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Abstract: The isolation and bottom-up assembly of nano-cellulose by using microorganisms offers
unique advantages that fine-tune and meet the main key design criteria of sustainability, rapid
renewability, low toxicity and scalability for several industrial applications. As a biomaterial, sev-
eral properties are required to maintain the quality and functional period of any product. Thus,
researchers nowadays are extensively using microorganisms to enhance the yield and properties of
plant nanocellulose. A microbial process requires approximately 20%–50% less energy compared
to the chemical isolation process that consumes high energy due to the need for intense mechanical
processing and harsh chemical treatments. A microbial process can also reduce production costs by
around 30%–50% due to the use of renewable feedstocks, fewer chemical additives, and simplified
purification steps. A chemical isolation process is typically more expensive due to the extensive
use of chemicals, complex processing steps, and higher energy requirements. A microbial process
also offers higher yields of nanocellulose with well-defined and uniform dimensions, leading to
improved mechanical properties and enhanced performance in various applications, compared with
the chemical isolation process, which may result in a wider range of nanocellulose sizes, potentially
leading to variations in properties and performance. The present review discusses the role of different
microorganisms (bacteria, yeasts and fungi) in the isolation and production of nanocellulose. The
types and properties of nanocellulose from different sources are also discussed to show the main
differences among them, showing the use of microorganisms and their products to enhance the yield
and properties of nanocellulose isolation. Finally, the challenges and propositions regarding the
isolation, production and enhancement the quality of nanocellulose are addressed.

Keywords: microbial; nanocellulose; plant fibers; microorganisms; enhancement; challenges

1. Introduction

The use of microorganisms in the isolation and production of nanocellulose is a new
trend in manufacturing industries. Microorganisms can play a significant role in the
isolation of nanocellulose from plant-based sources such as wood, cotton, and various
agricultural wastes [1]. Nanocellulose is a nanoscale fibrillated form of cellulose that
exhibits excellent mechanical, thermal, and optical properties [2]. Cellulose was isolated
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for the first time from plants in 1838 by Anselme Payen [3], and since that time, it has
continuously been an area of interest and has become the most in-demand biopolymer
in most applications. Cellulose, a naturally occurring polysaccharide, is composed of
glucose monomer units connected through β (1-4) ringed D-glucose C6H10O5, where
each single glucose unit paired with intermolecular hydrogen bonding confirms its linear
configuration with the formation of microfibrils [4]. Nanocellulose is generally defined
as cellulose particles or fibers with dimensions in the nanometer range [5]. It can be
derived from different cellulose sources, such as wood pulp, agricultural residues, or
bacterial cultures, using various methods including mechanical treatment, enzymatic
hydrolysis, or chemical processes [2,6]. The composition of cellulose remains consistent
across all sources, but studies have indicated that there may be slight structural variations
between different sources [6,7]. Most scientists have classified nanocellulose into three
basic types, depending on its shape: cellulose nanofibers (CNF), cellulose nanocrystals
(CNC) and bacterial nanocellulose (BNC) [8]. The demands of this modern age surely
cannot be fulfilled by materials based on conventional cellulose production methods.
Therefore, in recent years, cellulose has begun to be extracted at nanoscale, to furtherly
enhance its unique properties (structural, mechanical, high aspect ratio and low density).
Research shows that nanocellulose-based materials have excellent properties, which can
be clearly seen from the accelerated number of papers about nanocellulose in the past
two decades. The number of scientific publications related to nanocellulose has been
increasing steadily over the past two decades (Figure 1), reflecting the growing interest in
this field. The acceleration of scientific publications can be influenced by various factors,
including research funding, technological advancements, industry demand, and emerging
applications. Nanocellulose has attracted attention across multiple disciplines, including
materials science, chemistry, biology, engineering, and biomedical research, leading to a
multidisciplinary research landscape.
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Microorganisms such as bacteria, fungi, and yeasts have been used in the isolation of
nanocellulose from plant sources [9,10]. These microorganisms can contribute to nanocel-
lulose production either by the biosynthesis of nanocellulose (microbial nanocellulose)
or by assessing the isolation of plant nanocellulose by breaking down the non-cellulosic
components of the plant material, leaving behind a pure cellulose fraction that can be
further processed into nanocellulose [11]. Bacteria such as Gluconacetobacter xylinus are well
known in nanocellulose production. This bacterium produces cellulose in its extracellular
matrix, which can be harvested and further processed into nanocellulose [12], while several
fungi such as Trichoderma reesei are used to produce cellulase enzymes that can break down
cellulose into its component parts, including nanocellulose [13]. Microbial enzymes are
used in a process called enzymatic hydrolysis, which involves treating the plant material
with the enzyme solution to break down the cellulose into nanocellulose [14]. The present
review discusses the recent advances in the role of different microorganisms and their
derived materials in cellulose and nanocellulose production industries. The types and
properties of nanocellulose from different sources are also discussed to show the main
differences among them, showing the use of microorganisms and their products to enhance
the yield and properties of nanocellulose isolation. Finally, the challenges and proposi-
tions regarding the isolation, production and enhancement of quality of nanocellulose
are addressed.

2. Nanocellulose Functional Material

Nanocellulose refers to cellulose fibers that have been broken down into nanoscale
dimensions, typically ranging from a few nanometers to a few hundred nanometers in
diameter [15]. Cellulose is the most abundant organic polymer found in nature and is the
primary structural component of plant cell walls. The general structure of nanocellulose is
derived from the hierarchical structure of cellulose, which is a linear polymer composed
of repeating glucose units. In its native form, cellulose consists of long chains of glucose
molecules linked together by β-1,4-glycosidic bonds [16,17]. Nanocellulose can be derived
from various sources, including wood pulp, agricultural waste, and certain bacteria [18].
Table 1 presents a brief comparison between these three types. Cellulose, in general,
possesses unique properties, such as high strength, high aspect ratio, low density, large
surface area, and excellent biodegradability [19]. These characteristics make nanocellulose
an attractive material for a wide range of applications in various industries.

Table 1. Types and properties of different nanocellulose types depending on the physical characteristics.

Characteristic/s CNF CNC BNC Ref

Degree of polymerization ≥500 500–15,000 300–10,000 [20,21]

Crystallinity (%) 50–65 72–80 84–89 [22]

Length (µm) 0.5–2 µm 0.05–0.5 µm >1 µm [20,23]

Width (nm) 10–50 3–15 12–22 [24,25]

Diameter (nm) 5–50 2–20 10–50 [26,27]

Young Modulus (GPa) 50–100 140–160 15–130 [28]

Purity Low Low High [29,30]

2.1. Structure and Properties of Plant-Based Nanocellulose

Cellulose, hemicellulose, and lignin are the constituents of plant cell walls. Cellulose
and hemicelluloses are the primary components, constituting around 34%–75% of the
primary cell wall and 50%–80% of the secondary cell wall [31]. Lignin (10%–25% by dry
weight) binds the cellulose (30%–45% by dry weight) and hemicellulose (20%–25% by dry
weight) confirming the strength and stiffness of the cell wall [32–34]. There are different
types of nanocellulose, including CNC and CNF. The source of CNF and CNC might be the
same, but they differ in the physical properties. CNCs are obtained by hydrolyzing cellulose



Forests 2023, 14, 1457 4 of 24

fibers to remove non-crystalline regions, resulting in highly crystalline and rigid nanoscale
rods [35]. CNCs are rod-like structures with a high aspect ratio, meaning they have a
long and narrow shape. Typically, CNCs have diameters ranging from a few nanometers
to tens of nanometers and lengths ranging from several hundred nanometers to several
micrometers [36]. CNCs are highly crystalline, meaning their cellulose chains are tightly
packed together in an ordered manner [37]. The surface of CNCs contains hydroxyl (-OH)
groups, which can provide sites for chemical modifications and interactions with other
materials. CNFs, on the other hand, are produced by disintegrating cellulose fibers through
mechanical or enzymatic processes, leading to long and flexible nanofibers [38]. CNFs are
long and flexible fibrillar structures. The diameters of CNFs are typically in the range of a
few nanometers to tens of nanometers. Their lengths can vary from micrometers to several
micrometers, depending on the production method [39]. CNFs also possess a high degree
of crystallinity, although they may have a slightly lower crystalline order compared to
CNCs. Similar to CNCs, CNFs have abundant hydroxyl groups on their surface, enabling
interactions with other substances [40]. Both CNCs and CNFs are derived from cellulose
through various methods, such as acid hydrolysis, mechanical fibrillation, or enzymatic
treatments. These processes break down the larger cellulose fibers into nanoscale dimen-
sions while retaining the characteristic crystalline structure of cellulose. Nanocellulose
fibers can vary depending on factors such as the cellulose source, processing methods,
and post-treatment modifications. Additionally, nanocellulose fibers can further assemble
into networks or form self-supporting films, offering additional structural complexity and
functionality. Figure 2 illustrates the structure of plant nanocellulose from the origin to the
cellulose molecules.
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Figure 2. Schematic drawing of plant-based nanocellulose and its role in the formation of plant cell
walls (from cellulose fiber to cellulose molecule).

