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Cellulose, an abundant and sustainable biopolymer, has emerged as a versatile platform for advanced biomedical
nanomaterials. Nanocellulose is obtained through integrated pretreatment and mechanical processes, including chemical,
enzymatic, and oxidation-based strategies that reduce energy consumption and enable controlled structural tuning. The
three main forms — cellulose nanofibers (CNF), cellulose nanocrystals (CNC), and bacterial nanocellulose (BNC) — differ
in morphology, crystallinity, and production routes, resulting in distinct physicochemical and biological properties.

A high density of surface hydroxyl groups allows extensive surface engineering through oxidation, grafting, crosslinking,
and biofunctionalization. These modifications are central to tailoring structure—function relationships that govern
biocompatibility, mechanical strength, drug loading capacity, and controlled release behaviour.

This review provides a focused structure—function perspective on surface-engineered nanocellulose for biomedical
applications. Emphasis is placed on drug delivery systems, wound healing materials, tissue engineering scaffolds,
antimicrobial platforms, and biosensing technologies. By correlating structural design with biological performance, this

work highlights the expanding role of nanocellulose in next-generation biomedical innovations.
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INTRODUCTION

Cellulose is the most abundant renewable
natural biopolymer on Earth, primarily occurring
in plant cell walls and biosynthesized by specific
bacteria and tunicates.'? Cellulose is the main
component of plant cell walls. It is the world's most
prevalent organic compound due to its structural
integrity. With 75 to 100 billion tonnes produced
by photosynthesis per year, cellulose makes up
around 40% of all organic matter on the planet.**
Cellulose plays an important part in the human
food chain in an indirect way. Veterinary meals,
paper and wood, textiles and = strands,
pharmaceuticals, and beauty care goods are just a
few of the industries that use this versatile
polymer.’

Cellulosic materials with at least one dimension
in the nanoscale range are referred to as
nanocellulose. Nanocellulose can be made from a
variety of lignocellulosic sources using a variety of
processes. Nanocomposites made from renewable

resources and reinforced with nanocellulose are
currently a popular research topic. Nanocellulose’s
utility in hybrid composite materials, dispersions,
foams, and films, as well as many other areas, have
yielded promising results.® Due to its extraordinary
physical features, distinctive surface chemistry,
and good biological capabilities, nanocellulose, a
unique and promising natural material derived
from native cellulose, has received a lot of
attention for its potential as a biomedical material.”
The term “nanocellulose” refers to cellulose-based
nanostructures, which have attracted much
research attention in recent years due to their
versatility in terms of physical properties, chemical
modifications, and potential uses. There are three
types of nanocellulose: cellulose nanofibers
(CNFs), bacterial nanocellulose (BNC) and
cellulose nanocrystals (CNCs).?’

Cellulose is a linear homopolysaccharide
composed of [-D-glucopyranose units linked
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through B-(1—4) glycosidic bonds, forming
extended polymer chains with a high degree of
polymerization (typically 10,000—15,000 in native
cellulose, as shown in Fig. 1). Each repeating unit
contains three reactive hydroxyl groups that
participate in extensive intra- and intermolecular
hydrogen bonding, resulting in a highly ordered,
crystalline  microfibrillar  structure.'™'  The
reaction potential of the hydroxyl group at position
6 is quite higher than that at position 2 and 3.'? Due
to its crystallinity and hydrogen bonding, cellulose
is insoluble in most solvents."?

Cellulosic nanomaterials, in particular, have
sparked enormous scientific interest due to their
amazing mechanical, structural, chemical, and
biological capabilities, as well as their high degree
of  biocompatibility, biodegradability, and
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bioavailability.* Nanocellulose is frequently used
for the development of materials for drug delivery
applications, in the form of nanoparticles, aerogels,
tablets, and hydrogels. By using nanocellulose as a
carrier for the drug formulation, it may be possible
to regulate its release and focus on local drug
administration, leading to a significant reduction in
the drug quantity.' It allows for higher absorption
and cell binding due to its high surface-to-volume
ratio, enhancing the effectiveness of various
delivery systems.'’> Nanocellulose has also been
demonstrated to have a minimal toxicity risk when
used as a carrier.'® The areas for targeted drug
release are determined by the hydrophobicity,
surface charge, modification, and particle size of
drug carriers."’

