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Tissue engineering has emerged as a remarkable field aiming to restore or replace damaged tissues
through the use of biomimetic constructs. Among the diverse materials investigated for this purpose,
nanocellulose-based hydrogels have garnered attention due to their intriguing biocompatibility, tunable
mechanical properties, and sustainability. Over the past few years, numerous research works have been
published focusing on the successful use of nanocellulose-based hydrogels as artificial extracellular
matrices for regenerating various types of tissues. The review emphasizes the importance of tissue
engineering, highlighting hydrogels as biomimetic scaffolds, and specifically focuses on the role of
nanocellulose in composites that mimic the structures, properties, and functions of the native
extracellular matrix for regenerating damaged tissues. It also summarizes the types of nanocellulose, as
well as their structural, mechanical, and biological properties, and their contributions to enhancing the
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properties and characteristics of functional hydrogels for tissue engineering of skin, bone, cartilage,
heart, nerves and blood vessels. Additionally, recent advancements in the application of nanocellulose-
DOI: 10.1039/d4tb00397g based hydrogels for tissue engineering have been evaluated and documented. The review also addresses
the challenges encountered in their fabrication while exploring the potential future prospects of these

rsc.li/materials-b hydrogel matrices for biomedical applications.

In recent years, the field of tissue engineering has witnessed
a paradigm shift towards the exploration of advanced biomaterials

1 Introduction

In the medical field, tissue engineering plays a pivotal role by
integrating principles from biology, engineering, and materials
science to develop functional biological substitutes that can repair
or replace damaged or diseased tissues.'” This multidisciplinary
approach addresses critical healthcare challenges, offering trans-
formative solutions for disease management, organ transplanta-
tion, and regenerative therapies." Addressing the persistent
shortage of viable donor organs, tissue engineering represents a
paradigm shift. By integrating the body regenerative capacities
with advanced biocompatible materials, it enables the controlled
fabrication of functional tissues and organs in laboratory settings,
thus mitigating the risk of immune rejection and offering hope to
patients.>®
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that can emulate the complex and dynamic microenvironment of
native tissues.”® Biomaterials constitute the foundation of
advancements in tissue engineering, offering unique properties
that are indispensable for the successful regeneration of damaged
or diseased tissues.” These biomaterials are commonly chosen for
their biocompatibility, ensuring a harmonious interaction with
living cells and tissues without inducing adverse reactions.™®
Biomaterials also possess tunable physical and mechanical proper-
ties, allowing for the customization of scaffolds to mimic the
specific characteristics of the target tissue. Their ability to provide
structural support, promote cell adhesion, and guide cellular
behavior makes them essential for fabricating three-dimensional
frameworks that facilitate tissue engineering.®'° Furthermore,
biomaterials can serve as carriers for biomolecules and cells,
enhancing their therapeutic potential. In addition to their bio-
compatibility, biomaterials are also biodegradable, ensuring a
controlled release of encapsulated molecules, aligning with the
natural healing process, and eliminating the need for scaffold
removal.""** While presenting interesting properties and charac-
teristics for their use in tissue engineering, biomaterials are
generally combined with other materials and biomolecules to
enhance their properties for specific biomedical applications.'*'?
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This combination approach allows for the fabrication of more
complex and functional systems tailored to particular needs,
such as the engineering of specific tissues or the customization
of medical devices.’®'” The synergy between biomaterials and
other components often enhances biocompatibility, mechanical
strength, and the ability to induce desired cellular responses."®"

Among the various types of biomaterials commonly used to
design functional constructs for repairing damaged tissues and
organs, nanocellulose-based hydrogels have emerged as a promis-
ing class of materials, demonstrating remarkable potential for a
myriad of applications in tissue engineering.***! Nanocellulose,
derived from cellulose fibers at the nanoscale level, possesses
unique properties that make it an ideal candidate for designing
tailored functional constructs in tissue engineering.?** Its nano-
scale dimensions contribute to a high surface area, allowing for
enhanced cellular interactions and promoting cell adhesion and
proliferation. Nanocellulose is biocompatible and exhibits remark-
able mechanical strength.”**** Moreover, its tunable properties
enable the fabrication of hydrogels with customizable stiffness and
porosity, providing a platform for mimicking specific tissue
microenvironments.>**” The fibrous nature of nanocellulose also
facilitates the formation of intricate 3D structures, closely resem-
bling the architecture of native tissues.”®*® These properties,
coupled with its biodegradability, make nanocellulose a versatile
biomaterial for creating functional constructs tailored to the
unique requirements of tissue engineering.'%*'

