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Abstract

BACKGROUND: Cartilage, bone, and teeth, as the three primary hard tissues in the human body, have a significant
application value in maintaining physical and mental health. Since the development of bacterial cellulose-based composite
materials with excellent biomechanical strength and good biocompatibility, bacterial cellulose-based composites have been
widely studied in hard tissue regenerative medicine. This paper provides an overview of the advantages of bacterial
cellulose-based for hard tissue regeneration and reviews the recent progress in the preparation and research of bacterial
cellulose-based composites in maxillofacial cartilage, dentistry, and bone.

METHOD: A systematic review was performed by searching the PubMed and Web of Science databases using selected
keywords and Medical Subject Headings search terms.

RESULTS: Ideal hard tissue regenerative medicine materials should be biocompatible, biodegradable, non-toxic, easy to
use, and not burdensome to the human body; In addition, they should have good plasticity and processability and can be
prepared into materials of different shapes; In addition, it should have good biological activity, promoting cell proliferation
and regeneration. Bacterial cellulose materials have corresponding advantages and disadvantages due to their inherent
properties. However, after being combined with other materials (natural/ synthetic materials) to form composite materials,
they basically meet the requirements of hard tissue regenerative medicine materials. We believe that it is worth being
widely promoted in clinical applications in the future.

CONCLUSION: Bacterial cellulose-based composites hold great promise for clinical applications in hard tissue engi-
neering. However, there are still several challenges that need to be addressed. Further research is needed to incorporate
multiple disciplines and advance biological tissue engineering techniques. By enhancing the adhesion of materials to
osteoblasts, providing cell stress stimulation through materials, and introducing controlled release systems into matrix
materials, the practical application of bacterial cellulose-based composites in clinical settings will become more feasible in
the near future.
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1 Introduction

Hard tissue defects or deficiencies in the human body,
including cartilage, teeth, and bone, often arise due to
various factors such as degenerative diseases, traumatic
injuries, congenital defects, tumor resection, osteomyelitis
debridement, aging, congenital diseases, and natural dis-
asters [1]. These impairments have a significant impact on
patients’ quality of life, as well as their physical and mental
well-being. Consequently, clinical interventions are nec-
essary to address these issues, and promoting the regener-
ation of hard tissue has long been a formidable challenge in
clinical surgery.

One specific challenge in the field of oral and maxillo-
facial surgery involves the biological regeneration and
repair of hard tissue in this region. Oral and maxillofacial
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hard tissue includes cartilage and teeth, which are closely
interconnected and mutually supportive. They play a cru-
cial role in mastication, speech, and facial appearance,
providing structural support for the maxillofacial region
and contributing to the overall performance of the oral and
maxillofacial system. However, conditions such as oral and
maxillofacial tumors, trauma, and congenital deformities
like jaw ameloblastoma, condylar dysplasia, and congenital
jaw bone loss can result in varying degrees of cartilage and
tooth loss in the maxillofacial region. Cartilage tissue poses
unique challenges for regeneration due to its composition
of a single cell type, low cell count, and limited prolifer-
ative activity of chondrocytes. Moreover, cartilage tissue
lacks essential components such as blood vessels, nerves,
and lymphatic vessels, making self-repair highly chal-
lenging. similarly, teeth, being the hardest tissues in the
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human body, consist of cementum, dentin, and enamel, but
they also face difficulties in recovering from conditions
like caries, trauma, or acid erosion. Despite advancements
in correcting tooth and cartilage abnormalities, current
techniques fall short of meeting clinical requirements.
These approaches are often limited to laboratory animal
models or have yielded unsatisfactory results and subse-
quent complications in clinical practice. Thus, there is a
pressing need to improve the methods and concepts of
maxillofacial hard tissue defect repair.

Compared to the unique characteristics of cartilage tis-
sue and teeth, bone tissue defects are more prevalent. As
one of the crucial hard tissues in the human body, bone
tissue is primarily composed of type I collagen and
hydroxyapatite (HAP) containing carbonate [2]. Each year,
millions of patients worldwide suffer from bone defects
resulting from severe trauma, fractures with infections,
improper fracture treatments, bone tumors, and other
complications. While bone tissue is active and possesses a
certain degree of natural regenerative ability, the majority
of bone injuries, such as fractures, abnormalities, and
localized necrosis, can be managed through routine care,
and minor bone damage areas often recover on their own.
However, once a bone defect surpasses the critical size
threshold (typically > 2 cm, depending on the anatomical
location), it fails to heal spontaneously. Current bone
reconstruction techniques often encounter issues such as
complex procedures, lengthy surgical duration, prolonged
bone healing time, delayed weight-bearing, low healing
rates, poor tolerance, and numerous complications. Con-
sequently, large bone deficiencies still necessitate treat-
ment with bone transplants or artificial bone. In summary,
the self-healing capacity of hard tissue is limited, and thus
the regeneration of hard tissue requires the use of trans-
plantation materials or substitutes. Bone transplantation
remains the conventional method for bone regeneration [3].
The three primary approaches to bone transplantation
include allogeneic bone transplantation, xenogeneic bone
transplantation, and autologous bone transplantation.
Allogeneic bone transplantation utilizes bones from other
individuals, thereby introducing potential risks of disease
transmission and immunological rejection, despite its
improved effectiveness in generating new bone. Xeno-
geneic bone transplantation involves using animal bones,
which exhibit relatively slow bone synthesis rates in the
human body due to heterologous factors. In comparisonc to
the previous two methods, autologous bone transplantation
serves as the “gold standard” in traditional transplantation
techniques [4]. It offers minimal and good bone bonding
effects, but its supply is severely limited. This repair
method typically involves two surgeries, which not only
increases the risk of infection but may also result in
deformities, pain, and even dysfunction [5].

Therefore, the search for an optimal artificial bone
substitute has become a major focus in clinical research on
regenerative medicine for hard tissue. The development of
biodegradable and biocompatible biomaterials is crucial for
enhancing the treatment of bone diseases. In response to
pressing clinical needs, bone tissue engineering (BTE) has
emerged as a promising field, offering a broad research
platform for cartilage regeneration and the repair of bone
tissue defects, instilling hope in patients. In recent years,
BTE has evolved into a highly interdisciplinary field and
has demonstrated success in addressing bone-related issues
[6]. The approach involves creating artificial materials that
replicate the biochemical and mechanical characteristics of
natural bones and implanting them to restore their biolog-
ical functions. In particular, the use of biocompatible
materials with advanced functionality and design has been
shown to enhance cell adhesion, proliferation, and differ-
entiation [7, 8].

Recently, research in BTE primarily focuses on three
main areas: seed cells, growth factors, and scaffold mate-
rials [9]. Among these, scaffold materials hold utmost
importance as they provide a surface for growth factors to
attach and facilitate cell proliferation [10]. The scaffold
employed in BTE must fulfill certain requirements: (i) the
materials used should be biocompatible and pose no harm
to the host; (ii) natural degradation of thet material should
obviate the need for further surgeries post-healing; (iii) the
scaffold should possess interconnected pores to support cell
attachment, vascularization, and the transport of nutrients
and waste products [11]; and (iv) importantly, it must
exhibit robust mechanical properties to withstand various
stresses and maintain structural integrity. To address the
limitations of scaffold materials, researchers are increas-
ingly exploring modifications and doping techniques to
improve their performance and utilize different scaffold
options [12]. Currently, bone tissue engineering scaffolds
are fabricated from diverse materials for bone replacement
and healing, including metal materials, bioactive ceramics,
and high molecular weight polymers. However, these
materials possess inherent drawbacks, such as immune
rejection, slow degradation, and suboptimal repair capa-
bilities. Additionally, their physical, chemical, and struc-
tural properties significantly differ from those of human
hard tissue, often leading to unsatisfactory repair outcomes.

The extracellular microbial substance called bacterial
cellulose (BC) was initially discovered by British scientist
Brown in 1886 [13]. BC is a naturally biodegradable
nanostructured polymer produced by bacteria [14]. This
nanomaterial consists of randomly arranged raw fibers with
a width of < 100 nm, which aggregate into bundles of
nanofibers with a width of 7-8 nm. In contrast to con-
ventional materials, BC is composed of B-D-glucose units
linked by B-1,4-glycosidic bonds, resulting in a specific
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stepwise assembly that gives rise to its remarkable prop-
erties. These properties include high purity, flexibility, and
tensile strength (with Young’s modulus of 15-18 GPa), a
high surface area (due to the high aspect ratio of fibers with
a diameter of 20-100 nm) [15], a high degree of poly-
merization, high crystallinity (84-89%), high water reten-
tion capacity (over 100 times its weight) [16], good
biocompatibility, and controllable biodegradability and
mechanical properties. Although BC shares the same
chemical formula as plant cellulose((C¢H;yOs)n), it pos-
sesses a unique network structure with a width of
approximately 0.01-0.10 pm, which is 2-3 orders of
magnitude smaller in diameter than plant cellulose (gen-
erally 10 pum) [14]. Moreover, the fiber structure of BC
closely resembles the collagen fibers found in bones. The
combination of these excellent characteristics establishes
BC as an appealing natural biopolymer material and an
ideal candidate for bone regeneration scaffolds.

