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Abstract: Mineralization is a key biological process that is required for the development and repair
of tissues such as teeth, bone and cartilage. Exosomes (Exo) are a subset of extracellular vesicles
(~50–150 nm) that are secreted by cells and contain genetic material, proteins, lipids, nucleic acids,
and other biological substances that have been extensively researched for bone and oral tissue re-
generation. However, Exo-free biomaterials or exosome treatments exhibit poor bioavailability and
lack controlled release mechanisms at the target site during tissue regeneration. By encapsulating
the Exos into biomaterials like hydrogels, these disadvantages can be mitigated. Several tissue
engineering approaches, such as those for wound healing processes in diabetes mellitus, treatment
of osteoarthritis (OA) and cartilage degeneration, repair of intervertebral disc degeneration, and
cardiovascular diseases, etc., have been exploited to deliver exosomes containing a variety of thera-
peutic and diagnostic cargos to target tissues. Despite the significant efficacy of Exo-laden hydrogels,
their use in mineralized tissues, such as oral and bone tissue, is very sparse. This review aims to
explore and summarize the literature related to the therapeutic potential of hydrogel-encapsulated
exosomes for bone and oral tissue engineering and provides insight and practical procedures for the
development of future clinical techniques.

Keywords: hydrogels; biomaterials; exosomes; oral tissue engineering; bone tissue engineering;
mineralized tissues; regenerative medicine

1. Introduction

Tissue engineering is a branch of biomedical science and multidisciplinary concept
often associated with regenerative medicine and has a distinct focus on aspects related to the
development of procedures for specific tissue regeneration, maintenance, and/or improved
function [1,2]. In addition to correcting congenital defects, regenerative medicine strives to
repair or replace tissues at the local and organ level that have been injured or damaged by
acute or chronic factors. The potential use of regenerative medicine techniques to treat both
chronic and acute injuries, as well as diseases that affect a wide range of organ systems,
including traumatic injuries, dermal wounds, cardiovascular diseases, cancer and various
procedural complications, has become a popular research field [3]. A variety of techniques,
including cell therapy, the administration of therapeutic agents, natural and synthetic
biomaterials, polymeric matrix, exosomes, liposomes, different types of nanoparticles
and many others that target tissue, aid tissue healing and the repair process [4,5]. Tissue
regeneration is accomplished by the use of extracellular matrix (ECM), cells, and a variety
of signaling molecules as the core components either individually or combined [3,5].

Mineralization is a key biological process that is required for the development and
repair of tissues, such as teeth, bone, and cartilage, which comprises different minerals,
such as calcium oxalates, calcium carbonates, and calcium phosphates [6]. Defects of hard
and soft craniofacial tissues significantly affect oral functions and cosmetic appearance, in
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addition to creating treatment-related challenges [7]. Oral and maxillofacial deficiencies
can result from a variety of injuries, diseases, and disorders, such as infections, bleeding,
cancers, periodontitis, tooth loss, alveolar deterioration, and oral dysfunction [8]. Over
the last few decades, transplantation of autologous tissue has been considered the ideal
procedure for restoring oral and maxillofacial function. Disadvantages, such as unknown
long-term results, morbidity of the donor site, and inadequate tissue quantity, have limited
the clinical applications [7]. Bone defects involving the breakdown and/or loss of structural
integrity are often caused by trauma from sports or motor vehicle and workplace accidents,
as well as bone disorders, such as osteoporosis, osteosarcoma, femoral head necrosis,
infections, and aging [9,10]. Therefore, bone deficiencies frequently result in significant
disabilities, which severely reduce patients’ quality of life and productivity. Currently,
allogeneic and autologous bone grafts are widely used for the treatment of bone defects,
among which bone autografts have been recognized as the gold standard. However, the use
of autologous bone grafts frequently causes complications, such as localized hematomas
and postoperative pain at the donor site [9]. Hence, craniofacial bone defects have emerged
as serious illnesses that require alternative effective treatments.

Biomaterials are nondrug substances that can interact with tissues and body fluids
for a prolonged period of time and help restore the structure and functions of damaged
or impaired tissues or organs. Recently, many biomaterials and composites, including
hydrogels, hydrocolloids, foams, scaffolds, fibers fabricated by electrospinning, films,
and membranes, were developed with different printing capabilities and properties that
increased cell proliferation and migration [11]. Biomaterials have also been used for the
diagnosis and treatment of cancer due to their ability to overcome the inherent limitations
of conventional methods [12]. Furthermore, modified biomaterials can be developed
with different cellular components, such as growth factors, hormones, exosomes, proteins,
collagen-like peptides, selection of cell types, etc., to mimic native tissues or organs to
improve cellular signaling or extracellular matrix (ECM) formation [11,13]. During natural
bone regeneration, the ECM has proven crucial for both signaling and material exchange
between the native tissue and regenerated tissue [14,15]. Hydrogels have been shown
to be an excellent scaffold for promoting cell development and loading for the sustained
release of drugs or bioactive compounds. As water-swelling polymers with a 3D network
structure formed by several crosslinking events, hydrogels are also able to create a regulated
microenvironment, even in confined spaces. Thus, hydrogel biomaterials have an inherent
advantage over other biomaterials in regenerative tissue engineering [14].

Exosomes (Exo) are a subset of extracellular vesicles (~50–150 nm) that are secreted by
cells and contain genetic material, proteins, lipids, nucleic acids, and other biological sub-
stances that have been extensively researched for bone and oral tissue regeneration [16–19].
They have been found to play an essential role in many biological and pathological pro-
cesses. Engineered exosomes can be used for targeted delivery. Exosomes derived from
mesenchymal stem cells (MSCs-Exo) are used extensively in regeneration of oral tissues
due to their ability to promote repair of both mucosal tissue and alveolar bone as well as
regulate immune disorders and inhibit inflammation [20,21]. Exosome binding to the cell
membrane is crucial to their activity as it allows them to be endocytosed, thus transferring
their biological cargo to cells in their proximity. The main advantage is that they are bio-
compatible, nonimmunogenic, nontoxic, and unlike the use of stem cells, they are free from
tumorigenic potential and ethical issues [22]. As exosomes are nanosized particles, they
make excellent carriers to deliver a variety of cargo, including drugs, nucleic acids, proteins,
and gene therapy agents, even across the blood–brain barrier. Studies have demonstrated
that exosomes from MSCs and other cells may influence angiogenesis, immune responses
and the regenerative effects of cell therapy, making cell-free treatments a possibility. These
characteristics highlight why exosomes have been a popular and promising concept in
regenerative medicine and tissue engineering applications [23]. These characteristics high-
light why exosomes have been a popular and promising concept in regenerative medicine
and tissue engineering applications [23].
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Although exosome therapies are promising, they face several challenges, like inherent
short half-life and poor standardization of exosome collection techniques and batch-to-
batch variations of the molecular cargo resulting in altered functionality due to delivery
kinetics, dosing, reproducibility and pharmacokinetics [24]. Thus, there are several gaps
in knowledge that need to be ascertained before their use in clinical applications. Never-
theless, cell-derived exosome treatment is a promising therapeutic strategy in regenera-
tive medicine.

The stability of exosomes is important when considered for use in clinical applications.
Proteases and nucleases could degrade the proteins and RNA within the vesicles reducing
their stability and functionality [25]. By encapsulating the Exo into biomaterials like hydro-
gels, these disadvantages can be mitigated. Additionally, certain hydrogels inherently have
the potential to regulate cellular characteristics, such as adhesion, proliferation and differ-
entiation. Hydrogel biomaterials can be engineered to functionally improve bioavailability,
biocompatibility, and not only sustained but controlled release at the site of injury [26]. Both
natural and synthetic hydrogels have been used for embedding exosomes. The properties
of hydrogels, including interconnected networks, small pores, adjustable structure, and
gradual degradation, support exosome retention while sustaining long-term delivery. This
helps increase the availability of Exo at the target site and reduce the complications that can
arise from rapid administration. Another advantage of Exo-loaded hydrogels is their ability
to be applied in a variety of forms, including injectable gels [27]. Further, Therefore, the
synergistic combination of exosomes and hydrogels would greatly enhance the efficiency
of exosomes and also promote tissue repair process. The use of hydrogels fabricated with
embedded Exo could be capable of regenerating both bone and oral tissues. Hence, this
article aims to explore and summarize the literature related to the therapeutic potential
of hydrogel-encapsulated exosomes for bone and oral tissue engineering (Figure 1). Ulti-
mately, it would provide insight and practical methodologies for the development of future
clinical techniques.
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2. Oral Tissue Engineering

Teeth and oral tissues are critical structures for certain functions in humans and ani-
mals [28]. The degradation of or lost teeth and the surrounding tissues is a common clinical
issue in dentistry and can be caused by dental anomalies, dental caries, periodontitis,
traumatic injuries, or systemic disease. Restoration of lost teeth, oral tissue, and maxillo-
facial structures that can perform and withstand normal functions would provide a huge
improvement to the quality of life for patients [28–30]. However, the complex anatomical
structures of dental, oral and craniofacial (DOC) tissues present a multifaceted challenge
for regeneration due to the number of vastly different phenotypes and functions of the
facial muscles, tendons, periodontal structures, teeth, temporomandibular joints (TMJ),
cranial sutures, bone, cartilage, and salivary glands (Figure 2) [31]. Oral tissue diseases
often stem from the interruption or disruption of cell–cell or cell–ECM interactions, and
characterization of these changes at either the microscopic or macroscopic level can define
the oral defect [32]. The concept of dental tissue regeneration has been under investiga-
tion since calcium hydroxide was first proposed for dentin regeneration over 70 years
ago. However, it was not until 1991 that regeneration of a temporomandibular joint was
attempted [28]. Recent advances in oral tissue engineering and regenerative dentistry have
been made due to an increased interest in the fields of molecular engineering, genetics,
stem cell biology, as well as diseases that affect various oral structures that have allowed
for a greater understanding of the molecular processes responsible for maintaining DOC
structures [31,33]. Generally, oral tissue engineering can be separated into two types: min-
eralized tissue engineering (bone and teeth) and soft tissue engineering (skin, mucosa, and
salivary glands). These two subgroups are then individually approached using the three
main tissue engineering approaches: conductive vehicle (scaffolds), cell transplantation,
and bioactive factors [34]. This has resulted in tissue engineering techniques for the restora-
tion of nearly all tissues in the craniofacial region. The potential for clinical and therapeutic
applications of tissue engineering in dentistry is illustrated in Figure 3 [28].
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Figure 2. Drug delivery in tissue engineering applications for dental, oral, and craniofacial regen-
eration. In situ formation of injectable matrices or preshaped implants can be used to provide
growth factors or other bioactive molecules for the regeneration of teeth, periodontal tissues, tem-
poromandibular joints, cranial sutures, salivary glands and calvarial bone (Adapted from [31]).

In current clinical practice, implants or dentures are often used to replace lost perma-
nent teeth. However, these restorations do not mimic natural dentition, often contributing
to altered mastication and discomfort. A persistent goal in dentistry has been to de-
velop tooth regeneration therapy for both individual tissues as well as whole teeth; a
tissue-engineering-based approach has gained popularity for its potential to reduce the
drawbacks of artificial restoration and improve patient quality of life [30].
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Periodontal disease is one of the main causes of tooth loss around the globe, affecting
both hard and soft oral tissues. The periodontium comprises closely connected structures,
the periodontal ligament (PDL), cementum and alveolar bone that support oral functions
and serve as a barrier against pathogens. The PDL is a fibrous sensory network that con-
nects the alveolar bone to the tooth root surface. It also serves as a source of adult stem cells
for maintaining homeostasis of periodontal tissues with normal mastication, after injury
and tissue destruction from periodontal disease. The use of tissue engineering techniques
to generate 3D-printed tissue models that can uphold the structural and sensory function
of native periodontium presents an opportunity to preserve natural dentition [35]. For max-
illofacial bone regeneration, a variety of bone substitute materials have been studied in vivo
and in the clinic for their ability to stimulate bone growth in defects. Tissue-engineered
biomaterials are attractive as bone substitutes because they can fill the injury space while
enhancing tissue growth. However, they must satisfy a wide array of criteria, including
having a suitable surface for cell adhesion, good biocompatibility and maintaining mechan-
ical stability. 3D-printed scaffolds are often used, as they can hold their shape within the
defect while regeneration occurs (mimicking the function of the ECM) and can be printed
to precisely fill the bony defect. While this would be advantageous for surgical correction
of complex maxillofacial deformities, the continued study of the scaffold material and em-
bedded biological components is necessary for the effective application of these techniques
in the clinic [36,37]. Cryogenic 3D-printed hydrogel scaffolds for loading exosomes was
shown to be promising in inducing angiogenesis [38]. 3D printing with tissue-specific
decellularized ECM and human adipose mesenchymal cell derived-exosomes was shown to
promote efficient cartilage and subchondral bone regeneration [39]. Enhanced bone tissue
regeneration was observed using a 3D-printed polylactic acid/titanium composite scaf-
fold with plasma treatment [40]. Various other 3D printing technologies with advantages
and disadvantages for bone tissue engineering scaffold have been summarized by Zhang
et al. [10]. The salivary glands and oral mucosa are also dynamic and complex tissues
that support oral function. They comprise ECM networks, vasculature, and varied cell
populations that generate specific structures for required physiological signaling. Tissue
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engineering of the salivary gland and oral mucosa with 3D cell culture models (organoids
and spheroids), tissue-on-a-chip models, and functional decellularized scaffolds are all
widely studied [41]. These techniques, in conjunction with those for periodontal tissues
and bone, are all working to create cutting-edge procedures capable of reproducing the
structures and functions of oral tissues (Figure 3).

