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Abstract 

This review article summarizes the recent progress in the synthesis, characterization, and applications of 
nanocrystalline cellulose (NCC). NCC is a nanoscale material that can be extracted from renewable sources such as 
plants, and has attracted significant attention due to its unique properties, including high surface area, mechanical 
strength, and biodegradability. The review covers various methods for the synthesis of NCC, including acid hydrolysis, 
enzymatic hydrolysis, and mechanical methods. The characterization techniques for NCC, such as X-ray diffraction, 
transmission electron microscopy, and dynamic light scattering, are also discussed. Furthermore, the review provides 
an overview of the applications of NCC, including reinforcement in composites, paper and packaging, biomedical 
applications, and energy storage. Overall, this review provides a comprehensive understanding of the synthesis, 
characterization, and applications of NCC, highlighting its potential as a sustainable and versatile nanomaterial for 
various fields. 
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1. Introduction

Cellulose is a complex carbohydrate or polysaccharide that is found in the cell walls of plants, algae, and certain bacteria. 
It is the most abundant organic compound on Earth and provides structural support to plant cells, helping to maintain 
their shape and rigidity. Cellulose molecules are made up of long chains of glucose molecules that are bonded together 
by beta-1,4-glycosidic linkages [1]. These chains are arranged in parallel to form strong fibers that are insoluble in water 
and resistant to degradation by most enzymes. Nanocrystalline cellulose (NCC), also known as cellulose nanocrystals 
(CNC), are tiny crystalline structures that are derived from cellulose, which is the main structural component of plants. 
NCC is produced by breaking down cellulose fibers into smaller fragments using mechanical, chemical or enzymatic 
methods, and then subjecting them to acid hydrolysis. Acid hydrolysis is the most commonly used method due to its 
high yield and efficiency. However, it requires strong acid and high temperature, which may affect the NCC properties. 
Enzymatic hydrolysis and mechanical treatments, on the other hand, offer milder conditions and produce NCC with 
different properties and morphology. The resulting NCC has a high aspect ratio [2], meaning that they are very long and 
narrow, with diameters typically ranging from 5-20 nanometers and lengths up to several micrometers. Due to their 
small size and high surface area, NCC exhibits unique physical and chemical properties, such as high strength, stiffness, 
and transparency, as well as exceptional thermal and electrical conductivity. Nanocrystalline cellulose occurs in three 
forms: cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and bacterial nanocellulose (BNC) [3]. NCC has a high 
aspect ratio and surface area, which contribute to its unique properties. It exhibits high mechanical strength, stiffness, 
and thermal stability, making it a potential reinforcement material for composites [4, 5]. It also has excellent optical 
properties, such as transparency and birefringence, which can be used in various applications, such as packaging and 
optical devices. Furthermore, NCC has high water-absorption capacity, which makes it a potential material for drug 
delivery and wound healing applications. NCC has a wide range of potential applications in various industries, including 
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biomedical, electronics, packaging, and construction. For example, it can be used to reinforce polymers, create 
transparent films, and even produce drug delivery systems [6]. Additionally, NCC is a sustainable and renewable 
resource, as it is derived from plant-based sources and can be produced using environmentally friendly processes. 
Characterization of NCC involves several techniques, such as X-ray diffraction (XRD), transmission electron microscopy 
(TEM), and dynamic light scattering (DLS). XRD is used to determine the crystallinity and crystal size of NCC, while TEM 
and DLS provide information on the morphology and size distribution. 

Nanocrystalline cellulose (NCC) has emerged as a promising nanomaterial with unique properties that have attracted 
attention from various fields of research. In this review, we will summarize the recent advancements in NCC synthesis, 
characterization, and applications. 

2. Cellulose 

Cellulose is the most abundant natural polymer available on the earth and is the main constituent in the cell wall of trees 
and plants. It was discovered in 1838 by the French scientist Anselme Payen who isolated it from plant matter and 
determined its chemical formula [7].  

 

Figure 1 Structure of cellulose 

2.1. Sources of Cellulose 

The main sources of cellulose are plants; however, algae, bacteria and some sea animals [8] are also capable of producing 
cellulose in large quantities. Below is a brief description of the primary sources: 

2.1.1. Plants 

Cellulose is a key component of plant cell walls, providing structural support and rigidity to the plant. it is found in 
varying amounts in almost all plant materials, including trees, shrubs wood, cotton, flax, hemp, jute, and grasses [7]. In 
trees, cellulose is the primary component of wood and provides the necessary strength and stability for the tree to stand 
upright. Cotton is one of the most common sources of cellulose and has a cellulose content ranging from 80 to 90%, 
depending on the variety and growing conditions. Wood is the primary structural material in trees and has a cellulose 
content ranging from 40 to 50%, depending on the species and age of the tree. Flax, hemp or sisal, and jute which are 
plants commonly used as fibers have about 70 – 80% cellulose content. Some other cellulose plant sources include 
agricultural wastes such as wheat, rice husk, sugarcane bagasse, sawdust, corn cob etc.  

