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An Update on Adipose-Derived Stem Cells for Regenerative
Medicine: Where Challenge Meets Opportunity

Yi Qin, Gaoran Ge, Peng Yang, Liangliang Wang, Yusen Qiao, Guoqing Pan, Huilin Yang,
Jiaxiang Bai,* Wenguo Cui,* and Dechun Geng*

Over the last decade, adipose-derived stem cells (ADSCs) have attracted
increasing attention in the field of regenerative medicine. ADSCs appear to be
the most advantageous cell type for regenerative therapies owing to their easy
accessibility, multipotency, and active paracrine activity. This review highlights
current challenges in translating ADSC-based therapies into clinical settings
and discusses novel strategies to overcome the limitations of ADSCs. To
further establish ADSC-based therapies as an emerging platform for
regenerative medicine, this review also provides an update on the
advancements in this field, including fat grafting, wound healing, bone
regeneration, skeletal muscle repair, tendon reconstruction, cartilage
regeneration, cardiac repair, and nerve regeneration. ADSC-based therapies
are expected to be more tissue-specific and increasingly important in
regenerative medicine.
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1. Introduction

The past few decades have witnessed ex-
ponential growth in regenerative medicine.
As an important branch of regenerative
medicine, stem cell-based therapy opens a
new avenue for patients with incurable dis-
eases for whom conventional treatments
fail. The goal of stem cell-based therapy is
to rejuvenate or replace dysfunctional tis-
sues and organs through stem cell pluripo-
tency, self-renewal, and regenerative cy-
tokine secretion.[1] In general, stem cells
are divided into three categories: embryonic
stem cells, induced pluripotent stem cells,
and adult stem cells. The first challenge in
stem cell-based therapy is to identify ap-
propriate sources of cells as regenerative

agents. Embryonic stem cells are naturally pluripotent; however,
their allogeneic sources and moral concerns restrict their appli-
cation. Induced pluripotent stem cells were initially generated
by reprogramming with four specific genes (OCT4, SOX2, KLF4,
and C-MYC) and have been applied in disease modeling and drug
discovery.[2] However, induced pluripotent stem cells tend to dif-
ferentiate toward immature embryonic or fetal state rather than
fully mature adult cells. In addition, the low induction rate and
unclear underlying molecular mechanisms remain obstacles to
their clinical application.[3]

As the most frequently described population of adult stem
cells, mesenchymal stem cells (MSCs) serve as an ideal candidate
for regenerative medicine owing to their ability to self-renew and
differentiate into tissue-specific cells. MSCs are present in the
umbilical cord blood,[4] placenta,[5] muscle,[6] and other tissues,
with bone marrow and adipose tissue being the most important
sources. The International Society for Cellular Therapy (ISCT)
published three minimum criteria for defining MSCs in 2006: ad-
hesion to a plastic surface under standard culture conditions; the
ability to differentiate into osteoblasts, adipocytes, and chondrob-
lasts in vitro; and phenotypically, CD105, CD73, and CD90 posi-
tivity and negativity for CD45, CD34, CD14 or CD11b, CD79a or
CD19, and HLA-DR.[7] Bone marrow-derived MSCs (BM-MSCs)
are the most widely studied MSCs. However, the harvesting of
bone marrow is a highly invasive procedure, and the number of
the MSCs obtained from bone marrow is limited,[8] so an alter-
native stem cell source for BM-MSCs should be identified.

In 2001, adipose-derived stem cells (ADSCs) were first isolated
from the stromal vascular fraction (SVF) obtained by processing
adipose tissue.[9] As the largest endocrine tissue that regulates
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metabolism and the immune system, adipose tissue is om-
nipresent in humans.[10] Adipose tissues are generally classified
as white or brown adipose tissue, which differ considerably in
morphology, function, and metabolic activity. White adipose tis-
sue is predominantly involved in storing excess energy as lipids
and serves as a source of ADSCs in most studies.[11] Brown
adipose tissue (BAT) has been thought to exist only in infants
and decline with increasing age. However, recent studies have
demonstrated the presence of functional BAT in adult humans,
distributed in cervical, supraclavicular, mediastinal, paraverte-
bral, and suprarenal regions.[12] The existence of ADSCs within
BAT has also been demonstrated. Compared with white adipose
tissue-derived ADSCs, BAT-derived ADSCs exhibited a similar
multilineage differentiation potential, with an enhanced capacity
to differentiate into active brown adipocytes.[12a] Given the
key role of BAT in systemic energy homeostasis, BAT-derived
ADSCs may have therapeutic potential for the treatment of
obesity and metabolic disorders. ADSCs are not a homogenous
cell population, and many researchers have attempted but
failed to identify a specific CD marker to characterize ADSCs
explicitly. ISCT identified surface markers of ADSCs in 2013,
including CD13+/CD29+/CD44+/CD73+/CD90+/CD105+ and
CD31-/CD45-/CD235a-.[13] It is worth noting that the pheno-
type of ADSCs during culture is dynamic; some markers are
expressed de novo, while the expression of others is lost.[14]

For example, CD34 has been demonstrated to be at its peak
levels in early-passage ADSCs, whereas its expression decreases
throughout the culture period.[15]

ADSCs demonstrate morphological and immunophenotypic
characteristics of MSCs.[16] The great advantage of ADSCs is that
they can be harvested through a less invasive method and in
larger quantities without any ethical concerns. Since their dis-
covery, ADSCs have become a research hotspot with promising
prospects in regenerative medicine. In this review, we highlight
current challenges in translating ADSC-based therapies into clin-
ical settings, discuss novel strategies for overcoming the limita-
tions of ADSCs, and provide an update on the advancements in
ADSCs for regenerative medicine (Figure 1). Therefore, the pur-
pose of this review is not only to emphasize the challenges and
opportunities in this emerging field, but also to further establish
ADSC-based therapies as an emerging platform for regenerative
medicine.

2. Therapeutic Potential of ADSCs and Current
Challenges

Regenerative medicine aims at repairing or replacing tissues
damaged by genetic, traumatic, or degenerative defects. This ra-
tionale is based either on the ability of stem cells to replace dead
cells with newly differentiated progenies, or on their paracrine
activity, which actively promotes tissue regeneration. When ad-
ministrated directly or in combination with biofunctional scaf-
folds, ADSCs repopulate damaged tissues via adhesion, prolif-
eration, and differentiation.[17] ADSCs are MSCs of mesoder-
mal origin with the capacity for classical adipogenic, osteogenic,
and chondrogenic differentiation. In a donor-matched compar-
ison between ADSCs and BM-MSCs, ADSCs exhibited higher
proliferation and adipogenic capacities, while BM-MSCs showed
higher osteogenic and chondrogenic capacities, indicating that

MSCs may be more steered toward certain lineage differentia-
tion depending on their tissue origin.[18] However, studies have
also suggested that the osteogenic differentiation capability of
ADSCs is comparable to that of BM-MSCs.[19] These opposite re-
sults may attribute to donor variation and heterogeneity among
different MSC populations. Interestingly, ADSCs can also differ-
entiate into nonmesenchymal cell lineages, such as endothelial,
myogenic, and neuronal lineages.[20] The differentiation of AD-
SCs toward specific cell types is regulated by a combination of
several inductive factors. Hence, cell culture media containing
lineage-specific induction factors, mechanical or electromagnetic
stimulation, and genetic reprogramming have been widely used
to induce the differentiation of ADSCs into specific cell types.
This multipotent property makes ADSCs a promising candidate
for tissue regeneration.

However, the therapeutic potential of ADSCs is not lim-
ited to cell replacement. ADSCs have paracrine activity and
secrete a broad spectrum of bioactive molecules, such as cy-
tokines, antioxidant factors, chemokines, and growth factors.[21]

The paracrine mechanism plays crucial roles in various thera-
peutic effects, including facilitating angiogenesis, suppressing
apoptosis, and participating in immunoregulation. Vasculariza-
tion of newly formed tissues can supply sufficient nutrients
and oxygen, and transport waste and possible material degrada-
tion products. Hence, angiogenic processes are necessary for the
survival of the regenerated tissue. Vascular endothelial growth
factor (VEGF), transforming growth factor-𝛽 (TGF-𝛽), platelet-
derived growth factor (PDGF), angiogenin (ANG), and other an-
giogenic cytokines secreted by ADSCs can synergistically pro-
mote the angiogenic process and facilitate tissue regeneration.[22]

In addition, ADSCs exert an anti-apoptotic effect via the se-
cretion of insulin-like growth factor-1 (IGF-1) and exosomes,
protecting both damaged native tissues and newly regenerated
tissues.[23] Immunoregulation is another mechanism through
which ADSCs exhibit therapeutic potential. Inflammation is gen-
erally present in damaged tissues, without which the initiation
and completion of the repair process cannot occur. However, ex-
cessive inflammation impairs tissue regeneration. ADSCs can
suppress dendritic cell differentiation, immunoglobulin synthe-
sis, CD8+ and CD4+ T lymphocytes and natural killer cell pro-
liferation, and promote M2 macrophage polarization and regula-
tory T-cell proliferation.[24] ADSCs can alleviate excessive inflam-
mation and regulate the immune system through direct cell–cell
contact or indirect paracrine activity, thereby facilitating tissue
regeneration.[25]

Despite the recent encouraging outcomes of preclinical
and clinical studies on ADSCs in recent years, concerns have
arisen that ADSCs transplantation may increase the risk of
tumor growth and metastasis.[26] The therapeutic potential of
ADSCs is primarily attributed to their roles in proangiogenesis,
cellular homing, and immune regulation. These properties
may induce tumor progression through similar mechanisms
that promote tissue regeneration. ADSCs can be recruited to
tumors and integrated into the tumor stroma, after which some
ADSCs are converted to cancer-associated fibroblasts, while
others remain as ADSCs.[27] Cancer-associated fibroblasts are
integral components of the tumor microenvironment, which
can promote cancer cell proliferation, immune exclusion, and
therapy resistance by secreting growth factors, inflammatory
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Figure 1. Schematic representation of adipose-derived stem cells (ADSCs) for regenerative therapies. ADSCs serve as an ideal candidate for regenerative
medicine owing to their ability to differentiate into multilineages, facilitate angiogenesis, suppress apoptosis, and participate in immunoregulation.
Numerous preclinical studies and clinical trials have demonstrated the therapeutic potential of ADSCs in fat grafting, wound healing, bone regeneration,
skeletal muscle repair, tendon reconstruction, cartilage regeneration, cardiac repair, and nerve regeneration.

ligands, and extracellular matrix proteins.[28] Meanwhile, un-
differentiated ADSCs in tumors exhibit active paracrine activity
and secrete various cytokines that facilitate tissue regeneration,
including growth factors and VEGF. These bioactive molecules
secreted into the tumor microenvironment may enhance tu-
mor vascularization, promote the survival and proliferation of
tumor cells, and accelerate tumor progression.[29] The potential
tumorigenicity of ADSCs has been widely discussed in the field
of breast reconstruction because the breast microenvironment
after oncological mastectomy is completely different from that
of the normal microenvironment.[30] Koellensperger et al. eval-
uated the interactions between ADSCs and five human breast
cancer cell lines (BRCAs), including MCF-7, MDA-MB-231,
SK-BR-3, ZR-75-30, and EVSA-T.[31] Their results revealed that

ADSCs could enhance multiple malignant features of BRCAs
in vitro, such as gene expression, protein secretion, migration,
and angiogenesis. In addition, Goto et al. proposed that ADSCs
isolated from patients with breast cancer can promote human
breast cancer patient-derived xenograft tumor growth through
the adipokine adipsin, which serves as a component of the tumor
microenvironment in breast cancers.[32]

In contrast, a recent study by Ejaz et al. showed that AD-
SCs do not increase the proliferation rate of breast cancer
cells either through paracrine secretion or contact-dependent
interactions.[33] The authors also emphasized the importance
of studies in appropriate animal models and long-term clinical
data from postoperative patients, as the majority of experimental
studies utilized ADSCs and in vitro differentiated adipocytes as
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models,[31,32,34] which may not reflect the actual clinical scenario.
Although discussions on the potential tumorigenicity of ADSCs
are ongoing, there is no doubt that large randomized and con-
trolled clinical trials are essential to reach a final safety recom-
mendation.

Another challenge in the clinical translation of ADSC-based
therapies is the uncertainty regarding their clinical efficacy. Most
of our understanding of ADSCs today comes from studies per-
formed on in vitro 2D cell culture systems, which generally ig-
nore critical characteristics such as cell–cell and cell–extracellular
cell matrix (ECM) interactions, tissue architecture, and biophys-
ical cues of the 3D niche. Although animal models have been
employed in preclinical studies to evaluate the efficacy and safety
of therapies, researchers have found it difficult to apply their
success in clinical settings because of the lack of physiological,
molecular, and genetic relevance to human clinical conditions.[35]

Worse still, the absence of standard procedures for applying AD-
SCs leads to varied cell qualities, which increases the uncertainty
of their clinical efficacy. The intrinsic characteristics of donors
can influence the properties of isolated ADSCs. For example,
increasing the age of donors may reduce the proliferation and
differentiation potential of ADSCs,[36] whereas studies suggest
no significant impact of sex.[37] Moreover, ADSCs obtained from
obese donors exhibited increased proliferation and migration ca-
pacity, excessive immune response, and decreased differentiation
potential. These properties are modulated by the microenviron-
ment within the adipose tissue, which is characterized by low
oxygen levels and chronic inflammation in the obese context.[38]

Similarly, the detrimental effects of diabetes and radiotherapy on
ADSCs have been demonstrated.[39] In addition, there is depot-
dependent variability in the properties of ADSCs population.
Compared to ADSCs harvested from the omentum, those from
subcutaneous and intrathoracic adipose tissues exhibited higher
adipogenic differentiation potential but lower osteogenic differ-
entiation capacity.[40] Different sources and a lack of standard iso-
lation procedure result in varied ADSC qualities, making it dif-
ficult to compare different experimental results. Although AD-
SCs appear to be the most advantageous cell type for regenera-
tive therapies, the clinical translation of ADSC-based therapies
remains unclear.

3. Novel Strategies for Overcoming the Limitations
of ADSCs

3.1. ADSCs Secretome and Cell-Free Therapy

As mentioned above, ADSCs exert their therapeutic effect not
only by direct cell-to-cell interactions, but also through the secre-
tome, including extracellular vesicles (EVs), cytokines, and other
active substances. Hence, using the ADSCs secretome to en-
hance tissue regeneration may be a promising alternative to con-
ventional ADSCs therapies.[41] The cell-free therapy utilizing the
ADSCs secretome avoids many shortcomings of administering
whole cells, such as potential tumorigenicity and storage prob-
lems. Compared with ADSCs, the secretome is more stable and
less immunogenic, making it a better candidate for allogeneic
transplantation and commercial promotion.[42]

In the cell culture process under laboratory conditions, AD-
SCs tend to release a broad spectrum of bioactive factors into

the culture medium, which is termed conditioned medium (CM).
ADSC-CM comprises the entire ADSCs secretome and has been
demonstrated to exert beneficial effects on wound healing,[43]

cardioprotection,[44] and neuroprotection.[45] EVs are a heteroge-
neous group of cell-derived membranous structures that play a
crucial role in the therapeutic potential of ADSC-CM and con-
sist of various subclasses including exosomes, microvesicles, and
apoptotic bodies.[46] In recent years, ADSC-derived exosomes
(ADSC-Exos) harvested from ADSC-CM have attracted research
interest in regenerative therapies.

