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A B S T R A C T   

The promising potential of biomaterials for biomedical applications has spurred conducting intensive studies in 
this field. Cellulose derivatives are biocompatible polymers with favorable physical and mechanical features. The 
distinctive properties of cellulose derivatives are gaining significant attention due to their potential for 
biomedical applications, including tissue engineering, wound dressing, and drug delivery. Carboxymethyl cel
lulose (CMC), the first and major cellulose derivative has been a promising cellulose-based compound since its 
development in 20th century. Water solubility, nontoxicity, biocompatibility, chemical stability, biodegrad
ability with no side effects are among the unique attributes that have retained CMC’s position as an attractive 
option for commercial applications, including the biomedical field. In this study, CMC properties and their po
tential for biomedical applications are discussed. Different methods to produce CMC hydrogels are reviewed. 
Extensive literature review has been added in terms of synthesis, and applications in biomedical fields. Various 
authors have demonstrated strong anti-bacterial, and anti-tumor application by elaborating different formulation 
strategies. This review highlights applications of CMC-based nanocomposites in tissue engineering, wound 
dressing, and drug delivery.   

1. Introduction 

Biopolymeric carbohydrates possess unique properties of natural 
polymers and enormous potential in biomedical applications[1]. Cellu
lose is a ubiquitous biopolymeric carbohydrate among diverse poly
saccharides owing to its natural abundance. Plants and wood are the 
primary sources of cellulose [2]. Also, organisms like bacteria produce 
cellulose with interesting properties applicable for developing antibac
terial dressings [3]. Cellulose is a linear and natural polymer made of 
glucose repeating units ((C6H10O5) n)[4]. The hierarchical structure of 
cellulose-based materials provides a wide range of dimensions spanning 
from nanoscale to macroscale [5]. Cellulose-based materials possess 

numerous remarkable properties, including excellent physical and me
chanical properties, functionality, and strength. They are good candi
dates for biomedical applications due to their hierarchical structure, low 
price, biodegradability, and biocompatibility [6]. Despite the desirable 
features of cellulose, several other properties impede its use in the 
biomedical field. Poor microbiological resistance, sensitivity to mois
ture, and water insolubility are some notable drawbacks attributed to 
cellulose [7]. Cellulose poor solubility and high crystallinity is ascribed 
to inter and intramolecular hydrogen bonds, electrostatic, and hydro
phobic interactions leading to multiple hydroxyl groups on the cellulose 
backbone within fibrils [8]. Nevertheless, chemical modification of 
cellulose can be performed by replacing its hydroxyl groups with other 
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functional groups, including acids, oxides, and chlorides, to overcome 
undesirable properties and provide favorable features to pave the way 
toward applying cellulose-based materials in biomedicine [9]. In this 
direction, different chemical modifications have been proposed to 
fabricate cellulose derivatives applicable in the biomedical field. Cel
lulose ethers (i.e., Methyl cellulose [10], Carboxymethyl cellulose [11], 
Ethyl cellulose [12], and hydroxyethyl cellulose [13]) and Cellulose 
esters (i.e., Cellulose acetate [14] and Cellulose nitrate [15]) are among 
common cellulose derivatives. 

Cellulose ethers can be produced by partial or total etherification of 
cellulose hydroxyl groups. Various reagents can be employed for 

cellulose etherification, such as epoxides, carboxylic acids, and halo
genoalkanes[16]. The water solubility of cellulose ethers is determined 
by the chemical structure of the chemically modified functional groups. 
Also, the degree and pattern of these replacement functional groups 
affect cellulose ether water solubility and thermo-gelling property [9, 
17]. While many cellulose ether compounds have been fabricated since 
the 1900 s, only a few have become prevalent in the market. Suitable 
rheological properties, inherent non-toxicity, and unique mechanical 
features have made carboxymethyl cellulose (CMC), methyl cellulose, 
and hydroxyethyl cellulose the most widely used cellulose ethers in the 
biomedical products industry [9-17]. 

Fig. 1. Cellulose reaction with monochloroacetic acid to replace hydroxyl groups in carbon numbers 2, 3, and 6 of glucose residues with carboxymethyl groups.  
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CMC is the first and major derivative of cellulose. This water-soluble 
cellulose-based compound emerged in the 1920 s and is expected to 
continue its dominant position in the global market for the foreseeable 
future [18]. This cellulose-derived compound is produced by cellulose 
reaction with monochloroacetic acid which result in replacing hydroxyl 
groups in carbon numbers 2, 3, and 6 of glucose residues with carbox
ymethyl groups, with slightly more prominent replacement at carbon 
number 2 [19,20]. The schematic of producing CMC from cellulose is 
shown in Fig. 1. 

CMC is a natural base material that due to its particular chemical 
structure has a great film-forming capability either physically with 
hydrogen bonds or chemically and by using some chemical crosslinkers. 
CMC has an amorph structure, which has introduced this biopolymer as 
an applicable material for being used in diverse hydrogels, however, its 
mechanical strength should be fortified to enhance its application effi
cacy [21–25]. 

Several desirable attributes make CMC an outstanding cellulose- 
based compound. Preparation with simple synthesis methods and 
inexpensive materials, as well as being the first cellulose-based com
pound approved by the United States Food and Drug Administration 
(FDA) pave the way toward its commercial application [26]. Besides, 
water solubility, nontoxicity, biocompatibility, chemical stability, 
biodegradability with no side effects on human tissue make CMC an 
appropriate candidate for commercial applications, including biomed
ical field[27]. As stated previously, the properties of CMC as a cellulose 
derivative are determined by the pattern, degree, and type of chemically 
modified functional groups replaced. In particular, the degree of sub
stitution is an element for characterization of various CMC grades. For 
biomedical application, the favorable substitution degree should be 
between 0.6 and 1.25 [28]. 

CMC has been increasingly used in biomedical applications, such as 
tissue engineering, drug delivery, and wound dressing. Distinctive fea
tures, like ability to control rheological properties, viscosity, pH- 
sensitivity, bioadhesiveness, physical crosslinking, and film forming 
make CMC an excellent candidate for the aforementioned biomedical 
applications [28,29]. 

In addition to the suitable substitution degree of CMC, there are 
other features making CMC a preferable candidate among other cellu
lose ethers. The higher degree of polymerization of CMC contributes to 
its perfect film-forming ability [29]. Commercially available CMC has a 
molecular weight of 700 K, corresponding to a degree of polymerization 
of 3 K. Oral thin films were prepared by using CMC to deliver probiotics. 
The developed thin films preserved probiotics viable during 150 days 
[29]. Moreover, the polyanionic nature of CMC can be employed for 
preparing polyelectrolyte multilayers. This multilayers can be used for 
drug delivery applications such as embedding microparticles loaded 
with ibuprofen[30]. Although some polyanionic polymers have shown 
bioadhesive capability, anionic CMC adheres more strongly to biological 
surfaces than other cellulose derivatives. Due to this, CMC is a preferable 
option for transdermal and transmucosal drug delivery. In addition, 
CMC is superior to be used in ophthalmic applications due to high mo
lecular weight, rheological properties, and aqueous solubility [31]. 
Commercial CMC products for ophthalmic applications have been 
developed, capable of binding to corneal epithelial cells for corneal 
wound healing. CMC’s high viscosity increases the release period of 
drugs on the eye [32]. 

One of the common usages of CMC as a biomaterial is in the field of 
tissue engineering [32,33]. Developing biocompatible scaffolds with 
biomaterials capable of enhancing cell attachment, growth, and differ
entiation is a primary objective in tissue engineering [32,33]. The major 
setback for the use of cellulose as a scaffold is its low hydrophilicity, 
leading to poor attachment of cells and consequently cell death. In 
contrast, various studies have shown CMC scaffolds can enhance cell 
attachment and stimulate cell migration [33–35]. Moreover, CMC 
scaffolds enhance stem cell differentiation, such as enhanced osteoin
ductivity in bone tissue engineering [36–38]. 

Developing 3D vascularized tissue constructs for regenerative med
icine and disease modeling is a novel approach toward functional tissue 
constructs and recapitulating 3D microenvironment for pathophysio
logical study [39,40]. The bioprinting method, cell and bioink type are 
among the crucial elements in 3D bioprinting[41]. Bioinks are made of a 
mixture of polymers, either natural or synthetic, and cells. 
Shear-thinning, stimuli-sensitivity, sol-gel transition, enhancing cell 
proliferation, and differentiation are among the requirements for suit
able bioinks. Recently, CMC has emerged as a promising bioink as they 
provide the required properties [42–44]. 