2.1.2. Algae 

Algae are a diverse group of photosynthetic organisms that can be found in a variety of aquatic environments, including 
oceans, lakes, and ponds. Some species of algae are known to contain significant amounts of cellulose in their cell walls, 
making them a potential source of cellulose for industrial applications. For example, [9] successfully extracted cellulose 
from Ulva lactuca, a green macroalgae for the production of microcrystalline cellulose. Various studies have reported 
the successful extraction of cellulose from red, green, and brown algae [10].  Among the various types of algae, green 
algae are the most preferred for cellulose extraction.  

2.1.3. Bacteria 

Bacteria are another potential source of cellulose for industrial applications. Although most bacteria do not naturally 
produce cellulose, certain strains have been genetically engineered to produce high levels of cellulose, making them a 
potential source of cellulose. One such strain is the bacterium Komagataeibacter xylinus (formerly known as 
Gluconacetobacter xylinus), which has been extensively studied for its ability to produce high-quality cellulose in a 
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variety of conditions [11, 12]. This bacterium is capable of producing large amounts of cellulose in a relatively short 
period of time and can be cultured in large quantities using a variety of growth media [13]. Another bacterium with 
potential for cellulose production is Acetobacter xylinum, which is also capable of producing high-quality cellulose under 
the right conditions [11, 14]. This bacterium is commonly found in fermented foods such as vinegar and can be easily 
cultured in the laboratory. 

2.1.4. Tunicates 

Tunicates, also known as sea squirts, are a group of marine animals that are known to produce high-quality cellulose in 
their outer tunic layer. The tunic layer is composed of a complex matrix of cellulose fibers, along with other 
polysaccharides and proteins, which provide structural support and protection to the animal [15]. The cellulose 
produced by tunicates is of particular interest to researchers due to its high degree of crystallinity and its unique 
physical properties, such as high tensile strength and biocompatibility [16]. Tunicate cellulose has potential applications 
in a range of industries, including biomedical engineering, food packaging, and textile production. One tunicate species 
that has been extensively studied for its cellulose content is the sea squirt (Halocynthia roretzi). This animal is capable 
of producing large amounts of cellulose in a short period of time and has been shown to produce cellulose with a high 
degree of crystallinity and tensile strength [17]. 

2.1.5. Properties and Structure of Cellulose 

Cellulose is a linear polysaccharide composed of repeating units of β-D-glucose, linked together by β(1→4) glycosidic 
bonds. The monomers of glucose are arranged in such a way that every other monomer is flipped upside down, resulting 
in a long, linear chain that is highly stable and resistant to degradation [18]. The properties of cellulose are largely 
determined by its unique structure. The β(1→4) glycosidic bonds are relatively strong, which contributes to the high 
tensile strength of cellulose. In addition, the linear arrangement of the glucose monomers allows for extensive hydrogen 
bonding between adjacent chains, resulting in a highly crystalline structure [19]. This crystalline structure contributes 
to the stiffness and rigidity of cellulose, as well as its resistance to swelling and solubility in water. The unique properties 
of cellulose make it an ideal material for a wide range of industrial applications, including the production of paper and 
textiles, as well as use in the food and pharmaceutical industries. Cellulose is also being investigated for use in the 
development of biodegradable plastics and other sustainable materials. 

3. Polymorphism of cellulose 

Polymorphism refers to the ability of a material to exist in different crystalline forms, or polymorphs. Cellulose is known 
to exhibit several different polymorphs, which can have significant impacts on its physical and chemical properties. So 
far, cellulose has been identified to exist in four different forms depending on native origin and treatment of cellulose 
[20]. These four forms are cellulose I (α and β), II, III and IV). Cellulose I (α and β) is the native form. Algae and bacterial 
cellulose have primarily Iα while tunicate, wood, cotton and ramie fibres have primarily Iβ [21]. The different 
polymorphs of cellulose are usually determined by x – ray diffraction and each gives a different diffraction pattern. The 
crystalline structure of cellulose can vary depending on factors such as the degree of polymerization and the presence 
of other compounds such as lignin, and also can be influenced by the solvent used, with some solvents promoting the 
formation of certain polymorphs over others [23]. 

