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Abstract 

The tissue injury in maxillofacial region affects patients’ physical function and specific mental health. This decade, 
utilizing regenerative medicine to achieve tissue regeneration has been proved a hopeful direction. Seed cells play 
a vital role in regeneration strategy. Among various kinds of stem cells that effectively to regenerate the soft and hard 
tissue of maxillofacial region, adipose-derived stem cells (ADSCs) have gained increasing interests of researchers due 
to their abundant sources, easy availability and multi-differentiation potentials in recent decades. Thus, this review 
focuses on the advances of ADSCs-based biomaterial in maxillofacial regeneration from the progress and strategies 
perspective. It is structured as introducing the properties of ADSCs, biomaterials (polymers, ceramics and metals) 
within ADSCs and the latest applications of ADSCs in maxillofacial regeneration, including temporomandibular joint 
(TMJ), bone, periodontal tissue, tooth, nerve as well as cosmetic field. In order to further facilitate ADSCs-based thera-
pies as an emerging platform for regenerative medicine, this review also emphasized current challenges in translating 
ADSC-based therapies into clinical application and dissussed the strategies to solve these obstacles.
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Graphical abstract

Background
The maxillofacial region is comprised of various soft and 
hard tissues, including the maxilla, mandible, TMJ, teeth 
and surrounding periodontal tissues. Due to the unique 
characteristics of maxillofacial region that constant 
exposure to external environment, it is susceptible to 
be injured from endogenous and exogenous factors [1]. 
Although craniofacial tissue has intrinsic healing ability, 
due to the complexity of its structure, the damaged tissue 
cannot completely rebuild the intact matrix and regener-
ate the natural surface. Several strategies are performed 
to achieve basic functional restoration in clinic, such as 
autografting, allografting, and xenografting, however, it is 
far from enough to achieve tissue regeneration in max-
illofacial region [2, 3]. For instance, autograft is widely 
regarded as the golden standard for various tissue recon-
structions, nevertheless, it is constrained by factors such 
as limited availability of donor tissue, potential disease 
transmission at the donor site, and suboptimal functional 
recovery [4–9].

Regenerative medicine offers an innovative alterna-
tive that aims to regenerate, repair, or replace tissues and 
ensure the restoration of their impaired functions by inte-
grating tissue engineering with the inherent self-repair 
ability of the human body [10]. In the last twenty years, 
the utilization of stem cells, scaffolds, and/or growth 
factors that constitute tissue engineering is increasingly 
used in maxillofacial reconstructive medicine, providing 
new options for the reconstruction of the TMJ, bone and 

cartilage, periodontal tissue, teeth, skin, nerves and blood 
vessels.

Various kinds of stem cells have been proved effec-
tively to regenerate the soft and hard tissue of maxillo-
facial region, including dental pulp stem cells (DPSCs), 
periodontal ligamental stem cells (PDLSCs), bone mar-
row-derived stem cells (BMSCs) and ADSCs, due to 
their multidirectional differentiation potential [11–14]. 
Among them, ADSCs have gained increasing interests in 
recent years. In addition to their undifferentiated immu-
nophenotype, self-renewal capacity, and ability to dif-
ferentiate into multiple lineages [15, 16], it is generally 
accepted that ADSCs are obtained in large quantities 
from adipose tissue with minimal invasiveness [17, 18]. 
Especially, compared with BMSCs, ADSCs exhibit more 
favorable proliferation and differentiation capabilities 
[19, 20]. Moreover, the therapeutic potential of extracel-
lular vesicles (EVs) secreted by ADSCs are close and even 
superior to that of ADSCs, suggesting a potential alterna-
tive treatment to solve limitations of ADSCs.

In the domain of regenerative medicine, bioma-
terials exhibiting biocompatibility and appropriate 
mechanical properties have been extensively utilized 
as scaffolds for the delivery of ADSCs. These scaffold 
materials serve as effective vectors, promoting the 
adhesion, proliferation, and differentiation of ADSCs 
by modulating the biomechanical and biochemical 
properties of the microenvironment [21]. Through-
out the research process, either natural or synthetic 
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biomaterials may be selectively employed based on 
specific requirements for the fabrication of cell scaf-
folds. Furthermore, to improve the biological prop-
erties of biomaterials or to mitigate their potential 
limitations when used in isolation, researchers fre-
quently integrate multiple biomaterials into composite 
scaffolds [22, 23]. Additionally, the incorporation of 
nanotechnology and other advanced methodologies in 
material processing further optimizes their capacity to 
support ADSCs, ultimately leading to superior tissue 
repair and reconstruction outcomes [24].

In this review, we provide a comprehensive overview 
of ADSCs-based biomaterials in maxillofacial regen-
eration. It covers the characteristics of ADSCs, the 
intrinsic/extrinsic properties of representative bioma-
terials within ADSCs for tissue engineering, and typi-
cal models and examples in maxillofacial applications. 
Additionally, we also prospect the future development 
direction to promote clinical transformation.

Adipose‑derived stem cells
ADSCs are a population of pluripotent stem cells that 
are extracted from the stromal vascular fraction (SVF), 
that are derived from subcutaneous fat deposits in vari-
ous regions [20, 25, 26]. In liposuction, approximately 
1 ×  107 ADSCs can be harvested from 300  mL of adi-
pose tissue [27, 28]. The criteria that established by 
the International Society for Cellular Therapy in 2006 
defined MSCs as the adherence to plastic in  vitro, 
capacity for multilineage differentiation that can be 
identified by oil red staining, alizarin red staining, 
alcian blue staining, or immunohistochemistry stain-
ing [20, 29–31], and the expression of specific anti-
gens including CD105, CD90 and CD73, and negative 
expression of CD14, CD19, CD34, CD45, CD79 and 
HLA-DR [32–34]. In 2013, the International Society for 
Cellular Therapy suggested that the surface markers of 
ADSCs should include  CD13+,  CD29+,  CD44+,  CD31− 
and  CD235a− [35]. EVs are known as nanovesicles with 
phospholipid double-layer membranes that are released 
by most cell types during physiological processes. 
Compared with stem cells, EVs are easily manufac-
tured, processed and stored, and exhibit smaller sizes, 
lack of immunogenicity and non-tumorigenic proper-
ties that avoid rejection reaction by direct cell trans-
plantation [36]. ADSC-EVs have been applied for the 
regeneration of bone defects, joint or muscle injuries 
and skin wounds [37–44]. Compared to EVs derived 
from BMSCs and synovial MSCs, ADSC-EVs demon-
strate superior osteogenic and chondrogenic efficacy 
both in vivo and in vitro, as well as broader availability 
and enhanced safety in clinical applications [45].

Biomaterials within ADSCs for tissue regeneration
Enhancing the activity of ADSCs both in vivo and in vitro 
is pivotal for advancing the field  of regenerative medi-
cine. The incorporation of biomaterials in the culture 
and transplantation of ADSCs has been shown to sig-
nificantly improve their viability and functional activity 
[46]. Biomaterials encompass any substance or combi-
nation of substances, excluding pharmaceuticals, that 
can be utilized to augment or replace tissues, organs, 
or bodily functions to enhance an individual’s quality of 
life. Biomaterials can be broadly categorized into syn-
thetic and natural biomaterials based on their origin. 
Natural biomaterials primarily consist of biopolymers 
such as proteins and polysaccharides, whereas synthetic 
biomaterials are predominantly composed of chemically 
engineered polymers, including polyesters, ceramics and 
similar materials (Table 1) [47]. By regulating the compo-
sition of synthetic materials, implants can be engineered 
and fabricated to fulfill specific clinical and research 
requirements.

Natural polymers
Natural polymers, referred to as bio-derived materi-
als occur in nature and can be extracted by physical or 
chemical methods. Normally, natural polymers present 
three prominent characteristics: favorable biocompatibil-
ity, poor mechanical strength and rapid biodegradability. 
In the subsequent sections, an in-depth review of several 
representative natural polymers, including hyaluronic 
acid (HA), chitosan (CS), and alginate (Alg), is presented, 
focusing on their biocompatibility, biodegradability, 
structural stability, biological properties, and applications 
in tissue engineering and regenerative medicine.

HA is a naturally occurring polysaccharide renowned 
for its exceptional cytocompatibility and significant bio-
logical relevance, and it is commonly synthesized into 
hydrogels for loading ADSCs [64]. The functionality and 
bioactivity of ADSCs can be enhanced through interac-
tions between cell surface receptors and HA-mediated 
motility receptors [65, 66]. HA can facilitate the regen-
eration of joint cartilage, expedite the healing of skin 
wounds and restore the function of salivary glands [67–
71]. For example, HA within cellulose nanofiber microbe-
ads, particularly at a molecular weight of 700 kDa and a 
concentration of 0.2%, was found to enhance the expres-
sion of stemness-related markers (i.e., CD90, CD29) of 
ADSCs, indicating the composite material could signifi-
cantly promote cell viability [72].

CS, a naturally derived polymer from chitin, has 
favorable biocompatibility, antibacterial properties 
and biodegradability, which has been well applied in 
many biomedical fields, such as bone, skin and carti-
lage repair. To be specific, the structural similarity to 
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glycosaminoglycans makes CS as a favorable candidate 
for cartilage regeneration [73–75]. It was demonstrated 
that porous CS/HA scaffolds could enhance chondro-
genic differentiation of ADSCs, producing cartilage 
matrix [76]. Additionally, poly(lactic-co-glycolic acid) 
(PLGA)/CS hydrogel scaffolds featuring tubular pore 
structures have been shown to spontaneously induce the 
aggregation of ADSCs. The subsequent introduction of 
bone morphogenetic protein 2 (BMP-2) facilitates the 
differentiation of ADSCs aggregates into chondral tissue 
in vitro [77].

Alg, a hydrophilic polysaccharide predominantly 
sourced from brown seaweed and certain bacteria, rep-
resents one of the most abundant natural biomaterials 
globally. Owing to its high biocompatibility, low toxicity, 
and renewability, Alg has been extensively utilized in the 
fabrication of dressings, scaffolds and hydrogels for appli-
cations in regenerative medicine [78, 79]. Alg scaffolds 
demonstrate significant porosity, thereby promoting 
the diffusion of cytokines and nutrients. The encapsula-
tion and culture ADSCs within Alg core–shell capsules 
or Alg microparticles proves advantageous for preserv-
ing ADSCs viability and augmenting their secretion 

potential, while maintaining their clonogenic properties 
[80, 81]. The Alg/gelatin (Gel) hydrogel provides a con-
ducive environment for ADSCs, thereby enhancing the 
regeneration of joint cartilage injuries [82].

Synthetic polymers
Synthetic polymers are human-made polymers produced 
by chemical reactions with adjustable chemical struc-
tures and physical properties. Most synthetic polymers 
have more outstanding mechanical properties when 
compared with natural polymers. The tailored physi-
cal–chemical properties suit particular biomedical appli-
cations. The commonly used biodegradable synthetic 
polymers include polycaprolactone (PCL), PLGA and 
polylactic acid (PLA), which have taken a priority in hard 
tissue replacement [83, 84].

PCL, a polymeric material, exhibits exceptional bio-
compatibility and mechanical properties, including high 
tensile strength and elastic modulus. Furthermore, PCL 
possesses remarkable biodegradability, facilitating its 
hydrolysis into ε-caprolactone monomers, which are sub-
sequently eliminated from the body through metabolic 
pathways [85]. Due to these properties, PCL has garnered 

Table 1 Analysis of natural and synthetic biomaterials along with their advantages and disadvantages

ECM extracellular matrix

Biomaterials Advantages Disadvantages References

Natural biomaterials Protein-based bioma-
terials
Polysaccharide-based 
biomaterials
Glycosaminoglycan-
based biomaterials
ECM biomaterials

Biocompatibility
Biodegradability
Bioabsorbable
Bioactivity
Nonimmunogenicity
Elasticity
Variety of cell-adhesive/binding properties
Delivery of drugs and bioactive molecules
Accelerate tissue repair
Ease of production
Renewability
Low cost

Poor mechanical strength and stability
Quick rate of degradation

[48–52]

Synthetic biomaterials Synthetic polymers Biocompatiblility
Cytocompatibility
Nontoxic degradation products
Wide range of degradation rates
Low frictional properties
Excellent processability
Toughness

Low bioactivity
Hydrophobicity
Some problems related to withstanding 
mechanical loads
Degradability over time

[53–55]

Bioceramics Biocompatibility
Corrosion resistance
High compressive strength
Chemical inertness
Low thermal and electrical conductivity

Poor fatigue resistance
High brittleness
Low impulsive tensile strength
High specific weight
Not easy to process

[56–59]

Metals Biocompatibility
Corrosion resistance
High mechanical properties
Low friction
High fatigue resistance
Ductility

Low bioactivity
Stiffness
High specific weight

[60–63]
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extensive applications as a scaffold material in diverse tis-
sue engineering domains, including bone, cartilage and 
neural tissue engineering. Previous research indicated 
PCL nanofiber scaffolds with suitable pore sizes exhib-
ited favorable biocompatibility, but lack of cell adhesion 
due to its hydrophobic property. Thus, the incorpora-
tion of natural polymers (i.e., laminin, fibronectin, and 
fibrin) into PCL scaffolds is necessary to enhance physi-
cal–chemical properties including surface morphology, 
roughness and hydrophilicity [86–89]. Meanwhile, the 
combination of bioceramics and PCL was designed to 
improve the bioactivity and osteogenic differentiation 
of ADSCs [90, 91]. The ADSCs-loaded hydroxyapatite 
(HAp)/Alg/PCL scaffold exhibits superior flexibility, 
mechanical strength and osteogenic potential, thereby 
facilitating the regeneration of type I collagen (Col) in 
newly formed bone and periodontal ligament. Addi-
tionally, it enhances the immunoreactivity of vascular 
endothelial growth factor (VEGF) and osteopontin and 
expedites the healing process of class II furcation defects 
[92]. Furthermore, the integration of  ADSCs with PCL/
tricalcium phosphate (TCP) composite scaffolds, fol-
lowed by implantation into an alveolar defect model, 
facilitates a uniform distribution of osteoblasts and min-
eralized tissue. This strategy also enhances scaffold inte-
gration with host tissue through immunomodulatory 
mechanisms, resulting in improved outcomes for alveolar 
regeneration [93].

PLGA is another commonly used synthetic polymer 
with outstanding hydrophilicity and biodegradability, 
which has been applied as implantable devices for tis-
sue engineering [94, 95]. Similar to other synthetic poly-
mers, bio-inert PLGA needs to be modified to improve 
its bioactivity. A typical example was the utilization of 
black phosphorus (BPs)/PLGA scaffolds coated with 
BMP-2-encapsulated PLGA microspheres. Under near-
infrared irradiation, BPs-based scaffolds exhibited excel-
lent antibacterial properties, as well as accelerating bone 
regeneration offering promising prospects for addressing 
infectious bone defects [96]. Besides, amorphous cal-
cium-phosphate nanoparticles could enhance the surface 
roughness of PLGA scaffolds, facilitating the adhesion 
and osteogenic differentiation of ADSCs [97].

PLA is a biodegradable lactic acid derivative synthe-
sized through the fermentation of carbohydrates, which 
can be decomposed into water and carbon dioxide. In 
addition, PLA exhibits excellent biocompatibility and 
flexibility, and does not induce corrosion of bone tis-
sue following implantation in the human body [98]. The 
osteogenic differentiation of ADSCs can be effectively 
induced by PLA nanopillar arrays in the absence of oste-
ogenic growth factors, with nanopillar arrays exhibiting 
a diameter of 200  nm demonstrating superior ectopic 

osteogenic capacity [99]. Nonetheless, PLA is associated 
with several limitations, including inadequate mechanical 
properties, high brittleness, and pronounced hydropho-
bicity. However, the incorporation of biomaterials such 
as HAp, calcium silicate, polyethylene glycol, and poly-
glycolic acid can yield composite scaffolds that exhibit 
enhanced elastic modulus and improved osteoinductive 
potential [100, 101]. The PLA/bioactive glass composite 
filaments exhibit superior wettability and osteoinductiv-
ity relative to pure PLA scaffolds, leading to an elevated 
expression of collagen and osteocalcin, which in turn 
promotes the osteogenic differentiation of ADSCs [102]. 
Moreover, the PLA/10 calcium silicate/10 dicalcium 
phosphate dihydrate scaffold has the capability to adsorb 
exosomes from ADSCs that persist on its surface, thereby 
enhancing the osteogenic potential of ADSCs and dem-
onstrating significant promise in regenerative bone heal-
ing [103].

Bioceramics
Calcium phosphate-based bioceramics, such as HAp and 
TCP are commonly used in bone regeneration, owing to 
the similar composition with human nature bone tissue 
[104, 105]. HAp synthesized by different methods, such 
as sol–gel, hydrothermal and sono-chemical synthesis, 
exhibits diverse morphologies and particle sizes. The 
application of HAp as an implant material adaptable to 
various types of bone injuries facilitates optimal anatomi-
cal congruence and biological functionality [106]. Addi-
tionally, due to the capacity of HAp to generate mineral 
elements essential for osteoblast metabolism, its bioac-
tive coatings have been extensively employed to enhance 
the bonding between implants and adjacent bone tissue 
[107]. For instance, the application of ADSCs in conjunc-
tion with HAp/silk fibroin (SF) scaffolds has been shown 
to yield superior reparative outcomes in mouse calvarial 
bone defects compared to the utilization of SF scaffolds 
alone [108]. TCP is an inorganic compound character-
ized by its high strength, toughness, wear resistance, 
and corrosion resistance, exhibits osteoinductive and 
biocompatible properties. These attributes render TCP 
conducive to creating an optimal growth environment for 
ADSCs, thereby facilitating fracture healing. Addition-
ally, TCP has been found to modulate nerve conduction 
and alleviate inflammation associated with fractures and 
pain resulting from nerve compression [109].