2.1. Hydrogels for Oral Tissue Engineering

Dental biomaterials have evolved from bioinert structures to integrative bioactive
materials that aim to support the restoration of oral tissues to their native structure and
function. There are still challenges associated with oral tissue regeneration, despite material
advancements, due to the tissue variety and individual complexity within the oral cav-
ity [33]. Across the field of dental research, hydrogels as a biomaterial have great potential
for both supporting the reconstruction of tissue structure and function as well as treating
oral diseases (Figure 4) [42]. Hydrogels are amphiphilic polymer networks that maintain
their structural integrity despite their high fluid absorption capacity. Their highly cus-
tomizable microstructures allow for specific mimicry of cellular ECM including potential
for incorporating bioactive molecules [42,43]. The injectable use of hydrogels was initially
evaluated in the fields of periodontics and endodontics for their potential antimicrobial
properties. This is a critical area of study, as mitigating pathogen infiltration after a root
canal or periodontal treatment can determine treatment effectiveness and longevity. When
compared to scaffolds with predetermined configurations, which frequently cannot fit into
small irregular areas, injectable formulations that can completely fill voids or gaps are
ideal [44]. Smart hydrogels, which can respond to external stimuli, such as changes in pH,
light, and temperature during wound healing, have been developed, and this could be used
for the application of temperature-sensitive hydrogels for wound healing in the oral cavity
(~37 ◦C) [45]. Magnetic-responsive hydrogels that are prepared by embedding magnetic
nanoparticles into hydrogel network are advantageous for biomedical applications. The
development of magnetic-responsive hydrogels has shown on-demand controllability and
responsiveness, as observed in remote-controlled drug delivery [46]. These properties,
including the application of light or a magnetic field to the wound surface, can be used to
modulate the release of molecules from the hydrogel without causing additional injury.
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Dysregulation of the demineralization–remineralization equilibrium at the tooth sur-
face can result in irreversible loss of enamel as mature enamel lacks cells and cannot repair
itself. Since hydrogel-based scaffolds have the ability to provide the support required for
tissue regeneration, these biomaterials are being revised to mimic enamel and aid in the
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repair of lost mineralized tissue. However, the physical, functional, and visual proper-
ties of hydroxyapatite (HA) crystals present in mature enamel differ from synthetic HA
nanorods. Thus far, only extreme laboratory conditions are able to fabricate synthetic HA
that can mimic its natural counterpart, further emphasizing the need for the development
of biomaterials with more favorable properties and fabrication requirements for tooth rem-
ineralization [33]. Administering therapeutic agents into tissues during the regeneration of
cementum, dentin, and enamel requires an efficient carrier. Drug delivery systems not only
need to be biocompatible, but their degradation properties are critical to the controlled and
sustained release of the bioactive molecules they contain. Chitosan is an ideal biocompat-
ible delivery system for local lesions since it is able to create a film on the tooth surface
due to its positive charge. Remineralization studies using chitosan-based delivery systems
have shown the formation of organized apatite crystals that resemble natural enamel, as
well as significant dentin remineralization and cementum formation. Recent advances in
nanotechnology have allowed for the design of chitosan-based scaffolds that enhance their
natural properties and increase temporal regulation of drug release, leading to new tissue
engineering approaches that would be highly beneficial for the stimulation of oral tissue
regeneration [47].

Hyaluronic acid hydrogels have received great attention in tissue engineering applica-
tions as hyaluronic acid is a natural polysaccharide with low immunogenicity that is one of
the main constituents in the ECM throughout the human body. These hydrogels can be
used individually or in combination with other polymeric materials, bioactive molecules,
or drugs to promote wound healing and prevent infection [48–50].

Wang et al. developed a photo cross-linked hyaluronic acid and silk fibrin hydrogel
loaded with human dental pulp stem cells (hDPSCs) for pulp regeneration. The hydro-
gel exhibited cellular growth, proliferation, and osteogenic differentiation ability [51].
DPSC-laden collagen hydrogel matrix have also increased long-term cellular survival by
simulating the inner root canal, interacting with the surrounding dentin, and increasing
mineralization [52]. Collagen-based hydrogels also exhibit outstanding biological charac-
teristics; they have been shown to promote oral fibroblast growth and proliferation within
the hydrogel, as well as adhesion and differentiation of epithelial cells on the substrate
surface [53]. Regenerative dentistry has demonstrated the therapeutic efficacy of alginate
hydrogels in oral tissue engineering. The alginate hydrogel provides an ideal modality
for the sustained release of encapsulated transforming growth factor-β (TGFβ), which can
stimulate dentin, pulp and periodontal regeneration. Acid-treated alginate significantly
influences the development of odontoblast-like cells and functions as a dentinal extracellu-
lar matrix. Furthermore, an alginate scaffold can serve as a support material for successful
prosthetic dental implantation when coupled with nano-bioglass ceramic [54].

2.2. Exosomes for Oral Tissue Engineering

Oral and maxillofacial injuries or diseases often need regenerative therapy. While stem
cell applications in dental tissue engineering are receiving much attention, there are still
obstacles to these applications in clinical settings. Thus, cell-free-based tissue engineering
employing exosomes isolated from stem cells has been proposed to be a potential alternative
(Figure 5A) [55,56]. Exosomes have been extensively utilized to treat oral and maxillofacial
conditions; however, biological exosomes have limited therapeutic efficiency due to their
high impurities, poor yield, time-intensive isolation, and lack of targeting. Recent research
has used engineering techniques to enable the precise application of exosomes in the
treatment of oral and maxillofacial disorders. Engineered stem cell exosomes have also
shown positive therapeutic effects in accelerating oral and maxillofacial wound repair by
controlling inflammation, improving angiogenesis, fibroblast proliferation, and reducing
scar formation [57,58]. Engineered exosomes have also shown potential for the diagnosis
of periodontitis. Research has indicated that those with periodontitis have considerably
lower amounts of CD9 and CD81 in their salivary exosomes [59].
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Small extracellular vesicles generated by hDPSCs (DPSC-Exos) have regenerative
abilities in a mildly inflammatory microenvironment and can promote dental pulp regener-
ation through functional healing rather than scar healing, which could have implications
in regenerative endodontics [60]. The DPSC-Exos could also promote the cell migration,
proliferation, and osteogenic differentiation of periodontal ligament stem cells (PDLSCs). In
addition, DPSC-Exos have been shown to improve the periodontitis microenvironment and
help in regulating the macrophage phenotypes. The study by Qiao et al. demonstrated that
DPSC-Exos exert anti-inflammatory effects via the IL-6/JAK2/STAT3 signaling cascade,
reducing expression after induction via LPS. This was further evaluated with an in vivo
repair model using rats with periodontitis. The disease model was generated via a ligature
treated with LPS from Porphyromonas gingivalis. Compared to the control periodontitis
treatment with DPSC-Exos resulted in an increased periodontal epithelium thickness and
alveolar bone height [61].

2.3. Exosome Laden Hydrogels for Oral Tissue Engineering

In order to deliver exosomes to the injured or damaged tissues, many strategies have
been explored. The ability to administer a high dose of exosomes easily is essential to the
efficacy of exosome therapy. Therefore, to attain a high therapeutic efficacy of exosomes,
the mode of exosome delivery needs to be optimized and improved. Throughout the
past decade, hydrogel-based exosome delivery systems have been the focus of research
for their potential use in regenerative medicine [62]. Further, exosomes can be used to
promote oral and maxillofacial wound healing by altering the wound inflammatory mi-
croenvironment, promoting re-epithelialization, and enhancing angiogenesis [45]. In oral
regenerative medicine, the Exo-embedded hydroxypropyl chitin (HPCH)/chitin whisker
(CW) thermosensitive injectable hydrogel was able to improve hDPSC angiogenesis and
odontogenesis potential. The implantation of a HPCH/CW tooth root model in an in vivo
animal experiment demonstrated the development of new tissues that mimicked dental
pulp [63]. In another study, DPSC-Exos were encapsulated in a peptide hydrogel and
administered to nude mice. After eight weeks, the mice developed pulp-like tissue con-
sisting of mineralized tissue and collagen fibers that were correctly aligned with a root
canal wall that contained numerous interconnected blood vessels and nerves. To avoid
limiting the therapeutic effects of exosomes, it has been observed that hydrogels could
protect free exosomes in vivo from rapid degradation by the immune system, while also
ensuring targeted delivery This would maintain the concentration of exosomes reaching
the target tissues and extend their residence time [64].

In order to better adhere to modified collagen within the hydrogel and facilitate the
wrapping and delayed release of exosomes, the exosomes have a binding site for type
I collagen and cell adhesion proteins on the surfaces of their cell membranes [64]. For
instance, Zhang et al. created a collagen hydrogel encapsulated with epithelial root sheath
cell-derived exosomes that improved angiogenesis and odontogenic differentiation of
dental papilla cells. In an in vivo tooth root slice model, the degradation of the hydrogel
and subsequent release of exosomes triggered the regeneration of both soft (neurons and
blood vessels) and hard (reparative dentin-like tissue) tissues [65]. Another study found
that wrapping DPSC-Exos in a fibrin/gelatin hydrogel enabled the slow release of exosomes
due to the gradual degradation of the gelatin. This sustained release of exosomes promoted
stem cell differentiation and an increase in blood vessel formation until dental pulp-like
tissue was formed in the fibrin/gelatin environment [61]. In vitro, exosomes generated
from immortalized murine odontoblast cells (MDPCs) and hDPSC enhanced mineralization
and increased the expression of odontogenic genes. An amphiphilic synthetic polymeric
vehicle from a triblock copolymer made of polyethylene glycol-poly lactic-co-glycolic
acid (PEG-PLGA), was able to encapsulate exosomes by polymeric self-assembly and
maintain their biological stability throughout release up to 8–12 weeks. After six weeks,
the regulated release of odontogenic exosomes produced a reparative dentin bridge in a rat
molar pulpotomy model that was superior to glass-ionomer cement alone [66].
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While many antibacterial treatments using hydrogels have been proposed and in-
vestigated, researchers have noted that the degeneration of periodontal tissue ultimately
results from dysregulation of the host immune–inflammatory response mediated by pro-
inflammatory macrophages [67]. Bacterial infection is only the first factor in the progression
of periodontitis. Treatments for the periodontal system are typically ineffective for a sen-
sitive host with severe periodontitis because pro-inflammatory cytokines, such as TNF-α
and IL-1, continue to drive alveolar bone resorption and inflammation of the periodon-
tium [67–70]. Shen et al. developed a chitosan hydrogel loaded with dental pulp stem
cells derived from Exso (DPSC-Exo/CS) for periodontitis (Figure 5B). The DPSC-Exo/CS
hydrogels in this study accelerated the repair of the periodontal epithelium and alveolar
bone in mice with periodontitis. The hydrogel specifically assisted the shift of macrophages
from a pro-inflammatory to an anti-inflammatory phenotype. It was suggested that this
mechanism could be connected with miR-1246 in DPSC-Exos. These findings not only
highlight the DPSC-Exo/CS therapeutic mechanism but also support the basis for the
development of successful periodontitis treatment using exosomes [71]. Further tissue in-
fection could also be avoided by utilizing the antibacterial characteristics of chitosan-based
hydrogels [72].

