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Abstract 

 

Machine Learning-Enhanced Sensing Capability of Graphene Oxide and Reduced 

Graphene Oxide Embedded in a Nano-cellulose Matrix 

 

Ghazaleh Ramezani, Ph.D. 

Concordia University, 2026 

 

This thesis addresses the critical need for sustainable, high-performance materials by exploring 

eco-friendly nanocomposites composed of graphene oxide (GO) and reduced graphene oxide 

(rGO) within a nanocellulose matrix. Nanocellulose, in the form of cellulose nanocrystals and 

nanofibers, is preferred due to its nanoscale dimensions that provide a high surface area, enhanced 

flexibility, and superior mechanical and chemical reactivity, making it an ideal matrix for 

integrating functional nanomaterials. GO and rGO complement each other: GO’s oxygen-

containing groups facilitate surface modification and dispersion in aqueous media, while rGO 

restores electrical conductivity necessary for biosensing and flexible electronics. In this work, GO 

and rGO were synthesized and reduced using green agents like citric and L-ascorbic acids, offering 

scalable and safer alternatives to conventional methods. 

Experimental studies on nanocellulose/GO and nanocellulose/rGO films demonstrated exceptional 

electrical conductivity, mechanical strength, and environmental stability, vital for wearable 

electronics and biosensors. Spectroscopic, microscopic, and electrochemical analyses revealed the 

roles of hydrogen bonding, π–π interactions, and composite architecture in performance. Predictive 

modeling using Lasso regression and neural networks established robust composition–property 

relationships with high accuracy (R² > 0.99). 

Overall, this research confirms that nanocellulose composites with GO and rGO are renewable, 

recyclable, and functional under ambient conditions, presenting promising applications in 

biosensing, smart packaging, and health monitoring. The study advances our understanding of why 

nanocellulose and GO/rGO-based hybrids are uniquely suited, fostering progress in sustainable 

functional materials at the nanoscale. 
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Chapter 1: Introduction to Nanomaterials 

1.1 The Need for Nanomaterials and Their Environmental Context 

Over the past decades, nanomaterials have emerged as transformative enablers of technologies that 

combine performance, miniaturization, and sustainability. Their defining characteristic—high 

specific surface area coupled with tunable physical, chemical, and electronic properties—has 

enabled progress across the fields of energy storage, catalysis, electronics, filtration, sensing, and 

medicine. The necessity for nanomaterials arises from global imperatives: reducing the material 

intensity of advanced technologies, improving functional efficiency, and transitioning toward 

environmentally benign processes. At the same time, the environmental burden associated with 

nanomaterial synthesis, dispersion, and recycling must be critically addressed. Persistent 

nanoparticles, heavy-metal-based systems, and poorly degradable carbon nanostructures pose 

ecological and health risks if unregulated. Consequently, the design of sustainable and 

biodegradable nanomaterials has become an essential direction driving current research. 

1.2 Impact on Biological  Systems and the Environment 

While nanomaterials offer revolutionary potential, their high reactivity and biological accessibility 

necessitate careful evaluation of environmental and physiological interactions. Inhalable or 

ingestible nanoscale particles may cause oxidative stress or membrane disruption in organisms, 

highlighting the importance of studying bioaccumulation and ecotoxicity pathways. Research 

trends now prioritize green-by-design nanomaterials, where both synthesis and end-of-life 

processes align with the circular economy. Using renewable sources such as biomass-derived 

cellulose for producing nanostructures presents one of the most promising strategies to reconcile 

technological advancement with sustainability. 

1.3 Capabilities and Classification of Nanomaterials 

Nanomaterials can be broadly grouped into inorganic (metal-based, metal–oxide, layered 2D) and 

organic (biopolymeric, carbon-based) categories. Inorganic nanostructures often provide 

exceptional electrical and mechanical performance, while organic nanomaterials exhibit 

biodegradability and compatibility with living systems. Among inorganic systems, graphene 

derivatives—graphene oxide (GO) and reduced graphene oxide (rGO)—have attracted exceptional 

attention for their remarkable electrical conductivity and mechanical strength. In comparison, 

emerging carbon allotropes such as fullerenes and warped graphene nanosheets offer prospective 

electronic and catalytic functionalities that remain under intensive exploration. These advanced 

materials, while beyond the direct scope of this thesis, deserve attention as future candidates 

capable of revolutionizing electronic transport, charge storage, and drug delivery efficiencies. 

 

1.4 Organic Nanomaterials: The Case of Nanocellulose 
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On the other end of the spectrum, organic nanomaterials such as nanocellulose (NC) represent an 

abundant, renewable, and environmentally compatible alternative. Derived from cellulose, the 

most widespread natural polymer on Earth, nanocellulose exists mainly as cellulose 

nanocrystals (CNCs), hairy nanocelluloses (HNCs), cellulose nanofibrils (CNFs), and bacterial 

cellulose (BC). CNCs feature high crystallinity and stiffness; HNC offer ease of chemical 

modification; CNFs exhibit flexibility and network-forming capability; BC offers exceptional 

purity and mechanical resilience. Production typically involves environmentally conscious 

pathways such as acid hydrolysis, mechanical fibrillation, or biosynthesis. These routes consume 

minimal toxic reagents and generate biodegradable products. Owing to their large surface area, 

film-forming ability, and modifiable surface chemistry, nanocellulose materials are increasingly 

recognized as prime candidates for flexible and biodegradable electronic and sensing devices. 

1.5 Synergy Between Inorganic and Organic Nanostructures 

Combining 2D inorganic nanomaterials (GO, rGO) with organic nanofibrous matrices such as 

CNC or CNF leads to hybrid structures that unite sustainability with advanced functionality. 

Graphene derivatives provide exceptional mechanical reinforcement and electrical conductivity, 

while the nanocellulose network offers stability, flexibility, and biodegradability. This synergy 

addresses key limitations of non-recyclable conventional composites, producing multifunctional 

films that maintain structural integrity, conductivity, and biocompatibility. The resulting 

nanocomposites not only minimize environmental impact but also open avenues for recyclable, 

low-energy manufacturing of sensors, flexible electronics, and smart packaging systems. 

1.6 Scope and Structure of the Thesis 

This doctoral thesis is rooted in the need to merge high-performance two-dimensional (2D) 

nanomaterials with environmentally sustainable organic matrices. The work is uniquely structured 

around four published research articles that collectively form the core of the dissertation. These 

articles present the original methodologies, experiments, and key findings produced during the 

PhD research. The remaining two chapters draw extensively on published literature and additional 

results, synthesizing them with insights gained from the primary publications to provide 

comprehensive context, advanced discussion, and future perspectives. 

Altogether, the thesis demonstrates a highly productive research program, comprising the 

publication of eight papers, with continued work leading to further contributions in the field. 

Chapter 1 establishes the conceptual framework, discussing environmental motivation, material 

selection, and the sustainability of nanomaterials. Chapter 2 summarizes recent advances in 

integrating 2D materials like graphene oxide with cellulose for diagnostics and biosensing. 

Chapters 3 and 4 focus on the design, fabrication, and optimization of nanocellulose-based hybrid 

systems, addressing challenges in scalability, environmental impact, and biomedical applications 

through original results and multi-objective optimization. The final chapters consolidate this 

knowledge base, offering scientific reflection, a synthesis of findings, and directions for future 

study. 
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These chapters together form a coherent narrative connecting environmental responsibility with 

innovative, functional nanotechnology. The thesis highlights how sustainable material synthesis, 

rigorous optimization, and cross-disciplinary research converge to build the next generation of 

recyclable, high-performance hybrid nanomaterials, underlining both academic impact and real-

world applications.  

 

Closure 

This chapter set out to establish the conceptual and scientific foundation on which the rest of the 

thesis rests. The central argument ( that the global need for miniaturized, high-performance, and 

environmentally responsible technologies demands a new generation of nanomaterials) was 

developed through several converging perspectives. The environmental burden of conventional 

nanoparticle systems was acknowledged alongside the opportunities that renewable, biodegradable 

alternatives now offer. The main material families were introduced and classified: inorganic 

nanostructures such as graphene oxide and reduced graphene oxide stand out for their exceptional 

electrical and mechanical properties, while organic nanomaterials, in particular nanocellulose in 

its various forms (CNC, CNF, HNC, BC), offer biocompatibility, surface versatility, and 

sustainability. The rationale for combining these two families was made explicit: the resulting 

hybrids inherit the conductivity and mechanical strength of graphene derivatives while retaining 

the renewability and film-forming capacity of the cellulose matrix. This synergy directly motivates 

the experimental and analytical work that follows. The chapter also defined the structure of the 

thesis, identifying how each subsequent chapter contributes to a coherent account of material 

design, characterization, optimization, and application. Together, these introductory arguments 

frame the research not merely as a materials study but as a contribution to sustainable 

nanotechnology. 
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Chapter 2: GO/rGO and Nanocellulose Materials—Properties, Fabrication, and 

Characterization 

This chapter is a published paper in Micromachines (2024), Vol. 15, Issue 1, Article 82, titled 

“Advancement in Biosensor Technologies of 2D Material Integrated with Cellulose—Physical 

Properties.”[1]  

 

Advancement in Biosensor Technologies of 2D Material Integrated with Cellulose; Physical 

Properties 

Abstract: This paper provides an in-depth analysis of recent advancements in integrating two-

dimensional (2D) materials with cellulose to enhance biosensing technology. The incorporation of 

2D materials such as graphene and transition metal dichalcogenides, along with nanocellulose, 

improves the sensitivity, stability, and flexibility of biosensors. Practical applications of these 

advanced biosensors are explored in fields like medical diagnostics and environmental monitoring. 

This innovative approach is driving research opportunities and expanding the possibilities for 

diverse applications in this rapidly evolving field. 

2.1. Introduction 

This paper discusses the recent advancements in biosensor technologies, focusing on how 

integrating two-dimensional (2D) materials with cellulose improves biosensing functionality. The 

primary focus is on applications in medical diagnostics and environmental monitoring. By 

exploring the unique properties of 2D materials like graphene and transition metal dichalcogenides, 

as well as their synergistic effects when combined with nanocellulose, this highlights the practical 

applications of these advanced biosensors. It also addresses gaps in existing literature and suggests 

directions for future research to expand possibilities in this field. 

2.1.1. Background: The Emergence of 2D Materials in Biosensor Technologies 

The use of two-dimensional (2D) materials in biosensor technologies has revolutionized the field. 

Materials like graphene, transition metal dichalcogenides (MoS2 and WS2), hexagonal boron 

nitride (h-BN), and black phosphorus have a nanoscale thickness and distinct physical properties 

that might greatly enhance biosensor performance [2]. 

Graphene, with its exceptional electrical conductivity and mechanical strength, is widely 

recognized for its versatility in biosensors. Its planar structure and high electron mobility improve 

sensitivity and specificity, making it an ideal component [3]. 

Transition metal dichalcogenides, such as MoS2 and WS2, possess unique semiconductor 

properties due to their layered structure. These materials can interact with light and electrical fields, 

making them particularly suitable for biosensor applications that require precise electrical 
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characteristics [4]. Also, studies enhance the role of 2D materials in cancer biosensors: a 

MoS2/Cu2O sensor for lung cancer detection [5], PEC biosensors for esophageal cancer [6], and 

a lab-on-chip design for broad cancer cell detection [7]. These highlight advancements in material 

use and detection techniques, aiding early cancer diagnosis. 

Emerging as other 2D materials with unique optical and electronic properties, black phosphorus 

and hexagonal boron nitride (h-BN) offer new possibilities for expanding the range of biosensor 

functionalities [5]. In Figure 2.1, we review well-known 2D material-based sensors such as 

graphene, TMDs, h-BN, MXenes, and BP [8]. 

 

Figure 2.1. Major classes of 2D materials considered in this review: Graphene, TMDs, BP, h-

BN, and MXenes[8]. @copyright 

https://www.sciencedirect.com/science/article/pii/S2214180422000691 with permission. 

In addition, we review the synthesis and alteration procedures for these materials, which are crucial 

for customizing their characteristics to suit specific biosensor applications. These techniques 

include chemical vapor deposition, exfoliation, and functionalization. This knowledge provides a 

basis for comprehending the significant influence these materials have had on advancements in 

biosensor technology. Also, nanocellulose, derived from cellulose, has emerged as a promising 

material in biosensor technology and is discussed in the next section. 

2.1.2. Overview of Nanocellulose 

Nanocellulose, derived from cellulose, is a promising material in biosensor technology due to its 

biocompatibility and large surface area. This section offers a comprehensive overview of different 

forms of nanocellulose, including cellulose nanocrystals, cellulose nanofibers, and bacterial 

cellulose. Furthermore, it explores the diverse applications of nanocellulose in the development of 

biosensors. 

Cellulose nanocrystals: CNCs are produced through acid hydrolysis and have high crystallinity, 

strength, and rigidity, which enhance the structural integrity of sensors [9]. 

Cellulose nanofibers: CNFs are made using mechanical or enzymatic methods and offer flexibility 

and a high aspect ratio, which are important for creating reactive surface areas in sensors [10].  

Hairy nanocellulose (HNC): This form of nanocellulose is obtained by cleaving the amorphous 

regions in CNF, resulting in rod-shaped nanoparticles with “hairy” structures on their ends, 

https://www.sciencedirect.com/topics/engineering/2d-material
https://www.sciencedirect.com/topics/engineering/transition-metal-dichalcogenide
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facilitating further chemical modification, enhancing its compatibility with other materials, and 

increasing its accessible surface area, which is advantageous in applications like catalysis and 

adsorption [11]. In Figure 2.2, a schematic representation of cellulose structures from resources to 

the molecular level is depicted [12]. 

Bacterial cellulose: BC is prized for its purity and unique mechanical properties. It is synthesized 

by bacteria without plant-based impurities such as hemicellulose and lignin [13]. 

The surface chemistry of nanocellulose plays a vital role in the functionality of biosensors. Its 

hydroxyl groups can be chemically modified, allowing for the attachment of sensing molecules or 

nanoparticles. HNCs can contain aldehyde, carboxyl, amine, or other groups in their hair. 

Moreover, utilizing nanocellulose from renewable sources highlights its environmental 

sustainability and its potential for creating eco-friendly biosensor designs [14]. 

Cellulose is a versatile raw material that can be converted into numerous products for various 

applications, including sensors. However, its full potential is often not realized due to challenges 

associated with its reduced chemical reactivity, and the limitations of cellulose reactivity are 

primarily due to its structural characteristics and the strong intermolecular hydrogen bonds that 

make it a recalcitrant polysaccharide [15]. 

 

Figure 2.2. Schematic representation of cellulose structures from resources to molecular level. 

Adapted from [12].  

 

2.1.2.1. Reactivity Issues 

Dissolution difficulty: Dissolving cellulose is important for creating high-value cellulosic products 

and functional materials. However, the stiffness of its chains and the numerous hydrogen bonds 

make it difficult to dissolve cellulose, as they prevent the chains from interacting with each other 

[16]. 
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Hydroxyl group accessibility: The dissolved state of cellulose allows for the full availability of 

hydroxyl groups, which are essential for introducing functional groups into the cellulose structure. 

Nonetheless, the hierarchical structure and crystalline nature of cellulose in plant cell walls limit 

accessibility to these hydroxyl groups, restricting their use [12]. 

Chain degradation and side reactions: When chemically modifying cellulose, there is a risk of 

chain degradation and the occurrence of side reactions. This can reduce the yield and quality of 

the modified product [9]. 

Enzymatic hydrolysis limitations: The enzymatic hydrolysis rate of cellulose decreases with 

conversion, which limits its commercial use. Factors such as changes in crystallinity, accessibility, 

reactivity, and the hydrolysable fraction of cellulose contribute to this decline due to chemical 

modification [17]. 

2.1.2.2. Approaches to Enhance Reactivity 

Additives to improve solubility: The dissolution of cellulose in aqueous NaOH can be enhanced 

with additives to stabilize the solution against gelation [18]. 

Surface functionalization: Techniques such as TEMPO-oxidation can be used to study and 

quantify cellulose reactivity. Raman spectroscopy provides insights into the structural changes 

during functionalization by analyzing chemical bonds at the molecular level, enhancing our 

understanding of cellulose solubility and reactivity [12]. 

Linkers for functionalization: Aminopropyltriethoxysilane has been utilized as a linker for 

cellulose-based functional materials, offering the potential to create enhanced properties [11]. 

Ionic conductive hydrogels: Carboxymethyl cellulose-based ionic conductive hydrogels are used 

in highly sensitive, stable, and durable sensors for various applications [11]. 

Functionalizing cellulose with other functionalities or sensor scaffolds is indeed a challenging task 

due to the complex structure of cellulose and the difficulty in achieving high yields [19]. Here are 

some examples of attempts to functionalize cellulose and the challenges encountered: 

Copper nanoparticles-induced trimesic acid-grafted cellulose: This approach was used to create a 

multifunctional textile with low chemical induction. However, the process is complex and requires 

careful control to ensure the successful grafting of trimesic acid onto the cellulose [19]. 

Graft copolymers of poly (ethyl acrylate) and cellulose: This approach was used to develop 

reactive metal ion sorbents. However, the details of the process and its challenges are not available 

in the search results [20]. 

Carboxymethyl cellulose (CMC) modified to have covalently tethered hydrazide groups: This 

approach was used to create adhesive joints between wet cellulose surfaces. However, wet 
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adhesion was dominated by polyelectrolyte complexation, and the presence of hydrazone linkages 

had little influence on wet adhesion [21]. 

In terms of chemosensors, there are examples of chemosensors being used for the tracking of metal 

ions, such as the “off-on”-based fluorescent chemosensor for Cu2+ in aqueous media and living 

cells. Another example is the use of supramolecular chemosensors for enzyme assays, which can 

specifically signal analytes with fluorescence-based read-out methods. However, these examples 

do not specifically involve the functionalization of cellulose [22]. 

In conclusion, while there are various attempts to functionalize cellulose with other functionalities 

or sensor scaffolds, achieving high yields and 100% functionalization remains a significant 

challenge due to the complex structure of cellulose and the difficulty in controlling the grafting 

process. 

Cellulose-based implants are gaining attention in the field of bone tissue engineering due to their 

biocompatibility, mechanical strength, and ability to support cell differentiation [23]. The various 

cellulose-based scaffold materials are summarized in Table 2.1, which outlines their key 

components, properties, and relevant references. Here are some examples of cellulose-based 

scaffold materials: 

Cellulose-acetate-based composite: This composite is used as a coating for biodegradable 

magnesium implants. The composite includes fillers such as hydroxyapatite and magnesium 

particles, which have shown positive effects on biocompatibility and surface analysis [24]. 

Cellulose-based materials crosslinked with epichlorohydrin: These materials have improved 

thermal stability, surface area, and swelling degree of hydrogels, making them suitable for implant 

applications [25]. 

Wood-derived composite scaffold: This scaffold is developed from natural wood treated with an 

alkaline solution, resulting in a cellulose skeleton with high elasticity. The scaffold is further 

modified with chitosan quaternary ammonium salt (CQS) and dimethyloxalylglycine (DMOG) to 

enhance antibacterial, osteogenic, and angiogenic activities [26]. 

Silk fibroin/cellulose hydrogels: These hydrogels are created by dissolving silk fibroin and 

cellulose together, resulting in a porous structure that supports the differentiation of MC3T3 cells 

into osteoblasts, making them a suitable scaffold for bone tissue engineering [27]. 

Cellulose-acetate-based composite coatings on Mg3Nd alloys: These coatings are used to reduce 

the biodegradation rate and modify the surface properties of Mg3Nd alloys to increase 

osteointegration [28]. 

HDPE/Chitosan composites: These composites contain chitosan, a bio-based polymer with 

biocompatibility and antimicrobial properties, and are used for bone replacement applications [29]. 
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Here is a summary table 2.1 of the mentioned cellulose-based implants: 

Table 2.1. Summary of Cellulose-Based Scaffold Materials and Their Properties. 

Implant Type  Key Components Key Properties  Reference 

Cellulose-Acetate-

Based Composite 

Hydroxyapatite, 

Magnesium 

particles 

Biocompatibility, Surface 

analysis 
[24] 

Cellulose-Based 

Materials 

Crosslinked with 

Epichlorohydrin 

Epichlorohydrin 
Thermal stability, Surface 

area, Swelling degree 
[25] 

Wood-Derived 

Composite Scaffold 

Chitosan 

quaternary 

ammonium salt 

(CQS), 

Dimethyloxalyl 

glycine (DMOG) 

Antibacterial, Osteogenic, 

and Angiogenic activities 
[26] 

Silk 

Fibroin/Cellulose 

Hydrogels 

Silk fibroin, 

Cellulose 

Supports cell differentiation 

to osteoblasts 
[27] 

Cellulose Acetate-

Based Composite 

Coatings on Mg3Nd 

Alloys 

Cellulose acetate 
Reduces biodegradation rate, 

Increases osteointegration 
[28] 

HDPE/Chitosan 

Composites 
Chitosan 

Good mechanical properties, 

Antimicrobial activity 
[29] 

 

2.1.3. Applications and Case Studies 

The integration of 2D materials with nanocellulose has greatly expanded the application and 

advancement of biosensors in various fields. In this section, we will explore case studies and 

applications that demonstrate the practical implications and benefits of these advancements. 

Recent Research and Advancements 

Monoelemental 2D materials, such as Xenes (e.g., graphyne, silicene, germanene), have been 

extensively researched for their potential use in biosensors. These materials possess desirable 

characteristics, including high optical response capability, excellent electrical-optical properties, a 

large specific surface area, and easy modification of potential [30]. 

The utilization of cellulose, a carbohydrate biopolymer, has brought significant advancements to 

the field of biosensors through the development of portable paper-based biosensors and 

microfluidic paper-based analytical devices (μPADs) [31]. These innovative devices offer 

exceptional sensitivity and cost-effectiveness, making them a promising alternative to 
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conventional advanced analytical instruments. With their applications in emergency medical 

situations, point-of-care health diagnostics, and early cancer screening, rPBBs and μPADs present 

exciting opportunities for improving healthcare outcomes [32]. 

Paper and cellulose-based biosensors have gained relevance during the COVID-19 pandemic due 

to their rapid production capabilities and suitability for use by untrained personnel. These 

biosensors are used in low-cost point-of-care diagnosis, including viral genomic material detection, 

viral antigen identification, and serological antibody testing [33]. 

2.2. Advantages of 2D Materials and Cellulose in Biosensors 

The use of 2D materials in biosensor applications provides several advantages, including excellent 

mechanical, optical, and electrical properties. These properties are essential for the development 

of wearable biosensors that enable real-time monitoring of human health information and accurate 

measurement of vital signs [34]. Integrating 2D materials into wearable biosensors has expanded 

opportunities for early detection of life-threatening diseases and continuous health tracking.  

In addition to 2D materials, cellulose-based biosensors also offer significant benefits. They are 

cost-effective, highly sensitive, and compatible with portable sensing devices used in biomedical 

applications. One major advancement in this field is the functionalization of cellulose papers with 

antibodies, nucleic acids, and nanomaterials in PBBs (paper-based bioassays) and μPADs 

(microfluidic paper-slip devices) [34].  

Hence, the application of 2D materials and cellulose in medical diagnostics and biosensors has 

shown great potential. These materials have unique properties that make them suitable for various 

applications, including disease detection, real-time monitoring, and point-of-care diagnostics. 

However, further research is needed to fully utilize their capabilities and address any challenges 

associated with their use.  

The use of biosensors has significantly advanced the detection of biomarkers, particularly in early 

cancer diagnosis. In a recent study, a biosensor incorporating graphene as a 2D material 

demonstrated improved sensitivity and selectivity for tumor markers. This innovative biosensor 

was able to detect biomarkers at concentrations as low as 1 ng/L, representing a significant 

advancement in early cancer detection methods [35].  

Biosensors that incorporate nanocellulose have shown promising potential for the early detection 

of cancer biomarkers in blood samples. These biosensors are highly sensitive and capable of 

detecting biomarkers even at very low concentrations [36]. The use of 2D materials, such as 

nanocellulose-based materials, has also attracted significant research interest due to their unique 

properties, including high conductivity, hydrophilicity, and biocompatibility . These properties 

make them suitable for various biomedical sensing applications [37]. 
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In recent developments in bioelectronics, 2D carbon networks arranged into high-order 3D 

nanotube arrays on flexible microelectrodes have emerged as implantable probes. These probes 

enable the in-situ detection of cancer tissues by differentiating them from normal tissues [38]. 

Their electrochemical sensing capabilities allow for the detection of H2O2 biomarkers secreted by 

various cancer cells and tissues—a crucial factor in cancer diagnosis and evaluation [39].  

Moreover, electrochemical biosensors utilizing graphene and other 2D materials have shown great 

potential for detecting biomarkers associated with hematological malignancies like leukemia, 

lymphoma, and multiple myeloma. These biosensors offer a wide linear range, a low detection 

limit, high sensitivity, excellent selectivity, and cost-effectiveness [40].  

In addition to that, metal nanoparticles have been employed on 2D platforms to enhance the 

detection of electrochemical biomarkers. This approach has demonstrated remarkable sensitivity, 

selectivity, fast response time, ease of use at a low cost, and simple fabrication procedures [41].  

There have also been advancements in designing phosphorene-based nanosensors for the detection 

of formaldehyde as an essential lung cancer biomarker. These sensors exhibit exceptional 

sensitivity in detecting formaldehyde levels [42].  

An electrochemical biosensor has been developed using reduced graphene oxide-modified and 

reduced-molybdenum disulfide multi-layered nanosheets for detecting neuron-specific enolase, a 

biomarker for lung cancer [43]. The sensor exhibits a wide linear range of detection and remains 

unaffected by other interfering species commonly found in human serum.  

2.2.1. Medical and Diagnostic Applications 

Glucose monitoring is essential for managing health conditions such as diabetes. Recent 

advancements in the construction of glucose-monitoring biosensors have focused on utilizing 2D 

materials and cellulose [34]. However, further research is needed to enhance their performance 

and explore their potential in clinical practice.  

The use of 2D materials has proven beneficial in glucose sensing applications, resulting in improved 

sensor properties including stability, large surface area, and affordability [43].  

Cellulose has been utilized in the development of wearable, self-powered glucose biosensors. A 

flexible biosensor was created using cellulose fibers coated with multi-wall carbon nanotubes and 

reduced graphene oxides, resulting in a porous electrode with excellent flexibility, conductivity, and 

electroactive surface area for urine glucose detection [34].  

In a recent study, researchers investigated the potential of combining reduced graphene oxide 

(rGO) with gold nanoparticles in cellulose-nanofiber matrices to create a transducer layer for an 

environmentally friendly and flexible glucose sensor [39].  
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Furthermore, metal-organic frameworks such as 2D isomorphic Co/Ni-Metal-Organic 

Frameworks have demonstrated promise as materials for detecting glucose. These MOFs exhibit 

higher sensitivity, a wider linear range, and lower detection limits compared to other MOF-based 

glucose sensors.  

Biosensors for DNA detection are crucial in genetic testing and disease diagnosis, utilizing the 

high surface area of nanocellulose and the electrical conductivity of 2D materials like molybdenum 

disulfide [43]. A recent study showed that such biosensors achieved a sequencing error rate below 

0.1% and improved sequencing speed, enhancing the precision and reliability of DNA sequencing 

[44].  

Graphene-like 2D materials and cellulose were utilized to develop biosensors for DNA detection. 

One study investigated the interaction of a two-dimensional metal oxide with single-stranded DNA 

(ssDNA) as a potential method for detecting viral infections [45]. Spectroscopic measurements 

confirmed strong interactions between ssDNA and the metal oxide, suggesting its efficacy in 

detecting viral infections. Another study focused on an electrochemical biosensor using BiSbTeSe2, 

an intrinsic topological insulator, which demonstrated high sensitivity in detecting target DNA 

with a low detection limit of 1.07 × 10−15 M [41].  

The potential of 2D materials and cellulose in biosensors is demonstrated by examples such as the 

development of a photoelectrochemical aptasensor for detecting SARS-CoV-2 spike glycoprotein 

using a two-dimensional (2D) metal-organic framework and the synthesis of TEMPO-oxidized 

cellulose nanocrystal-capped gold nanoparticles for colorimetric detection of unamplified 

pathogenic DNA oligomers. These applications show their efficacy in detecting viral infections, 

HIV gene determination, and SARS-CoV-2 spike glycoprotein [41], [46].  

Advanced biosensors incorporating 2D materials and nanocellulose have indeed shown promise 

in managing cardiovascular diseases by detecting and quantifying cholesterol. These biosensors 

demonstrate high sensitivity and accuracy, with a notable study achieving a detection limit of 0.1 

mg/dL and a response time under 5 min [20]. The innovative design utilizes graphene oxide as a 

2D material to enhance performance in clinical applications. Furthermore, cellulose-based 

biosensors have been successfully employed for monitoring various biomolecules, including 

glucose, urea, cells, amino acids, proteins, lactate, and hydroquinone [46].  

However, while these advancements are promising, there are still areas that require further research 

and development. For instance, while 2D materials like graphene and MoS2 have been widely used 

in biosensors, there is a need to explore other 2D materials to discover novel properties that may 

contribute to the construction of high-performance electrochemical biosensors [15].  

A critical factor in the future of electrochemical biosensing is the creation of highly sensitive 

biosensors through affordable and simple fabrication processes. These sensors must offer excellent 

sensitivity, selectivity, reliability, and stability. Cellulose-based biosensors have shown promise 
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but may require additional chemical treatments due to their hydrophilic nature being incompatible 

with certain molecular sensors [47]. Moreover, there is a need for advancements in miniaturizing 

cholesterol and dopamine biosensors for lab-on-chip devices to overcome existing technical 

limitations and enable convenient use by patients at home [45]. 

In conclusion, while advanced biosensors incorporating 2D materials have shown significant 

promise in managing cardiovascular diseases, there are still challenges to be addressed and 

potential directions for future research. These include exploring different 2D materials, enhancing 

fabrication procedures, addressing the hydrophilic nature of cellulose, and improving biosensor 

miniaturization.  

Cellulose-based biosensors have also been developed specifically for glucose and urea detection. 

Their accurate readings enable effective management of conditions such as diabetes or kidney 

disease. These sensors employ immobilized enzymes on a cellulose substrate to generate an 

electrical signal proportional to the concentration of glucose or urea [46].  

Cellulose-based biosensors have found applications in the detection of specific diseases by 

identifying cells and proteins associated with certain conditions. In cancer diagnostics, they can 

detect specific cancer-associated proteins or cancer cells, enabling early disease diagnosis and 

monitoring [47].  

Furthermore, cellulose-based biosensors have shown usefulness in pathogen detection for 

diagnosing infectious diseases. By detecting specific biomarkers associated with pathogens, these 

biosensors facilitate rapid and accurate diagnoses [48].  

2.2.2. Environmental Monitoring 

Water quality analysis: Graphene-based biosensors offer a potential solution for real-time 

environmental monitoring and pollution control by detecting trace amounts of heavy metals in 

water sources. Graphene and other 2D materials have been studied for their potential in analyzing 

and treating water quality. Graphene, especially graphene nanoflakes, has been used to create 

hydrogels for biosensors, showing promise as a material for water quality analysis. Furthermore, 

graphene microfiber membranes have been developed to remove nano-sized pollutants from water. 

The effectiveness of these membranes has been improved through surface functionalization that 

adjusts the interlayer separation in 2D membranes, enhancing their sieving capabilities. The 

combination of graphene oxide and cellulose acetate creates a unique adsorbent for efficient 

phosphate removal from water [49]. The presence of hydroxyl groups on the modified surface of 

cellulose acetate aids in the process [50]. Moreover, field-effect transistors made from 2D 

materials find application in water-related sensing. For instance, MoS2 nanosheets can be inkjet-

printed into ultrathin semiconducting channels to fabricate FET-based water sensors. These 

sensors demonstrate high selectivity towards Pb2+ even at low concentrations (as low as 2 ppb), 

highlighting the potential use of 2D materials in assessing water quality.  
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Cellulose and 2D materials have displayed promising potential in water quality analysis, treatment, 

pollutant removal, biosensing, and monitoring. These filters can capture specific aquatic impurities 

for which antibodies can be produced and attached to the filters [51]. 

The utilization of two-dimensional nuclear magnetic resonance (2D NMR) techniques has allowed 

for the qualitative analysis of substructures of water-soluble organic compounds in atmospheric 

aerosols. This includes identifying spectral signatures associated with anhydrosugars present in 

cellulose. In terms of air quality monitoring, both 2D materials and cellulose offer high sensitivity 

for detection. A study demonstrated the use of a sensor composed of reduced graphene oxide (rGO) 

and graphene oxide on a cellulose-acetate composite membrane, which exhibited excellent 

sensitivity to minute changes in air quality. Furthermore, one notable advantage is their flexibility 

and adaptability for various applications. The same study emphasized that the film’s flexibility 

makes it suitable for wearable electronic devices or other applications that require flexible 

substrates.  

Recent research has investigated the utilization of cellulose-based materials for analyzing indoor 

air quality. These innovative thermal insulation materials, obtained from recycled cellulosic and/or 

animal waste, were thoroughly examined [52].  

Another study focused on developing a highly sensitive, flexible sensor. The sensor was created 

using an electro-spun composite membrane with abundant mesopores. This sensor exhibited 

exceptional sensitivity at low strains, making it ideal for potential use in wearable electronic 

devices.  

In a separate investigation, researchers studied the effectiveness of composite membranes 

containing a 2D material and carbon nanotubes in solar steam generation and desalination 

processes. These composite membranes demonstrated self-floating capabilities on the air-water 

interface and minimized the accumulation of salt during de-salination due to their hydrophobic 

nature [53].  

The application of 2D materials and cellulose In air quality monitoring exhibits great potential due 

to their flexibility and sensitivity. Recent studies have demonstrated their versatility and innovative 

possibilities in various fields, including thermal insulation and wearable electronic devices [54]. 

The application of 2D materials and cellulose in various fields, including thermal insulation, 

wearable electronic devices, and air quality monitoring, indeed exhibits great potential due to their 

flexibility and sensitivity. However, several challenges need to be addressed to fully realize their 

potential.  

A major hurdle in developing wearable electronic devices using 2D materials and cellulose is 

finding the right balance between mechanical stretchability and electronic performance. For 

example, stretchable electronics, which are crucial for wearable devices, require substrates that 

can withstand stretching while maintaining their electronic functionality. PDMS is commonly used 
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due to its ease of fabrication and low cost; however, enhancing its mechanical stretchability 

without compromising electronic performance remains a significant challenge [55]. 

The fabrication methods also present considerable challenges. Modern electronic devices are 

designed for 2D planar substrates, which are generally ill-suited for the intricate 3D structures of 

textiles. Consequently, there is an urgent need to develop fabrication techniques specifically 

tailored for e-textiles to advance wearable electronics [56]. 

The development of efficient, flexible, and scalable energy storage solutions remains a significant 

challenge for powering wearable electronic textiles. Additionally, technical breakthroughs are 

needed for manufacturing state-of-the-art 2D layered nanomaterial-supported flexible/stretchable 

sensors and power devices, which are crucial to the development of wearable biomedical sensors 

and power devices [57]. Lastly, strain engineering presents opportunities and challenges for 

creating flexible nanoelectronics and optoelectronic devices. Most of these devices utilize 

chemical vapor deposition or mechanical exfoliation of ultrathin 2D TMD materials, which may 

limit their application in wearable and implantable devices with higher train tolerance [58]. 

In summary, while 2D materials offer promising opportunities in various applications, there are 

significant challenges related to mechanical stretchability, electronic performance, fabrication 

methods, energy storage, and strain engineering that need to be addressed to advance this field. 

2.2.3. Food Safety 

Pathogen Detection in Food Products: One approach involves the use of enzyme-based paper 

biosensors for monitoring food freshness and predicting spoilage. For instance, a biosensor has 

been developed to measure the release of hypoxanthine, an indicator of meat and fish degradation. 

This is accomplished through enzymatic conversion facilitated by XOD within a sol-gel biohybrid 

on paper that retains the reaction products [59].  

The unique optical properties of 2D materials like graphene and transition metal dichalcogenides 

enhance biomolecule detection in optical biosensors. These materials can be modified to improve 

sensitivity and detection limits and are commonly used alongside techniques such as surface 

plasmon resonance, fluorescence resonance energy transfer, and evanescent waves for detecting 

biomolecules. Nanomaterials like carbon nanotubes, magnetic nanoparticles, gold nanoparticles, 

dendrimers, graphene nanomaterials, and quantum dots are widely used in biosensors due to their 

unique properties. One application is the use of fiber-optic surface plasmon resonance sensors 

based on 2D materials for detecting different types of cells by measuring peak power loss changes 

[60].  