In addition, CMC’s outstanding features provide unparalleled pros
pects for its application in drug delivery systems. CMC is ionic strength 
and pH-responsive because of carboxyl groups protonation and poly
electrolyte nature [18,45]. Another remarkable attribute of CMC is its 
compatibility for mixing with other polymers through crosslinking. This 
feature makes CMC capable of absorbing immense amount of water and 
express swelling property, which is crucial for hydrogels and drug de
livery [46]. Moreover, CMC can be used as the second network in pre
paring double network hydrogels and crosslinked with metal ions to 
produce pH-sensitive drug delivery platforms [47]. As hydrogel 
employment in biomedical applications has grown, the importance of 
biopolymers such as CMC has been fortified. This study provided the 
most important CMC characteristics such as pH-sensitivity, hydrophi
licity, biocompatibility, bioadhesive properties, and gel-forming capa
bility, which introduced CMC as an applicable biopolymer for employed 
in diverse biomedical applications. Furthermore, two broad categories 
of chemical and physical crosslinking techniques have been discussed 
and their advantages were provided that can be applied efficiently to 
fabricate the desired hydrogel in purposeful biomedical applications 
[45-48]. 

CMC has been used in clinical trials for a wide range of applications, 
including wound healing, dry eye syndrome, cancer treatment and 
gastrointestinal disorders. One of the earliest clinical trials involving 
CMC was conducted in the 1950 s, where it was used to study its effect in 
reducing constipation [48]. Later on, in 1979, Levine et al. reported 
stabilization of polyriboinosinic-polyribocytidylic acid with poly 
L-Lysine and CMC to promote consistent induction of high levels of 
serum interferon toward studies on its effect in human viral infections 
[49]. Since then, CMC has been studied extensively for its ability to 
improve the texture, viscosity, and stability of food, pharmaceuticals, 
and cosmetics. After that, CMC began to be studied as a topical wound 
healing agent. Clinical trials have investigated the use of CMC-based 
dressings for the treatment of chronic wounds, burn wounds, and dia
betic foot ulcers [50–52]. CMC dressings have been found to be effective 
in promoting wound healing by maintaining a moist environment and 
preventing infection [50-52]. 

CMC research is a hot topic for researchers and according to the data 
of web of science (WOS), almost 9–10 publications per annum are 
consistent in previous five years as shown in Fig. 2. 

2. CMC characteristics 

2.1. Hydrophilicity 

CMC and other cellulose derivatives have two major distinctions, 
originating from anionic carboxymethyl groups (i.e., -CH2-COOH) pre
sent in CMC that take the place of the hydrogen atoms from some hy
droxyl groups in the pristine cellulose structure [53,54]. First, water 
absorption and hydrogen binding are influenced by the hydrophilic 
moieties (CH2COO− ) [53,54]. Second, the heterogeneous replacement 
of the CH2COO− molecules in both the substituted location and the 
extent of substitution enhances the intricacy of hydrogen bonding. After 
drying at 50 ◦C for 24 h in the vacuum oven, thermogravimetric mea
surements showed that CMC still retained water molecules, consistent 
with its hydrophilic nature [53]. Hydrogen bonding of water molecules 
with polymer chains (hydrophilic OH and COO units) is produced due to 
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the availability of water in the system [54]. 

2.2. Bioadhesive 

It has been discovered that CMC, as a polyanionic polymer, exhibits 
bioadhesive characteristics, meaning it adheres to biological surfaces 
better than the majority of nonionic cellulose compounds [53-55]. 
Hence, CMC is considered as a promising platform for cutaneous and 
transmucosal administration [53-55]. In a study, CMC tablets were 
developed for oral administration of sotalol HCL as a water-soluble 
medication [53-55]. The objectives of the study were to fabricate a 
platform capable of controlled release of the model drug with suitable 
bioadhesion and floating in acid condition of stomach [53-55]. The re
sults of the in vitro experiments showed that CMC tablets controlled the 
drug release over 14 h and developed a suitable adherence to rabbit 
stomach and small intestine tissue[55]. In another study, it was shown 
that polymers carrying acetylsalicylic acid coated with CMC were more 
effective in attaching to the mucosal surface than unaltered ones[56]. In 
vivo tests showed an increase in metformin HCl’s antidiabetic efficacy 
using mucoadhesive CMC microcapsules throughout diabetic albino rats 
[57]. Bioadhesive CMC matrices have been used for ciprofloxacin sta
bility in the gastrointestinal tract (GIT) due to their water-soluble nature 
[58]. CMC tablets have been developed for the oral mucosal distribution 
of weakly water-soluble medications[59–61]such as pindolol[62]and 
glipizide [63]as well as water-soluble pharmaceuticals like metronida
zole [64], miconazole nitrate [65], lignocaine HCl [66], and triamcin
olone acetonide[67]. Losartan potassium [68], ketorolac tromethamine 
[69], and diltiazem hydrochloride [70]may be delivered through buccal 
mucoadhesive CMC biofilms. Additionally, atenolol’s mucoadhesive 
buccal patches were developed for topical drug distribution in the oral 
space[71]. FDA allows for buccal preparations containing up to 
10.95 mg CMC, ophthalmic preparations containing up to 0.5% CMC, 
and oral preparations containing 242 mg CMC[72]. 

2.3. Non-toxicity 

Serving as the structural building blocks of biological organisms, 
carbohydrates have enormous promises in medication delivery. Bio- 
polymeric carriers have several attractive features, including reduced 
cytotoxicity and enhanced pharmacokinetic properties. In this direction, 
several drug delivery platforms have been coupled with CMC bio
polymers to concurrently reduce cytotoxicity, improve targeted de
livery, and enhance therapeutic efficiency [58-72]. 

Javanbakht et al. [73] crosslinked CMC with copper acetate to pro
duce CMC hydrogels. These hydrogels were loaded with graphene 
quantum dots to prepare a hydrogel nanocomposite for the oral delivery 
of Naproxen. The fabricated delivery platform is pH-responsive owing to 
CMC nature and using copper acetate as a novel CMC crosslinker. 
Moreover, the cytotoxicity assay showed that the prepared platform is a 
safe carrier with no significant toxicity on human epithelial cell line 
(Caco-2) [73]. In another research, a nanohybrid from metal organic 
framework (MOF) was developed to load Ibuprofen (IBU) [74]. The 
IBU-loaded nanohybrid was then coated with pH-sensitive CMC. Coating 
the nanocomposite hydrogel with CMC provided controlled and targeted 
release of the model drug. Besides, the prepared platform had low 
toxicity on Caco-2 cells [74]. The pH-sensitive property of CMC was also 
employed in another study for targeted delivery and prolonged release 
of Doxorubicin (DOX) toward apoptosis induction in K562 cells as blood 
cancer cells. Incorporation of graphene quantum dots in CMC hydrogel 
increased the loading of DOX in the fabricated platform. Moreover, the 
blank platform without the model drug showed no toxicity on K562 cell 
line [75]. The pH-responsive attribute of CMC for drug delivery with no 
cytotoxicity has been shown in other studies [76]. 

Based on the mentioned studies and other recent studies, CMC has 
been employed in diverse works on various normal cell lines. Outcomes 
indicated that CMC is a biocompatible natural base biopolymer that can 
be applied safely in biomedical applications [77–79]. 

2.4. Gel-forming 

CMC is one of the most important cellulose-derived compounds as a 
superabsorbent polymer [80,81]. Significant volumes of physiological 
fluids or water may be absorbed and discharged at a regulated dose by 
hydrophilic CMC networks created as polymer hydrogels in three di
mensions [80,81]. 

Gamma irradiation [82]or chloromethylene iodide [81]may be used 
to crosslink the polymer using polyvalent carboxylic acids like citric acid 
[83]. The physical or chemical crosslinking of homopolymers and co
polymers may create networks that are insoluble in water [84]. As an 
example, superabsorbent polymers have been developed by combining 
CMC with different synthetic and organic polymers such as polyvinyl 
alcohol, chitosan (CS), alginate, starch, and polyvinylpyrrolidone [28, 
80,84–87]. Nevertheless, the constants of dispersion and solvent front 
speeds increase by increasing CMC concentration as a hydrophilic 
compound in the polymer matrix, resulting in an increased swelling rate 
[88]. Moreover, combining the gel-forming property of CMC and 
nanoparticles offer considerable benefits, including improved thera
peutic effect and reduced toxicity [73–75,89]. 

