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Abstract

Osteogenic differentiation of mesenchymal stem cells (MSCs) serves as the cornerstone of bone tissue engineering and regenerative
medicine. Traditional biochemical induction methods exhibit limitations, whereas physical stimulation—as a non-invasive, precise, and
controllable regulatory approach—demonstrates significant potential in guiding osteogenic differentiation of MSCs. This review com-
prehensively examines the biological mechanisms by which diverse physical stimuli (including mechanical forces, matrix properties,
electromagnetic fields, low-intensity ultrasound, and photobiomodulation (PBM)) promote osteogenic differentiation in bone marrow-
derived MSCs (BMSCs), analyzes parameter optimization strategies for multi-modal physical stimulation, and envisions the broad appli-
cation prospects of intelligent and dynamic biomaterial systems in bone regeneration and tissue repair. Finally, this review proposes key
directions for future research, emphasizing the importance of multifactorial synergistic regulation, intelligent precision interventions, de-
velopment of non-invasive techniques, and clinical translation, aiming to provide theoretical foundations and novel insights for designing
next-generation efficient and safe bone regeneration strategies.
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Introduction
Large-scale bone defects, often caused by severe

trauma, tumor resection, or nonunion, present a formidable
global health challenge in the field of clinical orthopedics
[1]. Nonunion, representing a pathological stagnation in the
fracture healing process, affects up to 5–10% of patients
and often leads to long-term dysfunction, chronic pain, and
substantial socioeconomic burdens [2]. Although autolo-
gous or allogeneic bone grafts remain the current clinical
gold standard, they are respectively limited by donor site

complications, limited availability, immune rejection, and
potential disease transmission risks [3]. These inherent lim-
itations significantly constrain their clinical efficacy, high-
lighting the urgent need to develop safer, more effective,
and abundant sources of novel bone repair strategies.

Against this backdrop, mesenchymal stem cell
(MSC)-based tissue engineering has pioneered a revolu-
tionary pathway to address the challenge of bone regener-
ation [4]. The osteogenic regulatory mechanisms of MSCs
have been comprehensively elucidated across molecular,
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cellular, and tissue levels—ranging from intrinsic signal-
ing pathway modulation (e.g., Wnt, bone morphogenetic
protein (BMP)-2/Smad) to exosome-mediated paracrine
effects and macrophage-mediated immune microenviron-
ment optimization, as well as cutting-edge strategies like
gene editing and engineered biomaterials. These advances
demonstrate tremendous clinical translation potential [4–7].
Among various tissue sources, bone marrow-derivedMSCs
(BMSCs) have been universally regarded as the “gold stan-
dard” and core research subject in the field of bone re-
generation due to their inherent osteogenic potential and
the most extensive research history. However, the clinical
translation of MSC therapies still faces a core bottleneck:
how to ensure that implanted or endogenous MSCs can be
precisely and efficiently guided toward the osteogenic lin-
eage in complex pathological microenvironments such as
nonunion (often accompanied by inflammation, poor blood
supply, and mechanical instability). Traditional biochemi-
cal regulation strategies relying on exogenous growth fac-
tors offer high feasibility but frequently encounter multi-
ple limitations, including high cost, unstable bioactivity,
delivery challenges, and potential tumorigenicity. In con-
trast, physical interventions that mimic the in vivo physical
microenvironment are emerging as a disruptive paradigm
characterized by non-invasiveness, precise programmabil-
ity, and superior cost-effectiveness.

The differentiation fate of MSCs is profoundly influ-
enced by their physical microenvironment, encompassing
factors such as matrix stiffness, micro-topography, fluid
shear force, and mechanical tension. These physical cues
efficiently translate into intracellular osteogenic instruc-
tions through activation of canonical signaling pathways
(e.g., Wnt and BMP) and coordinated multi-level trans-
duction systems involving integrin-cytoskeleton networks,
mechanosensitive ion channels (e.g., Piezo1), and epige-
netic modifications. Furthermore, they promote vascular-
osteogenic coupling and optimize the osteo-immune mi-
croenvironment [8–12]. However, despite their promis-
ing potential, the clinical translation of physical interven-
tions is hindered by challenges such as fragmented param-
eter optimization and unclear mechanisms. For instance,
the complex interplay between stimulation parameters and
cell sources, coupled with the existence of a “therapeutic
window”(i.e., an optimal parameter range beyond which
efficacy may be inhibited), makes parameter optimization
a multidimensional challenge. Current research predomi-
nantly focuses on isolated parameters and lacks standard-
ization, significantly impeding clinical translation [13–16].
Therefore, this review aims to systematically synthesize
and analyze recent advances in physical intervention ap-
proaches for regulating osteogenic differentiation of MSCs
(using BMSCs as primary models), while delving into their
mechanisms of action and effective parameters. We an-
ticipate that by integrating existing knowledge, we can es-
tablish a theoretical foundation for developing standardized

regulatory protocols. This will pave the way for personal-
ized and precise applications of physical intervention strate-
gies, ultimately advancing bone regeneration medicine to
new heights.

Core Mechanisms of Physical Interventions
Affecting MSC Osteogenic Differentiation

Physical intervention strategies perceive mechanical
signals through integrin-focal adhesion complexes, activat-
ing core pathways such as YAP/TAZ, TGF-β/BMP, and
Wnt/β-catenin. These pathways promote osteogenic dif-
ferentiation through cytoskeletal reorganization and epige-
netic regulation. Additionally, paracrine signaling and im-
mune microenvironment modulation also play a role (Fig.
1).

The “Perception-Transduction-Response” Cascade of
Mechanical Signals

The response of MSCs to mechanical signals con-
stitutes a highly integrated biological process. This cas-
cade reaction spans from cellular membrane perception
to nuclear gene expression, ultimately determining their
differentiation fate toward osteogenic or adipogenic lin-
eages. Primarily, integrins act as crucial connectors be-
tween cells and the external environment. Through the for-
mation of focal adhesions, they convert external mechan-
ical stimuli into intracellular biochemical signals. For in-
stance, high-stiffness substrates activate the integrin-FAK-
RhoA-ROCK signaling axis, thereby upregulating the ex-
pression of the osteogenic transcription factor runt-related
transcription factor 2 (RUNX2) in MSCs. In contrast,
soft substrates tend to promote adipogenic differentia-
tion [17,38]. Simultaneously, mechanosensitive ion chan-
nels (e.g., Piezo1 and TRPV4) convert mechanical stim-
uli into electrochemical signals by mediating Ca2+ influx
in response to fluid shear stress (FSS) or static compres-
sion. This process activates downstream pathways such as
CaMKII and YAP/TAZ, directly regulating the expression
of osteogenic markers in MSCs [18,19,29]. Furthermore,
the primary cilium—another crucial mechanoreceptor—
initiates osteogenic gene expression programs through el-
evated intra-ciliary Ca2+ concentration resulting from de-
flection under external forces like FSS [39].

These membrane-based sensing events subsequently
drive dynamic reorganization of the cytoskeleton (including
actin filaments, microtubules, and intermediate filaments).
For instance, under cyclic tensile stimulation, Rho GTPases
are activated and guide the alignment of actin stress fibers
along the stretching direction. This cytoskeletal remodel-
ing generates internal tension that is transmitted to the cell
nucleus through the LINC complex, a “mechanical bridge”,
leading to chromatin structural rearrangement and render-
ing the genomic regions associated with osteogenic-related
genes more accessible. Concurrently, transcription factors
such as YAP/TAZ translocate into the nucleus and bind to
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Fig. 1. Mechanisms of physical interventions affecting MSC osteogenic differentiation. Physical stimuli, including mechanical,
electrical, and electromagnetic signals, are sensed by receptors such as integrins, GPCRs, ion channels, and extracellular matrix (ECM)
components, thereby activating intracellular pathways including MAPK, PI3K/Akt, Wnt/β-catenin, YAP/TAZ, and Ca2+-related signal-
ing. These pathways converge on key transcription factors such as RUNX2 to promote osteogenic differentiation. MSC-derived EVs
also mediate intercellular communication by delivering bioactive molecules that influence osteogenesis and the surrounding microenvi-
ronment [17–37]. Created in BioRender. Zhang, F. (2026) https://BioRender.com/r6zphl5.

promoters in these accessible regions, precisely initiating
the transcriptional program of osteogenic genes [20,40–42].
In addition to F-actin, microtubules have also been shown
to act as a “mechanical rheostat” for YAP/TAZ activity by
regulating the stability of AMOT proteins under mechani-
cal stimulation [43]. Notably, recent studies have proposed
an “inside-out” model wherein external physical constraints
directly compress the cell nucleus, increasing nuclear mem-
brane tension. This promotes rapid nuclear translocation
of YAP through conformational changes in nuclear pores,
thereby initiating cellularmechanoresponse programs. This
suggests nuclear deformation itself may serve as the starting
point for mechanical sensing [44]. However, this sophisti-
cated regulatory mechanism may become dysregulated un-
der pathological conditions. For instance, aberrant matrix
stiffness can drive a vicious cycle of fibrosis or tumor pro-
gression through sustained hyperactivation of integrin sig-
naling [45,46], providing a crucial caveat for future clinical
applications.

Integration and Crosstalk of Core Signaling Pathways

YAP/TAZ Pathway

As core effector molecules of the Hippo signaling
pathway, YAP/TAZ serve as the central hub connecting
the cellular mechanical microenvironment with the os-
teogenic differentiation fate of MSCs [47]. Their func-

tion originates from precise perception of physical stimu-
lation: when mechanical signals such as matrix stiffness
or tensile stress are transmitted via integrins and the cy-
toskeleton, they activate the RhoA-ROCK signaling path-
way. This subsequently inhibits the activity of Hippo path-
way kinases LATS1/2, resulting in YAP/TAZ dephospho-
rylation and their translocation from the cytoplasm to the
nucleus [21,48]. Mechanosensitive ion channels such as
TRPV4 and Piezo1 mediate calcium influx under mechan-
ical stimulation and can also influence YAP/TAZ activ-
ity. In the nucleus, YAP/TAZ not only function as tran-
scriptional co-activators that bind to TEAD to upregulate
the expression of osteogenic-related genes (e.g., RUNX2,
Osteopontin (OPN), Osteocalcin (OCN)) and promote os-
teogenic differentiation [22,49–51], but also serve as so-
phisticated signal integrators. Their activity is precisely
regulated by epigenetic and post-translational modifica-
tions including phosphorylation, acetylation, and palmitoy-
lation, and they engage in crosstalk with multiple signaling
pathways such as PI3K-Akt, Wnt, and TGF-β. This en-
sures both long-term retention of mechanical signals and
dynamic cellular responses [22–25]. It is particularly crit-
ical that YAP/TAZ holds signaling priority in mechanical
responses. Through Importin-7-mediated preferential nu-
clear transport, they restrict or even exclude nuclear en-
try of other signaling molecules under specific mechani-
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cal conditions, thereby ensuring the accuracy and domi-
nance of cellular response orientation [52]. Furthermore,
the YAP/TAZ-TEAD axis serves as a key “brake signal”
for MSC immunomodulatory function. Inhibiting this axis
activates the NF-κB signaling pathway and upregulates ex-
pression of immunoregulatory genes (e.g., TSG-6, IDO)
[53].

TGF-β/BMP Pathway

The classical TGF-β/BMP signaling pathway primar-
ily relies on the mediation of the SMAD protein fam-
ily. After TGF-β or BMP ligands (e.g., BMP-2, BMP-
4) bind to their receptors, they promote the formation of
complexes involving phosphorylated SMAD1/5/8, phos-
phorylated SMAD2/3, and SMAD4. These complexes then
translocate into the nucleus to initiate transcription of key
osteogenic genes such as RUNX2 and Osterix [54,55]. As
a crucial external signal for MSC osteogenic differentia-
tion, mechanical stimulation activates crosstalk with path-
ways including PI3K/Akt, Wnt/β-catenin, MAPK family
members (ERK1/2, JNK, p38), and Rho GTPases, enhanc-
ing cellular perception and response to mechanical forces
[26,27]. Non-coding RNAs (e.g., miRNA-27a) also par-
ticipate in BMP signaling pathway regulation, significantly
enhancing stem cells’ osteogenic differentiation capacity
and promoting new bone formation in vivo [56]. Addition-
ally, it is noteworthy that the osteogenic capacity of stem
cells depends not only on their source but also on their “sig-
nal environment”. Through precise modulation of the bal-
ance among BMP, TGF-β, and FGF signaling, it is possi-
ble to overcome the inherent heterogeneity between BM-
SCs and adipose-derived MSCs (ASCs), thereby maximiz-
ing their osteogenic potential. This approach also provides
new insights for developing more efficient stem cell thera-
pies [57].

Wnt/β-catenin Pathway

The Wnt/β-catenin pathway serves as a critical bridge
linking the mechanical microenvironment to the osteogenic
differentiation of MSCs [8,58]. The canonical Wnt sig-
naling pathway activates the transcription of osteogenic
genes by inhibiting β-catenin degradation and promoting
its nuclear translocation. For instance, Wnt7a activates the
canonical Wnt pathway, enabling its downstream transcrip-
tion factor TCF1 to directly bind to the promoter region of
the RUNX2 gene, thereby activating RUNX2 transcription
[28]. This pathway does not operate in isolation but is pre-
cisely regulated by a multi-dimensional network. At the
input level, mechanical stress promotes the phosphoryla-
tion of GSK-3β, reducing its phosphorylation and degrada-
tion of β-catenin [59]; Simultaneously, it interacts with the
Wnt/β-catenin pathway by promoting intracellular calcium
signaling and CaMKII activation, synergistically enhanc-
ing osteogenic differentiation [29]. Internally, molecules
such as Sema3A, FOXQ1, and ZEB1 form complex pos-

itive and negative feedback loops, enabling precise signal
fine-tuning [60–62]; At the systemic level, it engages in
crosstalk with pathways like BMP and TGF-β, and un-
dergoes epigenetic regulation by non-coding RNAs such
as lncRNAs, thereby integrating multiple signals includ-
ing mechanical, chemical, and even neural cues [63–65].
Ultimately, through this dynamic and multi-dimensional
regulatory network, the Wnt/β-catenin pathway precisely
converts complex microenvironmental cues into intrinsic
instructions that determine the osteogenic fate of MSCs,
thereby laying the theoretical foundation and identifying
key targets for developing innovative therapeutic strategies
for bone-related disorders.