Exosomes are small EVs with diameters of 40–160 nm.[47] The
biogenesis begins with endocytosis and the formation of early
endosomes, which mature into multivesicular bodies (MVBs)
with the accumulation of intraluminal vesicles (ILVs). ILVs are re-
leased as exosomes through the fusion of MVBs with the plasma
membrane.[47,48] Several proteins are enriched in the ADSC-Exos,
such as tetraspanins (CD9, CD63, and CD81), biogenesis-related
proteins (TSG101 and ALIX), and heat shock proteins (HSP70
and HSP90).[49] In addition, ADSC-Exos contain nucleic acids
including DNA, mRNA, miRNA and rRNA.[50] Using these var-
ied proteins and genetic materials, ADSC-Exos are involved in
cell proliferation, migration, apoptosis, regulation of immune
and inflammatory responses, and promotion of angiogenesis
(Figure 2).[51] In comparison to their parent cells, certain com-
ponents are enriched in ADSC-Exos, while others are present in
reduced quantities.[46] Despite the differences in composition,
Chen et al. noted that ADSC-Exos were comparable to source
ADSCs in terms of achieving improved fat graft retention, sug-
gesting that ADSC-Exos are equally potent when administered in
vivo.[52] To date, the regenerative effects of ADSC-Exos have been
confirmed in numerous fields, including wound healing,[53] bone
regeneration,[54] cartilage repair,[55] myocardial protection,[56] and
nerve regeneration.[57]

The more effective application of ADSC-Exos in regenera-
tive therapy has attracted considerable attention. Engineering
ADSC-Exos with a specific therapeutic cargo to incorporate the
desired functionalities may be a feasible strategy for ADSC-
Exo applications. Chen et al. harvested exosomes from ADSCs
overexpressing miR-375 after lentiviral transfection. When im-
planted into a rat calvarial defect model, ADSC-Exos enriched
with miR-375 intensified bone formation more effectively than
those unmodified.[58] In addition, Han et al. revealed that exo-
somes from hypoxia-treated ADSCs exhibited a higher capacity
to enhance angiogenesis than those from normoxia-treated AD-
SCs, demonstrating that the biological activity of ADSC-Exos can
be altered by the culturing conditions.[59] Furthermore, incorpo-
rating ADSC-Exos into a suitable biomaterial has the potential
to control their release, distribution, and retention in vivo, thus
serving as a promising alternative method of administration.[60]

Unlike MVB-derived exosomes, microvesicles are generated
by outward budding and fission of the plasma membrane, which
is the result of dynamic interplay between phospholipid redis-
tribution and cytoskeletal protein contraction. The formation of
microvesicles is initiated by the activity of aminophospholipid
translocases that transfer phospholipids from one leaflet of the
plasma membrane to the other. ADP-ribosylation factor 6 plays
an important role in microvesicles budding by stimulating phos-
pholipase D activity, which promotes the activation of extracellu-
lar signal-regulated kinase (ERK). The contractile protein myosin
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Figure 2. Schematic illustration of the biogenesis and therapeutic potential of adipose-derived stem cell-derived exosomes (ADSC-Exos). The process
begins with endocytosis and the formation of early endosomes, which can mature into multivesicular bodies (MVBs) with the accumulation of intra-
luminal vesicles (ILVs). When MVBs fuse with the plasma membrane, ILVs are released as exosomes. ADSC-Exos contain tetraspanins (CD9, CD63,
and CD81), biogenesis-related proteins (TSG101 and ALIX), heat shock proteins (HSP70 and HSP90) and nucleic acids (DNA, mRNA, miRNA, and
rRNA). ADSC-Exos exhibit therapeutic potential by enhancing cell proliferation, cell migration, and angiogenesis, participating in immunoregulation,
and suppressing apoptosis.

light streptokinase is then phosphorylated by ERK, leading to the
serine phosphorylation of myosin II, ultimately triggering the
release of microvesicles.[61] ADSC-derived microvesicles (ADSC-
MVs) tend to be larger in size (100–1000 nm) relative to ADSC-
Exos, though the size ranges overlap between these two types
of EVs. Like ADSC-Exos, ADSC-MVs transport multiple proteins
and nucleic acids to act as enhancers for tissue regeneration.[62]

Apoptosis is a form of programmed cell death that begins with
condensation of the nuclear chromatin, followed by membrane
blebbing, and progresses to disintegration of the cellular con-
tents. Apoptotic bodies are membrane enclosed vesicles gener-
ated during the final stages of apoptosis and are extremely het-
erogeneous in size, ranging from 500 to 4000 nm in diameter.[63]

A wide variety of functional biomolecules are present in apop-
totic bodies, making them a promising candidate for regenerative
medicine.[64] To date, studies focusing on ADSC-derived apop-
totic bodies (ADSC-Abs) are limited, whereas a recent study ex-
plored the promoting effect of ADSC-Abs on wound healing.[65]

Further studies are required to evaluate their efficacy in tissue
regeneration.

ADSCs secretome has been proposed as a regenerative me-
diator for cell-free therapy with increased effectiveness and
fewer side effects. Nevertheless, several challenges remain in
this emerging field. Differential ultracentrifugation is the most
widely used approach for EV isolation because of its relatively
simple protocol and high yield, but this method cannot dis-
tinguish EVs with overlapping ranges, such as exosomes and
microvesicles.[66] Multiple other isolation methods have been
developed, such as density gradient ultracentrifugation, size-
exclusion chromatography, and affinity capture.[67] However, it
is still difficult to balance the purity, yield, and cost of EVs. Due
to the various qualities of EVs arising from the lack of standard
isolation methods, data from different studies seem incompara-
ble. Furthermore, demonstrating a function specific to a given EV
source is challenging for researchers in this field. The following
demonstrations are required according to the minimal informa-
tion for studies of extracellular vesicles 2018 (MISEV2018) po-
sition paper: 1) the activity is observed in the absence of direct
cell–cell contact; 2) the activity is predominantly associated with
EVs rather than with soluble mediators; 3) the activity is closely
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Figure 3. Application of 3D bioprinting for organoid production and organ reconstruction. Bioinks containing ADSCs are printed as organoids, organ-on-
a-chip systems, and organ-level 3D tissues. Organoids have been widely used in basic research, drug testing, and regenerative medicine. The Organoids-
on-a-chip technology combines the best features of organoids and organ-on-a-chip systems, becoming a promising approach for recapitulating the key
aspects of human physiology and pathophysiology.

related to EVs rather than with co-isolated components; 4) the
function is specific to a given EV source, as compared with other
EVs with similar diameters; and 5) the function is mediated by a
specific component in EVs rather than others.[68] Only in this way
can the specific mechanism underlying the regenerative effect of
EVs be fully elucidated. In addition, multiple injections are gen-
erally required to maintain the desired effects in cell-free therapy
because the drugs used do not contain stem cells, which may re-
duce patient compliance and increase the cost of treatment.[69]

Further systematic and rigorous research to determine the ther-
apeutic potential of EVs will drive evidence-based applications of
cell-free therapy.

3.2. 3D Bioprinting Using ADSCs in Regenerative Medicine

3D bioprinting is a state-of-the-art strategy for recapitulating the
functional organization of human tissues and 3D micro-tissue
environments. The bioinks used in 3D bioprinting technology
are composed of living cells, base structural materials, and other
essential components.[70] Depending on the computer-aided de-
sign and automated dispensing systems, bioprinting can pre-
cisely control the deposition of cells and biomatrices in a layer-by-
layer manner to fabricate biomimetic tissue constructs or even
functional organs.[71] Therefore, 3D bioprinting has become a

major research topic in recent years and facilitated the devel-
opment of numerous technologies, including organoids, organ-
on-a-chip systems, and 3D tissue construction, providing new
opportunities for the widespread use of ADSCs in regenerative
medicine (Figure 3).

Recent advances in 3D cell culture technologies have played a
crucial role in organoid culture. Organoids are complex 3D struc-
tures grown from stem cells through a self-organization process
that display functionalities and architectures similar to in vivo
organs.[72] Numerous studies have demonstrated the potential
use of organoids in disease modeling, drug screening, and tis-
sue engineering. However, their variability and limited scale of
organoid restrict their application.[73] Recently, Lawlor et al. ap-
plied automated extrusion-based 3D bioprinting to manufacture
kidney organoids.[74] Compared with the manual organoid gen-
eration, organoid bioprinting increased the throughput of man-
ufacturing nine-fold with highly reproducible cell number, di-
ameter, and cell viability. Additionally, Brassard et al. generated
centimeter-scale tissues through organoid bioprinting, which
comprised branched vasculature, lumens, and tubular intesti-
nal epithelia with villus domains and crypts.[75] This study re-
vealed that organoid technology and bioprinting can be merged
to achieve controllable complex biomimetic structures. The com-
bination of 3D bioprinting and organoid production overcomes
the limitations of traditional organoid generation and facilitates
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their application in basic research, drug testing, and regenerative
medicine. 3D bioprinting using organoid-forming ADSCs may
expand the prospects of ADSC-based therapies in the near future.

The organ-on-a-chip system is another microphysiological sys-
tem consisting of transparent 3D polymeric microchannels lined
with living human cells.[76] Compared with conventional soft
lithography, 3D bioprinting can be used to easily design and con-
struct complex microfluidic systems, providing a more efficient
choice for fabricating biological structures with heterogeneity,
3D cell distribution, and tissue-specific functions.[77] Recently,
an emerging technology called organoids-on-a-chip has become
a promising approach for recapitulating key aspects of human
physiology and pathophysiology. Organoids-on-a-chip technol-
ogy combines the best features of organoids with those of organ-
on-a-chip systems. This platform can control organoids in the
microenvironment and model interactions between tissues and
organs.[78] Although this technology is still in its infancy, we ex-
pect that organoids-on-a-chip with 3D bioprinting will become
an important complement to current animal models and facili-
tate the clinical translation of ADSC-based therapies.

3D bioprinting using ADSCs has achieved initial success in 3D
tissue construction and organ reconstruction. Sorkio et al. pro-
duced 3D cornea-mimicking tissues by using ADSCs and laser-
assisted 3D bioprinting.[79] In this study, ADSCs were used as a
cell source for constructing stroma-mimicking structures and or-
ganized horizontally as in the native corneal stroma. When im-
planted into organ-cultured porcine corneas, the 3D bioprinted
stromal structures exhibited attachment to the host tissue with
signs of ADSCs migration from the printed structure. Lee et al.
used bioprinting technology including a sacrificial layer pro-
cess to fabricate a dual-cell-type printed structure with an ear
shape.[80] In the main part, adipocytes and chondrocytes differ-
entiated from ADSCs were encapsulated in hydrogel to dispense
into the fat and cartilage regions of ear-shaped structures. The ar-
tificial ears satisfied the expectations for both the appearance and
anatomy of the native ear, indicating the feasibility of bioprinting
for regenerating organs with complex shapes. Taken together, the
introduction of 3D bioprinting in the field of ADSC-based thera-
pies allows us to mimic the complexity of human tissue and rep-
resents a significant step toward organ-level functional 3D tissue
construction.

3.3. Optimized and Standardized Procedures for Applying ADSCs

Although ADSCs appear to meet the criteria for ideal cell therapy
in regenerative medicine, the absence of standard protocols for
ADSCs application limits their widespread clinical use. ADSCs
isolated from different donors and depots exhibit different pro-
liferative, migratory, and differentiation properties. Most of the
present clinical trials on ADSCs have applied autologous or al-
logeneic ADSCs obtained from subcutaneous adipose tissue be-
cause they can be easily harvested through liposuction. A deeper
understanding of the properties of ADSCs from different donors
and depots is important for clinical applications, which would
provide crucial information on suitable patient selection, optimal
timing of ADSCs harvesting, and expectations for clinical cura-
tive effects. In addition, different isolation methods can affect the
yield and biology of ADSCs. Optimized and standardized proce-

dures for applying ADSCs at different checkpoints are essential
for translating ADSC-based therapies to the clinic (Figure 4).

Although the harvesting procedure described by Zuk et al. in
2001 remains the most commonly used method for SVF process-
ing and ADSCs isolation,[9] many modified methods have been
proposed. In terms of the yield and biology of ADSCs, power-
assisted liposuction is preferable to other harvesting techniques,
such as surgical resection and laser-assisted liposuction.[81] Shah
et al. reported a new method for isolating ADSCs from lipoaspi-
rates without enzymatic treatment. Instead of expensive collage-
nase, this simple washing method yields a similar cell product
with a favorable immunophenotype.[82] Palumbo et al. compared
the spontaneous lipoaspirate stratification (10, 20, or 30 min) to
the centrifugation technique (90, 400, or 1500×g) and analyzed
the yield of ADSCs.[83] Their results indicated that spontaneous
stratification at 20 min or centrifugation at 400×g can provide suf-
ficient ADSCs and preserve adipocyte integrity, demonstrating
the effectiveness of both approaches. Nevertheless, data compar-
ing the efficacy of various methods are still unavailable; therefore,
no standardized method has been defined to date. Commercial-
ized devices have been developed to improve SVF separation pro-
cess. Devices offering enzymatic methods are generally more effi-
cient but more expensive than those using mechanical methods.
For the widespread use of ADSCs in regenerative therapy, further
experiments are essential to describe the standardized isolation
procedure with efficacy and cost-effectiveness.

Long-term ADSC storage is another barrier to the clinical ap-
plication of ADSC-based therapies. Dimethyl sulfoxide remains
the most common cryoprotective agent, and xenogeneic serum-
free media has been formulated to avoid immunological reac-
tions and infections.[84] Few studies have investigated the optimal
temperature and storage duration for ADSCs. Roato et al. demon-
strated that ADSCs obtained from cryopreserved adipose tissue
at -80 °C and -196 °C both exhibited viability and differentiation
ability comparable to fresh samples.[85] In addition, a recent study
reported that adipose tissue and ADSCs can be cryopreserved for
up to 44 months before use.[86] However, the quantity and qual-
ity of ADSCs after freeze-thaw cycles are unpredictable, and the
feasibility of quality-controlled ADSCs storage remains unclear.
Cryopreservation of ADSCs remains a great challenge and fur-
ther investigation is clearly warranted. The long-term storage of
umbilical cord blood has become common because of the estab-
lishment of standard procedures. Similarly, a standardized cry-
opreservation process is essential for constructing ADSCs banks,
which will greatly facilitate the clinical application of ADSCs.

4. ADSCs in Regenerative Therapies: An Overview
of Recent Advancements

4.1. ADSCs for Fat Grafting

Owing to its inherent advantages of being the most natural filler
and autologous tissue, fat grafting has been extensively used
in plastic surgery for various diseases.[87] However, inconsistent
vascularization and unpredictable survival volume place limita-
tions on the repair size.[88] In 2006, Matsumoto et al. first re-
ported a technique named cell-assisted lipotransfer (CAL).[89]

They combined aspirated fat with ADSCs to create stem cell-rich
fat grafts and transplanted them subcutaneously into mice with
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Figure 4. Procedures for applying adipose-derived stem cells (ADSCs). Green arrows indicate the isolation of ADSCs. Adipose tissues are harvested
from healthy donors or patients using liposuction and processed using enzymatical or mechanical procedures to separate stromal vascular fraction
(SVF). Then ADSCs are obtained through seeding SVF in culture. Yellow arrows indicate the clinical use of ADSCs. According to the damaged organs
of patients, ADSCs can be directly administered, preconditioned to enhance therapeutic effects, or combined with biomaterials for tissue engineering.
Blue arrows indicate the storage of ADSCs. Cryopreserved ADSCs can be transported to medical institutions at a distance or ADSCs banks for long-term
storage until needed.

severe combined immunodeficiency. Compared to conventional
fat grafting, CAL showed a significantly higher survival rate of
transplanted fat with enhanced angiogenesis. Since then, ADSC-
based CAL has been developed and used for facial rejuvenation
and cosmetic breast augmentation.[90]

Recently, the efficacy and safety of CAL have been investigated
in preclinical and clinical studies. Chen et al. suggested that AD-
SCs can modulate inflammatory and oxidative responses and in-
crease the survival rate of fat grafts via crosstalk between the
Nrf2 and TLR4 pathways, further elucidating the mechanism of
ADSCs co-transplanted with adipose tissue.[91] Moreover, consid-
ering the importance of revascularization for the survival of fat
grafts, methods to augment the proangiogenic ability of ADSCs
have become a major research interest. Yu et al. transfected mod-
ified mRNA (modRNA) encoding VEGF into ADSCs and trans-
planted them with human fat into a murine model.[92] Although
the proangiogenic cytokine VEGF is naturally secreted by AD-
SCs, premature cell death and low levels of endogenous VEGF
after transplantation lead to insufficient angiogenesis. Through
VEGF modRNA transfection, ADSCs enhanced their proangio-
genic ability and promoted long-term fat graft survival in vivo
(Figure 5A). Similarly, Borrelli et al. isolated a CD34+CD146+

ADSCs subpopulation by fluorescence-activated cell sorting. Af-
ter transplantation, CD34+CD146+ ADSCs improved the sur-
vival rate of fat grafts with increased expression of proangio-
genic factors, including VEGF, fibroblast growth factor (FGF),
and angiopoietin-1 (Figure 5B).[93] To investigate the therapeutic
effect of ADSCs in the clinic, Kølle et al. conducted a clinical trial

involving 10 healthy participants.[94] They enriched fat grafts with
autologous ADSCs in vitro. Then ADSC-enriched fat grafts and
fat grafts without ADSCs enrichment were subcutaneously trans-
planted into the upper arm. During the 121 day follow-up, the
ADSC-enriched fat grafts showed significantly higher fat survival
than the control grafts, without causing serious adverse events
(Figure 5C).

