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Abstract: Application of wound-healing/dressing biomaterials is amongst the most promising
approaches for wound repair through protection from pathogen invasion/contamination, maintain-
ing moisture, absorbing exudates, modulating inflammation, and facilitating the healing process.
A wide range of materials are used to fabricate wound-healing/dressing biomaterials. Active wound-
healing/dressings are next-generation alternatives for passive biomaterials, which provide a physical
barrier and induce different biological activities, such as antibacterial, antioxidant, and prolifera-
tive effects. Cellulose-based biomaterials are particularly promising due to their tunable physical,
chemical, mechanical, and biological properties, accessibility, low cost, and biocompatibility. A thor-
ough description and analysis of wound-healing/dressing structures fabricated from cellulose-based
biomaterials is discussed in this review. We emphasize and highlight the fabrication methods,
applied bioactive molecules, and discuss the obtained results from in vitro and in vivo models of
cellulose-based wound-healing biomaterials. This review paper revealed that cellulose-based bio-
materials have promising potential as the wound-dressing/healing materials and can be integrated
with various bioactive agents. Overall, cellulose-based biomaterials are shown to be effective and
sophisticated structures for delivery applications, safe and multi-customizable dressings, or grafts
for wound-healing applications.
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1. Introduction

Skin is the largest organ of the human body, with distinct functions, such as protecting
other organs from pathogeneses invasion, dehydration, mechanical impacts, radiation, and
chemicals. Skin also serves to regulate body temperature, is an integral part of the sensory
system, and acts as a reservoir for Vitamin D synthesis [1,2]. Therefore, any skin damage
must be treated appropriately, not only for the visual appearance but also to recover its
functions, as mentioned above. Accordingly, specific consideration has been dedicated to
developing proper wound-care/healing biomaterials/structures [3]. It is estimated that
the global wound-care market reaches 22 billion US dollars by 2022 from the current share
of 18.35 billion dollars, with a Global Compound Annual Growth Rate (CAGR) of 3.7% [4].
Moreover, out of various commercial wound-care/biomaterials, wound-dressings are the
most prevalent. Different forms of wound-dressing biomaterials have been developed,
such as transparent adhesive bandages, medicated bandages, hydrogel dressings, foams
dressings, hydrocolloid dressings, and film dressings [5–7].

From another perspective, wound-dressings can be categorized as passive, active, and
interactive wound-dressings [8]. Passive dressings simply serve as a protective barrier and
do not intervene in the healing process. Functional dressings provide a moist environment
and facilitate the healing process. On the other hand, interactive wound-dressings provide
a moist environment and interact with the wound bed components to further enhance
the healing process [9,10]. For instance, interactive dressings can adjust moisture reten-
tion, reduce microorganism colonization, improve collagen matrix formation, modulate
inflammatory responses, reduce exudate levels, and protect epithelialization.

Moreover, various types of bioactive substances have been implemented in the inter-
active dressings, such as anti-microbial, anti-inflammatory, and wound-healing agents. In
addition to the structure, the composition of wound-dressings is another determinant factor.
Wound-dressings have been made from different natural, synthetic, and semi-synthetic
polymers. Among them, natural polymers have attracted more attention due to toxicity
issues and, in most cases, more abundance [11,12].

It is crucial for an ideal wound-dressing to be biocompatible and to match in vivo
physicochemical properties. While most natural polymers are biocompatible, they often
have weak mechanical properties and low processability [13,14]. Cellulose-based bio-
materials not only have negligible biocompatibility, but also tunable physical, chemical,
and mechanical properties. Various types of wound-dressing have been developed from
cellulose-based biomaterials and exhibited promising results [15,16].

This review’s primary focus is to provide a comprehensive assessment of cellulose-
based biomaterials’ studies as wound-dressing materials. We first elucidate the wound-
dressings’ role in the wound-healing process and then discuss the challenges regarding the
wound-healing process and ideal wound-dressing requirements. Finally, cellulose-based
wound-dressings are reviewed, their challenges are discussed, and practical perspectives
are presented.

2. Wound Healing Process: The Role of the Wound-Dressing

Wound healing is a complicated, multi-step, and multifactorial process, which involves
different cells, signals, and biochemical substances. The wound-healing phases include
hemostasis, inflammatory, proliferative, and maturation, in which different molecules, cells,
and signals/stimuli are involved (Figure 1). Hemostasis begins at the onset of injury, aiming
to stop the bleeding. It is reported that uncontrolled bleeding from a wound, hemorrhage,
is the leading cause of complications and death. While passive wound-dressings cannot
initiate or accelerate blood clotting, unprecedented attempts have been conducted to design
interactive hemostatic wound-dressings capable of controlling bleeding. Moreover, there
are different specialized hemostatic wound-dressings on the market, such as HemCon
Bandage PRO and Stasilon®, Entegrion, Inc. of Durham, NC, USA, which exhibit promising
performance [17].
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Figure 1. The wound-healing stages and various involved elements. (A) the hemostasis, (B) the inflammation, (C) the
proliferation, and (D) the remodeling stages. PDGF: platelet-derived growth factor, TNF: tumor necrosis factor, TGF:
transforming growth factor, KGF: keratinocyte growth factor, FGFs: fibroblast growth factors, IGF: insulin-like growth
factor, IL-1: interleukin-1, IFN: interferon, TIMP: tissue inhibitor of metalloproteinase, VEGF: vascular endothelial growth
factor, MMP: matrix metalloproteinase, HGF: hepatocyte growth factor. Reproduced with permission from Reference [18].

The second step of wound-healing is the defensive/inflammatory phase, which pre-
pares the wound bed for new tissue growth by destroying bacteria and removing debris.
Generally, anti-microbial substances have been tried to incorporate into the interactive
wound-dressing to facilitate the defensive/inflammatory wound-healing phase. Since
providing a moist environment facilitates the body’s enzymatic debridement, several stud-
ies have tried to develop a wound-dressing structure for this purpose [19–21]. Although
inflammation is a vital step in the wound-healing process, chronic inflammation is an
undesirable condition that makes chronic wounds and subsequently induces some compli-
cations, such as mature scar formation. Wound dressings containing anti-inflammatory
agents have been developed to modulate the inflammatory responses and prevent chronic
wound progression [22].

The transition from the defensive/inflammatory phase to the proliferative phase is crit-
ical during the wound-healing process. In this phase, the provisional fibrin matrix, formed
in the previous stage, replaces a new matrix of fibronectin, proteoglycans, and collagen
fibers. Moreover, angiogenesis, granulation tissue formation, and epithelialization are vital
processes in this step [1]. Fibroblasts and keratinocytes have critical roles in this phase, and
several substances have been investigated to modulate their migration and activities. Sev-
eral studies applied wound-dressings as the drug-delivery vehicle. These studies included
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efforts to deliver various growth factors such as epidermal growth factor (EGF), fibroblast
growth factor (FGF), insulin-like growth factor (IGF-1), and platelet-derived growth factor
(PDGF) to modulate the functions of these cells. Moreover, different phytochemicals and
naturally derived substances have been combined with wound-dressings to improve their
efficacy [22–24].

The remodeling stage, also called the maturation stage, is the final stage of wound-
healing, in which collagen type III remodels to type I, and the wound fully closes. Dur-
ing this process, the disorganized collagens align along tension lines, absorb water, and
crosslink together. These events make the skin area of the wound stronger and reduce
scar thickness. Although wound-dressings are more applicable in the first phases of the
wound-healing process, it is possible to modulate the latest wound-healing stage using
proper wound-dressings and reduce scar formation [3,5].

