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Nature provides lots of inspiration for material and structural design for various applications. Deriving
design principles from the investigation of nature can provide a rich source of inspiration for the
development of multifunctional materials. The bioinspired design templates mainly include mussels,
nacre, and various plant species. As a sustainable and renewable feedstock, nanocellulose can be used
to fabricate advancedmaterials withmultifunctional properties through bioinspired designs. However,
challenges and opportunities remain for realizing the full potential in the design of novel materials.
This article reviewed recent development in the bioinspired nanocellulose based materials and their
application. This article summarizes the functions (e.g., surface wetting) and applications (e.g.,
composite) of bioinspired nanocellulose-based materials. The bioinspired design templates are
discussed along with strategies, advantages, and challenges to the development of synthetic mimics.
Additionally, mechanisms
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and processes (e.g., chemical modification, self-assembly) leading to biomimetic design are discussed.
Finally, future research directions and opportunities of bioinspired nanocellulose-based materials are
highlighted.
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Introduction
Functional natural materials form a hierarchical nanostructured
architecture by self-assembling in a variety of ways including
self-folding or forming complex arrangements with other poly-
mers and salts in an aqueous cellular matrix. These nanostruc-
tures can further assemble to macrostructures, forming
complex systems with unique mechanical, optical, and other
physiological properties. Natural materials continue to inspire
the design of new functional engineered materials aiming to sim-
ulate properties of materials found in nature [1].

Biological materials can be used as inspiration sources for the
design of biobased materials. For example, mussels exhibit
remarkable strength and can survive in fierce waves by sticking
to wet rocks through secreted byssus [2,3]. Nacre in mollusk
shells has attracted extensive attention for its exceptional proper-
ties, such as its light weight and unique combination of strength
and toughness [4–6]. The scaled skin of teleost fish particularly
displays strength, flexibility, resistance to penetration, and light
weight. It consists of spatially arranged scales attached to a thin
flexible dermis layer [7]. Squid beak is strong gradient biological
fiber composite with a fully organic composition. The beak has a
stiff tip and is one of the hardest known organic materials, with
an elastic modulus of 5 GPa, whereas the modulus of squid’s con-
necting tissue is only 50 MPa [8]. Therefore, the bioinspired
design towards high-performance materials has attracted the
attention of many researchers recently.

Abundancy and commercial availability are important factors
for the introduction of engineered biobased materials to different
markets. Because of its large availability, cellulose presents a com-
petitive advantage and has been widely used and studied
throughout the years for paper, packaging, and other commodi-
ties [9]. Cellulose is the main structural polysaccharide in plant
cell walls and is also present in algae matrices, bacterial biofilms,
and some animal extracellular matrices [10]. Cellulose consists of
a linear homopolysaccharide of b-D-glucopyranose unit. Its
abundance and commercialization from wood pulp production
makes it a feasible and sustainable material for product develop-
ment. The linear chains of cellulose assemble into nanoscale fib-
rils with crystalline and amorphous regions. These fibrils are
mainly held together by hydrogen bonding, resulting in struc-
tures that can interact with other materials through van der
Waals, hydrophobic, and electrostatic forces [11]. Nanocellulose
refers to nanostructured cellulose in this study, also called cellu-
lose nanomaterial, which covers both cellulose nanofibril (CNF)
and cellulose nanocrystal (CNC; i.e., cellulose nano-whisker
[CNW]). CNCs are typically produced by acid hydrolysis. CNFs
are hygroscopic nanoscale particles which are insoluble in water
or traditional solvents [12], thus holding great potential for
biomedical applications that require positive interfacial interac-
tion with living organisms.
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CNFs are most commonly obtained from lignocellulosic bio-
mass through mechanical refining or grinding, chemical or enzy-
matic treatments, homogenization or microfluidizing, or
combinations thereof [9,13]. CNFs have an ultrahigh aspect ratio
(approximately 10–100 nm wide and up to several micrometers
long), superior mechanical performance (axial tensile strength
around 3 GPa), high surface area, efficient biodegradability, low
weight, and global abundance. CNFs have been used as reinforc-
ing fibers in polymer composites [13–15]. In addition, CNFs have
good potential in other applications, including adhesive binders,
flexible electronics, automotive, packaging, infrastructure, build-
ing, and separation media [9].

CNFs assemble with other biopolymers in the cell wall, usu-
ally hemicelluloses, lignin, and pectin [10]. Additionally, CNFs
can be hydrolyzed to obtain CNCs. The different aspect ratios
and crystallinity of CNCs from CNFs provide them with differ-
ent mechanical and optical properties, making them suitable
for certain applications (e.g., composites, adhesive binders)
[16]. Another important property of cellulose is its chirality
[17]; the self-assembly of the individual chains into the
nanoparticle results in a positive chirality, with a torsional per-
iod of �232 nm, which can vary with the functional groups
present on the surface [17,18]. This chirality is relevant for
the interaction of nanocellulose with light because it dictates
the optical properties of CNC-based assemblies such as films
[19,20].

CNCs can extract moisture from the atmosphere. In addition,
as nanocellulose-based products, CNCs have exceptional physi-
cal and biological properties, such as high crystallinity degree,
large specific surface area, high aspect (length/diameter) ratio,
high thermal resistance, good mechanical properties, an abun-
dance of surface hydroxyl groups, biodegradability, and biocom-
patibility [21]. Additionally, the self-alignment of cellulose fibrils
results in an inherent piezoelectric nature, in which a mechani-
cal stress translates into a change of the electrical polarization
of the material [22]. This property has been studied mostly in
CNC-based films because it is enhanced by the more rigid crystals
[23]. However, this property is retained in CNF, opening the pos-
sibility for developing cellulose nanofibril-based electro-
responders [22,24].

The inclusion of cellulose into the nano- and colloidal mate-
rial fields has created several new relevant applications and prod-
ucts. The remarkable mechanical and optical properties,
renewability, and abundance make nanocelluloses especially
interesting as reinforcing agents for polymeric matrices [25,26].
These properties are especially relevant as the need for biobased
and green materials grows to tackle pollution and demand of
fossil-based materials. The versatility of products in which
nanocelluloses can be processed—including fiber yarns [27],
films, hydrogels, and aerogels, as well as the variety of surface
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functionalization and derivates available—make them interest-
ing for numerous applications such as drug delivery, efficiency-
enhanced fertilizers, water treatment, tissue engineering, and
additive manufacturing [28].

Properties such as their amphipathic nature, anisotropic
dielectric distribution, piezoelectric and optical properties, pH
and thermal response, and nanocellulose assembly into films
with tunable permeability have made nanocelluloses promising
for engineered materials [29,30] in areas such as active packag-
ing, self-cleaning materials, energy storage, solar cells, adhesives,
electronics, shape memory materials, and bioactive sensors
[31,32]. The discussed properties and product development
opportunities of nanocelluloses have fueled research and innova-
tion efforts and working toward social acceptance and legislation
is imperative for nanocelluloses to be used in common daily
applications.

Because of the highly oriented molecular chains, strong
inter-/intra-molecular hydrogen bonding, and high crystallinity,
nanocellulose exhibits superior mechanical properties with a pre-
dicted modulus of 10–50 GPa and strength of 1–8 GPa [33].
Nanocellulose-based materials have demonstrated the capacity
of reinforcing polymeric matrices in the same manner, in which
they reinforce the native lignin and hemicellulose matrix in the
cell wall [15,34,35]. In addition to providing structural functions,
cellulose fibrils also provide resistance to osmotic pressures in the
cell wall, rigidifying it and providing turgor to the membranes.
Fibrillar angle and molecular weight significantly affect the mag-
nitude of both properties [36]. However, many challenges that
limit the global commercialization of nanocelluloses still remain.
One of the most remarkable challenges is related to the wide vari-
ation in chemical composition, size, and certain properties that
depend on the starting material [37]. Such variability impairs
reproducibility of the results found in lab-scale products and
mass production. In addition, nanocelluloses are mainly avail-
able in water-based suspensions with solid contents around 2–
4 wt% [38], requiring the transportation of large amounts of
water to processing facilities. Many industrial stakeholders are
currently working on addressing the scaling of the process while
determining pathways to decrease water content and maintain
the dispersion of the nanocelluloses. Various chemical modifica-
tion strategies, inspired by nature, are potential to be helpful in
specific high-performance applications.

This review article is driven by the wide variety of applications
that nanocelluloses have, and the possibility to generate engi-
neered materials that can achieve performance comparable to
those of naturally occurring materials. Thus, this article exami-
nes the new research developed in assembly variations, function-
alization, and composite formulation. Also, this work aims to
review recent possible bioinspired functionalities including self-
cleaning, adhesion, stimuli response, shape memory, sensing,
and actuation. An outlook of the advantages and strategies than
can be analyzed for new and better products will also be
provided.
Bioinspired design sources and strategies
Nanocellulose is made from repeating b-(1,4)-linked D-glucose
units from a molecular level, and there are many OH groups
on the surface of nanocellulose. The unique chemical structure
of nanocellulose provides a chemistry base for its applications
in biomimetic applications. The hydrogen bond is critical in
the biological system and has been applied in biomimetic appli-
cations [39]. The abundant OH groups of nanocellulose can form
a strong hydrogen bond with various molecules. These OH
groups can be functionalized through multiple chemical reaction
mechanisms, such as sulfonation, oxidation, esterification,
etherification, silylation, urethanization, amidation, and poly-
mer grafting, to impart desired properties to nanocellulose [33].
Moreover, nanocellulose can form ionic interactions with
charged compounds and coordination interactions with metal
ions [40]. These different interactions are widely found in the
biological system and play significant roles in their properties.
For instance, interfacial bonding (e.g., hydrogen bond, p–p inter-
action, cation–p attraction, metal coordination) in dopamine-
based chemistry is one reason for the strong adhesion and tough-
ness of mussels [41–43]. These interactions have also been used
in biomimetic applications, such as adhesion, stimuli-
responsive materials, and coatings. In this section, bioinspired
design sources are reviewed, and design strategies are discussed.

