNTs (PCT) were employed as cross-
linkers with high functionality in the system, constructing a
synergistic and sacrificial metal-ligand bonding interface
between PCT and TONFC with Fe(m) mediation. The nanocom-
posite films exhibited a tensile strength of 11.5 MPa, toughness
of 6.9 MJ m™>, elongation of 79.3%, and high electrical con-
ductivity and good water resistance.

The direct mixture of CNTs and polymers, as one simple and
cost effective method, is broadly employed to fabricate CNT-
based structural materials with enhanced mechanical behavior.
Nacre has extraordinary strength and toughness, relying on a
brick-and-mortar architecture, also providing the possibility
of creating polymer composites to obtain high-performance

a Spider silk-like type

View Article Online

Review

CNT-based reinforcement materials. Accordingly, Zhong et al.
designed nacre-mimetic CNT@polyaniline/graphene oxide/bio-
mass tannin (CNT@PANI/rGO/TA) (Fig. 7c). Biomass tannin
(TA) was used as the glue, and together with “mortar” polyani-
line, wrapped carbon nanotubes (CNT@PANI) to stick the
reduced rGO “bricks” together.”® This bioinspired material
exhibited high mechanical strength of 174.6 MPa and tough-
ness of 9.17 MJ m>. Similarly, individual CNTs (with the
configuration of 1D fibers) were regarded as the “mortar” to
link rGO to obtain CNT/rGO materials. Their tensile strength
also improved to 106.2 + 5.5 MPa and the toughness was
2.27 + 0.4 MJ m >,

Mimicking the Salvinia molesta superhydrophobic leaf
structure via immersed surface accumulation (ISA) 3D printing,
Chen et al. fabricated superhydrophobic micro-scale eggbeaters
(Fig. 7d). MWCNTSs, which ultimately enhanced the mechanical
strength and surface roughness of the solidified microstruc-
tures, were initially added to photocurable resin.** Conse-
quently, stable 3D printed hairs were achieved and suspended
eggbeaters, which did not collapse or adhere together, were
obtained. After the addition of 0.5 wt% MWCNTSs, the modulus
of the structure increased from 161 to 455 MPa, while super-
hydrophobicity was obtained. With an increase in the MWCNT
content, the surface roughness also increased.

4.2 Energy conversion

CNTs, serving as stable frameworks and substrates in bioinspired
CNT-based materials, offer the feature of high electrical conductiv-
ity. Meanwhile, the interlinked micro/nano network and appropriate

d Eggbeater-like type

Bioinspired ——BISS-SWCNTs
'Sp E:-rpstmcture 600 [ —N-SWCNTs1 Stiffening 1
‘ o © 500 !
o 1

S 400 f :

e Deformed !

2 300 | :

5 200 .

100 | !

1

Slipping

! ug@

Rotatlng optical fiber

Failure

2 4 6 8
Fe nanoparticle Strain (%)

b Mussel byssus-like type

10 12 14 16

C Nacre-like type

Light guide tool %

— 6o
CNTiGO

—cnTgea
CmaemingaT

—— CNT@PANIFGOTA-1
—— CNT@PANIFGOTAZ

i (x
N

CNT@PANIFGOITA

TankV
Eglass/CNTs

246 8101214161820

5 Strain (%)

& 200 125

< 160 w0E

Y £ s

5120 8 =

123

£ w ° g

SCTs film 2 4 £

=% [=2]

e I SR W e W ! % 42 2 §
TONFC SPI  Fe(llljions = o @vrg;%gggm“" o 0 Projected patterns

e

Fig. 7

(a) With a similar spider silk-like structure, the bioinspired BISS-SWCNTSs had ultrahigh mechanical properties. Reproduced with permission.
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Copyright 2016, the American Chemical Society. (b) SCT nanocomposite film. Reproduced with permission.®” Copyright 2017, Elsevier. (c) CNT@PANI/
rGO/TA composite. Reproduced with permission.®® Copyright 2021, The Royal Society of Chemistry. (d) Optical system in the ISA-3D printing process for
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porosity from the compositing structure also prolong the conductive
pathway of materials by increasing their ion transportation ability.
These behaviors have important implications for the application of
bioinspired CNT-based materials in energy conversion.