3. Wound-Healing Challenges in the Clinic

Despite significant advancements in medicine, pharmacy, and materials sciences,
wound healing and management have encountered critical challenges. Some relate to
the type of wound and some to the treatment options. Chronic wounds’ recovery is the
most challenging clinical issue, which induces several burdens on hospitals and health
systems [25]. Chronic wounds have different etiologies, such as diabetes, aging, infections,
arterial insufficiency, and other systemic diseases. These conditions further complicate
any healing strategy due to active disruption in the healing process [26]. Moreover, high
protease activity, long-term infection, extra inflammation, and hypoxia are often seen in
chronic wounds [27]. Indeed, in spite of wide attempts to develop therapeutic policies
for efficient treatment of chronic wounds, imperfect clinical achievement has been ac-
complished until now. Some reasons comprise (1) complexity of wound environment,
(2) increasing percentage of aging populations, and (3) several products on the market
having limited clinical efficiencies [28]. Additionally, patients with chronic wounds often
have one or more additional diseases that must be managed for optimal healing. For
example, patients with diabetic foot wounds often have kidney and cardiac disease related
to their diabetes. Taking into account this complexity at both the clinical and cellular level,
it is not surprising that studies on wound healing have often failed to generate significant
results [29].

Biomaterial candidates have critical roles in chronic wound-healing along with control-
ling the underlying etiologies. Wound healing materials can facilitate different debridement
processes, a crucial step in acute and chronic wound-healing. They can promote the au-
tolytic and enzymatic/chemical debridement methods. Anti-bacterial wound-healing
materials have decisive roles in chronic wound-healing management. They can be either
fabricated from anti-bacterial polymers, such as chitosan, or loaded with anti-bacterial
agents, such as antibiotics. Anti-inflammatory and antioxidant drugs and substances are
applied to modulate the inflammatory responses in chronic wounds. Wound-healing mate-
rials containing anti-inflammatory substances have shown promising results in chronic
wound-healing. Moreover, cell-laden structures are an emerging concept with fascinating
potential in wound-healing applications [30–32]. In this regard, one of the most important
challenges is adjusting a delivery method for the biological products. For example, RNAi
is a powerful gene-silencing tool with massive potential for wound-healing application.
Thus, by improving delivery methods, RNAi therapeutics can be developed into a biologi-
cal product with the potential to apply a transformational effect on modern regenerative
medicine [33]. Additionally, nanomedicine approaches such as microfluidic systems as
drug delivery systems, as well as controlled release applications of the biological product,
can be considered for clinical wound-healing therapy in the future [33].

4. The Ideal Wound-Healing/Dressing Materials

The wound-healing/dressing materials have a significant and determinant role in the
wound-healing process. Accordingly, they must possess some critical requirements. Bio-
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compatibility and non-immunogenicity are the most essential requirements. They should
control the moisture of the wound bed, allow gas exchange, absorb the exudates, prevent
microbial invasion, contain bioactive substances, possess adequate mechanical properties,
be quickly changed and removed, and have a low production cost [34]. A wide range
of natural, synthetic, and semi-synthetic polymers have been evaluated as the wound-
healing/dressing materials. Among them, natural polymers have received significant
attention due to low toxicity issues and proper biocompatibility. Although, they suffer
from lower mechanical strength and processability compared with synthetic ones. Cellulose
is a natural polysaccharide with fascinating prosperities, with a wide range of applications
in various fields of science and industries [35,36]. Various cellulose derivatives have been
applied as the wound-healing/dressing materials.

5. Cellulose-Based Biomaterials in Wound-Healing Augmentation
5.1. Cellulose Acetate (CA)

Cellulose acetate (CA) has been recognized as a suitable semi-synthetic biomaterial
for anti-bacterial wound-healing. It possesses proper biodegradation, biocompatibility,
hydrolytic stability, mechanical strength, insolubility in water, availability, and low cost.
Moreover, it is an excellent scaffolding biomaterial for loading drugs with anti-microbial,
antioxidant, anti-inflammatory, and antiviral activity to repair wounds. Depending on
the application, CA-based biomaterials can be exploited in various hydrogels, nanofibers,
thin-film, and nanoparticles, each with advantages and disadvantages. Two forms of CA
hydrogel and CA nanofibers are mostly preferred for dressings [37,38].

5.2. CA-Based Nanofibers

Various nanofibers have been fabricated as a membranous mat to cover skin wounds
using various natural, semi-synthetic, and synthetic polymers. CA is another polymer
used to fabricate nanofibers for wound-dressing, alone or in combination with other
polymers. Sultana and colleagues fabricated membranous mats for wound-dressing with
electrospinning a CA solution in a mixture of acetic acid/acetone solvents (3:1). Nanofibers
with a concentration of 10% to 14% (w/v) CA were produced, and in mats with the highest
concentration of CA, no beads were found. To load tetracycline hydrochloride in nanofibers,
2 w/v% of the drug was dissolved in the acetic acid/acetone mixture (3:1). The loaded
antibiotic inhibited the growth of both Gram-negative and Gram-positive bacteria on the
mat. These nanofibers showed a remarkable ability to absorb high amounts of water in
examinations. Cytotoxicity was also investigated using human skin fibroblasts against a
tissue culture without the membrane. The results showed more than 90% of cell viability
for the membrane after 48 h compared to the control. Generally, these tetracycline-loaded
mats proved high water uptake and hydrophilic properties and excellent antibacterial
activity as a wound-dressing in in vitro studies [39,40].

In various studies, CA nanofibers have shown proper mechanical strengths and
benefits in wound-dressing alone. Various other studies have examined the results of
their association with additional materials and polymers on wound-healing. One of these
attempts by Panichpakdee et al. examined the effect of different concentrations (0.005, 0.01,
0.05, and 0.1 wt.%) of emodin on CA nanofibers. This emodin-loaded mat morphology
did not differ much from that of neat mats, indicating that emodin was well-compatible
with CA polymer. Although the diameters of emodin-loaded nanofibers increased with
emodin content, this increase was not significantly different from the diameters of neat
nanofibers. At the concentration of 0.1 wt.% of emodin, the highest amount of release was
observed. Besides the non-toxicity feature, these emodin-loaded mats showed enhanced
collagen synthesis at concentrations of 0.05 and 0.1 wt.% compared to neat CA mats [41].

In another study by Ullah et al., different amounts of Manuka honey were incorporated
in CA nanofibers. The results showed that increasing the amount of Manuka honey
increases the antibacterial and antioxidant activities of these nanofibers and their diameters.
It is also worth noting that the neat CA mat’s strength was higher than the Manuka
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honey-loaded mat, which was mostly attributed to the lack of mechanical interaction
between Manuka honey and nanofibers. Water uptake and water vapor transmission
processes, which play an essential role in wound-healing, were disrupted in Manuka
honey-containing mats due to diameter increase and surface reduction of nanofibers,
causing wound dehydration and healing disruption. However, in vitro studies have
shown that cell growth and proliferation rates in these mats were higher than those of the
neat mats. Despite their enhanced cytocompatibility and antibacterial activities, Manuka
honey-loaded CA mats’ weakness lies in their unfavorably increased diameter and lower
hydrophilicity compared to neat mats. Therefore, so far, more research was required to
find a combination of materials for fabricating mats with anti-microbial and antioxidant
properties and a high ability to absorb, retain, and transfer water [42].

Khoshnevisan and colleagues used propolis-coated nanofibrous mats, which are
also plant-based honeybees and have high antibacterial and antioxidant properties. The
CA/poly(caprolactone) nanofibrous mats were impregnated with propolis. They had
an inhibiting effect on the growth of both Gram-negative and Gram-positive bacteria, in
addition to a high capacity to absorb and retain water for hydrating the wound. These
results made the fabricated mats a suitable dressing for diabetic wounds, burns, and skin
defects [43].

Curcumin’s distinctive features, such as antibacterial, antifungal, antioxidant, anti-
inflammatory, and antitumor properties, have convinced many researchers to strive to
fabricate curcumin-containing mats for the wound dressing. The material alone has low
solubility and low heat resistance. Studies have established that loading the drug on
nanofibrous composites in the presence of poly(vinyl pyrrolidone) (PVP) shows the highest
release rate due to the increased solubility induced by this polymer. This fact was empha-
sized in a study by Tsekova et al. In their study, curcumin was loaded on CA nanofibrous
mats, as well as CA/PVP mats. Mats with PVP released a higher amount of curcumin faster,
and they had higher hydrophilicity compared to curcumin-loaded CA nanocomposites.
Anti-microbial tests also showed that matrices with a higher release amount of curcumin
have higher anti-microbial activity [44].