2.5. pH-sensitivity 

CMC hydrogel exhibits pH-sensitive property as mentioned before 
[90]. This feature is due to the carboxyl groups present in the anionic 
polyelectrolyte CMC hydrogel, making CMC-based hydrogels a desirable 
carrier [90]. The swelling behavior is one of the major concerns in 
hydrogels applications [90]. The swelling rate is influenced by a wide 
range of parameters, including pH, structure, polymeric matrix cross
linking, temperature, and ionic power [90]. Negatively charged mole
cules in CMC hydrogels have carboxylic units attached to them [90]. 
When the pH of an anionic hydrogel is higher than its pKa, the ionized 
composition increases the electrostatic repulsive force between chains, 
resulting in an expansion of the platform’s dimensions. Hydrogels are 
ideal in these situations because they can receive a high volume of water 
while maintaining a very weak arrangement [91]. The ionization of 
CMC attached groups (COO− ) and the creation of a significant osmotic 
occurrence cause the swelling rate of hydrogel to rise when the pH of the 
solution is higher than the polymeric pKa [92]. The deionization of 
carboxylate units in CMC hydrogel causes contraction in the polymeric 
matrix when the pH of the solution is lower than the polymeric pKa [73, 

Fig. 2. Relation between swelling and deswelling of CMC and pH.  
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Fig. 3. : Effect of pH and pKa on the swelling rate of hydrogel.  

Fig. 4. Schematic representation of double-layer hydrogels’ formation (APS = ammonium persulfate, BIS = N,N-methylenedibis-propionamide, DMAA = N,N- 
dimethylacrylamide, AA = acrylamide, and TEMED = tetra-methylethylenediamine. 
Adapted from reference [103] under the terms and conditions of the Creative Commons Attribution (CC BY) license. 
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74]. Figs. 3 and 4 describe these changes in response to pH.Nano
structures including copper combinations [93], silver nanomaterials 
[89], Fe3O4[94], calcium carbonate [95], ZnS[96], cellulose nanocrystal 
[97], graphene quantum dot [73], and metal-organic frameworks [74] 
may be used to improve CMC pH-sensitivity qualities. CMS character
istics are summarized in Table 1. 

3. Synthesis of Cellulose hydrogels 

3.1. Physical crosslinking 

Physical crosslinking has proven to be an intriguing approach for 
developing hydrogels [104,105]. This crosslinking strategy has several 
advantages compared to chemical crosslinking, including a lack of 
unreacted chemical compounds in the fabricated hydrogel which leads 
to the safety of physically crosslinked hydrogels for biomedical appli
cations [104,105]. Besides, since physically-crosslinked hydrogels are 
fabricated by reversible intermolecular interactions, they have 
stimuli-sensitive and self-healing characteristics, which are favorable 
properties for delivery of cells and medications in drug delivery and 
tissue engineering applications. Physical crosslinking is accomplished in 
a variety of ways [104,105]. This method can provide some CMC-based 
hydrogels, which are more biocompatible due to the lack of chemical 
crosslinkers and this can be assumed as the major benefit of employing 
physical crosslinking to fabricate hydrogels [104,105]. Chemical 
crosslinkers can be toxic or make some highly toxic radicals in diverse 
conditions such as exposing to the UV assays that finally can be led to a 
hydrogel with high cytotoxicity [105,106]. 

3.1.1. Freeze-thawing method 
This approach is used whenever massive solvents or lower molecular 

solutes solidify upon chilling, lowering the polymeric chain space, raises 
the polymeric content, and drives the polymeric chain to coordinate and 
connect into a hydrogel’s connecting network arrangement [107,108]. 
Hydrogen bonds and covalent interactions often hold the connected 
network together when using this approach. Hyaluronic acid (HA), 
carboxymethylatedcurdlan (CMc), β-glucan, locust bean gum, and 
combinations of amylopectin and amylose have all been successfully 
frozen and thawed using this approach [107,108]. Nevertheless, pH, 
freezing temperature, freezing duration, and the length or cycle of 
freeze-thawing are several factors affecting the extent of gelation [107, 
108]. 

Furthermore, the development of hydrogels using the freeze-thaw 
approach increases the characteristics of polymer gels without an 
impact on their biocompatibility, biodegradability, or non-toxicity, 
among other things [107,108]. The freeze-thawing approach, is a 
helpful strategy to manufacture gels owing to the deleterious impact of 

the chemicals used for covalent crosslinking during chemical cross
linking, demonstrating the association of hydrogen bonds throughout 
the procedure [107,108]. The freeze-thawing method used by Guan 
et al. [109] to create hydrogel from hemicellulose improved thermal 
durability, compressive potency, and crystallinity. This method 
contributed to hydrogel preparation with increased rigidity, a more 
durable characteristic, and a high level of crystallization. It has been 
shown by Butylina et al. [110] that the compressive properties 
(Compressive modulus and stress) of hydrogels increased by the inclu
sion of poly (vinyl alcohol) (PVA) in cellulose nanocrystal (CNC) using 
the freeze-thawing process. Mechanical characteristics of PVA hydrogels 
were enhanced through increasing the freeze-thaw cycles. 

Throughout the freeze-thaw periods when physical crosslinking 
takes place, stretching commences in PVA hydrogels and prefers to be in 
the orientation of expansion. Using a similar approach, Zhang et al. 
[111] have come up with the significant power of hydrogels induced by 
intra- and intermolecular hydrogen bonding in PVA hydrogels. In 
addition, it has been claimed that this approach in ceramics areas may 
increase the durability of the ceramic structure. It is also worth 
mentioning that the major advantages of employing freeze-thawing 
method can enhance the rheological characteristics such asviscosity, 
texture, and bioadhesive properties [112,113]. These improved features 
would increase the capability of the synthesized nanocomposites for 
being employed in diverse biomedical applications. 

3.1.2. Photoinitiator method 
This method has received popularity because of its ability to produce 

quick in-situ gel. There is a risk of tissue injury in living organisms if UV 
radiation has too much energy. However, a blue-light mediated cross
linking technique may resolve the issue [114]. A covalent bond might be 
formed in the hydrogel matrix using light photochemical crosslinking 
based on ruthenium (Ru) [114]. Fibrinogen, keratin, and gelatin 
hydrogels have also been made using the Ru-based technique. By 
employing Ru-based photochemical crosslinking, Lu et al. [114] 
demonstrated that cellulose hydrogel could be effectively manufactured. 

Also, photo-crosslinking confers to hydrogel a high degree of tissue 
adhesiveness, hemostatic capability, and antimicrobial activity for me
dicinal applications [115]. For therapeutic purposes, hydrogels scaffolds 
were produced by Qi et al. using photo-crosslinking technique [115]. 
Biomedical photo-crosslinkable chitosan compounds motivated by bio
logical processes have been synthesized by Zhao et al. [116]. Biomimetic 
hydrogels featuring different mechanical and swelling characteristics 
were created using photo-crosslinking. It is discovered that the 
optical-crosslinking method has various benefits over other crosslinking 
techniques, including moderate reaction settings, little byproduct gen
eration, and control over crosslinking [116]. Through the use of a 
photo-crosslinkable technology, Qi et al. investigated the potential of 
sericin hydrogel during cartilage healing [115]. Hydrogels with 
photo-crosslinking were discovered to be injectable and less invasive 
when UV light was used to activate the crosslinking of the hydrogels in 
water. Using the photo-crosslinking approach, they developed non-toxic 
crosslinked chemicals that improved hydrogel compatibility and 
allowed direct live cell attachment [117]. Photo-crosslinking of glycidyl 
methacrylate in the presence of a photoinitiator in biological environ
ment is achieved by Yuan et al. [117]. They discovered that the 
photo-crosslinking approach produced a better thermogel of glycidyl 
methacrylate compared to other techniques. Mechanical strength, 
durability, and biodegradation may all be controlled using the 
photo-crosslinking process. CMC-methacrylate gels and 
CMC-methacrylate/ polyethylene glycol dimethacrylate (PEG-DM) 
copolymer gels were made using the photo-crosslinking approach by 
Reeves et al. [118]. It was found that the rise in CMC-methacrylate 
amount results in an increase of enzymatic degradation rate, swelling, 
and model protein dispersion. Using cationic photoinitiators and UV 
light, Lin et al. carried out the photoinduced grafting of glycidyl pendant 
groups using cycloaliphatic diepoxides to create curative coating of 

Table 1 
Key features of the CMC characteristics.  