Tin phosphide (Sn,P;), a metal phosphide, is a potential
anode material in sodium-ion batteries (SIBs). However, in the
Sn,P; sodiation process, its low ionic and electronic conductivity
lead to large volume expansion, limiting its utilization in SIBs.
Recently, Knibbe et al. reported a stem-like CNT-based bioinspired
material, where fructus-like Sn,P; nanoparticles were anchored on
the surface of CNTs through hydrothermal reaction followed by
thermal treatment (Fig. 8a).”> With this biomimetic structure, the
SIB achieved a superior electrochemical performance, with a high
capacity of 742 mA h g~ at 0.2C after 150 cycles and a superior
rate of 449 mA h g~ at 2C after 500 cycles.

TiO,, due to its high economic value, environment friendly
nature, and chemical inertness, has been the prevailing photo-
catalytic material, but its application is limited because of its
ineffective solar energy conversion and fast electron-hole
recombination rate. Zheng et al. proved that the combination
of TiO, and CNT composites with structures inspired by trees
(Fig. 8b) is an effective way to realize direct electron transport,
and photocatalysis was enhanced due to the larger specific
surface and thermoelectric conductivity of CNTs.””

Recently, Miao et al. was inspired by the hierarchical micro-
channel structure of wood to develop a CNT-participated
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nanofibrous organic cathode. This cathode consisted of
PTCDA/nitrogen-doped carbon/carbon nanotubes (PTCDA/NC/
CNTs), as shown in Fig. 8¢.® In the SIBs, this bioinspired CNT-
based composite cathode had ultra-strong capillarity, highly
reversible capacity, excellent rate performance, and ultra-long
cyclic stability. As a conductive agent for rapid electron transfer,
CNTs were employed to construct 3D interconnected conduc-
tive frameworks through electrospinning. PTCDA/NC/CNTs
exhibited rapid ionic/electronic transport, high diffusion coef-
ficients of Na' and ultrafast reaction kinetics due to the rigid
hollow nanostructure of CNTs, which formed a superb capillary.
Moreover, bioinspired CNT-based nanomaterials have the advan-
tages of good optical adsorption and free water transport, which
make them promising for efficient solar steam generation. Zhu
et al fabricated a direct solar steam generation system with
inspiration from the evaporation of sweat on the human skin
and the transpiration in plants in biological systems.’® Utilizing
these CNT films as floating photo-thermal collectors, the enhanced
steam generation rate of 3.615 kg m > h™" and >40% evaporation
efficiency were achieved under 5 times solar intensity.

4.3 Nanopatterned surfaces

Besides their potential as reinforcing materials with high
mechanical strength and chemical stability, the unique nano-
scale morphology, low hydrophilicity, and optical characteris-
tics of assembled structures of CNTs are also instructive for the
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Fig. 8 (a) Biomimetic Sn4Ps anchored on CNTs. Reproduced with permission.’®® Copyright 2020, the American Chemical Society. (b) Biomimetic
CNT@TiO, composite. Reproduced with permission.68 Copyright 2015, Elsevier. (c) Design concept of the PTCDA/NC/CNT electrode. Reproduced with

