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Abstract: Bacterial cellulose (BC), a biopolymer synthesized by various bacterial species, has emerged as a promising
material for biomedical applications due to its unique properties, including high purity, biocompatibility, mechanical
strength, and structural similarity to the extracellular matrix. This review explores the advancements in BC research over
the last decade, focusing on its applications in tissue engineering, wound healing, and drug delivery systems. While BC
offers numerous benefits, challenges such as large-scale production, structural modification, however regulatory
approval hinder its broader clinical use. Recent studies have introduced innovative solutions, such as using agro-
industrial waste to lower production costs and combining BC with other materials to enhance its bioactivity. As research
progresses, BC has the potential to revolutionize the field of biomedicine, offering sustainable, versatile, and effective

solutions for a wide range of medical applications.
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1. INTRODUCTION

Cellulose is the most abundant biopolymer in
nature, and generally is obtained from plant sources,
consisting of lignin, hemicelluloses and pectin beside
cellulose. On the other hand, currently industries and
public health sectors are demanding for new
biodegradable and eco-friendly materials [1-3].

Bacterial cellulose (BC) also named microbial
cellulose is an alternative material biosynthesized
extracellularly mainly by Gram-negative bacteria, such
as Gluconacetobacter, Rhizobium, Agrobacterium,
Aerobacter, Achromobacter, Azotobacter, Salmonella,
Escherichia, and Sarcina bacterial genera [4].
Gluconacetobacter, namely as Komagataeibacter, is
the most prominent and efficient BC producer,
industrially explored [5]. Compared to plant cellulose,
BC has various advantages, starting from the
purification process, that is sustainable, generating less
wastes [1].

Moreover, BC exhibits excellent and superior
mechanical and structural properties than plant
cellulose, such as high flexibility, high water uptake
capacity (up to 400 times its dry weight), hydrophilicity,
elevated purity and crystallinity, ultrafine fiber network,
high porosity, high tensile strength, and ability to be
shaped into different structures [6-8]. This whole set of

Bacterial cellulose,

*Address correspondence to this author at the Federal Institute of Education,
Science, and Technology of Tocantins, Campus Araguaina, 56, Amazonas
Avenue, 77826-170, Araguaina, TO, Brazil;

Tel: +55 (63) 3411-0328; E-mail: ricardo.sousa@ifto.edu.br

Biocompatibility, Drug delivery systems, Tissue

satisfactory properties are due to BC formation that
involves 3D-ultra thin entangled cellulose nanofibers
randomly distributed forming a gelatinous film [5, 8]. In
addition, despite plant-based cellulose fibers being
renewable, abundant, cheap and biodegradable, it is
associated with lignin and hemicellulose, non-
biodegradable molecules [9].

All those characteristics, associated  with
biocompatibility and biodegradability, makes BC a
promisor candidate for biomedical applications, such
as: artificial skin, vascular grafts, scaffolds for tissue
engineering, medical pads, artificial blood vessel repair,
drug delivery, wound healing, and dental implants
[7,9].

This article discusses the advances of the last
decade in bacterial cellulose research as a versatile
and multifunctional platform for biomedical applications.

2. BIOMEDICAL APPLICATIONS OF BACTERIAL
CELLULOSE

Since the beginning of humanity, society has found
a way to use cellulose in medicinal products or
procedures, such as teas or dressings based on some
leaves. Currently, we still use cellulose to support the
field of human health, however, with the difference that
the cellulose used in medicine comes largely from
bacteria. Bacterial cellulose has numerous advantages,
such as helping to combat deforestation to obtain
traditional cellulose [10]. In addition, BC has easy
handling during the strain production process, thus
adding improved functional characteristics to its by-
products.
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The potential that BC has in advancing biomedical
sciences is undeniable, from nursing and diagnosis to
highly complex theranostic and regenerative tissue
engineering products. Bacterial cellulose, since its
effectiveness in tissue remodeling, has been used as a
strong pillar of tissue engineering and biomedicine, its
functions range from wound dressing, production and
improvement of drugs, artificial reconstruction of blood
vessel tunics, engineering of bone tissue, among
countless other functions. Furthermore, BC is easy to
manipulate from the strain production process, thus
adding improved functional characteristics to its
byproducts [11].