Repeated Unit

Figure 1: Chemical structure of cellulose

Types of nanocellulose

Figure 2 shows three types of nanocellulose,
with the general morphological structure and
alternative names of each class. These varied forms
of nanocellulose have their individual significance
in different areas like pharmaceuticals, textile,
cosmetics, etc.

Cellulose nanofibers (CNF)

Cellulose nanofibers (CNF) are nanoscale
fibrillar materials obtained by the mechanical
and/or chemical disintegration of plant-derived
cellulose fibres, with diameters of 20 to 60 nm and
lengths of several micrometres. When compared to
CNF made from secondary cell walls of natural
fibres, CNF made from primary cell wall fibres is
frequently larger and narrower.'® Generally, these
fibres have a high volume and huge surface
area.'”™ They are made up of crystalline and
amorphous domains that alternate with one other.'
Nanofibrillated cellulose (NFC) is typically made
by mechanically delaminating wood pulp prior to
and/or after enzymatic or chemical treatment.”> A
combination of chemical and mechanical
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treatments has been proven to be the most effective
method due to the energy savings and improved
fibrillation of cellulose fibres.*

Cellulose nanocrystals (CNCs)

CNC is less flexible than NFC because it lacks
amorphous  regions.”’  Acid hydrolysis is
commonly used to isolate them from cellulose
fibres.?** The most widely used approach for
producing CNCs is to hydrolyse cellulose with 60—
64 weight percent H,SO4 at temperatures ranging
from 45 to 60 °C.** A higher fraction of the
amorphous areas is eliminated during acid
hydrolysis, and CNC is considered to be more rigid
than CNF, owing to its high crystallinity.?”

The features and quality of the CNCs produced
are influenced by the source material, along with
hydrolysis environment, which includes type of
acids, concentration, temperature, duration, and
acid to cellulose ratio.”’

Bacterial nanocellulose (BNC)
Bacterial nanocellulose (BNC) has the same
molecular structure as cellulose generated from



plants, but unlike plant-derived nanocellulose, it is
biosynthesized extracellularly by specific bacterial
strains.* Bacteria that generate cellulose, such
Gluconacetobacter  species, mostly require
aqueous culture conditions with a sugar supply.**!
This procedure might take from a few days to many
weeks to complete, under static or stirred culture
conditions.’>*® By a biological process, these

Types of

Cellulose nanofiber (CNF)
nanocellulose

Cellulose nanofibril,
Microfibrillated cellulose,
Nanofibrillar cellulose,
Nanofibrillated cellulose
and Cellulose microfibril

Common
names

Cellulose nanocrystal

Nanocrystalline cellulose,
Cellulose nanowhisker,
Cellulose nanowire and

Nanocellulose

bacteria transform glucose to cellulose,* resulting
in an ultra-pure cellulose network free from lignin
and hemicelluloses. This intrinsic purity
contributes to its high crystallinity, superior water-
holding capacity, and excellent biocompatibility.
By manipulation in bacterial culture conditions, the
formation of controllable and desired microfibrils
is possible.***

Bacterial nanocellulose

Bacterial cellulose,
Microbial cellulose
and Bio-cellulose

Cellulose nanorod

Figure 2: Types of nanocellulose, their morphology and common names

METHODS OF
ISOLATION
Chemical treatments

Chemical treatments remove hemicelluloses
and lignin, improves cellulose quality, and
improves fibrillation and the transformation of
cellulose fibre into micro/nanofibrils.”’” The
numerous impurities (e.g., lignin, hemicelluloses,
pectin, and wax) serve as a structural barrier that
prevents accessing the cellulose material.’®
Pretreatment is often required to eliminate
contaminants from the cellulose framework, to
provide access to its  microstructure.*
Furthermore, eliminating contaminants reduces the
energy consumption of mechanical treatment for
cellulose disintegration.*** The pretreatment is
beneficial for both the separation of CNFs and the
acid hydrolysis extraction of CNCs, and it is
mostly reliant on the source of the cellulose.*' Due
to its benefits, the importance of pretreatment in
cellulose extraction was heavily explored. To
attain the desired efficiency, multiple treatment
techniques or methods must be used.*

NANOCELLULOSE

Mechanical treatment

The purpose of mechanical treatment is to
achieve defibrillation — to break down cellulose
into elementary fibrils. For this, different
approaches, with a variety of specific equipment,
can be used, including grinding, microfluidization,
high-pressure homogenization,*"** cryo-crushing,
high-intensity ultrasonication,® ball milling, steam
explosion etc.”

