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This overview explores the versatility and applications of nanocellulose in various technologies, including energy production, biosensors 

and bioelectronics. It highlights the potential of bioelectronic decals for physiological and health monitoring as well as for the fabrication of 

flexible light-emitting sheets. Nanocellulose is also crucial in energy storage materials, particularly in solar heat-harvesting technologies 

and is essential for environmental sustainability because of its catalytic use in water and air purification. The growing need for nanocellulose 

based sensors in the healthcare and pollution control sectors is emphasized. Furthermore, the study discusses the role of nanocellulose in 

3D bioprinting and tissue engineering with the development of printable hydrogels and regenerative medicine. Furthermore, a scientometric 

analysis based on Scopus data from 2015 to 2024 is conducted to evaluate the research trends in nanocellulose and its applications. The 

study provides insights into year-wise production, the top 10 contributing authors, their affiliations, leading countries and the most 

influential journals in the field. By analyzing publication trends and citation metrics, this review offers a comprehensive overview of the 

research landscape and the evolving impact of nanocellulose in scientific and industrial applications. Nanocellulose is a revolutionary and 

promising material with immense potential across multiple domains. 
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INTRODUCTION 

 A substance obtained from natural resource of cellulose 

of nanometric size is called nanocellulose. The primary source 

of extraction is cellulose, which serves as the structural back-

bone of plant cell walls [1]. A "nanomaterial" is any naturally 

occurring, inadvertently occurring or constructed material that 

contains particles in an unbound state, as an aggregation or as an 

agglomeration and where one or more of the exterior dimen-

sions of 50% or more of the particles in the numerical size 

distribution are in the range between 1 and 100 nm. 

 Nanofibrillated cellulose (NFC) is produced through the 

mechanical disintegration of cellulose fibers, resulting in the 

nanoscale fibrils characterized by a high surface area, flexi-

bility and aspect ratio. Bacterial cellulose (BC), also referred 

to as nanocrystalline cellulose (NCC) in some contexts, is bio-
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synthesized by specific strains of bacteria. This process yields 

cellulose with exceptional purity and a highly crystalline nano-

structure. BC exhibits remarkable mechanical strength, high 

aspect ratio, large surface area, biodegradability, renewability 

and biocompatibility. Owing to these superior physico-chemical 

and biological properties, both NFC and BC are considered 

versatile, sustainable and eco-friendly materials suitable for a 

wide range of advanced applications [2-8]. 

 Nanocellulose has gained significant attention in recent 

years due to its special qualities and potential applications in 

various industries. The history of nanocellulose may be traced 

back to the early 1980s, when researchers first began to inves-

tigate the separation and characterization of cellulose nano-

crystals (CNCs) and cellulose nanofibrils (CNFs) [2,9]. Through-

out the 2000s and 2010s, there was a surge in research focused 

on the properties and potential applications of nanocellulose, 
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leading to a better understanding of its unique mechanical, 

optical and rheological properties [7,8]. In recent years, the 

focus has shifted towards the commercialization and indus-

trial scale production of nanocellulose for various applications, 

including composites, packaging, biomedical devices and more 

[10-12]. 

 Fundamental features of nanocellulose: Many features 

of a material change as it moves from the microscale, where 

cellulosic fibers are found, to the nanoscale, where cellulose 

nanoparticles are found. These changes are anticipated to lead to 

the development of new potential uses. The subsequent section 

summarizes the principal physico-chemical properties affected 

by the transition to the nanoscale regime [13-15]. 

 Particular surface area: Reducing a material’s size results 

in an increase in its specific surface area or total surface area 

per unit of mass. Because of the irreversible aggregation of 

nanoparticles after drying, the particular area of surface deter-

mined by the gas adsorption isotherm is typically incorrect. 

The mean geometrical dimensions of nanoparticle and a rod-

shaped geometry can be used to approximate the density of 

crystalline cellulose, which is typically 1.5 or 1.6 g cm–3. The 

CNF and CNC values obtained from sisal fibers were 51 and 

533 m2 g–1, respectively. An extreme rise is observed when the 

diameter falls below 20 nm, which is the diameter range of 

the CNC. Aerogels can be manufactured and used as porous 

templates for many nano-applications due to their huge specific 

surface area and low suspension concentration. To modify the 

aerogel network’s wetting properties for nonpolar liquids and 

oils, chemical changes can be implemented. Moreover, it can 

be impregnated with different precursors that yield functional 

nanoparticles along the cellulose nanofibers with ease. 

 Aspect ratio: The aspect ratio (length to width ratio) is 

an important parameter for nanocellulosic materials. The aspect 

ratio controls the reinforcing characteristics and anisotropic 

phase development. The mechanical percolation approach is an 

excellent method for characterizing the mechanical proper-

ties of nanomaterial-based nanocomposites created by casting 

or evaporation. This approach creates a strong, constant network 

of nanoparticles connected by hydrogen bonds, implying an 

astonishing and unique reinforcing effect. Furthermore, this 

phenomenon is expected to become obvious only above a crit-

ical filler phase volume percentage, referred as the percolation 

threshold, which is determined by the nanoparticle’s aspect 

ratio. Furthermore, tensile tests on films created by drying a 

series of CNC suspensions in water revealed that the films 

tensile modulus rose as the aspect ratio of the nanoparticles 

increased. Dewatering films can also be used to examine the 

quality of microfibrilated cellulose (MFC) or cellulose fiber 

(CF). This enables the examination of the tensile index and 

the tensile energy absorption (TEA) index. However, due to 

the tiny particle size, CNC and CNF cannot be used in the 

procedure of dewatering to produce film. Identifying the 

length is challenging, making determining its value for CNF 

tricky. For fibers that have been prepared with TEMPO, it is 

thought to be extremely high, although it significantly drops 

as the oxidation strength increases. The aspect ratio for CNC 

is found to be more easily determined and is dependent on the 

hydrolysis conditions as well as the source of cellulose. For 

cellulose derived from cotton, the aspect ratio typically ranges 

from 10 to 67, whereas for cellulose obtained from tunicin or 

Capim dourado (golden grass), the aspect ratio can reach 

values as high as 100 [13]. 

 Mechanical properties: Tensile characteristics of the 

nanocomposites strengthened by 1, 3, 5 and 7 wt.% loading 

of nanocellulose. At 1 wt.%, the tensile modulus lowers; it then 

rises to 5 wt.%, levels out and then repeats this procedure. 

The nanocomposite’s tensile modulus rises to 60% at a 5 wt.% 

nanocellulose concentration. The tensile strength and tensile 

modulus of the nanocomposites showed a similar pattern. At 

5 wt.% nanocellulose content, there is a 28% increase in 

strength. The mechanical characteristics of the nanocomposite 

were negatively impacted by the addition of 1 wt.% of nano-

cellulose. The failure strain difference between the matrix and 

nanocellulose can help to explain this. In other words, when 

the matrix polymer has a much higher failure strain than the 

nanocellulose, the nanocellulose provides little to no reinforce-

ment. As a result, the nanocomposite fails before the stress from 

the matrix reaches the nanocellulose. As previously mentioned, 

the modulus and tensile strength of the nanocomposites may 

decrease due to the potential aggregation of nanocellulose at 

a loading of 7 wt.%. In other words, at this concentration, the 

nanocellulose was not uniformly dispersed within the polymer 

matrix [16]. 

 To evaluate the improvement in the properties of PVA 

following reinforcement with nanocellulose particles, the mec-

hanical properties of the resulting composite films were mea-

sured. The tests were performed according to ASTM D 882-92 

standards (ASTM 2012). From the films, strips measuring 60 

mm by 13 mm were cut from rectangular samples. Before mea-

suring mechanical characteristics, the cut films were condi-

tioned at temperatures and relative humidity of 23 ± 2 ºC and 

50 ± 10%, respectively. Eqns. 1 and 2 are used to determine 

the tensile strength and elongation at the break of the films, 

respectively, three measurements were taken and the stated 

figure was the mean with standard deviation [17]. 

     
Maximum breaking load applied

Tensile strength
Cross sectional area of  the film

=   (1) 

Final length at break Initial length
Elongation at break

Initial length
=

−
(2) 

 The enhanced mechanical capabilities of nanocellulose 

hydrogels via twofold crosslinking were the most remarkable 

aspect of this work. The hydrogel of chemically cross-linked 

nanocellulose was flexible, yet it gave the hydrogel consider-

able toughness. Physical cross-linking increased the strength 

nanocellulose hydrogel of at simultaneously. Regarding strength 

and toughness, double-crosslinked nanocellulose hydrogels are 

superior than singly cross-linked hydrogels when viewed from 

a macro perspective [18].   

 Thermal stability: While determining the possible appli-

cations of nanocomposites in various sectors, such as the bio-

chemical and packaging industries. Researchers create high-

performing polymers with greater heat stability by examining 

the degradation behaviour of nanocellulose to improve the 

design and manufacturing conditions of nanocomposites. Com-

prehending the thermal behaviour of nanocellulose during the 

extrusion and compounding of nanocellulose and thermoplastic 

composites is also crucial. Since nanocellulose decomposes 
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at a temperature of between 200 and 300 ºC, it is necessary to 

maintain a compounding temperature of 200 ºC during the 

production process to avoid nanocellulose deterioration. Vari-

ations in the nanocellulose’s supply, matrices used, processing 

methods and drying procedure may have an influence on the  

heat stability of nanocomposites. Thus, the purpose of this 

review is to examine the effect of nanocellulose addition on 

the thermal stability of nanocomposites [19]. 

 Thermal conductivity: In the domains of materials science, 

electronics, building insulation and allied fields particularly 

those requiring high operating temperatures, thermal conduc-

tivity is crucial. Researchers need to have a solid grasp of ther-

mal conductivity since it helps them choose the right materials 

for insulation or thermal conduction, which improves product 

development and design. 

 Understanding thermal conductivity is crucial to preven-

ting overheating of materials used in electrical equipment. In 

comparison to a plain epoxy composite, the grafting of poly-

ethylenimine onto CNF demonstrated a 35.01% improvement 

in heat conductivity. This may be explained by the phonon 

propagation of CNF, which increased the nanocomposites heat 

conductivity [20]. Research on heat conductivity in nanocell-

ulose composites has not frequently focused on the effects of 

adding nanocellulose to the material. Thus, additional studies 

are needed to assess the impact of filler dispersion, process-

ing method, filler size and aspect ratio on thermal conductivity 

[19]. 

 Scientometric approach for nanocellulose and its app-

lication: For the purpose of the study data was collected from 

the Scopus database using the search query limited to, covering 

to the period from 2015 to 2024. The search was conducted 

using the key phrase " TITLE-ABS-KEY ("Nanocellulose" AND 

"Applications") AND PUBYEAR > 2015 AND PUBYEAR 

< 2024 AND (LIMIT-TO (DOCTYPE, "ar")) AND (LIMIT-

TO (LANGUAGE, "English"))." Only research articles pub-

li-shed in English were selected for the study, resulting in a 

total of 3,694 articles were published and were considered for 

the study.  

 Year wise productivity: The field of nanocellulose and 

its application research has seen a significant increase in 

publications over the past decade, indicating growing interest 

in this area. In 2015, there were only 66 publications, whereas 

by in 2024, the number had surged to 862. This exponential 

growth highlights the expanding research focus and the incre-

asing recognition of nanocellulose applications. However, 

despite this rise in publications, the mean total citations per 

article (MTCY) have declined over the years, from 114.32 in 

2015 to 3.13 in 2024. This trend suggests that older papers 

have had more time to accumulate citations, whereas newer 

studies have not yet gained substantial recognition in the 

scientific community as shown in Table-1. 

 The mean citations per year (MTCY) also show a decre-

asing trend, dropping from 10.39 in 2015 to 1.56 in 2024. While 

this is expected due to the recency of newer publications, it 

may also indicate that citation distribution is becoming more 

diluted as the number of studies increases. Earlier studies 

(2015-2018) received a higher number of citations per article, 

signifying their foundational impact on the field. In contrast,  

TABLE-1 

YEAR WISE PRODUCTIVITY OF 

NANOCELLULOSE BASED ARTICLES 

Year 
Mean TC 

per art 
N 

Mean TC 

per year 

Citable 

years 

2015 114.32 66 10.39 11 

2016 73.91 80 7.39 10 

2017 77.98 116 8.66 9 

2018 73.67 202 9.21 8 

2019 54.47 309 7.78 7 

2020 45.49 393 7.58 6 

2021 35.12 469 7.02 5 

2022 19.81 549 4.95 4 

2023 12.31 612 4.10 3 

2024 3.13 862 1.56 2 

 

newer studies (2022-2024) are yet to reach comparable citation 

levels, likely due to the time required for citations to accumulate. 

 The citable years metric further supports this observation. 

Older studies have had more years for citation accumulation, 

with papers from 2015 having 11 citable years, whereas those 

from 2024 have only 2 citable years. This aligns with the 

well-established pattern that research impact is often realized 

over time. However, the declining citation rate per article in 

recent years may also suggest a shift in research focus, incre-

ased competition among publications, or the emergence of 

new areas within nanocellulose and its application research 

that divert citations away from earlier works. These trends 

indicate a growing research trend interest in application of 

nanocellulose research, accompanied by a declining average 

citation impact per paper, which is a common pattern in rapidly 

expanding scientific fields. 

 Top ten authors: The bibliometric analysis of leading 

researchers in nanocellulose and its applications studies reveals 

notable trends in productivity, citation impact and research 

growth. Liu Y emerges as the most influential author, with the 

highest h-index (32), g-index (57) and total citations (3466) 

despite starting research in 2018 as shown in Table-2. This 

suggests a rapid accumulation of citations, further supported 

by an m-index of 4, indicating a strong research momentum. 

Another author, Wang Y leads in publication volume, with 

107 papers, accumulating 3246 citations and an h-index of 

30. This high output, combined with a relatively strong citation 

record, highlights Wang Y’s consistent contributions. Li J (h-

index 31, TC = 2902) and Li Y (h-index 27, TC = 2914) also 

stand out as highly cited authors, having been active since 2015. 

 The m-index, which measures the rate of citation accu-

mulation, shows that Liu Y (4), Chen Y (3) and Zhang Y 

(2.889) have the fastest-growing impact, suggesting a more 

recent but highly influential research presence. Established 

authors such as Li J (2.818), Wang Y (2.727) and Wang Z (2.5) 

continue to maintain strong but steady growth in citations. 

 Comparing older and newer researchers, it is evident that 

authors who began publishing earlier (2015-2016) have accu-

mulated higher total citations, while more recent contributors 

(2017-2018) are gaining rapid recognition. Other researchers, 

Chen Y, Li X and Liu H, who began publishing around 2017-

2018, show a promising trajectory, with h-indices around 24 

and relatively high citation numbers. 
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 Top ten affiliations: The data indicates that research 

applications of nanocellulose have seen a rapid expansion in 

author contributions since 2015, with certain researchers main-

taining dominance in citations while newer researchers are 

quickly establishing influence. The increasing number of high 

impact authors suggests a growing and competitive research 

landscape, with multiple contributors driving advancements 

in the field. 