Mechanical and physicochemical properties such as
porosity, malleability, bendability, hemocompatibility
are attributes rigorously analyzed to obtain a good final
product, in this case, the production of artificial blood
vessels. This production of artificial vessels is done by
protecting the tunica adventitia, especially in smaller
vessels, such as the thorax or legs. Porosity analysis is
one of the most important points in tissue construction,
as the systematics and migration of endothelial cells
are essential when we take synthetic biological
products into consideration. Figure 1 shows some
biomedical applications of bacterial cellulose.

3. BACTERIAL CELLULOSE AS A SCAFFOLD FOR
TISSUE ENGINEERING

Certainly, one of the most prominent biomedical
applications of BC is the development of scaffolds for
tissue engineering. Tissue engineering (TE), according
to Langer and Vacanti (1993) [12] and Pollok and
Vacanti (1996) [13], is a promisor field of regenerative
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Figure 1: Some biomedical applications of bacterial cellulose.
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medicine which applies the principles of biology and
engineering, in order to first understand
structure/function relationships in tissues, and then, to
provide functional biomaterials to restore, maintain, or
improve damaged tissues.

The foundations of TE are based on the cell
cultivation on scaffolds, three-dimensional structures
manufactured from synthetic or natural polymers. TE
scaffolds allow cell attachment, growth and
proliferation, enabling effective tissue regeneration.
Besides, biocompatibility, = biodegradability = and
interconnected pores resulting in suitable mechanical
properties are some requirements to a good TE
scaffold [14].

In this contextt BC membranes have been
extensively exploited due to its similarity to natural
extracellular matrices (ECMs), with an ultrafine and
ordered 3D-network of cellulose nanofibers, like
collagen nanostructures [15].

Although these are satisfying properties, some
obstacles have critically limited BC application as a
scaffold, mainly the lack of large pores and poor cell
affinity [16]. BC has a microstructure with pore sizes
less than 200 nm, which contributes to inhibit cell
proliferation, differentiation and adhesion. To overcome
these Dbarriers, researchers have implemented
modifications to BC chemical structure which besides
providing large pores, enhancing cell biocompatibility,
is an usual strategy to improve cellulose
biodegradation. Another limitant characteristic of
natural BC is the low bioactivity. Researchers have
circumvented that by loading bioactive materials such
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as collagen, bone morphogenetic protein-2, gelatin,
sodium alginate, as some examples [17]. Table 1

engineering.

summarizes some of the main recent findings about

Table 1:

modified BC and BC composites applied to tissue

Recent Publications and their Main Findings about Modified Bacterial Cellulose and Bacterial Cellulose-

Based Composites as Tissue Engineering Scaffolds Since 2018 to July 2023. The Research was Performed

Web of Science™

oxidized sucrose

cellulose and much improved mechanical properties and high porosity, suitable for soft
tissue engineering.