High-pressure homogenization (HPH)
Microfibrillated cellulose is frequently obtained
using a homogenizer. This includes high pressure
pumping of the cellulose suspension, which is
supplied via a valve assembly with spring load to
be used in the homogenizer process. There is
substantial drop in the pressure exerted on the fibre
with significant shearing force due to the quick
opening and closing of the valve.** The crushing
forces of material particles striking one other, shear
forces on particles within interaction chambers,
and cavitational forces caused by high-velocity
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variations in the material stream are all used to
reduce the particle size of cellulose fibrils.%

Table 1
Various types of chemical treatments

Treatment Remarks Ref.
The primary objective is to enable lignin solubilization and depolymerisation,
Alkali as well as hydrolysis of hemicelluloses, which will expose cellulose and make ~— 4>%
it more accessible to subsequent processes.
Bleaching is necessary to remove any remaining lignin. This procedure is
regarded as an essential step since it enhances the surface properties of pure
Bleaching cellulose fibres. Hydrogen peroxide (H20,), chlorine dioxide (ClO,), ozone 45,46
(03), sodium hypochlorite (NaClO), or peracetic acid (CH3;CO3H) are used to
bleach the alkali-treated fibres.
Enzymes can be used for the degradation of hemicelluloses and lignin, with
better retention of cellulose structure and removal of noncellulosic content. 47,48,
Enzymatic A variety of enzymes are utilised: endoglucanases attack the amorphous 9
regions, cellobiohydrolases degrade cellulose. Enzymatic hydrolysis helps
minimize excessive cellulose chain breakdown into glucose.
This is an effective way to change the surface of native cellulose. Under
TEMPO- aqueous and moderate conditions, aldehyde and carboxylate functional groups 50,51,
mediated can be incorporated into solid native cellulose. It helps avoid post-aggregation 52
oxidation of nanoparticles during the drying step, preventing nanofibril separation due to
repulsive forces of ionized carboxylate groups.
Ionic liquids (ILs) have the ability to selectively break down hemicelluloses
and lignin or solubilize the complete cellulosic biomass. They break
Ionic liquids  intramolecular hydrogen bonds and minimize cellulose crystallinity. They have =~ 533
(ILs) a high dissolving capacity, have low toxicity or no toxicity at all, non- 556
flammability, chemical and thermal stability, and low vapour pressure — these
are just a few of the valuable qualities they possess.
Deep These are eutectic mixtures, made up two or more eutectic compounds bound
eutectic together by hydrogen linkages, with chemical and physical properties similar to 57 sg
solvents those of ILs. DESs are capable to selectively eliminating lignin, while
(DESs) maintaining the integrity of the cellulose and hemicellulose fractions.
This method depolymerizes lignin and hemicelluloses using acetone, ethylene
glycol, acetic/formic acid and ethanol, making it easier for obtaining higher- 59, 60,
Organosolv  purity cellulose. These solvents break down lignin, causing the linkages “
between cellulose and hemicelluloses to break down. This process has the
benefit of reusing the solvents.
Microfluidization Grinding applies shear forces on cellulose, which

A microfluidizer, like the HPH, can be used to
make nanofibrillar cellulose. The microfluidizer
has two main components, namely intensifier
pump and interaction chamber, used for pressure
raising and defibrillation of the fibres via
application of impact and shear forces for
collidation of stream and channel walls,
respectively. Microfluidization could produce
nanofibers with a more uniform size distribution,
according to morphological characterizations.*®

Grinding

The structure of the cell wall is broken due to
shearing pressures created by the grinding stone
rotation at a high speed. A rotating grindstone and
a static grindstone are used to mill the pulp.®’
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are ultimately responsible for breaking hydrogen
bonds and overall cell wall structure, resulting in
the individualization of pulp into nanoscale
fibres.®®

Cryocrushing

The process of cryocrushing was reported in
1997.% Typically, this method entails crushing
frozen pulp with liquid nitrogen.” In brief, initially
cellulose fibres are soaked in water (steeping) for
swelling. Afterwards, they are introduced into
liquid nitrogen and then crushed using a mortar and
pestle.”! When significant impact pressures are
applied to frozen cellulosic fibres, the cell wall is
ruptured due to ice crystal pressure, resulting in
nanofibers.®*’?
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Figure 3: Schematic diagrams of different mechanical treatment equipment