 The analysis of institutional contributions in the applica-

tion of nanocellulose research reveals that Nanjing Forestry 

University leads the field with the highest number of publi-

cations (202 articles). This indicates a strong research focus on 

nanocellulose and related materials. With 164 published rese-

arch articles, South China University of Technology stands 

out for its substantial involvement in the field. Among the top 

contributors as shown in Table-3, Donghua University (98 

articles) and Aalto University (95 articles) also demonstrate 

substantial research activity, likely emphasizing cellulose-based 

materials and their applications. Monash University (82 articles) 

and KTH Royal Institute of Technology (77 articles) high-

light the growing global interest in nanocellulose research 

beyond China, with notable contributions from Australia and 

Sweden. 

 
TABLE-3 

TOP TEN CONTRIBUTING  

INSTITUTIONS ON NANOCELLULOSE 

Affiliation Articles 

Nanjing Forestry University 202 

South China University of Technology 164 

Donghua University 98 

Aalto University 95 

Monash University 82 

Kth Royal Institute of Technology 77 

Beijing Forestry University 73 

Northeast Forestry University 72 

Universiti Putra Malaysia 71 

Shaanxi University of Science and Technology 64 

 

 Several forestry-focused institutions, including Beijing 

Forestry University (73), Northeast Forestry University (72) 

and Universiti Putra Malaysia (71), demonstrate that progress 

in forestry and biomass-based research plays a pivotal role in 

advancing nanocellulose technologies. Shaanxi University of 

Science and Technology (64 articles) also maintains a strong 

presence, indicating diverse research applications of nano-

cellulose in materials science and engineering. 

 Top ten contributing countries: Table-4 provides insights 

into the top ten productive countries around the globe in appli-

cation of nanocellouse research. China leads significantly with 

1,202 articles, accounting for 32.9% of the total, followed by 

India (6.3%) and the USA (5.5%). Despite its dominance, 

China has a relatively low multi-country publication (MCP) 

percentage of 22%, indicating a focus on domestic collabora-

tions. Countries like Canada (51.5%), Finland (50.9%) and 

Sweden (46.6%) exhibit high MCP percentages, reflecting their 

strong emphasis on international partnerships despite lower 

overall output. In contrast, Korea (21.9%) has the lowest MCP 

percentage, suggesting a preference for local collaborations. 

 
TABLE-4 

TOP TEN CONTRIBUTING COUNTRIES 

IN THE FIELD OF NANOCELLULOSE  

Country Articles 
Articles 

(%) 
SCP MCP 

MCP 

(%) 

China 1202 32.9 938 264 22.0 

India 229 6.3 174 55 24.0 

USA 202 5.5 142 60 29.7 

Brazil 187 5.1 130 57 30.5 

Korea 146 4.0 114 32 21.9 

Sweden 133 3.6 71 62 46.6 

Malaysia 125 3.4 70 55 44.0 

Finland 112 3.1 55 57 50.9 

Japan 110 3.0 83 27 24.5 

Canada 99 2.7 48 51 51.5 

 

 Top ten journals: Table-5 and Fig. 1 provides insights 

into the top ten preferred communication channels used to 

publish the research outcome of application of nanocellouse 

and application research. The journal ‘Carbohydrate Polymers’ 

stands out with the highest bibliometric indicators, including 

an h-index of 63, g-index of 90 and an impressive total 

citation count (TC) of 11,054 from 236 published papers 

since 2015, indicating its significant impact in the field. Other 

prominent journals include Cellulose, with a TC of 6,427 and 

270 papers and ACS Applied Materials and Interfaces, which 

has a TC of 6,086 from 99 papers. Both demonstrate strong 

influence, as reflected in their h-index values of 45 and 46, 

respectively. 

TABLE-2 

TOP TEN RESEARCH PROFILE OF AUTHORS FOR NANOCELLULOSE BASED ARTICLES 

Author h_index g_index m_index TC NP PY_start 

Liu Y 32 57 4.000 3466 96 2018 

Li J 31 52 2.818 2902 96 2015 

Wang Y 30 54 2.727 3246 107 2015 

Li Y 27 53 2.455 2914 84 2015 

Zhang Y 26 46 2.889 2234 84 2017 

Wang Z 25 52 2.500 2760 67 2016 

Chen Y 24 48 3.000 2421 73 2018 

Li M 24 46 2.400 2188 59 2016 

Li X 24 41 2.667 1779 78 2017 

Liu H 24 42 2.667 1790 52 2017 
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TABLE-5 

LIST OF TOP TEN JOURNALS PUBLISHES 

NANOCELLULOSE BASED ARTICLES 

Source g_index h_index 

Carbohydrate polymers 90 63 

ACS Applied Materials and Interfaces 77 46 

Cellulose 65 45 

ACS Sustainable Chemistry and Engineering 55 36 

Chemical Engineering Journal 58 35 

International Journal of Biological 

Macromolecules 

56 35 

Industrial Crops and Products 53 29 

Polymers 38 26 

Nanomaterials 39 25 

Advanced Functional Materials 32 23 

 

 
Fig. 1. Sources of journal communication 

 

 Journals like ACS Sustainable Chemistry & Engineering 

and Chemical Engineering Journal also exhibit notable contri-

butions with h-indices of 36 and 35, respectively and steady 

growth in citations. Meanwhile, Industrial Crops and Products 

and Polymers contribute moderately with h-indices of 29 and 

26 and publication counts of 113 and 129, respectively. The 

relatively newer journal Nanomaterials, starting in 2018, has 

already achieved a strong m-index of 3.125, demonstrating a 

promising trajectory. Advanced Functional Materials, though 

impactful with an h-index of 23, has fewer articles (32) and 

citations compared to the others, signifying a narrower yet 

focused contribution. 

 Applications of nanocellulose: A few factors influencing 

the properties of nanocellulosic materials are the age of the 

fibers, the source of the plant material, their chemical compo-

sition, the kind of separation used, faults in the fibers such pits 

and nodding and the growing environment of the plant. Due 

to numerous studies, mechanical, optical and gas barrier of 

nanocellulosic materials attributes have advanced to the point 

that they may be applied in a wide range of settings. The uses 

of nanocellulose in textiles, healthcare, electronics and gad-

gets, printed electronics and as substrates for metal nanoparticle 

catalysts are extensively covered in a number of reviews [21-

23]. Current state-of-the-art improved nanocellulose features 

and applications are illustrated with some of the most inter-

esting uses. 

 Mechanical reinforcement: With a Young’s modulus of 

around 70 GPa at a density of roughly 2.6 g/cm3, nanocellu-

lose fibers are stronger and have a lower tensile modulus than 

glass fibers. Nanocellulose is often used in composites to try 

to replace glass fibers. On the other hand, Kevlar has a modulus 

between 60 and 125 GPa and 1.45 g/cm3, whereas steel has a 

high density of 8 g/cm3 and a modulus of 200-220 GPa. Steel 

only provides 25 J/g, but when specific Young’s modulus, 

which takes density into account is employed, nanocellulose 

measures 65 J/g for microfibrils and 85 J/g for nanocrystals. 

 These days, a variety of applications usually chosen for 

composite materials, which are composed of a polymeric matrix 

with a filler material serving as reinforcement. Artificial fillers 

like carbon, aramid or glass fiber are typically utilized. When 

fillers are added to a polymeric material, the mechanical and 

thermal characteristics of composite material are enhanced in 

comparison to the polymeric material alone since fillers are 

so effective and adaptable. Undoubtedly, a lot of attention is 

being paid these days to climate change and artificial fillers 

used in composite materials, since they present disposal issues 

at the end of their useful lives because of their limited comb-

ustibility and the growing need for material reuse techniques. 

Natural fillers, including cellulose fibers, starch or chitin, offer 

several positive environmental consequences in addition to 

financial savings, decreased density, improved thermal prop-

erties and biodegradability. When cellulose nanocrystals and 

nanofibrils were compared to the empty polymer matrix, the 

mechanical and thermal characteristics improved similarly. 

The network of hydrogen bonds that binds the cellulose mole-

cules inside the polymer matrix is most likely what gives 

nanocellulose fillers their strengthening action. Cellulose nano-

fibrils shape allowed them to perform better mechanically and 

thermally than the other two distinct nanocellulose fillers. The 

more flexible and hairy nanofibrils showed a tangling effect 

more than the extra specific cellulose crystals [24,25]. 

 First, if the right dosage of nanocellulose is applied, it may 

be utilized to enhance the mechanical qualities of cementi-

tious materials. It should be mentioned, nevertheless, that 

using a high dose of nanocellulose may cause it to aggregate, 

which might reduce its mechanical characteristics. CNCs 

obtained from the different sources and handling techniques 

might impact the hydration of cement when different types of 

cements used. Importantly, it was found that while all CNCs 

may increase the degree of hydration at a given age, the CNCs 

generated via transition metal-catalyzed oxidation were more 

effective than the CNCs generated via acid hydrolysis. Enhan-

cing hydration heat release is crucial for all types of cement. 

These nanocelluloses have some characteristics in common, 

like high surface area, high strength, low density, large aspect 

ratio and a low density, even though their sources and methods 

of separation are different. In addition, nanocelluloses are 

highly hydrophilic, which means that when combine with 

cementitious materials, they can absorb some water due to their 

surface hydroxyl groups [26,27]. In cement, the nanocellulose 

materials are added to increase sound absorbing property of 

the cement in order to make the more ecofriendly and safer 

product [28,29]. 

 Although, nanocellulose-cement matrixes are more prone 

to hydrophilicity of the cellulose component so they are less 

sturdy because of its lower chemical stability. In addition to 

that cellulose components lose their contact with the cement 

over time will form the cracks on the cement. The two methods 

used to prepare the composite are: (i) incorporating bacterial 

nanocellulose into the cement composite in gel form, and (ii) 

coating the cellulose fibres with bacterial nanocellulose. Depen-
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ding on the method of administration of bacterial nano-

cellulose the surface roughness, degree of hydration, surface 

basicity, fiber mineralization would impact positively [30,31]. 

 He et al. [32] developed a thermosetting polymer system 

by adding dialdehyde and microcrystalline cellulose to epoxi-

dized soybean oil for reinforcement. The epoxidized soybean 

oil polymer had a well-dispersed dialdehyde cellulose. The 

resultant composite had excellent toughness and thermal stab-

ility because the filler and matrix interacted well [19]. The 

incorporation of bacterial cellulose materials in the composi-

tion of wood pulp will give a high quality paper [33]. The 

distinctive properties of cellulose nanocrystals, also known 

as microfibrillated networks (MFCs), such as their high stiff-

ness, fibrillar shape, low density, biomass origin, abundance 

and impending commercialization, are generating increasing 

interest in them [34]. The first report on its mechanical rein-

forcing property came from Mohammadkazemi et al. [35] and 

He et al. [32]. Microcrystalline and dialdehyde cellulose were 

used to enhance the epoxide soybean oil. The enhancements 

were mostly attributed to the fillers improved dispersion and 

the chain entanglement-induced high interfacial adhesion 

between the fillers and matrix. Minor surface modifications 

of the CNCs can significantly enhance their mechanical prop-

erties, enabling their effective use as reinforcement in poly-

ester-based nanocomposites [36]. 

 Light-weight materials like hydrogels, foams and aero-

gels need particular CNCs for the mechanical support. For 

these materials, the CNCs and CNFs serve as mechanical stab-

ilizers. The nanocellulose filler will mechanically stabilize 

the foams by altering their morphology [37]. Nanocellulose 

filler can be used as foam stabilizer by altering its surface 

composition, it decreases the pre size of the foam and 

increase the stability of the foam [38]. 

 Barrier properties and packaging: Plastics derived from 

petrochemicals are most frequently used for food packaging 

since they are less harmful to the environment. Since hydrogen 

bonds of cellulose are essential for packing, filtration and parti-

cularly food packaging, it has limited permeability and may 

create a dense percolating network [39]. Since 2015, the nano-

cellulose research on packaging has abundantly increased as 

presented in three reviews published in 2017 [40-42]. The 

nanocellulosic materials [43], in these kinds of applications, 

nanocellulose and other nanocellulosic materials are widely 

employed. Oxygen permeability [44] and water vapour trans-

mission [45] are thoroughly studied in this regard. The nano-

nized structure of the nanocellulose has high density so it 

drastically decreases the water permeability [46] and gas 

permeability. The coating of cellulose nanocrystals reduces the 

friction of plastic films while retaining the optical properties 

of coating [47]. Several researchers [40-42,48,49] demons-

trated that MFC becomes a transparent material when densely 

packed, as its tightly packed fibers create minimal interstitial 

space, thereby reducing light scattering. However, the proce-

ssing circumstances impacted the transparency of the cellu-

losic materials. Nogi’s research team [50-52] also created 

cellulose based nanopapers, which were optically transparent 

and had a certain transmittance range. 

 Clay and calcium carbonate are the two examples of inor-

ganic fillers that may be used with cellulose nanofibres to 

create biodegradable coatings and films. The nonbiodegrad-

able films used in the packing can be replaced with these films 

[53]. These materials are used in packaging applications since 

they are derived from biological sources, enhance food safety 

and performance, and reduce environmental pollution [48]. 

 A major requirement for food packaging is gas imperm-

eability, which is largely achieved by NFC. However, cellulose 

is hydrophilic and absorbs excess water when exposed to 

moisture. NFCs are sufficiently impermeable, a property con-

firmed by research on the oxygen barrier characteristics of 

nanocellulosic materials [54]. Hydrophilicity clearly makes it 

difficult to employ nanocellulosic materials in purposes that 

need materials with gas and water barriers; thus, the surface 

is altered to render the material more resistant to water for 

packing. Packaging typically utilizes polymer grafting onto 

the surface of nanocellulose. 

 The researchers describe a multilayer technique for pack-

aging systems that uses cellulosic materials. This design 

protects the cellulosic materials from the effects of the mois-

ture within by separating them from the humid surroundings 

[55-59]. Schade et al. [60] patented the use of multilayer pack-

aging demonstrating that the NFC layer is preserved between 

the two water-resistant plastic layers. The application of a 

wax coating on CNF films significantly enhances their oxy-

gen resistance, which is retained even in conditions of high 

humidity. Utilizing an MFC coating, polymer films were produ-

ced and tested to provide effective barrier materials [61,62]. 

 The packaging of food must always provide a good 

barrier to oxygen and water, although it is not always ideal to 

develop a hydrophobic film. This was accomplished by silyla-

ting the surface using 3-aminopropyl-trimethoxysilane and even 

at 95% relative humidity, the surface displayed the required 

barrier properties [63]. In contrast, the hydrophobic properties 

of film were enhanced and its oxygen-barrier properties were 

destroyed during surface modification using hexamethyldi-

silazane. An alternative technique entailed using 0.1-0.5% 

by-weight polyamide epichlorohydrin resin to crosslink hydro-

philic TEMPO-oxidized nanocellulose [64]. In a humid 

environment, these films retained good mechanical charact-

eristics and apparent transparency. Humidity often breaks the 

between molecules hydrogen bonds that hold cellulose chains 

together, but crosslinking was able to effectively retain the 

film structure. In another investigation, nanocellulose served 

as the crosslinker and reinforcing filler in chitosan films [65]. 

