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Abstract

Bacterial cellulose (BC) has gained significant attention as a base material for wound dressings
due to its superior physical properties, biocompatibility, and non-toxicity. However, to produce
wound dressings that actively facilitate wound healing, BC modification is essential. To provide a
comprehensive analysis of the potential research developments and the trends in bacterial
cellulose-based wound dressings (BCWD), this review focuses on the BCWD research conducted
in the last decade. The review highlights the optimization of BC usage as a base material for active
wound dressing, including the incorporation of miscellaneous materials and the enhancement of
BC properties such as ultra-transparency, anti-leakage, stretchability/flexibility, adhesiveness,
conductivity, injectability, pattern, and pH-sensor ability.

Keywords: Bacterial Cellulose; Wound Dressing; Additional Material

1. INTRODUCTION

The skin provides an effective physical barrier and non-specific defense. Being in direct contact
with the external environment, it is one of the most vulnerable organs to injuries and traumas, such
as mechanical injuries, burns, radiation, and pathological ulcers (Shpichka et al., 2019; Zhou et
al., 2022). People have been using passive wound dressings as wound healing treatments for

millennia. These dressings primarily aim to shield the wound from common pathogenic microbes
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like Staphylococcus aureus, Candida albicans, or Pseudomonas aeruginosa, but they often fall
short in promoting the healing process (Negut et al., 2018). Specific treatment is necessary for
various chronic wound types, including full-thickness wounds, and injuries with a depth of more
than 4 cm, which do not heal even with the support of antibacterial dressings (Zhou et al., 2022).
Additionally, burn wounds that produce more exudate require more than just antibacterial
dressings. These wounds require wound dressings that are capable of providing a soothing effect
and absorbing exudate (Granick et al., 2014). Therefore, continuous efforts are underway to
provide wound dressings that optimally support the wound healing process.

Bacterial cellulose (BC) is produced by Komagataeibacter xylinus and it has gained a lot of
attention as a potential biomaterial for wound dressing provision. It has a very fine three-
dimensional structure, excellent gas permeability, high wet strength, high water content, suitable
biocompatibility, and absorption capacity; all of these properties make BC a viable material that
is suitable for optimization for use as a wound dressing (Mardawati et al., 2023; Portela et al.,
2019). The nanofiber network structure of BC is advantageous since has good water absorption
greatly helps to remove exudate, and a satisfactory moisture transmission rate can maintain an
optimum moist micro-environment, conducive to granulation growth (Zywicka et al., 2018). The
dressing removal process of BC based wound dressings (BCWD) is easy, painless, and does not
damage the wound tissue (Dydak et al., 2021; Zhou et al., 2022). However, pure BC does not have
any inherent antimicrobial properties, thus neat BC cannot be used to treat chronic non-healing
wounds (Zhou et al., 2022). This review discusses this adjuvant material and healing agents that
have been used with BCWD, and it also identifies research gaps that could be the focus of future

research projects.

2. WOUND DRESSING

2.1. History of wound dressing

Wound care has been recorded as a widely utilized procedure since 2500 B.C. (Forrest, 1982). In
ancient Mesopotamia, wound management techniques involved first cleaning the wound site with
water or milk and then applying clay tablets filled with honey or resin. During 1600 B.C., patients
were treated using wound dressings made of linen strips soaked in oil or fat and firmly attached to
a plaster (Daunton et al., 2012). Between 460-370 B.C., in ancient Greece, the act of bandaging
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became widespread. In addition, sterilized wool was sometimes used as an extra precaution after
being treated with hot water or wine (Dhivya et al., 2015). In 1891, gauze and cotton swabs were
employed as absorbent materials for the control of wound exudate. Prior to the mid-1900s, there
was a prevailing belief that wounds that were dry and open would heal faster than ones that were
closed. Dry wounds impede the activity of proteinase, chemotactic factors, and growth factors,
which ultimately leads to a prolonged healing process for the wound (Dhivya et al., 2015; Tan &
Dosan, 2019). During the mid-1980s, advanced wound dressings capable of absorbing wound fluid
and maintaining wound moisture were introduced. The dressings were formulated using
polyurethane foams, hydrocolloids, and gels that contained iodine. During the mid-1990s, there
was an increase in the availability of wound dressings, with the development of several types such
as alginates, silver/collagen, silicone mesh, hydrogel, hydrocolloids, synthetic foams, adhesive
films, and tissue adhesives. In the late 20th century, the manufacturing of occlusive wound
dressings that could safeguard and create a moist environment for wounds commenced (Dhivya et
al., 2015). One particular dressing, BC, was initially employed in the early 1980s. BC dressing has
been found to outperform standard dressings in terms of pain relief and speeding up the healing
process (Ahmed et al., 2020; Islam et al., 2021).

2.2. Passive to active wound dressing

Wound dressings can be categorized as passive and active or ideal dressings. Wound dressings are
classified as passive if they only function as a protective barrier and wound barrier from external
environmental contaminants without facilitating the wound healing process. On the other hand,
active wound dressings can facilitate the wound healing process properly. Traditional dressings,
such as gauze and cotton, which are widely used for wound healing are classified as passive wound
dressings. Typically dry, these dressings can adhere to the wound surface, which may result in
discomfort and additional trauma during the dressing-changing process (Sarabahi, 2012). In
general, wound dressing materials are classified as active or ideal based on their ability to, a) cover
the wound, in order to minimize the possibility of direct interaction with the external environment
that can create the risk of new trauma and protect the wound from contaminants; b) absorb wound
exudate, the ideal dressing should remove excessive exudate to avoid tissue maceration; ¢) provide
or maintain a humid environment; d) maintain appropriate tissue temperature to increase blood

flow to the wound bed and promote epidermal migration; e) allows gas exchange between injured
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tissue and the environment; f) antibacterial, enhances therapeutic action through antimicrobial,
antifungal, and antiseptic activities; g) does not adhere to the wound surface and is easily removed
after healing; h) contain drugs or active compounds that play a role in accelerating the wound
healing process, bioactive compounds that can be delivered, such as essential oils, antibiotics, and
natural antioxidants, stimulate the interaction of the dressing with the wound microenvironment
and i) must be sterile, non-allergenic and non-toxic (Ciecholewska-Jusko et al., 2022; Das et al.,
2022; de Amorim et al., 2022; Deng et al., 2022; Ebadati et al., 2022; Kotcharat et al., 2022; Z.
Yang et al., 2022; S. Zhang et al., 2022; Zhou et al., 2022). Ongoing research is focused on
developing an ideal wound dressing, not only to accelerate the wound healing process but also to
ensure that patients can carry out normal activities during this time. The properties of the promoted
pads include stretchability/flexibility, injectability, adhesion, patterns, ultra-transparency, and pH
sensing. Further discussion of these characteristics is provided in detail in the challenge and
outlook section of this article, as the literature study conducted over the last 10 years on BC-based
research for this purpose remains limited. This presents an opportunity for the development of

BCWD research and for new research to emerge that can fill this gap.

3. BACTERIAL CELLULOSE BASED WOUND DRESSING (BCWD)

BC consists of a three-dimensional network of nano-sized fibers with a diameter of 40-60 nm and
a high surface area of 100-200 m?/g. BC has emerged as a highly promising material for wound
dressing due to its exceptional properties and proven effectiveness. BC exhibits remarkable
mechanical properties even in a never-drying condition, which ensures its stability and durability
when applied to wounds. Studies have demonstrated that BC possesses high tensile strength and
flexibility, allowing it to conform to various wound shapes and contours without compromising
its structural integrity (Gallegos et al., 2016). Furthermore, BC exhibits high purity, as it is
produced through the controlled fermentation process of specific bacteria strains. This ensures that
BC dressings are free from impurities and contaminants that could hinder wound healing or cause
adverse reactions (Ul-Islam et al., 2015). BC also exhibits high polymerization, indicating a dense
and interconnected structure (Gea et al., 2018, 2022; Gea, Marpongahtun, et al., 2023) . This
feature contributes to its ability to retain moisture, which is crucial for creating an optimal wound
healing environment. The high water content of BC dressings helps maintain a moist wound

environment, which has been shown to promote faster and more effective healing (Orlando & Roy,
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2019). Moreover, BC demonstrates high crystallinity, resulting in a dense and highly organized
structure. This characteristic enhances its mechanical strength, providing stability and protection
to the wound site (C. Chen et al., 2022). Multiple studies have explored the efficacy of BC
dressings in promoting wound healing (Gea, Putra, et al., 2023; Hasibuan et al., 2021; Pasaribu et
al., 2020, 2023). Clinical trials have reported positive outcomes, including accelerated wound
closure, reduced infection rates, and improved overall healing outcomes (Petersen & Gatenholm,
2011). The unique properties of BC contribute to its effectiveness as a wound dressing material,

making it a valuable option in modern wound management.

BC based biomaterials possess not only negligible biocompatibility, but also adjustable chemical,
physical, and mechanical properties. Various types of wound dressings have been developed from
cellulose-based biomaterials and they show promising results. Bacterial cellulose-based hydrogels
are an attractive material for wound dressing applications because of their high water absorption
capacity and their water retention can support wound cleansing and exudate absorption process.
These hydrogels also possess the ability to maintain wound proper-moisture balance, which is
beneficial to facilitate a warm wound climate, to facilitate the optimal wound healing process
(Mohamad et al., 2014; Walker et al., 2003). Furthermore, the flexible BC hydrogel can conform
easily to the contours of the wound and maximize surface contact, forming a tight barrier between
the wound and the environment. This makes BC fibers an effective barrier against contaminants,
while the 3D network of nanofibers and BC porosity can facilitate cellular respiration (Ahmed et
al., 2020). In addition, the BC nanofibers have a similar structure to collagen nanofibers in the
extracellular matrix (ECM), making them an ideal material for facilitating tissue growth (Ahmed
et al., 2020; Deng et al., 2022). Its suitability as a wound dressing, especially for burns and ulcers,
has been demonstrated in several studies (Horue et al., 2023; Moradpoor et al., 2022; Sulaeva et
al., 2020). Some commercially available BC based-wound dressings for topical application which
are available in the market are Dermafill™, Bionext®, Bioprocess®, and XCell® (Osorio et al.,
2017). However, BC itself does not have antimicrobial activity and this limitation can be overcome
by developing a hybrid material, combining BC with other materials which possess antimicrobial
and anti-inflammatory properties. The unique structural properties of BC make its fiber is very
supportive impregnation template for additional materials that can strengthen the BC properties as

a wound dressing, as illustrated in Figure 1. (Gupta et al., 2019, 2020). Materials that have been
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4. SUPPORTING MATERIALS IN BCWD