Moreover, biphasic calcium phosphate (BCP), the 
mixture of HAp and TCP with proper proportion is 
well developed in bone tissue engineering. BCP could 
promote extracellular matrix (ECM) mineralization 
and accelerate bone formation [110–112]. Meanwhile, 
researchers indicated BCP was able to promote bone 
regeneration by enhancing vascularization through the 
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sustained release of  Ca2+ ions, and sequentially activated 
the store-operated calcium entry and calcineurin path-
ways by up-regulating NFATc1 and VEGF expression in 
 CD301b+ macrophages [113]. However, bioceramic pre-
sents poor fatigue resistance and high brittleness, which 
is hardly used as scaffold in bone defect, especially load-
bearing region. The incorporation of polymers includ-
ing PLGA, PCL, Gel methacryloyl into bioceramic could 
enhance the mechanical and biological properties of 
composite scaffolds [90, 114–117].

Metallic materials
Compared with other materials, metallic materials are 
mostly used for hard tissue regeneration, especially for 
orthopedic and dental application. The requirements of 
implantable metallic materials include corrosion resist-
ance, proper mechanical strength (specific strength, 
endurance strength and impact toughness) and high bio-
compatibility. Titanium (Ti), magnesium (Mg), zinc (Zn) 
and their oxides were found to improve the biocompati-
bility of ADSCs [118]. Nevertheless, the lack of biological 
activity of metallic materials limits their application. Ti is 
a lightweight metal characterized by exceptional strength 
properties and a modulus of elasticity ranging from 100 
to 115 GPa. The porous architecture of Ti can reduce its 
elastic modulus to levels comparable to that of bone. Fur-
thermore, the surface of Ti is susceptible to the formation 
of a thin oxide layer, which enhances its biocompatibility 
and stability [119]. Normally, inorganic particles includ-
ing HAp, TCP or strontium were loaded into porous Ti 
scaffolds to promote the osteogenic differentiation of 
ADSCs [120–123]. Changing the surface structure is 
another effective approach to increase the bioactivity of 
ADSCs. It has been demonstrated that the bond strength 
between ADSCs and dental implants is improved by the 
increasing surface roughness of Ti implants. The rougher 
surface exhibited greater adhesion ability and prolifera-
tion rate, and sequentially enhanced osteogenic effects 
of ADSCs when compared to smooth surface implants 
[124].

Mg exhibits a relatively low elastic modulus of approxi-
mately 45 GPa, which enhances its compatibility with 
the deformation characteristics of human tissue when 
utilized in implant applications. Meanwhile, as a biode-
gradable metal possessing antibacterial properties, the 
degradation rate of Mg within the human body can be 
modulated through the manipulation of alloy composi-
tion and manufacturing processes. Mg and its oxides are 
frequently combined with other biomaterials in the con-
text of ADSCs research.  Mg2+ is regarded as an effective 
booster especially bone regeneration.  Mg2+ loaded PCL 
scaffolds has been proven to enhance the expression of 
osteogenesis-related genes, alkaline phosphatase activity 

when compared to pure PCL scaffolds. In detail, the 
adhesion and proliferation ability of ADSCs are positively 
correlated with the  Mg2+ [84]. Moreover, magnetite nan-
oparticles, which exhibit lower toxicity relative to cyto-
toxic gold nanorods and palladium nanoparticles, have 
the potential to substantially improve the biocompatibil-
ity, osteoconductivity, and osteoinductivity of Mg/HAp/
type I Col scaffolds when stimulated by magnetic fields 
[125].

 Zn, a novel biodegradable metal, exhibits an optimal 
degradation rate in vivo when used as an implant for tis-
sue regeneration and therapy, aligning with the healing 
rate of local tissues and promoting tissue remodeling 
and formation [126]. Although pure Zn possesses rela-
tively low mechanical strength, this can be substantially 
enhanced through alloying, thereby making it suitable 
for orthopedic implants. At the same time, Zn mitigates 
the risk of implant-related infections by inhibiting bacte-
rial adhesion and proliferation [127]. Doping Zn on the 
surface of titania nanotube arrays markedly improves 
their antibacterial properties and biocompatibility, while 
exhibiting no cytotoxic effects on ADSCs [128]. Further-
more, the zinc oxide nanorods demonstrate an effec-
tive release of  Zn2+ ions, which not only sustains the 
stemness of ADSCs but also promotes their proliferation 
and orientational differentiation [129].

The application of ADSCs in maxillofacial 
regeneration
Temporomandibular joint Regeneration
Temporomandibular disorder (TMD) is the abnormal 
structure and relative disfunctions of TMJ, which is com-
posed of dense fibrocartilage between the mandibular 
condyle and the temporal bone. The incidence of TMD 
was in the range of 10.6—68.1% (male) and 21.2—72.4% 
(female) in China [130]. Generally, the therapies of TMD 
included non-surgical intervention that temporarily 
relieved from the pain, and surgical interventions based 
on the cartilage reconstruction. However, the inadequate 
ability of cartilage regeneration always impedes the heal-
ing process [131–133]. Given these limitations, there is 
an increasing interest in exploring innovative therapeu-
tic approaches that not only alleviate symptoms but also 
promote true cartilage repair and regeneration.

Emerging treatments such as regenerative medicine 
techniques, including stem cell therapy, hyaluronic 
acid injections, and the application of growth factors, 
are being investigated for their potential to enhance 
healing outcomes in TMD patients [134]. Stem cell 
therapy, especially ADSCs, offers the possibility of 
leveraging the regenerative properties of stem cells to 
restore the damaged fibrocartilage in the TMJ [135]. 
These approaches aim to more effectively address the 
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root causes of TMD, potentially reducing the reliance 
on surgical interventions. Moreover, the integration 
of multidisciplinary care involving physical therapy, 
occlusal splints, and lifestyle modifications may provide 
a more holistic management strategy for those suffering 
from TMD [136].

In conclusion, while the current management of 
TMD presents challenges due to the limitations of 
existing treatments, ongoing research into regenerative 
techniques and the multidisciplinary approaches offer 
hope for more effective solutions that could alleviate 
symptoms and promote long-term joint health. In this 
section, we demonstrated the ADSCs-based therapy on 
TMJ regeneration.

ADSCs-EVs were developed as the novel delivery 
system within a SF. The up-regulation of miR-27b-3p 
in ADSCs-EVs/SF scaffolds reduced the level of col-
ony-stimulating factor-1 (CSF-1), and promoted M2 
macrophage polarization, which enhanced osteochon-
dral regeneration (Fig.  1A) [137]. Another investiga-
tion reported that ADSCs and Ginsenoside Rg1 could 
be loaded into HA matrix, which effectively enhanced 
cell proliferation and development by regulating the 
expression of TIMP-1 and MMP-13 (Fig.  1B) [138]. 
Photobiological regulation was another effective treat-
ment, which indicated that 660 nm laser with fibroblast 
growth factor (FGF) could promote the differentia-
tion of ADSCs, facilitating chondrogenic regeneration 
in vitro [139].

Additionally, clinical trials illustrated the injection 
of autologous ADSCs into the TMJ led to an improve-
ment of joint structure, reducing pain levels and increas-
ing range of motion, stomatology function, and overall 
quality of life, without adverse event at six months of 
follow-up [140]. However, few studies have examined 
the long-term clinical efficacy of ADSCs injected into 
the TMJ. Existing literature indicates that intravarticular 
ADSC injection is a safe and effective treatment for knee 
osteoarthritis (OA) [141–143]. While some patients have 
experienced temporary joint pain or swelling post-treat-
ment, these symptoms typically resolve with analgesia 
[144]. A clinical study demonstrated that ADSC injec-
tions improved chondropathy and bone marrow edema 
in knee OA patients over two years, outperforming 
sodium hyaluronate [145]. Given the similarities between 
the knee and TMJ in OA progression, advancements in 
knee cartilage regeneration may inform TMJ treatment 
[146]. Further clinical studies are needed to confirm 
safety and efficacy and to establish standardized proto-
cols. See Table  2 for additional ADSC-based preclinical 
studies on TMJ regeneration.

Craniomaxillofacial bone regeneration
The hard tissues from craniomaxillofacial part protect 
the brain and sensory organs, and play important role 
in the functions including facial expression, mastication, 
respiration, and speech within facial soft tissues.

Differ from the abnormal deformities in other parts, 
cranial defects were more likely to occur, due to the 
exposure to external environment. During the last twenty 
years, bone grafts, including autogenous bone grafts, allo-
grafts, and xenografts have emerged as the solution for 
craniomaxillofacial defects [149]. Nevertheless, several 
limitations need to be carefully addressed: further surgi-
cal procedures, potential risks of disease transmission, 
unfavorable immune responses and religious concerns 
[150, 151]. As an alternative, ADSCs-related biomaterials 
have been widely applied due to their unique capacity to 
secrete growth factors and stimulate angiogenesis, ena-
bling them to facilitate the provision of oxygen and nutri-
ents to sites of bone regeneration [152].

Hydrogels are three-dimensional networks of cross-
linked hydrophilic polymers that play an important role 
in facilitating tissue replacement, repair, and regen-
eration due to their biocompatibility, degradability, 
and tissue-mimicking water content [153]. The utili-
zation of hydrogels within ADSCs in craniomaxillofa-
cial regeneration was summarized in this part. A study 
showcased the promise of microbial transglutaminase 
(mTG) crosslinked Gel hydrogels in addressing crani-
ofacial defects in diabetic rats through the delivery of 
self-assembled ADSC spheroids (ADsp). These sphe-
roids, which maintain the properties of ADSCs within 
a 3D environment, were able to mimic natural cell mor-
phology, facilitate cell–cell interactions, and promote 
cell-ECM interactions [154]. In order to overcome the 
challenges posed by the unfavorable osteogenic envi-
ronment and lack of osteogenic signaling in diabetes, it 
is necessary for osteogenically pretreated ADsp-mTG 
to directly differentiate into bone [155]. Injectable scaf-
folds offer the advantage of facilely filling irregularly 
shaped bone defects with minimal invasiveness [156]. A 
study involved the construction of an injectable nHA/
PLGAs/CS hydrogel as a carrier for delivering BMP-2, 
VEGF, and ADSCs, resulting in enhanced vasculariza-
tion and new bone formation in critical size mandibular 
defects. Among them, BMP-2 and VEGF were loaded in 
PLGA microspheres, exhibiting sustained release and 
retained bioactivity. After that, CS, nHA and loaded 
PLGA were incorporated to form a 3D structure mate-
rial for housing ADSCs (Fig.  2A) [157]. Furthermore, 
it was observed that structural units with fibrous and 
ribbon-like geometries are advantageous for promot-
ing interconnectivity, as they offer a larger surface area 
and greater porosity compared to microspheres. Hence, 
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given the scarcity of injectable scaffolds with large 
pores, a gelatin-based microribbon-shaped hydrogel 
was developed to facilitate the direct encapsulation of 
ADSCs. This hydrogel can be injected and subsequently 
form a macroporous scaffold in situ, thereby improving 
the survival and implantation of ADSCs and expediting 
bone formation in craniofacial defects. Furthermore, 
the co-delivery of BMP-2 and ADSCs has been proven 

to synergistically enhance bone regeneration and vas-
cularization in vivo (Fig. 2B) [158].

The ECM serves essential roles in facilitating long-
term cellular proliferation, differentiation, and the 
construction of a microenvironment characterized by 
cell–cell interactions [159]. Implantable scaffolds have 
been engineered to replicate the diverse physicochemi-
cal properties of the ECM found in the natural bone 

Fig. 1 The effects of ADSCs to repair TMJ in vivo [137, 138]. A. a Gross observation of the recovery condition of rabbit osteochondral defect. b 
Micro-CT demonstrated the osteochondral regeneration of condyle. c H&E staining of TMJ sections. Black boxes indicate the microscopic field 
of view illustrated below in the higher magnification panels. Reproduced with permission from Ref. [137] Copyright 2022 Wiley–VCH GmbH. A. 
a Gross observation of the smoothness of the cartilaginous surface of rabbit TMJ OA models. b The condition of cartilaginous surface by SEM. c 
H&E staining describes the structure of cartilage layers, tide line and matrix under the cartilage. (I), (II), (III), (IV) mean blank, model, experimental 
and control groups respectively. Reproduced with permission from Ref. [138] Copyright 2023 Informa UK Limited
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matrix, offering tailored microenvironments for guiding 
osteogenic responses during stem cell transplantation. 
A novel chimeric mussel adhesive protein (MAP)-based 
sticky bone-specific artificial ECM (aECM) onto a Col 

sponge was fabricated to expedite ADSCs-based bone 
regeneration and establish a functional vascular net-
work resembling that of the bone marrow in situ. Bioac-
tive peptide sequences fused with MAP chimeras offer 

Table 2 The in vivo trials of ADSCs in TMJ

TGase transglutaminase, SF silk fibroin, CSF-1 colony-stimulating factor-1, HA hyaluronic acid, PLA polylactic acid

Application Source Experimental subjects Methods Conclusion References

TMJ sEVs Rabbit models with osteochondral 
defect

Inflammation-stimulated ADSC-
EVs were attached to SF scaffold 
by TGase

Regulated differentiation of mac-
rophages into M2 type by tar-
geting CSF-1 to promote TMJ 
condylar regeneration

[137]

ADSCs Rabbit TMJ OA models Re-suspensed ADSCs with RG1 
and then injected with a 1:1 mix-
ture of ADSCs and hyaluronic acid

Promoted chondrocyte activity 
and type II Col expression

[138]

ADSCs TMD adults Injected 1 cc autologous ADSCs 
into the upper compartment 
of TMJ

Joints’ construction, pain level, 
opening degree, stomatol-
ogy function and living quality 
of these patients improved with-
out causing adverse events

[140]

ADSCs 
or their 
secretome

Rat TMJ OA models Low-level laser (0.64 W/cm2) irradi-
ated ADSCs injection area

Recovery of joint structure, 
cartilage and disc thickness 
and suppression of inflammatory 
processes

[147]

ADSCs Rabbit models underwent TMJ 
disc discectomy

4000 TGF-β-treated ADSCs seeded 
on PLA disk (7 × 5 × 1.2 cm)

More regular morphology 
and increased calcification 
of the condyle

[148]

Fig. 2 The results of ADSCs to facilitate cranio-jaw regeneration [157, 158]. A. a Gross observation of mandibular defect rabbits. b 3D-CT images 
of the bone defect cavity. c Masson Trichrome staining of histological sections of the bone defect cavity.  Reproduced with permission from Ref. 
[157] Copyright 2020 Elsevier. B. a micro-CT images of cranial defect mice. b Trichrome staining of the defect center and edge of cranial defect 
mice. Reproduced with permission from Ref. [158] Copyright 2020 Ivyspring International Publisher
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a straightforward and adaptable method for coating 
surfaces with desired biological activity, eliminating the 
need for additional modification steps [160, 161]. In the 
present investigation, Alg-Gly-Asp and BMP-2 combined 
with MAP coating was employed to dual-functionalize 
3D Col scaffolds, resulting in the promotion of skull 
defect healing [162]. Other researchers have innovatively 
utilized heparin-conjugated decellularized bone matrix 
(HC-DCB) particles as a biomimetic vehicle for deliver-
ing platelet-derived growth factor (PDGF) to ADSCs, 
drawing inspiration from the ECM to mimic its physi-
ological conditions to facilitate growth factor delivery 
[163]. PDGF has emerged as a promising alternative 
to BMP-2, as it exhibits a lower incidence of adverse 
effects and directly promotes osteogenesis of ADSCs 
in higher efficacy by activating the PDGF β receptor 
(PDGFRβ) signaling pathway [164, 165]. Therefore, this 
team employed bionic tether to attach PDGF to HC-DCB 
particles, replicating the PDGF tethering mechanism in 
a bone fracture healing microenvironment and deliver-
ing colocalized synergistic osteogenic factors to enhance 
ADSCs-mediated bone regeneration in cranial defects. 
Furthermore, in a separate study, bone demineralized 
and decellularized ECM (bdECM) was incorporated onto 
3D-printed PCL/TCP scaffolds, followed by the injection 
of ADSCs aggregates to increase cell density and parac-
rine effects. This strategy resulted in bone formation in 
mandibular defects in canines [90].

Preclinical studies utilizing ADSCs in bone tissue engi-
neering have led to the initiation of several clinical trials. 
Beta-TCP (β-TCP) is a bioceramic material recognized 
for its osteoinductive and osteoconductive properties 
[166]. Under physiological conditions, β-TCP has the 
capacity to spontaneously mineralize, which is a prereq-
uisite for osteoinduction and the occurrence of hetero-
topic ossification. Moreover, β-TCP is resorbed through 
cell-mediated processes rather than dissolving spon-
taneously in physiological environments [167]. Given 
that most bone is formed as lamellar bone—a process 
facilitated by osteoclasts—the combination of osteoclast-
mediated resorption and bone conduction facilitates the 
rapid osteotransduction of the β-TCP scaffold into a tra-
becular structure [168, 169]. This phenomenon accounts 
for the microscopic invasion of bone into β-TCP, and 
when β-TCP is fully implanted, it results in increased 
bone production, making it a widely used and effective 
synthetic bone graft substitute. Studies have exhibited 
that β-TCP can promote the osteogenic differentiation of 
ADSCs, prompting researchers to combine these two ele-
ments in clinical trials aimed at bone regeneration.