Crosstalk Regulatory Network

Key signaling pathways including YAP/TAZ, TGF-
β/BMP, and Wnt/β-catenin dynamically regulate MSC
osteogenic differentiation efficiency and directionality
through synergistic, antagonistic, or integrative mecha-
nisms via cross-talk [66,67]. As core mechanosensing reg-
ulators, YAP/TAZ not only directly facilitates β-catenin
nuclear translocation to enhance its transcriptional activ-
ity, but also transmits physical cues (e.g., substrate stiff-
ness) to the Wnt pathway, collectively upregulating key os-
teogenic genes like RUNX2 to promote osteogenic gene ex-
pression and bone formation [66,68]. Simultaneously, the
TGF-β/BMP pathway forms a positive feedback loop with
YAP/TAZ to amplify signals while regulating the expres-
sion ofWnt inhibitors such as Dkk1. This mechanism limits
excessive Wnt pathway activation, prevents abnormal bone
formation, and maintains tissue homeostasis [54,69,70].
This ultimately establishes a signal integration platform en-
abling MSCs to respond to multimodal physical stimuli
(e.g., mechanical stimuli, electrical stimulation (ES), low-
intensity pulsed ultrasound), ensuring precise adaptive cel-
lular responses [71–73]. Building on profound insights into
this integrative mechanism, bone tissue engineering has de-
veloped innovative strategies such as combining bioactive
materials with ES to synergistically activate multiple path-
ways [74], or utilizing conductive polymers for targeted
mRNA delivery [75]. These approaches leverage the syner-
gistic effects of physical stimulation and functional materi-
als, driving bone tissue regeneration toward more efficient
and precise directions.

Subcellular Organelle Responses and Metabolic
Reprogramming
Endoplasmic Reticulum Homeostasis and Proteome
Remodeling

In the physical stimulation-mediated osteogenic dif-
ferentiation ofMSCs, the endoplasmic reticulum senses and
responds to mechanical signals through interactions with
cytoskeletal components [76]. Physical stimuli (such as
mechanical stretching, ultrasound, etc.) perturb intracellu-
lar calcium ion and reactive oxygen species (ROS) levels
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in MSCs through ion channel proteins TRPV1 and PKD2,
inducing endoplasmic reticulum stress. This effect exhibits
typical dose dependency [30]. Furthermore, the endoplas-
mic reticulum can sense changes in the curvature of ma-
trix pattern edges to regulate cell migration patterns [77].
Endoplasmic reticulum stress is tightly coupled with cellu-
lar metabolic states. Moderate stress activates the unfolded
protein response, ensuring efficient synthesis of key bone
matrix proteins. This process directly drives osteogenic
gene programs through transcription factors such as ATF4,
thereby promoting bone formation [78,79]. Conversely, ex-
cessive stress triggers pro-apoptotic signals, induces MSC
apoptosis, inhibits their osteogenic potential, and may lead
to diseases such as osteoporosis [80,81].

Mitochondrial Dynamics and Energy Metabolic
Adaptation

Mitochondria serve as an integrated hub for energy
metabolism, signal transduction, and quality control, with
their functional remodeling being a key determinant of cel-
lular fate. Mechanosensitive ion channels (Piezo1/TRPV4)
detect ECM stiffness alterations, triggering Ca2+ influx
that activates the cAMP/PKA pathway to enhance mito-
chondrial oxidative phosphorylation. This process simul-
taneously regulates mitochondrial fission through ERK1/2-
mediated phosphorylation of DRP1 [31]. Furthermore,
mechanical stimulation activates the YAP/TAZ pathway
which not only inhibits DRP1 activity to promotemitochon-
drial fusion and optimize network morphology for accom-
modating dramatically increasing energy demands during
MSC differentiation, but also enhances mitochondrial bio-
genesis via mTOR and PINK1/Parkin pathways [31,32].
Physical stimuli including mechanical traction and low-
intensity laser irradiation can drive metabolic reprogram-
ming from glycolysis toward efficient oxidative phospho-
rylation through AMPK/PCK2 pathways, thereby provid-
ing sufficient ATP and precursors for bone matrix syn-
thesis [82,83]. Crucially, mitochondrially-derived ROS
serve as pivotal signaling molecules: moderate ROS lev-
els activate downstream osteogenic pathways (PI3K/Akt,
MAPK/ERK) to promote bone formation, while exces-
sive accumulation exerts inhibitory effects [84,85]. Collec-
tively, physical stimuli precisely translate external mechan-
ical cues into internal biochemical instructions governing
MSC osteogenic fate through an integrated “mitochondrial
dynamics-autophagy-metabolism-signal output” regulatory
axis.

Epigenetics and Paracrine Effects
Mechanically Driven Epigenetic Reprogramming

Within the network of physical stimulation regulat-
ing osteogenic differentiation of MSCs, epigenetic mech-
anisms serve as the central hub connecting mechanical sig-
nals with genetic reprogramming. External physical stim-
uli (e.g., mechanical stretching, matrix stiffness) activate

downstream pathways such as PI3K/Akt and Wnt through
the continuous physical pathway of “cell membrane-
cytoskeleton-nuclear skeleton”, thereby regulating histone-
modifying enzymes and altering chromatin accessibility to
efficiently initiate transcription of osteogenic genes (e.g.,
RUNX2, Osterix) [33–35]. Secondly, fine regulation at the
post-transcriptional level is achieved through mechanisms
involving microRNA, long non-coding RNAs, etc [86].
Importantly, such mechanically induced epigenetic repro-
gramming establishes stable “cellular memory”, which not
only maintains the osteogenic state of MSCs but also opti-
mizes the bone regeneration microenvironment by regulat-
ing their paracrine effects [87,88].

Paracrine-Mediated Microenvironmental Synergy and
Transcellular Communication

Through complex intercellular communication with
osteoblasts, bone cells, osteoclasts, immune cells, and vas-
cular endothelial cells in their microenvironment, MSCs
constitute the core regulatory network that maintains skele-
tal dynamic balance. In response to physical stimuli,
paracrine signaling acts as a critical communication hub
linking the mechanical microenvironment to osteoblast fate
responses. Taking macrophages as an example, physical in-
tervention not only finely regulates the dynamic transition
between the pro-inflammatory M1 and anti-inflammatory
M2 phenotypes but also reshapes their secretory functions.
Studies have shown that mechanical stimulation can di-
rectly or indirectly via MSCs induce macrophage polar-
ization toward the M2 phenotype through YAP/TAZ and
Piezo1, thereby remodeling the osteoimmune microenvi-
ronment and promoting bone repair [89–91]. Research
by Bianconi et al. [92] demonstrated that direct current
stimulation at 100 mV/mm (1 hour daily for 3 consecutive
days) not only induced the polarization of THP-1-derived
M0 macrophages toward the M2 phenotype but also repro-
grammed M1 macrophages, as evidenced by the upregu-
lation of M2 markers (e.g., IL10, TGM2, CD206) along-
side the downregulation of CD86 and the inhibition of IL-
1β and IL-6 secretion. Furthermore, Cai et al. [36] found
that mechanical tension induces macrophage transition to a
reparative M2 phenotype via the Piezo1-p53 deacetylation
axis. On the other hand, physical stimulation significantly
enhances the paracrine activity of macrophages, prompt-
ing them to secrete extracellular vesicles (EVs) and solu-
ble factors (e.g., TGF-β1) enriched with specific bioactive
molecules (such as UCHL3), which promote the osteoge-
nesis of BMSCs [36,93]. Pu et al. [93] discovered that
mechanical force inducesmacrophages to secrete exosomes
rich in UCHL3, which promote BMSC osteogenesis by tar-
geting SMAD1. Huang et al. [94] confirmed that static
topological and dynamic fluid stimuli can upregulate miR-
210-3p by 10-fold in macrophage-derived exosomes via
activation of the Piezo1/Ca2+/YAP pathway, significantly
increasing the expression of osteogenic markers such as
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RUNX2, Col I, and OPN in BMSCs. Additionally, Li et al.
[95] utilizing a Flexcell FX-5000 tension system, revealed
that mechanical tension promotes Drp1-mediated mito-
chondrial fission in macrophages, leading to the secretion
of mitochondria-containing EVs (mitochondria-containing
EVs, mito-EVs). These EVs are transferred to BMSCs via
CD200R-CD200 interaction, thereby significantly enhanc-
ing their osteogenic differentiation and bone formation.

Key Physical Intervention Strategies and
Their Parameter Optimization
External Mechanical Stimulus
Tension Strain

Tensile strain is a critical mechanical parameter
for regulating osteogenic differentiation of MSCs [96].
This process initiates at the cell-matrix interface, where
mechanoreceptors such as integrins and Piezo1 are acti-
vated, triggering Ca2+ influx and initiating multiple down-
stream signaling pathways including Wnt, BMP, MAPK,
and PI3K/Akt [29,97–99]. Cyclic stretching also ac-
tivates YAP through the ROCK/F-actin signaling axis,
thereby promoting osteogenic differentiation ofMSCs [48].
These signals subsequently integrate at multiple core hubs,
such as enhancing osteogenic gene expression through the
AMPK/SIRT1/FoxO3a axis [96]; Alternatively, by inhibit-
ing the core kinase LATS of the Hippo pathway, phos-
phorylation of YAP (S127, S397) is reduced, facilitating
its nuclear translocation [48]; Moreover, it directly trans-
ports RUNX2 into the nucleus via upregulation of nuclear
transport protein IPO7 to initiate transcription [41]. Addi-
tionally, tensile strain mediates post-transcriptional regula-
tion through the lncRNA-miRNA axis (e.g., the lncRNA-
MEG3/miR-140-5p axis) [100]. Notably, its effects ex-
tend beyond MSCs themselves to the microenvironment.
Tensile strain activates the Piezo1 channel in macrophages,
triggering deacetylation of p53 protein and inducing their
polarization toward pro-repair M2-type. This promotes
secretion of TGF-β1 and exosomes containing UCHL3,
further enhancing MSC osteogenic differentiation [36,93].
In summary, tensile strain constructs a complex network
featuring multi-level synergy—ranging from direct signal
transduction to indirect microenvironmental regulation—
that precisely drives the bone regeneration process.

The core of mechanical regulation for MSC os-
teogenic differentiation lies in the application of tension-
inducing devices and techniques. These technological ap-
proaches have evolved from fundamental 2D cell stretch-
ing systems, such as applying mechanical stress to cells
via elastic membranes like PDMS, to advanced plat-
forms integrating 3D culture and microfluidics. These ad-
vanced systems can precisely simulate complex in vivo uni-
axial/multiaxial and static/dynamic tensile environments
through pneumatic, magnetic, and other actuation methods
[101–104]. To ensure experimental precision, researchers
not only select stretching modes based on the principle

that static stretching guides morphology while dynamic
stretching mimics physiological activity, but also utilize
atomic force microscopy and finite element analysis to ac-
curately characterize substrate mechanical behavior [105–
107]. Currently, commercial instruments such as Flexcell
and custom-built devices like iStrain collectively provide
diverse tools for this field [41,108–110]. Future novel in-
telligent systems incorporating optical andmicroelectrome-
chanical systems technologies will enable higher-precision
real-time modulation and feedback control of mechanical
parameters [111].

The regulation of osteogenic differentiation in MSCs
by tensile stimulation constitutes a complex system collec-
tively determined by multiple parameters including stretch
amplitude, frequency, duration, and scaffold materials.
Among these, stretch amplitude serves as the core vari-
able, exhibiting an optimal osteogenic-promoting window
at 5%–8% [96,112]. However, this window significantly
shifts with cellular aging, as aged cells demonstrate greater
vulnerability to excessive stretching and diminished re-
sponsiveness to moderate stimulation [13]. For instance,
mesenchymal stromal cells derived from aged rats exhibit
significantly higher apoptosis rates under excessive stretch-
ing (10%) and show poorer response to the osteogenic-
promoting effect of moderate stretching (2.5%) compared
to young cells [13]. Therefore, when designing intervention
parameters, it is essential to optimize stimulation parame-
ters according to cellular age to avoid cell loss and maxi-
mize therapeutic outcomes, particularly when applied to el-
derly patients. Regarding frequency and timing, common
stretching frequencies range from 0.1 Hz to 1 Hz. Frequen-
cies approximating circadian rhythm (e.g., 1 Hz) demon-
strate superior efficacy in promoting MSC osteogenic dif-
ferentiation [113,114]. Cyclic stretching outperforms static
stretching. Application of 8% strain at 0.5 Hz frequency in
mouse BMSCs significantly enhances alkaline phosphatase
(ALP) expression and ECM mineralization [112]. Further-
more, as the scaffold materials serving as the foundation for
mechanical transmission, their elastic modulus must strike
a balance between transmission efficiency and biocompat-
ibility. For example, softer substrate materials lead to dis-
persed stress, while stiffer materials can transmit tension
more effectively but may compromise cell adhesion [115].
In conclusion, future research should focus on establishing
integrated multi-parameter regulatory systems, developing
smart-responsive materials, and ultimately achieving pre-
cise personalized mechanical treatment strategies tailored
to special.

Hydrostatic Pressure (HP)

HP is widely used to simulate various physiological
pressure-bearing environments such as joint cavities, deep
skeletal tissues, vascular systems, and intra/extracellular
spaces. It plays a crucial role in regulating diverse cellu-
lar behaviors including differentiation, migration, apopto-
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sis, and proliferation [116,117]. The core mechanism in-
volves activating integrins or Piezo1 on cell membranes,
thereby initiating downstream signaling pathways such as
Wnt/β-catenin, MAPK, and PI3K/Akt. This drives tran-
scription factors including YAP1 and NFAT2 into the nu-
cleus, upregulates expression of BMP-2, and directs MSCs
toward osteogenic differentiation while simultaneously in-
hibiting adipogenic differentiation [118,119]. Furthermore,
this process depends on the coordinated action of cytoskele-
tal structures such as intermediate filaments, as well as the
fine regulation by non-coding RNAs including lncRNA-
PAGBC/miR-133b/RUNX2 pathways [40,120]. More im-
portantly, the effects of HP extend beyond the cells them-
selves. It drives MSCs to differentiate into vascular en-
dothelial cells, creating a “angiogenesis-osteogenesis cou-
pling” positive feedback loop that provides nutritional sup-
port for bone regeneration, thereby efficiently accelerating
the entire bone tissue repair process [121]. Notably, undif-
ferentiated stem cells and mature osteoblasts employ dis-
tinct mechanotransduction pathways to respond to the same
mechanical stimuli, suggesting the existence of different
pressure “switches” during the osteogenic differentiation of
MSCs [122].

In vitro studies rely on gas- or liquid-driven special-
ized bioreactors to apply HP [123]. Researchers use biore-
actors to precisely simulate physiological HP stimuli rang-
ing from static to dynamic conditions through constant,
cyclic, or stepwise pressure variations [124]. For instance,
Henstock et al. [122] employed a custom pneumatic-
hydrostatic bioreactor capable of fine-tuning sinusoidal
pressure waveforms between 0.0001–2 Hz (or sustained
pressure) and 0–280 kPa. One study utilized liquefied mi-
crocapsule environments to expose MSCs to cyclic HP at
5 or 50 MPa (three times per week at 37°C). Without os-
teogenic induction factors, MSC exposed to HP (50 MPa)
showed significant increases in ALP and OPN activities
[117]. Another study proposed a dynamic microgel plat-
form in which single MSCs are encapsulated in ionically
cross-linked cell-adhesive alginate microgels, stabilized
using alginate-poly-l-lysine-alginate and calcium coating.
Daily application of cyclic HP (200 kPa, 0.5 Hz) for 30min-
utes demonstrated that individual MSCs can undergo com-
plete osteogenic differentiation without biochemical induc-
tion [125].