Although discussions about the potential tumorigenicity of
ADSCs are ongoing, no clinical trials have indicated that AD-
SCs increase the risk of oncological recurrence. In a recent clini-
cal trial involving 169 patients after breast cancer surgery, 41 pa-
tients received CAL and 64 patients received standard fat grafting,
whereas the others did not undergo any fat grafting procedure.[95]

During at least 5 years of follow-up, neither standard fat grafting
nor CAL increased the oncological recurrence, demonstrating the
safety of CAL. Currently, the conclusive guidelines for the use of
CAL in breast reconstruction after oncological mastectomy have
not yet been formulated. A larger prospective, randomized, mul-
ticenter clinical study is required to evaluate the safety of ADSCs
transplantation in cancerous environments.

4.2. ADSCs for Wound Healing

As a protective shield for the human body, the skin exhibits self-
healing and renewal functions when suffering acute or chronic
injuries. Wound healing is a dynamic and complex process in-
volving blood coagulation, inflammation, cell proliferation, and

Adv. Sci. 2023, 10, 2207334 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207334 (8 of 27)



www.advancedsciencenews.com www.advancedscience.com

Figure 5. Adipose-derived stem cells (ADSCs) increase the survival rate of fat grafts. A) Schematic illustration of the co-transplantation of fat grafts with
phosphate-buffered saline (PBS), ADSCs transfected with Luciferase (ADSCmodLuc) and ADSCs transfected with VEGF modRNA (ADSCmodVEGF). (a)
Representative gross morphological images of fat grafts at 15, 30 and 90 d following transplantation. (b) Representative gross morphological assessment
and hematoxylin and eosin (H&E) staining of extracted fat grafts at 1-week post-implantation. Yellow arrows indicate new blood vessel formation within
the fat grafts. Reproduced under terms of the CC-BY license.[92] Copyright 2020, The Authors, Published by Springer Nature. B) Schematic illustration of
isolation of CD34+CD146+, CD34+CD146−, and CD34+ unfractionated (UF) ADSCs by fluorescence-activated cell sorting (FACS). (c) Micro-computed
tomography of fat grafts at 8 weeks post-transplantation. Reproduced under terms of the CC-BY license.[93] Copyright 2020, Oxford University Press.
C) Magnetic resonance imaging (MRI) of the same areas of healthy participants before implantation and day 0 and 121 after implantation. Reproduced
with permission.[94] Copyright 2013, Elsevier.
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ECM remodeling.[96] However, the wound healing process may
be compromised under particular circumstances, such as dia-
betes mellitus or deep burns.[97] For refractory wounds which in-
cur clinical and socioeconomic costs, the therapeutic potential of
ADSCs has been identified as a promising research direction.

ADSCs are involved in the healing process through their dif-
ferentiation into skin cells and paracrine effects. Studies have
demonstrated that ADSCs can migrate to wound sites and
differentiate toward endothelial cells, dermal fibroblasts, and
keratinocytes.[98] Stromal cell-derived factor-1 (SDF-1) has been
proven to be the most highly expressed protein involved in hu-
man skin cell migration, which is overexpressed in ADSCs and
plays multiple physiological roles via the SDF-1/CXCR4/CXCR7
axis.[99] Interestingly, ADSCs can promote wound healing with-
out homing to the wound bed. Kim et al. compared three differ-
ent modes of ADSCs administration: topical application, intra-
venous injection, and intramuscular injection.[100] Their results
suggested that ADSCs accelerated wound repair independent of
their administration techniques. Similarly, Kallmeyer et al. used
a rat skin defect model with ADSCs administered systemically
or locally. Although ADSCs administered via intravenous injec-
tion were rarely detected within the wound bed, they promoted
wound healing, possibly through the paracrine pathway.[101]

The use of ADSCs in wound healing has yielded encourag-
ing results. To investigate the synergistic effect of ADSCs and
platelet-rich plasma (PRP), Ni et al. subcutaneously injected AD-
SCs, PRP, PBS, and ADSCs+PRP into rats with full-thickness
skin defects.[102] They found that ADSCs combined with PRP in-
duced a higher wound closure rate with a thicker epidermis and
an increased number of appendages in the dermis (Figure 6A). In
another study, ADSCs were preconditioned with photobiomodu-
lation (PBM) and grafted onto diabetic wounds.[103] Their data
showed that ADSCs preconditioned with PBM significantly facil-
itated wound healing both in vitro and in vivo. PBM can modulate
hypoxia-inducible factor-1𝛼 (HIF-1𝛼) expression and promote
angiogenesis.[104] Hence, this pre-processing method serves as
an ideal strategy for overcoming the diabetic-related impairments
in ADSCs. Fujiwara et al. treated full-thickness burn wounds in
an ovine burn model using ADSCs.[105] There is an increased de-
mand for oxygen and nutrients during the process of wound heal-
ing, but burn injuries generally cause extensive damage to blood
vessels. The topical application of ADSCs promoted wound bed
blood flow with higher VEGF expression, thus ameliorating burn
wound healing (Figure 6B). Yu et al. investigated the function
of ADSC sheets in wound healing.[106] Compared to monolayer
ADSCs, applying ADSCs in a cell sheet format improves cell sur-
vival and increases C1q/TNF-related protein-3 secretion, which
can suppress the recruitment of macrophages to the wound site.
When applied to healing-impaired wounds, ADSCs sheets pro-
moted wound healing with reduced scar formation, thereby rep-
resenting an effective treatment modality (Figure 6C).

Multiple clinical trials have examined the efficacy and safety
of ADSCs for wound healing. Moon et al. harvested ADSCs from
the subcutaneous fat tissue of healthy donors and fabricated a hy-
drogel sheet containing allogeneic ADSCs.[107] Fifty-nine partic-
ipants with diabetic foot ulcers were randomly divided into two
groups and treated with allogeneic ADSC-hydrogel complex or
polyurethane film. During the 12 week follow-up, the complete
wound closure rate in the ADSCs group was distinctly higher

than that in the control group, indicating the promising poten-
tial of the allogeneic ADSC-hydrogel complex for treating dia-
betic foot ulcers. Recently, Zhou et al. conducted a clinical trial in-
volving 296 patients with skin wounds caused by burns or crush
injuries.[108] Their results demonstrated that ADSCs increased
the granulation tissue coverage rate and promoted wound heal-
ing without causing adverse events. ADSC-based therapies repre-
sent a promising strategy for wound healing and deserve further
investigation.

4.3. ADSCs for Bone Regeneration

Bone regeneration is a sophisticated physiological process that is
most commonly observed in fracture healing.[109] However, the
remodeling process may fail to restore bone integrity when com-
plex clinical conditions cause excessive damage to bone tissues,
such as large bone defects caused by heavy trauma, infection, and
tumor resection, or when the regenerative process is impaired by
increased age, comorbidities, and genetic factors.[110] The current
gold standard for treating these conditions is autologous or allo-
geneic bone grafting. Nevertheless, they have several disadvan-
tages, including limited accessibility, donor site morbidity, and
availability of appropriate materials. A promising alternative is
bone tissue engineering in which ADSCs are directly injected
into the fracture site or combined with biomimetic scaffolds for
bone regeneration.[111]

ADSCs can be induced to differentiate the osteogenic lin-
eage using a differentiation media containing dexamethasone,
ascorbic acid, and beta-glycerophosphate.[112] Dexamethasone
promotes osteogenic differentiation through the Wnt/𝛽-catenin
pathway, which upregulates a LIM-domain protein with 4.5 LIM
domains, Runx2, and collagen type I.[113] Moreover, dexametha-
sone regulates Runx2 via activation of the 𝛽-catenin-like molecule
TAZ and mitogen-activated protein kinase phosphatase 1.[114]

Ascorbic acid ensures that collagen chains form an appropri-
ate helical structure, thereby facilitating osteogenesis by increas-
ing collagen type I secretion.[115] Beta-glycerophosphate provides
phosphate for hydroxyapatite formation and induces osteogenic
gene expression via the phosphorylation of related kinases.[116]

Furthermore, the effects of additive supplements such as bone
morphogenetic proteins (BMPs),[117] plasma,[118] selenium,[119]

vitamin D3,[120] and human platelet lysates have been widely
evaluated.[121] As members of the TGF-𝛽 family, BMPs are potent
inducers of bone formation. They interact with the MAPK, Wnt,
Hedgehog, Notch, Akt/mTOR, and miRNA pathways to regulate
bone organogenesis. Recently, Yahiro et al. identified atonal ho-
molog 8, which is directly upregulated by the BMP-Smad1 axis
in osteoblasts.[122] Their results revealed that BMPs not only pro-
mote bone resorption but also induce atonal homolog 8 to in-
hibit Runx2 and reduce the Rankl/Opg expression ratio in os-
teoblasts, thus suppressing osteoclastogenesis and preventing ex-
cessive bone resorption mediated by BMPs.

In addition to the aforementioned additive supplements, sev-
eral mechanical stimuli can facilitate osteogenesis in cultured
ADSCs. Virjula et al. used pneumatic cell-stretching devices to
expose ADSCs to cyclic equiaxial stretching in an osteogenic
medium.[123] Their results indicated that stretching promoted
osteogenic differentiation by modifying the cell morphology,
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Figure 6. Adipose-derived stem cells (ADSCs) promote wound healing. A) Representative images of the wounds with phosphate-buffered saline (PBS),
platelet-rich plasma (PRP), ADSCs and ADSCs+PRP treatment. (a) Hematoxylin and eosin (H&E) staining on day 14 following surgery. Reproduced
under terms of the CC-BY license.[102] Copyright 2021, The Authors, Published by Springer Nature. B) Schematic illustration of an ovine burn wound
model. (b) Representative images of the wounds on day 15. (c) Western blot staining for vascular endothelial growth factor (VEGF). Reproduced with
permission.[105] Copyright 2020, Oxford University Press. C) Representative images of the wounds with PBS, monolayer ADSCs and ADSCs sheet
treatment. (d) H&E staining of the wound tissue. Reproduced with permission.[106] Copyright 2018, Elsevier.

focal adhesion formation and mechanical properties. Song et al.
found that the osteogenic differentiation of ADSCs on osteon-
mimetic 3D nanofibrous scaffolds was significantly higher than
that on 2D surfaces, even without osteogenic supplements.[124]

They further demonstrated that this phenomenon resulted from
the stretched cell morphology on the curved sublayer leading
to an increased expression of lamin-A. Moreover, Prè et al.
stimulated ADSCs daily at 30 Hz for 45 min for 28 d. Their data
suggested that high-frequency vibration treatment can promote
osteogenic differentiation.[125] Similarly, the effectiveness of

electrical stimulation,[126] electromagnetic fields,[127] and flow in-
tensity has been observed in recent years.[128] These mechanical
stimuli may serve as candidate osteogenic enhancers for ADSCs.

Several preclinical studies have investigated the use of ADSCs
in bone regeneration. Zhang et al. engineered ADSCs to over-
express FGF and injected them into fracture sites.[129] Their re-
sults demonstrated that ADSCs overexpressing FGF accelerated
fracture healing by increasing growth factor secretion and facil-
itating the remodeling of collagen into a mineralized callus. To
overcome the impairment of bone healing after osteomyelitis,
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Wagner et al. administered ADSCs into the bone defect area after
sufficient debridement of the infected bones. The authors found
that ADSCs can restore bone regeneration via the elevation of os-
teoblastogenesis and downregulation of B cells and osteoclasts,
shedding light on the regenerative capacity of ADSCs in the post-
infectious inflammatory state.[130]

ADSCs have been combined with various biomaterials to
achieve optimal bone regeneration in tissue engineering. For ex-
ample, a composite of ADSCs and heterogeneous deproteinized
bone exhibits strong osteogenic ability and repairs bone defects
well.[131] Du et al. proposed the utilization of the multi-lineage
differentiation capacity of ADSCs. They induced ADSCs into
endothelial cells and assembled them into mesoporous bioac-
tive glass (MBG) scaffolds.[132] The prevascularized MBG scaf-
folds were then combined with osteogenically induced ADSCs.
The strategy of time-phased sequential utilization of ADSCs
promoted better bone formation than nonvascularized MBG-
carrying osteogenically induced ADSCs, which may result from
the higher survival rate of seeded ADSCs. Recently, stem cell
spheroids have shown great potential as functional building
blocks for bone tissue engineering. Lee et al. combined ADSCs
with PDGF and biomineral coated fibers to form spheroids. The
ADSCs spheroids exhibited higher endothelial lineage mRNA
expression and osteogenic capability.[133] Similarly, in a study
proposed by Ahmad et al., ADSCs were assembled with adeno-
sine and polydopamine-coated fibers to construct spheroids.[134]

Their data indicated that ADSCs spheroids impregnated with en-
gineered fibers enabled adenosine delivery and promoted bone
regeneration with enhanced osteogenic differentiation. In sum-
mary, engineered ADSCs spheroids are promising alternatives
for vascularized bone regeneration.

Encouraging results obtained from the preclinical application
of ADSCs in bone tissue engineering have prompted several clin-
ical trials. In one study involving 13 patients with craniomaxillo-
facial hard-tissue defects, autologous ADSCs were seeded onto ei-
ther bioactive glass or 𝛽-tricalcium phosphate scaffolds and trans-
planted into the bone defect area.[135] According to the follow-up
results, successful bone regeneration was observed in 10 of 13
patients (Figure 7A). One septal perforation case attributed the
failure to an uncontrolled nasal picking habit, and two cranial
defect cases required reoperation because of sustained bone re-
sorption. In another six year clinical follow-up study of five cra-
nial defect cases, patients received cranioplasties using ADSCs,
beta-tricalcium phosphate granules, and supporting meshes.[136]

Promising results have been reported in short-term follow-up
with increased graft bone density. Nevertheless, the long-term
clinical results are not satisfactory, partially due to the resorption
of the graft and partially due to tumor recurrence or late infec-
tion. In the field of bone regeneration, the efficacy and safety of
ADSC-based therapies need to be further investigated for wide
clinical applications.

4.4. ADSCs for Skeletal Muscle Repair

Despite the innate regenerative capacity of skeletal muscles, se-
vere muscle defects may exceed their inherent repair proper-
ties, leading to permanent functional impairment.[137] Volumet-
ric muscle loss, which is characterized by the critical loss of skele-

tal muscle tissues, may result from traumatic injuries, tumor
excision, or muscular dystrophy.[138] Current treatments involv-
ing autologous muscle flaps or grafts are limited in their capac-
ity to provide a functional reconstruction of the injured muscle
tissue.[139] The management of skeletal muscle injuries requires
more effective approaches for muscle regeneration and ultimate
functional recovery. Therefore, skeletal muscle tissue engineer-
ing aimed at neuromuscular recovery may be an attractive option
for volumetric muscle loss therapy.

Myogenic differentiation of ADSCs has been observed in myo-
genic medium, as demonstrated by the expression of the muscle-
specific markers MyoD and myosin heavy chain.[140] Moreover,
ADSCs exhibited higher myogenic potential when pretreated
with IL-4 and SDF-1.[141] To compare the effects of ADSCs and
BM-MSCs on skeletal muscle injury. Moussa et al. intramuscu-
larly injected ADSCs or BM-MSCs into rats with lacerated gluteal
muscles.[142] They found that both ADSCs and BM-MSCs im-
proved the healing process of skeletal muscle lacerations, with
less fibrosis observed in the ADSC-treated group. This study re-
vealed that ADSCs may have a higher therapeutic potential than
BM-MSCs in treating skeletal muscle injury and could be a more
promising alternative in skeletal muscle tissue engineering.