Table 2
Methods used for nanocellulose isolation
Raw material Type of pre-/treatment Mechanical treatment  Refs
Mature culms of Moso Alkaline and bleaching Grinding 75
bamboo
Rice straw Alkaline and bleaching High-pressure 76
homogenization
Citrus waste Alkaline, bleaching and enzymatic Ultrasonication ”
Agave tequilana bagasse Alkaline, bleaching and Organosolv Microfluidization 8
Hemp fibres Alkaline and bleaching Cryo-crushing 7
Oryza sativa residues Alkaline, bleaching and TEMPO- Ultrasonication 80
mediated oxidation
Kraft pulp Deep eutectic solvents (DESs) Ultrasonication 81
Microcrystalline cellulose Ionic liquids (ILs) - 82
Raw banana, jute and Alkaline and bleaching Steam explosion 8
pineapple leaf fibres
Cellulose powder Tonic liquids (ILs) Ball milling 84
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High-intensity ultrasonication

High-intensity ultrasonication (HIUS) is a
mechanical process that isolates cellulose fibrils by
utilising the hydrodynamic forces of ultrasound.”
Strong mechanical oscillating power produces high
intensive waves.”* This results in the formation,
expansion and implosion of microscopic gas
bubbles that lead to fragmentation of cellulose
fibres as they absorb ultrasonic energy.

Ball milling

The cellulose slurry is stirred inside a
cylindrical body in the presence of balls. The
cellulose is disintegrated as a result of the high-
energy collision between the balls. CNF quality is
influenced by ball weight and ball size ratios in
comparison to cellulose.®

Steam explosion

The cellulose fibre wall is broken using high-
pressure steam and a fast release of pressure.
Traditionally, this technique has been employed to
separate cellulose from lignocellulosic materials.
The quality of CNF is inferior to that obtained by
other processes.*

SURFACE MODIFICATION OF
NANOCELLULOSE
Esterification/acetylation

The most well-studied esterification process is
the acetylation of nanocellulose. The partial
replacement of hydroxyl groups and incorporation
of acetyl moieties is the fundamental mechanism
of acetylation.*® Using catalysts like perchloric
acid/sulphuric acid and a combination of dry acetic
acid and acetic anhydride, the functionalization of
nanocellulose’s surface by the addition of acetyl
groups was carried out.*®®” The most accessible
OH groups on the surface or/and in the
amorphous/disordered areas of nanocellulose are
used in the initial stage of acetylation. The
acetylation process then proceeds onto hydroxy
groups that are less accessible, like those found
within the cellulose structure.®® Acetylation
increases the dispersion of cellulose nanofibres in
nonpolar polymeric matrices, by minimizing
hydrogen bonding between molecules.”

Silylation

Silylation is the addition of hydrophobic alkyl
moieties to the surface of nanocelluloses, such as
alkoxy silanes or chlorosilanes. Silylation occurs
by the interaction of silane coupling agent with the
hydroxyl groups on nanocellulose’s surface.”’ The
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OH groups are altered with alkoxyl groups during
hydrolysis of nanocellulose using catalyst at an
alkaline, acidic, or neutral pH. During silylation,
hydrolysis and condensation processes occur.*? For
the modification of nanocellulose in the production
of composite materials, a large variety of
organofunctional silanes have been studied.
Isopropyl dimethyl chlorosilane, triethoxy vinyl
silane, noctyl dimethyl chlorosilane, n-butyl
dimethyl chlorosilane, n-dodecyl dimethyl
chlorosilane, hexamethyl disilazane, and 3-
aminopropyltriethoxysilane are some of these.””