A novel alternative cell therapy technique for periodontal tissue regeneration in
periodontitis treatment uses a biological injectable hydrogel. Shi et al. developed a gelatin
and laponite injectable hydrogel material loaded with lipopolysaccharide-preconditioned
dental follicle cell-derived small extracellular vesicles and applied it for the treatment of
periodontitis. They found that the hydrogel helped regenerate lost alveolar bone during the
early stages of treatment that was retained through the late stages of treatment, partially
by reduction of the RANKL/OPG ratio [73]. Similarly, Liu et al. developed a blended
laponite/gelatin injectable hydrogel loaded with bone marrow mesenchymal stem cell-
derived small extracellular vesicles (BMSC-EVs) and used it as a potential cell-free strategy
for regeneration of periodontal tissue in a periodontitis rat model. After administration
of hydrogel for 4 to 8 weeks, the BMSC-EVs-hydrogel group exhibited reduced alveolar
bone loss, inflammatory infiltration, and collagen breakdown when compared to the
PBS-hydrogel and periodontitis groups. The hydrogel also had a constant release of the
BMSC-sEVs at 30 days, which confirmed that the hydrogel supports sustained release. The
results revealed that the sustained release of BMSC-EVs from the hydrogel can stimulate
periodontal tissue regeneration, which may be partially attributed to their involvement in
the OPG-RANKL-RANK signaling pathway. This pathway controls osteoclast function,
macrophage polarization, and TGF-β1 expression to modulate the inflammatory immune
response and prevent periodontitis-induced damage to periodontal tissue [74].
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In a rat model of periodontal abnormalities, collagen sponges loaded with mesenchy-
mal stem cell-derived exosomes (MSC-Exos) have been reported to improve periodontal
regeneration without adverse effects. It was found that MSC-Exos within the collagen
polymer matrix enhanced the migration and proliferation of periodontal ligament cells
by activating prosurvival AKT and ERK signaling through CD73-mediated adenosine
receptor activation. This finding demonstrated that MSCs-Exo-loaded collagen promoted
periodontal regeneration, potentially through accelerating cell migration and proliferation
and provided a basis for the development of a cell-free drug delivery strategy for periodon-
tal defects or injuries [75]. Overall, different types of hydrogels embedded with exosomes
offer a viable cell-free therapeutic option for use in oral tissue engineering, particularly for
the treatment of periodontitis.

3. Bone Tissue Engineering

Bone is a hierarchically organized and porous tissue with layers of cortical and can-
cellous bones, as illustrated in Figure 6A. At the center, cancellous bone (also known as
trabecular or spongy bone) provides a structural scaffold to support the bone marrow
encased within it. Both the marrow and cancellous bone are surrounded by a layer of
compact cortical bone that is responsible for strength and mechanical stability. The sur-
face of cortical bone is covered with an additional layer of tissue called the periosteum,
comprised mainly of osteoblasts and blood vessels that are necessary during growth and
repair [76]. The entire adult skeleton is composed of about 80% cortical bone and 20%
cancellous bone at varying proportions throughout the body. Due to the essential nature of
biological processes that occur within bone, its composition is critical to supporting proper
function and maintenance, most of which are dependent on the ratio between organic and
mineral components within its matrix. The organic component is comprised of collagen,
noncollagenous protein, proteoglycans, sialoproteins, glycoproteins and “gla” proteins
that account for approximately 25–30% of the matrix and is complemented by the mineral
component, hydroxylapatite, which makes up the remaining matrix. From a materials
science perspective, these variations in composition and mechanical properties allow bone
to be considered as a composite material [77].

Bone tissue engineering is an effective therapeutic approach for the treatment of acute
or progressive bone abnormalities, including traumatic injuries, cancer, and congenital
malformations [78]. While the gold standard for bone regeneration is autologous bone
grafting, this approach carries the risk of significant complications ranging from pain at the
donor site to rejection or disease transfer. Biomaterials and bioactive scaffolds are promising
alternatives due to their biocompatibility and mechanical and osteogenic properties that are
comparable to native bone [9]. Biomineralization is required for proper integration of bio-
materials with native tissue in bone tissue engineering applications. The use of hydrogels
with nanofillers (e.g., hydroxyapatite or bioactive glass) that reinforce biomineralization
would not only encourage increased osteointegration but also provide a vehicle for various
constituents, such as biopolymers, synthetic polymers, stem cells, growth factors, nanopar-
ticles, and bioactive drugs, to increase biological function (Figure 6B) [79–82]. With an
increased number of research groups working to enhance the biological characteristics of
biomaterials or create new applications in the form of 3D-printed scaffolds, bone tissue
engineering presents a wide range of possible therapeutic approaches for the regeneration
of bone [9,83].

Improved understanding of the embryonic development of bone, fracture healing and
its hierarchical structure has facilitated the design of novel bone tissue engineering mate-
rials and techniques that mimic natural tissue by both supporting growth and re-storing
functionality [84]. The combination of biomaterials and different cell types, including bone
marrow mesenchymal stem cells (BMMSCs) and primary adult osteoblasts, has shown
great potential for bone regeneration in animal models. However, most of the research
focuses on rodents with limited studies on bone defects in larger mammals and limitations
in the predictive capacity of the rodent model have hindered the translation to human trials.
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This area of bone tissue engineering faces not only technical but also ethical challenges
in the form of cell sources and safety, thus, the overarching goal for biomaterials is to
fill the bone defect and provide a conduit for recipient cells to repair or reconstruct the
defect [82,84]. Within bone, the functional cell types contrast the ECM they are encased
in, which not only provides mechanical stability but can also have embedded bioactive
molecules secreted by cells. In the context of bone regeneration, biomaterials are often
fabricated in a scaffold format to temporarily fill the role of the ECM to support cell ad-
hesion and subsequent deposition of a mineralized matrix [84]. The unique properties of
3D structural nanocomposites that promote the natural bone healing process and resemble
native structures have gained attention as replacements for autografts and their fabrication
techniques generate the potential for more individualized yet functional scaffolds. Despite
notable advancements and the ability of bone tissue engineering approaches to mitigate
major complications associated with bone grafts, the use of biomaterials in routine clinical
practice still faces numerous obstacles related to safety and efficacy that require additional
investigation with human clinical trials [85].
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Figure 6. (A) Illustration of the bone, showing the cellular distribution and overall structure. Osteo-
progenitors are abundant in the bone marrow and periosteum and play important roles in bone repair.
In addition, a considerable degree of vascularization is seen in the periosteal and intramedullary
canals of the bone (Adapted from [76]). (B) Steps for the implantation of biomaterial-loaded scaffolds
for bone tissue engineering. Mesenchymal cells are isolated from the donor, cultured in vitro to
differentiate into osteoblasts, and then loaded onto scaffolds that contain growth factors, polymers,
biomaterials, nanoparticles, etc., prior to implantation. Following their implantation, the scaffolds
could promote bone healing and regeneration (Adapted from [81]).

3.1. Hydrogels for Bone Tissue Engineering

Hydrogels are a suitable biomaterial that is frequently employed in bone tissue en-
gineering due to their porous structure, significant biocompatibility, and similarity to the
extracellular matrix [86,87]. Injectable hydrogel-based drug/cell product delivery has
become a viable solution in regenerative medicine, where the restoration of bone loss is
crucial to the healing process. Hydrogels could prove invaluable in treating arthritis or
cartilage injury due to their high absorbance and hydrophilic three-dimensional porous
framework (Figure 7) [88–91]. The similarity of hydrogel scaffolds’ chemical and physical
composition to natural bone offers specific advantages for the stimulation of stem cell
osteogenic functions [92]. In addition to drug delivery systems, such as oral administra-
tion, cutaneous penetration, and/or intravenous injection, numerous composite hydrogels
have been developed for implants based on the type or location of bone disease. Among
them, implanted hydrogels offer several benefits in clinical applications, such as adjustable
shape at the intended location and improved mechanical stability. These characteristics
are particularly useful for tissues that are load-bearing sites or have large defects. Due
to the outstanding sol–gel characteristics of in situ injectable hydrogel, it can be applied
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to cartilage defects and minor bone injuries that do not require extensive surgery. The
administration of either microgels or nanogels via local injection at the infected region
is being investigated as a drug delivery system for the treatment of osteoarthritis (OA),
rheumatoid arthritis (RA), and other bone abnormalities [93].
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Naturally occurring biopolymers, including chitosan, hyaluronic acid, alginate, col-
lagen, and gelatin, all have the benefit of being nontoxic, biocompatible, and degradable
by the human body. Thus, they are frequently employed in bone tissue engineering as
functionalized hydrogel materials [69,94]. The structure of chitosan’s polysaccharide unit is
comparable to that of glycosaminoglycan, which is the primary building block of cartilage
and the extracellular matrix (ECM) in bones. Chitosan (CS) and chitosan-based hydrogels
are nontoxic, biocompatible and degradable, properties that are all helpful in the field of
biomedicine, particularly bone tissue engineering. Its porous structure also promotes cell
attachment and proliferation. A hybrid CS-based hydrogel loaded with bioactive glass
nanoparticles was proposed utilizing a freeze-gelation approach. By adjusting the ratio of
the nanoparticles, the hybrid hydrogel’s surface area, porosity, and mechanical character-
istics can be customized. This could encourage the formation of an apatite layer on the
hydrogel’s surface, facilitating direct bone interaction with the implanted hydrogels [95].
Chitosan-embedded particles are often combined with polymeric hydrogels, that could
promote bone healing by improving localized cell and drug delivery at the bone defect
site [96]. The injectable hydrogels crosslinked by the hydrazone chemistry of hyaluronic
acid aldehyde and thiol-Michael reaction have shown better bone regeneration due to their
cross-linking chemistry, which forms a reversible covalent bond very quickly (<30 s) [97].
The methacrylated hyaluronic acid–fibrin hydrogel was shown to be beneficial in a three-
dimensional environment for improving bone marrow stromal cell (BMSC) proliferation
through increased SOX9 expression [98]. The aldehyde group in HA-based hydrogels
can also undergo a Schiff-based reaction with polymers containing amino and hydrazide
groups. These hydrogels have been extensively explored in the field of cartilage tissue
engineering. The combination of chitosan and hyaluronic acid in hydrogels can provide a
favorable environment for chondrocyte proliferation, adhesion, and differentiation. The
encapsulated chondrocytes also exhibit a spherical morphology and even distribution
throughout the chitosan/hyaluronic acid hydrogel [99].

The application of alginate hydrogels for bone tissue engineering was evaluated due
to their high availability, gelation capacity, cost effectiveness, and biocompatibility. Another
advantage of alginate materials is that they could provide an adequate niche for cell loading
and are injectable due to their inherent ionic crosslinking [100]. The cell-free, void-forming
alginate hydrogel demonstrated potential for bone regeneration in a load-bearing, 5-mm
critical-sized segmental femoral defect [101]. A new generation of composite collagen
hydrogels is currently being used extensively as bone tissue scaffolds via 3D printing,
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electrospinning, and other methods, as well as an injectable hydrogel scaffold for in situ
bone tissue healing and flexible drug delivery systems [102]. In 3D culture, collagen
repeatedly been demonstrated to preserve chondrocyte phenotypes. Equally dispersed
chondrocytes can also create new cartilage-like tissue by synthesizing ECM [103]. Therefore,
collagen and collagen-based biomaterials for bone and cartilage tissue engineering appear
to be a natural choice. The collagen-elastin-like polypeptide composite hydrogel can
improve osteogenic differentiation in human adipose-derived stem cells (hASCs) and also
exhibited advantageous characteristics, such as tensile strength, osteogenic activity, and
mineralization [104]. Likewise, collagen mimetic hydrogels improved the chondrogenesis
process in human mesenchymal stem cells and ECM synthesis [105]. Gelatin is a denatured
and hydrolyzed collagen that can be obtained by treating animal skin and bones (usually
porcine skin) with an acidic or basic solution, and then separating the proteins using a
thermal process. The benefits of gelatin’s biological activity (RGD sequence) for tissue
engineering have been highlighted by the widespread application of gelatin particles as
hemostatic agents to repair cartilage and bone deformities. Bone morphogenetic protein-2
(BMP-2) and stromal cell-derived factor-1 (SDF-1) were included in gelatin-based hydrogels
and showed that the combined release of growth factors promoted bone regeneration more
than their use individually [106].