Material Main Findings Reference
By incorporating gelatin microspheres into BC culture medium, the researchers have
BC modified with incorporated obtained interconnected macropores, good swelling degree and mechanical properties. [16]
gelatin microspheres Cell migration to affinitive BC macropores was enhanced besides better spreading and
proliferation.
PEG-400 administration to BC enhanced its biocompatibility and the results indicated
that the water uptake and porosity properties of the scaffolds are adequate for the
BC rinsed with poly(ethylene glycol) | Viability of the NIH-3T3 murine [8]
(PEG-400) fibroblast cell line. Cell culture studies also showed that NIH-3T3 murine fibroblast cells
presented good attachement and
proliferation on scaffolds.
Polyvinyl Alcohol (PVA)/Hexagonal Bone tissue scaffolds were prepared through 3D-printing technology. The scaffolds
Boron Nitride (hBN)/Bacterial presented a good cell adhesion. Bacterial cellulose doped 3D printed scaffolds showed [19]
Cellulose (BC) composite well-defined porous structures with potential as a suitable tissue scaffold for bone repair.
Quince seed mucilage into BC structure promoted a more compact fibrillary network
Bacterial cellulose/quince seed with a closed pore structure. The composite scaffold revealed excellent fibroblast cell [20]
mucilage composite proliferation and attachment. This novel scaffold provides great potential in wound
dressing for clinical application.
Polycaprolactone (PCL), gelatin Lgrge porous scaffolc.js (~300 gm) were fabrllcated throygh 3D-pr|nt.|ng with ideal pore
. size for use in bone tissue engineering. The incorporation of bacterial cellulose and
(GEL), bacterial cellulose (BC), and | 1 fite into PCL/GEL scaffold | d cell proliferation and attachment 21
different hydroxyapatite (HA) ydroxyapatite into SEL scaffold increased cell proliferation and attachment. [21]
f PCL/GEL/BC/HA composite scaffolds provide a potential for bone tissue engineering
concentrations o
applications.
Bacterial cellulose/keratin composite hydrogel was prepared and evaluated for its
Keratin/Bacterial Cellulose physical-chemical and morphological properties. In vitro assays demonstrated that the [22]
composite scaffold materials were non-toxic on cells. In vitro tests performed by burned wounds on rabbits’
dorsal region revealed the regenerative potential of the scaffolds.
Chondroitin sulfate (CS) modified with gelatin (Gel) coating was applied to porous BC to
Bacterial Cellulose with Chondroitin | MProve its blocom.patlblllty. The mcorpor?tlon of CS/Gel coatings mcreaseq me(?hamcal -
Sulfate/Gelatin proper.tles, as tens!le.strength.and Youpg 's modulus and promoted cell proliferation, [23]
adhesion, differentiation, and ingrowth into scaffolds. The PBC-CS/Gel scaffolds are
expected to be used in tissue engineering.
The composite scaffolds exhibited good three-dimensional (3D) architecture with
Bacterial cellulose-chitosan-alginate- | suitable pore sizes (326.6 um) for tissue engineering. Besides, the scaffolds presented [24]
gelatin hydrogel scaffold good compressive strength, stability and excellent biocompatibility, revealing its
potential use as scaffolds for application in cartilage tissue engineering.
The scaffolds were prepared to evaluate their potential use in peripheral nerve repair. It
Bacterial cellulose scaffolds with was demonstrated that the biodegradability of the oxidized bacterial cellulose (OBC)
different oxidation degrees using improved significantly. OBC scaffolds with lower oxidation degrees demonstrated high [25]
sodium periodate porosity with interconnected pores, suitable mechanical property, and biodegradability
for peripheral nerve repair.
Defibrillated bacterial cellulose (BC) sponges were functionalized with oxidized sucrose
Bacterial cellulose crosslinked with (OS). The scaffolds presented a good thermal stability, comparable to that of pristine [26]
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4. ANTIBACTERIAL PROPERTIES OF BACTERIAL
CELLULOSE AND ITS ROLE IN WOUND HEALING

BC itself does not possess significant intrinsic
antibacterial properties. However, its structure allows
the incorporation of various antibacterial agents, such
as silver or gold nanoparticles, antibiotics, and natural
antimicrobial compounds like chitosan and essential
oils. These agents can be embedded into the BC
matrix or coated onto its surface, enhancing its
antibacterial efficacy [27].

Windarsih et al. (2022) [28] synthesized gold-
modified bacterial cellulose nanoparticles (Au-BCNP)
from waste of coconut water. According to their results,
the Au-BCNP composites provided good antibacterial
activity against Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and Salmonella
typhi indicating the potential applications of Au-BC for
biomedical applications. On the other hand, Jalili and
Emtiazi (2018) [29] produced transparent antibacterial
wound dressings based on silver nanoparticles
reduced in the presence of sodium tripolyphosphate
and in situ impregnation into the bacterial cellulose
membranes as a template. Transparency is an
important characteristic in agreement with the authors
once it is possible to examine the wound without
removing the dressing. Besides, the dressings
presented long lifetime and strong antibacterial activity
against E. coli (100%) and S. aureus (99.99%).