The interface of nanocellulose was modified to include alde-

hyde groups, which quickly bonded with the chitosan to cross- 

link the film. The tensile durability and rigidity of the film in 

water were improved, although at the expense of elongation 

at the breakpoint. Recently, Yao et al. [66] reported on the 

application of dopamine as a linker to develop CNF-montmo-

rillonite composites. For mechanical and barrier performance, 

interfacial adhesion among the matrix and the reinforcement 

components is crucial, particularly in high-humidity environ-

ments. Dopamine acts as an effective linker between CNF and 

montmorillonite by binding to cellulose nanofibrils. These 

nanocomposites exhibit excellent gas barrier properties, even 

at high relative humidity levels of 95%. 

 Nanocellulosic materials are widely used to develop nano-

papers consist of large surface areas, high strengths, transp-
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arency, foldability and low coefficients of thermal expansion. 

Transparent films and aerogels with exceptional mechanical, 

optical and thermal properties may be constructed from nano-

cellulosic materials, as has been extensively described. Due 

to high degree of transparency of CNCs [67], It has been 

demonstrated that the composite films of nanocellulose, ZnO, 

carbon and dots are highly effective UV-blocking shields [67]. 

Zinc oxide and CNF have been added to starch-based coating 

compositions to produce antibacterial coatings on paper. The 

Gram-positive organisms and Gram-negative organisms are 

both susceptible to bacteriocidal activity as demonstrated by 

the coated sheets [68]. Low bacterial adherence is seen on 

both CNF and TEMPO-oxidized CNF films [69]. Bacterial 

adhesion was markedly increased with the addition of poly-

electrolytes to TEMPO-oxidized CNF films, showing the 

importance of surface chemistry in augmenting or diminish-

hing material interactions with bacteria. El-Samahy et al. [70] 

have reaffirmed the superior air-barrier and antibacterial pro-

perties of nanocellulose coatings [70]. By incorporating CNC 

into a carrageenan matrix, Sanchez-Garcia et al. [71] demon-

strated an improved water barrier, yielding a unique bionano-

composite which is recommended for use in coating and food 

packaging applications. For short-term items such as salad 

cups, containers, wrappers, drinking cups and laminated films, 

PLA (poly lactic acid) is utilized as a food packaging polymer 

[72]. However, in some conditions, the PLA’s gas and water 

vapour qualities render it inadequate for its intended function. 

As a result, creating PLA nanocomposites is a way to enhance 

their characteristics [73]. A biodegradable PLA matrix was 

combined with hydrophobic-modified NCF by Song et al. [74] 

to create innovative biodegradable composites. These authors 

stated that the PLA matrix’s water vapour barrier is enhanced 

by the addition of NCF [74]. A novel bionanocomposite based 

on PLA and CNC was prepared by Huan et al. [75] using two 

electrospinning techniques. The enhanced crystallinity and 

ordered structure of the electrospun fibers led to improved 

mechanical and thermal properties in the resulting fibrous mats 

[75-77]. 

 Medical applications: The mechanical characteristics, 

nanofibrous network and natural supply of nanocellulose make 

it an intriguing material for biomedical applications. All of these 

components are becoming increasingly important tocustomers 

when it comes to health care items. Consequently, nanocellu-

lose has found uses in hydrogels, threads and scaffolds. Even 

though the field of biomaterial synthesis for bone engineering 

applications has seen a great deal of study, scientists are still 

searching for a material with better cell/material interactions 

that has both osteoconductive and osteoinductive character-

istics as well as a peripheral structure more akin to the matrix 

outside of cells. Bacterial cellulose has gained popularity as 

a biopolymer and is widely used as a matrix for the manufac-

ture of biomaterials for uses such as tissue engineering and 

regenerative medicine due to its high mechanical properties, 

bio- and cytocompatibilities and low cytotoxicity [78-80]. Several 

researchers [81,82] have shown the successful utilization of a 

nanocellulose-collagen-apatite composite linked to protein 

called osteogenic growth for bone regrowth. 

 Nanocellulose has been proposed as a tissue culture 

medium to promote cell development as it has been shown to 

be non-cytotoxic. The cytotoxicity and potential uses of hydro-

soluble phosphorous acid functionalized cellulose as a tissue 

scaffold matrix were evaluated in a recent work by Petreus et 

al. [83]. The phosphorous acid-modified cellulose was created 

by reacting microcrystalline cellulose with a melted mixture 

of phosphorous acid and urea. Because they were harmless, 

the resulting water-soluble films showed good cytocompa-

tibility when tested for cell compatibility [83]. In contrast, 

according to more recent research, cellulose nanocrystals have 

the ability to enter cells and trigger an inflammatory response, 

with nanofibrillated cellulose being particularly dangerous [84]. 

Therefore, it seems that the cytotoxicity and inflammatory 

response to nanocellulose are significantly influenced by its size 

and form. Moreover, it has been demonstrated that surface 

chemistry greatly influences the inflammatory response [85]. 

The mechanical characteristics, biocompatibility and compati-

bility of modified nanocellulosic materials with other biolo-

gical materials like apatite and collagen make them especially 

relevant to bone and tissue engineering. Studies have been 

conducted on phosphorylated nanocellulose as a biocompati-

ble substance intended for use as a scaffold in the regrowth 

of bone. Once implanted, phosphorylated cellulose promotes 

the precipitation of calcium phosphate, providing the material 

a look akin to that of bone. Fricain et al. [86] developed cry-

stalline monoesters that could grow in water and withstand 

γ-irradiation sterilization without significant damage. In another 

study, collagen was covalently linked to a bacterial cellulose 

matrix to produce a hybrid composite for bone repair [81]. The 

composite, incorporating carbonate apatite and an osteogenic 

growth peptide, mimics the structure of bone and supports 

cell growth. 

 To prevent more serious health issues, it is important to 

facilitate healing after wounds since they carry a risk of infec-

tion [87]. Human stem cells have been added to nanocellulose 

threads to hasten the healing process [88]. A week before 

surgery, these threads might be made using the patient’s cells 

to prevent an immunological response. Glutaraldehyde was 

applied to the threads to keep them wet. A hydrogel for 

wound-healing dressings is created by cross-linking calcium 

ions with nanofibrillated cellulose [89]. The hydrogel is non-

toxic and non-inflammatory, while maintaining an optimal 

level of moisture to promote healing. Recently, Zander et al. 

[90] explored with hydrogels of nanocellulose crosslinked with 

metal cations as scaffolds for tissue engineering. Due to their 

combination of mechanical strength and pliability, poly(vinyl 

alcohol)-based nanocellulose hydrogels have been suggested 

for ocular applications, capable of maintaining up to 90% 

water content and transparency [91]. These experiments reve-

aled that strain caused a rearrangement of the nanocellulose 

alignment in films made of polyvinyl alcohol–nanocellulose 

composites. 

 A dual-membrane hydrogel consisting of CNC and alginate 

has controlled swelling processes that provide great promise 

for the customized release of antibiotics [92,93]. Further-

more, CNF films have been employed for loading and release 

active chemicals in a controlled manner [94]. Dong et al. [95] 

suggested modifying CNCs to administer chemotherapeutic 

drugs with specificity. For stomach-specific medication 

administration, the CNC-chitosan hydrogels developed with-
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out solvents have also been proposed due to their mechanical 

properties and pH-dependent drug delivery capabilities [96, 

97]. It has been proposed as a transdermal drug adminis-

tration technique to create a membrane via polymerization by 

radicals of N-methacryloyl glycine within the tangled strands 

of bacterial cellulose [98,99]. The addition of the bacterial 

cellulose produced translucent membranes with superior ten-

sile characteristics. This composite showed prolonged drug 

release, pH sensitivity and non-cytotoxicity [98].  

 Viral filtration is an essential step in both biological filtra-

tion and microbiological water quality monitoring. The only 

fully unmodified natural polymer filters can remove viruses as 

effectively as ceramic filters, cellulose acetate, cuprammon-

ium regenerated cellulose and polyvinylidene difluoride (PVDF), 

which are all synthetic or semisynthetic polymers, are those 

based on nanocellulose [100]. Viral elimination membranes 

made of nanocellulose have been utilized recently. Pure highly 

crystalline cellulose nanofibers and cross-linked nanocellulose 

based articles have been shown to be effective in eliminating 

highly pathogenic viruses, including the human enterovirus, 

hepatitis A and C viruses, bovine viral diarrhea virus, Aichi 

virus, xenotropic rotavirus A and murine leukemia virus 

[101-104]. By using appropriate physical and chemical tech-

niques, for size-exclusion nanofiltration and the formation of 

viral retention filter paper, the pore-size distribution of nano-

cellulose may be tailored. These viral filters offer vital defense 

against virus particles in the air. Only Junter & Lebrun [105] 

examined virus-retentive screens based on nanocellulose that 

were effective against a variety of viruses. Furthermore, CNC 

might be used to suppress viruses, including HIV. CNC-based 

systems have been identified by Zoppe et al. [106] as viral 

inhibitors (alphavirus infectivity). In addition to its use in 

drug administration, CNC-based biosensors have been repor-

ted for the detection of human neutrophil elastase [107]. The 

ability of 3D bioprinters to deposit materials in three 

dimensions provides a promising approach for tissue 

engineering and regenerative medicine through the bottom-

up construction of intricate structures [108]. Using fibrillated 

nanocellulose, alginate and glycerin to make a printable paste, 

porous hydrogels have been printed [109]. The future seems 

promising for these printed hydrogels, even if further study 

is needed to enhance their mechanical qualities [110]. 

 Sensing and biosensing (biosensors): To protect the 

human health and promote wellness, it is essential to identify 

various compounds found in the environment, including small, 

macro and biomolecules [86]. The global industrial rivalry is 

expected to intensify and advancements in pollution control, 

healthcare and biomedical applications will propel the market 

for sensors, which is expected to reach 20 billion dollars by 

2020 at an annual pace of more than 10%. Sensors are increa-

singly being used in biological and healthcare applications. 

Important areas of biomedical research include chemical sensors 

for home use (such as cholesterol monitoring and glucose) and 

biocompatible materials to be utilized with implants and pros-

thetics [111]. In addition, sensors are used in industrial prod-

uction of toxic and hazardous gases, atmospheric environmental 

testing and unintentional fire explosion prevention [112]. 

 According to a recent analysis, nanocellulose-based mat-

erials have surface, colloidal and photonic qualities that make 

them highly desirable sensors [113]. Pure bacterial cellulose 

films produced from have been shown to, for example, wild 

type and recombinant Komagataeibacter xylinus have a consi-

derable inherent piezoelectricity; as a result, these kinds of 

nanocellulose might be used in piezoelectric sensors [114,115]. 

They also have properties that biosensing finds highly attra-

ctive. Numerous uses including food safety, bioimaging, 

forensics, environmental monitoring, clinical/medical diagn-

ostics, physical/mechanical sensing and labeling, are being 

developed for and utilizing nanocellulose. Golmohammadi et al. 

[113] conducted a thorough analysis of the customization and 

use of nanocellulose in biosensing technologies in a new study. 

The ability to seamlessly integrate biosensors and bioelect-

ronics into or onto the human body is facilitated by ultrathin, 

adaptable supports that house microelectronic equipment. These 

substrates hold promise for the development of permanent 

physiological and health monitoring systems. A thin-film 

organic electrochemical transistor built on a thin, porous 

microbial nanocellulose layer has been used to generate a self-

adhering bioelectronic decal that can collect, transmit and 

analyze a biofluid. Using CNC to crosslink soy protein is one 

method of producing robust films with adaptable electro-

mechanical properties for sensing applications. The efficient 

vertical fluid conveyance (wicking) of analytical substances 

from the bottom surface to the sensor electronics above 

reduces the analyte time to delivery. This is made possible by 

the hydrophilic and porous nanocellulose as a substrate, which 

is very permeable to liquids and gases. When it comes to 

manufacture and operation, the organic electrochemical trans-

istor decal makes things easier and nanocellulose offers the 

necessary mechanical and permeability qualities. A single sub-

strate has been used to create several devices, which are readily 

detached from the supporting substrate and reattached to any 

surface by only moistening the nanocellulose sheet. A cellu-

lose nanocrystal or polyvinylpyrrolidone combination sheet 

with iridescent properties was created in order to distinguish 

different organic solvents [116]. Nanocellulose-based organic/ 

inorganic hybrid nanocomposites are of interest for the (bio)-

sensing of different analytes such as gases, biomarkers, drugs, 

proteins, DNA, infections and toxic and hazardous comp-

ounds. The colloidal properties of modified nanocellulose may 

be used to interact with biomolecules, as most recently demon-

strated by Thielemans et al. [117] employing albumin. The 

objective was to cover nanofibrillated cellulose with silver nano-

particles in order to establish a surface-enhanced resonance 

spectroscopy (SERS) system for identifying pesticides. The 

surface plasmon resonance antenna phenomenon causes the 

weak Raman signal to be amplified when a coinage metal is 

added to SERS. The 3D fiber network produced by the CNC/ 

silver hybrids raised surface roughness, a characteristic which 

is known to maximize the SERS impact [118,119]. 

 A hydrogel consisting of TEMPO-oxidized nanocellulose 

has been employed to support fluorescent carbon quantum dots. 

The hybrid material was used to observe the fluorescence 

quenching that happens upon the identification of laccase 

enzymes. The intensity of fluorescent signal was increased by 

the nanocellulose hydrogel matrix while the excitation and 

emission wavelengths remained same. The observed effect is 

explained by the favourable interactions between the fluoro-
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phore surfaces and the hydrogel support, enabling carbon 

quantum dots to disperse more effectively than in the absence 

of nanocellulose. Moreover, C-phycocyanin, a biosensing 

molecule that functioned as an effective biosensor for dete-

cting the presence of copper ions, was also immobilized using 

TEMPO-oxidized nanofibrillated cellulose as a substrate [120]. 

 Electronic and engineering applications: In future, the 

supercapacitors as lightweight and pliable devices will be the 

most significant optoelectronic use of nanocellulosic materials 

[121]. Nanocellulose provides the stiffness that freestanding 

and adaptable substances need to generate high volumetric 

capacitance when combined with a conductive material, usually 

a polymer. The three most commonly used conductive poly-

mers are polypyrrole, polyaniline and poly (ethylenedioxy-

thiphene). Nystrom et al. [122] produced CNF-based electro-

active composites by coating cellulose fibrils with polypyrrole. 