In recent years, there has been significant interest in the isolation of nanocellulose,
driven by its versatility in a broad range of applications spanning both medical and non-
medical fields. Numerous techniques have been used to produce and to enhance the
production of nanocellulose, resulting in material with slightly different properties. Plant
cellulose is found in conjunction with other components, primarily hemicellulose and
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lignin. Therefore, when isolating cellulose, it becomes necessary to eliminate or remove
these compounds [41]. Lignin forms ester linkages and hydrogen bonds with hemicellulose
and cellulose, and it plays a crucial role in maintaining the structural integrity of cellulosic
fibers along with cellulose. As a result, except for cotton, natural or vegetable fibers
are commonly referred to as lignocellulosic fibers due to the presence of lignin in their
cell walls [42]. The intricate bonding of lignin with hemicellulose creates a matrix that
surrounds cellulose molecules, making them highly resilient and resistant to network
disruption. The sugar monomers forming long chains are interconnected, leading to robust
intermolecular forces between them. Additionally, the cellulose molecule’s high linearity
contributes to the tightly packed arrangement of cellulosic fibers [43]. The polymer-like
structure and linkages of the polysaccharide contribute to the strong intermolecular forces
between the chains of the fiber. Furthermore, the cellulose molecule’s pronounced linearity
accounts for the crystalline characteristics observed in cellulosic fibers [43].

2.2. Structure and Properties of Microbial-Based Nanocellulose

Microbial nanocellulose is the type of nanocellulose produced by microorganisms,
which exhibit high crystallinity compared with plant nanocellulose [44]. Microbial nanocel-
lulose as a raw material possesses some unique and advanced mechanical properties,
unique structural properties with high crystallinity, high water holding capacity, high
purity (as compared to cellulose produced by plants) in addition to its excellent biodegrad-
ability [44]. Bacterial cellulose is only created as a nanomaterial naturally by various types of
bacteria as an exopolysaccharide. Although it has the same molecular formula as plant cellu-
loses, bacterial cellulose is free from lignin, pectin and hemicelluloses, which make it present
in high purity, and it can be isolated by using less energy [45]. Microbial nanocellulose
production cost may limit the extensive production of bacterial nanocellulose but its unique
properties attract more efforts in order to enhance the development of new approaches
to develop its production. Bacterial nanocellulose is the most famous type of microbial
nanocellulose, which is produced extracellularly by several bacterial genera including Ko-
magataeibacter, Agrobacterium, Aerobacter, Achromobacter, Alcaligenes, Azotobacter, Pseudomonas,
Dickeya, Rhodobacter, Rhizobium, Sarcina, Salmonella and even Escherichia [46–48]. Acetobacter
xylinus, which is a gram-negative strain of acetic-acid-producing bacteria, is the most
efficient and researched producer of bacterial nanocellulose and has been reported as the
most promising in terms of nanocellulose yield [49]. Most of these bacteria are aerobic and
synthesize nanocellulose extracellularly as nano-fibrils with an average diameter ranging
from 10 to 100 nm that are able to self-assemble into a 3D layered pellicle with a large water
content of about 98% [44].

Microbial cellulose from bacteria can only be produced at nanoscale. The cellulose
produced is highly pure, environmentally friendly and also requires less energy than
plant cellulose for purification. In the fermenting process, the micro-organisms attach to
cellulose fibers or simply move in the media freely and produce highly swollen gel-like
structures [50]. Bacterial cellulose is secreted as a thin ribbon-shaped fibril (leather-like
white pellicle), 100 nm wide and 2–3 nm long nanofibrils; bacterial cellulose produced
through biosynthesis of cellulose is mainly built up of several bundles of microfibrils
extracellularly [51]. The biosynthesis of bacterial nanocellulose starts with the creation of a
β-1,4-glucan chain, which is done by polymerization of glucose units and then followed by
the production and crystallization of the synthesized cellulose chain. Bacterial nanocellulose
has been reported to form inside the bacterial cell, between the cytoplasm and the outer
membranes of the bacterial cells [52]. After the biosynthesis of nanocellulose inside the
cells, it is then spun from the cell by cellulose-exporting components in the cell membrane
to form protofibrils only 2 to 4 nm in diameter. It was found that these protofibrils assemble
a ribbon-shaped micro-fibril of approximately 80 nm [53]. In the purification process,
while removing the culture media and waste, the microorganisms die. In order to produce
good-quality cellulose, either microbial cellulose is washed repeatedly in a hot solution of
sodium hydroxide and water until it reaches a neutral pH or through other methods, such
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as gamma radiation [54]. Although identical in chemical structure to plant-based cellulose,
microbial nanocellulose is distinctly characterized by its readily extractable nanofiber
network, degradability, excellent tensile strength due to high degrees of polymerization and
crystallinity (80%–90%), and the possibility to control these and other physical properties
including porosity during biosynthesis [55]. The bacterial cellulose is relatively pure and
in crystalline form and no chemical treatments are required to isolate it as obtained from
plants. The best advantage of bacterial cellulose is that it can be produced in a variety of
shapes and textures, such as particles, whiskers, filaments, films, membranes, etc., and to
culture bacteria in situ it can also utilize fruit syrup to grow and reproduce [56].

2.3. Structure and Properties of Other Sources of Nanocellulose

Macroalgae or seaweed are multicellular marine organisms that contain huge amounts
of different polysaccharides, such as agar, alginates, fucoidan, carrageenan, agarose and
cellulose [11]. The production of macroalgae-based nanocellulose has increased in the
past few years with the increased production of macroalgae due to the growing market
demands [57,58]. It has been reported that cellulose is present in most red and brown algae,
such as Rhodophyta phylum and the Phaeophyceae class, respectively [59]. Some red algae,
such as Gelidium amansii, are rich in carbohydrates (basically cellulose and agar), which
form around 75% [60]. Albuquerque et al. [61] stated that the amount of carbohydrate
present in Gracilaria birdie (different red algae) is around 73% and 8% protein. Meanwhile,
the brown algae Sargassum muticum, Saccorhiza polyschides, and Sargassum filipendula were
found to have carbohydrate content in the vicinity of 45%–52% [62,63]. Green algae also
contain nanocellulose. Ulva lactuca was found to contain approximately 54.3% of carbohy-
drate, which is high for green algae applicable for nanocellulose isolation [59]. It has been
also reported that some insects, such as silkworms and beetles, produce natural fibers that
contain cellulose [64,65] and these fibers can be processed and treated to obtain nanocellu-
lose. For example, silk fibers produced by silkworms contain fibroin, a protein that can be
selectively removed to obtain cellulose-based nanofibers [66]. Insect-based nanocellulose
has potential applications in biomedical materials and high-performance textiles. These
animal-derived materials contain collagen, which can be chemically treated to isolate and
convert cellulose into nanocellulose [67]. It is worth noting that the production and use of
animal-based nanocellulose is still in the early stages of research and development. The
majority of commercial nanocellulose products are derived from plant-based sources due
to their abundance and cost-effectiveness. However, as the field progresses, animal-based
nanocellulose may find niche applications in specialized industries.