permission.1°° Copyright 2020, Elsevier.
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application of bioinspired CNT-based materials in nanopatterned
surfaces."**"** Liz-Marzan et al. reported classical sea-anemone-
like CNT-based hollow capsules with magnetic and reinforced
properties. The CNT-coated Fe;O, NP@PS spheres were used as
the “hair” to provide the reinforcement.”® This outer surface
structure is not only conductive to the controllable deposition of
SiO,, but also stable in the washing process of the PS template.
Interestingly, changing the length of CNTs would control the
modification surface of the capsules, resulting in more complex
structures with multi-level branching. The low hydrophilicity and
chemical stability of CNTs are also beneficial in the design of
surfaces with anti-fouling and anti-corrosion performances using
bioinspired CNT-based materials. By incorporating the mussel-
inspired material PDA, Yu et al. fabricated a PDA@CNT/PU
nanofiber membrane, which exhibited superhydrophilicity and
underwater superoleophobicity."** Mimicking the micro-sphere/
nano-thorn surface structure of the golden spherical cactus, Zhu
et al. fabricated a superhydrophobic polysulfone (PSU)/CNT
nanocomposite (Fig. 9a).”> These superhydrophobic materials
could be deposited on various substrates just by electrostatic
powder spraying, resulting in surfaces possessing a water contact
angle greater than 164° + 1.5° sliding angle as low as 5° £ 0.5°,
and self-cleaning ability and anti-corrosion in strong acid, alka-
line and NaCl solutions. Recently, inspired by an arachnid, Li
et al. developed a one-step thermal chemical vapor deposition
method to fabricate a CNT stainless steel mesh (CNT@SSM)
membrane (Fig. 9b). This membrane possessed excellent super-
hydrophilic and underwater-superoleophobic and anti-fouling
properties.®> These salient surfaces in bioinspired CNT-based
materials can further expand their application scope to hazar-
dous water treatment.

Additive CNTs on surfaces also have a contribution to
enhanced color saturation. CNTs are ultra-black materials with a
low theoretical effective index (7 = 1.01-1.10), stemming from
their internal structures. Learning from the moth-eye effect, Motta
et al. fabricated an optical film with SWCNT coating-deposited
Si, which realized omnidirectional, broad-band, and nearly
polarization-independent suppression.'™" With the technology of
coating optical films on arbitrary substrates, the optical absorption
and emission properties of the devices were improved.
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4.4 Dry adhesion

Although VA-CNTs have been proven to be suitable artificial
materials for the fabrication of dry adhesive materials in theory,
they still have a long way to go. To obtain the VA-CNT materials
with extraordinary adhesive performances, surface modification
of CNTs and patterned CNT arrays have been developed (seen in
Section 3). The aim is to achieve a simple but high-efficiency
procedure to obtain a perfect dry adhesive surface.

Numerous bioinspired VA-CNT-based materials have been
fabricated by mimicking the structures of geckos’ feet, but the
design principles and synthetic mechanisms of how CNT arrays
lead to dry adhesion and the key factors to enhance their
performances remain unclear. In recent years, researchers have
gradually focused on the influence of the key parameters in the
fabrication process. Firstly, the packing density of VA-CNTs and
the roughness of the surface were explored. With a high
density, there was no adhesion. With an increase in roughness,
the adhesion increased obviously, but the shear direction
adhesion decreased (Fig. 10a)."*® Gorb et al discussed the
tribological properties of densely aligned VA-CNTs with a
synthetic length of up to 1.1 mm."*® A high coefficient of
friction, u, of 5-6 was showed in the initial sliding cycles,
which then decreased to 2-3 in fourth and fifth cycles. The
applied shear force inducing a strong contribution of adhesion
was the main reason. One study showed that the incorporation of
Fe and Al,O; layers had a synergistic effect on the growth of
structures and morphologies of VA-CNT materials, such as orien-
tation, density, diameter, and growth rate (Fig. 10b)."*” Conversely,
the adhesion could be controlled with a change in these layers.
Another study concentrated on the relation between the adhesion
force of VA-CNTs and their mechanical behaviors.*® It indicated
that the 3.4% higher fraction of VA-CNT arrays resulted in no
adhesion effect, while at low density (less than 0.5%), the adhesion
performance was strongly associated with plastic deformation.
Mechanical compliance in the area near the contact interfaces
may be the dominant factor.