One such trial involved the use of autologous ADSCs 
in conjunction with β-TCP granules in patients with 
large cranial defects, resulting in positive outcomes 

after 3  months follow-up assessments [170]. Clinically, 
the grafted area exhibits a hard texture upon palpa-
tion and reveal a grainy appearance. The bone density 
of the graft tends to increase over time. Although ini-
tial results were promising, the outcomes observed at a 
6-year follow-up were not satisfactory [171]. While no 
significant adverse events were reported, the outcomes 
were deemed suboptimal as the clinical results did not 
surpass those attained through conventional skull repair 
techniques. Two cases demonstrated relatively positive 
outcomes: in one instance, the patient did not require 
reoperation, and the graft remained palpably firm despite 
radiological evidence of graft absorption. In another case, 
a patient underwent reoperation 2.2  years later due to 
the recurrence of meningioma; however, the graft was 
deemed successful as it ossified clinically, adhered well 
to the defect margin and remained intact during reop-
eration. Conversely, two cases necessitated reoperation 
due to significant graft absorption, likely attributable 
to inadequate ossification resulting from the excessive 
absorption rate of β-TCP. Consequently, inducing and 
enhancing ossification presents a significant challenge 
in improving graft efficacy. Identifying an optimal scaf-
fold material to support ossification in the cranial region 
may offer a viable solution. While the use of absorbable 
mesh eliminates residual material at the graft site, it also 
compromises structural integrity over a short period, 
potentially increasing micromotion. This micromotion 
may hinder effective bone bridging by perpetuating the 
destruction of weak initial bone struts and impeding 
early blood vessel formation. The success observed in the 
aforementioned cases with relatively positive outcomes 
can be partially attributed to the utilization of stiffer tita-
nium mesh as a scaffold material [172]. Additionally, the 
application of growth factors such as BMP-2 to facilitate 
reconstitution is another viable strategy. Various studies 
have suggested that the utilization of autologous ADSCs, 
β-TCP granules, and BMP-2 can enhance bone regen-
eration in patients undergoing segmental mandibular 
resection [26]. Furthermore, the defects in patients who 
underwent hemimaxillectomy were reconstructed with a 
microvascular flap utilizing the same scaffold [173]. How-
ever, the biosafety of BMP-2 remains a topic of debate 
[174]. In consequence, while certain animal studies have 
demonstrated the capacity of ADSCs to address cranio-
jaw defects (Table 3), the limited number of corroborat-
ing clinical trials necessitates further exploration through 
larger-scale clinical trials to assess the effectiveness and 
safety of ADSCs-based therapies.

Periodontal tissue regeneration
The periodontal tissue is comprised of periodon-
tal membrane, alveolar bone, cementum, and gingiva. 
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Epidemiological data revealed the proportion of peri-
odontal health among individuals aged 35–44 in China 
were only 9.1%, while ages from 55 to 64 decreased to 
5.0%. Moreover, the prevalence of adult periodontitis 
ranges from 40 to 60% [180].

The process of healing following conventional treat-
ment is characterized as periodontal repair, involving 
the migration of gingival epithelial cells to the apex of 
the defect area and the subsequent formation of a long 

connective epithelium on the root surface, hindering 
regeneration [181]. The limitations and challenges asso-
ciated with conventional treatment have prompted inter-
ests in utilizing ADSCs as a potential solution to enhance 
periodontal tissue regeneration [182].

Alveolar bone regeneration
Alveolar bone serves as the support of dental and peri-
odontal structures. Adequate alveolar bone volume, is 

Fig. 3 The ADSCs’ effectiveness of accelerate periodontal tissue formation [155, 188, 199]. A. a Micro-CT images of coronal plane 
of the implantation sites. b Representative histological observations of the grafting sites. The red arrows indicated bone regeneration. Reproduced 
with permission from Ref. [188] Copyright 2021 MDPI (Basel, Switzerland). B. a Gross observation of diabetic mucosal wound healing within 28 days. 
b Representative images of Masson’s trichrome staining. Reproduced with permission from Ref. [155] Copyright 2023 BioMed Central Ltd. C. a 
Gross observation of gingival regeneration in BRONJ rabbits. b H&E staining and c Masson staining illustrated gingival regeneration and collagen 
deposition respectively. The rectangular line exhibits the magnified area. Reproduced with permission from Ref. [199] Copyright 2019 BioMed 
Central Ltd 
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the prerequisite for dental implantation and orthodon-
tic tooth movement [183, 184]. Oppositely the gradual 
reduction of the alveolar bone leads to tooth loosening 
and affects normal oral function, and the reabsorbed 
alveolar bone does not effective recovery function due 
to limited regenerative capacity [185]. Numerous studies 
have reported the application of ADSCs in alveolar bone 
regeneration, which could be introduced in this section.

Alveolar bone preservation is essential for tooth 
extraction. Cell-free biomaterials are commonly used 
after tooth extraction. Nevertheless, an inflammatory 
response was hardly avoided, which probably resulted in 
bone volume reduction [186, 187]. Thus, a team prepared 
a self-assembled bone-like substitute with osteogene-
sis-induced ADSCs and BMP-9. The composite mate-
rials favorably preserved alveolar bone volume, which 
was superior to that achieved with clinical biomaterials 
(Fig. 3A) [188]. Another research illustrated the delivery 
of ADSCs.

Following the delivery of ADSCs in a rat model of 
periodontitis, researchers observed that the mitigation 
of alveolar bone loss resulted from the activation of the 

aryl hydrocarbon receptor by kynurenine, mediated 
by indoleamine 2,3-dioxygenase. This activation facili-
tated enhanced binding to the nuclear factor (erythroid-
derived 2)-like 2 promotes in macrophages, ultimately 
promoting their polarization towards an anti-inflam-
matory phenotype. Consequently, this process created a 
conducive microenvironment that facilitated the repair 
of adjacent cells [189]. A group fabricated novel cell-free 
scaffold that was composed of PLGA and ADSC-EVs. 
The ADSC-EVs were enriched with calcitonin gene-
related peptide (CGRP), and this scaffold was designed to 
gradually release EVs, facilitating the delivery of CGRP to 
PDLSCs and then effectively promoting repair of alveo-
lar bone defects [190]. Another viable method involved 
the use of a 3D-printed PCL-TCP scaffold seeded with 
ADSCs [93].

Platelet-enriched plasma (PRP) was utilized as a res-
ervoir of growth factors in alveolar bone regenera-
tion [191]. Tobita et al. have previously linked PRP with 
ADSCs as a scaffold material in animal experiments to 
explore the fundamental research of ADSCs transplanta-
tion for periodontal defects and validate the outcomes of 

Fig. 4 The strategies and effects of ADSCs to promote facial nerve regeneration [228, 231]. A. a Schematic overview of the experimental 
procedures. b Compound muscle action potential (CMAP) analysis. c, d, e Illustrate CMAP amplitude and latency and the degree of whisker 
stimulation, respectively. Reproduced with permission from Ref [228]. Copyright 2020 John Wiley & Sons, Ltd. A. a Schematic overview 
of the experimental procedures. b CMAP analysis. c, d, e illustrate CMAP amplitude and duration and latency, respectively. Reproduced 
with permission from Ref [231]. Copyright 2018 Wound Healing Society. One (*) and two (**) asterisks represent probabilities less than 0.05 (p < 0.05) 
and 0.01 (p < 0.01), respectively
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periodontal tissue regeneration [192, 193]. Building upon 
this foundation, the research team is presently engaging 
in a clinical trial to examine the potential of combined 
ADSCs and PRP transplantation in enhancing alveolar 
bone height in 10 individuals with moderate or severe 
periodontal disease after 36 weeks [194]. If proven effec-
tive, this cell therapy using autologous ADSCs may repre-
sent a promising medical technique for the regeneration 
of periodontal defects.

Gingival regeneration
Diabetes mellitus (DM) easily resulted in periodontal 
destruction and delayed wound healing [195]. A team 
developed ADsp-mTG hydrogel in the treatment of DM-
related periodontitis. After implantation into diabetic 
mouse model, an enhanced gingival healing and keratosis 
was observed, indicating accelerated healing of diabetic 
periodontal wounds (Fig.  3B) [155]. Bisphosphonate-
related osteonecrosis of the jaw (BRONJ), a common 
complication in usage of bisphosphonates, could impair 

gingival and bone tissues [196]. In clinic, soft tissue cov-
erage was the key factor in the prevention of BRONJ, in 
order to reduce the secondary contamination, and estab-
lish a vascularized tissue bed that nourished damaged 
bone tissue [197, 198]. As a consequence, the transplan-
tation of ADSCs within a HA scaffold was found to pre-
vent enhance primary gingival healing by up-regulating 
the expression of TGF-β1 and fibronectin in rabbit mod-
els (Fig. 3C) [199]. Furthermore, BMP-9 was illustrated to 
expedite gingival healing when combined with osteogeni-
cally induced ADSCs [188].

Regrettably, the efficacy of stem cell-based treatments 
is frequently influenced by various factors [200, 201]. 
For instance, the DM can impact stem cell functionality 
and the utilization of ADSCs may elevate the potential 
for systemic immunosuppression, but the occurrence 
of BRONJ is common in patients with bone metastatic 
tumors undergoing immunosuppressive therapy. Conse-
quently, it is imperative to explore alternative approaches 
to enhance gingival growth. ADSCs-Exo presents a 

Table 5 The in vivo trials of ADSCs in facial nerve regeneration

CFNG: cross-facial nerve grafting; CM-Dil-ADSC: ADSCs labelled with CM-Dil living cell stain; PRP: platelet-rich plasma; PGA: polyglycolic acid; Col: collagen; Alg: 
alginate

Application Experimental subjects Methods Conclusion References

Facial nerve regeneration Rat, underwent CFNG after tran-
section of the right main trunk 
of the facial nerve

Added 1 ×  106 ADSCs 
along the autologous nerve graft 
and the lines

Enhanced axonal regeneration [227]

Rat, underwent CFNG after tran-
section of the left main trunk 
of the facial nerve

Wrapped an ADSC sheet 
around the autologous nerve graft, 
which was made from 1.5 ×  106 cells 
in a 35 mm dish

Promoted axonal outgrowth, 
reduced the time to reinnervation, 
and improved the therapeutic 
effect of CFNG in patients with facial 
nerve palsy

[228]

Rabbit facial nerve defect models Combined 20 µL CM-Dil-ADSCs 
and acellular xenogeneic nerves 
for facial nerve repair, post-opera-
tively, injected 0.5 mL autologous 
PRP on days 1, 2, 3, 5, and 7. Density 
of 1 ×  106 cells / mL

Obtained preferable early curative 
effects, and comparable outcome 
to autologous nerve repair

[229]

Rat facial nerve defect models Implanted and sutured a 1 cm 
long decellularized arterial catheter 
at the 8 mm nerve defect site, 
then injected 25 µL autologous 
ADSC suspension into the lumen 
of the catheter. Density of 1 ×  106 
cells / 50 µL

Exerted a facilitative effect on facial 
nerve injury recovery

[230]

Rat facial nerve defect models Implanted a hybrid PGA-Col nerve 
conduit filled with type I collagen 
and ADSCs. Density of 1 ×  105 cells 
/ 10 µL

Promoted nerve regeneration [231]

Dog facial nerve paresis models Utilized Gore-Tex tube filling 
with undifferentiated ADSCs encap-
sulated in Alg hydrogel. Density 
of 2 ×  106 cells / mL

Enhanced neural repair from a func-
tional standpoint

[232]

Rat facial nerve paresis models Utilized artificial nerve conduits–
PGA filled with type I collagen 
and ADSCs. Density of 1 ×  105 cells 
/ 10 µL

Facilitated nerve recovery [234]
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promising alternative as an acellular entity that mim-
ics the functions of ADSCs. Therefore, future investiga-
tions could concentrate on the therapeutic potential of 
exosomes in promoting gingival regeneration.

Cell sheet technology is another promising approach 
in the periodontal tissue regeneration. Multiple layers 
of cells and ECM secreted by target cells mimicked the 
microenvironment to promote cells activities. ADSCs 
on the decellularized human amniotic membrane 
(DAM) were favor for the mineralization of ECM on 
the Col fibers of the DAM, providing a 3D framework 
for cell invasion and differentiation [202, 203]. In  vivo 
test indicated ADSCs/DAM effectively repaired perio-
dontal bifurcation defects, leading to successful regen-
eration of periodontal tissue [204].

Periodontal disease remains a significant issue in 
clinical practice due to its high prevalence, resulting in 

tooth loss and associated dysfunctions. The utilization 
of biomaterials derived from ADSCs for periodontal 
regeneration holds significant importance and promis-
ing potential (Table 4).

Tooth regeneration
Based on the data from the Fourth China Stomatology 
Health Epidemiological Survey, the prevalence of com-
plete dentition among individuals aged 35–44 is 67.7%, 
while it is 33.8% among those aged 55–64 and only 18.3% 
among those aged 65–74 [215]. The current state of 
dentition defects and loss is concerning, with available 
treatments such as fixed partial dentures, removable den-
tures, and implant-supported dentures presenting draw-
backs such as reduced mastication efficiency and risk of 
peri-implantitis. Consequently, stem cell-based tooth 

Fig. 5 The protective role of AD-MSCs [236]. The left half of this diagram elucidates that the AD-MSCs existing in the SVF extracted from adipose 
tissue possess functions such as anti-oxidation, immunomodulation, paracrine activities, growth factors discharge, nutrients and oxygen release. 
The right half of the figure demonstrates four mechanisms by which UV causes photoaging, including ROS production, MAPK activation, MMPs 
production and collagen degradation. AD-MSC primarily targets the aforementioned mechanisms to provide protection for photoaged skin. 
Reproduced with permission from Ref. [236] Copyright 2021 MDPI (Basel, Switzerland)
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regeneration has emerged as a promising therapeutic 
approach in addressing these challenges.

Current research in the field of stem cell-based tooth 
regeneration encompasses various aspects such as whole 
tooth, tooth root, dentin-pulp, and periodontal tissue 
regeneration, all of which rely on the unique differentia-
tion capabilities of stem cells. Stem cells utilized for tooth 
regeneration include dental MSCs, such as DPSCs and 
PDLSCs, as well as non-dental MSCs like BMSCs and 
ADSCs, in addition to neural crest stem cells [13]. Wang 
and his research team have focused on the study of tooth 
regeneration. In 2006, they utilized human papillary epi-
thelial stem cells and PDLSCs to successfully generate 
the root/periodontal complex in conjunction with crown 
technology, ultimately achieved functional regeneration 
of porcine teeth [216]. This success suggests that ADSCs 
may serve as appropriate seeding cells for tooth regenera-
tion, a notion supported by a substantial body of litera-
ture, as follows [217].

ADSCs, recognized as a prominent category of multi-
potent stem cells, demonstrate characteristics akin to 
PDLSCs and possess the potential for odontogenic dif-
ferentiation. Moreover, due to their minimally inva-
sive harvesting procedures and substantial proliferative 
capabilities [17, 18], a growing body of research has 
investigated their application in dental regeneration to 

overcome the challenge of obtaining adequate quantities 
of PDLSCs [218]. The successful regeneration of whole 
tooth relies on the intricate interplay between epithe-
lial and mesenchymal cells. By mimicking the in  vivo 
interactions between these cell types, ADSCs have been 
demonstrated to transdifferentiate into a specialized 3D 
structure resembling a dental bud, accompanied by the 
expression of dental tissue-related markers [219]. This 
achievement highlights the potential of ADSCs in whole 
tooth regeneration. Nevertheless, challenges such as 
uncontrolled morphogenesis and tooth eruption continue 
to hinder the progress and practical implementation of 
this regenerative approach. Consequently, partial tooth 
regeneration may be a more viable option in the foresee-
able future, utilizing seed cells, scaffolds, and signaling 
molecules for the biological regeneration of roots [220]. 
Specifically, ADSCs/porcine-treated dentin matrix com-
plexes have manifested greater efficacy in regenerating 
dentin-like, pulp-like, and periodontal fiber-like tissues 
compared to dental-derived stem cells [221]. Addition-
ally, ADSCs have demonstrated a higher capacity for 
odontogenic differentiation than BMSCs [222]. In addi-
tion to the aforementioned studies, a separate investiga-
tion has proposed that the microenvironment created by 
dental follicle cell conditioned medium has the potential 
to induce ADSCs to differentiate into cementoblast-like 

Fig. 6 The applications of ADSCs in plastic and cosmetic surgery [261, 264]. A. A 35-year-old male patient diagnosed with Parry-Romberg 
syndrome. a, c Preoperative view. b, d Postoperative view 12 months after lipoinjection enriched with stem cells and elements of the SVF. 
Reproduced with permission from Ref. [261] Copyright 2012 The Korean Society of Plastic and Reconstructive Surgeons. B. Photographs 
of 58-year-old lady, before (a, c, e) and 8 months after ADSCs treatment (b, d, f). Reduced wrinkle of forehead (c, d) and neck (e, f). Photographs 
of 61-year-old male, before (g, i, k) and 3 months after ADSCs treatment (h, j, l). Reduced wrinkle of forehead (i, j) and shallowing of nasolabial 
grooves was confirmed by comparison of (k) to (l). Reproduced with permission from Ref. [263] Copyright 2023 MDPI (Basel, Switzerland)
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cells, thereby presenting a novel approach to stem cell-
mediated cementum regeneration [223].