To explore the effect of ADSCs on muscle repair, Liu et al.
injected ADSCs and HIF-1𝛼-silenced ADSCs into a mouse
model of muscle ischemia. Their results demonstrated that AD-
SCs promoted ischemic muscle regeneration by inducing M2
macrophage polarization via the HIF-1𝛼/IL-10 pathway, while
the therapeutic effect decreased in HIF-1𝛼-silenced ADSCs.[143]

In addition, Gorecka et al. implanted ADSCs into the crushed
muscles of mice and tracked them using optical projection
tomography.[144] The authors found that ADSCs promoted skele-
tal muscle regeneration without directly participating in muscle
fiber formation. Hence, they suggested that ADSCs could en-
hance skeletal muscle repair via direct intercellular communica-
tion or paracrine pathways.

Recently, the combination of ADSC-based therapies and
other treatments has been proposed as an effective strategy
for skeletal muscle repair. For example, Yin et al. investigated
a combined therapy using ADSCs and extracorporeal shock
waves (ECSW) for muscle injury. In this study, rats with limb
ischemia-reperfusion injury received ADSCs injections and
ECSW.[145] Their results indicated that ECSW-ADSC treatment
appeared to be more effective than either treatment alone in
improving muscle ischemia-reperfusion injury. Likewise, in a
study conducted by Sarveazad et al., rabbits that underwent
sphincterotomy received a combination of ADSCs and low-level
laser therapy.[146] The authors found that laser-ADSC treatment
was superior to either treatment alone in enhancing myogen-
esis, angiogenesis, and functional recovery after anal sphincter
injury. To confirm the efficacy of ADSCs in treating external anal
sphincter injury, Sarveazad et al. conducted another clinical trial.
They divided 18 patients with sphincter defects into two groups:
nine patients received ADSCs injection during repair surgery
treatment, while the others received repair surgery alone.[147]

At 2 months after surgery, the ratio of the muscle tissue area to
total lesion area in the ADSCs group was significantly higher
than that in the control group. The decrease of fibrous tissue
and electromyography results indicated improved contractile
function, which plays a key role in long-term curative effects
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Figure 7. Clinical application of adipose-derived stem cells (ADSCs) for cranio-maxillofacial hard-tissue regeneration and external anal sphincter injury
treatment. A) Intraoperative photograph and computed tomography (CT) of frontal sinus regeneration (a), cranial repair (b), mandibular reconstruc-
tion (c), and nasal septal repair (d) using ADSCs. Reproduced with permission.[135] Copyright 2014, Oxford University Press. B) Images of endorectal
sonography (e), the area occupied by the muscle (f), the median percentage of area occupied by the muscle (g) and sample electromyography (h) of
the control group (left) and the ADSCs group (right) at 2 months after surgery, arrows indicate fibrous tissue. Reproduced under terms of the CC-BY
license.[147] Copyright 2017, The Authors, Published by Springer Nature.

(Figure 7B). However, the external anal sphincter injury in the
patients resulted from different causes, such as trauma or a
high-sphincter fistula. Considering the limited sample size and
short follow-up time, the heterogeneity of patients may lead to
inaccurate results. Clinical trials with larger sample sizes and
long-term follow-up may be a major step forward in this field.

4.5. ADSCs for Tendon Reconstruction

The tendon is a highly organized collagenous connective tis-
sue that ensures force transmission between the muscles and
bones.[148] Tendinopathy refers to a pathology of the tendon aris-
ing from repetitive loading, which is characterized by abnormal-
ities in the composition and microstructure of the tendon.[149]

Studies have reported pain, functional decline, and reduced
quality of life in patients with tendinopathy.[150] Nevertheless,
tendinopathy treatment remains challenging. Owing to the low
cellularity and limited vascularity of the tendon tissue, repaired

tendon tissue rarely attains pre-injury function, leading to degen-
erative changes and a high risk of re-injury.[151] Given the limited
success of the current clinical treatments, tendon tissue engineer-
ing is expected to be an alternative therapeutic approach.

At present, there is no standard induction protocol for the
tenogenic differentiation of ADSCs, whereas various strategies
have been proposed with encouraging results. Rao et al. pre-
pared a soluble, DNA-free, bovine tendon-derived ECM (tECM)
using a urea-based method.[152] The tECM retains collagen
and many other noncollagenous tendon ECM components.
When treated with the tECM, ADSCs showed enhanced pro-
liferation and tenogenic differentiation, demonstrating the
strong pro-tenogenic bioactivity of the tECM. In addition,
Guo et al. combined topographical and mechanical cues to
facilitate the tenogenic differentiation of ADSCs. They devel-
oped a mechanoactive fibrous scaffold with shape memory
capability that can exert an in situ mechanical stimulus on
ADSCs and induce cellular elongation along the direction of
fiber alignment.[153] This mechanoactive fibrous substrate may

Adv. Sci. 2023, 10, 2207334 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207334 (13 of 27)



www.advancedsciencenews.com www.advancedscience.com

Figure 8. Spatially control of adipose-derived stem cells (ADSCs) differentiation mimicking tendon-to-bone attachment. A) The hierarchical structure of
the tendon-to-bone attachment. (a) Schematic of transitional tissue. (b) Transmission electron microscopy (TEM) of the mineral gradient. (c) Raman
microprobe results of mineral content. Color dots indicating mineral content (red, low; blue, high). (d) TEM-electron energy loss spectroscopy image
(red, mineral; green, tropocollagen). Reproduced with permission.[154] Copyright 2017, Springer Nature. B) Fabrication of a platelet-derived growth factor
(PDGF) gradient aligned nanofiber surface by controlling oxidative polymerization of dopamine. (e) The relative percentage of immobilized PDGF at
different positions on a PDGF gradient nanofiber. Reproduced with permission.[155] Copyright 2018, Elsevier.

improve the efficacy of tendon reconstruction by enhancing the
tenogenic differentiation of ADSCs.

Recently, a strategy combining topographical and biological
cues has also been proven effective, especially in tendon-to-
bone attachment regeneration. The tendon-to-bone attachment
is a highly specialized transitional tissue with smooth gradients
in the mineralization and alignment of collagen fibers (Figure
8A).[154] Hence, tendon-to-bone tissue engineering requires the
combined effects of various stimuli to achieve optimal tissue
regeneration. Based on this theory, Perikamana et al. immo-
bilized PDGF on aligned electrospun nanofibers using poly-
dopamine chemistry.[155] The growth factor and scaffold mor-
phology showed a synergistic effect, and exhibited the maximum
tenogenic differentiation capability of ADSCs. Notably, PDGF
immobilized in a gradient spatially controlled the phenotypic dif-
ferentiation of ADSCs, mimicking the tendon-to-bone insertion

site (Figure 8B). Similarly, Calejo et al. combined platelet lysates
with an electrospun fiber core to fabricate graded 3D scaffolds
that were able to release biological factors continuously in physi-
ological or inflammatory settings.[156] The 3D functional scaffolds
with gradients in composition and topography can not only pro-
mote ADSCs proliferation, but also regulate the differentiation of
ADSCs for enthesis regeneration. Based on the aforementioned
results, a strategy combining topographical and biological cues
can be a potential tool for ADSC-based tendon reconstruction.

To investigate the efficacy of ADSCs in tendon regeneration in
vivo, Norelli et al. injected tenogenically differentiated ADSCs,
undifferentiated ADSCs, and hydrogels into a rat Achilles exci-
sion defect model.[157] The authors found that ADSCs improved
the biomechanical properties of repaired tendons more than hy-
drogel alone, while the collagen fiber dispersion range closest
to the normal tendon was observed in the group treated with
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tenogenically differentiated ADSCs. In addition, ADSCs sheets
have been demonstrated to be a feasible cell delivery tool for
tendon reconstruction. Shin et al. fabricated the ADSCs sheets
with a temperature-responsive dish and transplanted them into
rats undergoing procedures to create rotator cuff tears.[158] Their
data indicated that the ADSCs sheets significantly enhanced the
biomechanical properties of the repaired rotator cuff. In an-
other study, ADSCs sheets stimulated by growth differentiation
factor 5 (GDF-5) were combined with nanoyarn scaffolds and
implanted into the patellar tendon defect area of rabbits.[159]

The GDF-5-induced ADSCs sheets expressed higher levels of
tenogenesis-related markers and promoted functional tendon re-
generation, indicating a broad application prospects of ADSCs
sheets.

Regarding the clinical trials, Kim et al. evaluated the effect of
autologous ADSCs injection on the clinical outcomes of rotator
cuff tear. In their study, 35 patients underwent arthroscopic ro-
tator cuff repair with an injection of autologous ADSCs loaded
in fibrin glue, whereas 35 patients underwent repair surgery
alone.[160] The results suggested that the ADSCs injection dur-
ing rotator cuff repair could significantly decrease the retear rate,
whereas the function of the repaired tissue was similarly amelio-
rated in both groups. Recently, Randelli et al. conducted a clini-
cal trial that included 44 patients with degenerative posterosupe-
rior rotator cuff tears. The patients were randomly divided into
two groups and underwent arthroscopic rotator cuff repair, fol-
lowed by the injection of autologous microfragmented lipoaspi-
rate tissue.[161] During the 24-month follow-up, microfragmented
lipoaspirate tissue containing ADSCs effectively promoted the
functional rotator cuff repair. Although still in the early stage of
clinical application, intraoperative ADSCs injections are expected
to provide a suitable microenvironment for tendon regeneration
and improve the clinical outcomes of rotator cuff tears.

4.6. ADSCs for Cartilage Regeneration

The progression of cartilage defects may lead to osteoarthritis or
even arthroplasty due to the poor intrinsic regenerative capacity
of human cartilage tissue.[162] Current clinical methods are de-
ficient because they form fibrocartilage instead of hyaline carti-
lage, which is associated with joint dysfunction and long-term
sequelae.[163] The management of cartilage defects remains one
of the most intractable clinical problems around the world. Re-
cently, cartilage tissue engineering has become a major research
interest in the treatment of articular cartilage defects and the pre-
vention of osteoarthritis progression.[164]

ADSCs harvested from the infrapatellar fat pad (IFP) have
been demonstrated to show higher chondrogenic potential than
those isolated from subcutaneous fat (SCF).[165] Garcia et al.
tested the chondrogenesis of donor-matched chondrocytes and
ADSCs isolated from IFP and SCF. Their results indicated that
chondrocytes and IFP-derived ADSCs generated significantly
more glycosaminoglycans than SCF-derived ADSCs, with some
notable variation between donors.[166] The authors also con-
firmed that Sox-9, the master regulator of chondrogenesis, was
highly expressed in IFP-derived ADSCs and correlated positively
with the expression of Collagen II and ACAN, at least partially
explaining the potent chondrogenic potential of IFP-derived AD-

SCs. In addition, ADSCs are likely to be positively affected by var-
ious inducer molecules, including TGF-𝛽, BMPs, and FGF.[167]

These factors can be supplemented to the culture medium alone
or in combination to promote the chondrogenesis of ADSCs. Liao
et al. evaluated the synergistic effects of Sox-9 and BMP-2 on MSC
differentiation.[168] Their data indicated that the overexpression
of Sox-9 potentiates the chondrogenic differentiation and inhibits
the osteogenic differentiation of MSCs induced by BMP-2.

As carriers for cells to maintain and support crucial char-
acteristics, biomaterials for tissue engineering should induce
cell adhesion and provide a favorable microenvironment for
cell proliferation and differentiation.[169] Hydrogel materials are
characterized by high water content, which is similar to na-
tive cartilage tissue. Injectable hydrogels have been widely used
in cartilage regeneration because of their good biocompatibil-
ity, and the encapsulated cells can be injected into defective
areas of any shape.[170] For example, ADSCs combined with
glycol chitosan/dibenzaldehyde-terminated polyethylene glycol
(GCS/DF-PEG) hydrogels have been demonstrated to facilitate
obvious cartilage regeneration in vivo.[171] Likewise, Bhattachar-
jee et al. fabricated an injectable amnion membrane (AM) hy-
drogel that could self-assemble in situ and hold ADSCs at the
target site.[172] In this study, ADSCs and AM hydrogels exhib-
ited synergistic anti-inflammatory and chondroprotective effects,
demonstrating the therapeutic potential of the ADSCs and AM
hydrogel complexes for cartilage tissue engineering. Addition-
ally, Cho et al. constructed a dual-delivery system of ADSCs and
IGF-1 in coacervate-embedded composite hydrogels.[173] Owing
to the protective effect of coacervates on chondrogenic factor IGF-
1, the dual-delivery platform could induce chondrogenic differen-
tiation of embedded ADSCs and effectively promote cartilage re-
generation. The articular cartilage extracellular matrix (ACECM)
possesses chondroinductive property and serves as the best bio-
material for mimicking native cartilage.[174] Studies have demon-
strated the feasibility of this biomaterial for ADSC-based cartilage
regeneration because this raw material of cartilage can provide a
proper microenvironment in vivo. Li et al. sorted a CD146+ AD-
SCs subpopulation using magnetic activated cell sorting (MACS),
which enhanced pluripotency and self-renewal potential.[175] Af-
ter intra-articular injection into a rat osteochondral defect model,
CD146+ ADSCs exhibited improved inflammation-modulating
property. The authors then combined them with ACECM and
transplanted the cell scaffold to rabbit cartilage defects. The
CD146+ ADSC-ACECM composites produced less subcutaneous
inflammation, and promoted better long-term cartilage regener-
ation (Figure 9A). Likewise, another study by Lu et al. proved
the effectiveness of ADSC-ACECM composites for repairing car-
tilage defects, showing the promising prospects of this tissue-
engineered biomaterial (Figure 9B).[176]

A clinical trial conducted by Lee et al. evaluated the efficacy
and safety of intra-articular ADSC injections for the treatment
of osteoarthritis. Autologous ADSCs were administered intra-
articularly to 12 patients with knee osteoarthritis.[177] During the
6-month follow-up, ADSC injections provided significant im-
provements in function and pain levels without causing adverse
events. In one dose-escalation trial designed by Pers et al.,18 pa-
tients with osteoarthritis were divided into three groups, which
received ADSC injections at low dose (2 × 106), medium dose
(10 × 106), and high dose (50 × 106), respectively.[178] Functional
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Figure 9. Adipose-derived stem cells (ADSCs) combined with articular cartilage extracellular matrix (ACECM) promote cartilage regeneration. A)
Overview of experimental design. (a) Representative images of defects treated with phosphate-buffered saline (PBS) (negative control), ADSCs, CD146+

ADSCs, and the sham-operated group at 2 weeks following surgery. (b) Histological analysis of the defected area using hematoxylin and eosin (H&E),
safranin O, and toluidine blue. Black solid arrows denote the repair interface. Red solid arrows denote the depth of the repaired cartilage. HC, host
cartilage; D, defect area; RC, repaired cartilage. Reproduced under terms of the CC-BY license.[175] Copyright 2022, Ivyspring International Publisher. B)
General joint observations (left) and longitudinal section (right) of the cartilage regeneration at 3 months after surgery. Reproduced with permission.[176]

Copyright 2020, John Wiley and Sons.

improvement and pain relief were observed in all treatment
groups, whereas statistical significance was identified only in pa-
tients treated with a low dose. Except for the limited sample size,
the inverse dose effect of ADSC injection may result from the
stimulatory effect of higher levels of inflammation on ADSCs,
as reflected by the highest initial pain level in the lowest dose
group. This hypothesis emphasizes the relationship between
the therapeutic effects of ADSCs and initial disease activity.
Further studies of the effect of ADSCs injection on osteoarthritis
in future clinical trials with larger sample sizes and long-term
follow-up are required.

4.7. ADSCs for Cardiac Repair

Cardiovascular disease (CVD) is the leading cause of death,
morbidity, and disability worldwide.[179] Ischemic heart disease,
specifically myocardial infarction (MI), is a type of CVD caused
by the erosion of the coronary artery endothelium or disruption
of vulnerable atherosclerotic plaques.[180] Although the mortality
following MI has been substantially reduced in recent years,
considerable opportunities for improvement remain, such as
mitigating reperfusion injury, ameliorating adverse remodeling,
and inducing cardiac regeneration.[181] Stem cell therapy could
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Figure 10. Adipose-derived stem cells (ADSCs) facilitate cardiac repair. A) Schematic illustration of the ADSCs-loaded conductive hydrogen sulfide-
releasing hydrogel. Reproduced with permission.[185] Copyright 2019, American Chemical Society. B) Sirius red staining of the infarcted hearts at 3
months after different treatments. Quantification of infarct size (a) and the left ventricular (LV) wall thickness (b). Reproduced with permission.[186]

Copyright 2017, Elsevier. C) Schematic illustration of the construction of an injectable conductive hydrogel encapsulating plasmid DNA-eNOs and
ADSCs. (c) Masson’s trichrome staining of cardiac structures. Reproduced with permission.[187] Copyright 2018, Elsevier.

further ameliorate the clinical outcome of MI, and ADSC therapy
has been widely investigated as a promising strategy.