It is worth noting that although VA-CNT materials have been
utilized in bioinspired dry adhesion for no more than 20 years,
their dry adhesion performances have been greatly improved.
CNT-based array materials are superior to the natural geckos’

Fig. 9 (a) Biomimetic spherical cactus superhydrophobic (PSU)/CNT coating. Reproduced with permission.”? Copyright 2018, Elsevier. (b) CNT@SSM

membrane. Reproduced with permission.**> Copyright 2021, Elsevier.
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Gecko's feet-inspired design of 3DP GC electrode. Reproduced with permission.'°® Copyright 2020, Wiley-VCH.

feet. However, big breakthroughs have been less frequent in
recent years, and some exclusive obstacles still remain to be
solved. It is necessary to move back and deeply delve into the
basic principles of gecko adhesion. One reason is that geckos
have a lot of natural adhesion systems that are not completely
known well. Innovative applications corresponding to the dry
adhesion behaviors are also urgent. One good start may be the
study by Jiang et al., who reported a 3D-printed bioinspired
electrode of graphene/CNTs (3DP GC) (Fig. 10c).'*® Mimicking
the geckos’ feet, the obtained electrode processed a hierarchical
porous structure with high flexural strength of 96.2 kPa.
Increasing the friction and adhesion in the neighboring 2D
graphene nanosheets, the 1D CNTs played a critical role in the
enhanced flexural strength.

4.5 Bioengineering

Depending on the electrical conductivity of CNTs and
decorated biofunctional groups on their surface, bioinspired
CNT-based materials can monitor molecular recognition and
transformation processes, which broaden their applications
in biosensing and biocatalysis. Swager et al. reported the
fabrication of a chemiresistive glucose sensor based on poly-
(4-vinylpyridine) (P4VP) and SWCNT composites (Fig. 11a)."*® A
biomimetic surface was obtained in the system by cooperation
with glucose oxidase (GOx). This biomimetic glucose sensor
displayed a decrease in electrical resistance to exhibit high

© 2022 The Author(s). Published by the Royal Society of Chemistry

selectivity and instant response (within 3 s) to glucose. In
another biomimetic oxidase sensor system, iron porphyrins, a
type of horseradish peroxidase, were immobilized on modified
MWCNTs. This sensor was proven to be a simple, economical,
and efficient method to detect catechol.'" Zhang et al. firstly
utilized a peptide as a DNA sensing element and built a novel
CNT-DNA thin-film-transistor sensor.'*> Different from the
former known DNA bio-detector and NanoDrop, this bio-
inspired sensor had a broader sensing range of 1.6 x 10" to
5 x 10~ ° M (the detection limit was 0.88 pg L™ ). In 2015, Wang
et al firstly found that carboxyl-functionalized SWCNHs
(SWCNHs-COOH) had peroxidase-like activity similar to natural
peroxidase. Even under harsh reaction conditions, SWCNHs-
COOH was stable and exhibited high catalytic activity, which is
regarded as a potential enzymatic mimic.’** In recent years, a
series of CNTs and their derivatives have emerged as highly
efficient biocatalysts to mimic the function of biological
enzymes, but their use is hampered by their unsatisfactory
enzymatic efficiency. The accurate influence of various oxyge-
nated groups on the surface of oxygenated group-enriched
CNTs (0-CNTs) was firstly explored, including carbonyl, car-
boxyl, and hydroxyl groups (Fig. 11b).'** The “competitive
inhibition” mechanism was proposed. When weakening the
noncatalytic sites, the catalytic efficiency of o-CNTs can be
greatly improved. Once the surfaces of CNTs are well functio-
nalized, both biocatalysis and biosensing can be achieved.