4. Nanocrystalline cellulose 

Nanocrystalline cellulose (NCC) is a type of nanomaterial that typically has dimensions in the nanometer scale, with 
crystalline particles that are typically a few nanometers in width and length, and a thickness of about 1 nm [24]. The 
aspect ratio (length to width) of NCC particles can vary depending on the source of cellulose and the processing method, 
but it is generally in the range of 5-50. Nanocrystalline cellulose are nanometre size range in all dimensions. It is a 
typically rod – shaped monocrystalline cellulose with tens to hundreds of nanometres in length and 1 – 100nm in 
diameter [25]. They are nanomaterials derived from natural sources such as wood or plants by breaking down cellulose 
fibers using chemical, mechanical or enzyme treatments. NCC is composed of small, crystalline particles that are 
typically a few nanometers in size, with a high surface area-to-volume ratio and unique mechanical, optical, and 
chemical properties. NCC has unique properties due to its small size and high surface area-to-volume ratio, including 
high strength and stiffness, high transparency, low thermal expansion coefficient, and high chemical stability. These 
properties make NCC an attractive material for a wide range of applications in various fields, including composites, 
coatings, films, and biomedical devices [24]. Plant cellulose comprises of crystalline and amorphous regions in different 
proportions which depends largely on the plant species. When lignocellulosic materials are subjected to various 
mechanical, chemical, or enzyme treatments the crystalline region can be isolated to give NCC. The chemical 
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composition, and dimensions of NCC is determined by the type of plant, their origin, and the isolation methods used [26, 
27]. 

4.1. Types of Nanocrystalline Cellulose 

 There are three general types of cellulose nanomaterials (CNs) that can be extracted from different sources. They are 
cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and bacteria nanocrystals (BNC) [20]. Cellulose nanocrystals 
can be referred to as cellulose nanowhiskers (CNW) or nanocrystalline cellulose (NCC) [28, 29] while cellulose 
nanofibrils can be referred to as nanofibrilated cellulose (NFC) or microfibrillated cellulose (MFC) depending on their 
size and extraction method [30]. CNF typically has dimensions in the nanometer scale, with diameters ranging from a 
few to tens of nanometers and lengths up to several micrometers. The aspect ratio (length to width) of CNF particles 
can vary depending on the source of cellulose and the processing method, but it is generally in the range of 10-100. CNF 
can be synthesized using various mechanical or chemical methods. Mechanical methods involve physically breaking 
down cellulose fibers into smaller fibrils, while chemical methods involve using chemicals to dissolve the amorphous 
regions of cellulose and leave behind the crystalline regions that can be further disintegrated into fibrils. Some of the 
most common methods for synthesizing CNF include high-pressure homogenization, microfluidization, cryocrushing, 
and acid hydrolysis. Bacterial nanocrystals are typically in the range of 30-100 nm in diameter, although the exact size 
can vary depending on the species of bacteria. The shape of the nanocrystals can also vary, with some bacteria producing 
nanocrystals that are elongated or bullet-shaped. 

4.2. Synthesis of Nanocrystalline Cellulose 

The methods of synthesis of nanocrystalline cellulose is categorized into three namely mechanical, chemical, and 
enzymatic hydrolysis. 

The synthesis of NCC follows two steps [31]. The first step involves the pretreatment of the lignocellulosic biomass 
material to obtain pure cellulose, and the second step involves extraction of nanocrystalline cellulose.  

4.2.1. Pre-Treatment Process 

The aim of the pre-treatment process is to remove ashes, waxes, lignin, hemicelluloses and other non – cellulosic 
compounds. The types of pre – treatment applied on different raw materials such as plant, tunicate, algae and bacteria 
cellulose have been reported [32, 33]. The various pre – treatment processes that have been reported include alkaline 
delignification and organosolvation with acetic acid. Bleaching treatment with oxidizing agents is also considered as pre 
– treatment processes [34, 35]. 

Alkaline treatments are conducted when a more effective lignin, hemicelluloses and pectin solubilisation and removal 
is needed. Alkaline extraction needs to be controlled to avoid cellulose degradation [36]. A typical alkaline treatment 
involves impregnating of fibres in a 5% sodium hydroxide solution for about 4hrs at 55oC to 75oC. Sodium hydroxide 
reduces superoxide radicals wherein lignin and hemicelluloses are hydrolyzed [29]. However, if lignin content in the 
cellulose is high, the nanocellulose yield is low [37]. 

After biomass delignification, oxidative treatment is carried out to improve aging resistance, avoiding yellowing and 
brittleness as well as removing lignin. This pre-treatment method involves the use of an oxidizing agent to break down 
the lignin and hemicellulose components of the lignocellulosic material, leaving behind a more accessible cellulose 
substrate. The most commonly used oxidizing agents for oxidative pre-treatment include hydrogen peroxide, H2O2, 
chlorine dioxide, ClO2, ozone, O3 as well as sodium hypochlorite, NaClO.  

4.2.2. Isolation of Nanocrystalline Cellulose 

There are several methods of isolating nanocrystalline cellulose (NCC), which include acid hydrolysis, enzymatic 
hydrolysis, mechanical treatment. Each of these methods has its advantages and disadvantages, depending on the 
desired properties of NCC and the specific application. Acid hydrolysis is the most widely used method due to its high 
yield and efficiency, but it requires harsh conditions and can affect the properties of NCC. Enzymatic hydrolysis and 
mechanical treatment offer milder conditions but require longer processing times and can be more expensive.  