In the spectrum of recent advancements in tissue engineering,
hydrogels play a crucial role.”*'® With their unique ability to retain
water in a three-dimensional network structure, hydrogels mimic
the natural extracellular matrix, creating a nurturing environment
for cell growth, proliferation, and differentiation.”** Hydrogel
versatility in accommodating various cell types and bioactive
molecules amplifies their significance, allowing precise engineer-
ing for intricate cellular interactions. This biomimetic approach
extends to their mechanical properties, tailored to match specific
tissues, making hydrogels invaluable for guiding tissue engineer-
ing processes.*'”> Additionally, hydrogels address challenges in
tissue engineering, playing a fundamental role in controlled drug
delivery and scaffold design. They encapsulate therapeutic agents,
ensuring targeted release and providing architectural frameworks
for tissue engineering.">** Furthermore, hydrogels can be infused
with bioactive signals to guide cell behavior, 3D directing them
towards differentiation and the formation of functional tissues.
This process is essential in tissue engineering.

In the field of tissue engineering, integrating nanocellulose
into matrices to design composite hydrogels contributes to
enhancing the properties of the resulting composites.®*¢
Nanocellulose, derived from plant or bacteria sources, possesses
exceptional strength, biocompatibility, and versatility, making it
an ideal biomimetic reinforcement material. When incorpo-
rated into hydrogels, nanocellulose enhances the mechanical
stability and structural integrity of the resulting biomaterial
hydrogels.®?”*%® Moreover, nanocellulose biocompatibility fos-
ters a conducive environment for cellular interactions in the
hydrogel matrix.>** Nanocellulose, with its hydroxyl groups
(-OH) and other functional groups, can provide an ideal scaffold
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for cell adhesion, proliferation, and differentiation. These func-
tional groups facilitate hydrogen bonding and electrostatic inter-
actions with cell surface molecules, promoting cellular attachment
and signaling cascades essential for tissue regeneration.”'%2%%”
Beyond its contributions to tissue engineering, nanocellulose
ability to facilitate controlled drug release makes it invaluable in
targeted therapies and regenerative medicine.**™*' By incorporat-
ing bioactive molecules into nanocellulose-based hydrogel carriers,
scientists could precisely regulate drug release, promising biomi-
metic responses in a targeted manner.">**

Extensive research in the literature has highlighted the
significant potential of nanocellulose-based hydrogels for
repairing diverse types of damaged tissues. Studies demon-
strated the versatility of nanocellulose in tissue engineering
applications, showcasing its ability to mimic the native extra-
cellular matrix, promote cell adhesion and proliferation, and
exhibit excellent biocompatibility. Researchers have success-
fully utilized nanocellulose hydrogels to address various tissue
repair needs, including wound healing, bone, nerve and cardiac
engineering as well as cartilage repair.'®'”**** The tunable
properties of these hydrogels allow for the fabrication of
tailored hydrogel constructs with customizable stiffness and
porosity, providing an adaptable platform for different tissue
microenvironments.>* The review delves into the potential of
nanocellulose-reinforced hydrogels for tissue engineering. It
initially underscores the pivotal role of hydrogels in this field.
Various aspects of nanocellulose are covered, including its
types, properties, sources, biocompatibility, and biodegradabil-
ity. Moreover, it discusses engineering techniques and cross-
linking strategies aimed at integrating nanocellulose with other
materials to create composite hydrogels. The review further
emphasizes the biomimetic properties of nanocellulose-based
hydrogels, such as their ability to deliver bioactive molecules,
promote cell adhesion and proliferation, and mimic signals
from the extracellular matrix. It explores the diverse applica-
tions of these hydrogels in bone, cartilage, nerve, vascular, and
skin tissue engineering. Additionally, it outlines commonly
used characterization methods for assessing the mechanical,
structural, and biological attributes of these polymer materials.
Recent advancements in utilizing nanocellulose-based hydro-
gels for tissue engineering are also evaluated and described.
Finally, the review addresses the challenges encountered dur-
ing their fabrication process and explores potential future
prospects for these functional hydrogel matrices in biomedical
applications.

2 Nanocellulose: properties and types

Nanocellulose, derived from cellulose, exhibits remarkable
properties and exists in various forms. It is characterized by
its nanoscale dimensions, high aspect ratio, and exceptional
mechanical strength. Nanocellulose can be categorized into
three main types: cellulose nanocrystals (CNCs), cellulose
nanofibrils (CNFs), and bacterial nanocellulose (BNC). CNCs
are rigid, rod-like nanoparticles with dimensions on the order
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of nanometers. CNFs, on the other hand, are long, flexible
fibrils with diameters ranging from tens to hundreds of nano-
meters. BNC is produced by certain bacteria and forms a
unique, highly pure form of nanocellulose. Each type offers
distinct advantages and applications across various industries.

