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ABSTRACT: In the past two decades, nanocellulose has become an innovative material with unique properties.
This substance has exceptional mechanical strength, an extensive surface area, and biodegradability. Collaborative
integration of nanocellulose offers a more environmentally friendly solution to the current limitations by substituting
carbon. Due to its versatility, nanocellulose is commonly employed in various industrial sectors, including paints,
adhesives, paper production, and biodegradable polymers. Such versatility enables the creation of customized structures
for potential use in emulsion and dispersion applications. Given its biocompatibility and nontoxicity, nanocellulose
is particularly well-suited for biomedical purposes such as tissue engineering, drug delivery systems, and medical
implants. Future advancements in nanotechnology are likely to heavily depend on nanocellulose as it continues to garner
attention. Current research has focused on improving synthetic methods, investigating their properties, and expanding
their potential applications across various fields. Consequently, enhancing this material presents a promising avenue
for eco-friendly technologies and cutting-edge innovations in contemporary studies.
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1 Introduction

Nanocellulose molecules are derived from the naturally occurring polysaccharide cellulose (C¢H;¢Os )y,
a polysaccharide composed of thousands of glucose molecules linked by glycosidic linkages (Fig. 1). Cellulose
is the most vital structural component of plant cell walls [1]. Nanocellulose is bland, odorless, and hydrophilic
in the natural environment. It is insoluble in most organic solvents and water. Cellulose has a linear polymer
chain with no branching [2]. In the polymer, the oxygen atoms on the same chain or an adjacent chain
form hydrogen bonds with multiple hydroxyl clusters on glucose from one chain, holding the chains
rigidly connected adjacent to each other and yielding microfibrils with enormous tensile strength [3].
Various types of cellulose are also outlined in our survey. Various types of cellulose can be distinguished by
examining the specific positions of hydrogen bonds, both inside and between individual molecular strands.
Naturally, cellulose exhibits two configurations, I, and Ig. Higher plant cellulose primarily comprises the
I configuration, whereas bacterial and algal celluloses are enriched in the Ia configuration [4]. The degree
of polymerization and chain length were used to determine the properties of cellulose. The glucose units
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depicted in Fig. | are used to indicate the degree of polymerization in each polymer molecule. Recently,
cellulose has emerged as a promising material with a significant potential for technological development
in numerous sectors. The cellulosic properties that make them different from traditional materials are
their incredible mechanical strength, large aspect ratio of surface area, and biodegradability, which make
nanocellulose a strong competitor for greener and ecologically friendly materials, with special emphasis on
eco-friendly techniques and having a lower environmental impact, and placing nanocellulose on the front
line across different sectors, which is used in industrial applications such as biomedical engineering [5].

OH OH

Figure1: Structure of cellulose networks with intramolecular (sssse=) and intermolecular (wesws=) hydrogen bonds [6]

Several domains have demonstrated the adaptability of nanocellulose, highlighting the background
studies. The ability to form an intricate framework at the nanoscale has led to its utilization as a nanoadditive
in multiple fields, including its ability to alter the viscosity and rheological properties of emulsions and
dispersions, making it a perfect additive for formulations in which texture, stability, and consistency are
key factors. The safe and compatible nature of nanocellulose has opened up new possibilities for various
innovations, like regenerative medicine, cellular scaffolds, drug delivery, wound healing, and biological
implants [7].

In addition, nanocellulose has significant environmental benefits for medical and industrial applica-
tions. Its biodegradability and renewable origin make it an attractive alternative to carbon-based materials,
which are often derived from non-renewable fossil fuels. The fabrication and utilization of nanocellulose
contribute to reducing the carbon footprint of manufacturing processes and mapping with global sustainabil-
ity goals. However, using nanocellulose in biodegradable polymers helps solve problems with plastic waste,
like how long it takes to break down, because nanocellulose-based bioplastics break down faster and are
less harmful to the environment than regular plastics. As the field of nanotechnology is diversifying, the
role of nanocellulose in modeling the future of sustainable materials has become clear. Ongoing research
is focused on improving the synthesis and performance of nanocellulose to make the material more
available for wide commercial use. Researchers are also looking into new ways to change the surface of
nanocellulose to better suit different uses. These modifications can enhance the interaction of nanocellulose
with other materials, enhance its ability to disperse in different media, and increase its functionality in
specific applications. All plant cells contain cellulose in the form of fibers in their walls. Nanocellulose can
be categorized into three types: (1) Cellulose nanocrystals (CNCs); (2) Cellulose nanofibrils (CNFs); (3)
Bacterial nanocellulose (BNC) [8], as shown in Fig. 2. Each has a distinctive framework and mechanical
properties that amplify the adaptability of nanocellulose to different fields. CNCs are highly rigid and are
often used to improve the mechanical properties of various composites, whereas CNFs are highly flexible and
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are used as supporting materials in biodegradable polymers produced by certain bacterial species, such as
Pseudomonas sp., Agrobacterium sp., Rhizobium sp., Salmonella sp., and E. coli. They are ideal for biomedical
applications and wound healing because they are extremely pure and have structured nanostructures [9].
Cellulose is the predominant polymeric material present on Earth and is produced by the photosynthesis
of living organisms, namely algae and certain bacteria, via carbon dioxide fixation [10]. Plant tissues, algae,
and bacteria are the major producers of cellulose, and some marine organisms have the potential to produce
large quantities of cellulose. This review discusses recent developments in nanocellulose, briefly introduces
its types, and surveys the advancements in potential applications in recently.

2 Overview of Classification of Nanocellulose and Its Characteristics

In recent decades, significant attention has been paid to the applications of nanocellulose in various
sectors. Cellulose-based nanomaterials are arranged according to their size, form, and preparation method
(Fig. 2). The following is a general taxonomy of nanocellulosic materials.

1. Cellulose nanocrystals (CNCs)
2. Cellulose nanofibrils (CNFs)
3. Bacterial nanocellulose (BNCs)

CELLULOSE CELLULOSE BACTERIAL
NANOCRYSTALS NANOFIBRILS NANOCELLULOSE

Figure 2: Classification of nanocellulose
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2.1 Cellulose Nanocrystals

Nickerson and Habrle first reported cellulose nanocrystals (CNCs) in 1947. Cellulose nanocrystals
(CNC) are rigid, rod-shaped nanoparticles composed of cellulosic chain fragments with nearly pure crys-
talline structures (Fig. 3). Other acronyms for nanocrystals include whiskers, nanoparticles, nanofibers, and
microcrystallites, as shown in Fig. 4 [11]. Depending on the source and level of preparation, CNCs can range
in width from 3 to 50 nm and length from 100 to 2000 nm [12,13]. However, they also act as insulators. The
enhanced performance of coatings makes them promising candidates for fragile structures or device fabrica-
tion, owing to the nonlinear geometry of cellulose nanocrystals (CNC). Capsular polysaccharides of bacteria
and plant fibers contain cellulose nanocrystals (CNCs), which are organic crystallization macromolecular
compounds. Their attributes include robust biocompatibility, low density, excellent physical properties, high
strength, and enhanced crystallization [14].

