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Abstract

Bone regeneration, predominantly orchestrated via stem cell, holds significant implications for orthopedic and reconstructive surgery.
Owing to the inherent limitations associated with stem cell transplantation and related modalities, the strategy of biomaterial-mediated
endogenous stem cell homing has emerged as a promising alternative, which has garnered substantial interest from both the academic and
clinical communities. This innovative approach employs chemokines and other molecular cues to direct the recruitment of endogenous
stem cells to the site of bone defect, thereby promoting bone regeneration in a more physiologically relevant manner. Bone marrow is
recognized as the primary niche and a major reservoir for a diverse array of stem cells. In this comprehensive review, we meticulously
delineate the endogenous stem cell homing paradigm and describe the biological factors affecting stem cell homing. Moreover, we
provide an in-depth analysis of the latest developments in functionally enriched biomaterials that are specifically designed to facilitate
the homing, survival, and functional integration of stem cell at the site of bone injury.
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Introduction

The skeletal system serves a dual function within the
body, offering mechanical integrity and protection, and
concurrently serves as a critical site for bone marrow resi-
dence and calcium homeostasis regulation [1,2]. In clinical
scenarios, bone defects arise from a spectrum of patholog-
ical states, encompassing severe trauma, tumor resection,
infectious processes, and osteoporosis [3]. The suboptimal
repair of these defects can amplify the physical, psycho-
logical, and economic burdens faced by patients [4]. Auto-
grafts and allografts have been considered as the benchmark
of treatment and demonstrated efficacy [5]. However, their
limited donor availability, immunogenicity, and the addi-
tional surgical risks associated with the acquisition of donor
material impede their broader clinical adoption [6–8]. In
the last several years, bone tissue engineering has garnered
heightened interest because of its distinctive benefits in the
regeneration of bone lesions, devoid of consequential in-
jury and the need for ex vivo cultivation [9–11]. Yet, the
quest for a convenient and efficient utilization of tissue en-

gineering to overcome the challenges of bone regeneration
remains a significant challenge in both clinical and basic
research domains.

Stem cells are a unique type of cell known for their
ability to regenerate and differentiate into various cell types
[12]. These cells play a crucial role in numerous biologi-
cal processes, including development, tissue repair, and im-
mune regulation [13,14]. Stem cell-based therapies have
shown great promise in the field of regenerative medicine,
providing new treatment options for a range of conditions
where the body’s natural ability to heal is compromised
[15,16]. Stem cell transplantation within the traumatic
zone has been previously applied to augment bone forma-
tion through direct injection. Tissue engineering has fur-
ther seeded stem cells into biological scaffolds to mimic
the micro-environment of bone rebuilding and achieve in
situ regeneration [17,18]. Hydroxyapatite/polyacrylonitrile
(HA/PAN) composite scaffolds showed excellent biocom-
patibility. Culture of bone marrow mesenchymal stem cells
(BM-MSCs) on the three-dimensional (3D) HA/PAN com-
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Fig. 1. Bibliometric analysis of relevant publications on stem cell homing and bone tissue engineering. The figure, visualized with
CiteSpace, VOSviewer, and Scimago Graphica, captures the multifaceted aspects of the research terrain. (I) The keyword co-occurrence
map visualizes the concurrent appearance of terms occurring at least 15 times, with font size indicating frequency. (II) A bar chart depicts
the annual publication trends from 1996 to 2024. (III) Visualization of influential authors publishing articles associated with the selected
keywords provides insight into the key contributors in the field. (IV) An international collaboration map highlights countries/regions
with related publications. (V) The top 25 keywords with significant citation bursts are shown, marked by red bars indicating peak citation
periods. (VI) A co-citation reference map with a timeline provides insights into the seminal works influencing this field. SDF-1, stromal
cell-derived factor-1.

posite scaffolds has revealed enhanced cellular prolifera-
tion, increased osteogenic differentiation, and augmented
mineralization capacity [19]. However, several challenges
still exist in the transplantation process, such as difficul-
ties in obtaining, storing, manipulating, immune rejection
and uncontrolled cell growth [20]. Therefore, the strategy
of activating the body’s endogenous stem cells to substitute
for cell transplantation has garnered considerable interest
among researchers.

For these reasons, in situ tissue regeneration ap-
proaches reliant on endogenous stem cells homing have
emerged. Stem cell homing describes the capability of
mobilization and migration of endogenous cells within the
body. Tissues and organs have the natural ability to re-

generate due to the attraction and homing of host-derived
stem cells [21–23]. Following bone injury, dormant stem
cells are activated and transformed into specific cell types,
secreting various biological factors (such as chemokines,
cytokines, and enzymes) in order to maintain tissue bal-
ance and meet the body’s repair needs [24]. Due to its re-
liance on the fine-tuned micro-regulation of the internal en-
vironment, the endogenous stem cell homing strategy in-
dependent of cell transplantation has increasingly captured
public attention and garnered widespread interest [24,25].
Furthermore, the regenerative capability is impaired under
pathological conditions such as aging [26], inflammation
[27], osteoporosis [28] and diabetes [29]. A strategy de-
pendent on endogenous stem cell homing may provide a
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Table 1. Characterization and function of primary bone marrow-derived stem cells involved in cell homing.

Stem cells type Definition
Functions in bone
regeneration

Reference

Mesenchymal stem cells (MSCs)/
skeletal stem cells (SSCs)

CD73+/CD105+/CD90+/CD34–/CD45–;
PDPN+/CD73+/CD164/CD146–

Self-renew/
differentiation/paracrine

[39,40]

Hematopoietic stem cells (HSCs)

Long-term HSCs (LT-HSCs):
CD34+/CD38–/ CD90+/ CD45RA–;
Short-term-HSCs (ST-HSCs):
CD34+/CD38–/ CD90–/ CD45RA–

Self-renew/
differentiation/paracrine

[41]

Endothelial progenitor cells (EPCs)

Myeloid angiogenic cells (MACs):
CD45+/CD14+/CD31+/VEGFR2+/CD146–/CD34–;
Endothelial colony-forming cells (ECFCs):
CD31+/CD146+/VEGFR2+/CD45–/CD14–

Self-renew/
differentiation/paracrine

[42]

Muse cell SSEA3+/CD105+ Differentiation/paracrine [43]

Myeloid progenitor cells (MPCs) CD34+/CD33+ Paracrine [44]

Very small embryonic-like
stem cells (VSELs)

SSEA-4+/CD133+/CXCR4+/Lin–/CD45– Differentiation [45]

VEGFR2, vascular endothelial growth factor receptor 2; Muse, multilineage-differentiating stress-enduring.