As shown in Figure 2, different types of antimicrobial and healing agents are often added to make
BC-based wound dressing (BCWD). These include carbon, metal or salt metal nanoparticles, and
natural organic compounds from plants like curcumin, chitosan, amino acids, or alkalis. Also
included are synthetic components, antiseptics, or antibiotic materials. The application of wound
dressings with anti-microbial properties significantly accelerated wound closure by eradicating
biofilms that hindered the healing process. Table 1 displays the detailed properties of various BC-
based wound dressings enriched with other materials, and this section will discuss the properties

of some of the added materials.
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BACTERIAL CELLULOSE
BASED WOUND DRESSING
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Figure 2. Supporting material that was used in BCWD research article in 10 years.
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4.1. Synthetic component

4.1.1. Polyvinyl alcohol

The utilization of polyvinyl alcohol (PVA), bacterial cellulose (BC), and their composites in
various biomedical applications has garnered significant attention. These applications include the
development of scaffolds for tissue engineering, articular cartilage, heart valves, and artificial
corneas (Busuioc et al., 2023; Millon & Wan, 2006; Wahid et al., 2020). One prominent area where
PVA/BC composites have shown great potential is in wound management. In vitro studies have
demonstrated that PVA/BC composite dressings exhibit excellent antimicrobial properties,
promoting wound healing and preventing infections (Song et al., 2021). Moreover, in vivo, studies
utilizing animal models have revealed that PVA/BC composite dressings exhibit enhanced wound
closure rates, reduced inflammation, and improved tissue regeneration compared to neat PVA or
BC alone (Avcioglu, 2022). These findings highlight the potential of PVA/BC composites as
advanced wound dressings for clinical applications. However, despite the promising results, there
are still some weaknesses and areas for future improvement. One limitation is the need for further
optimization of the composite fabrication process, including the selection of suitable crosslinking
methods and techniques to enhance mechanical properties and stability (Yi et al., 2023)
Additionally, long-term studies assessing the biodegradability and biocompatibility of PVA/BC
composites in the context of wound healing are necessary to ensure their safety and efficacy. Future
work should focus on conducting more comprehensive in vivo studies, including larger animal
models and clinical trials, to validate the effectiveness of PVA/BC composites in real-world wound
management scenarios. Moreover, investigating the release Kkinetics of bioactive agents
incorporated into the composite matrix could offer opportunities for controlled drug delivery,
enhancing the therapeutic properties of PVA/BC composite dressings (Busuioc et al., 2023).
Furthermore, exploring the potential of PVA/BC composites for other biomedical applications
beyond wound management, such as tissue engineering scaffolds or drug delivery systems, holds
great promise and warrants further investigation. In summary, PVA/BC composites demonstrate
immense potential for wound management applications. Previous studies have shown their
efficacy in promoting wound healing and preventing infections. However, further optimization,
long-term biocompatibility assessment, and larger-scale studies are necessary to advance the
understanding and utilization of PVA/BC composites in wound management and other biomedical

applications.



220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

4.1.2. Polycaprolactone

Polycaprolactone (PCL) is a biocompatible and biodegradable synthetic polyester known for its
mechanical strength and versatility. It has found applications as a ceramics substitute material in
biomedicine (Kim et al., 2022; Siddiqui et al., 2021; X. Yang et al., 2021). However, the use of
PCL in wound management is limited by challenges such as poor cell adhesion and the use of
volatile solvents during preparation (X. Yang et al., 2021; S. Zhang et al., 2019). To address these
limitations, researchers have explored the use of PCL/bacterial cellulose (BC) composites for
wound management. BC, with its high water-holding capacity and biocompatibility, serves as an
ideal matrix for incorporating PCL to create flexible wound dressings (Aydogdu et al., 2018;
Kotcharat et al., 2021). The combination of PCL and BC in the composite harnesses the mechanical
strength of PCL and the beneficial characteristics of BC, making it a promising material for wound
management applications. Previous studies have investigated the potential of PCL/BC composites
for wound healing. In vitro studies have demonstrated enhanced cell adhesion and proliferation on
PCL/BC composite scaffolds, indicating their ability to support tissue regeneration (Aydogdu et
al., 2018). In vivo studies utilizing animal models have shown improved wound closure rates,
reduced inflammation, and enhanced tissue regeneration when compared to neat PCL or BC alone
(Mohaghegh et al., 2023). These findings highlight the potential of PCL/BC composites as
advanced wound dressings for clinical applications. Despite these promising results, there are still
some weaknesses that need to be addressed. One limitation is the need for further optimization of
the composite fabrication process to enhance mechanical properties and stability (Kotcharat et al.,
2021). Additionally, long-term studies are required to assess the biodegradability and long-term
biocompatibility of PCL/BC composites in wound healing scenarios. Future work should focus on
conducting more comprehensive in vivo studies using larger animal models to validate the
effectiveness and safety of PCL/BC composites in real-world wound management. Further
investigation is also needed to understand the release kinetics of bioactive agents incorporated into
the composite matrix for controlled drug delivery purposes, thus enhancing the therapeutic
properties of PCL/BC composite dressings (Das et al., 2022). Moreover, exploring the potential of
PCL/BC composites for other biomedical applications beyond wound management, such as tissue
engineering scaffolds or drug delivery systems, should be pursued. In summary, the use of PCL/BC

composites in wound management shows promise due to their enhanced properties and
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biocompatibility. Previous studies have demonstrated their potential for promoting wound healing
and tissue regeneration. However, further optimization, long-term biocompatibility evaluation,
and larger-scale studies are necessary to advance the understanding and utilization of PCL/BC

composites in wound management and other biomedical applications.

4.2.Natural component

4.2.1. Chitosan

Chitosan, a linear cationic polysaccharide derived from chitin found in crustacean exoskeletons,
possesses inherent biocompatibility, biodegradability, and hemostatic properties (Kumari et al.,
2017; Matica et al., 2019; Mozalewska et al., 2017). It also exhibits antimicrobial, antioxidant, and
wound healing attributes, making it a prime candidate for wound dressing applications (Behera et
al., 2017; S. H. Chen et al., 2013; Matica et al., 2019). Clinical studies have confirmed the efficacy
of chitosan in accelerating wound healing compared to dressings devoid of chitosan (Koehler et
al., 2018). This wound healing potential is attributed to chitosan's ability to promote cell
proliferation, collagen synthesis, and hyaluronic acid formation (Koehler et al., 2018). Chitosan
can be processed into various forms, including membranes, sponges, scaffolds, and hydrogels.
Among these, hydrogels are particularly advantageous due to their ability to protect the wound,
interact with the wound bed, facilitate wound contraction, and maintain an optimal moist healing
environment (T. Wang et al., 2012). However, a limitation of chitosan is its susceptibility to
deformation under stress (S. H. Chen et al., 2013). To address this, researchers have explored
combining chitosan with other polymers to enhance its mechanical properties. In this context,
bacterial nanocellulose (BC) has emerged as a promising candidate. The hydroxyl groups on the
BC surface can be readily oxidized into aldehyde groups, enabling covalent crosslinking with
chitosan. This crosslinking not only improves the mechanical strength of the resulting hydrogel
but also creates a structure that closely mimics the extracellular matrix, promoting cell viability
and cell proliferation (Deng et al., 2022). Furthermore, integrating BC with chitosan in hydrogel
formulations introduces additional benefits, such as improved moisture management and
breathability, which are crucial for maintaining an optimal moist wound healing environment
(Stanescu et al., 2021). This composite material demonstrates the potential for various
applications, including self-healing wound dressings and transdermal patches capable of

controlled drug delivery (Khamrai et al., 2017).
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4.2.2. Starch

Starch, a readily available natural polysaccharide composed primarily of amylose and
amylopectin, offers promising applications for wound dressings material due to its affordability,
biocompatibility, and biodegradability (T. Jiang et al., 2020; Pal et al., 2006). However, its high
water affinity and weak mechanical strength limit its effectiveness (T. Jiang et al., 2020). These
shortcomings can be overcome by combining starch with other polymers to create composite
hydrogels or chemically modifying them (T. Jiang et al., 2020; Pal et al., 2006) (Naseri-Nosar &
Ziora, 2018). Oxidized starch and hydroxyethyl starch are examples of such modifications used in
wound dressing production (Hadisi et al., 2018; Kamoun, 2016) (Lee et al., 2012). Previous studies
have shown that incorporating starch and collagen into BC yields wound dressings with desirable
properties, including good moisture content, tensile strength (TS), and water solubility (WS). The
increased WS is likely attributed to the abundance of hydroxyl groups in the polar polymeric
matrices, promoting the formation of soluble materials that enhance biodegradability.
Additionally, these studies demonstrated that the transparency of the resulting wound dressings
allows for continuous wound monitoring without disturbing the injured area, potentially reducing

the risk of secondary infections, particularly in dermal lesions (Nunes et al., 2021).

4.2.3. Alginate

Alginate, a naturally occurring polysaccharide derived from marine brown algae and certain
bacteria, has garnered significant attention in biomedicine, particularly in the field of wound
management, owing to its hydrophilic, biocompatible, and non-toxic properties (Catanzano et al.,
2015; Kondaveeti et al., 2018; Malagurski et al., 2018; Rezvanian et al., 2017). Alginate's ability
to promote cell migration, angiogenesis, and collagen I production has led to its incorporation into
commercially available hydrogel dressings, such as Purilon® Gel and Nu-GelTM Hydrogel
(Koehler et al., 2018). In the context of wound dressings, BC has emerged as a promising material
due to its unique properties. However, BC's relatively short drying time presents a challenge in its
application (Sulaeva et al., 2020). To address this limitation, composite fabrication with alginate
has been explored as a potential solution. The incorporation of alginate into the BC matrix has
been shown to enhance water absorption capacity, thereby extending the dressing's functional

lifespan and potentially reducing the frequency of dressing changes required (Chiaoprakobkij et

12
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al., 2011; Sulaeva et al., 2020). Furthermore, this composite structure has demonstrated the
capacity to accommodate the incorporation of additional components, such as antimicrobial
agents. Previous research has indicated that the modification of BC with alginate represents a
promising avenue for the large-scale production of novel wound dressing materials with optimized
properties. This approach not only addresses the drying time limitation of BC but also opens up
possibilities for the development of multifunctional dressings that can promote wound healing

while simultaneously preventing infection (Sulaeva et al., 2020).

