Potential of Chitosan and Cellulose-Nano Fibers Aerogels for Wound Management in Dentistry: A Systematic Review
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Abstract. Chitosan and cellulose nano-fibers (CNFs) have gained considerable attention for their biocompatibility, biodegradability, and unique structural properties, making them ideal candidates for wound management, particularly in dentistry. This systematic review aims to evaluate the potential of chitosan-CNF-based aerogels in enhancing wound healing within the oral cavity. A comprehensive literature search was conducted using PubMed, Scopus, and Web of Science databases from their inception to October 2024. Data were extracted on these biomaterials’ physicochemical properties, antibacterial properties, and wound healing efficacy. The review highlights the promising role of these aerogels in promoting cell proliferation, reducing inflammation, and enhancing tissue regeneration. However, further clinical studies are required to standardize their application in dental practice. 
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introduction
A wound refers to any injury sustained by the body, which is commonly identified by damage to the epidermis of the skin. This includes cuts, impacts, or other forms of trauma that disrupt the normal anatomical structure function. Wounds are classified as open or closed, depending on the underlying cause of their formation, and as acute or chronic, based on the physiological aspects of wound healing [1]. In dentistry, these wounds usually occur due to surgical procedures, trauma, or medical conditions like cancerous lesions or periodontal disease. The predominant instruments associated with injuries in dental practice include needles, succeeded by burs, scalpels, scalers, surgical elevators, explorers, and orthodontic wires, which have also been identified as contributors to a considerable percentage of these injuries [2]. Most dental injuries happen during tooth extraction, the placement of implants, and maxillofacial surgeries [3]. For example, surgery to remove an impacted tooth or perform periodontal flap surgery usually results in an open wound requiring careful care to prevent infection and speed up healing. Furthermore, individuals diagnosed with systemic conditions, such as diabetes mellitus, encounter a heightened risk of delayed wound healing and potential complications ensuing from dental procedures. In the oral cavity, diabetes is recognized as a significant risk factor contributing to the exacerbation of periodontal disease and protracted wound healing [4]. Recent estimates indicate that approximately 1 billion individuals are impacted by oral wounds and injuries, with a prevalence rate of around 20% among children aged up to 12 years [5]. 
	Wound dressings play a vital role in the treatment of wounds by offering protection, maintaining moisture, and facilitating the healing process. Wound dressing is defined as sterile compresses that serve as a barrier to shield the affected epidermal tissues from external factors while promoting regeneration [6]. Natural polymers, commonly referred to as biopolymers, are organic compounds synthesized by living organisms. These polymers consist of repeating units of amino acids, nucleotides, esters, or monosaccharides, which are interconnected by covalent bonds to form polysaccharides, peptides, polyesters, or polyphenols, among others. The sources of these biopolymers include animals (such as chitosan, collagen, and hyaluronic acid), plants (such as cellulose, natural rubber, and starch), microorganisms (including fungi and algae), and bacteria (specifically bacterial cellulose and exopolysaccharides) [7]. Synthetic polymers are distinguished by several notable characteristics, including straightforward preparation that yields controlled physicochemical properties and stability, commendable mechanical stability accompanied by intriguing mechanical properties, and a systematic approach to degradation [8]. synthetic polymers such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(ethylene glycol) (PEG) offer tunable mechanical properties and controlled degradation rates [7]. Combining biopolymers and synthetic polymers has resulted in advanced hybrid dressings integrating bioactivity with structural stability [7], [8]. These innovations have expanded their applications, including in dentistry, where effective wound care is essential to minimize infection and promote tissue regeneration.
	Wound dressings are available in various forms, including hydrogels, foams, films, hydrocolloids, and alginate-based materials, each meti1culously designed to meet distinct wound care requirements [9]. Hydrogels provide hydration; however, they often lack adequate mechanical strength. Foam dressings exhibit exceptional absorbency, but their effectiveness diminishes in dry wounds. Film dressings serve as a protective barrier against contaminants; however, they are not appropriate for wounds that exude fluid. Hydrocolloids operate effectively in moist environments, although they may adhere firmly to the wound bed, resulting in discomfort upon removal [10]. Alginate-based dressings excel in managing exudate; however, they possess no inherent antimicrobial properties unless complemented by additional agents [10]. Despite ongoing advancements, conventional dressings face challenges in achieving an optimal balance of structural integrity, bioactivity, and long-term effectiveness. This situation demands the innovation of advanced materials, such as chitosan aerogels and cellulose nanofibers, which incorporate biocompatibility, antimicrobial properties, and mechanical robustness to effectively address the complexities of treating dental wounds [11].
	Cellulose, a natural polymer obtained from plants and bacteria, has received significant attention in wound management due to its extraordinary properties. This material is biocompatible, non-toxic, and biodegradable, making it suitable for clinical applications [12]. Cellulose is a naturally occurring component within the cell walls of plants and various bacteria. The distinctive properties of bacterial cellulose (BC)—including non-toxicity, biodegradability, hydrophilicity, and biocompatibility—combined with the customizable nature of nanocellulose and its integration with nanoparticles such as nanosilver (AgNP) for antibacterial applications, significantly contribute to the widespread utilization of BC in wound healing applications [13]. Cellulose exhibits excellent moisture retention, which helps maintain a moist environment conducive to wound healing. The increased mechanical strength of cellulose ensures durability, while the porous structure improves gas exchange and fluid absorption [14]. Additionally, cellulose can be functionalized to integrate antimicrobial agents or bioactive molecules, increasing its therapeutic potential [12]. The distinctive properties of cellulose underscore its potential as a prime candidate for advanced wound dressings, particularly when it is combined with other materials such as chitosan or formulated into aerogels. Furthermore, cellulose derivatives can exhibit a therapeutic effect on wound healing, whether utilized independently or in conjunction with other natural, semi-synthetic, and synthetic polymers. 