Mussel, nacre, and other sources
Deriving design principles from the investigation of biological
systems can provide a rich source of inspiration for the develop-
ment of multifunctional materials. This section summarizes the
current understanding of primary examples of biological materi-
als as inspiration sources for the design of cellulose-based mate-
rials, including inorganic/organic composites (e.g., mussel,
nacre, fish skin), organic/organic composites (e.g., squid beak,
human skin, resilin), and other sources such as muscle, fungus-
like oomycetes, and the natural hemostasis process [44]. Diverse
solutions are available for the engineering of promising new
bioinspired cellulose-based materials with intriguing properties.

The mussel byssal threads exhibit remarkable strength and
extensibility, crosslinking, and strong adhesion (Fig. 1A). These
intriguing properties have been attracting researchers to incorpo-
rate mussel-inspired chemistry into cellulose-based materials to
make them functional and extend their applications [2,3].
Researchers isolated nine mussel foot proteins and discovered
that no less than six mussel foot proteins containing dopa resi-
dues, a modified amino acid with two hydroxyl group attached
to tyrosine [45–47]. Dopa residues have been implicated as one
of the principal reasons for robust interfacial bonding [48,49].
The bonding strategies of dopa to diverse surfaces include hydro-
gen bonds, p–p interactions, cation–p attraction, metal coordina-
tion, and Michael addition (Fig. 1B) [41–43]. Furthermore, dopa
contributes to cohesion of byssus through coordination with
metal ions. The strong but sacrificial bonds increase energy dissi-
pation by repeatedly breaking and reforming when bearing loads
[50].

Nacre is essentially a ternary composite of calcium carbonate
(more than 95 vol%), nanofibrillar chitin, and protein [51]. The
layers of aragonite platelets, with a thickness of 200–900 nm
and a diameter of 5–8 um, are held together by an organic layer
of chitin network and soft protein with a thickness of 10–50 nm
(Fig. 1C and 1D) [51]. Such layering of soft and stiff materials at
the nanoscale offers a good balance of strength and toughness.
411
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FIGURE 1

Schematic of mussel and nacre. (A) mussel and its byssus; (B) mussel-inspired chemistry (e.g., H-bond, metal coordination) [3]; (C) nacre platelet composed
with CaCO3 nanograins glued together by a biopolymer; and (D) nacre is a brick and mortar structure of mineral platelets [51].
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The multilayered composite systems based on stiff materials with
soft interlayers (e.g., silica and polymer, ceramic polymer com-
posite) exhibit toughness superior to that of the constituent
materials. Therefore, the layering of stiff and soft materials leads
to considerable gains in toughness. Most mineral components
provide overall stiffness and hardness. Despite the small amount
of organic materials in nacre, these materials play a large role in
increasing toughness because of their enormous interface area.
The interfaces force cracks to be deflected and permit crack bridg-
ing, platelet and fiber sliding, and pullout. The other possible
toughening mechanisms are sacrificial bonds in the organic lay-
ers, presence of preexisting mineral bridges, microfracture of
mineral bridges, plastic deformation of platelets at the nanoscale,
and platelet interlocking at the microscale. These mechanisms
lead to a 40-fold increase in toughness for nacre compared with
its majority-brittle constituent aragonite [52].

Under high–strain rate uniaxial compression, partial disloca-
tion emission and deformation twinning also result in higher
fracture strength of nacre’s aragonite platelets [53]. Li et al. [54]
mentioned that the deformability of aragonite platelets together
with the crack deflection, aragonite platelet slip, and organic
adhesive interlayer results in a 1000-fold increase in toughness
over its constituent materials [55]. Another report demonstrated
a new energy dissipation mechanism hidden in nacre and acti-
vated only upon dynamic loading, where the crack straightly
impinges the aragonite platelets instead of propagating along
nacre’s biopolymer interlayers [56].
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Seashells are highly organized nanocomposites designed to be
extraordinarily tough while remaining hard and strong. The
shell’s basic building blocks (i.e., the nanowire-like third-order
lamellae) are brittle single-crystal aragonite [57,58]. The individ-
ual aragonite platelets consist of millions of nanosized particles
[59]. The biopolymer between the nanograins allows enough
space for certain grains to rotate. The grain rotation and deforma-
tion are responsible for the high deformability of individual arag-
onite platelets. Such individual aragonite platelets with particle
architecture avoid a crack rigidly invading the aragonite platelet
through a special cracking mechanism that favors local buffering
[60]. In addition to the lamellar architecture, the morphogenetic
puzzle of interlocking bivalved shells has been studied by
mechanic models [61]. The revealed interlocking mechanism
has been adopted in several engineered materials. Interlocking
is an important mechanism that contributes to joint mechanical
property enhancement [62,63].

Fish skin is another mineralized biological source from which
functional cellulose materials can be developed [64]. The scale is
a cross-ply layered composite that comprises collagen fibrils and
is mineralized with 16–59 wt% hydroxyapatite (Fig. 2A-C) [7].
The outer layer is usually hard and has a higher mineral content
than the inner layer. This cross-ply collagen structure of each
scale, the spatial arrangement of the scales, and the interactions
of the scales with the dermis layer and between neighboring
scales provide the scaled skin with remarkable strength along
multiple directions, along with flexural compliance.
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FIGURE 2

The structures of a fish skin, squid beak, and fruit fly resilin. (A) A whole fish; (B) cross-section structure of a fish scale; (C) cross-ply collagen structure showed
by the top view of a scale [64]; (D) the squid beak, including the rostrum and the wing; (E) schematic overview of proposed mechanisms of the mechanical
gradient structure [65]; and (F) the resilin exists in as an amorphous crosslinked nanocomposite [66].
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Squid beak is strong natural fiber composite [8]. To bridge
these two extremely mechanically mismatched tissues, the
remaining part of the beak exhibits a gradient in stiffness span-
ning 2 orders of magnitude from the tip to the base (Fig. 2D).
The gradient originates from the changes in the amount of
crosslinking between histidyl groups and dopa in the protein
matrix, and water content across the wing (Fig. 2E). The region
close to the tip has more protein (40%–50%) and less water
(20%) [52]. Moving toward the base, the protein is gradually
replaced by water and the base area contains up to 70% water.

The lotus plant (Nelumbo genus), a lignocellulosic inspira-
tional organism, is highly regarded because of its ultra-
hydrophobic leaves [67] and unique lotus silk [68]. The self-
cleaning behavior observed on these pound plants is derived
from the micro- and nanostructure of protrusions and valleys
that the cell walls form, aided by nanoparticles of a wax-like
material formed randomly on the surfaces [69]. The random
papillae structures minimize the contact that water drops would
have with the plant, allowing for air trapped in the spaces to
push the water and allowing them to roll out. The epicuticular
wax decreases the surface area and slicing angle, maximizing
the hydrophobic character [70]. Here, cellulose impact is mostly
present in its structural component as a part of the cell walls
forming the structures in the leaf, which demonstrates the versa-
tility of this biobased material. A more direct impact of cellulose
is in the lotus silk, which is the cellulose fibers that form the stem
of the lotus. These fibers have a hierarchical growth that mimics
a spiral conferring stretchability and good energy dissipation [71]
without a clear lumen. As the plant matures, the fiber becomes
smoother and acquires wax conglutinations, increasing its diam-
eter and organization [72]. Moreover, when heated, the mechan-
ical properties of this material can be further improved [73],
demonstrating the potential for new processable products.

Sea cucumbers (Cucumaria frondosa) present a sudden 10-fold
increase in mechanical stiffness when in danger [74]. This
response is possibly due to the reversible crosslinking of the col-
lagen fibers in the extracellular matrix of its connective tissue by
the glycoprotein stiparin [75] and tensilin [76]. The reversibility
of these bridges is done by another inhibitor glycoprotein that
is activated with the stimuli off [76]. Despite the advancements
413
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in understanding this underlying mechanism, there are still
many unknowns. Nevertheless, reversible stimuli-responsive
materials are being developed using other simpler driving mech-
anisms such as hydrogen bonding [76,77], water presence [78],
and heat [79], as well as more complex mechanisms such as
chemo presence [74] and cyclodextrin inducing treading [80].
These biobased actuator materials are usually in wet applications,
allowing for bio-interfacing to develop smart and responsive sys-
tems, and demonstrating the advantages of bioinspiration for
high-end value-added products.

Resilin is a rubber-like insect protein and exists as a cross-
linked highly amorphous hydrogel (Fig. 2F) [66]. It features high
resilience (>95%), large strain (>300%), and low moduli (0.1–
3 MPa) [81]. The possible sources of these properties include long
polymer chain length, outstanding chain flexibility, and well-
defined crosslinks between specific amino acids, which offer
the routes to reproduce its mechanical property for synthetic
materials [82].

Human skin is another non-mineralized composite with
remarkable toughness that has inspired the design of new cellu-
lose materials [83,84]. The dermis (the principal structure for
mechanical properties of skin) consists of collagen fibers dis-
persed in an elastin matrix. The toughness of human skin mainly
originates from fibril straightening, reorienting, polymer chain
and chemical bond stretching and breaking, and delaminating
when bearing load. Human skin also offers nonlinear elasticity,
being soft at small strains and stiff at large deformations. The
property is achieved through the combination of semirigid colla-
gen nanofiber and elastomeric elastin fibers that are chemically
integrated in the network.

Human muscles are natural flexible actuators that can effi-
ciently transport nerve impulses and perform diverse deforma-
tions with outstanding shock-absorbing ability. Muscles can
generate electrical currents by controlling ion channels and trig-
ger an action potential to travel along a cell membrane quickly.
The actuation is then triggered by the release of calcium ions
when the potential is transmitted to the muscle junction. This
indicates the importance of the effective release and conduction
of ions in human muscles and inspired researchers to find solu-
tions to improve actuation performance [85]. In summary,
because of the remarkable properties (e.g., mechanical strength,
adhesion), mussel, nacre, fish, squid beak, resilin, human skin,
and human muscle have inspired the design of nanocellulose-
based materials. The application of knowledge of biological
materials would help resolve technical issues.