However, using BC alone presents many problems:
(1) In maxillofacial cartilage tissue engineering, BC can be
molded into precise shapes and possesses strong mechan-
ical strength and chemical stability. While BC has great
potential as a cartilage implant, its aperture is too small to
promote chondrocyte proliferation and adhesion. (i) In
dentistry, BC itself exhibits excellent transparency, elas-
ticity, durability, and easy formability, making it a good
dental medical material. However, it lacks medical prop-
erties and antibacterial abilities and cannot accelerate the
healing process or alleviate pain. (iii) In BTE, although BC
demonstrates superior mechanical properties compared to
other materials, it still falls slightly short of normal bone
tissue and cannot support load-bearing bone implants.
Additionally, it lacks biological activity, such as cellular
recognition, intrinsic antibacterial activity, and antioxidant
activity. This makes it challenging to adjust pore size and
results in delayed degradation in vivo. Lastly, the BC
scaffold itself lacks bone conduction effect. Therefore, the
sole use of BC is often insufficient to meet all the
requirements and expectations in the bone regeneration
process [17]. These restrictions restrict the use of BC in
hard tissue regenerative medicine. Hence, it becomes
imperative to address the limitations of BC and explore
strategies to enhance its potential and broaden its appli-
cation in hard tissue regenerative medicine. In recent years,
significant research efforts have been focused on modifying
BC through in situ or non in-situ methods such as oxida-
tion, esterification, etherification, and graft copolymeriza-
tion. Another approach involves developing various BC-
based composite scaffold materials to overcome its short-
comings and expand its utilization in BTE. These investi-
gations have garnered significant attention and are
considered a hot research topic [18-20].
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This review primarily focuses on the application of BC-
based composites (including natural polymers and syn-
thetic polymers) in the field of hard tissue regenerative
medicine, specifically in maxillofacial cartilage tissue,
dentistry, and bone tissue. By summarizing the perfor-
mance, advantages, and challenges associated with differ-
ent BC-based composites, we aim to provide a
comprehensive understanding of their capabilities. Ulti-
mately, these composites can serve as a crucial strategy for
the development of orthopedic and dental biomaterials.

2 Applications of BC-based composites in bone
tissue regenerative medicine

Bone tissue, a rigid connective tissue, consists of cells,
collagen fibers, and the bone matrix. The matrix primarily
consists of solid inorganic salts, while the fibers act as
binding agents. The deposition of calcium salts within the
matrix contributes to the hardness of bone tissue, providing
structural support to the body, facilitating bodily move-
ment, maintaining mineralization balance, and safeguard-
ing internal organs. Additionally, certain bones contribute
to hematopoiesis and mineral balance regulation. Conse-
quently, maintaining the integrity of bone tissue is vital for
normal bodily functions. However, bone defects resulting
from trauma, tumors, inflammation, and other factors are
increasingly prevalent. Every year, millions of individuals
worldwide require bone transplantation, with approxi-
mately 250,000 patients needing bone defect repair solely
due to tumor resection.

Unfortunately, many patients are unable to receive
adequate treatment due to the lack of ideal replacement
materials. Consequently, there is considerable clinical
significance in the development of optimal artificial bone
healing materials and related technologies. Autologous and
allogeneic grafts used for bone defect repair often face
limitations such as supply shortages, additional complica-
tions, and immune rejection reactions. Currently, BTE is
deemed the most advanced approach to treating bone
defects. It involves the cultivation and expansion of iso-
lated autologous high concentration osteoblasts, bone
marrow stromal stem cells, or chondrocytes in vitro. Sub-
sequently, these cells are implanted onto a biocompatible
scaffold or extracellular matrix, either naturally or artifi-
cially synthesized, that gradually degrades and is absorbed
by the body. This process aims to repair bone tissue
defects. Undoubtedly, the regeneration and repair of dam-
aged bone tissue necessitate the coordinated use of three
key components in tissue engineering: the scaffold, seed
cells, and information factors. Among these components,
the scaffold serves as the foundation and determinant of the
success or failure of BTE. Regarding bone tissue
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Fig. 1 Natural source polymer and synthetic polymer combined with BC

engineering scaffolds, BC possesses a broad range of
applications and is a focal point in international biomedical
material research. This is owing to its distinctive three-
dimensional fiber network structure resembling the extra-
cellular matrix (ECM), biological compatibility, adapt-
ability, high crystallinity, and excellent mechanical
toughness. However, for scaffold materials in BTE, the
generally accepted pore size ranges from 100 to 350 pum.
Scaffolds with porosity exceeding 90% are more conducive
to cellular and tissue ingrowth, promoting bone tissue
regeneration. The natural nanofiber network structure of
BC may be too dense for animal cells, thus, limiting its
applicability in tissue engineering scaffolds. Furthermore,
BC is less commonly employed as the sole scaffold in bone
tissue synthesis due to its inadequate mechanical proper-
ties. So researchers often combine BC with various mate-
rials to create composite materials, thereby introducing
new functionalities to BC and expanding its application in
BTE, similar to other biomaterials. Synthetic polymers and
natural polymers, both classified as degradable polymers,
are commonly employed in conjunction with BC for bone
tissue regeneration. However, each type of polymer pre-
sents its own set of advantages and disadvantages. For
example, Poly(lactic acid) and polycaprolactone are
examples of synthetic polymers that offer flexibility in
terms of processing and modification. However, these

polymers are often associated with drawbacks, including
the risk of infection, immune response, and toxicity to the
human body. On the other hand, natural polymers exhibit
various desirable characteristics that mimic the ECM and
are theoretically believed to be free from the defects
associated with synthetic polymers [21]. Nevertheless,
natural polymers still possess limitations, such as low
mechanical strength, challenging processing, and fast
degradation. Given these considerations, this chapter aims
to investigate the advantages and disadvantages of incor-
porating BC with both synthetic and natural polymers in
the context of BTE. This research endeavor is expected to
make a valuable contribution to the field of BTE (Fig. 1).

2.1 BC/synthetic polymer composites

In recent years, the combination of synthetic polymers with
BC has led to significant advancements in the development
of composite materials for bone regeneration [22]. Syn-
thetic polymers, such as poly(lactic acid) (PLA) [23, 24],
polyhydroxyalkanoate (PHB) [25], poly(vinyl alcohol)
(PVA) [26, 27], polycaprolactone (PCL) [28], and poly-
acrylamide (PAM) [29], offer numerous advantages,
including high chemical strength, excellent mechanical
properties, and durability.
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PLA, an aliphatic polyester, is a completely
biodegradable and thermoplastic material. It can be
metabolized into lactic acid within the human body without
causing harm or triggering an inflammatory response.
However, PLA’s limited crystallinity and brittleness of its
printed materials restrict its wide-ranging applications.
Conversely, BC possesses good mechanical strength but
lacks biodegradability within the body. To address these
limitations, Wu et al. [23] developed a novel composite
scaffold by combining BC with PLA. Compared to the pure
BC membrane (25.61 MPa), the tensile strength of the
PLA/BC composite scaffold increased to 66.49 MPa.
Additionally, while the degradation rate of BC membrane
in simulated bodily fluid was 14.38%, the degradation rate
of the PLA/BC composite scaffold was 18.75%. This
combination successfully resolved the issues of inadequate
mechanical performance and non-biodegradability in vivo.
Similarly, Zhang et al. employed vacuum freeze-drying
and electrospinning techniques to fabricate a bilayer
composite membrane consisting of polylactic-co-glycolic
acid (PLGA), multi-walled carbon nanotubes (MWNTS),
and bacterial cellulose (BC). This membrane served as a
guided tissue regeneration (GTR) membrane [24]. After
12 weeks following GTR surgery, the experimental group
exhibited a substantial amount of lamellar bone masses at
the defect site, along with pleomorphic osteoblasts
demonstrating active proliferation. These findings confirm
the potential of PLA/BC composite materials for BTE.

Polyhydroxyalkanoate (PHB) is a commonly utilized
bacterial-derived polymer that has garnered significant
attention in bone regenerative medicine due to its excep-
tional mechanical properties, biodegradability, and favor-
able biocompatibility. Codreanu et al. investigated the
in vitro biocompatibility of polyhydroxyalkanoate-modi-
fied bacterial cellulose (PHB/BC) scaffolds and their
osteogenic potential in critical-sized mouse skull defects
[25]. The study revealed that the PHB/BC scaffold pro-
motes the proliferation of 3T3-L1 preadipocytes and
exhibits a positive impact on osteoblast development
in vivo, leading to the generation of new bone tissue
20 weeks post-implantation. Consequently, the newly
developed PHB/BC scaffold holds promise as a suit-
able biomaterial for bone tissue engineering applications.