Acid hydrolysis 

This is the most commonly used method for synthesizing NCC. In this method, cellulose fibers are treated with a strong 
acid, usually sulfuric acid, phosphoric acid, and hydrochloric acid, under controlled conditions of temperature and time. 
The acid breaks down the amorphous regions of cellulose fibers, leaving behind the crystalline fragments that form NCC. 
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Nanocrystals isolated with hydrochloric acid are neutral with high dispersability in water compared to hydrolysis with 
sulfuric acid which gives more stable nanocrystals [38]. 

Enzymatic hydrolysis  

This is a well-established method for isolating cellulose nanocrystals (NCC) from cellulose fibers using enzymes. This 
process involves the use of enzymes such as cellulases to selectively break down the amorphous regions of the cellulose 
fibers, leaving behind the highly crystalline NCC [39]. Enzymatic hydrolysis is milder than acid hydrolysis and can 
produce NCC with different properties and morphology. The hydrolysis step is typically carried out at a controlled 
temperature and pH to optimize enzyme activity. The final step involves the isolation and purification of the NCC which 
typically involves washing the NCC with water and centrifuging to remove any residual enzymes or other contaminants. 

Mechanical treatment 

This method involves subjecting cellulose fibers to mechanical forces, such as ultrasonication, high-pressure 
homogenization, and ball milling [31]. Mechanical treatment can produce NCC with varying sizes and shapes, depending 
on the processing conditions. Ultrasonication method involves the application of high-frequency sound waves to break 
down the cellulose fibers into smaller particles, which can then be further processed to obtain NCC. Ball milling is a 
mechanical process that involves the use of grinding balls and a rotating container to effectively break down cellulose 
fibers and release the NCC. 

5. Methods of characterizing NCC 

There are several methods of characterizing nanocrystalline cellulose (NCC), which include X-ray diffraction (XRD), 
scanning and transmission electron microscopies (SEM and TEM), fourier transform infra-red spectroscopy (FT-IR), 
dynamic light scattering (DLS), and thermogravimetric analysis (TGA). Each of these methods provides different types 
of information about NCC, and the choice of method depends on the specific properties of interest and the purpose of 
the analysis. For example, XRD and TEM provide information about the crystal structure, morphology, and size of NCC, 
while DLS and FTIR provide information about the surface charge and chemical composition, respectively. Combining 
multiple characterization techniques can provide a more comprehensive understanding of the properties of NCC. 

5.1. X-ray diffraction (XRD) 

X-Ray Diffraction (XRD) is a powerful technique for studying the crystal structure and degree of crystallinity of 
nanocrystalline cellulose (NCC) particles. In XRD, X-rays are passed through a sample, and the diffraction pattern 
produced by the interaction of the X-rays with the atoms in the sample is detected and analyzed to determine the crystal 
structure and degree of crystallinity. Nanocrystalline cellulose have shown to have high degree of crystallinity [40, 41]. 

5.2. Transmission electron microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a high-resolution imaging technique that is widely used to study the 
morphology and structure of nanocrystalline cellulose (NCC) particles. TEM works by passing an electron beam through 
a thin sample, which interacts with the atoms and produces a high-resolution image of the sample. It can be used to 
determine the size, shape, and distribution of the particles. TEM results from several researchers showed that NCC are 
needle-like or rod like in shape [42, 43]. 

5.3. Scanning electron microscopy (SEM 

Scanning Electron Microscopy (SEM) is a powerful imaging technique that can be used to study the surface morphology 
and topography of nanocrystalline cellulose (NCC) particles. In SEM, a focused electron beam is scanned across the 
surface of a sample, and the electrons that are scattered from the surface are detected to create an image. 

5.4. Dynamic light scattering (DLS) 

 Dynamic Light Scattering (DLS) is a technique used to measure the hydrodynamic size and size distribution of 
nanocrystalline cellulose (NCC) particles in suspension. DLS measures the Brownian motion of NCC particles in solution 
and provides information about the size and distribution of the particles based on the rate and intensity of their 
movement. 
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5.5. Fourier transform infrared spectroscopy (FTIR)  

 Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique for studying the chemical structure and 
functional groups of nanocrystalline cellulose (NCC) particles. In FTIR, a sample is exposed to infrared radiation, and 
the resulting absorption spectrum is analyzed to determine the types of chemical bonds and functional groups present 
in the sample. 

5.6. Thermogravimetric analysis (TGA) 

Thermogravimetric Analysis (TGA) is a technique used to investigate the thermal stability and decomposition behavior 
of nanocrystalline cellulose (NCC) particles. In TGA, a sample is heated in a controlled environment and the resulting 
mass loss is measured as a function of temperature, providing information about the thermal stability and 
decomposition behavior of the sample. 