CMC 
characteristics 

Key features References 

Hydrophilicity CMC hydrophilicity is retained even after 
enduring harsh environmental conditions owing 
to strong hydrogen bonding 

[98] 

Bioadhesion Promising platform for cutaneous and 
transmucosal administration owing to bio- 
adhesion to the cutaneous and transmucosal 
administration 

[99] 

Non-toxicity CMC biopolymers reduce cytotoxicity owing to 
natural origin 

[100] 

pH - sensitivity CMC hydrogel exhibits pH-sensitive owing to the 
carboxyl groups present in the anionic 
polyelectrolyte CMC. 

[101] 

Gel formation Gelling capability results in an increased swelling 
rate and mucoadhesion, promoting adequate 
dosing and patient compliance 

[102]  
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CMC- glycidylmethacyclate (GMA)[119]. Because of the increase in the 
photoinitiator concentration, the fabricated curable coating provided 
improved hardness. Besides, the increased concentration of the photo
initiator was shown to be the cause of decreased flexibility. The pre
treatment of CMC was done using hydrogen peroxide and sulfuric acid 
prior to the photografting of acrylic acid (AA) into CMC to form CMC 
peroxides [118,119]. The rationale behind this decision was the fact that 
peroxides are activated for AA photografting. The photografting of CMC 
with grafting percent higher than 150% can be achieved by photo
irradiation for 10 min at 30 ◦C[120]. Using sodium benzoate as photo
initiator, Villarruel et al. [121]photo-crosslinked polyvinyl alcohol and 
CMC. They also concluded microbial growth inhibition as a result of the 
sodium benzoate incorporation and subsequent exposure to UV light. 

3.1.3. Radiation induction method 
Hydrogels may be made with less harm to the ecosystem by using the 

radiation-induced crosslinking technique [122]. There are many bene
fits to this approach, including the fact that it can be performed without 
the need to any catalysts or reagents, it is an efficient and quick pro
cedure to manufacture homogeneous hydrogel in a single process, and it 
can be regulated by altering the amount of radiation and dosage rate. In 
a prior investigation, it was discovered that employing gamma radiation 
to produce a methyl hydroxyethyl cellulose hydrogel incorporating poly 
(ethylene glycol) (PEG) was effective [122]. Aside from that, gamma 
radiation-induced graft polymerization may be occurred. Graft poly
merization radiation may be regulated to provide the desired qualities. 
As a result, by employing certain monomers, this approach allows for the 
creation of a tailor-made grafted sequence. Gamma rays were used by 
Singh and Bala to make polysaccharide gel [123]. Applying 60Co 
gamma-ray irradiation, the hydrogel was manufactured in their work 
with a constant radiation dosage. Hydrogels exhibit swelling, structural, 
and compositional changes as a consequence of radiation exposure, as 
shown by this study. Using radiation-induced methods, Saiki et al. [124] 
demonstrate that CMC may be employed for hydrogel formation. OH 
radicals formed during water radiolysis were discovered to be respon
sible for the radiation crosslinking of CMC. In the aqueous solution, 
nevertheless, they discovered that CMC radicals might be generated by 
reacting with the OH radical. The use of CMC to make radiation cross
linked biocompatible hydrogel-based hemostatic compounds for thera
peutic purposes has also been investigated. High-mechanical strength, 
thermal sensitivity, and stable hydrogels can be achieved by gamma 
radiation in this research [125]. Using CMC with varying replacement 
percentages, radiation induction on polysaccharides was also begun. 
The approach was then frequently utilized to make hydrogels from 
different kinds of polysaccharides. Owing to the disinfection of products, 
the polysaccharide radiation-induced approach may be used. The 
benefit of polysaccharide polymer gels compared to synthetic gels is the 
starting point for the biodegradation of their substrate and product 
[126]. An initiator substance or high-energy irradiation may be used to 
start the free-radical synthesis of radiation-induced crosslink gel for 
agricultural purposes. For certain polymeric compounds, gamma radi
ation has been suggested as a possible radiation induction method. 
Using this method, the hydrogels with increased water absorbance and 
capacity may also be synthesized[127]. 

3.2. Chemical crosslinking 

The linkages between the polymer and the crosslinking substance are 
generally the emphasis of chemical crosslinking in hydrogels [128]. The 
mechanical strength of the hydrogel is influenced by a certain functional 
group in the crosslinking compound [128]. Severe situations, such as 
lower pH, higher temperature, and the use of methanol as a suppressant, 
may cause polymers containing hydroxyl units to crosslink with 
glutaraldehyde [128]. Several chemicals, such as 1,6-hexamethylene 
diisocyanate and divinyl sulfone, may be used to crosslink poly
saccharides to make hydrogels [128]. A particular polymer or functional 

group must be used in conjunction with these chemicals to guarantee 
crosslinking in the matrix, which is necessary for the synthesis of 
hydrogels [128]. Although the chemically crosslinking procedure with 
employing chemical crosslinkers can lead to higher cytotoxicity in some 
certain conditions, the fabricated hydrogel by this technique has an 
appropriate mechanical strength with high durability and swollen 
capability [112]. These features can be assumed as the principal ad
vantages for employing chemical crosslinked hydrogels in various 
biomedical applications [112]. 

3.2.1. Citric acid (CA) 
Citric acid (CA) has long been employed in crosslinking applications 

due to its hydrophilic nature and being inexpensive and harmless [129, 
130]. Most hydrogel preparations may use this natural organic com
pound, which has three –OH groups and hence the ability to create a 
matrix [129,130]. To increase aqueous expansion and thermal dura
bility, CA has been shown to create hydrogen bonds. Additionally, it aids 
in balancing hydrophilicity and contains an extra binding site and 
hydrogen bonding capacity [129,130]. CA, commonly referred to as a 
food additive, is a chemical compound utilized in food contact materials, 
water softening, anticoagulant, antiviral organ, and sanitizing items 
[131]. For a hydrogel matrix to crosslink firmly, CA also increases its 
tensile strength, thermal durability, and membrane characteristics 
[132]. With all its impacts on improving characteristics, CA has become 
a well-established crosslinking reagent for the production of cellulose 
hydrogels. According to the Food and Drug Administration (FDA), CA is 
a natural substance that can be used as a crosslinking compound and for 
human ingestion. At ambient temperature, researchers have found that 
CA is the simplest crosslinker to use during the formation of hydrogels 
[129-132]. 

3.2.2. Epichlorohydrin (ECH) 
In most cellulose, starch, and biopolymers, ECH is often a crosslinker 

to strengthen the bonds between molecules [133]. Because of its low 
molecular weight and insoluble nature in polar solvents, the ECH 
employed in hydrogel formation yields a clear, transparent mixture that 
may be used to produce solvents and surfactants[133]. The gelation of 
polymers is confirmed by the ECH-OH reaction in most polysaccharides. 
Improved dispersion of pore size, chemical durability, mechanical 
strength, and adsorption/desorption potential may all be achieved using 
ECH [134]. 

The inclusion of ECH as a crosslinker increases the hydrogel’s pore 
size and amount, resulting in an improvement in the hydrogel network’s 
water-carrying ability [133-135]. Chitosan hydrogels prepared with 
ECH, on the other hand, have a higher tendency for metal absorption 
because ECH suppresses chitosan breakdown during metal absorption in 
acidic settings. As a result, ECH causes phase isolation and the creation 
of a heterogeneous matrix, hence boosting the water absorption poten
tial of the hydrogel [135]. Because of the various levels of crosslinking 
compounds in the mixture, phase isolation develops. Higher ECH con
tent results in increased water dissipation across the hydrogel matrix, 
leading to increased water absorption efficiency. Owing to the cross
linking chemical bonding, a larger quantity of crosslinker results in an 
increased water absorption potential [133-135]. 

3.2.3. Glutaraldehyde 
Because of its simplicity of processing, low cost, strong reaction, 

higher solubility in aqueous solutions, lesser toxic effects, and signifi
cant crosslinking ability, glutaraldehyde is commonly used as a cross
linking compound [136]. The hydroxyl group in glutaraldehyde 
crosslinking may be very valuable in the construction of functional 
polymeric compounds derived from proteins, amino polysaccharides, 
and synthetic polymers [137,138]. As a ligand modification, glutaral
dehyde may also be employed to eliminate metals from the solution. 
Glutaraldehyde is utilized in conjunction with chitosan as a crosslinking 
compound to improve the efficiency of ligands in order to eliminate 
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metal ions and boost the water absorption of the film [139]. Glutaral
dehyde has also been investigated for use in the administration of 
ophthalmic drugs. Carboxymethyl chitosan hydrogels have been made 
using this chemical crosslinking reagent [136-139]. The use of glutar
aldehyde as a crosslinking reagent contributed to forming a hydrogel 
that has a distinctive variety of characteristics. Biocompatibility, infla
tion, pH sensitivity, and viscosity of hydrogel are all enhanced following 
gelation [136-139]. Table 1 demonstrates the reported formulations, 
methods, and application of the aforementioned cellulose-based 
nanocomposites. 