This combination was not only electroactive but also conduc-

tive, allowing for energy storage. Optimizing the polypyrrole 

or nanocellulose combination resulted in a material with near-

ideal pseudocapacitive properties [123]. Carbon nanofibers 

(CNF) have been utilized recently to produce an anode for Na+ 

ion batteries by using it as a precursor [124]. An indium tin 

oxide (ITO) layer on the cellulose, CNF has also been utilized 

in organic light-emitting diodes [125]. As conductive nano-

cellulosic sheets are lightweight and exhibit strong thermal 

and chemical stabilities, they hold great promise as materials 

for flexible electronics. For example, the amount of silver 

required has decreased thanks to the high-resolution 3D prin-

ting of CNC and silver into conductive rails [126]. CNCs tin 

oxide layers have been used in composite electronics to create 

flexible organic field effect transistors [127]. 

 Further study has been done on the possibility of using 

metal oxide nanocellulose materials as electrical materials with 

thermal insulation. Thermal conductivity was reduced by an 

order of magnitude when a ZnO–TEMPO-oxidized nanocellu-

lose film was produced as compared to only the ZnO film [128]. 

However, there was no information on the electrical charact-

eristics of the hybrid films. 

 Utilizing nanopapers as models, electronic materials have 

been developed [129]. Using minimum porosity and dense nano-

cellulose packing [130], nanocellulose films outperform con-

ventional papers coated with conductive substances in terms 

of conductivity. Minerals (CaCO3, Cax(PO4)y and montmori-

llonite), metals (Au, Ni, Pd and Ag) and carbon (graphene and 

carbon nanotubes) nanomaterials have all been employed as 

the host matrix on nanocellulose substrates [131,132]. For the 

development of translucent and flexible light-emitting sheets, 

the electroluminescent qualities displayed by cellulose-based 

systems are encouraging [133]. The optoelectronic devices can 

employ nanofibrillated cellulose with luminous phosphorus as 

the active component due to its electroluminescent capabilities 

when placed on a PVDF membrane covered with silver nano-

wire [134]. This lays the groundwork for producing practical, 

adaptable and transparent light-emitting sheets for commer-

cialization [135]. 

 Energy conservation and production: A recent research 

examined materials based on nanocellulose for electrochemical 

energy storage [136]. Composite materials contain nanocellu-

lose to produce and save energy. To manage the temperature, 

paraffin at CNF core-shell composites, for example, has been 

designed to capture solar heat during hot seasons and release 

it when the temperature decreases [137]. When paraffin alone 

could not have produced a paper that was easily manipulated, 

the high-strength matrix provided by the nanocellulose was 

advantageous. Nanocellulose is most frequently employed in 

energy applications as a (super)-capacitor due to its high cons-

tant electric dipole moment, lightweight and durable mechanical 

properties, good optical transparency, limited porosity, the 

thermal expansion coefficient and air permeability [138]. A 

thorough and detailed study of the subject is provided for rea-

ders interested in cellulose-based supercapacitors [34,139,140]. 

When combined with conductive polymers and nanocarbon, 

nanocellulose is frequently used in charge storage devices, 

giving rise to a much greater specific capacitance than nano-

carbon-based materials alone [141]. Costing less than 10% of 

that price, metal-free, all-organic supercapacitors manufactured 

of nanocellulose have half specific capacitance of commercial 

devices [142]. 

 Graphene oxide sheets were inserted to cellulose after 

polypyrrole was polymerized from its surface to create super-

capacitors [143]. The graphene and polypyrrole made excellent 

contact, resulting in a high capacitance and good conduct-

ivity. The short ion diffusion paths rendered the active sites 

highly accessible, eliminating the need for a binder, current 

collector or other additives in the composite paper. Once pyrrole 

became polymerized within the pores of composite, cellulose 

and graphene oxide were combined, creating a supercapacitor 

with improved conductivity and volumetric capacitance. The 

sole distinction between these two approaches is the order in 

which the polymer was applied. They seem to generate the 

similar morphologies and traits. Better results were obtained 

using a composite that had graphene sheets introduced into it 

after aniline polymerized around cellulose fibers from bacteria 

[144]. Both an energy density of 0.17 mW h/cm2 and an aerial 

capacitance of 6.15 F/cm2 were attained. The cellulose com-

ponent plays a crucial role in maintaining a conductive grap-

hene network, as seen by these values, which shown better 

cycle performance and are minimum three times higher than 

those of conventional carbon/polyaniline composites. There 

have been reports of a comparable substance that uses CNF 

rather than BNC [145]. Aniline from the surface of the nano-

cellulose was polymerized to provide a great surface coverage 

and an increase in the surface area of polymer. The material 

demonstrated an impressive balance between power and energy 

density. Aniline from the surface of the nanocellulose was poly-

merized to provide a great surface coverage and an increase 

in the surface area of the polymer. The material exhibited an 

impressive balance between power and energy density. A pro-

minent advantage of using nanocellulose to enhance the mech-

anical properties of composite is the reduced aggregation of 

graphene, which improves electrical performance due to the 

favourable interactions between cellulose and graphene-related 

materials. Moreover, the incorporation of polyaniline (PANi) 

further enhanced the thermal stability and conductivity of the 

reduced graphene oxide (rGO)/nanocellulose composite. The 

microscopic study of the ternary composites shows that PANi 

nanoparticles expanded over the rGO/NC template into a sphe-

rical form, enhancing the thermal stability of composite [146]. 
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 A LiCoO2/NCF/multiwall carbon nanotube paper was 

created and compared to other freestanding electrodes that have 

been described thus far, it produced a higher energy density. 

As a flexible battery, this composite is appealing [147]. 

LiCoO2, carbon nanotubes and NCF were mixed in a solution 

to develop the lightweight, low-volume composite, which was 

then cast with a membrane. This paper material has an elect-

rical capacity of 216 mAh/g at 4.7 V and an energy density 

by volume of 720 mAh/cm3.  

 An exciting potential of nanocellulose-based materials is 

their ability to harvest minute amounts of energy were previ-

ously too small to capture. Several wearable and bioelectronic 

nanodevices work on this principle. With a little mechanical 

force of 16.8 N, a new nanocellulose triboelectric nanogener-

ator can generate 8.1 C/m2 of energy has been developed [148]. 

The nanogenerator was constructed by sandwiching a BNC 

film between two copper films serving as current collectors, 

with friction generated when the lower copper layer was 

pressed against the BNC, producing a voltage upon release. 

As a result of their different surface energies and other phys-

ical characteristics, the crushed BNC and copper films deve-

lop oppositely charged surfaces. Release causes current to flow 

through an external circuit, lowering the copper film and retu-

rning the BNC to its resting equilibrium condition [149]. 

 Adsorption, decontamination, filtration and separation: 

Applications for the nanocellulose components include the 

removal of pollutants from water [150,151] and air [152], the 

catalytic breakdown of harmful organic compounds [153], oil 

contamination adsorbents [154], repellents [155,156], water-

borne pathogen sensors [157] and high-efficiency energy con-

version devices [158]. Mahfoudhi & Boufi [159] reviewed 

the potential of nanocellulose as an adsorbent for cleaning up 

the environment. The excellent hydrophilicity, mechanical and 

shape capabilities of nanocellulose to form supports and mem-

branes during adsorption and separation operations make it 

highly sought-after. 

 Chromatographic columns have employed systems based 

on nanocellulose to separate chiral enantiomers, an essential 

process for the pharmaceutical, therapeutic, food and environ-

mental sciences. Chiral enantiomers have traditionally been dis-

tinguished using chromatographic techniques such capillary 

liquid chromatography, supercritical fluid chromatography and 

HPLC, among others. These approaches are not the best, though, 

as they need complex chiral stationary phases and long analy-

tical times. As a result, open tubular capillary electrochroma-

tography, in particular, has become a good alternative for 

one-pair enantiomer separation in chiral stationary phase capi-

llary electrochromatography. Nanocellulose is an excellent 

example of a chiral stationary phase. At a threshold concen-

tration, it may transition from a hydrophilic to a hydrophobic 

phase [160]. Tubular column capillaries composed of nano-

cellulose crystals modified with 3,5-dimethylphenyl iso-

cyanate have been employed for enantioseparation. These 

capillaries demonstrated broad applicability across various 

enantiomeric pairs, exhibiting excellent stability, durability, 

and reproducibility over multiple cycles [161]. Owing to their 

remarkable mechanical strength, large surface area, high water 

permeability and adaptable surface chemistry, nanocellulose-

based materials are also widely utilized in water purification 

systems. In a new study, Tato et al. [162] reported the effective-

ness of thin-film composites made of nanocellulose metalized 

with Ag and Pt nanoparticle composites over forward osmosis 

water treatment. For wastewater samples, this composite dis-

played increased water fluxes and solute rejections. 

 The purpose of the nanocellulose membranes was to 

absorb Ag+ and other metal ions. The natural nanocellulose 

did not allow quick water permeability over the membrane due 

to its thick fibers and small pores. By functionalizing TEMPO, 

the surface roughness of membrane was improved, lengthen-

ing the filtering time [163]. The carboxylate groups in the 

TEMPO-functionalized nanocellulose system initially coordi-

nate and organize the metal ions; upon drying, the copper ions 

subsequently aggregate into clusters or nanoparticles. More-

over, 1,2,3,4-butanetetracarboxylic acid has been functionalized 

onto nanocellulose to improve pollutant adsorption [164]. The 

dense nature of carboxylic acids and the ability to use several 

carboxylic acids to combine heavy metals greatly enhanced 

the adsorption capabilities for Pb(II). In a study by Liu et al. 

[165], metal ions were removed from an aqueous model of 

industrial wastewater using phosphorylated nanocellulose 

adsorbents using enzymatic means. Phosphorylation was found 

to significantly improve the sorption behaviour and practica-

lity of nanocellulose. Phosphorylated nanocellulose could 

remove over 99% of Cu2+ and Fe3+. It is possible to establish 

selectivity for a particular analyte by carefully examining the 

surface chemistry. Moreover, Fe(III) crosslinked CNFs were 

superior to other surface functions in adsorbing As(V), how-

ever dopamine modified CNF surfaces gave them a high 

sensitivity for Cr(VI) [166]. 

 Copper was extracted from an aqueous solution by Mautner 

et al. [167] using phosphorylated nanocellulose sheets. As the 

phosphorylating agent, H3PO4 was used. The functional mole-

cules on the surface of the nanopaper absorb more copper 

ions than the phosphate groups within. Cu(II) ions are shown 

by a blue area on the nanopaper’s surface, demonstrating the 

capacity of phosphorylated nanopapers to eliminate copper. 

The adsorbed copper may be released from the nanopapers 

by easy regeneration through washing with 0.1 M H3PO4. 

Aerogels and nanocellulose membranes have been utilized to 

clean air. It was found that MFC films functioned admirably 

as CO2 barriers, enabling the effective separation of CO2 from 

CH4 and N2, even at significant relative humidity levels [168]. 

After TEMPO-oxidized cellulose nanofibrils were dispersed 

in tert-butyl alcohol and frozen, an aerogel was produced. This 

aerogel has a convoluted, linked macroporosity and a large 

surface area (300 m2/g). These aerogels demonstrated negli-

gible pressure decreases and were effective air filters. These 

simple cellulose nanofiber-based technologies outperformed 

traditional filters, making them compatible for application in 

air filtration [152]. One possible application for nanocellu-

lose is as a covering for surfaces that can clean themselves. 

To this end, a straightforward physical sedimentation process 

has been used to cover solid surfaces with a CFR monolayer 

[156]. Strong surface barriers prevent hydrophobic substances 

from adhering and when adhesion does occur, the well-hydrated 

polar groups on the surface effectively dislodge them. As a 

result, oils of various types from polar n-butanol to viscous 

motor oil can be completely removed from the surface [156]. 
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The unique molecular structure of CNF, along with its self-

cleaning property, results in a uniform, packed and symme-

trical arrangement of numerous surfaces polar hydroxyl and 

carboxyl groups, forming a polar corona around a crystalline 

nanocellulose strand. 

 Silver nanoparticles (AgNPs)–BC nanocomposites are 

currently widely used to eliminate bacterial contamination. 

Specifically, their potent biocompatibility and capacity to retain 

water have rendered them advantageous in the development 

of antimicrobial food packaging materials [169,170], paper 

with antibacterial properties for treating water [171] and nano-

composites for laundry [172,173]. Moreover, materials for 

wound dressings with increased antibacterial activity have been 

made using them. In the water treatment sector, they serve as 

effective substrates for substrate-enhanced Raman scattering 

(SERS) [174,175]. 

 Catalysis: Over time, there has been an increase in 

interest in ecological friendly catalytic processes. In order to 

help in chemical synthesis, sterilization and the esterification 

of fatty acids with long chains in the formation of biofuels, 

nanoparticles made of metals and metal oxides have been 

employed as catalysts [176,177]. Catalytic applications of 

Ag, Au, Cu, Cu–Pd, Pd, Pt, Ru and CuO–nanocellulose hybrid 

composites has been investigated [172,178,179]. In order to 

functionalize CNC in a reducing environment for Heck cou-

pling and catalytic hydrogenation reactions, Pd nanoparticles 

were used [180]. Comparisons of cellulose nanocrystals 

(CNC) with Al2O3 and carbon supports showed that, despite 

using less Pd and achieving 90% conversion, CNC exhibited 

catalytic activity that was comparable to or higher than that 

of the other supports. The catalytic processes appeared to be 

actively facilitated by the surface of CNC. Cellulose sponges 

prepared by double linkage cellulose with γ-glycidoxypropyl- 

trimethoxysilane and polydopamine served as supports for Pd 

nanoparticles. This recyclable material was an efficient cata-

lyst for the heterogeneous Heck and Suzuki cross-coupling 

reactions. Palladium leaching was very little and the catalyst 

was readily obtained from the resulting mixture and reused 

[181]. By leveraging abundant natural resources as a founda-

tion, this approach enables more efficient use of noble metals. 

These novel materials surpass conventional polymer-supported 

metallic nanoparticles in turnover frequency, owing to their 

enhanced efficiency, which arises from improved nanoparticle 

dispersity and better coverage of the support surface. It has 

been shown that in ketone hydrogenation procedures, Pd 

functionalized CNCs may offer enantioselectivity (up to 65% 

enantiomeric excess). It is thought that many hydrogen bonds 

formed between the CNC surface and substrate are what are 

causing this phenomenon [182]. 

 Through the Hinsen click reaction, it has been demon-

strated that TEMPO-oxidized CNF is the perfect support for 

copper ions to create catalytic material [183]. Comparably, the 

nanoparticles of magnetite, gold and silver have been comb-

ined to the nanocellulose substance supports to form composite 

structures that show exceptional catalytic activity. 

 Thermo-stability and non-combustible: Phosphorylated 

cellulose provides a special blend of great heat stability and 

low flammability. The fact that natural cellulose and the 

majority of its derivatives burn cleanly and have little thermal 

stability is one of its key features. Inflammable substances 

based on halogens, nitrogen, phosphorus, metal ions and nano-

fillers have all been used; the most effective of these have been 

those based on halogens [184]. However, the use of halogen-

based flame retardants raises significant environmental and 

health concerns. These compounds can leach from polymer 

matrices into the surrounding environment, accumulate in 

living organisms and upon combustion, generate toxic fumes. 