2.4. Applications of Nanocellulose

Nanocellulose, with its unique properties and versatile nature, holds great potential
for various applications across different industries. Nanocellulose finds valuable applica-
tions in the biomedical field, including tissue engineering, wound healing, drug delivery
systems, and scaffolds for regenerative medicine. Its attractiveness for these applications
stems from its biocompatibility, biodegradability, and capacity to mimic the properties
of the extracellular matrix [68,69]. Nanocellulose has been also used in wound healing
applications due to its excellent moisture-retention capabilities, mechanical strength, and
antimicrobial properties [70]. It can promote wound healing by providing a moist en-
vironment, preventing infection, and facilitating the migration and proliferation of skin
cells [71]. Other researchers have used nanocellulose as a carrier for controlled drug de-
livery [72]. Its high surface area and ability to encapsulate and release therapeutic agents
in a controlled manner make it an ideal material for targeted and sustained drug delivery
systems. Nanocellulose can also protect sensitive drugs from degradation and improve
their stability [73]. Nanocellulose-based films or membranes can be used as a platform
for biosensors [74]. Their high surface area, biocompatibility, and ability to immobilize
biomolecules make them suitable for detecting and sensing various biological analytes,
such as glucose, proteins, and DNA [75]. These are just a few examples of the wide range
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of biomedical applications of nanocellulose. Nanocellulose can enhance the properties
of packaging materials, making them more sustainable, lightweight, and mechanically
strong [76]. It can improve barrier properties against gases and liquids, providing better
preservation and protection for food and other sensitive products. Nanocellulose has been
incorporated into packaging films to improve their barrier properties against gases, such
as oxygen and moisture [77]. Nanocellulose films act as an effective barrier, reducing the
permeability of gases and prolonging the shelf life of packaged products [78]. This can help
preserve the freshness and quality of food and other sensitive products [79]. Nanocellulose-
based coatings can be applied to packaging materials to enhance their performance [80].
Nanocellulose-based packaging materials have a lower carbon footprint and contribute to
reducing plastic waste and pollution. Nanocellulose-based packaging can be integrated
with sensors or indicators to provide real-time information about the quality or condition of
the packaged products [81]. Nanocellulose can be employed in environmental applications,
including adsorbents for pollutant removal, oil spill cleanup materials, and sustainable
alternatives to single-use plastics. Nanocellulose-based membranes and filters can effec-
tively remove contaminants from water, such as heavy metals [82], dyes [83], and organic
pollutants [84]. Nanocellulose-based sorbents offer an eco-friendly alternative to traditional
sorbents, aiding in the remediation of oil-contaminated environments [85]. Air filtration
has been also benefited from nanocellulose-based materials. Nanocellulose-based air filters
can capture and remove particulate matter, allergens, and pollutants from the air [86].
These filters have high filtration efficiency, low pressure drop, and can be produced from
sustainable sources, providing cleaner indoor and outdoor air quality [87]. These environ-
mental applications of nanocellulose highlight its potential for mitigating environmental
challenges, promoting sustainability, and contributing to a cleaner and healthier planet.
Nanocellulose can be also used in several other applications, such as electronic devices,
including flexible displays, sensors, and energy storage systems [88]. Its high surface area
and electrical conductivity make it a promising material for these applications [89]. The
film-forming properties of nanocellulose can help reduce the appearance of fine lines and
wrinkles, resulting in a more youthful complexion. It is important to note that the safety
and regulatory aspects of nanocellulose in cosmetic products are still being evaluated, and
compliance with relevant regulations and guidelines is crucial.

3. The Role of Microorganisms in Nanocellulose Isolation

The isolation of nanocellulose from plant sources can be achieved through various
methods, including mechanical, chemical, and biological processes [90]. While mechanical
and chemical methods are commonly used, the use of microorganisms presents an alterna-
tive and potentially more environmentally friendly approach [91]. Microorganisms such
as bacteria and fungi have the ability to degrade cellulose due to the presence of cellulase
enzymes. These enzymes can break down cellulose into its individual sugar units, which
can then be further processed to obtain nanocellulose [92].

3.1. The Role of Bacteria

Different types of enzymes or combinations of enzymes are produced by various
bacteria, which are employed in the sequential or synergistic breakdown of cellulose and
its conversion into monosaccharides [93]. Enzymes produced by bacteria such as Bacillus
subtillis, Pseudomonas fluorescens, E. coli, and Serratia marcescens are commonly utilized for
this purpose [94]. It is important to note that the specific bacteria, cultivation conditions,
enzyme production, and isolation methods can vary depending on the desired properties
and applications of the nanocellulose. Additionally, optimizing the efficiency and scalabil-
ity of nanocellulose production using bacteria is an ongoing area of research. As reported
in several studies, Caldicellulosiruptor bescii is one of the thermophilic bacteria able to pro-
duce multifunction enzymes, which can be utilized for the production of nanocellulose
from lignocellulosic biomass [95,96]. It has some advantages, such as reduction of cost
of bioconversion, decreased contamination probability; the mixing rate can be improved
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and the kinetics also enhanced [97]. In one study, Ghosh et al. [98] employed Pseudomonas
fluorescens, a bacteria known for its ability to produce cellulolytic enzymes. These enzymes
facilitated the degradation of hemicellulose within lignin biomass, resulting in the cleavage
of carbohydrates into monosaccharides. The specific conditions and parameters for Pseu-
domonas fluorescens-based nanocellulose isolation may vary based on several factors, such
as the specific strain of bacteria, the cellulase production characteristics, and the properties
desired for the final nanocellulose product. Mortabit et al. [99] used three different species
of Bacillus including B. subtilis, Bacillus licheniformis and Bacillus spp. for the isolation of
carboxymethyl cellulase. The production was characterized according to pH, incubation
period, temperature and source of carbon. The enzymatic activity reduced at 60 ◦C to 50%
of what it was at 37 ◦C and the optimum pH for B. subtilis and Bacillus licheniformis was
found to be 7.0, while for Bacillus sp. it was only was 6.0. Again, measured pH was 8.0,
when enzymatic activity was 73%, 75% and 66% for Bacillus licheniformis, B. subtilis and
Bacillus sp., respectively, at pH 8.0, compared to that of pH at 7.0. It has been reported that
the effect of pH on Bacillus enzyme activity can vary depending on the specific enzyme
being considered. However, Bacillus enzymes, including cellulases, amylases, proteases,
and lipases, generally display activity within a broad pH range [100,101]. In a recent study,
Sadalage et al. [102] successfully demonstrated a methodological approach that utilized
a cellulolytic bacterial consortium to valorize different lignocellulose biomasses result-
ing in the production of microcrystalline cellulose and bacterial nanocellulose. Through
various spectroscopy and imaging techniques (Figure 3), the authors observed that the
microcrystalline cellulose obtained from the valorization process exhibited microcrys-
talline characteristics, irregular shapes, higher carbon content, and increased crystallinity
compared to the original lignocellulose biomasses. They used a novel strain of Bacillus
cabrialesii capable of producing BNC, which was cultivated in Hestrin–Schramm medium
supplemented with reducing sugars released during the valorization process. This led to
the production of nano-sized BNC fibrils that formed ultrafine, aggregated, crystallized
networks. This study proposes a straightforward and environmentally friendly method-
ological approach that can be employed for managing lignocellulose biomasses waste
disposal while simultaneously valorizing it to produce various value-added products. This
approach holds promise for the sustainable utilization of lignocellulose biomasses waste
and the generation of valuable materials.