Similarly, by using silver nanoparticles (AgNPs),
Gupta and coworkers (2020) [30] described the green
synthesis of AgNPs using curcumin as a natural
reducing agent, that is known by its wound-healing
properties. Curcumin was microencapsulated into
hydroxypropyl-B-cyclodextrin and this complex with
AgNPs was loaded into bacterial cellulose hydrogel.
The composite hydrogel exhibited high
cytocompatibility and revealed promisor properties for
applications as wound dressings, once it presented
antimicrobial activity against some common wound-
infecting  pathogenic  microbes:  Staphylococcus
aureus,Pseudomonas aeruginosa, and Candida auris.

Conversely, there are some studies that focus on
natural antimicrobial agents such as essential oils.
Nagmetova et al. (2020) [31] describes the use of BC
as a food packaging impregnated with oregano oil
against Cronobacter strains. The results revealed that
this composite presents a strong and moderate
antibacterial activity. In relation to biomedical
applications of BC-essential oils composites, Mamouri
et al. (2023) [32] reported the preparation of a

BC/polyvinyl alcohol (PVA, 5 % w/v)/Barhang seed
gum (BSG, 0.5 % w/v) composite loaded with summer
savory (Satureja hortensis L.) essential oil (SSEO) for
application as wound dressings. According to the
authors, SSEO-loaded composite fiim had a robust
antibacterial activity against gram-negative bacteria
and in vivo model revealed a promising potential for
wound healing, improved collagen deposition and
reduced inflammatory response.

Regarding the use of antibiotics impregnated into
BC matrix, there are many reports such as the
research conducted by Shao and coworkers (2016)
[33] that describes tetracycline hydrochloride-loaded
bacterial cellulose membranes, a system where BC
matrix is able to control the release of the antibiotic.
The composites named as TCH-BC displayed excellent
antibacterial activity solely associated with the loaded
TCH drug. This result reveals that BC by itself does not
present antibacterial activity, however is an excellent
template to impregnate and release compounds that
have antimicrobial activity. In the next topic we will
discuss with more details some recent research where
bacterial cellulose works as a drug delivery system.

5. BACTERIAL CELLULOSE AS A DRUG DELIVERY
SYSTEM

The human body is truly complex with tissues
subject to disorders and diseases. In this context,
several drugs are developed and administered into the
human body to interact with unhealthy tissues, causing
therapeutic effects [34]. This administration involves
varied delivery systems. According to Mensah et al.
(2021) [35], the choice of material of drug delivery is
crucial to determine the most suitable route of
administration and to assure therapeutic success.

Traditional methods of administering medication
include taking it orally or through injections, where the
drug molecules are either delivered directly to the
target area or circulated throughout the body.
Nonetheless, there are some limitations associated
with these methods, such as: accurate dosing, time
duration, targeted delivery, and tunable release rate
[34]. To overcome these limitations, nanoparticles,
liposomes, microemulsions, and other advanced drug
delivery systems (DDS) have been created to enhance
bioavailability [35, 36]. In recent decades, bacterial
cellulose (BC) have gained significant attention as an
optimal candidate for DDS because of their exceptional
biocompatibility, biodegradability, and non-toxicity.
Additionally, the abundant hydroxyl (OH) groups on the



Bacterial Cellulose: A Multifunctional Platform for Biomedical Applications

Journal of Material Science and Technology Research, 2024, Vol. 11 79

surface of BC offer plentiful binding sites for physical,
chemical, and mechanical modifications [37].

Luo et al. (2017) [38] developed graphene-based
nanocarriers embedded into BC matrix to produce a
graphene oxide/bacterial cellulose nanocomposite drug
carrier. lIbuprofen (IBU) is frequently chosen as a drug
model for sustained/controlled release studies, based
on some features such as short biological half-life (2 h),
good pharmacological activity and suitable molecule
size of about 1.0-0.6 nm. According to the authors, IBU
was  successfully incorporated into  BC/GO
nanocomposites via in situ biosynthesis. The bacterial
cellulose/graphene oxide (BC/GO) composites show a
higher IBU loading capacity compared to pure BC. The
IBU release depends on the pH of the medium and fits
the Korsmeyer-Peppas model. The IBU@BC/GO
system demonstrates a more sustained release than
IBU@BC, indicating the crucial role of GO in controlled
release. The release mechanism is non-Fickian for
IBU@BC/GO and zero-order for IBU@BC. These
results suggest that BC/GO nanocomposites have
great potential as a new drug delivery system.