4.3. Metal and Metal salt

Since ancient times, the Greeks, Egyptians, and Romans have used the antimicrobial properties of
various metals and certain salts to clean wounds. Recently, research exploiting the antibacterial
properties of metals has developed in the form of nanoparticles (Pormohammad et al., 2021). Metal
nanoparticles are reported to be more effective at inhibiting the growth of pathogenic bacteria
because of their interaction ability, which can produce lethal reactive oxygen species (ROS) and
disrupt the membrane integrity of bacterial respiration processes (Wahid et al., 2014). BC
composite films reinforced with several metal nanoparticles have been reported to exhibit

antibacterial properties and be biocompatible during in vitro studies (Ullah et al., 2016).

4.3.1. Silver nanoparticles

Silver nanoparticles (AgNPs) are metal nanoparticles that are usually synthesized from the
reduction of silver nitrate (AgNO3) solution with strong reducing agents, such as sodium
borohydride. AgNPs possess high specific surface areas that have demonstrated excellent
cytotoxicity against the development of colonies of fungi, viruses, and Gram-positive (S. aureus)
and Gram-negative (E. coli and P. aeruginosa) bacteria, which are frequently encountered in
infected wounds (Gupta et al., 2016). In wound dressing applications, emerging BC has no
antibacterial activity and is not able to hinder wound infections. AgNPs has used to modify the
antibacterial properties of BC (Moniri et al., 2018). A previous study confirmed that
AgNPs/CUR:HPBCD loaded in BC produce hydrogels with broad-spectrum antimicrobial activity
along with antioxidant properties. These hydrogels demonstrated broad-spectrum antimicrobial
activity along with antioxidant properties (Gupta et al., 2020). Moreover, the AgNPs have a
tendency to aggregate, which leads to the loss of special features related to the nanoscale

13
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dimension. Thus, BC can act as a template for the nucleation and growth of in situ synthesized
nanoparticles in the BC/AgNPs composite (Jalili Tabaii & Emtiazi, 2018; Moniri et al., 2018).

4.3.2. Zinc oxide nanoparticles

Zinc oxide nanoparticles (ZnONPs) are non-toxic, biocompatible, antibacterial, and can accelerate
wound healing (J. Jiang et al., 2018). In BC-based nanocomposites, it was observed that the
nanoparticles managed to penetrate and enter the BC matrix. The wound dressing properties
produced from this composite are very flexible so that they can be applied to wounds on active
body parts or uneven skin surfaces. BC-ZnO nanocomposites are also reported to successfully
inhibit the growth of pathogenic bacteria and accelerate the wound healing process and remarkable

tissue regeneration (Khalid et al., 2017).

4.4.Antibiotics or Drugs

4.4.1. Octenidine dihydrochloride

Octenidine dihydrochloride (OCT) is an antiseptic that is particularly suitable for wound care due
to its antifungal, antibacterial, and partially antiviral properties with a wide pH range (Koburger et
al., 2010). In addition, OCT can clear bacterial biofilms in patients with chronic wounds (Cutting
& Westgate, 2012). Furthermore, OCT did not alter skin cell architecture morphologically or
increase apoptosis when applied to human skin. The application of OCT is also reported to be
successful in minimizing scars on wounds resulting from surgical procedures (Seiser et al., 2021).
BC dressings modified with antimicrobial agents, such as OCT, will provide a prolonged release

and high fluid-holding capacity (Ciecholewska-Jusko et al., 2022).

4.4.2. Gentamicin

Gentamicin, an aminoglycoside antibiotic with established clinical applications in the treatment of
bone and soft tissue infections, has been extensively studied in conjunction with collagen-based
drug delivery systems (Michalska-Sionkowska et al., 2018). Notably, gentamicin works well
against both first- and second-degree bacterial skin and wound infections, especially those caused
by gram-negative strains (Anjum et al., 2018; Lukac et al., 2019). To address the inherent lack of
antibacterial activity in bacterial cellulose (BC), a promising wound dressing material, researchers

have explored the incorporation of antimicrobial agents. Researchers have integrated gentamicin,
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among other antibiotics or antiseptics, into BC matrices to enhance wound closure by eradicating
biofilm. In a previous study, researchers impregnated polycaprolactone (PCL) into BC to fabricate
flexible bacterial cellulose-based PCL membranes (BCP), then functionalized these membranes
with antibiotics to create composite scaffolds for infectious wound healing. These scaffolds
exhibited excellent antimicrobial activity against Escherichia coli and Staphylococcus aureus,
with a release profile characterized by an initial burst release followed by controlled release over
48 hours (Das et al., 2022).

4.5. Carbon

4.5.1. Carbon quantum dots

Carbon Quantum Dots (CQDs), typically smaller than 10 nm, exhibit notable antibacterial activity
against both Gram-positive bacteria (e.g., Staphylococcus aureus) and Gram-negative bacteria
(e.g., Escherichia coli) (Malmir et al., 2020). Additionally, CQDs are recognized for their non-
toxic and biocompatible properties. Within the medical field, CQDs find extensive use in drug
delivery and various therapeutic applications (Singh et al., 2018). In vivo, in vitro, and in ovo
models have demonstrated CQDs' ability to facilitate the healing process. Notably, the utilization
of quantum dots (QDs) in wound healing can expedite tissue reconstruction and wound closure
(Salleh & Fauzi, 2021). Prior research has led to the fabrication of a bacterial cellulose (BC)/CQD-
titanium dioxide (TiO2) composite as an active injectable dressing to accelerate wound healing.
The incorporation of CQD-TiO. nanoparticles (NPs) has been shown to enhance the mechanical
strength and antibacterial properties of BC. These CQD-TiO2 NPs have demonstrated antibacterial
properties, and their integration into the bacterial cellulose matrix presents a promising avenue for

developing advanced wound healing dressing (Malmir et al., 2020).

4.5.2. Graphene quantum dots

Graphene quantum dots (GQDs) are a derivative of the graphene family, and they consist of very
small graphite fragments, less than 10 nm in size. GQDs with different properties can be set up
with different strategies. GQD is reported to have photodynamic characteristics. The combination
of photodynamic agents and antibiotics is a good choice for antibacterial treatment, which can
overcome antibiotic resistance (N. Wang et al., 2020). Compared to graphene oxide (GO), GQD
has been proven to be less hazardous and to be non-toxic. As a result, GQD has received a lot of
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attention in the fields of materials science and biological applications. Significant advances have
been made in the biomedical field, particularly concerning the use of GQDs in cellular imaging,
drug delivery, and biosensors. Therefore, the use of GQDs in wound dressings is highly suitable
for in vivo wound disinfection (H. Sun et al., 2014). Previous study mentioned that introducing
GQDs into the BC matrix conspicuously improved the growth inhibition of Gram-negative and
Gram-positive bacteria (Ebadati et al., 2022).

4.6. Derivative of cellulose

4.6.1. Carboxymethylcellulose

Carboxymethyl cellulose (CMC), a cellulose derivative, is frequently utilized in the
pharmaceutical industry as an emulsifier, stabilizer, lubricant, and viscosity modifier in the
formulation of various medicinal dosage forms (Hebeish et al., 2013). CMC, a semi-natural
polymer, exhibits excellent water absorption and swelling properties. Furthermore, CMC is
physiologically non-toxic and demonstrates compatibility with mucous membranes, bones, and
skin (Cielecka et al., 2019), making it suitable for wound and skin healing applications. A key
advantage of CMC is its ability to form films and blend with other biocompatible, less toxic, and
hydrophilic polymers (Basu et al., 2018). In the fabrication of wound dressings with bacterial
cellulose (BC), CMC has been supplemented into the culture media to modify the structural
properties of BC. This supplementation delays the aggregation of cellulose molecules, resulting in
BC/CMC membranes with flexible properties and high absorption capacity for artificial exudate
(Cielecka et al., 2019).

4.6.2. Hydroxyethylcellulose

Hydroxyethyl cellulose (HEC) is a semi-synthetic polymer, one of the most important
commercially soluble cellulose derivatives. HEC is formed by the etherification of cellulose base
cells with chlorohydrin or ethylene oxide when the hydroxyl group of the cellulose molecule of
the compound is substituted with a hydroxyethyl group (Tudoroiu et al., 2021). Due to its high
biocompatibility with low toxicity and non-immunogenicity, HEC is widely used in many
pharmaceutical, cosmetic, biotechnology, and industrial applications as stabilizers, thickeners, or
coatings (El Fawal et al., 2018). The polysaccharide structure of HEC makes this hydrophilic
biopolymer have the capacity to absorb and hold large amounts of water, or high wound exudates.
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The elastic strength of the structure allows HEC to be able to experience an expansion of the

molecular dimensions without modification of the structural stability in the form of a gel. HEC

also presents adequate biocompatibility, biodegradability, insignificant toxicity, genetics, and

cementing properties (Tudoroiu et al., 2021). Similar to CMC, HEC was incorporated via in situ

BC fabrication in order to modify the crystal size, crystallinity, porosity, and water holding

capacity of the BC in BC/HEC membrane thus optimizing its potential utility as wound dressings

(Cielecka et al., 2019).

Table 1. BCWD compounds and their properties.