The efficacy of HP in regulating MSC osteogenic dif-
ferentiation is not determined by a single parameter, but
rather by a multidimensional parameter space collectively
formed by pressure amplitude, frequency, waveform, du-
ration, and application protocol [117,122]. The pressure
amplitude promoting MSC osteogenic differentiation typ-
ically ranges from 0.1 MPa to 50 MPa, with moderate in-
tensity (e.g., 0.5–1MPa) demonstrating remarkable effects.
Beyond 100 MPa, cellular responses shift from short-term
metabolic activation to long-term cellular damage [117].
Frequencies predominantly fall within 0.5–1.0 Hz to mimic

circadian rhythm, while higher frequencies (e.g., 10–60Hz)
exhibit significantly weakened efficacy [122,126]. For in-
stance, investigations into cyclic HP effects on hMSC os-
teogenic differentiation in 3D culture revealed that only
combined stimulation at 1 Hz frequency and 280 kPa pres-
sure could induce mineralization as high as 75% without
requiring growth factors. In contrast, static culture, con-
stant pressure (280 kPa, 0 Hz), low-frequency stimulation
(0.05 Hz, 280 kPa), or low-pressure stimulation (70 kPa, 1
Hz) demonstrated no significant osteogenic effects (miner-
alization < 2%) [122]. The effects of HP may exhibit cu-
mulative properties; under prolonged dynamic cyclic stim-
ulation (e.g., 1–4 hours daily for several weeks), physiolog-
ical pressure levels as low as 10 kPa can drive the commit-
ment of hBMSCs to the osteogenic lineage [127]. Studies
indicate that with increasing strain amplitude, MSC differ-
entiation shifts from osteogenic to chondrogenic, reaching
peak chondrogenic-promoting effects at 15% strain; When
the strain increased to 20%, this effect weakened corre-
spondingly, and chondrogenic differentiation was signifi-
cantly inhibited [15]. However, the effective thresholds
of these parameters are significantly influenced by a se-
ries of biological and experimental factors. For instance,
the mechanosensitivity of cells exhibits significant individ-
ualized variations depending on their tissue origin and cul-
ture medium composition [122,128]. Therefore, determin-
ing the optimal HP intervention protocol must be a compre-
hensive decision-making process. It necessitates system-
atic integration of multidimensional information including
cell source, biological indicators, expression of osteogenic
functional markers, and activation levels of signaling path-
ways to achieve precision control.

FSS

FSS, as a key physical stimulation, effectively acti-
vates the mechanical sensing mechanisms of MSCs by sim-
ulating physiological blood flow and tissue fluid dynam-
ics. It has been demonstrated to significantly promote os-
teogenic differentiation both in vitro and in vivo [129–131].
This process initiates when FSS activates mechanorecep-
tors (e.g., integrins, primary cilium) and mechanosensitive
ion channels (e.g., Piezo1/2, TRPM7) on the cell mem-
brane, triggering intracellular calcium ion concentration
changes and initiating mechanotransduction [132–134]. At
the molecular level, FSS activates multiple core signaling
pathways including YAP/TAZ, Notch, MAPK, and Wnt/β-
catenin, upregulates the expression of osteogenic mark-
ers such as ALP, OPN, and OCN, and ultimately pro-
motes matrix mineralization and bone-like tissue formation
[69,97,132,135]. Furthermore, studies have revealed more
refined regulatory mechanisms. For instance, FSS-induced
autophagy regulates osteogenic differentiation through An-
nexinA6, while FSS enhances the synergistic effects be-
tween MSCs and endothelial cells. Through activation of
the integrin β1-FAK-ERK1/2 signaling axis, FSS further el-
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evates osteogenic capacity, collectively forming an intricate
network through which the mechanical microenvironment
regulates bone regeneration [136,137].

In vitro simulation systems for FSS loading represent
core tools for investigating MSC osteogenic differentia-
tion, with their technological frameworks having reached
considerable maturity. Primarily, these systems are cat-
egorized into four major types [138]. Parallel plate flow
chambers are suitable for fundamental observations in two-
dimensional homogeneous environments [139]; Cone-and-
plate viscometers excel at applying adjustable uniform
shear forces in three-dimensional settings [131]; and mi-
crofluidic chips enable precise simulation of complex phys-
iological fluid environments and facilitate high-throughput
monitoring [140,141]; While perfusion bioreactors inte-
grate three-dimensional scaffolds to construct dynamic cul-
ture environments most closely resembling human physio-
logical conditions, facilitating clinical translation [135,142,
143]. Furthermore, to achieve precise control of FSS, re-
searchers have introduced modeling methods such as com-
putational fluid dynamics and dynamic cellular response ki-
netics to precisely quantify mechanical parameters within
bioreactors [144]. More importantly, the combination of
FSS and biomaterials, through synergistic effects, signifi-
cantly enhances MSC osteogenic differentiation and sub-
stantially improves its clinical application potential in bone
defect treatment [131]. Therefore, future research direc-
tions involve designing more optimized dynamic bioreac-
tors and microfluidic systems tailored to specific applica-
tion needs to maximize the promotion of MSC osteogenic
differentiation, thereby laying a solid scientific foundation
and technological guarantee for bone tissue engineering and
clinical bone repair.

The realization of the osteogenic effect promoted by
FSS highly depends on the meticulous optimization of a se-
ries of mechanical parameters, which constitutes a multidi-
mensional and multilayered systematic project [145]. First,
at the macroscopic level, there are three key parameters:
in terms of strength, 1–20 dyn/cm2 is generally consid-
ered the effective range, while 5–12 dyn/cm2 represents the
optimal interval [139]; Regarding time and frequency, in-
termittent stimulation mimicking physiological conditions
(0.5–2 hours daily, 0.5–2 Hz) yields superior outcomes
compared to continuous stimulation, effectively prevent-
ing cellular fatigue [69,131,138,146]; Regarding applica-
tion modes, steady flow induces early-stage osteogenesis,
whereas oscillatory flow bettermimics physiological condi-
tions to promote cellular maturation [69,130]. Secondly, at
the finer micro-level, the dynamic rate and directional char-
acteristics of mechanical stress exert decisive influences on
cell fate. Research indicates that the linear increase rate
of stress (∆SS) enables precision control over differentia-
tion orientation. For instance, when stress linearly increases
from 0 to 10 dyn/cm2, physiological slow changes (20 min-
utes) promote chondrogenic differentiation, moderate rapid

changes (10 minutes) strongly enhance osteogenic differ-
entiation, whereas excessive abrupt changes (0 minutes)
lead to mixed differentiation [145]. Meanwhile, directional
flow proves more effective than random flow in promoting
osteogenic differentiation [147]. Finally, optimization of
these mechanical parameters is not conducted in isolation
but requires coordinated consideration with intrinsic cellu-
lar states and microenvironmental factors. This includes
cell density, supplementation of growth factors (e.g., BMP-
2, VEGF), and differential sensitivity to shear stress among
MSCs from various sources [136,139,141]. Consequently,
FSS parameter settings should not remain static but should
be dynamically and personally optimized based on multidi-
mensional information (e.g., cell type, culture conditions)
and experimental feedback to maximize osteogenic differ-
entiation (Fig. 2).

Physical Properties of Matrix
ECM Stiffness

Matrix stiffness, defined as the elastic modulus of
ECM or scaffold materials, regulates MSC osteogenic dif-
ferentiation by modulating cytoskeletal organization, sig-
naling pathways, and energy metabolism [148,149]. Rigid
substrates (>34 kPa) promote MSC osteogenic differen-
tiation through activation of multiple signaling pathways
including integrin-FAK-YAP/TAZ and PI3K-Akt-GSK-3β
[149–152]. Concurrently, they optimize cellular energy
metabolism by enhancing glycolytic flux, improving ox-
idative phosphorylation efficiency, and regulating mito-
chondrial dynamics (e.g., upregulating Mitofusin 1/2 ex-
pression while inhibiting Drp1 activity), thereby establish-
ing the metabolic foundation for osteogenic differentiation
[32,153]. Substrates with moderate stiffness (8–17 kPa)
promote MSC differentiation into skeletal muscle cells,
while soft substrates (∼ 5 kPa) favor adipogenic differ-
entiation. Extremely soft substrates (0.1–1 kPa) induce
neural differentiation [150,154]. Notably, overexpression
of miR-99b—a key mechanosensitive molecule—has been
shown to overcome the limitations of soft substrates by
regulating mTOR signaling, thereby promoting BMSC os-
teogenic differentiation within 3D soft hydrogels (3.2 kPa)
[155]. Furthermore, stiffness requirements vary across
bone healing stages. During early phases, MSCs respond
to softer matrices via MAPK/Hippo/AP1 pathways, secret-
ing immunomodulatory factors like TSG-6 to create a low-
inflammatory microenvironment conducive to tissue regen-
eration [156,157]. Biomaterial design should therefore be
optimized to achieve precision control of MSC osteogenic
differentiation by accommodating stage-specific stiffness
variations. Enhanced autophagy activity in BMSCs corre-
lates with elevated stiffness and coincides with intensified
osteogenic differentiation [157]. Conversely, lower ECM
stiffness (0.7 kPa) impairs macrophage secretion and up-
take functions by hindering the sorting of vesicle transport
proteins and autophagy-related lipids intoMSC-EVs, offer-
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Fig. 2. External mechanical stimulus affecting MSC osteogenic differentiation. Tensile strain, HP, and FSS regulate MSC os-
teogenic differentiation throughmechanotransduction pathways. These stimuli are sensed bymechanoreceptors such as integrins, Piezo1,
and primary cilia, leading to activation of downstream signaling cascades and osteogenic transcription factors, thereby promoting os-
teoblast differentiation and matrix mineralization. Their effects are parameter-dependent and influenced by loading magnitude, fre-
quency, duration, and mode [15,29,69,96–99,112–114,117–120,122,127,131–135,138,139,146]. Created in BioRender. Zhang, F. (2026)
https://BioRender.com/pazii9c.

ing novel insights for designing physical stimulation-based
bone repair biomaterials [158].

Precisely modulating matrix stiffness to guide the be-
havior ofMSCs has become a key strategy in bone tissue en-
gineering. This technology primarily relies on tunable hy-
drogels and micropatterned surfaces [159,160]. Hydrogels
such as gelatin methacrylamide (GelMA), polyacrylamide
(PAAm), polyethylene glycol (PEG), and collagen exhibit
excellent biocompatibility. By adjusting cross-linking den-
sity, their stiffness can be precisely tuned within the range
of several kPa to several hundred kPa [160–163]. Further-
more, hydroxyapatite nanoparticles are often incorporated
to enhance mechanical strength, thereby better mimicking
natural bone [164]. Micropatterned surface technology pro-
motes spatial organization of cells and enhances cell-matrix
interactions [165]. Given that the bone formation process
inherently exhibits spatiotemporal characteristics with dy-
namically increasing matrix stiffness, research strategies
have evolved from static regulation to dynamic simulation
[151]. On one hand, designing fixed material stiffness gra-
dients enables spatial directional differentiation of MSCs.
On the other hand, fixed stiffness gradient scaffolds con-
structed using techniques like 3D printing to simulate bone
structures from soft to hard can guide directional migration
and differentiation of MSCs [164,166]; Utilizing smart ma-
terials to design dynamic stiffness hydrogels enables pro-

grammable enhancement of stiffness over time. For in-
stance, Li et al. [151] discovered that late-stage stiffness
enhancement significantly promotes bone matrix secretion
and YAP/TAZ nuclear localization in MSCs. The integra-
tion of these advancedmaterials and technologies facilitates
precise spatiotemporal control of matrix stiffness across a
broad range from kilopascals to megapascals, thereby pro-
viding an ideal mechanical microenvironment for MSC os-
teogenic differentiation.

Matrix stiffness serves as a core mechanical microen-
vironmental cue regulatingMSC osteogenic differentiation,
with its regulatory effects being finely influenced by mul-
tidimensional parameters. Studies indicate that an elastic
modulus range of 60–140 kPa (with approximately 60 kPa
showing particularly prominent effects) can significantly
induceMSCs to adopt a stellate morphology and upregulate
osteogenic gene expression [167]. The nanoscale homo-
geneity of the matrix is equally critical. Homogeneous hy-
drogels better promote osteogenic differentiation [168] by
forming more effective focal adhesions and actin bundles.
The intrinsic cellular conditions and dynamic responses
constitute another determining factor. MSCs from differ-
ent sources (e.g., bone marrow and adipose-derived) ex-
hibit fundamental differences in mechanical signaling per-
ception. This necessitates stiffness parameter optimiza-
tion for specific cell types to achieve precision control
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[14,122]. Concurrently, cell density influences differenti-
ation through dual mechanisms. High-density culture can
directly enhance intercellular signaling and upregulate os-
teogenic factors such as RUNX2 [156]; It can also mod-
ulate cellular sensitivity to matrix stiffness and cytoskele-
tal reorganization, indirectly influencing mechanotransduc-
tion [169]. Furthermore, dynamically changing mechanical
environments demonstrate greater physiological relevance
than static stiffness. Studies confirm that the “soft-to-hard”
dynamic stiffness transition, which simulates the in vivo
healing process, efficiently promotes MSC osteogenic dif-
ferentiation by activating the integrin-FAK signaling path-
way, highlighting the importance of stiffness transition tim-
ing [151,163]. In summary, the regulation of matrix stiff-
ness on MSC osteogenic differentiation constitutes an in-
tricate network involving material physical properties, in-
trinsic cellular attributes, and dynamicmechanical temporal
sequences. In the future, personalized material design inte-
grating patient-specific biomechanical environments with
cellular requirements will emerge as an indispensable and
pivotal strategy in the field of bone repair and regenerative
medicine.