Compounds containing phosphorus promote the production 

of char rather than volatile, flammable species. When incen-

diary flame retardants come into contact with a carbon source, 

they react to generate a char layer, such as phosphorous acids 

and their salts. This layer of char insulates the material and 

retards the spread of fire [185]. Because of its high carbon 

content, cellulose may be utilized as a source of carbon in 

intumescent flame retardants [186]. External flame retardants, 

such as ammonium sulfate and diammonium hydrogen phos-

phate, are frequently used. When a flame retardant, such phos-

phate groups, is covalently attached to cellulose, it has certain 

advantages over applying flame retardants externally. As char 

formed while burning, covalently linked groups show less 

chemical leaching over time. This char prevents further break-

down of the surrounding polymer by acting as a thermal insu-

lator. Chemically modified cellulose with charged phosphoric 

acid moieties can enhance the properties of nanocellulosic 

materials by functioning as a char-forming agent. Cellulose 

fibrils are often utilized to make safer commercial products 

by improving flame resistance [187,188].  

 Thermal characteristics of phosphonated nanocellulose 

were examined by Sirvio et al. [189]. In this work, periodate 

oxidation and reductive amination were utilized to add phos-

phonate functional groups to nanocellulose using bisphosp-

honate compounds. Bisphosphonate nanofibrils or nanocrystals 

were formed, depending on the degree of oxidation. Even at 

modest replacement amounts of 0.22-0.32 mmol g–1, bisphos-

phonate nanocellulose demonstrated significant heat stability 

and char generating capabilities as compared to manually 

manufactured NFC. Thus, bisphosphonate nanocellulose exhibits 

potential use as both a composite reinforcement and a char-

forming agent. Recently, Ghanadpour et al. [190] investigated 

renewable, naturally‑occurring nanomaterials with intrinsic 

flame‑retardant properties specifically, phosphorylated cellulose 

nanofibrils. Pulp fibers containing cellulose were phosphory-

lated using (NH4)2HPO4 and urea. Subsequently, the material 

obtained underwent high pressure homogenization to yield 

phosphorylated CNFs. For the initial time, phosphorylated 

fibres were employed to make cellulose nanofibrils without 

requiring any additional preparation, resulting in fibrils with 

a width of around 3 nm and lengths ranging from 500 to 1000 

nm. When phosphorylated CNFs were used to prepare nano-

paper sheets, their thermal stability and flame-retardant qua-

lities were significantly better than those of filter paper and 

unmodified pulp fibers. The nanopaper sheets demonstrated 

self-extinguishing activity and stayed ignite-free for 35 kW/m2 

in flammability tests. The fibrous forms of this material might 

be used to make durable, eco-friendly flame-resistant nano-

coatings and composites. 

 Remarkably, flame resistance is also exhibited by the 

graphene-nanocellulose composite, as seen by 25% reduced 
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peak heat release rate of the composite compared to CNFs 

alone [191]. Compared to polymeric foams containing halog-

enated fire retardants, this composite material demonstrated 

greater resistance to burning. While phosphorylation is now 

the most effective method of surface modification to improve 

heat stability, there are several additional functional groups 

that serve the same purpose. By avoiding depolymerization, 

esterification using esters devoid of -hydrogens, such as 

benzoyl and pivaloyl esters, increases the thermal stability of 

nanocellulose from 230 ºC to over 300 ºC [192]. By function-

alizing with long chain, thermally stable amides, the begin-

ning temperature of thermal breakdown was raised by 90 ºC 

[193]. 

Conclusion  

 The research findings reveal significant insights into the 

potential of nanocellulose materials, particularly in the realms 

of mechanical reinforcement, catalysis and flame retardancy. 

Initially, the mechanical characteristics of nanocellulose-rein-

forced nanocomposites were examined. The study showed that 

as the nanocellulose content increased up to 5 wt.%, the tensile 

modulus and strength of the nanocomposites improved notice-

ably. However, at lower nanocellulose content, adverse effects 

were observed, likely due to differences in failure strain betw-

een the nanocellulose and the matrix polymer. This knowledge 

is essential for maximizing the mechanical characteristics of 

nanocomposites and guaranteeing efficient stress transmiss-

ion. In terms of catalytic applications, nanocellulose-based 

materials were found to effectively catalyze diverse cross-

coupling reactions and hydrogenation processes. The use of Pd 

functionalized CNCs, for example, showcased promising enan-

tioselectivity in ketone hydrogenation, indicating potential 

applications in asymmetric catalysis. Moreover, nanocellu-

lose supports were utilized for the development of composite 

structures exhibiting remarkable catalytic activity with various 

nanoparticles, such as gold, silver and magnetite. Furthermore, 

the study highlights the unique attributes of nanocellulose 

materials as flame retardants. Phosphorylated cellulose, for 

instance, was observed for its combination of low flammability 

and strong heat stability, offering potential as a safer alter-

native to traditional halogen-based flame retardants. The research 

also demonstrated the use of nanocellulose in the formation 

of self-cleaning surfaces and antibacterial nanocomposites 

for applications in food packaging, water remediation, wound 

dressing and substrate-enhanced Raman scattering. In summary, 

the review presents nanocellulose as a multifaceted material 

with promising implications for mechanical reinforcement, 

catalysis and flame retardancy, thus paving the way for inno-

vative and sustainable material development and reveals the 

actual data from scientiometric study. 

CONFLICT OF INTEREST 

 The authors declare that there is no conflict of interests 

regarding the publication of this article. 

REFERENCES 

1. B.K. Alias, S. Peter, N. Lyczko, A. Nzihou, H.J. Maria and S. Thomas, 

Mater. Today Sustain., 24, 100510 (2023);  
https://doi.org/10.1016/j.mtsust.2023.100510 

2. R.H. Atalla and D.L. VanderHart, Science, 223, 283 (1984);  

https://doi.org/10.1126/science.223.4633.283. 

3. M.N. Norizan, S.S. Shazleen, A.H. Alias, F.A. Sabaruddin, M.R.M. 

Asyraf, E.S. Zainudin, N. Abdullah, M.S. Samsudin, S.H. Kamarudin, 
and M.N.F. Norrrahim, Nanomaterials, 12, 3483 (2022); 

https://doi.org/10.3390/nano12193483  

4. D. Klemm, F. Kramer, S. Moritz, T. Lindström, M. Ankerfors, D. Gray 
and A. Dorris, Angew. Chem. Int. Ed., 50, 5438 (2011);  

https://doi.org/10.1002/anie.201001273 

5. H.K. Pradeep, D.H. Patel, S. Sahana, N. Abhishek, H. Jeevan, V. Karthik, 
K.V. Tejasvini and D.V. Pattanashetty, Asian J. Chem., 37, 145 (2024); 

https://doi.org/10.14233/ajchem.2025.32878 
6. S.M. Choi, K.M. Rao, S.M. Zo, E.J. Shin and S.S. Han, Polymers, 14, 

1080 (2022); 

https://doi.org/10.3390/polym14061080 
7. R. Nayak, D. Cleveland, G. Tran and F. Joseph, J. Mater. Sci., 59, 6685 

(2024); 

https://doi.org/10.1007/s10853-024-09577-6  
8. D. Gautam, Y.K. Walia and V. Rana, Asian J. Chem., 37, 340 (2025);  

https://doi.org/10.14233/ajchem.2025.33005 

9. R.M. Santos, W.P. Flauzino Neto, H.A. Silvério, D.F. Martins, N.O. 
Dantas and D. Pasquini, Ind. Crops Prod., 50, 707 (2013);  

https://doi.org/10.1016/j.indcrop.2013.08.049 

10. R.J. Moon, A. Martini, J. Nairn, J. Simonsen and J. Youngblood, Chem. 
Soc. Rev., 40, 3941 (2011);  

https://doi.org/10.1039/c0cs00108b 

11. S.J. Eichhorn, A. Dufresne, M. Aranguren, N.E. Marcovich, S.J. Rowan, 
J.R. Capadona, C. Weder, W. Thielemans, M. Roman, S. Renneckar, 

W. Gindl, S. Veigel, J. Keckes, H. Yano, K. Abe, M. Nogi, A.N. Nakagaito, 

A. Mangalam, J. Simonsen, A.S. Benight, A. Bismarck, L.A. Berglund 
and T. Peijs, J. Mater. Sci., 45, 1 (2010);  

https://doi.org/10.1007/s10853-009-3874-0 

12. H. Kargarzadeh, M. Mariano, J. Huang, N. Lin, I. Ahmad, A. Dufresne 

and S. Thomas, Polymer, 132, 368 (2017);  

https://doi.org/10.1016/j.polymer.2017.09.043 

13. A. Dufresne, Curr. For. Rep., 5, 76 (2019);  
https://doi.org/10.1007/s40725-019-00088-1 

14. P. Kaur, N. Sharma, M. Munagala, R. Rajkhowa, B. Aallardyce, Y. 

Shastri and R. Agrawal, Front. Nanotechnol., 3, 747329 (2021); 
https://doi.org/10.3389/fnano.2021.747329  

15. A. Isogai, T. Saito and H. Fukuzumi, Nanoscale, 3, 71 (2011);  

https://doi.org/10.1039/C0NR00583E 
16. M.J. Cho and B.D. Park, J. Ind. Eng. Chem., 17, 36 (2011);  

https://doi.org/10.1016/j.jiec.2010.10.006    

17. E.G. Bacha, H.D. Demsash, L.D. Shumi and B.E. Debesa, Adv. Polym. 
Technol., 2022, 1 (2022);  

https://doi.org/10.1155/2022/6947591 

18. H. Xu, Y. Liu, Y. Xie, E. Zhu, Z. Shi, Q. Yang and C. Xiong, Cellulose, 
26, 8645 (2019);  

https://doi.org/10.1007/s10570-019-02689-2 

19. P.G. Gan, S.T. Sam, M.F. Abdullah and M.F. Omar, J. Appl. Polym. 
Sci., 137, 48544 (2020);  

https://doi.org/10.1002/app.48544 

20. J. Panta, A.N. Rider, J. Wang, R. Yang, N. Brack and Y.X. Zhang, 
Appl. Surf. Sci., 634, 157691 (2023);  

https://doi.org/10.1016/j.apsusc.2023.157691  

21. K. Heise, E. Kontturi, Y. Allahverdiyeva, T. Tammelin, M.B. Linder, 
Nonappa and O. Ikkala, Adv. Mater., 33, 2004349 (2021);  

https://doi.org/10.1002/adma.202004349 

22. D. Trache, A.F. Tarchoun, M. Derradji, T.S. Hamidon, N. Masruchin, 
N. Brosse and M.H. Hussin, Front Chem., 8, 535734 (2020);  

https://doi.org/10.3389/FCHEM.2020.00392/XML  

23. A. Dufresne, Mater. Today, 16, 220 (2013);  
https://doi.org/10.1016/j.mattod.2013.06.004. 

24. Y. Xue, Z. Mou and H. Xiao, Nanoscale, 9, 14758 (2017);  

https://doi.org/10.1039/C7NR04994C 

25. L. Bacakova, J. Pajorova, M. Tomkova, R. Matejka, J. Stepanovska, 

A. Broz, S. Prazak, A. Skogberg, S. Siljander and P. Kallio, Nanomaterials, 
10, 196 (2020);  

https://doi.org/10.3390/nano10020196 

26. R.K. Mishra, A. Sabu and S.K. Tiwari, J. Saudi Chem. Soc., 22, 949 (2018);  
https://doi.org/10.1016/j.jscs.2018.02.005 

27. D. Hu and W. Ma, Ind. Eng. Chem. Res., 59, 19465 (2020);  

https://doi.org/10.1021/acs.iecr.0c04319 

https://doi.org/10.1016/j.mtsust.2023.100510
https://doi.org/10.1126/science.223.4633.283
https://doi.org/10.3390/nano12193483
https://doi.org/10.1002/anie.201001273
https://doi.org/10.14233/ajchem.2025.32878
https://doi.org/10.3390/polym14061080
https://doi.org/10.1007/s10853-024-09577-6
https://doi.org/10.14233/ajchem.2025.33005
https://doi.org/10.1016/j.indcrop.2013.08.049
https://doi.org/10.1039/c0cs00108b
https://doi.org/10.1007/s10853-009-3874-0
https://doi.org/10.1016/j.polymer.2017.09.043
https://doi.org/10.1007/s40725-019-00088-1
https://doi.org/10.3389/fnano.2021.747329
https://doi.org/10.1039/C0NR00583E
https://doi.org/10.1016/j.jiec.2010.10.006
https://doi.org/10.1155/2022/6947591
https://doi.org/10.1007/s10570-019-02689-2
https://doi.org/10.1002/app.48544
https://doi.org/10.1016/j.apsusc.2023.157691
https://doi.org/10.1002/adma.202004349
https://doi.org/10.3389/FCHEM.2020.00392/XML
https://doi.org/10.1016/j.mattod.2013.06.004
https://doi.org/10.1039/C7NR04994C
https://doi.org/10.3390/nano10020196
https://doi.org/10.1016/j.jscs.2018.02.005
https://doi.org/10.1021/acs.iecr.0c04319


Vol. 37, No. 12 (2025)  Overview of Nanocellulose and its Applications: Insights using Scientometric Analysis 2943 

 

28. W.C. Lum, S.H. Lee, Z. Ahmad, J.A. Halip and K.L. Chin, in eds.: S. 

Thomas, Y. Grohens and Y. Pottathara, Lignocellulosic Nanomaterials 

for Construction and Building Applications, In: Industrial Applications 

of Nanomaterials, Elsevier, Chap. 15, pp. 423-439 (2015). 