3.3. Cellulose based nanoemulsions 

Nanoemulsions are typically composed of a dispersed phase (oil) and 
a continuous phase (water), having droplet size in nm [140]. CMC is 
hydrophilic polymer, being commonly used in the food and pharma
ceutical industries as a thickener, stabilizer, and emulsifier [140]. In 
nanoemulsions, CMC can also be used as a stabilizer for preventing the 
oil droplets from coalescence [140]. The production of CMC-based 
nanoemulsion requires the use of high-energy methods such as soni
cation, homogenization, or micro-fluidization, or breaking down the oil 
droplets into smaller sizes and disperse them into the continuous phase 
[140]. CMC is added to the system either before or after the formation of 
the nanoemulsion droplets, and its concentration affects the stability 
and properties of the resulting nanoemulsion [140]. CMC-based nano
emulsions have several potential applications, including as delivery 
systems for drugs, nutraceuticals, and cosmetics [140]. They can also be 
used in the food industry as emulsifiers and stabilizers, and in the 
agricultural industry as pesticide carriers [140]. 

Various researches have been conducted to evaluate the use of CMC 
based cellulose in synthesis as well as separation of the both oil and 
water phases of nanoemulsions. As nanoemulsions are highly stable in 
solutions form and separation of oil and water can be done via cellulose 
based microfiltration for the waste water management. [140] In this 
work, Meng-Xin Hu and co-workers developed a cellulose micro
filtration membrane with capability of acting as hydrophilic and hy
drophobic agents using a thermal induced phase separation (TIPS) 
[140]. High coagulation temperature was induced for rapid phase sep
aration and it enables the membrane having larger pore size [140]. By 
increasing the coagulation temperature up to 50 ◦C, the water flux 
capability of the cellulose membrane increased up to maximum level 
[140]. Capability of being both hydrophilic and lipophilic behaviors 
lead to the cellulose microfiltration membrane to display high efficiency 
in phase separation including the food and waste water nanoemulsions 
with very small size [140]. Results concluded that the cellulose micro
filtration membranes can be used for oil/water nanoemulsions separa
tion in natural way [140]. 

In another research, Roya Moghimi and co-workers developed edible 
films containing essential oils in the form of nanoemulsions as a natural 
anti-bacterial agent for food preservation [141]. Prepared HPMC were 
characterized for essential oil loading, surface morphology, and me
chanical strength [141]. The morphology showed uniform distribution 
of nanoemulsions into the edible films with increased mechanical 
strength. Increased anti-bacterial action was observed as zone of inhi
bition was around 47 mm, indicating itself as an ideal candidate for food 
packaging[141]. 

4. Applications of CMC based Nanocomposite 

The chemical structure of CMC can be varied, based on its carboxyl 
group abundance [142]. As a result, CMC can be used in so-called 
“grafting onto” techniques. CMC derivatives, acquired with the aid of 
grafting of small molecules and polymers can be engineered as assem
bled architectures (e.g., conjugates, nanoparticles, hydrogels) [142]. 
They are especially appropriate to improve drug transport structures or 
scaffolds for tissue engineering. CMC has attracted significant medical 

interest due to its improved water solubility and extensive variety of 
feasible chemical reaction [142]. For instance, in the fields of green 
nanocomposites for diverse applications, the CMC and its derivatives 
containing nanocomposites were broadly applied. Besides, because of its 
features such as particular superficial characteristics, suitable structural 
consistency and firmness, good immiscibility with water, high viscosity, 
accessibility and ampleness of natural substances, low-cost synthesis 
procedure, and also many contrasting elements[143]. It is also worth 
mentioning that there are some CMC-based smart composites including 
hydrogels with a great swollen ability, stable nanogels, and scaffolds for 
tissue engineering[144]. In respect of CMC-based scaffolds for tissue 
engineering applications, they are representing a good biodegradability 
due to the CMC’s inherent biodegradability, whether they were fabri
cated by electrospinning technique or 3D print method [145]. These 
CMC-based composites were proven in diverse studies that tend to be 
biocompatible and stable with stimuli-sensitive properties [145]. 
However, in most cases the mechanical strength of these composites can 
be modified to be employed more efficiently in biomedical purposes. 

It’s far now broadly utilized in numerous fields, for instance, food 
industry, and agriculture[146], enzyme immobilization [103], wound 
healing [147], drug delivery [148], tissue engineering [149], dye 
effluent remediation [150], and energy-saving [151]. 

4.1. Tissue engineering 

Tissue engineering (TE) is a swiftly progressing discipline that looks 
for restoring, substituting, or reviving tissues or organs by interpreting 
essential chemistry, physics, and biomedical sciences into sensible and 
impressive substances, gadgets, and medical techniques[152]. 
Currently, carboxymethyl cellulose-based substances are getting atten
tion within the 3D bioprinting procedure, as an extraordinary technol
ogy applied in tissue engineering. In this procedure, tissue platforms are 
remanufactured through the layer accumulation of the suitable bioma
terial by utilizing a digitally managed 3D printing machine[153]. 

Kanimozhi et al. [154] developed a hybrid porous scaffold made 
from chitosan, polyvinyl alcohol (PVA), and CMC using a freeze-drying 
and salt-leaching technique. The researchers used a combination of 
chitosan, PVA, and CMC because these materials have been shown to 
have good biocompatibility, mechanical properties, and porosity, which 
are important for tissue engineering applications. They also used a 
freeze-drying and salt-leaching technique to create a porous scaffold 
with a biomimetic structure that mimics the natural structure of bone 
tissue [154]. 

To evaluate the properties of the scaffold, the researchers conducted 
a series of experiments, including mechanical testing, SEM imaging, and 
in vitro biocompatibility studies using L929 fibroblast cells [154]. In 
conclusion, this study demonstrates the development of a biomimetic 
hybrid porous scaffold made from chitosan, PVA, and CMC using a 
freeze-drying and salt-leaching technique [154]. The scaffold was found 
to have good mechanical properties and biocompatibility and showed 
promise for use in bone tissue engineering applications [154]. The 
research has implications for the development of new strategies for 
tissue engineering and regenerative medicine [154]. 

Moreover, Janarthanan et al. [155] fabricated CMC and glycol chi
tosan (GC) nanocomposite as a capable 3D-bioprinting ink by employing 
a simple procedure, biocompatible in situ-gelling Schiff’s base reaction. 
The results showed that the well interactions with negative zeta po
tential between CMC and glycol chitosan resulted in a nanostructured 
with a balanced network, appropriate for drug and tissue engineering 
application [155]. 

Sathish et al. [156]developed a tri composite bioink using gelatin, 
CMC, and alginate, and evaluated its suitability for both direct and in
direct 3D printing. The results showed that the tri composite bioink had 
good printability and mechanical properties, as well as biocompatibility 
with MG-63 cells. The SEM images revealed that the printed scaffolds 
had a porous structure, which is important for nutrient and oxygen 
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transport and cell growth. In addition, the scaffolds showed good 
compressive strength, which is important for load-bearing applications. 
The bioink was found to be suitable for both direct and indirect 3D 
printing and showed good mechanical properties, biocompatibility, and 
in vivo performance [156]. 

In another study, Zulkifli et al. [157] crafted nanostructured 
CMC-polyvinyl alcohol by employing the ultrafine fiber production 
approach. In this work, an examination of the cell-platform interactivity 
was accomplished through cultivating stromal cells on the ultrafine fi
bers to evaluate the expansion in size, quantity, and morphologies of the 
cells. The results showed a higher cell multiplication and attachment for 
the provided nanocomposite of CMC/PVA/AgNPs. Many studies have 
shown the practicability of using CMC-based materials for TE and bone 
revival purposes [157]. In another study, Qi and his colleagues [158] 
investigated the potential of calcium phosphate-loaded CMC non-woven 
sheets in bone revival in an upper section of rat skull and in vitro 
bone-forming cell transformation of mesenchymal stem cells (MSCs) 
with the aid of employing a spun-bond CMC leaf (laden with Ca3(PO4)2) 
[158]. 