Extracellular Fluid Viscosity

Extracellular fluid viscosity, as a crucial physical mi-
croenvironmental signal, plays a decisive role in MSC dif-
ferentiation by modulating cellular mechanosensation. Re-
search indicates that high-viscosity environments can ef-
fectively promote osteogenic and chondrogenic differenti-
ation while inhibiting adipogenic differentiation in MSCs
through increased mechanical loading; Conversely, low
viscosity favors adipogenic differentiation [170,171]. Re-
garding osteogenic differentiation, high viscosity induces
the formation of dense Arp2/3-dependent actin networks
and elevates membrane tension through NHE1-dependent
cell swelling and ILK-mediated cell spreading. This ul-
timately activates the TRPV4 ion channel, triggering cal-
cium influx. Subsequently, two parallel pathways coor-
dinately regulate gene expression: First, calcium signal-
ing activates the RhoA/ROCK pathway, driving nuclear
translocation of YAP; On the other hand, it directly pro-
motes the nuclear translocation of the transcription factor
NFATc1. The synergistic action of YAP and NFATc1 sig-
nificantly upregulates the expression of osteogenic-related
genes such as ALP and RUNX2, efficiently driving os-
teogenic lineage differentiation of hMSCs [66,172]. No-
tably, the effect of high-viscosity signaling is potent enough
to reverse the inhibitory effects of soft substrates on os-
teogenic differentiation, achieving lineage conversion from
adipogenic to osteogenic [66]. Furthermore, this regulatory
network extends into the immune domain, where hMSCs
cultured on soft substrates under high-viscosity conditions
demonstrate immunomodulatory properties by promoting
M2 macrophage polarization, establishing a bidirectional
regulatory network connecting osteogenic and immune mi-

croenvironments [66].
Regulating extracellular fluid viscosity is an emerg-

ing strategy for promoting bone repair, which also drives
the development of biomimetic materials. Methodologi-
cally, researchers have developed various models and tech-
niques to accurately quantify viscosity. Lu et al. [170]
constructed culture media with varying viscosities (88.8–
645.5 cP) using biologically inert PEG. These were co-
encapsulated with cells in agarose hydrogels to systemat-
ically analyze viscosity effects on hMSCs’ trilineage dif-
ferentiation. Regarding viscosity measurement techniques,
beyond traditional creep testing, cutting-edge research em-
ploys new technologies such as holographic imaging and
laser speckle contrast imaging, enabling non-invasive mea-
surement of tissue models [66,173]. In terms of clinical
translation prospects, regulating extracellular fluid viscos-
ity opens new avenues for bone regeneration. By opti-
mizing the viscosity of culture media or biomaterials, the
osteogenic capacity of stem cells can be effectively en-
hanced, improving repair outcomes. Additionally, as a cru-
cial biophysical parameter, abnormal changes in viscos-
ity may serve as novel targets for diagnosing or predicting
osteogenic dysfunction, supporting personalized medicine.
However, clinical translation of this strategy still faces mul-
tiple challenges, including material biocompatibility, pre-
cision control of in vivo viscosity, and interference from
complex physiological environments; these issues require
urgent resolution.

Studies have shown that in two-dimensional (2D) cul-
ture, a high-viscosity environment can significantly en-
hance osteogenic differentiation of hMSCs while inhibit-
ing their adipogenic differentiation by promoting nuclear
translocation of YAP and β-catenin [170]. This regulation
becomes more complex in three-dimensional (3D) culture
systems. Dynamic viscoelastic hydrogels with rapid stress
relaxation properties synergize with moderate (1.5%) com-
pressive strain to effectively accelerate bone regeneration in
rat femoral defect models [174]. Moreover, on softer matri-
ces (~9 kPa), although cells primarily undergo adipogenic
differentiation, rapid relaxation similarly suppresses adi-
pogenesis [171]. These findings reveal that when design-
ing 3D hydrogels for bone tissue engineering, optimizing
the stress relaxation rate is equally important, if not more
critical, than setting the initial stiffness [167]. Further-
more, the morphology of the cells themselves is a key factor
regulating their response to viscosity. Specifically, high-
viscosity environments tend to promote osteogenic differ-
entiation while suppressing adipogenic differentiation in
large and elongated hMSCs—an effect potentially associ-
ated with actin filament organization; However, viscosity
does not significantly affect smaller cells [175]. In sum-
mary, extracellular fluid viscosity provides a novel strat-
egy for advancing bone tissue engineering and bone repair.
However, current related technologies remain in the labora-
tory stage; their clinical translation still requires overcom-
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ing challenges such asmaterial safety, precision of viscosity
regulation, and the influence of complex in vivomicroenvi-
ronments.

Surface Morphology and Topographic Structure

Matrix surface micropatterning refers to the fabrica-
tion of specific micro-to-nanoscale structures on cell cul-
ture substrates through physical or chemical methods. This
technique simulates the natural cellular microenvironment
and exerts significant effects on cellular behavior [51]. The
core mechanism is an outside-in mechanotransduction cas-
cade: surface micropatterns on the matrix first form spe-
cific focal adhesions by altering the spatial distribution of
cell adhesion points. This regulates cell morphology and
cytoskeletal reorganization, thereby remodeling the tension
state of the cytoskeleton. This tension activates key signal-
ing pathways such as RhoA/ROCK, MAPK, and Wnt/β-
catenin, ultimately converging mechanical effects on the
cell nucleus. This causes nuclear deformation and drives
nuclear translocation of key transcription factors like YAP,
inducing the expression of osteogenic-related genes such
as RUNX2 and OPN [176–179]. For instance, triangu-
lar micropatterns on matrices upregulate Piezo1 and YAP1
nuclear translocation, inducing osteogenic differentiation
in aged rat BMSCs [180]. Large nanospacing (>70 nm)
between adhesive peptide sequences like RGD promotes
integrin cluster disassembly, increases cytoplasmic actin
dynamics, and facilitates globular actin translocation into
the nucleus, where it polymerizes into filamentous struc-
tures. This increases nuclear tension, promoting chromatin
remodeling and accessibility, which releases YAP from
the SWI/SNF complex, consequently activating osteogenic
genes. The pore size of biomaterial scaffolds (through
its physical property “pore curvature”) determines whether
MSCs maintain stemness or undergo osteogenic differenti-
ation bymodulating the YAP/TAZ signaling pathway [181].
Furthermore, matrix topography is closely linked to inter-
cellular communication. Specific spatial distributions (e.g.,
anMSC-to-macrophage ratio of 2:1) can guide macrophage
polarization towards the M2 phenotype and induce the re-
lease of factors like Oncostatin M. These factors synergisti-
cally promote osteogenic differentiation and bone regener-
ation throughmultiple signaling pathways, including BMP-
Smad and Wnt/β-catenin [182].

The core strategy for effectively regulating the os-
teogenic differentiation of MSCs lies in designing and fab-
ricating matrix topography from micro to macro scales and
from static to dynamic paradigms. This strategy is broadly
categorized into two aspects: static topography construc-
tion and dynamic topographymodulation. Static techniques
provide cells with initial signals through fixed physical fea-
tures. For instance, technologies such as photolithogra-
phy, electrospinning, self-assembly, and 3D printing can
construct biomimetic structures at micro- and nano-scales,
which guide cell adhesion, spreading, and osteogenic dif-

ferentiation [177,183–186]. However, static topographies
cannot simulate the dynamically changing microenviron-
ment in vivo, prompting the emergence of dynamic topog-
raphy modulation technologies [187,188]. This technology
utilizes smart materials (e.g., shape-memory polymers, re-
sponsive hydrogels) and advanced methods (e.g., acous-
tic tweezers) to achieve temporal and reversible changes
in substrate topography or mechanical properties, thereby
enabling non-invasive modulation of cellular behavior
through spatiotemporally precise simulation of physiolog-
ical conditions [189–191]. In summary, dynamic modula-
tion strategies incorporating smart materials provide robust
support for achieving precision bone regeneration bymetic-
ulously simulating the endogenous microenvironment.

Cell morphology serves as a crucial physical fac-
tor regulating the lineage differentiation of MSCs, with
its underlying mechanisms operating across both two-
dimensional planes and three-dimensional spatial contexts.
On two-dimensional surfaces, the geometric morphology
of cells coupled with their spreading area collectively de-
termine their differentiation fate. Macroscopically, high
contractility-inducing shapes (e.g., rectangles with aspect
ratio (AR) = 2, star-shapes) promote osteogenic differenti-
ation, whereas low contractility-inducing shapes (e.g., AR
= 1 squares, circles) facilitate adipogenic differentiation
[178,180,192,193]. Triangular micropatterns arranged lin-
early (side length: 15 µm) significantly induced cellular
elongation and thinning, markedly promoting osteogenic
differentiation. This was evidenced by increased expres-
sion of osteogenic genes (e.g., RUNX2, Spp1, Alpl, Bglap,
Col1a1) and decreased expression of adipogenic genes
(e.g., Pparg, Cebpa, Fabp4). Conversely, circular micropat-
terns coated with fibronectin inhibited osteogenic and adi-
pogenic differentiation [180]. Microscopically, cell spread-
ing area positively correlated with osteogenic differenti-
ation, with smaller micropattern islands (e.g., 314 µm2)
promoting adipogenic differentiation, while larger islands
(e.g., 1256 µm2) significantly elevated the expression of
osteogenic markers such as ALP and Col I [179]. Pattern
height also modulated differentiation in a size-dependent
manner; for instance, 15 nm-high patterns enhanced the ex-
pression of bone maturation markers more effectively than
8 nm-high ones [194]. Additionally, the micro-topography
of surfaces proved critical, where specific roughness (Ra
0.77–3.1 µm) and groove/pillar dimensions (groove width:
4–60 µm, ridge width: <10 µm) could effectively enhance
cell adhesion and cytoskeletal tension, thereby promoting
osteogenesis [195–198]. In three-dimensional space, the
porous structure of scaffolds, including pore size, poros-
ity, pore interconnectivity, and pore shape, serves as the
core regulator for cell infiltration, proliferation, and differ-
entiation [190]. An ideal scaffold must biomimic the hi-
erarchical architecture of natural bone to accommodate the
distinct requirements of cancellous bone (50%–90% poros-
ity, 50 µm to 1 mm pore size) and cortical bone (5%–30%
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Fig. 3. Physical properties of matrix affecting MSC osteogenic differentiation. Matrix-related physical cues, including ECM
stiffness, extracellular fluid viscosity, and surface morphology/topographic structure, regulate MSC osteogenic differentiation through
mechanotransduction. These cues modulate cell adhesion, cytoskeletal organization, membrane tension, and downstream signal-
ing pathways, ultimately activating osteogenic transcription factors such as RUNX2 and Osterix to promote osteoblast differentia-
tion and matrix mineralization [32,149–152,154–157,167,171,172,174,176–180,192–198]. Created in BioRender. Zhang, F. (2026)
https://BioRender.com/m5wlxhc.

porosity, approximately 1 µm to 10 µm pore size) [199].
Research indicates that the osteogenic effect relies on a
complex balance between pore size and porosity. For in-
stance, within the optimal pore size window of 600–700
µm, higher porosity (70%–90%) significantly enhances os-
teogenesis compared to lower porosity (40%) [200]. Pore
shape can also finely regulate differentiation; for instance,
rhombic pores facilitate osteogenic differentiation, whereas
square pores tend to promote chondrogenic differentiation
[201]. In summary, precise control over the differentiation
fate of MSCs can be achieved through meticulous design
of material geometry, dimensions, and surface topology.
Future research directions focus on multi-parameter syner-
gistic optimization and integration with advanced manufac-
turing technologies like 3D printing to achieve highly cus-
tomized scaffold structures and functions, thereby meeting
individualized therapeutic needs (Fig. 3)

Other Physical Microenvironmental Factors

Electromagnetic Fields (EMFs)

As a safe, non-invasive physical intervention ap-
proach, EMFs can effectively promote stem cell osteogenic
differentiation and bone regeneration through precision
control of parameters such as frequency, strength, and
waveform. This technology has been approved by the
U.S. FDA for the treatment of fracture nonunion [202].

EMFs regulate the osteogenic differentiation of MSCs
through cascade reactions. EMF signals are transmitted
into cells via primary cilia, activating the Wnt10b-Wnt/β-
catenin signaling axis to increase peak bone mass in grow-
ing rats [203]; and promote Ca2+ influx by activating
P2X7 receptors, enhance P2X7 expression, and activate
the Akt/GSK3β/β-catenin pathway to drive osteogenic dif-
ferentiation of BMSCs [72]. Meanwhile, EMF stimula-
tion significantly promotes the expression of osteogenesis-
related proteins RUNX2, OPN, OCN, and ALP by activat-
ing key signaling pathways such as BMP/Smad [204,205],
and enhances osteogenic differentiation of bone marrow
MSCs through regulation of the miR-34b-5p/STAC2 path-
way [206]. Pulsed electromagnetic fields (PEMFs) can also
synergize with biochemical signals such as BMP-2 to en-
hance the gene expression of BMP-2, BMP-6, and their
receptors [207]. Furthermore, EMFs regulate autophagy
and inflammatory responses in BMSCs while optimizing
cytokine secretion, thereby promoting angiogenesis and
osteoimmunomodulation more effectively [205,208] Mi-
crowave EMFs penetrate deep into tissues, simultaneously
promoting osteogenesis and modulating immunity, offering
new therapeutic approaches for complex bone diseases like
osteomyelitis [209].

The application of EMFs in promoting MSC os-
teogenic differentiation is advancing into a new phase
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of precision treatment featuring interdisciplinary integra-
tion with materials science, genetic engineering, and other
fields. Fundamental EMF equipment (such as PEMF,
Extremely Low-Frequency Electromagnetic Fields (ELF-
EMFs), and radiofrequency electromagnetic fields (RF-
EMFs)) can precisely control magnetic parameters to meet
experimental requirements. As a low-frequency (1–300
Hz) non-continuous signal, PEMF effectively directly ac-
tivates intracellular signaling pathways or synergizes with
growth factors such as BMP-2 to induce osteogenic differ-
entiation in MSCs from various sources (e.g., bone mar-
row and adipose-derived) [207,210]. Researchers devel-
oped a dynamic pulsed electromagnetic fields (D-PEMFs)
bioreactor by combining wavelike rocking motion with
pEMF. This system enables large-scale, efficient cultiva-
tion of hBMSCswhile enhancing their osteogenic transcrip-
tion factor activity [211]. LF-EMF can deeply stimulate
bone tissue but often requires combination with biochem-
ical factors (e.g., β-glycerol trimethylamine) for synergis-
tic effects [212]. Although RF-EMFs offer portability and
rapid application, they demand extremely stringent safety
protocols. EMFs are advancing toward intelligent and per-
sonalized therapeutics through integration with technolo-
gies such as 3D printing, magnetic nanoparticles, and gene
delivery [213–215]. For instance, 3D-printed titanium alloy
scaffolds combined with pEMF stimulation significantly
enhance the osteogenic capacity of stem cells in osteoporo-
sis patients [213]. In the future, with the integration of ma-
terials science, nanotechnology, and electromagnetic biol-
ogy, bone tissue engineering based on 3D-printed scaffolds
and EMFs will become more intelligent, personalized, and
efficient, providing innovative solutions for bone defect re-
pair.

The impact of EMFs on the osteogenic differentia-
tion of MSCs is regulated by multiple key factors, among
which frequency, strength, and exposure duration consti-
tute the central parameters. The effects of EMFs exhibit
optimal frequency and strength “windows” [216]. Low-
frequency sinusoidal EMFs (15 Hz, 0.4–1 mT) can effec-
tively promote the proliferation and osteogenic differenti-
ation of rat bone marrow MSCs [206]. EMFs (15 Hz, 1
mT) enhance osteogenic differentiation of cells implanted
in HAC scaffolds [204]. Sinusoidal EMFs (50 Hz, 0.4 mT)
promote self-renewal and osteogenic effects in senescent
BMSCs [208]. The effects of EMFs are time-dependent
[214]. For example, brief single session of low-amplitude
pEMF exposure (15 Hz, 2 mT, 6 ms) proves most effec-
tive in stimulating chondrogenesis of MSCs [217]. Opti-
mal parameters for EMFs are influenced by cell source, age,
and environmental conditions [212,218,219]. Wang et al.
[218] discovered that pEMFs can stimulate sensory nerves
to produce Sema3A, significantly improving the volume
fraction and plate trabecular structure of distal femoral can-
cellous bone in aged mice while exerting limited effects on
young mice. This suggests the age-selective “on-demand

efficacy” of PEMFs. In conclusion, future research should
comprehensively consider parameters such as strength, fre-
quency, waveform, duration, and cellular state. By integrat-
ing techniques like response surface analysis and machine
learning, we will more efficiently identify optimal param-
eter combinations for specific clinical scenarios, ultimately
achieving truly personalized therapeutic interventions.