Bioinspired design strategies
Biomineralization
Table 1 shows the bioinspired design strategies in diverse
research results. Biomineralization is the study of biologically
produced materials and the processes that lead to their formation
[86]. Biomineralization can mimic the hierarchical structure and
chemical components of bone and dentin. Mineralized nanocel-
lulose mimics the hierarchical structure and chemical compo-
nents of bone and can be used to produce a candidate hybrid
composite for the repair and/or regeneration of damaged bones
or teeth [87]. The production and properties of these materials
involve a large number of biological macromolecules—including
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proteins and polysaccharides—that maintain strict control of the
process, even in conditions that are not thermodynamically
favorable for their nucleation and growth [88]. Examples of nat-
ural minerals include carbonates [89], such as biogenic calcium
carbonate (calcite) found in mollusk mantles and egg shells;
and phosphates [90], including calcium phosphate, the major
structural component in bones and teeth. Other examples
include gypsum (jellyfish larvae), silica (sponge), and magnetite
(magnetotactic bacteria).

Significant efforts have been undergone to understand and
replicate in vivo biomineral synthesis for numerous applications
using synthetic polymer composites. However, replicating
nano- and microstructural features of the extracellular matrix
while maintaining biocompatibility and achieving mechanical
properties resembling those of natural hard tissues has remained
challenging. The use of cellulose as a base component for fabri-
cating hydrogels and other constructs for biomedical applica-
tions has gained significant attention in recent years; however,
the mechanical properties of nanocellulose hydrogels are lim-
ited, impeding their applicability in hard tissue regeneration.
For example, researchers have explored cellulosic hydrogels with
hydroxyapatite, nanocellulose, and other calcium phosphates in
recent years to achieve hard tissue regenerative scaffolds
[115,116], but these structures do not typically match the innate
properties of natural hard tissues [117].

Recent work showed that the use of oxidized CNF-containing
hydrogels could form materials with highly ordered and mineral-
ized nanostructures and achieved comparable hardness values to
human dentin and mouse cortical bone, though elastic modulus
values remained significantly reduced [87]. Qi et al. [87] fabri-
cated a bioinspired composite made of nanocellulose that was
mineralized with hydroxyapatite nanocrystals. Fig. 3A-D shows
a schematic illustration of fabricating the mineralized aligned
CNF composite. The molecular assembly of materials can provide
nanocompartments and enable mineralization. The mineraliza-
tion can help overcome the low mechanical properties of
cellulose-based materials and improve the bioactive properties
[87].

Mohammadi et al. attempted to mimic the dactyl club of the
peacock mantis shrimp by generating highly organized biocom-
posites made of CNCs mixed with genetically engineered protein
matrices containing cellulose-binding modules to harden,
strengthen, and stiffen apatite crystals (Fig. 3E) [91]. The pro-
tein–protein interaction and the molecular network create inter-
locking regions. The researchers achieved a graded
microstructure with a correlated mechanical gradient that closely
resembled those observed in natural biomineralized composites.
Farhadi-Khouzani et al. developed nanocellulose and calcium
carbonate-based composites through layer-by-layer assembly to
imitate nacre [6]. The researchers achieved a Young’s modulus
in excess of biogenic nacre owing to crack deflection and trap-
ping by the crystals and organic layers, but they did not achieve
the desired hardness or fracture toughness. The resulting materi-
als have potential applications in buildings and packaging.

Coating, assembly, and dispersity strategies
Several plants and animals incorporate superhydrophobic sur-
faces with a water contact angle of more than 150�, including tri-



TABLE 1

Bioinspired design strategies in diverse research results.

Target performance Composition and resultant material Design strategy Design source Ref.

Reinforced composite Cellulose-based biocompatible scaffolds
with target mechanical performance

Biomineralization Human dentin and mouse cortical
bone

[87]

Organized cellulose-protein binding
composite

Dactyl club of the peacock mantis
shrimp

[91]

Calcium carbonate–based composite on
nanocellulose matrix

Nacre [6]

Montmorillonite platelet/CNF/PVA
composite

Assembly Natural nacre in mussels [92]

CNF and CMC with ACC and PAA Crustacean exoskeleton [93]
Functionalized CNC crosslinked with a
copolymer through UV irradiation

Humboldt squid beak [94]

CNC film (wood-derived CNCs and tunicate-
derived CNCs)

Helicoidal microstructure of a
bone, crustacean shells, and ivory

[95]

Reinforced composite; high thermal
stability

Composite hydrogel with highly oriented
CNF and TiO2

Multiscale architecture of nacre [96]

Reinforced composite; flame resistance
and high thermal stability

Black phosphorus functionalized with
hydroxyl groups (BP � OH)/CNF composite

Brick-and-mortar microstructure
of nacre

[97]

Conductive, electrically insulating,
flexible, superhydrophobic, self-
cleaning

CNF/OH � BNNS film Lotus leaf and nacre (brick-and-
mortar)

[98]

High adhesion CNF/dopamine/Fe3+ composite Marine mussel byssal threads [2]
Shape memory material CNW-reinforced ethylene oxide–

epichlorohydrin polymer
Dermis of sea cucumbers [99]

CNW-reinforced polyurethane Sea cucumber dermis [100]
Structural colors Copolymer blended with CNC Beetle shells and butterfly wings [101]
Flexible liquid sensor CNF/carbon nanotube nanocomposite Wood-like multi-component

structures
[102]

Strain sensor Cellulose-based paper Human skin and rodent [103]
Actuation Nanocellulose-based colloidal liquid metal Soft tissue [104]

Poly(vinyl alcohol-co-ethylene) substrate
with a hydrophilic nanocellulose coating

Motile plant [105]

Hydrogel from chitosan and nanocellulose Plant tissues [106]
Biomimetic foam CNF/starch composite Parenchyma cells [107]
Superhydrophobic Silane-modified CNF microparticle Coating/modifying Hierarchical surface of lotus

leaf

[108]

CNF aerogel microsphere–coated filter
paper

Leaf-like structured surface
roughness

[109]

Copper iodide–modified cellulose paper Rose petal [110]
Nanocellulose aerogel carrier with load-
carrying ability

Water strider legs [111]

Water resistance, reinforcement CNF/dopamine/montmorillonite
nanocomposite

Mussel adhesive protein [112]

Water resistance Core-shell CNF (amylopectin-coated CNF)–
containing nanocomposite

Plant cell wall [113]

Flame resistance BNNS-p-APP and CNF composite Nacre-like microstructure [114]
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ticum and lotus plant leaves, the surface of duck feathers, and
insect cuticles [118–121]. A recent review by Bayer provides a
comprehensive review of superhydrophobic nanocellulose coat-
ings, some of which are bioinspired [122]. In addition to this
work, Wang et al. developed bioinspired regenerative, nanocellu-
lose, superhydrophobic coatings inspired by the papillae struc-
ture of the lotus leaf [123]. Although research in this area is
limited, there could be numerous applications for development
in terms of biocompatible and environmentally friendly anti-
fouling and anti-icing coatings made from nanocellulose.

Nacre is a natural ceramic composite. Its microarchitecture is
traditionally known as a “brick-bridge-mortar” arrangement.
The bricks refer to flat polygonal crystals of aragonite, which pro-
vide strength. Numerous mineral bridges are encompassed in the
organic layer. The mortar is a biological organic adhesive com-
posed of polysaccharide and protein fibers, which provide ductil-
ity capacity and energy redistribution. The combination of soft
biopolymer and hard aragonite makes nacre twice as strong
and much tougher than its constituent materials [124,125]. Xu
et al. [126,127] used a coiled-spring model to explain that the
biopolymer matrix in nacre can strengthen itself during defor-
mation; the authors also measured the elastic modulus
(11 GPa) of the thin biopolymer matrix.

Inspired by the multiscale architecture of nacre, Guan et al.
[96] prepared a high-performance sustainable structural material
from CNF and TiO2-coated mica micro platelets (TiO2-mica)
(Fig. 4A-E). A directional deforming assembly method was imple-
mented to achieve a highly oriented brick-and-mortar structure.
415



Protein-mediated
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implant crowns
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FIGURE 3

Schematic illustration of fabricating the mineralized nanocomposite. (A) Tree; (B) aligned CNF and its structure; (C) mineralization process; (D) mineralized
aligned CNF composite (function: strong because elastic modulus is �10 GPa; future application: scaffolds for repair and regeneration of hard tissues) and its
scanning electron microscope image with an aligned mineralized structure [87]; and (E) bioinspired nanocomposite (function: strong because tensile strength
is �460 MPa; future applications: bone repair, bioengineering) that mimics key architectural and molecular features of the mantis shrimp dactyl club via
biomineralization [91].
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The carboxyl groups of CNFs were crosslinked by the Ca2+, which
led to a strong ionic bond network and improved the interaction
between CNFs. The composite hydrogel was pressed to form a
highly oriented 2D building block (i.e., brick) with a uniformly
distributed 1D nano building block (i.e., mortar) between the
bricks. The structure prepared using bioinspired materials and
biomimetic design had better mechanical and thermal properties
than conventional petroleum-based plastics.

Similarly, Qiu et al. [97] mimicked the brick-and-mortar
microstructure of nacre and fabricated black phosphorus func-
tionalized with hydroxyl groups (BP-OH)/CNF composite films
via vacuum-assisted filtration self-assembly. 2D hydroxyl-
functionalized BP-OH was the hard segment and acted as the
brick, whereas 1D CNF was the soft segment and acted as the
mortar. The CNF adhered to adjacent BP � OH nanoflakes and
416
improved the friction energy dissipation and stress transfer effi-
ciency. The nacre-inspired BP-OH/CNF composite film had
strong interfacial hydrogen bonding between BP-OH and CNF,
which resulted in a 300% increase in tensile strength compared
with pure CNF film. Ultrathin flexible BP-OH/CNF composite
films also demonstrated good flame resistance (peak heat release
rate of �50 W/g) and high thermal stability (decomposition tem-
perature of �290 �C), with potential application in flame-
retarded insulation materials and flexible construction materials.