Tang et al.[159] explored the potential synergistic effects of CMC 
and low-intensity pulsed ultrasound (LIPUS) on bone tissue engineering. 
The researchers hypothesized that the combination of CMC and LIPUS 
would enhance the proliferation and differentiation of osteoblasts, 
leading to better bone regeneration [159]. They conducted a series of in 
vitro experiments using MC3T3-E1 cells. They compared the effects of 
CMC, LIPUS, and CMC combined with LIPUS on the proliferation and 
differentiation of the cells [159]. The results showed that the combi
nation of CMC and LIPUS had a synergistic effect on the proliferation 
and differentiation of osteoblasts [159]. The cells grown on the 
CMC-LIPUS group exhibited higher expression levels of genes associated 
with bone formation and mineralization, as well as higher alkaline 
phosphatase (ALP) activity, which is a marker of osteoblast differenti
ation.In conclusion, this study suggests that the combination of CMC and 
LIPUS has a synergistic effect on bone tissue engineering, promoting the 
proliferation and differentiation of osteoblasts and enhancing bone 
regeneration [159]. 

In another study, Namkaew et al. [160]suggested a PVA-primarily 
based platform component for assisting cartilage developments in 
post-operative situations. The inclusion of carboxymethyl cellulose with 
this porous platform fiber improved the structural and bulging features, 
making it more appropriate for this application. Moreover, Sharmila 
et al. [161] suggested herb-primarily based ultrafine fibers elicited from 
Spinaciaoleracea therapeutic vegetation with carboxymethyl cellulose 
and artificial alginate (Alginate-carboxymethyl cellulose-sulfur oxide) 
for bone TE applications. The nanofibers (ultrafine fibers) demonstrated 
remarkable cell viability and outstanding bio-adjustability discovered 
through in vitro assessments carried out on osteogenic sarcoma cancer 
cells. Lately, Priya et al.[34]pronounced a bio-adjustable carboxymethyl 
cellulose platform substance connected to citric acid as a promising 
approach towards the bone TE programs; however, most of the platform 
nanofibers were mentioned in the essay primarily composed of car
boxymethyl cellulose and were not fabricated with a novel technique or 
new substances to give them some diverse characteristics. The synthesis 
of novel bio-composites with stepped forward biophysical characteris
tics in a more systematic approach may assist to increase this area within 
the future [34]. 

4.2. Wound dressing 

CMC is extensively used to enhance the properties and effectiveness 
of diverse wound dressing and wound recuperation materials in 
numerous clinical packages due to their outstanding binding potential to 
the inner frame cells [162]. CMC’s nontoxicity, biocompatibility with 
mucous membrane, swelling capacity, water binding affinity, and low 
immunogenicity has attracted its application for developing wound 
dressings. Several wound dressings have been fabricated for the release 

of therapeutics like Diclofenac or growth factors delivery [33]. 
CMC-based hydrogels have received a lot of interest because of their 

great functionality for retaining the moisture around the wound region 
that hastens the cell growth, allowing the operation of enzymes and 
diverse hormones and generally improves the cell proliferation consid
erably [163]. Bayindir et al. [164] provided a co-polymeric nano
composite of chitosan-carboxymethyl cellulose loaded with 
α-tocopherol (a type of vitamin E) and suggested its tremendous wound 
recuperation without stimulating any cytotoxicity or dangerous side 
effects. The cell multiplication evaluation demonstrated the synthesized 
hydrogel’s viability by employing the MTT assay technique. In another 
study, Joorabloo et al. [165] fabricated a zinc oxide/polyvinyl 
alcohol/CMC-based nanocomposite fabric for wound dressing through a 
freeze-thawing technique. The hydrocolloids indicated remarkable 
bioavailability, biodegradability, and good physical characteristics with 
manageable steam transfer rate and level of swelling that ameliorated 
wound recuperation. 

Recently, Koneru et al. [166] manufactured a 
sodium-CMC-hydroxypropyl methylcellulose nanocomposite with 
promising applications in drug transport and wound treating aids. The 
elicitation of Citrus paradisi seeds has been included in the hydrocolloid 
structure which enhanced the antimicrobial properties. The results of 
the SEM and TEM assessments showed that the Citrus paradisi seed 
extracts’ glycerides were blended with the sodium-carboxymethyl cel
lulose of the structural grid and formed micelles responsible for anti
microbial interactions. Many studies have demonstrated the 
practicability and capability of CMC-primarily based hydrocolloids for 
wound remedial applications [167–169]. Substantial issues in synthe
sizing the best wound dressing substances are reaching appropriate pore 
sizes of the substances for the same platform of the wound places, 
acquiring awesome physical characteristics, suitable steam transference, 
and adjustability with the wounded tissue position through a simplistic 
devising approach [167-169]. In a recent study, Li et al. [169] intro
duced a double-sheet wound bandage fabric made up of polyvinyl 
alcohol/CMC/poly-(ethylene glycol) that demonstrated relatively better 
opposition to microbial spread with accompanying a remarkable phys
ical structure compared to the sole-layered hydrocolloids [169]. They 
also produced the fabric by employing a simplistic procedure of 
freeze-thawing technique (an easy part of the detachment process) 
without including any types of immoderate inorganic components that 
would similarly result in venomous impressions on wound skins or the 
epidermis after bandage [169]. Non-poisonous hydrocolloid becomes 
validated by assessing the poisonous examinations primarily based on 
the L929-fibroblast cell, which can be employed in the progression of 
brand-new anti-cancer treatments. Moreover, the porous structure and 
pore dimension of the hydrocolloids have been verified to be compatible 
and can be customized by altering the factor proportion and concen
tration of the polyvinyl alcohol within the hydrocolloid [169]. 

During the same year, Jantrawut et al. [170] developed an LM pec
tin/gelatin/carboxymethyl cellulose-based double-sheet hydrocolloid 
emulsion that still demonstrated excessive fluid absorption functionality 
and water reservation potential with a significant consistency. More
over, properly managed drug delivery of the hydrocolloid films loaded 
with povidone-iodine verified its capabilities as an optional tool for 
transporting sterilizer compounds to the wet wound locations to speed 
up the recuperation process without any types of afterward microbial 
contaminations [170].In a most current study, Sharma et al. [171]syn
thesized a photosensitizer which was implanted in a 
Na-alginate/pectin/carboxymethyl cellulose double-sheet emulsion for 
germicidal photosensitive-based remedy of contaminated wound areas 
[171]. 

The aforementioned procedure is employed to deal with wounds, 
which have been contaminated via multi-resistant organisms. The 
vitally important section of the entire technique is transporting photo
sensitizing substances at a suitable amount into the contaminated sur
face. This problem was easily resolved with the aid of the fabricated 
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double-layer films in the present work [170-172]. 
Farshi et al.[172] focused on the design, preparation, and charac

terization of a silk fibroin (SF)/CMC wound dressing for skin tissue 
regeneration applications. They sought to develop a wound dressing 
with good mechanical properties, biocompatibility, and the ability to 
promote skin tissue regeneration [172]. The researchers prepared the 
SF/CMC wound dressing using a combination of SF and CMC, which are 
both known for their biocompatibility and biodegradability [172]. They 
also added glycerol as a plasticizer to improve the flexibility of the 
dressing [172]. The wound dressing was then characterized using 
various techniques, including SEM imaging, mechanical testing, and in 
vitro biocompatibility studies [172].The results showed that the 
SF/CMC wound dressing had a porous structure with interconnected 
pores, which could promote cell proliferation and tissue regeneration 
[172]. The dressing also had good mechanical properties, including 
tensile strength and elongation at break, indicating that it could with
stand mechanical stresses during the healing process [172]. 

The in vitro biocompatibility studies showed that the SF/CMC 
wound dressing was non-toxic to human dermal fibroblasts, indicating 
that it could be safely used for skin tissue regeneration applications. The 
dressing also promoted cell proliferation and migration, which are 
important for tissue regeneration [172]. 

Another study focused on the development of 3D printed CMC 
scaffolds for autologous growth factors delivery in wound healing [173]. 
The researchers aimed to develop a scaffold that could be used to deliver 
growth factors to the wound site, which would promote tissue regen
eration and wound healing [173]. The CMC scaffolds were prepared 
using a 3D printing technique, and they were loaded with growth factors 
such as platelet-rich plasma (PRP) [173]. The results showed that the 3D 
printed CMC scaffolds had a porous structure with interconnected pores, 
which could facilitate cell migration and tissue regeneration. The scaf
folds also had good mechanical properties, including compressive 
strength and elasticity, which could prevent the scaffold from collapsing 
under mechanical stress [173]. 