3.2. Exosomes for Bone Tissue Engineering

Bone tissue and cartilage regeneration rely on multicellular activities, including re-
modeling, differentiation, functional cell recruiting, immunogenicity, and angiogenesis.
Exosomes, a key component of cell signaling, are currently a popular topic in the field
of bone and cartilage regeneration because of their ability to transport proteins, nucleic
acids, and bioactive lipids (Figure 8) [107]. Recent research has demonstrated that exo-
somes obtained from different cells, such as mesenchymal stromal/stem cells, osteocytes,
osteoblasts, and endothelial cells, can be involved in multiple steps of bone regenera-
tion [108,109]. Bone-related miRNAs, extracellular matrix proteins, and some osteogenic
proteins have been shown to be transported via exosomes. It is possible to alter parent
cells to export specific proteins and miRNAs, enabling their precise delivery to nearby
cells [110]. In particular, MSC-Exos have lower concentrations of the cytokines that can pro-
mote osteogenesis and other angiogenic factors, such as monocyte chemoattractant protein
(MCP)-1, MCP-3, and stromal cell-derived factor (SDF), when compared to conditioned
media [111]. Following adenovirus transfection, treatment with exosomes released by BM-
SCs overexpressing HIF-1α resulted in increased expression of osteogenic markers, such as
osteocalcin and alkaline phosphatase [112]. Additionally, treatment with human umbilical
cord-derived MSCs-exosomes resulted in improved neovascularization and accelerated
bone regeneration in vivo in a steroid-induced model of osteonecrosis of the femoral head
in rats and a femoral fracture model in mice and rats [110]. Cartilaginous connective tissue,
mostly found in joints, has a limited ability to regenerate on its own after damage or injury.
Conditions including rheumatoid arthritis (RA) and osteoarthritis (OA) that affect joints
may exacerbate these injuries. Synovial fluid or synovial fibroblast-derived extracellular
vesicles (SFB-EVs) are the main candidates under investigation to clarify the mechanisms
of joint disease and associated cartilage damage since synovial fluid and integrated SFBs
may cause inflammatory propagation supporting degeneration of cartilage [107]. Exo-
somes produced from MSCs have shown potential in cartilage regeneration, with studies
indicating that treating animal models of osteochondral defects or OA with MSC-Exos
improved cartilage regeneration through improved extracellular matrix deposition, cellular
migration, proliferation, and histological scores [110,113].
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3.3. Exosome Laden Hydrogels for Bone Tissue Engineering

Hydrogels have a 3D network structure that mimics the natural ECM and a high
water absorption capacity, which supports their use for widespread tissue engineering
applications. Exosomes aid in a number of physiological signaling cascades, including
angiogenesis, wound healing, and cell differentiation. Therefore, recent innovative cell-free
tissue engineering methods for bone regeneration that employ exosome-laden hydrogels
have been developed and extensively studied [114]. These cell-free methods allow for
local, concentrated delivery of the therapeutic compounds contained in exosomes [114,115].
For example, periodontal ligament stem cell-derived exosomes (PDLSC-Exos) loaded on a
gelatin-sodium alginate hydrogel promoted more alveolar bone regeneration compared to
exosome-free hydrogels [116]. While hyaluronic acid-based hydrogels have recently shown
encouraging results in bone regeneration, tissue restoration requires more than just a HA
scaffold within the injured area. Consequently, different cell-derived exosomes have been
effectively added to hyaluronic acid-based hydrogels to improve bone regeneration at the
defect sites [116]. The study by Zhang et al. developed hyaluronic acid-based hydrogels
that are loaded with exosomes obtained from umbilical mesenchymal stem cells (uMSC-
Exos) and combined with nanohydroxyapatite/poly-ε-caprolactone (nHP) scaffolds for
cranial defects in a rat model (Figure 9A). The results indicate that the exosome-laden
hydrogel promoted angiogenesis during the healing of large bone defects, potentially
through the miR-21/NOTCH1/DLL4 signaling pathway [117].

A dangerous bone condition known as glucocorticoid-induced osteonecrosis of the
femoral head (GC-ONFH) frequently affects adolescents. The most common clinical treat-
ment for GC-ONFH is bone grafting in conjunction with core decompression. Chen et al.
developed a hydrogel with a combination of methacrylated type I collagen and exosomes
isolated from bone marrow stem cells (BMSCs) stimulated with lithium ions (Li) to treat
GC-ONFH in a rat model. The study demonstrated that the Li-Exo hydrogel had the most
positive effect in improving angiogenesis, osteogenesis, and M2 macrophage polarization to
promote bone repair in the GC-ONFH model. This also revealed that this unique hydrogel
mimics the ECM and when functionalized with exosomes might serve as a promising
therapeutic for osteonecrosis [118]. Another study synthesized a self-healing hydrogel with
coralline hydroxyapatite (CHA), silk fibroin (SF), glucose chitosan (GCS), and difunction-
alized polyethylene glycol (DF-PEG) as carrier for human umbilical cord mesenchymal
stem cells (hucMSC)-derived exosomes carrier to repair bone defects in Sprague-Dawley
(SD) rats (Figure 9B). The hydrogel had shown excellent physical and biological properties,
such as self-healing, smooth surface morphology, spherical crystal structures, and good
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biocompatibility with mouse osteoblast progenitor cells (mOPCs). The results of in vivo
studies indicate that rat bone defects could be repaired more quickly when the hydrogels
containing exosomes are used. The histological investigation also showed more newly
formed bone, BMP2 expression, and had the highest microvessel density [119].
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The efficacy of hydrogels to control drug release and improve therapeutic outcomes
has been enhanced through the manipulation of their hydrophilic and cross-linking behav-
iors [120]. Chitosan has received great attention due to its extrinsic biomineralization and
antimicrobial properties. Studies on bone tissue engineering have favored the chitosan and
β-glycerophosphate (CS-β-GP) hydrogels due to their injectability and thermosensitive
characteristics [121]. A study by Wu et al. designed a CS-β-GP injectable and thermosensi-
tive hydrogel with encapsulated exosomes isolated from BMSCs that significantly improved
the repair of calvarial defects in a rat model through prolonged delivery and significant
biocompatibility. In bone defects implanted with the hydrogel, the expression of osteogenic
gene alkaline phosphatase (ALP) was enhanced, mineral deposition was increased, and
the area of new bone formation was expanded [122]. Similarly, in vitro and in vivo studies
have demonstrated the therapeutic effects of UV-responsive gelatine methacrylate (GelMA)
hydrogels embedded with exosomes derived from human periodontal ligament fibrob-
lasts (hPDLFs) for calvarial defects in a rat model (Figure 10A,B). The application of this
hydrogel showed an upregulation of OSP, ALP, and RUNX2 expression, indicating the
stimulation of osteogenic differentiation in hMSCs without the addition of growth factors.
The gene expression changes, histochemistry, and micro-computed tomography (µ-CT)
results demonstrate that rats treated with GelMA/hPDLF-Exo hydrogel produced more
new bone mineralization than the negative controls [123]. Huang et al. also developed
photocrosslinkable alginate hydrogels with an RGD peptide and mesenchymal stem cell-
derived extracellular vesicles (MSC-EVs) with tissue regenerative capabilities, specifically
the stimulation of bone regeneration in a rat calvarial defect model with prolonged delivery
in vivo [124].

A highly prevalent cause of disability in the elderly is osteoarthritis (OA), a bone
disease that can cause joint pain, stiffness, and reduced function. Degenerative cartilage
lesions are the main feature of OA. Highly differentiated cells, chondrocytes, respond
to stimuli mainly through the production and secretion of the cartilage matrix, which is
essential for maintaining the metabolic balance of cartilaginous tissue. Currently, there are
no drugs available to stop the progression of OA. Injecting therapeutic materials, specifi-
cally, hydrogels with encapsulated exosomes have been investigated as a new treatment
method for osteoarthritis and cartilage regeneration [125]. Liu et al. developed a photoin-
duced imine crosslinking (PIC) hydrogel with o-nitrobenzyl alcohol moieties and modified
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hyaluronic acids (HA-NB)-gelatin-human induced pluripotent stem cells (hiPSC)-derived
MSC-Exos for cartilage regeneration (Figure 10C). The hydrogel was found to positively
regulate both hBMSCs and chondrocytes in vitro and may interact with the natural carti-
lage matrix to facilitate the accumulation of cells in cartilage defect regions, which aids in
the regeneration of cartilage. This material could offer a novel and cell-free approach for
cartilage tissue engineering [126]. The sustained release of exosomes from in-situ crosslink-
ing of hyaluronic acid/Pluronic F-127 injectable and a thermosensitive hydrogel loaded
with chondrocyte-derived exosomes was found to promote cartilage matrix formation and
prevent cartilage destruction. This occurred through positive regulation of chondrocyte
proliferation, migration, and differentiation, as well as effective stimulation of M1 to M2
macrophage polarization, offering another potential treatment for osteoarthritis [127]. A
study from Zhang et al. reported the possible treatment for cartilage abnormalities in rat
patellar grooves using an adhesive and injectable hydrogel fabricated with regenerated silk
fibroin, chondroitin sulfate, alginate–dopamine, and BMSC-Exos. After encapsulating the
exosomes, the hydrogel promoted migration, proliferation, and differentiation of BMSCs
without adverse effects. Notably, the adhesive hydrogel stimulated the differentiation of
BMSCs into chondrocytes and promoted the repair of cartilage defects in the rat patellar
grooves by recruiting endogenous BMSCs to the defect via chemokine signaling path-
ways [128]. Overall, experimental outcomes suggested that exosome-embedded hydrogels
have potential as biomaterials for bone tissue engineering, including cranial, calvarial, and
cartilage regeneration.
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Figure 10. A rationale for the design of exosome-laden hydrogels. (A) Fabrication of GelMA with
subsequent hPDLF-Exo embedding and hydrogelation via photo-crosslinking. (B) Application
of GelMA (right) and GelMA/hPDLFs-Exo (left) hydrogels into calvarial defects in a rat model
(Reprinted from [123] with permission from Elsevier). (C) Schematic illustration of photoinduced
imine crosslinking (PIC) hydrogel integrated with human induced pluripotent stem cells (hiPSC)
derived exosomes for cartilage regeneration (Adapted from [126]).

4. Methods

To write this review article, a scientific literature search was conducted using various
databases, such as ScienceDirect, Scopus, Web of Science, Pubmed, and Google Scholar,
with the following keywords: biomaterials, hydrogels, exosomes, oral, bone, and cartilage
tissue engineering, and regenerative medicine. By utilizing these keyword combinations,
we have been able to locate significant previous investigations in the field. The therapeutic
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efficacy of exosome-laden hydrogels for bone and oral tissue engineering was specifically
reported in these publications. The intention is to give the reader a general introduction to
this area of research, while also highlighting the advantages and potential behind novel
combinations of cutting-edge and conventional biomaterials.

5. Conclusions

Oral and bone defects are difficult to repair due to the complex three-dimensional
structure required and the potential to cause considerable damage to surrounding struc-
tures, resulting in deformities and impaired function. Existing treatments are only able
to prevent the progression of disease and enhance clinical diagnostic markers but cannot
completely restore the tissue and organ functions. Therefore, new biomedical approaches
are required to overcome these challenges to achieve successful craniofacial bone and oral
tissue regeneration at the morphological, structural, and functional levels. The develop-
ment of hydrogel biomaterials, their fabrication techniques, and biomimetic characteristics
have been aided by progress in oral and bone tissue engineering and regenerative medicine.

Despite progress with biomaterials, there are several clinical requirements that need
to be met for biological and biomedical applications. Thus, the encapsulation of exosomes
in hydrogels has offered a novel opportunity to promote the effective healing and repair
of oral and bone tissues through biocompatible and sustained cell-free drug delivery
systems. The encapsulation of therapeutic agents, such as exosomes, into hydrogels can
have various effects on biological processes that are essential for the dental and bone
regeneration processes, including angiogenesis, inflammation, immune regulation, and
osteogenic differentiation.

In this review, we summarized the therapeutic effects of exosome-laden hydrogels for
oral and bone tissue engineering as a cell-free drug delivery system. Cell-free hydrogel
therapies, utilizing exosomes isolated from different cell sources, have shown positive
effects on the mineralization process for both craniofacial bone and oral tissue regeneration,
projected to have an added cost-effective benefit.

In conclusion, the application of modified biomaterials, namely exosome-laden hydro-
gels, is a burgeoning area of research, and this new therapeutic approach will be beneficial
to creating viable, long-term tissue repair methods for patients.