Hu et al. [98] prepared highly thermally conductive, electri-
cally insulating, flexible, and superhydrophobic nanocellulose
composite films via a dual-bioinspired (i.e., lotus leaf and nacre)
design. The rough surface morphology of lotus leaves was imi-
tated to attain super-hydrophobicity and self-cleaning proper-
ties. CNF/OH-BNNS films were prepared using vacuum-assisted
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FIGURE 4

Preparation of natural bioinspired structural materials. (A) A schematic of the directional deforming assembly pathway to fabricate bioinspired high-
performance structural materials; (B) nacre; (C) fracture surface of the nacre; (D) bioinspired structural material; (E) fracture surface of the bioinspired structural
material (function: strong because of high strength [281 MPa], high toughness [11.5 MPa m1/2], and high stiffness [20GPa]; application: alternative structural
material to substitute plastics) [96]; and (F) illustration of the preparation of OH-BNNS (boron nitride nanosheet) and CNF/OH-BNNS composite films
(biomimetic design template: lotus leaf and nacre; functions: high thermal conductivity and excellent hydrophobicity; application: cooling electronic devices)
[98].
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assembly and were modified using a low–surface energy modifier
of fluorinated silane molecules (Fig. 4F). The modified composite
film showed excellent hydrophobicity with a contact angle larger
than 155� and self-cleaning properties similar to a lotus leaf.
Additionally, the morphology of the CNF/OH-BNNS (50 wt%)
composite film depicted a highly oriented layered structure with
2D OH-BNNS tightly integrated with CNFs. The structure was
analogous to a nacre-like brick-and-mortar structure. This highly
oriented structure resulted in efficient heat dissipation along the
in-plane direction and showed a 505% enhancement in thermal
conductivity compared with pure CNF films.

Different biological composites such as bone, crustacean
shells, and ivory have a helicoidal microstructural motif and
have a hierarchical and periodic arrangement of hard and soft
phases. Because of these microstructural properties, these com-
posites are tough without being excessively ductile. Inspired by
the helicoidal microstructure of these composites, Natarajan
et al. [95] fabricated helicoidal CNC films with excellent mechan-
ical properties using wood-derived CNCs and tunicate-derived
CNCs. In most cellulose-rich helicoidal composites, wood-
derived CNCs are used. Lower aspect ratios of wood-derived
CNCs have shorter interaction lengths and poor shear transfer
capabilities, leading to poor mechanical properties of the
nanocomposites. To address this issue, Natarajan et al. used a
length bi-dispersity strategy by adding high–aspect ratio
tunicate-derived CNCs in low–aspect ratio wood-derived CNCs.
This strategy resulted in improvement in effective overlap length
that improved shear transfer efficiency and thus the modulus
and strength of the film. Furthermore, the helicoidal architecture
helped improve out-of-plane properties of the composites, such
as bending modulus, hardness, and impact tolerance. The result-
ing materials could be applied as protective coatings. Overall, lit-
tle literature specifically discusses the use of coating for the
bioinspired design towards nanocellulose-based materials. In
addition, it will be quite interesting to see other strategies (e.g.,
templating) used in this research field.
417
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Nanocellulose functions and applications
Nanocellulose is a promising substrate for developing superhy-
drophobic materials because it is renewable, biodegradable, and
has unique physical, chemical, and mechanical properties,
unlike conventional substrates. The potential applications of
superhydrophobic materials include automobile windshields,
oil–water filtration, water-repellant packaging materials, self-
cleaning clothing, microfluidic devices, and construction materi-
als [109,128]. Beyond the hydrophobicity, nanocellulose exhi-
bits other excellent properties such as adhesion, adsorption,
and flame resistance. Based on these functions, nanocellulose
has wide applications such as smart materials (e.g., stimuli-
responsive material, shape memory polymer, sensor, actuator),
composites, and biomedical engineering. Table 2 exhibits some
representative differences between nanocellulose-based materials
with specific functions.
Surface wetting
Super-hydrophobicity
Superhydrophobic materials have a static contact angle greater
than 150� for water droplets. Nanocellulose has been shown to
exhibit super-hydrophobicity (a water contract angle >150�) after
proper treatments [129–131]. However, the intrinsic hygroscop-
icity of nanocellulose (without treatment) in general is a big chal-
lenge. Superhydrophobic surfaces designed using nanocellulose
are mainly inspired by structural hierarchies similar to plant
leaves or insect surfaces such as rose petals and lotus leaves or
water strider legs, respectively [108–111]. Various chemical mod-
ification strategies are employed to enhance the hydrophobicity
by tuning the surface chemistry and structural designs. Nanocel-
lulose provides robust nanostructures and abundant hydroxyl
groups for attaching low surface energy moieties such as fluorine
TABLE 2

Representative differences of nanocellulose-based materials with specific fu

Material Inspired
design
template

Mechanism of working

Nanocellulose/
CaCO3

Nacre Layer-by-layer assembly of nanocellulose fi

infiltration with liquid CaCO3 precursors to
materials

CNC/copolymer Squid
beak

Thiol � ene crosslinking with a copolymer
irradiation

CNF/OH-BNNS
film

Lotus leaf
and nacre

Highly ordered hierarchical architecture an
bonding interaction

CNF/dopamine/Fe Mussel
byssal
thread

Coupling mechanism of CNF and dopamin
chemistry; swelling mechanism associated

CNW-reinforced
polyurethane

Sea
cucumber
dermis

Mechanically adaptive behavior and high e
materials

CNC/copolymer
film

Beetle
shell

CNC with structural color with left-handed
copolymer giving rise to the organic solven
structural color and wider red-shift window
peak

Copper iodide–
modified
nanocellulose
paper

Rose petal Hierarchical structures of copper iodide on
increasing surface roughness
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and silane through mechanisms such as plasma deposition,
chemical vapor deposition, sol–gel, and chemical etching.

Inspired by mimicking the hierarchical surface roughness and
wetting properties of lotus leaves, Mertaniemi et al. [108] devel-
oped a superhydrophobic coating on a glass surface using
silane–modified CNF microparticles. The superhydrophobic sur-
face resulted in a static water contact angle higher than 150�
due to the microstructure arrays and low surface energy of the
surface. The materials can be used for self-cleaning applications.
A similar approach was used by Zhang et al. [109] for coating
commercial filter paper with CNF aerogel microspheres to obtain
lotus leaf–like structured surface roughness. Subsequently, the fil-
ter paper was modified with silane copolymer to fabricate super-
hydrophobic filter paper. The modified filter paper showed
efficient oil–water separation because of its water repellency.
One possible mechanism is a thin layer of water formed on the
original paper surface so that oil is repelled away from the paper
surface. Klochko et al. [110] designed rose petal–based nanocellu-
lose films by building hierarchical nanostructures of copper
iodide onto cellulose paper. The hierarchical roughness of copper
iodide provides a combination of high hydrophobicity with a
large contact area, which enables high adhesion of droplets as
on rose petals. These films can be applied for lab-on-a-chip
microfluidic devices. Jin et al. [111] demonstrated that a nanocel-
lulose aerogel carrier has some common features with the water
striders, such as load-carrying on water. The nano- to microscale
features of these superhydrophobic aerogels mimicked bristly
water strider legs. The nanosized grooves trapped air between
the aerogel and water surface and could withstand a few orders
of magnitude greater weight than the weight of the aerogel itself.
The nanocellulose aerogel has a density of 0.02 g/cm3 and a
porosity of 98.6%. One potential application for this material is
gas-permeable, buoyant, and dirt-repellent coatings for sensors.
nctions.

Functional performance Ref.

lms and controlled
generate lamellar

Strong (reduced Young’s modulus of 14 GPa) [6]

through UV Strong (storage modulus of 289 MPa) [94]

d strong hydrogen Excellent hydrophobicity (contact angle of
>155�)

[98]

e via carbodiimide
with Fe3+ ions

High adhesion (wet adhesion of �10 mN/m) [2]

lasticity of wet Shape memory (55% shape memory effect
upon exposure to water)

[100]

helicity, and
t–responsive
of the reflectance

Structural colors (color change from blue to
yellow, regulated repeatedly under the
stimulus of cyclohexanone)

[101]

to nanocellulose, Highly hydrophobic (water contact angle of
143�)

[110]
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Nanocellulose’s hydrophilic hydroxyl functionality can be
easily modified to fabricate bioinspired nanocomposite designs
similar to mussels or plant cell walls with higher water resistance,
thereby improving their applicability in aqueous environment
applications. Yao et al. [112] engineered the interface between
CNF and montmorillonite for increased wet adhesion via partial
conjugation of dopamine molecules onto CNF and reaction with
montmorillonite, inspired by the versatile bio-adhesive capabili-
ties of mussel adhesive proteins. The resultant nanocomposites
exhibited excellent barrier and mechanical properties. The
mechanical performance is improved because of the strong inter-
facial adhesion between the montmorillonite and CNF, caused
by the conjugated dopamine molecules on CNF surfaces. The
broad applications of the materials include tissue engineering
and the encapsulation of drugs. Prakobna et al. [113] prepared
core–shell CNF (amylopectin-coated CNF)-containing nanocom-
posites inspired by water-resistant properties of primary plant
cell wall structures. The nanocomposites showed improved water
resistance than pure amylopectin and CNF. The distribution of
the amylopectin in thin CNF coatings causes amylopectin con-
finement as an interphase region next to rigid CNF nanofibers,
thereby restricting the molecular mobility and hygroscopicity
of amylopectin.