Poly(vinyl alcohol) (PVA) offers desirable characteris-
tics such as flexibility, hydrophilicity, excellent chemical
stability, high water content, and ease of molding, making
it an ideal choice for bone regeneration scaffolds. Aki et al.
employed 3D printing technology to fabricate a porous
bone scaffold comprising poly(vinyl alcohol) (PVA),
hexagonal boron nitride (hBN), and bacterial cellulose.
This scaffold mimics the mechanical structure and physical
properties of bone and was found to significantly enhance
the activity of human osteoblasts [26]. Additionally,
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ChristyP et al. [27] explored a novel organic—inorganic
hybrid CPBNC biological nanocomposite material by
combining chitosan (C), poly(vinyl alcohol) (P), nano
bioactive glass (B), and nano cellulose (NC) with the
addition of 1%, 2%, and 3wt% nano cellulose as template
materials for bone tissue applications. The resulting scaf-
fold exhibited porosity comparable to cancellous bone
(61-79%), making it an ideal candidate for cell inoculation.
Furthermore, compared to the chitosan/PVA system, the
scaffold demonstrated improved mechanical properties,
thermal stability, osmotic characteristics, rigid network
structure, cell adhesion, and mineralization enhancement.

Polycaprolactone (PCL) is a biodegradable polymer
synthesized artificially, known for its good biocompatibil-
ity and processing properties. Although PCL exhibits slow
degradation and produces fewer acidic decomposition
products compared to other polyesters, it lacks bone
induction capability, hydrophilicity, and sufficient biolog-
ical activity, limiting its use in the field of bone regener-
ation. To overcome these limitations, the combination of
PCL with bioactive particles to fabricate composite scaf-
folds has emerged as a promising approach. Cakmak et al.
utilized polycaprolactone (PCL), gelatin (GEL), bacterial
cellulose (BC), and hydroxyapatite (HA) as raw materials
to develop a novel PCL/GEL/BC/HA composite scaffold
using 3D printing technology [28]. The scaffold possessed
an optimal pore size for BTE and demonstrated favorable
cell survival and adhesion.

Polyacrylamide (PAM) is a widely used water-soluble
polymer, obtained through homopolymerization or
copolymerization of acrylamide with other monomers. Its
structural units contain amide groups, allowing for the
formation of hydrogen bonds, good water solubility, and
high chemical activity. PAM can be easily modified by
grafting or crosslinking, resulting in branched or network
structures. Yuan et al. [29] employed bacterial cellulose
nanofiber clusters (BCNC) as a novel reinforcing and
physical crosslinking agent, replacing BCM, to polymerize
acrylamide monomer in a polyacrylamide/BC nanofiber
cluster suspension. This synthesis led to the formation of a
polyacrylamide/bacterial cellulose (PAM/BC) hybrid
hydrogel with high strength, toughness, and recyclability.
The hybrid gel exhibited excellent biocompatibility, a
breaking elongation of 2200%, and a breaking stress of
1.35 MPa. It could withstand nearly 99% strain without
fracturing and immediately recover its original shape after
the release of compressive forces. The potential of PAM/
BC hydrogels as biomaterials for bone and cartilage repair
shows promise.

In the creation of scaffolds for BTE, synthetic polymers
offer several advantages compared to other materials. They
possess predictable and consistent mechanical and physical
properties, including tensile strength, compressive
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Table 1 Comparison of advantages and disadvantages of different synthetic polymers in BTE
Composite Advantage Disadvantage References
Poly(lactic acid) Materials with good mechanical pr-operties,good  The heat resistance is general, and it starts to deform [23, 24]
(PLA) biocompatibility and biodegradability, low cost, at a temperature above 60 °C, and it is not
toughness and elasticity resistant to water or chemical corrosion
Polyhydroxyalkanoate ~ Good Biodegradability, biocompatibility,optical Poor thermal stability, narrow processing window  [25]
(PHB) activity
Poly(vinyl alcohol) Good water solubility If overheated, toxic vapor will be released; [26, 27]
(PVA) expensive
Polycaprolactone Excellent mechanical strength and proper Insufficient strength of mechanical properties [28]
(PCL) biodegradability, certain rigidity and strength
Polyacrylamide It has good thermal stability, good water solubility When the temperature is low, the dissolution time is  [29]
(PAM) and high chemical activity, small dosage and no long, and the dosage is too high, which will cause
odor and corrosivity when used the water to be viscous
modulus, and degradation rate. By controlling factors such  include protein-based biopolymers such as collagen

as degree of polymerization (molecular weight size),
chemical composition, and crystallinity, the mechanical
strength and degradation rate of the materials can be
manipulated. Synthetic polymers can be shaped into vari-
ous forms with desired pore structures, facilitating tissue
growth. Consequently, the combination of BC with syn-
thetic polymers has gained popularity in the construction of
BTE scaffolds in recent years. However, it should be noted
that these polymers undergo substantial erosion processes,
leading to premature scaffold failure. Moreover, the sudden
release of acidic breakdown products can trigger a signif-
icant inflammatory reaction. These considerations are
crucial when composite scaffolds of this nature are fre-
quently employed in clinical settings (Table 1).

2.2 BC/natural polymer composites

The primary limitation of synthetic polymers lies in their
lack of cellular recognition signals and limited biological
interactions with cells. Consequently, natural polymers
have gained considerable attention in this regard due to
their inherent biological and chemical resemblance to
natural tissues, as well as their composition derived from
living structures [30]. Natural polymers can form hydrogel
structures that closely mimic the ECM, facilitating tissue
formation [31]. Moreover, many natural polymers are
integral components of the ECM and can enhance critical
cellular processes such as cell division, adhesion, differ-
entiation, and migration [32]. Natural biomaterials are
derived from diverse sources, including animal proteins
such as collagen and gelatin [33], seaweed-based alginate
derived from the cytoplasm and cell wall [34], and chitosan
obtained through chitin deacetylation. Currently, a wide
range of natural polymers have been employed in the
fabrication of BC/natural polymer composites. These

[35-37], gelatin [38, 39], soy protein [40], osteopontin
[41], silk fibroin [42-46], as well as alginate [47-50],
chitosan [51], among others. The BC/natural polymer
composite material represents an innovative approach that
harnesses the advantages of BC and natural polymers while
compensating for their respective drawbacks. As a result, it
has generated significant interest in the field of BTE.

2.2.1 Collagen and gelatin

The extracellular matrix (ECM) of bone tissue is a com-
posite structure comprising inorganic compounds, primar-
ily hydroxyapatite (HAp), and organic compounds, mainly
collagen. In tissue engineering, there is a need to replicate
the ECM, and collagen (Col) and gelatin derived from
animal proteins have proven to be excellent biomimetic
materials due to their composition.

Collagen, an abundant protein found in various animal
tissues such as the skin [52], tendons, bones, muscles of
mammals, and the skin, bones, and scales of aquatic ani-
mals, is a crucial component of the ECM itself. It possesses
desirable characteristics, including non-toxicity, minimal
immunogenicity, compatibility with human tissues, and the
ability of the body to absorb degradation products, making
it widely utilized in BTE. Lee et al. employed biomimetic
technology to fabricate bacterial cellulose membranes
(BCM) and compared them with absorbable collagen
membranes for guiding bone regeneration [53]. The find-
ings revealed that BC membranes exhibited superior
mechanical properties, such as wet tensile strength, com-
pared to collagen membranes. However, in vitro investi-
gations demonstrated that cells cultured on BC membranes
exhibited lower levels of morphological differentiation and
cell proliferation rates compared to cells on collagen
membranes. Consequently, combining and complementing
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the properties of both materials is anticipated to provide
significant benefits in the field of BTE. Scholars have
conducted research in this area. Zhang et al. employed
Malaprade and Schiff base reactions to prepare three-di-
mensional porous microspheres comprising collagen
(COL), bacterial cellulose (BC), and bone morphogenetic
protein 2 (BMP-2) as a loaded growth factor [35]. The
study showed that the 3D porous microspheres with mul-
tiple structures and components exhibited greater efficacy
in promoting the adhesion, proliferation, and osteogenic
differentiation of mouse MC3T3-El cells compared to BC
alone. Noh et al. utilized freeze-drying techniques to fab-
ricate BC/collagen composite scaffolds with varying vol-
ume ratios of BC and collagen [37]. The results
demonstrated that scaffolds with a higher BC content
exhibited improved physical stability, along with a water
absorption rate of up to 400%, rendering them more
resistant to shrinkage under humid conditions. In osteo-
genic induction experiments conducted on mesenchymal
stem cells derived from umbilical cord blood (UCB-
MSCs), the composite scaffold showed upregulation of
osteogenic markers such as type I collagen, osteocalcin,
and bone sialoprotein. Furthermore, the protein and cal-
cium deposition were significantly increased on this com-
posite scaffold. Saska et al. [36] synthesized and evaluated
a nanocomposite for bone regeneration purposes, consist-
ing of bacterial cellulose (BC), collagen (Col), apatite
(Ap), and either osteogenic growth peptide (OGP) or its
C-terminal pentapeptide [OGP (10-14)]. The findings
indicated that the combination of collagen, apatite, and
OGP peptide promoted cell proliferation more effectively
than BC-Ap containing OGP. The composite also exhibited
good bioactivity and osteoinductive properties. The afore-
mentioned studies provide evidence that composite mate-
rials combining Col and BC have the potential to serve as
scaffolds for BTE.