OH o

HO )

. 0 0 0~
HO 0
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Figure 3: Chemical structure of nanocellulose

Cellulose fiber Nanocellulose water suspension

Macrofiber

Microfiber

Elementary fibrils

Cellulose nanocrystal
CNC

Figure 4: Enzymatic hydrolysis of cellulose. Adapted with permission from Ref. [15]. Copyright © 2020, Springer
Nature
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2.2 Cellulose Nanofibrils

Unlike regular cellulase, most of these enzymes improve how cellulase interacts with cellulose pulp fibers
or the properties of fibrils without changing the cellulose itself, which helps break down cellulose [16]. Turbak
and Herrick developed CNF as an innovative cellulosic substance [17]. They did this by continuously passing
a watery mixture of softwood pulp through a homogenizer at high pressure, which produced cellulose with
tiny sizes in the nanometer range (Fig. 5). During treatment, a high shearing pressure resulted in tightly
entangled networks with amorphous crystalline domains. They have high aspect ratios and display shear-
thinning and thixotropic features when gelled in water. Under certain processing conditions, cellulose fibers
can turn into flexible CNF with widths from tens of nanometers, which are single microfibrils and their
bundles, to over 5 nm, which are basic fibrils, and their bundles, to over 5 nm, which represent elementary
fibrils. CNFs typically lenghten to a few micrometers and have a diameter of 5-50 nm. Wood bark and plants
consist of cellulose, a combination of hemicellulose and lignin. Typically, the papermaking sector employs
bleaching and boiling treatments to remove the latter before CNF synthesis. This section reviews all activities,
most of which have been experimented on cellulose pulp that has already been refined. TEMPO-mediated
oxidation, followed by either blending [18] or homogenization, carboxymethylation, or quaternization, then
performed, followed by homogenization [19]. Successive refining, enzymatic hydrolysis, further refinement,
and finally homogenization are examples of CNF production methods that typically involve several steps.
Consequently, the production process involves numerous activities that change to produce various types of
CNF [20].

Cellulose fibrils :
: Crystalline Amorphous
* Width 5-30 nm regions regions

. Length>\1pm / \ / \

_
-

\, Pretreatment and shear

Cellulose nanofibrils (CNF)
* Diameter ~5-30 nm

» Length >1 pm & E £ ) >3

Wood cellulose fiber < Hydrolysis with strong acid
+ Width 30-40 pm
+ Length 1-3 mm

g li

Cellulose nanocrystals (CNC)
* Diameter ~2-20 nm ¢

« Length >100-600 nm ./ / o

Figure 5: Schematic illustration of CNF and CNC production from wood adapted with permission from Ref. [21].
Copyright © 2016, American Chemical Society

2.3 Bacterial Nanocellulose

In 1886, Brown conducted a study on the production of bacterial cellulose (BC). After culturing the
bacterium xylinum in a static state, Brown discovered a thin layer resembling a white gel formed on the
surface of the culture medium. According to chemical examination, the primary constituents of white gel are
cellulose, hemicellulose, and lignin. Subsequent investigations have revealed that the diameter of cellulose
is on the nanoscale [22]. Ribbon-shaped and intertwine in a 3-D network, to form the BNC, rendering
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it ultra-fine and pure. It is regarded as an environmentally friendly, economically viable, and promising
type of nanocellulose [23]. This ribbon-shaped structure provides a distinct nanofiber system 20-100 nm
in length [24]. Various types of bacteria can biosynthesize bacterial nanocellulose (Fig. 6) using a liquid
culture medium composed of carbon (such as glucose), nitrogen (such as tea), vitamins, and minerals (such
as yeast) [25] (Table 1).

Cellulose microfibrils

Microfibril structure

ORI Crystalline Amorphous
. == (Cellulose 1) (Cellulose 1)
Biomass
(e.g., plant source) _
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Cellulose structure

Figure 6: Synthesis and structure of bacterial cellulose. Adapted with permission from Ref. [26]. Copyright © 2022,
Springer Nature

Table 1: Technological infusions depicting properties and innovative implementation

Types Source Morphological studies Applications References
Imperata cylindrica  Curves and protrusions Bio-composite (27]
(ICY) grass. disturb the enclosed reinforcements
CNC surfaces
Cotton fibers The thickest nanocrystal Wetting and [28]
films are very smooth adhesion
properties

(Continued)
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Table 1 (continued)

Types Source Morphological studies Applications References
Stem of Ambarella  In the pulping process, Feasibility of [29]
(Spondias dulcis), cassava bagasse reacted cellulosic pulp
Raphia vinifera, better to organo-solvent, production
and cassava while raffia fiber
bagasse (Manihot responded more
esculenta) favorably to soda
The Pulp of Cellulose nanofibrils have  Reinforcement of [30]
Eucalyptus small dimensions the paper
(nanometer scale) and a handsheets
high surface area
Cotton pulp - Flexible supports [31]
and temperature-
responsive
sensors
Unbleached The interaction of Papermaking [32]
eucalyptus pulp cationic hemicellulose
CNF with nanocellulose affects
the surface characteristics
Sawdust Varying filament 3D printing [33]
diameter, insufficient
compression, and the
shrinking of the fused
deposit
Softwood bleached HKCEF were evenly Potential uses in [34]
kraft pulp. distributed in deionized wastewater
water, resulting in stable treatment,
and homogeneous papermaking,
dispersions packaging, and the
textile sector
Bleached With an average diameter CNF can be [35]
eucalyptus Kraft of 69 nm and a size modified for use in
pulp distribution between 36 water-resistant

and 243 nm

applications such
as Pickering
emulsions,
electronics, and
packaging

(Continued)
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Table 1 (continued)
Types Source Morphological studies Applications References
Matured barks of ~ The development of long,  Several uses in the [36]
Grewia tiliifolia elongated cellulose fields of air
nanofibrils with surface purification,
entanglement and pollution disposal,
agglomeration and food
packaging [36]
Fermented The structure of the eco-friendly [37]
kombucha tea unbleached bacterial bacterial
nanocellulose resembles nanocellulose,
that of the gel. The self-cooling
bleached bacterial performance
nanocellulose has a fiber
diameter of 92.51 + 21.46
nm and appears fibrous
Komagataeibacter The diameter was Structural [38]
sucrofermentans 264.4 + 1.4 nm. coloring,
According to the SEM imprinting
BNC images, the resulting technologies, and
silica particles were other biopolymers
approximately 240 nm in ~ can be combined
size to create
inexpensive
disposable
biosensors
Acid Whey by Fibrous network with a Improving the [39]
(SCOBY) porous structure, where flexibility led to a
the diameter of the BNC 15.7% increase,
ranged from 20 to 100 while the glass
nm. The layer of fibrous transition
material was temperature
approximately 10 nm increased by 8°C
thick
Biomorphic SiC, Whole only comprises Biomimetic [40]
the droplets that are