Superhydrophobic surface can also bring some other unique
properties, such as self-cleaning and anti-icing. For example,
mechanochemistry approaches have been used to fabricate func-
tionalized nanocellulose to achieve bioinspired architectures for
self-cleaning and anti-icing without compromising structural
integrity or functional disruption [132]. The fabricated product
was a nanocellulose/waterborne polyurethane composite aerogel
with a density of 0.054 g/cm3, as shown in Fig. 5A. The
microstructures of the aerogel could be easily controlled by
adjusting the nucleation driving for structure-adaptable multi-
functionalities. Thus, the sample with a Salvinia minima–inspired
structure could achieve an ultralow density of 0.05 g cm�3 with
excellent properties, including super-hydrophobicity, self-
cleaning, and anti-icing properties, which were further demon-
strated by droplet tests. As shown in Fig. 5B–D, the water droplet
on the aerogel surface slipped off immediately without forming
any ice crystals, indicating the excellent anti-icing ability of the
aerogel, which was further verified with a decrease of crystalliza-
tion temperature to �19 �C (it was �15 �C for WPU: waterborne
polyurethane). Furthermore, the droplets of coffee, and juice
rolled off the surface of the aerogel completely because of its
superhydrophobic feature. Fig. 5E shows the wettability compar-
ison of the pristine and modified CNF composites containing
OH-BNNS, indicating a superhydrophobic surface was success-
fully constructed after the modification of fluorinated silane
molecules. In summary, nanocellulose can become hydrophobic
after proper treatments. This provides a large opportunity for
treated nanocellulose to reinforce hydrophobic biopolymers
(e.g., polylactic acid, polybutylene succinate) with a high fiber/
polymer interfacial adhesion.

Adhesion, flame resistance, and adsorption
When cellulose-based materials are applied as fillers in compos-
ites, poor interfacial adhesion between cellulose and the matrix
may limit the properties of the composites. By applying a surface
modification to the nanocellulose, the interfacial adhesion
between the polymer matrix and nanocellulose can be improved.
In Yan et al.’s research [133], the surface modified micro-
fibrillated cellulose had an improved interfacial bonding with
soy protein isolated adhesive than unmodified micro-fibrillated
cellulose, where the shear strength was improved from 0.4 MPa
(soy protein isolated adhesive) to 1.4 MPa (soy protein isolated
adhesive with 10 wt% filler). The cellulose was induced to form
multiple interactions with soy protein isolate to form a stable
crosslinking system. To reinforce soy protein composites, CNF
was functionalized with 3-aminophenylboronic acid, shown in
Fig. 6A. The boronic acid group can form dynamic hydrogen
bonding between the various groups on soy protein [134]. The
improved hydrogen bonding resulted in higher tensile strength
and toughness, and the boronic acid also improved the flame
resistance (peak heat release rate of 52 W/g), antibacterial activ-
ity, and thermal stability (decomposition temperature of
�265 �C) because of its inherent chemical properties.

Karabulut et al. modified CNF with dopamine for further ionic
coordination with Fe3+, inspired by marine mussel byssal threads
[2]. The interactions between CNF in an aqueous dispersion were
adjusted by coupling CNF with dopamine. The presence of the
dopamine-Fe3+ complex improved the wet adhesion �3 fold
compared with that without Fe3+. The resulting coating could
provide strong adhesion with various surfaces for coating appli-
cations. Fernandes et al. modified the surface of bacterial cellu-
lose with 3-aminopropyltrimethoxysilane to obtain an NH2-
functionalized cellulose membrane [135]. Because of the pres-
ence of the free amino groups, the membrane showed an
antibacterial property against Escherichia coli while staying non-
toxic to human adipose-derived mesenchymal stem cells. This
membrane may be useful for biomedical applications.

Hu et al. modified the surface of BNNS with ammonium
polyphosphate to form hydrogen bonding with CNF [114]. After
the vacuum-assisted filtration of BNNS-p-APP and CNFs, a nacre-
like microstructure could be formed with a high in-plane thermal
conductivity (9.1 W m�1 K�1). The flame-retardant APP mole-
cules were wrapped onto the surface of BNNS via electrostatic
interaction, creating a strong hydrogen bonding interaction with
CNF chains. Flame resistance was also observed because of the
layered architecture that could suppress the release of com-
bustible volatiles and oxygen penetration, shown in Fig. 6B-C.

Other studies examined modified cellulose with grafted
chains for surface modification. For example, Tang et al.
extracted the CNF from a pomelo peel and oxidized some hydro-
xyl groups to carboxyl groups with H2O2 [136]. The obtained car-
boxylated CNF was grafted with polyethyleneimine, so the free
amino groups could adsorb dye molecules and heavy metal ions
in an aqueous solution. The adsorption capacity of malachite
green and copper ions was 530 and 74 mg/g, respectively, which
provides an environmentally friendly approach for waste adsorp-
tion by cellulose. Lassoued et al. grafted glycidyl methacrylate
from oxidized CNF, which was cast to transparent and foldable
films [137]. With the addition glycerol as a plasticizer, the film
from the CNF-glycidyl methacrylate was more hydrophobic
and had higher tensile extension. Increased hydrophobicity ben-
efits the compatibility of the modified CNF with poly(vinyl
butyral). The composites of poly(vinyl butyral) and modified
419
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FIGURE 5

Functions of bioinspired nanocellulose-based materials. (A) Schematic illustration of Salvinia minima–inspired ultralight aerogels with desirable dual
wettability; demonstration of (B) anti-icing and (C–D) self-cleaning properties of f-WPU (functionalized WPU; design strategy: assembly; application: self-
cleaning coatings) [132]; and (E) static contact angle images of (left) pristine and (right) modified CNF/OH-BNNS composite membranes (biomimetic design
template: lotus leaf and nacre; design strategy: assembly; application: cooling electronic devices) [98].
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CNF have higher specific absorption energy than poly(vinyl
butyral), which can potentially replace petroleum based poly
(vinyl butyral) in safety glasses.

Liu et al. grafted CNC with quaternized side chains, which
provides positively charged sites [138]. The brush-like, positively
charged CNC had high efficiency for selective heparin capture,
possibly because many free polymers in CNCs can capture hep-
arin. The adsorption capacity reached �41 mg/g at the first use
and 37 mg/g after five rounds of capture and release, which is
much higher than that of the commercial resin Amberlite-
IRA900, which is 6 mg/g. Overall, nanocellulose exhibits differ-
ent functions (e.g., adsorption, adhesion, flame resistance) after
proper surface modification, inspired by nature. Among those
functions, flame resistance becomes important regarding build-
ing material characteristics. Nanocellulose has attracted many
researchers’ attention because its incorporation into polymer
composites could improve their thermal stability.
420
Smart materials
Stimuli-responsive material
Smart materials are a class of advanced materials that are manu-
factured to respond to external stimuli in a controlled method.
As an example, some responses are stimuli-responsive because
they can change properties in response to external stimuli. Prop-
erty changes include changes in color, shape, state of matter, and
texture, which can be triggered chemistry, pH, moisture, electric
fields, magnetic fields, force, light, and temperature. Materials
can also be programmed to be multi-responsive, where a range
of external stimuli can be used to cause multiple changes within
the material. Smart materials often mimic behaviors observed in
nature. For example, sea cucumbers can selectively control their
rigidity as a defense mechanism. This behavior is being exploited
by researchers to develop a range of biomaterials [99,139].

A stimuli response can be triggered in nanocelluloses using
properties inherent to the cellulose. This is most accomplished
by exploiting the hydroxyl groups on the cellulose surface to



FIGURE 6

Fabrication and proposed mechanism of bioinspired nanocellulose-based materials. (A) Preparation process of a mussel-mimetic CNF-based nanocomposite
adhesive with a proposed mechanism: dynamic covalent interactions and intermolecular sacrificial hydrogen bonds (AB-functionalized refers to 3-
aminophenylboronic acid-functionalized; function: flame resistance and thermal stability; application: packaging) [134]; (B) schematic illustration of the flame-
retardant test; and (C) schematic illustration of the possible flame-retardancy mechanism of CNF-based composite films (BNNS-p-APP: BNNS with ammonium
polyphosphate; biomimetic design template: nacre; application: flexible electronics) [114].
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change as a result in differences in pH, electric fields, chemistry,
or temperature. For example, CNCs can be functionalized with
pendant amine groups and utilized to make colloids that can
change from solid to liquid-like behaviors from temperature
changes [140]. Likewise, the extensive hydrogen bonding within
CNCs can impart water-responsive properties (i.e., self-healing)
to composite materials [141]. Depending on the polymer matrix
within the composite and the specific chemistry utilized, shape
memory can also be created in CNC composites, allowing for a
change in shape as a response to stimuli [142–145].
Shape memory material
The use of the nanocellulose in shape memory polymers has
been widely studied [99,100,142,146,147], but bioinspired
nanocellulose-based shape memory polymers are limited, mainly
focusing on water-activated shape memory polymer composites,
in which nanocellulose is used as a reinforcing filler [99,100].
This inspiration of using nanocellulose as shape memory poly-
mer composites comes from the ability of many echinoderms
such as sea cucumbers to alter stiffness rapidly and reversibly
(Fig. 7A-B). The dermis of sea cucumbers consists of rigid,
high–aspect ratio, collagen fiber–reinforced nanocomposites,
where the interaction between the reinforcement fillers can be
regulated by chemical stimuli to alter stiffness. Following this
principle, Capadona et al. [99] fabricated CNW–reinforced ethy-
lene oxide–epichlorohydrin polymer, whose stiffness can be
altered by water. The CNWs form a stiff percolating network in
the nanocomposites through hydrogen bonding. The addition
of water molecules can form competitive hydrogen bonds to dis-
rupt the initial percolating network and thus soften the materi-
als. The interactions between CNWs can be switched on
(Fig. 7C, dry state) and off (Fig. 7D, wet state) changing the elas-
tic modulus. The storage moduli of dry composites increased
from �3.7 MPa (neat ethylene oxide–epichlorohydrin polymer)
to �800 MPa (19 vol% whiskers) with the whisker content, sug-
gesting the formation of a percolation network of the CNWs,
which was supported by a percolation model calculation
[99,148,149]. After swelling in water, the storage moduli reduced
from �800 to 20 MPa and recovered upon drying. The authors
also demonstrated similar stiffness alteration behavior in CNW-
reinforced poly(vinyl acetate).