29. M. Fumagalli, J. Berriot, B. De Gaudemaris, A. Veyland, J.-L. Putaux, 

S. Molina-Boisseau and L. Heux, Soft Matter, 14, 2638 (2018);  

https://doi.org/10.1039/C8SM00210J 

30. L. Brinchi, F. Cotana, E. Fortunati and J.M. Kenny, Carbohydr. Polym., 

94, 154 (2013);  

https://doi.org/10.1016/j.carbpol.2013.01.033 

31. Y. Habibi, L.A. Lucia and O.J. Rojas, Chem. Rev., 110, 3479 (2010);  

https://doi.org/10.1021/cr900339w 

32. M. He, J. Zhou, H. Zhang, Z. Luo and J. Yao, J. Appl. Polym. Sci., 132, 

app.42488 (2015);  

https://doi.org/10.1002/app.42488 

33. L. Gan, J. Liao, N. Lin, C. Hu, H. Wang and J. Huang, ACS Omega, 2, 

4725 (2017);  

https://doi.org/10.1021/acsomega.7b00532 

34. A.F. Jozala, L.C. de Lencastre-Novaes, A.M. Lopes, V. de Carvalho 

Santos-Ebinuma, P.G. Mazzola, A. Pessoa-Jr, D. Grotto, M. Gerenutti 

and M.V. Chaud, Appl. Microbiol. Biotechnol., 100, 2063 (2016);  

https://doi.org/10.1007/s00253-015-7243-4 

35. F. Mohammadkazemi, R. Aguiar and N. Cordeiro, Cellulose, 24, 1803 

(2017);  

https://doi.org/10.1007/s10570-017-1210-4 

36. T. Tabarsa, S. Sheykhnazari, A. Ashori, M. Mashkour and A. 

Khazaeian, Int. J. Biol. Macromol., 101, 334 (2017);  

https://doi.org/10.1016/j.ijbiomac.2017.03.108 

37. M.V.G. Zimmermann, M.P. da Silva, R.M. Campomanes-Santana and 

A.J. Zattera, J. Appl. Polym. Sci., 134, app.44760 (2017);  

https://doi.org/10.1002/app.44760 

38. B. Wei, H. Li, Q. Li, Y. Wen, L. Sun, P. Wei, W. Pu and Y. Li, Langmuir, 

33, 5127 (2017);  

https://doi.org/10.1021/acs.langmuir.7b00387 

39. S.S. Nair, J.Y. Zhu, Y. Deng and A.J. Ragauskas, Sustain. Chem. Process., 

2, 23 (2014);  

https://doi.org/10.1186/s40508-014-0023-0 

40. H.M.C. Azeredo, M.F. Rosa and L.H.C. Mattoso, Ind. Crops Prod., 97, 

664 (2017); 

https://doi.org/10.1016/j.indcrop.2016.03.013 

41. M.A. Hubbe, A. Ferrer, P. Tyagi, Y. Yin, C. Salas, L. Pal and O.J. 

Rojas, BioResources, 12, 2143 (2017);  

https://doi.org/10.15376/biores.12.1.Hubbe 

42. A. Ferrer, L. Pal and M. Hubbe, Ind. Crops Prod., 95, 574 (2017);  

https://doi.org/10.1016/j.indcrop.2016.11.012 

43. C. Aulin and G. Ström, Ind. Eng. Chem. Res., 52, 2582 (2013);  

https://doi.org/10.1021/ie301785a 

44. K. Syverud and P. Stenius, Cellulose, 16, 75 (2009);  

https://doi.org/10.1007/s10570-008-9244-2 

45. Y. Choi and J. Simonsen, J. Nanosci. Nanotechnol., 6, 633 (2006);  

https://doi.org/10.1166/jnn.2006.132 

46. M. Minelli, M.G. Baschetti, F. Doghieri, M. Ankerfors, T. Lindström, 

I. Siró and D. Plackett, J. Membr. Sci., 358, 67 (2010);  

https://doi.org/10.1016/j.memsci.2010.04.030 

47. F. Li, P. Biagioni, M. Bollani, A. Maccagnan and L. Piergiovanni, 

Cellulose, 20, 2491 (2013); 

https://doi.org/10.1007/s10570-013-0015-3  

48. A.B. Perumal, R.B. Nambiar, C. Anandharamakrishnan and J.A. Moses, 

Food Hydrocoll., 127, 107484 (2022);  

https://doi.org/10.1016/j.foodhyd.2022.107484 

49. M. Nogi and H. Yano, Appl. Phys. Lett., 94, 233117 (2009);  

https://doi.org/10.1063/1.3154547 

50. M. Nogi, S. Iwamoto, A.N. Nakagaito and H. Yano, Adv. Mater., 21, 

1595 (2009);  

https://doi.org/10.1002/adma.200803174 

51. M. Nogi and H. Yano, Adv. Mater., 20, 1849 (2008);  

https://doi.org/10.1002/adma.200702559 

52. M.C. Hsieh, H. Koga, K. Suganuma and M. Nogi, Sci. Rep., 71, 41590 

(2017);  

https://doi.org/10.1038/srep41590 

53. C. Honorato, V. Kumar, J. Liu, H. Koivula, C. Xu and M. Toivakka, J. 

Mater. Sci., 50, 7343 (2015);  

https://doi.org/10.1007/s10853-015-9291-7 

54. C. Aulin, M. Gällstedt and T. Lindström, Cellulose, 17, 559 (2010);  

https://doi.org/10.1007/s10570-009-9393-y 

55. G. Chinga-Carrasco, N. Averianova, M. Gibadullin, V. Petrov, I. 

Leirset and K. Syverud, Micron, 44, 331 (2013);  
https://doi.org/10.1016/j.micron.2012.08.005 

56. J.M. Lagaron, R. Catalá and R. Gavara, Mater. Sci. Technol., 20, 1 (2004);  

https://doi.org/10.1179/026708304225010442 
57. M. Österberg, J. Vartiainen, J. Lucenius, U. Hippi, J. Seppälä, R. 

Serimaa and J. Laine, ACS Appl. Mater. Interfaces, 5, 4640 (2013);  

https://doi.org/10.1021/am401046x 
58. J. Vartiainen, Y. Shen, T. Kaljunen, T. Malm, M. Vähä-Nissi, M. 

Putkonen and A. Harlin, J. Appl. Polym. Sci., 133, 42260 (2016);  
https://doi.org/10.1002/app.42260 

59. M. Vähä-Nissi, H.M. Koivula, H.M. Räisänen, J. Vartiainen, P. Ragni, 

E. Kenttä, T. Kaljunen, T. Malm, H. Minkkinen and A. Harlin, J. Appl. 
Polym. Sci., 134, 44830 (2017);  

https://doi.org/10.1002/app.44830 

60. M. Schade, S. Weinkoetz and J. Assmann, Lignocellulosic Material 
Useful e.g. for Producing Articles e.g. Packaging Materials, Comprises 

Lignocellulose‑Containing Material, Microfibrillated Cellulose, Binder 

Optionally with Curing Agent, Expanded Plastic Particles and Additives, 

WO Patent 2015052028 A1 (2015)  

61. H. Fukuzumi, T. Saito, T. Iwata, Y. Kumamoto and A. Isogai, 
Biomacromolecules, 10, 162 (2009);  

https://doi.org/10.1021/bm801065u 

62. S. Fujisawa, Y. Okita, H. Fukuzumi, T. Saito and A. Isogai, Carbohydr. 
Polym., 84, 579 (2011);  

https://doi.org/10.1016/j.carbpol.2010.12.029 

63. M.S. Peresin, K. Kammiovirta, H. Heikkinen, L.-S. Johansson, J. 
Vartiainen, H. Setälä, M. Österberg and T. Tammelin, Carbohydr. 

Polym., 174, 309 (2017);  

https://doi.org/10.1016/j.carbpol.2017.06.066 
64. W. Yang, H. Bian, L. Jiao, W. Wu, Y. Deng and H. Dai, RSC Adv., 7, 

31567 (2017);  

https://doi.org/10.1039/C7RA05009G 
65. X. Tian, D. Yan, Q. Lu and X. Jiang, Cellulose, 24, 163 (2017);  

https://doi.org/10.1007/s10570-016-1119-3 

66. K. Yao, S. Huang, H. Tang, Y. Xu, G. Buntkowsky, L.A. Berglund and 
Q. Zhou, ACS Appl. Mater. Interfaces, 9, 20169 (2017);  

https://doi.org/10.1021/acsami.7b02177 
67. X. Feng, Y. Zhao, Y. Jiang, M. Miao, S. Cao and J. Fang, Carbohydr. 

Polym., 161, 253 (2017);  

https://doi.org/10.1016/j.carbpol.2017.01.030 
68. N.C.T. Martins, C.S.R. Freire, C.P. Neto, A.J.D. Silvestre, J. Causio, 

G. Baldi, P. Sadocco and T. Trindade, Colloids Surf. A Physicochem. 

Eng. Asp., 417, 111 (2013);  
https://doi.org/10.1016/j.colsurfa.2012.10.042 

69. J. Henschen, P.A. Larsson, J. Illergård, M. Ek and L. Wågberg, 

Colloids Surf. B Biointerfaces, 151, 224 (2017);  

https://doi.org/10.1016/j.colsurfb.2016.12.018 

70. M.A. El-Samahy, S.A.A. Mohamed, M.H. Abdel Rehim and M.E. 

Mohram, Carbohydr. Polym., 168, 212 (2017);  
https://doi.org/10.1016/j.carbpol.2017.03.041 

71. M.D. Sánchez-García, L. Hilliou and J.M. Lagarón, J. Agric. Food 

Chem., 58, 12847 (2010);  
https://doi.org/10.1021/jf102764e 

72. V. Sedlarik, O. Otgonzul, T. Kitano, A. Gregorova, M. Hrabalova, I. 

Junkar, U. Cvelbar, M. Mozetic and P. Saha, J. Macromol. Sci. Part B 
Phys., 51, 982 (2012);  

https://doi.org/10.1080/00222348.2011.610265 

73. N. Ljungberg and B. Wesslén, J. Appl. Polym. Sci., 86, 1227 (2002);  
https://doi.org/10.1002/app.11077 

74. Z. Song, H. Xiao and Y. Zhao, Carbohydr. Polym., 111, 442 (2014);  

https://doi.org/10.1016/j.carbpol.2014.04.049 
75. C. Amara, A. El Mahdi, R. Medimagh and K. Khwaldia, Curr. Opin. 

Green Sustain. Chem., 31, 100512 (2021);  

https://doi.org/10.1016/j.cogsc.2021.100512 
76. I. Siro and D. Plackett, Cellulose, 17, 459 (2010);  

https://doi.org/10.1007/s10570-010-9405-y 

77. C. Campano, A. Balea, A. Blanco and C. Negro, Cellulose, 23, 57 (2016);  
https://doi.org/10.1007/s10570-015-0802-0 

78. W.K. Czaja, D.J. Young, M. Kawecki and R.M. Brown, Biomacromolecules, 

8, 1 (2007);  
https://doi.org/10.1021/bm060620d 

https://doi.org/10.1039/C8SM00210J
https://doi.org/10.1016/j.carbpol.2013.01.033
https://doi.org/10.1021/cr900339w
https://doi.org/10.1002/app.42488
https://doi.org/10.1021/acsomega.7b00532
https://doi.org/10.1007/s00253-015-7243-4
https://doi.org/10.1007/s10570-017-1210-4
https://doi.org/10.1016/j.ijbiomac.2017.03.108
https://doi.org/10.1002/app.44760
https://doi.org/10.1021/acs.langmuir.7b00387
https://doi.org/10.1186/s40508-014-0023-0
https://doi.org/10.1016/j.indcrop.2016.03.013
https://doi.org/10.15376/biores.12.1.Hubbe
https://doi.org/10.1016/j.indcrop.2016.11.012
https://doi.org/10.1021/ie301785a
https://doi.org/10.1007/s10570-008-9244-2
https://doi.org/10.1166/jnn.2006.132
https://doi.org/10.1016/j.memsci.2010.04.030
https://doi.org/10.1007/s10570-013-0015-3
https://doi.org/10.1016/j.foodhyd.2022.107484
https://doi.org/10.1063/1.3154547
https://doi.org/10.1002/adma.200803174
https://doi.org/10.1002/adma.200702559
https://doi.org/10.1038/srep41590
https://doi.org/10.1007/s10853-015-9291-7
https://doi.org/10.1007/s10570-009-9393-y
https://doi.org/10.1016/j.micron.2012.08.005
https://doi.org/10.1179/026708304225010442
https://doi.org/10.1021/am401046x
https://doi.org/10.1002/app.42260
https://doi.org/10.1002/app.44830
https://doi.org/10.1021/bm801065u
https://doi.org/10.1016/j.carbpol.2010.12.029
https://doi.org/10.1016/j.carbpol.2017.06.066
https://doi.org/10.1039/C7RA05009G
https://doi.org/10.1007/s10570-016-1119-3
https://doi.org/10.1021/acsami.7b02177
https://doi.org/10.1016/j.carbpol.2017.01.030
https://doi.org/10.1016/j.colsurfa.2012.10.042
https://doi.org/10.1016/j.colsurfb.2016.12.018
https://doi.org/10.1016/j.carbpol.2017.03.041
https://doi.org/10.1021/jf102764e
https://doi.org/10.1080/00222348.2011.610265
https://doi.org/10.1002/app.11077
https://doi.org/10.1016/j.carbpol.2014.04.049
https://doi.org/10.1016/j.cogsc.2021.100512
https://doi.org/10.1007/s10570-010-9405-y
https://doi.org/10.1007/s10570-015-0802-0
https://doi.org/10.1021/bm060620d


2944 Pradeep et al.  Asian J. Chem. 

 

79. H. Ullah, F. Wahid, H.A. Santos and T. Khan, Carbohydr. Polym., 150, 
330 (2016);  
https://doi.org/10.1016/j.carbpol.2016.05.029 

80. C. Zhijiang and Y. Guang, J. Appl. Polym. Sci., 120, 2938 (2011);  
https://doi.org/10.1002/app.33318 

81. S. Saska, L.N. Teixeira, L.M.S. de Castro Raucci, R.M. Scarel-Caminaga, 
L.P. Franchi, R.A. dos Santos, S.H. Santagneli, M.V. Capela, P.T. de 
Oliveira, C.S. Takahashi, A.M.M. Gaspar, Y. Messaddeq, S.J.L. Ribeiro 
and R. Marchetto, Int. J. Biol. Macromol., 103, 467 (2017);  
https://doi.org/10.1016/j.ijbiomac.2017.05.086 

82. C. Guise and R. Fangueiro, RILEM Bookseries, 12, 155 (2016);  
https://doi.org/10.1007/978-94-017-7515-1_12 

83. T. Petreus, B.A. Stoica, O. Petreus, A. Goriuc, C.-E. Cotrutz, I.-V. 
Antoniac and L. Barbu-Tudoran, J. Mater. Sci. Mater. Med., 25, 1115 
(2014);  
https://doi.org/10.1007/s10856-014-5146-z 

84. A.L. Menas, N. Yanamala, M.T. Farcas, M. Russo, S. Friend, A. Star, 
P.M. Fournier, I. Iavicoli, G.V. Shurin, U.B. Vogel, B. Fadeel, D. 
Beezhold, E.R. Kisin and A.A. Shvedova, Chemosphere, 171, 671 (2017);  
https://doi.org/10.1016/j.chemosphere.2016.12.105 

85. K. Hua, E. Ålander, T. Lindström, A. Mihranyan, M. Strømme and N. 
Ferraz, Biomacromolecules, 16, 2787 (2015);  
https://doi.org/10.1021/acs.biomac.5b00727 

86. J.C. Fricain, P.L. Granja, M.A. Barbosa, B. De Jéso, N. Barthe and C. 
Baquey, Biomaterials, 23, 971 (2002);  
https://doi.org/10.1016/S0142-9612(01)00152-1   