Fig. 2. The types of stem cells and factors implicated in the homing process within the bone microenvironment. MSCs, mesenchy-
mal stem cells; HSCs, hematopoietic stem cells; EPCs, endothelial progenitor cells; S1P, sphingosine-1-phosphate; MPCs, myeloid
progenitor cells; VSELs, very small embryonic-like stem cells.

promising method to fully harness the body’s regenerative
potential. As exported, biomaterials have become a critical
asset in orchestrating the homing of stem cells and foster-
ing the regeneration of bone tissue. Biomaterials not only
facilitate cell homing and provide scaffold for the growth of
nascent tissue but also integrate with chemokines and addi-
tional bioactive compounds [30–32], providing a promising
option for the development of acellular scaffolds that can ef-
fectively recruit stem cells. In this comprehensive review,
we provide an in-depth examination of the current research

advancements in bone regeneration mediated by stem cell
homing. We performed a comprehensive bibliometric anal-
ysis on the themes of stem cell homing and bone tissue
regeneration, through the Web of Science Core Collection
(WoSCC) database. An overlay visualization map of key-
word co-occurrence was created, revealing hotspots such as
“biomaterials” emerged (Fig. 1I). An increase in publica-
tion volumes of the field was also observed (Fig. 1II). The
study reflects the enthusiastic participation of scholars from
various institutions and countries in bone tissue engineer-
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Table 2. Factors involved in stem cells homing.
Factors type Composition Function Reference

Chemokines
Stromal cell-derived factor-1 (SDF-1), interleukin
(IL)-8, monocyte chemotactic protein (MCP)-1, etc.

Mobilize and promote stem cell migration [71–73]

Cell adhesion
factors

Intercellular adhesion molecule (ICAM)-1,
integrins, E-/L-selectin cadherins, etc.

Mediate cell-cell and cell-ECM
adhesion

[74–77]

Growth factors

Vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), fibroblast
growth factors (FGFs), insulin-like growth factors
(IGFs), bone morphogenetic proteins (BMPs), etc.

Promote the growth and
differentiation of stem cells

[78–81]

Others Sphingosine-1-phosphate (S1P), etc.
Promote stem cell migration and
differentiation

[82]

ECM, extracellular matrix.

ing, with a focus on stem cell homing. This underscores the
influence and pressing demand for advanced developments
in this critical area (Fig. 1III,IV). A more detailed anal-
ysis of keywords experiencing citation bursts and co-cited
references over the past five years highlights the growing
prominence and significance of “cell homing” and “MSCs”
in contemporary research advancements (Fig. 1V,VI).

Then we categorized the various types of bone
marrow-derived stem cells that have been shown to con-
tribute to bone repair, highlighting their distinct homing be-
haviors and regenerative potential within the scope of bone
tissue engineering. Additionally, we delved into the factors
that influence stem cell homing, discussed their importance
in guiding stem cell migration and homing process (Fig. 2).
Furthermore, we surveyed the latest developments in bio-
materials that have been engineered to enhance stem cell
homing to bone defects. This includes growth factors and
cytokines carried by the materials, as well as the molecular
mechanisms by which these biomaterials and their associ-
ated factors facilitate bone regeneration. Throughout the re-
view, we emphasize the translational potential of these find-
ings and highlight areas where further research is needed to
optimize stem cell homing strategies for clinical applica-
tions in bone regeneration.

Bone Marrow-Derived Stem Cells Involved
in Cell Homing

Stem cells are characterized by their multipotency and
self-renewal capacity, which enables them to develop into
a diverse spectrum of cellular lineages and ensures the con-
tinuous replenishment of their population [33]. They are
widely found across diverse tissues, including bone, skin,
adipose and other organs [34]. It is well recognized that
bone constitutes an intricate amalgamation of various cell
types, with stem cells playing a crucial role in preserv-
ing bone homeostasis. Stem cells reside in the bone mar-
row niche in a quiescent condition, within a microenvi-

ronment that sustains vital growth factors and extracellular
matrix (ECM) for their survival and function [35]. Gener-
ally, they maintain a state of low proliferation and a semi-
dormant condition. The engagement between the stromal
cell-derived factor-1 (SDF-1)-CXCR4 axis and the very
late antigen-4 (VLA-4) complex, along with its binding
partner vascular adhesion molecule-1 (VCAM-1), under-
lies the occurrence of this particular phenomenon. How-
ever, when triggered by external stimuli (mechanical stress,
injury cues), the stem cells are activated from repose, be-
ginning to proliferate and migrate to locations where they
exhibit the regenerative capabilities [36–38]. Initially, the
structural integrity of the SDF-1 and CXCR4 complexes,
as well as the VCAM-1 and VLA-4 proteins, is subject to
degradation by various proteolytic enzymes, including met-
alloproteinases and cathepsin G, which are released by im-
mune cells such as monocytes. Subsequently, an increase in
vascular permeability triggers themobilization of stem cells
from the bone marrow into the peripheral circulation. The
VLA-4 molecules on the surface of these stem cells then
bind to VCAM-1 ligands expressed on endothelial cells,
thereby facilitating their adhesion and subsequent transmi-
gration across the vascular endothelial barrier. Ultimately,
the homing stem cells successfully engraft at the site of in-
jury and initiate differentiation into osteoblasts or chondro-
cytes, secreting bone matrix to foster the generation of new
bone tissue [24]. A detailed illustration of this process is
provided in Fig. 3.