Sulfonation

The most popular method for introducing
sulphate groups into nanocellulose's hydroxyl
moieties is sulfonation, which results in a strongly
negatively charged surface. Sulfuric acid
hydrolysis is still the most common method of
nanocellulose modification.®* The hydrolysis of
nanocellulose is catalysed by sulfuric acid, which
results in CNCs with sulphate half ester moieties
replacing the hydroxyl groups.” The sulphate half
ester groups present on CNCs carry a negative
charge, which enhances its distribution in the
liquid medium. This happened by limiting the
hydrogen bond formation between cellulose
molecules. With this, induced anionic group’s
electrostatic repulsion is also responsible for this.”*
Temperature, acid concentration, and hydrolysis
time are all significant factors in sulfonation.”>*

Phosphorylation

Nanocellulose is generally phosphorylated via
the reaction between an inorganic phosphoric acid
and cellulosic pulp. Phosphorylation is commonly
performed in the presence of dimethylformamide,
urea, or pyridine.”” The nanocellulose surface is
modified by introducing negatively charged
phosphite  esters  or  phosphate.”®  The
phosphorylation is wusually performed under
conditions of temperature, time and concentration
of 100 °C and 90 minutes and 74 wt% of
phosphoric acid, respectively. Surface charge
densities in phosphorylated CNCs are nearly 2
orders lower than sulphated CNCs.”

Carbamation

Carbamation also called carbanylation or
urethanization. Urethane linkage is produced due
to the interaction of OH groups with an isocyanate
group.'” Strong reactions occur between the
isocyanate moiety (-NCO) and a number of
functional moieties like OH, COOH, and NHo,.



Nanocellulose has been modified using aromatic
and aliphatic mono-isocyanates, viz. n-octadecyl
and phenyl isocyanate, as well as di-isocyanates,
such as diphenylmethane diisocyanate (MDI),
hexamethylene diisocyanate (HMDI), and toluene
diisocyanate (TDI). The process is distinguished
from other methods of modification by a number
of distinctive features, including high reaction rate,
short reaction time, no side products and post-
reaction urethane bonds with good chemical
stability.'"!
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This technique of surface modification has been
discussed in detail above. TEMPO-mediated
oxidation is an efficient technique to increase the
stability of CNCs in aqueous suspensions, by
introducing negative charges to their surfaces.'” In
alkaline conditions (pH between 9-11), catalysts
such as NaBr and NaClO are frequently used for
TEMPO-mediated oxidation treatment.'®
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Polymer grafting

“Grafting onto” and “grafting from” are the two
types of polymer grafting techniques.®* The
“grafting onto” method involves covalently
attaching a polymer and linker to the
nanocellulose’s reactive end group.” Direct
growth of polymer grafts on the surface of
nanocellulose is achieved in the “grafting from”
method. In comparison to the “grafting onto”
method, the “grafting from” method may produce
polymer grafts with a greater density.'*'*
Polymers like polycaprolactone, polylactic acid,
polymethyl methacrylate, polyhydroxy alkanoates,
polyurethanes, and maleated polypropylene are
utilised in both grafting techniques with
cellulose.”” Because the type of grafted polymers
might alter the interfacial characteristics, surface
grafting is expected to be an efficient as well as
adaptable way of achieving a very stable
suspension in non-polar media.'**'%°

Non-covalent surface modification

Over chemical modification, adsorption of
surfactants on nanocellulose is one of the possible
alternatives. Cationic, anionic, zwitterionic, and
nonionic surfactants are different types of
surfactants that can be used.®’ Surfactants or
molecules with opposite charges adhere to the
surface of nanocellulose, causing non-covalent
surface modifications.!’*!%” Electrostatic contacts,
hydrophobic interactions, van der Waals forces,
and the hydrogen bonds are just a few of the
reversible associations that are used in these
interactions.'® Mere physical interaction due to
non-covalent bonds is more environmentally
friendly as it requires less use of chemicals.
Introducing surfactants is a simple and non-
covalent approach to improving nanocellulose
dispersion in nonpolar matrices. To manage the
degree of contact, this approach may be adjusted
by modifying the nature and concentration of
surfactants.®® Distribution of nanocellulose in
matrix containing non-polar polymer is made
possible as its dispersion in water facilitates the
spontaneous adsorption of surfactant on its surface.
Nanocellulose and surfactant are connected by
simple ionic bonds or mere physical adsorption
forces, which are weaker and can be readily
broken.'”