87. A. Gumrah Dumanli, Curr. Med. Chem., 24, 512 (2017);  
https://doi.org/10.2174/0929867323666161014124008 

88. H. Mertaniemi, C. Escobedo-Lucea, A. Sanz-Garcia, C. Gandía, A. 
Mäkitie, J. Partanen, O. Ikkala and M. Yliperttula, Biomaterials, 82, 208 
(2016);  
https://doi.org/10.1016/j.biomaterials.2015.12.020 

89. A. Basu, J. Lindh, E. Ålander, M. Strømme and N. Ferraz, Carbohydr. 
Polym., 174, 299 (2017);  
https://doi.org/10.1016/j.carbpol.2017.06.073 

90. N.E. Zander, H. Dong, J. Steele and J.T. Grant, ACS Appl. Mater. 
Interfaces, 6, 18502 (2014);  
https://doi.org/10.1021/am506007z 

91. G.K. Tummala, T. Joffre, R. Rojas, C. Persson and A. Mihranyan, Soft 
Matter, 13, 3936 (2017);  
https://doi.org/10.1039/C7SM00677B 

92. N. Lin, A. Gèze, D. Wouessidjewe, J. Huang and A. Dufresne, ACS 
Appl. Mater. Interfaces, 8, 6880 (2016);  
https://doi.org/10.1021/acsami.6b00555 

93. K.J. De France, T. Hoare and E.D. Cranston, Chem. Mater., 29, 4609 
(2017);  
https://doi.org/10.1021/acs.chemmater.7b00531 

94. N. Lavoine, I. Desloges and J. Bras, Carbohydr. Polym., 103, 528 (2014);  
https://doi.org/10.1016/j.carbpol.2013.12.035 

95. S. Dong, H.J. Cho, Y.W. Lee and M. Roman, Biomacromolecules, 15, 
1560 (2014);  
https://doi.org/10.1021/bm401593n 

96. T.M.S.U. Gunathilake, Y.C. Ching and C.H. Chuah, Polymers, 9, 64 
(2017);  
https://doi.org/10.3390/polym9020064 

97. S. Ahankari, P. Paliwal, A. Subhedar and H. Kargarzadeh, ACS Nano, 
15, 3849 (2021);  
https://doi.org/10.1021/acsnano.0c09678 

98. L. Saïdi, C. Vilela, H. Oliveira, A.J.D. Silvestre and C.S.R. Freire, 
Carbohydr. Polym., 169, 357 (2017);  
https://doi.org/10.1016/j.carbpol.2017.04.030 

99. S. Salimi, R. Sotudeh-Gharebagh, R. Zarghami, S.Y. Chan and K.H. 

Yuen, ACS Sustain. Chem.& Eng., 7, 15800 (2019);  

https://doi.org/10.1021/acssuschemeng.9b02744 
100. G. Metreveli, L. Wågberg, E. Emmoth, S. Belák, M. Strømme and A. 

Mihranyan, Adv. Healthc. Mater., 3, 1546 (2014);  

https://doi.org/10.1002/adhm.201300641 
101. H.K. Pradeep and D.H. Patel, Asian J. Chem., 36, 2079 (2024);  

https://doi.org/10.14233/ajchem.2024.32127 

102. M. Asper, T. Hanrieder, A. Quellmalz and A. Mihranyan, Biologicals, 
43, 452 (2015);  

https://doi.org/10.1016/j.biologicals.2015.08.001 

103. S. Gustafsson and A. Mihranyan, ACS Appl. Mater. Interfaces, 8, 13759 
(2016);  

https://doi.org/10.1021/acsami.6b03093 

104. A. Quellmalz and A. Mihranyan, ACS Biomater. Sci. Eng., 1, 271 (2015);  

https://doi.org/10.1021/ab500161x 

105. G.A. Junter and L. Lebrun, Rev. Environ. Sci. Biotechnol., 16, 455 (2017);  

https://doi.org/10.1007/s11157-017-9434-1 
106. J.O. Zoppe, V. Ruottinen, J. Ruotsalainen, S. Rönkkö, L.-S. Johansson, 

A. Hinkkanen, K. Järvinen and J. Seppälä, Biomacromolecules, 15, 

1534 (2014);  
https://doi.org/10.1021/bm500229d 

107. J.V. Edwards, N. Prevost, K. Sethumadhavan, A. Ullah and B. Condon, 

Cellulose, 20, 1223 (2013);  
https://doi.org/10.1007/s10570-013-9901-y 

108. K. Markstedt, A. Mantas, I. Tournier, H. Martínez Ávila, D. Hägg and 
P. Gatenholm, Biomacromolecules, 16, 1489 (2015);  

https://doi.org/10.1021/acs.biomac.5b00188 

109. J. Leppiniemi, P. Lahtinen, A. Paajanen, R. Mahlberg, S. Metsä-
Kortelainen, T. Pinomaa, H. Pajari, I. Vikholm-Lundin, P. Pursula and 

V.P. Hytönen, ACS Appl. Mater. Interfaces, 9, 21959 (2017);  

https://doi.org/10.1021/acsami.7b02756 
110. M.Y. Leong, Y.L. Kong, M.Y. Harun, C.Y. Looi and W.F. Wong, 

Carbohydr. Res., 532, 108899 (2023);  

https://doi.org/10.1016/j.carres.2023.108899 
111. M.J. Serpe, Y. Kang and Q.M. Zhang, Photonic Materials for Sensing, 

Biosensing and Display Devices, Springer Series in Materials Science 

(SSMATERIALS) Springer International Publishing AG, vol. 229 (2016).  
112. L.H. Nguyen, S. Naficy, R. Chandrawati and F. Dehghani, Adv. Mater. 

Interfaces, 6, 1900424 (2019);  

https://doi.org/10.1002/admi.201900424 
113. H. Golmohammadi, E. Morales-Narváez, T. Naghdi and A. Merkoçi, 

Chem. Mater., 29, 5426 (2017);  

https://doi.org/10.1021/acs.chemmater.7b01170 
114. R. Mangayil, S. Rajala, A. Pammo, E. Sarlin, J. Luo, V. Santala, M. 

Karp and S. Tuukkanen, ACS Appl. Mater. Interfaces, 9, 19048 (2017);  

https://doi.org/10.1021/acsami.7b04927 

115. A. Subhedar, S. Bhadauria, S. Ahankari and H. Kargarzadeh, Int. J. 

Biol. Macromol., 166, 587 (2021);  

https://doi.org/10.1016/j.ijbiomac.2020.10.217 
116. Y. Gao and Z. Jin, ACS Sustain. Chem.& Eng., 6, 6192 (2018);  

https://doi.org/10.1021/acssuschemeng.7b04899 

117. S. Lombardo, S. Eyley, C. Schütz, H. van Gorp, S. Rosenfeldt, G. Van 
den Mooter and W. Thielemans, Langmuir, 33, 5473 (2017);  

https://doi.org/10.1021/acs.langmuir.7b00710 

118. Z. Li, C. Yao, F. Wang, Z. Cai and X. Wang, Nanotechnology, 25, 
504005 (2014);  

https://doi.org/10.1088/0957-4484/25/50/504005 

119. D.J. Gardner, G.S. Oporto, R. Mills and M.A.S.A. Samir, J. Adhes. Sci. 
Technol., 22, 545 (2008);  

https://doi.org/10.1163/156856108X295509 

120. R. Weishaupt, G. Siqueira, M. Schubert, M.M. Kämpf, T. Zimmermann, 
K. Maniura-Weber and G. Faccio, Adv. Funct. Mater., 27, 1604291 (2017);  

https://doi.org/10.1002/adfm.201604291 

121. X. Du, Z. Zhang, W. Liu and Y. Deng, Nano Energy, 35, 299 (2017);  
https://doi.org/10.1016/j.nanoen.2017.04.001 

122. G. Nyström, A. Mihranyan, A. Razaq, T. Lindström, L. Nyholm and 

M. Strømme, J. Phys. Chem. B, 114, 4178 (2010);  
https://doi.org/10.1021/jp911272m 

123. Z. Wang, D.O. Carlsson, P. Tammela, K. Hua, P. Zhang, L. Nyholm 

and M. Strømme, ACS Nano, 9, 7563 (2015);  
https://doi.org/10.1021/acsnano.5b02846 

124. W. Luo, J. Schardt, C. Bommier, B. Wang, J. Razink, J. Simonsen and 

X. Ji, J. Mater. Chem. A Mater. Energy Sustain., 1, 10662 (2013);  
https://doi.org/10.1039/c3ta12389h 

125. C. Legnani, C. Vilani, V.L. Calil, H.S. Barud, W.G. Quirino, C.A. Achete, 

S.J.L. Ribeiro and M. Cremona, Thin Solid Films, 517, 1016 (2008);  
https://doi.org/10.1016/j.tsf.2008.06.011 

126. F. Hoeng, J. Bras, E. Gicquel, G. Krosnicki and A. Denneulin, RSC Adv., 
7, 15372 (2017);  

https://doi.org/10.1039/C6RA23667G 

127. L. Valentini, S. Bittolo Bon, M. Cardinali, E. Fortunati and J.M. 
Kenny, Mater. Lett., 126, 55 (2014);  

https://doi.org/10.1016/j.matlet.2014.04.003 

128. H. Jin, G. Marin, A. Giri, T. Tynell, M. Gestranius, B.P. Wilson, E. 
Kontturi, T. Tammelin, P.E. Hopkins and M. Karppinen, J. Mater. Sci., 

52, 6093 (2017);  

https://doi.org/10.1007/s10853-017-0848-5 

https://doi.org/10.1016/j.carbpol.2016.05.029
https://doi.org/10.1002/app.33318
https://doi.org/10.1016/j.ijbiomac.2017.05.086
https://doi.org/10.1007/978-94-017-7515-1_12
https://doi.org/10.1007/s10856-014-5146-z
https://doi.org/10.1016/j.chemosphere.2016.12.105
https://doi.org/10.1021/acs.biomac.5b00727
https://doi.org/10.1016/S0142-9612(01)00152-1
https://doi.org/10.2174/0929867323666161014124008
https://doi.org/10.1016/j.biomaterials.2015.12.020
https://doi.org/10.1016/j.carbpol.2017.06.073
https://doi.org/10.1021/am506007z
https://doi.org/10.1039/C7SM00677B
https://doi.org/10.1021/acsami.6b00555
https://doi.org/10.1021/acs.chemmater.7b00531
https://doi.org/10.1016/j.carbpol.2013.12.035
https://doi.org/10.1021/bm401593n
https://doi.org/10.3390/polym9020064
https://doi.org/10.1021/acsnano.0c09678
https://doi.org/10.1016/j.carbpol.2017.04.030
https://doi.org/10.1021/acssuschemeng.9b02744
https://doi.org/10.1002/adhm.201300641
https://doi.org/10.14233/ajchem.2024.32127
https://doi.org/10.1016/j.biologicals.2015.08.001
https://doi.org/10.1021/acsami.6b03093
https://doi.org/10.1021/ab500161x
https://doi.org/10.1007/s11157-017-9434-1
https://doi.org/10.1021/bm500229d
https://doi.org/10.1007/s10570-013-9901-y
https://doi.org/10.1021/acs.biomac.5b00188
https://doi.org/10.1021/acsami.7b02756
https://doi.org/10.1016/j.carres.2023.108899
https://doi.org/10.1002/admi.201900424
https://doi.org/10.1021/acs.chemmater.7b01170
https://doi.org/10.1021/acsami.7b04927
https://doi.org/10.1016/j.ijbiomac.2020.10.217
https://doi.org/10.1021/acssuschemeng.7b04899
https://doi.org/10.1021/acs.langmuir.7b00710
https://doi.org/10.1088/0957-4484/25/50/504005
https://doi.org/10.1163/156856108X295509
https://doi.org/10.1002/adfm.201604291
https://doi.org/10.1016/j.nanoen.2017.04.001
https://doi.org/10.1021/jp911272m
https://doi.org/10.1021/acsnano.5b02846
https://doi.org/10.1039/c3ta12389h
https://doi.org/10.1016/j.tsf.2008.06.011
https://doi.org/10.1039/C6RA23667G
https://doi.org/10.1016/j.matlet.2014.04.003
https://doi.org/10.1007/s10853-017-0848-5


Vol. 37, No. 12 (2025)  Overview of Nanocellulose and its Applications: Insights using Scientometric Analysis 2945 

 

129. J. Huang, H. Zhu, Y. Chen, C. Preston, K. Rohrbach, J. Cumings and 

L. Hu, ACS Nano, 7, 2106 (2013);  

https://doi.org/10.1021/nn304407r 

130. M.C. Hsieh, C. Kim, M. Nogi and K. Suganuma, Nanoscale, 5, 9289 

(2013);  

https://doi.org/10.1039/c3nr01951a 

131. Y. Shin, I.T. Bae, B.W. Arey and G.J. Exarhos, Mater. Lett., 61, 3215 

(2007);  

https://doi.org/10.1016/j.matlet.2006.11.036 

132. Y. Shin, J.M. Blackwood, I.T. Bae, B.W. Arey and G.J. Exarhos, 

Mater. Lett., 61, 4297 (2007);  

https://doi.org/10.1016/j.matlet.2007.01.091 

133. J. Xue, F. Song, X.W. Yin, X. Wang and Y. Wang, ACS Appl. Mater. 

Interfaces, 7, 10076 (2015);  

https://doi.org/10.1021/acsami.5b02011 

134. N.M. Park, J.B. Koo, J.Y. Oh, H.J. Kim, C.W. Park, S.-D. Ahn and 

S.W. Jung, Mater. Lett., 196, 12 (2017);  

https://doi.org/10.1016/j.matlet.2017.03.003 

135. F. Hoeng, A. Denneulin and J. Bras, Nanoscale, 8, 13131 (2016);  

https://doi.org/10.1039/C6NR03054H 

136. Z. Karim, M. Hakalahti, T. Tammelin and A.P. Mathew, RSC Adv., 7, 

5232 (2017);  

https://doi.org/10.1039/C6RA25707K 

137. Y. Li, S. Yu, P. Chen, R. Rojas, A. Hajian and L. Berglund, Nano Energy, 

34, 541 (2017);  

https://doi.org/10.1016/j.nanoen.2017.03.010 

138. N.M. Julkapli and S. Bagheri, Polym. Adv. Technol., 28, 1583 (2017);  

https://doi.org/10.1002/pat.4074 

139. Z. Wang, P. Tammela, M. Strømme and L. Nyholm, Adv. Energy 

Mater., 7, 1700130 (2017);  

https://doi.org/10.1002/aenm.201700130 

140. R. Reshmy, E. Philip, D. Thomas, A. Madhavan, R. Sindhu, P. Binod, 

S. Varjani, M.K. Awasthi and A. Pandey, Bioengineered, 12, 11463 

(2021);  

https://doi.org/10.1080/21655979.2021.2009753 

141. M. Hamedi, E. Karabulut, A. Marais, A. Herland, G. Nyström and L. 

Wågberg, Angew. Chem. Int. Ed., 52, 12038 (2013);  