In this overview, we discuss the main types of stem
cells found in the bone marrow microenvironment, includ-
ing mesenchymal stem cells (MSCs), hematopoietic stem
cells (HSCs), endothelial progenitor cells (EPCs) and oth-
ers. We also highlight the functional roles of these cell types
in the homing process (Table 1, Ref. [39–45]).
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Table 3. The effects of various physical properties on stem cell function.
Physical properties Classification Effects Reference

Stiffness
Soft

Tend to provide a microenvironment for the
adipogenic differentiation of stem cells [102–104]

Stiff
More conducive to stem cell adhesion and
migration, with a greater tendency towards
osteogenic differentiation

Pore size
Micropores (less than 2 nm) The effects of different pore sizes on the migration

and proliferation of various stem cells are not the
same

[105]Mesopores (between 2 to 50 nm)
Macropores (larger than 50 nm)

Topography

Continuous Affect the shape and orientation of cells [111]
Discontinuous Regulate osteogenic capacity [112]
Random Not conducive to the differentiation of stem cells [110]

Hierarchically patterned
Show great advantages in promoting cell adhesion
and osteogenic differentiation

[113]

Surface charge
Positively

A positively charged surface is more favorable for
cell adhesion, spreading, and migration

[107]Negatively
Neutral charged

MSCs/Skeletal Stem Cells (SSCs)

MSCs represent a distinct subpopulation of spindle-
shaped cells endowed with multipotent proliferative capac-
ity and a fibroblastic phenotype. These cells were initially
isolated from bone marrow and named “stromal cells” [46]
and subsequently characterized in 1991 [47]. MSCs are ca-
pable of undergoing adipogenesis, chondrogenesis, and os-
teogenesis. They are earlier recognized to present specific
surface markers, including CD73, CD105 and CD90, while
lacking the expression of CD34 and CD45 [39]. In recent
years, advanced lineage tracing techniques have delineated
various subpopulations of bone MSCs in vivo, encompass-
ing those that are positive for platelet-derived growth factor
receptor (PDGFR)α, PDGFR-β, Prx1, Nestin, leptin recep-
tor (LepR) and myxovirus resistance 1 (Mx-1) [48]. More-
over, these subpopulations may also vary due to different
pathological conditions.

SSCs were identified and isolated as stem cells for the
first time in 2015 [40]. They represent a more primitive ori-
gin compared to MSCs. SSCs are distinguished as a cohort
of cells that are positive for PDPN, CD73, and CD164 and
negative for CD146. They possess the ability to differen-
tiate into early osteogenic, chondrogenic and stromal pro-
genitors, followed by differentiating into bone, cartilage,
and stromal cells. Furthermore, SSCs are able to respond
to bone injury by local expansion, thereby contributing to
bone repair and regeneration processes [49].

HSCs

HSCs constitute a pivotal component of bone mar-
row cellularity. The bone marrow microenvironment fur-
nishes an ideal milieu for the sustenance and expansion of

HSCs, exerting a critical effect on the functional manifes-
tation and developmental trajectory of these cells [50]. The
lifelongmaintenance of functional hematopoiesis is guaran-
teed to depend on the self-renewal and pluripotent proper-
ties of HSCs [51]. Similar to MSCs, HSCs are not homoge-
neous but exist in varied forms. The immature, long-term
HSCs (LT-HSCs) are specialized in self-renewal and sus-
taining the stem cell population, whereas short-term HSCs
(ST-HSCs) have the capacity to develop into cells with mul-
tilineage potential [41]. The canonical surface markers uti-
lized to define HSCs and their lineage-committed descen-
dants are CD34, CD38, CD90, and CD45RA [41,52].

HSCs play a crucial role in regulating bone
metabolism and the process of bone regeneration.
The endosteal and perivascular niches within the bone
marrow house a complex array of cellular components,
which are essential for the proper functioning of HSCs
[53]. These specialized cells guide HSCs by releasing cy-
tokines such as angiopoietin-I (Ang-I), osteopontin (OPN),
CXC-chemokine ligand 12 (CXCL12), and Ang-II, which
are crucial for the homing and migration of HSCs [54–56].
HSCs can transition from a dormant to a proliferative state
to regenerate the hematopoietic system and contribute to
bone regeneration after injury [57].

EPCs

EPCs constitute a unipotent progenitor population dis-
tinguished by their self-renewal capacity, clonogenic po-
tential, and differentiation ability [58,59]. Initially puri-
fied by Asahara et al. [60], these cells have been pro-
posed to enhance the development of collateral blood ves-
sels. Bone marrow serves as a bountiful source of EPCs.
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Table 4. Bioactive factors-loaded biomaterials for bone regeneration via promoting stem cell homing.
Bioactive
factors

Biomaterials Targeting function Animal models Reference

SDF-1

Silk fibroin/broussonetia
kazinoki composite scaffolds

MSCs migration, homing,
osteogenesis and vascularization

Rats, calvaria
defects

[114]

PLGA 3D scaffolds
MSCs proliferation,
osteogenesis

/ [115]

PLEOF hydrogels MSCs migration / [116]
3D collagen scaffolds
infiltrated with intrafibrillar
silica

Osteogenesi, vascularization,
MSCs homing

Mice, ectopic
ossification

[117]

Nanoparticles/hydrogels
composites

Osteogenesi, cell homing
Rats, calvaria
defects

[118]

Hydroxyapatite/polyacrylonitrile
composite scaffolds

Osteogenesi, cell homing
Mice, ectopic
ossification

[119]

SDF-1 +
BMP-7

Poly-epsilon-caprolactone
/hydroxyapatite hybrid scaffolds

Osteogenesi, vascularization
Rats, mandibular
incisor extraction

[120]

SDF-1 +
antimiRNA-138

Chitosan/β-sodium
glycerol phosphate

Osteogenesi, MSCs homing
Rats, calvaria
defects

[121]

SDF-1 +
dexamethasone

Encapsulated hydroxypropyl-
β-cyclodextrin
microspheres

Osteogenesi, vascularization,
MSCs homing

Dogs, dorsal
muscles dogs

[122]

VEGF

Chitosan/collagen sponge
Vascularization, osteogenesi,
cell proliferation

Rats, femur
defect/mice,
calvaria defects

[123,124]

Gelatin/alginate/β-TCP Proliferation and adhesion / [125]

PLGA scaffold Vascularization, osteogenesis
Rats, calvarial
defect

[126]

Silk fibroin/CaP/PLGA Vascularization, osteogenesis
Rabbits,
calvarial defect

[127]

PLGA spheres and fibrin Angiogenesi, osteogenesis
Dogs, femoral
neck defect

[128]

VEGF +
BMP-2

PLGA/gelatin hydrogel complex Angiogenesi, osteogenesis
Rats, ectopic
ossification