Thymoquinone is another anti-microbial agent that can inhibit the growth of many
microbes at the wound site. Systematic administration of this drug can have lower efficacy
and higher side effects than topical drug use. On the other hand, it has some limitations for
local use as well. However, loading in scaffolds such as CA nanofibrous mats, which have
a high bioavailability, stability, bioactivity, and hydrophilicity, can enhance the treatment
outcomes [45]. Although nanofibrous mats made of various polymers are known as a great
mechanical and physical barrier for covering wounds, this is not the only requirement for a
wound-healing process. Combining an antibacterial agent in a wound-dressing expedites
the healing process and prevents possible wound infections or even systemic infections.
Poly (lactic acid) (PLA) draws particular attention in biomedical applications, especially
for wound-dressing, due to its biocompatibility, biodegradability, as well as mechanical
durability and elasticity. However, a severe limitation of PLA is its hydrophobicity and low
water absorption capacity. Gomaa et al. attempted to fabricate a thymoquinone-loaded
PLA/CA nanocomposite. They tested the composites on mice in terms of cell proliferation,
re-epithelization, and wound site closure speed (Figure 2). Their results were promising.
In addition to an optimal anti-microbial activity shown by this nanocomposite mat, H&E
staining studies confirmed more tissue granulation and faster re-epithelization for this
dressing than the control group [46].

Another nanocomposite was made from polyurethane, CA, and zein materials, pre-
senting higher cell viability and proliferation and blood clotting ability, and hydrophilicity.
In addition to that, loading streptomycin onto this nanocomposite mat as an anti-microbial
agent provided all the wound requirements to heal. The results of in vitro and in vivo stud-
ies of the fabricated mat indicated that all the vital biological and physiological properties
for a wound-dressing are enhanced in this nanocomposite [47].
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One of the most critical wounds is a diabetic wound. These wounds go through a
more extended recovery period and are more likely to become infected since they have
inefficient blood flow and nerve conduction. Moreover, in the case of infection of these
wounds, infection progression is very high, and the possibility of recovery is lower. Besides,
the low blood supply to these wounds makes systemic antibacterial agents less effective
and necessitates higher doses of the medication, which leads to more side effects. With
this in mind, as far as these diabetic wounds are concerned, proper dressing has critical
importance to prevent infection and accelerate its healing process and the provision of the
anti-microbial drug for local release at the wound site. Therefore, CA-zein nanocomposites
were fabricated containing a high dose of sesamol to be tested on diabetic rats. The in vivo
study revealed an accelerated wound-healing improvement in diabetic mice [48]. Another
system was a CA/gelatin nanofibrous mat containing berberine. It showed that loading
berberine does not significantly affect CA/gelatin nanofiber physiology. However, it has
a significant beneficial effect on biological activity and is a suitable dressing for diabetic
wounds [49].

5.3. CA-Based Hydrogels

Hydrogel nanocomposites are high potent biomaterials for biomedical applications.
Their mechanical strength, controlled drug release ability, stimuli-responsive behavior,
biological interactions, and high elasticity encourage researchers to incorporate various
nanoparticles in hydrogel networks. There are two methods for incorporating nanopar-
ticles into a matrix hydrogel: one is to mix monomers’ solutions and then produce the
polymers, and the other one is to mix the produced polymers after the polymerization
process. CA is a polymer that forms a biocompatible hydrogel. Bajpai et al. [50] fabri-
cated semi-interpenetrating polymer network (IPN) films based on CA and crosslinked
poly(acrylic acid) using a photopolymerization approach. They applied poly(acrylic acid),
N,N′ methylene bisacrylamide (MB), and benzophenone as the monomer, crosslinker, and
photo-initiator, respectively. The photopolymerization was conducted using a UV illu-
mination system (UVITEK Crosslinker, Germany) at the wavelength of 365 nm, with the
intensity of 1850 µW/cm3 for one hour. The process resulted in transparent semi-IPN
films with adjustable mechanical strength, water vapor, and oxygen permeation perfor-
mance. They reported that the tensile strength and percent elongation of the film improved
with increasing CA content. The water vapor transmission rate reduced with CA and the
photo-initiator concentration and increased with monomer content. The in vitro studies
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showed antibacterial and antifungal activities against E. coli and Aspergillus flavus. The
authors proposed that the physical properties of the semi-IPN film can be tailored for vari-
ous wounds and loaded with different bioactive agents as the promising wound-healing
biomaterial/dressing.

Abd El-Mohdy et al. produced hydrogels by incorporating Ag NPs into poly(vinyl
alcohol), CA, and gelatin. In these hydrogels, the amounts of loaded Ag NPs were different,
and the diameter of produced nanocomposites was increased with the concentration of
AgNO3 loaded on the hydrogels. In fact, at concentrations of 5, 10, and 20 mM, yielded
diameters were 38.6, 56.8, and 60.1 nm, respectively. The results of this study showed
that these hydrogel membranes exhibited sufficient strength. These samples, formed by
combining the polymers mentioned above and incorporation Ag NPs, showed higher
thermal stability than single-polymer hydrogels and other sample groups. Additionally,
Ag NPs in this hydrogel prevented the crystallization of PVA and the formation of NPs in
the hydrogel.

Moreover, Ag NPs induced long-term anti-microbial activity of these hydrogels against
a wide range of fungi and bacteria. This anti-microbial activity was clearly higher in
higher concentrations of AgNO3. Overall, this study showed that these hydrogels are
useful biomaterials for wound-healing and dressing applications. However, extensive
studies have not treated these hydrogels’ construction in much detail due to nanofibers’
prominent features and the possibility of easily manipulating their structure, especially at
small diameters, as mentioned earlier [51,52]. Some other studies conducted on CA-based
wound-healing biomaterials have been summarized in Table 1.

Table 1. CMC-based biomaterials fabricated and applied for wound-healing applications. The fonts are not the same in all
cases of the table.

Components
and Type

Fabrication
Method

Bioactive
Substance Test Model Significant Findings Ref.

Cu-HAP@CA
nanofibers Electrospinning Cu-modified HA

Human HFB4 osteoblast
S. aureus

E. coli

Significant antibacterial activates
Proper cell adhesion and proliferation [53]

CA
nanofibers Electrospinning Centella Asiatica

extract NA Excellent water uptake kinetic [54]

CA-Zein
nanofibers Electrospinning Sesamol

STZ-induced diabetic
C57BL/6 J clean-grade

male mice

Promoted wound-healing in diabetic mice
Myofibroblasts’ formation through

enhancing TGF-β signaling
pathway transduction

Enhanced keratinocyte proliferation

[48]

CA
nanofibers Electrospinning PAC

CACE
Normal human

dermal fibroblasts
Modified release profile

Biocompatible wound-dressing [17]

CA/PVP
nanofibers

One-pot or
dual spinneret
electrospinning

Curcumin S. aureus

Higher hydrophilicity and faster release
through the addition of PVP

Dual spinneret electrospinning provide
more complex architecture, beneficial for
easily modulating the release profile and

proper antibacterial activities

[44]

CA/MH
nanofibers Electrospinning MH

NIH 3T3 fibroblast cell
S. aureus

E. coli

Biocompatible, antioxidant, and
antibacterial wound-dressing [42]

CA
nanofibers Electrospinning BZC

BCG Human skin fibroblast cells
Biocompatible nanofibrous mats with an in

situ pH-detecting capability
pH-dependent release of BZC

[55]

CA/PCL
nanofibers Electrospinning ZnO, Ag and CuO

NPs

Human osteoblast cell line
HFB4

S. aureus
E. coli

Biocompatible and antibacterial
wound-dressing [56]
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Table 1. Cont.

Components
and Type

Fabrication
Method

Bioactive
Substance Test Model Significant Findings Ref.