2.1 Exploring nanocellulose: insights into nanocrystals and
nanofibrils

Nanocellulose, a versatile and sustainable biomaterial, encom-
passes a spectrum of types, each with its unique properties and
applications. The primary categories of nanocellulose include
CNCs, CNFs, and BNC (as illustrated in Fig. 1 and 2a-c).
Nanocellulose, can be sourced from both plants and bacteria,
each offering distinct properties and extraction techniques.*>™
Plant-based nanocellulose, primarily obtained from natural
sources such as wood pulp, cotton, hemp, and agricultural
residues, serves as a notable example of sustainable engineering
practices.***® Wood pulp, derived from various tree species,
remains a predominant source, serving as the foundation for
producing both CNCs and CNFs. The extraction process involves
breaking down the complex cellulose structure into nano-sized
entities, resulting in CNCs and CNFs renowned for their excep-
tional mechanical strength and biocompatibility.>*>* In contrast,
BNC represents a cutting-edge approach to nanocellulose pro-
duction. Cultivated through microbial fermentation, BNC is
synthesized by acetic acid bacteria, notably Gluconacetobacter
xylinus, using glucose-containing substrates.> This method
yields an ultra-pure and mechanically robust nanocellulose var-
iant, offering distinct advantages such as high purity, mechanical
strength, and biocompatibility. BNC stands out as a prime choice
for biomedical applications, including tissue engineering and
wound healing, owing to its unique properties derived from its
bacterial origins.”>>°

CNCs are often produced through acid hydrolysis, a chemical
process where cellulose-based materials are treated with strong
acids, causing the amorphous regions of cellulose to be removed,
leaving behind crystalline nanoparticles (Fig. 1A).°>®' CNFs, on the
other hand, can be obtained through mechanical disintegration,
wherein cellulose-based substrates are subjected to high shear
forces using techniques like homogenization or microfluidization.
These mechanical forces break down the fibers into nanoscale
fibrils, creating a suspension of CNFs.>”* In contrast, the produc-
tion of BNC commonly involves specific bacteria like Komagataei-
bacter xylinus and follows a complex series of biochemical
processes (Fig. 1B). In the BNC production pathway, glucose
acquired from the surroundings undergoes isomerization to
glucose-1-phosphate, subsequently reacting with uridine-5-
triphosphate (UTP) to generate uridine diphosphate glucose
(UDP-glucose). Catalyzed by cellulose synthase A and activated by
cyclic-di-GMP, linear 1,4 glucan chains are synthesized. These
chains are then discharged through pores in the bacterial cell
wall.**®* The entire process is regulated by the bacterial cellulose
synthesis ABCD operon, where bcsA encodes the catalytic subunit,
and besB produces a regulatory subunit that binds to c-di-GMP, a
crucial step in initiating cellulose production. The exact functions
of besC and besD remain somewhat ambiguous, although it is
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suggested that besC might play a role in the formation of pores in
the cell membrane. Following fermentation, the resulting pellicle
comprises cellulose, secondary metabolites, microbial biomass,
and residual nutrients.**®* This pellicle can be subjected to
purification, ultimately yielding a highly pure crystalline cellulose
matrix. Despite its molecular formula being similar to plant-
derived cellulose, BNC exhibits distinct physical and chemical
properties that render it exceptionally valuable in diverse applica-
tions. The production process meticulously follows biochemical
pathways, ensuring the synthesis of cellulose in bacterial cultures.
Komagataeibacter xylinus produces bacterial cellulose extracellu-
larly in four allomorphic forms, I-IV, with celluloses I and II being
the most extensively studied.*®