Author Contributions: Conceptualization, P.M. and A.G.; methodology, P.M.; data curation, P.M.
and C.V.; writing—original draft preparation, P.M. and C.V.; writing—review and editing, C.V. and
A.G.; supervision, A.G.; funding acquisition, A.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by NIH R01D031737; R01D028531 and the University of Illinois
Chicago Brodie Endowment Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Figures 1–4, 6–8 and 10C were created using BioRender.com (https://www.
biorender.com/, accessed on July 2024).

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Matichescu, A.; Ardelean, L.C.; Rusu, L.C.; Craciun, D.; Bratu, E.A.; Babucea, M.; Leretter, M. Advanced Biomaterials and

Techniques for Oral Tissue Engineering and Regeneration—A Review. Materials 2020, 13, 5303. [CrossRef] [PubMed]
2. Caddeo, S.; Boffito, M.; Sartori, S. Tissue Engineering Approaches in the Design of Healthy and Pathological In Vitro Tissue

Models. Front. Bioeng. Biotechnol. 2017, 5, 40. [CrossRef] [PubMed]

https://www.biorender.com/
https://www.biorender.com/
https://doi.org/10.3390/ma13225303
https://www.ncbi.nlm.nih.gov/pubmed/33238625
https://doi.org/10.3389/fbioe.2017.00040
https://www.ncbi.nlm.nih.gov/pubmed/28798911


Int. J. Mol. Sci. 2024, 25, 11092 18 of 22

3. Mao, A.S.; Mooney, D.J. Regenerative medicine: Current therapies and future directions. Proc. Natl. Acad. Sci. USA 2015, 112,
14452–14459. [CrossRef] [PubMed]

4. Zhang, M.M.; Xu, S.X.; Wang, R.Y.; Che, Y.A.; Han, C.C.; Feng, W.; Wang, C.W.; Zhao, W. Electrospun nanofiber/hydrogel
composite materials and their tissue engineering applications. J. Mater. Sci. Technol. 2023, 162, 157–178. [CrossRef]

5. Mansour, A.; Romani, M.; Acharya, A.B.; Rahman, B.; Verron, E.; Badran, Z. Drug Delivery Systems in Regenerative Medicine:
An Updated Review. Pharmaceutics 2023, 15, 695. [CrossRef]

6. Tsolaki, E.; Bertazzo, S. Pathological Mineralization: The Potential of Mineralomics. Materials 2019, 12, 3126. [CrossRef]
7. Liu, T.; Xu, J.; Pan, X.; Ding, Z.; Xie, H.; Wang, X.; Xie, H. Advances of adipose-derived mesenchymal stem cells-based biomaterial

scaffolds for oral and maxillofacial tissue engineering. Bioact. Mater. 2021, 6, 2467–2478. [CrossRef]
8. Latimer, J.M.; Maekawa, S.; Yao, Y.; Wu, D.T.; Chen, M.; Giannobile, W.V. Regenerative Medicine Technologies to Treat Dental,

Oral, and Craniofacial Defects. Front. Bioeng. Biotechnol. 2021, 9, 704048. [CrossRef]
9. Cao, Z.; Bian, Y.; Hu, T.; Yang, Y.; Cui, Z.; Wang, T.; Yang, S.; Weng, X.; Liang, R.; Tan, C. Recent advances in two-dimensional

nanomaterials for bone tissue engineering. J. Mater. 2023, 9, 930–958. [CrossRef]
10. Zhang, Q.; Zhou, J.; Zhi, P.; Liu, L.; Liu, C.; Fang, A.; Zhang, Q. 3D printing method for bone tissue engineering scaffold. Med.

Nov. Technol. Devices 2023, 17, 100205. [CrossRef]
11. Prasathkumar, M.; Sadhasivam, S. Chitosan/Hyaluronic acid/Alginate and an assorted polymers loaded with honey, plant, and

marine compounds for progressive wound healing-Know-how. Int. J. Biol. Macromol. 2021, 186, 656–685. [CrossRef] [PubMed]
12. Li, H.; Lin, W.P.; Zhang, Z.N.; Sun, Z.J. Tailoring biomaterials for monitoring and evoking tertiary lymphoid structures. Acta

Biomater. 2023, 172, 1–15. [CrossRef] [PubMed]
13. Prasathkumar, M.; Dhrisya, C.; Lin, F.-H.; Sadhasivam, S. The Design and Developments of Protein-Polysaccharide Biomaterials

for Corneal Tissue Engineering. Adv. Mater. Technol. 2023, 8, 2300171. [CrossRef]
14. Fu, M.; Yang, C.; Sun, G. Recent advances in immunomodulatory hydrogels biomaterials for bone tissue regeneration. Mol.

Immunol. 2023, 163, 48–62. [CrossRef] [PubMed]
15. Zhang, Y.; Zhang, C.; Li, Y.; Zhou, L.; Dan, N.; Min, J.; Chen, Y.; Wang, Y. Evolution of biomimetic ECM scaffolds from

decellularized tissue matrix for tissue engineering: A comprehensive review. Int. J. Biol. Macromol. 2023, 246, 125672. [CrossRef]
16. Sun, J.; Li, G.; Wu, S.; Zou, Y.; Weng, W.; Gai, T.; Chen, X.; Zhang, K.; Zhou, F.; Wang, X.; et al. Engineering preparation and

sustained delivery of bone functional exosomes-laden biodegradable hydrogel for in situ bone regeneration. Compos. Part B Eng.
2023, 261, 110803. [CrossRef]

17. Tian, Y.; Zhang, T.; Li, J.; Tao, Y. Advances in development of exosomes for ophthalmic therapeutics. Adv. Drug Deliv. Rev. 2023,
199, 114899. [CrossRef]

18. Amondarain, M.; Gallego, I.; Puras, G.; Saenz-Del-Burgo, L.; Luzzani, C.; Pedraz, J.L. The role of microfluidics and 3D-bioprinting
in the future of exosome therapy. Trends Biotechnol. 2023, 41, 1343–1359. [CrossRef]

19. Cooper, L.F.; Ravindran, S.; Huang, C.C.; Kang, M. A Role for Exosomes in Craniofacial Tissue Engineering and Regeneration.
Front. Physiol. 2019, 10, 1569. [CrossRef]

20. Deng, C.; Hu, Y.; Conceicao, M.; Wood, M.J.A.; Zhong, H.; Wang, Y.; Shao, P.; Chen, J.; Qiu, L. Oral delivery of layer-by-layer
coated exosomes for colitis therapy. J. Control. Release 2023, 354, 635–650. [CrossRef]

21. Wang, W.; Liang, X.; Zheng, K.; Ge, G.; Chen, X.; Xu, Y.; Bai, J.; Pan, G.; Geng, D. Horizon of exosome-mediated bone tissue
regeneration: The all-rounder role in biomaterial engineering. Mater. Today Bio 2022, 16, 100355. [CrossRef] [PubMed]

22. Tan, F.; Li, X.; Wang, Z.; Li, J.; Shahzad, K.; Zheng, J. Clinical applications of stem cell-derived exosomes. Signal Transduct. Target.
Ther. 2024, 9, 17. [CrossRef] [PubMed]

23. Yadav, D.; Malviya, R. Exploring potential of exosomes drug delivery system in the treatment of cancer: Advances and prospective.
Med. Drug Discov. 2023, 20, 100163. [CrossRef]

24. Tzng, E.; Bayardo, N.; Yang, P. Current challenges surrounding exosome treatments. Extracell. Vesicle 2023, 2, 100023. [CrossRef]
25. Fan, M.-H.; Pi, J.-K.; Zou, C.-Y.; Jiang, Y.-L.; Li, Q.-J.; Zhang, X.-Z.; Xing, F.; Nie, R.; Han, C.; Xie, H.-Q. Hydrogel-exosome system

in tissue engineering: A promising therapeutic strategy. Bioact. Mater. 2024, 38, 1–30. [CrossRef]
26. Rahmati, S.; Khazaei, M.; Nadi, A.; Alizadeh, M.; Rezakhani, L. Exosome-loaded scaffolds for regenerative medicine in hard

tissues. Tissue Cell 2023, 82, 102102. [CrossRef]
27. Safari, B.; Aghazadeh, M.; Davaran, S.; Roshangar, L. Exosome-loaded hydrogels: A new cell-free therapeutic approach for skin

regeneration. Eur. J. Pharm. Biopharm. 2022, 171, 50–59. [CrossRef]
28. Zafar, M.S.; Khurshid, Z.; Almas, K. Oral tissue engineering progress and challenges. Tissue Eng. Regen. Med. 2015, 12, 387–397.

[CrossRef]
29. Hamdy, T.M. Dental Biomaterial Scaffolds in Tooth Tissue Engineering: A Review. Curr. Oral Health Rep. 2023, 10, 14–21.

[CrossRef]
30. Cao, L.; Su, H.; Si, M.; Xu, J.; Chang, X.; Lv, J.; Zhai, Y. Tissue Engineering in Stomatology: A Review of Potential Approaches for

Oral Disease Treatments. Front. Bioeng. Biotechnol. 2021, 9, 662418. [CrossRef]
31. Moioli, E.K.; Clark, P.A.; Xin, X.; Lal, S.; Mao, J.J. Matrices and scaffolds for drug delivery in dental, oral and craniofacial tissue

engineering. Adv. Drug Deliv. Rev. 2007, 59, 308–324. [CrossRef] [PubMed]
32. Dard, M.; Sewing, A.; Meyer, J.; Verrier, S.; Roessler, S.; Scharnweber, D. Tools for tissue engineering of mineralized oral structures.

Clin. Oral Investig. 2000, 4, 126–129. [CrossRef] [PubMed]

https://doi.org/10.1073/pnas.1508520112
https://www.ncbi.nlm.nih.gov/pubmed/26598661
https://doi.org/10.1016/j.jmst.2023.04.015
https://doi.org/10.3390/pharmaceutics15020695
https://doi.org/10.3390/ma12193126
https://doi.org/10.1016/j.bioactmat.2021.01.015
https://doi.org/10.3389/fbioe.2021.704048
https://doi.org/10.1016/j.jmat.2023.02.016
https://doi.org/10.1016/j.medntd.2022.100205
https://doi.org/10.1016/j.ijbiomac.2021.07.067
https://www.ncbi.nlm.nih.gov/pubmed/34271047
https://doi.org/10.1016/j.actbio.2023.09.028
https://www.ncbi.nlm.nih.gov/pubmed/37739247
https://doi.org/10.1002/admt.202300171
https://doi.org/10.1016/j.molimm.2023.09.010
https://www.ncbi.nlm.nih.gov/pubmed/37742359
https://doi.org/10.1016/j.ijbiomac.2023.125672
https://doi.org/10.1016/j.compositesb.2023.110803
https://doi.org/10.1016/j.addr.2023.114899
https://doi.org/10.1016/j.tibtech.2023.05.006
https://doi.org/10.3389/fphys.2019.01569
https://doi.org/10.1016/j.jconrel.2023.01.017
https://doi.org/10.1016/j.mtbio.2022.100355
https://www.ncbi.nlm.nih.gov/pubmed/35875196
https://doi.org/10.1038/s41392-023-01704-0
https://www.ncbi.nlm.nih.gov/pubmed/38212307
https://doi.org/10.1016/j.medidd.2023.100163
https://doi.org/10.1016/j.vesic.2023.100023
https://doi.org/10.1016/j.bioactmat.2024.04.007
https://doi.org/10.1016/j.tice.2023.102102
https://doi.org/10.1016/j.ejpb.2021.11.002
https://doi.org/10.1007/s13770-015-0030-6
https://doi.org/10.1007/s40496-023-00329-0
https://doi.org/10.3389/fbioe.2021.662418
https://doi.org/10.1016/j.addr.2007.03.019
https://www.ncbi.nlm.nih.gov/pubmed/17499385
https://doi.org/10.1007/s007840050128
https://www.ncbi.nlm.nih.gov/pubmed/11218500


Int. J. Mol. Sci. 2024, 25, 11092 19 of 22

33. Ayala-Ham, A.; López-Gutierrez, J.; Bermúdez, M.; Aguilar-Medina, M.; Sarmiento-Sánchez, J.I.; López-Camarillo, C.; Sanchez-
Schmitz, G.; Ramos-Payan, R. Hydrogel-Based Scaffolds in Oral Tissue Engineering. Front. Mater. 2021, 8, 708945. [CrossRef]