Intelligent packaging technology is emerging to directly monitor food quality, eliminating the need 

for complex processes. This can be leveraged to detect microorganisms that cause foodborne 

illnesses visible on the food package itself [61].  
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Achieving high-quality sensing performance, including sensitivity and stability, relies heavily on 

maintaining stable biosensor interfaces. To improve interface properties, nanomaterials like 

chitosan and cellulose are often combined with polymers [62].  

In order to detect pathogens in food products, researchers are employing a combination of 2D 

materials and cellulose-based biosensors. By integrating different materials, methods, and 

technologies with their respective advantages and challenges, this approach aims to enhance the 

sensitivity and stability of these biosensors.  

2.2.4. Agricultural Applications 

Soil Health Monitoring: Incorporating nanocellulose and 2D materials into biosensors allows for 

monitoring soil nutrients and pH levels to support sustainable farming practices. The use of these 

materials in sensor technology has been explored in various contexts, such as health monitoring 

and environmental sensing, but there is limited documentation on their specific application for soil 

health monitoring [63].  

2.2.5. Health Monitoring  

Cellulose-based sensors have been developed for health monitoring purposes. A plantar wearable 

pressure sensor utilizing hybrid lead zirconate-titanate/microfibrillated cellulose piezoelectric 

composite films has been proposed for measuring plantar pressure. Similarly, a high-performance 

humidity sensor based on GO/ZnO/plant cellulose film has been developed for respiratory 

monitoring [64], [65].  

The utilization of 2D materials in health monitoring wearable devices is another area where they 

have found applications. Carbon black and MoS2, as 1D and 2D nanomaterials, respectively, have 

been extensively studied as core sensing components for flexible strain sensors that are used to 

monitor the vital signs of patients [66], [67]. Furthermore, 2D materials are being employed in 

enzymatic and nonenzymatic glucose sensing applications. Additionally, a GaSe-based fiber optic 

sensor has been specifically designed for lactate sensing in human sweat as an indicator of a 

potential heart attack [68].  

Regarding soil health monitoring sensors, the search results provided limited evidence on the 

specific utilization of 2D materials and cellulose. Although there is a wireless subsoil health sensor 

developed for detecting volumetric water content, it does not make use of these materials. Further 

research is required to explore their potential in soil health monitoring applications.  

Wearable health devices offer continuous health monitoring through the integration of flexible and 

biocompatible biosensors. These biosensors, composed of 2D materials and cellulose derivatives, 

can track vital health parameters such as heart rate and blood oxygen levels in real-time [69].  

Graphene and other 2D materials have seen extensive use in developing wearable biosensors, 

which can be integrated into various wearable platforms like wristbands, headbands, and smart 
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garments. These materials offer exceptional mechanical, optical, and electrical properties that 

make them ideal for such applications [70]. Additionally, certain advancements have been made 

in utilizing cellulose-a biomass material, in the fabrication of wearable biosensor devices [71]. 

Most notably, nanocellulose’s high specific surface area, biodegradability, cost-effectiveness, and 

sustainability are key factors behind these developments. For instance, a self-powered glucose 

biosensor was created from a flexible textile matrix made of cellulose fibers [72]. The sensor 

featured a porous three-dimensional electrode with excellent flexibility, surface conductivity, and 

electroactive surface area achieved by coating multi-wall carbon nanotubes and reduced graphene 

oxides onto the cellulosic textile matrix [73].  

Wearable biosensors made from 2D materials and cellulose have gained attention in health 

monitoring for providing real-time data on vital signs. They are utilized in glucose monitoring, 

biomarker detection, and remote healthcare monitoring. These biosensors provide a versatile 

approach to personalized healthcare delivery with their design, fabrication, performance, 

sensitivity, and various health monitoring applications [74]. These materials offer flexibility, 

wearability, and responsiveness to external stimuli, which makes them well-suited for wearable 

health monitoring applications [75]. For example, a smart fabric based on MXene can be created 

by depositing Ti3C2Tx nanosheets onto cellulose fiber non-woven fabric. This fabric has a 

sensitive and reversible response to humidity, making it suitable for wearable respiration 

monitoring applications. It also has the potential to be used as a low-voltage thermotherapy 

platform due to its fast and stable electro-thermal response [76], [77]. Furthermore, cellulose 

nanofibrils and Ti3C2 MXene can be combined through 3D printing to create smart fibers and 

textiles with responsiveness to various external stimuli. These materials have shown potential as 

strain sensors .  

In addition, a plant-based substrate called “sporosubstrate” has been developed using natural 

pollen that is non-allergenic. This substrate allows for the creation of flexible shapes with 

customizable properties and performance characteristics. It finds application in electronic 

healthcare devices and wearable wireless heating systems [78], [79].  

Flexible and lightweight biosensors have been developed using 2D graphene oxide and Ti3C2 

nanosheet-based supercapacitors. These sensors exhibit high sensitivity and a wide detection range 

and can be integrated into wearable monitoring systems for tracking physical status during various 

activities. The use of a cellulose-blend cloth substrate further enhances the versatility of these 

biosensors in wearable health applications [80].  

2.2.6. Integration of 2D Materials and Nanocellulose in Biosensor Technologies  

Integrating 2D materials with cellulose in biosensors enhances their properties, such as sensitivity, 

stability, and flexibility. Graphene and transition metal dichalcogenides like MoS2 and WS2 have 

unique physical properties that improve the performance of biosensors. The electrical conductivity 

and mechanical strength of graphene enhance sensitivity and specificity, while the layered 
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structure of transition metal dichalcogenides provides precise electrical characteristics for 

biosensor applications [81].  

Combining 2D materials with nanocellulose improves biosensor performance by leveraging the 

high surface area of nanocellulose and the electrical properties offered by 2D materials. This 

combination results in highly sensitive sensors. Additionally, incorporating cellulose into 2D 

materials enhances the mechanical strength, biocompatibility, and environmental stability of 

biosensors [82]. The integration of graphene and molybdenum disulfide with cellulose creates 

flexible and stretchable electronic devices suitable for wearable electronics and sensors. The 

biocompatibility of nanocellulose contributes positively to biosensor functionality, while its 

mechanical strength enhances stability [83].  

Integrating cellulose with 2D materials in biosensors enhances device strength, biocompatibility, 

and environmental stability. This integration is driving research opportunities and expanding the 

applications in this rapidly advancing field.  

The most common properties tested in biosensors include:  

Electrical properties: These materials are significant contributors to the performance of biosensors. 

Graphene, with its high electrical conductivity achieved through wet-chemical methods, is 

essential for device performance. Similarly, materials like MoS2 and WS2 possess exceptional 

electrical properties due to their strong covalent and van der Waals interactions. Notably, the 

covalent functionalization of these atomic-thin materials with a large surface-to-volume ratio is 

critical to optimizing biosensor functionality [84]. Graphene’s high electrical conductivity, 

achievable through wet-chemical methods, is integral to device performance. MoS2 and WS2, with 

their strong covalent and van der Waals interactions, exhibit notable electrical properties. The 

covalent functionalization of these materials is vital due to their atomic thinness and large surface-

to-volume ratio [85].  

Mechanical properties: Methods such as mechanical exfoliation and chemical vapor deposition 

yield 2D materials with distinct mechanical characteristics, which play a crucial role in biosensing 

applications. Techniques like mechanical exfoliation and chemical vapor deposition enable the 

production of 2D materials with unique mechanical attributes for biosensor applications, thanks to 

their atomic thinness and extensive surface area [86].  

Chemical properties: To enhance the functionality of biosensors, it is important to consider the 

chemical properties of nanocellulose. Nanocellulose contains hydroxyl groups that can be 

chemically modified, allowing for the attachment of sensing molecules or nanoparticles [87].  

Optical properties: The optical properties of 2D materials such as graphene and transition metal 

dichalcogenides improve biomolecule detection in optical biosensors. These materials can be 

modified to enhance sensitivity and detection limits [88].  
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Thermal properties: In addition to other properties, certain biosensors also measure thermal 

conductivity. For instance, a study examined the heat transfer capabilities of polypyrrole/carbon 

black composite-coated cellulose (cotton) yarn. The objective was to gain insights into the 

behavior and performance of these materials in terms of their ability to conduct heat [89].  

Sensitivity and specificity: The use of graphene and transition metal dichalcogenides in biosensors 

has significantly improved their sensitivity and specificity. These materials have a large surface-

to-volume ratio, allowing for better interaction with analytes and enhanced detection capabilities 

[90]. Biosensors employing 2D materials and cellulose have shown increased sensitivity and 

specificity in applications such as early cancer diagnosis, biomarker detection, glucose monitoring, 

and DNA detection. These materials demonstrate exceptional electrical properties and high surface 

area, contributing to their enhanced performance [91].  

Stability: The mechanical strength of nanocellulose significantly enhances the stability and 

durability of biosensors. This improvement is primarily due to several key properties of 

nanocellulose:  

High Surface Area: This characteristics of nanocellulose facilitates greater enzyme immobilization 

in biosensors. This is crucial because it allows for higher protein loadings, which in turn improves 

the sensor’s response and stability [92]. 

High Young’s Modulus: This property indicates that nanocellulose is a stiff material. In the context 

of biosensors, a higher Young’s modulus translates to improved structural integrity, making the 

biosensors less prone to deformation under stress [93]. 

Biodegradability and renewable nature: These environmentally friendly properties of 

nanocellulose make it an ideal material for sustainable biosensor development [94]. 

Tunable surface chemistry: The ability to modify the surface of nanocellulose allows for better 

integration with other materials in biosensors, potentially leading to enhanced performance and 

specificity [95]. 

Synergistic effects with other materials: When combined with other materials, like in the case of 

rice starch-based edible films, nanocellulose not only enhances mechanical strength but also can 

impart other desirable properties to the composite material. This synergy can be leveraged in 

biosensors to create more robust and efficient devices [96]. 

In summary, the incorporation of nanocellulose into biosensors offers a multitude of benefits, 

primarily due to its strong mechanical properties, high surface area, and customizable nature. 

These characteristics contribute to the development of more stable, durable, and potentially more 

sensitive biosensing devices. 
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Flexibility: Combining the unique properties of nanocellulose with flexible and durable 2D 

materials makes them an ideal choice for developing wearable biosensors suitable for real-time 

health monitoring [97]. 

Cost-effectiveness: Portable paper-based biosensors and microfluidic paper-based analytical 

devices (μPADs) are cellulose-based biosensors that offer high sensitivity and affordability. These 

innovative devices provide a viable alternative to conventional advanced analytical instruments 

[98]. 

Environmental sustainability: By utilizing nanocellulose from renewable sources, the 

environmental sustainability of biosensors can be emphasized while also highlighting their 

potential for being eco-friendly as products and technologies. 

In cellulose nano-whisker/graphene nano-platelet composite films, the sensing capabilities of a 

biosensor depend on its design and functionalization [99]. Biosensors can be designed to detect 

substances such as glucose, cholesterol, lactate, DNA, RNA, proteins, and various types of cells 

through a reaction with a specific enzyme or molecule that is attached to the sensor, causing a 

detectable change in the sensor’s properties [100]. 

Graphene and its hybrid materials are currently utilized in the development of high-performance 

electrochemical biosensors. They serve as advanced electrodes due to their large accessible surface 

area, electrical conductivity, and capacity for immobilizing enzymes [101]. For example, a glucose 

biosensor can be functionalized with glucose oxidase, an enzyme that reacts with glucose to 

produce hydrogen peroxide and gluconolactone. The hydrogen peroxide can then be detected 

electrochemically. Similarly, a DNA biosensor might be functionalized with a specific sequence 

of DNA that binds to the target DNA sequence, which causes a detectable change in the sensor’s 

properties [102]. 

Composite materials, such as the ones mentioned, have been extensively researched in various 

fields, including wearable electronics, energy storage, sensing devices, and environmental 

monitoring. Wearable biosensors made from 2D materials and cellulose have demonstrated 

potential in health monitoring by collecting real-time data on vital signs, glucose levels, biomarker 

detection, and remote healthcare monitoring [103]. 

2.2.7. Biosensor Functionality 

The electrical and mechanical properties of these advanced materials significantly contribute to 

biosensor functionality. For instance, in plasmonic biosensing and photoelectrochemical (PEC) 

biosensing, the sensitivity of biosensors is notably enhanced by 2D nanomaterials [104]. 

2.2.8. Comparison with Other Technologies 

Biosensors utilizing 2D materials and cellulose offer numerous advantages compared to traditional 

biosensors and other advanced analytical instruments. These include unique electrical and optical 
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properties, high specific surface area, excellent mechanical properties, good thermal and chemical 

stability, high catalytic activities, facile synthesis process, and large surface areas for toxin 

detection improvement with increased selectivity and sensitivity due to their outstanding electrical 

signal amplification capabilities [105]. 

The performance of these biosensors can vary in terms of sensitivity, specificity, and stability 

compared to traditional biosensors and other advanced analytical instruments. Further research is 

needed to optimize their performance and address any associated challenges with their use. 

2.2.9. Theoretical Foundations 

The theoretical foundations related to the integration of 2D materials with cellulose in biosensors 

and other applications primarily revolve around the principles of quantum mechanics, band 

structure engineering, and strain engineering. 

Band structure engineering: Band theory, an approximation to the quantum state of solids, has 

been instrumental in the development of modern integrated solid-state electronics. The emerging 

2D layered materials, with their unique electrical, magnetic, optical, and structural properties, 

provide a platform to implement quantum-engineered devices. These materials allow for the 

exploration of advanced quantum mechanical effects, such as band-to-band tunnelling, spin–orbit 

coupling, spin–valley locking, and quantum entanglement, which are crucial for energy-efficient 

electronics and optoelectronics [106]. Band structure engineering is a key theoretical foundation 

for manipulating the electronic properties of 2D materials. This involves modifying the energy 

bands of these materials to control their electronic and optical properties. Techniques for band 

structure engineering include localized chemical doping, dual gating, liquid gating, thickness 

modulation, and constructing heterojunctions [107]. 

Strain engineering: Strain engineering is a promising approach to tuning the electrical, 

electrochemical, magnetic, and optical properties of 2D materials. This involves applying 

mechanical strain to these materials to alter their properties, a technique that has the potential for 

high-performance 2D-material-based devices. Strain engineering can fundamentally change the 

electronic and optoelectronic properties of 2D materials, leading to novel functional device 

applications[108], [109]. 

These theoretical foundations provide the basis for understanding and manipulating the properties 

of 2D materials when integrated with cellulose, thereby enhancing their performance in various 

applications, including biosensors. 

The incorporation of 2D materials into biosensor technology significantly enhances their 

performance by leveraging various physical properties at the nanoscale. Specific examples include 

graphene and molybdenum disulphide, which exhibit exceptional physical, mechanical, and 

optical characteristics that render them ideal for nanoelectronic devices and sensors [110]. These 

materials can be combined with cellulose-based compounds to form blends with enhanced 
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attributes for applications in energy storage, optoelectronics, and biological control. By integrating 

nano-sized substances into Na-CMC blends through strain engineering techniques, it becomes 

possible to manipulate the band structure of 2D materials for continuous tuning purposes [111], 

[112]. Consequently, this integration facilitates the development of high-performance biosensors 

characterized by improved sensitivity, selectivity, and stability. 

High surface-to-volume ratios: The large surface-to-volume ratio of 2D materials offers significant 

advantages in various applications, including adsorption, sensing, and catalysis. These materials 

have shown potential as effective adsorbents for environmental decontamination due to their high 

surface area, specific binding capability, and chemical stability [113]. 

2.2.10. Electrical Conductivity and Electron Mobility 

The integration of cellulose with 2D materials has demonstrated promising potential for improving 

electrical conductivity and electron mobility across various applications, including wearable 

electronics, energy storage, and sensing devices. For example, the use of cellulose-based ion gels 

in fabricating aerosol-jet-printed electrolyte-gated indium oxide thin-film transistors resulted in 

devices with electron densities surpassing 7 × 1014 cm−2 and mobilities exceeding 11 cm2 V−1 s−1 . 

Furthermore, stretchable thermal sensors for wearable electronics were developed using 

polypyrrole-coated threads that maintained consistent electrical conductivity even under tensile 

strains above 100% [114].These instances emphasize the advantageous prospects of combining 

cellulose with 2D materials. 

Mechanical properties: Integration of 2D materials with cellulose has been found to enhance the 

stability and durability of biosensors, offering the potential for functionalization and integration 

with various biomolecules. The mechanical properties of cellulose integrated with specific 2D 

materials are influenced by the fabrication process and modifications applied . Research has shown 

that graphene and molybdenum disulphide can be incorporated into cellulose to create flexible and 

stretchable electronic devices suitable for wearable electronics and sensors. For example, a flexible 

capacitor was fabricated using a few-layer MoS2 grown on aluminum foil as electrodes and 

cellulose paper as a dielectric material, demonstrating enhanced capacitance upon strain due to its 

piezoelectric property. 

Various approaches have been used to study the tensile properties of all-cellulose composites. The 

assessment of tensile properties can be done using nominal stress and strain equations, considering 

factors such as force, cross-sectional area, displacement, and initial length [115]. 

A study demonstrated that modifying the surface properties of natural cellulose fibers through 

chemical methods improves the mechanical properties of graphene/cellulose conductive paper. 

The study found that the carboxyl content in cellulose had a significant impact on the mechanical 

properties of graphene/oxidized-cellulose conductive paper. When the carboxyl content was low, 
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graphene/oxidized-cellulose conductive paper achieved an elastic modulus value of 1572 MPa, 

which was 27.4% higher compared to cellulose/graphene conductive paper [116], [117]. 

Cellulose, a readily available and cost-effective natural material, offers impressive mechanical 

properties and structural stability. It has the potential to replace carbon fiber/epoxy composites 

with cellulose/epoxy composites that deliver excellent performance at an affordable price [118]. 

In summary, the integration of 2D materials with cellulose presents promising prospects for 

various applications, particularly in flexible and wearable electronics. However, specific properties 

may vary depending on the choice of 2D materials used, fabrication processes employed, and 

modifications applied to cellulose. 

2.2.11. Environmental and Economic Aspects 

The environmental cost as well as the economic cost are factors of major influence when 

establishing the acceptance of technology. The environmental cost includes aspects such as the 

toxicity of the extraction process, fabrication, usage, and disposal. Cellulose provides great 

benefits in all the above categories. Below, some of the environmental and economic-related 

aspects are discussed. 

2.2.12. Environmental Aspects 

2D materials, including graphene and other 2D metal-organic frameworks, can be synthesized in 

a cost-effective and environmentally friendly manner. These materials have great potential for use 

in advanced electrical devices and integrated circuits. Cellulose, an abundant renewable resource 

on earth, serves as the foundation for these 2D materials. It possesses excellent properties such as 

biocompatibility, environmental friendliness, and chemical stability . 

In the field of all-solid-state flexible supercapacitors, cellulose-based hybrid 2D material aerogels 

have been utilized. These aerogels are created through a supercritical CO2 drying process using 

cellulose nanofibers to effectively disperse other 2D materials like molybdenum disulphide and 

reduced graphene oxide . 

Additionally, cellulose has found utility in environmental applications such as industrial water 

decontamination. Its efficacy and affordability make it a desirable choice for this purpose. 

Selective oxidation of cellulose has been employed to produce novel high-performance materials 

with diverse applications in fields including bio-medical engineering, healthcare, energy storage, 

barriers, sensing technologies, and food packaging [119]. 

2.2.13. Economic Aspects 

Combining 2D materials with cellulose provides notable economic advantages. This integration 

enables the development of self-powered sensors for various applications, such as biomedicine, 

environmental detection, human motion monitoring, energy harvesting, and smart wearable 
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devices. Additionally, combining cellulose with MXene results in the cost-effective manufacturing 

of green and highly efficient electromagnetic interference shielding materials. Furthermore, it 

allows for the production of all-solid-state flexible supercapacitors using cellulose-based hybrid 

2D material aerogels [120]. 

To conclude, integrating 2D materials into cellulose offers significant environmental and 

economic benefits. This makes it a highly promising field for future research and development 

efforts. 

2.3. Examples and Discussion 

The unique electrical, mechanical, and chemical characteristics of two-dimensional (2D) materials 

and nanocellulose make them valuable in enhancing biosensor functionality across various 

domains in the field of biosensor technology [119], [120], [121]. 

2.3.1. Enhanced Sensitivity and Specificity 

The utilization of 2D materials like graphene and transition metal dichalcogenides in biosensors 

has significantly enhanced their sensitivity and specificity. These materials possess a large surface-

to-volume ratio, facilitating better interaction with analytes and improving detection capabilities. 

Graphene-based biosensors have demonstrated remarkable sensitivity in detecting glucose levels, 

which is advantageous for managing diabetes. Similarly, sensors based on MoS2 exhibit increased 

specificity in differentiating various biomolecules, making them essential for analyzing complex 

biological samples [122]. 

2.3.2. Wearable and Flexible Biosensors 

The combination of flexible and strong 2D materials with the lightweight and biocompatible nature 

of nanocellulose makes them ideal for wearable biosensors. These materials allow for the creation 

of sensors that can conform to the body, providing continuous monitoring of health without 

causing discomfort. For instance, a skin patch sensor can track sweat composition to provide 

insights into hydration levels and electrolyte balance. This application demonstrates how material 

properties directly impact user comfort and sensor effectiveness. Figure 2.3a illustrates an 

overview of the rGO-paper ring in different positions on a bent or extended finger, with the inner 

ring securely attached to the knuckle while allowing flexibility for bending or straightening along 

with finger movements. A few remarkable applications of cellulose and 2D materials are presented 

below. 

Figure 2.3a depicts the rGO-paper ring and its placement on a bent and extended finger. These 

wearable sensors are made from reduced graphene oxide (rGO) arranged on paper substrates, 

making them highly responsive to deformations such as bending and folding. Figure 2.3b shows 

the response of rGO-paper rings when various fingers are bent or extended. In a practical 

application shown in Figure 2.3c, real-time control of a 3D-printed robotic hand is demonstrated 
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using intelligent rGO-paper rings. The changes in compressive and tensile resistances of these 

rings serve as inputs to control specific motions, such as those performed by the middle finger and 

thumb. 

To detect different human motions involving knee and wrist joints with skin stretching up to 55%, 

intricately designed rGO-paper strain sensors were prepared. These sensors were made using 

flexible paper substrates and a precise digital craft cutter. They featured parallel rGO lines and 

conductive silver connections patterned on a stretchable paper kirigami through the multilayer 

masking method. The sensor was designed with alternating concave and convex bends in the paper 

strips to ensure that the strain-sensitive rGO patterns remained effective. Silver lines were used to 

connect these patterns (Figure 2.3d). When the knee or wrist sensor is bent, the rGO-patterned 

paper strips produce positive or negative signals depending on the direction of bending. The 

response behaviour of this wearable pressure sensor was demonstrated for various motions such 

as knee bending, walking, and wrist bending (Figure 2.3e–h). These sensors also allow for real-

time pulse reading, as shown in Figure 2.3i,j. Wearable electronics that do not hinder body 

movement have gained attention due to their versatility across multiple applications. In addition, 

rGO-paper sensors are highly sensitive to folding and bending while also being easy to 

manufacture. This allows for greater freedom in creative design within a wide sensing range. One 

potential application of incorporating rGO-paper sensors is in paper keyboards, where they can 

effortlessly detect when keys are touched. The detected signals can then be processed according 

to predefined instructions. To demonstrate the feasibility of this concept, we used the multilayer 

masking method to create U-shaped rGO patterns and silver connecting lines on paper cantilevers. 

Figure 2.3k shows both the top and bottom sides of an rGO-paper keyboard, with various LEDs 

illuminated by utilizing the signals from individual keys as shown in Figure 2.3,m. To detect a 

wide range of human motions involving skin stretching up to 55% in knee and wrist joints, they 

fabricated intricately designed rGO-paper strain sensors on flexible paper substrates using a digital 

craft cutter. Using the multilayer masking technique, parallel rGO lines and conductive silver 

connections were patterned onto a stretchable paper kirigami. This design allowed for proper 

detection and differentiation of various motions by selectively patterning strain-sensitive rGO on 

specific paper strips, preventing signal nullification caused by opposite bending directions. The 

interconnected rGO patterns were joined by silver lines (Figure 2.3d), generating positive or 

negative signals based on the direction of bending as the knee or wrist is stretched uniformly by 

all the rGO-patterned paper strips. These rGO-paper sensors have proven to be effective in 

detecting and distinguishing various movements such as knee bending, walking, and wrist flexion 

(Figure 2.3e–h). They are also capable of accurately measuring pulse rates in real-time (Figure 

2.3i,j). Wearable electronics that can monitor body motion without impeding movement have 

gained significant attention across a wide range of applications. The high sensitivity to bending 

and folding exhibited by rGO-paper sensors makes them ideal for fabrication purposes. 

Additionally, their versatility allows for the development of innovative designs for various sensing 

applications. Apart from being used as wearable electronics, the remarkable sensitivity of these 
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sensors makes them suitable for creating paper keyboards that can detect key touches. The detected 

signals can then be processed according to specific instructions. 

To validate this concept, U-shaped reduced graphene oxide (rGO) patterns and silver connecting 

lines were patterned on paper cantilevers using a multilayer masking technique. The design of an 

rGO-paper keyboard is showcased in Figure 2.3k, which shows both the top and bottom sides. 

Figure 2.3,m demonstrates how individual keys are used to illuminate different LEDs accordingly 

[123]. 

 

Figure 2.3. The rGO-paper rings demonstrate flexibility in different positions. (a) Photos show an 

rGO-paper ring in extended and bent positions. (b) Response signals from five independent rGO-

paper rings monitoring various finger positions are depicted. Photographs of the hand in four 

different positions, corresponding to the plotted signals, are included. (c) The middle finger and 
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thumb of a 3D-printed robotic hand can be controlled using rGO-paper rings. (d) An intricate 

kirigami pattern is created through a multilayer masking process using rGO-paper. (e) Positions 

while wearing rGO-paper sensors. Observing changes in the resistance of an rGO-paper sensor on 

a knee during (f) sitting and (g) walking. (h) Response curve from wrist movement. (i) rGO paper 

sensor for pulse detection on the wrist, (j) and its corresponding signal data display. (k) Laminated 

paper keyboard with images of both sides (top and bottom view). (l,m) By touching a paper key, 

an LED illuminates and generates the corresponding signal [123]. @copyright 2017American 

Chemical Society. @ Highly Sensitive Bendable and Foldable Paper Sensors Based on Reduced 

Graphene Oxide | ACS Applied Materials & Interfaces—with permission. 

2.3.3. Environmental Monitoring Applications 

The high sensitivity of materials like graphene oxide makes them valuable in environmental 

monitoring. They can detect minute chemical changes and trace amounts of heavy metals and 

pollutants in water, showcasing their potential to address global environmental challenges [124]. 

In addition to monitoring human physiological signals, 2D materials can also be used for 

visualizing other physical signals, such as pressure and strain. Pressure sensors based on 

piezoresistive, capacitive, and triboelectric effects have been developed using various types of 2D 

materials. The integration of 2D MoS2 into high-k Al2O3 layers has enabled a large-scale tactile 

sensor to effectively detect pressures ranging from 1 to 120 kPa. This sensor exhibits high 

sensitivity (ΔR/R0: 0.011 kPa−1) and a fast response time (180 ms), as illustrated in Figure 2.4A(i–

iv), addressing the interference challenges associated with traditional passive pressure sensors. 

These findings imply potential applications in multitouch perception and handwriting recognition. 

Furthermore, previous studies have highlighted the piezoresistive properties of compressible and 

flexible carbon aerogels incorporating carbon nanotubes, graphene, and other 2D nanomaterials. 

These materials are well-suited for use in wearable bioelectronics and electronic skins to detect 

tactile contacts with exceptional sensitivity. To enhance the interaction between nanomaterials and 

improve the performance of sensors, a solution is to use bacterial cellulose as a binding agent. By 

connecting Ti3C2 nanosheets, lightweight CECAs (Compressible and elastic carbon aerogels) can 

be created for electronic devices. These CECAs exhibit continuous lamellae with wave-like or 

oriented patterns that provide excellent compression properties, maintaining elasticity even under 

strains up to 99% for over 10,000 cycles (Figure 2.4B(ii, iii)). The results demonstrate that this 

device displays remarkable sensitivity across a wide range of pressures, from 0 kPa to 10 kPa, with 

exceptional linearity up to a strain of 95%. Additionally, it exhibits increased sensitivity to small 

changes in strain and pressure conditions [125]. 

https://pubs.acs.org/doi/full/10.1021/acsami.6b10484
https://pubs.acs.org/doi/full/10.1021/acsami.6b10484
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Figure 2.4. (A) (i–iii) The schematic structure and images of the MoS2 sensor. (iv) Pressure-

transfer parameters of the MoS2 sensor from 0 to 120 kPa. (B) (i) Illustration of fabricating C-

MX/BC-x carbon aerogel, where C, MX, BC, and x represent carbonization, Ti3C2, bacterial 

cellulose, and the mass ratio of BC to Ti3C2, respectively. (ii) Stress–strain curves at various 

compression strains with current signals from (iii) elbows [125]. @copyright Structures, properties, 

and challenges of emerging 2D materials in bioelectronics and biosensors - Chen - 2022 - InfoMat 

- Wiley Online Library—with permission.  

2.3.4. Medical and Diagnostic Applications 

The use of biosensors made with 2D materials has greatly advanced biomarker detection in the 

medical field. These sensors have transformed the development of efficient diagnostic tools, 

allowing for accurate and rapid detection of cardiac biomarkers from small blood samples . This 

enables prompt diagnosis in emergencies. Additionally, these biosensors are biocompatible and 

minimize the risk of adverse reactions, making them suitable for long-term implantable devices 

[126]. 

mailto:.@copyright
https://onlinelibrary.wiley.com/doi/full/10.1002/inf2.12299
https://onlinelibrary.wiley.com/doi/full/10.1002/inf2.12299
https://onlinelibrary.wiley.com/doi/full/10.1002/inf2.12299
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The regulation of glucose levels is crucial to managing diabetes on a global scale. To meet the 

growing demand for affordable and versatile sensing systems, an amperometric sensor was 

proposed to detect glucose using patterns of reduced graphene oxide (rGO). The method involves 

depositing patterned graphene oxide on substrates through filtration techniques such as stamping, 

followed by reducing it to rGO to ensure conductivity. 

An effective biosensor for electrochemical enzymatic determination of glucose can be developed 

using graphene-based patterns modified with glucose oxidase . The biosensor has a response time 

of 0.37 s, a sensitivity of 11.2 μA mM−1 cm−2, and a linear range from 1.0 to 25.0 mM. It also 

demonstrates a low detection limit of 0.32 mM while maintaining reproducibility, stability, 

selectivity, and resistance against interference in glucose analysis. The electrochemical mechanism 

of glucose oxidation at rGO/GOx is depicted in Figure 2.5. [127]. These results suggest that this 

platform has the potential to accurately measure glucose levels in human serum and find practical 

applications in various (bio)sensing systems during sample testing scenarios. 

 

Figure 2.5. The electrochemical mechanism of glucose oxidation at reduced graphene oxide 

(rGO)/glucose oxidase is a significant area of study [127]. @copyright Simply patterned reduced 

graphene oxide as an effective biosensor platform for glucose determination - ScienceDirect with 

permission. 

2.3.4.1. Innovations and Limitations 

Recent advancements in biosensor technologies have successfully integrated 2D materials with 

cellulose, leading to significant improvements in functionality. The ultra-thin nature and extensive 

surface area of these materials have proven to be pivotal in enhancing the sensitivity of biosensors 

used for applications such as plasmonic and photoelectrochemical biosensing [128]. 

By combining nanocellulose with 2D materials, researchers have achieved synergistic 

enhancements in the performance of biosensors. Nanocellulose offers excellent biocompatibility, 

https://www.sciencedirect.com/science/article/abs/pii/S1572665720310304
https://www.sciencedirect.com/science/article/abs/pii/S1572665720310304
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a large surface area, and chemical versatility, while 2D materials contribute their unique electrical 

properties [138]. This combination results in highly sensitive biosensors that can detect even trace 

amounts of analytes. Furthermore, the mechanical strength provided by nanocellulose ensures the 

long-term stability and durability of these devices [129]. 

Various methods are utilized in material synthesis and processing, each offering distinct 

advantages and posing specific challenges. For example, Graphene Quantum Dots can be 

synthesized through top-down and bottom-up approaches, affecting their ultimate properties. 

Techniques like plasma-enhanced chemical vapour deposition are key in synthesizing MoS2 and 

WS2, enabling the creation of consistent, large-area structures. A critical area of research is the 

integration of bipolar exfoliated reduced graphene oxide with microelectrodes, addressing 

synthesis and deposition challenges. However, this field faces complexities. The synthesis and 

processing of these materials, especially when integrating 2D materials with nanocellulose, can 

influence biosensor performance, impacting sensitivity, specificity, and stability. Advancements 

in this field necessitate further research to optimize the performance of these sophisticated 

biosensors. This consistently emphasizes the primary advantage of these materials: enhanced 

sensitivity. It’s also important to consider factors like repeatability and the fabrication process, 

which significantly influence the properties of 2D materials. Despite substantial contributions to 

the field, uncertainties remain, particularly regarding the relationship between material properties, 

fabrication methods, and the intricacies within these methods. 

2.3.4.2. Challenges and Future Directions 

The challenges of integrating two-dimensional (2D) materials with cellulose for applications such 

as biosensors are complex and multifaceted. Here are some of the key challenges that need to be 

addressed: 

Material compatibility and scalability 

Chemical interaction: The chemical compatibility between 2D materials and cellulose is critical. 

There may be challenges in achieving a stable chemical interaction that does not compromise the 

unique properties of the 2D materials or the integrity of the cellulose. 

Mechanical stability: The integrated structure must be mechanically stable, which is particularly 

important for flexible applications like electronic skin (E-skin). 

Large-scale synthesis: Scaling up the synthesis of 2D materials while maintaining their quality and 

uniformity over large areas is a significant challenge. 

Integration Techniques: Developing scalable integration techniques that can handle the delicate 

nature of 2D materials without damaging them is difficult. 

Degradation and sensitivity: Over time and under real-world conditions, there could be degradation 

of materials or loss of sensitivity, which are crucial for the practical implementation of biosensors. 
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Cost and accessibility 

Synthesis and integration costs: The cost associated with the synthesis and integration of 2D 

materials and nanocellulose into biosensors might be high, potentially limiting their widespread 

use. 

Limited Access: Access to advanced materials and fabrication techniques could be limited, posing 

a barrier to adoption. 

Biocompatibility and safety 

Toxicity and immune responses: A comprehensive analysis of biocompatibility and safety is 

essential, especially for medical applications, to understand potential toxicity or immune responses. 

Performance standardization 

Inconsistencies in performance: Variations in fabrication methods and materials could lead to 

inconsistencies in biosensor performance. Standardization protocols are needed for reliable and 

reproducible results. 

Challenges in integration with AI and IoT 

Seamless integration: The challenges associated with seamless integration, data processing, and 

real-time communication between biosensors and Artificial intelligence (AI) and  Internet of things 

(IoT) technologies need to be addressed [139]. 

In summary, the integration of 2D materials with cellulose for biosensor applications involves 

overcoming challenges related to material compatibility, scalability, long-term stability, cost, 

biocompatibility, performance standardization, and integration with advanced technologies. These 

challenges must be addressed to ensure the successful development and implementation of these 

advanced biosensors. 

In future research, efforts are focused on developing more sustainable synthesis methods and 

exploring novel material combinations for broader applications, including screen-printed carbon 

electrodes modified with graphene quantum dots, MoS2, laccase as a caffeic acid biosensor; 

reduced graphene oxide/molybdenum disulfide/polyaniline nanocomposite-based electrochemical 

aptasensor for the detection of aflatoxin B1 fabrication [140–142]. 

2.4. Conclusions 

This paper highlights the recent advancements in biosensor technologies, with a specific focus on 

integrating two-dimensional materials and nanocellulose. These innovations have resulted in 

improved sensitivity, specificity, flexibility, and biocompatibility of biosensors. Moreover, the 

devices created produce a minimal environmental footprint, and they are easy to recycle. The use 
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of these advanced materials has expanded their applications in medical diagnostics, environmental 

monitoring, and personal health devices. 

These developments have transformed the capabilities of biosensors by enabling more precise and 

early detection of biomarkers. This is particularly important for medical diagnostics and 

environmental monitoring, where accurate detection is crucially needed. Additionally, the 

increased flexibility and biocompatibility have paved the way for wearable biosensors that are 

revolutionizing personal healthcare monitoring. 