Collectively, these findings lay the foundation for 
advancements in tooth regenerative medicine. How-
ever, the field of dental regenerative medicine remains 
largely confined to preclinical research, primarily due 
to safety concerns. The work of Wang and his team has 
been restricted to a porcine model [216], highlighting the 
imperative for future researchers to rigorously validate 
the safety and efficacy of tooth regeneration techniques 
prior to advancing to human clinical trials.

Facial nerve regeneration
The facial nerves play a crucial role in innervating the 
musculature of the face and regulating facial expres-
sions. Damage to these nerves can result in paralysis on 
the affected side of the face, impacting functions such 
as chewing, speaking, and closing the eyes, as well as 
restricting social interactions and leading to psychologi-
cal issues. The causes of facial nerve damage are varied, 
encompassing pathologic factors such as trauma, infec-
tions, and tumors, iatrogenic factors like surgical proce-
dures on the parotid gland or TMJ, and idiopathic origins 
[224].

Currently, nerve autografting is the predominant treat-
ment for facial nerve gaps, despite challenges such as 
limited nerve sources, donor site complications, and sub-
optimal outcomes [225]. With the advancement of tis-
sue engineering, autologous cell therapy is increasingly 
utilized to assist nerve regeneration or even substitute 
the traditional autologous nerve transplantation. Various 
stem cells, including ADSCs, BMSCs, DPSCs, induced 
pluripotent stem cells, etc., have demonstrated the abil-
ity to differentiate into Schwann cell-like cells and neu-
ral stem cells, with ADSCs garnering particular interest 
[226].

There are primarily two strategies for utilizing ADSCs 
in nerve regeneration. (i) ADSCs assist autologous or 
allogeneic nerve transplantation (Fig.  4A). Traditional 
autologous cross-facial nerve grafting typically requires 
more than 6  months to achieve facial nerve reinnerva-
tion on the affected side. This long recovery period can 
lead to muscle atrophy due to prolonged innervation loss, 
ultimately resulting in suboptimal recovery outcomes. 
To address these challenges, ADSCs have been incor-
porated into the graft and surrounding tissues, leading 
to enhanced axonal regeneration and improved facial 
nerve recovery [227]. Furthermore, the morphology of 
ADSCs was found to have an impact on the outcomes. 
Specifically, ADSCs sheets described greater efficacy in 
promoting axonal growth and reducing recovery time 
compared to ADSCs in suspension [228]. In the con-
text of allogeneic nerve transplantation, studies have 

described acellular xenografts incorporating ADSCs 
and PRP yielded comparable results to autologous nerve 
transplantation in the early stages [229]. (ii) ADSCs com-
bined with nerve guidance conduits (NGCs) to regener-
ate nerves, with NGCs categorized into biological and 
artificial conduits (Fig.  4B). The most prevalent treat-
ment of the former is decellularized arterial catheter, 
and the ADSCs-catheter arteriosus composite has illus-
trated promise as a viable therapeutic approach [230]. As 
for the latter, the combination of polyglycolic acid-Col 
nerve conduits or Gore-Tex tubes with ADSCs has dem-
onstrated favorable outcomes in promoting facial nerve 
regeneration [231, 232]. However, certain studies suggest 
that this method may be less effective than nerve auto-
grafting. Nevertheless, advancements in material science 
and cell biology are expected to enhance the efficacy of 
nerve guidance conduits in nerve repair in the foresee-
able future.

Furthermore, the versatile differentiation capabilities 
of ADSCs present both advantages and disadvantages. 
Specifically, when ADSCs differentiate into nerve cells, 
their potential to differentiate into fibroblasts becomes a 
drawback. To address this issue, genetic modification was 
utilized to inhibit procollagen-lysine 1, 2-oxoglutarate 
5-dioxygenase 1 in ADSCs [233]. The findings indicated 
that the gene-modified groups displayed improved facial 
nerve function and reduced fibrosis in the affected area, 
offering novel insights into the potential of combining 
autologous cell therapy with genetic modification. In the 
future, enhanced comprehension of ADSCs may lead to 
further enhancement of the therapeutic efficacy of facial 
nerve regeneration through the modification of addi-
tional genes. Moreover, the potential for gene modifica-
tion of ADSCs to be applied across various disciplines is 
apparent.

Ultimately, ADSCs represent a promising source 
of seed cells for tissue regeneration engineering, and 
ADSCs-based therapy holds significant promise for the 
regeneration of facial nerves (Table 5).

Plastic and cosmetic surgery
Facial aesthetics are of primary concern in human beauty. 
Natural or pathological aging can accelerate skin aging, 
impair the skin’s inherent protective function, and lead 
to scarring, all of which have an impact on beauty. In 
this section, we gave a comprehensive introduction on 
ADSCs-treated facial aesthetic.

Photoaging problems in ADSCs applications
Exposure to ultraviolet (UV) radiation is identified to 
result in facial skin photoaging, with various detrimen-
tal effects such as wrinkles, dryness, laxity, rough tex-
ture, loss of elasticity, impaired wound healing, and the 
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proneness to benign and malignant tumor. The reviews 
elucidate the potential mechanisms on ADSCs-treated 
photoaging (Fig.  5) [235, 236]. (i) Anti-oxidative [237, 
238]. ADSCs had the ability to release antioxidants, and 
inhibit the generation of reactive oxygen species (ROS) 
by up-regulating the levels of antioxidant enzymes 
including glutathione peroxidase, superoxide dismutase, 
and catalase [239–241]. The down-regulation of myelop-
eroxidase and NADPH oxidase by ADSCs also reduce 
ROS generation [242]. (ii) Anti-apoptosis and anti-senes-
cence. ADSCs could inhibit apoptosis by repairing DNA 
damage and regulating the expressions of anti-apoptotic 
and/or pro-apoptotic genes [238, 243, 244]. Specifically, 
ADSCs mediated the phosphorylated histone family 2A 
variant protein, which was a crucial player in the DNA 
double strand break process [245]. Furthermore, it was 
proved that ADSC-Exos inhibited cell apoptosis through 
the Wnt/β-catenin signaling pathway [246]. (iii) Anti-
degradation of the ECM. Zhang et  al. demonstrated 
ADSCs-Exos improved the proliferation and migra-
tion of fibroblasts, as well as enhancing the deposition 
of Col type I and III via the PI3K/Akt signaling pathway 
[247]. Moreover, ADSCs-Exos decreased the expression 
of MMP and Col through regulating Nrf2 and MAPK/
AP-1, and activated TGF-β/-Smad pathways [248, 249]. 
(iv) Anti-inflammatory. The secretome of ADSCs con-
tained various types of pro-inflammatory and anti-
inflammatory factors. For examples, ADSCs induced a 
shift in macrophage polarization towards anti-inflam-
matory M2 phenotypes, and inhibited the production of 
pro-inflammatory cytokines including TNF-α and IL-12 
[237]. Additionally, they inhibited the proliferation and 
differentiation of Th2-type  mCD4+ T cells while promot-
ing those of regulatory T cells, suggesting that the pheno-
typic conversion of T cells may be one of the mechanisms 
for the anti-inflammatory effect of ADSCs [250]. Also, a 
variety of preclinical studies have been investigated on 
the treatment of photoaging in the use of ADSCs and 
their secretions [251–255].

Anti‑scarring and fibrosis in ADSCs applications
In the fields of anti-scarring and fibrosis, two primary 
approaches have been introduced. The first involves the 
direct application of ADSCs in wound healing. Yun et al. 
demonstrated, using a Yorkshire porcine skin model, 
that subcutaneous injection of ADSCs in early scars 
can effectively reduce scar size, improve coloration, and 
enhance scar flexibility [256]. A separate clinical study 
further indicated that local ADSC injections significantly 
improved the texture and vascularity of keloids. Dur-
ing a 3-month follow-up period, patients reported no 
adverse effects other than transient pain during injection 
and mild abdominal discomfort for a few days following 

liposuction [257]. Additionally, the combination of 
ADSCs with other therapies has shown considerable effi-
cacy. For instance, low-level laser therapy (LLLT) com-
bined with ADSC injection accelerated skin regeneration 
in a rat scald model [258]. Furthermore, ADSC-assisted 
autologous fat transplantation markedly improved the 
survival rate of soft tissue augmentation [259]. Recently, 
the integration of adipose-derived SVF and PRP in treat-
ing facial scars resulted in improved contour recovery 
after 1  year, compared to simple fat graft implantation, 
with no additional complications reported [260].

Improving facial defects in ADSCs applications
Progressive facial hemiatrophy, known as Parry-Romb-
erg syndrome, can be effectively treated using ADSCs-
based cell-assisted lipotransfer (CAL). Castro-Govea 
et al. indicated the use of CAL with SVF and lipoinjection 
could improve facial depression. Patients exhibited sat-
isfactory postoperative outcomes with reduced depres-
sion, enhanced volume, and improved symmetry after 
12-month follow-up (Fig. 6A) [261]. CAL was proved to 
be more effective when compared with only fat grafting 
in the treatment of Parry-Romberg syndrome [262, 263].

Beauty and anti‑aging in ADSCs applications
A clinical investigation demonstrated intradermal 
administration of ADSCs, improved the wrinkles in 
various facial areas including the glabella, lower eyelids, 
crow’s feet, forehead, and nasolabial grooves with more 
than 1 year (Fig. 6B) [264]. Furthermore, enhanced treat-
ment outcomes were obtained by the integration of con-
ventional techniques with ADSCs. For instance, ADSCs 
and FxCR could enhance skin hydration and elasticity, as 
well as, reducing skin transepidermal water loss, rough-
ness, and the melanin index [265].

In the future, the utilization of ADSCs in plastic sur-
gery was anticipated to evolve towards a less invasive and 
more effective approach. Conventional macrofat is char-
acterized by large particle diameters, necessitating larger 
diameters for transplantation to prevent complications 
such as fat embolism. This presents challenges in grafting 
macrofats into the deep dermis and subdermis. There-
fore, it is suggested that future research efforts focus on 
the utilization of microfat and nanofat. A comprehensive 
review of current research progress on nanofat has been 
conducted [266]. Additionally, there is a need for the 
development of minimally invasive and efficient meth-
ods of administration to improve patient satisfaction and 
comfort. A comparison of the effects of microneedles 
and fractional  CO2 laser on ADSC secretome delivery 
for facial skin rejuvenation revealed that both methods 
yielded favorable results [267].
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Empirical evidence from both animal studies and clini-
cal trials has substantiated the efficacy of ADSCs in these 
domains (Table 6). Most clinical trials reported follow-up 
periods ranging from 3  months to 1  year, during which 
no adverse reactions were observed, thereby suggest-
ing the current safety of ADSC injections. Nonetheless, 
the long-term efficacy and safety of ADSCs necessitate 
further investigation through extended follow-up stud-
ies. Moreover, the existing clinical trials typically involve 
small sample sizes, underscoring the need for larger-scale 
randomized controlled trials to robustly validate the 
therapeutic effects of ADSCs.

Conclusion and future perspectives
Undoubtedly, ADSCs have a great potential for use in tis-
sue repair and regeneration in the field of reconstructive 
surgery in maxillofacial region, which were confirmed 
by numerous in vitro, in vivo and preclinical and clinical 
studies. Although the current strategies we introduced in 
this review had updated rapidly in the past decade, the 
comprehensive understanding of the interaction between 
ADSCs, scaffolds and growth factors, and their under-
lying mechanisms are crucial for the development of 
ADSCs-based biomaterials. Another important issue for 
the utilization of ADSCs is the clinical translation. Still 
numerous obstacles need to be carefully addressed: the 
collection site of donor cells, the optimal concentration 
of ADSCs and relative growth factors, and the selection 
of carriers (scaffolds). Overall, the design of ADSCs-
based biomaterials with appropriate growth factor is 
worthy to be explored in the future.

Abbreviations
ADSCs  Adipose-derived stem cells
TMJ  Temporomandibular joint
DPSCs  Dental pulp stem cells
PDLSCs  Periodontal ligamental stem cells
BMSCs  Bone marrow-derived stem cells
EVs  Extracellular vesicles
SVF  Stromal vascular fraction
HA  Hyaluronic acid
CS  Chitosan
PLGA  Poly(lactic-co-glycolic acid)
BMP-2  Bone morphogenetic protein 2
Alg  Alginate
Gel  Gelatin
PCL  Polycaprolactone
PLA  Polylactic acid
HAp  Hydroxyapatite
Col  Collagen
VEGF  Vascular endothelial growth factor
TCP  Tricalcium phosphate
BPs  Black phosphorus
SF  Silk fibroin
BCP  Biphasic calcium phosphate
ECM  Extracellular matrix
Ti  Titanium
Mg  Magnesium
Zn  Zinc
TMD  Temporomandibular disorder

CSF-1  Colony-stimulating factor-1
FGF  Fibroblast growth factor
OA  Osteoarthritis
TGase  Transglutaminase
mTG  Microbial transglutaminase
ADsp  ADSC spheroids
MAP  Mussel adhesive protein
aECM  Artificial ECM
RGD  Alg-Gly-Asp
HC-DCB  Heparin-conjugated decellularized bone matrix
PDGF  Platelet-derived growth factor
PDGFRβ  PDGF β receptor
bdECM  Decellularized ECM
β-TCP  Beta-TCP
μRB  The gelatin-based microribbon
EPCs  Endothelial progenitor cells
Avi-β-TCP  Avidin-coated β-tricalcium phosphate
PRP  Platelet-rich plasma
vhEGCG-GS  Vacuum-heated gelatin sponges modified with epigallocat-

echin gallate
CGRP  Calcitonin gene-related peptide
DM  Diabetes mellitus
BRONJ  Bisphosphonate-related osteonecrosis of the jaw
DAM  Decellularized human amniotic membrane
AM  Amniotic membrane
ZA  Zoledronic acid
PCL NFs  Polycaprolactone nanofibers
Fn  Fibronectin
Alg  Alginate
SRP  Scaling and root planning
NGCs  Nerve guidance conduits
CM-Dil-ADSC  ADSCs labelled with CM-Dil living cell stain
PGA  Polyglycolic acid
IPJG  Interpositional jump-graft
UV  Ultraviolet
ROS  Reactive oxygen species
CAL  Cell-assisted lipotransfer
UVB  Ultraviolet B
ADSC-CM  Conditioned medium of adipose-derived stem cells
LLLT  Low-level laser therapy
FxCR  Fractional carbon dioxide laser resurfacing
TEWL  Transepidermal water loss
MN  Microneedle
FL  Fractional  CO2 laser

Acknowledgements
The authors declare that they have not use AI-generated work in this 
manuscript.

Author contributions
Conceptualization, L.Z., Z.Y., S.L. and F.L.; validation, F.L., Y.Z. and Y.T.; data cura-
tion, L.Z., Z.Y. and S.L.; writing—original draft preparation, L.Z., Z.Y. and S.L.; 
writing—review and editing, L.Z., Z.Y., S.L., F.L., S.Z., Y.Z. and Y.T.; supervision, 
Y.Z. and Y.T; funding acquisition, Y.T. All authors have read and agreed to the 
published version of the manuscript.

Funding
This study is supported by Central Government-Guided Funds Plan Program 
for Local Scientific and Technological Development of Liaoning Province (2024 
JH6/1008).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.



Page 23 of 29Zhang et al. Stem Cell Research & Therapy          (2025) 16:110  

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Orthodontics, School and Hospital of Stomatology, China 
Medical University, Nanjing North Street 117, Shenyang 110002, China. 

Received: 15 December 2024   Accepted: 24 January 2025

References
 1. Ding Q, Cui J, Shen H, He C, Wang X, Shen SGF, et al. Advances of nano-

material applications in oral and maxillofacial tissue regeneration and 
disease treatment. Rev Nanomed Nanobiotechnol. 2021;13: e1669.

 2. McGue CM, Mañón VA, Viet CT. Advances in tissue engineering and 
implications for oral and maxillofacial reconstruction. J Calif Dent Assoc. 
2021;49:685–94.

 3. Kawecki F, Clafshenkel WP, Fortin M, Auger FA, Fradette J. Biomimetic 
tissue-engineered bone substitutes for maxillofacial and craniofacial 
repair: the potential of cell sheet technologies. Adv Healthc Mater. 
2018;7: e1700919.

 4. Redondo ML, Beer AJ, Yanke AB. Cartilage restoration: microfracture and 
osteochondral autograft transplantation. J Knee Surg. 2018;31:231–8.

 5. Schmidt AH. Autologous bone graft: is it still the gold standard? Injury. 
2021;52:S18–22.

 6. Baldwin P, Li DJ, Auston DA, Mir HS, Yoon RS, Koval KJ. Autograft, 
allograft, and bone graft substitutes: clinical evidence and indications 
for use in the setting of orthopaedic trauma surgery. J Orthop Trauma. 
2019;33:203–13.

 7. Trueman RP, Ahlawat AS, Phillips JB. A shock to the (nervous) system: 
bioelectricity within peripheral nerve tissue engineering. Tissue Eng 
Part B Rev. 2022;28:1137–50.

 8. Lai JY, Chen KH, Hsiue GH. Tissue-engineered human corneal endothe-
lial cell sheet transplantation in a rabbit model using functional bioma-
terials. Transplantation. 2007;84:1222–32.

 9. Chou SF, Lee CH, Lai JY. Bioengineered keratocyte spheroids fabricated 
on chitosan coatings enhance tissue repair in a rabbit corneal stromal 
defect model. J Tissue Eng Regen Med. 2018;12:316–20.