6. Applications of nanocrystalline cellulose 

Nanocrystalline cellulose (NCC) has a wide range of potential applications due to its unique properties, including high 
strength, high aspect ratio, and high surface area. Here are some examples of the applications of NCC: 

6.1. Bio composites 

 Nanocrystalline cellulose (NCC) has been extensively studied for its potential applications as a reinforcing agent in 
biocomposites due to its high mechanical strength, low toxicity, and biodegradability [4]. Biocomposites are materials 
composed of both natural and synthetic components that can be used in various biomedical applications. A study on the 
use of NCC as a reinforcing agent in chitosan-based biocomposites showed that the addition of NCC significantly 
improved the mechanical properties of the biocomposites, including their tensile strength, modulus, and toughness [5]. 
The researchers also observed that the NCC-reinforced biocomposites exhibited better thermal stability and lower 
water uptake compared to the control samples. [44] investigated the use of NCC as a reinforcing agent in polyvinyl 
alcohol (PVA)-based biocomposites. The researchers prepared NCC using ball milling method and incorporated it into 
PVA films. They found that the addition of NCC significantly improved the mechanical properties of the biocomposites, 
including their tensile strength, modulus, as well as the thermal properties of the composite. They also observed that 
the NCC-reinforced biocomposites exhibited better thermal stability and lower water uptake compared to the control 
samples. NCC has also been investigated for its potential applications as a reinforcing agent in bone tissue engineering. 
[45] in their study investigated the use of Poly(lactic acid) (PLA)/cellulose nanocrystal (CNC) composite scaffolds for 
bone regeneration. They found that the composite scaffold exhibited better mechanical properties, including higher 
stiffness and compressive strength, compared to the pure polymer. The researchers also observed that the NCC-
reinforced scaffold promoted the adhesion and proliferation of osteoblast cells, indicating that it could be used as a 
promising material for bone tissue engineering applications. 

6.2. Food packaging 

The unique properties of NCC, such as its barrier properties, biodegradability, and high mechanical strength, make it an 
attractive material for use in packaging applications. NCC can be incorporated into food packaging materials to enhance 
their barrier properties against oxygen, moisture, and other gases. Studies have shown that NCC-based films exhibit 
improved gas barrier properties compared to traditional packaging materials such as polyethylene and polypropylene 
[46]. NCC can improve the mechanical strength of food packaging materials, making them more resistant to tearing and 
puncturing [5]. This can help to prevent food spoilage and reduce the amount of packaging waste generated. A study 
found that NCC-based films exhibited higher tensile strength and elongation at break compared to pure cellulose films. 
NCC has also been investigated for use as an antimicrobial agent in food packaging. One study published in the journal 
Food Chemistry investigated the use of NCC coatings containing silver nanoparticles as a method of controlling 
microbial growth on food surfaces [47]. The researchers prepared NCC coatings and incorporated silver nanoparticles 
into the coatings. They found that the NCC-silver coatings showed high antimicrobial activities against gram-positive 
and gram-negative bacteria when added to pulp fibers.  
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6.3. Biomedical applications 

NCC has potential applications in drug delivery, wound healing, and tissue engineering due to its biocompatibility and 
biodegradability. Tissue engineering involves the use of biomaterials to replace or repair damaged or diseased tissue. 
NCC can be used to create scaffolds for tissue regeneration due to its high surface area-to-volume ratio, which provides 
a large surface for cell attachment and growth. Additionally, the stiffness and strength of NCC can be tailored to match 
that of the surrounding tissue, which can promote integration with the host tissue. A study carried out by [48] 
investigated the potential of NCC as a scaffold for bone tissue engineering. The researchers prepared NCC scaffolds and 
seeded them with bone-forming cells called osteoblasts. They found that the NCC scaffolds supported cell attachment 
and proliferation, and promoted the formation of mineralized bone tissue. In addition to tissue engineering, NCC can 
also be used for drug delivery. NCC nanoparticles can be used to encapsulate and deliver drugs to specific targets in the 
body, such as cancer cells [49]. The high surface area-to-volume ratio of NCC allows for a large drug loading capacity, 
and the biodegradability of NCC ensures that the material is safely cleared from the body once the drug has been 
released. 

6.4. Water Treatment 

Nanocrystalline cellulose (NCC) has been investigated for its potential application in water treatment due to its unique 
physicochemical properties, including its high surface area, high aspect ratio, and strong adsorption capacity. NCC can 
be used as an adsorbent to remove various pollutants from water, such as heavy metals, dyes, and organic compounds 
[50]. Nanocrystalline cellulose have been shown to have high adsorption capacity for heavy metals from water [51]. 
Tsade Kara [52] used modified NCC as adsorbent for the removal of methylene blue from waste water. They found that 
the modified NCC exhibited a high adsorption capacity for methylene dye, with maximum adsorption capacities of 90.91 
mg/g. The researchers also observed that the NCC adsorbent was highly stable and could be easily regenerated, 
indicating its potential for practical applications in water treatment. devices.  