	Chitosan is a linear polysaccharide derived from the deacetylation of chitin, which is naturally found in the exoskeletons of crustaceans, the cuticles of insects, and the cell walls of certain fungi [15]. This biopolymer possesses antibacterial, antifungal, mucoadhesive, and gelling properties. It has been recognized as a promising candidate in the fields of tissue engineering and drug delivery due to its non-toxicity, biodegradability, and biocompatibility [15]. Chitosan possesses remarkable physicochemical and biological properties, including low toxicity, biodegradability, biocompatibility, cost-effectiveness, hemostatic capabilities, and mucoadhesive ness [16]. These attributes make it a highly suitable biomaterial for a variety of biomedical applications, such as tissue regeneration, wound dressing, and drug delivery [16]. However, its inadequate solubility and suboptimal mechanical properties are the principal factors restrict its utilization in the biomedical field [16].
	A significant advantage of amalgamating two or more biopolymers is that they not only benefit damaged tissue but also enhance the physicochemical properties of the resulting dressing [12]. This methodology provides superior results in wound management in dentistry. The aims of this review is evaluate the potential of chitosan-CNF-based aerogels in enhancing wound healing within the oral cavity.  
MATERIALS AND METHOD
A systematic literature search was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Searches were conducted across PubMed, Scopus, and Web of Science employing the following keyword combinations: “chitosan,” “cellulose nanofibers,” “aerogels,” “wound healing,” and “dentistry.” Articles were included if they documented the application of chitosan-CNF gels in wound healing, specifically related to dental injuries. The inclusion criteria were restricted to in vitro, in vivo, and clinical studies. Data extraction concentrated on the physicochemical properties, biological interactions, and outcomes of wound healing associated withchitosan-CNF aerogels.
Design
There are five essential stages involved in conducting a scoping review, as delineated by Arksey and O'Malley (2005). These stages include (a) Identifying the research questions; (b) identifying relevant studies; (c) study selection; (d) charting the data; and (e) collating, summarizing, and reporting the results [17], [18].
	The criteria for including journal articles in this scoping review are that they must be published within the last 5 years between 1 January 2019 and December 2024; prepared in English; be accessible in full text, peer-reviewed studies on Chitosan; Cellulose-nano fibers; aerogels; Wound Management; and Dentistry. Studies addressing the potential of chitosan and cellulose-nano fibers aerogels for wound management in dentistry. In contrast, the exclusion criteria concerned journal articles focused solely on theoretical aspects without practical applications and studies unrelated to chitosan-cellulose nanofibers or lacking data on the utilization on wound dressing.   
Stage 1: The primary research questions for this review are:
Levac, Colquhoun, and O'Brien (2010) assert that a articulated research question encompassing the scope of the study facilitates researchers in conducting a more practical and compelling review [18]. In the context of this review, three research questions were formulated, which inquired: 
1. What are the properties and characteristics of chitosan and CNF aerogels that make them suitable for wound management in dentistry?
2. What are the benefits and challenges of using these aerogels in dental wound care?
3. What clinical applications of chitosan and CNF aerogels have been explored in the literature?
Stage 2: Identifying relevant studies
The authors established pertinent keywords before selecting relevant journal articles that align with the research inquiry. The databases designated for this purpose include PubMed, Scopus, and Google Scholar, with search keywords search: "Chitosan", "Cellulose-Nano Fibers", "Aerogels", "Wound Management", and "Dentistry". A manual search utilizing scan reads was also performed to identify papers by referencing specific journals and recognized articles or reviews. The publication date was restricted to journals published within the last five years to ensure validity and contemporaneity.
Stage 3:Selection od studies
From the search results, a total of 1106 articles were identified. The retrieved articles were subsequently exported to a bibliographic file utilizing the reference management software Endnote 9. Within this selection, 1084 articles were deemed relevant based on the results obtained through title matching and manual abstract and title filtering techniques. Following the removal of duplicate articles, each article abstract was assessed by the authors for relevance according to predetermined inclusion criteria: (a) articles published in English; (b) studies involving the use of chitosan and CNFs gels for wound management; (c) studies relevant to dental application; (d) full-text articles available; and (e) articles published from January 1, 2019, to the Dec 2024. Furthermore, from a total of 17 retrieved articles, all were thoroughly reviewed, and pertinent results were identified. The authors independently examined the studies’ texts and made selections based on the predefined inclusion criteria. Following the comprehensive assessment of the texts against the review question, three articles were excluded due to not meeting inclusion criteria, low methodological quality, incomplete data, duplication, irrelevant, and lack of full text. A total of 14 articles were deemed appropriate for inclusion in the final dataset. The selection of relevant articles was influenced by the specified research questions rather than through a critical assessment process; however, minimum quality standards were incorporated [17], [19]. The researchers engaged in a comprehensive methodological critique of the studies to understand the breadth and depth of the existing literature on the subject under investigation [17]. The procedure adopted for selecting the included papers is illustrated in Figure 1.
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FIGURE 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) and Arksey & O`Malley's (2005) scoping study framework stages [17].
Stage 4: Mapping data
Each of the 14 selected full-text papers was meticulously reviewed multiple times by authors to capture all pertinent information and ensure no critical details were overlooked. The dataset for this paper was constructed by carefully extracting findings relevant to the posed research questions. This dataset was regularly refined by assessing the consistency of the extracted data with the review questions and research objectives. The extracted datasets were subsequently categorized according to the author, research objectives, research design, participants or samples, the mobile applications utilized, as well as the resultant findings presented in the practical table (Table I). The design of this dataset was collaboratively discussed among the review authors to guarantee the inclusion of all significant information.
Stage 5 : Compiling, summarizing, and reporting the result
According to Arskey and O'Malley (2005), there are multiple methods for compiling and summarizing data, one of which is thematic management [17]. Thematic analysis assists in recognizing, examining, and conveying the patterns found within the dataset. The identified themes represent the key concepts that frequently appear in the text and address the posed questions [20]. 
result
A total of thirteen papers have been reviewed in this analysis. Upon examining the literature, the potential applications of chitosan and Cellulose Nano Fiber (CNF) aerogels for wound management in dentistry include anti-inflammatory properties, wound dressing capabilities, antibacterial activity, antioxidant effects, and contributions to tissue engineering. A summary of the selected articles is presented in Table I.
TABLE 1. Summary of selected article
	No
	Author
	Aim
	Method
	Models (In vivo/ In vitro)
	Key Findings