It is important to note that the specific bacteria, cultivation conditions, pretreatment
methods, and extraction techniques can vary depending on the desired properties and
applications of the nanocellulose. Optimization of the bacterial treatment process for
nanocellulose isolation is still an ongoing area of research to improve efficiency and scala-
bility. Citrus waste including peels and pulps from citrus fruits has been also utilized in the
production of nanocellulose using different types of bacteria. Mariño et al. [103] utilized
mixed hydrolytic enzymes produced by Xanthomonas axonopodis pv to isolate nanocellulose
from citrus waste. The authors reported significant enhancement in the production yield of
nanocellulose by using bacterial treatment and a 13% higher crystallinity index compared
with nanocellulose isolated by conventional mechanical treatments. In a different study,
the authors compared the production of cellulose nanocrystals and fermentable sugars
from two bacteria, namely Caldicellulosiruptor bescci CelA and the classical Hypocrea jeco-
rina (formerly Trichoderma reesei) Cel7A [104]. The mode of action of both the organisms
was different; Caldicellulosiruptor bescci CelA hydrolysis occurred locally, while Trichoderma
reesei Cel7A hydrolysis occurred progressively. The results obtained were unexpected,
as CNCs produced from the bacteria (Caldicellulosiruptor bescci CelA) had higher glucose
yield and slightly more suitable characteristics than the nanocellulose produced by the
fungi (Trichoderma reesei Cel7A). The choice of bacterial species, cultivation conditions,
pretreatment methods, and downstream processing techniques will influence the efficiency
and characteristics of the nanocellulose produced. Ongoing research and optimization
efforts are focused on maximizing the potential of bacteria in nanocellulose isolation and
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expanding its applications in various industries, including biomedical, food packaging,
and nanocomposite materials.
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Figure 3. Illustration of the isolation approach of microcrystalline cellulose and bacterial nanocellulose
using biological treatment and Bacillus cabrialesii for lignocellulosic biomass wastes. Adapted with
permission from [102].

3.2. The Role of Fungi

Fungi are the microorganisms which produce the cellulase enzymes used for the
production of the nanocellulose. Several fungi such as Aspergillus niger, Trichoderma, and
other cellulolytic fungi have been explored for their ability to produce cellulase enzymes
and contribute to the isolation of nanocellulose [105]. These microorganisms possess
cellulolytic enzymes, including endoglucanases, exoglucanases, and cellobiohydrolases,
which can efficiently break down cellulose into smaller fragments suitable for nanocellulose
production [106]. Most studied fungi belong to genus Aspergillus sp. and Trichoderma sp.
for enzymatic treatment of cellulosic biomass for production of nanocellulose. Cellulose
nanocrystals were isolated through controlled enzymatic hydrolysis by using fungi Tricho-
derma reseei from MCC (prepared by acid hydrolysis using hydrochloric acid) from cotton
and it was observed that the fungus itself consumed MCC for its growth, as cellulose is
the carbon source for microorganisms [107]. Moreover, Janardhnan and Sain [108] isolated
CNFs enzymatically with OS1, a fungus (isolated from infected trees with Dutchelm dis-
ease) from bleached kraft pulp and observed a notable shift towards lower fiber diameters,
which finally improved the properties, also confirmed in two other studies [109,110]. In a
recent study, Squinca et al. [111], the authors evaluated the possibility of utilizing fungal
enzymes generated on-site for the production of nanocellulose, using eucalyptus cellulose
pulp as a representative raw material (Figure 4). The authors used endoglucanase activity
(17.09 IU/mg protein), which was produced by Aspergillus niger and, subsequent to hydroly-
sis, the resulting materials were subjected to sonication. It is well known that endoglucanase
is an enzyme that specifically targets the internal bonds within cellulose molecules and
cleaves them, resulting in the degradation of cellulose into smaller fragments [112]. The
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authors revealed that longer ball-milling pretreatment and reaction durations favored the
extraction of CNCs. The optimal yield of CNCs (24.6%) was achieved by subjecting the
ball-milled cellulose pulp to enzymatic hydrolysis for 96 h, followed by sonication [111].
The same authors reported that their isolated CNCs exhibited an approximate length of
294.0 nm and a diameter of 24.0 nm. These findings not only demonstrated the successful
extraction of nanocelluloses using on-site generated enzymes but also highlighted the
potential of the sustainable integrated process described in this study to contribute to the
advancement of the emerging biobased economy.

Forests 2023, 13, x FOR PEER REVIEW 11 of 25 
 

 

 

Figure 4. Illustration of using endoglucanase produced by Aspergillus niger in nanocellulose isola-

tion from eucalyptus cellulose pulp. Adapted with permission from ACS [111]. 

To modify the surface of the produced nanocellulose, enzymatic treatment with xy-

lanase can be employed to eliminate lignin and hemicellulose residues [113]. Xylanase, 

which is primarily produced by fungi, particularly from the genera Aspergillus and Tricho-

derma, is used for this purpose [114]. Various types of fungi can be found and utilized for 

enzymatic treatment. In one report, nanocellulose was isolated from flax straw (biomass) 

enzymatically through lignolytic enzymes produced in the lab by fungal strains of Asper-

gillus niger by solid fermentation and resulted in reduction of fibers; the authors concluded 

that the CNFs produced are of low cost and ecofriendly and can potentially be used for 

textile fabrication [115]. The kinetics and thermodynamic properties of cellobiohydrolase 

(CBH) cellulase from the fungus Trichoderma harzianum were examined and showed max-

imum activity at pH 5 at 60 °C, confirming that it has great potential for industrial appli-

cations [116]. In a pioneering study, nanocellulose was successfully obtained from agricul-

tural waste through enzymatic treatment using the fungus Humicola Fuscoatra Egyptia X4 

[117]. The findings demonstrated that the produced nanocellulose exhibited excellent 

quality, characterized by high crystallinity, a large surface area, and remarkable stability. 

The acyl modification of hydroxyethylcellulose has been documented to occur in the 

presence of β-galactosidase derived from the fungus Aspergillus oryzae. Moreover, the in-

troduction of acylating agents such as vinyl acrylate and vinyl propionate through trans-

esterification has the potential to enhance the hydrophobicity of nanocellulose [118]. In 

one research study, it was confirmed that CNCs and CNFs can be efficiently isolated from 

citrus-processing waste from oranges by adding it to a enzymatic cocktail of cellulast, 

pulpzyme HA and b-galactosidase from Aspergillus oryzae, and the efficiency depends on 

the amount of individual units of enzymes in the cocktail [119]. In another report, it was 

explained that xylanase isolated from a T. reesei addition in an enzymatic cocktail can en-

hance the enzymatic activity and thus enhance the property of CNCs [120]. To isolate 

CNCs at higher yields, reaction time, temperature and enzyme activities should be con-

sidered for each substrate; otherwise, hydrolysis of residues of lignin/hemicellulose with 

EG can become difficult. This fact was experienced during the isolation of CNCs from 
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from eucalyptus cellulose pulp. Adapted with permission from ACS [111].

To modify the surface of the produced nanocellulose, enzymatic treatment with xy-
lanase can be employed to eliminate lignin and hemicellulose residues [113]. Xylanase,
which is primarily produced by fungi, particularly from the genera Aspergillus and Tricho-
derma, is used for this purpose [114]. Various types of fungi can be found and utilized for
enzymatic treatment. In one report, nanocellulose was isolated from flax straw (biomass) en-
zymatically through lignolytic enzymes produced in the lab by fungal strains of Aspergillus
niger by solid fermentation and resulted in reduction of fibers; the authors concluded
that the CNFs produced are of low cost and ecofriendly and can potentially be used for
textile fabrication [115]. The kinetics and thermodynamic properties of cellobiohydro-
lase (CBH) cellulase from the fungus Trichoderma harzianum were examined and showed
maximum activity at pH 5 at 60 ◦C, confirming that it has great potential for industrial
applications [116]. In a pioneering study, nanocellulose was successfully obtained from
agricultural waste through enzymatic treatment using the fungus Humicola Fuscoatra Egyp-
tia X4 [117]. The findings demonstrated that the produced nanocellulose exhibited excellent
quality, characterized by high crystallinity, a large surface area, and remarkable stability.