Gelatin is derived from collagen through the process of
deformation induced by acid, alkali, or high temperature. It
is a mixture of proteins and polypeptides. Gelatin exhibits
lower antigenicity compared to collagen [54]. As a natural
polymer, the molecular chains of gelatin contain repetitive
arginine, glutamic acid, and aspartic acid (RGD) motifs,
which facilitate the deposition of ECM and integrins. This
property allows gelatin to modulate cell adhesion and
physiological activities, including growth factor release,
cell spreading, and blood vessel growth, thereby enhancing
the overall biological behavior of biomaterials [55]. The
advantage of gelatin lies in its ability to improve the bone-
inductive capability that BC alone lacks. However, gelatin
itself possesses poor mechanical properties and low heat
resistance, rendering it unsuitable as a standalone material
to meet the performance requirements of bone tissue
engineering scaffolds. Thus, combining gelatin with BC,

@ Springer

which exhibits excellent mechanical properties, presents a
mutually beneficial solution. Research has demonstrated
that the composite material formed by bonding BC and
gelatin possesses a unique dual network structure, impart-
ing it with remarkable mechanical strength. In comparison
to pure BC and gelatin, the composite scaffold exhibits
superior elastic modulus, compressive strength, and tensile
strength [56]. Furthermore, compared to pure BC scaffold
materials, the composite scaffold demonstrates enhanced
biocompatibility, further highlighting its significant
potential for BTE. Wang et al. [39] prepared an MA-BC-
Gel composite scaffold by treating BC with TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl radical) and maleic
acid (MA), following previous research protocols. This
scaffold exhibited excellent performance in terms of
increasing bone density in newly formed bone and tra-
becular thickness in rat skull bone regeneration, without
causing any damage to visceral organs or serum in vivo.
Pure HAp bioceramics, when calcified at high temper-
atures, possess poor moldability, fragility, and lack bone
induction activity, making it challenging to achieve a bal-
ance between their mechanical properties, biological
functionality, and biodegradation. Gelatin, as a derivative
of collagen, exhibits remarkable capabilities in promoting
the self-assembly of synthetic bone nanocomposites. In
their study, Yang et al. [38] employed a biomimetic
approach to fabricate nanocomposites comprising oxidized
bacterial cellulose (OBC), hydroxyapatite (HAp), and
gelatin (Gel). OBC serves as the matrix, facilitating the
fusion of gel and the coordination of HAp nanocrystals.
This combination imparts the composite with enhanced
mechanical strength and an increased capacity to withstand
complexation with Ca*". Due to the presence of numerous
active groups (—COOH and —NH,) in crosslinked gelatin,
the precipitated HAp is dispersed as microcrystals rather
than HAp nanocrystals. The distributed and encapsulated
HAp nanocrystals within the gelatin molecules effectively
regulate the physiological activity of bone cells and control
the release and degradation of HAp nanocrystals, thereby
achieving sustained efficacy in bone defect healing (Fig. 2).

2.2.2 Soybean protein, osteopontin, and silk fibroin

The self-assembly of proteins into functional nanoparticles
has garnered significant interest as a means to fabricate
novel biomaterials. Previous studies highlighted the
intrinsic biological activity of gelatin and collagen pro-
teins, demonstrating their potential as promising biomate-
rials in BTE without posing significant risks [57]. Protein-
based biomaterials, due to their molecular structures
resembling natural proteins found in tissues, hold promise
for performing biological functions. Proteins that interact
with cell receptors can serve as scaffolds for cellular
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growth, making surface modification of biomaterials with
proteins a focus of research to enhance cell compatibility
[58, 59]. While collagen and gelatin proteins offer
numerous advantages, they also present practical chal-
lenges such as high cost, risk of cross-infection, difficulty
in control, and unclear commercial sources [60]. Conse-
quently, attention has shifted towards exploring other
protein alternatives. In this section, we will primarily dis-
cuss other natural proteins utilized in BTE, including soy
protein, osteopontin, and silk fibroin. These proteins have
gained favor among experts in the field of BTE in recent
years.

Soybean protein is a significant natural plant protein that
has found various commercial applications as a food
ingredient, additive, biodegradable film, and tissue engi-
neering scaffold [61]. It possesses favorable characteristics
such as abundant availability, toughness, excellent water
solubility, high biocompatibility, good biodegradability,
and non-immunogenicity [62]. Additionally, soybean pro-
tein contains bioactive compounds that resemble proteins
found in the ECM. As a result, BC has been modified with
soybean protein to develop bacterial cellulose/soy protein
composites for bone tissue engineering applications. For
example, Cai et al. [40] conducted a study where they
modified BC electrospun nanofiber scaffolds with soybean
protein. The results demonstrated that the surface modifi-
cation with soybean protein did not significantly alter the
crystalline structure of BC electrospun nanofibers, while
improving their thermal stability, toughness, and tensile
strength. Moreover, in vitro tests revealed that soybean

protein-modified BC electrospun nanofiber scaffolds
exhibited enhanced biodegradability and ALP activity in
enzyme solutions compared to pure BC electrospun nano-
fiber scaffolds. Overall, the soybean protein-modified BC
electrospun nanofiber composite scaffold exhibited
increased biological activity and holds promise as a scaf-
fold for bone tissue regeneration.

Osteopontin (OPN) is an extracellular glycosylated
phosphoprotein that is present at the mineral/tissue inter-
face of bones [63]. Its molecular weight ranges from 41 to
75 kDa due to differences in phosphorylation levels
resulting from post-translational modifications [64].
Recently, recombinant human OPN (thOPN) was suc-
cessfully produced from Nicotiana benthamiana, a plant
with high yield and low production costs. The structure of
this plant-derived rhOPN (p-rhOPN) was found to be
identical to that of commercially available rhOPN derived
from mammalian cell lines. Coating a culture plate with
p-thOPN or chemically connecting it with a glass matrix
grafted with poly(acrylic acid) (PAA) has been shown to
promote the expression of osteoblast-related genes [65].
Based on these findings, Kinthoopthamrong et al. grafted a
PAA brush onto a BCM, introducing multiple carboxyl
groups that serve as active anchoring points for coupling
with plant-derived recombinant human osteopontin
p-rhOPN, resulting in p-rhOPN BCM [41]. Experimental
results demonstrated that p-rhOPN-BCM exhibited
enhanced hPDLSC adhesion and osteogenic differentiation
compared to BCM alone. Initial research has indicated the
potential of p-rhOPN-BCM as a GTR membrane for
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clinical applications, although further investigation into the
mechanisms underlying bone regeneration and in vivo
testing is necessary.

Silk fibroin (SF) is a natural protein polymer derived
from silkworm cocoons that can be processed into various
materials, including hydrogels, thin and thick films, 3D
porous matrices, and adjustable diameter fibers. It exhibits
excellent biocompatibility, minimal inflammatory reac-
tions, water vapor permeability, and controllable
biodegradability. Additionally, SF contains amino acids
that act as cell receptors, facilitating critical connections
between the ECM and mammalian cells. This promotes
cell adhesion, proliferation, and possesses antimicrobial
properties. However, regenerated silk fibroin has
notable drawbacks such as brittleness, rapid degradation,
and challenges in achieving consistent thickness. To
overcome these limitations, researchers have explored the
incorporation of BC to enhance the mechanical perfor-
mance of SF. For instance, Choi et al. developed plate-like
BC/SF composites and observed improved mechanical
properties attributed to the addition of SF [43]. Lee et al.
evaluated these composites in animal models and found
that BC/SF materials enhanced new bone formation and
significantly reduced the bone regeneration period, facili-
tating complete repair of zygomatic arch segmental
abnormalities [46]. Chen et al. utilized a multi-stage freeze-
drying method with a temperature gradient to obtain a
three-dimensional SF/bacterial cellulose nano ribbon
(BCNR) composite scaffold [45]. The results demonstrated
that the incorporation of BCNRs into SF improved water
absorption capacity and swelling rate of the composite
scaffold. This biodegradable SF/BCNRs scaffold exhibited
robust mechanical properties, enhanced cell adhesion, and
promoted bone integration. Despite the mechanical suit-
ability of BC/SF composites for bone regeneration, further
investigation is required to ensure their biological safety.
Barud et al. [44] conducted cytotoxicity experiments that
confirmed the non-cytotoxic nature of BC/SF composites,
providing additional evidence of their biosafety. In addi-
tion, the combination of BC with different types of silk
fibroins can result in varying biological affinities and
mechanical properties due to their distinct amino acid
sequences. To explore this further, Jiang et al. [42] con-
ducted an extensive investigation on Bombyx mori silk
fibroin (BMSF) and Antheraeca yamamai silk fibroin
(AYSF). They synthesized BC-AYSF/HAp, BC-BMSF/
HAp, and BC/HAp nanocomposites using a novel in situ
hybridization method. The results revealed that BC-AYSF/
HAp exhibited superior mechanical strength, interpenetra-
tion, and biocompatibility compared to BC/HAp and BC-
BMSF/HAp. These characteristics are advantageous for
nutrient and waste movement and promote cell adhesion.
Thus, the BC-AYSF/HAp composite material holds great

@ Springer

potential as an excellent platform for bone scaffolds or
biomedical membranes in future applications, this research
encourages further exploration of silk fibroin’s utilization
in bone regeneration, highlighting the importance of
investigating different silk fibroin varieties.