34. Jhaveri-Desai, H.; Khetarpal, S. Tissue Engineering in Regenerative Dental Therapy. J. Healthc. Eng. 2011, 2, 598263. [CrossRef]
35. Vurat, M.T.; Seker, S.; Lalegul-Ulker, O.; Parmaksiz, M.; Elcin, A.E.; Elcin, Y.M. Development of a multicellular 3D-bioprinted

microtissue model of human periodontal ligament-alveolar bone biointerface: Towards a pre-clinical model of periodontal
diseases and personalized periodontal tissue engineering. Genes Dis. 2022, 9, 1008–1023. [CrossRef]

36. Sangkert, S.; Kamolmatyakul, S.; Gelinsky, M.; Meesane, J. 3D printed scaffolds of alginate/polyvinylalcohol with silk fibroin
based on mimicked extracellular matrix for bone tissue engineering in maxillofacial surgery. Mater. Today Commun. 2021,
26, 102140. [CrossRef]

37. Mohaghegh, S.; Sadat Haeri Boroojeni, H.; Nokhbatolfoghahaei, H.; Khojasteh, A. Application of biodegradable Patient-specific
scaffolds for maxillofacial bone regeneration: A scoping review of clinical studies. Br. J. Oral Maxillofac. Surg. 2023, 61, 587–597.
[CrossRef]

38. Hu, Y.; Wu, B.; Xiong, Y.; Tao, R.; Panayi, A.C.; Chen, L.; Tian, W.; Xue, H.; Shi, L.; Zhang, X.; et al. Cryogenic 3D printed hydrogel
scaffolds loading exosomes accelerate diabetic wound healing. Chem. Eng. J. 2021, 426, 130634. [CrossRef]

39. Li, Q.; Yu, H.; Zhao, F.; Cao, C.; Wu, T.; Fan, Y.; Ao, Y.; Hu, X. 3D Printing of Microenvironment-Specific Bioinspired and
Exosome-Reinforced Hydrogel Scaffolds for Efficient Cartilage and Subchondral Bone Regeneration. Adv. Sci. 2023, 10, 2303650.
[CrossRef]

40. Zarei, M.; Shabani Dargah, M.; Hasanzadeh Azar, M.; Alizadeh, R.; Mahdavi, F.S.; Sayedain, S.S.; Kaviani, A.; Asadollahi, M.;
Azami, M.; Beheshtizadeh, N. Enhanced bone tissue regeneration using a 3D-printed poly(lactic acid)/Ti6Al4V composite scaffold
with plasma treatment modification. Sci. Rep. 2023, 13, 3139. [CrossRef]

41. Almansoori, A.A.; Kim, B.; Lee, J.H.; Tran, S.D. Tissue Engineering of Oral Mucosa and Salivary Gland: Disease Modeling and
Clinical Applications. Micromachines 2020, 11, 1066. [CrossRef] [PubMed]

42. Chen, A.; Deng, S.; Lai, J.; Li, J.; Chen, W.; Varma, S.N.; Zhang, J.; Lei, C.; Liu, C.; Huang, L. Hydrogels for Oral Tissue Engineering:
Challenges and Opportunities. Molecules 2023, 28, 3946. [CrossRef] [PubMed]

43. Elham, B.; Hosseini, M.; Mohajer, M.; Hassanzadeh, S.; Saghati, S.; Hilborn, J.; Khanmohammadi, M. Enzymatic Crosslinked
Hydrogels for Biomedical Application. Polym. Sci. Ser. A 2021, 63, S1–S22. [CrossRef]

44. Atila, D.; Kumaravel, V. Advances in antimicrobial hydrogels for dental tissue engineering: Regenerative strategies for endodon-
tics and periodontics. Biomater. Sci. 2023, 11, 6711–6747. [CrossRef]

45. Hao, M.; Wang, D.; Duan, M.; Kan, S.; Li, S.; Wu, H.; Xiang, J.; Liu, W. Functional drug-delivery hydrogels for oral and
maxillofacial wound healing. Front. Bioeng. Biotechnol. 2023, 11, 1241660. [CrossRef]

46. Li, Z.; Li, Y.; Chen, C.; Cheng, Y. Magnetic-responsive hydrogels: From strategic design to biomedical applications. J. Control.
Release 2021, 335, 541–556. [CrossRef]

47. Liu, Z.; Wang, K.; Peng, X.; Zhang, L. Chitosan-based drug delivery systems: Current strategic design and potential application
in human hard tissue repair. Eur. Polym. J. 2022, 166, 110979. [CrossRef]

48. Jo Jang, E.; Patel, R.; Sankpal, N.V.; Bouchard, L.-S.; Patel, M. Alginate, hyaluronic acid, and chitosan-based 3D printing hydrogel
for cartilage tissue regeneration. Eur. Polym. J. 2024, 202, 112651. [CrossRef]

49. Yuan, N.; Shao, K.; Huang, S.; Chen, C. Chitosan, alginate, hyaluronic acid and other novel multifunctional hydrogel dressings
for wound healing: A review. Int. J. Biol. Macromol. 2023, 240, 124321. [CrossRef]

50. Ahmadian, E.; Eftekhari, A.; Dizaj, S.M.; Sharifi, S.; Mokhtarpour, M.; Nasibova, A.N.; Khalilov, R.; Samiei, M. The effect of
hyaluronic acid hydrogels on dental pulp stem cells behavior. Int. J. Biol. Macromol. 2019, 140, 245–254. [CrossRef]

51. Wang, L.; Zhang, Y.; Xia, Y.; Xu, C.; Meng, K.; Lian, J.; Zhang, X.; Xu, J.; Wang, C.; Zhao, B. Photocross-linked silk fi-
broin/hyaluronic acid hydrogel loaded with hDPSC for pulp regeneration. Int. J. Biol. Macromol. 2022, 215, 155–168. [CrossRef]
[PubMed]

52. Pankajakshan, D.; Voytik-Harbin, S.L.; Nor, J.E.; Bottino, M.C. Injectable Highly Tunable Oligomeric Collagen Matrices for Dental
Tissue Regeneration. ACS Appl. Bio Mater. 2020, 3, 859–868. [CrossRef] [PubMed]

53. Tabatabaei, F.; Moharamzadeh, K.; Tayebi, L. Fibroblast encapsulation in gelatin methacryloyl (GelMA) versus collagen hydrogel
as substrates for oral mucosa tissue engineering. J. Oral. Biol Craniofac. Res. 2020, 10, 573–577. [CrossRef]

54. Sahoo, D.R.; Biswal, T. Alginate and its application to tissue engineering. SN Appl. Sci. 2021, 3, 30. [CrossRef]
55. Ana, I.D.; Barlian, A.; Hidajah, A.C.; Wijaya, C.H.; Notobroto, H.B.; Kencana Wungu, T.D. Challenges and strategy in treatment

with exosomes for cell-free-based tissue engineering in dentistry. Future Sci. OA 2021, 7, FSO751. [CrossRef]
56. Lv, Z.; Fu, K.; Zhang, Q. Advances of exosomes-based applications in diagnostic biomarkers for dental disease and dental

regeneration. Colloids Surf. B Biointerfaces 2023, 229, 113429. [CrossRef]
57. Ren, J.; Jing, X.; Liu, Y.; Liu, J.; Ning, X.; Zong, M.; Zhang, R.; Cheng, H.; Cui, J.; Li, B.; et al. Exosome-based engineering strategies

for the diagnosis and treatment of oral and maxillofacial diseases. J. Nanobiotechnol. 2023, 21, 501. [CrossRef]
58. Hao, M.; Duan, M.; Yang, Z.; Zhou, H.; Li, S.; Xiang, J.; Wu, H.; Liu, H.; Chang, L.; Wang, D.; et al. Engineered stem cell exosomes

for oral and maxillofacial wound healing. Front. Bioeng. Biotechnol. 2022, 10, 1038261. [CrossRef]
59. Tobon-Arroyave, S.I.; Celis-Mejia, N.; Cordoba-Hidalgo, M.P.; Isaza-Guzman, D.M. Decreased salivary concentration of CD9 and

CD81 exosome-related tetraspanins may be associated with the periodontal clinical status. J. Clin. Periodontol. 2019, 46, 470–480.
[CrossRef]

https://doi.org/10.3389/fmats.2021.708945
https://doi.org/10.1260/2040-2295.2.4.405
https://doi.org/10.1016/j.gendis.2020.11.011
https://doi.org/10.1016/j.mtcomm.2021.102140
https://doi.org/10.1016/j.bjoms.2023.08.215
https://doi.org/10.1016/j.cej.2021.130634
https://doi.org/10.1002/advs.202303650
https://doi.org/10.1038/s41598-023-30300-z
https://doi.org/10.3390/mi11121066
https://www.ncbi.nlm.nih.gov/pubmed/33266093
https://doi.org/10.3390/molecules28093946
https://www.ncbi.nlm.nih.gov/pubmed/37175356
https://doi.org/10.1134/S0965545X22030026
https://doi.org/10.1039/D3BM00719G
https://doi.org/10.3389/fbioe.2023.1241660
https://doi.org/10.1016/j.jconrel.2021.06.003
https://doi.org/10.1016/j.eurpolymj.2021.110979
https://doi.org/10.1016/j.eurpolymj.2023.112651
https://doi.org/10.1016/j.ijbiomac.2023.124321
https://doi.org/10.1016/j.ijbiomac.2019.08.119
https://doi.org/10.1016/j.ijbiomac.2022.06.087
https://www.ncbi.nlm.nih.gov/pubmed/35716796
https://doi.org/10.1021/acsabm.9b00944
https://www.ncbi.nlm.nih.gov/pubmed/32734173
https://doi.org/10.1016/j.jobcr.2020.08.015
https://doi.org/10.1007/s42452-020-04096-w
https://doi.org/10.2144/fsoa-2021-0050
https://doi.org/10.1016/j.colsurfb.2023.113429
https://doi.org/10.1186/s12951-023-02277-4
https://doi.org/10.3389/fbioe.2022.1038261
https://doi.org/10.1111/jcpe.13099


Int. J. Mol. Sci. 2024, 25, 11092 20 of 22

60. Chen, W.J.; Xie, J.; Lin, X.; Ou, M.H.; Zhou, J.; Wei, X.L.; Chen, W.X. The Role of Small Extracellular Vesicles Derived from
Lipopolysaccharide-preconditioned Human Dental Pulp Stem Cells in Dental Pulp Regeneration. J. Endod. 2021, 47, 961–969.
[CrossRef]

61. Qiao, X.; Tang, J.; Dou, L.; Yang, S.; Sun, Y.; Mao, H.; Yang, D. Dental Pulp Stem Cell-Derived Exosomes Regulate Anti-
Inflammatory and Osteogenesis in Periodontal Ligament Stem Cells and Promote the Repair of Experimental Periodontitis in
Rats. Int. J. Nanomed. 2023, 18, 4683–4703. [CrossRef] [PubMed]

62. Akbari, A.; Jabbari, N.; Sharifi, R.; Ahmadi, M.; Vahhabi, A.; Seyedzadeh, S.J.; Nawaz, M.; Szafert, S.; Mahmoodi, M.; Jabbari, E.;
et al. Free and hydrogel encapsulated exosome-based therapies in regenerative medicine. Life Sci. 2020, 249, 117447. [CrossRef]
[PubMed]

63. Wang, S.; Xing, X.; Peng, W.; Huang, C.; Du, Y.; Yang, H.; Zhou, J. Fabrication of an exosome-loaded thermosensitive chitin-based
hydrogel for dental pulp regeneration. J. Mater. Chem. B 2023, 11, 1580–1590. [CrossRef] [PubMed]

64. Chen, S.; Wang, Z.; Lu, H.; Yang, R.; Wu, J. Crucial Factors Influencing the Involvement of Odontogenic Exosomes in Dental Pulp
Regeneration. Stem Cell Rev. Rep. 2023, 19, 2632–2649. [CrossRef] [PubMed]

65. Zhang, S.; Yang, Y.; Jia, S.; Chen, H.; Duan, Y.; Li, X.; Wang, S.; Wang, T.; Lyu, Y.; Chen, G.; et al. Exosome-like vesicles derived
from Hertwig’s epithelial root sheath cells promote the regeneration of dentin-pulp tissue. Theranostics 2020, 10, 5914–5931.
[CrossRef]

66. Swanson, W.B.; Gong, T.; Zhang, Z.; Eberle, M.; Niemann, D.; Dong, R.; Rambhia, K.J.; Ma, P.X. Controlled release of odontogenic
exosomes from a biodegradable vehicle mediates dentinogenesis as a novel biomimetic pulp capping therapy. J. Control. Release
2020, 324, 679–694. [CrossRef]