BNC-derived SiC

increased by the use of canbe used asa

SiO,, which is most likely

lightweight
in an amorphous state, nanofibrous
while the other material electrical
is SiC component

(Continued)
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Table 1 (continued)

Types Source Morphological studies Applications References
Komagataebacter ~ SEM data indicate that as Composites for [41]
xylinus the concentration of food packaging
ATCC70078 (from  Zn(CH3COO), increased
the American from 0.01 M to 0.05 M,
TypeCulture There was a significant
Collection) cells increase. The typical size
of the ZnO particles
ranged from 218 to
380 nm
acetic acid bacteria  The strong compatibility Promising [42]
G. sacchari and miscibility of the candidates for
individual components of innovative, flexible,
the nanocomposites sustainable, and
support the visual eco-friendly active
characteristics of the packaging
films materials should
be further
explored. Eating it
in fresh-cut apple
stored and kept for
seven days at 4°C
Dialdehyde- A highly interconnected It has great [43]
functionalized porous structure with a potential as a
bacterial semi-interpenetrating promising material
nanocellulose network featuring nearly for 3D-printed
(dBNC) identical and tissue engineering

homogeneous
interconnected pore sizes
that promote cell viability
and nutrient exchange

scaffolds

3 Production Methods of Nanocellulose

1323

The preparation of nanocellulose involves a wide range of unique techniques such as pretreatment,
mechanical processes, and chemical hydrolysis (Fig. 7).



1324 ] Renew Mater. 2025;13(7)

l pulping

Bfo’
0gje.
=] Proces,

Micro-fluidization Fermented media containing

Alkaline Aoy
Tonie liquid —— i
7, hydrolysis nic hiquu culture and cellulose in

kS

] .
pretreatment ‘o\‘i”\ ) specific parameters

NCF fibers ’&% RS S
Chemo-mechanical| H:SO;4 ‘4%; N Separstion/purification

pretreatment hydrolysis | |
2
6 -x
| 25725y )
CNC fibers N
Bacterial nanocellulose
Nanofibrils

(BNC) A

Ultra-sonication Enzyman;
“éYmatic prey
Teatme

nt
Centrifugation & Dialysis

Figure 7: Chemical synthesis of nanocellulose. Adapted with permission from Ref. [44]. Copyright © 2020, Frontiers
in Chemistry

3.1 Pretreatments

Pretreatments are one of the key factors that determine the ingredients that give a material color. The
chemicals and excess components were removed during bleaching. The extracted cellulose was light in color
and white. Sodium dithionate, hydrogen peroxide, and chlorine dioxide are used in this process [45]. There
are several pretreatment methods for the conversion of nanocellulose, such as alkaline-acid pretreatment,
organosolyv, ionic liquids, and enzyme hydrolysis.

Different hydrolysis and pretreatment procedures are used to help dissolve and recover lignin, hemi-
cellulose, and cellulose from lignocellulosic biomass. The alkaline method of hydrolysis is greatly aided by
high proportions of lignin, since it breaks down both lignin and hemicellulose with the help of oxidizing
agents to enhance efficiency. On the other hand, the spread of acid hydrolysis, whether concentrated or
diluted, depends on the kind of acid, its pH, temperature, and reaction time. Although effective, this
mechanism requires stronger acids, such as corrosive materials, which can break down parts of the structure
of lignocellulosic materials. Unlike previous methods, organosolv treatment does not use acids; instead,
organic solvents are used to dissolve two constituents, making this method easier to perform on a wider
scale, yet it still requires a bit more research before being commercially available. Low toxicity, and higher
dissolving ability do aid in reducing the degree of crystallinity of cellulose and disrupting intramolecular
hydrogen bonds, which helps ionic liquids. The last method is removing cellulose; specialized exoglucanases
are used, which act on the amorphous areas of the structure, while cellobiohydrolases, which act on highly
crystalline regions, are known to remove lignin and hemicellulose.

3.2 Mechanical Process

Mechanical processes, such as high-pressure homogenization, microfluidization, grinding, cryo-
crushing, high-intensity ultrasonication, and ball milling, are used to convert nanocellulose.
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«  High-pressure homogenization, which is normally free of organic solvents, is an efficient method. How-
ever, preventing such concerns is a key challenge because it is a pressure-based defibrillation procedure.

«  Although this approach is simple to use and does not considerably change the kappa number of cellulose
nanofibrils compared to the original pulps, it is not always suitable at the industrial level. The result is
comparable to high-pressure homogenization.

«  Micro-grinding: This process is quicker and relies heavily on refining the pre-treatment. It employs shear
stresses on the hydrogen bond and cell wall structure. However, this technique modifies the crystal
structure of the CNFs.

« High-intensity ultrasonication is an effective method typically used to achieve a high rate of defibrilla-
tion; however, it has certain limitations. For instance, this procedure is useful at the laboratory scale but
also produces a high level of noise, and pretreatments are offered for releasing cellulose nanofibrils.

»  Cryo crushing: This mechanical process, which involves the use of liquid nitrogen followed by crushing,
is used to fibrillate cellulose [46].

3.3 Chemical Hydrolysis

Chemical hydrolysis, which includes acid hydrolysis and TEMPO oxidation, is the easiest and most
effective way to make a lot of nanocellulose, helping it mix better in different materials [47].

3.3.1 TEMP O-Mediated Surface Oxidation

Using chemical pretreatment in gentle and watery conditions helps stop nanoparticles from clumping
together when they dry and keeps nanofibrils from separating because of the repelling forces from the
charged carboxylate groups. In contrast to acid hydrolysis and mechanical treatment, the oxidization method
can be employed to create CNCs. After natural cellulose is oxidized with 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) radicals, it is mechanically homogenized. The cellulose fiber initiates a reaction both on its surface
and in its amorphous regions. The carboxylic group was used in a TEMPO-NaBr-NaClO system with direct
ultrasonication to transform the CNC surface. Better dispersibility in an aqueous solution is exhibited by
carboxylated CNCs because of anionic-charged electrostatic repulsion. This oxidation technique produces
a stable and uniformly distributed aqueous solution by gradually hydrolyzing the amorphous portion. With
high crystallinity and high surface area, this approach produces an 80% yield of CNCs; however, it has
significant disadvantages, notably the use of hazardous chemicals (TEMPO reagents) [48].

3.4 Biological Process

Biological processing is a method for cellulose production that primarily involves the fermentation
of microbes, known as bacterial nanocellulose. Biological processing is a method for cellulose production
that primarily involves the fermentation of microbes known as bacterial nanocellulose [49]. Bacterial
nanocellulose is synthesized using different techniques such as static, agitated, and bioreactor cultures. A
static culture is a type of cultivation in which the medium is not moved or stirred. After a defined culture
period, this approach yielded a BNC pellicle at the liquid-air interface, illustrating the efficiency of static
circumstances in creating BNC [50]. Agitated culture is a fermentation technique that involves cultivating
bacteria via stirring or mixing, which boosts the yield of BNC [51]. After a predetermined culture period, this
approach produced a BNC pellicle at the liquid-air interface, displaying the efficiency of static circumstances
in the production of BNC [52].