The acyl modification of hydroxyethylcellulose has been documented to occur in
the presence of β-galactosidase derived from the fungus Aspergillus oryzae. Moreover,
the introduction of acylating agents such as vinyl acrylate and vinyl propionate through
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transesterification has the potential to enhance the hydrophobicity of nanocellulose [118].
In one research study, it was confirmed that CNCs and CNFs can be efficiently isolated
from citrus-processing waste from oranges by adding it to a enzymatic cocktail of cellulast,
pulpzyme HA and b-galactosidase from Aspergillus oryzae, and the efficiency depends
on the amount of individual units of enzymes in the cocktail [119]. In another report, it
was explained that xylanase isolated from a T. reesei addition in an enzymatic cocktail
can enhance the enzymatic activity and thus enhance the property of CNCs [120]. To
isolate CNCs at higher yields, reaction time, temperature and enzyme activities should be
considered for each substrate; otherwise, hydrolysis of residues of lignin/hemicellulose
with EG can become difficult. This fact was experienced during the isolation of CNCs
from sugarcane bagasse, bleached cellulose, unbleached kraft pulp and holocellulose,
enzymatically by using a combination of EG from Pyrococcus horikoshii and ß-glucosidase
from Pyrococcus furiosus [121]. It is important to note that the specific fungal species,
cultivation conditions, enzyme production, and isolation methods can vary based on the
desired properties and applications of the nanocellulose. Research in this field is ongoing
to optimize fungal strains, enzyme production, and isolation techniques to improve the
efficiency and scalability of nanocellulose production using fungi.

Yeasts also play a significant role in nanocellulose isolation, particularly in the produc-
tion of yeast-derived nanocellulose. Yeast cellulases are the area of interest now-a-days as
they are stable at high temperatures up to 700 ◦C and are capable of producing thermostable
cellulase and can be used at a broader range of pH [122]. Yeasts, under suitable conditions,
can convert glucose or other carbon sources into cellulose through the action of cellulose
synthase enzymes [123]. This results in the formation of nanocellulose fibrils, which can be
further processed into nanocellulose materials. Yeasts are cultivated in nutrient-rich media
containing carbon sources, nitrogen sources, and other essential nutrients. The cultivation
conditions, such as temperature, pH, and oxygen availability, are optimized to promote cel-
lulose synthesis and nanocellulose production. Yeasts also produce other enzymes such as
carboxy methyl cellulases enzyme, filter paperase (FPase), and β-glucosidases [124]. These
enzymes have been isolated from wood chips, decaying wood grown in CMC for 51 yeast
strains of the genera Kluyveromyces, Candida, Pichia and Filobasidium [125]. Nanocellulose
isolation from citrus processing waste from oranges using fermentation in three different
strains of Saccharomyces cerevisiae and two Candida sp., where citrus processing waste is
enzymatically converted into fermentable sugars and finally nanocellulose, was reported
for the first time [119]. After the yeast culture has produced nanocellulose, the material
needs to be separated and purified. The process typically involves physical and chemical
treatments to remove yeast cells, impurities, and residual media components. Techniques
such as washing, filtration, and centrifugation are commonly used for purification. Božič
et al. [126] reported that biocompatibility of CNFs can be improved by using commercial
hexokinase (Saccharomyces cerevisiae), which phosphorylate the surface of CNFs and im-
prove the degree of substitution. In a recent study, Atatoprak et al. [127] fractionated white
and red grape stalk biomass to maximize its economic value by generating fermentable
sugars and other valuable products. The authors initially obtained high yields of extrac-
tives and lignin, resulting in a biomass rich in cellulose and hemicellulose, which was then
subjected to both acid and enzymatic hydrolysis processes to produce fermentable sugars
(Figure 5). The authors then utilized the obtained biosugars in fermentation processes
employing two yeasts, Pichia stipitis and Saccharomyces cerevisiae. Owing to the presence of
higher quantities of xylose, P. stipitis demonstrated higher ethanol yields compared to S.
cerevisiae, which has a preference for glucose. In the same study, cellulose nanocrystals were
produced from the residual biomass that did not contain monosaccharides. This integrated
valorization approach of grape stalks, followed by the application of one of the valorized
streams, represents a significant advancement in the field. The fractionation of grape stalks
biomass resulted in the production of fermentable sugars and other valuable products,
including cellulose nanocrystals. The utilization of these streams demonstrates a novel
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and comprehensive valorization approach for grape stalks, highlighting their potential for
sustainable and economically viable applications.
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4. Mechanism of Microbial Process in Nanocellulose Isolation

The microbial process for nanocellulose isolation from plants involves the use of mi-
croorganisms that possess cellulolytic enzymes capable of breaking down cellulose into its
individual components [128]. Microbes with cellulolytic capabilities are selected based on
their ability to produce a variety of cellulases, which are enzymes that specifically break
down cellulose. Common examples include bacteria like Bacillus subtillis, Pseudomonas
fluorescens, and Serratia marcescens, as well as fungi from the genera Aspergillus and Tri-
choderma [94]. The plant biomass undergoes a pretreatment step to remove lignin and
hemicellulose, which can hinder cellulose accessibility. Various methods, such as chemical
or enzymatic pretreatment, can be employed to facilitate the breakdown of these com-
ponents [129,130]. The pretreated biomass is then subjected to microorganisms or their
enzymes for enzymatic hydrolysis, where the cellulolytic enzymes produced by the selected
microorganisms are introduced [131]. In a recent work, Zielińska et al. [132] developed a
novel microbial process to isolate nanocellulose with strictly and well defined dispersion
and structural parameters (Figure 6a). The authors utilized microscopic fungi Trichoderma
reesei and Aspergillus sp. for the isolation process and controlled enzymatic hydrolysis
and they reported that their findings have demonstrated that the effectiveness of convert-
ing cellulose material through biological means relies on the specific enzymes employed.
Utilizing a mixture of cellulases derived from a Trichoderma fungus has proven to be a
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successful approach for obtaining nanoscale cellulose with minimal variation in particle
size. Microbial enzymes act on the cellulose chains, breaking them down into smaller
fragments and ultimately into monosaccharides, such as glucose (Figure 6b). Following
enzymatic hydrolysis, the resulting cellulose hydrolysate, containing monosaccharides
and other byproducts, is typically separated from the enzyme mixture [128]. It has been
reported that the effectiveness of the microbial enzyme treatment procedure is impacted by
the cell wall structure of cellulose pulp fibers, which includes factors like pore size, pore
distribution, and surface characteristics [133]. The application of mechanical treatments to
the fibers can enhance the specific surface area and porosity, thereby improving the accessi-
bility of cellulose fibers to enzymes [128]. Consequently, this leads to an enhancement in
enzymatic treatment efficiency. By employing mechanical refining as a pre-treatment step,
the effectiveness of enzymatic treatment is enhanced, resulting in a significant increase in
the reactivity of dissolving pulp [134,135]. This configuration facilitates better accessibility
of cellulose fibers to enzyme molecules, leading to improved process efficiency in terms of
enzyme utilization and energy consumption. Additional purification steps, such as wash-
ing and drying, may be employed to obtain the desired nanocellulose product. During the
microbial process, the microorganisms not only produce cellulolytic enzymes but also aid
in the breakdown of cellulose through synergistic or sequential action [136]. The enzymes
work cooperatively, cleaving the glycosidic bonds of cellulose chains and converting them
into soluble monosaccharides. This enzymatic action, combined with the microorganisms’
ability to grow and metabolize cellulose, contributes to the efficient conversion of plant
cellulose into nanocellulose [137]. Overall, the microbial process for nanocellulose isolation
from plants offers a promising and sustainable alternative to traditional methods. By
harnessing the enzymatic capabilities of microorganisms, it allows for the production of
high-quality nanocellulose with reduced energy consumption and potential scalability for
industrial applications. Ongoing research in this area continues to explore and optimize
the microbial process for improved nanocellulose production.
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Figure 6. Mechanism of microbial process in nanocellulose isolation. (a) Schematic drawing for enzy-
matic hydrolysis of cellulose. (b) The effect of incorporating mechanical treatment with enzymatic
treatment in nanocellulose production. Adapted with permission from Zielińska et al. [132] (a) and
Tong et al. [128] (b).
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5. Advantages of Microbial Process Compared to Traditional Isolation Processes

The microbial process for nanocellulose isolation from plant biomass offers several
advantages over traditional methods, including lower energy consumption, milder reaction
conditions, and potentially higher yields of nanocellulose [32,138]. Utilizing microorgan-
isms for nanocellulose isolation aligns with the principles of sustainability and renewable
resources. Microorganisms produce a range of cellulolytic enzymes that are highly specific
to cellulose, allowing for selective breakdown and isolation of nanocellulose from plant
biomass. This specificity results in higher purity and quality of the obtained nanocellulose.
The microbial process offers advantages such as energy efficiency, environmental friendli-
ness, higher yields, versatility, sustainability, and the potential for functionalization. These
benefits make the microbial process an attractive approach for the isolation of nanocellulose
from plant biomass.