CA/Gel
nanofibers Electrospinning ZM

Fibroblast L929 Cells
S. aureus

E. coli
Male Wistar rats

Biocompatible and antibacterial
wound-dressing

Accelerated sound healing in animal model
[57]

Multilayered
CA/PVA

nanofibers
Electrospinning Curcumin

Honey S. aureus
Antioxidant and antibacterial
wound-dressing with proper

swelling performance
[58]

Multilayered
Gel/PVP/CA

nanofibers
Electrospinning Gentamicin P. aeruginosa

S. aureus Excellent antibacterial activities [59]

PEU/CA
nanofibers

One-pot or dual
spinneret

electrospinning
PHMB

Rat skin fibroblast
E. coli

Male Wistar rats

Strong antibacterial activities
Proper biocompatibility and significant

wound-healing outcomes
[60]

CA/Ag NPs
nanofibers

Electrospinning
and Simple facile
wetting process

Gentamicin B. Subtilis
E. coli

Significant antibacterial properties
Controlled release [61]

CA
nanofibers Electrospinning Annatto extract Mouse WT fibroblasts

Male Wistar rats

Biocompatible wound-dressing with
dose/response inflammatory effects on

mast cells
[62]

CA/PLA/PEO
nanofibers Electrospinning Sulfonamide HBSP

analog

Human dermal fibroblast
cells (HFB4)

S. aureus
E. coli

Bulb/c male mice

Proper biocompatibility
Strong antibacterial activities

Significant wound-healing
[63]

CA
nanofibers Electrospinning GA S. aureus Antioxidant and antibacterial

wound-dressing [64]

CA
nanofibers Electrospinning SDD B. Subtilis

E. coli Strong antibacterial activities [65]

CA/HA
nanofibers Electrospinning HA

L929 murine fibroblastic
cell

Male Wistar rats

Biocompatible and bioactive
wound-dressing

Significant wound-healing
[66]

CA/PCL
nanofibers Electrospinning Propolis

S. aureus
S. epidermidis

E. coli
P. aeruginosa

Significant antioxidant and
antibacterial activities [43]

CA/AAc
Semi-IPN
hydrogel

BP-induced free
radical photo-

polymerization
NA A. flavus

E. coli

Proper mechanical properties
with permeable

to moisture and O2 gas
Acceptable antibacterial and

antifungal activities

[50]

CA/PVA/Gel
Hydrogel

Gamma
radiation-
induced

crosslinking

Ag NPs

A. fumigatus
G. candidum
C. albicans

S. racemosum
B. subtilis
S. aureus

P. aeruginosa
E. coli

Well-dispersed and spherical Ag NPs
within hydrogel matrix

Strong antibacterial and antifungal activities
[51]

Abbreviations: Cu-HAP@CA: Cu-modified hydroxyapatite encapsulated in cellulose acetate, STZ: Streptozocin, PAC: Pure asiati-
coside, CACE: Asiaticoside crude extract, PVP: Poly(vinylpyrrolidone), MH: Manuka honey, BZC: Benzocaine, BCG: Bromocresol
green, PCL: poly(ε-polycaprolactone), NPs: nanoparticles, Gel: Gelatin, ZM: Zataria multiflora, PEU: Polyester urethane, PHMB:
Poly(hexamethylene biguanide), PLA: poly(lactic acid), HBSP: N-(3,4-diamino-7-(benzo[d]thiazol-2-yl)-6-oxo-1H-pyrazolo[4,3-c]pyridin-
5(6H)-yl)benzenesulfonamide, PEO: poly(ethylene oxide), GA: Gallic acid, SSD: Silver sulfadiazine, AAc: Acrylic acid, IPN: Interpenetrating
polymer network, BP: Benzophenone.

6. Carboxymethyl Cellulose (CMC)

Carboxymethyl cellulose (CMC) is a semi-synthetic water-soluble polysaccharide and
a derivative of cellulose. It is composed of multiple carboxyl groups, with applications
ranging from tissue engineering to protein delivery [67,68]. CMC is a highly versatile
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biomaterial due to numerous useful properties, including tunable biodegradability, the
ability to construct hydrogels in the presence of metallic ions, potential antioxidant activ-
ity, and biocompatibility [69–71]. Due to these desirable properties, different forms and
combinations of CMC are used in various biomedical engineering research [72,73].

Upon a systematic survey of CMC’s different biomedical applications, wound-healing
and wound-dressing applications have been one of the most investigated areas of research
for these applications [74–78]. This fact can be attributed to the fact that it has been shown
that cellulose derivatives such as CMC contribute to mimic healthy physiological conditions
that damage skin tissue [79,80]. Besides, antioxidant capacity, close adhesion to the wound
bed, minimal interference with new tissue formation, and high fluid absorbency are other
promising aspects of CMC for wound-healing applications, which have been thoroughly
investigated [81,82]. Various strategies have been employed to fabricate and characterize
CMC-based wound-dressings to take advantage of these attributes [72,82,83].

Like other cellulose derivatives, a majority of CMC-based wound-dressing fabrication
strategies can be categorized into the use of CMC nanofibrous scaffolds and CMC-based
hydrogels. Both of these main strategies will be addressed [84,85]. A summary of key
studies on CMC-based wound-dressings is provided in Table 2. Studies on CMC nanofibers
and CMC-based hydrogels have been heavily focused on modifying and improving CMC-
based structures, either through chemical and physical modification of CMC-based wound-
dressings or by combining other promising wound-dressing biomaterials [78,81]. These
trends exhibit the continuous evolution of the CMC-based wound-dressing subfield, re-
sulting in significant progress in the polymeric wound-dressing field if directed towards
application-based studies [86].

Table 2. CA-based biomaterials fabricated and applied for wound-healing applications.

Type of Structure Chemical
Modification

Fabrication
Method

Bioactive
Substance The Test Model Significant Findings Ref.

Nanofibers

CMC/PEO Co-blending Needleless
electrospinning

Plant extracts:
Achillea

millefolium
Calendula
officinalis
Matricaria

chamomilla
Echinacea purpurea

S. aureus
E. coli

Human skin
fibroblasts (SF)
Human skin

keratinocytes (HACAT)

Proper antioxidant activity
Acceptable

antibacterial effect
Good biocompatibility

[87]

CMC/PAV Co-blending Electrospinning SSD

S. aureus
E. coli

P. aeruginosa
New Zealand
white rabbits

HSF-PI 18
fibroblast-like cells

Significant
antibacterial effects

Proper biocompatibility
Accelerated wound-healing

[88]

CMC/PU Co-blending Malva sylvestris
extract

S. aureus
E. coli

Mesenchymal stem cells
Male Wister rats

Significant antibacterial and
antioxidant activities

Cell proliferative effect
Reduced acute and chronic

Inflammations
Promoted wound closure

Increased collagen
deposition and

neo-vascularization

[89]

MMA-
EHA-CMC

PVA

Graft copoly-
merization
with MMA
and EHA

Casting
Electrospinning

Diclofenac sodium
CI

Capsaicin
Gentamicin

human skin fibroblasts
(HFB4)

Male wistar rats

Insignificant adverse effects
on cells

Accelerated wound-healing
from 21 to 7 days

[90]

CMC/Ag NPs Co-blending Electrospinning Ag NPs S. aureus
E. coli

Uniform distribution of
nanoparticles and complete

antibacterial efficiency
[91]
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Table 2. Cont.

Type of Structure Chemical
Modification

Fabrication
Method

Bioactive
Substance The Test Model Significant Findings Ref.