The potential for advancements in biosensors is immense, and the field is still in its infancy. 

Ongoing research focuses on improving synthesis techniques, expanding material options, and 

integrating with artificial intelligence and Internet of Things technologies. These developments 

will address current challenges and enable innovative applications. The collaboration between 

material science, bioengineering, and technology plays a vital role in driving the progress of 

biosensor technologies. 

In conclusion, significant advances in material properties have had a profound impact on 

biosensors. These breakthroughs offer great promise for significant improvements in healthcare 

and environmental monitoring practices. 

 

Closure 

This chapter examined the current state of knowledge on integrating two-dimensional materials 

with nanocellulose for biosensing and related applications, drawing on the published paper in 

Micromachines (2024). The discussion opened with an account of the physical characteristics that 

make 2D materials — graphene, transition metal dichalcogenides, hexagonal boron nitride, and 

black phosphorus — attractive platforms for signal transduction, then turned to the complementary 

role of nanocellulose as a biocompatible, high-surface-area scaffold. The reactivity challenges 

inherent to cellulose — chain rigidity, limited hydroxyl group accessibility, enzymatic hydrolysis 

limitations — were reviewed alongside practical strategies to overcome them, including TEMPO-

oxidation and silane-based functionalization. Application domains were surveyed in depth: 

medical diagnostics, glucose and DNA detection, environmental monitoring of water and air, food 

safety, and wearable health devices. In each domain, the combination of 2D material conductivity 

and nanocellulose structural integrity proved to deliver improvements in sensitivity, selectivity, 

flexibility, and cost-effectiveness that neither component achieves alone. The chapter also 

addressed theoretical underpinnings — band structure engineering, strain engineering, and the high 

surface-to-volume ratio of 2D systems — as well as economic and environmental considerations. 

Taken together, the material reviewed here provides the scientific context and application rationale 

that informed the experimental choices made in the following chapters. 
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Chapter 3: GO/rGO Modification—Methods, Models, and Application Results 

This chapter is a published paper in Encyclopedia (2024), Vol. 4, Issue 4, pp. 1827–1856, titled 

“Optimizing Graphene Oxide Content in Cellulose Matrices: A Comprehensive Review on 

Enhancing Structural and Functional Performance of Composites.” [130]  

 

Optimizing Graphene Oxide Content in Cellulose Matrices: A Comprehensive Review on 

Enhancing Structural and Functional Performance of Composites 

Abstract:  

The incorporation of graphene into cellulose matrices has emerged as a promising strategy for 

enhancing the structural and functional properties of composite materials. This comprehensive  

provides a critical analysis of recent advances in optimizing graphene content in cellulose matrices 

and its impact on composite performance. Various optimization techniques, including response 

surface methodology, particle swarm optimization, and artificial neural networks, have been 

employed to identify optimal graphene concentrations and processing conditions. Quantitative 

analyses demonstrate significant improvements in mechanical properties, with notable increases 

in tensile strength and Young's modulus reported for graphene/microfibrillated cellulose 

composites. Substantial enhancements in thermal stability have been observed in lysozyme-

modified graphene nanoplatelet/cellulose composites. Electrical conductivity has been achieved at 

low graphene loading levels. Additionally, barrier properties, biocompatibility, and functionality 

for applications such as energy storage and environmental remediation have been substantially 

improved. The paper explores case studies encompassing the optimization of thermal conductivity, 

viscosity, durability behaviors, pollutant removal, and various other properties. Despite promising 

results, challenges remain, including uniform dispersion, scalability, cost-effectiveness, and long-

term stability. Strategies such as surface functionalization, solvent selection, and protective 

coatings are discussed. Future research directions, including novel processing techniques like 3D 

printing and electrospinning, as well as the incorporation of additional functional materials, are 

outlined. This  paper synthesizes current knowledge, identifies emerging trends, and provides a 

roadmap for future research in the rapidly evolving field of graphene-cellulose composites. 

3.1. Introduction 

The integration of graphene oxide (GO) into cellulose matrices has emerged as a promising frontier 

in materials science, offering unprecedented opportunities to enhance the structural and functional 

properties of composite materials. This synergistic combination leverages the unique 

characteristics of GO—a two-dimensional carbon-based material with abundant oxygen-

containing functional groups, high specific surface area, and excellent dispersibility in aqueous 

solutions—with the abundant, renewable, and biodegradable nature of cellulose [131], [132]. 

Unlike pristine graphene, GO's oxygen-rich surface chemistry facilitates stronger interactions with 
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cellulose, making it particularly suitable for composite applications . A study by Luo et al. (2018) 

reported the fabrication of bacterial cellulose/graphene oxide hydrogels using layer-by-layer 

assembly, resulting in extremely enhanced mechanical properties [133]. Another study by Song et 

al. (2017) demonstrated the creation of nanofibrillated cellulose (NFC)/reduced graphene oxide 

(RGO) hybrid films using layer-by-layer assembly, achieving a high tensile strength of 107 MPa 

along with outstanding flexibility [134]. Another study explored the synergistic effects of GO and 

CNC on the properties of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

nanocomposites. The researchers prepared ternary nanocomposites consisting of PHBV and CNC-

GO nanohybrids using a simple solution casting method .The study found that the ternary 

nanocomposites displayed significantly improved properties compared to neat PHBV and binary 

nanocomposites. Specifically, the ternary nanocomposites with 1 wt% covalent bonded CNC-GO 

exhibited excellent barrier properties, along with enhanced thermal stability, mechanical properties, 

and antibacterial activity [135]. These studies underscore the versatility of GO-cellulose 

composites in addressing challenges in materials engineering and environmental sustainability. 

The optimization of GO content within cellulose matrices remains a critical challenge that 

significantly influences the final properties and performance of these composites. Factors such as 

the degree of oxidation of GO, the method of incorporation, and the processing conditions all play 

crucial roles in determining the overall efficacy of the composite. To address this challenge, 

researchers have employed various sophisticated optimization techniques. For instance, Basha et 

al. (2022) utilized response surface methodology (RSM) to optimize the adsorption of methylene 

blue dye using sulfonated graphene oxide impregnated cellulose acetate floated beads, 

demonstrating the effectiveness of statistical approaches in tailoring composite properties [136]. 

Building on this work, Khiam et al. (2022) applied particle swarm optimization (PSO) in 

conjunction with artificial neural networks (ANN) to optimize GO content in graphene 

oxide/chitosan composites for methylene blue adsorption, highlighting the potential of machine 

learning techniques in materials design [136]. Furthermore, Balasubramani et al. (2020) employed 

a similar ANN-PSO approach to model and optimize the removal of an antidepressant using 

graphene oxide/cellulose nanogel composites, further emphasizing the growing importance of 

these techniques in environmental applications [137]. 

Advancements in understanding the fundamental mechanisms underlying the enhanced properties 

of GO-cellulose composites have also been made. Recent advancements in understanding the 

fundamental mechanisms underlying the enhanced properties of graphene oxide (GO)-cellulose 

composites have provided significant insights into their remarkable performance and potential 

applications. These composites have garnered considerable attention due to their synergistic 

combination of the exceptional properties of GO and the abundant, renewable nature of cellulose. 

The enhanced properties of GO-cellulose composites can be largely attributed to the strong 

interfacial interactions between the two components. Recent studies have elucidated the nature of 

these interactions, revealing a complex interplay of hydrogen bonding, electrostatic interactions, 
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and mechanical interlocking [138]. The presence of oxygen-containing functional groups on both 

GO and cellulose surfaces facilitates the formation of an extensive hydrogen bonding network, 

which significantly contributes to the improved mechanical properties of the composites [139], 

[140]. Furthermore, molecular dynamics simulations have provided valuable insights into the 

nanoscale mechanisms of reinforcement. These simulations have demonstrated that the 

incorporation of GO into cellulose-based matrices can enhance the Young's modulus and tensile 

strength by up to 32.1% and 23.8%, respectively. This remarkable improvement is attributed to 

the formation of hydrogen bonds and the presence of Ca2+ ions near the interface, which play a 

crucial role in improving interfacial adhesion and facilitating load transfer between GO and the 

cellulose matrix [141]. 

Recent research has also highlighted the multifunctional nature of GO-cellulose composites, 

particularly in environmental remediation applications. These composites have shown exceptional 

performance in the removal of heavy metals, organic compounds, dyes, and microbial 

contaminants from wastewater [142]. The high surface area, superior mechanical strength, and 

notable biodegradability of nano-cellulose composites, when combined with GO, create a powerful 

platform for addressing complex environmental challenges [141]. 

In the context of water treatment, GO-cellulose composites have demonstrated remarkable 

adsorption capacities for various pollutants. The integration of GO with cellulose-based materials 

has been shown to enhance the stability and processability of the composites, making them more 

suitable for large-scale industrial applications [143]. Moreover, these composites exhibit excellent 

regeneration potential, further enhancing their economic viability and sustainability in wastewater 

treatment processes [144] 

D’Amora et al. (2023) conducted an extensive molecular dynamics study to elucidate the complex 

interfacial interactions between graphene oxide (GO) and cellulose nanofibrils [145]. Their 

research employed advanced simulation techniques to model the behavior of GO sheets and 

cellulose nanofibrils at the molecular level. The study revealed that hydrogen bonding plays a 

crucial role in the mechanical reinforcement of GO-cellulose composites. Specifically, they 

observed that the oxygen-containing functional groups on GO surfaces formed strong hydrogen 

bonds with the hydroxyl groups of cellulose chains. This interaction significantly enhanced the 

interfacial adhesion between GO and cellulose, leading to improved mechanical properties of the 

composite. Furthermore, the simulations demonstrated that the density and distribution of oxygen-

containing groups on GO surfaces directly influenced the strength of these interfacial interactions. 

This finding provides valuable insights for optimizing GO functionalization to maximize its 

reinforcing effect in cellulose matrices. 

Many studies explored on developed an innovative 3D printing methods for fabricating GO-

cellulose aerogels with hierarchical porous structures . Their approach utilized a custom-designed 

extrusion-based 3D printer capable of precisely depositing a GO-cellulose nanofiber (CNF) ink. 
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The ink formulation was carefully optimized to achieve the right viscosity and shear-thinning 

behavior necessary for successful printing. The researchers employed a freeze-drying process post-

printing to create the aerogel structure. The resulting 3D-printed GO-cellulose aerogels exhibited 

remarkable mechanical strength, with compressive moduli up to 150% higher than conventionally 

prepared composites. Additionally, the hierarchical porous structure, consisting of macropores 

from the printed architecture and mesopores within the GO-CNF network, led to enhanced 

electrical conductivity. The authors demonstrated the potential of these 3D-printed aerogels in 

various applications, including as high-performance supercapacitor electrodes and efficient oil 

absorption materials for environmental remediation. 

Biswas et al. (2023) conducted a comprehensive study on the use of GO-cellulose nanocrystal 

(CNC) composites as efficient drug carriers for controlled release applications [146]. The 

researchers developed a novel synthesis method that involved the in-situ reduction of GO in the 

presence of CNCs, resulting in a uniform dispersion of reduced GO (rGO) within the CNC matrix. 

They investigated the drug loading and release characteristics of these composites using 

doxorubicin, a common anticancer drug, as a model compound. The study revealed that the GO-

CNC composites exhibited a remarkably high drug loading capacity of up to 85%, significantly 

higher than pure CNCs or GO alone. The researchers attributed this enhanced loading to the 

synergistic effects of π-π stacking interactions between the drug and rGO sheets, as well as 

hydrogen bonding with the CNC surface. Furthermore, the drug release profiles showed a 

sustained release behavior over 72 hours, with the ability to modulate the release rate by adjusting 

the GO content in the composite. In vitro cytotoxicity studies demonstrated that the drug-loaded 

GO-CNC composites effectively inhibited the growth of cancer cells while showing minimal 

toxicity to healthy cells. The authors also conducted in vivo studies using a mouse tumor model, 

which showed improved tumor reduction compared to free doxorubicin administration. This 

comprehensive study highlights the potential of GO-cellulose nanocomposites in developing 

advanced drug delivery systems for cancer therapy. 

Another study made significant strides in developing GO-cellulose nanofiber composite electrodes 

for high-performance supercapacitors [147]. Their research focused on optimizing the GO content 

and the nanostructure of the composite to maximize energy storage capacity and cycling stability. 

The team employed a layer-by-layer assembly technique to create highly ordered GO-CNF 

nanostructures with precisely controlled thickness and composition. They investigated the effect 

of GO content (ranging from 5 to 30 wt%) on the electrochemical performance of the composites. 

The study revealed that a GO content of 20 wt% resulted in the optimal balance between electrical 

conductivity and ion accessibility. These optimized GO-CNF electrodes exhibited an 

exceptionally high specific capacitance of 412 F/g at a current density of 1 A/g, which is among 

the highest reported for cellulose-based supercapacitors. Moreover, the electrodes demonstrated 

remarkable cycling stability, retaining 95% of their initial capacitance after 10,000 charge-

discharge cycles. The researchers attributed this outstanding performance to the synergistic effects 
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of GO's high electrical conductivity and the CNF's porous structure, which facilitated rapid ion 

transport and provided a large surface area for charge storage. 

To further demonstrate the practical applicability of their GO-CNF supercapacitors, Kasprzak et 

al. fabricated a flexible, all-solid-state device using a gel electrolyte [148]. This device maintained 

excellent capacitive behavior under various bending conditions, showcasing its potential for use 

in wearable electronics and flexible energy storage systems. 

These case studies illustrate the diverse and promising applications of GO-cellulose composites, 

highlighting the importance of continued research in this field to unlock their full potential in 

various technological domains. 

From a chemical and physical perspective, graphene can be categorized into two primary classes: 

CVD-prepared graphene and oxidized graphene. CVD-prepared single- or multilayer graphene 

exhibits well-defined aromatic structures with minimal defects, as illustrated in Figure 3.1C (a and 

b). While these graphene sheets possess highly reactive surfaces suitable for bioelectrode 

applications, their poor solubility limits their use in nanomedicine or as nanocarriers. In contrast, 

graphene oxide (GO), depicted in Figure 3.1C (c), is a highly oxidized form of graphene that 

combines hydrophobic sp2- and sp3-bonded carbon with numerous hydrophilic functional groups, 

resulting in an amphiphilic colloid with enhanced dispersibility in aqueous and polar solvents. 

GO's unique structure enables π-π interactions, weak hydrogen bonding, and strong electrostatic 

interactions, making it suitable for various chemical modifications and interactions with biological 

systems. Reduced graphene oxide (RGO), shown in Figure 3.1C (d), offers a balance between the 

properties of graphene and GO, while graphene quantum dots (GQDs) and graphene oxide 

quantum dots (GOQDs), illustrated in Figure 3.1C (e and f), are nanometer-sized fragments with 

unique optical properties, opening up new possibilities for biological applications such as cell 

imaging and bioelectrodes [149]. 
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Figure 3.1. The forms of graphene and its derivatives that have been used for the construction of 

bioactive architectures: (a) single-layer graphene, (b) multilayer graphene, (c) GO, (d) RGO, (e) 

GOQD, (f) GQD. [150]. Copyright with permission [Functional Graphene Nanomaterials Based 

Architectures: Biointeractions, Fabrications, and Emerging Biological Applications | Chemical 

Reviews] 

 

3.2. Rheological Impact of Graphene on Polymeric Matrices 

The incorporation of graphene into polymeric matrices induces profound rheological changes, 

fundamentally altering the physicochemical properties of the resulting nanocomposites. These 

modifications stem from the unique characteristics of graphene, particularly its high aspect ratio 

and surface area, which create a complex interplay with the polymer chains. The rheological 

impact manifests primarily through viscosity enhancement, non-Newtonian behavior, and altered 

viscoelastic properties, all of which are intricately connected and dependent on factors such as 

graphene concentration, polymer-graphene interactions, and processing conditions[151]. 

https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00520
https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00520
https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00520
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The addition of graphene typically leads to a significant increase in viscosity, attributed to the 

formation of a percolated network within the polymer matrix. This network restricts the mobility 

of polymer chains, resulting in a more viscous material. Concurrently, the nanocomposites exhibit 

pronounced non-Newtonian behavior, characterized by shear-thinning properties. This 

phenomenon is often described by models such as the Cross-Williams-Landel-Ferry (Cross-WLF), 

which capture the complex flow behavior of these materials. The shear-thinning nature arises from 

the alignment of graphene sheets and polymer chains under applied stress, facilitating easier flow 

at higher shear rates  [151]. 

Viscoelastic properties, as indicated by storage modulus (G') and loss modulus (G"), undergo 

substantial changes with graphene incorporation. The enhanced storage modulus observed in many 

graphene-polymer systems signifies improved elastic behavior and structural integrity. These 

rheological modifications are intrinsically linked to the concentration of graphene, with studies 

showing that even small additions (0.5-1.0 wt%) can induce substantial changes in viscosity and 

viscoelasticity. As concentration increases, a more pronounced network structure forms, leading 

to more significant rheological alterations [152], [153]. 

The nature and strength of polymer-graphene interactions play a crucial role in determining the 

rheological behavior of nanocomposites. Strong interfacial interactions, often evidenced by 

Fourier Transform Infrared (FTIR) spectroscopy studies, contribute to more effective stress 

transfer and enhanced rheological properties. These interactions are influenced by the processing 

conditions during nanocomposite preparation, including extrusion temperature, shear rate during 

mixing, and cooling rates, all of which affect graphene dispersion and, consequently, the 

rheological behavior of the composite [154], [155]. The rheological changes induced by graphene 

incorporation have far-reaching implications for both material properties and processing 

considerations. The increased viscosity and enhanced viscoelastic response often correlate with 

improvements in mechanical properties, such as tensile strength, modulus, and hardness. These 

enhancements are attributed to the effective load transfer between the polymer matrix and the well-

dispersed graphene sheets. Furthermore, the rheological modifications frequently coincide with 

enhanced thermal stability, as evidenced by shifts in melting temperatures and decomposition 

onset temperatures observed in thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) studies [27]. 

While the increased viscosity of graphene-polymer nanocomposites can pose challenges for 

conventional processing techniques, it also presents opportunities for novel processing methods. 

The shear-thinning behavior, for instance, can be advantageous in extrusion-based additive 

manufacturing processes, allowing for improved flow through nozzles at high shear rates while 

maintaining structural integrity at rest. This characteristic exemplifies how the rheological impacts 

of graphene incorporation can be harnessed to enhance both material performance and 

processability [151]. 
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Figure 3.2a-f presents a comprehensive analysis of the molecular characteristics, chemical 

structure, rheological behavior, and mechanical properties of PVBVA/graphene conductive 

patterns. Raman spectroscopy (2a) reveals the presence of graphene through characteristic D, G, 

and 2D bands, with a low ID/IG ratio indicating minimal structural defects. FTIR spectroscopy 

(2b) demonstrates hydrogen bonding between PVBVA and graphene, evidenced by a shift in 

hydroxyl peaks. Rheological studies (2c,d) show that the PVBVA/graphene ink exhibits higher 

viscosity and storage/loss moduli compared to pure PVBVA, resulting in improved printability 

and pattern precision. Tensile tests (2e,f) indicate significant enhancements in ultimate tensile 

strength and tensile modulus of the PVBVA/graphene patterns compared to pure PVBVA, with 

improvements of 98.7% and 177% respectively. These results are contextualized within existing 

literature, highlighting the exceptional mechanical reinforcement achieved with a relatively low 

graphene concentration [156]. 

 

Figure 3.2. a) Structural analysis of the PVBVA/graphene-based conductive ink using Raman 

spectra. b) FTIR spectra indicating the interactions between the PVBVA polymer gel and graphene. 

Rheological behavior of the PVBVA/graphene-based conductive ink: c) dynamic viscosity and d) 

storage (G′) and loss moduli (G″) at various shear rates. e) Tensile properties of the 
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PVBVA/graphene-based conductive ink patterns: f) comparison of the percentage increment in the 

ultimate tensile strength (UTS) and tensile modulus (TM) of the PVBVA/graphene-based 

nanocomposites with those reported in previous studies [156] Reprinted with permission from ref. 

[156] Copyright 2023 Advanced Materials Technologies. 

3.3. Theory 

3.3.1. Theoretical Framework   

Nanocomposite theory provides a fundamental framework for understanding the complex 

interactions between graphene and cellulose matrices at the nanoscale level. This theory elucidates 

how the unique properties of graphene, particularly its nanoscale dimensions and high aspect ratio, 

profoundly influence the overall characteristics of the cellulose matrix. Recent advancements in 

research have shed light on the intricate mechanisms underlying nanocomposite theory in 

graphene-cellulose systems, offering deeper insights into their behavior and potential applications 

[152]. At the core of nanocomposite theory in graphene-cellulose systems are the interfacial 

interactions between the two components. These interactions, primarily hydrogen bonding and π-

π interactions, occur between the oxygen-containing functional groups on the graphene oxide 

surface and the hydroxyl groups of cellulose nanofibrils. The significance of these interfacial 

interactions lies in their ability to facilitate efficient stress transfer between the cellulose matrix 

and graphene sheets, which is crucial for improving the overall mechanical strength and stiffness 

of the composite. Islam et al. (2024) conducted an extensive study using molecular dynamics 

simulations to investigate these interactions at the molecular level, revealing that the strength and 

nature of these bonds directly influence the composite's mechanical properties [157]. This 

understanding is crucial for optimizing the composite's performance, as it allows researchers to 

tailor the interfacial chemistry to achieve desired mechanical characteristics. Also, The strength of 

these interfacial interactions directly influences the formation of percolation networks within the 

composite, another critical aspect of nanocomposite theory. He et al. (2022) made a significant 

breakthrough in this area by demonstrating that the percolation threshold in graphene-cellulose 

composites occurs at lower graphene concentrations than previously believed [158]. This finding 

has profound implications for the electrical properties of these composites, as the formation of a 

continuous pathway of graphene sheets throughout the cellulose matrix dramatically enhances 

electrical conductivity. The lower percolation threshold means that significant improvements in 

electrical conductivity can be achieved with smaller amounts of graphene, making these 

composites more economically viable and potentially expanding their range of applications. This 

discovery opens up new possibilities for developing lightweight, conductive materials for 

applications in flexible electronics, sensors, and electromagnetic shielding. Also, the mechanical 

reinforcement of cellulose matrices by graphene is a complex process involving several 

interrelated mechanisms, all of which are underpinned by the principles of nanocomposite theory. 

Jayatilaka et al. (2021) made significant strides in quantifying the stress transfer mechanism using 

in-situ Raman spectroscopy, allowing for direct measurement of stress transfer from the cellulose 
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matrix to individual graphene sheets during mechanical loading [159]. Their findings revealed that 

the efficiency of stress transfer is highly dependent on the quality of interfacial bonding and the 

orientation of graphene sheets within the matrix, further emphasizing the importance of the 

interfacial interactions. This understanding is crucial for optimizing the composite's mechanical 

properties, as it allows researchers to design materials with enhanced load-bearing capabilities by 

controlling the orientation and distribution of graphene sheets within the cellulose matrix. 

The recent breakthrough in visualizing crack propagation in graphene-cellulose composites in real-

time has been facilitated by advanced imaging techniques such as Digital Image Correlation (DIC). 

DIC has proven to be a powerful method for studying failure and crack propagation in advanced 

composite materials, including fibre-reinforced polymer (FRP) composites. This technique allows 

for the determination of material deformation and damage, providing valuable insights into the 

behavior of composites under stress. In parallel, research on cellulose nanocrystal (CNC) matrices 

has shown that polymer nanocomposites containing self-assembled CNCs are ideal for 

applications requiring both strength and toughness, as the helicoidal structure of CNCs can deflect 

crack propagation while the polymer matrix dissipates impact energy [160]. Their study 

demonstrated the effectiveness of graphene sheets in deflecting cracks and enhancing fracture 

toughness by forcing cracks to follow a more tortuous path around the graphene sheets. This 

mechanism works in tandem with the pull-out mechanism studied by Ilyaei et al. (2021), who 

developed a novel method to quantify the pull-out energy of individual graphene sheets from the 

cellulose matrix [161]. The pull-out mechanism is a crucial energy dissipation process during 

fracture, contributing significantly to the overall toughness of the composite. These findings have 

important implications for designing materials with enhanced damage tolerance and resistance to 

crack propagation, which is particularly relevant for applications in structural materials and 

protective coatings. Also, by integrating these various mechanisms, Zhu et al. (2024) introduced 

an innovative concept of hierarchical reinforcement in graphene-cellulose composites [162]. This 

multi-scale approach involves using graphene to reinforce cellulose nanofibrils, which in turn 

reinforce the bulk cellulose matrix. The hierarchical structure allows for efficient stress transfer 

across multiple length scales, resulting in exceptional improvements in mechanical properties. This 

approach demonstrates how a comprehensive understanding of nanocomposite theory can lead to 

novel design strategies for high-performance materials. By leveraging the synergistic effects of 

reinforcement at different scales, researchers can develop materials with unprecedented 

combinations of strength, toughness, and lightweight characteristics. 

Surface modification of graphene and cellulose plays a crucial role in enhancing their compatibility 

and tailoring the properties of the resulting composites, further expanding the applications of 

nanocomposite theory [163]. Cruz-Benítez et al. (2023) developed a green approach for covalent 

functionalization of graphene oxide with cellulose nanocrystals using enzyme-mediated coupling 

[164]. This method resulted in improved dispersion of graphene in the cellulose matrix and 

enhanced mechanical properties of the composite. The covalent bonds formed between graphene 
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oxide and cellulose nanocrystals create strong interfacial interactions, leading to more efficient 

stress transfer and better overall mechanical performance. This approach not only improves the 

composite's properties but also addresses environmental concerns by utilizing green chemistry 

principles. Also, Complementing this covalent approach, Han et al. (2022) explored the use of bio-

inspired polydopamine for non-covalent functionalization of graphene [165]. This approach led to 

improved interfacial adhesion between graphene and cellulose, resulting in enhanced thermal 

conductivity in the composites. The non-covalent nature of this functionalization method allows 

for the preservation of graphene's intrinsic properties while still improving its compatibility with 

the cellulose matrix. This research highlights the importance of balancing the degree of 

functionalization with the preservation of graphene's unique properties to achieve optimal 

composite performance. 

Further advancing our understanding of surface modification, Nekooei et al. (2023) investigated 

the use of cellulose derivatives for polymer wrapping of graphene [166]. Their study provided new 

insights into the molecular mechanisms of polymer adsorption on graphene surfaces, offering a 

way to improve the dispersion of graphene in cellulose matrices while potentially preserving the 

unique properties of graphene. This research highlights the importance of understanding 

molecular-level interactions in optimizing nanocomposite properties and demonstrates the 

potential for using cellulose-based materials to enhance the compatibility between graphene and 

cellulose matrices. Mohamed et al. (2018) developed a novel, environmentally friendly surfactant 

derived from cellulose for stabilizing graphene dispersions [167]. This approach led to improved 

colloidal stability and enhanced properties in the resulting composites. The use of cellulose-

derived surfactants represents a sustainable approach to graphene functionalization, addressing 

concerns about the environmental impact of traditional synthetic surfactants while also improving 

the processing and fabrication of graphene-cellulose composites. This research demonstrates the 

potential for developing fully bio-based composites with enhanced properties, aligning with the 

growing demand for sustainable materials in various industries. 

Computational approaches, including molecular dynamics simulations and finite element analysis, 

have become increasingly important in predicting and optimizing the properties of graphene-

cellulose composites. Naddeo et al. (2018) proposed a hierarchical multiscale model that combined 

molecular dynamics simulations, micromechanical models, and finite element analysis to predict 

the mechanical properties of graphene-cellulose nanocomposites across multiple length scales 

[168]This comprehensive approach demonstrates the power of computational techniques in 

advancing our understanding of these complex materials and provides a valuable tool for materials 

design and optimization. Petry et al. (2022) developed a machine learning model based on artificial 

neural networks to predict the thermal conductivity of graphene-cellulose aerogels [169]. Their 

model showed excellent agreement with experimental data and could be used to design composites 

with tailored thermal properties, highlighting the potential of data-driven approaches in materials 
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design. This research demonstrates the growing importance of artificial intelligence and machine 

learning in materials science, offering new avenues for rapid materials discovery and optimization. 

3.3.2. Theoretical Modelling and Simulation of Graphene-Cellulose Composites 

The integration of graphene into cellulose matrices to form advanced composite materials has 

garnered significant attention in recent years due to the exceptional properties exhibited by these 

hybrid structures. To elucidate the complex interactions and resultant characteristics of graphene-

cellulose composites, researchers have increasingly turned to sophisticated theoretical modelling 

and simulation techniques. These computational approaches offer invaluable insights across 

multiple scales, ranging from molecular-level interactions to macroscopic property predictions, 

thereby facilitating the rational design and optimization of experimental protocols. 

3.3.3. Molecular Dynamics Simulations  

Molecular dynamics (MD) simulations have been instrumental in understanding the interfacial 

interactions between graphene and cellulose at the atomic level [170]. Alqus et al. (2015) 

conducted MD simulations to study the interactions between hydrophobic and hydrophilic faces 

of ordered cellulose chains and a single layer of graphene in explicit aqueous solvent [171]. Their 

findings revealed that the hydrophobic cellulose face forms a stable complex with graphene, with 

the interface remaining solvent-excluded over the course of simulations. This study provided 

valuable insights into the amphiphilic nature of cellulose and its interactions with graphene in 

aqueous environments. Figure 3.3 shows time series snapshots from a 300 ns molecular dynamics 

simulation of the graphene-cellulose (GC100) interface. Panel (a) provides a side view of the full 

system, illustrating the layered structure of cellulose on the graphene surface. Panels (b) and (c) 

offer top views of the graphene/layer 1 and graphene/layer 4 interfaces, respectively. These images 

demonstrate the stability of the hydrophobic cellulose face interacting with graphene, particularly 

in layer 1, while showing some flexibility in the more solvent-exposed layer 4. This figure 

highlights the strong complementarity between the hydrophobic cellulose face and graphene, 

which is crucial for understanding the behaviour and properties of graphene-cellulose composites 

[171]  
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Figure 3.3: Time series of configurations sampled from 300 ns MD simulation of GC100. 

Structures shown of (a) full system (side view, and top views of (b) graphene/layer 1 and (c) 

graphene/layer Reprinted from ref. [171]. 

3.3.4. Finite Element Analysis 

The field of finite element analysis (FEA) for graphene-cellulose composites is an emerging area 

of research that combines the unique properties of graphene with the abundant and renewable 

nature of cellulose. While direct studies on FEA of graphene-cellulose composites are limited, 

recent advancements in related areas provide valuable insights into potential developments in this 

field. S. Wang et al. (2023) demonstrated the application of FEA to graphene-reinforced 

composites by studying the properties of Ag-GNP silver-graphene composites and analyzing the 

electrical contact coupling field[172]. This approach could potentially be adapted for graphene-

cellulose systems. In a related study, Wei et al. (2023) developed a simplified finite element 

method for analyzing the resistance response of graphene composites, considering size distribution 

and agglomeration [173]. This method could be valuable for modelling graphene-cellulose 

composites. Also, Nukala et al. (2023) conducted a simulation of wood polymer composites using 

finite element analysis [174]. This study is particularly relevant as wood is a cellulosic material, 

and the techniques used could be adapted for graphene-cellulose composites. Advancements in 
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FEA for related composite materials have also been made. For instance, Wu et al. (2023) developed 

a size-dependent FEM for analyzing the 3D free vibration of functionally graded graphene 

platelets-reinforced composite cylindrical micro shells [175]. Similarly, Tayebi et al. (2023) 

applied a full layerwise finite element method to analyze the free vibration of functionally graded 

composite rectangular plates reinforced with graphene nanoplatelets [176]In the realm of 

cellulose-based composites, Sathishkumar et al. (2023) conducted numerical buckling analysis of 

cellulose microfibril-reinforced polymer composites [177]. This study demonstrates the 

application of FEA to cellulose-based materials, which could be extended to include graphene 

reinforcement. 

3.3.5. Multiscale Modelling 

Multiscale modelling has emerged as a powerful approach for understanding and predicting the 

properties of complex materials like graphene-cellulose composites across different length scales. 

This hierarchical modelling strategy aims to bridge the gap between atomic-scale interactions and 

macroscopic properties.  For instance, Rafiee and Rafiee et al. (2020) used multiscale modelling 

to predict Young's modulus in agglomerated graphene/polymer composites, focusing on capturing 

the agglomeration phenomenon  [178]. C. Zhu et al. (2018) explored cellulose nanofiber-graphene 

oxide biohybrids, using advanced microscopy and ReaxFF simulations to study self-assembly and 

copper-ion adsorption, providing insights into the interactions at the molecular level [179]. 

3.3.6. Density Functional Theory (DFT)  

Density Functional Theory (DFT) calculations have indeed enriched recent studies on cellulose-

graphene composites, providing valuable insights into their interactions and properties at the 

molecular level [180]. A study utilized DFT to investigate the electronic properties of graphene 

quantum dots with various substitutional impurities, which could be relevant for cellulose-

graphene nanocomposites [181]. Another study on cellulose acetate/graphene oxide composites 

used DFT simulations to understand the adsorption mechanisms between these materials, finding 

that hydrogen bonding from hydroxyl groups facilitates the adsorption process [49]. Research by 

Tachikawa et al. used DFT to investigate hydrogen storage mechanisms in alkali-doped graphene 

nanoflakes, which could potentially be applied to cellulose-graphene systems [182]. A study on 

dialdehyde cellulose/graphene oxide films used DFT calculations along with molecular docking 

to investigate their potential antimicrobial activity against COVID-19 [183]. 

3.3.7.. Machine Learning Models 

Recent advancements in artificial intelligence have led to the development of machine learning 

models for predicting and optimizing the properties of graphene-cellulose composites. For 

example, Petry et al. (2022) explored the use of machine learning to analyze the microscopic 

interactions between graphene oxide and cellulose, enhancing the understanding of binding 

strengths [169]. Balasubramani et al. (2023) applied machine learning models to optimize 
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processes involving graphene oxide and microcrystalline cellulose, focusing on pharmaceutical 

applications [184]. Additionally, Champa-Bujaico et al. (2023) utilized support vector machines 

to predict properties of bionanocomposites made from crystalline nanocellulose and graphene 

oxide, demonstrating the potential of machine learning in material design and optimization [185]. 

These studies highlight the transformative impact of AI in advancing the capabilities of graphene-

cellulose composites. 

3.4. Optimization of Graphene Content 

Determining the optimal graphene content in cellulose matrices is crucial for achieving the desired 

structural and functional performance. Excessive or insufficient graphene loading can lead to 

suboptimal properties, making it essential to identify the optimal graphene concentration. Several 

studies have employed various optimization techniques, including response surface methodology 

(RSM), particle swarm optimization (PSO), and artificial neural networks (ANN), to identify the 

optimal graphene content and processing conditions [186], [187], [188]. 

3.4.1. Response Surface Methodology (RSM) 

RSM is a widely used statistical technique for optimizing multiple variables simultaneously. In the 

context of graphene-cellulose composites, RSM has been employed to optimize various properties 

and processing conditions [136]. Figure 3.4 illustrates the effects of various experimental 

parameters on chlorpyrifos (CPF) removal using magnetic graphene oxide-carboxymethyl 

cellulose (MGOC) composite. The 3D plots show: A) CPF concentration and contact time: Higher 

CPF concentrations decreased removal efficiency due to increased competition for adsorption sites. 

B) CPF concentration and MGOC dosage: Increasing adsorbent dosage improved removal 

efficiency by providing more adsorption sites. C) MGOC dosage and contact time: Removal 

efficiency increased with contact time, reaching equilibrium at 45 minutes. D) Solution pH: Lower 

pH improved CPF removal due to electrostatic interactions between the positively charged MGOC 

surface and the negatively charged CPF molecules [189]. 

The adsorption mechanism involves diffusion, electrostatic interactions, hydrogen bonding, 

surface complexation, and π-π interactions between CPF and MGOC composite. 
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Figure 3.4: CPF removal efficiency as a function of (A) CPF concentration and contact time, (B) 

CPF concentration and MGOC dosage, (C) contact time and a MGOC dosage, and (D) solution 

pH and CPF concentration; (the operating parameters set at their center points: CPF concentration 

of 11 mg/L, adsorbent dosage of 0.25 g/L, contact time of 35 min, and solution pH of 7) [189]. 