 10. Matichescu A, Ardelean LC, Rusu LC, Craciun D, Bratu EA, Babucea M, 
et al. Advanced biomaterials and techniques for oral tissue engineering 
and regeneration—a review. Materials. 2020;13:5303.

 11. Bousnaki M, Bakopoulou A, Papadogianni D, Barkoula NM, Alpantaki K, 
Kritis A, et al. Fibro/chondrogenic differentiation of dental stem cells 
into chitosan/alginate scaffolds towards temporomandibular joint disc 
regeneration. J Mater Sci Mater Med. 2018;29:97.

 12. Liu Y, Wang H, Dou H, Tian B, Li L, Jin L, et al. Bone regeneration capaci-
ties of alveolar bone mesenchymal stem cells sheet in rabbit calvarial 
bone defect. J Tissue Eng. 2020;11:2041731420930379.

 13. Hu L, Liu Y, Wang S. Stem cell-based tooth and periodontal regenera-
tion. Oral Dis. 2018;24:696–705.

 14. Saez DM, Sasaki RT, Martins D de O, Chacur M, Kerkis I, da Silva MCP. Rat 
facial nerve regeneration with human immature dental pulp stem cells. 
Cell Transplant. 2019;28:1573–1584.

 15. Sharun K, Pawde AM, Kumar R, Kalaiselvan E, Kinjavdekar P, Dhama K, 
et al. Standardization and characterization of adipose-derived stromal 
vascular fraction from New Zealand white rabbits for bone tissue engi-
neering. Vet World. 2021;14:508–14.

 16. Kunze KN, Burnett RA, Wright-Chisem J, Frank RM, Chahla J. Adipose-
derived mesenchymal stem cell treatments and available formulations. 
Curr Rev Musculoskelet Med. 2020;13:264–80.

 17. Bukowska J, Alarcon Uquillas A, Wu X, Frazier T, Walendzik K, Vanek M, 
et al. Safety and efficacy of human adipose-derived stromal/stem cell 
therapy in an immunocompetent murine pressure ulcer model. Stem 
Cells Dev. 2020;29:440–51.

 18. Storti G, Scioli MG, Kim B-S, Orlandi A, Cervelli V. Adipose-derived stem 
cells in bone tissue engineering: useful tools with new applications. 
Stem Cells Int. 2019;2019:3673857.

 19. Paduano F, Marrelli M, Amantea M, Rengo C, Rengo S, Goldberg M, et al. 
Adipose tissue as a strategic source of mesenchymal stem cells in bone 
regeneration: a topical review on the most promising craniomaxillofa-
cial applications. Int J Mol Sci. 2017;18:2140.

 20. Gou Y, Huang Y, Luo W, Li Y, Zhao P, Zhong J, et al. Adipose-derived mes-
enchymal stem cells (MSCs) are a superior cell source for bone tissue 
engineering. Bioact Mater. 2023;34:51–63.

 21. Alonso-Goulart V, Carvalho LN, Marinho ALG, de Oliveira Souza BL, de 
Aquino Pinto Palis G, Lage HGD, et al. Biomaterials and adipose-derived 
mesenchymal stem cells for regenerative medicine: a systematic 
review. Materials (Basel). 2021;14:4641.

 22. Luo LJ, Lai JY, Chou SF, Hsueh YJ, Ma DH. Development of gelatin/ascor-
bic acid cryogels for potential use in corneal stromal tissue engineering. 
Acta Biomater. 2018;65:123–36.

 23. Nguyen DD, Yao CH, Luo LJ, Chen HC, Hsueh YJ, Ma DH, et al. Oxidation-
mediated scaffold engineering of hyaluronic acid-based microcarriers 
enhances corneal stromal regeneration. Carbohydr Polym. 2022;292: 
119668.

 24. Verma S, Domb AJ, Kumar N. Nanomaterials for regenerative medicine. 
Nanomedicine (Lond). 2011;6:157–81.

 25. Si Z, Wang X, Sun C, Kang Y, Xu J, Wang X, et al. Adipose-derived stem 
cells: sources, potency, and implications for regenerative therapies. 
Biomed Pharmacother. 2019;114: 108765.

 26. Sándor GK, Numminen J, Wolff J, Thesleff T, Miettinen A, Tuovinen VJ, 
et al. Adipose stem cells used to reconstruct 13 cases with cranio-
maxillofacial hard-tissue defects. Stem Cells Transl Med. 2014;3:530–40.

 27. Markarian CF, Frey GZ, Silveira MD, Chem EM, Milani AR, Ely PB, et al. 
Isolation of adipose-derived stem cells: a comparison among different 
methods. Biotechnol Lett. 2014;36:693–702.

 28. Orbay H, Tobita M, Mizuno H. Mesenchymal stem cells isolated from 
adipose and other tissues: basic biological properties and clinical appli-
cations. Stem Cells Int. 2012;2012: 461718.

 29. Sun Y, Jo J-I, Hashimoto Y. Evaluation of osteogenic potential for rat 
adipose-derived stem cells under xeno-free environment. Int J Mol Sci. 
2023;24:17532.

 30. Pei YA, Mikaeiliagah E, Wang B, Zhang X, Pei M. The matrix microenvi-
ronment influences but does not dominate tissue-specific stem cell 
lineage differentiation. Mater Today Bio. 2023;23: 100805.

 31. Scott MA, Nguyen VT, Levi B, James AW. Current methods of adipo-
genic differentiation of mesenchymal stem cells. Stem Cells Dev. 
2011;20:1793–804.

 32. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause 
D, et al. Minimal criteria for defining multipotent mesenchymal stromal 
cells. The international society for cellular therapy position statement. 
Cytotherapy. 2006;8:315–317.

 33. Hu X, Su Y, Xu J, Cheng YY, Liu T, Li X, et al. Electromagnetic field-medi-
ated chitosan/gelatin/nano-hydroxyapatite and bone-derived scaffolds 
regulate the osteoblastic and chondrogenic phenotypes of adipose-
derived stem cells to construct osteochondral tissue engineering niche 
in vitro. Int J Biol Macromol. 2024;258: 128829.

 34. Argentati C, Morena F, Bazzucchi M, Armentano I, Emiliani C, Martino S. 
Adipose stem cell translational applications: from bench-to-bedside. Int 
J Mol Sci. 2018;19:3475.

 35. Bourin P, Bunnell BA, Casteilla L, Dominici M, Katz AJ, March KL, et al. 
Stromal cells from the adipose tissue-derived stromal vascular fraction 
and culture expanded adipose tissue-derived stromal/stem cells: a joint 
statement of the International Federation for Adipose Therapeutics and 
Science (IFATS) and the International Society for Cellular Therapy (ISCT). 
Cytotherapy. 2013;15:641–8.

 36. Jeyaram A, Jay SM. Preservation and storage stability of extracellular 
vesicles for therapeutic applications. AAPS J. 2017;20:1.

 37. Maas SLN, Breakefield XO, Weaver AM. Extracellular vesicles: unique 
intercellular delivery vehicles. Trends Cell Biol. 2017;27:172–88.

 38. Kalluri R, LeBleu VS. The biology, function, and biomedical applications 
of exosomes. Science. 2020;367:eaau6977.

 39. Dong X, Shen L, Yi Z, He L, Yi Z. Exosomes from adipose-derived stem 
cells can prevent medication-related osteonecrosis of the jaw. Med Sci 
Monit. 2021;27: e929684.



Page 24 of 29Zhang et al. Stem Cell Research & Therapy          (2025) 16:110 

 40. Lu Z, Chen Y, Dunstan C, Roohani-Esfahani S, Zreiqat H. Priming adipose 
stem cells with tumor necrosis factor-alpha preconditioning potenti-
ates their exosome efficacy for bone regeneration. Tissue Eng Part A. 
2017;23:1212–20.

 41. Masaoutis C, Theocharis S. The role of exosomes in bone remod-
eling: implications for bone physiology and disease. Dis Markers. 
2019;2019:9417914.

 42. Casado-Díaz A, Quesada-Gómez JM, Dorado G. Extracellular vesicles 
derived from mesenchymal stem cells (MSC) in regenerative medi-
cine: applications in skin wound healing. Front Bioeng Biotechnol. 
2020;8:146.

 43. Pomatto M, Gai C, Negro F, Cedrino M, Grange C, Ceccotti E, et al. 
Differential therapeutic effect of extracellular vesicles derived by bone 
marrow and adipose mesenchymal stem cells on wound healing of dia-
betic ulcers and correlation to their cargoes. Int J Mol Sci. 2021;22:3851.

 44. Sanz-Ros J, Romero-García N, Mas-Bargues C, Monleón D, Gordevicius 
J, Brooke RT, et al. Small extracellular vesicles from young adipose-
derived stem cells prevent frailty, improve health span, and decrease 
epigenetic age in old mice. Sci Adv. 2022;8:eabq2226.

 45. Li Q, Yu H, Sun M, Yang P, Hu X, Ao Y, et al. The tissue origin effect of 
extracellular vesicles on cartilage and bone regeneration. Acta Bio-
mater. 2021;125:253–66.

 46. Nii T, Katayama Y. Biomaterial-assisted regenerative medicine. Int J Mol 
Sci. 2021;22:8657.

 47. Sadtler K, Wolf MT, Ganguly S, Moad CA, Chung L, Majumdar S, et al. 
Divergent immune responses to synthetic and biological scaffolds. 
Biomaterials. 2019;192:405–15.

 48. Insuasti-Cruz E, Suárez-Jaramillo V, Mena Urresta KA, Pila-Varela KO, Fial-
los-Ayala X, Dahoumane SA, et al. Natural Biomaterials from Biodiversity 
for Healthcare Applications. Adv Healthc Mater. 2022;11: e2101389.

 49. Fan J, Abedi-Dorcheh K, Sadat Vaziri A, Kazemi-Aghdam F, Rafieyan S, 
Sohrabinejad M, et al. A Review of Recent Advances in Natural Polymer-
Based Scaffolds for Musculoskeletal Tissue Engineering. Polymers 
(Basel). 2022;14:2097.

 50. Romo-Valera C, Guerrero P, Arluzea J, Etxebarria J, de la Caba K, Andollo 
N. Cytocompatibility and Suitability of Protein-Based Biomaterials 
as Potential Candidates for Corneal Tissue Engineering. Int J Mol Sci. 
2021;22:3648.

 51. Chen N, Li S, Miao C, Zhao Q, Dong J, Li L, et al. Polysaccharide-
based hydrogels for cartilage regeneration. Front Cell Dev Biol. 
2024;12:1444358.

 52. Wartenberg A, Weisser J, Schnabelrauch M. Glycosaminoglycan-Based 
Cryogels as Scaffolds for Cell Cultivation and Tissue Regeneration. 
Molecules. 2021;26:5597.

 53. Bharadwaz A, Jayasuriya AC. Recent trends in the application of widely 
used natural and synthetic polymer nanocomposites in bone tissue 
regeneration. Mater Sci Eng C Mater Biol Appl. 2020;110: 110698.

 54. Jung K, Corrigan N, Wong EHH, Boyer C. Bioactive Synthetic Polymers. 
Adv Mater. 2022;34: e2105063.

 55. Guo W, Chen M, Wang Z, Tian Y, Zheng J, Gao S, et al. 3D-printed cell-
free PCL-MECM scaffold with biomimetic micro-structure and micro-
environment to enhance in situ meniscus regeneration. Bioact Mater. 
2021;6:3620–33.

 56. Camacho-Alonso F, Tudela-Mulero MR, Buendía AJ, Navarro JA, 
Pérez-Sayáns M, Mercado-Díaz AM. Bone regeneration in critical-sized 
mandibular symphysis defects using bioceramics with or without bone 
marrow mesenchymal stem cells in healthy, diabetic, osteoporotic, and 
diabetic-osteoporotic rats. Dent Mater. 2022;38:1283–300.

 57. Wang JL, Chen Q, Du BB, Cao L, Lin H, Fan ZY, et al. Enhanced bone 
regeneration composite scaffolds of PLLA/β-TCP matrix grafted with 
gelatin and HAp. Mater Sci Eng C Mater Biol Appl. 2018;87:60–9.

 58. Xia H, Hao M, Li K, Chen X, Yu L, Qiu J, et al. CD44 and HAP-Conjugated 
hADSCs as Living Materials for Targeted Tumor Therapy and Bone 
Regeneration. Adv Sci (Weinh). 2023;10: e2206393.

 59. Bohner M, Santoni BLG, Döbelin N. β-tricalcium phosphate for bone 
substitution: Synthesis and properties. Acta Biomater. 2020;113:23–
41.59. Bohner M, Santoni BLG, Döbelin N. β-tricalcium phosphate 
for bone substitution: Synthesis and properties. Acta Biomater. 
2020;113:23–41.

 60. Wang S, Zhao X, Hsu Y, He Y, Wang F, Yang F, et al. Surface modification 
of titanium implants with Mg-containing coatings to promote osseoin-
tegration. Acta Biomater. 2023;169:19–44.

 61. Zhou Y, Zhang A, Wu J, Guo S, Sun Q. Application and Perspectives: 
Magnesium Materials in Bone Regeneration. ACS Biomater Sci Eng. 
2024;10:3514–3527.61.

 62. Khabisi MA, Shirini F, Shirini K, Khorsand H, Marian M, Rosenkranz A. 
Additively manufactured MAX- and MXene-composite scaffolds for 
bone regeneration- recent advances and future perspectives. Colloids 
Surf B Biointerfaces. 2023;225: 113282.

 63. Chen K, Zhou G, Li Q, Tang H, Wang S, Li P, et al. In vitro degradation, 
biocompatibility and antibacterial properties of pure zinc: assessing 
the potential of Zn as a guided bone regeneration membrane. J Mater 
Chem B. 2021;9:5114–27.

 64. Petta D, D’Amora U, Ambrosio L, Grijpma DW, Eglin D, D’Este M. Hyalu-
ronic acid as a bioink for extrusion-based 3D printing. Biofabrication. 
2020;12: 032001.

 65. Pratt RL. Hyaluronan and the fascial frontier. Int J Mol Sci. 2021;22:6845.
 66. Garnica-Galvez S, Korntner SH, Skoufos I, Tzora A, Diakakis N, Prassinos 

N, et al. Hyaluronic acid as macromolecular crowder in equine adipose-
derived stem cell cultures. Cells. 2021;10:859.

 67. Qiao Z, Tang J, Yue B, Wang J, Zhang J, Xuan L, et al. Human adipose-
derived mesenchymal progenitor cells plus microfracture and 
hyaluronic acid for cartilage repair: a phase IIa trial. Regener Med. 
2020;15:1193–214.

 68. Hausen M de A, Moraes A de S, Pedrini F, Grabarz F, Camilli JA, Duek EA 
de R. Crosslinked collagen-hyaluronic acid scaffold enhances interleu-
kin-10 under co-culture of macrophages and adipose-derived stem 
cells. Macromol Biosci. 2024;24:e2300270.

 69. Hsieh C-F, Chen C-H, Kao H-H, Govindaraju DT, Dash BS, Chen J-P. PLGA/
gelatin/hyaluronic Acid fibrous membrane scaffold for therapeutic 
delivery of adipose-derived stem cells to promote wound healing. 
Biomedicines. 2022;10:2902.

 70. Bo Q, Yan L, Li H, Jia Z, Zhan A, Chen J, et al. Decellularized dermal 
matrix-based photo-crosslinking hydrogels as a platform for delivery 
of adipose derived stem cells to accelerate cutaneous wound healing. 
Mater Design. 2020;196: 109152.

 71. Chung E-J, Choi JS, Shin J, Cho H-N, Kim S, Park JY, et al. Prevention 
of irradiation-induced damage to salivary glands by local delivery of 
adipose-derived stem cells via hyaluronic acid-based hydrogels. J Ind 
Eng Chem. 2020;90:47–57.

 72. Goh M, Tae G. Mesenchymal stem cell-encapsulated cellulose nanofiber 
microbeads and enhanced biological activities by hyaluronic acid 
incorporation. Carbohydr Polym. 2022;280: 119026.

 73. Abpeikar Z, Javdani M, Mirzaei SA, Alizadeh A, Moradi L, Soleimannejad 
M, et al. Macroporous scaffold surface modified with biological macro-
molecules and piroxicam-loaded gelatin nanofibers toward meniscus 
cartilage repair. Int J Biol Macromol. 2021;183:1327–45.

 74. Kim Y, Zharkinbekov Z, Raziyeva K, Tabyldiyeva L, Berikova K, Zhumagul 
D, et al. Chitosan-based biomaterials for tissue regeneration Pharma-
ceutics. 2023;15:807.

 75. Ic L, Tj W, Cl W, Dh L, Yr C, Kc Y. Chitosan-cartilage extracellular matrix 
hybrid scaffold induces chondrogenic differentiation to adipose-
derived stem cells. Regen Ther. 2020;14:238–44.

 76. Huang Y, Seitz D, König F, Müller PE, Jansson V, Klar RM. Induction of 
articular chondrogenesis by chitosan/hyaluronic-acid-based biomi-
metic matrices using human adipose-derived stem cells. Int J Mol Sci. 
2019;20:4487.

 77. Qin Y, Li G, Wang C, Zhang D, Zhang L, Fang H, et al. Biomimetic bilayer 
scaffold as an incubator to induce sequential chondrogenesis and 
osteogenesis of adipose derived stem cells for construction of osteo-
chondral tissue. ACS Biomater Sci Eng. 2020;6:3070–80.