CMC/PEO Co-blending Electrospinning Diclofenac

Automated
Transdermal

Diffusion Cells
Sampling System

Similarity with
extracellular matrix

and accelerated
wound-healing compared
to commercial Aquacel®

[92]

CMC/TPU Co-blending Colloid
electrospinning NA ICR mouse

High surface area, proper
wettability, and open

wound-healing
improvement

[93]

NaCMC-MA-PEO

Graft
polymerization

with MA
and PEO

Coaxial
electrospinning TCH

Human fibroblast (HDF)
S. aureus

E. coli

Proper drug
incorporation,

antibacterial activity, and
high cell viability

[94]

Hydrogels

PVA-CMC-PEG
hydrogels

Hydrogen bond
interaction

Phase
separation NA

L929 cells
New Zealand white

rabbits

Proper mechanical
properties
Acceptable

hemocompatiblity and
biocompatibility

Enhanced wound-healing

[58]

Heparinized Nano
ZnO/PVA/CMC

Hydrogen bond
interaction Co-blending Heparinized

Nano ZnO

Mouse fibroblast
cells (L-929)

Human dermal
fibroblast (HDF)

S. aureus
E. coli

Enhanced mechanical
properties

Strong antibacterial effects
Acceptable

biocompatibility

[95]

CMC hydrogel
fibers

Aluminum
sulfate

crosslinking

Solution
spinning NA NA

Excellent moisture
absorption performance

CMC-dependent
mechanical properties

[96]

CMC/PEG/PVP/Ag
NPs - Gamma-rays

crosslinking Ag NPs
L929 cell line

New Zealand white
rabbits

Monodisperse NPs
synthesis

No signs of toxicity
in vitro

Enhanced wound-healing
through the high intensity

of fibroblasts and
neo-vascularization

[97]

CMC/Ag
NPs/mesoporous

silica
- Citric acid

crosslinking

Zinc oxide
impregnated

mesoporous silica
Tetracycline

Adipose tissue-derived
stem cells (ADSCs)

S. aureus
E. coli

Flexible nanocomposite
hydrogel films with

improved tensile strength,
swelling, erosion, and

gas permeability
performances

Excellent biocompatibility

[76]

NaCMC/PVA - Freeze–thawed Propolis S. aureus

Flexible hydrogel with
proper antioxidant,
antibacterial, and
biocompatibility

properties

[98]

CMC-PVA -
Trimethylol
melamine

crosslinking
NA NA

Hydrogels with high
mechanical behavior and

homogeneous porous
structure

[99]

NaCMC - Gamma-rays
crosslinking Chestnut Honey

S. aureus
E. coli

db/db mice

Acceptable
antibacterial activities

Enhanced wound-healing
[100]
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Table 2. Cont.

Type of Structure Chemical
Modification

Fabrication
Method

Bioactive
Substance The Test Model Significant Findings Ref.

CMC -
Hydrogel-

solvent
casting

Ibuprofen
Compartmentalized
in vitro drug release

system

Adequate mechanical and
swelling properties,

proper pH, and
controllable drug release

[101]

CMC/mesoporous
silica - Hydrogel-

sonication
Tetracycline

Methylene blue S. aureus

Improved swelling, water
vapor, and oxygen
permeability, and a

significant antibacterial
activity

[79]

DCMC/Gel/PEG -
Hydrogel-gel
spinning and
crosslinking

NA L929 fibroblasts High mechanical property
and low toxicity [102]

CMC/Ag NPs -
Hydrogel in

situ reduction
of silver nitrate

Ag NPs Primary fibroblasts and
keratinocytes

High saline absorbance,
moisture donation, proper

cytocompatibility, and
anti-microbial activity

[103]

CMC Hydrogel-
freeze-drying Sericin Human keratinocytes

Adequate release of
growth factor, no

cytotoxicity, and low
inflammatory response

[103]

NaCMC/rGO - Hydrogel-ionic
interactions NA

C. elegans
S. aureus

P. aeruginosa
Primary human dermal

fibroblast cells (HDF)

Cell biocompatibility and
effective antibiofilm

activity
[74]

Abbreviations: Cu-HAP@CA: Cu-modified hydroxyapatite encapsulated in cellulose acetate, STZ: Streptozocin, PAC: Pure asiati-
coside, CACE: Asiaticoside crude extract, PVP: Poly(vinylpyrrolidone), MH: Manuka honey, BZC: Benzocaine, BCG: Bromocresol
green, PCL: poly(ε-polycaprolactone), NPs: nanoparticles, Gel: Gelatin, ZM: Zataria multiflora, PEU: Polyester urethane, PHMB:
Poly(hexamethylene biguanide), PLA: poly(lactic acid), HBSP: N-(3,4-diamino-7-(benzo[d]thiazol-2-yl)-6-oxo-1H-pyrazolo[4,3-c]pyridin-
5(6H)-yl)benzenesulfonamide, PEO: poly(ethylene oxide), GA: Gallic acid, SSD: Silver sulfadiazine, AAc: Acrylic acid, IPN: Interpenetrating
polymer network, BP: Benzophenone.

6.1. CMC-Based Nanofibers

2D CMC nanofibrous wound dressings have been extensively studied due to their
microstructure similarity to intact skin tissue and extracellular matrix (ECM) and their
high potential as drug carriers, liquid absorbents, and moisturizers. Various strategies
can fabricate CMC nanofiber dressings, including ultrasonication, casting, freeze-drying,
and electrospinning [91,104,105]. Electrospinning is the most widely used CMC nanofiber
dressing fabrication technique due to its low costs, green fabrication, simplicity, reliability,
and versatility [87,92,106,107].

The majority of electro-spun CMC nanofiber wound dressings either involve CMC
nanofibers’ fabrication with/without a type of modification or co-electrospinning of a
mixture of CMC and complement materials [91,92,105]. For instance, the fabrication of
CMC electro-spun nanofibers was the focus of one interesting study. Silver nanoparticles
were added to the structure to induce antibacterial activity for wound-dressing applica-
tions [91]. Anti-bacterial studies showed that the antibacterial efficiency against several
bacteria, including E. coli and Staphylococcus aureus, was up to 100%, indicating a significant
potential for wound-dressing anti-microbial capability [91].

The other approach for producing CMC-containing electro-spun nanofibers through
mixing with another material with complementary properties is more prevalent in the
literature, especially pronounced in recent years [87,92,105,108]. Fabrication and charac-
terization of CMC/poly (ethylene oxide) (PEO) nanofibers were investigated in a study
in which the mixture of the two materials was co-electro-spun to obtain a structure with
tetracycline hydrochloride as a model drug, which can be used for wound-dressing appli-
cations [105]. The drug-delivery profile identified an optimized combination of CMC 3%
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(w/v)/PEO 1% (w/v), and it showed excellent bactericidal activity against various bacteria,
indicating a highly promising material for applications such as wound-dressing.

6.2. CMC-Based Hydrogels

Hydrogels based on CMC have been more extensively studied than nanofibrous mats
because CMC is a generally good candidate for hydrogel formation due to its coordi-
nation ability and biodegradability and hydrogel formation in the presence of metallic
ions [101,103,109]. Das et al. were pioneers of using CMC hydrogels as wound-dressings,
and they prepared silver nanoparticle-containing CMC hydrogels by in situ silver nitrate
reduction [103]. Their hydrogel dressing was found to be highly absorbent, biocompatible,
and proliferation-inducing for skin cells. The 50 ppm composition of silver nanoparticles
in the hydrogel was highly effective against Gram-negative and Gram-positive bacteria
strains, indicating an ideal dressing for treatment of infected wounds [103]. More recent
studies have noticeably shifted towards hydrogels with CMC and at least another polymer
component such as collagen and poly(ethylene glycol) [81,102]. Through this strategy,
the wound-dressing can take advantage of all the materials’ promising properties while
potentially alleviating the less desirable properties [110–112].

Fan et al. reported one of the most important studies with this approach [81]. They
used a mixture of collagen and CMC to take advantage of collagen’s antioxidant potential
and its improvement capability for biocompatibility and hydrophilicity. They investigated
the effects of different concentrations, molecular weights, and substitution degrees on
modified CMC’s radical scavenging properties. They found that CMC’s scavenging effects
improved upon increasing concentrations and degrees of substitution, showing a promising
material that can reduce reactive oxygen species (ROS), a vital capability for wound-
dressing applications [81].

7. Bacterial Cellulose

Bacterial cellulose (BC), also known as microbial cellulose (MC), is an inexpensive
polysaccharide biopolymer of linear β-1,4-glucan chains, which is produced at a high yield
by Gram-negative bacteria strains. This type of cellulose has a very similar structure as
plant-extracted cellulose, with minor chemical and physical properties’ differences, such
as a higher degree of polymerization in BC than plant-extracted cellulose [113–115]. BC
is made of assembled microfibril bundles of hundreds of polyglucan chains and has an
average fiber diameter of 20–100 nm, a much lower fiber diameter than plant-extracted
cellulose, resulting in a significantly higher available surface area [114,116]. BC is used in a
wide range of fields and applications, especially in biomedical applications, such as cornea
and bone scaffolds, vessel grafts, diagnostic tools, and wound healing [114,117,118].