5.1. Lower Energy Consumption

Lower energy consumption is one of the key advantages of enzymatic treatment, mak-
ing it an attractive option for the commercial production of nanocellulose. The conventional
methods of nanocellulose production often involve high-energy processes such as mechan-
ical refining or chemical treatments, which can be energy-intensive and costly [139,140].
The homogenization process as an example has posed a significant challenge primarily due
to its high energy requirements, ranging from 25,000 to 70,000 kWh per tonne [128,141].
Most of other conventional mechanical processes are also energy-intensive and linked with
the main drawback of larger fragments of cellulose [142]. Microbial processes generally
require lower energy inputs compared to chemical or mechanical methods for nanocellulose
isolation. The enzymatic breakdown of cellulose by microorganisms can proceed under
milder reaction conditions, reducing energy consumption. Enzymatic treatment offers
a more sustainable and efficient alternative by utilizing enzymes to selectively degrade
cellulose fibers [143]. Compared to mechanical or chemical methods, enzymatic treatment
requires milder process conditions, such as lower temperatures and less severe chemical
agents, resulting in reduced energy consumption.

The energy consumption in the production of MFC from bleached hardwood pulp
was examined in a study by Spence et al. [144]. The findings showed that the total energy
consumption varied depending on the processing methods employed. Specifically, for
homogenization with a homogenizer and pretreatment with a Valley beater, the energy
consumption was 22,000 kWh per tonne. In contrast, homogenization with a microfluidizer
and pretreatment with a Valley beater resulted in a lower energy consumption of 3558 kWh
per tonne. Micro-grinding without pretreatment had even lower energy requirements,
measuring 1550 kWh per tonne. Enzymes, such as cellulases, can specifically target and
break down the amorphous regions of cellulose, facilitating the isolation of nanocellulose
with high purity and yield. This enzymatic approach minimizes the need for extensive
mechanical processing, which often requires significant energy input. In a study conducted
by Mohlin et al. [145], bleached softwood pulp was treated with one unit of microbial
cellulases per gram prior to refining using an industrial disc refiner. The authors observed
a significant reduction in refining energy, ranging from 45 to 65 kWh per tonne or ap-
proximately 40% to 70%. Similarly, Bajpai et al. [146] reported a laboratory study where
pre-treatment with an enzyme product containing both hemicellulase and cellulase resulted
in a decrease in refining energy by 18% to 45%. In pilot trials, the energy savings were mea-
sured at 25 to 54 kWh per metric tonne. These findings were further validated in mill trials,
which showed refining-energy savings of about 70 kWh per metric tonne for softwood
pulp and 30 kWh per metric tonne for hardwood pulp. In a study by Lecourt et al. [147],
pretreatment of softwood bleached kraft pulp with a commercial cellulase prior to disc
refining led to approximately 20% electric energy savings, equivalent to 50 kWh per tonne,
while maintaining a specific freeness or tensile breaking length. These studies demonstrate
the effectiveness of enzyme pre-treatments in reducing the energy consumption during
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the refining process for various types of pulps. The use of a microbial process resulted in
significant energy savings.

5.2. Higher Production Yields of Nanocellulose

Microbial processes have the potential to achieve higher yields of nanocellulose com-
pared to traditional methods. The synergistic action of multiple cellulolytic enzymes
produced by microorganisms enables efficient cellulose degradation, leading to increased
nanocellulose production. Numerous recent studies have explored the enzymatic approach
for producing nanocellulose using microbial processes and cellulase enzymes. In a re-
cent study, Beltramino et al. [129] conducted research on cotton linter and achieved an
approximately 82% yield of cellulose nanocrystals by treating it with a cellulase enzyme
derived from the Cerrena sp. Fungus. This was accomplished by optimizing the conditions,
which involved a 2-h hydrolysis using an enzyme dosage of 20 U g−1 odp, followed by
sulfuric acid hydrolysis. The nanocellulose yield obtained with the enzyme treatment
was 21 percentage points higher compared to the yield obtained with the conventional
chemical approach. Furthermore, the microbial pretreatment led to a reduction in surface
charge while increasing the crystallinity of the resulting nanocellulose. Traditional isola-
tion techniques for nanocellulose typically involve extensive mechanical processing, such
as high-pressure homogenization or ultrasonication, to break down cellulose fibers into
smaller dimensions. However, these methods often result in lower yields and require harsh
chemicals or energy-intensive processes [148]. In contrast, microbial enzyme-based meth-
ods utilize specific enzymes, typically cellulases, that are highly effective in breaking down
cellulose fibers, leading to a higher yield of nanocellulose. The enzymes act specifically on
cellulose, selectively degrading it into nanoscale particles, thereby maximizing the yield. In
a research study conducted by Liu et al. [149], a mono-component endoglucanase (with a
cellulolytic activity of 2036 U/mL) was employed for enzymatic pretreatment of bleached
bagasse and softwood kraft pulp before grinding them to produce cellulose nanofibrils.
The authors reported that the enzymatic treatment (carried out at a temperature of 50 ◦C,
pH 7, and 200 rpm for 12 h) significantly improved the nanocellulose yield. The highest
yield of 70.56% was achieved in enzyme-treated bleached bagasse after 2 h of grinding.
Furthermore, the enzymatic pretreatment resulted in a reduction of specific net energy
consumption during defibrillation by 59.71% for bleached bagasse and 42.98% for softwood
kraft pulp [149]. In another investigation by Squinca et al. [111], eucalyptus cellulose kraft
pulp was pretreated using ball milling for 90 min, followed by enzyme hydrolysis using
a cellulolytic enzymatic complex. This complex, produced on-site using Aspergillus niger,
exhibited high endoglucanase specific activity (17.09 IU/mg protein). Sonication for 5 min
was also performed. The maximum yield of cellulose nanocrystals obtained was 24.6%,
which is higher than from a non-enzymatic-based approach (22.3%). These nanocellu-
loses had a diameter of 24.0 nm, a length of 294 nm, and a crystallinity index of 78.3%.
These findings indicate the successful isolation of nanocellulose from biomass using on-site
produced enzymes. Overall, microbial enzyme-based methods have demonstrated their
superiority over traditional isolation techniques in terms of higher yields of nanocellulose.
Their ability to efficiently degrade cellulose fibers into nanoscale particles under milder
conditions, while providing greater control and sustainability, makes them a promising
avenue for the production of nanocellulose in various applications.

5.3. Milder Reaction Conditions and Ease of Scale-Up

Microbial processes are often more environmentally friendly compared to chemical
processes. They eliminate the need for harsh chemicals and solvents, thereby reducing the
generation of hazardous waste and minimizing environmental impact. The production
of microbial enzymes can contribute to the overall cost of the process. Factors such as the
choice of microbial strain, fermentation conditions, downstream processing, and scale of
production can impact the cost of enzyme production. Optimization of enzyme production
processes can help reduce costs [104]. The scale of nanocellulose production can impact
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the cost per unit. Scaling up microbial processes can lead to economies of scale, resulting
in reduced costs. However, initial investments in infrastructure and equipment may be
required for large-scale production, which should be considered when assessing the overall
costs [150,151]. Another technique that can be used to significantly reduce the cost of
nanocellulose production using a microbial process is enzyme-immobilization on a support
matrix. This method offers a cost-effective approach for nanocellulose production, as the
enzymes can be reused multiple times. Various immobilization methods can be employed,
such as physical adsorption, covalent binding, entrapment, and cross-linking. The choice
of method depends on the enzyme, nanocellulose matrix, and desired characteristics of the
immobilized enzyme [152]. The immobilization conditions, such as enzyme concentration,
pH, temperature, and reaction time, must be optimized to achieve maximum enzyme
loading and immobilization efficiency. These conditions may vary depending on the specific
enzyme and immobilization method employed [153]. Developing scalable methods for
the separation and purification of nanocellulose from the reaction mixture should be done.
Techniques such as filtration, centrifugation, or sedimentation can be employed, followed
by washing, drying, and size reduction to obtain the desired nanocellulose product.