 78. Ger TY, Yang CJ, Bui HL, Lue SJ, Yao CH, Lai JY. Alginate-functionalized 
nanoceria as ion-responsive eye drop formulation to treat corneal abra-
sion. Carbohyd Polym. 2025;352: 123164.

 79. Farshidfar N, Iravani S, Varma RS. Alginate-based biomaterials in tissue 
engineering and regenerative medicine. Mar Drugs. 2023;21:189.

 80. Capin L, Abbassi N, Lachat M, Calteau M, Barratier C, Mojallal A, et al. 
Encapsulation of adipose-derived mesenchymal stem cells in calcium 
alginate maintains clonogenicity and enhances their secretory profile. 
Int J Mol Sci. 2020;21:6316.



Page 25 of 29Zhang et al. Stem Cell Research & Therapy          (2025) 16:110  

 81. Nebel S, Lux M, Kuth S, Bider F, Dietrich W, Egger D, et al. Alginate core-
shell capsules for 3D cultivation of adipose-derived mesenchymal stem 
cells. Bioengineering (Basel). 2022;9:66.

 82. Liao S, Meng H, Zhao J, Lin W, Liu X, Tian Z, et al. Injectable adipose-
derived stem cells-embedded alginate-gelatin microspheres prepared 
by electrospray for cartilage tissue regeneration. J Orthop Translat. 
2022;33:174–85.

 83. Sugiaman VK, Jeffrey, Naliani S, Pranata N, Djuanda R, Saputri RI. Poly-
meric scaffolds used in dental pulp regeneration by tissue engineering 
approach. Polymers. 2023;15:1082.

 84. Niknam Z, Golchin A, Rezaei -Tavirani M, Ranjbarvan P, Zali H, Omidi M, 
et al. Osteogenic differentiation potential of adipose-derived mesen-
chymal stem cells cultured on magnesium oxide/polycaprolactone 
nanofibrous scaffolds for improving bone tissue reconstruction. Adv 
Pharm Bull. 2020;12:142–154.

 85. Nguyen DD, Luo LJ, Yang CJ, Lai JY. Highly Retina-Permeating and 
Long-Acting Resveratrol/Metformin Nanotherapeutics for Enhanced 
Treatment of Macular Degeneration. ACS Nano. 2023;17:168–83.

 86. Daliri Shadmehri F, Karimi E, Saburi E. Electrospun PCL/fibrin scaffold as 
a bone implant improved the differentiation of human adipose-derived 
mesenchymal stem cells into osteo-like cells. Int J Polym Mater Polym 
Biomater. 2024;73:71–8.

 87. Honarvar A, Setayeshmehr M, Ghaedamini S, Hashemibeni B, Moroni 
L, Karbasi S. Chondrogenesis of mesenchymal stromal cells on the 
3D printed polycaprolactone/fibrin/decellular cartilage matrix hybrid 
scaffolds in the presence of piascledine. J Biomater Sci Polym Ed. 
2024;35:799–822.

 88. Zeydari D, Karimi E, Saburi E. Synthesis of bone biocompatible implants 
using human adipose-derived mesenchymal stem cells (hADMSCs) and 
PCL/laminin scaffold substrate. Iran J Basic Med Sci. 2023;27:118–94.

 89. Arab F, Aghaee Bakhtiari SH, Pasdar A, Saburi E. Evaluation of osteogenic 
induction potency of miR-27a-3p in adipose tissue-derived human 
mesenchymal stem cells (AD-hMSCs). Mol Biol Rep. 2023;50:1281–91.

 90. Lee JS, Park TH, Ryu JY, Kim DK, Oh EJ, Kim HM, et al. Osteogenesis of 
3D-printed PCL/TCP/bdECM scaffold using adipose-derived stem cells 
aggregates; an experimental study in the canine mandible. Int J Mol 
Sci. 2021;22:5409.

 91. Rozila I, Azari P, Munirah S, Safwani WKZW, Pingguan-Murphy B, Chua 
KH. Polycaprolactone-based scaffolds facilitates osteogenic differen-
tiation of human adipose-derived stem cells in a co-culture system. 
Polymers. 2021;13:597.

 92. Mansour AM, Yahia S, Elsayed HRH, El-Attar SAE, Grawish ME, El-Hawary 
YM, et al. Efficacy of biocompatible trilayers nanofibrous scaffold with/
without allogeneic adipose-derived stem cells on class II furcation 
defects of dogs’ model. Clin Oral Investig. 2022;26:2537–53.

 93. Lau CS, Chua J, Prasadh S, Lim J, Saigo L, Goh BT. Alveolar ridge 
augmentation with a novel combination of 3D-printed scaffolds and 
adipose-derived mesenchymal stem cells-a pilot study in pigs. Bio-
medicines. 2023;11:2274.

 94. Chereddy KK, Vandermeulen G, Préat V. PLGA based drug delivery 
systems: promising carriers for wound healing activity. Wound Repair 
Regen. 2016;24:223–36.

 95. Yang Z, Tang R, Qi Y, Chen W, Xiong Y, Wu L. Restoration of cartilage 
defects using a superparamagnetic iron oxide-labeled adipose-derived 
mesenchymal stem cell and TGF-β3-loaded bilayer PLGA construct. 
Regener Med. 2020;15:1735–47.

 96. Li W, Li S, Zhang J, Zhong H, Liang J, Huang S, et al. Fabrication and 
evaluation of bone morphogenetic protein-2 microspheres coated 
black phosphorus nanosheets@polylactic-glycolic acid copolymers 
scaffold: a multifunctional antibacterial photothermal scaffold for bone 
regeneration. Int J Biol Macromol. 2022;210:350–64.

 97. Casanova EA, Rodriguez-Palomo A, Stähli L, Arnke K, Gröninger O, 
Generali M, et al. SAXS Imaging reveals optimized osseointegration 
properties of bioengineered oriented 3D-PLGA/aCaP scaffolds in a criti-
cal size bone defect model. Biomaterials. 2023;294: 121989.

 98. Li G, Zhao M, Xu F, Yang B, Li X, Meng X, et al. Synthesis and biological 
application of polylactic acid. Molecules. 2020;25:5023.

 99. Zhang S, Ma B, Liu F, Duan J, Wang S, Qiu J, et al. Polylactic acid nanopil-
lar array-driven osteogenic differentiation of human adipose-derived 
stem cells determined by pillar diameter. Nano Lett. 2018;18:2243–53.

 100. Ma B, Han J, Zhang S, Liu F, Wang S, Duan J, et al. Hydroxyapatite nano-
belt/polylactic acid Janus membrane with osteoinduction/barrier dual 
functions for precise bone defect repair. Acta Biomater. 2018;71:108–17.

 101. Manavitehrani I, Fathi A, Wang Y, Maitz PK, Mirmohseni F, Cheng TL, 
et al. Fabrication of a biodegradable implant with tunable characteris-
tics for bone implant applications. Biomacromol. 2017;18:1736–46.

 102. Distler T, Fournier N, Grünewald A, Polley C, Seitz H, Detsch R, et al. 
Polymer-bioactive glass composite filaments for 3D scaffold manufac-
turing by fused deposition modeling: fabrication and characterization. 
Front Bioeng Biotechnol. 2020;8:552.

 103. Gandolfi MG, Gardin C, Zamparini F, Ferroni L, Esposti MD, Parchi G, et al. 
Mineral-Doped Poly(L-lactide) acid scaffolds enriched with exosomes 
improve osteogenic commitment of human adipose-derived mesen-
chymal stem cells. Nanomaterials (Basel). 2020;10:432.

 104. Patel DK, Jin B, Dutta SD, Lim K-T. Osteogenic potential of human 
mesenchymal stem cells on eggshells-derived hydroxyapatite nano-
particles for tissue engineering. J Biomed Mater Res B Appl Biomater. 
2020;108:1953–60.

 105. Bu S, Yan S, Wang R, Xia P, Zhang K, Li G, et al. In situ precipitation 
of cluster and acicular hydroxyapatite onto porous poly(γ-benzyl-l-
glutamate) microcarriers for bone tissue engineering. ACS Appl Mater 
Interfaces. 2020;12:12468–77.

 106. Mondal S, Park S, Choi J, Vu TTH, Doan VHM, Vo TT, et al. Hydroxyapatite: 
a journey from biomaterials to advanced functional materials. Adv Col-
loid Interface Sci. 2023;321: 103013.

 107. Park J, Um SH, Seo Y, Lee J, Kim YC, Ok MR, et al. Improving hydroxyapa-
tite coating ability on biodegradable metal through laser-induced 
hydrothermal coating in liquid precursor: application in orthopedic 
implants. Bioact Mater. 2023;25:796–806.

 108. Ko E, Lee JS, Kim H, Yang SY, Yang D, Yang K, et al. Electrospun silk fibroin 
nanofibrous scaffolds with two-stage hydroxyapatite functionalization 
for enhancing the osteogenic differentiation of human adipose-derived 
mesenchymal stem cells. ACS Appl Mater Interfaces. 2018;10:7614–25.

 109. Xu Y, Xu C, He L, Zhou J, Chen T, Ouyang L, et al. Stratified-structural 
hydrogel incorporated with magnesium-ion-modified black phospho-
rus nanosheets for promoting neuro-vascularized bone regeneration. 
Bioact Mater. 2022;16:271–84.

 110. Huang B, Caetano G, Vyas C, Blaker JJ, Diver C, Bártolo P. Polymer-
ceramic composite scaffolds: the effect of hydroxyapatite and β-tri-
calcium phosphate. Materials (Basel). 2018;11:129.

 111. Kim SE, Park K. Recent advances of biphasic calcium phosphate 
bioceramics for bone tissue regeneration. Adv Exp Med Biol. 
2020;1250:177–88.

 112. Liao HT, Tsai M-J, Brahmayya M, Chen J-P. Bone regeneration using 
adipose-derived stem cells in injectable thermo-gelling hydrogel scaf-
fold containing platelet-rich plasma and biphasic calcium phosphate. 
Int J Mol Sci. 2018;19:2537.

 113. Wang J, Zhao Q, Fu L, Zheng S, Wang C, Han L, et al.  CD301b+ mac-
rophages mediate angiogenesis of calcium phosphate bioceramics by 
CaN/NFATc1/VEGF axis. Bioact Mater. 2022;15:446–55.

 114. Rezai Rad M, Fahimipour F, Dashtimoghadam E, Nokhbatolfoghahaei 
H, Tayebi L, Khojasteh A. Osteogenic differentiation of adipose-derived 
mesenchymal stem cells using 3D-printed PDLLA/ β-TCP nanocompos-
ite scaffolds. Bioprinting. 2021;21: e00117.

 115. Probst FA, Fliefel R, Burian E, Probst M, Eddicks M, Cornelsen M, et al. 
Bone regeneration of minipig mandibular defect by adipose derived 
mesenchymal stem cells seeded tri-calcium phosphate- poly(d, 
l-lactide-co-glycolide) scaffolds. Sci Rep. 2020;10:2062.

 116. Lee D, Choi EJ, Lee SE, Kang KL, Moon H-J, Kim HJ, et al. Injectable bio-
degradable gelatin-methacrylate/β-tricalcium phosphate composite 
for the repair of bone defects. Chem Eng J. 2019;365:30–9.

 117. Wang D, Wang H, Yan Y, Wei N, Jaspers RT, Cao W, et al. Coating 
3D-printed bioceramics with histatin promotes adhesion and osteo-
genesis of stem cells. Tissue Eng Part C Methods. 2023;29:321–31.

 118. Zanicotti DG, Duncan WJ, Seymour GJ, Coates DE. Effect of titanium 
surfaces on the osteogenic differentiation of human adipose-derived 
stem cells. Int J Oral Maxillofac Implants. 2018;33:e77–87.

 119. Koolen M, Amin Yavari S, Lietaert K, Wauthle R, Zadpoor AA, Weinans H. 
Bone regeneration in critical-sized bone defects treated with additively 
manufactured porous metallic biomaterials: the effects of inelastic 
mechanical properties. Materials (Basel). 2020;13:1992.



Page 26 of 29Zhang et al. Stem Cell Research & Therapy          (2025) 16:110 

 120. Heimann RB. Plasma-sprayed hydroxylapatite coatings as biocompat-
ible intermediaries between inorganic implant surfaces and living 
tissue. J Therm Spray Technol. 2018;27:1212–37.

 121. Sedelnikova MB, Komarova EG, Sharkeev YP, Tolkacheva TV, Khlusov IA, 
Litvinova LS, et al. Comparative investigations of structure and proper-
ties of micro-arc wollastonite-calcium phosphate coatings on titanium 
and zirconium-niobium alloy. Bioact Mater. 2017;2:177–84.

 122. Shao H, Zhang Q, Sun M, Wu M, Sun X, Wang Q, et al. Effects of 
hydroxyapatite-coated porous titanium scaffolds functionalized by 
exosomes on the regeneration and repair of irregular bone. Front 
Bioeng Biotechnol. 2023;11:1283811.

 123. Xue T, Attarilar S, Liu S, Liu J, Song X, Li L, et al. Surface modification 
techniques of titanium and its alloys to functionally optimize their bio-
medical properties: thematic review. Front Bioeng Biotechnol. 2020;8: 
603072.

 124. Jung S, Bohner L, Hanisch M, Kleinheinz J, Sielker S. Influence of implant 
material and surface on differentiation and proliferation of human 
adipose-derived stromal cells. Int J Mol Sci. 2018;19:4033.

 125. Calabrese G, Petralia S, Fabbi C, Forte S, Franco D, Guglielmino S, et al. 
Au, Pd and maghemite nanofunctionalized hydroxyapatite scaffolds for 
bone regeneration. Regen Biomater. 2020;7:461–9.

 126. Su Y, Cockerill I, Wang Y, Qin YX, Chang L, Zheng Y, et al. Zinc-based 
biomaterials for regeneration and therapy. Trends Biotechnol. 
2019;37:428–41.

 127. Huo K, Zhang X, Wang H, Zhao L, Liu X, Chu PK. Osteogenic activity and 
antibacterial effects on titanium surfaces modified with Zn-incorpo-
rated nanotube arrays. Biomaterials. 2013;34:3467–78.

 128. Bhattacharjee A, Goodall E, Pereira BL, Soares P, Popat KC. Zinc (Zn) dop-
ing by hydrothermal and alkaline heat-treatment methods on titania 
nanotube arrays for enhanced antibacterial activity. Nanomaterials 
(Basel). 2023;13:1606.

 129. Kong Y, Ma B, Liu F, Chen D, Zhang S, Duan J, et al. Cellular stemness 
maintenance of human adipose-derived stem cells on ZnO nanorod 
arrays. Small. 2019;15: e1904099.

 130. Alrizqi AH, Aleissa BM, Alrizqi AH, Aleissa BM. Prevalence of temporo-
mandibular disorders between 2015–2021: a literature review. Cureus. 
2023;15: e37028.

 131. Beaumont S, Garg K, Gokhale A, Heaphy N. Temporomandibular 
disorder: a practical guide for dental practitioners in diagnosis and 
management. Aust Dent J. 2020;65:172–80.

 132. Derwich M, Mitus-Kenig M, Pawlowska E. Interdisciplinary approach to 
the temporomandibular joint osteoarthritis—review of the literature. 
Medicina (Kaunas). 2020;56:225.

 133. Wang XD, Zhang JN, Gan YH, Zhou YH. Current understanding 
of pathogenesis and treatment of TMJ osteoarthritis. J Dent Res. 
2015;94:666–73.

 134. Cardoneanu A, Macovei LA, Burlui AM, Mihai IR, Bratoiu I, Rezus II, et al. 
Temporomandibular joint osteoarthritis: pathogenic mechanisms 
involving the cartilage and subchondral bone, and potential therapeu-
tic strategies for joint regeneration. Int J Mol Sci. 2023;24:171.

 135. Da Silva ZA, Melo WWP, Ferreira HHN, Lima RR, Souza-Rodrigues RD. 
Global trends and future research directions for temporomandibular 
disorders and stem cells. J Funct Biomater. 2023;14:103.

 136. Brighenti N, Battaglino A, Sinatti P, Abuin-Porras V, Sanchez Romero EA, 
Pedersini P, et al. Effects of an interdisciplinary approach in the manage-
ment of temporomandibular disorders: a scoping review. Int J Environ 
Res Public Health. 2023;20:2777.

 137. Liu Y, Zhang Z, Wang B, Dong Y, Zhao C, Zhao Y, et al. Inflammation-
stimulated MSC-derived small extracellular vesicle miR-27b-3p regu-
lates macrophages by targeting CSF-1 to promote temporomandibular 
joint condylar regeneration. Small. 2022;18:2107354.

 138. Guo Y, Tian T, Yang S, Cai Y. Ginsenoside Rg1/ADSCs supplemented with 
hyaluronic acid as the matrix improves rabbit temporomandibular joint 
osteoarthrosis. Biotechnol Genet Eng Rev. 2023;9:1–22.

 139. Karic V, Chandran R, Abrahamse H. Laser-induced differentiation of 
human adipose-derived stem cells to temporomandibular joint disc 
cells. Lasers Surg Med. 2021;53:567–77.

 140. Carboni A, Amodeo G, Perugini M, Arangio P, Orsini R, Scopelliti D. 
Temporomandibular disorders clinical and anatomical outcomes after 
fat-derived stem cells injection. J Craniofac Surg. 2019;30:793–7.