Compounds

WD Properties

References

BC/AgNP
DABC/Chitosan

BC/Papain
BCWs/ PHEMA/AgNPs

BC/SPG/ZnONPs

MOBC/Arg

BC/CMC/ e-PL

p-BC/PDMS/PANI

BCM/ZnO

BC/HA

BCa/chitosan/curcumin

BC/SA-AgSD

BC-Au-DAPT

Antimicrobial activity
High self-healing
effectiveness and strong
antibacterial activity
Antimicrobial activity

Excellent antibacterial
activity, great transparency,
and flexible

Antibacterial, biocompatible,
and promotes the fibroblast
cell proliferation

Promoted proliferation,
migration, and expression of
Collagen-1 of fibroblasts and
endothelial cells

Good cytocompatibility and
antimicrobial activities

3-D chronic wound pH sensor
with flexibility properties
Excellent antibacterial
activity

Does not need to add extra
and expensive HA during
production

Antimicrobial and wound
healing capability

Excellent antibacterial
activities and good
biocompatibility

Treating superbug-infected
wounds.
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(Berndt et al., 2013)
(Deng et al., 2022)

(Asanarong et al., 2021)
(Dietal., 2017)

(Hamedi &
Shojaosadati, 2021)

(Qiao et al., 2018)

(Fursatz et al., 2018)
(M. Yang & Choy,
2021)

(Luo et al., 2020)

(Liu & Catchmark,
2020)

(Khamrai et al., 2017)

(Shao et al., 2015)

(Lietal., 2017)



BC-ZnONPs
BC-octenidine dihydrochloride
(OCT)

BC/PCL-GEN and BC/PCL-SM

BC/CUR/ GQDs

BC/AgNPs

BC/TA/Mg

BC/PVA

BC/Keratin
BC/CQD-TiO 2
BC/PIL

BC/ [EDA][DLA-Tyr]

BC/AgNPs

BC/Chi
BC/AgZ
BC/PI/PHMB

BC/Col-I/Chi
BC/CUR:HPBCD

sPVA/BC

BC (rGO)/Ag-pDA

BC/CMC
BC/HEC

Treating burn wounds
Highly-exuding, biofilm
infected chronic wounds.
Excellent antimicrobial
activity and drug control
release

High-antimicrobial activity
and cell viability
Broad-spectrum antimicrobial
activity along with antioxidant
properties

Excellent inhibitory activities
on biofilms and eligible
cytotoxicity grade

Prolonged antibiotic release

Protection and support
activities for the cells involved
in detersion and regeneration
Antibacterial wound dressing
Good biocompatibility and
high antimicrobial activity
Biocompatibility and
antimicrobial activity
Excellent antibacterial
activities and healing
properties

Significant growth inhibition
against target bacteria
Antimicrobial activity
Controlled drug delivery
Antimicrobial activity
Exhibited hemocompatibility,
cytocompatibility, anti-
staphylococcal and antioxidant
abilities

Bioactive 3D-Shaped for
treatment of hand lesions

Excellent antimicrobial and
biocompatibility

Enhanced flexibility and
liquid sorption capacity
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(Khalid et al., 2017)
(Ciecholewska-Jusko et
al., 2022)

(Das et al., 2022)
(Ebadati et al., 2022)

(Gupta et al., 2020)

(W. Heetal., 2021)

(Hamedi &
Shojaosadati, 2021)
(Radu et al., 2021)

(Malmir et al., 2020)
(X. He et al., 2020)
(Zywicka et al., 2018)

(Moniri et al., 2018)
(Savitskaya et al., 2017)
(Gupta et al., 2016)
(Wiegand et al., 2015)

(Pasaribu et al., 2020)
(Gupta et al., 2019)

(Osorio et al., 2017)

(L. Zhang et al., 2021)

(Cielecka et al., 2019)



BC/Col-I/HACC

BC/Propolis
BC/PCL/Aloe vera extract

BC/Starch/Collagen
BC/PCL

BC/Chitosan

BC/Col-1/AgNWs

BC/PP-Fe@HCMS/Gox

BC/Alginate@PHMB

BC/Chi/Cip

BC/keratin

BC/AgNPs
BC/AgNPs

BC/Col-I

p-BC/AgNP

Favorable anti-infective
properties and to promote

healing ability for infected

wounds
Antimicrobial activity

Excellent swelling behavior
and kinetic release rate, low

cell viability

Transparent biocomposites

Thermal decomposition

behavior was stable up to 400

°C

Good biocompatibility for

human dermal fibroblast
viability and proliferation
Slow down the release of

silver ions, but also endow

dressing excellent
cytocompatibility

Remarkable biocompatibility,

hemostat, and bacteria

deactivation ability both in

vitro and in vivo

Smooth dressing exchange,
good antimicrobial activity for

highly colonized wounds

Antimicrobial activity and
lack of cytotoxicity in human

fibroblasts

In vitro, culturing of the mats

with L929 fibroblast cells
determined the

biocompatibility of the fibrous

composite along with

improved cell adhesion and

proliferation.

Strong antibacterial activity
and good biocompatibility
Superior antimicrobial activity

Promoted statistically
significant differences in
tissue repair

More firmly with fibers after
the carbonization process, and

no rapid release of Ag"™.

19

(Zhou et al., 2022)

(Hodel et al., 2022)
(Ebadati et al., 2022)

(Nunes et al., 2021)
(Kotcharat et al., 2021)

(Stanescu et al., 2021)

(Z. Yang et al., 2022)

(Ebadati et al., 2022)

(Sulaeva et al., 2020)

(Cacicedo et al., 2020)

(Azarniya et al., 2019)

(Jalili Tabaii & Emtiazi,
2018)

(Adepu & Khandelwal,
2018)

(De Sousa Moraes et
al., 2016)

(Yanetal., 2015)
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QPD/BC Antibacterial and anti-cell (Qu et al., 2024)
adhesion properties

S-g-BC/BRPE Could monitor the wound (T. Chenetal., 2024)
state via pH sensor ability
CuO/PDA/BC Advantageous air (Han et al., 2024)

permeability, superior
mechanical properties, high
hydrophilicity, and strong
antibacterial activities.
BC/TP Accelerated wound healing, (Khan et al., 2024)
hair growth, and tissue
regeneration.

BC/PDA/CuS Accelerate the full-thickness (M. Sun et al., 2024)
wound closure
PPy-CC/BC Sustained sterilization using

biosafe low-voltage electrical
fields and facilitated
antibacterial capabilities via
physically-stimulated
treatment.

*Gold nanoparticles (Au-NPs); 4,6-diamino-2-pyrimidinethiol (DAPT); Zinc oxide nanoparticles
(ZnONPs); dialdehyde modified bacterial cellulose (DABC); polycaprolactone (PCL); gentamicin (GEN);
streptomycin (SM); hydroxypropyltrimethyl ammonium chloride chitosan (HACC); collagen | (Col-I);
silver nanowires (AgNWSs); graphene quantum dots (GQDs); hollow mesoporous nanocatalyst
(Fe@HCMS); glucose oxidase (GOX); silver nanoparticles (AgNPs); Tannic Acid (TA); Magnesium (Mg);
pyrolyzed BC (p-BC); polydimethyl-siloxane (PDMS); polyaniline (PANI); poly(hexamethylene
biguanide) hydrochloride (PHMB); Carbon Quantum Dots (CQD); Titanium dioxide (TiO2); Poly(ionic
liquids) (PIL); Chitosan (Chi); ciprofloxacin (Cip); Hyaluronic acid (HA); carboxyl BC (BCM);
carboxymethyl cellulose (CMC); hydroxyethyl cellulose (HEC); ethylene diamine (EDA); dilinoleic acid
(DLA); tyrosine (Tyr); microporous oxidized BC (MOBC); Arginine (Arg); e-Poly-L-lysine (¢-PL); BC
whiskers (BCWSs); poly (2-hydroxyethyl methacrylate) (PHEMA); anionic BC (BCa); silver zeolites (AgZ);
povidone-iodine (PI) and polihexanide (PHMB); BC/AgNP after carbonization (p-BC/AgNP);
curcumin:hydroxypropyl-p-cyclodextrin  (CUR:HPBCD); quaternized poly(N,N-dimethylaminoethyl
methacrylate) (QPD); silane grafted BC (S-g-BC); beet red pigment extract (BRPE); nano-sized
copper oxide (CuO); turmeric powder (TP); copper sulfide nanoparticles (CuS); polypyrrole-
wrapped carbon cloth (PPy-CC)

5. CHALLENGE AND OUTLOOK

The gradual development of wound healing theory has led to the rapid advancement of wound
dressing provision, with a focus on modifying dressings to play an active role in the wound healing
process. At present, wound dressings are expected to do more than just act as a cover for the

damaged area, possess antibacterial activity, and support the healing process. The development of
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BCWD innovations, including the addition and combination of other materials, is necessary to
create wound dressings that allow patients to continue their normal lives while receiving wound
care. In this section, we will discuss physical modifications that have not yet been widely
developed in BCWD, their respective advantages, and the urgency for the development of wound

dressings, as illustrated in Figure 3.
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Figure 3. lllustrated of wound dressing modification (a) Ultra transparency (Nunes et al., 2021)
(This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license); (b) anti-leakage (Santamaria & Amit, 2021), (c)
stretchability/flexibility (Z. Yang et al., 2021), (d) adhesiveness (Z. Yang et al., 2021), (e)
conductivity (Lu et al., 2019), (f) inject-ability (Deng et al., 2022), (g) pattern (Jin et al., 2018),
and (h) pH sensor- ability (M. Yang & Choy, 2021). Copyright 2021, Multidisciplinary Digital
Publishing Institute. Copyright 2021, Wounds International. Copyright 2021, Wiley. Copyright
2020, Wiley. Copyright 2022, Elsevier. Copyright 2018, Springer. Copyright 2021, Elsevier.
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5.1. Ultra transparency

The provision of wound dressing with ultra-transparent properties needs to be done to have good
wound observation. Wound dressings with poor transparency are not conducive to wound
visualization and consequently to monitor the progress of wound healing, dressing changes are
becoming more frequent. This process often causes skin tissue damage, resulting in pain and even
secondary trauma to the wound (Nunes et al., 2021; Xia et al., 2020). It has been reported that the
production of nanocellulose by Gluconoacetobacter bacteria using culture media results in
remarkable transparency (Orlando et al., 2020).

5.2. Anti-leakage

The 'saturation’ term in wound dressing provision refers to the state in which the dressing either
contains a sufficient amount of exudate or has reached the maximum level of exudate absorption,
filling the entire dressing structure with liquid. Thus, it is no longer able to absorb or accommodate
the wound exudate (S. et al., 2018; Santamaria & Amit, 2021). It was suggested that dressing
replacement should be done before the exudate reaches the edge (border) of the dressing, as the
dressing can leak before it becomes saturated, especially when the bandage is subjected to
unintentional compression (Caprini et al., 2012). As discussed in the previous section, the
frequency of dressing changes is important to consider in the wound healing process because
changing dressings too often can be inconvenient and cause secondary trauma (Berg et al., 2019).
Furthermore, providing anti-leakage wound dressing materials helps the patient live as normally

as possible.