[129]

SiO2–/HA-GelMA
Angiogenesi, osteogenesis and
cell migration

Rats, cranial
defect

[81]

BMP-2/7 heterodimeric
complex

Collagen-hydroxyapatite
scaffold

Angiogenesi, osteogenesis
Rats, femoral
defect

[130]

BMP-2 +
PDGF-BB

Fibronectin genetically
engineered scaffold

Cell homing, osteogenesis
Rats, calvaria
defects

[131]

BMP-2 +
SDF-1

Acoustically responsive scaffold
embedded into hydrogel

Host stem cells recruitment
Rats, femoral
defect

[132]

RGD motifs Gelatin sponge MSCs homing
Mice, calvaria
defects

[133]
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Table 4. Continued.
Bioactive
factors

Biomaterials Targeting function Animal models Reference

Integrin α4β1 Polymeric electrospun platforms MSCs homing / [134]

Peptide PCL electrospun meshes
MSCs adhesion, spreading,
homing, survival

Rats, femoral
defect

[135]

Aptamer Nanoparticles MSCs homing
Rats, femoral
defect

[136]

SP +
simvastatin

PCL/gelatin (PCL/GEL) co-
electrospun membrane

MSCs homing
Rats, calvaria
defect

[137]

MicroRNAs
Self-assembling peptide
nanofiber hydrogel

Stem cell homing, suppress
senescence

Rats,
osteoarthritis

[138]

PLGA, poly (D, L-lactide-co-glycolide); PLEOF, poly (lactide ethylene oxide fumarate); RGD, arginine-glycine-aspartic acid; HA, hy-
droxyapatite; GelMA, gelatin methacryloyl; 3D, three-dimensional; PCL, polycaprolactone; SP, substance P; TCP, tricalcium phosphate.

As research advances incrementally, EPCs are catego-
rized into two primary groups according to their origin
from hematopoietic or endothelial lineages: myeloid an-
giogenic cells (MACs, CD45+/CD14+/CD31+/vascular en-
dothelial growth factor receptor 2 (VEGFR2)+/CD146–
/CD34–), and endothelial colony-forming cells (ECFCs,
CD31+/CD146+/VEGFR2+/CD45–/CD14–) [42]. MACs
lack the capacity to differentiate into endothelial cells but
promote angiogenesis through secreted factors, whereas
ECFCs primarily exert their function by differentiating into
endothelial cells [61].

Bone is a highly vascularized tissue that relies on neo-
vascularization with adequate blood supply for successful
bone regeneration [62]. EPCs are indispensable contribu-
tors to bone vascularization, as they can be activated and
directed to sites of injury to engage in the healing pro-
cess [63]. These cells possess the ability to differenti-
ate into endothelial cells and secrete cytokines that facil-
itate vascular formation. Furthermore, EPCs exert regu-
latory functions on other cells within the bone microenvi-
ronment. H-type endothelial cells, a subtype characterized
in 2014, are coupled with osteoprogenitor cells and play a
role in bone remodeling [64]. Additionally, EPCs secrete
cytokines such as CXCL12, bone morphogenetic protein
(BMP)-2, platelet-derived growth factor (PDGF)-BB, and
others, which interact with MSCs, macrophages, and os-
teoclasts, influencing osteogenesis and osteoclastogenesis
[65]. These mechanisms collectively underpin the estab-
lishment of an osteogenic-angiogenic coupling system.

Other Stem Cells

Beyond the well-characterized populations of MSCs,
HSCs, and EPCs, bone marrow harbors a complement
of less abundant stem cells that still contribute to tis-
sue regeneration. Specifically, multilineage-differentiating

stress-enduring (Muse) cells, a subset of MSCs with en-
hanced tolerance, exhibit pluripotent-like and macrophage-
like characteristics [43]. These cells express pluripotency-
associated genes such as Nanog, Oct3/4, and Sox2 and mi-
grate selectively to sites of injury by detecting sphingosine-
1-phosphate (S1P) released from damaged or apoptotic
cells [66–68]. Upon arrival, Muse cells engulf compro-
mised cells. In essence, Muse cells participate in tissue re-
pair through rapid and selective homing to damaged sites,
replacement of cells through differentiation, and the exer-
tion of bystander effects. Additionally, myeloid progenitor
cells (MPCs) are integral to bone regeneration, particularly
during the inflammatory and repair stages [44]. MPCs con-
tribute to immune regulation, osteogenesis, and angiogen-
esis. Furthermore, bone marrow has been found to con-
tain very small embryonic-like stem cells (VSELs) [45],
which are rare, early developmental cells capable of cross-
ing germlines upon activation.

Factors and Potential Mechanisms for
Achieving Efficient Homing of Stem Cells

The bone marrow microenvironment, characterized
by an intricate network of surrounding tissues, cells, and
the multitude of factors they secrete, collectively serves as a
nurturing “cradle” that safeguards the cells within. Among
these, signaling factors are crucial for preserving the equi-
librium of the bone marrow’s microenvironment [69,70].
Upon bone injury, a plethora of different factors are locally
expressed. These diverse signals alter the original tissuemi-
croenvironment, subsequently initiating the stem cell hom-
ing effect. In this part, we offer a synopsis of the primary
signaling factors that influence stem cell homing, including
chemokines, growth factors, adhesion molecules, and other
signal molecules (Table 2, Ref. [71–82]). It is essential to
acknowledge that these factors function interactively rather
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Fig. 3. Stem cell homing in bone regeneration. SP, substance P; CXCL-4, CXC-chemokine ligand 4; S1PR, S1P receptor; VCAM-1,
vascular adhesion molecule-1.

than independently, engaging in a dialogue of mutual reg-
ulation and collectively contributing to the homing of stem
cells.