Low-Intensity Pulsed Ultrasound (LIPUS)

LIPUS is a non-thermal form of ultrasonic therapy,
typically characterized by a frequency of 0.7–3 MHz, in-
tensity < 3 W/cm2, and pulsed wave output [218]. It
exerts potent effects through a multi-layered regulatory
network: Primarily, at the core mechanobiological level,
LIPUS utilizes mechanical force transduction, cavitation
effects, and microstreaming effects to directly activate
integrin α11 (ITGA11), thereby enhancing FAK/PI3K/
Akt/GSK3β/β-catenin signaling pathway activity [220], or
mechanosensitive ion channels (such as Piezo1, TRPM7),
leading to calcium influx. This subsequently triggers key
signaling pathways including CaMKII-CREB, ERK1/2,
and Akt/mTOR, upregulating the expression of osteogenic
genes like RUNX2 and BMP-2. These mechanisms di-
rectly drive the proliferation, migration, and matrix min-
eralization of BMSCs [221–223]. LIPUS also significantly
enhances ALP expression and mineralized nodule forma-
tion in rat BMSCs by upregulating ITGA11 and activat-
ing the FAK/PI3K/ Akt/GSK3β/β-catenin signaling path-
way [220]. At themicroenvironment level, LIPUS achieves
systemic regulation through multiple signaling pathways.
LIPUS optimizes the immune microenvironment by pro-
moting macrophage transformation toward a reparative
phenotype via specific pathways such as PI3K/Akt-COX-
2/PGE2 activation [224]; It maintains bone metabolic bal-
ance by coupling osteoblasts with osteoclasts through the
EphrinB2/EphB4 signaling pathway [225]; It can also re-
pair radiation damage by regulating the RhoA/ROCK sig-
naling pathway [226], and when combined with stem cell
therapy, it promotes vascular and neural regeneration to
achieve functional tissue integration [227]. Notably, LI-
PUS modulates MSCs to secrete exosomes, amplifying its
therapeutic effects at distal sites through this intercellular
communication medium [74]. Thus, LIPUS serves as a
multifunctional physical platform integrating direct cellu-
lar activation with microenvironmental optimization, hold-
ing tremendous potential in the field of bone regeneration.

LIPUS is evolving from a single stimulus to multi-
modal integration with biomaterials, genetic engineering,
and other technologies to synergistically enhance its effi-
cacy in bone repair [228]. LIPUS can efficiently deliver
osteogenic genes (e.g., BMP-2) or genetic drugs inhibit-
ing bone resorption (e.g., CTSK siRNA) through cavita-
tion effects, thereby achieving precision control over the os-
teogenic differentiation of MSCs. This offers novel thera-
peutic strategies for metabolic bone diseases such as Osteo-
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porosis [229,230]. The combination of LIPUS with bioma-
terial scaffolds like PLGA/α-TCP significantly enhances
the proliferation, adhesion, and osteogenic differentiation
of MSCs on scaffolds (e.g., elevating ALP activity, type I
collagen expression, and calcium deposition) [231]. When
combined with nanotechnology, the application of LIPUS
achieves dual expansion: functionalized nanobubbles serve
as “nanomechanical force generators” to amplify its biolog-
ical effects. On the other hand, LIPUS can precisely trigger
responsive nanosystems (such as drug-loaded nanobubbles)
to release pharmaceuticals, enabling synergistic therapy of
anti-infection and bone repair promotion [224]. In sum-
mary, LIPUS has evolved into a multifunctional biophysi-
cal platform that systematically enhances bone regeneration
at multiple levels through integration with gene, material,
and nanotechnology.

The biological effects and therapeutic safety of LI-
PUS critically depend on precise parameter settings—a
complex system involving multivariable synergistic inter-
actions. Output strength is pivotal for treatment and must
balance effectiveness with safety. The effective intensity of
LIPUS varies from tens to hundreds of mW/cm2 depending
on cells and therapeutic goals, with 30 mW/cm2 being a
commonly used reference value for bone repair [232,233].
Frequency selection primarily depends on tissue penetra-
tion and focusing capabilities of acoustic waves. 1 MHz is
commonly used in bone regeneration research, while fields
such as neuromodulation typically operate within the 0.3–
1.5MHz range [224,234]. Duty cycle (DC) (typically 10%–
30%) regulates average energy delivery and thermal effects.
The 20%–30% range has been found to significantly pro-
mote neural and bone cells, effectively activating key sig-
naling pathways such as ERK1/2 and PI3K-Akt [235,236].
Studies have found that compared with traditional long-
term low-frequency stimulation, short-term high-frequency
(10 MHz, 10 min/d for 5 days) mechanical stimulation can
more efficiently and rapidly induce osteogenic differentia-
tion of human MSCs by activating piezo channels and the
ROCK signaling pathway [237]. Additionally, pulse fre-
quency (approximately 1 kHz) and pulse width collectively
determine stimulation timing. The pulse frequency pri-
marily maintains intracellular Ca2+ influx, while the pulse
width prevents thermal effect accumulation [238]. A ther-
apeutic window (10–20 minutes) also exists between treat-
ment duration and cumulative energy [239]. In summary,
the application of LIPUS requires comprehensive optimiza-
tion of multiple parameters such as strength and frequency
[232,236,240,241]. Future research should focus on eluci-
dating the interactions between parameters and establishing
standardized protocols for different therapeutic objectives
to advance its precise clinical translation.

Photobiomodulation (PBM) Therapy

PBM therapy is an innovative treatment strategy
that modulates cellular functions in a non-invasive, non-
thermal manner, with primary wavelength ranges of 630–
660 nm and 800–890 nm relevant to stem cells [242]. The
core mechanism lies in photons being absorbed by cy-
tochrome c oxidase within mitochondria, thereby activat-
ing the electron transport chain, enhancing ATP synthe-
sis, and triggering a downstream cascade of signaling re-
actions that promote tissue repair [243,244]. In promoting
osteogenic differentiation, PBM operates through a multi-
level, synergistic regulatory network. Firstly, it directly
activates two core osteogenic pathways—PI3K/Akt and
Wnt/β-catenin—upregulating key gene expressions such as
RUNX2 and ALP while promoting mineralization. The
crosstalk between Akt and Wnt pathways forms a posi-
tive feedback loop, amplifying the osteogenic effect [12].
Secondly, PBM induces a benign oxidative stress by mod-
erately increasing intracellular ROS levels, enabling ROS
to act as crucial secondary messengers that further acti-
vate signaling pathways like Akt [245,246]. Addition-
ally, studies confirm PBM promotes osteogenic differen-
tiation by activating cellular autophagy [82]. Beyond di-
rect effects on stem cells, PBM indirectly promotes bone
repair by optimizing the regenerative microenvironment—
for instance, promoting macrophage polarization to the
anti-inflammatory M2 phenotype and upregulating pro-
angiogenic factors like VEGF secreted by MSCs [247,
248]. In summary, with its non-invasive nature and min-
imal side effects, PBM demonstrates significant potential
in tissue engineering and regenerative medicine, emerging
as a prospective non-pharmacological therapeutic strategy
[249,250].

The application of PBM therapy in promoting os-
teogenic differentiation of MSCs has evolved from a sin-
gle physical stimulation into a comprehensive therapeu-
tic approach. The therapeutic efficacy fundamentally re-
lies on appropriate selection of light sources such as lasers
and light-emitting diodes (LEDs), where lasers provide pre-
cise focusing suitable for deep tissues, while LEDs offer
cost-effective and portable solutions for superficial tissues
[251,252]. The effectiveness of PBM has been thoroughly
validated across multiple sources of MSCs in both pre-
clinical and clinical studies addressing conditions such as
bone defects, osteoporosis, and other conditions. It exhibits
unique advantages in restoring the impaired osteogenic ca-
pacity of MSCs within metabolic disorders like diabetes
[82,253]. Currently, the development trend is shifting from
single-factor stimulation to multifactorial synergistic en-
hancement [246] Notably, inspired by diatom structures,
Li et al. [254] constructed multifunctional scaffolds with
biomimetic “cytoskeleton-chloroplast-exoskeleton” archi-
tecture. Through near-infrared light triggering, the syner-
gistic photothermal effect between Fe(Cu)OOH nanopar-
ticles and the SiO2 protective layer eliminated ROS, pro-
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moted M2 polarization of macrophages, and activated the
TGF-β signaling pathway via mild thermal stimulation
and ion release. This ultimately synergistically promoted
vascularized bone regeneration for infected bone defects.
Moreover, AI-driven real-time image analysis technology
is providing data support for optimizing PBM parame-
ters and achieving precision clinical treatments [255,256].
Looking ahead, through establishing standardized param-
eter systems, exploring optimal synergistic protocols, and
deepening convergence with fields such as AI and nanoma-
terials, PBM is poised to play a more central role in bone
tissue engineering and clinical orthopedic therapies.

PBM parameter optimization constitutes a systematic
endeavor: wavelength determines target sites and penetra-
tion depth, energy density governs stimulus strength and
direction, while irradiation duration and frequency regu-
late stimulus rhythm and cumulative effects [256–259].
Red light (630–660 nm) and near-infrared light (800–890
nm) are widely used to promote cell proliferation and anti-
inflammatory effects due to their strong tissue penetration
capabilities, while multicolor light sources such as green
and blue light can also effectively enhance the expression
of osteogenic genes [257,260,261]. The efficacy and mech-
anisms vary across different wavelengths. For instance, 635
nm red light upregulates OPN at 2 J/cm2 but downregulates
OCN and OPN at 4 J/cm2 [258]. Near-infrared light such as
808 nm typically promotes the expression of key osteogenic
genes including RUNX2 and OCN at higher energy den-
sities (4-5 J/cm2) [262]. An energy density of 2-6 J/cm2

has been identified as an effective therapeutic window for
promoting osteogenic differentiation, significantly enhanc-
ing the expression of key genes such as RUNX2 and OCN
[262,263]. Extremely low energy density (1 J/cm2), when
combined with photosensitizers, can achieve effective os-
teogenic induction [264]. Conversely, excessive doses
(e.g., 16 J/cm2) produce inhibitory effects [265]. Regular
repeated irradiation (e.g., at 72-hour intervals) proves more
effective than single exposures in sustaining osteogenic
signaling activation, particularly under pathological condi-
tions such as diabetes [253,259]. Furthermore, continuous
wave and overlapping irradiation modes have demonstrated
superior efficacy over pulsed modes in promoting MSC
proliferation and osteogenic differentiation [256,266]. In
conclusion, future research should focus on elucidating the
synergistic or antagonistic effects of different parameter
combinations. This will enable the establishment of stan-
dardized, individualized PBM treatment protocols tailored
to specific cell types, pathological conditions, and therapeu-
tic objectives, ultimately advancing precision clinical trans-
lation in the field of bone regeneration.

Hypoxia Microenvironment

The hypoxic microenvironment (1%–5% O2), an in-
herent physiological feature of bone tissue, precisely regu-
lates bone homeostasis through a complex multi-level net-

work centered on the HIF-1α hub [267]. The stabiliza-
tion and activation of HIF-1α not only directly upregu-
lates osteogenic key genes such as RUNX2 and ALP to en-
hance matrix mineralization but also achieves synergistic
coupling of angiogenesis and osteogenesis through VEGF
induction [268–270]. In this process, HIF-1α does not
act in isolation; instead, it forms a sophisticated signal-
ing axis with key pathways including PI3K/Akt to col-
lectively drive osteogenesis. Furthermore, this regula-
tion extends to more refined levels: hypoxic conditions
can induce FUNDC1-mediated mitochondrial fission to en-
hance HIF-1α activity [271] and promote osteogenesis via
COX-2/PGE2/VEGF communication between endothelial
cells and MSCs [272]. Concurrently, non-coding RNAs
(e.g., tsRNA) and transcription factors (e.g., ARNT2)
serve as precise modulators [273,274], integrating multiple
dimensions—from metabolic reprogramming to organelle
dynamics, and from signaling pathway crosstalk to mi-
croenvironmental communication—ultimately determining
the osteogenic fate of MSCs with high efficiency.

In recent years, researchers have established a com-
prehensive hypoxia regulation technology system span-
ning from precise in vitro simulation to active in vivo in-
tervention. In terms of in vitro simulation, technologi-
cal advancements have progressed from single, static hy-
poxia environments to high-throughput, dynamic, and spa-
tially heterogeneous precision simulation. The new gen-
eration of intelligent portable hypoxia chambers enables
fine oxygen concentration regulation (1%–20%O2 concen-
tration, adjustable in 0.5% increments) and long-term sta-
ble maintenance [275]; To simulate the heterogeneity of in
vivo oxygen distribution, tri-zone oxygen-controlled cham-
bers andmicrofluidic-based BLOCCs chips facilitate multi-
concentration parallel studies and three-dimensional linear
oxygen gradient construction, respectively [276,277]. The
integration of 3D printing with microfluidics has further
enabled high-throughput screening platforms capable of
providing 12 oxygen concentrations simultaneously in 96-
well plates, significantly accelerating condition optimiza-
tion [278]. Unlike in vitro simulation, in vivo intervention
strategies focus on actively constructing or regulating the
microenvironment at bone defect sites, transforming hy-
poxia regulation from “passive adaptation” to “active in-
tervention” [279]. This is primarily achieved through three
categories of biomaterials: (1) Hypoxia-responsive mate-
rials loaded with hypoxia mimetics or cobalt ion-releasing
compounds that stably activate the HIF-1α pathway while
synergistically promoting osteogenesis and angiogenesis
[280]; (2) Oxygen-generating materials containing compo-
nents likeMgO2, which provide sustained oxygen supply to
address severe hypoxia at the center of large bone defects,
improving cell survival [281]; and (3)Multifunctional com-
posite hydrogels, piezoelectric materials, etc. These mate-
rials not only regulate hypoxia but also integrate multiple
functions such as ROS scavenging, antibacterial activity,
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and ES, creating superior protective microenvironments for
MSC osteogenic differentiation. Collectively, they provide
more effective therapeutic tools for bone tissue engineering
[282,283].