Following a similar principle, Mendez et al. [100] developed
water-triggered shape memory composites based on CNW-
reinforced polyurethane (Fig. 7E-F), inspired by the function of
the sea cucumber dermis. The ability to form a percolating net-
work of CNWs was used to temporarily store elastic energy
applied to the composites. Once the water trigger was applied,
the stiff percolating network broke and released the elastic
energy to facilitate shape recovery. As shown in Fig. 7F, after
immersion in water, the fish lure specimen moves autono-
mously, returning slowly to its original shape. To realize this kind
of shape memory behavior, the composites were first exposed to
a wet environment to switch off the hydrogen bond between the
fillers, and then substantially stretched into an intermediate
shape. Once the composites were dried, the stiff cellulose net-
work reformed, and the consolidated temporary shape was
421
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FIGURE 7

Shape memory of nanocellulose-based materials. Pictures of a sea cucumber in (A) relaxed and (B) stiffened states; schematics showing (C) the stiff
percolating network of fibers generated in the dry state and (D) the lack of fiber interactions in the presence of water (design strategy: assembly) [99]; (E)
schematic representation of the shape memory mechanism in CNW-reinforced polymer composites; and (F) water-triggered shape memory effect used in an
artificial, self-propelled fishing lure (biomimetic design template: sea cucumber dermis; design strategy: assembly) [100].
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obtained. Upon rewetting and drying, the composites recovered
their initial shape. The team compared the shape memory behav-
ior of the neat polyurethane and polyurethane/CNW nanocom-
posites comprising 20 vol% CNWs and found that neat
polyurethane only had a marginal shape memory effect (1.5%)
upon exposure to water, whereas the polyurethane/CNW had
55% shape memory effect. The shape memory behavior of poly-
urethane/CNW was observed in cyclic shape memory experi-
ments. This principle has also been used in other studies to
fabricate shape memory polymer composites, such as poly(vinyl
acetate)/CNC [150], poly(glycerol sebacate urethane)/CNC [146],
and rubber/CNC [151]. The primary chemical trigger is water,
and future research may develop bioinspired nanocellulose-
based shape memory polymers that respond to other triggers
such as optical or electrical stimuli.
Sensing
Bioinspired nanocellulose-based materials and technologies have
been engineered to possess sensing capabilities including pho-
tonic, gas/chemical, solvent, and strain sensing. In biochemistry,
circular polarized light (CPL) is used as an information carrier for
the vision of the stomatopod crustaceans [152]. Similarly, CPL
can be used in modern information technology to relay informa-
tion [153]. The self-assembly of CNC as it is dried from an aque-
ous suspension leads to a cholesteric nematic structure, which
422
allows for the transmission of CPL and subsequent sensing/de-
tection [154,155]. Grey et al. demonstrated the integration of a
CNC film into amorphous indium-gallium-zinc oxide transistors
for CPL sensing capabilities [154]. Others have also utilized cho-
lesteric nematic structures, along with the available hydrogen
bonding sites on the surface of the CNCs, to create bioinspired
nanocomposites with custom mechanical and optical properties
for photonic sensing applications [155].

Bioinspired nanocellulose-based materials have also been
demonstrated as gaseous or chemical sensors. Researchers have
incorporated nanocellulose into bioinspired solid, liquid, and
gaseous sensors to detect chemistries such as urea, glucose,
organic solvents, water, and hydrogen sulfide (H2S). The detec-
tion of glucose and urea from a bioinspired nanocellulose-
based sensor was demonstrated by Babitha et al., who fabricated
a bioinspired ZnO nanoarchitecture using a series of biotem-
plates including carboxymethyl cellulose, resulting in the
nonenzymatic electrochemical sensing of glucose and urea
[156]. Others have shown the ability to detect specific liquids
or whether a liquid state is present. For example, Sun et al. devel-
oped a structural color-changing film responsive to cyclohexane
made from a copolymer blended with CNCs that mimicked the
unique structural colors of beetle shells and butterfly wings
(Fig. 8A-F) [101,157,158].
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FIGURE 8

Example bioinspired nanocellulose-based sensors and actuators. (A) The neat PEG-PPG-PEG (polyethylene glycol-block-polypropylene glycol-block-
polyethylene glycol) triblock copolymer/CNC film, (B, C) demonstrating the ability to sense organic solvent; (D–F) upon the evaporation of the organic
solvent, the film returns to the original state. The dashed red circles indicate water droplets and demonstrate the hydrophobicity of the film (biomimetic
design template: beetle shell and butterfly wing; design strategy: assembly) [101]; (G) schematic of the graphite pencil-traced/cellulose-based paper strain
sensor; and (H) the ability of the sensor to detect strain in the form of resistance change as deflection occurs in tension or compression (R0: initial resistance;
DR: resistance change; biomimetic design template: human skin and rodent; design strategy: assembly) [103].
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Zhang et al. harnessed inspiration from wood-like multi-
component structures to fabricate a CNF/carbon nanotube
nanocomposite that act as a flexible liquid sensor that could
detect the presence of water and ethanol [102]. Additionally, gas-
eous states can be detected by bioinspired nanocellulose contain-
ing sensors. For example, Kim et al. fabricated a H2S sensor by
functionalizing CNC and apoferritin onto tungsten trioxide
(WO3) nanotubes utilizing a bioinspired platinum catalyst that
transitions to sodium tetra-tungstate (Na2W4O13), granting the
nanotube the ability to detect H2S [159].

Researchers have developed nanocellulose-based sensors as
easy-to-fabricate and easy-to-use strain sensors based on bioinspi-
ration from human skin and rodent [103,160]. Hua et al. showed
the ability of cellulose-based paper with a graphite (pencil) trac-
ing on the surface to detect strain tension and compression dur-
ing a cantilevered beam experiment (Fig. 8G-H) [103].
Microcracks can appear in neighboring graphite flakes when a
tensile strain is applied, which causes an obvious increase in
resistance. However, the neighboring graphite flakes can recon-
struct overlaps when a compressive strain is applied, which
decreases resistance. Nanocellulose has been incorporated into
a wide variety of sensor types, including photonics and strain
sensors, resulting from bioinspiration, all of which contribute
to making sensing applications more renewable and sustainable.
Actuation
Examples of actuation as a result of response to a stimulus are
abundant in nature and have been used as inspiration in con-
junction with nanocellulose materials to engineer actuators
mainly for soft robotic and wearable sensor applications [161].
Many different stimuli have been demonstrated to trigger a
response of nanocellulose-based actuators. Common stimuli
used for actuation are electricity, moisture, and temperature,
and many actuators are activated by multiple stimuli
423
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[85,104,105,161,162]. For example, Lv et al. developed a
nanocellulose-based colloidal liquid metal capable of shape
deformation as a result of an electrical or thermal stimulus based
on the actuation of soft tissue [104]. A self-shadowing mecha-
nism was proposed. When exposed to light, the photothermal
heating of the liquid crystal network film and bending deforma-
tion toward the light were observed until the colloidal liquid
metal–coated region was shadowed by the blank edge. The mate-
rials have potential applications in integrated soft electronics and
bioinspired soft machines. The ability of motile plants to
respond to temperature and humidity has also inspired the
development of a flexible, porous, and freestanding actuator
comprising a poly(vinyl alcohol-co-ethylene) substrate with a
hydrophilic nanocellulose coating [105].

Actuators triggered by other stimuli besides electricity, tem-
perature, and moisture have been developed for biomedicine,
biomimetic machines, wearable sensors, and soft robotics. Hu
et al. fabricated a light- and temperature-triggered actuating
graphene-cellulose (paper) layered composite for potential inte-
gration into next-generation wearable sensors [160]. Whereas
many of the aforementioned bioinspired nanocellulose-based
actuators are layered nanocomposites, Duan et al. took inspira-
tion from plant tissues to create hydrogels from chitosan and
nanocellulose with the actuation capabilities depending on the
pH value, demonstrating potential applications in biomedicine
and biomimetic machines [106]. Overall, nanocellulose has been
included in a wide variety of bioinspired actuators that respond
to a large range of stimuli, primarily for biomimetic machines,
soft robotics, and wearable sensors.
High mechanical performance composite
Nanocellulose offers the potential to develop composites that
have high mechanical strength, toughness, and stiffness [13].
Mechanical properties are a crucial consideration in biomedical,
automotive, and construction composites [163]. Brick-and-
mortar assembly of natural nacre in mussels has long been a
source of inspiration for producing strong nanocellulose com-
posites. Natural nacre is a ternary composite of calcium carbon-
ate (CaCO3) in the aragonite phase, chitin, and protein.
Nanofibrillar chitin in nacre controls biomineralization and
mechanical strength [164]. Although the reinforcing mecha-
nisms of incorporating nanocellulose in various composite sys-
tems was not clearly elucidated for every research article cited
in this review, one study of mimicking nacre explained that
nanocellulose could bridge cracks and resist montmorillonite
platelets from sliding, thus enabling more montmorillonite pla-
telets to slide in the following layer [92]. Such deformation
behavior resulted in a toughened structure. In one study, mont-
morillonite platelets, CNF, and poly(vinyl alcohol) (PVA) were
combined to produce an artificial nacre transparent composite
through slow evaporation (Fig. 9A-D). The Young’s modulus,
tensile strength, and toughness reached 22.8 GPa, 302 MPa,
and 3.7 MJ/m3, respectively, owing to the layered and alternating
structure of montmorillonite and CNF synergistic networks and
interconnectivity by PVA [92]. These values are even higher than
natural nacre, with 80–135 MPa tensile strength and 1.8 MJ/m3

toughness [164]. In particular, the combination of these three
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components, especially nanocellulose, provides a good balance
of strength, modulus, and toughness [92].