 141. Lee S, Chae DS, Song BW, Lim S, Kim SW, Kim IK, et al. ADSC-Based Cell 
Therapies for Musculoskeletal Disorders: A Review of Recent Clinical 
Trials. Int J Mol Sci. 2021;22:10586.

 142. Kuwasawa A, Okazaki K, Noda K, Fukushima T, Nihei K. Intra-articular 
injection of culture-expanded adipose tissue-derived stem cells 
for knee osteoarthritis: Assessments with clinical symptoms and 
quantitative measurements of articular cartilage volume. J Orthop Sci. 
2023;28:408–15.

 143. Maumus M, Roussignol G, Toupet K, Penarier G, Bentz I, Teixeira S, et al. 
Utility of a Mouse Model of Osteoarthritis to Demonstrate Cartilage 
Protection by IFNγ-Primed Equine Mesenchymal Stem Cells. Front 
Immunol. 2016;7:392.

 144. Agarwal N, Mak C, Bojanic C, To K, Khan W. Meta-Analysis of Adipose Tis-
sue Derived Cell-Based Therapy for the Treatment of Knee Osteoarthri-
tis. Cells. 2021;10:1365.

 145. Yan B, Lv S, Tong P, Yan L, Chen Z, Zhou L, et al. Intra-articular injection 
of adipose-derived stem cells ameliorates pain and cartilage anabo-
lism/catabolism in osteoarthritis: preclinical and clinical evidences. 
Front Pharmacol. 2022;13: 854025.

 146. Bielajew BJ, Donahue RP, Espinosa MG, Arzi B, Wang D, Hatcher DC, et al. 
Knee othopedics as a template for the temporomandibular joint. CR 
Med. 2021;2: 100241.

 147. El-Qashty R, Elkashty OA, Hany E. Photobiostimulation conjugated with 
stem cells or their secretome for temporomandibular joint arthritis in a 
rat model. BMC Oral Health. 2023;23:720.

 148. Ahtiainen K, Mauno J, Ellä V, Hagström J, Lindqvist C, Miettinen S, et al. 
Autologous adipose stem cells and polylactide discs in the replace-
ment of the rabbit temporomandibular joint disc. J R Soc Interface. 
2013;10:20130287.

 149. Polo-Corrales L, Latorre-Esteves M, Ramirez-Vick JE. Scaffold design for 
bone regeneration. J Nanosci Nanotech. 2014;14:15–56.

 150. Erbe EM, Marx JG, Clineff TD, Bellincampi LD. Potential of an ultraporous 
beta-tricalcium phosphate synthetic cancellous bone void filler and 
bone marrow aspirate composite graft. Eur Spine J. 2001;10:S141–6.

 151. Rodriguez AE, Nowzari H. The long-term risks and complications of 
bovine-derived xenografts: a case series. J Indian Soc Periodontol. 
2019;23:487–92.

 152. Kocan B, Maziarz A, Tabarkiewicz J, Ochiya T, Banaś-Ząbczyk A. Trophic 
activity and phenotype of adipose tissue-derived mesenchymal stem 
cells as a background of their regenerative potential. Stem Cells Int. 
2017;2017:1653254.

 153. Jabbari E. Hydrogels for cell delivery Gels. 2018;4:58.
 154. Cheng N-C, Wang S, Young T-H. The influence of spheroid formation of 

human adipose-derived stem cells on chitosan films on stemness and 
differentiation capabilities. Biomaterials. 2012;33:1748–58.

 155. Tu CC, Cheng NC, Yu J, Pan YX, Tai WC, Chen YC, et al. Adipose-derived 
stem cell spheroid-laden microbial transglutaminase cross-linked gela-
tin hydrogel for treating diabetic periodontal wounds and craniofacial 
defects. Stem Cell Res Ther. 2023;14:20.

 156. Dreifke MB, Ebraheim NA, Jayasuriya AC. Investigation of potential 
injectable polymeric biomaterials for bone regeneration. J Biomed 
Mater Res A. 2013;101:2436–47.

 157. Wang T, Guo S, Zhang H, Chen Y, Cai Y. Injectable hydrogel delivering 
bone morphogenetic protein-2, vascular endothelial growth factor, and 
adipose-derived stem cells for vascularized bone tissue engineering. J 
Drug Deliv Sci Technol. 2020;57: 101637.

 158. Tang Y, Tong X, Conrad B, Yang F. Injectable and in situ crosslinkable 
gelatin microribbon hydrogels for stem cell delivery and bone regen-
eration in vivo. Theranostics. 2020;10:6035–47.

 159. Benders KEM, van Weeren PR, Badylak SF, Saris DBF, Dhert WJA, Malda 
J. Extracellular matrix scaffolds for cartilage and bone regeneration. 
Trends Biotechnol. 2013;31:169–76.

 160. Jo YK, Choi B-H, Zhou C, Ahn J-S, Jun SH, Cha HJ. Bioengineered mussel 
glue incorporated with a cell recognition motif as an osteostimulating 
bone adhesive for titanium implants. J Mater Chem B. 2015;3:8102–14.

 161. Jo YK, Choi B-H, Kim CS, Cha HJ. Diatom-inspired silica nanostructure 
coatings with controllable microroughness using an engineered mus-
sel protein glue to accelerate bone growth on titanium-based implants. 
Adv Mater. 2017;29.



Page 27 of 29Zhang et al. Stem Cell Research & Therapy          (2025) 16:110  

 162. Choi B-H, Jo YK, Zhou C, Jang H-S, Ahn J-S, Jun SH, et al. Sticky bone-
specific artificial extracellular matrix for stem cell-mediated rapid crani-
ofacial bone therapy. Appl Mater Today. 2020;18: 100531.

 163. Rindone AN, Kachniarz B, Achebe CC, Riddle RC, O’Sullivan AN, 
Dorafshar AH, et al. Heparin-conjugated decellularized bone particles 
promote enhanced osteogenic signaling of PDGF-BB to adipose-
derived stem cells in tissue engineered bone grafts. Adv Healthc Mater. 
2019;8:1801565.

 164. Buza JA, Einhorn T. Bone healing in 2016. Clin Cases Miner Bone Metab. 
2016;13:101–5.

 165. Hutton DL, Moore EM, Gimble JM, Grayson WL. Platelet-derived 
growth factor and spatiotempstomatology cues induce develop-
ment of vascularized bone tissue by adipose-derived stem cells. 
Tissue Eng Part A. 2013;19:2076–86.

 166. Bohner M, Miron RJ. A proposed mechanism for material-induced 
heterotopic ossification. Mater Today. 2019;22:132–41.

 167. Kamitakahara M, Ohtsuki C, Miyazaki T. Review paper: behavior of 
ceramic biomaterials derived from tricalcium phosphate in physi-
ological condition. J Biomater Appl. 2008;23:197–212.

 168. Bohner M, Baroud G, Bernstein A, Doebelin N, Galea L, Hesse B, 
et al. Characterization and distribution of mechanically competent 
mineralized tissue in micropores of β-tricalcium phosphate bone 
substitutes. Mater Today. 2017;20:106–15.

 169. Bohner M, Santoni BLG, Döbelin N. Beta-tricalcium phosphate 
for bone substitution: synthesis and properties. Acta Biomater. 
2020;113:23–41.

 170. Thesleff T, Lehtimäki K, Niskakangas T, Mannerström B, Miettinen S, 
Suuronen R, et al. Cranioplasty with adipose-derived stem cells and 
biomaterial: a novel method for cranial reconstruction. Neurosurgery. 
2011;68:1535–40.

 171. Thesleff T, Lehtimäki K, Niskakangas T, Huovinen S, Mannerström B, 
Miettinen S, et al. Cranioplasty with adipose-derived stem cells, beta-
tricalcium phosphate granules and supporting mesh: six-year clinical 
follow-up results. Stem Cells Transl Med. 2017;6:1576–82.

 172. Giannitelli SM, Accoto D, Trombetta M, Rainer A. Current trends in 
the design of scaffolds for computer-aided tissue engineering. Acta 
Biomater. 2014;10:580–94.

 173. Mesimäki K, Lindroos B, Törnwall J, Mauno J, Lindqvist C, Kontio R, 
et al. Novel maxillary reconstruction with ectopic bone formation by 
GMP adipose stem cells. Int J Oral Maxillofac Surg. 2009;38:201–9.

 174. Skovrlj B, Koehler SM, Anderson PA, Qureshi SA, Hecht AC, Iatridis JC, 
et al. Association Between BMP-2 and Carcinogenicity. Spine (Phila Pa 
1976). 2015;40:1862–71.

 175. Fan J, Im CS, Cui Z-K, Guo M, Bezouglaia O, Fartash A, et al. Delivery 
of phenamil enhances BMP-2-induced osteogenic differentiation of 
adipose-derived stem cells and bone formation in calvarial defects. 
Tissue Eng Part A. 2015;21:2053–65.

 176. Hu T, Zhang H, Yu W, Yu X, Li Z, He L. The combination of concen-
trated growth factor and adipose-derived stem cell sheet repairs 
skull defects in rats. Tissue Eng Regen Med. 2021;18:905–13.

 177. He Y, Lin S, Ao Q, He X. The co-culture of ASCs and EPCs promotes 
vascularized bone regeneration in critical-sized bone defects of 
cranial bone in rats. Stem Cell Res Ther. 2020;11:338.

 178. Mesgarzadeh AH, Nasiri I, Jarolmasjed S, Naghibi M, Shafaei H. Evalua-
tion of bone regeneration in mandible large defect using undifferen-
tiated adipose stem cells loaded on gelatin carrier: an animal model 
case study. J Dent Res Dent Clin Dent Prospects. 2021;15:22–9.

 179. Sasayama S, Hara T, Tanaka T, Honda Y, Baba S. Osteogenesis of multi-
potent progenitor cells using the epigallocatechin gallate-modified 
gelatin sponge scaffold in the rat congenital cleft-jaw model. Int J 
Mol Sci. 2018;19:3803.

 180. Si Y, Tai B, Hu D, Lin H, Wang B, Wang C, et al. Oral health status of 
chinese residents and suggestions for prevention and treatment 
strategies. Global Health J. 2019;3:50–4.

 181. Bosshardt DD, Stadlinger B, Terheyden H. Cell-to-cell communication-
periodontal regeneration. Clin Oral Implants Res. 2015;26:229–39.

 182. Teare JA, Ramoshebi LN, Ripamonti U. Periodontal tissue regenera-
tion by recombinant human transforming growth factor-beta 3 in 
papio ursinus. J Periodontal Res. 2008;43:1–8.

 183. Miao Y, Chang Y-C, Tanna N, Almer N, Chung C-H, Zou M, et al. Impact 
of frontier development of alveolar bone grafting on orthodontic 
tooth movement. Front Bioeng Biotechnol. 2022;10: 869191.

 184. Shin S-Y, Shin S-I, Kye S-B, Chang S-W, Hong J, Paeng J-Y, et al. Bone 
cement grafting increases implant primary stability in circumferential 
cortical bone defects. J Periodontal Implant Sci. 2015;45:30–5.

 185. Bartold PM, Shi S, Gronthos S. Stem cells and periodontal regenera-
tion. Periodontol. 2000;2006(40):164–72.

 186. Sheikh Z, Brooks PJ, Barzilay O, Fine N, Glogauer M. Macrophages, for-
eign body giant cells and their response to implantable biomaterials. 
Materials (Basel). 2015;8:5671–701.

 187. Horowitz R, Holtzclaw D, Rosen PS. A review on alveolar ridge 
preservation following tooth extraction. J Evid Based Dent Pract. 
2012;12:149–60.

 188. Kawecki F, Jann J, Fortin M, Auger FA, Faucheux N, Fradette J. Preclini-
cal evaluation of BMP-9-treated human bone-like substitutes for 
alveolar ridge preservation following tooth extraction. Int J Mol Sci. 
2022;23:3302.

 189. Li H, Yuan Y, Chen H, Dai H, Li J. Indoleamine 2,3-dioxygenase medi-
ates the therapeutic effects of adipose-derived stromal/stem cells in 
experimental periodontitis by modulating macrophages through the 
kynurenine-AhR-NRF2 pathway. Mol Metab. 2022;66: 101617.

 190. Yang Y, Zhang B, Yang Y, Peng B, Ye R. PLGA Containing human adipose-
derived stem cell-derived extracellular vesicles accelerates the repair 
of alveolar bone defects via transfer of CGRP. Oxid Med Cell Longev. 
2022;2022:1–14.

 191. Nurden AT. Platelets, inflammation and tissue regeneration. Thromb 
Haemost. 2011;105:S13-33.

 192. Tobita M, Uysal CA, Guo X, Hyakusoku H, Mizuno H. Periodontal tissue 
regeneration by combined implantation of adipose tissue-derived 
stem cells and platelet-rich plasma in a canine model. Cytotherapy. 
2013;15:1517–26.

 193. Tobita M, Mizuno H. Adipose-derived stem cells and platelet-rich 
plasma: the keys to functional periodontal tissue engineering. CSCR. 
2013;8:400–6.

 194. Tobita M, Masubuchi Y, Ogata Y, Mitani A, Kikuchi T, Toriumi T, et al. 
Study protocol for periodontal tissue regeneration with a mixture 
of autologous adipose-derived stem cells and platelet rich plasma: 
a multicenter, randomized, open-label clinical trial. Regen Ther. 
2022;21:436–41.

 195. Genco RJ, Borgnakke WS. Diabetes as a potential risk for periodontitis: 
association studies. Periodontol. 2000;2020(83):40–5.

 196. Ruggiero SL, Dodson TB, Fantasia J, Goodday R, Aghaloo T, Mehrotra B, 
et al. American association of oral and maxillofacial surgeons position 
paper on medication-related osteonecrosis of the jaw–2014 update. J 
Oral Maxillofac Surg. 2014;72:1938–56.

 197. Fliefel R, Tröltzsch M, Kühnisch J, Ehrenfeld M, Otto S. Treatment strate-
gies and outcomes of bisphosphonate-related osteonecrosis of the jaw 
(BRONJ) with characterization of patients: a systematic review. Int J Oral 
Maxillofac Surg. 2015;44:568–85.

 198. Ziebart T, Halling F, Heymann P, Neff A, Blatt S, Jung J, et al. Impact of 
soft tissue pathophysiology in the development and maintenance 
of bisphosphonate-related osteonecrosis of the jaw (BRONJ). Dent J 
(Basel). 2016;4:36.

 199. Zang X, He L, Zhao L, He Y, Xiao E, Zhang Y. Adipose-derived stem cells 
prevent the onset of bisphosphonate-related osteonecrosis of the jaw 
through transforming growth factor β-1-mediated gingival wound 
healing. Stem Cell Res Ther. 2019;10:169.

 200. Scruggs BA, Semon JA, Zhang X, Zhang S, Bowles AC, Pandey AC, et al. 
Age of the donor reduces the ability of human adipose-derived stem 
cells to alleviates symptoms in the experimental autoimmune enceph-
alomyelitis mouse model. Stem Cells Transl Med. 2013;2:797–807.

 201. Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany J, et al. Immuno-
suppressive effect of mesenchymal stem cells favors tumor growth in 
allogeneic animals. Blood. 2003;102:3837–44.

 202. Salah RA, Mohamed IK, El-Badri N. Development of decellularized amni-
otic membrane as a bioscaffold for bone marrow-derived mesenchy-
mal stem cells: ultrastructural study. J Mol Histol. 2018;49:289–301.

 203. Chen Y-J, Chung M-C, Jane Yao C-C, Huang C-H, Chang H-H, Jeng J-H, 
et al. The effects of acellular amniotic membrane matrix on osteogenic 



Page 28 of 29Zhang et al. Stem Cell Research & Therapy          (2025) 16:110 

differentiation and ERK1/2 signaling in human dental apical papilla 
cells. Biomaterials. 2012;33:455–63.

 204. Dziedzic DSM, Mogharbel BF, Irioda AC, Stricker PEF, Perussolo MC, 
Franco CRC, et al. Adipose-derived stromal cells and mineralized extra-
cellular matrix delivery by a human decellularized amniotic membrane 
in periodontal tissue engineering. Membranes. 2021;11:606.

 205. Wu P-H, Chung H-Y, Wang J-H, Shih J-C, Kuo MY-P, Chang P-C, et al. 
Amniotic membrane and adipose-derived stem cell co-culture system 
enhances bone regeneration in a rat periodontal defect model. J 
Formos Med Assoc. 2016;115:186–194.

 206. Barba-Recreo P, Del Castillo Pardo De Vera JL, Georgiev-Hristov T, Ruiz 
Bravo-Burguillos E, Abarrategi A, Burgueño M, et al. Adipose-derived 
stem cells and platelet-rich plasma for preventive treatment of 
bisphosphonate-related osteonecrosis of the jaw in a murine model. J 
Craniomaxillofac Surg. 2015;43:1161–68.

 207. Alonso-Rodriguez E, Gonzalez-Martin-Moro J, Cebrian-Carretero J, Del 
Castillo J, Pozo-Kreilinger J, Ruiz-Bravo E, et al. Bisphosphonate-related 
osteonecrosis application of adipose-derived stem cells in an experi-
mental murine model. Med Oral Patol Oral Cir Bucal. 2019;24:e529–36.

 208. Pourebrahim N, Hashemibeni B, Shahnaseri S, Torabinia N, Mousavi B, 
Adibi S, et al. A comparison of tissue-engineered bone from adipose-
derived stem cell with autogenous bone repair in maxillary alveolar 
cleft model in dogs. Int J Oral Maxillofac Surg. 2013;42:562–8.