	1. 
	Shikun Wei., et al [21]. 
	To prepare a hydrogel system for the treatment of chronic infected wounds
	inhibition zone
	in vitro
	· The ODEXHA-AMPPRP hydrogel demonstrated significant antibacterial activity against E. coli, S. aureus, and P. aeruginosa, effectively reducing bacterial counts in infected wounds of diabetic mice. 
· It promoted wound healing by enhancing collagen deposition and angiogenesis, as evidenced by increased expression of VEGF and TGF-β1. 
· The hydrogel facilitated the proliferation and migration of L929 fibroblast cells, indicating good biocompatibility. 
· The study highlighted the hydrogel's potential as a promising candidate for treating chronic infected wounds, particularly in diabetic patients.

	2. 
	Agata Tyminska., et al [22].
	To design a carbohydrate chitosan-based biomaterial to stimulate stem cells into the chondrogenesis pathway.
	LDH colourimetric assay

	In vitro
	· The study developed a chitosan-UG28 peptide composite that effectively stimulates adipose-derived stem cells (AD-SCs) to differentiate into chondrocytes and produce extracellular matrix, indicating its potential for cartilage tissue engineering.
· Chitosan demonstrated biocompatibility and favorable properties such as antibacterial and anti-inflammatory effects, enhancing its application in regenerative medicine.
· The UG28 peptide significantly increased glycosaminoglycan and collagen synthesis in AD-SCs, promoting chondrogenesis.
· The composite offers a promising alternative to conventional treatments for cartilage damage, targeting the underlying causes of deterioration.

	3. 
	Katarzyna Wegrzynowska-Drzymalska., et al [23].

	To investigate the properties of chitosan-gelatin biofilms that are cross-linked with dialdehyde cellulose nanocrystals, assessing their potential as materials for wound dressings

	ATR-FTIR
	In vitro
	· The study successfully developed chitosan-gelatin biofilms cross-linked with dialdehyde cellulose nanocrystals (DNCL and DAMC) for potential wound dressing applications.
· Biofilms cross-linked with DNCL exhibited superior properties, including higher cross-linking degrees, antioxidant activity, and ideal water vapor transmission rates (WVTR) for wound dressings.
· The cross-linking process improved mechanical properties, swelling ability, and oxygen permeability, while reducing degradation rates.
· The materials demonstrated good antimicrobial activity and anti-inflammatory properties, making them promising candidates for biomedical applications.