Mater. Adv., 2022, 3, 3070-3088 | 3083
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In the study by Tang et al., NiCOBP-MWCNT-conjugated anti-PSA
antibody was fabricated."* For glucose oxidation, the nanocom-
plex exhibited outstanding catalytic behavior, and for detecting
PSA, it also showed excellent performance simultaneously.
Bioinspired CNT-based materials have been widely used in
electronics and actuators, which have particular requirements
such as softness, wearability, and flexibility."*”"*° Mussel-inspired
chemistry, which refers to the polymerization of the mussel-
inspired material PDA, provides a simple but effective method
for subsequent modification reactions or is utilized as a precursor
for preparing functional CNT-based composite materials."*® Learn-
ing from the anti-freezing/anti-heating performances in nature, Lu
et al. developed an adhesive and conductive hydrogel using mussel
chemistry.’® In this system, PDA-decorated CNTs were dispersed in
the hydrogel, and CNTs served as the nano reinforcements to
enhance the conductive and mechanical properties. As shown in
Fig. 11c, inspired by the structural color layer of mussels, a Janus
structural color film was presented by Pan et al., which had a
conductive CNT-based layer, a supporting polydimethylsiloxane
layer, and a structural color layer formed by 2D colloidal crystals
(2D-CCs)."*® The experimental results indicated that these Janus
structural color films exhibited stable electrical sensing and
visualized color-sensing. Moreover, numerous specific sensors
(e.g., mechanical sensor,"" wearable strain sensor,'>” tempera-
ture sensor,'®® and airflow sensor'>!) were developed via the

3084 | Mater. Adv,, 2022, 3, 3070-3088

methods of drop casting, air spraying, ultrasonic spraying,
hybrid hydrogel, thermal mismatch design, etc. Besides, to
obtain a device with the ability to catch objects with various
shapes, inspired by the sensory grasping by the arm of Octopus
vulgaris, Pang et al. recently fabricated an electronic sensory soft
adhesive device (Fig. 11d).”* CNT-based strain sensors, which
served as the artificial octopus sucker, were placed on an
irregular surface via a facile 3D spray coating process to the
mimic nerve-like functions of the octopus. This strain sensors
identified objects through patterns of strain distribution.

5. Conclusion and perspective

In the present review, we presented the progress on bioinspired
CNT-based materials in recent years. CNTs exhibit superiors
properties in the design of bioinspired CNT-based materials,
such as unique hollow nanochannel structures, controllable
functionalized surface, and tunable high conductivity. Benefit-
ing from these special properties of CNTs, diverse design
strategies for bioinspired CNT-based materials were intro-
duced. The natural nanochannels of CNTs are an ideal model
to study the mass transport behaviors in biological systems.
Besides, CNTs are construction materials used to self-assemble
or composite with other materials. Mimicking the structures of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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natural plants, silk, muscles, spider webs, geckos’ feet, etc.,
bioinspired CNT-based materials have been fabricated with the
CNT-assembled structures such as CNT fibers, CNT yarns, CNT
web, and VA-CNT. Also, learning from tendrils, polar bears, nacre,
chameleons, etc., bioinspired CNT-based materials have been
designed using CNT composites such as CNT-polymer composites,
CNT layer-by-layer composites and CNT hydrogels. In addition,
bioinspired CNT-based materials have shown significant applica-
tions in reinforcement materials, energy conversion, nanopat-
terned surfaces, dry adhesion, and bioengineering.

However, despite the substantial improvements, many chal-
lenges remain to be solved for bioinspired CNT-based materi-
als. Firstly, in-depth exploration of the features and diversity of
living organisms is required for achieving optimized bionic
designs for CNT-based materials in both structure and function.
Secondly, utilizing the unique structural, surficial, and conduc-
tive properties of CNTs as building blocks to design smart
bioinspired CNT-based materials should be given exceptional
attention. CNTs are easily produced, and their well-established
functionalization methods can enlarge their diversity with multi-
functions. Consequently, bioinspired CNT-based materials will
be endowed with improved smart abilities, such as the ability to
respond to heat, light, electricity, magnetism, specific molecules,
etc. Thirdly, although bioinspired CNT-based materials have
shown wide applications in some fields, further developments
in their practical applications still have a long way to go. Overall,
beyond the reported application fields, advances are anticipated
in design strategies to obtain novel bioinspired CNT-based
materials, feasibly leading to some burgeoning applications such
as real-time virus detection, nanomaterial-based artificial
synapses, and bioinspired nanofluidic iontronics.
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