BNC can be generated through a variety of methods, such as bioreactors, agitatation/shaking, and static.
These three techniques aim to enhance BNC production while reducing expenses and cultivation time,
although each technique has a unique impact on the structure and morphology of BNC [53].
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Static culture is a popular technique used for BC production. Hydrogel sheets with exceptional qualities
are produced by incubating containers with nutrient solutions for one-14 days at temperatures between
28°C and 30°C and 4 < pH < 7. BNCs develop at the gas-liquid interface, and the air-liquid surface area is
crucial. Additionally, the metabolism of bacteria produces stored carbon dioxide, which greatly inhibits the
delivery of oxygen [54]. This technique creates cellulose in the shape of a sheet, film, or membrane. Compact
texture, strength, water permeability, and biocompatibility are some of the advantages of static cultures.
Nevertheless, it has certain disadvantages, such as low production and time-consuming cultivation [55]. The
use of an agitated culture method has been recommended as a solution for the low yield rates and high
production costs associated with static culture systems. A significant drawback of the static culture approach
is the agitated culture’s attempt to improve oxygen delivery to the bacteria during culture. Studies have
revealed comparable BNC yields to static cultures, despite their promise. BNC can be generated in various
forms under agitated culture conditions, including pellets, spheres, ellipsoids, stellates, fibers, or irregular
masses. The configuration of the agitator, oxygen supply, rotational speed, length of the culture period,
continuous shear force, and types of additives in the culture medium affects the shape and size of BNC.
For producing large amounts of BNC for different commercial purposes, cultures that are stirred often have
weaker mechanical strength, lower crystallinity, and less polymerization compared to those grown without
movement. Furthermore, a disadvantage of the agitation method is the occurrence of non-cellulose mutants
due to shear stress [56,57].

4 Applications of Nanocellulose

4.1 Innovations in Cellulose Nanocrystals
4.1.1 Yield Percentage

Prior research [46] investigated cellulose nanocrystals from organic waste, such as corncob-influenced
reinforcing cellulose nanowhiskers in a polyvinyl alcohol/PVA matrix, to boost their mechanical attributes
(Fig. 8). Therefore, sulfuric acid hydrolysis extracted the cellulose. The equation represents the yield of
cellulose whiskers, as follows: yield percentage = actual yield/theoretical yield x 100%.
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Figure 8: A comparative study on the elongation at break of reinforced PVA composite films and that of pristine PVA
films and TGA profiles for PVA/0%CNC, PVA/2%CNC, PVA/4%CNC, and PVA/6% CNC composite films. Adapted
with permission from Ref. [58]. Copyright © 2024, Springer Nature
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Thermogravimetric analysis (TGA) demonstrated the thermal stability of the nanocomposite reinforced
with 6% mass CNC, which tolerates temperatures as high as 500°C (Fig. 8). Pristine PVA films exhibit a
higher percentage of elongation at break than PVA films dispersed with nanocellulose dispersants [58].

4.1.2 Impacts of Ozone Depletion

In recent decades, ozone depletion has become a major concern. Therefore, there is a high demand for
UV-blocking materials. This film was used to convert ultraviolet (UV) light into blue light. This successfully
shielded 99.7% of ultraviolet C, 98.5% of ultraviolet, and 92.1% of ultraviolet A, transmitting 80.1% of visible
light (Fig. 9). This fabrication method is cost-effective and eco-friendly for use in large-scale UV-blocking
films [59].

(a) (b)

\ Stretch 22 \'p " PVA

CNC-elastomer

Relax

Intensity (a.u)

400 500 600 700 800
Wavelength (nm)

Figure9: (a) Mechanical sensors from CNC. Adapted with permission (a, b) from Ref. [60]. Copyright © 2022, Springer
Nature. (b) Excitation at 365 nm of photoluminescence emission spectra for PVA, PC3, PNCI to PNC5, and PNC.
Adapted with permission from Ref. [59]. Copyright © 2023, Springer Nature

4.1.3 Transformative Adoptions of Mechanical Sensors

There are numerous possibilities for producing responsive photonic crystals, including mechanical
sensors. To address this issue, we fabricated stretchable chiral nematic cellulose nanocrystal (CNC) elastomer
composites that display a reversible visible color when subjected to mechanical stress. The CNC-elastomer
composite becomes colored when the helical pitch is decreased to the visible area, whereas colorless materials
retain their chiral nematic structure when stretched (or compressed) [60].

4.1.4 Pioneering Applications of Catalysis and Medicine

To establish poverty eradication and zero hunger, this study focuses on the biological applications
of nanorods and natural resources by employing a sub-wear-out fiber from a semiarid region of Brazil.
Nucleation and nanorod growth rely on thermodynamic kinetics. The CNC used in this study explains
how various chemical processes lead to modifications in the chemical groups and surface morphologies.
Its biocompatibility is 90% [61]. Cellulose nanowhiskers have a wide range of applications in the sectors of
catalysis and medicine [62]. The process involves the fabrication of low-cost catalytic substances in aqueous
solutions for the purpose of CO, electroreduction. Through pyrolysis, we retrieved conductive CNC as a
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microstructure carbon framework and then implemented an environmentally friendly and efficient method
to deposit SnS nanocrystals on carbon at the nanoscale [63].

4.1.5 Potential Uses on Optoelectronic Applications

In a recent study, a comprehensive investigation of CdSe nanocrystals was conducted by examining
the optoelectronic properties of size-dependent spectral features and radiation duration in cubic zincblende
CdSe nanorods with diameters ranging from 3.4 to 5.5 nm. Owing to their quantum confinement and discrete
energy states, CdSe nanorods are attractive options for a broad range of optoelectronic applications [64].

4.1.6 Material Packaging and Electrical Appliances

The mechanical features and exceptionally high crystallinity index of nanocellulose may influence
thermal variables such as expansion and heat capacity. Consequently, nanocellulose whiskers are increasingly
being used in material packaging and electrical appliances. Nanocomposite production at high temperatures
can constrain its application if the nanocellulose crystals are thermally stable [14].