 209. Bressan E, Botticelli D, Sivolella S, Bengazi F, Guazzo R, Sbricoli L, et al. 
Adipose-derived stem cells as a tool for dental implant osseoin-
tegration: an experimental study in the dog. Int J Mol Cell Med. 
2015;4:197–208.

 210. Aziz Aly LA, El-Menoufy H, Hassan A, Ragae A, Atta HM, Roshdy NK, 
et al. Influence of autologus adipose derived stem cells and PRP on 
regeneration of dehiscence-type defects in alveolar bone: a compara-
tive histochemical and histomorphometric study in dogs. Int J Stem 
Cells. 2011;4:61–9.

 211. Shafieian R, Matin MM, Rahpeyma A, Fazel A, Sedigh HS, Nabavi AS, 
et al. Effects of human adipose-derived stem cells and platelet-rich 
plasma on healing response of canine alveolar surgical bone defects. 
Number. 2017;5:406–18.

 212. Alvira-González J, Sánchez-Garcés M, Cairó J, Del Pozo M, Sánchez C, 
Gay-Escoda C. Assessment of bone regeneration using adipose-derived 
stem cells in critical-size alveolar ridge defects: an experimental study in 
a dog model. Int J Oral Maxillofac Implants. 2016;31:196–203.

 213. Huang G, Xia B, Dai Z, Yang R, Chen R, Yang H. Comparative study of 
dedifferentiated fat cell and adipose-derived stromal cell sheets for 
periodontal tissue regeneration: in vivo and in vitro evidence. J Clin Peri-
odontol. 2022;49:1289–303.

 214. Mohammed E, Khalil E, Sabry D. Effect of adipose-derived stem cells 
and their exo as adjunctive therapy to nonsurgical periodontal treat-
ment: a histologic and histomorphometric study in rats. Biomolecules. 
2018;84:167.

 215. Si Y, Tai B, Hu D, Lin H, Wang X. Stomatology health status of Chinese 
residents and suggestions for prevention and treatment strategies. 
Glob Health J. 2019;3:50–4.

 216. Sonoyama W, Liu Y, Fang D, Yamaza T, Seo B-M, Zhang C, et al. Mesen-
chymal stem cell-mediated functional tooth regeneration in swine. 
PLoS ONE. 2006;1: e79.

 217. Jing W, Wu L, Lin Y, Liu L, Tang W, Tian W. Odontogenic differentiation of 
adipose-derived stem cells for tooth regeneration: necessity, possibility, 
and strategy. Med Hypotheses. 2008;70:540–2.

 218. Maeda H. Mass acquisition of human periodontal ligament stem cells. 
World J Stem Cells. 2020;12:1023–31.

 219. Ferro F, Spelat R, Falini G, Gallelli A, D’Aurizio F, De Pol I, et al. Adipose 
tissue derived stem cells can be induced in vitro to differentiate in a 
simil-dental bud three-dimensional structure. FASEB J. 2011;25:886–97.

 220. Saito MT, Silvério KG, Casati MZ, Sallum EA, Nociti FH. Tooth-
derived stem cells: update and perspectives. World J Stem Cells. 
2015;7:399–407.

 221. Yuan Y, Zhang X, Zhan Y, Tang S, Deng P, Wang Z, et al. Adipose-derived 
stromal/stem cells are verified to be potential seed candidates for 
bio-root regeneration in three-dimensional culture. Stem Cell Res Ther. 
2022;13:234.

 222. Babaki D, Amoako K, Bahrami AR, Yaghoubi S, Mirahmadi M, Matin MM. 
MTA enhances the potential of adipose-derived mesenchymal stem 
cells for dentin-pulp complex regeneration. Materials. 2020;13:5712.

 223. Gu B, Liu N, Zhou X, Wen X, Nie X, An J, et al. Effect of dental follicle cell 
conditioned media on cementoblast differentiation of adipose-derived 
stem cells. J Oral Sci Res. 2014;30:298–301.

 224. Causeret A, Ract I, Jouan J, Dreano T, Ropars M, Guillin R. A review of 
main anatomical and sonographic features of subcutaneous nerve 
injuries related to orthopedic surgery. Skeletal Radiol. 2018;47:1051–68.

 225. Karagoz H, M. D, Ulkur E, Uygur F, Senol MG, Yapar M, et al. Compari-
son of regeneration results of prefabricated nerve graft, autogenous 
nerve graft, and vein graft in repair of nerve defects. Microsurgery. 
2010;29:138–143.

 226. Sasaki R, Watanabe Y, Yamato M, Okamoto T. Tissue-engineered nerve 
guides with mesenchymal stem cells in the facial nerve regeneration. 
Neurochem Int. 2021;148: 105062.

 227. Abbas OL, Borman H, Uysal ÇA, Gönen ZB, Aydin L, Helvacioğlu F, et al. 
Adipose-derived stem cells enhance axonal regeneration through 
cross-facial nerve grafting in a rat model of facial paralysis. Plast Recon-
str Surg. 2016;138:387–96.

 228. Fujii K, Matsumine H, Osaki H, Ueta Y, Kamei W, Niimi Y, et al. Accelerated 
outgrowth in cross-facial nerve grafts wrapped with adipose-derived 
stem cell sheets. J Tissue Eng Regen Med. 2020;14:1087–99.

 229. Sun Y, Zhang R, Mao X, Zhang M. Research of acellular xenogeneic 
nerve combined with adipose-derived stem cells and platelet rich 
plasma in repair of rabbit facial nerve injury. Zhongguo Xiu Fu Chong 
Jian Wai Ke Za Zhi. 2018;32:736–44.

 230. Ting L, Song Y, Xin W, Yue C, Bing T. Study on the mechanism of adipose 
stem cells-conduit arteriosus complex repair of facial nerve injury. J Biol 
Regul Homeost Agents. 2023;37:4419–25.

 231. Shimizu M, Matsumine H, Osaki H, Ueta Y, Tsunoda S, Kamei W, et al. 
Adipose-derived stem cells and the stromal vascular fraction in polygly-
colic acid-collagen nerve conduits promote rat facial nerve regenera-
tion. Wound Repair Regen. 2018;26:446–55.

 232. Ghoreishian M, Rezaei M, Beni BH, Javanmard SH, Attar BM, Zalzali H. 
Facial nerve repair with Gore-Tex tube and adipose-derived stem cells: 
an animal study in dogs. J Oral Maxillofac Surg. 2013;71:577–87.

 233. Tan J, Xu Y, Han F, Ye X. Genetical modification on adipose-derived stem 
cells facilitates facial nerve regeneration. Aging. 2019;11:908–20.

 234. Kamei W, Matsumine H, Osaki H, Ueta Y, Tsunoda S, Shimizu M, et al. 
Axonal supercharged interpositional jump-graft with a hybrid artificial 
nerve conduit containing adipose-derived stem cells in facial nerve 
paresis rat model. Microsurgery. 2018;38:889–98.

 235. Chen S, He Z, Xu J. Application of adipose-derived stem cells in 
photoaging: basic science and literature review. Stem Cell Res Ther. 
2020;11:491.

 236. Gentile P, Garcovich S. Adipose-derived mesenchymal stem cells (AD-
MSCs) against ultraviolet (UV) radiation effects and the skin photoag-
ing. Biomedicines. 2021;9:532.

 237. Xu P, Xin Y, Zhang Z, Zou X, Xue K, Zhang H, et al. Extracellular vesicles 
from adipose-derived stem cells ameliorate ultraviolet B-induced skin 
photoaging by attenuating reactive oxygen species production and 
inflammation. Stem Cell Res Ther. 2020;11:264.

 238. Gao W, Zhang Y, Yuan L, Huang F, Wang Y. Long non-coding RNA 
H19-overexpressing exosomes ameliorate UVB-induced photoaging 
by upregulating SIRT1 via sponging miR-138. Photochem Photobiol. 
2023;99:1456–67.

 239. Meng S, Xia F, Xu J, Zhang X, Xue M, Gu M, et al. Hepatocyte growth fac-
tor protects pulmonary endothelial barrier against oxidative stress and 
mitochondria-dependent apoptosis. Chin Med J (Engl). 2022;135:837.

 240. Liu Z, Yang Q, Wei Q, Chang Y, Qu M, Yu L. The protective effect of 
miR-377 inhibitor against renal ischemia-reperfusion injury through 
inhibition of inflammation and oxidative stress via a VEGF-dependent 
mechanism in mice. Mol Immunol. 2019;106:153–8.

 241. Peng Y, Yang Q, Gao S, Liu Z, Kong W, Bian X, et al. IL-6 protects cardio-
myocytes from oxidative stress at the early stage of LPS-induced sepsis. 
Biochem Biophys Res Commun. 2022;603:144–52.

 242. Ge Y, Zhang Q, Jiao Z, Li H, Bai G, Wang H. Adipose-derived stem cells 
reduce liver oxidative stress and autophagy induced by ischemia-
reperfusion and hepatectomy injury in swine. Life Sci. 2018;214:62–9.



Page 29 of 29Zhang et al. Stem Cell Research & Therapy          (2025) 16:110  

 243. Kulms D, Pöppelmann B, Yarosh D, Luger TA, Krutmann J, Schwarz T. 
Nuclear and cell membrane effects contribute independently to the 
induction of apoptosis in human cells exposed to UVB radiation. Proc 
Natl Acad Sci U S A. 1999;96:7974–9.

 244. Yao C, Zhou Y, Wang H, Deng F, Chen Y, Zhu X, et al. Adipose-derived 
stem cells alleviate radiation-induced dermatitis by suppressing apop-
tosis and downregulating cathepsin F expression. Stem Cell Res Ther. 
2021;12:447.

 245. Wang J-P, Liao Y-T, Wu S-H, Huang H-K, Chou P-H, Chiang E-R. Adipose 
derived, mesenchymal stem cells from a hypoxic culture reduce carti-
lage damage. Stem Cell Rev Rep. 2021;17:1796–809.

 246. He L, Zhu C, Jia J, Hao X-Y, Yu X-Y, Liu X-Y, et al. ADSC-Exos contain-
ing MALAT1 promotes wound healing by targeting miR-124 through 
activating Wnt/β-Catenin pathway. Biosci Rep. 2020;40:BSR20192549.

 247. Zhang W, Bai X, Zhao B, Li Y, Zhang Y, Li Z, et al. Cell-free therapy based 
on adipose tissue stem cell-derived exosomes promotes wound heal-
ing via the PI3K/Akt signaling pathway. Exp Cell Res. 2018;370:333–42.

 248. Hajialiasgary Najafabadi A, Soheilifar MH, Masoudi-Khoram N. Exosomes 
in skin photoaging: biological functions and therapeutic opportunity. 
Cell Commun Signal. 2024;22:32.

 249. Liang J-X, Liao X, Li S-H, Jiang X, Li Z-H, Wu Y-D, et al. Antiaging proper-
ties of exosomes from adipose-derived mesenchymal stem cells in 
photoaged rat skin. Biomed Res Int. 2020;2020:6406395.

 250. Kotani T, Masutani R, Suzuka T, Oda K, Makino S, Ii M. Anti-inflammatory 
and anti-fibrotic effects of intravenous adipose-derived stem cell 
transplantation in a mouse model of bleomycin-induced interstitial 
pneumonia. Sci Rep. 2017;7:14608.

 251. Xu X, Wang H, Zhang Y, Liu Y, Li Y, Tao K, et al. Adipose-derived stem 
cells cooperate with fractional carbon dioxide laser in antagonizing 
photoaging: a potential role of Wnt and β-Catenin signaling. Cell Biosci. 
2014;4:24.

 252. Jeon B-J, Kim D-W, Kim M-S, Park S-H, Dhong E-S, Yoon E-S, et al. Protec-
tive effects of adipose-derived stem cells against UVB-induced skin 
pigmentation. J Plast Surg Hand Surg. 2016;50:336–42.

 253. Xie X, Wang Y, Xia Y, Mao Y. Overexpressed vascular endothelial growth 
factor in adipose derived stem cells attenuates fibroblasts and skin 
injuries by ultraviolet radiation. Biosci Rep. 2019;39:BSR20190433.

 254. Gong M, Zhai X, Yu L, Li C, Ma X, Shen Q, et al. ADSCs inhibit photoag-
ing- and photocarcinogenesis-related inflammatory responses and 
extracellular matrix degradation. J Cell Biochem. 2020;121:1205–15.

 255. Wang X, Shu X, Huo W, Zou L, Li L. Efficacy of protein extracts from 
medium of adipose-derived stem cells via microneedles on Asian skin. J 
Cosmet Laser Ther. 2018;20:237–44.

 256. Yun IS, Jeon YR, Lee WJ, Lee JW, Rah DK, Tark KC, et al. Effect of human 
adipose derived stem cells on scar formation and remodeling in a pig 
model: a pilot study. Dermatol Surg. 2012;38:1678–88.

 257. Fouda AA, EL-Naby NMA, Saad MA, Shoukr TG, Amin TAS. Evaluation 
of the Efficacy and Safety of Autologous Adipose Tissue-Derived Stem 
Cells in Treatment of Keloids. Journal of Advances in Medicine and 
Medical Research. 2022;529–538.

 258. Ribeiro M, Santos KC, Macedo MR, De Souza GA, Neto FIDA, Araujo 
GHM, et al. Use of adipose derived stem cells accelerates the healing 
process in third-degree burns. Burns. 2024;50:132–45.

 259. Matsumoto D, Sato K, Gonda K, Takaki Y, Shigeura T, Sato T, et al. 
Cell-assisted lipotransfer: supportive use of human adipose-derived 
cells for soft tissue augmentation with lipoinjection. Tissue Eng. 
2006;12:3375–82.

 260. Gentile P, De Angelis B, Pasin M, Cervelli G, Curcio CB, Floris M, et al. 
Adipose-derived stromal vascular fraction cells and platelet-rich 
plasma: basic and clinical evaluation for cell-based therapies in patients 
with scars on the face. J Craniofac Surg. 2014;25:267–72.

 261. Castro-Govea Y, De La Garza-Pineda O, Lara-Arias J, Chacón-Martínez 
H, Mecott-Rivera G, Salazar-Lozano A, et al. Cell-assisted lipotrans-
fer for the treatment of Parry-Romberg syndrome. Arch Plast Surg. 
2012;39:659–62.

 262. Koh KS, Oh TS, Kim H, Chung IW, Lee KW, Lee HB, et al. Clinical applica-
tion of human adipose tissue-derived mesenchymal stem cells in 
progressive hemifacial atrophy (Parry-Romberg disease) with microfat 
grafting techniques using 3-dimensional computed tomography and 
3-dimensional camera. Ann Plast Surg. 2012;69:331–7.

 263. Chang Q, Li J, Dong Z, Liu L, Lu F. Quantitative volumetric analysis 
of progressive hemifacial atrophy corrected using stromal vascu-
lar fraction-supplemented autologous fat grafts. Dermatol Surg. 
2013;39:1465–73.

 264. Ichihashi M, Tanaka M, Iizuka T, Totsuka H, Tominaga E, Hitomi Y, et al. A 
single intradermal injection of autologous adipose-tissue-derived stem 
cells rejuvenates aged skin and sharpens double eyelids. J Pers Med. 
2023;13:1162.

 265. Zhou B-R, Zhang T, Bin Jameel AA, Xu Y, Xu Y, Guo S-L, et al. The efficacy 
of conditioned media of adipose-derived stem cells combined with 
ablative carbon dioxide fractional resurfacing for atrophic acne scars 
and skin rejuvenation. J Cosmet Laser Ther. 2016;18:138–48.

 266. Ding P, Lu E, Li G, Sun Y, Yang W, Zhao Z. Research progress on prepara-
tion, mechanism, and clinical application of nanofat. J Burn Care Res. 
2022;43:1140.

 267. Yusharyahya SN, Japranata VV, Sitohang IBS, Legiawati L, Novianto E, 
Suseno LS, et al. A comparative study on adipose-derived mesenchy-
mal stem cells secretome delivery using microneedling and factional 
 CO2 laser for facial skin rejuvenation. CCID. 2023;16:387–95.

 268. Kim WS, Park BS, Park SH, Kim HK, Sung JH. Antiwrinkle effect of 
adipose-derived stem cell: Activation of dermal fibroblast by secretory 
factors. J Dermatol Sci. 2009;53:96–102.

 269. Chang H, Park JH, Min KH, Lee RS, Kim EK. Whitening effects of adipose-
derived Stem Cells: a preliminary in vivo study. Aesthetic Plast Surg. 
2014;38:230–3.

 270. Kim JH, Jung M, Kim HS, Kim YM, Choi EH. Adipose-derived stem 
cells as a new therapeutic modality for ageing skin. Exp Dermatol. 
2011;20:383–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Advanced progress of adipose-derived stem cells-related biomaterials in maxillofacial regeneration
	Abstract 
	Background
	Adipose-derived stem cells
	Biomaterials within ADSCs for tissue regeneration
	Natural polymers
	Synthetic polymers
	Bioceramics
	Metallic materials

	The application of ADSCs in maxillofacial regeneration
	Temporomandibular joint Regeneration
	Craniomaxillofacial bone regeneration
	Periodontal tissue regeneration
	Alveolar bone regeneration
	Gingival regeneration

	Tooth regeneration
	Facial nerve regeneration
	Plastic and cosmetic surgery
	Photoaging problems in ADSCs applications
	Anti-scarring and fibrosis in ADSCs applications
	Improving facial defects in ADSCs applications
	Beauty and anti-aging in ADSCs applications


	Conclusion and future perspectives
	Acknowledgements
	References