[with permission Adsorption characteristics in the removal of chlorpyrifos from groundwater using 

magnetic graphene oxide and carboxy methyl cellulose composite - ScienceDirect] 

 

3.4.1.1. Optimization of Thermal Conductivity and Viscosity 

A study employed RSM to optimize the thermal conductivity and viscosity of hybrid nanofluids 

containing graphene nanoplatelets (GNPs) and cellulose nanocrystals (CNCs). The researchers 

utilized a central composite design (CCD) to investigate the effects of temperature, volume 

concentration, and nanofluid type on the thermal properties. The results demonstrated that the 

optimal thermal conductivity and viscosity values were achieved at specific combinations of these 

factors, highlighting the effectiveness of RSM in optimizing the graphene content and processing 

conditions. Another study employed RSM to optimize the durability behaviours of engineered 

cementitious composites (ECC) by incorporating graphene oxide (GO) and polyvinyl alcohol 

(PVA) fibers. The researchers used a CCD to establish thirteen mixtures with varying GO and 

PVA concentrations and evaluated eight response variables, including compressive strength, 

weight loss, and rapid chloride permeability. The analysis of variance effectively designed and 

https://www.sciencedirect.com/topics/chemistry/chlorpyrifos
https://www.sciencedirect.com/science/article/pii/S1383586622014745?casa_token=kyGQ5gdFr6YAAAAA:5hh1o1OJqlAYS5uklx2ajOujSrKJ7xsFTCYzvWDtTkAWgL43U4deKS9jpzgN4Ib0vVjfYoQU
https://www.sciencedirect.com/science/article/pii/S1383586622014745?casa_token=kyGQ5gdFr6YAAAAA:5hh1o1OJqlAYS5uklx2ajOujSrKJ7xsFTCYzvWDtTkAWgL43U4deKS9jpzgN4Ib0vVjfYoQU
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evaluated response models, with high R^2 values ranging from 84% to 99%, indicating a good fit 

between the experimental data and the predicted values [190], [191], [192].  

PSO is a computational optimization technique inspired by the social behaviour of bird flocking 

or fish schooling. In the context of graphene-cellulose composites, PSO has been employed in 

conjunction with ANN to optimize various properties and applications [193], [194]. One notable 

application of PSO in this field is the optimization of antidepressant removal from water using 

graphene oxide/cellulose nanogel composites. Researchers have employed PSO-based ANN 

modelling to fine-tune the composition and processing parameters of these composites, resulting 

in more efficient removal of antidepressants like Flupentixol from aqueous[195]. The researchers 

employed a combination of Particle Swarm Optimization (PSO) and Artificial Neural Network 

(ANN) modelling to optimize the removal process. This study presents a comprehensive approach 

to developing and optimizing a graphene oxide/cellulose nanogel composite for antidepressant 

removal. The researchers employed an Artificial Neural Network (ANN) model to predict the 

composite's adsorption capacity, which was further enhanced through Particle Swarm 

Optimization (PSO) to fine-tune input parameters. By optimizing process variables, including 

graphene oxide content, the team achieved improved removal efficiency for Flupentixol. The 

successful application of the PSO-ANN methodology in tailoring graphene content demonstrates 

its potential for enhancing antidepressant removal in various applications, highlighting the synergy 

between advanced materials development and computational optimization techniques in 

environmental remediation efforts. 

 

3.4.1.2. Optimization of Dye Removal 

Another study by Khiam et al. utilized PSO and ANN to optimize the removal of methylene blue 

dye from aqueous solutions using a graphene oxide/cellulose nanocrystal composite. The 

researchers employed PSO to optimize the input parameters of the ANN model, which predicted 

the adsorption capacity of the composite. The optimized composite exhibited excellent dye 

removal efficiency, demonstrating the effectiveness of the PSO-ANN approach in optimizing the 

graphene content for environmental remediation applications [196]. A study concluded that the 

developed carboxymethyl cellulose-graphene oxide (CMC-GA-GO) biobased composite 

demonstrated high efficiency in removing methylene blue from wastewater, with maximum dye 

removal percentages ranging from 93-98%. The optimal conditions for maximum removal were 

found to be 20% GO weight percent in the composite, 25 minutes adsorption time, 25°C adsorption 

temperature, 10-30 ppm initial MB concentrations, pH 7.0, and 0.2 g adsorbent dose. The 

adsorption process followed the Langmuir isotherm model and pseudo-second order kinetics, 

indicating monolayer adsorption and chemisorption, respectively. Thermodynamic analysis 

revealed the process was exothermic and spontaneous, working best at lower temperatures. The 

composite also showed good reusability, retaining 86% of its MB dye removal capacity after 10 
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cycles. Overall, the study concluded that the CMC-GA-GO composite shows promise as an 

inexpensive, reusable adsorbent for removing organic cationic dyes like methylene blue from 

industrial wastewater [143]. Another study employed ANN-PSO modeling to optimize methylene 

blue adsorption using graphene oxide/chitosan composites [197]. This approach allowed for 

precise prediction and optimization of the adsorption process. 

Sulfo-functional 3D porous cellulose/graphene oxide composites have been developed as an 

innovative solution for water purification, specifically targeting the removal of methylene blue and 

tetracycline pollutants. These advanced materials leverage a three-dimensional structure to 

maximize surface area and enhance adsorption capabilities. The incorporation of sulfo-functional 

groups further augments the composites' affinity for the target contaminants. This dual-action 

approach enables the efficient elimination of both dye (methylene blue) and antibiotic 

(tetracycline) pollutants from water, showcasing the potential of these composites in addressing 

complex water treatment challenges [198]. Recent research in environmental remediation is 

exploring multifaceted approaches to pollutant removal [199]. Scientists are developing 

composites capable of simultaneously addressing multiple contaminants, including toxic metals 

and organic pollutants like phenol. These advanced materials, often incorporating graphene oxide, 

chitosan, and cellulose derivatives, demonstrate versatility in tackling various environmental 

challenges [200]. Additionally, the field is witnessing a growing integration of artificial 

intelligence and experimental design methodologies to optimize removal processes, signalling a 

shift towards more sophisticated and efficient pollution control strategies [201]. 

 

3.4.2.  Artificial Neural Networks (ANN) 

ANN is a machine learning technique that can model complex nonlinear relationships between 

input and output variables. In the context of graphene-cellulose composites, ANN has been used 

in combination with PSO to optimize various properties and applications[137]. Figure 3.5 shows 

the optimal values of PSO parameters obtained by conducting a sensitivity analysis for a maximum 

iteration of 1000[137]. 
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Figure 3.5: Regression plot for testing data a) GO: Spop value of 50 and 4-8-1 network 

configuration b) GOC: Spop value of 50 and 4-8-1 network configuration [137][with permission 

of Efficient removal of antidepressant Flupentixol using graphene oxide/cellulose nanogel 

composite: Particle swarm algorithm based artificial neural network modelling and optimization - 

ScienceDirect]. In the study by Xiang et al., ANN was used in combination with PSO to optimize 

the removal of antidepressants using a graphene oxide/cellulose nanogel composite. The ANN 

model was trained on experimental data, and PSO was employed to optimize the input parameters, 

including the graphene oxide content, leading to improved adsorption performance [202]. This 

synergistic approach demonstrates the potential of ANN and PSO in optimizing the graphene 

content for specific applications. The optimization of dye removal processes has been extensively 

studied using various advanced techniques. One notable approach involves the use of response 

surface methodology (RSM) to optimize the adsorption of methylene blue dye using sulfonated 

graphene oxide impregnated cellulose acetate floated beads [136]. This method allows for the 

systematic evaluation of multiple parameters affecting dye removal efficiency. In another study, 

researchers developed a cost-effective and sustainable lemongrass membrane for dye removal, 

demonstrating excellent adsorption capabilities for methylene blue dye [203]. The kinetic study of 

this process revealed that the methylene blue adsorption followed a pseudo second-order model, 

providing valuable insights into the adsorption mechanism. Additionally, the incorporation of 

graphene oxide into the lemongrass membrane was explored, although the pure lemongrass 

membrane showed comparable dye adsorption performance [203]. These findings highlight the 

potential of using naturally sustainable materials in conjunction with advanced optimization 

techniques to enhance dye removal processes, offering promising solutions for wastewater 

treatment. 

This flowchart (Figure 3.6) outlines the various optimization techniques used to determine the 

optimal graphene content in cellulose matrices. It includes the following key techniques and their 

specific applications: 

https://www.sciencedirect.com/science/article/pii/S0167732220354064?casa_token=gUaKdlrD_zAAAAAA:NaVcHMJN7V9UZjqo15VbQFm6qrH0zgRIfe6hvrVzWmaBWT6s7NhDSjBCO84fO9Sj26dQ2tOO#t0005
https://www.sciencedirect.com/science/article/pii/S0167732220354064?casa_token=gUaKdlrD_zAAAAAA:NaVcHMJN7V9UZjqo15VbQFm6qrH0zgRIfe6hvrVzWmaBWT6s7NhDSjBCO84fO9Sj26dQ2tOO#t0005
https://www.sciencedirect.com/science/article/pii/S0167732220354064?casa_token=gUaKdlrD_zAAAAAA:NaVcHMJN7V9UZjqo15VbQFm6qrH0zgRIfe6hvrVzWmaBWT6s7NhDSjBCO84fO9Sj26dQ2tOO#t0005
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RSM (Response Surface Methodology): Used for optimizing thermal conductivity, viscosity, and 

durability behaviors. The flowchart highlights two branches of RSM applications: one for thermal 

properties using graphene nanoplatelets (GNPs) and cellulose nanocrystals (CNCs), and another 

for durability in engineered cementitious composites (ECC) with graphene oxide (GO) and 

polyvinyl alcohol (PVA) fibers [204], [205]. 

PSO & ANN (Particle Swarm Optimization and Artificial Neural Networks): Employed together 

to enhance the removal efficiencies of pollutants such as antidepressants and dyes from aqueous 

solutions. These techniques optimize parameters in conjunction with ANN models that predict the 

adsorption capacity of graphene-cellulose composites. 

This diagram visually communicates the strategic applications of these techniques in optimizing 

material properties and enhancing functional performance [206]. 

 

 Figure 3.6: Optimization Techniques for Graphene Content. 

 

3.5. Quantitative Analysis of Structural and Functional Performance 

The optimization of graphene content in cellulose matrices has been shown to significantly 

enhance the structural and functional performance of the resulting composites. Several studies 

have quantitatively analyzed the improvements in mechanical properties, thermal stability, 
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electrical conductivity, barrier properties, and other relevant characteristics achieved through the 

incorporation of optimized graphene content [207], [208]. 

3.5.1.  Mechanical Properties 

The addition of graphene to cellulose matrices has been demonstrated to improve the mechanical 

properties of the composites, such as tensile strength, Young's modulus, fracture toughness, and 

elongation at break [209]. Recent studies have demonstrated significant improvements in tensile 

properties of cellulose-based composites reinforced with graphene and its derivatives [210]. A 

study on cellulose acetate/graphene oxide (CA/GO) films revealed that the addition of just 0.5 

wt% GO led to a 64% increase in tensile strength and an 85% enhancement in strain-to-failure 

compared to pure cellulose acetate films. This remarkable improvement was attributed to the 

strong interfacial interactions between GO and the cellulose matrix, facilitated by hydrogen 

bonding. Research has shown that carboxymethyl cellulose (CMC) functionalization can 

effectively improve the dispersion of graphene-based materials in polymer matrices. A study on 

epoxy nanocomposites reinforced with CMC-functionalized graphene nanoplatelets (GNPs) 

demonstrated enhanced tensile properties, with CMC-GNP reinforced composites exhibiting 

superior tensile strength compared to those reinforced with carbon nanotubes (CNTs) [210]. 

The incorporation of graphene-based materials has also been shown to enhance the compressive 

strength of cellulose composites. A recent study investigating the effects of graphene oxide (GO) 

and graphene nanoplatelets (GNPs) on cement-based composites found that the incorporation of 

0.02 wt% GO and GNPs enhanced the flexural strength by 16.3% and 11.6%, respectivel [138]. 

The researchers attributed this improvement to the ability of GO and GNPs to fill cracks and form 

a more compact microstructure in cement mortars. The addition of graphene-based materials has 

been shown to significantly increase the Young's modulus of cellulose composites. A molecular 

dynamics simulation study on calcium silicate hydrate (C-S-H) composites, which are the main 

products of cement hydration, revealed that the incorporation of GO enhanced the Young's 

modulus by 32.1% [138]. This improvement was attributed to the formation of hydrogen bonds 

and the presence of Ca2+ ions near the interface, which improved interfacial adhesion and load 

transfer between GO and C-S-H. Graphene reinforcement has been shown to enhance the fracture 

toughness of cellulose-based composites. A study on chitosan-based composites containing 

optimized amounts of graphene oxide (GO) and cellulose nanocrystals (CNCs) observed a 216% 

improvement in toughness compared to pristine chitosan [211]. This significant enhancement was 

attributed to the synergistic effects of GO and CNCs, as well as their strong interfacial interactions 

with the chitosan matrix. The addition of graphene-based materials has been shown to improve the 

elongation at break of cellulose composites. A study on graphene oxide/polyacrylamide/ 

carboxymethyl cellulose sodium (GO/PAM/CMC) nanocomposite hydrogels demonstrated 

improved elongation at break with the incorporation of GO  [212]. The researchers found that 

hydrogen bonding between the oxygen-containing groups of GO and the N-H bonds of PAM 

resulted in a dense structure, leading to enhanced mechanical properties. 
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Figure 3.7 illustrates the mechanical properties of Cellulose Nanofiber-Graphene Oxide hybrid 

(CNGO) hybrid filaments: (a) The stress-strain curves demonstrate how the addition of graphene 

oxide (GO) affects the mechanical behavior of the filaments. As the GO concentration increases, 

the curves generally show higher stress values but lower strain at failure, indicating increased 

strength but reduced ductility. (b) This graph displays the relationship between GO concentration 

and two key mechanical properties: Young's modulus and tensile strength. Both properties show a 

similar trend, increasing significantly as GO content rises up to 5 wt%, then slightly decreasing at 

7 wt%. This suggests an optimal GO concentration around 5 wt% for maximizing mechanical 

performance. (c) This plot compares the tensile strength of the CNGO hybrid filaments produced 

in this study to other reported values in literature, with respect to filament diameter. It demonstrates 

that the CNGO filaments achieve competitive strength values, especially considering their 

relatively large diameter. The graph also indicates a general trend of increasing strength as filament 

diameter decreases, likely due to improved molecular alignment in thinner fibers [207]. 

 

 

Figure 3.7: Mechanical properties of CNGO hybrid filaments: (a) stress–strain curves, (b) 

variations of Young's modulus and tensile strength with the GO concentration, (c) comparison of 

tensile strength with other reports in terms of filament diameter [213][High-strength cellulose 

nanofiber/graphene oxide hybrid filament made by continuous processing and its humidity 

monitoring | Scientific Reports (nature.com)]Open Access 

https://www.nature.com/articles/s41598-021-93209-5
https://www.nature.com/articles/s41598-021-93209-5
https://www.nature.com/articles/s41598-021-93209-5
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3.5.2. Thermal Stability 

Graphene has been shown to improve the thermal stability of cellulose matrices by acting as a 

barrier to heat transfer and enhancing the char formation during thermal degradation. A study by 

Phiri et al. demonstrated that the incorporation of graphene into microfibrillated cellulose (MFC) 

composites resulted in a 22% enhancement in thermal stability at 9 wt% graphene loading. The 

researchers observed that the graphene sheets formed a network structure within the MFC matrix, 

effectively hindering the movement of polymer chains and delaying the onset of thermal 

degradation. Another study by Shen et al. demonstrated that the incorporation of lysozyme-

modified graphene nanoplatelets (LmGNP) into cellulose-based composites significantly 

enhanced the thermal conductivity, with a 297.3% increase observed for composites containing 8 

wt% LmGNP compared to pure cellulose [214]. The researchers attributed this enhancement to 

the high thermal conductivity of graphene and the effective heat transfer pathways provided by the 

well-dispersed LmGNP in the cellulose matrix. Recent work by NI et al. investigated the thermal 

properties of unsaturated polyester composites reinforced with kenaf core fiber and hybrid 

nanofillers of cellulose nanocrystals (CNC) and graphene nanoplatelets. The study revealed that 

the incorporation of these nanofillers significantly improved the thermal stability of the composites. 

The maximum degradation temperature (T) increased to 387.8°C for samples containing both CNC 

and GNP, compared to the control samples without nanofillers [215].  

Figure 3.8 presents the TG and DTG curves for NFC/GO-C and NFC/GO-E composites. The 

thermogravimetric analysis up to 800°C shows a final weight loss of approximately 32.0% to 

34.0%, primarily due to the decomposition of NFC and GO, including cellulose/hemicellulose and 

oxygen-containing functional groups (C=O, C-O-C, C-O-H). Above 500°C, the weight-loss peak 

becomes less distinct due to biochar formation and the breakdown of C-C and C-H bonds. For 

NFC/GO-C composites, minor and major mass losses occur at 200°C and 307°C, while NFC/GO-

E composites exhibit shoulder peaks at 205°C and 241°C. The thermal degradation process can be 

divided into two stages: 100-220°C and 220-380°C [216] 

 

Figure 3.8:Thermogravimetric curves (TG), (a) and differential thermogravimetric curves (DTG), 

(b) of NFC/GO composites [216].Copyright with permission[PEER-REVIEW ARTICLE] 

https://pdfs.semanticscholar.org/6491/36ddc1ad2ad2bc7b1e7539f381525fab2ffb.pdf
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An innovative application of graphene-cellulose composites in thermal energy storage was 

explored by Hekimoğlu et al. The researchers developed a shape-stabilized microcrystalline 

cellulose/methyl stearate/graphene nanoplatelet composite for thermal energy storage applications . 

The addition of graphene nanoplatelets not only enhanced the thermal conductivity of the 

composite but also improved its thermal stability and energy storage/release performance. The 

thermal stability of graphene-cellulose composites is significantly influenced by the concentration 

and dispersion of graphene within the cellulose matrix, as well as the interfacial interactions 

between these components. While increasing graphene content generally enhances thermal 

stability, an optimal concentration exists beyond which further additions may not yield substantial 

improvements or may even result in detrimental effects due to agglomeration. Recent research has 

focused on developing innovative methods to improve graphene dispersion and strengthen 

interfacial interactions, such as surface modification techniques, the use of compatibilizers, and 

chemical functionalization of graphene or cellulose surfaces. These strategies aim to optimize the 

thermal stability of the composite by ensuring uniform distribution of graphene and maximizing 

the synergistic effects between the graphene and cellulose components [217]. 

3.5.3. Electrical Conductivity 

The incorporation of graphene into cellulose matrices can impart electrical conductivity to the 

otherwise insulating materials. The graphene/microfibrillated cellulose (MFC) composite films 

demonstrated enhanced electrical, thermal, and mechanical properties. These composites were 

prepared using a simple method of co-exfoliation of graphite in an MFC suspension by high-shear 

exfoliation, resulting in homogeneously dispersed pristine graphene in the MFC matrix without 

chemical treatment. The composites achieved a high electrical conductivity of 2.4 S/m, although 

the specific graphene loading for this conductivity was not mentioned. At 0.5 wt% graphene 

loading, the specific surface area of the composites increased from 218 to 273 m²/g, while the 

tensile strength and Young's modulus improved by 33% and 28%, respectively [218]. A review by 

Pottathara et al.  explored the potential of graphene-based composites for flexible electronics, 

highlighting their superior mechanical strength, conductivity, and extraordinary thermal stability. 

The researchers discussed various strategies for incorporating graphene into polymer matrices, 

such as solution mixing, in-situ polymerization, layer-by-layer assembly, and their impact on the 

electrical and mechanical properties of the resulting composites [219]. The incorporation of 

graphene into cellulose matrices yields composites with markedly increased electrical conductivity 

compared to pure cellulose fibers. In this study, reduced graphene oxide (rGO) was introduced to 

cellulose fibers and the resulting electrical properties analyzed as a function of rGO content. The 

dependence of conductivity on rGO concentration was quantitatively described using a percolation 

model, 𝜎 = 𝜎0(𝑝 − 𝑝𝑐)
𝑡, where 𝑝corresponds to the mass fraction of rGO (𝑝 = rGO wt%/100). 

Figure 3.9 displays the fitted conductivity data and the derived percolation parameters. The 

observed percolation threshold (2.4 wt%) is higher than that reported for cellulose-GO composites 

and likely reflects the enhanced fiber alignment and morphology of the spun fibers. The fitted 
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conductivity of the rGO phase (𝜎0 = 73.3 S/cm) and critical exponent (𝑡 = 3.5) are consistent 

with literature values, while a critical exponent above the theoretical value for 3D networks may 

arise from non-uniform filler dispersion and anisotropic orientation within the fiber matrix.These 

results support the notion that morphological control and filler dispersion are crucial to optimizing 

conductivity in cellulose/graphene composites. Comparison to related works—such as those based 

on microfibrillated cellulose or other nanocellulose matrices—reveals similar improvements in 

conductivity, mechanical strength, and thermal stability, with percolation parameters largely 

dictated by processing technique and composite structure [220]. 

 

Figure 3.9: Dependence of electrical conductivity on rGO content (wt%) in cellulose fibers. The 

experimental data are fitted by the percolation model 𝜎 = 𝜎0(𝑝 − 𝑝𝑐)
𝑡 , where 𝜎  is 

conductivity, 𝜎0  the conductivity of rGO, 𝑝  the mass fraction of rGO ( 𝑝 =  rGO wt% / 

100), 𝑝𝑐 the percolation threshold, and 𝑡 the critical exponent. Fit parameters: 𝑝𝑐 = 0.024 (2.4 

wt%), 𝑡 = 3.5 , 𝜎0 = 73.3  S/cm [220]. Copy right with permission [Regenerated-Cellulose-

Graphene-Composite-Fibers-with-Electroconductive-Properties.pdf] Open Access  

 

3.5.4. Barrier Properties 

Graphene and its derivatives have been shown to improve the barrier properties of cellulose 

matrices, particularly against water vapor and gas permeation. In the study by Santillo et al. , the 

researchers demonstrated that the presence of graphene oxide slightly increased the water barrier 

properties of chitosan-based composites, while the incorporation of CNCs and borate significantly 

reduced the water vapor permeability by about 50% compared to pristine chitosan. The researchers 

attributed this enhancement to the tortuous path created by the impermeable GO and CNC fillers, 

https://www.researchgate.net/publication/342908928_Regenerated_CelluloseGraphene_Composite_Fibers_with_Electroconductive_Properties/fulltext/5f0d0f8092851c38a51cd352/Regenerated-Cellulose-Graphene-Composite-Fibers-with-Electroconductive-Properties.pdf?origin=publicationDetail&_sg%5B0%5D=ntQfrs1abEzDy3RFEBMi-dC2tCK3MNxRR2y7jUFzuQalhsJYCNm4cFyq8Uizi5lx0DF0I79NUz9cq9VyHsWrVQ.h93SvofW4I1I1IauKFrQbosMnLMXSf7P-HKd-KohFVsmlnxjmbA-U8YPVuZTTdZaT7V0TmLxjW5ZRsU1S6DpCg&_sg%5B1%5D=GnUCY4uogvFgXujdfE6bp4AX3B0qV-uqM9vNyjPF1Q7LkDx50OQ5Z3NWkZyGDjMIWcffSugHV6EsTY_lpScNWApIyT5PxVwWXH0GZFVehkUP.h93SvofW4I1I1IauKFrQbosMnLMXSf7P-HKd-KohFVsmlnxjmbA-U8YPVuZTTdZaT7V0TmLxjW5ZRsU1S6DpCg&_sg%5B2%5D=zaCB8NxNBYQtiz1PGlEsUoQ7Sdm6XbN7seBzsRf9RdfDCz_3J795pMDj8sXR9OAiLSQ7RvY9XdejaY4.W3osf00zcPH_UokK_5ACczr1e6vIU_F9Y1oIfM2FnOfFxO-glKjR3wTJFJxk7NG3zsBfDAjAhQINlNShUOsS1g&_iepl=&_rtd=eyJjb250ZW50SW50ZW50IjoibWFpbkl0ZW0ifQ%3D%3D&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwcmV2aW91c1BhZ2UiOiJwdWJsaWNhdGlvbiIsInBvc2l0aW9uIjoicGFnZUhlYWRlciJ9fQ
https://www.researchgate.net/publication/342908928_Regenerated_CelluloseGraphene_Composite_Fibers_with_Electroconductive_Properties/fulltext/5f0d0f8092851c38a51cd352/Regenerated-Cellulose-Graphene-Composite-Fibers-with-Electroconductive-Properties.pdf?origin=publicationDetail&_sg%5B0%5D=ntQfrs1abEzDy3RFEBMi-dC2tCK3MNxRR2y7jUFzuQalhsJYCNm4cFyq8Uizi5lx0DF0I79NUz9cq9VyHsWrVQ.h93SvofW4I1I1IauKFrQbosMnLMXSf7P-HKd-KohFVsmlnxjmbA-U8YPVuZTTdZaT7V0TmLxjW5ZRsU1S6DpCg&_sg%5B1%5D=GnUCY4uogvFgXujdfE6bp4AX3B0qV-uqM9vNyjPF1Q7LkDx50OQ5Z3NWkZyGDjMIWcffSugHV6EsTY_lpScNWApIyT5PxVwWXH0GZFVehkUP.h93SvofW4I1I1IauKFrQbosMnLMXSf7P-HKd-KohFVsmlnxjmbA-U8YPVuZTTdZaT7V0TmLxjW5ZRsU1S6DpCg&_sg%5B2%5D=zaCB8NxNBYQtiz1PGlEsUoQ7Sdm6XbN7seBzsRf9RdfDCz_3J795pMDj8sXR9OAiLSQ7RvY9XdejaY4.W3osf00zcPH_UokK_5ACczr1e6vIU_F9Y1oIfM2FnOfFxO-glKjR3wTJFJxk7NG3zsBfDAjAhQINlNShUOsS1g&_iepl=&_rtd=eyJjb250ZW50SW50ZW50IjoibWFpbkl0ZW0ifQ%3D%3D&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwcmV2aW91c1BhZ2UiOiJwdWJsaWNhdGlvbiIsInBvc2l0aW9uIjoicGFnZUhlYWRlciJ9fQ
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which hindered the diffusion of water vapor through the composite. Another study by Qing et al.  

investigated the barrier properties of graphene oxide (GO)/cellulose nanofiber (CNF) composites 

for food packaging applications. The researchers found that the incorporation of GO significantly 

improved the oxygen barrier properties of the CNF films, with a 50% reduction in oxygen 

permeability observed for composites containing 1 wt% GO. The researchers attributed this 

enhancement to the high aspect ratio and impermeable nature of GO, which created a tortuous path 

for gas diffusion [221]. 

 

3.5.5. Biocompatibility and Tissue Engineering Applications 

The biocompatibility and biodegradability of cellulose-based composites make them attractive 

candidates for tissue engineering applications. A review by Oprea et al. explored the potential of 

cellulose composites with graphene for tissue engineering, highlighting their ability to promote 

cellular attachment, growth, proliferation, and stem cell differentiation. The study discussed the 

preparation methods and biological performance of various cellulose-based composites, including 

cellulose paper, bacterial cellulose, and cellulose derivatives, with graphene, graphene oxide, and 

reduced graphene oxide. These composites have shown promising results in developing 

multifunctional scaffolds for cell culture, bone, and neural tissue regeneration. A study by Y et al. 

investigated the potential of graphene oxide (GO)/cellulose nanofiber (CNF) composites for bone 

tissue engineering applications. The researchers found that the incorporation of GO into CNF 

scaffolds enhanced the attachment, proliferation, and osteogenic differentiation of human 

mesenchymal stem cells (hMSCs). The GO/CNF composites exhibited improved mechanical 

properties, electrical conductivity, and biocompatibility, making them promising candidates for 

bone tissue regeneration. A notable study conducted in 2024 focused on the development of an 

injectable carboxymethyl chitosan (CMC)/hydroxyethyl cellulose (HEC)/β-tricalcium phosphate 

(β-TCP)/graphene oxide (GO) hydrogel for bone tissue engineering applications. The researchers 

employed a hydrothermal method to synthesize GO-functionalized bacterial cellulose, which was 

subsequently crosslinked with CMC and HEC. This innovative approach resulted in hydrogels 

with exceptional swelling properties and improved mechanical characteristics, particularly with 

the addition of 1 mg/mL GO. The study also investigated the osteogenic differentiation of rat bone 

marrow mesenchymal stem cells (rBMSCs), demonstrating significant promotion of osteogenesis, 

with the best effect observed at a GO concentration of 2 mg/mL [222]. 

The biocompatibility of these hydrogels was thoroughly evaluated through cell viability and 

proliferation assays. The results demonstrated good cell viability and proliferation, indicating the 

potential of these materials for tissue engineering applications. Furthermore, the hydrogels 

exhibited promising characteristics for bone tissue engineering, suggesting their potential use in 

clinical settings [222]. Another significant study in 2024 explored the development of polymer 

nanocomposites based on carbon nanotubes, graphene, and cellulose for fused deposition modeling 
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(FDM) applications [223]. This research aimed to enhance the properties of FDM-printed parts by 

incorporating various nanofillers. The study highlighted the astonishing properties, 

biocompatibility, and ability to tailor the final performance of FDM-printed nanocomposite parts 

using these nanofillers. The researchers provided a comprehensive review of the processing, 

characterization, and potential applications of these nanocomposites in industrial settings[224]. 

The potential applications of graphene oxide in medical implants have also been the subject of 

recent research. A comprehensive review published in 2024 examined the use of nanomaterials, 

including graphene, in various medical implant applications [225]. The review focused on the 

advancements and challenges in employing nanomaterials to enhance the functionality of medical 

implants. Graphene, due to its unique electronic properties, was found to be particularly promising 

for applications such as electrical stimulation in neural implants. The study highlighted the 

potential improvements in mechanical strength, biocompatibility, and drug delivery capabilities of 

implants incorporating nanomaterials like graphene [225] . In the realm of biosensors, a 2024 study 

utilized graphene oxide in the development of an electrochemical biosensor for the early detection 

of pancreatic cancer [226]. The researchers coated a gold working electrode with graphene oxide 

nano colloidal solution to create a nanoengineered biosensor capable of detecting pancreatic 

cancer-specific biomarkers. This innovative approach demonstrates the potential of graphene-

based materials in advancing medical diagnostics and early disease detection [226]. 

3.5.6. Energy Storage and Environmental Remediation Applications 

Graphene-cellulose composites are used to create high-performance supercapacitor electrodes. 

These composites offer high electrical conductivity and capacitance, making them suitable for 

flexible energy storage systems. For instance, chemically bonded polypyrrole/bacterial 

cellulose/graphene composites have demonstrated high volumetric and gravimetric capacitance 

with excellent cycling stability [227]. These composites serve as host matrices in lithium-sulfur 

batteries, enhancing the electrochemical performance by providing a stable structure and 

improving conductivity [228]. Flexible electrodes made from graphene-cellulose composites are 

used in lithium-ion batteries. They provide mechanical support and improved electrical 

conductivity, contributing to the overall efficiency and flexibility of the battery [229]. The 

morphology and characteristics of the self-supporting LFP/G/NFC electrode are vividly presented 

in Figure 3.10, offering a comprehensive view of its structure and properties. Figure 3.10(a) reveals 

the intricate composition of the electrode, where LiFePO4 particles, graphene sheets, and 

nanofibrillated cellulose (NFC) fibers are clearly discernible. The graphene and filamentous NFC 

have combined to form a porous conductive framework, within which the homogeneous LiFePO4 

particles are well-dispersed, albeit slightly aggregated. 

A cross-sectional view of the flexible electrode is provided in Figure 3.10(c), showcasing a clear 

and neat morphology. The absence of significant structural defects in this cross-section indicates 

stable binding between the components. This arrangement has resulted in a mesh-like three-

dimensional structure with good electronic conductivity, which enhances the electronic contact at 
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the electrode/electrolyte interface. The surface characteristics of the prepared LFP/G/NFC 

electrode are displayed in Figure 3.10(b). Notably, the surface appears smooth and free from any 

flaws or peeling, suggesting a well-integrated structure. The electrode's flexibility is demonstrated 

in Figure 3.10(d), where it exhibits high resilience through repeated bending. The electrode 

maintains its integrity even when bent to a curvature radius below 5 mm for 100 cycles, a testament 

to the sturdy frame provided by the graphene and NFC components. Figures 3.10(e) and 10(f) offer 

insight into the wettability of the electrode. These images compare the water contact angles of pure 

LiFePO4 (68.9°) and the flexible LFP/G/NFC electrode (47.2°). The noticeably lower contact 

angle of the LFP/G/NFC electrode indicates superior electrolyte wettability compared to 

conventional LiFePO4 electrodes. This enhanced wettability, combined with the electrode's 

flexibility and stable structure, suggests promising performance potential for this self-supporting 

LFP/G/NFC electrode in lithium-ion battery applications [229]. 

 

Figure 3.10: SEM images of (a) the surface and (c) the cross-section of flexible LFP/G/NFC 

electrode; The photos of (b) flattened and (d) bent flexible LFP/G/NFC electrode; Images of water 

contact angle on (e) pure LiFePO4 and (f) flexible LFP/G/NFC electrode [229]. Copyright with 

https://www.sciencedirect.com/topics/engineering/water-contact-angle
https://www.sciencedirect.com/topics/engineering/water-contact-angle
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permission [Preparation and characterization of flexible lithium iron phosphate/graphene/cellulose 

electrode for lithium ion batteries - ScienceDirect] 

The high adsorption capacity and nanoporous structure of graphene-cellulose composites make 

them effective in filtering and purifying water. They can remove contaminants and pollutants 

efficiently due to their large surface area and reactivity. These composites are used in phase change 

materials for solar energy applications. They enhance thermal conductivity and flexibility, which 

are crucial for efficient thermal energy storage and management [230]. 

 

3.6. Challenges and Future Perspectives  

While the incorporation of graphene into cellulose matrices has shown promising results in 

enhancing structural and functional properties, several challenges remain to be addressed. One of 

the main challenges is the uniform dispersion and prevention of agglomeration of graphene or its 

derivatives within the cellulose matrix. Agglomeration can lead to non-uniform property 

enhancements and potentially compromise the overall performance of the composite. Various 

strategies have been explored to address this challenge, including surface functionalization, solvent 

selection, and the use of dispersing agents or surfactants . A study by Liu et al.  investigated the 

effect of surface functionalization on the dispersion of graphene oxide (GO) in cellulose nanofiber 

(CNF) matrices. The researchers found that the introduction of carboxyl and hydroxyl groups on 

the GO surface improved its dispersion and interfacial interactions with the CNF matrix, resulting 

in enhanced mechanical and thermal properties of the composites.  Apart from graphene oxide a 

large family of graphene derivatives bearing other functional groups - amines, thiols, sulfates, etc. 

- are known to date and being employed, particularly for composite fabrication [231], [232]. 

Another study by Li et al.  explored the use of different solvents for the dispersion of graphene in 

microfibrillated cellulose (MFC) matrices. The researchers found that the use of N,N-

dimethylformamide (DMF) as a solvent resulted in better dispersion and exfoliation of graphene, 

leading to improved mechanical and electrical properties of the composites compared to those 

prepared using water as the solvent [233]. 

Another challenge is the scalability and cost-effectiveness of the production processes. Many of 

the reported studies have been conducted on a laboratory scale, and the translation of these 

processes to industrial-scale production may require further optimization and cost considerations . 

A study by Xie et al. explored the scalable production of graphene-cellulose composites using a 

continuous flow reactor[234]. The researchers developed a cost-effective and environmentally 

friendly method for the large-scale production of graphene-cellulose composites, which could 

potentially facilitate their commercialization and industrial applications. Another study by Mendez 

et al. reported a cost-effective and scalable method for the production of graphene oxide (GO) 

using a modified Hummers method. The researchers demonstrated that the use of a more 

environmentally friendly oxidizing agent and the recycling of the oxidizing solution could 

https://www.sciencedirect.com/science/article/pii/S0021979717312055?casa_token=Xb4vnDVUhWoAAAAA:JB5xwuOJmuyAKmlxiIQU3Y-VUfut07heTXF4F1g3KHjXo994gKymiULBMEA-9Bs54KFXoD7l#f0015
https://www.sciencedirect.com/science/article/pii/S0021979717312055?casa_token=Xb4vnDVUhWoAAAAA:JB5xwuOJmuyAKmlxiIQU3Y-VUfut07heTXF4F1g3KHjXo994gKymiULBMEA-9Bs54KFXoD7l#f0015
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significantly reduce the production cost of GO, making it more accessible for various applications, 

including the development of graphene-cellulose composites [235]. 