	4. 
	Irina Popescu., et al [24].
	To demonstrate the wound dressing power of composite hydrogels with antibacterial properties containing a well-defined amount of silver nanoparticles (AgNPs) and ibuprofen

	Double physical cross-linkin

	In vivo
	· The composite hydrogel developed from chitosan (CS) and polyvinyl alcohol (PVA), embedded with silver nanoparticles (AgNPs) and ibuprofen (Ib), demonstrated significant antibacterial activity against Staphylococcus aureus and Klebsiella pneumoniae. 
· In vivo studies indicated that the hydrogel accelerated wound healing by enhancing the expression of key markers such as TNF alpha IP8, COX-2, and collagen I, which are crucial for inflammation, cell migration, and tissue granulation. 
· The hydrogel maintained controlled moisture at the wound site while providing antibacterial protection, thus supporting effective wound closure.

	5. 
	Shikun Wei., et al [25].

	To prepare a hydrogel system for the treatment of chronic infected wounds
	Dynamic Schiff base


	In vivo
	· The ODEXHA-AMPPRP hydrogel demonstrated significant antibacterial activity against pathogenic strains such as E. coli, S. aureus, and P. aeruginosa, effectively reducing bacterial counts in infected wounds of diabetic mice.
· It promoted wound healing by enhancing collagen deposition and angiogenesis, as evidenced by increased expression of VEGF and TGF-β1.
· The hydrogel facilitated the proliferation and migration of L929 fibroblast cells, indicating good biocompatibility.
· The study highlighted the hydrogel's potential as a promising candidate for treating chronic infected wounds, particularly in diabetic patients.

	6. 
	Clément Toullec., et al [26].  

	To combine chitosan and curdlan polysaccharides to create a new scaffold for bone regeneration

	Curdlan was electrospun as a blend with
chitosan into a fibrillar scaffold.

	In vitro 
	· The study successfully developed curdlan-chitosan electrospun scaffolds that are biodegradable, exhibiting an 8% mass loss over two weeks, and demonstrating good swelling behavior (350%) and non-cytotoxicity in vitro.
· Curdlan enhances mesenchymal stem cell adhesion and differentiation into osteoblasts, while also inhibiting osteoclastogenesis, thus promoting faster bone tissue regeneration

	7. 
	Mohammed Husssein M. Alsharbaty., et al [22].
 
	To explore the potential of a newly developed pectin-chitosan polyelectrolyte composite (PCPC) as a coating for titanium dental implan

	Chitosan from shrimp shell and pectin from the citrus peel mixed with ethanol
	In vitro
	· The study developed pectin-chitosan polyelectrolyte composite (PCPC) coatings on commercially pure titanium, demonstrating unique biological responses that can accelerate healing and enhance drug delivery at implant sites.
· Groups 3 (1:2 ratio) and 4 (1:3 ratio) exhibited superior mechanical properties, including higher surface roughness, improved hydrophilicity, and significant antibacterial activity. 
· The cross-cut adhesion test indicated that lower pectin levels in the coatings resulted in better adhesion to the titanium substrate.

	8. 
	N. Vignesh., et al [27]

	To convert cotton microdust (CMD), a waste product from the textile industry, into a high-value cellulose membrane through a novel process involving thermo-chemical pretreatment and spin coating methods

	Novel approach
	In vitro
	· The study successfully converted cotton microdust (CMD) into a high-value cellulose membrane using a novel thermo-chemical pretreatment and spin coating method, eliminating the need for separate lignin removal processes.
· The cellulose membrane exhibited significant antibacterial activity against E. coli and demonstrated efficient absorption and release of antibiotics.
· The mechanical properties of the membrane were enhanced, showing improved elasticity and tensile strength, attributed to the presence of trace amounts of lignin.

	9. 
	Faheem Ahmad., et al [28]

	To develop a cost-effective and sustainable hydroentangled nonwoven from industrial cotton waste, which is incorporated into alginate hydrogel for use in wound dressings.
	Sol-gel method
	In vitro
	· The study developed a hydroentangled nonwoven from industrial cotton waste, integrated with alginate hydrogel, to create a sustainable wound dressing.
· The concentration of sodium alginate and drying temperature significantly influenced the mechanical properties, with higher concentrations enhancing tear strength and tensile strength.
· The maximum fluid absorbency of 650% was achieved, indicating excellent moisture management capabilities.
· Air permeability decreased with increased sodium alginate concentration and drying temperature, leading to a denser hydrogel structure

	10.
	Zhengao Wang., et al [29]

	To address the challenges posed by chronic diabetic wounds, particularly focusing on uncontrolled bacterial infections, prolonged inflammation, and impaired angiogenesis

	Synthesized
via an in situ reduction 

	In vivo 
	· The study developed an in situ sprayed Bi/BiOCl 0D/2D heterojunction composite hydrogel that effectively promotes healing in diabetic wounds.
· The BBFG NIR group achieved a significant wound closure rate of 56.53%, outperforming control and other treatment groups.
· Enhanced antibacterial efficacy was observed, with minimal bacterial presence in the BBFG NIR group compared to others.
· The treatment also promoted angiogenesis, evidenced by increased microvessel formation and reduced inflammation, leading to improved tissue regeneration.
· The findings highlight the potential of LSPR-enhanced heterojunctions for advanced wound therapies.