APPLICATIONS OF NANOCELLULOSE

Nanocellulose-based products have a wide
range of applications in daily life. These include
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food additives, barrier coatings in paper,
reinforcement in composites for the automotive
and building industries. Nanocellulose has
outstanding electrical and photonic properties to be
used in photonic films, recyclable electronics, 3D
printing and organic LEDs. The wide range of uses
for nanocellulose is due to its outstanding
properties, which include nontoxicity, dimensional
stability, lightweight, thermal conductivity,
thermal stability, reusability, environmental
friendliness, biodegradability, and
recyclability %5101

Due to its low production costs, outstanding
mechanical properties, large surface area, easy
chemical modifications, biocompatibility and
absence of toxicity, nanocellulose is frequently
used in biomedical applications.''®!'> Some of the
uses in the biomedical area include drug carriers,
implants, scaffolds for tissue regeneration and
repair, wound dressing materials, and in biosensing
and bioimaging.

Drug delivery systems

Drug delivery systems using nanocellulose
structures have been develop to modify the drug
release rates and the quantity of drugs to reach the
targeted site. ''* The interactions of the drug with
nanocellulose play an important role in ensuring
drug stability and the release of the medication.'"*
Nanocellulose has been reported as a drug carrier
for different administration routes, including oral,
transdermal, ocular, topical, and intratumoral (Fig.
6).'"> The carriers ensure release times ranging
from a few minutes to days, according to the
literature.''®!"7

Oral delivery

The benefits of the oral route include
convenience, comfort of wuse, safety, non-
invasiveness and low cost. This makes oral
delivery a preferred method of delivery, especially
for chronic conditions that need repeated drug
administration. The efficient administration of
drug dosage forms is, however, constrained by a
number of issues, including hydrolysis, limited
intestinal  epithelial  permeability in the
gastrointestinal  (GI) tract and enzymatic
degradation,'!#12 Innovative approaches
overcome these oral delivery-related restrictions
and enhance the bioavailability of drugs that are
taken orally. In novel drug delivery systems,
nanocellulose can be used as a carrier or an
excipient due to its distinct features. It has
excellent compaction capabilities and may be



combined with other pharmaceutical excipients in
a hybrid system.'"

Topical delivery

The major goal of applying for medicine
topically is to administer the treatment directly to
skin regions that are injured, irritated, infected,
itching, or inflamed. Topical drug delivery
provides a number of benefits, including the ability
to administer a particular medicine to a specific
location, prevention of drug level changes,
increased patient compliance, and ability to self-
medicate.’”’ To get beyond the drawbacks of
current topical dose forms, such as limited
bioavailability and poor retention, innovative
topical drug delivery methods have been
developed. Unlike conventional topical drug dose
formulations, nanocellulose-based topical drug
delivery systems were created as wound dressings
or bandages for infected cutaneous wounds.
Cellulose nanowhiskers, bacterial cellulose or
CNCs are employed in topical medication delivery
systems. Membranes, biocomposite films or
bilayer-based topical drug delivery systems have
been developed to deliver the drugs directly to the
wounded  area.'”'*® By incorporating
nanocellulose into such systems, it is possible to
prolong drug release, boost therapeutic
effectiveness, and enhance the mechanical
qualities of the finished product.'"

Transdermal delivery

Due to its special characteristics, nanocellulose
has the potential to be used in transdermal
medication delivery systems.* The transdermal
drug delivery system (TDDS) allows for systemic
drug distribution via the skin to reach therapeutic
concentrations. In this way, the medicine avoids
the liver and gastrointestinal system, providing
therapeutic effects at lower dosages.'® The primary
TDDS, however, is not able to administer larger
drugs, which restricts its usage. The skin can only
be penetrated by small molecules."**

Ocular delivery

Due to the unique anatomy of the eye, effective
medication distribution is difficult (e.g., the
substantia propria, endothelium and epithelium of
the human cornea). The eye has a number of
defences to prevent the entrance of foreign objects
or drug molecules, including nasolacrimal

Nanocellulose

drainage, protein binding, tear turnover, enzymatic
destruction and complex penetration barriers (e.g.,
corneal barrier, blood-retinal barrier and blood-
aqueous barrier)."”  Therefore, the drug's
bioavailability during topical ocular administration
is extremely low (less than 5%), especially for eye
drops that will be removed from the eye after
application.'*® On the other hand, the requirement
for a higher dosage or administration frequency of
the drug may result in the development of side
effects. An ophthalmic drug delivery system
(ODDS) with the capacity to increase ocular
residence time is important to address these issues.
In topical ophthalmic dosage forms, polymers
including cellulose, xanthan gum, pectin, and
alginate are frequently utilised.””' According to
research, macromolecule gel formulations based
on cellulose have high viscosity and therefore can
extend corneal residence duration.'** Ophthalmic
drug delivery systems in the form of an in situ
produced hydrogel, which is sensitive to pH, ionic
strength, and temperature, represent a promising
approach. They are used topically as eye drops, and
turn into a hydrogel in situ upon coming into
contact with the eye.'*