In nature, nacre has long been identified as an excellent nat-
ural armor, with high mechanical strength and toughness
[166,167]. Li et al. [54] revealed that a single crystal-like aragonite
platelet is assembled by screw dislocation and amorphous aggre-
gation between aragonite nanoparticles. They further observed
the formation of an aragonite nanoparticle self-assembly process
and dome-shaped platelet formation. The improvements of
nacre’s strength and toughness are attributed to the dome-
shaped platelet being stacked together to form an interlocking
network against the sliding of the platelets [168]. A third-order
lamellae was formed by aragonite nanoparticles, which served
as the basic building blocks for the shell structure and con-
tributed to the mechanical properties of the shell by buffering
cracks and confining the damage to a relatively small volume
[169]. The microlayers serving as integrated shields with different
lamellar orientations are used to deflect and branch cracks
between layers [170]. Curved reinforcements can also be used
to construct conch spines, which exhibit a 30% increase in frac-
ture strength compared to conch shell body parts [171].

Nacre-like composites can also be assembled by vacuum-based
self-assembly of nanocellulose. Cai et al. [172] functionalized
sodium alginate with dopamine simply by mixing. The addition
of sodium alginate to CNC increased the tensile strength from
25.6 to 41.3 MPa and elastic modulus from 5.92 to 10.93 GPa
in comparison to neat CNC. The functionalized sodium alginate
provided more active –OH groups to form hydrogen bonding
between the CNC matrix and functionalized sodium alginate.
The presence of dopamine in these composites promoted interfa-
cial adhesion that further increased the tensile strength to
48.4 MPa and elastic modulus to 12.8 GPa. The composites
demonstrate good potential for fluorescent probe applications
[172]. The composites’ hydrogen bonding increased from 64%
to 72% compared with neat CNC [173].

Biominerals are made of organic substances such as chitin and
inorganic substances such as hydrated amorphous CaCO3. The
ratios of organic and inorganic substances control flexibility
and transparency. For example, exoskeletons of crustaceans have
high flexibility owing to their high organic content [93]. Kuo
et al. [93] made a crustacean exoskeleton–mimicking transparent
and flexible composite by combining CNF and carboxymethyl
cellulose (CMC) with ACC and PAA. The crosslinking of Ca2+

ions with anionic groups in CMC and CNF gave the
biomineral-inspired composite high mechanical strength. Fur-
thermore, CMC/CNF/ACC had a Young’s modulus of 15.8 GPa
and tensile strength of 268 MPa, whereas a CMC/CNF film had
a Young’s modulus of 10.7 GPa and tensile strength of
240 MPa [93]. In another approach, ACC/PAA was percolated
in oxidized bacterial nanocellulose, which provided free-
standing yet flexible and tough films that could fully recover to
their original state after flexural load was released. By binding
ACC/PAA with nanocellulose, the tensile strength of the com-
posite was 169 MPa and the elastic modulus was 7.3 GPa,
whereas the Marsupenaeus japonicas exoskeleton had a tensile
strength of 42 MPa and elastic modulus of 2.9 GPa (Fig. 9E-F)
[165].



(b) (c)

(d)

(a)

(e) (f)

FIGURE 9

Nanocellulose-based composites with high mechanical performance. (A) Fine aqueous dispersion of montmorillonite platelets, CNF, and PVA; (B) proposed
structural model for the artificial nacre, in which montmorillonite platelet and CNF fibril network layers are alternately stacked into a layered structure; (C)
anionic montmorillonite platelets and anionic CNF fibrils are interconnected by PVA through hydrogen bonds and Al–O–C bonds, resulting in high tensile
properties (MMT: montmorillonite); (D) digital photo of artificial nacre, showing a high level of transparency (application: precision optical devices, flexible
electronics, and food packaging) [92]; (E) elastic flexibility of the CACell/ACC/PAA composites. The composite films with thicknesses �10 lm are flexible, and
the flexed films quickly revert to the original flat state after removing the flexural loading; and (F) tensile test: typical stress–strain curves of the CACell/ACC/
PAA composite, neat CACell, and exoskeleton of Marsupenaeus japonicas (CACell: surface-carboxylated CNF; ACC: amorphous CaCO3; PAA: polyacrylic acid;
biomimetic design template: crustacean exoskeleton) [165].
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Humboldt squid beak contains chitin nanofibers embedded in
a protein matrix in which crosslinking and hydration can vary
the elastic modulus from 5 GPa in the stiff beak to 50 MPa in
the soft end connecting to muscles. The stiff portion contains
hydrophobic histidine-rich proteins crosslinked with chitin,
and the soft portion contains hydrated chitin with a low concen-
tration of proteins. Materials with similar mechanical gradients
are of value as orthopedic implants, and the properties of the
Humboldt squid beak were mimicked using functionalized
CNC crosslinked with a copolymer through UV irradiation. A
storage modulus contrast of 20 could be achieved, and it could
be varied from 14 to 289 MPa by tuning the degree of crosslink-
ing [94].

The biocompatibility of cellulose makes it an attractive mate-
rial for making high-performance composites [174]. Huang et al.
prepared bone scaffolds using CNC/hydroxyapatite/chitosan
composites through layer-by-layer assembly [175]. CNCs contain
sulfate groups that bond to Ca2+ and PO4

3- to form hydroxyap-
atite, and the hydroxyapatite content can be controlled by the
pH of a simulated body fluid [176]. Presence of hydroxyapatite
in the composites increased the Young’s modulus from 6.5 to
9 GPa [175].

Zou et al. [177] studied the nanoscale structure of bamboo
fibers and discovered the cobble-like polygonal cellulose nano-
grains present in the cell wall of the bamboo fibers, which act
as the basic building block to form the individual fibers. These
cellulose nanograins of bamboo fibers provide stiffness and act
as reinforcements to the parenchyma cell wall (matrix). The hier-
archical organization of these bamboo fiber bundles, parench-
yma cells, and vascular bundles contribute to the excellent
strength, stiffness, and toughness of bamboo [178]. Tao et al.
[179] constructed TaC nanowire–activated carbon microfiber
hybrid structures via a one-step carbothermal method using
bamboo fibers, where bamboo fibers acted as a carbon source as
well as the template. This hybrid structure derived from bamboo
demonstrated strong potential for energy storage applications
because its hierarchical heterostructures exhibited high capaci-
tance and the nanowires showed high Young’s modulus. Tao
et al. [180] reported a bamboo-based carbothermal technique to
prepare nanowires of interstitial carbides (e.g., TiC) and covalent
425
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carbides. Nanoporous bamboo can be used as both the renewable
carbon source and the template.

In another study by Tao et al. [181], radially aligned B4C
nanowires on carbon microfibers were developed using the por-
ous cotton fiber obtained from a commercial cotton T-shirt,
where cotton fibers acted as the carbon source and the template.
The developed B4C nanowires had low density, high aspect ratio,
and high strength, whereas the carbon microfibers had higher
modulus, making the nanowire/carbon microfibers hybrid struc-
ture an ideal candidate for mechanical reinforcement for light-
weight composite systems. Similarly, TiC nanorods were
synthesized on carbon microfibers using cotton fibers of a T-
shirt [182]. The resulting material exhibited excellent Young’s
modulus of 432 GPa and had the prospect of being used as rein-
forcements of composites.

Long-term durability of several such biomimetic composites
has not yet been tested and needs considerable attention. Biomi-
metic CNF–natural mica hydrogels with brick-and-mortar assem-
bly were manufactured to serve as replacements to conventional
plastics such as polymethylmethacrylate, acrylonitrile–butadie
nestyrene, polyamide, and polycarbonate. While the dimensions
of the commercial plastics changed significantly between
�130 �C and 150 �C, there were few changes in the dimensions
of CNF–mica composites in this entire temperature range. The
coefficient of thermal expansion of CNF-mica composites
(�7 � 10�6K�1 at 25 �C) was at least 10 times lower than that
of the commercial plastics. This may improve long-term stability
because of lower instances of the buildup of mechanical stresses
on thermal fluctuations [96]. In one study on biomimetic bone
scaffolds, the long-term stability of extracellular matrix scaffolds
made from Ca2+-oxidized CNFs was tested for the proliferation of
pre-osteoblast cells and compared with a natural extracellular
matrix (a mixture of collagen, laminin, and other proteins)
derived from a tumor cell line (Matrigel). The high porosity of
CNF scaffolds resulted in significantly higher cell proliferation,
cell stability, and mechanical stability over 3 weeks in compar-
ison to Matrigel [183].

Biomimetic foams (inspired by the parenchyma cells that may
have 10–50 mm diameter and <3 mm cell wall thickness) have also
been produced by adding CNF in a starch matrix and freeze dry-
ing, resulting in cell sizes in the range of 20–70 mm. The size of
ice crystals was controlled by the rate of freeze drying—high rates
produced smaller pore sizes for making microcellular foam struc-
tures. Above 40% CNF reinforcement, the cell structures became
elongated and had random orientation. By increasing the CNF
content from 0% to 40%, the tensile strength was increased from
170 kPa to 510 kPa at 40%, and the Young’s modulus was
increased from 4.9 MPa to 7.0 MPa [107]. Overall, there are
two major challenges regarding nanocellulose-based composites
for large-scale applications: nanocellulose drying with a low cost
and uniform dispersion of nanocelluloses in the polymer resin.
Freeze drying can help preserve the fibril structure and reduce
the fiber agglomeration, but it is a costly process. Other drying
methods (e.g., spraying drying, oven drying) need to be further
explored and developed.