67. Huang, M.; Huang, Y.; Liu, H.; Tang, Z.; Chen, Y.; Huang, Z.; Xu, S.; Du, J.; Jia, B. Hydrogels for the treatment of oral and
maxillofacial diseases: Current research, challenges, and future directions. Biomater. Sci. 2022, 10, 6413–6446. [CrossRef]

68. Hajishengallis, G. Immunomicrobial pathogenesis of periodontitis: Keystones, pathobionts, and host response. Trends Immunol.
2014, 35, 3–11. [CrossRef]

69. Delima, A.J.; Oates, T.; Assuma, R.; Schwartz, Z.; Cochran, D.; Amar, S.; Graves, D.T. Soluble antagonists to interleukin-1 (IL-1)
and tumor necrosis factor (TNF) inhibits loss of tissue attachment in experimental periodontitis. J. Clin. Periodontol. 2001, 28,
233–240. [CrossRef]

70. Grauballe, M.B.; Ostergaard, J.A.; Schou, S.; Flyvbjerg, A.; Holmstrup, P. Effects of TNF-alpha blocking on experimental
periodontitis and type 2 diabetes in obese diabetic Zucker rats. J. Clin. Periodontol. 2015, 42, 807–816. [CrossRef]

71. Shen, Z.; Kuang, S.; Zhang, Y.; Yang, M.; Qin, W.; Shi, X.; Lin, Z. Chitosan hydrogel incorporated with dental pulp stem
cell-derived exosomes alleviates periodontitis in mice via a macrophage-dependent mechanism. Bioact. Mater. 2020, 5, 1113–1126.
[CrossRef] [PubMed]

72. Guo, L.; Guan, Y.; Liu, P.; Gao, L.; Wang, Z.; Huang, S.; Peng, L.; Zhao, Z. Chitosan hydrogel, as a biological macromolecule-based
drug delivery system for exosomes and microvesicles in regenerative medicine: A mini review. Cellulose 2022, 29, 1315–1330.
[CrossRef]

73. Shi, W.; Guo, S.; Liu, L.; Liu, Q.; Huo, F.; Ding, Y.; Tian, W. Small Extracellular Vesicles from Lipopolysaccharide-Preconditioned
Dental Follicle Cells Promote Periodontal Regeneration in an Inflammatory Microenvironment. ACS Biomater. Sci. Eng. 2020, 6,
5797–5810. [CrossRef] [PubMed]

74. Liu, L.; Guo, S.; Shi, W.; Liu, Q.; Huo, F.; Wu, Y.; Tian, W. Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular
Vesicles Promote Periodontal Regeneration. Tissue Eng. Part A 2021, 27, 962–976. [CrossRef]

75. Chew, J.R.J.; Chuah, S.J.; Teo, K.Y.W.; Zhang, S.; Lai, R.C.; Fu, J.H.; Lim, L.P.; Lim, S.K.; Toh, W.S. Mesenchymal stem cell exosomes
enhance periodontal ligament cell functions and promote periodontal regeneration. Acta Biomater. 2019, 89, 252–264. [CrossRef]

76. Chao Le Meng, B.; Erin, Y.T.; Mark, S.K.C.; Yuchun, L.; Mahesh, C.; Jerry, K.Y.C. Advances in Bone Tissue Engineering. In
Regenerative Medicine and Tissue Engineering; Jose, A.A., Ed.; IntechOpen: Rijeka, Croatia, 2013; Charpter 24.

77. Salgado, A.J.; Coutinho, O.P.; Reis, R.L. Bone tissue engineering: State of the art and future trends. Macromol. Biosci. 2004, 4,
743–765. [CrossRef]

78. Hobbi, P.; Okoro, O.V.; Nie, L.; Shavandi, A. Fabrication of bioactive polyphenolic biomaterials for bone tissue engineering. Mater.
Today Sustain. 2023, 24, 100541. [CrossRef]

79. Kim, H.J.; Kummara, M.R.; Rao, K.S.V.K.; Han, S.S. Bioactive phosphate cross-linked guar gum-based hydrogels with enhanced
mineralization ability for application in bone tissue engineering. Ceram. Int. 2023, 49, 39029–39038. [CrossRef]

80. Hussain, Z.; Mehmood, S.; Liu, X.; Liu, Y.; Wang, G.; Pei, R. Decoding bone-inspired and cell-instructive cues of scaffolds for bone
tissue engineering. Eng. Regen. 2024, 5, 21–44. [CrossRef]

81. Shukla, A.; Dasgupta, N.; Ranjan, S.; Singh, S.; Chidambram, R. Nanotechnology towards prevention of anaemia and osteoporosis:
From concept to market. Biotechnol. Biotechnol. Equip. 2017, 31, 863–879. [CrossRef]

82. Stevens, M.M. Biomaterials for bone tissue engineering. Mater. Today 2008, 11, 18–25. [CrossRef]
83. Li, Y.; Xu, Z.; Wang, J.; Pei, X.; Chen, J.; Wan, Q. Alginate-based biomaterial-mediated regulation of macrophages in bone tissue

engineering. Int. J. Biol. Macromol. 2023, 230, 123246. [CrossRef] [PubMed]
84. Koons, G.L.; Diba, M.; Mikos, A.G. Materials design for bone-tissue engineering. Nat. Rev. Mater. 2020, 5, 584–603. [CrossRef]

https://doi.org/10.1016/j.joen.2021.03.010
https://doi.org/10.2147/IJN.S420967
https://www.ncbi.nlm.nih.gov/pubmed/37608819
https://doi.org/10.1016/j.lfs.2020.117447
https://www.ncbi.nlm.nih.gov/pubmed/32087234
https://doi.org/10.1039/D2TB02073D
https://www.ncbi.nlm.nih.gov/pubmed/36722937
https://doi.org/10.1007/s12015-023-10597-z
https://www.ncbi.nlm.nih.gov/pubmed/37578647
https://doi.org/10.7150/thno.43156
https://doi.org/10.1016/j.jconrel.2020.06.006
https://doi.org/10.1039/D2BM01036D
https://doi.org/10.1016/j.it.2013.09.001
https://doi.org/10.1034/j.1600-051x.2001.028003233.x
https://doi.org/10.1111/jcpe.12442
https://doi.org/10.1016/j.bioactmat.2020.07.002
https://www.ncbi.nlm.nih.gov/pubmed/32743122
https://doi.org/10.1007/s10570-021-04330-7
https://doi.org/10.1021/acsbiomaterials.0c00882
https://www.ncbi.nlm.nih.gov/pubmed/33320548
https://doi.org/10.1089/ten.tea.2020.0141
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1002/mabi.200400026
https://doi.org/10.1016/j.mtsust.2023.100541
https://doi.org/10.1016/j.ceramint.2023.09.240
https://doi.org/10.1016/j.engreg.2023.10.003
https://doi.org/10.1080/13102818.2017.1335615
https://doi.org/10.1016/S1369-7021(08)70086-5
https://doi.org/10.1016/j.ijbiomac.2023.123246
https://www.ncbi.nlm.nih.gov/pubmed/36649862
https://doi.org/10.1038/s41578-020-0204-2


Int. J. Mol. Sci. 2024, 25, 11092 21 of 22

85. Sagadevan, S.; Schirhagl, R.; Rahman, M.Z.; Bin Ismail, M.F.; Lett, J.A.; Fatimah, I.; Mohd Kaus, N.H.; Oh, W.-C. Recent
advancements in polymer matrix nanocomposites for bone tissue engineering applications. J. Drug Deliv. Sci. Technol. 2023,
82, 104313. [CrossRef]

86. Yue, S.; He, H.; Li, B.; Hou, T. Hydrogel as a Biomaterial for Bone Tissue Engineering: A Review. Nanomaterials 2020, 10, 1511.
[CrossRef]

87. Liu, J.; Yang, L.; Liu, K.; Gao, F. Hydrogel scaffolds in bone regeneration: Their promising roles in angiogenesis. Front. Pharmacol.
2023, 14, 1050954. [CrossRef]

88. Liu, X.; Sun, S.; Wang, N.; Kang, R.; Xie, L.; Liu, X. Therapeutic application of hydrogels for bone-related diseases. Front. Bioeng.
Biotechnol. 2022, 10, 998988. [CrossRef]

89. Liu, M.; Zeng, X.; Ma, C.; Yi, H.; Ali, Z.; Mou, X.; Li, S.; Deng, Y.; He, N. Injectable hydrogels for cartilage and bone tissue
engineering. Bone Res. 2017, 5, 17014. [CrossRef]

90. Bai, X.; Gao, M.; Syed, S.; Zhuang, J.; Xu, X.; Zhang, X.Q. Bioactive hydrogels for bone regeneration. Bioact. Mater. 2018, 3, 401–417.
[CrossRef]

91. A.Alamir, H.T.; Ismaeel, G.L.; Jalil, A.T.; Hadi, W.a.H.; Jasim, I.K.; Almulla, A.F.; Radhea, Z.A. Advanced injectable hydrogels for
bone tissue regeneration. Biophys. Rev. 2023, 15, 223–237.

92. Zhang, Y.; Li, Z.; Guan, J.; Mao, Y.; Zhou, P. Hydrogel: A potential therapeutic material for bone tissue engineering. AIP Adv.
2021, 11, 010701. [CrossRef]

93. Xue, X.; Hu, Y.; Deng, Y.; Su, J. Recent Advances in Design of Functional Biocompatible Hydrogels for Bone Tissue Engineering.
Adv. Funct. Mater. 2021, 31, 2009432. [CrossRef]

94. Burdick, J.A.; Prestwich, G.D. Hyaluronic acid hydrogels for biomedical applications. Adv. Mater. 2011, 23, H41–H56. [CrossRef]
[PubMed]

95. Tang, G.; Tan, Z.; Zeng, W.; Wang, X.; Shi, C.; Liu, Y.; He, H.; Chen, R.; Ye, X. Recent Advances of Chitosan-Based Injectable
Hydrogels for Bone and Dental Tissue Regeneration. Front. Bioeng. Biotechnol. 2020, 8, 587658. [CrossRef] [PubMed]

96. Levengood, S.L.; Zhang, M. Chitosan-based scaffolds for bone tissue engineering. J. Mater. Chem. B 2014, 2, 3161–3184. [CrossRef]
97. Luo, Z.; Wang, Y.; Li, J.; Wang, J.; Yu, Y.; Zhao, Y. Tailoring Hyaluronic Acid Hydrogels for Biomedical Applications. Adv. Funct.

Mater. 2023, 33, 2306554. [CrossRef]
98. Khunmanee, S.; Jeong, Y.; Park, H. Crosslinking method of hyaluronic-based hydrogel for biomedical applications. J. Tissue Eng.

2017, 8, 2041731417726464. [CrossRef]
99. Wang, M.; Deng, Z.; Guo, Y.; Xu, P. Designing functional hyaluronic acid-based hydrogels for cartilage tissue engineering. Mater.

Today Bio 2022, 17, 100495. [CrossRef]
100. Hernandez-Gonzalez, A.C.; Tellez-Jurado, L.; Rodriguez-Lorenzo, L.M. Alginate hydrogels for bone tissue engineering, from

injectables to bioprinting: A review. Carbohydr. Polym. 2020, 229, 115514. [CrossRef]
101. Garske, D.S.; Schmidt-Bleek, K.; Ellinghaus, A.; Dienelt, A.; Gu, L.; Mooney, D.J.; Duda, G.N.; Cipitria, A. Alginate Hydrogels

for In Vivo Bone Regeneration: The Immune Competence of the Animal Model Matters. Tissue Eng. Part A 2020, 26, 852–862.
[CrossRef]

102. Fan, L.; Ren, Y.; Emmert, S.; Vuckovic, I.; Stojanovic, S.; Najman, S.; Schnettler, R.; Barbeck, M.; Schenke-Layland, K.; Xiong, X.
The Use of Collagen-Based Materials in Bone Tissue Engineering. Int. J. Mol. Sci. 2023, 24, 3744. [CrossRef] [PubMed]

103. Li, Y.; Liu, Y.; Li, R.; Bai, H.; Zhu, Z.; Zhu, L.; Zhu, C.; Che, Z.; Liu, H.; Wang, J.; et al. Collagen-based biomaterials for bone tissue
engineering. Mater. Des. 2021, 210, 110049. [CrossRef]

104. Dinescu, S.; Albu Kaya, M.; Chitoiu, L.; Ignat, S.; Kaya, D.A.; Costache, M. Collagen-Based Hydrogels and Their Applications
for Tissue Engineering and Regenerative Medicine. In Cellulose-Based Superabsorbent Hydrogels; Mondal, M.I.H., Ed.; Springer
International Publishing: Cham, Switzerland, 2018; pp. 1–21.