5.4. Controlled and Enhanced Properties of Nanocellulose

Microbial processes can be tailored to introduce desired surface modifications or even
functional groups onto the nanocellulose surface during the isolation process. This allows
for the development of nanocellulose materials with enhanced properties and tailored
functionalities for specific applications. Chen et al. [154] recently prepared ribbon-like
cellulose nanocrystals by subjecting cotton pulp fibers to enzyme hydrolysis using cellulase
derived from Aspergillus niger. The hydrolysis process was carried out at 50 ◦C for 5 to
11 h, employing cellulase with an enzyme activity of 1.10 × 104 µ/mL. When a lower
concentration of cellulase was utilized, the cellulose chains were truncated by the endoglu-
canase enzyme specifically at the amorphous zone, leading to the disintegration of the
chains and the formation of ribbon-like CNCs measuring approximately 45 nm in diameter.
Conversely, at an enzyme concentration of 100 µ/mL, granular CNCs were observed in the
enzymolysis product. However, upon further increasing the concentration to 300 µ/mL,
entirely granular CNCs were obtained [154]. This indicates that the higher concentration
of endoglucanase resulted in the truncation of cellulose chains at both the crystalline and
amorphous regions. By adjusting the enzymatic reaction conditions such as enzyme con-
centration, reaction time, temperature, and pH, researchers can influence the degree of
cellulose fiber degradation and fragmentation, resulting in nanocellulose particles with
desired dimensions. Zhang et al. [155] conducted a study where they employed xylanase
with an enzyme activity of 2980 IU/g. Different enzyme concentrations were utilized for
enzyme hydrolysis of unbleached bagasse pulp. The hydrolysis process was conducted
at a temperature of 50 ◦C for 2 h. Subsequently, superfine grinding and microfluidization
techniques were applied to prepare cellulose nanofibrils. The authors indicated that as the
enzyme concentration increased, there was a decrease in the particle diameter of the CNFs.
Additionally, the thermal stability of the CNFs decreased with the increase in enzyme
concentration. Conversely, the carboxyl group content and zeta potential of the CNFs
exhibited an increase as the enzyme concentration increased [155]. Microbial enzymes can
also influence the surface morphology of nanocellulose. By selectively breaking down
cellulose fibers, the enzymatic treatment can create a rough or smooth surface texture,
affecting the surface area, porosity, and interactions with other materials. Overall, micro-
bial processes for nanocellulose isolation offer precise control over various properties of
nanocellulose. These controlled properties enable researchers to tailor nanocellulose for
specific applications, ranging from nanocomposites, biomedical materials, packaging, to
functional coatings and sensors.
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6. Conclusions

Due to developing technology, ongoing research as well as demand, there always
will be some challenges in the production of nanocellulose at low cost for commercial
purposes. Several factors are involved in this category, such as high operating and in-
vestment costs, fermentation systems, requirement of low yield [156,157]. This clearly
shows that nanocellulose is still in developing stages and needs to be developed more. In
order to widen the scope for applications, the whole process of production needs to be
optimized, including fermentation processes, culture media, genetic make-up of organisms
and post-production processes [158]. Also, there were several research proposals proposing
the replacement of the Hestrin and Schramm (HS) conventional medium as it was too
expensive, and by introducing an economical fermentation system, production costs could
be reduced. As culture media plays a crucial role in total production cost of microbial
cellulose, it should also be optimized, made economical to enhance yields and to increase
the range of applications [159,160]. It should be very clear that whatever development is
done, ultimately it is going to affect the total cost of production. To increase the production
of microbial cellulose, carbon sources also play a vital role. Several sources are available,
such as fructose, glucose, mannitol, sucrose, glycerol, glucose and arabitol. Being the best
among these, fructose and mannitol are considered good sources of carbon. However, due
to their high costs and low yield, production is limited and so is the application range of
microbial cellulose. Therefore, it makes complete sense to find an alternate solution or
a way to develop a carbon source for producing low-cost microbial cellulose with high
yields [161]. In the surface culture method, generally an organism grows on a liquid surface
without agitation and after a fixed period of incubation, a culture filtrate is removed from
the cell mass and further processed to produce a desirable product, like beer and alcohol.
Biomass can also be re-used sometimes, but this fermentation has its own disadvantages
such as a big space requirement, and time consumption was also too long.

Microbial-producing industries generally have used a submerged process for fer-
mentation. In the case of agitated fermenters, shear stress during synthesis can damage
cellulose [162,163]. To overcome this issue, rotating disc reactors are new methods to
be used for microbial cellulose production by Acetobacter xylinium, where agitated and
stationary cultures are used in combination in a horizontal fermenter and culture media is
supplied under optimal conditions. Also, it is a well-known fact that a major issue is not
just the fermentation process but also the biosynthesis process as whole and so it needs to
be optimized. Several researchers have given different factors which need to be improved,
such as fermenter design, fermentation period, carbon sources, their concentrations and
surface-to-volume ratios [164,165]. A high-quality microbial cellulose can be produced
by combining the improved biosynthesis technology and genetically enhanced bacterial
strain like the Acetobacter strain, which can be produced at low-cost and contribute to the
mass production of microbial cellulose. Already various propositions are given to modify
microbial nanocellulose, to reduce production costs, to control various physical properties,
to develop design of bioreactors, to modify genetics of microbial cellulose or to widen the
range of applications by uncovering other sources [166,167]. Further enhancements are
required to produce economic microbial cellulose without hindering the quality of cellulose.
Biosynthesis and genetics of microbial cellulose need to be more focused and requires
research. To increase the mass production, cultivation of bacterial strains, specifically
Acetobacter strains, needs more research. Still, there is a need for interdisciplinary research
and genetic investigations for its wide commercialization and large-scale production.
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132. Zielińska, D.; Szentner, K.; Waśkiewicz, A.; Borysiak, S. Production of nanocellulose by enzymatic treatment for application in
polymer composites. Materials 2021, 14, 2124. [CrossRef]

133. Li, H.; Legere, S.; He, Z.; Zhang, H.; Li, J.; Yang, B.; Zhang, S.; Zhang, L.; Zheng, L.; Ni, Y. Methods to increase the reactivity of
dissolving pulp in the viscose rayon production process: A review. Cellulose 2018, 25, 3733–3753. [CrossRef]

134. Duan, C.; Verma, S.K.; Li, J.; Ma, X.; Ni, Y. Combination of mechanical, alkaline and enzymatic treatments to upgrade paper-grade
pulp to dissolving pulp with high reactivity. Bioresour. Technol. 2016, 200, 458–463. [CrossRef] [PubMed]

135. Miao, Q.; Chen, L.; Huang, L.; Tian, C.; Zheng, L.; Ni, Y. A process for enhancing the accessibility and reactivity of hardwood
kraft-based dissolving pulp for viscose rayon production by cellulase treatment. Bioresour. Technol. 2014, 154, 109–113. [CrossRef]
[PubMed]

136. Houfani, A.A.; Anders, N.; Spiess, A.C.; Baldrian, P.; Benallaoua, S. Insights from enzymatic degradation of cellulose and
hemicellulose to fermentable sugars–a review. Biomass Bioenergy 2020, 134, 105481. [CrossRef]