Chemokines

Chemokines comprise a group of small cytokines
or signaling proteins that are released by cells. The
molecules are tissue-specific, with each tissue emitting
unique chemokines to establish concentration gradients
[83]. The gradients act as attractants for cells with
chemokine receptors, guiding them towards their original
tissue. SDF-1, also known as CXCL12, is a key chemokine
that plays a significant role in directing the migration and
homing of stem cells [84]. SDF-1 strongly binds to CXCR4

receptors which are commonly found in various stem cell
populations such as MSCs, HSCs, and EPCs [71,85]. The
SDF-1/CXCR4 pathway is involved in triggering a cas-
cade of downstream signals, including the PI3K/AKT or
Rac/Rho signaling pathway, thereby promoting the mobi-
lization of stem cells [86,87]. As a result, the processes of
stem cell expansion, migration, bone formation, and blood
vessel growth were enhanced to improve bone healing. Ac-
tivation of CXCR4 has been shown to accelerate the bone
repair and mineralization processes [88]. Additionally, in-
terleukin (IL)-8, andmonocyte chemotactic protein (MCP)-
1 have been shown to promote the multiplication and hom-
ing of stem cells during bone regeneration [72,73].
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Fig. 4. SDF-1 mediated bone regeneration using biodegradable PLGA 3D scaffolds and BM-MSCs. (I) The diagram of the strat-
egy. (II) Analysis of cell adhesion, growth, morphology, and mineralization in construct cultures by environmental scanning electron
microscopy. For Fig. 4(II), scale bars = 200 µm, 50 µm, 100 µm, 100 µm, 200 µm, 200 µm,100 µm, 200 µm, 100 µm, following
left-to-right and top-to-bottom sequence. (III,IV) Bone volume evaluation by MicroCT analysis of PLGA constructs. Data are presented
as means± SD. Statistical analysis was performed using Student’s t-test. **p< 0.01 and ***p< 0.001. Figures reproduced with permis-
sion from [115] Copyright 2020, American Chemical society. PLGA, poly (D, L-lactide-co-glycolide); 3D, three-dimensional; bFGF,
basic-fibroblast growth factor; GF, growth factor; MicroCT, Micro computed tomography; BM-MSCs, bone marrow mesenchymal stem
cells.

Cell Adhesion Factors

Cell adhesion molecules (CAMs) include a multi-
faceted array of proteins that encourage vital interactions
between cells and ECM. These molecular mediators are in-
strumental in the significant forms of connection, move-
ment, and differentiation of stem cells during their homing
stage. CAMs include members of the immunoglobulin su-
perfamily individuals, integrins, selectins, and cadherins.
Intercellular adhesion molecule (ICAM)-1 acts as a lig-
and that can bind to leukocyte function-associated antigen-
1 (LFA-1) and is a type of transmembrane glycoprotein
with a single polypeptide chain expressed on the cell sur-
face [74]. The engagement of ICAM-1 with LFA-1 is con-
nected to cell homing [89]. AsHSCs aremobilized from the

bone marrow by granulocyte-colony-stimulating factor (G-
CSF), neutrophil elastase and cathepsin G can cleave the
VCAM-1 molecules shown on stromal cell surfaces [90].
This cleavage decreases the attachment of stromal cells to
HSCs, thereby enhancing the migration of stem cells. Inte-
grins are heterodimers composed of α and β subunits, with
multiple subtypes available [75]. Integrin signaling tran-
scriptionally regulates SDF-1α expression, thereby affect-
ing the homing of HSCs. Integrin α4β1 plays pivotal roles
in regulating MSCs homing, adhesion, migration, and dif-
ferentiation [91,92]. E-/L-selectin, both belonging to the
selectin family and expressed on the surface of endothelial
cells, is capable of binding to specific ligands on the surface
of stem cells [76]. This interaction facilitates the migration
of stem cells to targeted locations. Similar to the above ad-
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Fig. 5. Control of the recruitment and capture of endogenous stem cells for bone defects repair utilizing ultrasound-dependent
biomimetic hydrogel scaffold complexes loaded with SDF-1 and BMP-2. (I) Schematic design of BSC-mediated endogenous BM-
MSCs repairing bone defects using US. (II) Acoustically-controlled chemokine release from BSC. For Fig. 5(II)a, scale bar = 1 mm; for
Fig. 5(II)b, scale bar = 1mm; for Fig. 5(II)e, scale bar = 100µm. (III) In vivo fluorescence images of rats treated with or without daily 20-
min p-US irradiation for 12 days, revealing gradually increased fluorescent areas in the rats that received with p-US irradiation from day
0 to day 5 and indicating the accelerated degradation of alginate hydrogel in rats that received with p-US irradiation. (IV) Representative
µCT 3D reconstructed images (top row) and sagittal images (bottom row) of femoral defects in rats received with different treatment
groups. Figures reproduced with permission from [132] Copyright under a Creative Commons license. BMP, bone morphogenetic
protein; PLA, polylactic acids; p-US, pulsed ultrasound; s-US, sinusoidal continuous wave ultrasound; PRF, pulse repetition frequency;
ARS, acoustically responsive scaffold; BSC, biomimetic hydrogel scaffold complexes.

hesion factors, cadherins affect stem cell homing by con-
necting with cytoskeletal proteins, affecting the stem cell’s
ability to survive and self-renew [77].

Growth Factors

In addition to the aforementioned two primary cate-
gories of signaling molecules, growth factors are instru-
mental in directing the migration and promoting the regen-
erative potential of stem cells within the bone matrix. This
collection of factors includes a diverse array of molecules
such as vascular endothelial growth factor (VEGF) [78],
PDGF [79], fibroblast growth factors (FGFs) [93], insulin-
like growth factors (IGFs) [80], and BMPs [81]. VEGF
can stimulate the expression of cell adhesion molecules on
endothelial cells, thereby enhancing the adhesion between
stem cells and endothelial cells [94]. In addition, VEGF
has the ability to promote the migration of stem cells and
regulate the formation of new blood vessels. The reported

components of PDGFs are intervened through the actua-
tion of the PI3K/AKT signaling cascades, which coordinate
cytoskeletal remodeling, in this way cultivating stem cell
movement and reasonability [95,96]. In addition, VEGF
and BMPs can actuate the expression of qualities that pro-
tect the stem cell properties and help in their homing and
differentiation [81].