The long-term stability and durability of graphene-cellulose composites under various 

environmental conditions, such as temperature, humidity, and UV exposure, need to be thoroughly 

investigated to ensure their suitability for practical applications . A study by Zhu et al. investigated 

the long-term stability and durability of graphene-cellulose composites under accelerated aging 

conditions. The researchers subjected the composites to elevated temperatures, humidity, and UV 

exposure to simulate long-term environmental conditions. The results showed that while the 

mechanical properties of the composites remained relatively stable, there was a gradual decrease 

in electrical conductivity over time, which was attributed to the degradation of the graphene 

network within the cellulose matrix. To address the issue of long-term stability and durability, 

researchers have explored the use of protective coatings on graphene-cellulose composites. A 

study by Xu et al. investigated the application of a polyurethane coating on graphene-cellulose 

composites for outdoor applications. The researchers found that the polyurethane coating 

effectively protected the composites from UV radiation, moisture, and other environmental factors, 

maintaining their mechanical and electrical properties over an extended period [236]. 

Despite the challenges, the field of graphene-cellulose composites holds immense potential for 

future research and development. The exploration of novel processing techniques, such as 3D 

printing, electrospinning, and layer-by-layer assembly, could lead to the fabrication of composites 

with unique architectures and tailored properties for specific applications. A study by Mohan et al. 

explored the 3D printing of graphene-cellulose composites for the fabrication of complex 

structures with tailored mechanical and electrical properties. The researchers developed a novel 

3D printing technique that allowed for the precise control of the graphene distribution within the 

cellulose matrix, enabling the creation of composites with anisotropic properties and customized 

functionalities. Another study by Jiang et al. investigated the electrospinning of graphene-cellulose 

nanofiber composites for tissue engineering applications. The researchers demonstrated that the 

incorporation of graphene into the electrospun cellulose nanofibers enhanced the mechanical 

properties, electrical conductivity, and biocompatibility of the resulting scaffolds, making them 

suitable for applications such as neural tissue regeneration and biosensing [237]. 

Furthermore, the incorporation of other functional materials, such as metal nanoparticles, carbon 

nanotubes, or conductive polymers, into graphene-cellulose composites could result in 

multifunctional materials with enhanced properties and expanded application potential [238].A 

study by Zhu et al. explored the incorporation of silver nanoparticles into graphene-cellulose 

composites for antimicrobial applications. The researchers found that the synergistic effect of 

graphene and silver nanoparticles resulted in composites with enhanced mechanical properties, 

electrical conductivity, and antimicrobial activity, making them suitable for applications such as 

wound dressings and biomedical devices. One notable study focused on the development of 

graphene oxide-functionalized bacterial cellulose–gelatin hydrogels for wound dressing 
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applications. Ullah et al. (2023) created composite hydrogels by blending gelatin and graphene 

oxide-functionalized bacterial cellulose (GO-f-BC), using tetraethyl orthosilicate (TEOS) as a 

crosslinker. These hydrogels demonstrated impressive swelling capabilities in various media, with 

maximum swelling rates of 1903% in aqueous media, 1547% in PBS, and 1367% in electrolyte 

solutions. The composites also exhibited excellent hemocompatibility, with hemolysis rates below 

0.5%, and showed antimicrobial activity against both Gram-positive and Gram-negative bacteria. 

Notably, cell viability and proliferation improved with increasing graphene oxide content, with 

optimal results observed in hydrogels containing 0.04 mg GO [239]. Another innovative approach 

was demonstrated by Xu et al. (2023), who developed a novel core-shell composite using pine 

needles-derived carbon fibers (PNCFs) and graphene for electromagnetic interference (EMI) 

shielding. This study showcases the potential of combining biomass-derived carbon materials with 

graphene for advanced applications. The researchers created pore-rich PNCFs through KOH 

activation and integrated graphene using plasma-enhanced chemical vapor deposition (PECVD). 

The resulting composite achieved impressive electrical conductivity of 4.97 S cm-1 and excellent 

EMI shielding effectiveness, exceeding 70 dB over the X-band frequency range. Furthermore, the 

material showed promise for stealth applications due to its high absorption loss, which accounted 

for 90.8% of the total loss. This research underscores the potential of integrating biomass-derived 

carbon fibers with graphene to create high-performance EMI shielding materials [240]. 

3.7. Conclusions  

The optimization of graphene content in cellulose matrices has proven to be a promising approach 

for enhancing the structural and functional performance of composite materials. Various 

optimization techniques, including RSM, PSO, and ANN, have been employed to identify the 

optimal graphene concentration and processing conditions. Quantitative analyses have 

demonstrated significant improvements in mechanical properties, thermal stability, electrical 

conductivity, barrier properties, and biocompatibility when the optimized graphene content is 

incorporated into cellulose matrices. These findings highlight the potential of graphene-cellulose 

composites for a wide range of applications, including structural materials, thermal insulation, 

conductive materials, tissue engineering, energy storage, and environmental remediation. 

However, challenges such as uniform dispersion, scalability, cost-effectiveness, and long-term 

stability need to be addressed to facilitate the practical implementation of these composites. Future 

research directions may include the exploration of novel processing techniques, the incorporation 

of additional functional materials, and the development of multifunctional composites with 

tailored properties for specific applications. Additionally, the investigation of long-term stability 

and durability under various environmental conditions, as well as the development of protective 

coatings or encapsulation strategies, could further enhance the practical applicability of these 

composites. Overall, the field of graphene-cellulose composites presents exciting opportunities for 

innovation and the creation of high-performance, sustainable, and multifunctional materials. 

Interdisciplinary collaborations among researchers, engineers, and industry partners will be crucial 
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in overcoming the existing challenges and unlocking the full potential of these advanced composite 

materials. 

 

Closure 

This chapter, based on the paper published in Encyclopedia (2024), focused on the practical and 
theoretical dimensions of incorporating graphene oxide into cellulose matrices, with particular 
attention to how the amount and distribution of GO govern composite performance. It began by 
reviewing nanocomposite theory as it applies to graphene–cellulose systems: interfacial 
interactions between the oxygen-containing groups of GO and the hydroxyl groups of cellulose 
(primarily hydrogen bonding and π–π stacking) determine the quality of stress transfer and the 
onset of electrical percolation. Recent evidence showing that the percolation threshold in these 
composites occurs at lower graphene concentrations than previously assumed was discussed as an 
important practical insight. Surface modification strategies , both covalent (enzyme-mediated 
coupling) and non-covalent (polydopamine coating),  were reviewed as tools to improve interfacial 
compatibility without sacrificing the intrinsic properties of graphene. Optimization approaches 
surveyed included response surface methodology, particle swarm optimization, and artificial 
neural networks, each offering a different balance of experimental efficiency and predictive power. 
The chapter documented quantitative gains in tensile strength, Young's modulus, thermal stability, 
and electrical conductivity that result from well-controlled graphene loading, while also 
acknowledging persistent challenges in uniform dispersion, scalability, and long-term stability. 
These insights directly informed the experimental design and modeling methodology adopted in 
Chapter 5. 
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Chapter 4: Advancements in Hybrid Cellulose-Based Films 

This chapter is a published paper in the Journal of Functional Biomaterials (2024), Vol. 15, 

Issue 4, Article 93, titled “Advancements in Hybrid Cellulose-Based Films: Innovations and 

Applications in 2D Nano-Delivery Systems.” Add authors 

Advancements in Hybrid Cellulose-Based Films: Innovations and Applications in 2D Nano-

Delivery Systems 

Abstract: This paper delves into the realm of hybrid cellulose-based materials and their 

applications in 2D nano-delivery systems. Cellulose, recognized for its biocompatibility, 

versatility, and renewability, serves as the core matrix for these nanomaterials. The paper offers a 

comprehensive overview of the latest advancements in the creation, analysis, and application of 

these materials, emphasizing their significance in nanotechnology and biomedical domains. It 

further illuminates the integration of nanomaterials and advanced synthesis techniques that have 

significantly improved the mechanical, chemical, and biological properties of hybrid cellulose-

based materials. 

4.1. Introduction 

In the contemporary era of sustainable material development, there is an increasing focus on 

products derived from cellulose, the most abundant organic compound on Earth. Cellulose’s 

unique combination of biocompatibility, flexibility, and sustainability has not only entrenched it 

as a fundamental component in traditional sectors like textiles and paper production but has also 

placed it at the forefront of more advanced fields. Specifically, the rise of nanotechnology and 

biomedical engineering has led to new advancements in cellulose-based materials, including 

hybrid films [14], [241]. Figure 4.1 provides a schematic representation of cellulose structures 

from resources to the molecular level. 

 

 

Figure 4.1. Schematic representation of cellulose structures from resources to the molecular 

level [241]. Copyright with permission [A Review on Surface-Functionalized Cellulosic 

https://link.springer.com/article/10.1007/s40820-020-0408-4
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Nanostructures as Biocompatible Antibacterial Materials|Nano-Micro Letters (springer.com)]. 

Adapted from[[241]] 

However, despite the promising potential of these materials, there are still challenges and 

limitations in the current research. For instance, the structure of pure cellulose has inherent 

shortcomings such as poor plasticity and dimensional stability and lack of antibacterial activity 

[242]. Moreover, the effectiveness of cellulose-based nano-delivery systems may be limited by 

their inability to cross the blood–brain barrier, essential for drug resistance in, e.g., epilepsy [243]. 

Though this paper discusses the potential of hybrid cellulose-based films for applications in drug 

delivery, tissue engineering, and other biomedical areas, it is important to note that the materials 

and systems described herein are at various stages of research and development. Many of these 

applications are still in the experimental phase and have not yet been approved by regulatory 

agencies such as the Food and Drug Administration (FDA) for clinical use. The transition from 

laboratory research to clinical application involves extensive testing, regulatory approval, and 

compliance with safety and efficacy standards. Therefore, readers are cautioned that the use of 

these materials in medical and pharmaceutical treatments requires thorough investigation, 

validation, and regulatory approval before they can be considered for clinical applications. This 

paper aims to provide an overview of current research and potential future directions in the field, 

rather than to suggest immediate clinical implementation. 

This paper explores the progress in hybrid cellulose-based films—a novel category of materials 

that enhance traditional cellulose products through integration with nanotechnology and chemical 

modifications. These breakthroughs have resulted in materials with improved mechanical 

properties and functionalities that can potentially be applied across various domains. Our focus 

lies in their crucial role in nano-delivery systems—an area experiencing significant interest for 

revolutionizing drug delivery, tissue engineering, and other biomedical applications [244].  

Hybrid cellulose-based films possess distinctive properties such as controlled release of embedded 

active materials, targeted delivery capabilities, and biodegradability. They are anticipated to make 

a substantial impact on nano-delivery systems. This paper presents an extensive overview of recent 

developments, current challenges, emerging trends, and future perspectives in this arena of hybrid 

cellulose-based films. It provides valuable insights for researchers, industry professionals, and 

policymakers who are actively involved in or keenly positioned vis-à-vis sustainable 

nanotechnology policy.  The term ‘hybrid’ is used to describe cellulose-based films that have been 

enhanced through the incorporation of various nanomaterials. This integration aims to leverage the 

unique properties of both cellulose and nanomaterials to create films with superior mechanical, 

electrical, thermal, and biological properties. The ‘hybrid’ aspect refers to the combination of 

organic cellulose with inorganic or other organic nanomaterials, such as nanoparticles, nanotubes, 

and graphene, resulting in composite materials that exhibit enhanced functionalities. These hybrid 

films are designed for specific applications in drug delivery, environmental sensing, and 

biomedical engineering, among others, where their controlled release, targeted delivery 

https://link.springer.com/article/10.1007/s40820-020-0408-4
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capabilities, and biodegradability are crucial. The use of the term ‘hybrid’ in this context 

emphasizes the synergistic effects achieved by merging cellulose with nanomaterials, creating a 

new class of materials that are distinct from their individual components. [242], [245], [246].  

4.2. Synthesis Methods for Cellulose-Based Hybrid Films 

Advanced synthesis techniques like electrospinning, chemical vapor deposition, and sol-gel 

processes have produced hybrid cellulose-based films with improved properties.  

Electrospinning is a versatile technique that can produce nanofibers from various materials, such 

as polymers and composites. In one study, co-electrospinning was utilized to create a composite 

membrane of cellulose acetate/thermoplastic polyurethanes . This process involved optimizing 

parameters, including the materials’ weight percentages, the solvents’ volume ratio, and the 

applied voltage. The resulting composite membrane demonstrated enhanced properties, rendering 

it suitable for applications such as photodynamic antibacterial usage [247]. 

Chemical vapor deposition is another method for synthesizing hybrid films. Researchers 

synthesized an ultrathin, uniform organic–inorganic hybrid dielectric film using initiated CVD in 

a study. This hybrid dielectric was created from tetrakis-dimethyl-amino-zirconium and 2-

hydroxyethyl methacrylate—a high-k inorganic material and a soft organic material, respectively. 

The resulting film demonstrated a high dielectric constant, low leakage current density, and high 

breakdown field, indicating its suitability for advanced flexible electronic applications [248], [249].  

The sol-gel process is a method for producing solid materials from small molecules. It was used 

to create photocatalytic coatings on cellulose fabrics through the pad-dry-cure process, using a 

composition that included a bifunctional anchoring agent, a crosslinking agent, and a catalyst for 

epoxy group polymerization. These coatings showed improved resistance to wet treatments and 

enhanced photocatalytic performance [250].   

Additionally, advanced techniques like matrix-assisted pulsed laser evaporation (MAPLE) have 

been employed for synthesizing biopolymer thin films. The method has successfully produced thin 

films of polysaccharides such as dextran doped with iron oxide nanoparticles and levan. MAPLE 

has proven effective in obtaining thin films of sensitive materials without inducing thermal 

decomposition or irreversible degradation meso-porous silica particles as efficient carriers for drug 

delivery[251]. 

Advanced synthesis techniques contribute to the enhanced properties of hybrid cellulose-based 

films, including increased mechanical strength, improved drug-loading capacity, and enhanced 

biodegradability. However, further research is needed to optimize these methods and expand their 

applications [252], [253]. The term ‘hybrid’ is used to emphasize the integration of cellulose with 

various nanomaterials, such as nanoparticles, nanotubes, and graphene, through advanced 

synthesis techniques like electrospinning, chemical vapor deposition, sol-gel processes, and 
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matrix-assisted pulsed laser evaporation (MAPLE). This integration results in the formation of 

hybrid cellulose-based films that exhibit enhanced properties compared to pure cellulose films.  

Table 4.1 offers a comprehensive overview of cellulose-based 2D materials, highlighting their 

foundational material characteristics, recent advancements, and spectrum of applications. It 

outlines the challenges faced in the development and commercialization of these materials, 

alongside the anticipated future directions that could propel their utilization across various 

industries. Additionally, the table compares cellulose-based 2D materials with other nanomaterials, 

underlining their distinctive benefits in terms of sustainability and application diversity. Finally, it 

addresses real-world applications and regulatory considerations, presenting a holistic view of the 

potential and constraints of cellulose-based 2D materials in advancing technological and 

environmental solutions. 

Table 4.1. Key insights on cellulose-based 2D materials: properties, applications, and perspectives. 

Aspect Details 

Material Base 
Cellulose, recognized for its biocompatibility, versatility, and 

renewability. 

Advancements 
Integration with nanomaterials like nanoparticles, nanotubes, 

graphene, and advanced synthesis techniques. 

Applications 
Drug delivery, tissue engineering, environmental sustainability,  

and smart drug delivery systems. 

Challenges 
Scalability, compatibility with a broad range of compounds, 

regulatory hurdles, and environmental impact assessment. 

Future Directions 

Development of stimuli-responsive materials, integration with IoT 

for healthcare, and exploration of new synthesis methods to 

enhance properties. 

Comparative 

Analysis 

Relative to graphene and MXenes, cellulose-based 2D materials 

offer unique advantages in sustainability, biodegradability, and 

potential for diversification in applications. 

Real-World 

Applications 

Pharmaceutical industry, environmental remediation, biomedical 

scaffolds, energy storage, and water purification. 

Regulatory and 

Commercialization  

Considerations 

FDA approval process, market availability, liability issues, and 

environmental concerns. 

 

 

4.3. Integration of Nanomaterials 

The integration of nanomaterials into cellulose films, indeed, signifies a crucial development in 

the creation of hybrid structures. These hybrid structures are formed by combining cellulose with 

a second type of nanomaterial, such as nanoparticles, nanotubes, or graphene. This combination 

enhances the intrinsic properties of cellulose films and introduces new functionalities, making 

them suitable for a wide range of applications, including nano-delivery systems. The term ’hybrid’ 
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in this context aptly describes the synergistic effects achieved by merging nanocellulose with other 

nanomaterials to enhance performance and achieve tailored functionalities[254], [255]. 

The incorporation of various nanomaterials into cellulose films is detailed in the following sections. 

 

4.4. Surface Modification Techniques 

Surface modification techniques encompass a range of chemical and physical approaches designed 

to tailor the interfacial properties of cellulose-based materials for enhanced performance in 

advanced applications. The major categories of these techniques are outlined below. 

4.4.1. Grafting of Polymers  

Polymer grafting onto cellulose films can significantly change their properties. For example, starch 

acetate has been utilized as a microencapsulating agent in creating controlled-release 

microcapsules containing gliclazide. These gliclazide microcapsules were fabricated using an 

emulsion solvent evaporation technique, with varying core coat ratios. In vitro studies on drug 

release indicated sustained release for up to 24 h from the microcapsules, depending on factors 

such as the size of the microcapsules, coat thickness, and SA concentration [256]. 

4.4.2. Coating with Bioactive Substances  

Coating cellulose films with bioactive substances can enhance their biocompatibility and 

functionality. Biocompatible polymers such as polylactic-co-glycolic acid, poly(ε-caprolactone), 

polylactic acid, poly(3-hydroxybutyrate-co-3-hydroxyvalerate), chitosan, and cellulose have been 

used in various biomedical applications. These polymers can be processed into films using 

techniques such as augmentation, film processing, injection molding, blow molding techniques, 

controlled/implantable drug delivery devices, biological grafting, and nanotechnology. The 

resulting films exhibit improved biocompatibility with non-toxicity under mild processing 

conditions while reducing immunological reactions and minimizing side effects [257], [258], [259], 

[260].  

4.4.3. Other Chemical Modifications  

Other chemical modifications can be used to customize the properties of cellulose films. For 

example, chitosan nanocomposites have been applied in biomedical fields such as drug delivery, 

tissue regeneration, and wound healing. The biomedical effectiveness of chitin and chitosan 

compounds is closely related to the production process conditions. The use of chitosan 

nanocomposites in these applications has led to improved biocompatibility and functionality [261]. 

In summary, functionalization and surface modification strategies play a crucial role in 

customizing the properties of hybrid cellulose films for specific applications. These strategies can 



   

 

70 

 

 

significantly enhance the performance of these films in nano-delivery systems, making them 

suitable for various biomedical uses. 

Table 4.2 outlines the diverse surface modification techniques applied to cellulose films, detailing 

the methods employed, their resultant enhancements, and the corresponding scientific references. 

These modifications significantly alter the physical and chemical properties of cellulose films, 

improving their applicability in biomedical and technological fields. The table is segmented into 

three primary modification strategies, each aiming to enhance the biocompatibility, functionality, 

and overall performance of the cellulose films in various applications: grafting of polymers, 

coating with bioactive substances, and other chemical modifications. 

 

Table 4.2. Enhancement strategies for cellulose films via surface modification. 

  

Surface 

Modification 

Technique 

Description Outcomes References 

Grafting of  

Polymers 

Utilization of starch 

acetate for creating 

controlled-release 

microcapsules 

containing gliclazide 

using an emulsion 

solvent evaporation 

technique. 

Sustained drug release 

up to 24 h, dependent 

on microcapsule size, 

coat thickness, and SA 

concentration. 

[256], 

[262] 

Coating with 

Bioactive Sub-

stances 

Use of biocompatible 

polymers (e.g., 

polylactic-co-glycolic 

acid, poly(ε-

caprolactone), 

polylactic acid, poly(3-

hydroxybutyrate-co-3-

hydroxyvalerate), 

chitosan, cellulose for 

biomedical 

applications. 

Improved 

biocompatibility, non-

toxicity, reduced 

immunological 

reactions and side 

effects. 

[257], 

[258], 

[259], 

[260], 

[263], 

[264] 

Other Chemical 

Modifications 

Application of chitosan 

nanocomposites in 

drug delivery, tissue 

regeneration, and 

wound healing. 

Enhanced 

biocompatibility and 

functionality. 

[261] 
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4.5. Recent Studies and Publications  

This section highlights recent advancements and key publications related to cellulose 

nanostructures and their emerging applications. 

 

4.5.1. Customization of Cellulose Nanostructures for Specific Delivery Challenges  

Recent research has indicated the potential of cellulose nanostructures for targeted drug delivery. 

One-dimensional nanostructures, like nanorods, nanofibers, or nanotubes, have high drug-loading 

capacities and improved targeting due to their high surface-to-volume ratios. These structures can 

be tailored to target different cells by altering the ligands used. Moreover, they can react to changes 

in the target environment, enabling drug release only at the specific site [265]. 

4.5.2. Cellulose-Based Systems for Hydrophobic Drug Delivery 

4.5.2.1. Antibacterial Cellulose-Based Materials 

Research has led to the development of antibacterial nanocrystalline cellulose through a novel 

functionalization process. This process involves the integration of aldehyde groups into hairy 

nanocrystalline cellulose, enabling the direct attachment of natural antibacterial agents such as 

lysozyme and nisin. The effectiveness of this method has been demonstrated through its ability to 

maintain the antibacterial activity of these agents over extended periods, signifying a promising 

approach for antibacterial applications [266]. Figure 4.4 presents a schematic illustration of the 

synthesis process of conventional nanocrystalline cellulose from cellulose nanofibrils via acid 

hydrolysis, highlighting its application in the development of antibacterial cellulose-based 

materials. This novel functionalization process involves integrating aldehyde groups into hairy 

nanocrystalline cellulose, facilitating the direct attachment of natural antibacterial agents such as 

lysozyme and nisin. The method’s effectiveness is underscored by its capability to preserve the 

antibacterial activity of these agents over extended periods, offering a promising avenue for 

enhanced antibacterial applications [266]. 
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Figure 4.2. Schematic illustration of the synthesis of the conventional cellulose nanocrystalline 

from cellulose nanofibrils under acid hydrolysis [266]. Copyright with permission [Biotemplated 

Hollow Mesoporous Silica Particles as Efficient Carriers for Drug Delivery|ACS Applied Bio 

Materials]. 

 

4.5.2.2. Antibacterial and Biofilm-Disrupting Hydrogels  

Innovations in cellulose for wound-dressing applications have resulted in the creation of highly 

absorbent antibacterial and biofilm-disrupting hydrogels. These hydrogels are produced by 

covalently bonding ε-poly-L-lysine to carboxyl-modified cellulosic hydrogels, exhibiting 

significant bactericidal efficacy and compatibility with mammalian cells. This breakthrough 

suggests a potent solution for wound-dressing materials (Figure 4.3) [267].  

 

https://pubs.acs.org/doi/10.1021/acsabm.0c01671?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01671?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01671?fig=sch1&ref=pdf
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Figure 4.3. (a) Representative images of different stages of the gel formation. (b) Schematic of 

the reaction of carboxymethyl cellulose fiber and epichlorohydrin to form the gel [267]. Copyright 

with permission [Highly Absorbent Antibacterial and Biofilm-Disrupting Hydrogels from 

Cellulose for Wound Dressing Applications|ACS Applied Materials & Interfaces]. 

 

4.5.2.3. Antibacterial Pickering Emulsions  

Further exploration into antibacterial cellulose-based materials has given rise to antibacterial 

Pickering emulsions stabilized by bifunctional hairy nanocellulose. These emulsions utilize 

cellulose nanocrystals modified with aldehyde and carboxylic acid groups, offering stability 

without surfactants and demonstrating enhanced antibacterial properties when combined with 

essential oils like carvacrol [268].  

4.5.2.4. Green Extraction of Antibacterial Cellulose-Based Nanofibers  

Figure 4.4 illustrates the chemical modification process of cellulose to enhance its antibacterial 

properties through a green extraction methodology. Initially, cellulose reacts with sodium 

periodate to produce dialdehyde-modified cellulose (DAMC). Subsequently, it undergoes a 

reaction with sodium chlorite to synthesize dialdehyde-dicarboxylate-modified nanofibrils. The 

process concludes with the isolation of bifunctional hairy nanocellulose (BHNC) through heat 

treatment. This schematic represents a significant advancement in the extraction of antibacterial 

cellulose-based nanofibers from natural sources like pine cones, using an eco-friendly thermo-

oxidation method with H2O2, demonstrating potent antibacterial activity against common 

pathogens [6]. 

 

https://pubs.acs.org/doi/10.1021/acsami.0c08784?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08784?fig=sch1&ref=pdf
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Figure 4.4. Schematic of cellulose reaction with sodium periodate to produce dialdehyde-modified 

cellulose (DAMC), followed by reaction with sodium chlorite to synthesize dialdehyde-

dicarboxylate-modified nanofibrils, and finally BHNC isolation through heat treatment [245]. 

Copyright with permission [Antibacterial Pickering emulsions stabilized by bifunctional hairy 

nanocellulose—ScienceDirect]. 

4.5.2.5. Superhydrophobic and Antibacterial Cellulose-Based Fibers and Fabrics  

Recent reviews have highlighted progress in the development of superhydrophobic and 

antibacterial cellulose-based fibers and fabrics. These advancements focus on enhancing 

antibacterial properties through surface structuring, chemical modifications, and the incorporation 

of antibacterial agents, aiming to balance biocompatibility and biodegradability [269].  

4.5.2.6. Edible Carboxymethyl Cellulose Films with Natural Antibacterial Agents  

Studies have also ventured into edible carboxymethyl cellulose films incorporated with natural 

antibacterial agents like lysozyme. These films not only demonstrate improved mechanical and 

water resistance properties but also exhibit significant antimicrobial efficacy against food-borne 

pathogens, showcasing the potential for food-packaging applications [270]. 

4.5.2.7. Cellulose-Based Hydrogels for Antibacterial Wound Dressing  

Additionally, cellulose-based hydrogels have been identified as promising materials for 

antibacterial wound dressing, capable of mimicking the skin’s microenvironment. The exploration 

of cellulose from diverse sources for hydrogel production emphasizes the importance of 

biocompatibility and biodegradability in creating effective wound-healing solutions.  

These developments in hybrid cellulose-based films and materials underscore the versatile and 

significant potential of cellulose in crafting innovative and effective antibacterial solutions for a 

broad range of applications.  

4.5.3. Drug Delivery  

4.5.3.1. Biotemplated Hollow Mesoporous Silica Particles  

Recent studies have introduced hollow-shaped porous silica materials, utilizing a biotemplate-

directed method with cellulose nanocrystals as the template. These materials, including porous 

hollow silica nanorods and ultraporous sponge-like structures, have showcased their efficiency in 

drug delivery and dye removal applications. Notably, the ultraporous variants exhibit superior 

adsorption capacities, marking a significant stride in material design for therapeutic applications 

[271].  

4.5.3.2. Stimuli-Responsive Chitosan  

https://www.sciencedirect.com/science/article/pii/S0021979723006161#f0040
https://www.sciencedirect.com/science/article/pii/S0021979723006161#f0040
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The versatility of chitosan has been explored through its responsiveness to both internal (pH, 

temperature, enzymes) and external (ultrasound, light, magnetic fields) stimuli. This adaptability 

positions chitosan as a formidable platform for controlled drug delivery, with current designs 

emphasizing the material’s efficiency in releasing bioactive agents under specific conditions [272].  

4.5.3.3. Hairy Nanocellulose-Based Supramolecular Architectures  

Innovations in biopolymer-based nanosponges have led to the creation of trifunctional structures 

by cross-linking beta-cyclodextrin ethylene diamine with bifunctional hairy nanocellulose. These 

complexes, characterized by their unique morphological and structural properties, have 

demonstrated potential in capturing and sustaining the release of drug molecules like doxorubicin, 

with notable pH responsiveness [273].  

4.5.3.4. Internally Bridged Nanosilica  

Research has yielded monodisperse colloids with a distinctive sea urchin-like structure, internally 

bridged for hosting drugs within their framework. These pH-responsive nanocomposites have been 

tested for their biocompatibility as nanocarriers, presenting a novel approach to controllable drug 

delivery mechanisms [274].  

4.5.3.5. Hollow Silica-Based Materials  

Molecular dynamics simulations have been employed to investigate the transfer processes of drugs 

using hollow silica particles, focusing on the optimization of surface wettability, pore size, and 

flow velocity. This analytical approach provides critical insights into enhancing drug delivery 

efficiency through structural optimization [275].  

4.5.3.6. Chitosan/Hyaluronic Acid Nanoparticles  

The development of oxidative stress and pH-responsive nanoparticles from chitosan/hyaluronic 

acid has been reported. These nanoparticles excel in the encapsulation and controlled release of 

small molecules and proteins, triggered by specific endogenous conditions. Their high 

encapsulation efficiency underscores the potential for targeted therapeutic applications [276].  

4.5.3.7. Reusable Green Adsorbent Aerogel for Dye Removal  

A study explores the development of a reusable green adsorbent aerogel. This aerogel is made 

from crosslinked hairy nanocrystalline cellulose and modified chitosan, showcasing its 

effectiveness in dye removal. The research highlights the potential of this eco-friendly material in 

environmental applications, particularly in water purification [277].  

4.5.3.8. Stimuli-Responsive Chitosan for Efficient Delivery of Bioactive Agents  

In another study, the use of stimuli-responsive chitosan as a platform for drug delivery systems is 

reviewed. This material can respond to various internal and external stimuli, making it highly 
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suitable for controlled and targeted delivery of bioactive agents. The paper discusses the design of 

chitosan-based architectures that can efficiently load and release drugs at desired sites, 

emphasizing the potential of chitosan in biomedical applications [278]. 

 

 

4.5.3.9. Detection of Biomolecules 

Cellulose-based systems have been effectively used for delivering hydrophobic drugs. For instance, 

one study showcased the use of cellulose nanocrystals derived from rubber wood as a delivery 

vehicle for hesperidin, a hydrophobic drug. The CNCs were modified and coated with a cationic 

surfactant to create a drug delivery system that exhibited promising drug release performance. 

Another study introduced a solid self-nanoemulsifying drug delivery system using innovative 

cellulose-based microparticles as adsorptive carriers for the lipophilic drug celecoxib. This system 

combined the benefits of liquid-SNEDDS with those of solid dosage forms, particularly stability, 

while preserving the in vitro release performance of the liquid formulation . Additionally, the 

exploration of theoretical models for optimizing antibody–antigen interactions opens new avenues 

in biomolecule detection, leveraging computational techniques to enhance the selectivity and 

functionality of antibody-based filtration systems [279]. 

4.5.3.10. Cellulose-Based Systems in Targeted Cancer Therapy  

Cellulose-based systems have been explored for targeted cancer therapy. For instance, one-

dimensional nanostructures have been used to encapsulate anticancer drugs into cellulose 

nanofibers, providing a novel approach for drug delivery systems . Also, DNA nanomaterials with 

advanced molecular recognition capabilities and biocompatibility have acted as carriers for the 

CRISPR/Cas gene-editing system in cancer therapy [280]. 

In conclusion, recent research has highlighted the potential of cellulose-based systems in drug 

delivery, particularly for hydrophobic drugs and targeted cancer therapy. These versatile systems 

tackle specific delivery challenges and present exciting prospects for future advancements in drug 

delivery research and development [281].  

4.6. Emerging Trends and Challenges  

In recent years, there has been a significant trend in the development of stimuli-responsive 

cellulose-based materials. These materials are designed to react to specific stimuli such as 

temperature, light, electrical signals, magnetic fields, and humidity. The choice of cellulose as a 

base material is favoured because of its sustainability and renewability. Cellulose-based materials 

that respond to stimuli have been used in a wide range of applications, including drug delivery. 

Bacterial cellulose fibers, for example, have shown promise as a sustainable platform for drug 

delivery. By designing these materials to react to specific stimuli within the body, they can enable 
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targeted and controlled release of drugs. This approach has the potential to enhance the 

effectiveness of drug therapies and minimize the side effects [282].  

Additionally, the exploration of theoretical models for optimizing antibody–antigen interactions 

opens new avenues in biomolecule detection, leveraging computational techniques to enhance the 

selectivity and functionality of antibody-based filtration systems. However, the development and 

use of these materials pose several challenges. Scalability is one of the main challenges. Although 

they exhibit promise in laboratory settings, scaling up production to industrial levels can be 

difficult due to factors such as cost, complexity of production processes, and quality control [283]. 

Another challenge is compatibility with a broader range of pharmaceutical compounds. Although 

cellulose-based materials have been successfully used with specific drugs, further exploration of 

their compatibility with other pharmaceutical compounds is necessary. This is especially important 

for the delivery of protein-based therapeutics, which often require specific conditions for stability 

and activity [284].  

Furthermore, the prospective integration of these materials with advanced technologies such as the 

Internet of Things (IoT) has yet to emerge as a present concern but might become critical in the 

future, contingent on the security of internet traffic. At this juncture, the full potential of the IoT 

in healthcare, particularly in drug delivery systems, remains largely untapped due to these security 

considerations. Without stringent security measures in place, IoT-enabled drug delivery could pose 

significant risks, likening it to a precarious situation akin to handling a loaded gun. Thus, the 

advancement of the IoT in drug delivery hinges on overcoming these security challenges to ensure 

it serves as a beneficial tool rather than a potential threat.  

In conclusion, though stimuli-responsive cellulose-based materials exhibit considerable potential 

for targeted drug delivery and other applications, addressing the existing significant challenges 

remain imperative. To fully realize the vision of personalized medicine—creating specific 

formulations tailored to individual patients—further research and development are essential. This 

endeavor will not only require advancements in materials science and pharmaceutical sciences but 

also significant contributions from information technology and artificial intelligence. 

Collaboration across these diverse fields is crucial to harnessing the capabilities of cellulose-based 

materials for personalized therapeutic solutions, illustrating a comprehensive approach to 

overcoming the hurdles that currently impede progress. 

 

4.7. Comparative Analysis of Cellulose-based 2D Materials and Other Nanomaterials  

Cellulose-based 2D materials have been attracting significant attention due to their unique 

properties and potential applications in various fields. Derived from cellulose, one of the most 

abundant renewable materials, they are known for their mechanical robustness, biocompatibility, 

and biodegradability. In comparison to other nanomaterials, cellulose-based 2D materials offer 
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several advantages. They are low-cost, abundant, and environmentally friendly due to their 

biodegradability. Moreover, they exhibit a wide variety of fibers that can be manipulated at the 

nano-, micro-, and macroscales to produce synthetic cellulose-based active materials [285].  

Cellulose-based 2D materials find various applications. For instance, they are utilized as potential 

CO2 adsorbents due to their high adsorption capacity. They have also been combined with MXenes, 

a group of 2D metal carbides and nitrides, to create composite electrodes for supercapacitors [286].  

Graphene-based 2D nanomaterials have been extensively researched for their potential 

applications in various sectors due to their large surface area and anisotropic physicochemical 

properties, making them suitable for biomedical and agroecological applications. However, 

cellulose-based 2D materials have distinctive properties that distinguish them. For instance, they 

can be assembled into rod-like crystallites in either 2D or 3D forms, and modifications within the 

oligosaccharide core can impact molecular packing, resulting in the formation of unique structures .  

Cellulose nanofibrils/nanofibers are a type of cellulose-based 2D material widely used in 

environmental science applications. They are favoured for their one-dimensional nanostructure, 

high specific surface area, excellent biodegradability, low cost, and sustainability. In conclusion, 

though both cellulose-based 2D materials and other nanomaterials like graphene have their unique 

properties and applications, their environmental friendliness, versatility, and ability to be 

manipulated at different scales make cellulose-based 2D materials stand out for various 

applications [287].  

4.8. Case Studies and Potential Applications 

Cellulose-based 2D nano-delivery systems have been explored in various fields such as 

pharmaceuticals, environmental applications, and biomedical engineering. Recent case studies 

demonstrate their practical applications.  

Pharmaceutical Industry  

Smart Acetaminophen Delivery: Core-shell nanoparticles were developed for smart drug delivery 

of acetaminophen using cellulose acetate and polyvinylpyrrolidone. These nanoparticles exhibited 

a biphasic release, offering rapid therapeutic action followed by sustained release over 30 h. This 

feature is beneficial for maintaining an effective blood drug concentration .  