5.3. Stretchable/flexibility

The lack of flexibility in adapting to the surface of injured or shaped skin is a significant obstacle
for patients with wounds in areas with uneven contours or that are actively moving, such as joints,
popliteal fossa, axillae, and folds of muscle. This is particularly problematic as most wound
dressings available today do not possess the special features necessary to accommodate these
challenges (Z. Yang et al., 2021). This limitation needs to be exceeded to ensure that patients with

injuries can live normally during the healing process.

5.4. Adhesiveness
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Currently, commercial dressings such as gauze, which are widely used in wound treatment,
nonetheless require the use of duct tape for skin adhere. However, it is known that some people
have skin allergies to masking tape (Z. Yang et al., 2021). The development of adhesive wound
dressings is needed to make wound dressings that have adhesive power thus that they can stick
and bind the damaged tissue, cover the wounds as a shield to avoid bacterial infection, achieve a
good hemostatic effect or sealant to stop bleeding or preventing the leakage of fluid or gas from
the wound (Ghobril & Grinstaff, 2015; Liang, Zhao, Hu, Han, et al., 2019). The properties that
need to be considered in the development of adhesive wound dressings are being able to achieve
"self-cleaning™ antibacterial properties, easy to remove from wounds, not sticky or leave no residue

on the skin after removal, and not causing allergies (Z. Yang et al., 2021).

5.5. Conductivity

Recently, the provision of biomaterial-based wound dressings with similar conductivity properties
to human skin has been significantly studied, due to its effectiveness in supporting the wound
healing process as the human body has an endogenous bioelectrical system in which the surface
of intact human skin carries a more negative charge than the deeper layers of the skin (Korupalli
etal., 2021). However, when a defect or injury occurs on the skin, the deeper epidermal and wound
cells would be in positive charge. The combination of the positive charge of the wound and the
negative charge of the normal skin around creates what is called as ‘skin battery’. This bioelectric
current facilitates wound healing best when the wound tissue is moistened (Liang, Zhao, Hu, Han,
et al., 2019). In the fabrication of conductive wound dressings, the basic principle that needs to be
considered is the process of combining electroactive substances such as carbon nanomaterials,
conductive polymers (CPs), or metal-based materials into biomaterial polymers (Korupalli et al.,
2021; Luetal., 2019). Currently, many conductive wound dressings have been designed in various
forms, such as electrospun nanofibers, membranes, films, hydrogels, cryogels, and foams (Yu et
al., 2022).

5.6. Injectable
To effectively treat wounds, particularly those resulting from sports activities, it is necessary to
develop injectable wound dressings. Such dressings can adapt to various types of laceration

damage and can be applied to wounds in motion where the ability of the dressing to accommodate
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compression and stretching activities is required (Deng et al., 2022). This type of wound dressing
is usually developed in the form of a hydrogel where a dressing can be applied to cover irregularly
shaped wounds and prevent the wound site from a second infection (Liang, Zhao, Hu, Chen, et al.,
2019).

5.7. Pattern

From a histological perspective, the excessive accumulation of collagen secreted by fibroblasts,
irregular arrangement of fibroblasts, and fibroblast proliferation are the primary causes of scarring.
It has been suggested that cells can detect, interpret, and respond to chemical and physical
information in their immediate surroundings because the extracellular matrix is composed of both
nano- and micron-sized polysaccharides and protein molecules (Hynes, 2009). As a result, the
physical signals in the extracellular matrix are mainly affected by the micro-nano-scale surface
morphology. This interaction of cells with morphology is referred to as contact guidance, and it is
known that contact guidance affects different cell properties including morphology,
differentiation, migration, and adhesion (Friedl, 2004; Rgrth, 2011). The pattern wound dressing
is known to promote consistent dense collagen fiber organization, suppress the inflammatory
response, prevent overgrowth of granulation tissue, and as a result reduce aberrant collagen
deposition and scar thickness. Thus, a pattern wound dressing can be developed to prevent scar

formation after burns or other injuries (Jin et al., 2018).

5.8. pH sensor-ability

In contrast to acute wounds, which heal in a short time, chronic wounds require extensive
monitoring and therapy of bacterial infections and healing progress. In chronic wounds, pH is a
key parameter in wound monitoring, because pH changes are often caused by bacterial infection.
Due to the presence of alkaline byproducts produced by the bacterial proliferation process, the pH
value in chronic wounds is typically greater than 7.4, whereas the pH value in normal skin is
slightly acidic between 5.5 and 6.5 (Ochoa et al., 2014; Schneider et al., 2007). Currently, wound
pH has only been measured at a few different sites in the injury area. However, for effectiveness,
the pH measurement in chronic wounds should be done throughout the wound site using a high
spatial resolution, which is, it was beyond the capacity of most commercial probes that are
available today (M. Yang & Choy, 2021).

24



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600

601

602
603
604
605
606
607
608
609
610

6. Conclusion

BC has been used as base material in wound dressings fabrication due to its outstanding physical
properties, such as the 3D fiber porous structure, the ability to absorb water, and the hydrogen
bonding structure, which makes BC a good template for modification and the impregnation process
with other materials. However, is known that BC does not contain any substances that can prevent
bacterial growth or actively support the wound healing process, which is a basic requirement for
providing active wound dressings. To fulfill this goal, ongoing research is being conducted to
optimize the use of BC material in wound dressings. A variety of natural, synthetic, metallic, and
other materials have been utilized to optimize BC wound dressings and support the wound healing
process. Many reports indicate that the combination of BC with other materials has resulted in
wound dressings possessing active properties that support the wound healing process. However, a
future challenge for BCWD provision is to produce wound dressings with more advanced
properties. These dressings should not only accelerate the wound healing process but also reduce
the risk of causing secondary trauma during dressing changes and enable patients to carry out
normal activities during the healing process. These properties include stretchability/flexibility,