Other Factors
With the enhancement of our understanding of the

homing behavior of stem cells, a plethora of regulatory
factors have been successively identified. Sphingosine-1-
phosphate (S1P), which is expressed in both MSCs and
HSCs, has been demonstrated to promote stem cell homing
and differentiation through the stimulation of S1P receptor
3 (S1PR3) and S1PR1 [82].
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Fig. 6. Stem cell-homing hydrogel-based miR-29b-5p delivery promotes cartilage regeneration. (I) Schematic illustration of
SKP@miR. RAD and SKP peptides self-assemble to form a nanofiber hydrogel with agomir-29b-5p distributed inside. (II) The miR-
29b-5p delivery system induces synovial stem cell recruitment and promotes chondrogenic differentiation. For Fig. 6(II)B, scale bar =
1000 µm and 50 µm, respectively; for Fig. 6(II)C, scale bar = 200 µm; for Fig. 6(II)E, scale bar = 100 µm, 100 µm and 200 µm, from
top to bottom. Data are presented as means ± SD. Statistical analysis was performed using one-way ANOVA. *p < 0.05 and **p <

0.01. Figures reproduced with permission from [138] Copyright under the terms of the Creative Commons Attribution-NonCommercial
license. ANOVA, one-way analysis of variance; RAD, self-assembling peptide (Ac-(RADA)4-NH2); SKP, stem cell–homing sequence
SKPPGTSS; sMSC, synovium-derived mesenchymal stem cells; RCs, rat chondrocytes; DAPI, 4′,6-diamidino-2-phenylindole; PBS,
phosphate-buffered saline; GAG, glycosaminoglycan.
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Table 5. Summary of bioactive factor release strategies.
Strategies Method Rates/durations Advantages Disadvantage Representative examples Reference

Physical
encapsulation

Single
scaffold

Slow release/
duration varies
(3–5 weeks)

Simple preparation
process; improved
sequestration and
effective delivery

Low release
efficiency and
single functionality;
difficult dose control

BMP-2/7-loaded collagen-
hydroxyapatite scaffold;
SDF-1-loaded silk-
collagen sponge scaffold

[130,139]

Composite
delivery
system

Slowly,15 d–
nearly several
weeks

Controlled release
with sequential release
of different factors.

Complex
preparation
process with
unstable release
rate;

Silk fibroin/broussonetia
kazinoki composite scaffolds;
Microsphere coating-
decorated HA scaffolds;
BMP-2/SDF-1-loaded
acoustically responsive
scaffold embedded
into hydrogel

[114,122]
[132]

Chemical
crosslinking

Receptor-
ligand
binding

/
High stability in vivo;
specific binding
capability

In vivo feasibility
still needs to be
explored; low dose
of growth factors

LLP2A-modified
electrospun scaffolds;
polycaprolactone
electrospun mesh
conjugated with an MSC
affinity peptide

[133,134]

Self-
assembled
nanoparticles

Slowly/40 d

Non-invasive; higher
feasibility; limited
synthesis cost; no
batch-to-batch
variability; MSCs
specificity

Unclear
pharmacokinetics;
frequent injections

Aptamer-functionalized
nanoparticles; microRNA-
loaded peptide nanofiber
hydrogel

[136,138]

Biomaterial-Guided Stem Cell Homing in
Bone Regeneration

Over the course of the past several decades, signif-
icant advancements have been made in the field of bone
tissue engineering. This innovative technique aims to re-
pair or regenerate bone tissue with the aid of biofunctional
materials that possess distinctive physicochemical and me-
chanical properties. To date, a plethora of biomaterials have
been utilized bone tissue engineering dependent on their ca-
pacity for osteoconductivity, osteoinductivity, and immune
regulation. Researchers have reviewed and summarized a
diverse array of biomaterials and advanced techniques for
bone therapy and regeneration, including ceramics, poly-
mers, metals, layered double hydroxides, and composites
[97]. As a fundamental part of the bone regeneration pro-
cess, fostering the attraction of endogenous stem and pro-
genitor cells to injured tissues is a critical component in the
development of innovative tissue engineering approaches.
In this section, we outline the current biomaterial-driven
strategies that have been suggested to govern the homing
of host stem cells.

Biomaterials in Stem Cell Homing

A diverse array of biomaterials has been devel-
oped and investigated to guide stem cell homing, includ-

ing porous/nanofiber scaffolds, coating materials, mag-
netic nanoparticles, thermo/light-responsive materials, and
framework nucleic acids. Chitosan-based hybrid scaf-
folds, in particular, have shown promise in the restora-
tion of damaged bone and cartilage tissue, owing to
their favorable osteoconductivity, porosity, and appro-
priately distributed pore sizes, as well as their capac-
ity to attract stem cells [98]. Iron oxide nanoparticles
have been demonstrated to enhance MSCs proliferation
and migration and VEGF secretion, thereby improving
homing and anti-inflammatory properties [99]. MSCs
have been observed to migrate from the bone marrow to
a non-osseous bioceramic implant via the bloodstream,
leading to the development of ectopic bone in a canine
model [100]. An electrospun poly(3-hydroxybutyrate-co-
4-hydroxybutyrate)/graphene oxide nanofibrous scaffold
has been developed with a straightforward fabrication pro-
cess, a desirable porous structure, enhanced stem cell hom-
ing properties, and rapid osteogenic potential [101]. Fur-
thermore, calcium phosphate has been found to enhance
MSC homing by activating the immune system to secrete
chemokines (CCL2, CXCL10,16, etc.) through the ERK
signaling pathway [73].