The impact of hypoxic environments on the os-
teogenic differentiation of MSCs is a highly complex non-
linear process. Its effects are not solely determined by oxy-
gen concentration but are collectively shaped by cellular in-
trinsic properties, external intervention strategies, and dy-
namic in vivomicroenvironments. MSCs derived from dif-
ferent sources exhibit significant variations in oxygen con-
centration tolerance thresholds and osteogenic responses,
with cell passage numbers and cycle status profoundly in-
fluencing their sensitivity. For instance, human periodontal
ligament cells maintain stem cell characteristics effectively
under specific chemically simulated hypoxia, while bone
marrow MSCs demonstrate more pronounced osteogenic
promotion at 1% oxygen concentration. Although adipose-
and umbilical cord-derived MSCs exhibit relatively weaker
osteogenic potential, it can still be improved through tar-
geted hypoxic modulation [284–286]. PrimaryMSCs show
heightened sensitivity to hypoxia, with both proliferation
and differentiation being inhibited; Following passaging,
the cells exhibited enhanced adaptability and stabilized os-
teogenic capacity [287]. Meanwhile, external strategies in-
cluding culture medium composition, synergistic materi-
als, and intervention modalities (intermittent hypoxia typ-
ically outperforms sustained hypoxia) can synergistically
modulate oxygen concentration thresholds and optimize
osteogenic outcomes [287,288]. For instance, an expo-
sure frequency of twice to four times weekly over an in-
tervention period of 5–8 weeks has been demonstrated to
yield superior osteogenic effects. Excessively high fre-
quencies or prolonged/abbreviated durations may compro-
mise efficacy due to diminished cellular adaptability or
insufficient signaling pathway activity [288–290]. How-
ever, the greatest challenge for in vivo applications is that
tissue oxygen tension is not constant but rather a spatio-
temporal dynamic variable influenced by factors such as
blood flow and metabolism, making it difficult for any sin-
gle approach to achieve optimal efficacy [291]. Therefore,
the breakthrough direction for future research lies in transi-
tioning from static interventions to dynamic precision con-
trol. By integrating real-time in vivo oxygen monitoring,
multi-parameter dynamic surveillance, and the develop-
ment of smart-responsive materials, we can achieve spatio-
temporally precise delivery of oxygen tension, thereby truly
advancing the clinical translation ofMSC osteogenic differ-
entiation strategies (Fig. 4).

Synergistic Strategies, Clinical Translation,
and Future Directions

In the field of bone tissue engineering, utilizing phys-
ical stimulation to regulate the osteogenic differentiation
of MSCs has demonstrated tremendous potential. How-

ever, the efficacy of single physical stimulation is often
limited and fails to fully replicate the complex mechanical
and biological environment in vivo. Consequently, current
research paradigms have shifted from single-stimulus ap-
proaches to multi-signal synergy, from static environments
to dynamic responses, and from in vitro simulation toward
clinical translation (Fig. 5).

Multi-Signal Synergistic Enhancement Strategies

To maximize the induction of osteogenic differ-
entiation in MSCs, researchers are actively exploring
multi-signal enhancement strategies from two dimensions:
“physical-biochemical synergies” and “physical-physical
synergies”, aiming to precisely simulate the complex bone
regeneration microenvironment in vivo. At the physical-
biochemical synergy level, the core principle involves
utilizing physical stimulation to enhance cellular respon-
siveness to biochemical factors, thereby achieving supe-
rior therapeutic efficacy with lower doses and mitigating
side effects. For instance, FSS activates the YAP/TAZ
mechanosignaling hub through integrin activation, signif-
icantly enhancing the osteogenic induction efficiency of
BMP-2 [292,293]; Combining hypoxic preconditioning
with three-dimensional culture synchronously enhances the
osteogenic potential, survival rate, and homing ability of
MSCs [294]. In physical-physical synergy, researchers
are dedicated to constructing more realistic mechanical mi-
croenvironments, such as utilizing nanostructured scaffolds
for sustained release of Zn2+ ions while applying FSS
to synergistically promote osteogenesis and anti-infection
[295]. Particularly noteworthy is the signal convergence
and amplification effect among different mechanical sig-
naling pathways. Research reveals that signals from FSS
and HP ultimately converge on nuclear YAP1 and NFAT2.
Their transcriptional complex formation more effectively
initiates osteogenic gene expression than any single signal
[119]. Additionally, thermo-mechanical coupling stimula-
tion accelerates osteogenic differentiation by modulating
calcium influx and histone modifications [296]. In conclu-
sion, the synergistic strategy integrating multiple physical
and biochemical signals has advanced from single-pathway
studies to a new stage of multi-signal network integration.
By activating key signaling nodes, simulating physiologi-
cal microenvironments in vivo, and achieving signal con-
vergence and amplification, this approach significantly en-
hances the osteogenic differentiation efficiency of MSCs.
This progress lays a solid theoretical foundation for devel-
oping next-generation bone tissue engineering products and
precise regenerative therapies.

Intelligent and Dynamic Biomaterial Systems

The deep integration of physical stimulation with in-
telligent dynamic biomaterials is pioneering new paradigms
for osteogenic differentiation of MSCs through synergis-
tic amplification effects. The core of this strategy lies in
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Fig. 4. Other physical microenvironmental factors affecting MSC osteogenic differentiation. Physical microenvironmental cues,
including cell shape, substrate geometry, surface roughness, groove and fiber alignment, and three-dimensional pore structure, regulate
MSC osteogenic differentiation by affecting cell adhesion, cytoskeletal organization, and downstream signaling pathways, ultimately
activating osteogenic transcription factors such as RUNX2 and Osterix [12,72,204–206,220–225,232–236,242,257,258,261–265,284,
289,290]. Created in BioRender. Zhang, F. (2026) https://BioRender.com/26qohnr.

Fig. 5. Synergistic Physical Stimulation for MSC Osteogenic Differentiation. Future directions in physical stimulation-mediated
regulation of MSC osteogenic differentiation include multi-signal synergistic enhancement strategies, intelligent and dynamic bioma-
terial systems, organ-on-a-chip and bone disease modeling, large animal models and preclinical studies, and clinical translation toward
personalized therapy. The integration of biomaterials, microphysiological systems, and artificial intelligence-assisted optimization may
improve the precision, efficacy, and translational potential of physical stimulation-based bone regeneration. MSCs, mesenchymal stem
cells. Created in BioRender. Zhang, F. (2026) https://BioRender.com/e60fkbl.
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utilizing smart materials such as piezoelectric and magnet-
ically responsive materials as dynamic mediators to effi-
ciently convert external physical signals—including mag-
netic fields, ultrasound, light, or mechanical forces—into
mechanically, electrically, and chemically perceptible cues
for cells. This process precisely activates key pathways
such as MAPK/ERK and Wnt to promote osteogenic dif-
ferentiation [189,297–299]. For instance, magnetically re-
sponsive materials undergo shape transformation and me-
chanical dynamics under magnetic fields, which can en-
hance cellular mechanosensitivity and subsequently acti-
vate osteogenic signaling pathways [298]. Electroactive
substrate materials combined with electrical stimulation
significantly enhance the osteogenic potential of MSCs
while upregulating key osteogenic genes such as ALP and
RUNX2 [300]. Building upon this foundation, smart mate-
rials integrated with physical stimulation can dynamically
modulate the microenvironment, enabling spatiotemporally
controlled release of growth factors and real-time modula-
tion of matrix stiffness, thereby optimizing osteogenic con-
ditions for MSCs [188,301]. For instance, near-infrared-
activated 3D-printed hydrogel scaffolds enable controlled
release of drugs and facilitate bone regeneration [301].
The stiffness modulation technique based on core-shell mi-
crofibers dynamically regulates the effective stiffness per-
ceived by cells while preserving the biochemical properties
of the matrix [302]. Utilizing 3D liquefied microcapsules to
simulate the bonemarrowmicroenvironment, or employing
all-particulate bioprinting systems to address nutrient diffu-
sion challenges, provides unprecedented ideal platforms for
in-depth investigation of HP-mediated mechanotransduc-
tion mechanisms [117]. As a frontier extension in this field,
4D bioprinting technology significantly enhances in vitro
simulation capabilities by constructing dynamically evolv-
ing structures across the temporal dimension. For instance,
magnetically controlled 4D bioprinting that integrates di-
verse materials and drug delivery systems achieves syner-
gistic interplay between morphological transformation and
functional release under external magnetic fields, provid-
ing revolutionary solutions for complex bone defect repair
[303,304].

Although smart dynamic biomaterials hold great po-
tential for promoting the osteogenic differentiation of
MSCs, their long-term clinical safety still faces numerous
challenges. The primary safety challenges currently en-
countered by smart biomaterials in bone tissue engineering
include insufficient long-term biocompatibility, the toxic
risk of degradation products, abnormal immune responses,
and uncertainties regarding the long-term in vivo behav-
ior of special functional materials (e.g., iron ion accumula-
tion, long-term effects of electrical stimulation parameters)
[305]. According to the ISO 10993 standard system, im-
plantable biomaterials must pass three tiers of toxicity test-
ing: acute (short-term), subchronic (30 days), and chronic
(over 12 months). However, most existing studies are lim-

ited to short-term observations (e.g., within 6 months), re-
sulting in an insufficient systematic understanding of the
long-term safety of various smart materials [306–308].
For instance, regarding iron-based materials, although the
Fe/Zn composite developed by Tong et al. [306] demon-
strated good mechanical properties and bioactivity during a
2-month implantation period, the accumulation of iron ions
and the associated oxidative stress risk beyond 6 months
post-implantationwere not tracked. In the case of electroac-
tive materials (e.g., PU/CNT scaffolds), the PDA@BTO
thermoelectric nanocomposite film developed by Guo et
al. [308] achieved excellent osteo-immunomodulatory ef-
fects through electrothermal synergy, but its in vivo study
was limited to a 12-week observation period, lacking long-
term genotoxicity data (e.g., mutation rates and apopto-
sis). Furthermore, although some 3D/4D printed PLGA
scaffolds exhibit excellent initial mechanical properties, the
long-term matching between their mechanical degradation
rate and the rate of osteogenesis during in vivo and in vitro
degradation has not been validated. These research gaps
highlight the urgency of establishing a long-term biocom-
patibility evaluation system. Therefore, future research
should prioritize the development of fully metabolizable
dynamic materials (e.g., double-helical polymers) to re-
duce long-term retention risks, establish long-term implan-
tation evaluation protocols for smart materials (including
degradation product metabolism, functional stability, and
genotoxicity), and conduct integrated analysis using multi-
modal monitoring techniques such as Micro-CT and blood
biomarkers to achieve precise tracking of material behavior
in vivo. Additionally, small-scale clinical trials should be
conducted for themost promisingmaterials (e.g., PLGA/BP
scaffolds) to verify their clinical safety, thereby laying the
foundation for the widespread application of smart bioma-
terials in bone tissue engineering.

Organ-on-a-chip and Bone Disease Modeling

Bone organ-on-a-chip platforms successfully reca-
pitulate cellular interactions, three-dimensional matrices,
and dynamic biomechanical-biochemical stimuli through
highly biomimetic bone microenvironments engineered on
microfluidic platforms, substantially improving physiolog-
ical relevance and clinical predictability for various bone
disease models including osteoporosis and osteoarthritis
[309–311]. To precisely simulate the complex mechan-
ical environment in vivo, bone-on-a-chip platforms inte-
grate modules such as mechanical stretching, hydrodynam-
ics, and EMFs [305,312,313]. These systems combine
real-time imaging with electrochemical and optical biosen-
sor technologies to continuously track cell differentiation
and mineralization processes [309]. Subsequently, ma-
chine learning algorithms are employed to conduct deep
analysis of massive datasets, providing scientific founda-
tions for drug screening and personalized therapies [314].
Although challenges persist in accurately simulating bone
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tissue complexity, achieving long-term culture, and facil-
itating clinical translation [313,315], researchers are ac-
tively addressing these through the development of bioac-
tive materials, integration of AI-driven intelligent monitor-
ing, and application of advanced manufacturing techniques
[310,316,317]. Looking ahead, with continuous advance-
ments in materials science, micro-nano fabrication technol-
ogy, and biosensing technology, coupled with interdisci-
plinary innovation, bone organ chips will be able to con-
struct highly personalized disease models with greater fi-
delity. They will precisely predict patient treatment re-
sponses and ultimately hold the potential to become disrup-
tive tools for advancing precisionmedicine in bone diseases
and new drug development, ushering orthopedics into a new
patient-centered era.

Large Animal Models and Preclinical Studies

Studying the regulation of physical stimulation on os-
teogenic differentiation of MSCs in large animal models
constitutes a highly complex systematic project. Its suc-
cess relies on comprehensive optimization of cell sources,
pretreatment methods, physical stimulation parameters, an-
imal model selection, and multidimensional evaluation sys-
tems [318,319]. First, the source and in vitro pretreatment
of MSCs are prerequisites for determining osteogenic effi-
cacy. Cells from different sources exhibit variations in dif-
ferentiation potential, while pretreatment methods such as
electrical stimulation, hypoxia, or heat shock can optimize
osteogenic effectiveness by enhancing differentiation ca-
pacity, regulating differentiation balance, or improving im-
munomodulatory functions, respectively [285,320]. Sec-
ond, precise control of physical stimulation parameters is
crucial for regulating cellular behavior, requiring optimiza-
tion of frequency, strength, and duration [204,321]. Ideal
models should simulate clinically common traumatic frac-
tures or site-specific defects (e.g., segmental defects in rab-
bit femurs or porcine acetabular defects), with precise de-
sign of critical size and mechanical stability to authentically
reflect clinical challenges [322,323]. Furthermore, to com-
prehensively evaluate osteogenic outcomes, a multidimen-
sional evaluation system encompassing imaging, histology,
biomechanics, and molecular biology must be established.
This system should enable holistic analysis of bone forma-
tion volume, tissue morphology, functional recovery, and
molecular mechanisms [324–327]. Despite the promising
prospects, this field still faces challenges including the ab-
sence of parameter standardization, the complex in vivo be-
havior of MSCs, limited stimulation modalities, and clini-
cal translation bottlenecks. Future research should focus on
standardizing stimulation parameters, elucidatingMSC het-
erogeneity and immunomodulatory mechanisms, and ad-
vancing integrated innovation combining multimodal phys-
ical stimulation with advanced biomaterials.

Clinical Translation Challenges and Personalized Therapy

The clinical translation of MSCs for osteogenic differ-
entiation faces interconnected systemic challenges. Macro-
scopically, ethical controversies and globally inconsistent
regulatory policies constitute high entry barriers. The di-
verse sources of MSCs introduce complex ethical consid-
erations, and while their manufacturing processes require
GMP compliance, safety concerns such as immune rejec-
tion and tumorigenic risks lack clear regulatory frame-
works. Even promising cell-free therapies require further
refinement of quality control standards [328,329]. At the
mesoscale level, physical stimulation interventions suffer
from the absence of a standardized experimental parame-
ter system, resulting in challenges in efficacy evaluation
and reproducibility. Substantial discrepancies in stimu-
lation parameters across studies and their complex inter-
actions with microenvironmental factors significantly im-
pede research integration [330]. At the microscale level,
the regulatory mechanisms governing MSC osteogenic
differentiation—including discrepancies between in vitro
and in vivo settings, senescent states, and immune microen-
vironment influences—have not been fully elucidated. This
knowledge gap fundamentally undermines the reliability
and reproducibility of foundational research [331,332].