Recent advanced applications

Beyond traditional carrier systems,
nanocellulose's biological usefulness has greatly
increased in recent years. To enable next-
generation biomedical platforms, current research
focuses on precise surface modification,
multifunctionality, stimuli responsiveness, and
biointeractive interfaces, whereas previous studies
prioritized extraction, isolation, and fundamental
functionalization. The adjustable surface hydroxyl
groups that nanocellulose, including BNC, CNC,
and CNF, offers enable polymer grafting,
esterification, click chemistry, silanization, and
regioselective oxidation (such as TEMPO-
mediated).  Controlled drug  conjugation,
biomolecule immobilization, and customized cell—
material interactions are made possible by these
alterations. Recent research demonstrates how
these designed systems may be translated into
cutting-edge  medicinal and  regenerative
platforms,'361%
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Drug delivery systems
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Figure 6: Nanocellulose in drug delivery applications

Advanced drug delivery platforms

The focus of recent developments has been on
stimuli-responsive nanocellulose systems that can
be released when exposed to light, pH,
temperature, redox, or enzymes. Electrostatic drug
binding and pH-sensitive desorption are improved
by surface carboxylation by TEMPO oxidation,
which is  especially helpful in tumor
microenvironments. The integration of
nanocellulose with redox-cleavable linkers or
thermosensitive polymers (like PNIPAM) in dual-
responsive  hydrogels has shown regulated
anticancer drug release with less systemic
toxicity.'*” Targeting ligands (peptides, antibodies,
and folic acid) can be surface-grafted to facilitate
receptor-mediated uptake in cancer treatment.
Enhanced cellular uptake and increased cytotoxic
selectivity have been demonstrated by CNC-based
hybrid nanocarriers decorated with folate moieties
in models of colon and breast cancer.”® Controlled
degradation patterns and great drug-loading
efficiency are combined in these systems. Shear-
thinning CNF/BNC hydrogels that may be injected
are becoming popular for localized delivery of
growth factors, biologics, and chemotherapy
drugs. Their prolonged release kinetics and less
invasive administration are made possible by their
in-situ  gelation and rheological tunability.
Applications in post-surgical localized drug depots
and intratumoral treatment are highlighted in
recent papers.'*!
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Tissue engineering and regenerative medicine

The incorporation of nanocellulose into 3D
bioprintable bioinks is among the most important
recent advancements. Cell survival, mechanical
integrity, and print fidelity are all enhanced by
surface-modified CNF. To create cartilage, skin,
and vascular constructions with enhanced
structural stability, composite bioinks including
nanocellulose and either alginate or gelatin
methacrylate (GelMA) have been employed.'*
TEMPO-oxidized CNF promotes the growth and
development of mesenchymal stem cells (MSCs)
and increases crosslinking efficiency. According to
recent research, nanocellulose-based scaffolds
exhibit osteogenic and chondrogenic
differentiation, suggesting potential for bone and
cartilage restoration.'®

Nanocellulose is being used with conductive
polymers (such as polypyrrole, PEDOT:PSS) or
graphene derivatives to treat electrically active
tissues (heart and nerve). These hybrid scaffolds
help with brain regeneration and cardiac tissue
repair because they have enhanced electrical
conductivity while maintaining mechanical
flexibility and biocompatibility.'**!**  Surface
functionalization with peptides, growth factors, or
extracellular matrix (ECM) components alter
macrophage  polarization and  facilitates
regenerative repair, according to recent studies.
These bioactive mnanocellulose scaffolds are



essential for chronic wound and implant
integration because they improve angiogenesis and
decrease inflammatory responses.'*%!

Wound healing and antimicrobial platforms

A growing number of contemporary wound
dressings use nanocellulose as a biointeractive,
mechanically stable, and moisture-retentive
matrix. Current developments include antibacterial
composites functionalized with zinc oxide or
chitosan, nanocellulose membranes loaded with
silver nanoparticles (AgNPs), growth factor-
embedded nanocellulose dressings, and oxygen-
releasing and hemostatic nanocellulose systems. In
diabetic wound models, surface-modified BNC
dressings show quicker re-epithelialization,
regulated exudate absorption, and lower infection
rates."*!**1% Therapeutic results are further
improved by integration with bioactive molecules
like VEGF and antimicrobial peptides.