2.2.3 Alginate

Alginate is a naturally derived anionic polysaccharide
obtained from different bacteria and brown algae [66]. It
has been reported that highly purified alginate does not
elicit a significant foreign body reaction when transplanted
into animals. Alginate exhibits excellent biocompatibility,
low toxicity, and biodegradability. It is cost-effective,
abundantly available, and can easily form a gel under mild
conditions. When combined with calcium ions (Ca2+),
alginate can form a calciumc alginate hydrogel with a
porous structure, resembling a “box egg”. This hydrogel
inherits the advantageous properties of alginate and pro-
vides a protective environment for cells. It also facilitates
the formation of interconnected 3D network pore struc-
tures, allowing for the transportation of cell nutrients and
metabolic waste removal within the scaffold. Alginate has
the potential for minimally invasive delivery into the
human body to replenish damaged areas, making it
advantageous for bone regeneration. However, pure algi-
nate gel lacks the necessary cell adhesion sites for BTE and
exhibits poor mechanical strength and slow biodegrad-
ability, limiting its practical applications [67]. To maxi-
mize its potential in bone regeneration, Yuan et al. [47]
incorporated the antibacterial peptide B-defensin 2, which
possesses antibacterial, osteogenic, and angiogenic prop-
erties, into a biomimetic nanofiber hybrid hydrogel com-
posed of BCM and alginate/CaCl,. This composite
membrane exhibited superior mechanical properties com-
pared to pure BC and alginate alone, providing an appro-
priate environment for new bone formation. It also
demonstrated prolonged antibacterial, angiogenic, and
osteogenic effects, enabling the immobilization and sus-
tained release of various growth factors or agents. This
approach holds promise for achieving sustained release and
enhancing the effectiveness of BTE and related biomedical
applications. Zhu et al. [48] developed composite scaffolds
using alginate and bacterial cellulose-chitosan (Alg/BC-
CS). The addition of BC significantly reduced the pore
sizes of Alg/BC-CS composite hydrogels, facilitating tissue
ingrowth and ensuring mechanical integration. The excel-
lent barrier performance, intermolecular hydrogen bonding,
and dense fiber network structure of BC in combination
with alginate allowed for precise control of the swelling
behavior and prevented degradation of the Alg/BC-CS
composite scaffold. Yan et al. [49] prepared composite
scaffolds using alginate, bacterial cellulose nanocrystals,
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chitosan, and gelatin (Alg/BCNs CS-GT). These scaffolds
exhibited superior compressive strength and biodegrad-
ability compared to pure BC. They also supported the
attachment, proliferation, and differentiation of MC3T3-E1
osteoblasts. Similarly, Li et al. [50] developed composite
scaffolds using alginate, bacterial cellulose nanocrystals,
chitosan, and gelatin (Alg/BCNs CS-GT). The porous fiber
network of BCNs faithfully mimicked the structure of the
extracellular matrix, promoting cell adhesion and diffusion
of MG63 and MC3T3-E1 cells on the Alg/BCNs CS-GT
composite scaffold. These studies highlight the significant
potential of alginate/BC composite scaffolds in the field of
BTE.

2.2.4 Chitosan

Chitosan is a linear polysaccharide derived from the
deacetylation of chitin, consisting of glucosamine and N-
acetylglucosamine units. It possesses a 1,4 glycosidic bond
that promotes cell adhesion [68]. The presence of amino
and hydroxyl groups on the chitosan molecular chain
provides abundant active sites for covalent and ionic
modifications [69]. Due to its non-toxicity, strong bio-
compatibility, biodegradability, and non-immunogenicity,
chitosan holds great potential in the field of bone tissue
engineering materials. When combined with BC, it further
enhances its prospects. For instance, Cao et al. [51]
incorporated nano hydroxyapatite (nHAP), obtained
through in-situ crystallization of Ca®™/PO,*~ solution,
uniformly into oxidized bacterial cellulose (OBC) and
chitosan (CS) scaffolds to develop CS/OBC/nHAP bone
healing composite scaffolds using freeze-drying and in-situ
synthesis. The experimental results demonstrated that CS/
OBC/nHAP scaffolds exhibited significantly higher
mechanical properties and water retention performance
compared to CS/nHAP scaffolds. Furthermore, they
exhibited a more consistent degradation rate. These find-
ings highlight the enhanced mechanical properties and
water retention capabilities of CS/OBC/nHAP scaffolds,
which contribute to their potential as effective materials for
bone tissue engineering applications (Fig. 3; Table 2).

3 Applications of BC-based composites
in maxillofacial hard tissue regenerative
medicine

Cartilage tissue, a form of connective tissue in the human
body [11], is primarily composed of collagen, a small
number of cells, and 60-80% water. This slightly elastic
and resilient tissue serves a crucial role in providing sup-
port and protection. In the adult body, maxillofacial carti-
lage tissue is primarily found in the auricle and nasal tip.

Clinical practice frequently encounters injuries to facial
cartilage tissue, such as those resulting from trauma, tumor
resection, the aging population, and congenital conditions.
However, due to the absence of a blood supply in mature
cartilage tissue, it becomes challenging for undifferentiated
cells to migrate to the injured area, impeding self-healing
of the cartilage. Consequently, discovering an ideal
approach to promote cartilage regeneration is an urgent
challenge that plastic surgery must overcome.

Cartilage implants constitute a significant aspect of
plastic surgery. Currently, the main traditional methods for
treating cartilage abnormalities include autologous carti-
lage transplantation, autologous chondrocyte transplanta-
tion (ACI), cell culture therapy, and microfracture (bone
marrow stimulation). While these technologies offer ther-
apeutic benefits, they still possess limitations. These
drawbacks encompass severe damage to the donor site,
characteristics specific to the repair region, and subsurface
healing of the surrounding cartilage and interface. For
instance, the removal of cartilage from a patient’s ribs to
reconstruct facial structures may result in increased sensi-
tivity in that area, as the newly created structure tends to be
weaker than the original cartilage.

Given the pressing clinical need, cartilage tissue engi-
neering has emerged as a promising approach, providing
new possibilities for cartilage regeneration. An ideal
material for cartilage tissue engineering must exhibit bio-
compatibility, sufficient porosity, and appropriate size to
facilitate cell attachment, proliferation, and differentiation,
thereby promoting cartilage tissue regeneration. It should
also possess suitable flexibility and mechanical strength
comparable to that of the surrounding healthy cartilage,
preventing tissue damage caused by uneven tension
between the repaired area and the neighboring normal
cartilage. Furthermore, for scaffolds used in maxillofacial
cartilage regeneration, it is crucial that their morphology
aligns with the specific characteristics of the defect area.

BC has gained significant recognition in the field of
maxillofacial cartilage tissue regeneration due to its three-
dimensional network structure, remarkable mechanical
properties, excellent chemical stability, high water
absorption capacity, high crystallinity, and high purity [70].
Moreover, its structure is controllable, and it can be shaped
into various forms, such as membranes and granules. These
characteristics have garnered widespread attention in the
field of regenerative engineering for maxillofacial cartilage
tissue. However, as a nanoscale scaffold, BC itself has
inherent limitations in terms of its three-dimensional
nanostructures and small pore size, ranging from 100 to
300 nm, which are inadequate for cell adhesion and pro-
liferation [71]. Furthermore, BC lacks biological func-
tionality, further hindering its use in cartilage tissue
engineering [72]. Therefore, BC needs to be modified or
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Fig. 3 Preparation process of CS/OBC/nHAP scaffolds [51]

combined with other suitable materials [73]. Consequently,
researchers are actively exploring composite materials that
can be utilized in conjunction with BC to address its lim-
itations and meet the requirements of cartilage tissue
regeneration scaffolds, thereby expanding its applications
in cartilage tissue engineering. This section focuses on the
utilization of BC-based composite materials in ear and
nasal cartilage regeneration.

Currently, in the field of otology, biodegradable mate-
rials such as polylactic acid, polyglycolic acid, and colla-
gen [74] have been explored for ear cartilage engineering
[75]. However, the poor shape stability and immune
responses caused by degradation by-products have limited
successful research outcomes thus far. Additionally, the use
of non-viscoelastic and rigid biomaterials like metal or
high-density polyethylene (HDPE) may pose problems,
particularly considering the high extrusion rates observed
in clinical outcomes when using standard HDPE allografts
[76]. In comparison, BC exhibits good chemical stability
and can provide ear cartilage with the necessary long-
lasting mechanical properties and chemical stability due to
its inherent characteristics [77]. Therefore, it is considered
a potential and effective scaffold material for auricle car-
tilage regeneration [77]. Nevertheless, BC itself is electri-
cally neutral, while cartilage contains charged groups [78]
due to the presence of glycosaminoglycans (GAGs) in its
collagen matrix. These charged groups in cartilage may
influence its relaxation behavior. Hence, the use of BC
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alone cannot adequately simulate the mechanical properties
of natural cartilage, limiting its application as an ear
implant. Based on this understanding, Nimeskern et al. [79]
suggest that charges can be introduced into bacterial
nanocellulose (BNC) based composite structures by
incorporating GAG produced by cells or chemically mod-
ifying BNC, thereby better mimicking the mechanical
properties of natural ear cartilage, particularly enhancing
its relaxation kinetics. The BC-based composite material
developed using this approach exhibits mechanical char-
acteristics highly similar to those of human ear cartilage.
Furthermore, BC itself possesses a dense nanocellulose
network, fulfilling the mechanical requirements for artifi-
cial ear grafts. However, the porosity of BC is limited,
which hinders cell penetration into the material. To address
this issue, Avila et al. [80] developed a double-layer BNC
composite scaffold by combining it with alginate. This
scaffold offers a balance between mechanical stability and
high porosity. The incorporation of alginate not only
enables cell suspension, reducing cell loss after implanta-
tion, but also provides a three-dimensional environment
that inhibits cell dedifferentiation.