BC offers unique properties that have turned it into one of the most sought-after
biomaterials for various biomedical applications [118,119]. The characteristics that make BC
a highly versatile biomaterial include high effective surface area, and a hydrophilic nature
that gives BC a high liquid loading capacity, together with non-toxicity, biocompatibility,
and abundant sources. Its natural structure also closely mimics many biological tissue
properties, it has an ability for cell adhesion regulation, and its antigen immobilization
capability is high for biosensor applications [82,115,116,120]. Additionally, BC production
leads to very high purity and does not involve harsh chemicals, which further eliminates
the chance for any residual cytotoxic impurity [120]. Most of the capabilities mentioned
above are very promising features for wound-healing applications [115,120].

BC offer enormous potentials for wound-dressing applications and has been one of the
top choices for wound-dressing biomaterials in recent years, as it can provide mechanical
stability and flexibility, promotes cell proliferation, retain liquids associated with wounds,
allows gas exchange due to high porosity and permeability, and controls wound exudates,
while not inducing any undesirable inflammatory response from the host tissue [116,119].
Another essential aspect of BC is its potential for loading and controlled release of drugs,
exploited in various forms of BC-based dressings and scaffolds [121,122]. Despite these
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advantages and the presence of a variety of commercial BC-based wound dressings such as
Membracell®, BC shows no activity against bacterial infections, and it has a very rapid drug
release profile due to higher than optimal biodegradability. Although it is a reasonably
biocompatible material, it has been shown that in various wound-healing applications,
its cell and tissue biocompatibility still have room for improvement [114,120,123]. Main
strategies to circumvent these issues include surface modifications, immobilization of cell
adhesion molecules such as RGD molecules, and combination with other biomaterials to
prepare nanocomposite materials [114,115]. Additionally, anti-microbial components such
as anti-microbial drugs have been addressed [124,125]. Like other cellulose derivatives,
BC nanofiber synthesis and hydrogel formation are the main fabrication strategies for
wound-dressing applications, which will be addressed [116,125,126].

7.1. BC-Based Nanofibers

In general, BC nanofiber dressings utilize two main strategies: (1) using BC nanofi-
brous structure modified by loading with a model drug or antibacterial nanoparticles,
and (2) nanofibrous dressing using a combination of BC and another natural or synthetic
polymers with or without further chemical or physical modifications [115,127–130]. Both
these strategies have proven to be highly successful for wound-healing applications and are
among the most successful cellulose-based wound-healing applications [127,129]. Among
various techniques for the fabrication of BC nanofiber dressings, electrospinning has proven
to be the most cost-effective and reproducible technique [115,128].

Impregnation of BC nanofiber dressings with silver nanoparticles has been undoubt-
edly the most successful preparation strategy over the years due to the perfect complemen-
tary combination of BC as an already successful biomaterial for wound-dressing and the
proven anti-infection capability of silver nanoparticles [124,127,128]. The most influential
and pioneering study was conducted by Maneerung et al. towards preparing nanocompos-
ite nanofibrous BC wound-dressings with embedded silver nanoparticles [124]. They were
one of the first groups that showed that continual release of silver nanoparticles under
physiological conditions was not high enough to cause the normal human cells damage but
was sufficient for prolonged anti-microbial activity. This was followed by a range of studies
that addressed the same or similar combinations of silver particles and BC using different
fabrication techniques and employing other potential modifications [125,131–133].

7.2. BC-Based Hydrogels

BC-based hydrogels provide an alternative strategy for wound-healing applications
since they offer a straightforward path to embed stem cells or healthy skin cells, to load
various antibacterial drugs, and they are moldable, hydrophilic materials with high-water
content, desirable for wound-dressings with no adverse inflammatory response [134–136].
Loh et al. characterized cell-containing dressings for wound-healing applications [137].
They loaded human epidermal keratinocytes and dermal fibroblasts in BC-based hydrogels
and evaluated their performance in full-thickness wounds. Their results showed main-
tained cell viability, cell transfer, in vivo wound closure, and overall accelerated wound-
healing due to the hydrogel’s presence, both with and without embedded cells [137]. In
another study [138], semi-interpenetrating network (semi-IPN) hydrogels based on BC
and chitosan were fabricated through blending the slurry of BC with CS solution and
crosslinking the polymers with glutaraldehyde (Figure 3). They showed that the prepared
hydrogel exhibited proper thermal stability, significant mechanical properties, and strong
anti-bacterial activities. They proposed that the fabricated semi-IPN hydrogels could be
useful wound-healing biomaterials.

Almost all of the relevant studies refrain from using pure BC hydrogels, which can be
attributed to the limited and poor rehydration of pure BC hydrogels following drying either
during the intended wound-healing or during storage [120,134]. Most of these studies
combine BC with other polymers, such as chitosan, dextran, and hyaluronan [134,138,139].
Yu et al. demonstrated the advantage of adding a physiologically relevant polymer such
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as hyaluronan. They prepared BC–hyaluronan nanocomposites with a 3D hydrogel via a
modified solution impregnation method [139]. This combination exhibited improved water
uptake capability, more pronounced growth, and viability of fibroblast cells compared
to pure BC hydrogel, paving the way for subsequent studies with similar better wound-
dressing outcomes [134,139,140]. Some studies conducted on BC-based wound-healing
biomaterials have been provided in Table 3.
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Table 3. BC-based biomaterials fabricated and applied for wound-healing applications.

Type of Structure Fabrication Method Bioactive
Substance The Test Model Significant Findings Ref.

BC/Gel
Nanofibers

Portable, point of need
electrospinning set up

GB
Met

L929
fibroblast

Adult male and
female Sprague-

Dawley rats

The BC/Gel/GB group induced a
stronger wound-healing role compared

to the BC/Gel/Met group
The highest decrease of TNF-α level

induced by BC/Gel/GB

[141]

BC/keratin/TG
Nanofibers

Electrospinning
Nonionic triblock

copolymers conjugation
NA L929 fibroblast

The hydrogel particles were uniformly
embedded into fibrous network
nanofibers with improved the

hydrophilicity (~23%), module of
elasticity (~31%), tensile strength

(~35%), and ductility (~23%)

[142]

BC/PCL
Nanofibers

Portable, point of need
electrospinning set up NA Saos-2 cell

Good biocompatibility with ability to
control the proliferation by adjusting the

ratio of polymers
[143]

BC/BC-Vac
Nanofibers

Bacterial synthesis by
Gluconacetobacter xylinum Vaccarin L929 fibroblast

ICR male mice
Proper biocompatibility

Enhanced wound-healing [144]

BC/Ag NPs
Nanofibers In situ Ag NPs formation Ag NPs

S. aureus
P. aeruginosa

E. coli
Westar fetal rats

Anti-bacterial and biocompatible
wound-dressing

Enhanced wound-healing with the
lowest inflammation

[125]

BC/Ag NPs
Nanofibers

TEMPO-mediated
oxidation of BC Ag NPs NA Narrow size NPs properly dispersed

with high density on nanofibers [145]

BC/Ag NPs
Nanofibers Nanofiber-pH adjusting Ag NPs E. coli

B. subtilis Strong anti-microbial activity [127]
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Table 3. Cont.

Type of Structure Fabrication Method Bioactive
Substance The Test Model Significant Findings Ref.