Change et al. [174] developed a new type of carboxymethyl cellulose 
self-healing hydrogel (CMCSH) as a biodegradable and injectable ma
terial for diabetic wound healing.The hydrogel was formed by formed by 
N, O-carboxymethyl chitosan-heparin (CMCS-Hep) and carboxymethyl 
cellulose-aldehyde (CMC-A) [174]. To create the material, CMCS was 
modified with Hep to synthesize CMCS-Hep, and CMC-A was synthe
sized through the periodate oxidation method [174]. The study utilized 
a dual-drug delivery system, with superoxide dismutase (SOD) and re
combinant human epidermal growth factor (rhEGF) being encapsulated 
in the CMCSH to moderate the microenvironment of the diabetic wound 
bed and promote wound healing [174]. The results showed that the 
CMCSH had positive effects on diabetic wound healing by improving 
drug availability, promoting cell migration and proliferation, reducing 
DNA damage, shortening the inflammatory period, and accelerating the 
deposition of collagen fibers and the formation of blood vessels [174]. 

4.3. Drug delivery 

CMC-based materials are also extensively used for drug delivery. 
Many researchers have suggested the transport of effective medical 
composites via CMC-based bioactive compounds. For instance, Du et al. 
developed a double polymeric hydrogel nanocomposite based on CM- 
chitosan and oxidized CMC laden with two peptides capsules, BSA, 
and thermazene[175]. Afterward, the drug was loaded into a prepared 
hydrocolloid nanocomposite through Schiff-base response and then the 
pH-responsive drug transport complex of the hydrogels with a remark
able antimicrobial activity has been fabricated [175]. Moreover, 
cellulose-based nanocomposites are renowned as bioadjustable aid for 
cellular association, improvement, and growth. Although, these kinds of 
cell operations (adherence, growth, and many others) are rather easy 
while nanocomposite platforms are changed with diverse anionic 
(negative superficial charge) or cationic (positive superficial charge) 

types in place of the tidy-cellulose providers [175]. Recently, Ramezani 
et al. [176]fabricated a multi-operational and hydrophilic carbox
ymethylated nanocomposite derived from cellulose (common thickness 
and length of 1700 ± 80 micrometers) by employing the positively 
charged resin of diethylamonioethyl cellulose with the simultaneous 
presence of anionic and cationic moieties. The carboxymethyl 
cellulose-diethylaminoethyl cellulose nanocomposites indicated an 
excessive function assisting for cell adherence, stabilization, and 
growth. Cheng et al. [177]synthesized a core-shell-dependent (dou
ble-layer) micro-compacted composite for cells or diverse healing ap
plications through the traditional deviating microfluidic gadget and 
electrostatic dispersing. The sodium alginate was prepared and 
employed as the exterior (shell) stream inside the apparatus shape, 
while the sodium CMC was employed as the interior (centric) stream for 
the overall transport of medication or cell subculture [177]. 

Kandalam et al. [178]utilized sodium CMC as a capable device for 
therapeutically active nanocomposites incorporating stem cells from the 
apical papilla and brain-acquired neurotrophic elements. The most 
broadly used gelatin-based tough capsule package for oral drug delivery 
has been substituted for a CMC-based bionanocomposite. In 2020, 
Hamdan et al. [179]advanced a bionanocomposite-based tough com
posite consisting of carboxymethyl cellulose, carrageenan, and cellulose 
crystals. In another study, Rao et al. [180]demonstrated amino corpo
rations into graphene oxide (GO) to configure energetic fumed graphene 
and combine it with CMC to produce GO-CMC complex as a drug 
conveyor matrix. The anti-cancer drug DOX was loaded into GO-CMC 
via π-π band interconnection and bipolar-bipolar affinities to shape 
GO-CMC/DOX drug loading device and their outcomes denoted that 
GO-CMC represented a negligible amount of toxicity and appropriate 
bioavailability. In 2020, Rakhshaei et al. [181]reported the component 
of graphene quantum dots as a unique and secure conjoining element for 
CMC to make biodegradable and bio adjustable composite. The pro
duction was changed into employing a convenient technique for 
devising the CMC/GQDs mixture. As a result, they showed that the 
organized CMC/GQDs were biocompatibility and had a pH-responsive 
behavior. This proposed that the prepared nanocomposite hydrogel 
can be used as a pH-induced targeted drug transport device. Moreover, 
Nezami et al. [148] developed some novel and multi-stimuli sensitive 
beads, which have been fabricated primarily based on CMC epy
chlorhydrine- chitosan (CMC-ECH-CTS) with a diverse CMC/CTS ratio 
equal to 1:1, 1:2, and a pair of:1 (S1–S3) to survey the focused transport 
and the prompted launch of the model drugs. The results indicated an 
enhanced drug delivery and better-targeted transportation of DOX as 
well as less cytotoxicity in comparison with the free drug (DOX) [148]. 

In another study, Hu et al. [182] fabricated a double layer hydrogel 
with polysaccharides inner core and synthetic polymer out-layer for 
potential applications in sustained drug delivery. Physical crosslinking 
method was used to form polysaccharide inner core containing sodium 
alginate (SA) and CMC [182]. Out-layer introduced by chemical cross
linking functions as a barrier in the way of drug release from inner core, 
leading to the sustained and controllable drug release [182]. The pro
posed method for the formation of double-layer hydrogels is presented 
in Fig. 5. 

In more recent studies, graphene oxide was functionalized with CMC 
by chemically bonding the graphene oxide with the CMC hydrogel, then 
adding silk fibroin and Fe3O4 nanoparticles [183]. The use of silk fibroin 
enhanced the biocompatibility and biodegradability of the final nano
biocomposite as observed by non-toxic impact on healthy HEK293T cells 
and effective toxicity on BT549 cells. Also, the developed platform had 
potential for use in hyperthermia[183]. 

In another study toward developing a promising option for deliv
ering drugs in a minimally invasive manner, a microneedle patch that 
could deliver diclofenac sodium salt through the skin using sodium CMC 
was created [184]. Conducted tests on human skin and a skin simulant 
showed that the patches were able to deliver the drug to the desired 
depth and dissolve quickly without leaving any residue. The 
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bio-polymeric patches were also found to be non-toxic to human skin 
cells [184]. 

A pH-sensitive hydrogel network made of sodium CMC and pectin 
was developed for the controlled release of the anticancer drug cytar
abine [185]. The hydrogels were synthesized using an aqueous free 
radical polymerization technique and were characterized for their 
texture, morphology, drug loading efficiency, structural properties, and 
drug release profile [185]. The results showed efficient encapsulation of 
cytarabine into the prepared network, with a sustained release response 
for all formulations [185]. The hydrogel system was found to be safe, 
biocompatible, and non-irritant, and pharmacokinetic estimation 
showed a remarkable increase in the plasma half-life and area under the 
curve (AUC) of cytarabine [185]. 

Yang et al. developed zein-CMC nanoparticles for the co-delivery of 
quercetin and resveratrol [186]. The results showed that the nano
particles had a mean particle size of approximately 200 nm and a 
negative zeta potential [186]. The release studies indicated sustained 
release of both antioxidants from the nanoparticles, which could be 
attributed to the electrostatic interaction between the zein and CMC 
[186]. Simultaneously encapsulating quercetin and resveratrol within 
composite nanoparticles enhanced their antioxidant activities [186]. 
The study indicates that composite nanoparticles possess good physical 
and chemical stability, which can make them promising co-delivery 
systems for bioactive components. Such nanoparticles may have po
tential for personalized nutrition applications that require the oral de
livery of combinations of bioactive compounds [186]. 

In another study, researchers developed a sustained release delivery 
system for curcumin by chemically transforming CMC with curcumin in 
ester form [187]. They synthesized and characterized the 
curcumin-CMC ester and found it to be stable in simulated gastric and 
intestinal fluids. Upon simulation in liver homogenate, curcumin was 
released from the ester in a consistent amount for five hours [187]. The 
release of curcumin was highest at pH 8.0 in the presence of liver 

enzymes, indicating that the modified CMC support can be used not only 
for the delivery of curcumin in the liver but also as a prodrug system that 
releases free curcumin in the presence of liver esterases [187]. 