Nasal cartilage repair remains challenging in nasal
surgeries. Currently, rhinoplasty procedures commonly
employ autologous rib cartilage grafts or other homologous
or heterologous grafts for nasal stent reconstruction.
Although autologous cartilage is considered the optimal
transplant material, several significant limitations should be
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Table 2 Comparison of advantages and disadvantages of polymers from different natural sources in BTE
Composite ~ Advantage Disadvantage References
Collagen No cytotoxicity, no irritation, good compatibility with ~ Low inflammatory symptoms, Low mechanical strength [35-37]
human tissues, low immunogenicity
Gelatin It can regulate cell adhesion and physiological activity, Poor stability at high temperature, low mechanical [38, 39]
as well as the release of growth factors, cell diffusion, strength
and vascular growth, to improve the final biological
behavior of biomaterials
Soybean It has good mechanical toughness, ideal water solubility, Low compression strength and poor fatigue resistance [40]
protein good biodegradability, and non immunogenicity
Osteopontin  High yield and low production costs Poor and unstable mechanical strength [41]
Silk fibroin  Good biocompatibility, rare inflammatory reactions, Easy to break and difficult to form uniform thickness [42—-46]
water vapor permeability, and controllable
biodegradability
Alginate It is non-toxic, has good biocompatibility, has no It lacks tissue engineering cell adhesion sites, has poor  [47-50]
immunogenicity, is biodegradable, is cheap, has rich and unstable mechanical strength, and has slow
sources, and is easy to gel under mild conditions biodegradability, which greatly limits its practical
application
Chitosan It is non-toxic, biocompatible, biodegradable, non Unstable mechanical performance [51]

immunogenic, and can support cell adhesion

considered, including donor area scarring, meticulous
preoperative cartilage carving requirements, and limited
availability of well-differentiated autologous chondrocytes.
Martinez Neto et al. [81] conducted research confirming
the potential use of BC as an inert material for nasal sep-
tum repair. BC exhibits corrosion resistance, insolubility,
and excellent mechanical properties, enabling the pene-
tration of liquids and gases. Rabbit studies have indicated
tissue tolerance when replacing septal cartilage with BC,
thereby suggesting its suitability as a foundation for re-
myelination of perforation boundaries. However, BC itself
does not promote cartilage cell adhesion and proliferation.
In light of this, Sang et al. introduced gelatin, known for its
ability to enhance cell migration and differentiation, into
BC, resulting in the creation of a Gelatin methacryloyl
(GelMA)/hydroxyronic acid methacryloyl (HAMA)/BC
composite hydrogel [82]. Gelatin modified with
methacrylic anhydride exhibits excellent thermal sensitiv-
ity and photocrosslinking ability, thereby compensating for
the limitations of using BC alone. Compared to autologous
rib cartilage transplantation for nasal cartilage restoration,
this BC-based composite material not only avoids donor
site injury but also minimizes technical complexity and
eliminates the need for time-consuming carving.
Currently, research on scaffold materials for maxillofa-
cial cartilage tissue engineering encounters certain chal-
lenges, including striking a balance between material
porosity and mechanical strength, as well as effectively
integrating materials with cartilage tissue post-implanta-
tion. In this section, we aim to offer insights and inspiration
to researchers by suggesting that modifying BC or

combining it with other materials of interest can enhance
its mechanical strength and biocompatibility while pre-
serving its inherent advantages. This approach renders BC
more suitable for the regeneration and repair of maxillo-
facial cartilage tissue. Currently, the majority of BC
research in cartilage tissue regeneration focuses on articu-
lar cartilage, with limited investigation in the regeneration
of maxillofacial cartilage. Future BC studies should
therefore emphasize maxillofacial cartilage regeneration,
enabling BC to have a more significant impact in the field
of maxillofacial plastic surgery.

4 Applications of BC-based composites
in dentistry

Human teeth consist of both hard tissue components
(enamel, dentin, and cementum) and soft tissue compo-
nents (pulp, periodontal ligament, and alveolar bone), all of
which are comprised of connective tissue originating from
the basement membrane [83].

Currently, limited research has been conducted on the
direct use of BC in regenerating tooth hard tissue, specif-
ically enamel and dentin. Instead, the application of BC in
the oral field predominantly focuses on pulp regeneration
and periodontal regeneration. This section aims to exten-
sively discuss the advantages and challenges associated
with BC application in the oral field, specifically in the
context of pulp regeneration and periodontal regeneration.
We hope that this section will provide valuable insights for
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future researchers interested in advancing direct tooth hard
tissue regeneration (enamel, dentin) utilizing BC.

4.1 Pulp regeneration
4.1.1 Current research status of dental pulp regeneration

The dental pulp, the only vascularized connective tissue
within the tooth structure, is shielded from external forces
by highly mineralized enamel, cementum, and dentin [84].
Root canal therapy is a conventional and effective treat-
ment approach for irreversible pulpitis and periapical dis-
eases resulting from severe trauma, pulp infection, or
necrosis. Although current root canal filling materials
exhibit good biocompatibility and effectively seal the
apical foramina [85], the treated tooth hard tissue is com-
promised, and the pulp loses its vitality, making it prone to
complications such as tooth fracture. Moreover,
microleakage of the crown can lead to secondary infec-
tions, while the loss of strain capacity makes the tooth
susceptible to external stimuli. The presence of a vital pulp
acts as a biological barrier, maintaining internal pressure,
preventing bacterial re-invasion, reducing the risk of tooth
fracture, and extending tooth lifespan. Consequently,
replacing traditional root canal therapy with a biologically
functional pulp represents a future trend in the treatment of
pulp and periapical diseases.

With the extensive utilization of tissue engineering
technology, regenerated tissue plays a pivotal role in
restoring the morphology and function of damaged tissues
and organs in the human body. Achieving pulp regenera-
tion through tissue engineering involves the implantation
of stem cells, appropriate signaling factors, and biological
scaffold complexes into the prepared pulp cavity. The
pulp’s stem cells proliferate and differentiate into various
cell types with the assistance of the scaffold and signaling
molecules. Throughout this process, the scaffold compo-
nents assimilate, contributing to the development of new
pulp tissue. Replacing infected and necrotic dental pulp
with a reconstructed dental pulp system represents a
prospective trend in the future treatment of dental pulp
diseases. This innovative technology for pulp regeneration
shows promising results in closing the apical hole, thick-
ening the root canal wall, and lengthening the root in young
permanent teeth affected by pulp inflammation or necrosis.
To enhance the success rate of dental pulp regeneration, the
selection of an appropriate scaffold is crucial as it provides
a suitable three-dimensional space and regulates stem cell
differentiation, proliferation, and metabolism.

Currently, there are two main categories of scaffold
materials employed in dental pulp regeneration research:
synthetic polymers and natural materials. Synthetic bio-
materials such as poly(lactic acid) (PLA) and poly(glycolic
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acid) (PGA) offer favorable mechanical strength and pro-
cessing properties. They undergo degradation via simple
hydrolysis, posing a low risk of immune reactions. Fur-
thermore, they allow for the fabrication of scaffolds with
diverse forms, mechanical characteristics, and controlled
degradation times, making them suitable for -clinical
applications. However, these synthetic materials lack the
biological cues required for cell proliferation and tissue
formation, as well as the bioactive chemicals necessary for
cell recognition and interaction within the natural extra-
cellular matrix [86]. They also exhibit poor hydrophilicity
and cellular activity, resulting in slow degradation in vivo.
On the other hand, natural substances such as collagen,
fibrin, silk, and alginate possess specific binding sites and
the ability to engage cell receptors. These materials offer
good biological activity, hydrophilicity, and compatibility
with cell interfaces. However, their impurities, limited
antigenicity, and inferior mechanical properties have hin-
dered their further development in the field of regenerative
medicine for dental pulp tissue [87].