4.1.7 Fat Reduction

This study focuses on high-sugar and fat-based foods, which have drawn considerable attention. The
grafting of ester groups of palmitic acid onto CNC was used to investigate the effectiveness of the adsorption
process using a greener technique. The raw source was bran cellulose. Both CNC and CNC-PA are capable
of adsorbing fats in the intestine, preventing fats from encountering lipase and bile acids, diminishing the
hydrolysis and digestion of fats, and hindering the passage of triglycerides through intestinal cells and the
body. Collectively, these actions reduce the amount of fat absorbed by the body. Despite this, CNC-PA
had a greater lipid-lowering effect than CNC, according to the analysis of its capacity to adsorb lipids, in
vitro hydrolysis, transport and absorption of triglycerides, and long-term feeding studies in mice (Fig. 10).
Nanocellulose has a broad variety of applications as a naturally occurring emulsifier and stable component in
salad dressings, sauces, foam, soup, pudding, dipping sauce, and other meals. Foods containing nanocellulose
have a reduced energy density [5].
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Figure 10: Effects CNC-PA on weight gain (a) and food intake (b) in mice. Adapted with permission from Ref. [5].
Copyright © 2024, Taylor and Francis
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4.1.8 Sustainability Initiatives in Biopackaging

Carbonized cellulose nanocrystals (GCNCs) are potent nucleating agents owing to their barrier prop-
erties, thermal stability, crystallization capacity, and kinetics. Structurally strong GCNC with a range of
shapes were successfully fabricated and used as nanofillers for PLA. For example, the research validated
the two theories that GCNCs uses the distinct properties of carbonized carbon and cellulose nanocrystals,
successfully lowering CNC agglomeration and increasing the tensile strength and crystalline nature of PLA.

There are several useful methods for creating environmentally friendly food packaging (Table 2) [65].

Table 2: Pioneering applications based on nanocrystal cellulose

Types of Factors Description Key parameters  References
cellulose
Crystalline CNC:s exhibit optimal HDPE is used in [15]
crystalline and surface this for resistance
reactive properties due to custom parts in
their elevated stability, mushiery and food
crystallinity, and tuned products
aspect ratio
The dimensions Additive polarity can To get precise [66]
control the dimensions of components in
the cellulose transmission
nanomaterials. housing and
CNC . . .
Dimensions and volume automotive parts
fraction of NCC
suspensions are closely
related to their colloidal
characteristics and
rheology NCC particles
Processing Acid hydrolysis is the Machining for [67,68]
method oldest and simplest turbine blades for
chemical process for aerospace
producing nanocellulose.
TEMPO, or ammonium
persulfate (APS)
oxidation, is a chemical
process that produces
nanocellulose
Raw source Cotton (raw), corncob,  Milling of titanium [69]

Agave tequilana bagasse

to produce long
term
implantation in
human body
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4.2 Applications of Nanofibrils

4.2.1 Yield Percentage

Prior research on nanofibrils demonstrated that this is a green extraction technique. Hence, it uses
organic waste pistachio hull synthesis through hydrotropic and deep-eutectic solvent extraction techniques
via extraction with sulfuric acid, which can be used in the synthesis of cellulose nanocrystals. The
genetic algorithm led to an increased yield of nanocellulose through numerical optimization (Fig. 11). This
investigation was conducted in various disciplines using agro-industrial wastes [70].

Yield (%)

Yield (%)

(b) 100

(a) e

I

B: Time (min)
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C: Solvent ratio (mL/g)
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A: Temperature (°C)

© s Yield (%)
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Figure 11: Traditional acid hydrolysis during nanocellulose extraction, temperature, duration, and solvent ratio affect
the yield of nanocellulose (a-c). Adapted with permission from Ref. [70]. Copyright © 2024, Springer Nature
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4.2.2 Self-Cleaning Properties

Previous studies have demonstrated extensive applications of biomass. Extracted cellulose nanofibrils
can be used as superhydrophobic aerogels in peanut shells. Cellulose was extracted using chemical-
mechanical methods. The resultant fabric exhibited excellent antifouling performance, leading to
self-cleaning ability and 82.2% oil-water separation effectiveness. Superhydrophobic aerogels were syn-
thesized using a freeze-drying technique. The contact angle is 151.4°. After oil-water separation, the
superhydrophobic characteristics of the fabric were retained [71]. Orange-coated nano-sea urchins and their
fluorinated structures, believed to be formed in a one-step immersion process, were demonstrated in the
membrane fabric@u-FCOF device (Fig. 12a). Depicts the superhydrophobicity of the membrane with a 152°
water contact angle, where water droplets maintain their spherical shape for over 10 min, which demonstrates
minimum adhesion (Fig. 12b) illustrates the antifouling and self-cleaning activities as the water droplets roll
off the surface with the adhered dust and leave no deposits when colored water is poured on the surface
(Fig. 12¢).

(C) Fabric@u-FCOE_

TAPB TFTA
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Pristine fabric Fabric@u-FCOF

i &.ﬂ.&.&.&.ﬂ.
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Figure12: (a) Schematic of the preparation of fabric@u-FCOF. (b) Photographs depicting the state of the water droplets
on the modified fabric at different time intervals, as well as the water adhesion force test of the fabric. (¢) The self-
cleaning performance of the modified fabric; immersion of the fabric in dyed water and subsequent retrieval. Adapted
with permission from Ref. [72]. Copyright © 2024, KeAI Publishing Group

4.2.3 Nanoarchitectural Structural Studies

Investigating the surface chemistry of functionalized cellulose nanofibrils at the atomic level is an
extremely challenging endeavor in this emerging field. This paper discusses studies on surface properties.
Center Technique du Papier synthesized suspensions of oxidized cellulose nanofibrils (CNF-t). This indicates
that the adsorption of the initial reactant depends on structural factors including the hydrogen-bonding
potential, hydrophobicity, and protonation state. This study is limited to the functionalization of carbon
nanofibrils. DNP-enhanced ssNMR should undoubtedly be used for future endeavors to enhance the
coupling and washing processes. Hence, this study offers distinctive insights into surface chemistry [73].
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4.2.4 Mechanical Properties

Researchers and co-researchers have studied a novel self-cleaning function of a nanofiltration mem-
brane to efficiently eradicate the cationic dye methylene blue (MB) from industrial effluents. Vinyl resin (VR),
cellulose nanofibrils (CNF), and titanium alpha aluminate (TAAL) nanoparticles are the components of the
membrane. The dead-end filtration system used on the (VR/CNF@TAAL) membrane with a concentration
of 5 wt% TAAL at pH 10 displayed outstanding results. It offers an excellent removal efficiency of 98.6% for
30 ppm of the MB dye and has an optimum adsorption capability of 125.8 mg/g. This study demonstrated its
economic viability and environmental friendliness. Water permeability and filtration efficiency are the two
characteristics of a membrane that are significantly affected by its porosity (Fig. 13). However, few studies
have been conducted on this new raw material. These results illustrate that holocellulose fibers (HCFs) can
be extracted from natural sources. During sulfation, bamboo, pine, and eucalyptus fibers showed remarkable
reactivity compared to cellulose fibers for the preparation of nanofibrils. The bamboo HCFs obtained via
chemical pretreatment reacted faster than the other two HCFs. The resultant films exhibited promising
mechanical performance with a tensile stress of approximately 201 MPa. This high dispersibility provides a
novel perspective for producing composite materials based on functional nanocellulose [74].