The hierarchical structure of cellulose fibers displays an
intricate and orderly arrangement across various levels, ranging
from the macroscopic organization of the cell wall to the molecular
configuration of cellulose chains as illustrated in the Fig. 2 and 3a.
At the macroscopic level, cellulose fibers exhibit a well-defined
hierarchical structure within the cell wall. This structure comprises
layers of cellulose microfibrils embedded in a matrix of hemi-
celluloses and lignin (Fig. 2A).** These microfibrils, in turn, consist
of bundles of cellulose chains organized in a crystalline lattice.
Delving further into the microscopic scale, cellulose microfibrils
reveal a highly structured assembly of cellulose molecules. This
assembly results in crystalline regions interspersed with less
organized, amorphous regions (Fig. 1A and 3b).%® The stability of
the crystalline cellulose structure is primarily upheld by hydrogen
bonding interactions between adjacent cellulose chains, establish-
ing a robust and secure framework. Cellulose, a complex poly-
saccharide predominantly found in the cell walls of plants, algae,
and select bacteria, boasts a meticulously organized microstruc-
ture that underlies its exceptional mechanical strength and
adaptability.***® Composed of linear chains of glucose molecules
linked by B-1,4-glycosidic bonds, cellulose forms intricate crystal-
line structures due to the regular arrangement of its constituent
units. This systematic assembly operates across various scales,
with each contributing to the unique properties of cellulose.>>*” At
the nanoscale, individual cellulose chains align into extended, flat
ribbons, held together by hydrogen bonds, resulting in the for-
mation of robust, inflexible structures known as cellulose micro-
fibrils. These microfibrils, with diameters measuring several
nanometers, align themselves into bundles within plant cells,
forming a mesh-like network. The hydrogen bonds between these
chains provide cohesion and stability, significantly bolstering
cellulose tensile strength.®®”° Expanding to a larger scale, cellulose
microfibrils come together to create macroscopic units, constitut-
ing cellulose fibers. These fibers are bound together by van der
Waals forces and additional hydrogen bonds, culminating in the
formation of a dense and stable material.”*””® This intricately
organized structure, with its interplay of crystalline and amor-
phous regions, defines the exceptional mechanical integrity of
cellulose and serves as the foundation for its diverse applications
in various industrial and biological contexts.”*”> Due to the unique
arrangement of cellulose microfibrils, cellulose fibers exhibit
impressive mechanical properties, including high tensile strength
and stiffness. In the context of plant cell walls, cellulose
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Fig. 1 (A) Two established methods for the isolation of CNCs and CNFs involve acid hydrolysis and mechanical disintegration, accompanied by a

hypothetical schematic representing the dilute acid pretreatment process aimed at extracting crystalline regions from cellulose amorphous domains. The
middle section illustrates the configuration of the cellulose repeating unit, highlighting the B-(1,4) glycosidic linkage influenced by intra/intermolecular
hydrogen bonding. Reproduced with permission from ref. 57 Copyright © 2019 Elsevier. (B) Schematic diagram depicting the biosynthesis pathways of
bacterial cellulose | and Il from glucose and fructose. Reproduced with permission from ref. 46 Copyright © 2021 MDPI.

microfibrils are embedded within a matrix of hemicellulose,
pectin, and lignin (Fig. 2A). This composite structure provides
plants with structural integrity, enabling them to withstand
mechanical stress and maintain their shape. The precise arrange-
ment of cellulose microfibrils within this matrix contributes to the

This journal is © The Royal Society of Chemistry 2024

rigidity of plant cell walls, allowing plants to grow tall and
maintain their form against gravitational forces.>**”>”¢ Plant
fibers, depicted in Fig. 2B, comprise elongated cylindrical cells
with an outer primary cell wall (S1), an inner secondary cell wall
(S2), and a central hollow channel (lumen). S2, rich in microfibrils,
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(A) Composition and structure of lignocellulosic plant cell walls. Lignocellulosic plant cell walls primarily consist of cellulose, hemicellulose, and

(B) Schematic illustration of the hierarchical structure of cellulose, starting

from its macroscopic origin in the plant stem (depicted here with flax). Cellulose microfibrils, which form the secondary cell wall of fibers, are surrounded
by hemicelluloses, lignin, and pectins, creating an interlocking matrix gel. The unit cell of cellulose IB, predominant in flax and cotton, is depicted with its

a, b, and c lattice constants. Reproduced with permission from ref. 59 Copyright ©

primarily consists of crystalline cellulose, representing about
95% of cotton fiber weight and 65-80% of flax fiber weight.*
Other components include waxes, protein, pectate, and miner-
als in cotton, and hemicellulose, pectins, proteins, and lignin
(2-2.5%) in flax. The interaction between cellulose and hemi-
cellulose, along with hemicellulose covalent bonds, influences
fiber macro-mechanical behavior. Cellulose molecules form
microfibrils through hydrogen bonding, adopting crystalline

7696 | J Mater. Chem. B, 2024,12, 7692-7759
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or semi-crystalline structures with lattice parameters.>*””° Cel-
lulose I occurs naturally in two crystalline forms: Io and I}, with
If predominant in flax and cotton, characterized by lattice
constants a = 7.80 A, b = 8.20 A, and ¢ = 10.38 A.°**° Amorphous
regions lacking hydrogen bonding are also present. Various
treatments target cellulose hydroxyl groups in both ordered
and disordered regions, affecting swelling and crystallinity
(Fig. 2B).