6.5. Energy Storage 

Another application of NCC is in energy conversion devices such as solar cells [53]. It can be used as a transparent 
conductive material in the electrodes of solar cells, improving the efficiency of energy conversion by increasing light 
transmission and reducing electrical resistance. It has also been investigated as a potential material for dye-sensitized 
solar cells [54], which are low-cost and high-efficiency solar cells that use dye molecules to absorb light and generate 
electricity. NCC can also be used as a component in energy-efficient materials such as insulation and coatings. NCC has 
high thermal insulation properties due to its low thermal conductivity, making it a potential additive for thermal 
insulation materials. NCC can also improve the barrier properties of coatings and films, reducing energy loss due to air 
and moisture infiltration. 

7. Conclusion 

Nanocrystalline cellulose (NCC) has gained significant attention in recent years due to its unique properties and 
potential applications in various fields such as biomedicine, electronics, and packaging. The synthesis of NCC involves 
the extraction of cellulose fibers from natural sources such as wood pulp or agricultural waste, followed by the 
mechanical or chemical treatment to obtain nanocrystals with high aspect ratio and crystallinity. The characterization 
of NCC is crucial to determine its properties and potential applications. Various techniques such as X-ray diffraction, 
electron microscopy, and spectroscopy have been employed to study the crystal structure, morphology, and chemical 
composition of NCC. NCC has demonstrated promising applications in various fields such as drug delivery, tissue 
engineering, and packaging. Its biocompatibility, high surface area, and mechanical strength make it a suitable material 
for biomedical applications. In summary, NCC has emerged as a promising nanomaterial with unique properties and 
potential applications in various fields. Further research is needed to optimize the synthesis and processing methods of 
NCC and explore its full potential in commercial applications. 

Compliance with ethical standards 

Acknowledgments 

Authors would like to extend sincere gratitude to all those who contributed to the review one way or the other. 

Disclosure of conflict of interest 

There is no conflict of interest. 



International Journal of Science and Research Archive, 2023, 08(02), 234–243 

241 

References 

[1] Randhawa A, Dutta S. D, Ganguly k, Patil T. V, Patel D. K, Lim K. A review of properties of nanocellulose, its 
synthesis, and potential in biomedical applications. applied sciences. 2022, 12 (14):7090 

[2] Kaushik M, Fraschini C, Chauve G, Putaux J, Moores A. Transmission electron microscopy for the characterization 
of cellulose nanocrystals-theory and applications. 2015   

[3] Dufresne A, Nanocellulose: from nature to high performance tailored materials. De Gruyter. 2012 

[4] Kango S, Kalia S, Celli A, Njuguna J, Habibi Y, Kumar R. Surface modification of inorganic nanoparticles for 
development of organic–inorganic nanocomposites—A review. Progress in Polymer Science. 2013, 38 (8): 1232-
1261 

[5] Xu Y, Willis S, Jordan K, Sismour E. Chitosan nanocomposite films incorporating cellulose nanocrystals and grape 
pomace extracts. Packag Technol Sci. 2018, 31: 631– 638 

[6] Raza M, Abu-Jdayil B, Banat F, Al-Marzouqi A. H. Isolation and characterization of cellulose nanocrystals from 
date palm waste. ACS Omega. 2022, Jul;7(29):25366-25379 

[7] Lavanya D, Kulkarni P, Dixit M, Raavi P.K., Krishna L.N.V. Sources of cellulose and their applications- A review. 
International Journal of Drug Formulation and Research. 2011, 2: 19-38 

[8] Seddiqi H, Oliaei E, Honarkar H. Cellulose and its derivatives: towards biomedical applications. Cellulose. 2021, 
28: 1893–1931. 

[9] Wahlström N, Edlund U, Pavia H. Cellulose from the green macroalgae Ulva lactuca: isolation, characterization, 
optotracing, and production of cellulose nanofibrils. Cellulose. 2020, 27: 3707–3725  

[10] Chen Y.W, Lee H. V, Juan J. C, Phang S. M. Production of new cellulose nanomaterial from red algae marine biomass 
Gelidium elegans. Carbohydr. Polym. 2016, 151:1210–1219 

[11] Mohammadkazemi F, Azin M, Ashori A. Production of bacterial cellulose using different carbon sources and 
culture media. Carbohydr Polym. 2015, 117:518-523 

[12] Jamsheera C. P, Pradeep B. V. Production of bacterial cellulose from acetobacter species and its applications – A 
Review. J Pure Appl Microbiol. 2021, 15(2):544-555  

[13] Ahmed J, Gultekinoglu M, Edirisinghe M. Bacterial cellulose micro-nano fibres for wound healing applications. 
Biotechnol Adv. 2020, 41:107549 

[14] [14] Sarvananda L, Fernando, P.R.M.K, Palihaderu P.A.D.S, Premarathna A. Microbial cellulose: an alternate 
source for plant cellulose. Silva Balcanica. 2022, 23: 69-81.  

[15] Cheng Y, Mondal A, Wu S, Xu D, Ning D, Ni Y, Huang F. Study on the anti-biodegradation property of tunicate 
cellulose. Polymers. 2020, 12: 3071.  