4.1.2 Applications of BC-based composites in pulp
regeneration

BC is a recently developed scaffold material with excep-
tional mechanical properties, versatility in form and
porosity, achieved through the manipulation of bacterial
fermentation [88]. Moreover, BC membranes can mimic
the structural components of collagen, exhibiting nanoscale
fibrils similar to those observed in collagen under a
microscope [89]. This characteristic provides a favorable
environment for cells, making BC an ideal material for
dental pulp regeneration scaffolds. However, BC itself
lacks bone-inducing properties, and its use alone does not
stimulate the formation of mineralized tissue, limiting its
application in dental pulp regeneration. Therefore, it is
necessary to select a material that can compensate for this
deficiency. Hydroxyapatite has traditionally been a focus
due to its low biodegradation rate, excellent bone con-
duction, and biological activity, making it widely used in
bone defect repair [90, 91]. However, recent studies have
revealed that hydroxyapatite poses a hidden carcinogenic
risk, prompting the search for alternative materials [92].
Researchers have explored a novel material called
Nanolith, derived from fish inner ears, which consists of a
gel matrix and calcium carbonate. It possesses minerals
crucial for bone mineralization, similar to hydroxyapatite,
but with reduced toxicity. Previous reports have shown that
otoliths, the source of Nanolith, are an ideal material for
promoting dental pulp regeneration, demonstrating in vivo
biocompatibility with dental pulp tissue. They are compa-
rable to calcium hydroxide and can be directly applied to
the pulp to maintain vitality, promote the synthesis of
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mineralized tissue barriers, and initiate pulp reactions that
facilitate healing. This biomaterial exhibits promising
potential for future use in oral treatments [93, 94]. Building
on this, Olyveira et al. [95] developed a composite scaffold
composed of natural nanotopolith and biological cellulose.
This scaffold demonstrates moderate in vivo degradation,
biocompatibility, low cost, and inherent cell interactions,
making it highly suitable for dental pulp tissue regenera-
tion. However, further investigation is needed to address
the subpar adhesion and cell viability of this scaffold,
making it an area of focus for future research. Gelatin
nanofibers play a vital role in maintaining the biological
and structural integrity of various tissues and organs, such
as bones, skin, tendons, blood vessels, and cartilage.
However, the sol-gel transition temperature of gelatin is
around 30 °C, which necessitates chemical crosslinking to
prevent dissolution at body temperature. Acasigua et al.
utilized a fermentation approach to combine gelatin and
hyaluronic acid with BC to produce scaffolds with drug
delivery capabilities, a porous structure, and improved cell
adhesion. By establishing a connection between fermen-
tation, surface morphology, and cell adhesion, they
achieved scaffolds with diverse surface morphologies
while maintaining consistent cell adhesion and attachment
[96]. The findings suggest that BC/gelatin scaffolds exhibit
excellent long-term cell adhesion and are highly effective
for dental pulp tissue regeneration.

Pulp regeneration holds promise as a future approach for
managing periapical disorders. However, there are still
challenges to overcome in the clinical translation of tissue
engineering in dental pulp, such as the selection of
appropriate scaffolds, blood supply, growth factors, sig-
naling mechanisms, cell migration, and differentiation, and
the precise activities involved in the formation and
regeneration of new tissues. Although BC has shown
promising results in dental pulp regeneration, the wide-
spread use of these scaffolds in clinical practice requires
further improvement in scaffold-cell surface adhesion,
including better control of scaffold production, fermenta-
tion, and filler aggregation. There is still considerable
progress to be made in exploring the application of BC in
this field.

4.2 Periodontal regeneration

4.2.1 Current research status of dental, periodontal
regeneration

Periodontal tissue is a complex supporting structure of the
teeth, consisting of the gingiva, periodontal ligament
(PDL) [97], cementum, and alveolar bone. It plays a crucial
role in tooth stability, load transmission, and nutrient
supply [98]. Periodontal disease, identified as the most

prevalent chronic inflammatory disease in the oral cavity,
gradually deteriorates the tissues supporting the teeth,
leading to tooth mobility and eventual loss. The prevalence
of periodontal disease in adults is alarmingly high, reaching
up to 80% [99]. Although mechanical plaque removal and
drug control can reduce inflammation, the damage caused
by bone loss, particularly alveolar bone loss, is irreversible
[100].

The restoration of periodontal tissue defects is the pri-
mary goal of periodontal therapy. Conventional periodontal
treatments and flap surgeries are effective in controlling
periodontitis, but they face challenges in regenerating
alveolar bone, cementum, and functional periodontal liga-
ment fibers. Common regeneration techniques include
GTR, GBR, and periodontal tissue engineering. In peri-
odontal surgery, the GTR technique involves the placement
of a barrier membrane between the gingival flap and the
exposed root surface. By preventing the migration of gin-
gival epithelial cells along the root surface, it hinders
excessive contact between gingival connective tissue and
the root, allowing periodontal membrane cells to occupy
the root surface and create a regenerative space. This
facilitates the guided formation of new cementum and the
attachment of collagen fibers, ultimately leading to the
formation of new attachment between the tooth and sur-
rounding tissues. The concept of GBR is derived from GTR
and involves the placement of a barrier membrane between
soft tissue and bone tissue to establish a biological barrier.
The membrane impedes the infiltration of connective tissue
and epithelial cells, allowing precursor osteoblasts with
slower migration but the greater regenerative potential to
populate the bone defect area first. This promotes the
regeneration of bone tissue by facilitating the entry of
osteoblasts and subsequent bone formation. The ideal
membrane or scaffold for GTR and GBR should mimic the
composition of the extracellular matrix, attract stem cells
from neighboring tissues, and promote their proliferation
and differentiation [101]. Additionally, these membranes
or scaffolds should exhibit excellent biocompatibility and a
suitable degradation rate that aligns with the regeneration
rate of the damaged tissue. They should also possess suf-
ficient mechanical strength for surgical procedures [102]
and possess osteoinductive properties to induce stem cell
differentiation into osteogenic tissue, facilitating alveolar
bone regeneration.

Currently, there are two main types of barrier mem-
branes used in GTR/GBR technology: non-absorbable and
absorbable membranes. Non-absorbable membranes, such
as expanded polytetrafluoroethylene (e-PTFE) and titanium
mesh, are rigid and require additional surgery for their
removal. This not only carries the risk of damaging
regenerated tissue and introducing new infections but also
places psychological pressure on patients [103].
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Absorbable membranes can be categorized into natural
bioactive materials and synthetic polyester polymers.
While these membranes degrade on their own without the
need for secondary surgery, the rate of absorption during
the degradation process is uncontrollable, leading to
unstable membrane volume and inadequate maintenance of
the desired spatial capacity. Furthermore, the generation of
degradation by-products and poor mechanical properties
are also challenges that need to be addressed [104].
Therefore, the search for absorbable membranes with
improved mechanical properties is currently a focus of
research in this field.

4.2.2 Applications of BC-based composites in periodontal
regeneration

In recent years, there has been extensive research on the
use of BC as a material for GTR/GBR membranes. BC is
an excellent choice for barrier membranes due to its unique
structural and biological properties. It consists of a three-
dimensional nanofiber network composed of linear
polysaccharide polymers connected by B-(1,4) glycosidic
bonds. The surface morphology of BC closely resembles
that of the ECM, facilitating interactions between cells and
the material. Compared to other natural materials, BC
exhibits superior mechanical characteristics, higher crys-
tallinity, and enhanced water absorption. Moreover, BC
can be shaped during the biosynthesis process, allowing it
to conform better to the size and contour of the defect area
when used as a GTR/GBR membrane [105]. However, BC
has a high degree of crystallinity and lacks the B-(1,4)
glycosidic bond enzyme present in the human body,
making it non-biodegradable in vivo. While this non-
degradability can be advantageous for long-term scaffold-
ing, it limits its application as an absorbable membrane.
Furthermore, although BC demonstrates excellent
mechanical properties compared to other materials, it still
falls slightly short of matching the properties of natural
bone. These two significant limitations restrict the use of
BC in GTR applications.

The biodegradability of BC can be significantly
improved through appropriate oxidative modification. Luz
et al. conducted a study using oxidation to promote BC
degradation and introduced Sr ions to mimic the mineral
composition of bone. The results showed that the OxBC/
SrAp composite material exhibited stable degradation
in vivo and could be removed without the need for a second
surgery after tissue repair, making it an ideal absorbable
GBR membrane [106]. Similarly, Gorgieva et al. treated
BC-GEL using continuous periodate oxidation and freeze—
thaw/carbodiimide crosslinking procedures. The composite
membrane demonstrated favorable characteristics such as
high swelling, maintainability, proper degradation, pH
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stability, and support for fibroblast proliferation and
attachment on gel sites, making it a promising GTR
membrane [107]. Various techniques have been proposed
to enhance the biodegradability of BC in vivo by acceler-
ating cellulose hydrolysis, including acid hydrolysis, alkali
hydrolysis, oxidative delignification, organic solvent pre-
treatment, and ionic liquid pretreatment [108]. However,
these methods have limitations. Residual chemicals from
these treatments may have potential cytotoxicity, and
controlling the degradation process accurately is chal-
lenging. Based on this, some scholars have attempted to
control the interaction between BC and cells and the
biodegradability of BC by introducing electron beam irra-
diation (EI). High-energy electron beam technology can
effectively disrupt polymer chains and is now widely used
for crosslinking or degrading polymers, as well as killing
microorganisms [109]. The results of Lee et al. [110]
indicate that BC films (EI-BCM) irradiated with electron
beams have higher porosity and similar wet tensile strength
compared to the most popular absorbable collagen films
(CM) in the current dental field. The excellent mechanical
strength, good cell adhesion and proliferation, and the
capacity of the membrane to regenerate bone in bone
defects surrounding the implant suggest that the irradiated
EI-BCM may replace the current absorbable barrier
membrane. An et al. [111] irradiated the BC membrane
with 100 kGy or 300 kGy, respectively, to determine the
optimal electron beam dose. The outcomes demonstrated
that the application of a high-energy electron beam to BCM
decreased wet tensile strength but enhanced in vitro cell
responsiveness and in vivo bone repair of skull lesions. In
clinical applications, EI-BCM irradiated with 100 kGy is
more effective than BCM irradiated with 300 kGy as an
absorbable membrane for GBR.