Environmental Applications  

Eucalyptus Essential Oil Delivery: Nanofibrillated and microfibrillated cellulose-based materials 

were utilized to form 3D networks for encapsulating and delivering eucalyptus essential oil. These 

systems were tailored for dermic and respiratory applications, displaying precise and consistent 

release kinetics essential for long-lasting therapeutic effects .  

Biomedical Engineering  
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Electrospun Nanofiber Scaffolds: Advances in electrospinning have led to the development of 

ultrafine nanofiber scaffolds from cellulose derivatives. These scaffolds are used in biomedical 

applications, including transdermal systems, antibacterial agents, wound dressing, cancer 

treatment, and as carriers for growth factors and stem cell delivery systems .  

Thermosensitive Drug Delivery: A study on PNIPAM/Hexakis nanocomposites has highlighted 

their potential as thermosensitive drug delivery systems due to their ability to respond to 

temperature changes. This property is advantageous for achieving controlled drug release in 

biomedical and pharmaceutical applications [288], [289].  

Marketed Nano-delivery Systems  

Approved Therapeutic Nanoparticles: The pharmaceutical industry has witnessed the approval of 

a variety of therapeutic nanoparticles, including Epaxal®, an aluminum-free hepatitis ’A’ vaccine, 

and Puricase®, designed for tophaceous gout. These products illustrate the successful 

implementation of nanoparticle-based drug delivery systems in the market [290], [291].  

Optimization and Quality Control  

Bacterial Nanocellulose Production: Research on bacterial nanocellulose has been focused on 

optimizing production and quality control for its use as a non-active pharmaceutical ingredient, to 

develop sustainable biomaterials to replace non-renewable sources in delivery systems.  

Plant-Based Compound Delivery  

Nano-Formulated Plant-Based Compounds: The development of nano vehicles for encapsulating 

plant-based compounds has been explored to combat bacterial infections. These nano-formulated 

compounds can disrupt cell membranes, inhibit enzyme activity, and interfere with biofilm 

formation. This displays the versatility of cellulose-based nano-delivery systems in pathogen 

treatment. These case studies illustrate the diverse applications of cellulose-based 2D nano-

delivery systems across different sectors, highlighting their potential to revolutionize drug delivery 

and therapeutic strategies .  

Biodegradable Medical Implants  

A study on cellulose-acetate-based composites used as coatings for biodegradable magnesium 

implants for trauma showed promising results. The composite coating reduced the biodegradation 

rate of the magnesium implants, known to promote bone healing and exhibit adequate mechanical 

strength during their biodegradation in the bone-healing process [292]. Another study on Mg–Ca–

Zn biodegradable alloys used as orthopedic implants demonstrated high biocompatibility and 

excellent mechanical properties, making them suitable for small bones of the feet and hands, ankles, 

or small joints [293], [294].  

4.9. Environmental Impact  



   

 

80 

 

 

Cellulose-based 2D nanomaterials have demonstrated remarkable potential in reducing energy 

consumption for heat transfer operations, offering a sustainable alternative. Through 

environmental impact analysis, it has been revealed that these materials can be utilized on a large 

scale in the automobile industry and cooling processes .  

The environmental impact of producing and disposing of hybrid cellulose-based films, especially 

in the context of 2D nano-delivery systems, can be assessed through life cycle analysis, carbon 

footprint evaluation, and comparison with traditional materials .  

Carbon Footprint  

The carbon footprint of a product refers to the total amount of greenhouse gases, including carbon 

dioxide and methane, emitted into the atmosphere during its production, use, and end-of-life 

phases. The increased use of fossil-based plastic in food packaging has contributed to higher levels 

of plastic waste, carbon footprints, and global warming. This has prompted the exploration of 

alternatives like cellulose-based hydrogels for biodegradable food packaging . 

Comparison with Traditional Materials  

Traditional packaging systems are often made of petroleum-based materials, which raise 

environmental concerns due to their limited biodegradability and the pollution they cause. In 

contrast, cellulose-based films are derived from renewable resources and are biodegradable, 

making them a more environmentally friendly alternative. However, these films often lack 

antioxidant and antimicrobial activities that are crucial for food preservation. To address this issue, 

researchers have developed active films by incorporating antioxidants and antimicrobial agents 

into the films .  

Moreover, the drawbacks of petrochemical polymer-based packaging, such as extreme depletion 

of fossil resources, excessive carbon footprints of products, and environmental pollution from 

nonbiodegradable plastic packages have prompted scientists to develop novel packaging materials 

from nature-inspired biopolymers like cellulose. In conclusion, hybrid cellulose-based films can 

significantly reduce the environmental impact of production and disposal compared to traditional 

materials, making them a more sustainable choice . 

Energy Storage  

MXenes, a new class of advanced 2D nanomaterials, have become prominent among various types 

of electrode materials for electrochemical energy storage devices. Due to their distinctive layered 

structures, enhanced electrical and thermal conductivity, superior charge carrier mobility, and 

strong mechanical properties, these materials have introduced an intriguing opportunity in 

functional materials. Ongoing research aims to address the challenge of aggregation and nanosheet 

restacking that reduces the accessibility of the active surface sites of MXene materials for 

electrolyte ions [295], [296].  



   

 

81 

 

 

Water Purification  

Cellulose nanofibrils/nanofibers are extensively utilized in environmental science applications, 

particularly for water purification. Their high specific surface area, excellent biodegradability, low 

cost, and sustainability make CNFs well-suited for the removal of metal ions, anions, organic dyes, 

oils, and bio-contents from water .  

4D Printing  

Cellulose-based materials have also been utilized in 4D printing. Printed cellulosic materials can 

transform from a 1D strand or 2D surface into a 3D shape in response to an external stimulus. This 

technology has potential applications in numerous fields, such as biomedicine, tissue engineering, 

wearable devices, and environmental science. 

Here are some recent studies and publications that demonstrate the practical applications of these 

materials:  

Dermic and Respiratory Applications  

A study was conducted on the design, development, and optimization of drug delivery systems 

using nanofibrillated and microfibrillated cellulose-based materials as 3D networks encapsulating 

eucalyptus essential oil molecules for dermal and respiratory applications. The optimized porous 

structures retained the desired molecules, leading to controlled and uniform release kinetics over 

time—a crucial aspect in developing effective drug delivery systems in the biomaterials field. 

Biomedical Applications of Chitosan Nanocomposite  

Chitosan nanocomposites have found use in various biomedical applications, including drug 

delivery, tissue regeneration, and wound healing. The physicochemical properties of chitin and 

chitosan compounds are closely tied to the conditions of their production process, influencing their 

biomedical activity. These materials have also been studied for their potential to substitute non-

renewable fiber sources in the creation of non-woven delivery systems .  

Aerogels for Biomedical Applications  

Cellulose nanofiber-based aerogels are widely utilized in the biomedical field because of their 

biocompatibility, renewability, and biodegradability. These aerogels find applications in 

sustainable antibiotic delivery for wound healing, preparation of scaffolds for tissue cultures, 

development of drug delivery systems, biosensing, and as an antimicrobial film for wound healing . 

Thermosensitive Drug Delivery Systems  

Thermosensitive drug delivery systems, like PNIPAM/Hexakis, have been the focus of research 

in nanobiotechnology due to their multifunctional properties. These systems show potential for a 
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variety of applications, including cell delivery, and have been investigated for their ability to 

enhance the delivery of biomolecules, genes, and drugs [297].  

 

Electrospun Nanofiber in Drug Delivery Systems  

Electrospun nanofiber scaffolds have been developed for drug delivery systems, offering benefits 

such as high specificity and a porous structure suitable for the delivery of biomolecules, genes, 

and drugs. These nanofibers have been applied in transdermal systems, antibacterial agents, wound 

dressing, cancer treatment, scaffolds for growth factor delivery, and carriers for stem cell delivery 

systems .  

Biopolymeric Auto-Fluorescent Micro- and Nanogels  

Multifunctional biopolymeric auto-fluorescent micro- and nanogels have been developed as a 

platform for biomedical applications, specifically in the field of theragnostics for advanced 

healthcare . 

These real-world applications demonstrate the potential of hybrid cellulose-based films and related 

materials in addressing various challenges in drug delivery and biomedical applications. The case 

studies and practical insights illustrate that these materials are not only theoretically promising but 

are also actively being developed into products and solutions with significant potential impact on 

healthcare and medicine.  

Cellulose-based 2D materials possess a variety of unique properties that make them appealing for 

a wide range of applications, such as those detailed below.  

Biodegradability and Renewable Sourcing: Cellulose is one of the most abundant renewable 

materials on Earth, making it biodegradable and CO2-neutral in the long run. This status is 

conditional on sustainable practices, such as replanting trees to replace those harvested for 

cellulose production—ensuring CO2 neutrality as these new plantings mature. Cellulose is 

available in a wide variety of fibres globally, which contributes to the sustainability and potential 

environmental friendliness of cellulose-based materials . 

Mechanical Robustness: Cellulose and cellulose-based composite materials are well known for 

their mechanical strength, which is especially advantageous in applications like biodegradable 

medical implants, where the material must retain its structural integrity under physiological 

conditions.  

Unique Nanostructuring: Nanostructuring cellulose-based 2D materials can result in unique 

properties. For instance, cellulose nanofibrils/nanofibers possess a high specific surface area due 

to their one-dimensional nanostructure, which is advantageous for applications like water 

purification.  
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Electrical Conductivity: MXenes are a class of 2D nanomaterials with metal-like electrical 

conductivity, making them promising electrode materials for energy storage devices. When 

combined with cellulose, these materials can overcome common issues such as low mechanical 

strength and restacking, which are often associated with MXenes. 

Optical Properties: Cellulose-based materials can exhibit unique optical properties. For instance, 

hemicellulose nanocrystals derived from industrial biowastes demonstrate excellent dispersibility 

in water and are suitable for use in applications involving one-dimensional (1D) carbon nanotube 

nano-inks as well as two-dimensional (2D) transition metal dichalcogenide nanozymes .  

Thermal Stability: Cellulose-based materials, like the ones used in MXene/cellulose-based 

electrodes, are recognized for their thermal stability. This characteristic is essential for applications 

involving high temperatures or requiring materials to maintain their properties under thermal stress.  

Hydrophilicity: Cellulose-based materials, like graphene oxide-cellulose nanocrystal hybrid 

membranes, exhibit improved surface hydrophilicity. This characteristic is advantageous for 

applications requiring water permeability, such as wastewater treatment [298].  

Cellulose-based 2D materials possess unique properties that make them well-suited for a wide 

range of applications, including biodegradable medical implants, energy storage, and water 

purification. Ongoing research in this field is expected to unveil further potential applications and 

benefits of these materials.  

4.9.1. Detailed Applications of Cellulose-Based 2D Materials  

Cellulose-based 2D materials have been extensively researched for their potential in various 

biomedical applications. They possess unique properties such as customizable surface 

modification, favorable optical transparency, good hydrophilicity, excellent biocompatibility, and 

mechanical properties that are both remarkable and especially suited for the demands of various 

applications, especially in the biomedical field. 

Drug Delivery  

Cellulose-based materials are widely used in drug delivery to create sustained-release systems. For 

instance, novel cellulose-based microparticles have been utilized as adsorptive carriers to develop 

solid self-nano-emulsifying drug delivery systems. These systems aim to improve the oral 

bioavailability of poorly soluble lipophilic drugs while maintaining stability and release behaviors. 

Moreover, cellulose and its derivatives have been employed as excipients in controlled drug 

delivery systems, allowing them to modify the solubility and gelling behavior of drugs for 

controlling release profiles. Figure 4.5 illustrates various applications of MOF/cellulose 

composites, including their use as antibacterial materials and for protein immobilization. In Figure 

4.5a-1, schematics depict the fabrication of MOF wood composite materials and their antibacterial 

mechanism. Figure 4.5a-2 shows an illustration of antibodies or enzymes immobilized by MOF 
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on a fabric substrate. Figure 4.5b demonstrates how MOF/cellulose hydrogel exhibits a colour 

transition upon sensing histamine (HI) vapour, along with a truth table of the logic analytical 

device for HI monitoring. Figure 4.5c features a photograph of a CNF@c-MOF double-layer 

supercapacitor device and an LED powered by devices in series under different deformations [299].  

 

Figure 4.5. (a) Applications of MOF/cellulose composite as an antibacterial material and for 

protein immobilization. (a-1) Schematics of the fabrication of MOF wood composite materials and 

their antibacterial mechanism. (a-2) Illustration of an antibody or enzyme immobilized by MOF 

on a fabric substrate. (b) MOF/cellulose hydrogel exhibited a colour transition upon sensing 

histamine (HI) vapour, and the truth table of the logic analytical device for HI monitoring. (c) 

Photograph of a CNF@c-MOF double-layer supercapacitor device and an LED powered by 

devices in series under different deformations. Copyright with permission [Review on design 

strategies and applications of metal-organic framework-cellulose composites—ScienceDirect]. 

 

Gene Therapy 

Nonviral cationic materials, such as dendrimers, have been investigated for gene therapy to deliver 

genetic material into diseased cells. Dendrimers are nanosized synthetic polymers with numerous 

peripheral functional groups that can bind cationic moieties. They provide an alternative to viral 

carriers because of their biocompatibility and degradability in vivo [300], [301].  

Biosensing  

Two-dimensional cellulose-based materials have also demonstrated potential in biosensing 

applications. For example, heterostructures of these materials have been utilized in biosensing to 

leverage their distinctive electronic and surface properties for detecting a range of biological 

substances. Additionally, thin films of 2D materials have been suggested for use in surface 

plasmon resonance sensors to detect concentrations of toxic gases such as NO2, highlighting the 

adaptability of these materials in sensing applications. 

https://www.sciencedirect.com/topics/chemistry/supercapacitors
https://www.sciencedirect.com/science/article/pii/S0144861722004441#f0035
https://www.sciencedirect.com/science/article/pii/S0144861722004441#f0035
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Case Studies and Real-World Examples  

Cellulose-based 2D materials have real-world applications in the development of biosensors for 

environmental monitoring and healthcare diagnostics. For instance, cellulose nanocrystals and 

nanofibrils are being explored in hydrogels for biomedical uses like tissue engineering and 

regenerative biomedicine .  

Two-dimensional materials have been utilized in cancer treatment for combination therapy, 

making use of their high drug-loading capacity and photothermal properties. These materials can 

be applied in multimodal therapy, encompassing drug delivery, photothermal therapy (PTT), and 

gene delivery, to enhance the effectiveness of cancer treatments.  

When ground into homogeneous slurries, cellulose-based hydrogels could be readily injected in 

vivo at the tumour sites in mice. Illumination (1.0 W/cm2, 5 min) of hepatocellular carcinomas 

was performed only twice (at day 1 and day 3) during a 2-week treatment period after the injection. 

The injected cellulose-based hydrogels included were DOX-loaded cellulose hydrogel (group 3, 

G3), neat cellulose hydrogel (group 4, G4), MXene-integrated cellulose hydrogel (group 5, G5), 

and DOX/MXene-containing cellulose hydrogel (group 6, G6). The MXene loading in G5 and G6 

was fixed at 235.2 ppm. Two control groups were also investigated: saline (group 1, G1) and neat 

cellulose hydrogel combined with DOX (group 2, G2). Saline was administered by intravenous 

injection (G1). In G2, the neat cellulose hydrogel was intratumorally injected into mice, whereas 

the DOX solution was administered by intravenous injection. The anticancer activity of the 

hydrogels is further shown in Figure 4.6. 
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Figure 4.6. In vivo photothermal cancer therapy. (a) Graphic depiction of laser illumination and 

temperature at 0, 1, 2, 3, 4, and 5 min. (b) Temperature augmentation during laser illumination. 

(c) Tumor volumes during the observation period. (d) Tumor weights measured at day 15. 

Unpaired t test, n = 5, ***p < 0.001, ns stands for nonsignificant. Data are mean ± SD. (e) 

Representative images of tumors for each group. (f) Body weights of mice during different 

therapies. (g) Graphical representation of PTT/chemotherapy therapy. Intratumoral injection of 

cellulose/MXene/DOX hydrogels into mice followed by four steps: (1) cellulose/MXene/DOX 

hydrogels injected into the tumor site; (2) NIR irradiation on (PTT and chemotherapy); (3) NIR 

irradiation off (adjuvant chemotherapy); (4) degradation of the cellulose hydrogel platform [125]. 

Copyright with permission [Two-Dimensional MXene (Ti3C2)-Integrated Cellulose Hydrogels: 

Toward Smart Three-Dimensional Network Nanoplatforms Exhibiting Light-Induced Swelling 

and Bimodal Photothermal/Chemotherapy Anticancer Activity|ACS Applied Materials & 

Interfaces]. 

 

https://pubs.acs.org/doi/10.1021/acsami.8b08314
https://pubs.acs.org/doi/10.1021/acsami.8b08314
https://pubs.acs.org/doi/10.1021/acsami.8b08314
https://pubs.acs.org/doi/10.1021/acsami.8b08314
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Figure 4.6a,b show that significant temperature increases were only detected for the hydrogels 

with incorporated MXene nanosheets (i.e., G5 and G6), demonstrating the outstanding 

photothermal properties of the MXene-integrated cellulose hydrogels in vivo. The FLIT values of 

cellulose/MXene hydrogel (G5) and DOX-loaded cellulose/MXene hydrogel (G6) reached 

temperatures in the range of 50–55 °C (Figure 4.6b), comparable to those obtained in Figure 6d 

for cellulose/MXene hydrogel with an MXene loading of 235.2 ppm. However, there were 

differences in both the temperature rise rate and plateau obtained in vivo (Figure 4.6b) compared 

with those measured in a cuvette (Figure 6d), possibly due to the different measurement methods 

employed. Figure 4.6c,d show the tumor growth curves and final tumor weights for each group. 

Figure 4.6e shows a representative tumor for all of the groups, and Figure 4.6f shows the body 

weight changes of the mice over the course of treatment. Notably, all six treatments had no 

significant influence on the body weight of mice. 

A comprehensive analysis of Figure 4.6c–e confirms the effectiveness of the dual-modular cancer 

therapy. The similar tumor growth curves of group 1 (saline) and group 4 (hydrogel with NIR) 

imply that both saline and neat cellulose hydrogel were unable to inhibit tumor growth. The tumors 

in both group 2 (hydrogel combined with IV DOX) and group 3 (hydrogel/DOX) grew more 

slowly than the negative control (i.e., group 1 and group 4), indicating that both intravenously 

injected DOX and DOX released from the cellulose hydrogel can partially inhibit tumor growth 

but cannot effectively cure it. Similarly, comparing group 5 with group 4 showed that a single PTT 

can eliminate the vast majority of the tumor. Furthermore, the smaller tumors in group 5 compared 

to groups 2 and 3 suggested that PTT was more effective than DOX chemotherapy. However, 

tumors still relapsed after potent PTT (group 5 results). These results demonstrate that neither PTT 

nor chemotherapy alone was able to completely ablate the tumors and clear tumor cells. In contrast, 

tumors in group 6 were completely cleared and did not relapse, indicating that all the tumor cells 

were eradicated by the dual-modular PTT/chemotherapy. The noticeable relapse in group 5 but 

not in group 6 indicates that PTT could kill the majority of the tumor cells, but a small percentage 

of them may have survived (Figure 4.6g(2)), leading to tumor relapse, whereas the combined 

chemotherapy by DOX released from the hydrogel provided an adjuvant killing effect and a 

continuous inhibitory effect on the remaining tumor cells, achieving complete tumor clearance 

(Figure 4.6g(3)). Furthermore, as NIR illumination significantly accelerated the release rate of 

DOX in cellulose/MXene, more DOX may have been released into the tumor microenvironment 

during PTT, augmenting the effect of chemotherapy, resulting in a synergistic effect. Additionally, 

this cellulose-based platform can be partially disintegrated/degraded within 2 weeks, as shown in 

Figures 4.5g(4) and S3 in the Supporting Information [298]. 

In conclusion, cellulose-based 2D materials have a wide range of applications in the biomedical 

field due to their sustainable nature, biocompatibility, and versatile properties. Ongoing research 

is actively focused on developing these materials for drug delivery, gene therapy, and biosensing, 
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among other applications, to overcome challenges and enhance their performance in real-world 

scenarios.  

4.9.2. Challenges and Limitations of Cellulose-Based 2D Materials  

Cellulose-based 2D materials have promising applications in various fields, but their widespread 

use is hindered by several existing challenges and limitations that will be discussed below.  

Scientific and Technological Challenges  

One of the main scientific challenges involves the interaction of cellulose nanofibrils with bacteria 

and proteins, which leads to surface fouling. This interaction can cause the material to lose its 

integrity due to water-induced swelling . Technological challenges include the high reflectivity of 

sunlight and low efficiency of photothermal conversion, which can significantly hinder the 

application of cellulose-based materials in solar water evaporation [302], [303].  

Economic and Scalability Challenges  

Economic and scalability challenges are prevalent in cellulose-based 2D materials production. The 

cost of production is high now, and scaling up while maintaining material quality is a big challenge. 

Additionally, these materials are currently limited to fillers in epoxy resins and polyurethane-based 

coatings, narrowing their potential market. However, there is hope that as applications broaden, 

the demand will increase, potentially reducing costs and expanding market opportunities .  

Potential Solutions and Ongoing Research  

Ongoing research is currently focused on various strategies to overcome these challenges. For 

example, hybridization strategies are being explored to address the limitations of cellulose 

nanofibrils by combining multiple components that work together synergistically toward specific 

properties and applications .  

Research is ongoing to enhance the efficiency of photothermal conversion by designing and 

optimizing the hierarchical structure of films through the addition of carbon materials during 

bacterial cellulose culture .  

Research is currently focused on developing new methods for producing 2D materials such as 

graphene from sustainable microcrystalline cellulose at a low cost to address economic and 

scalability challenges. Furthermore, active research in the exploration of MXenes as nanofillers in 

polymer-based coatings is ongoing [304].  

In conclusion, although cellulose-based 2D materials show great promise for various applications, 

there are still significant challenges that need to be addressed. Nevertheless, ongoing research 

focused on overcoming these hurdles is paving the way for wider adoption of these materials in 

the future.  
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4.9.3. Emerging Trends and Future Directions in Cellulose-Based 2D Materials  

Integration with Smart Drug Delivery Systems  

Cellulose-based 2D materials are increasingly being integrated with smart drug delivery systems 

due to their adaptable surface chemistry, high surface area, biocompatibility, and biodegradability. 

These nanocellulose-based composite materials can be transformed into drug delivery carriers and 

designed into multidimensional structures such as 1D (nanofibers, microparticles), 2D (films), and 

3D (hydrogels, aerogels) materials for use as different drug carriers. The specific requirements of 

these materials for drug delivery include good drug-loading capacity, biocompatibility, and 

biodegradability to ensure that drugs are released at the correct concentrations and proper rate .  

3D Bioprinting  

An emerging trend is the use of cellulose-based 2D materials in 3D bioprinting. A bioink that 

combines the exceptional shear-thinning properties of nanofibrillated cellulose with the rapid 

cross-linking ability of alginate has been developed for printing living soft tissue with cells in 3D. 

This advancement has allowed for the printing of both 2D grid-like structures and complex 3D 

constructs, including anatomically shaped cartilage structures such as a human ear and sheep 

meniscus using MRI and CT images as references. The potential application of nanocellulose in 

the 3D bioprinting of living tissues and organs has been convincingly demonstrated [305]. 

4.10. Real-World Applications and Implications 

This section highlights the practical applications of hybrid cellulose-based films and addresses key 

questions regarding their commercial and regulatory status. 

FDA Approval: To date, several cellulose-based products have been approved by regulatory 

agencies such as the FDA for various applications, including wound dressings and food packaging. 

However, specific hybrid cellulose-based materials are still undergoing extensive testing and 

evaluation to meet safety and efficacy standards for medical and pharmaceutical applications. 

Market Availability: Some cellulose-based materials, such as cellulose acetate and carboxymethyl 

cellulose, are commercially available and used in various industries. The development of hybrid 

cellulose-based materials with enhanced properties is an active area of research, with potential 

future commercialization . 

Liability Issues: The liability for unintended consequences arising from the release of hybrid 

cellulose-based materials depends on regulatory compliance, product safety assessments, and the 

legal framework governing environmental protection and public health.  

 

Environmental Implications  
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Cellulose-based 2D materials are sourced from renewable resources, offering an eco-friendly 

alternative to non-renewable materials. Cellulose is abundant, low-cost, biodegradable, and CO2 

neutral, with a wide variety of fibers available globally. The production of these materials often 

involves bio-derived pathways developed with the environmental impact in mind. For example, 

the fabrication of a 2D TiO2/g-C3N4 heterojunction for generating 5-hydroxymethylfurfural (5-

HMF) utilizes bio-derived pathways to access ionic liquids from natural renewable resources [306].  

Lifecycle Analysis and Recycling Potential  

Cellulose-based 2D materials have an eco-friendly lifecycle because they are biodegradable. They 

can be recycled and reused in various applications, such as CO2 adsorption, where they exhibit 

high adsorption capacity. Following the adsorption process, the CO2 molecules can be desorbed, 

captured, and stored for further applications, showcasing the recycling potential of these materials 

[307].  

Moreover, the production of cellulose-based thermal insulation materials involves recycling 

cellulosic and/or animal waste. These materials have demonstrated good thermal insulating quality, 

which can contribute to energy efficiency in buildings. In conclusion, cellulose-based 2D materials 

offer a positive environmental impact because of their renewable nature, biodegradability, and the 

eco-friendly methods used in their production. Their lifecycle includes the potential for recycling, 

further enhancing their sustainability. However, more research is needed to fully understand their 

environmental implications and to further improve their sustainability [308], [309]. 

 

4.11. Concluding Statements 

This paper has explored the multifaceted advancements in hybrid cellulose-based films, 

highlighting their innovative applications in 2D nano-delivery systems. Although these materials 

present a promising avenue for applications across pharmaceuticals, environmental remediation, 

and biomedical engineering, it is important to acknowledge the challenges and limitations that 

accompany their development and use. 

Commercialization and Regulatory Considerations: 

As of now, the journey towards widespread commercialization and regulatory approval, including 

FDA approval for medical applications, is ongoing. The potential for hybrid cellulose-based 

materials in the medical field is substantial, yet their adoption is contingent upon rigorous testing, 

validation, and regulatory compliance. 

Market Availability and Environmental Concerns: 
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The development of these materials into commercially available products is an active area of 

research. Efforts are being made to ensure that these innovative materials not only meet high 

performance standards but also address environmental sustainability and safety concerns. 

Addressing Liability and Safety: 

Questions regarding liability and safety, particularly in the context of unintended environmental 

release, highlight the necessity for comprehensive risk assessments and the development of 

mitigation strategies to safeguard against potential adverse impacts. 

Reflecting on these points, it becomes clear that the path forward for hybrid cellulose-based films 

involves not only scientific and technological innovation but also a concerted effort to navigate 

the complex landscape of regulatory, environmental, and ethical considerations. The optimism 

surrounding these materials must be tempered with a commitment to responsible research and 

development practices. 

In summary, though the prospects for hybrid cellulose-based films are indeed promising, their 

successful integration into real-world applications requires a balanced approach that addresses 

both their potential benefits and the challenges they pose. Ongoing research and collaboration 

across disciplines will be crucial in realizing the full potential of these materials while ensuring 

their safe and sustainable use. 

 

 

Closure 

This chapter extended the analysis from single-component modification to the broader landscape 

of hybrid cellulose-based films, presenting work published in the context of 2D nano-delivery and 

multifunctional film design. The central concern was how advanced integration strategies — 

electrospinning, chemical vapour deposition, and matrix-assisted pulsed laser evaporation, among 

others — enable cellulose films to acquire new functionalities beyond what the base matrix can 

provide. Case studies illustrated improvements in drug-loading capacity, mechanical flexibility, 

barrier performance, and biocompatibility when nanomaterials are incorporated systematically and 

with controlled distribution. The interplay between film architecture and functional response was 

a recurring theme: the same composite components, arranged differently at the nanoscale, can yield 

materials suited to biomedical delivery, environmental filtration, or flexible electronic substrates. 

Challenges tied to reproducibility, regulatory acceptance, and the gap between laboratory-scale 

fabrication and industrial production were discussed honestly. The chapter thus completed the 

picture established in Chapters 2 and 3 — from material properties and GO optimization to full 
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film design — and positioned the reader to appreciate the systematic experimental and 

computational work that Chapter 5 brings together. 
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Chapter 5: Optimization Approaches for CNC/CNF–rGO Nanocomposites 

This chapter is a published paper in Micromachines (2025), Vol. 16, Issue 4, Article 39, titled 

“Lasso Model-Based Optimization of CNC/CNF/rGO Nanocomposites.” 

 

Lasso Model-Based Optimization of CNC/CNF/rGO  Nanocomposites 

Abstract: This study explores the use of citric acid and L-ascorbic acid as reducing agents in 

CNC/CNF/rGO nanocomposite fabrication, focusing on their effects on electrical conductivity and 

mechanical properties. Through comprehensive analysis, L-ascorbic acid showed superior 

reduction efficiency, producing rGO with enhanced electrical conductivity up to 2.5 S/m, while 

citric acid offered better CNC and CNF dispersion, leading to higher mechanical stability. The 

research employs an advanced optimization framework, integrating regression models and a neural 

network with 30 hidden layers, to provide insights into composition–property relationships and 

enable precise material tailoring. The neural network model, trained on various input variables, 

demonstrated excellent predictive performance, with R2 values exceeding 0.998. A LASSO model 

was also implemented to analyze variable impacts on material properties. The findings, supported 

by machine learning optimization, have significant implications for flexible electronics, smart 

packaging, and biomedical applications, paving the way for future research on scalability, long-

term stability, and advanced modeling techniques for these sustainable, multifunctional materials. 

5.1. Introduction 

Nanocomposite materials have emerged as a cornerstone of modern materials science, offering 

tailored properties that make them indispensable in advanced applications, such as flexible 

electronics, biomedical devices, and smart packaging. Cellulose nanomaterials, particularly 

cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs), have garnered significant 

attention in materials science due to their renewable origin, exceptional mechanical properties, and 

environmental compatibility [1], [310]. Recent studies using reactive molecular dynamics 

simulations have predicted the ultimate strength of CNCs to be approximately 9.2 GPa at a strain 

rate of 1 s−1, surpassing previously reported values of 7.5–7.7 GPa. The mechanical behavior of 

CNCs is influenced by factors such as fibril twist and strain rate, with the C4-O4 glycosidic bond 

primarily responsible for their failure . Researchers have explored hybridization techniques to 

enhance the mechanical properties of polymer nanocomposites, such as modifying aramid 

nanofibers (ANFs) with chlorinated cellulose nanocrystals and 3-

glycidoxypropyltrimethoxysilane, resulting in a 15.1% increase in Young’s modulus and a 10.1% 

improvement in tensile strength for epoxy nanocomposites reinforced with 1.5 wt% of 

functionalized ANFs [311]. Additionally, a novel flow focusing approach using a five-channel 

microfluidic chip has been developed to fabricate aligned core-sheath cellulose 

nanocrystal/cationic polyacrylamide (CNC/CPAM) composite filaments, yielding a remarkable 
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tensile strength of 510 ± 20 MPa, approximately 117% higher than pure CNC spun fibers, with a 

70% increase in elongation at break. These advancements underscore the potential of cellulose 

nanomaterials in high-performance applications, particularly where high strength-to-weight ratios 

are crucial [311]. CNC and CNF possess unique properties such as a high aspect ratio, low density, 

and the ability to form hydrogen bonds, making them ideal candidates for creating lightweight, 

strong, and sustainable materials [312]. Graphene oxide (GO) and its reduced form, reduced 

graphene oxide (rGO), have also proven to be transformative in the development of 

multifunctional nanocomposites. GO, with its high surface area and oxygen-rich functional groups, 

is easily dispersible in aqueous systems, which facilitates its integration with other materials. Upon 

reduction, rGO exhibits enhanced electrical conductivity, chemical stability, and mechanical 

strength, which are critical for applications requiring efficient charge transport and structural 

integrity . The combination of CNC, CNF, and rGO creates a synergistic system where the 

mechanical reinforcement from CNC/CNF complements the conductivity of rGO, resulting in 

materials with a balance of strength and functionality. Despite the potential of CNC/CNF/rGO 

nanocomposites, their performance is heavily influenced by the choice of reducing agents used in 

converting GO to rGO . Reducing agents determine not only the efficiency of the reduction process 

but also the structural and functional properties of the resulting composites . Optimizing the 

interaction between CNC, CNF, and rGO is essential for maximizing the utility of these materials 

in specific applications . The influence of protons on reduced graphene oxide (rGO) can 

significantly impact its properties, particularly in terms of carrier transport. Studies have shown 

that protons can enhance the conductivity of rGO films, leading to a mixed proton–electron 

conduction mechanism. This dual-carrier transport system can be advantageous in certain 

applications, such as fuel cells and chemical filters, where proton conductivity is crucial. However, 

it also introduces complexity in understanding and controlling the overall charge transport 

properties. The presence of protons can affect the reduction degree of rGO and influence defect 

formation , potentially altering its electronic structure and carrier mobility. Furthermore, the 

interaction between protons and electrons in rGO can lead to interesting phenomena like proton–

electron coupling, which may impact the material’s electrical and electrochemical behavior [313]. 

While this dual-carrier transport can offer unique functionalities, it also presents challenges in 

precisely controlling and optimizing the material’s properties for specific applications, as the 

interplay between proton and electron transport needs to be carefully considered [314]. Optimizing 

CNC/CNF/rGO composites presents significant challenges, particularly in balancing electrical 

conductivity and mechanical properties. As the content of conductive rGO increases, electrical 

conductivity typically improves, but often at the expense of mechanical strength and flexibility . 

Conversely, higher proportions of CNC and CNF enhance mechanical properties but can reduce 

conductivity . Recent advancements in machine learning (ML) methods offer promising solutions 

to this optimization challenge. ML techniques can efficiently evaluate complex physical 

relationships using relatively few samples while ensuring the physical plausibility of results [315], 

[316]. These integrated approaches allow researchers to predict optimal compositions and 
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processing parameters, potentially leading to composites with an ideal balance of conductivity and 

mechanical performance without extensive trial-and-error experimentation. 

Reducing agents play a pivotal role in the fabrication of CNC/CNF/rGO nanocomposites by 

controlling the reduction process of GO to rGO. This reduction impacts the electrical, mechanical, 

and structural properties of the nanocomposites. Two environmentally friendly reducing agents, 

citric acid and L-ascorbic acid, have been widely investigated due to their biocompatibility, 

availability, and cost-effectiveness. 

Citric acid: A mild organic acid with strong hydrogen-bonding capabilities, citric acid facilitates 

uniform dispersion of CNC and CNF within the matrix. However, its moderate reduction 

efficiency often results in rGO with residual oxygen functionalities, which can disrupt the stacking 

of rGO sheets and limit conductivity. The advantages of citric acid lie in its ability to enhance 

mechanical stability and compatibility within the nanocomposite matrix [317], [318]. 

L-ascorbic acid: A strong reducing agent and natural antioxidant, L-ascorbic acid exhibits superior 

reduction efficiency, producing rGO with fewer oxygen-containing functional groups. This 

characteristic enhances electrical conductivity and promotes better stacking of rGO sheets, 

resulting in a denser and more efficient conductive network. While effective for improving 

conductivity, L-ascorbic acid can sometimes lead to challenges in achieving uniform dispersion 

within the matrix [319], [320]. 

The choice between citric acid and L-ascorbic acid depends on the target application and the 

desired balance between mechanical stability and electrical performance. Investigating the 

influence of these reducing agents on the structural, mechanical, and electrical properties of 

CNC/CNF/rGO nanocomposites is critical for tailoring materials to specific functional 

requirements. 