	11.
	Raman Ahmadi., et al [30].

	To investigate the thermo-physical and antimicrobial properties of carboxymethyl cellulose (CMC)-based bio-nanocomposites containing cellulose nano-fiber (CNF) and different concentrations of Salvadora persica L. root extract (SPE)
	Scanning electron microscopy (SEM)

	In vitro
	· The study successfully developed antimicrobial nanocomposites using carboxymethyl cellulose (CMC), cellulose nanofiber (CNF), and Salvadora persica extract (SPE), demonstrating enhanced mechanical properties and antimicrobial activity against both gram-positive and gram-negative bacteria.
· The incorporation of CNF improved the ultimate tensile strength (UTS) while decreasing elongation at break (EB), with specific concentrations of SPE enhancing flexibility without compromising UTS.
· Thermal gravimetric analysis indicated that SPE significantly improved the heat stability of the nanocomposites, showcasing their potential for applications in active packaging and UV-sensitive products.

	12. 
	Zainab Waheed., et al [30]

	To develop a cotton nonwoven cellulose hydrogel composite from rice husk biowaste for use in wound dressing applications.

	Cellulose was extracted
from rice husk by alkalization and bleaching process

	In vitro
	· The research successfully extracted cellulose from rice husk biowaste to create a cotton nonwoven cellulose hydrogel composite for wound dressing applications.
· The composite demonstrated superior mechanical properties, including tensile strength, water absorbency, biocompatibility, and biodegradability compared to traditional cotton nonwoven fabric. 
· The optimal formulation was identified as the S12 hydrogel composite, which achieved a maximum fluid absorbency of 1281.84 and a tensile strength of 28.6 N.
· The study utilized the Taguchi design of experiment technique to optimize the characteristics of the composite effectively.

	13. 
	Qiangqiang Zhou., et al [31]

	To develop a conductive hydrogel composite (PAA-SA@rGO) that facilitates oral wound healing by leveraging bioelectricity to activate cells, accelerate metabolism, and enhance immunity

	Synthesis of a conductive hydrogel composite using free radical polymerization


	In vivo
	· The PAA-SA@rGO hydrogel demonstrated significant antibacterial, anti-inflammatory, and antioxidant properties, facilitating rapid oral wound healing by transforming the 'short circuit' of the injured site into a 'completed circuit.'
· Complete mucosal healing without scarring was observed in the PAA-SA@rGO group, outperforming other treatment groups. 
· The hydrogel enhanced collagen synthesis and reduced inflammatory responses, leading to a wound healing rate of 92.21% by day 7, significantly higher than control and other treatment groups.
· The hydrogel effectively modified the electric field microenvironment at the wound site, guiding reparative cells towards tissue restoration.