The spontaneous cardiomyogenic differentiation of ADSCs
was first observed in semisolid methylcellulose medium, where
cardiomyocyte-like cells expressed specific cardiac markers and
displayed a pacemaker activity.[182] Since then, various methods
have been explored for the cardiomyogenic differentiation of AD-
SCs. To increase the sensitivity of ADSCs to TGF-𝛽1, Zhang
et al. used a polyethylene glycol-conjugated phospholipid deriva-
tive (DMPE-PEG) as a scaffold to bind recombinant TGF-𝛽1 re-
ceptor I to the surface of ADSCs.[183] Their results showed that
the cardiomyogenic differentiation of ADSCs was significantly
promoted by enhancing Smad2/3 phosphorylation. In addition,
genetic modification of ADSCs has offered a potential route for
inducing their differentiation into cardiomyocytes. Narita et al.
directly reprogrammed ADSCs using six transcription factors
(Baf60c, Gata4, Gata6, Klf15, Mef2a, and Myocd).[184] These tran-
scription factors can induce the differentiation of ADSCs into
cardiac cells. When implanted into the infarct border zone, the

reprogrammed ADSCs exhibited a higher survival rate and sig-
nificantly reduced the infarction scar area, which may prevent left
ventricular remodeling and cardiac functional impairment.

ADSCs assembled with various functional biomaterials
are effective for cardiac repair in several preclinical studies.
Liang et al. fabricated an ADSCs-loaded conductive hydro-
gen sulfide-releasing hydrogel that mimicked the slow and
continuous release of endogenous sulfides.[185] Owing to its anti-
inflammatory and proangiogenic properties, hydrogen sulfide
ameliorated the harsh microenvironment, showing a synergistic
effect with ADSCs in MI treatment (Figure 10A). Moreover,
Díaz-Herráez et al. combined ADSCs with microparticles (MPs)
loaded with neuregulin (NRG). The adhesion of ADSCs to
NRG-MPs led to improved cell engraftment and neoangiogen-
esis, favoring synergy for inducing overall cardiac remodeling
(Figure 10B).[186] Similarly, Wang et al. constructed an injectable
conductive hydrogel through the self-assembly of tetraaniline-
polyethylene glycol diacrylate (TA-PEG) and thiolated hyaluronic
acid (HA-SH).[187] Subsequently, ADSCs and plasmid DNA
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encoding endothelial nitric oxide synthase (eNOs) were loaded
onto the hydrogel. After myocardial injection of the TA-PEG/HA-
SH/ADSCs/Gene hydrogel, upregulated expression of eNOs was
observed, accompanied by reduced infarction size, less fibrotic
area, enhanced neoangiogenesis and increased ejection fraction
(Figure 10C). These studies verified the efficacy of ADSCs in
improving cardiac function and suggested that the combined
approach is a robust therapeutic strategy for myocardial repair.

The poor survival of engrafted ADSCs in an ischemic envi-
ronment impairs their therapeutic efficacy for cardiac repair af-
ter myocardial infarction. In addition to engineered biomaterials,
pharmacological treatment with ADSCs can promote the reten-
tion of transplanted cells.[185–187] For instance, rosuvastatin en-
hances the functional survival of ADSCs in MI treatment via the
PI3K/Akt and MEK/ERK pathways.[188] Recently, Yan et al. iden-
tified C1q/tumor necrosis factor-related protein-9 (CTRP9) as a
novel cardiokine required for a healthy microenvironment that
facilitates ADSCs engraftment in MI tissue.[189] CTRP9 promotes
ADSCs survival via N-cadherin/ERK/Nrf2 signaling, stimulates
ADSCs migration via N-cadherin/ERK/MMP-9 signaling, and at-
tenuates cardiomyocyte death by upregulating antioxidative pro-
teins. These results suggested that CTRP9 may optimize the car-
dioprotective effects of ADSCs and enhance their therapeutic ef-
ficacy.

Clinical trials of ADSCs for myocardial repair are ongoing.
Kastrup et al. injected allogeneic ADSCs into the infarct border
zone in 10 patients with ischemic heart failure.[190] During the
6 month follow-up, they found that the left ventricular ejection
fraction and exercise capacity increased without adverse events,
demonstrating the efficacy and safety of ADSCs injection. Sim-
ilarly, in another clinical trial conducted by Qayyum et al., 40
patients with refractory angina received intramyocardial injec-
tions of autologous ADSCs, whereas 20 others received saline
injections.[191] Compared to the placebo group, the injection of
ADSCs improved cardiac symptoms, whereas exercise capacity
remained unchanged. More clinical trials of ADSC transplanta-
tion for myocardial restoration are expected in the near future.

4.8. ADSCs for Nerve Regeneration

Peripheral nerve injuries due to trauma or surgical complications
can cause demyelination and subsequent degeneration of the dis-
tal stump.[192] In the presence of a nerve gap where tension-free
neurorrhaphy is impossible, autologous nerve grafting remains
the gold standard for bridging the large defect.[193] However, the
application of nerve grafting is limited by several disadvantages,
including finite graft supply, donor site morbidity, and different
nerve structures involved in peripheral nerve injuries.[194] Nerve
regeneration has emerged as a potential solution to these limita-
tions, which not only bridges the gap but also preserves the bio-
logical properties of the specific nerve type to obtain an optimum
clinical outcome.[195] ADSCs have been proposed as a promising
option for nerve regeneration owing to their potential to differen-
tiate into the neural lineage and easy accessibility.[196]

Although the efficiency of traditional methods to induce the
neurogenic differentiation of ADSCs remains unsatisfactory, var-
ious novel strategies have recently been explored.[197] Sun et al.
suggested an intermittent induction method with the alternate

use of complete and incomplete induction media.[198] Their re-
sults showed that ADSCs induced using this method could dif-
ferentiate into Schwann cell-like cells and repair sciatic nerve
defects in rats more effectively than those induced using tradi-
tional methods. Moreover, Wu et al. found that the combina-
tion of electrical stimulation and chemical induction presented
a synergistic effect on accelerating the differentiation and matu-
ration of ADSCs toward Schwann cell-like cells by upregulating
the expression of myelination-related gene markers and promot-
ing growth factor secretion.[199] Huang et al. demonstrated that
fibroblast growth factor 9 (FGF9) can induce the functional dif-
ferentiation of ADSCs into Schwann cells via the FGF9-FGFR2-
Akt pathway.[200] When transplanted into a rat sciatic nerve injury
model, the FGF9-induced ADSCs participated in myelin sheath
formation and facilitated axonal regrowth to promote nerve re-
generation.

Several preclinical studies have examined the efficacy of AD-
SCs in peripheral nerve regeneration. Hsu et al. activated neu-
rotrophic genes BDNF, GDNF and NGF in ADSCs sheets us-
ing CRISPR activation system.[201] After direct administration,
the functionalized ADSCs sheets stimulated axon regeneration,
remyelination, and nerve reinnervation in a rat model of sci-
atic nerve injury. In a study conducted by Sun et al., ADSCs
were loaded onto polylysine-decorated macroporous chitosan mi-
crocarriers and injected into nerve guide conduits (NGCs).[202]

They found that microcarrier-based ADSCs transplantation ef-
fectively ameliorated the regenerative effect of NGCs, indicating
a good potential for peripheral nerve regeneration (Figure 11A).
Recently, Soto et al. proposed a magnetic targeted ADSCs ther-
apy for nerve regeneration.[203] They combined ADSCs with cit-
ric acid-coated superparamagnetic iron oxide nanoparticles and
transplanted them into a rat model of sciatic nerve injury. Using
magnetic targeting, ADSCs were recruited to the injured site and
improved recovery compared to using ADSCs alone (Figure 11B).
Despite the encouraging results obtained from these studies,
clinical trials using ADSCs for peripheral nerve regeneration are
limited. Further evaluation is indispensable for the progression
toward clinical applications.

Injury to any part of the spinal cord can cause severance of
axons and death of neurons, leading to permanent neurological
dysfunction below the site of damage.[204] While a therapeutic ap-
proach to spinal cord injury repair is unforeseeable, ADSC-based
therapies represent a promising strategy for neuroprotection and
nerve regeneration.[205] Sarveazad et al. investigated the com-
bined application of ADSCs and low-level laser.[206] Their results
demonstrated that the co-administration of ADSCs and laser
ameliorated motor function recovery, hyperalgesia, and allodynia
to a greater extent than ADSCs alone, with an increased number
of axons around the cavity. Yuan et al. designed a cell-adaptable
neurogenic (CaNeu) hydrogel that alleviated neuroinflammation
by inducing M2 polarization of the recruited macrophages.[207]

The CaNeu-hydrogel-mediated ADSCs delivery promoted axonal
growth and eventually led to the improved functional repair of
spinal cord injury in rats. It is worth mentioning that one patient
with a high cervical American Spinal Injury Association Impair-
ment Scale grade A spinal cord injury received an intrathecal in-
jection of autologous ADSCs, 11 months after the injury and 5
months after the plateau of neurologic improvement.[208] After
18 months of ADSC treatment, the patient recovered to American
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Figure 11. Adipose-derived stem cells (ADSCs) promote peripheral nerve regeneration. A) Schematic of the preparation process of the ADSCs-laden
polylysine-decorated macroporous chitosan microcarriers (pl-CSMCs) and their application in nerve repair. (a) Representative images and hematoxylin
and eosin (H&E) staining of the regenerated nerve tissue at the midportion of the nerve guide conduits (NGCs) or autograft 12 weeks after implantation.
Yellow arrows indicate blood vessels. Reproduced under terms of the CC-BY license.[202] Copyright 2021, The Authors, Published by Elsevier. B) Schematic
illustration of magnetic targeted ADSCs therapy. (b) Analysis of semithin sections of axonal bundles in uninjured control sciatic nerve and the distal
stump of non-transplanted, transplanted with ADSCs and ADSCs-superparamagnetic iron oxide nanoparticles (SPIONs) transplanted group at 7 days
post-injury. Arrows indicate intact axons; arrowheads indicate irregular axons; asterisks indicate myelin and axon debris. Reproduced with permission.[203]

Copyright 2021, Elsevier.

Spinal Injury Association Impairment Scale grade C but regret-
tably continued to be wheelchair-bound. The meaningful signs
of improvement in this case indicated the feasibility of intrathe-
cal ADSCs administration, and the neurological status warrants
further clinical evaluation.

4.9. Potential Use of ADSCs in Combating COVID-19

Coronavirus disease 2019 (COVID-19) is a severe acute res-
piratory illness caused by a novel coronavirus, severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2). Since the
emergence of COVID-19 in late December 2019, it has become
a global pandemic of respiratory ailments, imposing a heavy
burden on patients and healthcare systems worldwide.[209] The
viral entry of SARS-CoV-2 is mediated by viral spike protein and
host angiotensin-converting enzyme 2 (ACE2) interaction.[210]

The functions of multiple organs are impaired in COVID-19
patients, such as the heart, liver, kidney, and digestive organs,
while severe respiratory illness is generally the primary out-
come because ACE2 is highly expressed in alveolar type II cells
and capillary endothelial cells.[211] Viral lung infection drives a
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Figure 12. Schematic illustration of adipose-derived stem cells (ADSCs) for treating coronavirus disease 2019 (COVID-19). Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can enter cells through angiotensin-converting enzyme 2 (ACE2), thus lung tissues with high expression of ACE2
become the main targets for the novel coronavirus to invade. Dysregulated and excessive immune responses arising from virus infection cause a cytokine
storm. ADSCs can secrete anti-inflammatory cytokines that facilitate the phenotypic modulation of macrophages and immunomodulation. In addition,
angiogenic cytokines secreted by ADSCs can enhance the establishment of micro-capillary networks, which ensure the supply of nutrients and oxygen.
These activities may synergistically promote fibrotic lung tissue remodeling.

pro-inflammatory cytokine storm that results in lung tissue
edema, acute respiratory distress, air exchange dysfunction,
secondary infection, and even death.[212]

It is well established that ADSCs exert their therapeutic effects
through paracrine activity. The angiogenic cytokines secreted by
ADSCs, such as VEGF and PDGF, facilitate endothelial cell pro-
liferation and promote vascularization. Early establishment of
micro-capillary networks provides an adequate supply of nutri-
ents and oxygen, which is conducive to endogenous repair.[213] In
addition, ADSCs release anti-inflammatory cytokines including
IL-4 and IL-10, which induce a phenotypic switch in macrophages
from the inflammatory M1 state to the anti-inflammatory M2
state, eventually leading to immunomodulation.[214] These activ-
ities enhance fibrotic lung tissue remodeling by ameliorating the
lung microenvironment, which may explain the improved prog-
nosis of COVID-19 patients. Among the numerous therapeutic
approaches used to reduce the massive inflammatory phase of
SARS-CoV-2 infection, ADSCs may serve as a potential weapon
against COVID-19 (Figure 12).

Recently, Sánchez-Guijo et al. conducted a clinical trial to
investigate the safety and efficacy of ADSCs in COVID-19
patients.[215] They treated 13 adult COVID-19 patients who were
under invasive mechanical ventilation with allogeneic ADSCs ob-
tained from healthy donors. Clinical improvement, with a de-

crease in inflammatory parameters and an increase in lympho-
cytes, was observed in nine patients during a median follow-up
of 16 d, without significant adverse events. Although the favor-
able response did not exclusively result from the effect of ADSCs
considering other concomitant treatments, this study suggested
that the administration of ADSCs is potentially useful in COVID-
19 patients. Moreover, the safety and efficacy of nebulized ex-
osomes derived from allogeneic ADSCs for treating COVID-19
have been demonstrated.[216] It is necessary to further investigate
ADSC-based therapies before specific therapeutics for COVID-19
become available.

5. Conclusion and Future Perspectives

ADSCs represent a promising therapeutic tool in regenerative
medicine. Although the mechanisms underlying their regener-
ative effects have not yet been fully elucidated, numerous pre-
clinical studies (Table S1, Supporting Information) and clinical
trials (Table 1) have revealed the therapeutic potential of ADSCs
in fat grafting, wound healing, bone regeneration, skeletal mus-
cle repair, tendon reconstruction, cartilage regeneration, cardiac
repair, and nerve regeneration. The potential use of ADSCs in the
treatment of COVID-19 is also discussed. This review provides an
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Table 1. Recent clinical trials of ADSCs for regenerative therapies.

Application Participants Methods Follow-up
time

Results Refs.

Fat grafting 10 healthy participants The autologous ADSC-enriched fat
grafts and fat graft without ADSCs
enrichment were subcutaneously
transplanted into the upper arm

121 d The ADSC-enriched fat grafts had
significantly higher fat survival than
control grafts, without serious
adverse events

[94]

Wound healing 59 patients with
diabetic foot ulcers

30 patients were treated with
allogeneic ADSCs–hydrogel
complex, while 29 patients received
polyurethane film treatment

12 weeks Allogeneic ADSCs–hydrogel complex
significantly promoted wound
closure of diabetic foot ulcers

[107]

296 patients with skin
wounds caused by
burn or crush injury.