137. de Aguiar, J.; Bondancia, T.J.; Claro, P.I.C.; Mattoso, L.H.C.; Farinas, C.S.; Marconcini, J.M. Enzymatic deconstruction of sugarcane
bagasse and straw to obtain cellulose nanomaterials. ACS Sustain. Chem. Eng. 2020, 8, 2287–2299. [CrossRef]

138. Afrin, S.; Karim, Z. Isolation and surface modification of nanocellulose: Necessity of enzymes over chemicals. ChemBioEng Rev.
2017, 4, 289–303. [CrossRef]

139. Pires, J.R.; Souza, V.G.; Fernando, A.L. Valorization of energy crops as a source for nanocellulose production–current knowledge
and future prospects. Ind. Crop. Prod. 2019, 140, 111642. [CrossRef]

140. Ai, Y.; Zhang, L.; Cui, M.; Huang, R.; Qi, W.; He, Z.; Klemeš, J.J.; Su, R. Toward cleaner production of nanocellulose: A review and
evaluation. Green Chem. 2022, 24, 6406–6434. [CrossRef]

141. Eriksen, Ø.; Syverud, K.; Gregersen, Ø. The use of microfibrillated cellulose produced from kraft pulp as strength enhancer in
TMP paper. Nord. Pulp Pap. Res. J. 2008, 23, 299–304. [CrossRef]

142. Klemm, D.; Cranston, E.D.; Fischer, D.; Gama, M.; Kedzior, S.A.; Kralisch, D.; Kramer, F.; Kondo, T.; Lindström, T.; Nietzsche,
S. Nanocellulose as a natural source for groundbreaking applications in materials science: Today’s state. Mater. Today 2018, 21,
720–748. [CrossRef]

143. Anderson, S.R.; Esposito, D.; Gillette, W.; Zhu, J.; Baxa, U.; Mcneil, S.E. Enzymatic preparation of nanocrystalline and microcrys-
talline cellulose. Tappi J. 2014, 13, 35–42. [CrossRef]

144. Spence, K.L.; Venditti, R.A.; Rojas, O.J.; Habibi, Y.; Pawlak, J.J. A comparative study of energy consumption and physical
properties of microfibrillated cellulose produced by different processing methods. Cellulose 2011, 18, 1097–1111. [CrossRef]

145. Mohlin, U.; Pettersson, B. Improved papermaking by cellulase treatment before refining. ICBPPI 2001, 21, 291–299.
146. Bajpai, P.; Mishra, S.P.; Mishra, O.P.; Kumar, S.; Bajpai, A. Use of enzymes for reduction in refining energy-laboratory studies.

Tappi J. 2006, 5, 25.
147. Lecourt, M.; Meyer, V.; Sigoillot, J.-C.; Petit-Conil, M. Energy reduction of refining by cellulases. Holzforschung 2010, 64, 441–446.

[CrossRef]
148. Jiang, J.; Zhu, Y.; Jiang, F. Sustainable isolation of nanocellulose from cellulose and lignocellulosic feedstocks: Recent progress

and perspectives. Carbohydr. Polym. 2021, 267, 118188. [CrossRef] [PubMed]
149. Liu, X.; Jiang, Y.; Qin, C.; Yang, S.; Song, X.; Wang, S.; Li, K. Enzyme-assisted mechanical grinding for cellulose nanofibers from

bagasse: Energy consumption and nanofiber characteristics. Cellulose 2018, 25, 7065–7078. [CrossRef]
150. Piccinno, F.; Hischier, R.; Seeger, S.; Som, C. Predicting the environmental impact of a future nanocellulose production at industrial

scale: Application of the life cycle assessment scale-up framework. J. Clean. Prod. 2018, 174, 283–295. [CrossRef]
151. Li, Q.; McGinnis, S.; Wong, A.; Renneckar, S. Nanocellulose life cycle assessment. ACS Sustain. Chem. Eng. 2013, 1, 919–928.

[CrossRef]
152. Yassin, M.A.; Gad, A.A.M.; Ghanem, A.F.; Rehim, M.H.A. Green synthesis of cellulose nanofibers using immobilized cellulase.

Carbohydr. Polym. 2019, 205, 255–260. [CrossRef]
153. Ashkan, Z.; Hemmati, R.; Homaei, A.; Dinari, A.; Jamlidoost, M.; Tashakor, A. Immobilization of enzymes on nanoinorganic

support materials: An update. Int. J. Biol. Macromol. 2021, 168, 708–721. [CrossRef] [PubMed]
154. Chen, X.-Q.; Pang, G.-X.; Shen, W.-H.; Tong, X.; Jia, M.-Y. Preparation and characterization of the ribbon-like cellulose nanocrystals

by the cellulase enzymolysis of cotton pulp fibers. Carbohydr. Polym. 2019, 207, 713–719. [CrossRef] [PubMed]
155. Zhang, K.; Zhang, Y.; Yan, D.; Zhang, C.; Nie, S. Enzyme-assisted mechanical production of cellulose nanofibrils: Thermal stability.

Cellulose 2018, 25, 5049–5061. [CrossRef]

https://doi.org/10.1016/j.fochms.2021.100067
https://www.ncbi.nlm.nih.gov/pubmed/35415689
https://doi.org/10.1016/j.carbpol.2022.120199
https://doi.org/10.1016/j.carbpol.2018.02.015
https://doi.org/10.1016/j.carbpol.2020.117383
https://doi.org/10.1016/j.indcrop.2016.11.035
https://doi.org/10.3390/ma14092124
https://doi.org/10.1007/s10570-018-1840-1
https://doi.org/10.1016/j.biortech.2015.10.067
https://www.ncbi.nlm.nih.gov/pubmed/26519697
https://doi.org/10.1016/j.biortech.2013.12.040
https://www.ncbi.nlm.nih.gov/pubmed/24384317
https://doi.org/10.1016/j.biombioe.2020.105481
https://doi.org/10.1021/acssuschemeng.9b06806
https://doi.org/10.1002/cben.201600001
https://doi.org/10.1016/j.indcrop.2019.111642
https://doi.org/10.1039/D2GC01669A
https://doi.org/10.3183/npprj-2008-23-03-p299-304
https://doi.org/10.1016/j.mattod.2018.02.001
https://doi.org/10.32964/TJ13.5.35
https://doi.org/10.1007/s10570-011-9533-z
https://doi.org/10.1515/hf.2010.066
https://doi.org/10.1016/j.carbpol.2021.118188
https://www.ncbi.nlm.nih.gov/pubmed/34119156
https://doi.org/10.1007/s10570-018-2071-1
https://doi.org/10.1016/j.jclepro.2017.10.226
https://doi.org/10.1021/sc4000225
https://doi.org/10.1016/j.carbpol.2018.10.040
https://doi.org/10.1016/j.ijbiomac.2020.11.127
https://www.ncbi.nlm.nih.gov/pubmed/33232698
https://doi.org/10.1016/j.carbpol.2018.12.042
https://www.ncbi.nlm.nih.gov/pubmed/30600057
https://doi.org/10.1007/s10570-018-1928-7


Forests 2023, 14, 1457 24 of 24

156. Ribeiro, R.S.; Pohlmann, B.C.; Calado, V.; Bojorge, N.; Pereira Jr, N. Production of nanocellulose by enzymatic hydrolysis: Trends
and challenges. Eng. Life Sci. 2019, 19, 279–291. [CrossRef]

157. Samyn, P.; Meftahi, A.; Geravand, S.A.; Heravi, M.E.M.; Najarzadeh, H.; Sabery, M.S.K.; Barhoum, A. Opportunities for bacterial
nanocellulose in biomedical applications: Review on biosynthesis, modification and challenges. Int. J. Biol. Macromol. 2023, 231,
123316. [CrossRef]

158. da Gama, F.M.P.; Dourado, F. Bacterial NanoCellulose: What future? BioImpacts BI 2018, 8, 1.
159. Padmanaban, S.; Balaji, N.; Muthukumaran, C.; Tamilarasan, K. Statistical optimization of process parameters for exopolysaccha-

ride production by Aureobasidium pullulans using sweet potato based medium. 3 Biotech 2015, 5, 1067–1073. [CrossRef]
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