BC/Zein
Nanofibers

Bacterial biosynthesis
and immersion in

colloidal suspensions
SMN S. aureus

E. coli
Significant antioxidant and

antibacterial activities [146]

BC/chitosan
Nanofibers

Coaxial and simultaneous
electrospinning NA E. coli Coaxial system produced desired

nanofibrous mat with
antibacterial activites

[147]

BC/PAA
Hydrogel EDC/NHS crosslinking Amoxicillin NA pH-responsive wound-dressing with

proper mechanical properties [148]

BC/lignin
Hydrogel

Hydrogel-mixing and
air-drying Lignin

S. typhimurium
P. aeruginosa

L. monocytogenes
S. aureus

Successful in vitro gradual release of
lignin as a strong

antibacterial substance
[140]

BC/hyaluronan
Hydrogel

Solution impregnation
method NA

Primary human
fibroblasts

Female Wistar rats

Water uptake capability, breathable
structure, cell biocompatibility, and
optimized in vivo wound-healing at

0.1% hyaluronan

[139]

BC/P (3HB/4HB)
Hydrogel - Actovegin Adipose-derived MSCs

Female Wistar rats Significant accelerated wound-healing [149]

Oxidized and
aminated BC

Hydrogel

Hydrogel-TEMPO-
catalyzed
oxidation

NA NA
Superior colloidal stability and

pH-dependent
water-retention property

[150]

Semi-IPN
BC/chitosan

Hydrogel

Hydrogel-slurry blending
and chemical crosslinking

S. aureus
E. coli

High mechanical properties and
BC/chitosan ratio-dependent

antibacterial properties
[138]

BC/chitosan
Hydrogel DNS method N.A S. aureus

E. coli

Good mechanical properties
in wet state,

High moisture-keeping properties
under lysozyme action

Strong antibacterial activities

[151]

BC/PAA
Hydrogel Hydrogel-freeze-drying NA

Epidermal
keratinocytes

Dermal fibroblasts
Male athymic mice

Excellent cell attachment, maintained
cell viability with limited migration,
and allowed cell transfer accelerated

wound-healing

[137]

BC/dextran
Hydrogel Hydrogel-freeze-drying

NIH/3T3 mouse
fibroblasts

C57BL/6 mice

Enhanced cell proliferation, no
cytotoxicity, and accelerated in vivo

wound-healing
[134]

Abbreviations: BC: Bacterial cellulose, Gel: Gelatin, Met: Metformin, GB: Glybenclamide, TG: Tragacanth gum, PCL: Poly(caprolactone),
BC-Vac: bacterial cellulose-vaccarin, TEMPO: 2,2,6,6-Tetramethylpiperidine-1-oxy radical, PAA: Poly(acrylic acid), EDC: N-
(3-Dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride, NHS: N-hydroxysuccinimide, SMN: Silymarin, [P (3HB/4HB)]:
3-Hydroxybutyric and 4-hydroxybutyric acids, Semi-IPN: Semi-interpenetrating network.

8. Conclusions and Future Prospective

Wound healing is a complicated, multi-step, and dynamic process with several in-
volved cells, biochemical molecules, and signaling pathways. Moreover, various endoge-
nous and exogenous interfering factors affect the process, such as acute inflammatory
responses, pathogenic contaminations, wound bed dryness, exudates, and oxygen per-
meability. The passive wound-healing/dressing biomaterials solely act as the physical
structures, which prevent bacterial invasion and modulate the wound bed’s moisture at
the optimum situation. Many types of wounds, including an infected wound, diabetic
ulcers, and burn wounds, required physical care and biological interventions, which are not
accessible with the passive wound-healing/dressing biomaterials. Accordingly, bioactive
interacting wound-healing/dressing biomaterials with different biological activities, such
as antibacterial, antioxidant, and proliferative properties, are highly encouraged to improve
and accelerate the wound-healing process.

Cellulose-based biomaterials are attractive for wound-healing/care applications due
to their diversity, tunable physical, chemical, mechanical, and biological performances, ac-
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cessibility, low cost, and biocompatibility. Moreover, cellulose can be obtained from various
bacteria, tunicates, and plants. Cellulose-based biocompounds are fascinating for wound-
healing/dressing materials because of their processability to multiple structures, such as
nano/microfibers, hydrogels, films, and colloids. Their hydrophilic nature has been applied
to modulate the performance of different natural and synthetic wound-healing/dressing
materials. Various bioactive molecules such as antibiotics, vitamins, growth factors, pep-
tides, and natural substances have been delivered to the wound site using cellulose-based
structures. The biodegradation of cellulose-based biomaterials in the human body is chal-
lenging, which is not a big deal for wound-healing/dressing applications. They are easily
removed from the wound bed after inducing the intended effect.

The application of toxic crosslinking agents (e.g., GA) is a concerning issue for fab-
ricating biocompatible cellulose-based hydrogels. Accordingly, the development of safe,
efficient, and biocompatible crosslinking approaches is necessary for the production of
hydrogel-based biomaterials with appropriate physicochemical and biological features. The
combination of the cell therapy concept with cellulose-based wound-healing biomaterials
as the cell-laden structures is promising to accelerate the healing process in chronic wounds.
The authors believe that the combination of wound-healing and stem cell therapy may result
in more efficient clinical outcomes. In this review, we discussed the studies conducted on
cellulose-based biomaterials as the wound-healing material and highlighted their outcomes
and drawbacks beneficial for the future direction of wound-care/healing approaches.
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Needleless electrospun carboxymethyl cellulose/polyethylene oxide mats with medicinal plant extracts for advanced wound
care applications. Cellulose 2020, 27, 4487–4580. [CrossRef]

http://doi.org/10.1016/j.ijbiomac.2020.07.316
http://www.ncbi.nlm.nih.gov/pubmed/32771511
http://doi.org/10.1002/pat.4547
http://doi.org/10.1016/j.polymertesting.2018.12.015
http://doi.org/10.1080/21691401.2018.1439842
http://www.ncbi.nlm.nih.gov/pubmed/29458271
http://doi.org/10.1016/j.carbpol.2010.04.026
http://doi.org/10.1016/j.carbpol.2013.06.067
http://www.ncbi.nlm.nih.gov/pubmed/23987424
http://doi.org/10.1016/j.carbpol.2016.05.088
http://doi.org/10.1016/j.ijbiomac.2017.10.071
http://doi.org/10.1016/j.colsurfb.2012.07.025
http://doi.org/10.1002/masy.201800115
http://doi.org/10.1080/15583724.2019.1579226
http://doi.org/10.1080/09205063.2019.1595892
http://www.ncbi.nlm.nih.gov/pubmed/30896336
http://doi.org/10.1111/j.1742-481X.2010.00669.x
http://doi.org/10.1016/j.msec.2016.12.097
http://doi.org/10.1016/S0142-9612(02)00414-3
http://doi.org/10.1016/j.ijbiomac.2017.08.124
http://www.ncbi.nlm.nih.gov/pubmed/28851645
http://doi.org/10.1016/j.ijbiomac.2015.12.076
http://doi.org/10.1016/j.carbpol.2018.08.065
http://doi.org/10.1016/j.carbpol.2014.05.056
http://www.ncbi.nlm.nih.gov/pubmed/25129713
http://doi.org/10.1002/masy.200900028
http://doi.org/10.1016/j.actbio.2013.03.033
http://www.ncbi.nlm.nih.gov/pubmed/23542233
http://doi.org/10.1016/j.carbpol.2016.04.084
http://doi.org/10.1007/s12272-010-0715-2
http://doi.org/10.1007/s10570-020-03079-9


Appl. Sci. 2021, 11, 7769 21 of 23

88. Alipour, R.; Khorshidi, A.; Shojaei, A.F.; Mashayekhi, F.; Moghaddam, M.J.M. Silver Sulfadiazine-loaded PVA/CMC Nanofibers
for the Treatment of Wounds Caused by Excision. Fibers Polym. 2019, 20, 2461–2469. [CrossRef]

89. Almasian, A.; Najafi, F.; Eftekhari, M.; Ardekani, M.R.S.; Sharifzadeh, M.; Khanavi, M. Polyurethane/carboxymethylcellulose
nanofibers containing Malva sylvestris extract for healing diabetic wounds: Preparation, characterization, in vitro and in vivo
studies. Mater. Sci. Eng. C 2020, 14, 111039. [CrossRef] [PubMed]

90. Nada, A.A.; Ali, E.A.; Soliman, A.A.; Shen, J.; Abou-Zeid, N.Y.; Hudson, S.M. Multi-layer dressing made of laminated electrospun
nanowebs and cellulose-based adhesive for comprehensive wound care. Int. J. Biol. Macromol. 2020, 162, 629–644. [CrossRef]