In addition, the safety of physical stimulation itself
and its potential side effects are key risks that cannot be
ignored in the clinical translation process. For example,
Huang et al. [333] demonstrated that excessive mechanical
compression can cause various damages to MSCs, includ-
ing reduced cell viability, induced apoptosis, mitochondrial
dysfunction, oxidative stress, and destruction of cellular ul-
trastructure, etc. Similarly, Liu et al. [334] revealed that
mechanical stimulation has a “double-edged sword” effect
on MSCs, with a clear “safety boundary”. While moder-
ate mechanical stimulation can reverse MSC aging, high-
frequency or large-amplitude mechanical stretching consti-
tutes excessive mechanical stimulation, which can induce
strong DNA damage in cells, thereby exacerbating the ag-
ing process and inflammatory response. Therefore, the
main bottleneck currently faced in this field is the lack of
quantitative safety assessment standards, making it difficult
to accurately define the boundaries of the “therapeutic win-
dow”, which increases the uncertainty of clinical applica-
tions.

To overcome these bottlenecks, the central strategy
for future development lies in achieving precise personal-
ized treatment. Firstly, precise matching should be con-
ducted based on differences in proliferation capacity, dif-
ferentiation potential, and immunomodulatory characteris-
tics among MSCs from various sources, tailored to indi-
vidual patient conditions and therapeutic needs [335–338].
Secondly, it is essential to revolutionize the application of
physical stimulation by moving beyond traditional fixed-
parameter approaches and introducing closed-loop control
systems. Through real-time monitoring of patient phys-
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iological signals and cellular responses, considering dy-
namic changes in patient physiological status and cellular
reaction characteristics during treatment, artificial intelli-
gence algorithms should be employed to dynamically ad-
just stimulation parameters for optimal stimulation strength
and rhythm. This strategy has achieved success in platforms
like EcoAI for treating chronic pain and can be adapted to
the field of MSC osteogenic differentiation [339,340].

Conclusions

In summary, physical stimulation demonstrates
tremendous clinical application potential as a non-invasive,
highly controllable, and versatile regulatory strategy for
promotingMSC osteogenic differentiation and accelerating
bone tissue regeneration. Its underlying mechanisms span
multiple dimensions—from cellular signaling pathway
activation and mechanical microenvironment perception
to metabolic reprogramming and enhanced extracellular
vesicle functionality—forming a sophisticated regulatory
network. Looking ahead, the development in this field
will focus on three core directions: first, achieving precise
optimization of stimulation parameters and constructing
multi-modal synergistic therapeutic strategies through
integration of novel functional materials with intelligent
responsive systems; second, leveraging interdisciplinary
integration to uncover more refined molecular mecha-
nisms; third, accelerating rigorous clinical validation and
translational applications. Through breakthroughs in these
critical areas, physical stimulation technologies are poised
to lead qualitative leaps in bone regeneration therapy. This
advancement will not only provide revolutionary solutions
for addressing bone defect repair and skeletal diseases,
but also establish new paradigms for the entire field of
regenerative medicine.

List of Abbreviations

2D, two-dimensional; 3D, three-dimensional; ALP,
alkaline phosphatase; AR, aspect ratio; ASCs, adipose-
derived MSCs; BMP, bone morphogenetic protein; BM-
SCs, bone marrow-derived MSCs; DC, duty cycle; ECM,
extracellular matrix; EMFs, electromagnetic fields; ES,
electrical stimulation; EVs, extracellular vesicles; FSS,
fluid shear stress; GelMA, gelatin methacrylamide; HP,
hydrostatic pressure; ITGA11, integrin α11; LEDs, light-
emitting diodes; LIPUS, low-intensity pulsed ultrasound;
MSCs, mesenchymal stem cells; OCN, osteocalcin; OPN,
osteopontin; PAAm, polyacrylamide; PBM, photobiomod-
ulation; PEG, polyethylene glycol; PEMFs, Pulsed electro-
magnetic fields; ROS, reactive oxygen species.

Availability of Data and Materials

Not applicable.

Author Contributions
FFZ and LW contributed to the conception and design

of this review and drafted the manuscript. ML, YLL, and
MYZ contributed to the literature collection and analysis.
JTL contributed to the critical revision of the manuscript
for important intellectual content. All authors contributed
to the interpretation of the literature, read and approved the
final manuscript, and agree to be accountable for all aspects
of the work in ensuring that questions related to the accu-
racy or integrity of any part of the work are appropriately
investigated and resolved.

Ethics Approval and Consent to Participate
Not applicable, as this study is a review article and

does not involve human participants or animal subjects.

Acknowledgments
I would like to thank all people who helped me in the

process of writing this article.

Funding
This work was supported by the National Natural Sci-

ence Foundation of China (82474554), National Key R&D
Program of China (2023YFC2508806), Key Research and
Development Project in Henan Province (231111310500),
Youth Science Award Project of the Provincial-level Joint
Fund for Science and Technology Research and Develop-
ment Project in Henan Province (225200810084), Scien-
tific Research Project of Henan Zhongyuan Medical Sci-
ence and Technology Innovation and Development Foun-
dation (ZYYC2023ZD).

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Yang Q, Liu S, Liu H, Liu Y, He Z, Zheng Z, et al. A new paradigm

in bone tissue biomaterials: Enhanced osteogenesis-angiogenic cou-
pling by targeting H-type blood vessels. Biomaterials. 2026; 324:
123423. https://doi.org/10.1016/j.biomaterials.2025.123423.

[2] Zura R, Xiong Z, Einhorn T, Watson JT, Ostrum RF, Prayson MJ,
et al. Epidemiology of Fracture Nonunion in 18 Human Bones.
JAMA Surgery. 2016; 151: e162775. https://doi.org/10.1001/jama
surg.2016.2775.

[3] Liu Y, Li L, Zhan X, Hong S, Chang S, Huang G, et al. 3D-printed
conductive hydrogel scaffolds for bone regeneration: Electrome-
chanical coupling, neurovascular integration, and immunomodula-
tory strategies. Biomaterials Advances. 2026; 179: 214497. https:
//doi.org/10.1016/j.bioadv.2025.214497.

[4] Yang P, Xing J, Liu J, Luo F, Wu X, Yu B, et al. Individual Tissue-
Engineered Bone in Repairing Bone Defects: A 10-Year Follow-
Up Study. Tissue Engineering. Part A. 2020; 26: 896–904. https:
//doi.org/10.1089/ten.TEA.2019.0287.

[5] KimP, Park J, LeeDJ,Mizuno S, ShinoharaM,HongCP, et al.Mast4
determines the cell fate ofMSCs for bone and cartilage development.
Nature Communications. 2022; 13: 3960. https://doi.org/10.1038/
s41467-022-31697-3.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1016/j.biomaterials.2025.123423
https://doi.org/10.1001/jamasurg.2016.2775
https://doi.org/10.1001/jamasurg.2016.2775
https://doi.org/10.1016/j.bioadv.2025.214497
https://doi.org/10.1016/j.bioadv.2025.214497
https://doi.org/10.1089/ten.TEA.2019.0287
https://doi.org/10.1089/ten.TEA.2019.0287
https://doi.org/10.1038/s41467-022-31697-3
https://doi.org/10.1038/s41467-022-31697-3


54 www.ecmjournal.org

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

[6] Shrestha S, Tieu T, Wojnilowicz M, Voelcker NH, Forsythe JS, Frith
JE. Delivery of miRNAs Using Porous Silicon Nanoparticles Incor-
porated into 3D Hydrogels Enhances MSC Osteogenesis by Modu-
lation of Fatty Acid Signaling and Silicon Degradation. Advanced
Healthcare Materials. 2024; 13: e2400171. https://doi.org/10.1002/
adhm.202400171.

[7] Liu Y, Sun L, Li Y, Holmes C. Mesenchymal stromal/stem cell tissue
source and in vitro expansion impact extracellular vesicle protein and
miRNA compositions as well as angiogenic and immunomodulatory
capacities. Journal of Extracellular Vesicles. 2024; 13: e12472. http
s://doi.org/10.1002/jev2.12472.

[8] Zhang K, Qiu W, Li H, Li J, Wang P, Chen Z, et al. MACF1
overexpression in BMSCs alleviates senile osteoporosis in mice
through TCF4/miR-335-5p signaling pathway. Journal of Or-
thopaedic Translation. 2023; 39: 177–190. https://doi.org/10.1016/
j.jot.2023.02.003.

[9] Wang L, Liu C, Wu F. Low-level laser irradiation enhances the pro-
liferation and osteogenic differentiation of PDLSCs via BMP signal-
ing. Lasers in Medical Science. 2022; 37: 941–948. https://doi.org/
10.1007/s10103-021-03338-6.

[10] Xu X, Liu S, Liu H, Ru K, Jia Y, Wu Z, et al. Piezo Channels: Awe-
someMechanosensitive Structures in Cellular Mechanotransduction
and Their Role in Bone. International Journal ofMolecular Sciences.
2021; 22: 6429. https://doi.org/10.3390/ijms22126429

[11] Bae HJ, Shin SJ, Jo SB, Li CJ, Lee DJ, Lee JH, et al. Cyclic stretch
induced epigenetic activation of periodontal ligament cells. Materi-
als Today. Bio. 2024; 26: 101050. https://doi.org/10.1016/j.mtbio.
2024.101050.

[12] Ma C, Ye Y, Shi X, Li N, Chen Y, Shi X, et al. Photobiomodulation
promotes osteogenic differentiation of mesenchymal stem cells and
increases P-Akt levels in vitro. Scientific Reports. 2025; 15: 17844.
https://doi.org/10.1038/s41598-025-02428-7.

[13] McKayed K, Prendergast PJ, Campbell VA. Aging enhances the vul-
nerability of mesenchymal stromal cells to uniaxial tensile strain-
induced apoptosis. Journal of Biomechanics. 2016; 49: 458–462.
https://doi.org/10.1016/j.jbiomech.2015.11.053.

[14] Shanbhag S, Mohamed-Ahmed S, Lunde THF, Suliman S, Bolstad
AI, Hervig T, et al. Influence of platelet storage time on human
platelet lysates and platelet lysate-expanded mesenchymal stromal
cells for bone tissue engineering. Stem Cell Research & Therapy.
2020; 11: 351. https://doi.org/10.1186/s13287-020-01863-9.

[15] Horner CB, Hirota K, Liu J, Maldonado M, Hyle Park B,
Nam J. Magnitude-dependent and inversely-related os-
teogenic/chondrogenic differentiation of human mesenchymal
stem cells under dynamic compressive strain. Journal of Tissue
Engineering and Regenerative Medicine. 2018; 12: e637–e647.
https://doi.org/10.1002/term.2332.

[16] Yang L, Gao Q, Ge L, Zhou Q, Warszawik EM, Bron R, et al. To-
pography induced stiffness alteration of stem cells influences os-
teogenic differentiation. Biomaterials Science. 2020; 8: 2638–2652.
https://doi.org/10.1039/d0bm00264j.

[17] Vega ME, Kastberger B, Wehrle-Haller B, Schwarzbauer JE. Stimu-
lation of Fibronectin Matrix Assembly by Lysine Acetylation. Cells.
2020; 9: 655. https://doi.org/10.3390/cells9030655.

[18] Sugimoto A, Iwata K, Kurogoushi R, Tanaka M, Nakashima Y,
Yamakawa Y, et al. C-terminus of PIEZO1 governs Ca(2+) in-
flux and intracellular ERK1/2 signaling pathway in mechanotrans-
duction. Biochemical and Biophysical Research Communications.
2023; 682: 39–45. https://doi.org/10.1016/j.bbrc.2023.09.080.

[19] Xu Y, Chen Y, Zhang K, Chen M, Duan R, Ren Y. Investigating the
effects of TRPV4 and Ca(v)1.2 channels in 3D culture for promoting
the differentiation of BMSCs at various stages. Experimental Cell
Research. 2025; 447: 114515. https://doi.org/10.1016/j.yexcr.2025.
114515.

[20] Dieterle MP, Husari A, Steinberg T, Wang X, Ramminger I,
Tomakidi P. Role of Mechanotransduction in Periodontal Homeosta-

sis and Disease. Journal of Dental Research. 2021; 100: 1210–1219.
https://doi.org/10.1177/00220345211007855.

[21] Li J, Yan JF, Wan QQ, Shen MJ, Ma YX, Gu JT, et al. Matrix stiff-
ening by self-mineralizable guided bone regeneration. Acta Bioma-
terialia. 2021; 125: 112–125. https://doi.org/10.1016/j.actbio.2021.
02.012.

[22] Wei Y, Hui VLZ, Chen Y, Han R, Han X, Guo Y. YAP/TAZ: Molec-
ular pathway and disease therapy. MedComm. 2023; 4: e340. https:
//doi.org/10.1002/mco2.340.

[23] Zarka M, Haÿ E, Cohen-Solal M. YAP/TAZ in Bone and Carti-
lage Biology. Frontiers in Cell and Developmental Biology. 2022;
9: 788773. https://doi.org/10.3389/fcell.2021.788773.

[24] Xu YL, Huang M, Zhang Y, Su XY, Huang M, Zou NY, et al.
Polycystin-1 regulates tendon-derived mesenchymal stem cells fate
and matrix organization in heterotopic ossification. Bone Research.
2025; 13: 11. https://doi.org/10.1038/s41413-024-00392-y.

[25] Zhang Z, Sha B, Zhao L, Zhang H, Feng J, Zhang C, et al. Pro-
grammable integrin and N-cadherin adhesive interactions modulate
mechanosensing of mesenchymal stem cells by cofilin phosphory-
lation. Nature Communications. 2022; 13: 6854. https://doi.org/10.
1038/s41467-022-34424-0.

[26] Yang M, Gao Z, Cheng S, Wang Z, Ei-Seedi H, Du M. Novel Pep-
tide Derived from Gadus morhua Stimulates Osteoblastic Differen-
tiation and Mineralization through Wnt/β-Catenin and BMP Signal-
ing Pathways. Journal of Agricultural and Food Chemistry. 2024;
72: 9691–9702. https://doi.org/10.1021/acs.jafc.3c06700.

[27] Lu Y, Ma ZX, Deng R, Jiang HT, Chu L, Deng ZL. The SIRT1 acti-
vator SRT2104 promotes BMP9-induced osteogenic and angiogenic
differentiation in mesenchymal stem cells. Mechanisms of Ageing
and Development. 2022; 207: 111724. https://doi.org/10.1016/j.ma
d.2022.111724.

[28] Yang L, Li Q, Zhang J, Li P, An P, Wang C, et al. Wnt7a pro-
motes the osteogenic differentiation of human mesenchymal stem
cells. International Journal of Molecular Medicine. 2021; 47: 94.
https://doi.org/10.3892/ijmm.2021.4927.

[29] Tan B, Deng Y, Mao J, Peng Y, Yang R, Shen J, et al. The
Critical Role of Piezo1/CaMKII/β-Catenin Axis in Promoting Os-
teogenic Differentiation of ADSCs by Pressure Stimulation. ACS
Omega. 2025; 10: 31368–31380. https://doi.org/10.1021/acsomega
.5c00284.