Multiwalled carbon nanotubes (MWNTSs) are well-
known for their strong biocompatibility with blood, bone,
cartilage, and soft tissue, and their mechanical properties
can significantly enhance the strength and toughness of
composite materials [112]. In an effort to improve the
mechanical properties of BC, Zhang et al. [113] developed
a bilayer-polylactic-co-glycolic acid (PLGA)/MWNTs/BC
composite membrane through vacuum freeze-drying and
electrospinning techniques. The experimental results
demonstrated that after 12 weeks of GTR surgery using
this composite membrane, a significant amount of lamellar
bone masses were observed at the defect site, and osteo-
blasts near the bone edge exhibited active proliferation,
indicating a positive effect on promoting periodontal tissue
regeneration.

In addition to addressing the inherent limitations of BC,
it is also important to explore its inherent advantages
through composite materials. Collagen is a primary com-
ponent of the ECM and collagen-based materials possess
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angiogenic properties that can stimulate mesenchymal stem
cells to differentiate into osteoblasts and enhance the
alveolar ridge [114]. To enhance BC’s biological perfor-
mance and make it more similar to the biological activity
and surface morphology of the ECM, Saska et al. synthe-
sized a BC COL-OGP (10-14) composite membrane,
which incorporates osteogenic growth peptide [115]. The
results indicated that the BC COL-OGP (10-14) composite
membrane generated a higher proportion of bone tissue in
the repair area compared to other membranes at 2 and
4 weeks. These biopolymer-based membranes show pro-
mise for bone regeneration applications. Moreover, loading
bone morphogenetic protein-2 (BMP-2) onto the BC
membrane can facilitate alveolar bone regeneration. Koike
et al. conducted a study in a severe frontal bone defect
model using male Japanese white rabbits to evaluate the
bone regeneration ability of BC with BMP-2. The findings
demonstrated that BC, combined with BMP-2, served as a
barrier membrane, maintained the space, and acted as a
sustained-release carrier for BMP-2, leading to excellent
bone regeneration ability. This approach holds potential for
enhancing maxillary sinus bone prior to clinical implan-
tation [116]. To address the lack of antibacterial properties
in BC itself and enable it to inhibit potential infections
during periodontal tissue regeneration, silver (Ag) has
garnered significant interest due to its non-drug resistance,
broad-spectrum antibacterial action, and low toxicity to the
human body [56]. Leveraging the antibacterial ability of
Ag, Yang et al. developed a bionic silver/bacterial cellu-
lose/hydroxyapatite (Ag/BC@HAp) composite membrane
with a double-sided functional hydrogel network [117].
This composite membrane exhibits strong antibacterial
activity, preventing infection, and also restricts the
migration of endothelial cells and fibroblasts to the defect
site. Furthermore, it demonstrates biocompatibility with
MC3T3-El osteoblasts, achieving optimal GBR effects
(Fig. 4).

The advancement of materials science has driven the
development of periodontal and bone tissue regeneration
technologies, progressing from non-absorbable membranes
to absorbable membranes and eventually to new multi-
functional absorbable biological barrier membranes that
combine the advantages of both. Although numerous cells
and animal models have provided a foundation for clinical
applications of multifunctional biological barrier mem-
branes, their specific biological mechanisms, and clinical
applications require further exploration. Considering clin-
ical needs, it is essential to develop time-programmable
barrier membrane materials, membranes with specific
antibacterial and osteogenic functions during different
stages of healing, multilayer barrier membranes with dis-
tinct functions in each layer, and biological barrier mem-
branes with adjustable degradation rates. These

advancements will contribute to the support of periodontal
and bone tissue regeneration. Furthermore, periodontal
tissue engineering technology plays an indispensable role
in periodontal regenerative medicine. It involves three
crucial factors: scaffold materials, seed cells, and growth
factors. Among these factors, scaffold materials play a
central role as they not only provide a suitable biological
microenvironment for seed cells but also guide and regu-
late tissue regeneration.

In addition to utilizing GTR/GBR technology for peri-
odontal regeneration, tissue engineering technology and
biomaterials have emerged as research focal points in the
field. Bioscaffold materials play a crucial role in providing
the necessary space for regeneration, guiding cell prolif-
eration and migration, and have become well-established
components of tissue engineering. Researchers have
explored the use of BC in the development of GTR scaf-
folds. For example, Pomegranate peel extract (PG extract),
known for its wound-healing properties, is a bioactive
phytochemical derived from pomegranate fruit peels.
Bokhari et al. developed a freeze-dried composite GTR
scaffold using BC, chitosan, hydroxyapatite, and PG
extract. The scaffold demonstrated a microbicidal effect,
high biocompatibility, and wound healing ability [118].

BCM, a membrane-like substance with a structure
resembling collagen, is commonly used as an absorbable
barrier membrane to promote tissue regeneration [119]. By
incorporating active substances, the osteogenic perfor-
mance of BC membrane can be enhanced for its application
as a GTR/GBR membrane. Alternatively, by stacking
multiple layers of fibers and modifying the manufacturing
process, a three-dimensional structure can be created,
serving as a tissue engineering scaffold. These approaches
provide sustainable and biocompatible materials for peri-
odontal regeneration applications. This section primarily
focuses on the advantages and challenges associated with
the use of BC in periodontal tissue regeneration, serving as
a valuable addition to the field of periodontal regeneration
(Fig. 5).

5 Conclusion and future aspects

With the continuous progress in the fields of biomedicine
and materials science, BC-based composite scaffold
materials have made significant advancements in the
application research of regenerative medicine and hard
tissue engineering. These materials exhibit excellent
properties such as biocompatibility, degradability, ease of
processing and molding, and promote cell adhesion. As a
result, they have begun to be implemented in clinical
practice.
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Fig. 5 Rat calvarial defects were created by an in vivo surgical
method. A, B In the middle of the cranium, create a defect model with
a diameter of 8 mm using a trephine bur. C Using HA/B-TCP bone

However, there are still challenges that need to be
addressed for the widespread use of these composite
scaffolds in clinical settings. Firstly, there are limitations in
large-scale production, variations in finished products
across different batches, and difficulties in controlling
material factors such as mechanical strength and degrada-
tion rate. Secondly, the underlying mechanisms through
which these scaffolds promote angiogenesis and osteogenic
differentiation require further exploration and clarification.
Although in vivo studies on mice and rabbits have been
conducted, more research is needed to establish their

@ Springer

graft material to treat the defect site and then covered with 100 or
300 kGy irradiated BCM (D) [111] (Table 3)

suitability for human use. Additionally, bone defects
caused by trauma or tumors often involve accompanying
muscle and cartilage defects, making it necessary to con-
sider multiphase repair strategies. Therefore, it is important
to explore how these scaffolds can facilitate integrated
repair of multiple tissue defects, such as bone-muscle or
bone-cartilage integrated repair, to meet the clinical needs
effectively.

In conclusion, BC-based composites hold great promise
for clinical applications in hard tissue engineering. They
have the potential to improve rehabilitation outcomes and
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Table 3 Applications of BC-based composites in dentistry

Dental field Application Composites

Advantage

References

Pulp Dental pulp Nanotolith/BC  Moderate degradation rate, biocompatibility, low cost, and inherent [95]
regeneration regeneration scaffold cellular interactions in the body
BC/Gelatin Good cell adhesion [96]
Periodontal GBR/GTR membrane  OxBC/SrAp Stimulate osteoblasts in vivo and in vitro, with a stable degradation [106]
regeneration rate in vivo
OBC/Gel Suitable degradability and pH stability [107]
EI-BCM Excellent mechanical strength, good cell adhesion and proliferation, [110]
and bone regeneration ability
EI-BCM Increased in vitro cellular response and in vivo bone regeneration for [111]
skull defects
PLGA/ Good mechanical properties promote periodontal tissue regeneration [113]
MWNTs/BC
BC-COL OGP Inducing bone tissue formation [115]
(10-14)
Ag/BC@HAp  Suppress potential infections and promote new bone formation [117]
BC + BMP-2  BC maintains graft space and continuously releases BMP-2, [116]
promoting optimal bone formation
GTR scaffold CH-BC-HA-  This scaffold has bactericidal effect, high biocompatibility, and [118]
PG wound healing ability

enhance the quality of life for patients with various bone
disorders and abnormalities. However, there are still sev-
eral challenges that need to be addressed in BC-based
composite materials. Further research is required, incor-
porating multiple disciplines and advancing biological
tissue engineering technology. By enhancing the adhesion
of materials to osteoblasts, providing cell stress stimulation
through materials, and introducing controlled release sys-
tems into matrix materials, the practical application of BC-
based composites in clinical settings will become more
feasible in the near future.
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