Jianbin Ye et al. (2024) [39] synthesized
antibacterial membranes based on bacterial cellulose
(BC), including BC-cefoperazone (BC-CEF) and BC-
cefoperazone sodium (BC-CEF/Na). Thus, the results
demonstrated that both types of drugs were
successfully absorbed, and the membranes exhibited
identical morphology and FT-IR peaks. Regarding the
comparison between both drugs, it was found that BC-
CEF had lower XRD crystallinity, which was probably
caused by the combination of carboxyl and hydroxyl.
However, there were no drug peaks seen in the
membranes, indicating no change in BC ribbon
crystallization. In this sense, it was observed that the
release of the drugs was significantly different. The
drug loading rate of CEF (46.4 mg/g) was significantly
higher than CEF/Na (30.3 mg/g). Cumulative drug
release profiles showed that only BC-CEF continued to
release drugs for a long period of up to 48 h and
exhibited good antimicrobial activity against S. aureus
and E. coli up to 48 h. It is important to highlight that
the authors discussed that the idea that BC
membranes can naturally incorporate the carboxyl
groups of antibiotics is also innovative and can be
useful in the development of drug delivery systems.

Ligia Costa et al. (2024) [40] portrayed a simple and
direct approach for the development of a bacterial
nanocellulose drug delivery system (BNC-DDS),
providing for the local administration of

immunomodulatory drugs in order to prevent foreign
body reaction (FBR). Therefore, in this work the aim
was to make the most of the self-adhesion properties of
BNC after drying, to trap commercial crystalline drugs
(dexamethasone-DEX and GW2580) in a sandwich
system. The stability of the bilayer BNC-DDS was
demonstrated by the high interfacial energy of the
bilayer films, 150 + 11 and 88 + 7 Jim? respectively for
2 mm and 10 mm thick films, corresponding to an
increase of 7.5 and 4.4 times compared to commercial
fabric adhesives. Regarding in vitro release
experiments, the adjustment capacity of the BNC-DDS
bilayer was observed by showing prolonged drug
release when thicker BNC membranes were used
(from 16 to 47 days and from 35 to 132 days, for the
bilayer- BNC trapping DEX and GW2580, an inhibitor
of the tyrosine kinase activity of CSF1R, respectively).
In summary, it can be seen that the work developed
had potential, using a simple approach for the
development of BNC drug depots for localized and
sustained release of therapeutic agents within
adjustable time frames. Therefore, the authors reported
that this work overcomes current tedious or ineffective
strategies for developing BNC-DDS, which often fail to
achieve sustained release over long periods.

6. CHALLENGES AND FUTURE PERSPECTIVES IN
UTILIZING BACTERIAL CELLULOSE FOR
BIOMEDICAL APPLICATIONS

Bacterial cellulose (BC) has garnered increasing
interest in biomedicine due to its unique properties,
including high purity, biocompatibility, water retention
capacity, and nanofibrillar structure that mimics the
extracellular matrix of human tissues [41, 42]. These
characteristics make BC a promising material for
various biomedical applications, such as tissue
engineering, controlled drug delivery, and the
development of medical devices [43]. However, the
transition of this material from the laboratory to clinical
use on a large scale faces significant challenges that
must be overcome.

One of the major challenges in utilizing BC is the
large-scale production needed to meet the demands of
the biomedical sector. Although bioreactor cultivation
techniques have been developed, the scalability of
these processes remains limited. Factors such as
optimizing culture conditions, rigorous control of
parameters like pH, temperature, and aeration, and the
high costs of culture media represent considerable
obstacles [44, 45]. Recent studies have explored the
use of alternative substrates and agro-industrial waste
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for BC production, such as glucose derived from
sugarcane bagasse, which could reduce costs and
make the process more sustainable [46].

The structural modification of BC to enhance its
properties, such as bioactivity and biodegradability, is
another significant challenge. Native BC has excellent
mechanical strength and stability, but its bioactivity can
be limited. Research has focused on the chemical
functionalization of BC, incorporating functional groups
or combining it with other materials, such as chitosan
or collagen, to improve cell interaction and promote
tissue regeneration [47, 48]. Recently, Abeer and
coworkers (2014) [49] reviewed advances in BC
modification for biomedical applications, highlighting
the importance of combining it with natural and
synthetic polymers to create hybrid materials with
adjustable properties.