146 patients received allogeneic
ADSCs treatment, while 150
patients received conventional
dressing with normal saline

10 d ADSCs increased the granulation
tissue coverage rate and promoted
wound healing, without adverse
events

[108]

Bone
regeneration

13 patients with
craniomaxillofacial
hard-tissue defects

Autologous ADSCs were seeded onto
either bioactive glass or
𝛽-tricalcium phosphate scaffolds
and transplanted into bone defect
area

12–52
months

Successful bone regeneration was
observed in 10 of the 13 cases

[135]

Five cranial defect
patients

Patients received cranioplasties using
autologous ADSCs, beta-tricalcium
phosphate granules and
supporting meshes

6 years The long-term clinical results were
not satisfactory, partially due to
resorption of the graft, tumor
recurrence or late infection

[136]

Skeletal muscle
repair

18 patients with
sphincter defects

9 patients underwent allogeneic
ADSCs injection during repair
surgery treatment, while 9 patients
underwent repair surgery alone

2 months The ADSCs injection during repair
surgery caused the replacement of
fibrous tissue and improved the
contractile function

[147]

Tendon
reconstruction

70 patients with
full-thickness rotator
cuff tear

35 patients underwent arthroscopic
rotator cuff repair with autologous
ADSCs injections, while 35 patients
underwent repair surgery alone

At least 12
months

The ADSCs injection during rotator
cuff
repair significantly decreased the
retear rate, whereas the function of
repaired tissue was similarly
ameliorated in both groups

[160]

44 patients with
degenerative
posterosuperior
rotator cuff tear

22 patients underwent arthroscopic
rotator cuff repair augmentation
with autologous microfragmented
lipoaspirate tissue, while 22
patients underwent repair surgery
alone

24months The injection of autologous
microfragmented adipose tissue
effectively promoted the functional
rotator cuff repair

[161]

Cartilage
regeneration

12 patients with knee
osteoarthritis

Autologous ADSCs were
intra-articularly administered

6 months The injection of ADSCs provided
significant improvement in pain
levels and function

[177]

18 patients with knee
osteoarthritis

Three groups underwent autologous
ADSCs injections at low dose (2 ×
106), medium dose (10 × 106), and
high dose (50 × 106), respectively

6 months Functional improvement and pain
relief were observed in patients all
three groups, whereas statistical
significance was detected only for
patients treated with the low dose

[178]

Cardiac repair 10 patients with
ischemic heart failure

Allogeneic ADSCs were injected into
the infarct border zone

6 months The ADSCs injection ameliorated
cardiac function with safety

[190]

60 patients with
refractory angina

40 patients underwent
intramyocardial autologous ADSCs
injection, while 20 patients
underwent saline injection

3 years The injection of ADSCs improved
cardiac symptoms, whereas
exercise capacity remained
unchanged

[191]

Nerve
regeneration

one patient with spinal
cord injury

Autologous ADSCs were intrathecally
injected

18 months The individual recovered to American
Spinal Injury Association
Impairment Scale grade C

[208]
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update on the landscape of ADSCs applications in regenerative
medicine and highlights the broad prospects of this field.

However, the clinical translation of ADSC-based therapies still
faces many challenges, so this paper discusses novel strategies
that provide us with opportunities to overcome the limitations
of ADSCs. First, ADSCs secretome, especially ADSCs-Exos, has
been demonstrated to be effective regenerative agents for cell-free
therapy and avoid many shortcomings of administering whole
cells such as potential tumorigenicity and storage problems. Sec-
ond, recent advances in 3D bioprinting promote the development
of organoids and organ-on-a-chip systems, which mimic the com-
plex functionalities and architectures of in vivo human organs.
Traditional cell culture systems and animal models are insuffi-
cient to predict the effectiveness of ADSCs in humans, so the
introduction of 3D bioprinting may facilitate the clinical trans-
lation of ADSC-based therapies in the near future. 3D bioprint-
ing using ADSCs also makes it possible to construct organ-level
functional 3D tissues. Third, the absence of standard procedures
for applying ADSCs leads to varied cell quality, which makes it
difficult to compare results obtained from different studies and
increases the uncertainty in their clinical efficacy. Optimized and
standardized procedures for applying ADSCs at different check-
points, including donor site selection, isolation procedure, and
storage are essential for the widespread use of ADSCs

The future of ADSCs is only beginning. ADSC-based therapies
are expected to become more tissue-specific in the future. Ac-
cording to the damaged organs of the patients, clinicians can har-
vest suitable ADSCs subpopulations through standardized isola-
tion procedures or freeze-thawing processes, then enhance their
therapeutic potential by preconditioning or combining them with
biofunctional materials before transplantation. Despite the cur-
rent challenges, opportunities provided by emerging technolo-
gies will drive ADSCs to play a more important role in regenera-
tive medicine.
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Biomolecules 2021, 11, 878.

[42] Y. Cai, J. Li, C. Jia, Y. He, C. Deng, Stem Cell Res. Ther. 2020, 11, 312.
[43] C. De Gregorio, D. Contador, D. Díaz, C. Cárcamo, D. Santapau,

L. Lobos-Gonzalez, C. Acosta, M. Campero, D. Carpio, C. Gabriele,
M. Gaspari, V. Aliaga-Tobar, V. Maracaja-Coutinho, M. Ezquer, F.
Ezquer, Stem Cell Res. Ther. 2020, 11, 168.

[44] T.-L. Lee, T.-C. Lai, S.-R. Lin, S.-W. Lin, Y.-C. Chen, C.-M. Pu, I. T. Lee,
J.-S. Tsai, C.-W. Lee, Y.-L. Chen, Theranostics 2021, 11, 3131.

[45] K. A. Jha, M. Pentecost, R. Lenin, L. Klaic, S. L. Elshaer, J. Gentry, J.
M. Russell, A. Beland, A. Reiner, V. Jotterand, N. Sohl, R. Gangaraju,
Int. J. Mol. Sci. 2018, 19, 2016.

[46] G. van Niel, G. D’Angelo, G. Raposo, Nat. Rev. Mol. Cell Biol. 2018,
19, 213.

[47] R. Kalluri, V. S. LeBleu, Science 2020, 367, eaau6977.
[48] D. M. Pegtel, S. J. Gould, Annu. Rev. Biochem. 2019, 88, 487.
[49] a) J. Kowal, M. Tkach, C. Thery, Curr. Opin. Cell Biol. 2014, 29, 116;

b) P. Hong, H. Yang, Y. Wu, K. Li, Z. Tang, Stem Cell Res. Ther. 2019,
10, 242.

[50] Y. Cai, J. Li, C. Jia, Y. He, C. Deng, Stem Cell Res. Ther. 2020, 11, 312.

[51] P. Hong, H. Yang, Y. Wu, K. Li, Z. Tang, Stem Cell Res. Ther. 2019, 10,
242.

[52] B. Chen, J. Cai, Y. Wei, Z. Jiang, H. E. Desjardins, A. E. Adams, S. Li,
H.-K. Kao, L. Guo, Plast. Reconstr. Surg. 2019, 144, 816e.

[53] a) X. Li, X. Xie, W. Lian, R. Shi, S. Han, H. Zhang, L. Lu, M. Li, Exp.
Mol. Med. 2018, 50, 1; b) K. Liu, C. Chen, H. Zhang, Y. Chen, S. Zhou,
Br. J. Dermatol. 2019, 181, 854.

[54] a) W. Li, Y. Liu, P. Zhang, Y. Tang, M. Zhou, W. Jiang, X. Zhang, G.
Wu, Y. Zhou, ACS Appl. Mater. Interfaces 2018, 10, 5240; b) Y. Kang,
C. Xu, L. a. Meng, X. Dong, M. Qi, D. Jiang, Bioact. Mater. 2022, 18,
26.

[55] a) J. Wu, L. Kuang, C. Chen, J. Yang, W.-N. Zeng, T. Li, H. Chen, S.
Huang, Z. Fu, J. Li, R. Liu, Z. Ni, L. Chen, L. Yang, Biomaterials 2019,
206, 87; b) H. Xing, Z. Zhang, Q. Mao, C. Wang, Y. Zhou, X. Zhou,
L. Ying, H. Xu, S. Hu, N. Zhang, J. Nanobiotechnol. 2021, 19, 264.

[56] a) Z. Liu, Y. Xu, Y. Wan, J. Gao, Y. Chu, J. Li, Cell Death Discovery 2019,
5, 79; b) J. Liu, M. Jiang, S. Deng, J. Lu, H. Huang, Y. Zhang, P. Gong,
X. Shen, H. Ruan, M. Jin, H. Wang, Mol. Ther.– Nucleic Acids 2018,
11, 103.

[57] a) B. Liu, Y. Kong, W. Shi, M. Kuss, K. Liao, G. Hu, P. Xiao, J.
Sankarasubramanian, C. Guda, X. Wang, Y. Lei, B. Duan, Bioact.
Mater. 2022, 14, 61; b) Z. Yang, Y. Yang, Y. Xu, W. Jiang, Y. Shao,
J. Xing, Y. Chen, Y. Han, Stem Cell Res. Ther. 2021, 12, 442.

[58] S. Chen, Y. Tang, Y. Liu, P. Zhang, L. Lv, X. Zhang, L. Jia, Y. Zhou, Cell
Proliferation 2019, 52, e12669.

[59] Y. Han, J. Ren, Y. Bai, X. Pei, Y. Han, Int. J. Biochem. Cell Biol. 2019,
109, 59.

[60] A. Nagelkerke, M. Ojansivu, L. van der Koog, T. E. Whittaker, E. M.
Cunnane, A. M. Silva, N. Dekker, M. M. Stevens, Adv. Drug Delivery
Rev. 2021, 175, 113775.

[61] S. Rani, A. E. Ryan, M. D. Griffin, T. Ritter, Mol. Ther. 2015, 23, 812.
[62] a) B. Huang, L.-F. Huang, L. Zhao, Z. Zeng, X. Wang, D. Cao, L. Yang,

Z. Ye, X. Chen, B. Liu, T.-C. He, X. Wang, Genes Dis. 2020, 7, 225; b)
T. Kang, T. M. Jones, C. Naddell, M. Bacanamwo, J. W. Calvert, W.
E. Thompson, V. C. Bond, Y. E. Chen, D. Liu, Stem Cells Transl. Med.
2016, 5, 440; c) S. Ren, J. Chen, D. Duscher, Y. Liu, G. Guo, Y. Kang,
H. Xiong, P. Zhan, Y. Wang, C. Wang, H.-G. Machens, Z. Chen, Stem
Cell Res. Ther. 2019, 10, 47.

[63] J. C. Akers, D. Gonda, R. Kim, B. S. Carter, C. C. Chen, J. Neurooncol.
2013, 113, 1.

[64] M. Zhou, Y.-J. Li, Y.-C. Tang, X.-Y. Hao, W.-J. Xu, D.-X. Xiang, J.-Y. Wu,
J. Controlled Release 2022, 351, 394.

[65] J. Li, C. Wei, Y. Yang, Z. Gao, Z. Guo, F. Qi, Burns 2022, 48, 1893.
[66] C. Gardiner, D. Di Vizio, S. Sahoo, C. Théry, K. W. Witwer, M.

Wauben, A. F. Hill, J. Extracell. Vesicles 2016, 5, 32945.
[67] a) Y. Tian, M. Gong, Y. Hu, H. Liu, W. Zhang, M. Zhang, X. Hu, D.

Aubert, S. Zhu, L. Wu, X. Yan, J. Extracell. Vesicles 2020, 9, 1697028;
b) R. E. Veerman, L. Teeuwen, P. Czarnewski, G. Güclüler Akpinar,
A. Sandberg, X. Cao, M. Pernemalm, L. M. Orre, S. Gabrielsson, M.
Eldh, J. Extracell. Vesicles 2021, 10, e12128.

[68] C. Théry, K. W. Witwer, E. Aikawa, M. J. Alcaraz, J. D. Anderson,
R. Andriantsitohaina, A. Antoniou, T. Arab, F. Archer, G. K. Atkin-
Smith, D. C. Ayre, J.-M. Bach, D. Bachurski, H. Baharvand, L.
Balaj, S. Baldacchino, N. N. Bauer, A. A. Baxter, M. Bebawy, C.
Beckham, A. Bedina Zavec, A. Benmoussa, A. C. Berardi, P. Bergese,
E. Bielska, C. Blenkiron, S. Bobis-Wozowicz, E. Boilard, W. Boireau,
A. Bongiovanni, et al., J. Extracell. Vesicles 2018, 7, 1535750.

[69] G. Lou, L. Chen, C. Xia, W. Wang, J. Qi, A. Li, L. Zhao, Z. Chen, M.
Zheng, Y. Liu, J. Exp. Clin. Cancer Res. 2020, 39, 4.

[70] a) M. Hospodiuk, M. Dey, D. Sosnoski, I. T. Ozbolat, Biotechnol. Adv.
2017, 35, 217; b) G. Rossi, A. Manfrin, M. P. Lutolf, Nat. Rev. Genet.
2018, 19, 671.

[71] S. V. Murphy, P. De Coppi, A. Atala, Nat. Biomed. Eng. 2020, 4, 370.
[72] H. Clevers, Cell 2016, 165, 1586.

Adv. Sci. 2023, 10, 2207334 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207334 (23 of 27)



www.advancedsciencenews.com www.advancedscience.com

[73] A. Sotra, B. Zhang, Trends Biotechnol. 2021, 39, 753.
[74] K. T. Lawlor, J. M. Vanslambrouck, J. W. Higgins, A. Chambon, K.

Bishard, D. Arndt, P. X. Er, S. B. Wilson, S. E. Howden, K. S. Tan, F.
Li, L. J. Hale, B. Shepherd, S. Pentoney, S. C. Presnell, A. E. Chen,
M. H. Little, Nat. Mater. 2021, 20, 260.

[75] J. A. Brassard, M. Nikolaev, T. Hübscher, M. Hofer, M. P. Lutolf, Nat.
Mater. 2021, 20, 22.

[76] E. W. Esch, A. Bahinski, D. Huh, Nat. Rev. Drug Discovery 2015, 14,
248.

[77] S. Mi, Z. Du, Y. Xu, W. Sun, J. Mater. Chem. B 2018, 6, 6191.
[78] S. E. Park, A. Georgescu, D. Huh, Science 2019, 364, 960.
[79] A. Sorkio, L. Koch, L. Koivusalo, A. Deiwick, S. Miettinen, B.

Chichkov, H. Skottman, Biomaterials 2018, 171, 57.
[80] J.-S. Lee, J. M. Hong, J. W. Jung, J.-H. Shim, J.-H. Oh, D.-W. Cho,

Biofabrication 2014, 6, 024103.
[81] a) A. Bajek, N. Gurtowska, J. Olkowska, M. Maj, L. Kazmierski, M.

Bodnar, A. Marszalek, R. Debski, T. Drewa, J. Cell. Biochem. 2017,
118, 1097; b) M. T. Chung, A. S. Zimmermann, K. J. Paik, S. D.
Morrison, J. S. Hyun, D. D. Lo, A. McArdle, D. T. Montoro, G. G.
Walmsley, K. Senarath-Yapa, M. Sorkin, R. Rennert, H. H. Chen, A.
S. Chung, D. Vistnes, G. C. Gurtner, M. T. Longaker, D. C. Wan, Stem
Cells Transl. Med. 2013, 2, 808; c) A. Barzelay, R. Levy, E. Kohn, M.
Sella, N. Shani, B. Meilik, M. Entin-Meer, E. Gur, A. Loewenstein, A.
Barak, Aesthetic Surg. J. 2015, 35, NP230.

[82] F. S. Shah, X. Wu, M. Dietrich, J. Rood, J. M. Gimble, Cytotherapy
2013, 15, 979.

[83] P. Palumbo, G. Miconi, B. Cinque, C. La Torre, F. Lombardi, G.
Zoccali, G. Orsini, P. Leocata, M. Giuliani, M. G. Cifone, J. Cell. Phys-
iol. 2015, 230, 1974.

[84] a) S. Thirumala, J. M. Gimble, R. V. Devireddy, J. Tissue Eng. Regener.
Med. 2010, 4, 224; b) K. W. Yong, B. Pingguan-Murphy, F. Xu, W. A.
B. W. Abas, J. R. Choi, S. Z. Omar, M. A. N. Azmi, K. H. Chua, W. K.
Z. Wan Safwani, Sci. Rep. 2015, 5, 9596.

[85] I. Roato, D. Alotto, D. C. Belisario, S. Casarin, M. Fumagalli, I.
Cambieri, R. Piana, M. Stella, R. Ferracini, C. Castagnoli, Stem Cells
Int. 2016, 2016, 4968724.

[86] M. S. Badowski, A. Muise, D. T. Harris, J. Clin. Med. 2019, 8, 327.
[87] L. Shukla, Y. Yuan, R. Shayan, D. W. Greening, T. Karnezis, Front.