injectability, adhesiveness, pattern, ultra-transparency, pH sensing, anti-leakage, and conductivity.
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	Bacterial cellulose (BC) is produced by Komagataeibacter xylinus and it has gained a lot of 55 attention as a potential biomaterial for wound dressing provision. It has a very fine three-56 dimensional structure, excellent gas permeability, high wet strength, high water content, suitable 57 biocompatibility, and absorption capacity; all of these properties make BC a viable material that 58 is suitable for optimization for use as a wound dressing (Mardawati et al., 2023; Portela et al., 59 2019). The nanofib
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	Wound care has been recorded as a widely utilized procedure since 2500 B.C. (Forrest, 1982). In 72 ancient Mesopotamia, wound management techniques involved first cleaning the wound site with 73 water or milk and then applying clay tablets filled with honey or resin. During 1600 B.C., patients 74 were treated using wound dressings made of linen strips soaked in oil or fat and firmly attached to 75 a plaster (Daunton et al., 2012). Between 460-370 B.C., in ancient Greece, the act of bandaging 76 
	became widespread. In addition, sterilized wool was sometimes used as an extra precaution after 77 being treated with hot water or wine (Dhivya et al., 2015). In 1891, gauze and cotton swabs were 78 employed as absorbent materials for the control of wound exudate. Prior to the mid-1900s, there 79 was a prevailing belief that wounds that were dry and open would heal faster than ones that were 80 closed. Dry wounds impede the activity of proteinase, chemotactic factors, and growth factors, 81 which ultimately
	Wound dressings can be categorized as passive and active or ideal dressings. Wound dressings are 94 classified as passive if they only function as a protective barrier and wound barrier from external 95 environmental contaminants without facilitating the wound healing process. On the other hand, 96 active wound dressings can facilitate the wound healing process properly. Traditional dressings, 97 such as gauze and cotton, which are widely used for wound healing are classified as passive wound 98 dressings. 
	tissue and the environment; f) antibacterial, enhances therapeutic action through antimicrobial, 107 antifungal, and antiseptic activities; g) does not adhere to the wound surface and is easily removed 108 after healing; h) contain drugs or active compounds that play a role in accelerating the wound 109 healing process, bioactive compounds that can be delivered, such as essential oils, antibiotics, and 110 natural antioxidants, stimulate the interaction of the dressing with the wound microenvironment 111 an
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	BC consists of a three-dimensional network of nano-sized fibers with a diameter of 40–60 nm and 124 a high surface area of 100–200 m2/g. BC has emerged as a highly promising material for wound 125 dressing due to its exceptional properties and proven effectiveness. BC exhibits remarkable 126 mechanical properties even in a never-drying condition, which ensures its stability and durability 127 when applied to wounds. Studies have demonstrated that BC possesses high tensile strength and 128 flexibility, allow
	2019). Moreover, BC demonstrates high crystallinity, resulting in a dense and highly organized 138 structure. This characteristic enhances its mechanical strength, providing stability and protection 139 to the wound site (C. Chen et al., 2022). Multiple studies have explored the efficacy of BC 140 dressings in promoting wound healing (Gea, Putra, et al., 2023; Hasibuan et al., 2021; Pasaribu et 141 al., 2020, 2023). Clinical trials have reported positive outcomes, including accelerated wound 142 closure, re
	 146 
	BC based biomaterials possess not only negligible biocompatibility, but also adjustable chemical, 147 physical, and mechanical properties. Various types of wound dressings have been developed from 148 cellulose-based biomaterials and they show promising results. Bacterial cellulose-based hydrogels 149 are an attractive material for wound dressing applications because of their high water absorption 150 capacity and their water retention can support wound cleansing and exudate absorption process. 151 These hy
	studied as additives that can optimize the role of BC as wound dressing and its function in the 169 wound healing process will be discussed more fully in the next section. 170 
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	Figure 1. Bacterial cellulose (BC) properties as wound dressing. 173 
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	As shown in Figure 2, different types of antimicrobial and healing agents are often added to make 178 BC-based wound dressing (BCWD). These include carbon, metal or salt metal nanoparticles, and 179 natural organic compounds from plants like curcumin, chitosan, amino acids, or alkalis. Also 180 included are synthetic components, antiseptics, or antibiotic materials. The application of wound 181 dressings with anti-microbial properties significantly accelerated wound closure by eradicating 182 biofilms that 
	 186 
	Figure 2. Supporting material that was used in BCWD research article in 10 years. 187 
	 188 
	The utilization of polyvinyl alcohol (PVA), bacterial cellulose (BC), and their composites in 191 various biomedical applications has garnered significant attention. These applications include the 192 development of scaffolds for tissue engineering, articular cartilage, heart valves, and artificial 193 corneas (Busuioc et al., 2023; Millon & Wan, 2006; Wahid et al., 2020). One prominent area where 194 PVA/BC composites have shown great potential is in wound management. In vitro studies have 195 demonstrated
	 220 
	Polycaprolactone (PCL) is a biocompatible and biodegradable synthetic polyester known for its 222 mechanical strength and versatility. It has found applications as a ceramics substitute material in 223 biomedicine (Kim et al., 2022; Siddiqui et al., 2021; X. Yang et al., 2021). However, the use of 224 PCL in wound management is limited by challenges such as poor cell adhesion and the use of 225 volatile solvents during preparation (X. Yang et al., 2021; S. Zhang et al., 2019). To address these 226 limitatio
	biocompatibility. Previous studies have demonstrated their potential for promoting wound healing 251 and tissue regeneration. However, further optimization, long-term biocompatibility evaluation, 252 and larger-scale studies are necessary to advance the understanding and utilization of PCL/BC 253 composites in wound management and other biomedical applications. 254 
	 255 
	Chitosan, a linear cationic polysaccharide derived from chitin found in crustacean exoskeletons, 258 possesses inherent biocompatibility, biodegradability, and hemostatic properties (Kumari et al., 259 2017; Matica et al., 2019; Mozalewska et al., 2017). It also exhibits antimicrobial, antioxidant, and 260 wound healing attributes, making it a prime candidate for wound dressing applications (Behera et 261 al., 2017; S. H. Chen et al., 2013; Matica et al., 2019). Clinical studies have confirmed the efficacy 
	 282 
	Starch, a readily available natural polysaccharide composed primarily of amylose and 284 amylopectin, offers promising applications for wound dressings material due to its affordability, 285 biocompatibility, and biodegradability (T. Jiang et al., 2020; Pal et al., 2006). However, its high 286 water affinity and weak mechanical strength limit its effectiveness (T. Jiang et al., 2020). These 287 shortcomings can be overcome by combining starch with other polymers to create composite 288 hydrogels or chemical
	 299 
	Alginate, a naturally occurring polysaccharide derived from marine brown algae and certain 301 bacteria, has garnered significant attention in biomedicine, particularly in the field of wound 302 management, owing to its hydrophilic, biocompatible, and non-toxic properties (Catanzano et al., 303 2015; Kondaveeti et al., 2018; Malagurski et al., 2018; Rezvanian et al., 2017). Alginate's ability 304 to promote cell migration, angiogenesis, and collagen I production has led to its incorporation into 305 commerc
	al., 2011; Sulaeva et al., 2020). Furthermore, this composite structure has demonstrated the 313 capacity to accommodate the incorporation of additional components, such as antimicrobial 314 agents. Previous research has indicated that the modification of BC with alginate represents a 315 promising avenue for the large-scale production of novel wound dressing materials with optimized 316 properties. This approach not only addresses the drying time limitation of BC but also opens up 317 possibilities for the
	 320 
	Since ancient times, the Greeks, Egyptians, and Romans have used the antimicrobial properties of 322 various metals and certain salts to clean wounds. Recently, research exploiting the antibacterial 323 properties of metals has developed in the form of nanoparticles (Pormohammad et al., 2021). Metal 324 nanoparticles are reported to be more effective at inhibiting the growth of pathogenic bacteria 325 because of their interaction ability, which can produce lethal reactive oxygen species (ROS) and 326 disrup
	 330 
	Silver nanoparticles (AgNPs) are metal nanoparticles that are usually synthesized from the 332 reduction of silver nitrate (AgNO3) solution with strong reducing agents, such as sodium 333 borohydride. AgNPs possess high specific surface areas that have demonstrated excellent 334 cytotoxicity against the development of colonies of fungi, viruses, and Gram-positive (S. aureus) 335 and Gram-negative (E. coli and P. aeruginosa) bacteria, which are frequently encountered in 336 infected wounds (Gupta et al., 201
	dimension. Thus, BC can act as a template for the nucleation and growth of in situ synthesized 344 nanoparticles in the BC/AgNPs composite (Jalili Tabaii & Emtiazi, 2018; Moniri et al., 2018). 345 
	 346 
	Zinc oxide nanoparticles (ZnONPs) are non-toxic, biocompatible, antibacterial, and can accelerate 348 wound healing (J. Jiang et al., 2018). In BC-based nanocomposites, it was observed that the 349 nanoparticles managed to penetrate and enter the BC matrix. The wound dressing properties 350 produced from this composite are very flexible so that they can be applied to wounds on active 351 body parts or uneven skin surfaces. BC-ZnO nanocomposites are also reported to successfully 352 inhibit the growth of pat
	 355 
	Octenidine dihydrochloride (OCT) is an antiseptic that is particularly suitable for wound care due 358 to its antifungal, antibacterial, and partially antiviral properties with a wide pH range (Koburger et 359 al., 2010). In addition, OCT can clear bacterial biofilms in patients with chronic wounds (Cutting 360 & Westgate, 2012). Furthermore, OCT did not alter skin cell architecture morphologically or 361 increase apoptosis when applied to human skin. The application of OCT is also reported to be 362 succes
	 366 
	Gentamicin, an aminoglycoside antibiotic with established clinical applications in the treatment of 368 bone and soft tissue infections, has been extensively studied in conjunction with collagen-based 369 drug delivery systems (Michalska-Sionkowska et al., 2018). Notably, gentamicin works well 370 against both first- and second-degree bacterial skin and wound infections, especially those caused 371 by gram-negative strains (Anjum et al., 2018; Lukáč et al., 2019). To address the inherent lack of 372 antibac
	among other antibiotics or antiseptics, into BC matrices to enhance wound closure by eradicating 375 biofilm. In a previous study, researchers impregnated polycaprolactone (PCL) into BC to fabricate 376 flexible bacterial cellulose-based PCL membranes (BCP), then functionalized these membranes 377 with antibiotics to create composite scaffolds for infectious wound healing. These scaffolds 378 exhibited excellent antimicrobial activity against Escherichia coli and Staphylococcus aureus, 379 with a release pr
	 382 
	Carbon Quantum Dots (CQDs), typically smaller than 10 nm, exhibit notable antibacterial activity 385 against both Gram-positive bacteria (e.g., Staphylococcus aureus) and Gram-negative bacteria 386 (e.g., Escherichia coli) (Malmir et al., 2020). Additionally, CQDs are recognized for their non-387 toxic and biocompatible properties. Within the medical field, CQDs find extensive use in drug 388 delivery and various therapeutic applications (Singh et al., 2018). In vivo, in vitro, and in ovo 389 models have de
	 398 
	Graphene quantum dots (GQDs) are a derivative of the graphene family, and they consist of very 400 small graphite fragments, less than 10 nm in size. GQDs with different properties can be set up 401 with different strategies. GQD is reported to have photodynamic characteristics. The combination 402 of photodynamic agents and antibiotics is a good choice for antibacterial treatment, which can 403 overcome antibiotic resistance (N. Wang et al., 2020). Compared to graphene oxide (GO), GQD 404 has been proven t
	attention in the fields of materials science and biological applications. Significant advances have 406 been made in the biomedical field, particularly concerning the use of GQDs in cellular imaging, 407 drug delivery, and biosensors. Therefore, the use of GQDs in wound dressings is highly suitable 408 for in vivo wound disinfection (H. Sun et al., 2014). Previous study mentioned that introducing 409 GQDs into the BC matrix conspicuously improved the growth inhibition of Gram-negative and 410 Gram-positive 
	 412 
	Carboxymethyl cellulose (CMC), a cellulose derivative, is frequently utilized in the 415 pharmaceutical industry as an emulsifier, stabilizer, lubricant, and viscosity modifier in the 416 formulation of various medicinal dosage forms (Hebeish et al., 2013). CMC, a semi-natural 417 polymer, exhibits excellent water absorption and swelling properties. Furthermore, CMC is 418 physiologically non-toxic and demonstrates compatibility with mucous membranes, bones, and 419 skin (Cielecka et al., 2019), making it s
	 427 
	Hydroxyethyl cellulose (HEC) is a semi-synthetic polymer, one of the most important 429 commercially soluble cellulose derivatives. HEC is formed by the etherification of cellulose base 430 cells with chlorohydrin or ethylene oxide when the hydroxyl group of the cellulose molecule of 431 the compound is substituted with a hydroxyethyl group (Tudoroiu et al., 2021). Due to its high 432 biocompatibility with low toxicity and non-immunogenicity, HEC is widely used in many 433 pharmaceutical, cosmetic, biotechn
	The elastic strength of the structure allows HEC to be able to experience an expansion of the 437 molecular dimensions without modification of the structural stability in the form of a gel. HEC 438 also presents adequate biocompatibility, biodegradability, insignificant toxicity, genetics, and 439 cementing properties (Tudoroiu et al., 2021). Similar to CMC, HEC was incorporated via in situ 440 BC fabrication in order to modify the crystal size, crystallinity, porosity, and water holding 441 capacity of the
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	Table 1. BCWD compounds and their properties. 445 
	Compounds 
	Compounds 
	Compounds 
	Compounds 
	Compounds 

	WD Properties 
	WD Properties 

	References 
	References 



	BC/AgNP 
	BC/AgNP 
	BC/AgNP 
	BC/AgNP 

	Antimicrobial activity 
	Antimicrobial activity 

	(Berndt et al., 2013) 
	(Berndt et al., 2013) 


	DABC/Chitosan 
	DABC/Chitosan 
	DABC/Chitosan 

	High self-healing effectiveness and strong antibacterial activity 
	High self-healing effectiveness and strong antibacterial activity 

	(Deng et al., 2022) 
	(Deng et al., 2022) 


	BC/Papain 
	BC/Papain 
	BC/Papain 

	Antimicrobial activity 
	Antimicrobial activity 

	(Asanarong et al., 2021) 
	(Asanarong et al., 2021) 


	BCWs/ PHEMA/AgNPs 
	BCWs/ PHEMA/AgNPs 
	BCWs/ PHEMA/AgNPs 

	Excellent antibacterial activity, great transparency, and flexible 
	Excellent antibacterial activity, great transparency, and flexible 

	(Di et al., 2017) 
	(Di et al., 2017) 


	BC/SPG/ZnONPs 
	BC/SPG/ZnONPs 
	BC/SPG/ZnONPs 

	Antibacterial, biocompatible, and promotes the fibroblast cell proliferation 
	Antibacterial, biocompatible, and promotes the fibroblast cell proliferation 