The physical properties of biomaterials, such as stiff-
ness, are recognized as influential factors in regulating stem
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cell homing due to their impact on cell adhesion. The im-
pact of culture substrate stiffness on stem cell recruitment,
proliferation, and differentiation is varied, and no unified
standards have yet been established [30]. Generically, cells
seeded on a substrate with a gradient of stiffness exhib-
ited a tendency to migrate from the soft to the stiffer side.
Moreover, cells generate a larger force in stiffer surfaces
at the focal adhesion and osteogenesis is advanced [102].
Therefore, rigid materials such as alginate, polycaprolac-
tone (PCL), polylactic acid, and polydimethylsiloxane are
more appropriate for cartilage and bone tissue engineering
applications than softer materials like hydrogels [103,104].
Pore size is one of the important physical characteristics
of biomaterials. According to the internal width, pores
can be classified into micropores (less than 2 nm), meso-
pores (between 2 to 50 nm) and macropores (larger than 50
nm) [105]. Size approximately equivalent to or marginally
larger than the average cell diameter has been demonstrated
to facilitate initial cellular adherence, establishing a con-
ducive substratum for subsequent cellular migration and
proliferation. Scaffolds with smaller pores offered en-
hanced structural support and initial cellular adhesion but
imposed constraints on cellular proliferation. In contrast,
larger pore sizes accommodate sufficient space for cellu-
lar migration and intercellular communication, albeit with a
trade-off of reduced mechanical integrity [106]. Certainly,
the porosity requirements for different stem cells to perform
their respective physiological functions vary. It is essential
to select the appropriate pore size tailored to the specific
needs of each cell type. Surface charge also plays an im-
portant role in stem cell function. Typically, nanoparticles
with positively charged surfaces tend to adsorb negatively
charged cell surface molecules, thereby promoting cell at-
tachment and adhesion [107]. In recent years, the roles of
topography have also gained significant attention, with evi-
dence emphasizing their profound effects on stem cell adhe-
sion, migration, and differentiation [108]. This conceptual
framework is informed by the exemplary role of the ECM
in cell biology, which provides a three-dimensional space
for stem cells to engage in physical and chemical signal-
ing essential for their functions [109]. Consequently, the
topological structure of biological scaffolds is indispens-
able for the modulation of stem cell homing. Surface to-
pography can be categorized as continuous, discontinuous,
random, and hierarchically patterned surfaces. Manufac-
turing techniques such as electrospinning, 3D printing, and
soft lithography are used [110]. Stem cells recognize to-
pographical cues by forming lamellipodia, filopodia, and
changing membrane curvature, leading to downstream sig-
naling transmission [110]. Biomaterials designed with the
intricate topography of the ECM are increasingly being uti-
lized to enhance stem cell homing. Here, we summarize the
effects of various physical properties on stem cell function
as shown in Table 3 (Ref. [102–105,107,110–113]).

Application of Bioactive Factors

Modulating the physical and biological attributes of
biomaterials aids in regulating the sequential processes un-
derlying bone regeneration. Various delivery scaffolds have
been explored and designed to achieve local release of
bioactive factors based on natural and synthetic polymers
for stem cell homing (Table 4, Ref. [81,114–138]).

SDF-1, as a primary chemokine for stem cell homing,
has been the subject of extensive research aimed at the de-
sign of biomaterials capable of delivering it to target sites.
The SDF-1-loaded silk fibroin/broussonetia kazinoki com-
posite scaffolds has demonstrated a sustained, controlled re-
lease profile, effectively stimulating MSC migration, hom-
ing and vascularization, thereby exhibiting robust bone re-
generation potential in bone defects [114]. Similarly, pos-
itive outcomes have been observed with SDF-1 encap-
sulated within various biomaterials, including biodegrad-
able poly (D, L-lactide-co-glycolide) (PLGA) 3D scaffolds
[115] (Fig. 4), poly (lactide ethylene oxide fumarate)
(PLEOF) hydrogels [116], knitted silk-collagen sponge
scaffolds [139], 3D collagen scaffolds infiltrated with in-
trafibrillar silica [117], nanoparticles/hydrogels compos-
ites [118], and hydroxyapatite/polyacrylonitrile composite
scaffolds [119]. Furthermore, the combined application
of SDF-1 with other factors or drugs has been explored.
For instance, SDF-1 and BMP-7 were incorporated into
a scaffold composed of a poly-epsilon-caprolactone and
hydroxyapatite hybrid, which includes interconnected mi-
crochannels with a diameter of 200 micrometers, to fa-
cilitate stem cell migration and enhance their homing ca-
pacity [120]. Additionally, the integration of SDF-1 into
chitosan/tripolyphosphate/hyaluronic acid/antimiRNA-138
nanoparticle-modified chitosan/β-sodium glycerol phos-
phate hydrogel has demonstrated potential in facilitating
the regeneration of critical-size calvaria bone defects by
enhancing MSCs homing and promoting osteogenic dif-
ferentiation [121]. Furthermore, in vitro culture exper-
iments with dexamethasone-encapsulated hydroxypropyl-
β-cyclodextrin microspheres coated with SDF-1 have re-
vealed that the initial release of SDF-1 markedly enhances
themigration ofMSCs towards the inner regions of the scaf-
fold [122].

VEGF and BMP-2 have been extensively studied and
utilized in tissue engineering and regenerative medicine to
promote angiogenesis and facilitate osteogenesis. As pre-
viously discussed, VEGF primarily participates in angio-
genesis during bone repair and also exerts a substantial in-
fluence on MSCs and EPCs homing. Controlled release
of VEGF has been achieved in various materials, includ-
ing chitosan/collagen sponge [123,124], gelatin/alginate/β-
tricalcium phosphate (TCP) [125], PLGA scaffold [126],
silk fibroin/CaP/PLGA [127], PLGA spheres and fibrin
[128], to advance stem cell homing. Similarly, BMP-2, a
multifunctional growth factor belonging to the TGF-β su-
perfamily, not only regulates osteogenic differentiation but
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also mobilizes, captures, and adheres stem cells, promot-
ing their homing and participating in the repair of bone tis-
sue. The synergistic application of both VEGF and BMP-
2 has been demonstrated to elicit the directed migration
of MSCs and EPCs towards subcutaneously implanted silk
scaffolds in nude mice and PLGA/gelatin hydrogel com-
plex in rats [129]. The dual-factor strategy has led to a
marked enhancement in neovascularization and osteogen-
esis when compared to either growth factor used in isola-
tion. The controlled release of a BMP-2/7 heterodimeric
complex through a collagen-hydroxyapatite scaffold has
demonstrated enhanced osteo-inductive capabilities, a phe-
nomenon attributed to its beneficial influence on the recruit-
ment of progenitor cells to the site of implantation [130]. A
recombinant fragment of fibronectin was genetically engi-
neered to feature dual-binding domains, enabling specific
affinity for both PDGF-BB and BMP-2, thereby creating a
multifunctional molecular construct. Similar outcome was
demonstrated in the combined application of BMP-2 and
SDF-1 [132] (Fig. 5). The scaffold was evaluated in a rat
model for its efficacy in bone repair, where it demonstrated
enhanced recruitment of MSCs [131]. This demonstrates
the potential of biomaterials to guide stem cell homing for
improved bone regeneration and highlights the synergistic
effects of growth factor combinations in tissue engineering
applications.