Pharmacol. 2020, 11, 158.
[88] G. S. Major, J. W. Simcock, T. B. F. Woodfield, K. S. Lim, Trends

Biotechnol. 2022, 40, 77.
[89] D. Matsumoto, K. Sato, K. Gonda, Y. Takaki, T. Shigeura, T. Sato, E.

Aiba-Kojima, F. Iizuka, K. Inoue, H. Suga, K. Yoshimura, Tissue Eng.
2006, 12, 3375.

[90] a) A. Sterodimas, J. de Faria, B. Nicaretta, O. Papadopoulos, E.
Papalambros, Y. G. Illouz, Aesthetic Surg. J. 2010, 30, 78; b) Y. Zhou,
J. Wang, H. Li, X. Liang, J. Bae, X. Huang, Q. Li, Plast. Reconstr. Surg.
2016, 137, 44e.

[91] X. Chen, L. Yan, Z. Guo, Z. Chen, Y. Chen, M. Li, C. Huang, X. Zhang,
L. Chen, Cell Death Dis. 2016, 7, e2369.

[92] F. Yu, N. Witman, D. Yan, S. Zhang, M. Zhou, Y. Yan, Q. Yao, F. Ding,
B. Yan, H. Wang, W. Fu, Y. Lu, Y. Fu, Stem Cell Res. Ther. 2020, 11,
490.

[93] M. R. Borrelli, R. A. Patel, C. Blackshear, S. Vistnes, N. M. Diaz
Deleon, S. Adem, A. H. Shen, J. Sokol, A. Momeni, D. Nguyen, M.
T. Longaker, D. C. Wan, Stem Cells Transl. Med. 2020, 9, 1389.

[94] S.-F. T. Kølle, A. Fischer-Nielsen, A. B. Mathiasen, J. J. Elberg, R. S.
Oliveri, P. V. Glovinski, J. Kastrup, M. Kirchhoff, B. S. Rasmussen,
M.-L. M. Talman, C. Thomsen, E. Dickmeiss, K. T. Drzewiecki, Lancet
2013, 382, 1113.

[95] C. Calabrese, A. Kothari, S. Badylak, G. Di Taranto, M. Marcasciano,
S. Sordi, L. Barellini, F. Lo Torto, M. Tarallo, I. Gaggelli, G. D’Ermo,
A. Fausto, D. Casella, D. Ribuffo, Riv. Eur. Sci. Med. Farmacol. 2018,
22, 4768.

[96] M. Takeo, W. Lee, M. Ito, Cold Spring Harbor Perspect. Med. 2015, 5,
a023267.

[97] A. Hassanshahi, M. Hassanshahi, S. Khabbazi, Z. Hosseini-Khah, Y.
Peymanfar, S. Ghalamkari, Y. W. Su, C. J. Xian, J. Cell. Physiol. 2019,
234, 7903.

[98] a) T. G. Ebrahimian, F. Pouzoulet, C. Squiban, V. Buard, M. Andre,
B. Cousin, P. Gourmelon, M. Benderitter, L. Casteilla, R. Tamarat,
Arterioscler., Thromb., Vasc. Biol. 2009, 29, 503; b) S. J. Hong, S. X.
Jia, P. Xie, W. Xu, K. P. Leung, T. A. Mustoe, R. D. Galiano, PLoS
One 2013, 8, e55640; c) P. Li, X. Guo, Stem Cell Res. Ther. 2018, 9,
302.

[99] F. Ji, Y. Wang, J. Yuan, Q. Wu, J. Wang, D. Liu, J. Cell. Physiol. 2020,
235, 3548.

[100] H. Kim, M. R. Hyun, S. W. Kim, Stem Cells Int. 2019, 2019,
2745640.

[101] K. Kallmeyer, D. André-Lévigne, M. Baquié, K.-H. Krause, M. S.
Pepper, B. Pittet-Cuénod, A. Modarressi, Stem Cells Transl. Med.
2020, 9, 131.

[102] X. Ni, X. Shan, L. Xu, W. Yu, M. Zhang, C. Lei, N. Xu, J. Lin, B. Wang,
Stem Cell Res. Ther. 2021, 12, 226.

[103] H. Ahmadi, A. Amini, F. Fadaei Fathabady, A. Mostafavinia, F. Zare,
R. Ebrahimpour-Malekshah, M. N. Ghalibaf, M. Abrisham, F. Rezaei,
R. Albright, S. K. Ghoreishi, S. Chien, M. Bayat, Stem Cell Res. Ther.
2020, 11, 494.

[104] A. Amini, R. Pouriran, M.-A. Abdollahifar, H. A. Abbaszadeh, S. K.
Ghoreishi, S. Chien, M. Bayat, J. Photochem. Photobiol., B 2018, 182,
42.

[105] O. Fujiwara, A. Prasai, D. Perez-Bello, A. El Ayadi, I. Y. Petrov, R. O.
Esenaliev, Y. Petrov, D. N. Herndon, C. C. Finnerty, D. S. Prough, P.
Enkhbaatar, Burns Trauma 2020, 8, tkaa009.

[106] J. Yu, M. Y. Wang, H. C. Tai, N. C. Cheng, Acta Biomater. 2018, 77,
191.

[107] K.-C. Moon, H.-S. Suh, K.-B. Kim, S.-K. Han, K.-W. Young, J.-W. Lee,
M.-H. Kim, Diabetes 2019, 68, 837.

[108] L. Zhou, H. Wang, S. Yao, L. Li, X. Kuang, J. Healthcare Eng. 2022,
2022, 6590025.

[109] a) R. Agarwal, A. J. Garcia, Adv. Drug Delivery Rev. 2015, 94, 53; b) T.
A. Einhorn, L. C. Gerstenfeld, Nat. Rev. Rheumatol. 2015, 11, 45.

[110] a) R. Dimitriou, E. Jones, D. McGonagle, P. V. Giannoudis, BMC
Med. 2011, 9, 66; b) A. Wubneh, E. K. Tsekoura, C. Ayranci, H.
Uludag, Acta Biomater. 2018, 80, 1.

[111] G. Storti, M. G. Scioli, B. S. Kim, A. Orlandi, V. Cervelli, Stem Cells
Int. 2019, 2019, 3673857.

[112] H. Shafaei, H. Kalarestaghi, J. Cell. Physiol. 2020, 235, 8371.
[113] a) T. Gaur, C. J. Lengner, H. Hovhannisyan, R. A. Bhat, P. V. N.

Bodine, B. S. Komm, A. Javed, A. J. van Wijnen, J. L. Stein, G. S.
Stein, J. B. Lian, J. Biol. Chem. 2005, 280, 33132; b) Z. Hamidouche,
E. Haÿ, P. Vaudin, P. Charbord, R. Schüle, P. J. Marie, O. Fromigué,
FASEB J. 2008, 22, 3813.

[114] a) D. Hong, H.-X. Chen, Y. Xue, D.-M. Li, X.-C. Wan, R. Ge, J.-C. Li,
J. Steroid Biochem. Mol. Biol. 2009, 116, 86; b) J. E. Phillips, C. A.
Gersbach, A. M. Wojtowicz, A. J. García, J. Cell Sci. 2006, 119, 581.

[115] G. Xiao, R. Gopalakrishnan, D. Jiang, E. Reith, M. D. Benson, R. T.
Franceschi, J. Bone Miner. Res. 2002, 17, 101.

[116] F. Langenbach, J. Handschel, Stem Cell Res. Ther. 2013, 4, 117.
[117] a) M. S. Rahman, N. Akhtar, H. M. Jamil, R. S. Banik, S. M.

Asaduzzaman, Bone Res. 2015, 3, 15005; b) C. Yuan, X. Gou, J. Deng,
Z. Dong, P. Ye, Z. Hu, Biomed. Pharmacother. 2018, 105, 753.

[118] R. P. Gersch, J. Glahn, M. G. Tecce, A. J. Wilson, I. Percec, Aesthetic
Surg. J. 2017, 37, 723.

[119] S. Fatima, R. Alfrayh, M. Alrashed, S. Alsobaie, R. Ahmad, A.
Mahmood, Int. J. Nanomed. 2021, 16, 331.

[120] M. Sattary, M. Rafienia, M. Kazemi, H. Salehi, M. Mahmoudzadeh,
Mater. Sci. Eng., C 2019, 97, 141.

Adv. Sci. 2023, 10, 2207334 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207334 (24 of 27)



www.advancedsciencenews.com www.advancedscience.com

[121] Y. Gao, N. J. Ku, T. C. Sung, A. Higuchi, C. S. Hung, H. H. Lee, Q.
D. Ling, N. C. Cheng, A. Umezawa, L. Barro, T. Burnouf, Q. Ye, H.
Chen, J. Mater. Chem. B 2019, 7, 7110.

[122] Y. Yahiro, S. Maeda, M. Morikawa, D. Koinuma, G. Jokoji, T. Ijuin, S.
Komiya, R. Kageyama, K. Miyazono, N. Taniguchi, Bone Res. 2020,
8, 32.

[123] S. Virjula, F. Zhao, J. Leivo, S. Vanhatupa, J. Kreutzer, T. J. Vaughan,
A.-M. Honkala, M. Viehrig, C. A. Mullen, P. Kallio, L. M. McNamara,
S. Miettinen, J. Mech. Behav. Biomed. Mater. 2017, 72, 38.

[124] T. Song, J. Zhou, M. Shi, L. Xuan, H. Jiang, Z. Lin, Y. Li, Biomater.
Sci. 2022, 10, 1090.

[125] D. Prè, G. Ceccarelli, G. Gastaldi, A. Asti, E. Saino, L. Visai, F.
Benazzo, M. G. Cusella De Angelis, G. Magenes, Bone 2011, 49,
295.

[126] J. Li, X. Liu, J. M. Crook, G. G. Wallace, Mater. Sci. Eng., C 2020, 107,
110312.

[127] K. E. Hammerick, A. W. James, Z. Huang, F. B. Prinz, M. T. Longaker,
Tissue Eng., Part A 2010, 16, 917.

[128] G. S. Tjabringa, P. S. Vezeridis, B. Zandieh-Doulabi, M. N. Helder,
P. I. J. M. Wuisman, J. Klein-Nulend, Stem Cells 2006, 24, 2262.

[129] H. Zhang, A. Kot, Y.-A. E. Lay, F. A. Fierro, H. Chen, N. E. Lane, W.
Yao, Stem Cells Transl. Med. 2017, 6, 1880.

[130] J. M. Wagner, F. Reinkemeier, C. Wallner, M. Dadras, J. Huber, S. V.
Schmidt, M. Drysch, S. Dittfeld, H. Jaurich, M. Becerikli, K. Becker,
N. Rauch, V. Duhan, M. Lehnhardt, B. Behr, Stem Cells Transl. Med.
2019, 8, 1084.

[131] J. Liu, P. Zhou, Y. Long, C. Huang, D. Chen, Stem Cell Res. Ther. 2018,
9, 79.

[132] J. Du, P. Xie, S. Lin, Y. Wu, D. Zeng, Y. Li, X. Jiang, ACS Appl. Mater.
Interfaces 2018, 10, 28340.

[133] J. Lee, S. Lee, T. Ahmad, S. K. Madhurakkat Perikamana, J. Lee, E.
M. Kim, H. Shin, Biomaterials 2020, 255, 120192.

[134] T. Ahmad, H. Byun, J. Lee, S. K. Madhurakat Perikamana, Y. M. Shin,
E. M. Kim, H. Shin, Biomaterials 2020, 230, 119652.

[135] G. K. Sándor, J. Numminen, J. Wolff, T. Thesleff, A. Miettinen,
V. J. Tuovinen, B. Mannerström, M. Patrikoski, R. Seppänen, S.
Miettinen, M. Rautiainen, J. Öhman, Stem Cells Transl. Med. 2014,
3, 530.

[136] T. Thesleff, K. Lehtimäki, T. Niskakangas, S. Huovinen, B.
Mannerström, S. Miettinen, R. Seppänen-Kaijansinkko, J. Öhman,
Stem Cells Transl. Med. 2017, 6, 1576.

[137] Y. Jin, D. Shahriari, E. J. Jeon, S. Park, Y. S. Choi, J. Back, H. Lee, P.
Anikeeva, S.-W. Cho, Adv. Mater. 2021, 33, 2007946.

[138] N. Narayanan, Z. Jia, K. H. Kim, L. Kuang, P. Lengemann, G. Shafer,
V. Bernal-Crespo, S. Kuang, M. Deng, Bioact. Mater. 2021, 6, 1201.

[139] I. Eugenis, D. Wu, T. A. Rando, Biomaterials 2021, 278, 121173.
[140] H. Mizuno, P. A. Zuk, M. Zhu, H. P. Lorenz, P. Benhaim, M. H.

Hedrick, Plast. Reconstr. Surg. 2002, 109, 199.
[141] a) K. Archacka, J. Bem, E. Brzoska, A. M. Czerwinska, I. Grabowska,

P. Kasprzycka, D. Hoinkis, K. Siennicka, Z. Pojda, P. Bernas, R.
Binkowski, K. Jastrzebska, A. Kupiec, M. Malesza, E. Michalczewska,
M. Soszynska, K. Ilach, W. Streminska, M. A. Ciemerych, Cells 2020,
9, 1479; b) M. Zimowska, K. Archacka, E. Brzoska, J. Bem, A.
M. Czerwinska, I. Grabowska, P. Kasprzycka, E. Michalczewska, I.
Stepaniec, M. Soszynska, K. Ilach, W. Streminska, M. A. Ciemerych,
Int. J. Mol. Sci. 2020, 21, 3302.

[142] M. H. Moussa, G. G. Hamam, A. E. Abd Elaziz, M. A. Rahoma, A. A.
Abd El Samad, D. A. A. El-Waseef, M. A. Hegazy, Tissue Eng. Regener.
Med. 2020, 17, 887.

[143] J. Liu, P. Qiu, J. Qin, X. Wu, X. Wang, X. Yang, B. Li, W. Zhang, K. Ye,
Z. Peng, X. Lu, Stem Cells 2020, 38, 1307.

[144] A. Gorecka, S. Salemi, D. Haralampieva, F. Moalli, D. Stroka, D.
Candinas, D. Eberli, L. Brügger, Stem Cell Res. Ther. 2018, 9, 195.

[145] T.-C. Yin, R.-W. Wu, J.-J. Sheu, P.-H. Sung, K.-H. Chen, J. Y. Chiang,
S.-K. Hsueh, W.-J. Chung, P.-Y. Lin, S.-L. Hsu, C.-C. Chen, C.-Y. Chen,
P.-L. Shao, H.-K. Yip, Oxid. Med. Cell. Longevity 2018, 2018, 6012636.

[146] A. Sarveazad, A. Babahajian, A. Yari, C. K. Rayner, M. Mokhtare,
A. Babaei-Ghazani, S. Agah, B. Mahjoubi, J. Shamseddin, M.
Yousefifard, Stem Cell Res. Ther. 2019, 10, 367.

[147] A. Sarveazad, G. L. Newstead, R. Mirzaei, M. T. Joghataei, M.
Bakhtiari, A. Babahajian, B. Mahjoubi, Stem Cell Res. Ther. 2017, 8,
40.

[148] N. L. Millar, G. A. C. Murrell, I. B. McInnes, Nat. Rev. Rheumatol.
2017, 13, 110.

[149] T. A. Järvinen, Br. J. Sports Med 2020, 54, 1.
[150] N. L. Millar, K. G. Silbernagel, K. Thorborg, P. D. Kirwan, L. M.

Galatz, G. D. Abrams, G. A. C. Murrell, I. B. McInnes, S. A. Rodeo,
Nat. Rev. Dis. Primers 2021, 7, 1.

[151] R. Costa-Almeida, I. Calejo, M. E. Gomes, Int. J. Mol. Sci. 2019, 20,
3002.

[152] Y. Rao, C. Zhu, H. C. Suen, S. Huang, J. Liao, D. F. E. Ker, R. S. Tuan,
D. Wang, Stem Cell Res. Ther. 2022, 13, 380.

[153] X. Guo, X. Wang, H. Tang, Y. Ren, D. Li, B. Yi, Y. Zhang, ACS Appl.
Mater. Interfaces 2022, 14, 23219.