	(Hamedi & Shojaosadati, 2021) 
	(Hamedi & Shojaosadati, 2021) 


	MOBC/Arg 
	MOBC/Arg 
	MOBC/Arg 

	Promoted proliferation, migration, and expression of Collagen-I of fibroblasts and endothelial cells 
	Promoted proliferation, migration, and expression of Collagen-I of fibroblasts and endothelial cells 

	(Qiao et al., 2018) 
	(Qiao et al., 2018) 


	BC/CMC/ ε-PL 
	BC/CMC/ ε-PL 
	BC/CMC/ ε-PL 

	Good cytocompatibility and antimicrobial activities 
	Good cytocompatibility and antimicrobial activities 

	(Fürsatz et al., 2018) 
	(Fürsatz et al., 2018) 


	p-BC/PDMS/PANI 
	p-BC/PDMS/PANI 
	p-BC/PDMS/PANI 

	3-D chronic wound pH sensor with flexibility properties 
	3-D chronic wound pH sensor with flexibility properties 

	(M. Yang & Choy, 2021) 
	(M. Yang & Choy, 2021) 


	BCM/ZnO 
	BCM/ZnO 
	BCM/ZnO 

	Excellent antibacterial activity 
	Excellent antibacterial activity 

	(Luo et al., 2020) 
	(Luo et al., 2020) 


	BC/HA 
	BC/HA 
	BC/HA 

	Does not need to add extra and expensive HA during production 
	Does not need to add extra and expensive HA during production 

	(Liu & Catchmark, 2020) 
	(Liu & Catchmark, 2020) 


	BCa/chitosan/curcumin 
	BCa/chitosan/curcumin 
	BCa/chitosan/curcumin 

	Antimicrobial and wound healing capability 
	Antimicrobial and wound healing capability 

	(Khamrai et al., 2017) 
	(Khamrai et al., 2017) 


	BC/SA–AgSD 
	BC/SA–AgSD 
	BC/SA–AgSD 

	Excellent antibacterial activities and good biocompatibility 
	Excellent antibacterial activities and good biocompatibility 

	(Shao et al., 2015) 
	(Shao et al., 2015) 


	BC-Au-DAPT 
	BC-Au-DAPT 
	BC-Au-DAPT 

	Treating superbug-infected wounds. 
	Treating superbug-infected wounds. 

	(Li et al., 2017) 
	(Li et al., 2017) 




	BC-ZnONPs 
	BC-ZnONPs 
	BC-ZnONPs 
	BC-ZnONPs 
	BC-ZnONPs 

	Treating burn wounds 
	Treating burn wounds 

	(Khalid et al., 2017) 
	(Khalid et al., 2017) 


	BC-octenidine dihydrochloride (OCT) 
	BC-octenidine dihydrochloride (OCT) 
	BC-octenidine dihydrochloride (OCT) 

	Highly-exuding, biofilm infected chronic wounds. 
	Highly-exuding, biofilm infected chronic wounds. 

	(Ciecholewska-Juśko et al., 2022) 
	(Ciecholewska-Juśko et al., 2022) 


	BC/PCL-GEN and BC/PCL-SM 
	BC/PCL-GEN and BC/PCL-SM 
	BC/PCL-GEN and BC/PCL-SM 

	Excellent antimicrobial activity and drug control release 
	Excellent antimicrobial activity and drug control release 

	(Das et al., 2022) 
	(Das et al., 2022) 


	BC/CUR/ GQDs 
	BC/CUR/ GQDs 
	BC/CUR/ GQDs 

	High-antimicrobial activity and cell viability 
	High-antimicrobial activity and cell viability 

	(Ebadati et al., 2022) 
	(Ebadati et al., 2022) 


	BC/AgNPs 
	BC/AgNPs 
	BC/AgNPs 

	Broad-spectrum antimicrobial activity along with antioxidant properties 
	Broad-spectrum antimicrobial activity along with antioxidant properties 

	(Gupta et al., 2020) 
	(Gupta et al., 2020) 


	BC/TA/Mg 
	BC/TA/Mg 
	BC/TA/Mg 

	Excellent inhibitory activities on biofilms and eligible cytotoxicity grade 
	Excellent inhibitory activities on biofilms and eligible cytotoxicity grade 

	(W. He et al., 2021) 
	(W. He et al., 2021) 


	BC/PVA 
	BC/PVA 
	BC/PVA 

	Prolonged antibiotic release 
	Prolonged antibiotic release 

	(Hamedi & Shojaosadati, 2021) 
	(Hamedi & Shojaosadati, 2021) 


	BC/Keratin 
	BC/Keratin 
	BC/Keratin 

	Protection and support activities for the cells involved in detersion and regeneration 
	Protection and support activities for the cells involved in detersion and regeneration 

	(Radu et al., 2021) 
	(Radu et al., 2021) 


	BC/CQD-TiO 2 
	BC/CQD-TiO 2 
	BC/CQD-TiO 2 

	Antibacterial wound dressing 
	Antibacterial wound dressing 

	(Malmir et al., 2020) 
	(Malmir et al., 2020) 


	BC/PIL 
	BC/PIL 
	BC/PIL 

	Good biocompatibility and high antimicrobial activity 
	Good biocompatibility and high antimicrobial activity 

	(X. He et al., 2020) 
	(X. He et al., 2020) 


	BC/ [EDA][DLA-Tyr] 
	BC/ [EDA][DLA-Tyr] 
	BC/ [EDA][DLA-Tyr] 

	Biocompatibility and antimicrobial activity 
	Biocompatibility and antimicrobial activity 

	(Zywicka et al., 2018) 
	(Zywicka et al., 2018) 


	BC/AgNPs 
	BC/AgNPs 
	BC/AgNPs 

	Excellent antibacterial activities and healing properties 
	Excellent antibacterial activities and healing properties 

	(Moniri et al., 2018) 
	(Moniri et al., 2018) 


	BC/Chi 
	BC/Chi 
	BC/Chi 

	Significant growth inhibition against target bacteria 
	Significant growth inhibition against target bacteria 

	(Savitskaya et al., 2017) 
	(Savitskaya et al., 2017) 


	BC/AgZ 
	BC/AgZ 
	BC/AgZ 

	Antimicrobial activity 
	Antimicrobial activity 

	(Gupta et al., 2016) 
	(Gupta et al., 2016) 


	BC/PI/PHMB 
	BC/PI/PHMB 
	BC/PI/PHMB 

	Controlled drug delivery 
	Controlled drug delivery 

	(Wiegand et al., 2015) 
	(Wiegand et al., 2015) 


	BC/Col-I/Chi 
	BC/Col-I/Chi 
	BC/Col-I/Chi 

	Antimicrobial activity 
	Antimicrobial activity 

	(Pasaribu et al., 2020) 
	(Pasaribu et al., 2020) 


	BC/CUR:HPβCD 
	BC/CUR:HPβCD 
	BC/CUR:HPβCD 

	Exhibited hemocompatibility, 
	Exhibited hemocompatibility, 
	cytocompatibility, anti-staphylococcal and antioxidant abilities 

	(Gupta et al., 2019) 
	(Gupta et al., 2019) 


	sPVA/BC 
	sPVA/BC 
	sPVA/BC 

	Bioactive 3D-Shaped for treatment of hand lesions 
	Bioactive 3D-Shaped for treatment of hand lesions 

	(Osorio et al., 2017) 
	(Osorio et al., 2017) 


	BC (rGO)/Ag-pDA 
	BC (rGO)/Ag-pDA 
	BC (rGO)/Ag-pDA 

	Excellent antimicrobial and biocompatibility 
	Excellent antimicrobial and biocompatibility 

	(L. Zhang et al., 2021) 
	(L. Zhang et al., 2021) 


	BC/CMC 
	BC/CMC 
	BC/CMC 
	BC/HEC 

	Enhanced flexibility and liquid sorption capacity 
	Enhanced flexibility and liquid sorption capacity 

	(Cielecka et al., 2019) 
	(Cielecka et al., 2019) 




	BC/Col-I/HACC 
	BC/Col-I/HACC 
	BC/Col-I/HACC 
	BC/Col-I/HACC 
	BC/Col-I/HACC 

	Favorable anti-infective properties and to promote healing ability for infected wounds 
	Favorable anti-infective properties and to promote healing ability for infected wounds 

	(Zhou et al., 2022) 
	(Zhou et al., 2022) 


	BC/Propolis 
	BC/Propolis 
	BC/Propolis 

	Antimicrobial activity 
	Antimicrobial activity 

	(Hodel et al., 2022) 
	(Hodel et al., 2022) 


	BC/PCL/Aloe vera extract 
	BC/PCL/Aloe vera extract 
	BC/PCL/Aloe vera extract 

	Excellent swelling behavior and kinetic release rate, low cell viability 
	Excellent swelling behavior and kinetic release rate, low cell viability 

	(Ebadati et al., 2022) 
	(Ebadati et al., 2022) 


	BC/Starch/Collagen 
	BC/Starch/Collagen 
	BC/Starch/Collagen 

	Transparent biocomposites 
	Transparent biocomposites 

	(Nunes et al., 2021) 
	(Nunes et al., 2021) 


	BC/PCL 
	BC/PCL 
	BC/PCL 

	Thermal decomposition behavior was stable up to 400 ℃ 
	Thermal decomposition behavior was stable up to 400 ℃ 

	(Kotcharat et al., 2021) 
	(Kotcharat et al., 2021) 


	BC/Chitosan 
	BC/Chitosan 
	BC/Chitosan 

	Good biocompatibility for human dermal fibroblast viability and proliferation  
	Good biocompatibility for human dermal fibroblast viability and proliferation  

	(Stanescu et al., 2021) 
	(Stanescu et al., 2021) 


	BC/Col-1/AgNWs 
	BC/Col-1/AgNWs 
	BC/Col-1/AgNWs 

	Slow down the release of silver ions, but also endow dressing excellent cytocompatibility 
	Slow down the release of silver ions, but also endow dressing excellent cytocompatibility 

	(Z. Yang et al., 2022) 
	(Z. Yang et al., 2022) 


	BC/PP-Fe@HCMS/Gox 
	BC/PP-Fe@HCMS/Gox 
	BC/PP-Fe@HCMS/Gox 

	Remarkable biocompatibility, hemostat, and bacteria deactivation ability both in vitro and in vivo 
	Remarkable biocompatibility, hemostat, and bacteria deactivation ability both in vitro and in vivo 

	(Ebadati et al., 2022) 
	(Ebadati et al., 2022) 


	BC/Alginate@PHMB 
	BC/Alginate@PHMB 
	BC/Alginate@PHMB 

	Smooth dressing exchange, good antimicrobial activity for highly colonized wounds 
	Smooth dressing exchange, good antimicrobial activity for highly colonized wounds 

	(Sulaeva et al., 2020) 
	(Sulaeva et al., 2020) 


	BC/Chi/Cip 
	BC/Chi/Cip 
	BC/Chi/Cip 

	Antimicrobial activity and lack of cytotoxicity in human fibroblasts 
	Antimicrobial activity and lack of cytotoxicity in human fibroblasts 

	(Cacicedo et al., 2020) 
	(Cacicedo et al., 2020) 


	BC/keratin 
	BC/keratin 
	BC/keratin 

	In vitro, culturing of the mats with L929 fibroblast cells determined the biocompatibility of the fibrous composite along with improved cell adhesion and proliferation. 
	In vitro, culturing of the mats with L929 fibroblast cells determined the biocompatibility of the fibrous composite along with improved cell adhesion and proliferation. 