This journal is © The Royal Society of Chemistry 2024
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The microstructure of cellulose has significant implications
for various industries. In papermaking, the arrangement of
cellulose fibers influences the texture, strength, and absor-
bency of the paper.®>#® Additionally, advancements in nano-
technology have led to the isolation of cellulose nanocrystals
and nanofibrils, exploiting the unique microstructure of cellu-
lose for the development of nanocomposites and biomedical
materials. These nanoscale cellulose entities exhibit excep-
tional mechanical properties and have gained attention for
their potential applications in a wide range of fields.®>®”

2.1.1 Cellulose nanocrystals (CNCs). CNCs, often referred
to as cellulose nanowhiskers, represent a class of nanomater-
ials characterized by exceptional structural and mechanical
properties. Their nanoscale dimensions, typically in the range
of 5 to 20 nm in diameter and 100 to 500 nm in length,
contribute to their high aspect ratio.®®®° In addition, their
morphology results in a large surface area, ranging from 30 to
300 m* g, providing extensive interfaces for interactions with
other materials. Moreover, CNCs possess excellent thermal stabi-
lity, with a degradation temperature often exceeding 300 °C,
making them suitable for high-temperature applications.’®®! Their
optical properties, such as reflectance and birefringence, add to
their uniqueness, enabling applications in optical devices and
sensors.”> CNC biocompatibility and biodegradability further
enhance their appeal for biomedical applications, making them
promising candidates for drug delivery systems, tissue engineer-
ing, and various nanocomposites, contributing to advancements
in materials science and engineering.®>** Under the microscope,
CNCs appear as tiny, rod-shaped particles with dimensions in the
nanometer range. These particles exhibit a high degree of crystal-
linity, appearing as well-defined crystalline structures.*®’>°* Their
uniform size and shape contribute to their remarkable mechanical
properties. The images reveal the organized arrangement of
individual nanocrystals, highlighting their characteristic needle-
like appearance and surface morphology (as shown in Fig. 3d).*®
The highly ordered structure of CNCs is a result of the controlled
hydrolysis process used to extract them from cellulose sources.®®

The preparation of CNCs involves several advanced meth-
ods, each tailored to yield nanocrystals with specific properties
for diverse applications. One common approach is acid hydro-
lysis (Fig. 1A and 3b), where cellulose fibers are treated with
strong acids, such as sulfuric acid or hydrochloric acid, under
controlled conditions. This process selectively removes the less
crystalline or amorphous regions of cellulose, leaving behind
highly crystalline CNCs with characteristic rod-like shapes.®”
Another method involves enzymatic hydrolysis, wherein
enzymes like cellulase break down cellulose fibers into nano-
crystals. This technique offers a more environmentally friendly
alternative compared to acid hydrolysis and allows precise
control over CNC dimensions.® In addition, mechanical disin-
tegration techniques, such as microfluidization and homoge-
nization, utilize mechanical forces to physically break down
cellulose fibers into nanoscale dimensions. These methods
assiocated with chemical treatments are efficient in producing
CNCs with tunable sizes and morphologies.”® Additionally,
chemical oxidation techniques, including TEMPO (2,2,6,6-
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tetramethylpiperidine-1-oxyl)-mediated oxidation, involve the
use of specific chemical catalysts to oxidize cellulose, resulting
in CNCs with negatively charged surfaces, enhancing their
stability in aqueous solutions.'®*'° Emerging methods include
deep eutectic solvent (DES) treatment, where cellulose fibers
are dissolved in a DES and then precipitated to obtain CNCs.
This method is environmentally sustainable and produces
high-quality CNCs suitable for various applications.'*%* Ultra-
sonication, which utilizes ultrasound waves to disintegrate
cellulose fibers, is another versatile method. It allows for the
production of CNCs on both laboratory and industrial scales,
with the size and properties of the CNCs controlled by the
duration and intensity of ultrasound treatment.'**'°® Addition-
ally, methods like steam explosion and combined mechanical-
chemical treatments have been explored to enhance the effi-
ciency of CNC extraction, ensuring a more sustainable and
economical process.'® These diverse preparation methods
empower scientists to obtain CNCs with tailored characteris-
tics, enabling their utilization in advanced materials, nanocom-
posites, drug delivery systems, and biomedical applications,
thus driving innovations in various fields of science and
technology (Fig. 3g).