[154] G. M. Genin, S. Thomopoulos, Nat. Mater. 2017, 16, 607.
[155] S. K. Madhurakkat Perikamana, J. Lee, T. Ahmad, E. M. Kim, H. Byun,

S. Lee, H. Shin, Biomaterials 2018, 165, 79.
[156] I. Calejo, R. L. Reis, R. M. A. Domingues, M. E. Gomes, Adv. Health-

care Mater. 2022, 11, 2102076.
[157] J. B. Norelli, D. P. Plaza, D. N. Stal, A. M. Varghese, H. Liang, D. A.

Grande, J. Tissue Eng. 2018, 9, 204173141881118.
[158] M. J. Shin, I. K. Shim, D. M. Kim, J. H. Choi, Y. N. Lee, I.-H. Jeon, H.

Kim, D. Park, E. Kholinne, H.-S. Yang, K. H. Koh, Am. J. Sports Med.
2020, 48, 3347.

[159] S. Chen, J. Wang, Y. Chen, X. Mo, C. Fan, Mater. Sci. Eng., C 2021,
119, 111506.

[160] Y. S. Kim, C. H. Sung, S. H. Chung, S. J. Kwak, Y. G. Koh, Am. J. Sports
Med. 2017, 45, 2010.

[161] P. S. Randelli, D. Cucchi, C. Fossati, L. Boerci, E. Nocerino, F.
Ambrogi, A. Menon, Am. J. Sports Med. 2022, 50, 1344.

[162] A. R. Armiento, M. Alini, M. J. Stoddart, Adv. Drug Delivery Rev. 2019,
146, 289.

[163] P. Vahedi, R. Moghaddamshahabi, T. J. Webster, A. C. Calikoglu
Koyuncu, E. Ahmadian, W. S. Khan, A. Jimale Mohamed, A.
Eftekhari, Int. J. Mol. Sci. 2021, 22, 9215.

[164] S. L. Francis, S. Duchi, C. Onofrillo, C. Di Bella, P. F. M. Choong,
Stem Cells Int. 2018, 2018, 8947548.

[165] S. Lopa, A. Colombini, D. Stanco, L. de Girolamo, V. Sansone, M.
Moretti, Eur. Cells Mater. 2014, 27, 298.

[166] J. Garcia, C. Mennan, H. S. McCarthy, S. Roberts, J. B. Richardson,
K. T. Wright, Stem Cells Int. 2016, 2016, 6969726.

[167] L. Huang, L. Yi, C. Zhang, Y. He, L. Zhou, Y. Liu, L. Qian, S. Hou, T.
Weng, Stem Cells Int. 2018, 2018, 7139485.

[168] J. Liao, N. Hu, N. Zhou, L. Lin, C. Zhao, S. Yi, T. Fan, W. Bao, X.
Liang, H. Chen, W. Xu, C. Chen, Q. Cheng, Y. Zeng, W. Si, Z. Yang,
W. Huang, PLoS One 2014, 9, e89025.

[169] E. A. Makris, A. H. Gomoll, K. N. Malizos, J. C. Hu, K. A. Athanasiou,
Nat. Rev. Rheumatol. 2015, 11, 21.

[170] J. Yang, Y. S. Zhang, K. Yue, A. Khademhosseini, Acta Biomater. 2017,
57, 1.

[171] J. Yang, X. Jing, Z. Wang, X. Liu, X. Zhu, T. Lei, X. Li, W. Guo, H.
Rao, M. Chen, K. Luan, X. Sui, Y. Wei, S. Liu, Q. Guo, Front. Bioeng.
Biotechnol. 2021, 9, 607709.

[172] M. Bhattacharjee, J. L. Escobar Ivirico, H.-M. Kan, S. Shah, T.
Otsuka, R. Bordett, M. Barajaa, N. Nagiah, R. Pandey, L. S. Nair,
C. T. Laurencin, Proc. Natl. Acad. Sci. USA 2022, 119, e2120968119.

Adv. Sci. 2023, 10, 2207334 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207334 (25 of 27)



www.advancedsciencenews.com www.advancedscience.com

[173] H. Cho, J. Kim, S. Kim, Y. C. Jung, Y. Wang, B.-J. Kang, K. Kim, J.
Controlled Release 2020, 327, 284.

[174] A. J. Sutherland, G. L. Converse, R. A. Hopkins, M. S. Detamore,
Adv. Healthcare Mater. 2015, 4, 29.

[175] X. Li, W. Guo, K. Zha, X. Jing, M. Wang, Y. Zhang, C. Hao, S. Gao, M.
Chen, Z. Yuan, Z. Wang, X. Zhang, S. Shen, H. Li, B. Zhang, H. Xian,
Y. Zhang, X. Sui, L. Qin, J. Peng, S. Liu, S. Lu, Q. Guo, Theranostics
2019, 9, 5105.

[176] L. Lu, X. Shang, B. Liu, W. Chen, Y. Zhang, S. Liu, X. Sui, A. Wang,
Q. Guo, J. Cell. Physiol. 2021, 236, 4244.

[177] W.-S. Lee, H. J. Kim, K.-I. Kim, G. B. Kim, W. Jin, Stem Cells Transl.
Med. 2019, 8, 504.

[178] Y.-M. Pers, L. Rackwitz, R. Ferreira, O. Pullig, C. Delfour, F. Barry,
L. Sensebe, L. Casteilla, S. Fleury, P. Bourin, D. Noël, F. Canovas,
C. Cyteval, G. Lisignoli, J. Schrauth, D. Haddad, S. Domergue, U.
Noeth, C. Jorgensen, Stem Cells Transl. Med. 2016, 5, 847.

[179] V. L. Roger, S. Sidney, A. L. Fairchild, V. J. Howard, D. R. Labarthe,
C. M. Shay, A. C. Tiner, L. P. Whitsel, W. D. Rosamond, Circulation
2020, 141, e104.

[180] G. W. Reed, J. E. Rossi, C. P. Cannon, Lancet 2017, 389, 197.
[181] J. L. Anderson, D. A. Morrow, N. Engl. J. Med. 2017, 376, 2053.
[182] V. Planat-Bénard, C. Menard, M. André, M. Puceat, A. Perez, J. M.

Garcia-Verdugo, L. Pénicaud, L. Casteilla, Circ. Res. 2004, 94, 223.
[183] F. Zhang, Y. Xie, Y. Bian, Stem Cell Res. Ther. 2018, 9, 358.
[184] S. Narita, K. Unno, K. Kato, Y. Okuno, Y. Sato, Y. Tsumura,

Y. Fujikawa, Y. Shimizu, R. Hayashida, K. Kondo, R. Shibata, T.
Murohara, iScience 2022, 25, 104651.

[185] W. Liang, J. Chen, L. Li, M. Li, X. Wei, B. Tan, Y. Shang, G. Fan, W.
Wang, W. Liu, ACS Appl. Mater. Interfaces 2019, 11, 14619.

[186] P. Díaz-Herráez, L. Saludas, S. Pascual-Gil, T. Simón-Yarza, G.
Abizanda, F. Prósper, E. Garbayo, M. J. Blanco-Prieto, J. Controlled
Release 2017, 249, 23.

[187] W. Wang, B. Tan, J. Chen, R. Bao, X. Zhang, S. Liang, Y. Shang, W.
Liang, Y. Cui, G. Fan, H. Jia, W. Liu, Biomaterials 2018, 160, 69.

[188] Z. Zhang, S. Li, M. Cui, X. Gao, D. Sun, X. Qin, K. Narsinh, C. Li, H.
Jia, C. Li, Y. Han, H. Wang, F. Cao, Basic Res. Cardiol. 2013, 108, 333.

[189] W. Yan, Y. Guo, L. Tao, W. B. Lau, L. Gan, Z. Yan, R. Guo, E. Gao,
G. W. Wong, W. L. Koch, Y. Wang, X.-L. Ma, Circulation 2017, 136,
2162.

[190] J. Kastrup, M. Haack-Sørensen, M. Juhl, R. Harary Søndergaard,
B. Follin, L. Drozd Lund, E. Mønsted Johansen, A. Ali Qayyum, A.
Bruun Mathiasen, E. Jørgensen, S. Helqvist, J. Jørgen Elberg, H.
Bruunsgaard, A. Ekblond, Stem Cells Transl. Med. 2017, 6, 1963.

[191] A. A. Qayyum, A. B. Mathiasen, S. Helqvist, E. Jørgensen, M. Haack-
Sørensen, A. Ekblond, J. Kastrup, J. Transl. Med. 2019, 17, 360.

[192] L. Jiang, T. Mee, X. Zhou, X. Jia, Stem Cell Rev. Rep. 2022, 18, 544.
[193] T. M. Saffari, S. Saffari, K. S. Vyas, S. Mardini, A. Y. Shin, Neural

Regener. Res 2022, 17, 2179.
[194] K. Dalamagkas, M. Tsintou, A. Seifalian, Mater. Sci. Eng., C 2016, 65,

425.
[195] J. Moskow, B. Ferrigno, N. Mistry, D. Jaiswal, K. Bulsara, S.

Rudraiah, S. G. Kumbar, Bioact. Mater. 2019, 4, 107.
[196] A. Faroni, R. J. Smith, A. J. Reid, Neural Regener. Res. 2014, 9, 1341.
[197] a) M. Dezawa, I. Takahashi, M. Esaki, M. Takano, H. Sawada, Eur.

J. Neurosci. 2001, 14, 1771; b) P. J. Kingham, D. F. Kalbermatten, D.
Mahay, S. J. Armstrong, M. Wiberg, G. Terenghi, Exp. Neurol. 2007,
207, 267.

[198] X. Sun, Y. Zhu, H.-Y. Yin, Z.-Y. Guo, F. Xu, B. Xiao, W.-L. Jiang, W.-
M. Guo, H.-Y. Meng, S.-B. Lu, Y. Wang, J. Peng, Stem Cell Res. Ther.
2018, 9, 133.

[199] S. Wu, Y. Qi, W. Shi, M. Kuss, S. Chen, B. Duan, Acta Biomater. 2022,
139, 91.

[200] C.-W. Huang, S.-Y. Lu, T.-C. Huang, B.-M. Huang, H. S. Sun, S.-H.
Yang, J.-I. Chuang, Y.-Y. Hsueh, Y.-T. Wu, C.-C. Wu, Theranostics 2020,
10, 2817.

[201] M.-N. Hsu, H.-T. Liao, V. A. Truong, K.-L. Huang, F.-J. Yu, H.-H. Chen,
T. K. N. Nguyen, P. Makarevich, Y. Parfyonova, Y.-C. Hu, Theranostics
2019, 9, 6099.

[202] Y. Sun, X. Chi, H. Meng, M. Ma, J. Wang, Z. Feng, Q. Quan, G. Liu,
Y. Wang, Y. Xie, Y. Zheng, J. Peng, Bioact. Mater. 2021, 6, 3987.

[203] P. A. Soto, M. Vence, G. M. Piñero, D. F. Coral, V. Usach, D. Muraca,
A. Cueto, A. Roig, M. B. F. van Raap, C. P. Setton-Avruj, Acta Bio-
mater. 2021, 130, 234.

[204] D. Holmes, Nature 2017, 552, S49.
[205] G. Courtine, M. V. Sofroniew, Nat. Med. 2019, 25, 898.
[206] A. Sarveazad, A. Janzadeh, G. Taheripak, S. Dameni, M. Yousefifard,

F. Nasirinezhad, Stem Cell Res. Ther. 2019, 10, 183.
[207] X. Yuan, W. Yuan, L. Ding, M. Shi, L. Luo, Y. Wan, J. Oh, Y. Zhou, L.

Bian, D. Y. B. Deng, Biomaterials 2021, 279, 121190.
[208] M. Bydon, A. B. Dietz, S. Goncalves, F. M. Moinuddin, M. A. Alvi,

A. Goyal, Y. Yolcu, C. L. Hunt, K. L. Garlanger, A. S. Del Fabro, R. K.
Reeves, A. Terzic, A. J. Windebank, W. Qu, Mayo Clin. Proc. 2020, 95,
406.

[209] a) M. O’Driscoll, G. Ribeiro Dos Santos, L. Wang, D. A. T.
Cummings, A. S. Azman, J. Paireau, A. Fontanet, S. Cauchemez,
H. Salje, Nature 2021, 590, 140; b) N. G. Evans, Z. D. Berger, A.
L. Phelan, R. D. Silverman, BMJ 2021, 373, n1631.

[210] B. Oberfeld, A. Achanta, K. Carpenter, P. Chen, N. M. Gilette, P.
Langat, J. T. Said, A. E. Schiff, A. S. Zhou, A. K. Barczak, S. Pillai,
Cell 2020, 181, 954.

[211] a) M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Krüger, T.
Herrler, S. Erichsen, T. S. Schiergens, G. Herrler, N.-H. Wu, A.
Nitsche, M. A. Müller, C. Drosten, S. Pöhlmann, Cell 2020, 181, 271;
b) K. K.-W. To, S. Sridhar, K. H.-Y. Chiu, D. L.-L. Hung, X. Li, I. F.-N.
Hung, A. R. Tam, T. W.-H. Chung, J. F.-W. Chan, A. J.-X. Zhang, V.
C.-C. Cheng, K.-Y. Yuen, Emerging Microbes Infect. 2021, 10, 507.

[212] C. J. Rogers, R. J. Harman, B. A. Bunnell, M. A. Schreiber, C. Xiang,
F.-S. Wang, A. F. Santidrian, B. R. Minev, J. Transl. Med. 2020, 18,
203.

[213] P. Gentile, Aging Dis. 2021, 12, 330.
[214] a) T.-M. Lee, H.-J. Harn, T.-W. Chiou, M.-H. Chuang, C.-H. Chen,

C.-H. Chuang, P.-C. Lin, S.-Z. Lin, Redox Biol. 2019, 27, 101170; b)
P. Anderson, L. Souza-Moreira, M. Morell, M. Caro, F. O’Valle, E.
Gonzalez-Rey, M. Delgado, Gut 2013, 62, 1131.

[215] F. Sánchez-Guijo, M. García-Arranz, M. López-Parra, P. Monedero,
C. Mata-Martínez, A. Santos, V. Sagredo, J.-M. Álvarez-Avello, J.
E. Guerrero, C. Pérez-Calvo, M.-V. Sánchez-Hernández, J. L. Del-
Pozo, E. J. Andreu, M.-E. Fernández-Santos, B. Soria-Juan, L. M.
Hernández-Blasco, E. Andreu, J. M. Sempere, A. G. Zapata, J. M.
Moraleda, B. Soria, F. Fernández-Avilés, D. García-Olmo, F. Prósper,
eClinicalMedicine 2020, 25, 100454.

[216] Y.-G. Zhu, M.-M. Shi, A. Monsel, C.-X. Dai, X. Dong, H. Shen, S.-K.
Li, J. Chang, C.-L. Xu, P. Li, J. Wang, M.-P. Shen, C.-J. Ren, D.-C. Chen,
J.-M. Qu, Stem Cell Res. Ther. 2022, 13, 220.

Adv. Sci. 2023, 10, 2207334 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207334 (26 of 27)



www.advancedsciencenews.com www.advancedscience.com

Yi Qin is currently pursuing his M.Sc. degree in The First Affiliated Hospital of Soochow University
supervised by Prof. Dechun Geng. He received his B.Sc. degree in West China School of Medicine,
Sichuan University. His research interests include osteoimmunology in bone metabolic diseases and
biomaterial strategies for bone regeneration.

Jiaxiang Bai has obtained his Ph.D. degree in Soochow University and then joined Department of Or-
thopedics, the First Affiliated Hospital of Soochow University. His current research interests are fo-
cused on degenerative diseases of the musculoskeletal system and implant-associated infections.

Wenguo Cui is a full professor at Ruijin Hospital, Shanghai Jiao Tong University School of Medicine.
Currently, he is a fellow of the Royal Society of Chemistry (FRSC) and fellow of Chinese Society of Bio-
materials (FCSB). His scientific interests are focused on the development of novel biomaterials and
nanomaterials for tissue regeneration, drug delivery, and disease treatment.

Dechun Geng is a full professor at The First Affiliated Hospital of Soochow University. Currently, he is
the principal investigator of Joint Degeneration and Injury Laboratory in the Institute of Orthopaedics
at Soochow University. His scientific interests are focused on osteoimmunology in bone metabolic
diseases and engineering implants for enhanced osseointegration.

Adv. Sci. 2023, 10, 2207334 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207334 (27 of 27)