Verma et al. developed a sustainable hydrogel for colon-specific 
delivery of the antibiotic gentamicin [188]. The hydrogel was created 
using CMC and showed promising results in vitro for its ability to release 
gentamicin specifically in the colon region [188]. The study found that 
the hydrogel was able to sustain the release of gentamicin [188]. They 
tested the hydrogel in simulated conditions that mimic the pH and en
zymes found in the stomach and intestine. They found that the hydrogel 
was able to withstand the acidic conditions in the stomach release the 
drug in intestine, where the pH is higher, and the enzymes are able to 
break down the hydrogel and release the drug [188]. 

4.4. Anti-bacterial properties 

Studies have shown that CMC can inhibit the growth of certain 
bacteria, including Escherichia coli, Staphylococcus aureus, and Pseu
domonas aeruginosa [189]. The antibacterial action of CMC is thought 
to be due to its ability to bind to bacterial cells and disrupt their mem
brane integrity. CMC can also interfere with bacterial adhesion and 
biofilm formation, which can reduce bacterial colonization and infection 
[189]. In addition to its direct antibacterial effects, CMC can also 
enhance the activity of some antibiotics [189]. Studies have shown that 
the combination of CMC with antibiotics such as penicillin and ampi
cillin can increase their antibacterial activity against some bacterial 
strains [189]. Overall, while CMC is not a strong antibacterial agent on 
its own, it has some antibacterial properties that make it useful in certain 
applications [189]. Its ability to inhibit bacterial growth and enhance 
the activity of antibiotics make it a potential candidate for use in wound 
dressings, medical implants, and other biomedical applications where 
bacterial infection is a concern [189]. However, further research is 
needed to better understand the antibacterial mechanism of CMC and 

Fig. 5. : Schematic representation of double-layer hydrogels’ formation (APS = ammonium persulfate, BIS = N,N-methylenedibis-propionamide, DMAA = N,N- 
dimethylacrylamide, AA = acrylamide, and TEMED = tetra-methylethylenediamine. 
Adapted from reference [103] under the terms and conditions of the Creative Commons Attribution (CC BY) license. 
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optimize its antibacterial activity[189]. 
Nafees and co-workers synthesized CMC loaded Ag NPs and tested 

their anti-bacterial action on the strains of Klebsiellaoxytoca, E. coli, and 
S. aureus [190]. Additionally, a bactericidal activity was validated via 
utilization of the fluoroquinolones (anti-biotic) drug through implica
tion of the agar-well diffusion method [190]. In this method, 100 µL of 
bacterial strains were transported to the plates containing nutrient agar, 
followed by distribution via streaking and incubation at 37 ± 2 ◦C for 
24 h [190]. Afterwards, around 20 µL of the tested CMC/Ag-NPs was 
added to the wells, followed by the refrigeration for 1 h and overnight 
incubation at 37 ± 2 ◦C [190]. Vernier caliper was used to measure the 
clear zones of inhibition and disc diameter (mm) after the incubation 
period [190]. The in vitro anti-bacterial activity of naturally synthesized 
CMS/Ag-NPs was done through agar well diffusion method. Minimal 
inhibitory concentrations (MICs) against tested organisms were deter
mined using the micro-broth dilution method [190]. Minimum bacte
ricidal concentration (MBC) was calculated after the no colony 
appearance Antibacterial activity was evaluated via MIC index 
(MBC/MIC). Results concluded strong bactericidal and bacteriostatic 
action of CMC/Ag-NPs [190]. 

Moustafa M.G. Fouda developed CMC loaded gold nanoparticles 
(CMC-Au NPs) and determined its anti-bacterial activity against E. coli 
and P. aeruginosa, S. aureus and B. subtilis by disc diffusion method. 
Results concluded that CMC-Au NPs showed stronger bactericidal effects 
with extensive antibacterial activity and maximum zone of inhibition 
[191]. 

4.5. Anti-tumor applications 

CMC can be functionalized with targeting ligands such as antibodies, 
peptides, or small molecules, which can selectively bind to tumor cells 
and enhance the accumulation of CMC in the tumor site [192]. Once at 
the tumor site, CMC can be used as a carrier for delivering anticancer 
drugs or imaging agents. One approach to using CMC for tumor targeting 
is through the use of nanoparticles. CMC nanoparticles have been shown 
to have favorable properties such as good biocompatibility, biodegrad
ability, and low toxicity [192]. By attaching targeting ligands to the 
surface of CMC nanoparticles, they can be directed towards specific 
cancer cells and accumulate in the tumor site. Once inside the tumor, the 
nanoparticles can release their payload, which can be an anticancer drug 
or an imaging agent [192]. Another approach is to use CMC hydrogels, 
which can be injected directly into the tumor site [192,193]. CMC 
hydrogels can form a stable network that can trap anticancer drugs and 
release them slowly over time, providing sustained drug delivery to the 
tumor site [192,193]. The hydrogel can also create a barrier that pre
vents the drug from spreading to healthy tissues [192,193]. While 
CMC-based tumor targeting is still in the early stages of research, it 
shows promise as a potential therapeutic strategy for cancer treatment 
[192,193]. CMC has several advantages including its biocompatibility, 
biodegradability, and ability to be functionalized with targeting ligands 
[193]. However, further studies are needed to optimize the design of 
CMC-based systems for efficient and targeted drug delivery to tumors. 
Zhang and co-workers developed CMC based hydrogel having 
anti-tumor capabilities of PTT and PDT. Sodium periodate (NaIO4) was 
also added to promote the formation of gelling network CMC based 
hydrogel can produce cytotoxic ROS and targeted tumor killing [193]. 
In another research, pH sensitive microspheres were developed by 
polyacrylamide sodium and CMC mixing for colon targeted drug de
livery by Vijay kumar and co-workers [194]. Authors modified the CMC 
with PAA to promote the drug release in the intestine and targeted 
killing of colon tumor cells. Similarly, Sangsuriyonk et al. showed that 
CMC was also a potential candidate for anti-cancer drug delivery by 
developing matrix hydrogels having different concentrations of citric 
acid as the cross-linker. Zhao et al. developed bismuth functionalized 
nano-hydrogels synthesized by UV irradiation, having good features of 
PTT and PTD. Moreover, CMC addition induces the synergistic effects of 

doxorubicin by producing strong anti-cancer action [195]. 

5. Conclusion 

Nowadays, with the advent of cutting-edge technologies in the field 
of biomedical sciences, employment of the most appropriate raw ma
terials is vitally important to optimize the treatmentefficacy. In this 
regard, CMC as a natural based biopolymer has some remarkable char
acteristics including biodegradability, biocompatibility, stimuli- 
sensitivity, and hydrophilicitywith special bioadhesive properties that 
have introduced CMC as a potential biopolymer for employing in various 
biomedical applications.It is also worth mentioning that CMC-based 
nanocomposites can be synthesized more conveniently than other bio
polymeric carbohydrates with higher cost-efficiency. Furthermore, due 
to the great film-forming capability of CMC, the CMC-based nano
composites either synthesized by physical crosslinking methods or 
chemical ones have been employed effectively for biomedical purposes. 
In addition to the suitable substitution degree of CMC, there are other 
features making CMC a preferable candidate among other cellulose 
ethers. The higher degree of polymerization of CMC contributes to its 
perfect film-forming ability. 

Moreover, the polyanionic nature of CMC can be employed for pre
paring polyelectrolyte multilayers. Although some polyanionic poly
mers have shown bioadhesive capability, anionic CMC adheres more 
strongly to biological surfaces than other cellulose derivatives. Due to 
this, CMC is a preferable option for transdermal and transmucosal drug 
delivery. In addition, CMC is superior to be used in ophthalmic appli
cations due to high molecular weight, rheological properties, and 
aqueous solubility. This specific characteristic of CMC represents a 
bright future outlook for modifying CMC with other materials to 
enhance its mechanical strength, which can be assumed as its major 
bottleneckand fabricate the CMC-based nanocomposites for applying 
more efficiently in biomedical applications. 

More importantly, the long history of its application in clinical trials 
for a wide range of applications, including wound healing, dry eye 
syndrome, cancer treatment and gastrointestinal disorders demonstrates 
its promising potential for future biomedical applications compared to 
other comparable carbohydrates. For instance, carboxymethyl cellulose 
(CMC) has been used in clinical trials for a wide range of applications, 
including wound healing, dry eye syndrome, cancer treatment and 
gastrointestinal disorders. In wound healing clinical trials, CMC dress
ings have been found to be effective in promoting wound healing by 
maintaining a moist environment and preventing infection. 
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