	(Azarniya et al., 2019) 
	(Azarniya et al., 2019) 


	BC/AgNPs 
	BC/AgNPs 
	BC/AgNPs 

	Strong antibacterial activity and good biocompatibility 
	Strong antibacterial activity and good biocompatibility 

	(Jalili Tabaii & Emtiazi, 2018) 
	(Jalili Tabaii & Emtiazi, 2018) 


	BC/AgNPs 
	BC/AgNPs 
	BC/AgNPs 

	Superior antimicrobial activity 
	Superior antimicrobial activity 

	(Adepu & Khandelwal, 2018) 
	(Adepu & Khandelwal, 2018) 


	BC/Col-I 
	BC/Col-I 
	BC/Col-I 

	Promoted statistically significant differences in tissue repair 
	Promoted statistically significant differences in tissue repair 

	(De Sousa Moraes et al., 2016) 
	(De Sousa Moraes et al., 2016) 


	p-BC/AgNP 
	p-BC/AgNP 
	p-BC/AgNP 

	More firmly with fibers after the carbonization process, and no rapid release of Ag+. 
	More firmly with fibers after the carbonization process, and no rapid release of Ag+. 

	(Yan et al., 2015) 
	(Yan et al., 2015) 
	 




	QPD/BC 
	QPD/BC 
	QPD/BC 
	QPD/BC 
	QPD/BC 

	Antibacterial and anti-cell adhesion properties 
	Antibacterial and anti-cell adhesion properties 

	(Ou et al., 2024) 
	(Ou et al., 2024) 


	S-g-BC/BRPE 
	S-g-BC/BRPE 
	S-g-BC/BRPE 

	Could monitor the wound state via pH sensor ability 
	Could monitor the wound state via pH sensor ability 

	(T. Chen et al., 2024) 
	(T. Chen et al., 2024) 


	CuO/PDA/BC 
	CuO/PDA/BC 
	CuO/PDA/BC 

	Advantageous air permeability, superior mechanical properties, high hydrophilicity, and strong antibacterial activities. 
	Advantageous air permeability, superior mechanical properties, high hydrophilicity, and strong antibacterial activities. 

	(Han et al., 2024) 
	(Han et al., 2024) 


	BC/TP 
	BC/TP 
	BC/TP 

	Accelerated wound healing, hair growth, and tissue regeneration. 
	Accelerated wound healing, hair growth, and tissue regeneration. 

	(Khan et al., 2024) 
	(Khan et al., 2024) 
	 


	BC/PDA/CuS 
	BC/PDA/CuS 
	BC/PDA/CuS 

	Accelerate the full-thickness wound closure 
	Accelerate the full-thickness wound closure 

	(M. Sun et al., 2024) 
	(M. Sun et al., 2024) 


	PPy-CC/BC 
	PPy-CC/BC 
	PPy-CC/BC 

	Sustained sterilization using biosafe low-voltage electrical fields and facilitated antibacterial capabilities via physically-stimulated treatment. 
	Sustained sterilization using biosafe low-voltage electrical fields and facilitated antibacterial capabilities via physically-stimulated treatment. 

	 
	 


	 
	 
	 

	 
	 

	 
	 




	*Gold nanoparticles (Au-NPs); 4,6-diamino-2-pyrimidinethiol (DAPT); Zinc oxide nanoparticles 446 (ZnONPs); dialdehyde modified bacterial cellulose (DABC); polycaprolactone (PCL); gentamicin (GEN); 447 streptomycin (SM); hydroxypropyltrimethyl ammonium chloride chitosan (HACC); collagen I (Col-I); 448 silver nanowires (AgNWs); graphene quantum dots (GQDs); hollow mesoporous nanocatalyst 449 (Fe@HCMS); glucose oxidase (GOx); silver nanoparticles (AgNPs); Tannic Acid (TA); Magnesium (Mg); 450 pyrolyzed BC (p-B
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	The gradual development of wound healing theory has led to the rapid advancement of wound 464 dressing provision, with a focus on modifying dressings to play an active role in the wound healing 465 process. At present, wound dressings are expected to do more than just act as a cover for the 466 damaged area, possess antibacterial activity, and support the healing process. The development of 467 
	BCWD innovations, including the addition and combination of other materials, is necessary to 468 create wound dressings that allow patients to continue their normal lives while receiving wound 469 care. In this section, we will discuss physical modifications that have not yet been widely 470 developed in BCWD, their respective advantages, and the urgency for the development of wound 471 dressings, as illustrated in Figure 3. 472 
	 473 
	 474 
	Figure 3. Illustrated of wound dressing modification (a) Ultra transparency (Nunes et al., 2021) 475 (This article is an open access article distributed under the terms and conditions of the Creative 476 Commons Attribution (CC BY) license); (b) anti-leakage (Santamaria & Amit, 2021), (c) 477 stretchability/flexibility (Z. Yang et al., 2021), (d) adhesiveness (Z. Yang et al., 2021), (e) 478 conductivity (Lu et al., 2019), (f) inject-ability (Deng et al., 2022), (g) pattern (Jin et al., 2018), 479 and (h) pH
	 483 
	The provision of wound dressing with ultra-transparent properties needs to be done to have good 485 wound observation. Wound dressings with poor transparency are not conducive to wound 486 visualization and consequently to monitor the progress of wound healing, dressing changes are 487 becoming more frequent. This process often causes skin tissue damage, resulting in pain and even 488 secondary trauma to the wound (Nunes et al., 2021; Xia et al., 2020). It has been reported that the 489 production of nanoce
	 492 
	The 'saturation' term in wound dressing provision refers to the state in which the dressing either 494 contains a sufficient amount of exudate or has reached the maximum level of exudate absorption, 495 filling the entire dressing structure with liquid. Thus, it is no longer able to absorb or accommodate 496 the wound exudate (S. et al., 2018; Santamaria & Amit, 2021). It was suggested that dressing 497 replacement should be done before the exudate reaches the edge (border) of the dressing, as the 498 dress
	 505 
	The lack of flexibility in adapting to the surface of injured or shaped skin is a significant obstacle 507 for patients with wounds in areas with uneven contours or that are actively moving, such as joints, 508 popliteal fossa, axillae, and folds of muscle. This is particularly problematic as most wound 509 dressings available today do not possess the special features necessary to accommodate these 510 challenges (Z. Yang et al., 2021). This limitation needs to be exceeded to ensure that patients with 511 i
	 513 
	Currently, commercial dressings such as gauze, which are widely used in wound treatment, 515 nonetheless require the use of duct tape for skin adhere. However, it is known that some people 516 have skin allergies to masking tape (Z. Yang et al., 2021). The development of adhesive wound 517 dressings is needed to make wound dressings that have adhesive power thus that they can stick 518 and bind the damaged tissue, cover the wounds as a shield to avoid bacterial infection, achieve a 519 good hemostatic effec
	 525 
	Recently, the provision of biomaterial-based wound dressings with similar conductivity properties 527 to human skin has been significantly studied, due to its effectiveness in supporting the wound 528 healing process as the human body has an endogenous bioelectrical system in which the surface 529 of intact human skin carries a more negative charge than the deeper layers of the skin (Korupalli 530 et al., 2021). However, when a defect or injury occurs on the skin, the deeper epidermal and wound 531 cells wo
	 541 
	To effectively treat wounds, particularly those resulting from sports activities, it is necessary to 543 develop injectable wound dressings. Such dressings can adapt to various types of laceration 544 damage and can be applied to wounds in motion where the ability of the dressing to accommodate 545 
	compression and stretching activities is required (Deng et al., 2022). This type of wound dressing 546 is usually developed in the form of a hydrogel where a dressing can be applied to cover irregularly 547 shaped wounds and prevent the wound site from a second infection (Liang, Zhao, Hu, Chen, et al., 548 2019).  549 
	 550 
	From a histological perspective, the excessive accumulation of collagen secreted by fibroblasts, 552 irregular arrangement of fibroblasts, and fibroblast proliferation are the primary causes of scarring. 553 It has been suggested that cells can detect, interpret, and respond to chemical and physical 554 information in their immediate surroundings because the extracellular matrix is composed of both 555 nano- and micron-sized polysaccharides and protein molecules (Hynes, 2009). As a result, the 556 physical 
	 565 
	In contrast to acute wounds, which heal in a short time, chronic wounds require extensive 567 monitoring and therapy of bacterial infections and healing progress. In chronic wounds, pH is a 568 key parameter in wound monitoring, because pH changes are often caused by bacterial infection. 569 Due to the presence of alkaline byproducts produced by the bacterial proliferation process, the pH 570 value in chronic wounds is typically greater than 7.4, whereas the pH value in normal skin is 571 slightly acidic be
	 577 
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	BC has been used as base material in wound dressings fabrication due to its outstanding physical 579 properties, such as the 3D fiber porous structure, the ability to absorb water, and the hydrogen 580 bonding structure, which makes BC a good template for modification and the impregnation process 581 with other materials. However, is known that BC does not contain any substances that can prevent 582 bacterial growth or actively support the wound healing process, which is a basic requirement for 583 providin
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