Biosensing and bioimaging applications
Nanocellulose with surface engineering is
becoming more popular in wearable and flexible
biosensors. Enzymes, antibodies, and fluorescent
probes may all be immobilized due to the high
surface area and tunable hydroxyl groups. CNC-
based  electrochemical glucose sensors,
nanoparticles with plasmonic properties supported
by nanocellulose for colorimetric detection,
fluorescently tagged nanocellulose for cellular
tracking and bioimaging, and flexible paper-based
microfluidic diagnostic devices are examples of
recent advancements. Electrical conductivity and
sensitivity are enhanced by functionalization with
carbon nanotubes or gold nanoparticles.'**!?!
These systems complement customized medical
approaches and point-of-care diagnostics.

Implantable and load-bearing biomedical devices

Due to its great tensile strength and structural
resemblance to collagen, bacterial nanocellulose
has promise for use in artificial dura mater
replacements, vascular grafts, hernia meshes, and
tympanic membrane repair. For vascular implants,
surface modification enhances endothelialization
and hemocompatibility. Increased endothelial cell
adhesion to carboxylated BNC surfaces has been
reported in recent preclinical investigations.'>*!>
For bone implant applications, hybrid
nanocellulose composites supplemented with
bioactive ceramics (hydroxyapatite) exhibit
enhanced mechanical robustness and
osteoconductivity.'>!3*

Nanocellulose

Emerging frontiers

Nanocellulose is a potential substrate for
CRISPR/Cas and nucleic acid delivery, including
mRNA  systems, according to  recent

transdisciplinary developments. Surface-
functionalized  cellulose = nanofibrils  and
nanocrystals  boost intracellular  transport

efficiency, prevent enzymatic degradation, and
promote gene complexation.”®'3!%®  Precision
medicine-related electrostatic and covalent
conjugation methods are supported by their
changeable surface chemistry. Additionally,
nanocellulose scaffolds are being investigated for
regulated regeneration signaling and exosome
loading,'"” and their incorporation into flexible
biosensors indicates promise for precision
diagnostics.""

The rational approach of nanocellulose
composites is currently guided by structure-
property optimization and Al-assisted material
modeling. Drug binding, cell adhesion,
immunomodulation, and mechanical
reinforcement are all significantly impacted by
parameters such crystallinity, surface charge, and
degree of oxidation.'>!*° Translational feasibility is
being advanced at the same time by scalable and
sustainable production methods.'"*'*" In order to
facilitate clinical translation, more attention is paid
to in vivo biodegradation, sterilization stability,
and regulatory compliance. While standardized
physicochemical characterization and biological
evaluation are still necessary for reproducibility
and regulatory acceptance, injectable and
biodegradable nanocellulose hydrogels show
promising  biocompatibility —and  structural
stability.'"!

CONCLUSION

This work offers a review of extraction,
1solation, and functionalization routes of
nanocellulose. Pretreatments have an important
role in removing non-cellulosic components (like
lignin and hemicelluloses) and other impurities, to
enable further isolation of high-quality
nanocellulose. Mechanical treatment is often used
for the isolation of CNF, in combination with other
methods. Its major disadvantage is its high energy
consumption, therefore, it is complemented by
chemical treatment.

The adjustable surface hydroxyl groups that
nanocellulose, including BNC, CNC, and CNF,
offers enable its surface modification through
polymer grafting, esterification, click chemistry,
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silanization, and regioselective oxidation (such as
TEMPO-mediated). Surface modification
techniques  facilitate  the  dispersion  of
nanocellulose both in hydrophilic and hydrophobic
polymer matrices. Surface modification and
functionalization can also increase the adsorption
capacity of mnanocellulose. Due to such
modifications, nanocellulose's biological
usefulness has greatly increased in recent years
much beyond traditional drug carrier systems.
Thus, controlled drug conjugation, biomolecule
immobilization, and customized cell-material
interactions are made possible by these alterations.
Recent research demonstrates how these designed
systems may be translated into cutting-edge
medicinal and regenerative platforms. This review
is deemed as a starting point for budding
investigators with an interest in nanocellulose
research.
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