Another critical point is the reproducibility and
standardization of BC production processes. Variability
in the material's properties, due to differences in
bacterial strains and culture conditions, can affect the
quality and functionality of the final products [50]. Abol-
Fotouh and coworkers (2020) [51] discussed the
importance of controlling these parameters to ensure
material  consistency, especially in biomedical
applications where variability can compromise the
efficacy and safety of devices.

Regulation and clinical approval of BC for human
use is another complex challenge. The regulatory
approval process involves extensive testing for
biocompatibility, toxicity, and efficacy, as well as
compliance with international standards set by bodies
such as the FDA and Anvisa [51, 52]. In a detailed
study, Gama and coworkers (2016) [53] explored the
requirements for certifying BC-based biomaterials,
emphasizing the need for rigorous preclinical studies
and the establishment of standardized protocols to
ensure patient safety.

Despite these challenges, the future prospects for
BC in biomedical applications are promising. In tissue
engineering, BC has proven effective in regenerating
tissues such as skin, cartilage, and blood vessels due
to its nanofibrillar structure that mimics the extracellular
matrix [54, 55]. Recent advances in 3D bioprinting have
enabled the creation of personalized scaffolds, which
can be used to promote tissue regeneration in patients,
integrating stem cells to optimize the healing process
[56].

The development of nanocomposites is another
area of growing interest. Combining BC with
nanoparticles, such as silver or metal oxides, has
resulted in materials with antimicrobial and conductive
properties, expanding their applications in medical
devices such as smart wound dressings and
biosensors [57, 58]. A study conducted by Lin and
coworkers (2013) [59] demonstrated that the
incorporation of silver nanoparticles into BC resulted in
a dressing with excellent antimicrobial activity, showing
potential for use in chronic wounds.

In the field of advanced therapies and regenerative
medicine, BC can be used as a platform for controlled
drug release, a support for the growth of specific cells,
or even as a vehicle for gene therapies. The integration
of BC with emerging technologies, such as Clustered
Regularly Interspaced Palindromic Repeats (CRISPR),
opens new possibilities for personalized and more
effective treatments [60].

Moreover, BC has been studied as a matrix for the
encapsulation and sustained release of therapeutic
agents, including growth factors and proteins, which
could revolutionize the treatment of various pathologies
[61].

Finally, the development of more sustainable
production processes is an important trend. The use of
agricultural waste or industrial by-products as carbon
sources for bacterial cultivation can significantly reduce
production costs and environmental impact, making BC
a viable and environmentally friendly alternative for
large-scale applications [62, 63]. Recent research has
explored the feasibility of different agro-industrial
wastes, such as whey and molasses, for BC
production, with promising results [65].

In  summary, while there are considerable
challenges in utilizing bacterial cellulose for biomedical
applications, continuous research and development
advances, as well as collaboration between different
sectors, indicate a promising future for this biomaterial.
Overcoming these obstacles will be crucial for
transitioning BC from the laboratory to large-scale
clinical applications, with the potential to revolutionize
the field of biomedicine.

CONCLUSIONS

Bacterial cellulose (BC) presents immense potential
for biomedical applications due to its exceptional
properties such as biocompatibility, high water
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retention, and nanofibrillar structure. Despite these
advantages, challenges like scalability, bioactivity
enhancement, and process standardization must be
addressed for broader clinical adoption.

Looking forward, the future of BC in biomedicine
appears promising, driven by innovations in tissue
engineering, drug delivery systems, and the
development of hybrid nanocomposites. Advances in
sustainable production methods, such as utilizing agro-
industrial waste, could reduce costs and environmental
impact, making BC a more feasible option for large-
scale applications. Furthermore, the combination of BC
with emerging technologies, like 3D bioprinting and
CRISPR, opens exciting new avenues for personalized
medicine and regenerative therapies. With continued
interdisciplinary collaboration, BC has the potential to
transform biomedical applications and improve patient
outcomes on a global scale.
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