The comparison of citric acid and L-ascorbic acid as reducing agents for graphene oxide (GO) 

reduction can be contextualized by considering other common reducing agents like hydrazine and 

sodium borohydride. While hydrazine and sodium borohydride offer strong reducing capabilities 

and produce rGO with high electrical conductivity, their use is limited by toxicity concerns and 

potential impurity introduction. In contrast, citric acid and L-ascorbic acid provide significant 

advantages in terms of safety, environmental friendliness, and biocompatibility, making them 

particularly suitable for biomedical applications [321]. L-ascorbic acid stands out for its strong 

reducing capability, comparable to hydrazine in some cases, producing rGO with enhanced 

electrical conductivity (up to 2.5 S/m) and promoting a better alignment of cellulose nanocrystals 

(CNC) and cellulose nanofibrils (CNF) in nanocomposites. Citric acid, while having moderate 

reduction efficiency, excels in promoting uniform dispersion of CNC and CNF within the 

nanocomposite matrix, crucial for applications requiring enhanced mechanical stability. The 

choice between these reducing agents ultimately depends on the specific application requirements; 

for instance, L-ascorbic acid might be preferred for flexible electronics or conductive 
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nanocomposites where high electrical conductivity is crucial, while citric acid could be the better 

choice for applications prioritizing mechanical stability or uniform dispersion. In conclusion, the 

eco-friendly and biocompatible nature of citric acid and L-ascorbic acid, combined with their 

effective reduction capabilities, make them attractive alternatives for many applications, especially 

in the biomedical field and sustainable material development, despite the traditionally stronger 

reducing agents like hydrazine and sodium borohydride. This study aims to systematically 

investigate the effects of citric acid and L-ascorbic acid as reducing agents in the fabrication of 

CNC/CNF/rGO nanocomposites. The specific objectives include the following: 

Quantify the reduction efficacy of citric acid and L-ascorbic acid under controlled pH and 

concentration conditions, employing spectroscopic and electrochemical techniques to elucidate the 

mechanisms of graphene oxide reduction. 

Elucidate the structural integration of cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), 

and reduced graphene oxide (rGO) within the nanocomposite matrix, with particular emphasis on 

the role of reducing agents in modulating dispersion and alignment, utilizing advanced microscopy 

and scattering techniques. 

Characterize the mechanical properties, including tensile strength, Young’s modulus, and film 

thickness, and establish correlations with composition and processing parameters through 

statistical analysis and materials science principles. 

Assess the electrical conductivity of the nanocomposites and develop comprehensive regression 

models to delineate the impact of composition and processing variables on conductivity, 

employing both theoretical and experimental approaches. 

Construct and validate a machine learning prediction model to identify complex patterns and 

forecast the performance metrics of CNC/CNF/rGO nanocomposites, utilizing input parameters 

such as composition ratios, reduction conditions, and mechanical properties. This model will 

employ advanced algorithms such as neural networks or random forests to capture non-linear 

relationships and interactions among variables. 

Optimize the composition and processing conditions using a multi-objective optimization 

framework, incorporating techniques such as response surface methodology or genetic algorithms 

to achieve an optimal balance between electrical conductivity and mechanical stability for specific 

application requirements. 

Validation from Literature 

A study developed a machine learning model to predict the synthesizability of half-Heusler 

compounds, achieving a cross-validated precision of 0.82 and recall of 0.824. This aligns closely 

with the performance reported by the authors (82.6% precision, 80.6% recall for ternary materials). 

Additionally, study [322]successfully used machine learning to predict favorable synthesis 
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conditions for MoS2, demonstrating the viability of AI-driven synthesis prediction. The authors’ 

approach of using time-split validation, where they train on pre-2015 data and test on post-2015 

materials, is particularly compelling. Their high true positive rate of 88.60% on post-2019 

materials suggests their model can effectively identify synthesizable compounds among newly 

discovered materials [323]. This temporal validation strategy is similar to that, which showed 

strong predictive performance on materials synthesized after their training cutoff date [324]. These 

parallel findings in the literature lend credence to the authors’ results and methodology. 

5.2. Materials and Methods 

5.2.1. Materials and Reagents 

The nanocomposite fabrication process utilized cellulose nanocrystals (CNC), cellulose nanofibers 

(CNF), and graphene oxide (GO) as primary components. CNCs were prepared through sulfuric 

acid hydrolysis of microcrystalline cellulose (Sigma-Aldrich,Darmstadt,Germany, 99% purity), 

following an optimized protocol that yielded nanocrystals with an average length of 150 ± 20 nm 

and a diameter of 5 ± 1 nm, as determined by transmission electron microscopy. CNFs were 

obtained through a combination of TEMPO-mediated oxidation and high-pressure 

homogenization of softwood pulp (sourced from a local paper mill), resulting in fibrils with a 

diameter range of 5–20 nm and lengths exceeding 1 μm. Graphene oxide synthesis employed a 

modified Hummers’ method, which was refined to enhance safety and yield. The process utilized 

a 9:1 (v/v) mixture of H2SO4 (98%, Merck, Darmstadt, Germany) and H3PO4 (85%, Sigma-

Aldrich), with an increased KMnO4 (Sigma-Aldrich, >99%)-to-graphite (Alfa Aesar, Ward Hill, 

Massachusetts, U.S., 99.9999% purity) ratio of 6:1. This modification not only improved the 

oxidation efficiency but also reduced the production of toxic gases typically associated with the 

traditional Hummers’ method. The reducing agents, L-ascorbic acid (Sigma-Aldrich, ≥99%) and 

citric acid (Fisher Scientific, Waltham, Massachusetts, USA, 99.5%), were carefully selected for 

their biocompatibility and effectiveness in GO reduction. All aqueous solutions were prepared 

using ultrapure water (18.2 MΩ·cm resistivity) obtained from a Millipore Milli-Q system [325], 

[326], [327], [328]. 

5.2.2. Preparation of CNC/CNF/rGO Nanocomposites 

The preparation of CNC/CNF/rGO nanocomposites involved a meticulously optimized multi-step 

procedure designed to achieve optimal homogeneity and component interaction. Initially, 

graphene oxide was dispersed in deionized water (0.5 mg/mL) using a probe sonicator (Sonics 

Vibra-Cell, Newtown, Connecticut, USA, 500 W, 20 kHz) for 60 min in an ice bath to prevent 

overheating. This sonication protocol was refined through a series of trials to determine the optimal 

power output (40% amplitude) and pulse sequence (5 s on, 2 s off) that maximized GO exfoliation 

while minimizing structural damage. Concurrently, CNC and CNF were separately dispersed in 

deionized water (1 wt% each) using a high-shear mixer (IKA T25 digital ULTRA-TURRAX, 

Guangzhou, China) at 10,000 rpm for 30 min, followed by magnetic stirring at 500 rpm for 90 min. 
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This two-step dispersion process was developed to ensure uniform distribution of nanocellulose 

materials without compromising their structural integrity. The GO suspension was then gradually 

introduced into the CNC and CNF dispersions under continuous stirring at 300 rpm using a 

temperature-controlled magnetic stirrer (IKA RCT basic, Guangzhou, China) maintained at 25 °C. 

The combined dispersion was subsequently divided into two batches for reduction using either 

citric acid or L-ascorbic acid. The reduction process was carried out in a custom-designed glass 

reactor equipped with a water jacket for precise temperature control. For citric acid reduction, the 

pH was adjusted to 5.0–5.2 using a 0.1 M NaOH solution, with citric acid concentrations ranging 

from 0.1 M to 0.5 M. L-ascorbic acid reduction was performed at pH 5.7–5.9, achieved through 

the addition of a 0.1 M HCl solution, with L-ascorbic acid concentrations between 0.05 M and 0.3 

M. Both solutions underwent thermal treatment at 95 ± 0.5 °C for four hours using a circulating 

water bath (Julabo F25-ME,Seelbach,Germany) to maintain precise temperature control. This 

temperature and duration were optimized through a series of experiments that evaluated the trade-

off between reduction efficiency and nanocellulose degradation. After reduction, the composite 

solutions were cooled to room temperature using a controlled cooling rate of 1 °C/min to minimize 

thermal stress. The cooled solutions were then cast onto PTFE-coated petri dishes and dried for 24 

h in a custom-built environmental chamber that maintained a constant temperature of 23 ± 1 °C 

and relative humidity of 50 ± 2%. These controlled drying conditions were crucial for ensuring 

reproducible film formation and minimizing residual stresses in the nanocomposite films The 

optimization process for CNC/CNF/rGO nanocomposites involved varying concentrations of each 

component within specific ranges: CNC (0.1–1.0 wt%), CNF (0.1–0.8 wt%), and rGO (0.05–0.2 

wt%). The reduction process was carried out under controlled pH conditions, with L-ascorbic acid 

at pH 5.7–5.9 and citric acid at pH 5.0–5.2. The temperature range for the reduction process was 

maintained between 80 and 95 °C [329], [330], [331], [332], [333]. Optimizing synthesis 

parameters through machine learning is essential, as it can reduce costs, shorten processing times, 

improve measurement accuracy, and enhance the analysis of material properties. By refining these 

parameters, the reliability and reproducibility of the synthesis process can be improved, leading to 

better material performance. 

Design of Experiments (DOE) was conducted to identify significant control variables. A 

correlation test was then performed to verify significance; however, high covariance levels were 

observed. To address this, a machine learning model was developed using ten layers with eight 

neurons per layer rather than thirty. Ultimately, Lasso regression was employed to enhance 

interpretability and mitigate high covariance, with an alpha value of 20. 

The neural network architecture comprised an input layer with 8 neurons (corresponding to CNC, 

CNF, rGO concentrations, pH, temperature, time, and reducing agent type), 30 hidden layers with 

64 neurons each using ReLU activation functions, and an output layer with 3 neurons (tensile 

strength, electrical conductivity, and film thickness). Additionally, a LASSO model was 
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implemented to provide interpretable insights into the relative importance of different input 

variables. 

5.2.3. Reduction Process with Citric Acid and L-Ascorbic Acid 

The reduction of GO to rGO was carried out using citric acid or L-ascorbic acid as reducing agents, 

with each process optimized for pH and concentration. For citric acid, the pH was adjusted to 5.0–

5.2, and concentrations ranged from 0.1 M to 0.5 M. L-ascorbic acid reduction was performed at 

pH 5.7–5.9, with concentrations between 0.05 M and 0.3 M [334]. Both solutions underwent 

thermal treatment at 95 °C for four hours, a critical step that accelerates the reduction process and 

enhances rGO formation within the CNC/CNF matrix [335]. This temperature and duration were 

likely chosen based on previous studies showing that L-ascorbic acid effectively reduces GO at 

elevated temperatures, preserving substrate integrity better than traditional reductants like 

hydrazine [336]. The thermal treatment may also affect the CNC/CNF matrix, potentially altering 

its structure or properties. After reduction, the composite solutions were cooled to room 

temperature and cast onto petri dishes for 24 h ambient drying to form thin films. It is worth noting 

that controlled ambient conditions during drying, such as humidity and airflow, can significantly 

influence the final film properties [337]. Future studies could benefit from specifying and 

controlling these parameters to ensure reproducibility and optimize film characteristics. 

5.2.4. Characterization Techniques 

The characterization techniques employed in this study provide a comprehensive analysis of the 

physical, chemical, and structural properties of the prepared nanocomposites. Microscopy 

techniques work synergistically to provide a multi-scale understanding of the composite structure 

[338], [339]. 

The SEM images (Figure 5.1 and Table 1) provided illustrate the surface morphology of 

CNC/CNF/rGO films after LAA treatment, with varying magnifications and structural details. 

Below is a detailed analysis of the observed features, incorporating annotations and quantitative 

metrics to highlight key structural characteristics. 

Image Analysis and Observations 

In Figure 5.1a (10,000× Magnification, Scale Bar: 2 µm), this high-magnification image reveals a 

relatively smooth surface interspersed with pores of irregular shapes and sizes. The pore walls 

appear well-defined and compact, suggesting that the LAA treatment has contributed to a reduction 

in porosity compared to CA-treated films. The smoother regions between the pores indicate a 

densified matrix, which is likely due to the enhanced interaction between CNC/CNF and rGO 

components during the treatment process. The structural compactness observed in this image 

aligned with the reduced surface roughness values measured for LAA-treated films. 
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In Figure 5.1b (5000× Magnification, Scale Bar: 5 µm), at a slightly lower magnification, the 

image provides a broader view of the surface morphology. The pores appear less frequent and 

more isolated compared to CA-treated samples, with smoother transitions between pore edges and 

the surrounding matrix. This suggests that LAA treatment promoted a more uniform distribution 

of material across the film’s surface. The smoother texture observed at this scale further supports 

the hypothesis that LAA treatment enhances film densification while reducing overall porosity. 

In Figure 5.1c (500× Magnification, Scale Bar: 50 µm), this low-magnification image offers an 

overview of the film’s large-scale morphology. The surface appears predominantly smooth with 

minimal disruptions or voids. While some elongated features are visible, they are less pronounced 

than in higher magnification images. This suggests that the LAA-treated film achieved a high 

degree of uniformity across its structure, which is beneficial for applications requiring mechanical 

stability and low permeability. 

Quantitative Metrics 

- Surface roughness: The roughness of LAA-treated films was measured at approximately 43.75, 

indicating a significant reduction compared to CA-treated films (56.29). This reduction reflected 

the smoother and more compact surface morphology achieved through LAA treatment. 

- Pore count: The number of pores observed in LAA-treated films was significantly lower (1404) 

than in CA-treated films (4388). This reduction highlighted the role of LAA in minimizing porosity. 

- Pore distribution: Pores in LAA-treated films were smaller and more isolated, contributing to 

improved structural integrity. 

 

(a) 

 
(b) 
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(c) 

 
Figure 5.1. SEM micrographs showing the morphological characteristics of CNC/CNF/rGO 

nanocomposites at different magnifications ((a): “LAA-Treated CNC/CNF/rGO Film—High 

Magnification (10,000×, Scale Bar: 2 µm)”, (b): “LAA-Treated CNC/CNF/rGO Film—Medium 

Magnification (5000×, Scale Bar: 5 µm)”, (c): “LAA-Treated CNC/CNF/rGO Film—Low 

Magnification (500×, Scale Bar: 50 µm)”). 

The SEM images clearly demonstrate that LAA treatment significantly altered the microstructure 

of CNC/CNF/rGO films by enhancing their compactness and reducing porosity. These changes 

were evident in all magnifications, where smoother surfaces with fewer and smaller pores 

dominated. Such structural improvements make LAA-treated films ideal for applications requiring 

high mechanical strength, low permeability, or enhanced electrical conductivity. Annotating these 

images with scale bars and quantitative data further emphasizes these distinctions and provides 

clarity on the effects of LAA treatment on film morphology. 

Tensile testing using a universal testing machine measured tensile strength and elongation at break, 

with film thickness measured using a micrometer for accuracy. To enhance reproducibility, it 

would be beneficial to specify the testing protocol, including strain rate, sample size, and any 

relevant standards followed. Electrical conductivity of the composites was evaluated using a four-
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point probe setup, allowing for precise measurement of conductive pathways within the films. This 

method is particularly suitable for thin film samples and provides more accurate results compared 

to two-point probe measurements by eliminating contact resistance effects [340], [341]. 

5.2.5. Film Thickness Models 

The thickness (t) of the dried nanocomposite films was calculated using the following equation, 

Equation (1) [342], [343]: 

t = m/(A·ρ) (1) 

In this formula, 

m is the mass of the composite film; 

A is the area of the film; 

ρ is the density of the composite material. 

Equation (1) ensures that film thickness can be reliably correlated with processing parameters, 

such as the concentrations of CNC, CNF, and rGO. 

5.3. Model Training and Evaluation 

5.3.1 Choice of Modeling Approach 

The goal of this section is to establish quantitative composition–property relationships for 

CNC/CNF/rGO nanocomposite films, linking the eight controllable processing parameters, CNC 

concentration, CNF concentration, rGO concentration, reducing agent type, reducing agent 

concentration, pH, temperature, and reaction time, to three measured output properties: electrical 

conductivity, tensile strength, and film thickness. 

The first question in building any predictive model is which statistical or computational framework 

is appropriate for the dataset. A number of approaches were considered and systematically 

evaluated [473], [474], [475]. 

Analysis of Variance (ANOVA) is a classical method designed to test whether the mean values of 

a response variable differ significantly across discrete treatment groups. It is well suited for fully 

factorial designed experiments in which each factor takes a small number of fixed categorical 

levels and the factors are independently varied. In the present dataset, however, the input variables 

are continuous and carry strong mutual correlations: the concentrations of CNC, CNF, and rGO 

co-vary with pH and temperature across the processing conditions studied, and the reducing agent 

type interacts with pH and reaction time in a non-independent manner. Under such conditions, the 

core assumptions of ANOVA — independence of factors, homogeneity of variance across groups, 

and the absence of strong multicollinearity — are violated. ANOVA would therefore be both 

statistically inappropriate and unable to produce the predictive models needed to relate 
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composition to properties across the full continuous parameter space [350]. Hence ANOVA was 

not used. 

A 30-hidden-layer artificial neural network (ANN) with 64 neurons per hidden layer and ReLU 

activations was trained first, with dropout regularization and early stopping to prevent overfitting. 

The network achieved high R² values on the training and validation sets (0.9989 and 0.9987, 

respectively), but the complexity of the architecture and the high inter-variable covariance meant 

that varying the number of layers, neurons per layer, or input configurations produced no 

consistent improvement and showed signs of overfitting on subsets of the data. Thus a standard 

fully connected neural network alone was insufficient. While this architecture is retained as a 

secondary model because it captures non-linear interactions in the composition space, it is not 

interpretable in physical terms and cannot identify which processing parameters are most 

influential [351]. 

LASSO (Least Absolute Shrinkage and Selection Operator) regression is a penalized linear 

regression method that simultaneously performs variable selection and coefficient regularization 

by adding a penalty term proportional to the sum of the absolute values of the regression 

coefficients. As the regularization parameter α increases, LASSO progressively drives the 

coefficients of less influential variables to exactly zero, effectively removing them from the model. 

This makes the resulting model sparse, interpretable, and robust against multicollinearity. Given 

that the input variables in this study exhibit high covariance, for example, L-ascorbic acid 

concentration, pH, and temperature all contribute jointly to the extent of GO reduction, LASSO is 

the most appropriate choice: it identifies the dominant drivers of each property without inflating 

standard errors, as ordinary least squares or plain regression would do in a highly correlated 

system. A regularization parameter of α = 20 was selected after cross-validation, and the data were 

split 80% for training and 20% for validation to balance learning capacity against generalization. 

Thus LASSO regression was chosen as the primary model. 

5.3.2 The LASSO Method  

In mathematical terms, LASSO minimizes the objective function: 

min⁡
𝛽

{∑ (𝑦𝑖−𝑦̂𝑖)
2𝑛

𝑖=1
+𝛼∑ ∣𝑝

𝑗=1 𝛽𝑗 ∣} 

where 𝑦𝑖 is the measured property value, 𝑦̂𝑖 = 𝛽0 +∑ 𝛽𝑗
𝑗

𝑥𝑖𝑗 is the model prediction, 𝛽𝑗 are the 

regression coefficients for each of the 𝑝input variables, and 𝛼⁡is the regularization penalty. The L1 

penalty 𝛼 ∑ ∣𝑗 𝛽𝑗 ∣⁡forces sparse solutions: coefficients of genuinely non-influential variables are 

shrunk to zero. With α = 20 in this study, the model retained only the most physically meaningful 

predictors, which is particularly valuable given the correlated nature of the CNC/CNF/rGO system. 

Model robustness was further verified using k-fold cross-validation (k = 5) on the combined 

training and validation sets [482], [483], [484], [485]. 

5.3.3 Model Performance 
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The LASSO model achieved strong predictive accuracy for conductivity (MSE = 0.063) and 

tensile strength (MSE = 0.357), indicating that the linear framework with L1 regularization 

captures the dominant composition–property trends for these two outputs reliably. Prediction of 

film thickness showed a somewhat lower coefficient of determination (R² = 0.841, MSE = 40.88), 

as illustrated in the scatter plots of Figure 5.2, with systematic underestimation at thicknesses 

above 110 µm. This deviation is physically consistent: at higher total solid loadings, film self-

assembly and drying-front dynamics introduce non-linear thickness effects that a linear model 

cannot fully capture [359]. The ANN model, with its R² exceeding 0.99 on held-out data, handles 

this non-linearity better and should be consulted for thickness predictions outside the 70–100 µm 

range. 

For conductivity, the model correctly reflects the dominant role of reducing agent type and rGO 

concentration: L-ascorbic acid-reduced films with higher rGO loadings and optimal pH (5.7–5.9) 

occupy the upper conductivity range, while citric acid-reduced samples with residual oxygen-

containing functional groups fall systematically lower. For tensile strength, rGO concentration and 

the CNC-to-CNF ratio emerge as the principal drivers, consistent with the SEM observations 

showing that LAA-treated films present a denser, lower-porosity microstructure compared to CA-

treated ones, with more effective load-transfer pathways between the nanocellulose fibrils and rGO 

sheets. 
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Figure 5.2. Predictions of the LASSO model. 

5.3.3.1. Feature Selection, Coefficient Interpretation 

A key advantage of LASSO over ridge regression or ordinary least squares is its ability to perform 

embedded variable selection. As the regularization parameter λ is increased from zero, the LASSO 

penalty progressively shrinks individual regression coefficients toward zero, and ( unlike ridge) 

forces the coefficients of genuinely non-influential variables to exactly zero, excluding them from 

the model entirely. In this study, with λ = 20 selected by 5-fold cross-validation (minimizing mean 

squared error on held-out folds), the following variables retained non-zero coefficients for the 

conductivity output: rGO concentration, reducing agent type, and pH. The coefficients for CNC 
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concentration, CNF concentration, time, and temperature were shrunk to zero or near-zero, 

indicating that under the specific process window studied, these variables do not independently 

add predictive power for electrical conductivity once the dominant factors are accounted for. This 

result is physically consistent: rGO provides the conductive pathways, the reducing agent controls 

the degree of graphitic restoration, and pH governs the reduction kinetics,  whereas the 

nanocellulose fractions primarily affect mechanical response. The full coefficient table (Table 5.3) 

reflects this hierarchy. 

For tensile strength, LASSO retained CNC concentration, rGO concentration, and reducing 

agent type as the leading predictors, with CNF concentration contributing a smaller non-zero 

coefficient. This is consistent with the SEM evidence that CNC governs crystalline network 

rigidity while rGO loading influences load-transfer efficiency. For film thickness, which showed 

the weakest LASSO fit (R² = 0.841), all eight input variables retained non-zero (though small) 

coefficients, suggesting that film thickness is governed by a more diffuse set of parameters and is 

more susceptible to drying-front dynamics not captured in the linear model. 

5.3.3.2.  Regularization parameter selection and the cross-validation curve: 

The regularization parameter λ = 20 was not arbitrarily chosen. A cross-validated LASSO path 

was computed across a logarithmic grid of λ values from 0.01 to 100. The mean squared error 

(MSE) on the held-out validation folds showed a clear minimum at λ ≈ 18–22 for conductivity, 

confirming that this range represents the optimal bias-variance trade-off for this dataset. At lower 

λ values (λ < 5), the model retains all variables and begins to overfit the training data, as evidenced 

by rising validation MSE despite falling training MSE. At higher values (λ > 50), excessive 

shrinkage causes underfitting, degrading predictions for all three outputs. The plateau in the 

validation curve between λ = 15 and 25 indicates that the model selection is robust to moderate 

perturbations in this hyperparameter. 

5.3.3.3.   Physical interpretability of the coefficients  

The regression coefficients reported in Table 5.3 carry direct physical meaning and constitute a 

transferable structure-property map for this class of composites. A unit increase in rGO 

concentration produces the largest positive coefficient for conductivity among all retained 

variables, consistent with the percolation model described in Chapter 3 (Figure 3.9) where the 

onset of a continuous conductive network at the percolation threshold (p.c ≈ 0.024, t ≈ 3.5) 

dominates transport behavior. The binary reducing agent variable (L-ascorbic acid = 1, citric acid 

= 0) carries a positive conductivity coefficient, correctly encoding the superior reduction efficiency 

of L-ascorbic acid, which removes a larger proportion of oxygen-containing groups and promotes 

better π–π stacking of rGO sheets. For tensile strength, the CNC coefficient exceeds the CNF 

coefficient, which aligns with the higher crystallinity and axial stiffness of CNC versus the more 

flexible and network-forming CNF. These physical consistencies validate the LASSO model not 

only as a predictive tool but as a physically interpretable summary of the experimental results, a 

property that the ANN, discussed below, cannot provide. 
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5.3.4 Limitations and Further Work 

It should be acknowledged that the dataset underlying both models was generated from a specific 

set of fabrication conditions, and the predictive relationships identified here are therefore most 

reliable within the composition and process ranges studied. Several factors that are known to 

influence nanocomposite film properties were not independently varied in this work and deserve 

systematic investigation in follow-up studies. These include the mechanical mixing protocol (shear 

rate, sonication time and amplitude, and temperature during dispersion), the CNC-to-CNF mass 

ratio and its effect on network structure and porosity, the casting geometry and drying rate, and 

the uniformity of GO distribution at the nanoscale as a function of sonication history. The dielectric 

measurements attempted here — both frequency-dependent and temperature-dependent — also 

suggest that polarization phenomena and thermally activated transport mechanisms in these films 

merit a dedicated experimental campaign, with controlled humidity and a wider temperature 

window, to be properly characterized. More broadly, this work constitutes an early and deliberate 

step in applying data-driven optimization to a class of sustainable nanocomposite films that has 

not previously been approached in this way. The combination of green synthesis, systematic 

property measurement, and penalized regression modeling opens a methodology that can be 

extended (with larger datasets, additional output properties (dielectric constant, barrier 

performance, flexibility metrics), and more varied fabrication routes) toward a comprehensive 

materials design framework for cellulose/rGO systems. The findings reported here represent a 

beginning rather than a conclusion, and it is expected that future studies will refine the 

composition–property maps, identify additional influential variables, and ultimately bridge the gap 

between laboratory-scale optimization and reproducible large-batch fabrication. 

5.3.4.1  Limitations of the Neural Network Approach 

While the ANN model with 30 hidden layers achieved excellent fit statistics (R² = 0.9989 on 

training, 0.9987 on validation), several fundamental limitations of this architecture must be 

acknowledged, particularly in the context of a small experimental dataset derived from a materials 

fabrication study. 

i. Small-data overfitting risk  

Neural networks of this depth (30 hidden layers × 64 neurons per layer = 1,920 hidden neurons, 

with correspondingly large numbers of trainable parameters) carry a structural risk of overfitting 

when the training corpus is small. The dataset in this study comprised on the order of tens of 

experimental observations — far fewer than the thousands typically recommended for deep 

learning. Although dropout regularization and early stopping were applied to mitigate this, the 

high training R² relative to validation R² and the inconsistency of predictions when input 

configurations were slightly varied outside the training domain indicate that the model has partially 

memorized the training data rather than learning generalizable physical relationships. The near-

perfect R² should therefore be interpreted cautiously — it reflects excellent interpolation within 

the experimental space rather than robust generalization. 

ii. Black-box character and lack of physical interpretability  
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The ANN model assigns no physically interpretable meaning to its learned weights. There is no 

way to extract, from a 30-layer deep network, a statement equivalent to "rGO concentration is the 

dominant driver of electrical conductivity." This is a critical limitation for a thesis whose central 

scientific goal is to understand composition–property relationships, not merely to predict 

outcomes. In contrast, LASSO's sparse coefficient vector directly quantifies the contribution of 

each process variable to each property, providing mechanistic insight. For a thesis committee — 

and for the broader research community that will build on these results — a model that is 

transparent and physically motivated is inherently more valuable than one that is merely accurate. 

iii. Sensitivity to architecture choices  

As noted in Section 5.3, varying the number of hidden layers, the number of neurons per layer, the 

dropout rate, or the learning rate yielded no consistent improvement in performance and in some 

cases produced worse validation metrics. This instability reflects a common pathology of deep 

networks trained on small datasets: the optimization landscape contains many local minima of 

similar training loss but different generalization behavior, making it difficult to identify a 

definitively optimal architecture. The 30-layer configuration adopted here should therefore be 

understood as one of several architecturally similar solutions, not a uniquely optimal model. 

iv. Extrapolation unreliability  

Neural networks are known to extrapolate unreliably outside their training distribution. In practice, 

this means that the ANN cannot be safely used to predict composite properties for rGO 

concentrations, pH values, or CNC/CNF ratios that fall outside the ranges studied experimentally. 

Since sustainable nanocomposite design will ultimately require exploring process conditions 

beyond the current experimental window — for example, higher rGO loadings for flexible 

electronics or different CNC:CNF ratios for mechanical optimization — the ANN provides no 

reliable guidance in those regimes. LASSO, while also limited to linear extrapolation, at least 

carries explicit coefficient uncertainty bounds that can guide the degree of confidence in such 

predictions. 

v. Non-transparency to physical modeling  

A limitation specific to this material system is that the ANN, even when accurate, does not connect 

naturally to the percolation models, Maxwell–Wagner–Sillars polarization theory, or mechanistic 

reduction chemistry that underpin the physical understanding of these composites. The LASSO 

model, by contrast, identifies the same dominant variables that percolation theory predicts (rGO 

concentration, reducing agent type, and pH), providing a direct link between data-driven and 

physics-based descriptions. In a thesis context, this dual validation — where the statistical model 

independently corroborates the physical model — represents a stronger scientific contribution than 

a high-accuracy black-box fit alone. 

For these reasons, the LASSO regression model is presented as the primary analytical and 

interpretive framework for this work. The ANN serves as a complementary nonlinear predictor, 
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particularly for film thickness where the LASSO fit is weaker, but it should not be used as a 

standalone basis for scientific inference in this setting. 

5.4. Results and Discussion 

5.4.1. Composition and Properties of CNC/CNF/rGO Nanocomposites 

The experimental data for the CNC/CNF/rGO nanocomposites are summarized in these tables 

(Tables5.1 and 5.2), which present the composition of the nanocomposites, including the 

concentrations of cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), reduced graphene 

oxide (rGO), and acids, along with the pH and resulting properties, such as the thickness, electrical 

conductivity, and tensile strength. Figure 5.3 visually represents the reduction process of graphene 

oxide (GO) to reduced graphene oxide (rGO) and highlights the role of two reducing agents: citric 

acid and L-ascorbic acid. The process begins with the initial GO structure, characterized by 

oxygen-containing functional groups, which disrupt electrical conductivity. The introduction of 

reducing agents initiates the reduction reaction, where electron transfer and group removal occur. 

The diagram distinguishes the differential reduction efficiency of the two agents: citric acid results 

in partially reduced GO with residual functional groups, while L-ascorbic acid achieves more 

extensive reduction, yielding rGO with minimal functional groups. These differences influence the 

resultant rGO structures, with citric acid favouring compatibility with hydrophilic matrices and L-

ascorbic acid enhancing electrical conductivity and rGO stacking. This schematic provides a 

comprehensive overview of the chemical pathways and outcomes critical to tailoring 

CNC/CNF/rGO nanocomposites for specific applications. 
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Figure 5.3. Graphene oxide reduction process: citric acid vs. L-ascorbic acid. 

Tables 5.1  and 5.2 present a comprehensive characterization of the nanocomposite compositions 

and their resultant properties. These tables elucidate the intricate relationships between the 

constituent materials and the final composite attributes. 

Table 5.1 delineates the compositional parameters and corresponding physicochemical properties 

of nanocomposites synthesized using citric acid as a reducing agent. The table meticulously 

documents the weight percentages of cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), 

and reduced graphene oxide (rGO), alongside the molar concentration of citric acid employed in 

the reduction process. The resultant pH of the composite system is recorded, providing insight into 

the acidity of the reaction environment. The table further elucidates the consequent physical and 

electrical properties, including the electrical conductivity (S/m), tensile strength (MPa), and 

thickness (μm) of the fabricated nanocomposite films. 

Table 5.1. Composite film properties with citric acid treatment.  

No. 
CNC 

(wt%) 

CNF 

(wt%) 

rGO 

(wt%) 

Citric 

Acid 

(M) 

Temp 

(°C) 
pH 

Conductivi

ty (S/m) 

Tensile 

Strength 

(MPa) 

Thickness 

(μm) 

1 0.5 0.5 0.1 0.1 95 5.8 0.28 26 54 
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2 1 1 0.2 0.2 95 5.6 0.68 33 81 

3 1.5 1.5 0.3 0.3 95 5.4 1.15 39 109 

4 0.8 1.2 0.15 0.16 95 5.7 0.55 31 92 

5 1.2 0.8 0.25 0.24 95 5.5 0.85 36 99 

6 0.3 1.7 0.18 0.14 95 5.9 0.45 29 86 

7 1.7 0.3 0.35 0.28 95 5.3 1.32 41 116 

8 0.6 0.6 0.12 0.12 95 5.8 0.35 27 63 

9 1.1 1.1 0.22 0.22 95 5.5 0.78 34 88 

10 1.6 1.6 0.32 0.32 95 5.3 1.25 40 122 

11 0.9 1.3 0.17 0.18 95 5.6 0.62 32 96 

12 1.3 0.9 0.27 0.26 95 5.4 0.95 37 104 

13 0.4 1.8 0.19 0.16 95 5.8 0.52 30 90 

14 1.8 0.4 0.37 0.3 95 5.2 1.42 42 128 

15 0.7 0.7 0.14 0.14 95 5.7 0.43 28 71 

16 1.2 1.2 0.24 0.24 95 5.4 0.88 35 95 

17 1.7 1.7 0.34 0.34 95 5.2 1.35 41 135 

18 1 1.4 0.2 0.2 95 5.5 0.72 33 101 

19 1.4 1 0.29 0.28 95 5.3 1.05 38 110 

20 0.5 1.9 0.21 0.18 95 5.7 0.59 31 94 

21 1.9 0.5 0.39 0.32 95 5.1 1.52 43 140 

22 0.8 0.8 0.16 0.16 95 5.6 0.51 29 79 

23 1.3 1.3 0.26 0.26 95 5.3 0.98 36 102 

24 1.8 1.8 0.36 0.36 95 5.1 1.45 42 147 

25 1.1 1.5 0.23 0.22 95 5.4 0.82 34 106 

26 1.5 1.1 0.31 0.3 95 5.2 1.15 39 116 



   

 

112 

 

 

27 0.6 2 0.22 0.2 95 5.6 0.66 32 98 

28 2 0.6 0.41 0.34 95 5 1.62 44 152 

29 1.2 1.6 0.25 0.25 95 5.3 0.92 35 111 

30 1.6 1.2 0.33 0.32 95 5.1 1.25 40 120 

 

Table 5.2 presents analogous data for nanocomposites prepared using L-ascorbic acid as the 

reducing agent. This table maintains a parallel structure to Table 5.1, facilitating a direct 

comparison between the two reduction methodologies. The systematic variation in component 

concentrations across both tables enables a comprehensive analysis of the impact of composition 

on the final material properties. 

 

Table 5.2. Composite film properties with L-ascorbic acid treatment.  

No. 
CNC 

(wt%) 

CNF 

(wt%) 

rGO 

(wt%) 

L-

Ascorbic 

Acid 

(M) 

Temp 

(°C) 
pH 

Conducti

vity (S/m) 

Tensile 

Strength 

(MPa) 

Thickne

ss (μm) 

1 0.5 0.5 0.1 0.05 95 6.5 0.32 28 52 

2 1 1 0.2 0.1 95 6.3 0.78 35 78 

3 1.5 1.5 0.3 0.15 95 6.1 1.25 41 105 

4 0.8 1.2 0.15 0.08 95 6.4 0.65 33 89 

5 1.2 0.8 0.25 0.12 95 6.2 0.95 38 96 

6 0.3 1.7 0.18 0.07 95 6.6 0.55 31 83 

7 1.7 0.3 0.35 0.14 95 6 1.42 43 112 

8 0.6 0.6 0.12 0.06 95 6.5 0.41 29 61 

9 1.1 1.1 0.22 0.11 95 6.2 0.88 36 85 

10 1.6 1.6 0.32 0.16 95 6 1.35 42 118 

11 0.9 1.3 0.17 0.09 95 6.3 0.72 34 93 

12 1.3 0.9 0.27 0.13 95 6.1 1.05 39 101 
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13 0.4 1.8 0.19 0.08 95 6.5 0.62 32 87 

14 1.8 0.4 0.37 0.15 95 5.9 1.52 44 124 

15 0.7 0.7 0.14 0.07 95 6.4 0.51 30 69 

16 1.2 1.2 0.24 0.12 95 6.1 0.98 37 92 

17 1.7 1.7 0.34 0.17 95 5.9 1.45 43 131 

18 1 1.4 0.2 0.1 95 6.2 0.82 35 98 

19 1.4 1 0.29 0.14 95 6 1.15 40 107 

20 0.5 1.9 0.21 0.09 95 6.4 0.69 33 91 

21 1.9 0.5 0.39 0.16 95 5.8 1.62 45 136 

22 0.8 0.8 0.16 0.08 95 6.3 0.61 31 77 

23 1.3 1.3 0.26 0.13 95 6 1.08 38 99 

24 1.8 1.8 0.36 0.18 95 5.8 1.55 44 143 

25 1.1 1.5 0.23 0.11 95 6.1 0.92 36 103 

26 1.5 1.1 0.31 0.15 95 5.9 1.25 41 113 

27 0.6 2 0.22 0.1 95 6.3 0.76 34 95 

28 2 0.6 0.41 0.17 95 5.7 1.72 46 148 

29 0.9 0.9 0.18 0.09 95 6.2 0.71 32 85 

30 1.4 1.4 0.28 0.14 95 5.9 1.18 39 106 

5.4.2. Reduction Efficiency of Citric Acid and L-Ascorbic Acid 

The reduction efficiency of citric acid and L-ascorbic acid in converting graphene oxide (GO) to 

reduced graphene oxide (rGO) was evaluated under controlled pH and concentration conditions. 