2.1.2 Cellulose nanofibrils (CNFs). CNFs are a remarkable
class of nanomaterials characterized by a set of distinctive
features. These nanofibrils consist of intertwined nanofibers
with diameters typically ranging from 5 to 30 nm with lengths
that can approach several microns.'”” One of the exceptional
attributes of CNFs is their transparency, a unique feature that
allows for their use in creating transparent films for various
applications.?*”7*  Microscopical examination of CNFs
(Fig. 3e) showcases a different morphology compared to CNCs.
CNFs appear as entangled, fibrous networks with a high aspect
ratio, resembling long, interconnected strands. These fibrils
exhibit a mix of crystalline and amorphous regions, giving
them a unique appearance under the microscope. CNF image
reveals their ability to form intricate networks, indicating their
potential for applications requiring high surface area and
mechanical strength. The image also captures the fine structure
of individual fibrils, highlighting their nanoscale dimensions
and the presence of both ordered and disordered regions.®?
When incorporated into hydrogels and other materials, CNFs
significantly enhance their mechanical properties, including
stiffness and tensile strength, making them valuable as rein-
forcement agents.'®'*° In tissue engineering, CNFs serve as
fundamental building blocks for scaffolds, providing a nano-
scale architecture that can closely mimic the extracellular
matrix, thereby promoting cell adhesion, proliferation, and
differentiation.”®'® This biocompatibility make CNFs ideal
for various biomedical applications, ensuring their safety and
effectiveness in in tissue engineering endeavors.”>>*'%° The
remarkable combination of mechanical strength, flexibility,
and transparency, along with their capacity to mimic natural
tissue environments, positions CNFs as a versatile and promis-
ing platform for creating advanced biomaterials and scaffolds,
contributing to significant advancements in the fields of mate-
rials science and tissue engineering (Fig. 3g).”®2%>310
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(a) and (b) Schematic representation of the process for extracting cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) from the cell

walls of wood and plants. Reproduced with permission from ref. 81 Copyright © 2023 MDPI, as well as (c) bacterial nanocellulose (BNC) from bacteria.
Reproduced with permission from ref. 66 Copyright © 2023 Springer. (d) Transmission electron microscopy (TEM) image of CNCs. Reproduced with
permission from ref. 35 Copyright © 2012 American Chemical Society. (e) Scanning electron microscopy (SEM) image of CNFs. Reproduced with
permission from ref. 82 Copyright © 1997 John Wiley & Sons, Inc. (f) Field emission scanning electron microscopy (FESEM) image of BNC. Reproduced
with permission from ref. 83 Copyright © 2020 Springer Nature. (g) Schematic illustration of diverse biomedical applications for nanocellulose.

Reproduced with permission from ref. 84 Copyright © 2020 MDPI.

The production of CNFs from plant biomasses or other
cellulose sources mainly involves various physical and mechan-
ical methods aimed at breaking down cellulose fibers into
nanoscale fibrils. One common technique is mechanical disin-
tegration, where cellulose fibers are subjected to high shear
forces using methods such as microfluidization, homogeniza-
tion, or grinding. These mechanical forces separate the fibers
into smaller entities, eventually yielding CNFs."**"""> Microflui-
dization, in particular, involves forcing cellulose fibers through
a narrow channel at high velocities, resulting in effective
fibrillation due to shear and cavitation forces."'" Another
method is high-pressure homogenization, where cellulose
fibers are forced through a narrow gap at high pressures,
causing them to shear and fibrillate into nanoscale
dimensions.""* Ultrasonication, utilizing ultrasound waves,
induces mechanical agitation and cavitation, leading to the
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disintegration of cellulose fibers into CNFs.'** These methods
are advantageous as they do not involve chemical treatments,
preserving the natural properties of CNFs. In addition to
mechanical approaches, physical methods like cryocrushing
have been explored. In this method, cellulose fibers are frozen
in liquid nitrogen and then shattered, resulting in fine fibrilla-
tion due to the brittle nature of the frozen material. These
techniques generate CNFs with high aspect ratios, offering
excellent reinforcement potential in various applications.™*?
Furthermore, combination methods, such as enzymatic pre-
treatment and mechanical disintegration, have been employed
to enhance the efficiency of CNFs production.®*>''* Enzymatic
treatments, partially break down cellulose fibers, making them
more amenable to subsequent mechanical disintegration.
These physical and mechanical methods enable the production
of CNFs with specific characteristics, including fibril length,

This journal is © The Royal Society of Chemistry 2024
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width, and surface properties, tailored for diverse applications
such as nanocomposites, films, coatings, and biomedical
materials."*>"'® By optimizing these methods, scientists can
obtain CNFs with desired properties, contributing significantly
to advancements in nanotechnology and sustainable materials
development.