Figure13: Comparative analysis of sulfated holocellulose nanofibrils derived from various plant sources (a-c). Adapted
from Ref. [74]. Copyright © 2024, Springer Nature

4.2.5 Architectural Framework

Recently, micronanofibrillated cellulose has attracted considerable attention for its preparation via dry
dielectric barrier discharge (DBD) using oxygen plasma in a treated powder precursor assisted by ultrason-
ics. Materials containing nanofibrillar cellulose are among the most promising lignocellulose derivatives.
Consequently, sustainability has emerged as a key concern in recent studies. Paper pulp was used as the
raw source to enable controlled refinement before implementing the innovative plasma pretreatment step.
The novel process of utilizing cellulose fibrils via water-free (dry/ambient) DBD oxygen plasma treatment of
cellulose fibrils provides an opportunity for the addition of radicals on the surface of cellulose to extend the
treatment to other gases via a cost-effective approach [75].

4.2.6 Stability and Durability

The researchers worked on the durability of water through the cellulose nanofibril-based foam so that
it could be extended further. Oven-dried CMCNF foams use two straightforward crosslinking methods
that have been found to improve water durability. Crosslinked oven-dried foams exhibit potent adsorption
properties for chemicals that require slow adsorption or eliminate a large proportion of chemicals and are
reusable [76].
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4.2.7 Carbon Replacement with Nanofibrils

This study addresses the major concern related to environmental sustainability, which indicates the
green tire applications of organic waste, such as rice husks derived from type 1 cellulosic nanofibrils, which are
utilized in the production of natural rubber compounds. Carbon black is exchanged with rice-husk-derived
nanofibrillated cellulose in natural rubber, which exhibits excellent improvisation in green tiers. A decreased
rolling resistance can be imparted by rice-husk-derived nanocellulose fibrils [77].

4.2.8 Groundbreaking Advancements in Sensing and Biopackaging

To express the breadth of our current knowledge of nanocellulose as a coated paper sensor to measure
glucose concentration in the blood, blood glucose measurement is one of the most significant studies from
prior investigations, as high blood glucose levels are related to adverse health consequences in patients
with health conditions, such as diabetes mellitus. The sensor was not intended to monitor glucose levels
with decimal place accuracy; rather, its purpose was to identify when diabetes first appeared. It is simple
to identify patients with high blood glucose levels using this method. This study emphasizes the growing
use of nanocellulose superabsorbent diagnostic devices that use a variety of enzymes to detect a wide range
of illnesses and outlines the possibilities of paper-based enzyme colorimetry glucose sensors. The designed
sensor is stable at standard test temperatures, typically between 20°C and 30°C [78].

The application of anthocyanins in smart packaging has several weaknesses, and anthocyanins are
sensitive to high temperatures; therefore, monitoring the freshness of refrigerated or frozen food products is
recommended [79]. The synergistic combination of PVA/CNF films from pineapple leaves of CNFs improved
the tensile strength of the PVA/CNF films. This bio-nano composite PVA/CNF film was found to have
outstanding tensile strength and flexibility, achieving the specifications for bio-packaging applications with a
certain degree of rigidity. The morphology of the bio-nanocomposite surfaces became rougher and clustered
together as the CNF concentration of the film increased. In addition, the use of CNFs enhanced the CI
and thermal stability of the PVA films. This bio-nanocomposite may therefore be especially beneficial in
applications involving short-term storage of food, such as innovative takeaway containers [80]. In contrast,
laccase was immobilized on dialdehyde films for active packaging. After storage at 4°C for a month, the
films with immobilized laccase maintained all their activity, while those that were reused over 11 or 12
cycles lost less than 25% of their activity and were very effective at breaking down the Methylene Blue
dye [81]. The multilevel reinforcement structure of (polylactic acid, 3 wt% CNFene (cellulose nanofiber)
PLA-C3 demonstrated a broader melt-processing window (197.6°C), a higher thermal decomposition onset
temperature (T0), and remarkably low overall migration levels in ethanol (68.6 pg/kg) and isooctane
(16.3 pg/kg). This enhanced interaction between CNFene and PLA influences PLA’s crystallization ability and
kinetics/mechanism of PLA to meet the demands of industrial and environmentally friendly bio-packaging
applications [82] (Table 3).
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Table 3: Innovative applications based on Nanofibrils cellulose

Description Example References

Types of Factors
applications

cellulose

Aging This paper describes a novel type of ~ Thermoelectric (58]
resistance transparent paper based on generators
carboxymethylated cellulose fibers,
which shows perfect resistance to
heat and UV aging. This method,
allows to retain a good proportion
of light and tensile strength even
after harsh conditions are
experienced over a long period of
time
Reaction time =~ However, prolonged reaction times  Acid hydrolysis [68]
are not cost-effective,
energy-intensive, and present
bottlenecks in mass production.
CNF
Another strategy that has been
used to shorten the reaction time
and improve yield and efficiency is
the use of process intensification
technologies such as microwave
(MW) or ultrasound irradiation
Temperature It influences the rate of reaction APS oxidation [68]
and efficiency of chemical method
techniques as well as the attributes
of nanocellulose and it helps in the
production of nanocellulose in all

different methods
Acid Studies have shown that Acid hydrolysis [83]
concentration  minimizing the acid concentration process

significantly reduces the overall
production cost, and a good yield
can be maintained. Increasing the
acid resulted in a low yield
Polymer The recent studies on grafting Epoxidized [84]
grafting explore the surface modification of soyabean oil
nanofibrils which improves
hydrophobicity and maintains an
environmentally friendly approach
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4.3 Applications of BNC
4.3.1 Cultural Methods and Process Optimization to Produce Bacterial Nanocellulose

Bacterial nanocellulose (BNC) can be synthesized through an array of processes, including, but not
limited to, static, agitated/shaking, and bioreactor systems, which provide BNC with a diverse morphol-
ogy/microstructure to improve production efficiency, cost, and duration of cultivation as an overarching
priority. Among these, the static culture method is preferred. and BNC was produced at the gas-liquid
interface, with a temperature range of 28-30°C and a pH of 4-7 for periods of 1 to 14 days. This method
produces BNC in the form of membranes or films, and its characteristics include compact texture, durability,
good water permeability, and biocompatibility. However, it still has disadvantages in that the productivity
rates are extremely low and the periods required for cultivation are far too long. Further modification
of the existing technology or new technology development is required to enhance the scalability of this
approach [85]. The opposite is the agitated culture method, in which the oxygen deficiency of the static
culture is fixed by supplying sufficient oxygen through agitation of the static culture medium, which in turn
accelerates BNC production, the yield of which is not very different from that of the static culture. Instead, it is
faster to produce BNC in a number of varieties, including pellets and fibers. Although there is great potential
for large-scale production, BNC produced under agitation has lower mechanical strength, crystallinity, and
polymerization degree. It is also possible that non-cellulose mutants were formed because of the application
of shear force. This is not something that has been expanded in detail above, but bioreactors are another
option to consider for the mass production of BNC, as they are more efficient with better environmental
control; hence, they can also be used in large-scale applications.