https://doi.org/10.1002/anie.201305137 

142. N. Blomquist, T. Wells, B. Andres, J. Bäckström, S. Forsberg and H. 

Olin, Sci. Rep., 7, 39836 (2017);  

https://doi.org/10.1038/srep39836 

143. L. Ma, R. Liu, H. Niu, F. Wang, L. Liu and Y. Huang, Electrochim. 

Acta, 222, 429 (2016);  

https://doi.org/10.1016/j.electacta.2016.10.195 

144. R. Liu, L. Ma, S. Huang, J. Mei, J. Xu and G. Yuan, RSC Adv., 6, 107426 

(2016);  

https://doi.org/10.1039/C6RA21920A 

145. W. Zheng, R. Lv, B. Na, H. Liu, T. Jin and D. Yuan, J. Mater. Chem. A 

Mater. Energy Sustain., 5, 12969 (2017);  

https://doi.org/10.1039/C7TA01990D 

146. R. Kabiri and H. Namazi, Int. J. Polym. Mater., 65, 675 (2016);  

https://doi.org/10.1080/00914037.2016.1157799 

147. Y. Zhou, Y. Lee, H. Sun, J.M. Wallas, S.M. George and M. Xie, ACS 

Appl. Mater. Interfaces, 9, 9614 (2017);  

https://doi.org/10.1021/acsami.6b15628 

148. H.J. Kim, E.C. Yim, J.H. Kim, S.-J. Kim, J.-Y. Park and I.-K. Oh, Nano 

Energy, 33, 130 (2017);  

https://doi.org/10.1016/j.nanoen.2017.01.035 

149. S. Peter, N. Lyczko, D. Gopakumar, H.J. Maria, A. Nzihou and S. Thomas, 

J. Mater. Sci., 57, 6835 (2022);  

https://doi.org/10.1007/s10853-022-07070-6 

150. N. Mohammed, N. Grishkewich and K.C. Tam, Environ. Sci. Nano, 5, 623 

(2018);  

https://doi.org/10.1039/C7EN01029J 

151. T.A. Dankovich and D.G. Gray, Environ. Sci. Technol., 45, 1992 (2011);  

https://doi.org/10.1021/es103302t 

152. J. Nemoto, T. Saito and A. Isogai, ACS Appl. Mater. Interfaces, 7, 

19809 (2015);  

https://doi.org/10.1021/acsami.5b05841 

153. X. Wu, C. Lu, Z. Zhou, G. Yuan, R. Xiong and X. Zhang, Environ. Sci. 

Nano, 1, 71 (2014);  

https://doi.org/10.1039/c3en00066d 

154. J.T. Korhonen, M. Kettunen, R.H.A. Ras and O. Ikkala, ACS Appl. Mater. 

Interfaces, 3, 1813 (2011);  

https://doi.org/10.1021/am200475b 

155. J. Israelachvili and H. Wennerström, Nature, 379, 219 (1996);  

https://doi.org/10.1038/379219a0 

156. S. Huang and D. Wang, Angew. Chem. Int. Ed., 56, 9053 (2017);  

https://doi.org/10.1002/anie.201703913 

157. W. Wang, T.J. Zhang, D.W. Zhang, H.-Y. Li, Y.-R. Ma, L.-M. Qi, Y.-L. 

Zhou and X.-X. Zhang, Talanta, 84, 71 (2011);  

https://doi.org/10.1016/j.talanta.2010.12.015 

158. L. Hu, N. Liu, M. Eskilsson, G. Zheng, J. McDonough, L. Wågberg and 

Y. Cui, Nano Energy, 2, 138 (2013);  

https://doi.org/10.1016/j.nanoen.2012.08.008 

159. N. Mahfoudhi and S. Boufi, Cellulose, 24, 1171 (2017);  

https://doi.org/10.1007/s10570-017-1194-0 

160. X. Zhang, L. Wang, S. Dong, X. Zhang, Q. Wu, L. Zhao and Y. Shi, 

Chirality, 28, 376 (2016);  

https://doi.org/10.1002/chir.22578 

161. S. Dong, Y. Sun, X. Zhang, H. Li, G. Luo and L. Zhao, Carbohydr. 

Polym., 165, 359 (2017);  

https://doi.org/10.1016/j.carbpol.2017.02.060 

162. P. Cruz-Tato, E.O. Ortiz-Quiles, K. Vega-Figueroa, L. Santiago-Martoral, 

M. Flynn, L.M. Díaz-Vázquez and E. Nicolau, Environ. Sci. Technol., 

51, 4585 (2017); 

https://doi.org/10.1021/acs.est.6b05955 

163. Q. Zhu, Y. Wang, M. Li, K. Liu, C. Hu, K. Yan, G. Sun, and D. Wang, 

Sep. Purif. Technol., 186, 70 (2017);  

https://doi.org/10.1016/j.seppur.2017.05.050 

164. A. Hashem, A.J. Fletcher, H. Younis, H. Mauof and A. Abou-Okeil, 

Int. J. Biol. Macromol., 164, 3193 (2020);  

https://doi.org/10.1016/j.ijbiomac.2020.08.159 

165. P. Liu, P.F. Borrell, M. Božič, V. Kokol, K. Oksman and A.P. Mathew, 

J. Hazard. Mater., 294, 177 (2015);  

https://doi.org/10.1016/j.jhazmat.2015.04.001  

166. A.D. Dwivedi, N.D. Sanandiya, J.P. Singh, S.M. Husnain, K.H. Chae, 

D.S. Hwang and Y.-S. Chang, ACS Sustain. Chem. Eng., 5, 518 (2017); 

https://doi.org/10.1021/acssuschemeng.6b01874 

167. A. Mautner, H.A. Maples, T. Kobkeatthawin, V. Kokol, Z. Karim, K. 

Li and A. Bismarck, Int. J. Environ. Sci. Technol., 13, 1861 (2016);  

https://doi.org/10.1007/s13762-016-1026-z 

168. L. Ansaloni, J. Salas-Gay, S. Ligi and M.G. Baschetti, J. Membr. Sci., 

522, 216 (2017);  

https://doi.org/10.1016/j.memsci.2016.09.024 

169. R. Tankhiwale and S.K. Bajpai, Colloids Surf. B Biointerfaces, 69, 164 

(2009);  

https://doi.org/10.1016/j.colsurfb.2008.11.004 

170. A. Fernández, P. Picouet and E. Lloret, Int. J. Food Microbiol., 142, 

222 (2010);  

https://doi.org/10.1016/j.ijfoodmicro.2010.07.001 

171. A.C. Balazs, T. Emrick and T.P. Russell, Science, 314, 1107 (2006);  

https://doi.org/10.1126/science.1130557 

172. T. Jiang, L. Liu and J. Yao, Fibers Polym., 12, 620 (2011);  

https://doi.org/10.1007/s12221-011-0620-4 

173. S.S. Kim, J.E. Park and J. Lee, J. Appl. Polym. Sci., 119, 2261 (2011);  

https://doi.org/10.1002/app.32975 

174. H. Wei, K. Rodriguez, S. Renneckar and P.J. Vikesland, Environ. Sci. 

Nano, 1, 302 (2014);  

https://doi.org/10.1039/C4EN00059E 

175. P.A.A.P. Marques, H.I.S. Nogueira, R.J.B. Pinto, C.P. Neto and T. 

Trindade, J. Raman Spectrosc., 39, 439 (2008);  

https://doi.org/10.1002/jrs.1853 

176. A.M. El-Nahas, T.A. Salaheldin, T. Zaki, H.H. El-Maghrabi, A.M. 

Marie, S.M. Morsy and N.K. Allam, Chem. Eng. J., 322, 167 (2017);  

https://doi.org/10.1016/j.cej.2017.04.031 

177. X. An, Y. Long and Y. Ni, Carbohydr. Polym., 156, 253 (2017);  

https://doi.org/10.1016/j.carbpol.2016.08.099 

178. R.J.B. Pinto, M.C. Neves, C.P. Neto and T. Trindade, in eds.: F. Ebrahimi, 

Composites of Cellulose and Metal Nanoparticles, In: Nanocomposites 

- New Trends and Developments, IntechOpen (2012).  

179. D. Sun, J. Yang, J. Li, J. Yu, X. Xu and X. Yang, Appl. Surf. Sci., 256, 

2241 (2010);  

https://doi.org/10.1016/j.apsusc.2009.10.034 

https://doi.org/10.1021/nn304407r
https://doi.org/10.1039/c3nr01951a
https://doi.org/10.1016/j.matlet.2006.11.036
https://doi.org/10.1016/j.matlet.2007.01.091
https://doi.org/10.1021/acsami.5b02011
https://doi.org/10.1016/j.matlet.2017.03.003
https://doi.org/10.1039/C6NR03054H
https://doi.org/10.1039/C6RA25707K
https://doi.org/10.1016/j.nanoen.2017.03.010
https://doi.org/10.1002/pat.4074
https://doi.org/10.1002/aenm.201700130
https://doi.org/10.1080/21655979.2021.2009753
https://doi.org/10.1002/anie.201305137
https://doi.org/10.1038/srep39836
https://doi.org/10.1016/j.electacta.2016.10.195
https://doi.org/10.1039/C6RA21920A
https://doi.org/10.1039/C7TA01990D
https://doi.org/10.1080/00914037.2016.1157799
https://doi.org/10.1021/acsami.6b15628
https://doi.org/10.1016/j.nanoen.2017.01.035
https://doi.org/10.1007/s10853-022-07070-6
https://doi.org/10.1039/C7EN01029J
https://doi.org/10.1021/es103302t
https://doi.org/10.1021/acsami.5b05841
https://doi.org/10.1039/c3en00066d
https://doi.org/10.1021/am200475b
https://doi.org/10.1038/379219a0
https://doi.org/10.1002/anie.201703913
https://doi.org/10.1016/j.talanta.2010.12.015
https://doi.org/10.1016/j.nanoen.2012.08.008
https://doi.org/10.1007/s10570-017-1194-0
https://doi.org/10.1002/chir.22578
https://doi.org/10.1016/j.carbpol.2017.02.060
https://doi.org/10.1021/acs.est.6b05955
https://doi.org/10.1016/j.seppur.2017.05.050
https://doi.org/10.1016/j.ijbiomac.2020.08.159
https://doi.org/10.1016/j.jhazmat.2015.04.001
https://doi.org/10.1021/acssuschemeng.6b01874
https://doi.org/10.1007/s13762-016-1026-z
https://doi.org/10.1016/j.memsci.2016.09.024
https://doi.org/10.1016/j.colsurfb.2008.11.004
https://doi.org/10.1016/j.ijfoodmicro.2010.07.001
https://doi.org/10.1126/science.1130557
https://doi.org/10.1007/s12221-011-0620-4
https://doi.org/10.1002/app.32975
https://doi.org/10.1039/C4EN00059E
https://doi.org/10.1002/jrs.1853
https://doi.org/10.1016/j.cej.2017.04.031
https://doi.org/10.1016/j.carbpol.2016.08.099
https://doi.org/10.1016/j.apsusc.2009.10.034


2946 Pradeep et al.  Asian J. Chem. 

 

180. C.M. Cirtiu, A.F. Dunlop-Brière and A. Moores, Green Chem., 13, 288 

(2011);  

https://doi.org/10.1039/C0GC00326C 

181. Y. Li, L. Xu, B. Xu, Z. Mao, H. Xu, Y. Zhong, L. Zhang, B. Wang and 
X. Sui, ACS Appl. Mater. Interfaces, 9, 17155 (2017);  

https://doi.org/10.1021/acsami.7b03600 

182. M. Kaushik, K. Basu, C. Benoit, C.M. Cirtiu, H. Vali and A. Moores, 
J. Am. Chem. Soc., 137, 6124 (2015);  

https://doi.org/10.1021/jacs.5b02034 

183. H. Koga, A. Azetsu, E. Tokunaga, T. Saito, A. Isogai and T. Kitaoka, 
J. Mater. Chem., 22, 5538 (2012);  

https://doi.org/10.1039/c2jm15661j 
184. K.A. Salmeia, M. Jovic, A. Ragaisiene, Z. Rukuiziene, R. Milasius, D. 

Mikucioniene and S. Gaan, Polymers, 8, 293 (2016);  

https://doi.org/10.3390/polym8080293  
185. H. Horacek and S. Pieh, Polym. Int., 49, 1106 (2000); 

https://doi.org/10.1002/1097-0126(200010)49:10<1106::AID-

PI539>3.0.CO;2-I  
186. F.-Y. Hshieh and H.D. Beeson, Fire Mater., 19, 233 (1995);  

https://doi.org/10.1002/fam.810190506 

187. V. Thakur, A. Guleria, S. Kumar, S. Sharma and K. Singh, Mater. Adv., 

2, 1872 (2021); 

https://doi.org/10.1039/d1ma00049g 

188. I. Turku, A. Rohumaa, T. Tirri and L. Pulkkinen, Fire, 7, 31 (2024);  
https://doi.org/10.3390/fire7010031  

189. J.A. Sirviö, T. Hasa, J. Ahola, H. Liimatainen, J. Niinimäki and O. 

Hormi, Carbohydr. Polym., 133, 524 (2015);  
https://doi.org/10.1016/j.carbpol.2015.06.090 

190. M. Ghanadpour, F. Carosio, P.T. Larsson and L. Wågberg, 

Biomacromolecules, 16, 3399 (2015);  
https://doi.org/10.1021/acs.biomac.5b01117 

191. B. Wicklein, A. Kocjan, G. Salazar-Alvarez, F. Carosio, G. Camino, 
M. Antonietti and L. Bergström, Nat. Nanotechnol., 10, 277 (2015);  

https://doi.org/10.1038/nnano.2014.248 

192. M.B. Agustin, F. Nakatsubo and H. Yano, Carbohydr. Polym., 164, 1 
(2017);  

https://doi.org/10.1016/j.carbpol.2017.01.084 

193. N. Lavoine, J. Bras, T. Saito and A. Isogai, J. Polym. Sci. A Polym. 
Chem., 55, 1750 (2017);  

https://doi.org/10.1002/pola.28541  

 

https://doi.org/10.1039/C0GC00326C
https://doi.org/10.1021/acsami.7b03600
https://doi.org/10.1021/jacs.5b02034
https://doi.org/10.1039/c2jm15661j
https://doi.org/10.3390/polym8080293
https://doi.org/10.1002/1097-0126(200010)49:10%3c1106::AID-PI539%3e3.0.CO;2-I
https://doi.org/10.1002/1097-0126(200010)49:10%3c1106::AID-PI539%3e3.0.CO;2-I
https://doi.org/10.1002/fam.810190506
https://doi.org/10.1039/d1ma00049g
https://doi.org/10.3390/fire7010031
https://doi.org/10.1016/j.carbpol.2015.06.090
https://doi.org/10.1021/acs.biomac.5b01117
https://doi.org/10.1038/nnano.2014.248
https://doi.org/10.1016/j.carbpol.2017.01.084
https://doi.org/10.1002/pola.28541