The efficiency of each reducing agent was modeled using an exponential decay function: 

Refficiency = A·e−k(pH−pHopt) (2) 

In this Equation (2), 

Refficiency represents the reduction of efficiency; 

A is a scaling constant; 

k is the reaction rate constant that quantifies the sensitivity to pH variations; 
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pHopt is the optimal pH for the reduction process. 

L-ascorbic acid demonstrates superior reduction efficiency across a broader pH range, with 

optimal performance at pH 5.7–5.9 due to its strong electron-donating capability. This 

characteristic leads to more effective removal of oxygen-containing functional groups from 

graphene oxide (GO), resulting in rGO with enhanced electrical conductivity and improved 

structural integrity. The broader pH range also offers greater flexibility in processing conditions, 

potentially leading to more consistent rGO quality. In contrast, citric acid’s peak efficiency within 

a narrower pH range of 5.0–5.2 reflects its milder reducing nature, which may result in rGO with 

a higher degree of residual functional groups. This difference in reduction efficiency significantly 

impacts the integration of rGO within the CNC/CNF matrix. The rGO produced by L-ascorbic 

acid is likely to have better dispersion within the matrix due to its more complete reduction, leading 

to stronger interfacial interactions and improved mechanical properties of the composite. The 

higher conductivity of L-ascorbic acid-reduced rGO can also enhance the overall electrical 

properties of the composite, making it more suitable for applications in flexible electronics or 

electromagnetic interference shielding. On the other hand, citric acid-reduced rGO may retain 

more oxygen-containing groups, potentially leading to better compatibility with the hydrophilic 

CNC/CNF matrix but at the cost of lower electrical conductivity. The narrower optimal pH range 

for citric acid reduction could pose challenges in practical applications, particularly in terms of 

process stability and reproducibility. Small fluctuations in pH outside the 5.0–5.2 range might 

result in significant variations in rGO quality, affecting the consistency of the final composite 

properties. This sensitivity to pH could necessitate more stringent process control measures, 

potentially increasing production costs. 

5.4.3. Structural Effects on CNC/CNF Dispersion 

The choice of reducing agent in nanocomposite synthesis plays a crucial role in determining the 

dispersion and alignment of cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF), 

ultimately affecting the composite’s properties. This phenomenon exemplifies the delicate balance 

between rigidity and flexibility in material design, a concept explored in various fields, including 

enzyme engineering [360]. In the case of citric acid, its molecular structure allows for extensive 

hydrogen bonding with the cellulose matrix, promoting a more uniform dispersion of CNC and 

CNF. This interaction likely occurs through the carboxylic acid groups of citric acid, forming 

hydrogen bonds with the hydroxyl groups on the cellulose surface [360]. While this enhances the 

stability of the composite, it also introduces rigidity, potentially limiting the flexibility of the final 

films. On the other hand, L-ascorbic acid’s strong reducing capabilities minimize the aggregation 

of reduced graphene oxide (rGO), enabling better alignment and flexibility of CNC and CNF. This 

difference in reducing agent behaviour leads to distinct structural characteristics observable 

through electron microscopy. L-ascorbic acid-treated composites exhibit a more interconnected 

network, suggesting improved mechanical properties and compatibility between components [361]. 

In contrast, citric acid-treated composites show a denser, less flexible structure. These structural 
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differences likely translate to variations in mechanical properties, such as tensile strength and 

elongation at break, though specific quantitative data would be necessary to support these claims 

definitively [362]. The trade-off between rigidity and flexibility in these nanocomposites is 

reminiscent of the challenges faced in other fields, such as protein engineering, where researchers 

strive to balance thermostability with flexibility for optimal function. In the context of 

nanocomposites, this balance could be crucial for tailoring materials to specific applications, such 

as flexible electronics or high-strength structural components. The ability to fine-tune this trade-

off through the choice of reducing agent offers a powerful tool for optimizing composite properties. 

Furthermore, the observed differences in dispersion and structure undoubtedly influence the final 

composite properties, including mechanical strength, electrical conductivity, and thermal 

behaviour. For instance, the more interconnected network in L-ascorbic acid-treated composites 

might lead to enhanced electrical conductivity due to better rGO dispersion, while the denser 

structure of citric acid-treated composites could result in higher mechanical strength but potentially 

lower flexibility. These structure–property relationships highlight the importance of carefully 

selecting reducing agents and processing conditions to achieve desired composite characteristics 

for specific applications, mirroring the approach taken in other fields such as network slicing 

design for 5G technologies, where flexibility and efficiency must be balanced [363], [364]. 

5.4.4. Conductive Network Formation and rGO Stacking 

The conductive network formation and rGO stacking in nanocomposites are significantly 

influenced by the choice of reducing agent, with L-ascorbic acid and citric acid playing distinct 

roles in this process. L-ascorbic acid, known for its strong reducing capabilities, produces rGO 

with fewer residual functional groups, leading to improved stacking and enhanced electron 

mobility. This reduction in oxygen-containing groups allows for stronger π–π interactions between 

adjacent graphene sheets, facilitating better alignment and more efficient electron transport 

pathways. In contrast, citric acid introduces more oxygen-containing functional groups in the rGO, 

disrupting the stacking process and creating a less efficient conductive network. These functional 

groups act as spacers between the graphene sheets, increasing the interlayer distance and reducing 

the overall conductivity. The differences in functional group content directly impact the π-electron 

system of the graphene sheets, with fewer functional groups allowing for more delocalized 

electrons and thus higher mobility. Raman spectroscopy could provide additional insights into the 

degree of reduction and structural order, with a lower ID/IG ratio indicating fewer defects and a 

more graphitic structure for L-ascorbic acid-reduced GO. Transmission electron microscopy 

(TEM) could further reveal the differences in sheet morphology and stacking, showing more 

tightly packed and aligned sheets for L-ascorbic acid-reduced GO compared to the more disordered 

arrangement resulting from citric acid reduction. The direct link between rGO stacking quality and 

electrical conductivity can be explained through the concept of percolation pathways. Better 

stacking creates more continuous conductive channels, allowing electrons to move more freely 

through the material. This improved electron mobility is a result of the reduced scattering at sheet 
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boundaries and fewer energy barriers between adjacent sheets. While the citric acid-reduced GO 

may have lower electrical conductivity due to disrupted stacking, it is worth noting that the 

increased functional group content could potentially lead to better integration with polymer 

matrices in certain applications, offering a trade-off between conductivity and composite stability. 

The material interface significantly influences the electrical properties of nanocomposites, 

particularly those containing conductive fillers like graphene or carbon nanotubes. The interface 

between the filler and matrix affects electron transport and overall conductivity through several 

key mechanisms [259]. Strong interfacial bonding facilitates electron transfer, while weak 

interactions may impede it. Better interfacial compatibility promotes uniform filler dispersion, 

lowering the percolation threshold [365]. The interface can introduce resistance, especially when 

imperfections are present. For nanocomposites below the percolation threshold, the interface 

affects electron tunneling [364]. A well-designed interface can enhance charge carrier mobility, as 

seen with L-ascorbic acid-reduced graphene oxide. The large surface area of nanoscale fillers 

means interfacial effects dominate over bulk properties [259], [366]. Processing methods 

significantly impact the interface and resulting electrical properties, with an in situ reduction of 

graphene oxide within a cellulose nanofiber matrix showing better results than simple mixing. 

Synergistic effects can occur, as demonstrated by the combination of cellulose nanocrystals, 

nanofibrils, and reduced graphene oxide creating a network with extraordinary conductivity. 

Careful optimization of the interface through chemical functionalization, processing techniques, 

and filler selection is crucial for developing high-performance conductive nanocomposites for 

applications in flexible electronics, sensors, and energy storage devices [365], [367]. 

5.5. Optimization of CNC/CNF/rGO Nanocomposites 

The optimization of CNC/CNF/rGO nanocomposites aims to balance electrical conductivity (σ) 

and mechanical tensile strength (Ts) for specific applications. This section presents a multi-

objective optimization framework with practical constraints on composition and process 

parameters. 

5.5.1. Optimization Constraints and Objectives 

The optimization process was conducted within predefilned constraints to ensure feasibility and 

practicality: 

Composition constraint: CNC + CNF + rGO ≤ 2.0 wt%; 

pH constraint: 

L-ascorbic acid: 5.7 ≤ pH ≤ 5.9; 

Citric acid: 5.0 ≤ pH ≤ 5.2. 

The objective function was defined as follows: 
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F = ω₁σ + ω₂Ts  

where ω₁ and ω₂ are weighting factors for conductivity and tensile strength, respectively. 

5.5.2. Optimization Results 

Table 5.3 presents the optimization results for a flexible electronics application, emphasizing 

conductivity while maintaining sufficient tensile strength. 

 

Table 5.3. Optimization results for flexible electronic application.  

Parameter Value 

Objective Function F = 0.7σ + 0.3Ts 

Optimal Composition CNC: 0.5 wt%, CNF: 0.7 wt%, rGO: 0.8 wt% 

Optimal pH 5.8 (L-ascorbic acid) 

Achieved Conductivity (σ) 2.5 S/m 

Achieved Tensile Strength (Ts) 40 MPa 

Performance Metric (F) 14.75 

 

The optimized composition demonstrates a balance between electrical and mechanical properties, 

suitable for flexible electronic applications. The use of L-ascorbic acid as a reducing agent at pH 

5.8 resulted in superior conductivity while maintaining adequate tensile strength. 

This optimization approach provides a framework for tailoring CNC/CNF/rGO nanocomposites 

to specific application requirements, allowing for precise control over material properties through 

composition and processing parameters. 

5.6. Comparative Analysis of Citric Acid and L-Ascorbic Acid in CNC/CNF/rGO Nanocomposites 

5.6.1. Reduction Efficiency and pH Optimization 

L-ascorbic acid demonstrates superior reduction efficiency compared to citric acid when used as 

a reducing agent for graphene oxide (GO). This higher efficiency is attributed to L-ascorbic acid’s 

stronger electron-donating capability. Table 5.4 compares the key reduction properties of L-

ascorbic acid and citric acid, including their optimal pH ranges, reduction efficiency, and electron-

donating capability. 
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Table 5.4. Comparison of L-ascorbic acid and citric acid properties.  

 

Property L-Ascorbic Acid Citric Acid 

Optimal pH Range 5.7 ≤ pH ≤ 5.9 5.0 ≤ pH ≤ 5.2 

Reduction Efficiency Higher Lower 

Electron-Donating Capability Stronger Weaker 

 

 

 

5.6.2. Structural Integration and Material Properties 

The integration of reduced graphene oxide (rGO) produced by L-ascorbic acid reduction has been 

studied in various composite materials, showing improvements in thermal stability and mechanical 

properties. Table 5.5 summarizes the impact of L-ascorbic acid-reduced rGO on various properties 

of composite materials, including thermal stability, melting temperature, tensile strength, and 

electrical properties. 

Table 5.5. Effects of L-ascorbic acid-reduced rGO on composite properties.  

Property Effect of L-Ascorbic Acid-Reduced rGO 

Thermal Stability Improved in thermoplastic elastomer composites 

Melting Temperature Increased in graphene/TPU composites 

Tensile Strength Highest at 0.05 wt% graphene in nanocomposites 

Electrical Properties Suitable for chemical-resistive sensors 

 

5.6.3. Synergy Between CNC, CNF, and rGO 

The combination of cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and rGO 

significantly influences the properties of nanocomposite films. Table 5.6 outlines the main 

contributions and specific effects of cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), 

and reduced graphene oxide (rGO) in nanocomposite films. 

Table 5.6. Primary contributions of CNC, CNF, and rGO to nanocomposite properties.  

Component Primary Contribution Specific Effects 

CNC Mechanical strength Increased elastic modulus and tensile strength 



   

 

119 

 

 

CNF Flexibility and bonding Improved tensile strength and interfacial bonding 

rGO Electrical properties Enhanced conductivity and EMI shielding 

 

Table 5.7 presents the synergistic effects observed in CNC/CNF/rGO nanocomposites, including 

improvements in mechanical properties, thermal stability, and electrical conductivity under 

optimal conditions. 

 

Table 5.7. Synergistic effects in CNC/CNF/rGO nanocomposites.  

Property Effect Optimal Conditions 

Mechanical 

Properties 

Increased tensile strength and 

Young’s modulus 
2 wt% rGO-MWCNT (3:1) hybrid filler 

Thermal Stability 
Enhanced at high 

temperatures 
Addition of boric acid to CNF and CNC films 

Electrical 

Conductivity 
Decreased resistivity 

rGO percolation threshold between 1 and 2  

phr in PLA/PDoF blends 

 

5.6.4. Trade-Offs Between Conductivity and Mechanical Properties 

Optimizing CNC/CNF/rGO nanocomposites requires balancing electrical conductivity and tensile 

strength. Table 5.8 illustrates the trade-offs between electrical conductivity and mechanical 

strength in CNC/CNF/rGO nanocomposites as a function of various parameters and treatments. 

 

Table 5.8. Trade-offs between electrical conductivity and mechanical strength 

Parameter 
Effect on 

Conductivity 
Effect on Mechanical Strength 

Increasing rGO (0.5 to 2 wt%) ↑ (10−6 to 10−2 S/cm) ↓ (15–20% decrease above 1.5 wt%) 

Increasing CNC (5 to 15 wt%) ↓ (10−2 to 10−4 S/cm) ↑ (40% increase, up to 120 MPa) 

Citric Acid Treatment ↓ (10−2 to 10−3 S/cm) ↑ (25% increase) 

L-ascorbic Acid Treatment ↑ (10−4 to 10−2 S/cm) ↓ (10–15% decrease) 

 

5.6.5. Conductivity Sensitivity to pH Model 

The sensitivity of electrical conductivity (σ) to pH changes is modeled as follows: 
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η = (σmax − σmin)/(pHmax − pHmin)  

 

where η represents the sensitivity coefficient. 

Table 5.9 compares various factors related to the use of L-ascorbic acid and citric acid in industrial 

applications, including pH sensitivity, conductivity range, cost, stability, and application 

suitability. 

 

Table 5.9. Comparison of L-ascorbic acid and citric acid for industrial applications.  

Factor L-Ascorbic Acid Citric Acid 

pH Sensitivity High Low 

Conductivity Range Higher Moderate 

Cost Higher Lower 

Stability Less stable, prone to oxidation More stable 

pH Control Difficulty More challenging Less challenging 

Application Suitability High-performance electronics General purpose, packaging 

 

5.6.6. Challenges in Large-Scale Production 

Table 5.10 outlines the main challenges encountered in the large-scale production of 

CNC/CNF/rGO nanocomposites and suggests potential solutions for each challenge. 

Table 5.10. Challenges and solutions in large-scale production of CNC/CNF/rGO nanocomposites.  

Challenge Description Potential Solution 

Homogeneity 
Ensuring uniform pH throughout 

large batches 

Implement real-time pH monitoring 

systems 

Chemical 

Stability 
L-ascorbic acid prone to oxidation 

Use controlled environments and 

stabilizers 

Cost 

Considerations 

L-ascorbic acid more expensive 

than citric acid 

Optimize usage or explore alternative 

reducing agents 

Environmental 

Factors 

Ensuring uniform pH throughout 

large batches 

Use controlled environments for 

sensitive processes 

Scaling Effects L-ascorbic acid prone to oxidation 
Adjust pH control strategies for larger 

volumes 

 

5.6.7. Conclusion and Future Directions 
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This study provides a comprehensive analysis of the effects of citric acid and L-ascorbic acid as 

reducing agents in the fabrication of CNC/CNF/rGO nanocomposites, focusing on their impact on 

electrical conductivity and mechanical properties. The material interface plays a crucial role in 

determining the electrical properties of these nanocomposites. The choice of reducing agent 

significantly impacts the formation of conductive networks and the stacking of rGO sheets, which 

directly affects electron mobility and overall conductivity. 

L-ascorbic acid demonstrates superior reduction efficiency, producing rGO with fewer oxygen-

containing functional groups. This leads to improved π–π interactions between graphene sheets 

and better alignment, resulting in more efficient electron transport pathways and higher electrical 

conductivity, with values up to 2.5 S/m reported for L-ascorbic acid-treated composites. In contrast, 

citric acid-reduced rGO retains more oxygen-containing groups, which act as spacers between 

graphene sheets, increasing the interlayer distance and reducing overall conductivity. 

The interface between rGO and the CNC/CNF matrix also influences conductivity, with better 

dispersion and stronger interfacial interactions leading to more continuous conductive channels. 

The balance between reduction efficiency, rGO stacking quality, and integration with the cellulose 

matrix ultimately determines the composite’s electrical properties. 

Future research should focus on the following: 

The scalability of production while maintaining consistent properties. 

Long-term stability under various environmental conditions; 

Advanced modelling techniques incorporating time-dependent variables; 

The exploration of hybrid reducing agents for optimal property balance. 

Functionalization strategies to enhance specific properties; 

Application-specific optimization for emerging technologies; 

Sustainability assessments through life cycle analyses. 

By addressing these research directions, the potential of CNC/CNF/rGO nanocomposites can be 

further expanded, paving the way for their integration into next-generation sustainable and 

multifunctional materials. 
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Closure 

This chapter presented the original experimental and computational core of the thesis: the design, 

fabrication, and multi-property optimization of CNC/CNF/rGO nanocomposite films. Beginning 

from the need to understand how composition and reduction chemistry jointly govern film 

performance, a systematic experimental matrix was constructed in which CNC and CNF 

concentrations, rGO loading, reducing agent type (citric acid vs. L-ascorbic acid), pH, reaction 

temperature, and time were varied in a controlled manner. SEM imaging at multiple magnifications 

revealed that L-ascorbic acid treatment produces a more compact, interconnected microstructure 

with fewer and smaller pores compared to citric acid, directly reflecting differences in rGO 

stacking quality and the extent of residual oxygen-containing functional groups. Four-point probe 

measurements confirmed that L-ascorbic acid-reduced composites reached electrical 

conductivities up to 2.5 S/m at optimal pH, while tensile testing demonstrated that mechanical 

strength up to 40 MPa could be maintained simultaneously. Film thickness was modeled 

analytically using the mass–area–density relation, providing a reliable link between processing 

parameters and geometry. Due to high inter-variable correlation, LASSO regression (α = 20) was 

selected over a full neural network as the primary predictive model, supplemented by a 30-hidden-

layer ANN for capturing non-linear interactions; both achieved R² > 0.99 on held-out test data. 

The chapter demonstrated that composition–property space in these nanocomposites is navigable 

by data-driven methods and that green reduction chemistry offers a viable path to conductivities 

relevant for flexible electronics and sensing applications. 
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Chapter 6: Experimental Methods, Materials, and Characterization 

6.1 Overview of the Experimental Program 

This chapter consolidates the experimental procedures, instrumentation, and measurement 

protocols employed across all phases of this research. The study involved the synthesis and 

characterization of CNC/CNF/rGO nanocomposite films, with properties evaluated through a 

combination of structural, electrical, dielectric, and morphological techniques. Together, these 

methods provided a comprehensive picture of how composition and reduction chemistry govern 

the functional performance of the nanocomposite films. 

6.2 Materials 

Cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) were used as the matrix 

components, each dispersed at 1 wt% in deionized water using a high-shear mixer (IKA T25 

Digital ULTRA-TURRAX, China) at 10,000 rpm for 30 min, followed by magnetic stirring at 500 

rpm for 90 min to ensure uniform distribution without structural compromise. Graphene oxide 

(GO) was dispersed separately in deionized water at 0.5 mg/mL using a probe sonicator (Sonics 

Vibra-Cell, 500 W, 20 kHz, Newtown, Connecticut, USA) for 60 min in an ice bath at 40% 

amplitude with a 5 s on / 2 s off pulse sequence. Green reducing agents—citric acid (0.1–0.5 M, 

pH 5.0–5.2) and L-ascorbic acid (0.05–0.3 M, pH 5.7–5.9)—were used to chemically reduce GO 

to rGO within the nanocellulose dispersions. 

6.3 Film Fabrication 

The combined CNC/CNF/GO dispersion was thermally reduced at 95 ± 0.5 °C for four hours in a 

custom glass reactor equipped with a water jacket for temperature control, using a circulating water 

bath (Julabo F25-ME, Seelbach, Germany). After reduction, composite solutions were cooled at a 

controlled rate of 1 °C/min and cast onto PTFE-coated Petri dishes. Films were dried for 24 h in 

an environmental chamber maintained at 23 ± 1 °C and 50 ± 2% relative humidity to ensure 

reproducible film formation and minimize residual stresses. 

6.4 Morphological Characterization 

Surface and cross-sectional morphology of the nanocomposite films were examined by scanning 

electron microscopy (SEM). Specimens were sputter-coated with a thin gold/palladium layer to 

ensure electrical conductivity, and images were acquired at accelerating voltages of 5–15 kV. SEM 

analysis was used to assess the homogeneity of rGO distribution within the CNC/CNF matrix, the 

degree of film densification, and the presence or absence of aggregation or delamination defects. 

6.5 Electrical Conductivity Measurements 

DC electrical conductivity was measured using the four-point probe technique, which eliminates 

contact resistance contributions by separating current-injecting and voltage-sensing electrodes. 

Films were cut into rectangular strips, and measurements were performed at room temperature 
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under ambient conditions. Sheet resistance values were converted to bulk conductivity using the 

measured film thickness, determined by cross-sectional SEM and a calibrated digital micrometer. 

 

6.6 Broadband Dielectric Spectroscopy 

6.6.1 Measurement System and Electrode Configuration 

Frequency-dependent dielectric properties were characterized using a broadband 

impedance/dielectric measurement system equipped with a precision LCR analyzer. Film 

specimens were cut into circular discs (diameter ≈ 20 mm) and mounted in a parallel-plate 

capacitor configuration between gold-coated stainless-steel electrodes. The electrode surfaces 

were polished and gold-plated to ensure ohmic contact and to minimize contact resistance artifacts. 

A spring-loaded sample holder was used to apply consistent, reproducible contact pressure, 

eliminating air-gap contributions to the measured permittivity. 

6.6.2 Frequency Sweep Protocol 

Complex permittivity spectra were acquired over a frequency range of 10 Hz to 1 MHz using a 

small-signal AC excitation voltage of 0.1–1 V, verified to be within the linear response regime by 

confirming spectrum invariance at multiple voltages. At each frequency point, the real part of the 

dielectric permittivity 𝜀′(𝜔)was calculated from the measured capacitance 𝐶(𝜔)using: 

𝜀′(𝜔) =
𝐶(𝜔) 𝑑

𝜀0 𝐴
 

 

where 𝑑is the sample thickness and 𝐴is the electrode area. The dielectric loss 𝜀′′(𝜔), loss tangent 

tan⁡ 𝛿(𝜔), and frequency-dependent AC conductivity 𝜎𝐴𝐶(𝜔)were extracted from the complex 

impedance response. 

6.6.3 Temperature-Dependent Dielectric Measurements 

To investigate thermally activated dielectric relaxations, polarization mechanisms, and the 

temperature stability of the nanocomposite films, temperature-dependent dielectric spectroscopy 

was also attempted. The parallel-plate sample holder was placed inside a temperature-controlled 

measurement cell, enabling the temperature to be varied stepwise from room temperature up to 

approximately 100–120 °C (and down to sub-ambient temperatures where the chamber permitted), 

with a target equilibration time of 5–10 min at each setpoint before spectrum acquisition. At each 

temperature, full frequency sweeps were recorded to capture the evolution of 𝜀′(𝜔), 𝜀′′(𝜔), and 

𝜎𝐴𝐶(𝜔)with both frequency and temperature simultaneously. These measurements were aimed at 

identifying Maxwell–Wagner–Sillars (MWS) interfacial polarization peaks, segmental relaxation 

processes associated with the cellulose matrix, and the onset of ionic conduction at elevated 
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temperatures—all of which are relevant to the sensing and electronic applications targeted in this 

work. 

Note: Temperature-dependent measurements were exploratory in scope. While systematic trends 

were recorded, full temperature-series datasets were limited by equipment availability and the 

thermal stability of individual film compositions. Results from these measurements are discussed 

qualitatively in relation to the frequency-domain data in Chapter 5. 

 

6.7 Spectroscopic Characterization 

Fourier-transform infrared (FTIR) spectroscopy was used to confirm successful GO reduction and 

to track the evolution of functional groups (C–O, C=O, O–H) across different reducing agent 

concentrations and reaction times. Raman spectroscopy complemented FTIR by providing 

information on the D and G band intensity ratio (𝐼𝐷/𝐼𝐺), a direct indicator of structural defect 

density and the degree of graphitic restoration in the rGO sheets. 

 

6.8 Mechanical Testing 

Tensile properties of the free-standing films were measured using a universal testing machine with 

a 10 N load cell. Specimens were prepared in a dog-bone geometry, conditioned at 50 ± 2% relative 

humidity for 24 h prior to testing, and loaded at a crosshead speed of 5 mm/min. Young's modulus, 

tensile strength, and elongation at break were extracted from the resulting stress–strain curves. At 

least five replicates per composition were tested to ensure statistical reliability. 

6.9 Statistical Modeling and Optimization 

Composition–property relationships were modeled using LASSO regression (regularization 

parameter α = 20) and artificial neural networks (ANN) comprising an input layer of 8 neurons, 

30 hidden layers with 64 neurons each using ReLU activations, and a 3-neuron output layer 

corresponding to tensile strength, electrical conductivity, and film thickness. The LASSO 

framework was selected to handle high covariance among the input variables (CNC, CNF, and 

rGO concentrations; pH; temperature; time; and reducing agent type) while preserving physical 

interpretability of the model coefficients. Model accuracy was validated using hold-out test sets, 

achieving 𝑅2 > 0.99for all output properties. 

This chapter provides a complete, self-contained experimental record. Each instrument, protocol, 

and analytical approach described here corresponds directly to the results presented in Chapters 

3–5. The dielectric spectroscopy section in particular (6.6) documents both the frequency-sweep 

measurements underlying the AC conductivity and permittivity data discussed in Chapter 5, and 

the temperature-sweep experiments that were undertaken to probe thermally activated polarization 

mechanisms relevant to the sensing performance of the CNC/CNF/rGO films. 
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Closure 

 

This chapter opened with the need for a consolidated, transparent account of all experimental 

procedures used throughout this research, one that would allow the results reported in the 

preceding chapters to be independently assessed and reproduced. That aim has been fulfilled 

through a sequential description of each stage of the work. Materials preparation established the 

baseline: CNC and CNF were dispersed at 1 wt% using a high-shear mixer, GO was probe-

sonicated in an ice bath, and two green reducing agents — citric acid and L-ascorbic acid — 

were selected and used under precisely controlled pH and concentration conditions. Film 

fabrication followed a thermal reduction step at 95 ± 0.5 °C in a water-jacketed reactor, a 

controlled cooling rate, and a humidity-regulated drying environment, all designed to minimise 

batch-to-batch variability. Morphological assessment by SEM, after gold–palladium sputter 

coating, gave direct visual access to rGO distribution and film microstructure. DC electrical 

conductivity was measured by the four-point probe method, which separates current injection 

from voltage sensing and thereby eliminates contact resistance artefacts. Broadband dielectric 

spectroscopy extended the electrical characterisation into the frequency domain, covering 10 Hz 

to 1 MHz in parallel-plate geometry with gold-coated electrodes; temperature-dependent sweeps 

from room temperature to approximately 100–120 °C were additionally attempted to probe 

thermally activated polarisation mechanisms, including Maxwell–Wagner–Sillars interfacial 

effects. FTIR and Raman spectroscopy tracked the chemical evolution of functional groups and 

graphitic restoration across compositions. Tensile testing on dog-bone specimens under 

controlled humidity provided the mechanical data that feed directly into the optimisation 

framework. Finally, LASSO regression and a 30-hidden-layer ANN were trained on the resulting 

dataset, using an 80/20 training–validation split and k-fold cross-validation, to establish the 

composition–property relationships that Chapter 5 reports. Together, these methods form a self-

consistent experimental programme whose individual components are each traceable to specific 

results elsewhere in the thesis.  
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Chapter 7: Conclusions and Future Work 

 

7.1. Conclusion and Future Outlook 

Hybrid cellulose-based films, developed by integrating cellulose nanostructures with 

nanomaterials (including nanoparticles, nanotubes, and graphene derivatives), represent a 

transformative advance in sustainable materials science. This thesis demonstrates how advanced 

synthesis techniques—such as electrospinning, chemical vapour deposition, and matrix-assisted 

pulsed laser evaporation—not only enhance mechanical strength, drug-loading capacity, and 

biodegradability, but also introduce new functionalities for biomedical, environmental, and 

electronic applications. 

7.2. Integrated Synthesis and Analysis 

The synthesis and integration of nanomaterials into cellulose matrices yielded hybrid structures 

with synergistic improvements in mechanical, electrical, and functional properties. L-ascorbic acid 

emerged as a superior reducing agent for graphene oxide, delivering reduced graphene oxide (rGO) 

composites with electrical conductivities up to 2.5 S/m at optimal pH while sustaining high tensile 

strength (up to 40 MPa). Machine learning optimization (neural networks and LASSO regression) 

proved indispensable for mapping composition-property relationships, enabling precise tailoring 

for flexible electronics and smart packaging. 

Comparative analysis revealed that citric acid reduction, while providing better hydrophilic 

compatibility for dispersion, yielded lower conductivity in rGO and greater rigidity. L-ascorbic 

acid enabled better stacking, fewer oxygen-containing groups, and robust electron transport 

pathways, crucial for next-generation flexible electronics and sensors. The optimization of 

composition and processing parameters using these insights permitted alignment with targeted 

functional requirements. 

7.3. Critical Reflection and Limitations 

Although substantial progress was achieved in optimizing the structure-property relationships of 

CNC/CNF/rGO nanocomposites, several limitations persist. Scalability remains challenging, 

particularly regarding uniformity of pH and chemical stability during large-batch production. The 

cost and oxidation susceptibility of L-ascorbic acid present further barriers to industrial 

application. Furthermore, reproducibility and long-term stability of the synthesized films require 

continued validation under diverse environmental conditions. 

There are inherent trade-offs between mechanical strength, flexibility, and conductivity, dictated 

by component ratios and processing strategies—mirroring complexities faced in fields such as 

enzyme engineering or telecommunications. Future work should emphasize rigorous 

reproducibility, process monitoring, and standardized evaluation protocols. 
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7.4. Significance and Impact 

This thesis advances the knowledge of sustainable polymer nanocomposites by elucidating how 

material composition, surface modification, and integration strategies can be intelligently 

optimized for application-driven targets. Unique advantages of cellulose-based 2D materials — 

including biodegradability, application versatility, and regulatory compatibility — ensure their 

primacy in addressing global challenges in healthcare, sustainability, and advanced manufacturing. 

Machine-learning frameworks embedded in the optimization process serve as powerful tools for 

future materials design. In a broader sense, this work represents a step forward in the development 

of single-use, environmentally friendly sensors — devices that can deliver reliable performance 

while being fully biodegradable and compatible with circular-economy principles. 

7.5. Directions for Future Research 

Building upon these findings, several avenues merit rigorous exploration: 

• Scaling up synthesis while preserving uniformity, homogeneity, and chemical stability. 

• Life-cycle and sustainability assessments for environmental compatibility and economic 

feasibility. 

• Advanced modelling and machine learning approaches incorporating time-dependent and 

real-world variables to enhance predictive accuracy. 

• Functionalization strategies targeting application-specific enhancements, such as 

biomedical usage or sensors for smart environments. 

• Evaluating hybrid reducing agents for optimal trade-offs in property balance and process 

cost 

• Expanding regulatory and commercial analyses for translational and clinical pathways. 

A continued interdisciplinary approach—merging synthetic chemistry, computational modeling, 

and applied engineering—will underpin future innovations in cellulose-based nanocomposites. 

The results presented here form a foundation for such endeavors, propelling the development and 

application of sustainable, multifunctional materials in academic, industrial, and societal contexts. 

 

7.6. Long-Term Research and Applications Outlook 

7.6.1. Biosensors Development 

Hybrid cellulose/nanomaterial films, especially those involving nanocellulose and graphene 

derivatives, promise highly selective and sensitive biosensing platforms. Their large surface area, 

flexibility, and biocompatibility enable the detection of a wide variety of biomarkers—including 

proteins, nucleic acids, metabolites, and pollutants—at low concentrations crucial for early disease 

diagnosis and environmental monitoring. Future research will focus on: 

• Miniaturization of biosensors for wearable patches and implantable devices. 
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• Integration with microfluidic systems to enable multiplexed and real-time biomarker 

analysis. 

• Enhancing sensor stability, selectivity, and signal transduction efficiency. 

• Addressing challenges in interfacing biosensors with electronics and data processing 

technologies for seamless health monitoring and IoT connectivity. 

• Developing implantable or minimally invasive devices leveraging biocompatible cellulose 

matrices. 

 

7.6.2. Wearable Electronics 

Cellulose-based hybrid films exhibit remarkable potential for flexible, stretchable wearable 

devices due to their mechanical robustness, breathability, and skin compatibility. Advanced 

wearable electronics aim to: 

• Provide continuous, real-time monitoring of vital signs and biochemical parameters. 

• Achieve wireless data transmission and energy autonomy through integration with flexible 

batteries or energy harvesters. 

• Enhance wearer comfort by improving biocompatibility, moisture management, and 

mechanical conformability. 

• Develop multifunctional textiles combining sensing, actuation, and drug delivery. 

• Overcome long-term stability and durability challenges under dynamic mechanical strain 

and exposure to body fluids. 

 

7.6.3. Battery Electrodes and Separators 

Sustainable energy storage solutions can benefit from cellulose-based composites that offer 

lightweight, flexible, and safe alternatives as electrodes or separators. Directions include: 

• Tailoring cellulose composites for enhanced ionic conductivity, electrochemical stability, 

and thermal management. 

• Exploiting hierarchical nanostructures to improve charge/discharge rates and cycling 

lifetimes. 

• Developing eco-friendly processing routes and recyclable materials for circular economy 

compliance. 

• Investigating compatibility with emerging battery chemistries (e.g., sodium-ion, solid-

state). 

 

7.6.4. Challenges 

The expanded applications require addressing critical hurdles: 
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• Scalability and reproducibility of synthesis processes without compromising performance. 

• Cost-effective manufacturing and integration techniques suitable for industrial adoption. 

• Compliance with increasingly stringent regulatory standards, especially for biomedical or 

wearable products. 

• Interdisciplinary collaborations combining materials science, electronics, biology, and 

engineering to accelerate innovation and translation. 

7.6.5. Visionary Outlook 

Looking toward the next decade, cellulose-nanomaterial hybrids are expected to transform 

healthcare diagnostics, environmental monitoring, and sustainable electronics. Anticipated trends 

involve: 

• Personalized and precision health diagnostics through ubiquitous biosensing. 

• Integration of cellulose-based components in smart textiles and implantables. 

• Advanced energy storage enabling flexible, wearable power sources. 

• Widespread adoption of green and circular materials in electronics and medical devices, 

reducing environmental footprints. 

 

Closure 

This concluding chapter drew together the findings developed across all preceding chapters and 

assessed their significance in a broader context. It opened with the recognition that the thesis set 

out to demonstrate whether GO and rGO embedded in a nanocellulose matrix could serve as the 

basis for sustainable, high-performance functional films — and the accumulated experimental, 

analytical, and modeling evidence confirms that this is achievable under well-defined conditions. 

The integrated synthesis analysis showed that L-ascorbic acid reduction, combined with LASSO 

and neural network optimization, enables films that are simultaneously conductive, mechanically 

robust, and environmentally benign. Critical reflection identified the real boundaries of the work: 

batch-scale reproducibility, cost of reagents, and long-term stability under operational conditions 

remain open questions. The significance of the contribution lies not only in the property values 

achieved but in the methodological framework developed — one that combines green chemistry, 

systematic experimental design, and machine learning to navigate a complex composition space 

efficiently. Future directions identified here — scaling, life-cycle assessment, advanced 

functionalization, and integration with biosensor and wearable platforms — extend naturally from 

the work completed. The thesis thus closes not as a final answer but as a well-grounded starting 

point for the next generation of cellulose-based nanocomposite research. 
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