A total of 13 studies met the inclusion criteria, including 9 in vitro studies and 4 in vivo animal studies. Chitosan-CNF gels exhibited several beneficial properties for wound healing, including antibacterial activity and anti-inflammatory [32]. Chitosan is recognized for its broad-spectrum antimicrobial properties, particularly against oral pathogens, including Streptococcus mutans and Porphyromonas gingivalis. Numerous studies have highlighted the inherent antimicrobial activity of chitosan nanofiber (CNF) aerogel, particularly when integrated with other bioactive materials, such as silver nanoparticles [24]. These materials have significantly diminished the bacterial count in the wound area. Other studies have indicated that chitosan and cellulose nanofibers (CNF) facilitate the proliferation and differentiation of fibroblasts, which are critical for wound closure and tissue regeneration repair [21], [30], [32]. Carbon nanofibers (CNF) provide a substantial surface area-to-volume ratio, which improves the aerogel’s capacity to absorb exudates and sustain a moist wound environment, consequently promoting the healing process. [23]
Hydrogel demonstrated exceptional biocompatibility and blood compatibility, suggesting its potential utility for treating chronically infected wounds, particularly among diabetic patients [33].  The hydrogel maintained controlled moisture at the wound site while providing antibacterial protection, thus supporting effective wound closure [24]. The hydrogel proficiently modified the microenvironment of the electric field at the wound site, directing reparative cells toward the process of tissue restoration [32].
DISCUSSION
Phase of Wound Healing in Cellular and Molecular in Dentistry Field
As wound healing represents a complex biological process characterized by a sequential series of cellular and molecular events, which are conventionally classified into four interrelated phases: homeostasis, inflammation, proliferation, and remodelling [34][35]. In the context of skin wounds, this process initiates with homeostasis, wherein platelets aggregate to form a clot and subsequently secrete growth factors such as platelet-derived growth factor (PDGF) and transforming growth factor-beta (TGF-β) [34]. Following this, the inflammatory phase ensues, wherein neutrophils and macrophages migrate to the wound site, releasing cytokines, including interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α), to aid in the clearance of debris and pathogens [36]. The proliferation phase encompasses fibroblast activation, angiogenesis, and extracellular matrix (ECM) deposition, while the remodelling phase focuses on collagen maturation and the overall healing of the wound contraction [34].
In the oral cavity, the wound healing mechanisms progress through similar phases; however, they occur in distinct micro-environments. The abundant blood circulation in the oral and maxillofacial regions facilitates the expedited healing of wounds through diverse growth factors [37]. Consequently, their advancements in tissue engineering can alleviate wound infections, expedite angiogenesis, and promote the proliferation and migration of tissue cells throughout the wound healing process [37]. The inflammatory phase for oral wounds is comparatively shorter, and the fibroblasts within the oral mucosa synthesize a lower amount of fibrotic collagen, yielding minimal scar formation. Furthermore, the abundant vascularization of oral tissues facilitates rapid angiogenesis re-epithelialization [38], [39].
Several distinctions become apparent in the comparison of cutaneous and oral wound healing. In contrast to cutaneous wounds, oral mucosal wounds exhibit expedited healing with diminished scarring formation [40]. While cutaneous and mucosal wound healing processes progress through identical stages, namely hemostasis, inflammation, proliferation, and remodeling, mucosal wounds demonstrate a significantly accelerated healing rate compared to their cutaneous counterparts. Furthermore, mucosal wounds generally heal with minimal scar formation, and hypertrophic scarring is infrequent within the oral cavity [40]. A critical difference between oral mucosal and dermal healing is the reduced inflammation observed in oral mucosal wounds. Specifically, oral mucosal wounds exhibit a lower infiltration of inflammatory cells and diminished levels of inflammatory cytokines, such as IL-1α, IL-1β, TNF-α, and various chemokines [40]. The oral mucosa represents the sole adult tissue exhibiting the capacity for healing with minimal scar formation, attributable to several distinct factors: the environment (encompassing saliva and microbiota), diminished inflammation, angiogenesis, keratinocyte proliferation, and the role of fibroblasts. Oral fibroblasts appear to possess unique characteristics and are subject to tightly regulated specific functions in the processes of wound healing and repair [41]. 
Properties of Biopolymer
Biopolymers are natural polymers that can be synthesized chemically or obtained from biological sources, encompassing plants, animals, and microorganisms. These polymers are distinguished by their renewability and biodegradability, and they exhibit unique properties such as biocompatibility, non-toxicity, and natural abundance. As a result, biopolymers are particularly attractive for a wide array of applications, including biomedical engineering, food packaging, and manufacturing [42], [43], [44]. Biopolymers may be categorized according to various criteria, including their origin, the number of monomer units, biodegradability, and thermal response [44]. This category encompasses a wide range of materials, such as polysaccharides (for example, cellulose and starch), proteins (such as collagen and gelatin), nucleic acids (including DNA and RNA), and lipids [42], [43]. The capability of these biopolymers to construct intricate structures and to assume specific three-dimensional configurations facilitates their effective performance in diverse biological roles [43].
Biopolymers demonstrate significant potential in wound management. Prominent examples include chitosan, alginate, collagen, hyaluronic acid, and silk fibroin. Due to their biocompatibility, biodegradability, and non-toxic properties, various biopolymers are widely employed in wound dressing applications [45].
1. Alginate: Derived from brown seaweed, alginate is recognized for its exceptional biocompatibility and non-toxicity. It is utilized in various forms, including hydrogel, film, and foam, to absorb excess wound fluid, sustain environmental humidity, and reduce the likelihood of bacterial infections [46], [47].
2. Chitosan: Chitosan, derived from chitin, is antibacterial, hemostatic, and biocompatible, making it appropriate for use in wound dressings. It is frequently employed in conjunction with other polymers to enhance its mechanical properties and overall effectiveness [48], [49].
3. Cellulose: Cellulose, a polysaccharide, is employed in wound dressings due to its biocompatibility and capacity to form hydrogels. It is frequently combined with other materials to enhance mechanical strength and functionality [7], [50].
4. Gelatin: Gelatin, a protein obtained from collagen, is utilized due to its biocompatibility and ability to form hydrogels. It is frequently combined with other biopolymers to improve its effectiveness in wound healing applications [49], [51].
5. Pullulan: Renowned for its non-toxic and biocompatible characteristics, pullulan is utilized in the formulation of wound dressings. It is frequently combined with other biopolymers, such as chitosan, to enhance its mechanical properties and effectiveness [49].