[16] Moon S. M, Heo J. E, Jeon J, Eom T, Jang D, Her K, Kyungbae W. C, Woo, Wie J. J, Shim B. S. High crystallinity of 
tunicate cellulose nanofibers for high-performance engineering films. Carbohydrate Polymers. 2021, 254: 
117470, 

[17] Chanthathamrongsiri N, Petchsomrit A, Leelakanok N, Siranonthana N, Sirirak T. The comparison of the 
properties of nanocellulose isolated from colonial and solitary marine tunicates. Heliyon. 2021, Aug 16, 7(8): 
07819.  

[18] Bhaladhare S, Das D. Cellulose: A fascinating biopolymer for hydrogel synthesis. Journal of Materials Chemistry B. 
2022, 12 

[19] Siro, I., and Plackett, D. Microfibrillated cellulose and new nanocomposite materials: A review. Cellulose. 2010, 
17(3): 459-494 

[20] Zanchetta E, Damergi E, Patel B, Borgmeyer T, Pick H, Pulgarin A, Ludwig Ch. Algal cellulose, production and 
potential use in plastics: Challenges and opportunities. Algal Research.  2021, 56: 102288 

[21] French A.D, Bertoniere N.R, Brown R. M, Chanzy H, Gray D, Hattori K, Glasser W. Cellulose in Kirk – Otmer 
Encyclopedia of Chemical Technology. 5th Edition, 2004, p 360 

[22] Zhang T, et al. Polymorphic behavior of cellulose in wood pulp fibers. Carbohydrate Polymers. 2020, 233:115827 



International Journal of Science and Research Archive, 2023, 08(02), 234–243 

242 

[23] Joshi, M., et al. Solvent-mediated polymorphic transitions of native cellulose. Biomacromolecules. 2021, 22(6): 
2466-2475  

[24] Trache D, Tarchoun A. F, Derradji M, Hamidon T. S, Masruchin N, Brosse N, Hussin M. H. Nanocellulose: From 
Fundamentals to Advanced Applications. Frontiers in Chemistry. 2020, 8       

[25] Ruiz M. M, Cavaille J.Y, Dufresne A, Gerard J.F, Graillat C. Processing and Characterization of New thermoset 
nanocomposites based on cellulose whiskers. Compose. Interfaces. 2000, 7 (2): 117 – 131 

[26] Eichhorn S. J, Dufresne A, Aranguren M, Marcovich N.E, Capadona J.R, Rowan S.J, Weder C, Thielemans W, Roman 
M, Renneckar S, Gindi W, Veigel S, Keckes J, Yano H, Abe K, Nogi M, Nakagaito A.N, Mangalam A, Simonsen J, 
Benight A.S, Bismarck A, Berglund L.A, Peijs T. Review: Current international research into cellulose nanofibres 
and nanocomposites. J. Mater. Sci. 2010, 45: 1-33 

[27] Pandey J. K, Ahn S.H, Lee C.S, Mohanty A.K, Misra M. Recent advances in the application of natural fibre based 
composites. Macromol. Mater. Eng. 2010, 295: 975-989 

[28] Fortunati E, Puglia D, Monti M, Peponi L, Santulli C, Kenny J.M, Torre, L. Extraction of cellulosic nanocrystals from 
phormium tenax fibres. J. Polym. Environ. 2013, 3013, 21: 319-328 

[29] Siqueira G, Tapin – Lingua S, Bras J, da Silver Perez D, Dufresne A. Morphological investigation of nanoparticles 
obtained from combined mechanical shearing, and enzymatic and acid hydrolysis of sisal fibres. Cellulose. 2010, 
17 (6):47-58 

[30] Dong H, Synder J.F, Iran D.T, Leadore J. L.  Hydrogel, aerogel and film of cellulose nanofibrils functionalized with 
silver nanoparticles. Carbohdr. Polym. 2013, 95: 760-767. 

[31] Gupta G. K, Shukla P. Lignocellulosic biomass for the synthesis of nanocellulose and its eco-friendly advanced 
applications. Frontiers in Chemistry. 2020, 8: 601256 

[32] Hua K, Carlsson D. O, Ålander E, Lindström T, Strømme M, Mihranyan A, Ferraz N. Translational study between 
structure and biological response of nanocellulose from wood and green algae. Rsc Advances. 2014, 4(6): 2892-
2903. 