DYPD medium was complemented with polyglutamic acid at concentrations of 0.06, 0.15, 1, 2, and
5 g/L, while glutamic acid at concentration of 0.06 and 0.15 g/L was used as a control. After sterilization, pH
of the medium was brought to 5.0. To study the influence of pH on nanocellulose production, a pH of 5.0
was selected and adjusted to 4.0, 5.0, or 6.0 using 20% H,SO4 or 8 mol/L NaOH solutions. The main bacterial
strains isolated in a previous study, LDU-K, LDU-LC, and LDU-LY, were patched during the fermentation
process carried out internally [86].

4.3.2 Biomedical Application: Tissue Engineering and Kombucha-Derived Production

The versatility of nanocellulose allows its use in diverse types, including one-dimensional, two-
dimensional, and three-dimensional structures. It enables a wide range of applications from biosensing
and drug delivery to wound dressing and tissue engineering [87]. The standard operating protocol for the
removal of pulp tissue was as follows: 39 cell culture suspensions were seeded into a culture medium on
culture plates consisting of 12 cells, which were incubated at 37°C in an atmosphere containing 5% carbon
dioxide. The medium was inoculated again 24 h after the first inoculation and then once every three days.
These standard conditions were maintained until a 90% yield was attained during the first inoculation.
The cells were collected using 0.5% trypsin-EDTA solution and were later sub-cultured. The cell cultures
remained as monolayers until subsequent development. Upon reaching 90% confluence, the cells were
passaged until the fifth generation. A Trypan Blue A Neubauer chamber was used to examine cell viability
at 4%, and additional testing was performed to examine the interaction between the cells and scaffolds,
which is crucial for understanding biological processes and tissue engineering. Although fermentation of
kombucha tea produces bacterial nanocellulose, the manufacturing of this material, which includes several
metabolic pathways, is complicated. Under aerobic conditions, a community of competing and cooperative
multispecies bacteria and yeasts forms a kombucha. This clarifies that the cellulose disk that is produced
because of this process is known as SCOBY, which represents the “symbiotic culture of bacteria and yeast”.
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Because of its osmophilic nature (adaptation to high pressure), Saccharomyces cerevisiae is usually the
predominant yeast species found in kombucha) [88].

4.3.3 Therapeutic Applications of Wound Dressings

Nanocellulose-based dressings are changing the way wounds are managed, as they combine features
of great importance in the healing process. They are non-toxic and antimicrobial and allow gas and fluid
exchange, moisture retention, and exudate control while enhancing tissue development. In particular,
bacterial nanocellulose has been found to possess unique wearing characteristics, enhancing the treatment
of burn wounds by cooling the surface via evaporation and facilitating healing without frequent dressing
changes or pain during removal. From the clinical reviews performed, BNC has shown remarkable success
in rubbing oft rapid re-epithelialization with the most complete wound closure in partial and full-thickness
burns in weeks, and we obtained some crucial details regarding burn treatment. With the use of BNC,
experimental studies have demonstrated the boon BNC has against severe burn cases. Complete healing was
witnessed within a span of two months, whilst 70% wound closure was achieved within three weeks [89].
Focusing on antibacterial properties, hydrogels infused with thymol were able to kill burn-specific pathogens.
According to in vitro tests performed using mouse 3T3 fibroblasts and in vivo trials, the hydrogels were
able to promote fibroblast cell growth and achieve nearly 100% wound closure within 25 days. However, the
nanocellulose-based composite sponges retained a micromechanically robust structure with a porosity of
75%. Building upon their use, the sponges also demonstrated antibacterial activity against Escherichia coli
and Staphylococcus aureus and showed no sign of hemolytic effects during blood compatibility tests. With
the integration of cCNCs and aerogels with medicinal extracts, advanced wound care solutions have been
obtained that strengthen compressive strength, durability, and even pathogen resistance. Owing to their
exceptional biocompatibility, ease of mimicking biological tissues, and mechanical sturdiness, nanocellulose-
incorporated dressings have proven helpful in healing and safeguarding wounds from infections [90].

4.3.4 Clinical Implementation of Biomedical Implants: Orthopedic, Cardiovascular, Dental, and Neurological
Implants

Devices for biomedical implants are cautiously designed and constructed from biocompatible materials
such as metals, ceramics, polymers, and biological tissues. These implants are the consequence of interdis-
ciplinary cooperation between biomedical engineers, materials scientists, physicians, and regulatory bodies
and have various therapeutic applications in the human body. They are vital in modern healthcare because
they may regulate physiological processes, such as heart rhythm, with pacemakers to restore structural
integrity and function, as evidenced by orthopedic implants for joint replacements. Orthopedic implants
provide significant solutions for the treatment of joint and bone ailments. A hip implant uses artificial
components, such as the femoral stem, acetabular cup, and ball-and-socket framework, to address hip joint
abnormalities. Knee replacements are composed of femoral and tibial components separated by a plastic
spacer that replicates the normal knee motion to restore functionality. Spinal implants such as rods, screws,
and plates support the spine and treat problems such as fractures or spinal abnormalities [91].

Several heart and blood artery disorders can be treated with cardiovascular implants using medical
devices. To heal damaged valves, control heart rhythm, or repair or enhance blood flow, they are surgically
inserted into the body. Stents, pacemakers, and prosthetic heart valves are examples of common cardio-
vascular implants. Nanocellulose (especially BC) can be developed as a material for artificial tubes that
can replace small (4 mm) or large (>6 mm) vascular grafts. Compared with common synthetic vascular
graft materials, such as polyester (Dacron) and ePTFE, biosynthetic BC tubes can be employed in vascular
conduits with a modest diameter (4 mm) and can avoid stenosis and thrombus development. Dental implants
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are critical interventions for wisdom teeth and offer both practical and aesthetic advantages. These implants
are comprised of elements such as crowns, bridges, and implant-supported dentures. Crowns and custom-
fabricated caps substitute damaged or absent teeth, reinstating their form and functionality. Bridges bridge
the void left by absent teeth, supported by adjacent natural teeth or implants, enhancing both aesthetics
and masticatory function. Implant-supported dentures provide stable and secure prosthetic devices affixed
to dental implants, thereby improving comfort and functionality compared to conventional removable
dentures. These implants resolve tooth-related issues, enhance oral health, and markedly increase the quality
of life of patients with edentulism. They are advanced devices intended to engage the neurological system,
encompassing the brain, spinal cord, and peripheral nerves. These implants are frequently employed to
regulate or reinforce neuronal function through the administration of electrical impulses or the observation
of cerebral activity. They include various technologies, such as deep brain stimulators for Parkinson’s
disease, periprosthetic devices for recovering limb function in paralysis, and devices for managing epilepsy,
chronic pain, and other neurological disorders. Neurological implants seek to mitigate symptoms, restore
impaired function, and enhance the overall quality of life of patients with neurological disorders. Millions of
individuals worldwide now enjoy a far better quality of life because of these implants [92].