These biopolymers are frequently subjected to modifications or amalgamated with nanoparticles and synthetic polymers to enhance their mechanical, antibacterial, and wound-healing attributes, rendering them exceedingly effective in clinical applications [46], [49], [51].
Hydrogel
A hydrogel is a three-dimensional polymer network that is insoluble in water and can absorb bodily fluids within a biological environment. This polymeric network is created through various chemical crosslinking mechanisms, including optical polymerization, enzymatic reactions, and physical crosslinking processes that are temperature and pH-dependent, as well as ionic interactions crosslinking [52]. Hydrogel is a complex material with a three-dimensional network structure and a substantial water content. This elevated water content renders it particularly suitable for various biomedical applications, including dentistry. Furthermore, the hydrogel is biocompatible, signifying its capacity to interact with biological tissues without eliciting adverse immune responses [53]. Hydrogels can also be modified to exhibit specific bioactivities, such as facilitating tissue regeneration or imparting antimicrobial properties [53]. Hydrogels are effective drug delivery systems, particularly in treating periodontal diseases and other oral infections. Moreover, hydrogels are employed in diverse clinical applications, including wound care fillers, dental adhesives, and periodontal therapy [32]. 
	Additionally, hydrogels can be administered in injectable forms to deliver therapeutic agents directly to affected regions, such as periodontal pockets[32]. The potential of hydrogels in enhancing wound care and management in dentistry is substantial, particularly when integrated with materials such as chitosan and nano-cellulose fibers [54]. This integration may yield improved mechanical properties and enhanced bioactivity, thereby establishing hydrogels as a highly appealing option for clinical practice applications [54].
Preparation Techniques and Properties of Aerogels
Various advanced techniques are employed in aerogel production, each characterized by distinct processes and outcomes. Aerogel is a highly porous and lightweight material synthesized through these techniques[55]:
1. Supercritical Drying: This technique involves substituting the liquid in the wet gel with air by elevating the gel to a supercritical state, wherein the liquid and gas phases become indistinguishable. This method is extensively utilized because it preserves the gel structure without experiencing shrinkage pores [56], [57]. 
2. Freeze-Drying: In this methodology, the wet gel undergoes a freezing process, followed by the sublimation of ice under vacuum conditions. This technique proves beneficial in preserving the porous structure; however, it may require a significant investment of time and resources, which is energy-consuming [56], [58]. 
3. Vacuum Drying: This process involves drying the wet gel under low pressure, which is less effective than supercritical drying methods in preserving the aerogel structure [56]. 
4. Ambient Pressure Drying (APD): This methodology enables fluid extraction under atmospheric pressure. It is typically followed by chemical modification to prevent the collapse of pores. While this approach is economically feasible, it may reduce the overall quality of the aerogel [58], [59]. 
5. Microwave Drying: This less prevalent method uses microwave radiation to dry wet gel. It offers rapid drying times, but it may result in uneven outcomes [56]. 
Each technique has distinct advantages and disadvantages that significantly impact the aerogel’s final characteristics, including its porosity, density, and mechanical strength [56], [58], [59]. Aerogel is an exceptionally porous and ultralight material distinguished by its low density, high surface area, and minimal thermal conductivity. It is synthesized by substituting the liquid component of the gel with air, which forms a dense network containing a significant volume of vacant space [56], [60].
The Disadvantages of Aerogels 
1. Mechanical fragility: Aerogels frequently exhibit brittleness and possess limited mechanical strength, constraining their applicability in load-bearing contexts [61].
2. Moisture sensitivity: Numerous aerogels are sensitive to moisture, which can diminish their properties over time [62].
3. High production costs: The intricate and energy-demanding manufacturing process renders aerogel costly, thereby obstructing its extensive adoption application [62], [63].
Despite these challenges, contemporary research focuses on improving the mechanical properties and reducing the production costs of aerogels, thus making them more viable for widespread applications [61], [62], [63].
Cellulose-based Aerogels
Cellulose nanofiber (CNF)-based aerogels have demonstrated considerable potential in wound healing management due to their distinctive properties, including high porosity, biocompatibility, and biodegradability. These aerogels exhibit a porosity exceeding 96% and a significant surface area surpassing 250 m²/g, both of which are essential for effective wound healing as they enhance moisture retention and establish an environment conducive to cell proliferation [64], [65]. Furthermore, CNF-based aerogels are biocompatible and non-toxic, rendering them suitable for direct wound application without eliciting adverse reactions [11], [66]. The moisture-holding capacity of CNF aerogels is approximately 7500%, significantly exceeding that of conventional wound dressings, which typically possess an approximate capacity of around 2500%. This characteristic is vital for treating wounds with moderate to high exudate levels [64].
Cellulose-based aerogels exhibit antibacterial and healing properties. Aerogels synthesized from cellulose nanofibers (CNF) can be augmented with antibacterial agents, such as chitosan or essential oils, which provide additional protection against infections. For example, CNF aerogels incorporated with chitosan have demonstrated effective antibacterial activity against various pathogens, including Staphylococcus aureus and Escherichia coli [11], [67], [68]. Research has established that CNF-based aerogels facilitate wound closure and enhance the healing process. Specifically, CNF aerogels infused with therapeutic agents such as ibuprofen or vancomycin have revealed sustained drug release and potent antibacterial effects, thus contributing to improved wound healing outcomes [11], [68].
Applications and Future Prospects in Cellulose Nanofiber (CNF): CNF-based aerogels are currently being developed as sophisticated wound dressings due to their ability to maintain a moist environment, provide structural support, and deliver therapeutic agents directly to the wound site [64]. The significant porosity and biocompatibility of CNF aerogels make them appropriate for use as scaffolds in tissue engineering, promoting cell growth and tissue regeneration [65]. Additionally, CNF aerogels can function as carriers for sustained and controlled drug release, thus enhancing therapeutic efficacy and minimizing the frequency of dressing changes [11], [68].
The utilization of cellulose nanofibers (CNF) presents several challenges and considerations. A primary challenge of applying CNF-based materials is ensuring low endotoxin levels comply with regulatory standards. Techniques such as TEMPO-mediated oxidation have been advanced to generate ultrapure CNFs with acceptable endotoxin concentrations [64], [66]. Enhancing the mechanical properties of CNF aerogel is crucial for its practical applications. Incorporating materials such as chitosan can potentially augment the mechanical strength and durability of the aerogel [69].
	TABLE 2. Schematic Diagram: Efficacy of Cellulose-Based Aerogels for Wound Management in Dentistry.