105. Parmar, P.A.; Skaalure, S.C.; Chow, L.W.; St-Pierre, J.P.; Stoichevska, V.; Peng, Y.Y.; Werkmeister, J.A.; Ramshaw, J.A.; Stevens, M.M.
Temporally degradable collagen-mimetic hydrogels tuned to chondrogenesis of human mesenchymal stem cells. Biomaterials
2016, 99, 56–71. [CrossRef]

106. Guillen-Carvajal, K.; Valdez-Salas, B.; Beltran-Partida, E.; Salomon-Carlos, J.; Cheng, N. Chitosan, Gelatin, and Collagen
Hydrogels for Bone Regeneration. Polymers 2023, 15, 2762. [CrossRef] [PubMed]

107. Liu, Y.; Ma, Y.; Zhang, J.; Yuan, Y.; Wang, J. Exosomes: A Novel Therapeutic Agent for Cartilage and Bone Tissue Regeneration.
Dose Response 2019, 17, 1559325819892702. [CrossRef] [PubMed]

108. Yao, Y.; Jiang, Y.; Song, J.; Wang, R.; Li, Z.; Yang, L.; Wu, W.; Zhang, L.; Peng, Q. Exosomes as Potential Functional Nanomaterials
for Tissue Engineering. Adv. Healthc. Mater. 2023, 12, e2201989. [CrossRef]

109. Huang, C.C.; Kang, M.; Lu, Y.; Shirazi, S.; Diaz, J.I.; Cooper, L.F.; Gajendrareddy, P.; Ravindran, S. Functionally engineered
extracellular vesicles improve bone regeneration. Acta Biomater. 2020, 109, 182–194. [CrossRef]

110. Huber, J.; Griffin, M.F.; Longaker, M.T.; Quarto, N. Exosomes: A Tool for Bone Tissue Engineering. Tissue Eng. Part B Rev. 2022, 28,
101–113. [CrossRef]

111. Furuta, T.; Miyaki, S.; Ishitobi, H.; Ogura, T.; Kato, Y.; Kamei, N.; Miyado, K.; Higashi, Y.; Ochi, M. Mesenchymal Stem
Cell-Derived Exosomes Promote Fracture Healing in a Mouse Model. Stem Cells Transl. Med. 2016, 5, 1620–1630. [CrossRef]

https://doi.org/10.1016/j.jddst.2023.104313
https://doi.org/10.3390/nano10081511
https://doi.org/10.3389/fphar.2023.1050954
https://doi.org/10.3389/fbioe.2022.998988
https://doi.org/10.1038/boneres.2017.14
https://doi.org/10.1016/j.bioactmat.2018.05.006
https://doi.org/10.1063/5.0035504
https://doi.org/10.1002/adfm.202009432
https://doi.org/10.1002/adma.201003963
https://www.ncbi.nlm.nih.gov/pubmed/21394792
https://doi.org/10.3389/fbioe.2020.587658
https://www.ncbi.nlm.nih.gov/pubmed/33042982
https://doi.org/10.1039/c4tb00027g
https://doi.org/10.1002/adfm.202306554
https://doi.org/10.1177/2041731417726464
https://doi.org/10.1016/j.mtbio.2022.100495
https://doi.org/10.1016/j.carbpol.2019.115514
https://doi.org/10.1089/ten.tea.2019.0310
https://doi.org/10.3390/ijms24043744
https://www.ncbi.nlm.nih.gov/pubmed/36835168
https://doi.org/10.1016/j.matdes.2021.110049
https://doi.org/10.1016/j.biomaterials.2016.05.011
https://doi.org/10.3390/polym15132762
https://www.ncbi.nlm.nih.gov/pubmed/37447408
https://doi.org/10.1177/1559325819892702
https://www.ncbi.nlm.nih.gov/pubmed/31857803
https://doi.org/10.1002/adhm.202201989
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1089/ten.teb.2020.0246
https://doi.org/10.5966/sctm.2015-0285


Int. J. Mol. Sci. 2024, 25, 11092 22 of 22

112. Li, H.; Liu, D.; Li, C.; Zhou, S.; Tian, D.; Xiao, D.; Zhang, H.; Gao, F.; Huang, J. Exosomes secreted from mutant-HIF-1alpha-
modified bone-marrow-derived mesenchymal stem cells attenuate early steroid-induced avascular necrosis of femoral head in
rabbit. Cell Biol. Int. 2017, 41, 1379–1390. [CrossRef]

113. Tan, S.S.H.; Tjio, C.K.E.; Wong, J.R.Y.; Wong, K.L.; Chew, J.R.J.; Hui, J.H.P.; Toh, W.S. Mesenchymal Stem Cell Exosomes for
Cartilage Regeneration: A Systematic Review of Preclinical In Vivo Studies. Tissue Eng. Part B Rev. 2021, 27, 1–13. [CrossRef]
[PubMed]

114. Sun, J.; Yin, Z.; Wang, X.; Su, J. Exosome-Laden Hydrogels: A Novel Cell-free Strategy for In-situ Bone Tissue Regeneration. Front.
Bioeng. Biotechnol. 2022, 10, 866208. [CrossRef] [PubMed]

115. Riau, A.K.; Ong, H.S.; Yam, G.H.F.; Mehta, J.S. Sustained Delivery System for Stem Cell-Derived Exosomes. Front. Pharmacol.
2019, 10, 1368. [CrossRef] [PubMed]

116. Zhao, Y.; Gong, Y.; Liu, X.; He, J.; Zheng, B.; Liu, Y. The Experimental Study of Periodontal Ligament Stem Cells Derived
Exosomes with Hydrogel Accelerating Bone Regeneration on Alveolar Bone Defect. Pharmaceutics 2022, 14, 2189. [CrossRef]

117. Zhang, Y.; Xie, Y.; Hao, Z.; Zhou, P.; Wang, P.; Fang, S.; Li, L.; Xu, S.; Xia, Y. Umbilical Mesenchymal Stem Cell-Derived
Exosome-Encapsulated Hydrogels Accelerate Bone Repair by Enhancing Angiogenesis. ACS Appl. Mater. Interfaces 2021, 13,
18472–18487. [CrossRef]

118. Chen, C.; Fu, L.; Luo, Y.; Zeng, W.; Qi, X.; Wei, Y.; Chen, L.; Zhao, X.; Li, D.; Tian, M.; et al. Engineered Exosome-Functionalized
Extracellular Matrix-Mimicking Hydrogel for Promoting Bone Repair in Glucocorticoid-Induced Osteonecrosis of the Femoral
Head. ACS Appl. Mater. Interfaces 2023, 15, 28891–28906. [CrossRef]

119. Wang, L.; Wang, J.; Zhou, X.; Sun, J.; Zhu, B.; Duan, C.; Chen, P.; Guo, X.; Zhang, T.; Guo, H. A New Self-Healing Hydrogel
Containing hucMSC-Derived Exosomes Promotes Bone Regeneration. Front. Bioeng. Biotechnol. 2020, 8, 564731. [CrossRef]

120. Mantha, S.; Pillai, S.; Khayambashi, P.; Upadhyay, A.; Zhang, Y.; Tao, O.; Pham, H.M.; Tran, S.D. Smart Hydrogels in Tissue
Engineering and Regenerative Medicine. Materials 2019, 12, 3323. [CrossRef]

121. Wang, J.; Zhu, M.; Hu, Y.; Chen, R.; Hao, Z.; Wang, Y.; Li, J. Exosome-Hydrogel System in Bone Tissue Engineering: A Promising
Therapeutic Strategy. Macromol. Biosci. 2023, 23, e2200496. [CrossRef]

122. Wu, D.; Qin, H.; Wang, Z.; Yu, M.; Liu, Z.; Peng, H.; Liang, L.; Zhang, C.; Wei, X. Bone Mesenchymal Stem Cell-Derived
sEV-Encapsulated Thermosensitive Hydrogels Accelerate Osteogenesis and Angiogenesis by Release of Exosomal miR-21. Front.
Bioeng. Biotechnol. 2021, 9, 829136. [CrossRef]

123. Isik, M.; Vargel, I.; Ozgur, E.; Cam, S.B.; Korkusuz, P.; Emregul, E.; Odabas, S.; Derkus, B. Human periodontal ligament stem
cells-derived exosomes-loaded hybrid hydrogel enhances the calvarial defect regeneration in middle-age rats. Mater. Today
Commun. 2023, 36, 106869. [CrossRef]

124. Huang, C.C.; Kang, M.; Shirazi, S.; Lu, Y.; Cooper, L.F.; Gajendrareddy, P.; Ravindran, S. 3D Encapsulation and tethering of
functionally engineered extracellular vesicles to hydrogels. Acta Biomater. 2021, 126, 199–210. [CrossRef] [PubMed]

125. Pan, Y.; Li, Y.; Dong, W.; Jiang, B.; Yu, Y.; Chen, Y. Role of nano-hydrogels coated exosomes in bone tissue repair. Front. Bioeng.
Biotechnol. 2023, 11, 1167012. [CrossRef] [PubMed]

126. Liu, X.; Yang, Y.; Li, Y.; Niu, X.; Zhao, B.; Wang, Y.; Bao, C.; Xie, Z.; Lin, Q.; Zhu, L. Integration of stem cell-derived exosomes with
in situ hydrogel glue as a promising tissue patch for articular cartilage regeneration. Nanoscale 2017, 9, 4430–4438. [CrossRef]
[PubMed]

127. Sang, X.; Zhao, X.; Yan, L.; Jin, X.; Wang, X.; Wang, J.; Yin, Z.; Zhang, Y.; Meng, Z. Thermosensitive Hydrogel Loaded with
Primary Chondrocyte-Derived Exosomes Promotes Cartilage Repair by Regulating Macrophage Polarization in Osteoarthritis.
Tissue Eng. Regen. Med. 2022, 19, 629–642. [CrossRef]

128. Zhang, F.X.; Liu, P.; Ding, W.; Meng, Q.B.; Su, D.H.; Zhang, Q.C.; Lian, R.X.; Yu, B.Q.; Zhao, M.D.; Dong, J.; et al. Injectable
Mussel-Inspired highly adhesive hydrogel with exosomes for endogenous cell recruitment and cartilage defect regeneration.
Biomaterials 2021, 278, 121169. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/cbin.10869
https://doi.org/10.1089/ten.teb.2019.0326
https://www.ncbi.nlm.nih.gov/pubmed/32159464
https://doi.org/10.3389/fbioe.2022.866208
https://www.ncbi.nlm.nih.gov/pubmed/35433664
https://doi.org/10.3389/fphar.2019.01368
https://www.ncbi.nlm.nih.gov/pubmed/31798457
https://doi.org/10.3390/pharmaceutics14102189
https://doi.org/10.1021/acsami.0c22671
https://doi.org/10.1021/acsami.3c01539
https://doi.org/10.3389/fbioe.2020.564731
https://doi.org/10.3390/ma12203323
https://doi.org/10.1002/mabi.202370013
https://doi.org/10.3389/fbioe.2021.829136
https://doi.org/10.1016/j.mtcomm.2023.106869
https://doi.org/10.1016/j.actbio.2021.03.030
https://www.ncbi.nlm.nih.gov/pubmed/33741538
https://doi.org/10.3389/fbioe.2023.1167012
https://www.ncbi.nlm.nih.gov/pubmed/37229488
https://doi.org/10.1039/C7NR00352H
https://www.ncbi.nlm.nih.gov/pubmed/28300264
https://doi.org/10.1007/s13770-022-00437-5
https://doi.org/10.1016/j.biomaterials.2021.121169

	Introduction 
	Oral Tissue Engineering 
	Hydrogels for Oral Tissue Engineering 
	Exosomes for Oral Tissue Engineering 
	Exosome Laden Hydrogels for Oral Tissue Engineering 

	Bone Tissue Engineering 
	Hydrogels for Bone Tissue Engineering 
	Exosomes for Bone Tissue Engineering 
	Exosome Laden Hydrogels for Bone Tissue Engineering 

	Methods 
	Conclusions 
	References