4.3.5 Building Materials and Agitation’s Impact on Bacterial Nanocellulose

The effect of agitation on BNC morphology was also studied using FESEM, as shown in Fig. 14. In
the presence of y-PGA and DYPD, even so, it can be noted that the BNC was produced from the agitated
culture medium. Similar and distinctive features were observed, such as gel-like spheres floating above the
surface of the culture medium, whereas the fibrils developed a consistent three-dimensional net structure.
The diameter of the BNC fibers harvested from the DYPD agitated culture was 12.5 to 35.0 nm (Fig. 14(A2)),
while in variety 3 of the static culture, they were 16.5 to 40.0 nm (Fig. 14(C3)). In contrast, the fibers observed
in the y-PGA-supplemented medium had thicknesses of 12.5 to 45.0 nm (Fig. 14(B2)). Dark Cathodic BNC
fibers grown in static DYPD culture patterns were generally thicker than those grown in agitated culture B
(Fig. 14(A1,A2,C1,C2)). In contrast, the BNC fibers derived from the y-PGA medium were approximately 2
times as thick as the DYPD medium fibers (Fig. 14(A1,A2)). The hydrogel pellets containing BNC from the
DYPD medium appeared to be clearer than those from the y-PGA medium (Fig. 14(A3,B3)). The difference
indicates the presence of thicker and denser fibers in the y-PGA medium. This hypothesis is plausible
because y-PGA may minimize mechanical tension caused by shaking. BNC with larger and denser fiber
components can be used in the production of building materials, such as cement, asbestos boards, and
fiberglass-reinforced plastics.

In conclusion, static culture produces poor yields of BNC but produces high yields of BNC, and
agitated culture improves yield as well, but productivity increases at the cost of some material properties.
Bioreactors may provide an ideal compromise for the production of BNC in controlled, efficient, and large
volumes [93]. The opposite is the agitated culture method, in which the oxygen deficiency of the static
culture is fixed by supplying sufficient oxygen through agitation of the static culture medium, which in
turn speeds up BNC production, the yield of which is not very different from that of the static culture.
Alternatively, BNC production is more efficient in various forms, including pellets and fibers. Although there
is enoromous potential for large-scale production, BNC produced under agitation has lower mechanical
strength, crystallinity, and polymerization degree. It is also possible that non-cellulose mutants were formed
because of the application of shear forces. This is not something that has been expanded in detail above, but
bioreactors are another option to consider for the mass production of BNC, as they are more efficient with
better environmental control; hence, they can also be used in large-scale applications (Table 4).
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Figure 14: Illustration of FE-SEM and BNC fibers diameter (A1-C3). Adapted with permission from Ref. [94].
Copyright © 2024, Springer Nature

Table 4: Biomedical applications based on bacterial nanocellulose

Types of Factors Description Application References
cellulose
Carbon source Glucose is an effective source of ~ Wound dressings [94]
carbon for the generation of BNC, and food
but its primary drawback is that it stabilizers

generates gluconic acid as a
byproduct during the conversion
process, which affects the pH of the
medium and may decrease the
formation of cellulose

(Continued)
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Table 4 (continued)

Types of Factors Description Application References
cellulose
Nitrogen Enhanced antioxidant activity is Tissue [95]
source due to the polyphenol Engineering for
concentration that is naturally scaffolds and
present in the tea. There is a greater ~ drug delivery
yield in organic sources like yeast ~ using hydrogels
extract, peptone, or tryptone, in
contrast to inorganic sources.
Distinct teas exhibit enhanced
morphological characteristics, yield
efficiency, and crystallinity
compared with H&S nitrogen
resources
Bacterial strain ~ Use of biological organisms under ~ Smart wearables [96]
controlled circumstances. The
structure and yield of
nanocellulose can be adjusted by
adjusting its cultivation conditions
BNC Acidic Ph A low pH is indicated by a high H+  Helps in starting [97]
concentration. One of the most fermentation in
significant variables for achieving  bacterial growth
the highest yield was pH in acetobacter
management. According to a study, species
altering the pH during
fermentation may increase the
yield produced
Temperature Temperature influences both the By maintaining [98]

quality of the generated
nanocellulose and the productivity
of bacteria. The temperature affects
the structure and crystal structure
of the BNC. The bacteria produced
normally twisted ribbons at 28
degrees Celsius

temperature we
can optimize
productivity and
characteristics of
bacteria

(Continued)
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Table 4 (continued)

Types of Factors Description Application References
cellulose
Time The carbon source in the medium Found in [99]
and the bacterial strain, and the =~ medical field and
size, texture, and mobility of the industrial field
bacteria have a major impact on particularly in
the growth rate of BNC. Fourteen =~ wound dressing
days is typically acknowledged as
the ideal incubation period for
K. xylinus to optimize cellulose
synthesis
Oxygen level The emergence of nanocellulose By tuning [100]

and bacterial growth has been

caused by the oxygen supply. A
higher cellulose yield was produced
by higher oxygen tension (100%) in
the gas phase, in contrast to normal

atmospheric conditions (21%)

oxygen level
large scale
production gives
more yield

5 Conclusion and Future Prospects

As per a report for 2023, it is $419.1 million. The opposite growth rate indicates that there may be a
chance of 20.1% in the next seven years. Nanocellulose has created a broad platform for nanoscience and
green technology. Today’s generations demand nanocellulose for every step of life, as the application of the
material is vast. Bacterial nanocellulose has excellent drug stability; hence, it is used in the field of medicine
for drug coating because it is soluble in a controlled manner and plays a vital role in tissue engineering. This
is an emerging trend in nanocellulose with unique surface modifications and functionalizations. Its cost-
effectiveness scales the market and property rules with applications in all fields, including wound dressings,
material packaging, wastewater treatment, storage devices, and self-cleaning properties. CNC is a sustainable
source with excellent biocompatibility and a nontoxic environment. CNFs are renewable materials with good
barrier and shielding properties.

The versatility of nanocellulose has challenged recent hybrid contact technology. This study focuses
on the biodegradability of the material and its consequences on the environment. This has immense
potential for innovation in various industries. Nanocellulose is a facile approach that uses plants through
the comparative assessment of cellulose nanocrystals, cellulose nanofibrils, and bacterial nanocellulose.
Further studies are needed to confirm this hypothesis. Synergistic combinations of nanocellulose have
multipurpose applications in various fields. Owing to its remarkable properties, nanocellulose is an emerging
area in nanotechnology with an ever-increasing demand for cost-effective and environmentally friendly
materials. Promising advancements in nanocellulose have resulted in its applications in yield, UV blocking,
optoelectronics, strain resistance, wastewater treatment, paper production, cosmetics, and some carbon-
replacing materials.

Biodegradability, sustainability, and renewability were considered in the early phases of scientific
studies during this period of growing environmental concerns. Therefore, nanocellulose reduces the carbon
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footprint. Therefore, traditional packaging resource catalysts, ray blockers, adsorbents, self-cleaning, fat
reduction, and mechanically dispersed substances can be replaced by cellulosic substances. The primary
reason for this is that it can be extracted from a variety of natural sources, such as biomass. As plant waste is
frequently burned, processing assists in the prevention of air pollution.
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