Cellular adhesion plays a crucial role in facilitating
stem cell recruitment. To tackle this issue, challenges have
been identified and addressed by modifying biomaterial
surfaces with specific biomolecules. The attachment of
cell adhesive arginine-glycine-aspartic acid (RGD) motifs
to gelatin sponge frameworks through enzymatic conjuga-
tion has been shown to attract MSCs and promote vigorous
osteogenic differentiation. This phenomenon relies on the
specific interactions between RGD and integrin receptors
[133]. Moreover, modifying the surface of polymeric elec-
trospun platforms with ligands for integrin α4β1 has been
found to improveMSCs attachment, spreading, and homing
abilities [134]. A specific peptide sequence, known as E7,
has been identified and successfully attached to PCL elec-
trospun meshes, creating a platform that works as an ef-
ficient “MSC-homing device”, improving the recruitment
of MSCs [135]. Additionally, the application of aptamer
coatings on biomaterial surfaces has demonstrated to be a
promising approach to increasing the recruitment of stem
cells. Aptamers, which are synthetic single-stranded DNA
or RNA molecules, serve as versatile targeting ligands ca-
pable of binding to a variety of cell types. Research in-
troduced a novel nanoparticle system functionalized with
aptamers that has the potential to enhance stem cell recruit-
ment and facilitate bone repair [136]. The effectiveness of
this methodology was validated using an aptamer (Apt19s)-
modified framework, created by incorporating a silk fibroin
scaffold within a silk fibroin/hyaluronic acid-tyramine hy-
drogel framework [140].

Beyond the aforementioned factors, the integration
of drugs, microRNAs (miRNAs), and exosomes (EXOs)
within biomaterials has increasingly garnered the atten-
tion of researchers. Particularly, a progressively organized
PCL/gelatin co-electrospunmembrane was created, consol-
idating gelatin filaments stacked with substance P (SP) and
polycaprolactone strands stacked with simvastatin [137].
This layer is designed to inspire a quick discharge of SP
at the beginning, followed by a delayed, relentless dis-
charge of simvastatin over a month. This process facilitates
the mobilization of stem cells and promoting angiogenesis,
while also stimulating persistent osteogenesis. MicroRNAs
(miRNAs) are a category of short non-coding RNA species
that play a significant part in the post-transcriptional reg-
ulation of gene expression. miRNAs function by binding
to complementary regions within target messenger RNAs
(mRNAs), resulting in either the inhibition of protein syn-
thesis or the promotion of mRNA. In the context of stem
cell homing, miRNAs play a crucial role in regulating key
processes such as stem cell migration, proliferation, differ-
entiation, and survival [141]. An injectable self-assembling
peptide nanofiber hydrogel, enhanced with a stem cell re-
cruitment peptide, was utilized to deliver agomir-29b-5p.
This combination was intended to promote the recruitment
of endogenous synovial stem cells to the infusion site [138]
(Fig. 6). Furthermore, miRNA-delivery systems have been
incorporated into hydrogel, collagen, hyaluronic acid, and
PCL matrices [142]. Exosomes (EXOs) are endosome-
derived extracellular vesicles that represent a diverse pop-
ulation of nanoscale particles (ranging from 30 to 150 nm)
released by a variety of cell types [143]. They are irreplace-
able in intercellular signaling, encouraging the exchange of
genetic material, proteins, and lipids among cells. EXOs,
named a “stellar” player in tissue engineering, are esteemed
for their exceptional biocompatibility and versatile capa-
bilities. The carrier biomaterials for exosomes incorporate
nanohydrogels, little intestinal submucosa/bioactive glass,
gelatin methacryloyl (GelMA) hydrogels, and others [144].

Additionally, this review summarizes various delivery
and release strategies for biomaterials loadedwith the above
bioactive factors that target stem cell homing during bone
regeneration. We also compare the differences among these
strategies, as illustrated in the Table 5 (Ref. [114,122,130,
132–134,136,138,139]).

Conclusions and Perspectives
Stimulating the homing of endogenous stem cells has

become a cutting-edge approach for fostering bone regen-
eration within the field of contemporary bone tissue engi-
neering. In this review, we delineate the stem cell pop-
ulations within the bone marrow microenvironment, pro-
vide an overview of the factors influencing stem cell hom-
ing and compile the state-of-the-art in biomaterials and
methodologies that harness this homing phenomenon to en-
hance bone regenerative processes. The insights gained
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from these technologies offer critical foundational knowl-
edge and have profound implications for the translation of
stem cell-based therapies into clinical practice.

Within the domain of skeletal restoration, the progres-
sion of biomaterials demonstrates multifaceted advance-
ments and dynamic trends. Presently, stem cell-based bio-
materials have revolutionized the field of tissue regenera-
tion. Significant research initiatives have focused on de-
signing biomaterials possessing a wide array of biologi-
cal and physical attributes, such as the creation of cellular
niches with precisely tuned pore dimensions that prompt
stem cells to transfer from an engineered microenviron-
ment to a biological one. Furthermore, biomaterials engi-
neered to improve stem cell recruitment through “bone im-
munomodulatory” functions are increasingly becoming the
subject of research and innovation [145].

Despite the promising progress, challenges still re-
main. Initially, the development of biomaterials requires
further refinement to enhance their mechanical properties in
order to effectively support the recovery of weight-bearing
bone. Materials must demonstrate excellent biocompatibil-
ity to prevent any abnormal inflammatory reactions or other
negative effects, and their degradation rate should be care-
fully synchronized with the pace of bone regeneration to
ensure long-term safety. Stem cell homing during bone re-
generation is a complex biological process, and effectively
controlling this process alongside bone repair presents a
significant challenge. Moreover, pathologies such as se-
nile osteoporosis may contribute to a significant lessening
in both the amount and viability of stem cells, underscoring
the need for proceeded examination into techniques to pow-
erfully upgrade the enlistment and differentiation of senes-
cent stem cells under pathological conditions. Finally, the
transition from the knowledge gained in mouse models to
its application in other animal species and, ultimately, to
the treatment of human bone defects represents a signifi-
cant and ongoing challenge that requires further research.

In summary, the approach of guiding stem cell hom-
ing with biomaterials harbors tremendous promise in the
domain of bone regeneration, with more innovative bioma-
terials poised to become a cornerstone in the field of bone
tissue engineering.
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