2.1.3 Bacterial nanocellulose (BNC). BNC stands out as a
highly promising and versatile nanomaterial, produced by
various ubiquitous fermentation bacteria (Fig. 3c). While BNC
has found diverse applications in commercial sectors, its
exceptional potential in the field of medical applications
remains a focal point of interest."'” Several bacterial genera,
including Acetobacter, Achromobacter, Bacillus, Sarcina, Aerobac-
ter, Agrobacterium, Escherichia, Azotobacter, Rhizobium, Entero-
bacter, Klebsiella, and Salmonella, have been identified as
cellulose producers in the synthesis of BNC."'®''® BNC synth-
esis unfolds through a complex series of stages, starting with
the activation of monosaccharides through sugar nucleotides
development, followed by polymerization leading to the assem-
bly of repeating sugar units. Subsequently, the addition of acyl
groups occurs if present, culminating in the excretion of BNC
from the cell cytoplasm to the external environment through
the cell membrane."**"*" This process, undertaken via micro-
organisms, employs two primary methods: the static culture
approach, resulting in the formation of a dense, leathery white
BNC pellicle at the air-liquid interface; and the stirred culture
technique, wherein cellulose is produced in a dispersed man-
ner within the culture medium, forming peculiar pellets or
suspended microfibers.'?%**

BNC possesses an impressive array of features that elevate
its value in industrial and biomedical applications. Its out-
standing purity, often reaching 99.9%, ensures it is virtually
free from impurities, making it an ideal choice for biomedical
applications where material purity is paramount.'®* BNC exhi-
bits a degree of polymerization within the range of 4000 to
8000, coupled with a crystallinity spanning from 75% to 80%.
The elementary crystallites exhibit a length of 100-150 nm, with
a lateral size of 8-10 nm."**"*® BNC plays a crucial role in
biomedical engineering due to its unique properties. Its bio-
compatibility, high porosity, remarkable mechanical strength and
water-holding capacity, and capacity to be tailored into diverse
forms make it an ideal material for various biomedical
applications."®"*”"*® From wound dressings to tissue scaffolds,
bacterial cellulose serves as a versatile and effective component,
contributing to advancements in regenerative medicine and tissue
engineering. Additionally, its natural origin and biodegradability
align with the growing emphasis on sustainable and eco-friendly
practices in biomedical research and applications.>"!!81297132
Moreover, BNC is highly biocompatible and non-toxic, allowing
safe direct contact with biological tissues without causing adverse
reactions.**'** Its substantial and high surface area facilitates
efficient interactions with various molecules, making it ideal for
drug delivery systems."*> The nanofibrous architecture of BNC,
characterized by substantial fiber diameters and lengths, offers an
extensive surface area-to-volume ratio. With numerous hydroxyl
groups and inherent hydrophilicityy, BNC exhibits enhanced

This journal is © The Royal Society of Chemistry 2024
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reactivity, positioning it as a highly suitable material for surface
modifications and functionalization."*® Microscopical image of
BNC (as highlighted in the Fig. 3f) exhibits a unique, nanofi-
brous network composed of ultrafine cellulose fibers. These
fibers are highly uniform in diameter and appear densely
packed, creating a compact and stable material. BNC displays
a characteristic mesh-like structure with a high degree of
porosity, providing a large surface area for interactions with
surrounding environments.*»'"® The image showcases the
smooth and homogeneous surface of BNC fibers, underscoring
their high purity and quality. BNC micrograph often reveals an
intricate arrangement of fibers, forming a three-dimensional
scaffold with a nanoscale texture.®*'*?

In summary, nanocellulose, a versatile material with unique
properties, holds significant promise for biomedical applica-
tions. Its inherent features, such as biocompatibility, high sur-
face area, and tunable mechanical strength, make it an excellent
candidate for various biomedical uses. The nanoscale dimen-
sions of nanocellulose allow precise manipulation, facilitating
tailored applications in drug delivery, tissue engineering, and
wound healing. Moreover, its renewable and sustainable nature
aligns with the growing emphasis on eco-friendly biomedical
solutions. The combination of these properties positions nano-
cellulose as a valuable resource for advancing innovations in the
biomedical field.>>"*®'*° Fig. 3¢ emphasizes several biomedical
applications of nanocellulose hydrogels.

2.2 Tailoring nanocellulose properties through
functionalization

Functionalizing nanocellulose is pivotal for optimizing its proper-
ties and expanding its applicability."**"*” Nanocellulose, featuring
high surface area, biocompatibility, and mechanical strength,
undergoes diverse surface modifications, including oxidation,
coupling, coating, etc. These methods tailor its surface chemistry,
introducing functionalities like carboxyl, hydroxyl, or amino
groups.”® This customization enhances compatibility with other
materials, crucial for uniform dispersion in nanocomposites or
favorable interactions. In addition, functionalization enables pre-
cise control over wettability, adhesion, and reactivity, making
nanocellulose versatile for varied applications.**® In biomedicine,
this material serves as a foundation for drug delivery, wound
dressings, and tissue engineering. Tailoring nanocellulose for
targeted drug release or antimicrobial properties enhances its
suitability.*>"*° In sustainability, functionalized nanocellulose
plays a vital role in green technologies, aiding water treatment
and reinforcing biodegradable composites.'*®'** Table 1 provides
a comprehensive overview of the different functionalization meth-
ods, along with their respective advantages and disadvantages,
aiding in the selection of the most suitable method for fabricating
functionalized nanocellulose-based hydrogels for tissue engineer-
ing applications.