[33] Van Hai L, Son H. N, Seo Y. B. Physical and bio-composite properties of nanocrystalline cellulose from wood, 
cotton linters, cattail, and red algae. Cellulose. 2015, 22: 1789-1798 

[34] Yang D, Peng X.W, Zhong L.X, Cao X.F, Chen W, Sun R.C. Effect of Pretreatments on Crystalline Properties and 
Morphology of Cellulose Nanocrystals. Cellulose. 2013, 20 (5): 2427 

[35] Yingkamhaeng N, Sukyai P. The potential of mango peel utilization for cellulose extraction by hydrothermal 
pretreatment. Annual Meeting of the Thai Society for Biotechnology and International Conference. 2014 

[36] Zheng H. Production of fibrillated cellulose materials – Effects of pretreatments and refining strategy on pulp 
properties. Aalto university.  2014, 74 

[37] Penttila P.A, Varnai A, Fernandez M, Kontro I, Liljestrom V, Lindner P, Siika-aho M, Viikari L, Serimaa R. Small – 
angle scattering study of structural changes in the microfibril network of nanocelluose during enzymatic 
hydrolysis. Cellulose. 2013, 20(3): 1031  

[38] Mohammad I, Alessia P, Alessio M, Mohammad A. Preparation of nanocellulose: A review. AATCC Journal of 
Research. 2014, 1:17-23  

[39] Zieli´nska D, Szentner K, Wa´skiewicz A, Borysiak S. Production of nanocellulose by enzymatic treatment for 
application in polymer composites. Materials. 2021, 14: 2124.  

[40] Kusmono, Affan M. N. Isolation and Characterization of Nanocrystalline Cellulose from Ramie Fibers via 
Phosphoric Acid Hydrolysis. Journal of Natural Fibers. 2022, 19 (7):2744-2755  

[41] Ventura-Cruz S, Flores-Alamo N, Tecante A. Preparation of microcrystalline cellulose from residual Rose stems 
(Rosa spp.) by successive delignification with alkaline hydrogen peroxide. International Journal of Biological 
Macromolecules. 2020,155: 324-329, 

[42] Kian L. K, Jawaid M, Ariffin H, Karim Z. Isolation and characterization of nanocrystalline cellulose from roselle-
derived microcrystalline cellulose. International Journal of Biological Macromolecules. 2018, 114: 54-63 

[43] Zhong Y, Gao X, Zhang W, Wang X, Wang K. Carboxylated nanocrystalline cellulose from Salix psammophila 
prepared by sulfuric acid hydrolysis combined with 2, 2, 6, 6-tetramethylpiperidine-1-oxyl (TEMPO)-
oxidation. BioResources. 2022, 17(1) 



International Journal of Science and Research Archive, 2023, 08(02), 234–243 

243 

[44] Nuruddin M. d, Gupta Raju, Tcherbi-Narteh A, Hosur M, Jeelani S. Thermal and Mechanical Properties of Cellulose 
Nanofibers Reinforced Polyvinyl Alcohol Composite Films. 2015 

[45] Dinesh K. P, Sayan D. D, Jin H, Keya G, Ki-Taek L. Bioactive electrospun nanocomposite scaffolds of poly (lactic 
acid)/cellulose nanocrystals for bone tissue engineering. International Journal of Biological Macromolecules.  
2020, 162: 1429-1441 

[46] Nelson K., Retsina T., Iakovlev M., Van Heiningen A., Deng Y., Shatkin J.A., Mulyadi A. American Process: 
Production of Low Cost Nanocellulose for Renewable, Advanced Materials Applications. In book: Materials 
Research for Manufacturing 2016, 267–302 

[47] Xu Q, Jin L, Wang Y. Synthesis of silver nanoparticles using dialdehyde cellulose nanocrystal as a multi-functional 
agent and application to antibacterial paper. Cellulose. 2019, 26: 1309–1321  

[48] Lopez-Silva T. L, Rodrigues A. A, Otoni C. G, Feitosa J. P. Nanocrystalline cellulose scaffolds for bone tissue 
engineering: a review. Biomacromolecules. 2019, 20(7): 2190-2211. 

[49] Mohanta V, Madras G, Patil S. Layer-by-layer assembled thin films and microcapsules of nanocrystalline cellulose 
for hydrophobic drug delivery. ACS Applied Materials & Interfaces. 2014, 6 (22): 20093-20101 

[50] Rongrong S, Daiqi W, Yehong C, Dongmei Y, Qijun D, Ronggang L, Chao W. Nanocelllulose Based Adsorbents for 
Heavy Metal Ions Removal. 2021 

[51] Ashrafi Birgani S, Talaeipour M, Hemmasi A, Bazyar B, Larijani K. Removal of heavy metal ions using cellulose 
nanocrystals and succinic anhydride-modified cellulose nanocrystals prepared from bleached soda bagasse 
pulp. BioResources. 2022, 17(3): 4886-4904 

[52] Tsade Kara H, Anshebo S. T, Sabir F. K, Adam W. G. Removal of Methylene Blue Dye from Wastewater Using 
Periodiated Modified Nanocellulose. 2021 

[53] Chen C, Hu L. Nanocellulose toward advanced storage devices: structure and electrochemistry. Accounts of 
Chemical Research. 2018, 51(12): 3154-316 

[54] Wang X, Yao C, Wang F, Li Z. Cellulose-Based Nanomaterials for Energy Applications. Small. 2017, 13 (42)  