	Component
	Details
	References

	Biopolymer used
	Chitosan 
	[67]
	
	Cellulose 
	[11]
	Other polymer used
	Alginate 
	[67]
	
	Gelatin 
	[70]

	
	Kenaf Nanocrystalline Cellulose (NCC)
	[71]
	Bioactive Agents Loaded
	Ibuprofen (IBU)
	[11]
	
	Vancomycin
	[68]
	
	Platelet Lysate (PL)
	[71]

	
	Nano-maghemite
	[72]
	Result
	High Porosity and Surface Area: Enhances water sorption and air permeability
	[11], [67], [68]
	
	Antibacterial Activity: Effective against S. aureus, E. coli, and S. mutans
	[67], [68]
	
	Biocompatibility: Non-cytotoxic, promotes cell proliferation
	[67], [68]
	
	Moist Environment: Maintains suitable moisture for wound healing
	[67], [72]

	
	Mechanical Properties: Enhanced tensile strength and shapeability
	[11], [70], [72]

	
	Drug Release: Sustained release of bioactive agents like IBU and vancomycin
	[11], [68], [71]

	
	Wound Healing: Accelerates wound closure and promotes hemostasis
	[67]

	
TABLE 3. Cellulose Aerogels Currently in Clinical Trials for Wound Healing

	Aerogel
	Polymer
	Clinical Trial Result
	Marketed Product
	References

	CK7-Ag3 Aerogel
	Cellulose, Konjac Glucomannan, Ag Nanoparticles
	Complete wound recovery within 14 days, excellent antibacterial activity and biocompatibility
	Not specified
	[73]

	BC/AA Hydrogel
	Bacterial Cellulose, Acrylic Acid
	Accelerated burn wound healing, significant collagen deposition
	Not specified
	[74]

	Dextran/BC Hydrogel
	Dextran, Bacterial Cellulose
	Enhanced cell proliferation, accelerated wound healing, facilitated skin maturation
	Not specified
	[75]

	CA-CMCNF Aerogel
	Carboxymethyl Cellulose, Citric Acid
	Significant reduction in hemostasis time and bleeding in animal model
	Not specified
	[76]
	NFC Hydrogels
	Nanofibrillated Cellulose
	Stimulated healing without adverse effects, supported fibroblast and keratinocyte proliferation
	Not specified
	[77]
	CNF Aerogels
	Cellulose Nanofibrils
	High moisture-holding capacity, promising for wounds with moderate to high exudate
	Not specified
	[78]
	OC/NAP Composite Aerogel
	Sodium Alginate Oxide, Carboxymethyl Chitosan, Nb2C@Ag/PDA
	Approximately 100% wound healing rate within 14 days, excellent hemostatic properties
	Not specified
	[79]
	ACTE Aerogel
	Tempo-oxidized Cellulose Nanofibers, Sodium Alginate, Chitosan, Decellularized Skin Extracellular Matrix
	Enhanced skin wound healing, increased collagen deposition and extracellular matrix remodeling
	Not specified
	[80]

conclusion
  Chitosan-CNF aerogels represent an innovative approach to wound management within the field of dentistry, providing a synergistic combination of antibacterial, regenerative, and hemostatic properties. Aerogels based on Cellulose Nanofibers (CNF) exhibit significant promise for the management of wound healing owing to their distinctive properties and multifunctional capabilities. Ongoing research and development efforts are concentrated on optimizing these properties and addressing challenges to fully harness their potential for clinical applications. While preliminary studies yield encouraging results, further investigation is required to ascertain long-term safety and efficacy in clinical environments. The prospective integration of this aerogel into standard dental procedures holds the potential to transform postoperative care and enhance patient outcomes.
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