In the Fig. 4, the mechanisms behind key chemical mod-
ifications of nanocellulose are highlithed.

2.2.1. Esterification. Esterification is a chemical modifica-
tion method that entails reacting nanocellulose hydroxyl (OH)
groups with carboxylic acids or acid chlorides. The outcome of
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Table 1 Nanocellulose functionalization strategies for hydrogel fabrication: principles, advantages, and disadvantages
Functionalization
methods Principles Advantages Disadvantages Ref.
Esterification Introduction of ester groups to e Enhanced hydrophobicity e Requires harsh reaction 141-143
nanocellulose surface through conditions
reaction with carboxylic acid o Improved mechanical properties e Formation of byproducts
derivatives. e Tunable surface chemistry e Difficulties in controlling degree
of substitution
Etherification Introduction of ether groups to e Increased stability against e Limited reaction selectivity 144 and 145
nanocellulose surface via reaction moisture
with alkyl or aryl halides. e Enhanced mechanical e Formation of heterogeneous
properties products
e Improved dispersibility e Moderate to low
functionalization efficiency
Silanization Coating of nanocellulose with e Enhanced hydrophobicity or e Requires specific handling and  146-148
organosilanes to modify surface hydrophilicity storage conditions for silanes
properties. o Improved compatibility with e Potential toxicity of unreacted
other materials silanes
e Enhanced chemical stability e May introduce heterogeneous
surface coverage
Sulfonation Introduction of sulfonate groups e Enhanced water solubility e Harsh reaction conditions 149-152
onto nanocellulose surface e Improved interaction with polar e Potential degradation of
through reaction with sulfonating solvents cellulose structure
agents. e Increased surface charge e Formation of side products
Carboxymethylation Attachment of carboxymethyl e Introduction of carboxyl groups e Requires alkaline conditions 153-156
groups to nanocellulose surface for further functionalization
using chloroacetic acid or its o Increased water solubility e Formation of byproducts
derivatives. e Improved dispersibility e Potential decrease in
mechanical properties
Phosphorylation Introduction of phosphate groups e Enhanced bioactivity for tissue =~ e Complex synthesis routes may 157-159
onto nanocellulose surface regeneration require multiple steps
through reaction with o Improved flame retardancy e Potential cytotoxicity of
phosphorus-containing reactants
compounds. o Increased surface reactivity e Potential decrease in
mechanical properties
Polycondensation Formation of covalent bonds e Enhanced mechanical e Complex reaction kinetics 160 and 161
between nanocellulose and properties of resulting hydrogel
polymeric chains through o Improved stability against o Difficulty in controlling polymer
condensation reactions. environmental factors chain length
e Tunable network structure e Formation of heterogeneous
networks
Cationization Introduction of positively charged e Enhanced interaction with e Potential cytotoxicity of cationic 162-164
groups onto nanocellulose surface  negatively charged molecules reagents
via reaction with cationic (e.g., proteins, cells)
reagents. e Improved dispersion in polar e Non-specific binding to
solvents negatively charged species
e Increased stability in aqueous e Limited control over degree of
environments functionalization
Coating Application of a thin layer of e Versatile: can be used to e Limited durability of coating 165-167
functional material onto introduce various functionalities
nanocellulose surface. e Controlled deposition of coating e Potential delamination
material
e Preservation of inherent o Difficulty in achieving uniform
properties of nanocellulose coverage
Adsorption Adsorption of functional e Simple and cost-effective e Weak bonding between 168-170
molecules onto nanocellulose method adsorbate and nanocellulose
surface via physical interactions. e Minimal alteration of nano- o Difficulty in controlling
cellulose structure adsorption efficiency
e Versatile: wide range of mole- e Potential desorption under
cules can be adsorbed certain conditions
Initiation Introduction of reactive sites onto e Precise control over location and e Requires specific initiation 171 and 172
nanocellulose surface to initiate density of functional groups agents
7700 | J Mater. Chem. B, 2024,12, 7692-7759 This journal is © The Royal Society of Chemistry 2024
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Table 1 (continued)
Functionalization
methods Principles Advantages Disadvantages Ref.
subsequent polymerization or e Compatibility with various e Limited scalability for
modification reactions. polymerization methods large-scale applications
e Enables grafting of diverse o Potential decrease in cellulose
monomers crystallinity
Oxidation Introduction of oxygen-containing e Increased hydrophilicity e Harsh reaction conditions 100, 127
functional groups (e.g., hydroxyl, e E