The following is a brief summary of nanocellulose functions
of other bioinspired design sources. Specifically, resilin-like
polypeptides had terminal cellulose binding modules, which
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can adhere to nanocellulose. Genetically engineered resilin
fusion proteins can also modify cellulose surfaces with an
increased modulus of stiffness through a crosslinking effect in
cellulose hydrogel and nanopaper [184]. Fungi including Tricho-
derma sp. and Aspergillus sp. are commonly used for the pretreat-
ment of cellulosic biomass for the production of nanocellulose. A
recent discovery in this area is controlled hydrolysis by fungi
bypassing the homogenization process step [185]. Bacterial
nanocellulose and fish gelatin composite displayed good adhe-
sion and proliferation [186]. Mussel-inspired anisotropic
nanocellulose and silver nanoparticle composites have also been
found to have improved mechanical properties, electrical con-
ductivity, and antibacterial activity [187].

Biomedical and oil absorbency applications
Many tissues in the human body, including muscles and blood
vessels, are hierarchically ordered composite structures and exhi-
bit highly anisotropic mechanical strength. This anisotropic
structure plays key functions in tissue engineering, especially
after suffering injury [188]. For example, Domingues et al. devel-
oped anisotropically aligned electrospun nanofibrous scaffolds
with the assistance of nanocellulose as reinforcing fillers. The
incorporation of a small amount of nanocellulose (up to 3 wt
%) into tendon mimetic nanofiber bundles resulted in a signifi-
cant biomaterial-toughing effect and enhanced the scaffolds’
mechanical properties [189]. Tissue engineering has received
widespread interest because it can repair damaged tissues effec-
tively, creating artificial tissues to replace damaged parts and
restore their original function [190]. Most commonly, the hydro-
gel/cellulose system has been selected as a potential invasive
alternative for tissue engineering to promote a functional tissue
healing process. Different types of nanocellulose can be
employed as the matrix of hydrogel scaffolds for tissue engineer-
ing. To satisfy the requirements of different tissues, strategies
including the use of crosslinking agents and additives have been
established to produce nanocelluloses with controllable mechan-
ical properties and tailorable biocompatibilities.

Massive blood loss is one of the primary causes of death from
a wound, and creating antibacterial hemostatic materials with
superabsorbent capacity is highly desirable [191]. Liu et al.
[192] prepared a hydrogel sponge with hydroxyethyl cellulose/
silica foam for hemostasis applications and antibacterial investi-
gations. The hydrogel demonstrated superabsorbent capability
by rapid water-triggered expansion, thus quickly reducing blood
component (e.g., red blood cell, platelet) concentration. With
the addition of silica foam (9.8 wt%), the modified hydrogel
had an efficient hemostasis ability owing to the activated coagu-
lation factors. Moreover, the hydrogel presented good antibacte-
rial properties and excellent cytocompatibility after an
ammonium group modification. Given these merits, the hydro-
gel could enable healing in a full-thickness skin defect model
in vivo.

The flexible nature of hydrogen bonds in CNF could make
them connect and break during structural deformation [193].
This feature can modulate its formation energy and offer the con-
structed materials with extraordinary properties, providing a pos-
sible strategy for mimicking the healing ability of natural tissues.
As presented in Fig. 10A, a healed hydrogel consisting of tannic
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acid–PVA/CNC could lift a weight of 100 g after the introduction
of the tannic acid solution (15 wt%). The tannic acid-treated
hydrogel achieved a stress of 1.4 MPa and a fracture strain of
215%. The hydrogel was fabricated based on multiple hydrogen
bonds, and the rupture and reformation of the hydrogen-bonded
network offered an efficient energy dissipation mechanism.
These results revealed that the hydrogel could obtain self-
recoverability owing to the reversible hydrogen bonds via the
introduction of tannic acid. Furthermore, the hydrogel exhibited
better healing performance after the addition of Fe3+ ions, lifting
a weight of 200 g. This phenomenon is ascribed to the coupling
effects of hydrogen bonds and coordination bonds within hydro-
gels. Thus, multi-bonds within hydrogel could promote its heal-
ing behaviors, presenting good self-recoverability.

Cytotoxicity plays an important function in practical applica-
tions. A prepared hydrogel’s cytocompatibility can be deter-
mined by calculating the attached cell number and comparing
its proliferation morphology. Researchers demonstrated that tan-
nic acid-PVA/CNC hydrogels exhibit good biocompatibility and
excellent antibacterial properties [193]. The tannic acid-PVA/
CNC hydrogel is an ideal candidate for tissue engineering
because of its excellent biocompatibility and antibacterial
performance.

In addition to the functions and applications discussed above,
nanocellulose-based materials could also be used for oil absor-
bency. Food and textile industries generate large volumes of oily
wastewater daily, and these wastewaters, along with the frequent
(b) (c)

(a)

FIGURE 10

The healing ability or oil absorbance of nanocellulose-based materials. (A) Dem
assisted healing process of the tannic acid-PVA/CNC hydrogel and its possible m
protein; design strategy: assembly; application: tissue engineering and biome
separation using the aerogel, indicating its high oil absorbance performance
application: self-cleaning coating, oil removal) [132].
oil spill accidents from the petroleum industry, have become an
ecosystem and health concern that requires immediate atten-
tion. Nanocellulose-based materials have great potential for oily
wastewater treatment because of their high porous framework
and large surface area. Cai et al. successfully prepared a WPU
aerogel using functionalized nanocellulose as a structural, func-
tional, and topographical modifier to mimic the surface of Salvi-
nia minima, or floating ferns [132]. The resulting hydrophobic
material showed great soybean oil absorbency ability (e.g.,
60 g/g) owing to dual wettability, high porosity, and topologi-
cally controllable hierarchy, shown in Fig. 10B-C. A more elabo-
rate discussion on the application of nanocellulose-based
materials in oil field chemistry can be found elsewhere
[194,195]. In summary, nanocellulose based hydrogels have
potential in biomedical applications. However, continuous vali-
dation of nanocelluloses’ response in vivo is needed for the
hydrogels to be safely applied.
Conclusions
Summary
As a sustainable feedstock, nanocellulose can be integrated into
bioinspired materials, leading to multifunctional properties such
as surface-cleaning, anti-icing, water resistance, adhesion resis-
tance, and stimuli response. Many designs are inspired by nacre
(exhibiting exceptional toughness and strength), mussels (ex-
hibiting remarkable strength, crosslinking, and adhesion), fish,
onstration of tannic acid solution (15 wt%) and Fe3+ solution (0.3 mol/L)–
echanisms (TA: tannic acid; biomimetic design template: natural biological

dical) [193]; (B) optical picture of the ultralight aerogels; and (C) oil/water
(biomimetic design template: Salvinia minima; design strategy: assembly;

427



R
ESEA

R
C
H
:R

eview

RESEARCH Materials Today d Volume 66 d June 2023
flies, and plants. The main strategies to apply bioinspired designs
include biomineralization, coating, and self-assembly. Biominer-
alization can improve the mechanical properties of cellulose-
based materials, while self-assembly of nanocellulose can lead
to sensing/detection abilities because of its cholesteric nematic
structure.

The major applications of bioinspired nanocellulose-based
materials include composites for automotive applications, tissue
engineering, stimuli-responsive materials, and oil absorbency.
The nanocellulose-based composites have typical tensile strength
of 26–302 MPa, Young’s modulus of 1–23 GPa, and toughness of
4–36 MJ/m3. The mechanisms behind bioinspired designs have
been summarized: the shape memory mechanism in
nanocellulose-based composites mainly includes wetting/
stretching, drying/releasing, and wetting/drying. Sea cucumbers
can selectively control their rigidity based on a defense mecha-
nism, and chitosan-nanocellulose hydrogels swell based on an
actuating mechanism.
Challenges and future directions
Fundamental research on bioinspired design and compatibility is
needed to improve the functions of nanocellulose-based materi-
als, as shown in Fig. 11. Some strategies, such as biomineraliza-
tion and self-assembly, have been developed to improve the
mechanical properties of composites, but the mechanisms
behind this property enhancement have not been deeply stud-
ied. The intrinsic hygroscopicity of nanocellulose must be
addressed via proper methods. Incorporation of nanocellulose
in polymers has challenges such as incompatibility with
hydrophobic polymers and strong hydrogen bonding among
nanocellulose fibers, which causes flocculation. When
cellulose-based materials are applied as fibers in composites, the
interfacial adhesion between the cellulose and the matrix may
FIGURE 11

Overall research direction and the need for bioinspired nanocellulose-based m
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limit the composite performance. Modifying the surface wetting
of nanocellulose is a promising method for improvement.

Like for many new materials intended for industrial applica-
tions, standards and regulations are still in development for
nanocelluloses. Although advances have been made by the Tech-
nical Association of the Pulp and Paper Industry, and the Cana-
dian Standards Association, discrepancies still need to be
addressed for the wide implementation of nanocelluloses in
value-added products. One of the main concerns that slow the
development of international regulations is the limited knowl-
edge on nanocellulose safety. The size of nanocelluloses is in
the same scale as the main regulator of cellular, which could
enable a more direct interaction.

Cost reduction of nanocellulose-based materials needs to be
explored for bioinspired designs. Fibrillation and other mechan-
ical processes are energy-demanding, and the production of
nanocelluloses are not yet competitive against fossil-based poly-
mers. A low cost can be maintained by using sustainable biomass
residuals and developing cost-effective nanocellulose production
processes. The wide variability and wide application of nanocel-
lulose, and how nanocellulose can be a promising solution to the
development of bioinspired materials are also technical
challenges.

In the future, fundamentally understanding how different
natural systems work and the origin of their functionalities is
vital. Developing new ways to generate nanocellulose and under-
standing how to improve the functions of nanocellulose-based
materials toward targeted applications are crucial for bioinspired
designs. Nanocellulose mixing with other immiscible liquid
phases enables the formation of emulsions and resulting com-
posites after the liquid is removed from the media. These proper-
ties allow for nanocellulose suspensions to be sought after for
applications such as active coatings and food additives. In addi-
tion, bioinspired nanocellulose-based shape memory polymers
and packages can be explored more. Furthermore, incorporating
aterials.
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functional additives (e.g., inorganic particles and biopolymers) in
nanocellulose is a promising approach to increase its mechanical
performance (e.g., toughness) and application.
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