91. Shi, D.; Wang, F.; Lan, T.; Zhang, Y.; Shao, Z. Convenient fabrication of carboxymethyl cellulose electrospun nanofibers
functionalized with silver nanoparticles. Cellulose 2016, 23, 1899–1909. [CrossRef]
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lulose film wound dressings with ibuprofen for alleviating wound pain. Biomed Res. Int. 2015, 2015, 1–11. [CrossRef]

102. Li, D.; Ye, Y.; Li, D.; Li, X.; Mu, C. Biological properties of dialdehyde carboxymethyl cellulose crosslinked gelatin–PEG composite
hydrogel fibers for wound dressings. Carbohydr. Polym. 2016, 137, 508–514. [CrossRef]

103. Das, A.; Kumar, A.; Patil, N.B.; Viswanathan, C.; Ghosh, D. Preparation and characterization of silver nanoparticle loaded
amorphous hydrogel of carboxymethylcellulose for infected wounds. Carbohydr. Polym. 2015, 130, 254–261. [CrossRef]

104. Kawasaki, T.; Nakaji-Hirabayashi, T.; Masuyama, K.; Fujita, S.; Kitano, H. Complex film of chitosan and carboxymethyl cellulose
nanofibers. Colloids Surf. B Biointerfaces 2016, 139, 95–99. [CrossRef]

105. Esmaeili, A.; Haseli, M. Electrospinning of thermoplastic carboxymethyl cellulose/poly(ethylene oxide) nanofibers for use in
drug-release systems. Mater. Sci. Eng. C 2017, 77, 1117–1127. [CrossRef]

106. Teixeira, M.A.; Paiva, M.C.; Amorim, M.T.P. Electrospun Nanocomposites Containing Cellulose and Its Derivatives Modified
with Specialized Biomolecules for an Enhanced Wound Healing. Nanomaterials 2020, 10, 557. [CrossRef] [PubMed]

107. Liu, M.; Duan, X.-P.; Li, Y.-M.; Yang, D.-P.; Long, Y.-Z. Electrospun nanofibers for wound healing. Mater. Sci. Eng. C 2017, 76,
1413–1423. [CrossRef] [PubMed]

108. Farbodi, M.; Khoshkbar Sadeghi, A.R. Preparation of Carboxymethyl Cellulose/Calcium Alginate/Polyvinyl Alcohol/Silver
Nanocomposite by Electrospinning Method and Its Performance as Wound Dressing. Modares J. Biotechnol. 2018, 9, 593–601.

109. Hebeish, A.; Sharaf, S. Novel nanocomposite hydrogel for wound dressing and other medical applications. RSC Adv. 2015, 5,
103036–103046. [CrossRef]

110. Agarwal, R.; Alam, M.S.; Gupta, B. Polyvinyl alcohol-polyethylene oxide-carboxymethyl cellulose membranes for drug delivery.
J. Appl. Polym. Sci. 2013, 129, 3728–3736. [CrossRef]

111. Agarwal, R.; Sarwar Alam, M.; Gupta, B. Preparation of curcumin loaded poly(Vinyl Alcohol)-poly(Ethylene Oxide)-
carboxymethyl cellulose membranes for wound care application. J. Biomater. Tissue Eng. 2013, 3, 273–283. [CrossRef]

112. Salama, A.; El-Sakhawy, M.; Kamel, S. Carboxymethyl cellulose based hybrid material for sustained release of protein drugs. Int.
J. Biol. Macromol. 2016, 93, 1647–1652. [CrossRef] [PubMed]

113. Huang, Y.; Zhu, C.; Yang, J.; Nie, Y.; Chen, C.; Sun, D. Recent advances in bacterial cellulose. Cellulose 2014, 21, 1–30. [CrossRef]
114. Picheth, G.F.; Pirich, C.L.; Sierakowski, M.R.; Woehl, M.A.; Sakakibara, C.N.; de Souza, C.F.; Martin, A.A.; da Silva, R.; de Freitas,

R.A. Bacterial cellulose in biomedical applications: A review. Int. J. Biol. Macromol. 2017, 104, 97–106. [CrossRef]

http://doi.org/10.1007/s12221-019-9314-0
http://doi.org/10.1016/j.msec.2020.111039
http://www.ncbi.nlm.nih.gov/pubmed/32994005
http://doi.org/10.1016/j.ijbiomac.2020.06.184
http://doi.org/10.1007/s10570-016-0918-x
http://doi.org/10.1007/s10971-015-3888-9
http://doi.org/10.1002/mame.201600002
http://doi.org/10.1016/j.carbpol.2017.06.037
http://www.ncbi.nlm.nih.gov/pubmed/28732909
http://doi.org/10.1016/j.jiec.2018.10.022
http://doi.org/10.1177/155892501801300302
http://doi.org/10.1021/acsabm.8b00369
http://doi.org/10.1002/pen.24500
http://doi.org/10.1002/app.44590
http://doi.org/10.3390/polym9070248
http://www.ncbi.nlm.nih.gov/pubmed/30970925
http://doi.org/10.1155/2015/892671
http://doi.org/10.1016/j.carbpol.2015.11.024
http://doi.org/10.1016/j.carbpol.2015.03.082
http://doi.org/10.1016/j.colsurfb.2015.11.056
http://doi.org/10.1016/j.msec.2017.03.252
http://doi.org/10.3390/nano10030557
http://www.ncbi.nlm.nih.gov/pubmed/32204521
http://doi.org/10.1016/j.msec.2017.03.034
http://www.ncbi.nlm.nih.gov/pubmed/28482508
http://doi.org/10.1039/C5RA07076G
http://doi.org/10.1002/app.39144
http://doi.org/10.1166/jbt.2013.1092
http://doi.org/10.1016/j.ijbiomac.2016.04.029
http://www.ncbi.nlm.nih.gov/pubmed/27086298
http://doi.org/10.1007/s10570-013-0088-z
http://doi.org/10.1016/j.ijbiomac.2017.05.171


Appl. Sci. 2021, 11, 7769 22 of 23

115. Sulaeva, I.; Henniges, U.; Rosenau, T.; Potthast, A. Bacterial cellulose as a material for wound treatment: Properties and
modifications: A review. Biotechnol. Adv. 2015, 33, 1547–1571. [CrossRef] [PubMed]

116. Fu, L.; Zhang, J.; Yang, G. Present status and applications of bacterial cellulose-based materials for skin tissue repair. Carbohydr.
Polym. 2013, 92, 1432–1442. [CrossRef] [PubMed]

117. Czaja, W.; Krystynowicz, A.; Bielecki, S.; Brown, R.M. Microbial cellulose–The natural power to heal wounds. Biomaterials 2006,
27, 145–151. [CrossRef] [PubMed]

118. Helenius, G.; Bäckdahl, H.; Bodin, A.; Nannmark, U.; Gatenholm, P.; Risberg, B. In vivo biocompatibility of bacterial cellulose.
J. Biomed. Mater. Res. A 2006, 76, 431–438. [CrossRef] [PubMed]

119. Dahman, Y. Nanostructured biomaterials and biocomposites from bacterial cellulose nanofibers. J. Nanosci. Nanotechnol. 2009, 9,
5105–5122. [CrossRef]

120. Kucińska-Lipka, J.; Gubanska, I.; Janik, H. Bacterial cellulose in the field of wound healing and regenerative medicine of skin:
Recent trends and future prospectives. Polym. Bull. 2015, 72, 2399–2419. [CrossRef]

121. Abeer, M.M.; Mohd Amin, M.C.I.; Martin, C. A review of bacterial cellulose-based drug delivery systems: Their biochemistry,
current approaches and future prospects. J. Pharm. Pharmacol. 2014, 66, 1047–1061. [CrossRef] [PubMed]

122. Eslahi, N.; Mahmoodi, A.; Mahmoudi, N.; Zandi, N.; Simchi, A. Processing and properties of nanofibrous bacterial cellulose-
containing polymer composites: A review of recent advances for biomedical applications. Polym. Rev. 2020, 60, 144–170.
[CrossRef]
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