[30] Song Y, Zhao Z, Xu L, Huang P, Gao J, Li J, et al. Using
an ER-specific optogenetic mechanostimulator to understand the
mechanosensitivity of the endoplasmic reticulum. Developmen-
tal Cell. 2024; 59: 1396–1409.e5. https://doi.org/10.1016/j.devcel
.2024.03.014.

[31] Yu J, Huang Y, Qin Y, Zhu J, Zhao T, Wu H, et al. Deciphering Mi-
tochondria: Unveiling Their Roles in Mechanosensing and Mechan-
otransduction. Research: A Science Partner Journal. 2025; 8: 0816.
https://doi.org/10.34133/research.0816.

[32] Na J, Yang Z, Shi Q, Li C, Liu Y, Song Y, et al. Extracellular matrix
stiffness as an energy metabolism regulator drives osteogenic differ-
entiation in mesenchymal stem cells. Bioactive Materials. 2024; 35:
549–563. https://doi.org/10.1016/j.bioactmat.2024.02.003.

[33] Park SM, Lee JH, Ahn KS, Shim HW, Yoon JY, Hyun J, et al.
Cyclic Stretch Promotes Cellular Reprogramming Process through
Cytoskeletal-Nuclear Mechano-Coupling and Epigenetic Modifica-
tion. Advanced Science. 2023; 10: e2303395. https://doi.org/10.
1002/advs.202303395.

[34] Shen WC, Lai YC, Li LH, Liao K, Lai HC, Kao SY, et al. Methyla-
tion and PTEN activation in dental pulpmesenchymal stem cells pro-
motes osteogenesis and reduces oncogenesis. Nature Communica-
tions. 2019; 10: 2226. https://doi.org/10.1038/s41467-019-10197-x.

[35] Shan L, Yang X, Liao X, Yang Z, Zhou J, Li X, et al. Histone
demethylase KDM7A regulates bone homeostasis through balanc-
ing osteoblast and osteoclast differentiation. Cell Death & Disease.
2024; 15: 136. https://doi.org/10.1038/s41419-024-06521-z.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1002/adhm.202400171
https://doi.org/10.1002/adhm.202400171
https://doi.org/10.1002/jev2.12472
https://doi.org/10.1002/jev2.12472
https://doi.org/10.1016/j.jot.2023.02.003
https://doi.org/10.1016/j.jot.2023.02.003
https://doi.org/10.1007/s10103-021-03338-6
https://doi.org/10.1007/s10103-021-03338-6
https://doi.org/10.3390/ijms2212642
https://doi.org/10.1016/j.mtbio.2024.101050
https://doi.org/10.1016/j.mtbio.2024.101050
https://doi.org/10.1038/s41598-025-02428-7
https://doi.org/10.1016/j.jbiomech.2015.11.053
https://doi.org/10.1186/s13287-020-01863-9
https://doi.org/10.1002/term.2332
https://doi.org/10.1039/d0bm00264j
https://doi.org/10.3390/cells9030655
https://doi.org/10.1016/j.bbrc.2023.09.080
https://doi.org/10.1016/j.yexcr.2025.114515
https://doi.org/10.1016/j.yexcr.2025.114515
https://doi.org/10.1177/00220345211007855
https://doi.org/10.1016/j.actbio.2021.02.012
https://doi.org/10.1016/j.actbio.2021.02.012
https://doi.org/10.1002/mco2.340
https://doi.org/10.1002/mco2.340
https://doi.org/10.3389/fcell.2021.788773
https://doi.org/10.1038/s41413-024-00392-y
https://doi.org/10.1038/s41467-022-34424-0
https://doi.org/10.1038/s41467-022-34424-0
https://doi.org/10.1021/acs.jafc.3c06700
https://doi.org/10.1016/j.mad.2022.111724
https://doi.org/10.1016/j.mad.2022.111724
https://doi.org/10.3892/ijmm.2021.4927
https://doi.org/10.1021/acsomega.5c00284
https://doi.org/10.1021/acsomega.5c00284
https://doi.org/10.1016/j.devcel.2024.03.014
https://doi.org/10.1016/j.devcel.2024.03.014
https://doi.org/10.34133/research.0816
https://doi.org/10.1016/j.bioactmat.2024.02.003
https://doi.org/10.1002/advs.202303395
https://doi.org/10.1002/advs.202303395
https://doi.org/10.1038/s41467-019-10197-x
https://doi.org/10.1038/s41419-024-06521-z


www.ecmjournal.org 55

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

[36] Cai G, Lu Y, Zhong W, Wang T, Li Y, Ruan X, et al. Piezo1-
mediated M2 macrophage mechanotransduction enhances bone for-
mation through secretion and activation of transforming growth
factor-β1. Cell Proliferation. 2023; 56: e13440. https://doi.org/10.
1111/cpr.13440.

[37] ZhangQ, LongY, Jin L, Li C, Long J. Non-coding RNAs regulate the
BMP/Smad pathway during osteogenic differentiation of stem cells.
Acta Histochemica. 2023; 125: 151998. https://doi.org/10.1016/j.ac
this.2023.151998.

[38] Antonova OY, Kochetkova OY, Shlyapnikov YM. ECM-Mimetic
Nylon Nanofiber Scaffolds for Neurite Growth Guidance. Nanoma-
terials. 2021; 11: 516. https://doi.org/10.3390/nano11020516.

[39] Sun Y, Luo Z, Zhou H, Wu S, Shen H, Fu Y, et al. Primary cilia
integrity governs TRPV4-mediated NF-κB/COL2 signaling in os-
teoarthritis pathogenesis. Cellular Signalling. 2025; 136: 112141.
https://doi.org/10.1016/j.cellsig.2025.112141.

[40] Stavenschi E, Hoey DA. Pressure-induced mesenchymal stem cell
osteogenesis is dependent on intermediate filament remodeling.
FASEB Journal: Official Publication of the Federation of Amer-
ican Societies for Experimental Biology. 2019; 33: 4178–4187.
https://doi.org/10.1096/fj.201801474RR.

[41] Yang L, Yang G, Yang Q, Zheng L. Importin-7 promotes tension-
induced osteogenesis by regulating RUNX2 nuclear translocation
during orthodontic tooth movement. Scientific Reports. 2025; 15:
33026. https://doi.org/10.1038/s41598-025-18603-9.

[42] Qin L, Liu W, Cao H, Xiao G. Molecular mechanosensors in
osteocytes. Bone Research. 2020; 8: 23. https://doi.org/10.1038/
s41413-020-0099-y.

[43] Vanni G, Citron A, Suli A, Contessotto P, Caire R, Gandin
A, et al. Microtubule architecture connects AMOT stability
to YAP/TAZ mechanotransduction and Hippo signalling. Na-
ture Cell Biology. 2025; 27: 1725–1738. https://doi.org/10.1038/
s41556-025-01773-z.

[44] Rao R, Yang H, Qiu K, Xu M, Liu H, Shen J, et al. Mechanical con-
finement triggers spreading and migration of immobile cells by de-
forming nucleus. Biomaterials. 2025; 320: 123209. https://doi.org/
10.1016/j.biomaterials.2025.123209.

[45] Sharip A, Kunz J. Mechanosignaling via Integrins: Pivotal Players
in Liver Fibrosis Progression and Therapy. Cells. 2025; 14: 266.
https://doi.org/10.3390/cells14040266.

[46] Wang Y, Zhang L, Xu B, Wang K, Zhang T, Zhang Z, et al. Opti-
mised formula of Fufang Biejia Ruangan tablets alleviates renal fi-
brosis by suppressing matrix-stiffness-induced fibroblast activation
via inhibition of integrinαVβ1 binding. Journal of Ethnopharmacol-
ogy. 2026; 355: 120614. https://doi.org/10.1016/j.jep.2025.120614.

[47] Zhang Z, He P, Yang L, Gong J, Qin R, Wang M. Posttranslational
modifications of YAP/TAZ: molecular mechanisms and therapeutic
opportunities. Cellular & Molecular Biology Letters. 2025; 30: 83.
https://doi.org/10.1186/s11658-025-00760-4.

[48] Kim E, Riehl BD, Bouzid T, Yang R, Duan B, Donahue HJ, et
al. YAP mechanotransduction under cyclic mechanical stretch load-
ing for mesenchymal stem cell osteogenesis is regulated by ROCK.
Frontiers in Bioengineering and Biotechnology. 2024; 11: 1306002.
https://doi.org/10.3389/fbioe.2023.1306002.

[49] Heng BC, Zhang X, Aubel D, Bai Y, Li X, Wei Y, et al. An
overview of signaling pathways regulating YAP/TAZ activity. Cel-
lular and Molecular Life Sciences: CMLS. 2021; 78: 497–512.
https://doi.org/10.1007/s00018-020-03579-8.

[50] Wang L, Lu Y, Cai G, Chen H, Li G, Liu L, et al. Polycystin-2 medi-
ates mechanical tension-induced osteogenic differentiation of human
adipose-derived stem cells by activating transcriptional co-activator
with PDZ-binding motif. Frontiers in Physiology. 2022; 13: 917510.
https://doi.org/10.3389/fphys.2022.917510.

[51] Yang L, Ge L, van Rijn P. Synergistic Effect of Cell-Derived Extra-

cellular Matrices and Topography on Osteogenesis of Mesenchymal
Stem Cells. ACS Applied Materials & Interfaces. 2020; 12: 25591–
25603. https://doi.org/10.1021/acsami.0c05012.

[52] García-García M, Sánchez-Perales S, Jarabo P, Calvo E, Huyton T,
Fu L, et al. Mechanical control of nuclear import by Importin-7 is
regulated by its dominant cargoYAP.Nature Communications. 2022;
13: 1174. https://doi.org/10.1038/s41467-022-28693-y.

[53] Yoshii H, Kajiya M, Yoshino M, Morimoto S, Horikoshi S, Tari M,
et al. Mechanosignaling YAP/TAZ-TEAD Axis Regulates the Im-
munomodulatory Properties of Mesenchymal Stem Cells. Stem Cell
Reviews and Reports. 2024; 20: 347–361. https://doi.org/10.1007/
s12015-023-10646-7.

[54] Wei Q, Holle A, Li J, Posa F, Biagioni F, Croci O, et al. BMP-2
Signaling and Mechanotransduction Synergize to Drive Osteogenic
Differentiation via YAP/TAZ. Advanced Science. 2020; 7: 1902931.
https://doi.org/10.1002/advs.201902931.

[55] He Y, Yu L, Liu J, Li Y, Wu Y, Huang Z, et al. Enhanced os-
teogenic differentiation of human bone-derived mesenchymal stem
cells in 3-dimensional printed porous titanium scaffolds by static
magnetic field through up-regulating Smad4. FASEB Journal: Of-
ficial Publication of the Federation of American Societies for Ex-
perimental Biology. 2019; 33: 6069–6081. https://doi.org/10.1096/
fj.201802195R.

[56] Yu Z, Kawashima N, Sunada-Nara K, Wang S, Han P, Kieu
TQ, et al. MicroRNA-27a transfected dental pulp stem cells un-
dergo odonto/osteogenic differentiation via targeting DKK3 and
SOSTDC1 in Wnt/BMP signaling in vitro and enhance bone for-
mation in vivo. Journal of Translational Medicine. 2025; 23: 189.
https://doi.org/10.1186/s12967-025-06208-9.

[57] Taday R, Jungbluth P, Zensen S, Krakau T, Windolf J, Hoffmann
MJ, et al. BMP-2-Driven Osteogenesis: A Comparative Analysis
of Porcine BMSCs and ASCs and the Role of TGF-β and FGF
Signaling. Biology. 2025; 14: 610. https://doi.org/10.3390/biolog
y14060610.

[58] Hu Y, Tian H, Chen W, Liu Y, Cao Y, Pei H, et al. The Critical Role
of The Piezo1/β-catenin/ATF4 Axis on The Stemness of Gli1(+)
BMSCs During Simulated Microgravity-Induced Bone Loss. Ad-
vanced Science. 2023; 10: e2303375. https://doi.org/10.1002/advs
.202303375.

[59] Wang B, Khan S, Wang P, Wang X, Liu Y, Chen J, et al. A
Highly Selective GSK-3β Inhibitor CHIR99021 Promotes Osteoge-
nesis by Activating Canonical and Autophagy-Mediated Wnt Sig-
naling. Frontiers in Endocrinology. 2022; 13: 926622. https://doi.or
g/10.3389/fendo.2022.926622.

[60] Shi J, Zhang B, Wu Z, Zhang Y, Gupta A, Wang X, et al. Periph-
eral nerve-derived Sema3A promotes osteogenic differentiation of
mesenchymal stem cells through the Wnt/β-catenin/Nrp1 positive
feedback loop. Journal of Cellular and Molecular Medicine. 2024;
28: e18201. https://doi.org/10.1111/jcmm.18201.

[61] Xiang L, Zheng J, Zhang M, Ai T, Cai B. FOXQ1 promotes
the osteogenic differentiation of bone mesenchymal stem cells
via Wnt/β-catenin signaling by binding with ANXA2. Stem Cell
Research & Therapy. 2020; 11: 403. https://doi.org/10.1186/
s13287-020-01928-9.

[62] Xu C, Shi H, Jiang X, Fan Y, Huang D, Qi X, et al. ZEB1 Medi-
ates Bone Marrow Mesenchymal Stem Cell Osteogenic Differen-
tiation Partly via Wnt/β-Catenin Signaling. Frontiers in Molecular
Biosciences. 2021; 8: 682728. https://doi.org/10.3389/fmolb.2021.
682728.

[63] Njie R, Xu S, Wu T, Pi J, Lin S, Zhang P, et al. Hedgehog Sig-
nalling in Osteogenesis and Bone Metabolism: Molecular Mecha-
nisms, Regulatory Networks and Implications for Skeletal Disease.
Journal of Cellular and Molecular Medicine. 2025; 29: e70813.
https://doi.org/10.1111/jcmm.70813.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1111/cpr.13440
https://doi.org/10.1111/cpr.13440
https://doi.org/10.1016/j.acthis.2023.151998
https://doi.org/10.1016/j.acthis.2023.151998
https://doi.org/10.3390/nano11020516
https://doi.org/10.1016/j.cellsig.2025.112141
https://doi.org/10.1096/fj.201801474RR
https://doi.org/10.1038/s41598-025-18603-9
https://doi.org/10.1038/s41413-020-0099-y
https://doi.org/10.1038/s41413-020-0099-y
https://doi.org/10.1038/s41556-025-01773-z
https://doi.org/10.1038/s41556-025-01773-z
https://doi.org/10.1016/j.biomaterials.2025.123209
https://doi.org/10.1016/j.biomaterials.2025.123209
https://doi.org/10.3390/cells14040266
https://doi.org/10.1016/j.jep.2025.120614
https://doi.org/10.1186/s11658-025-00760-4
https://doi.org/10.3389/fbioe.2023.1306002
https://doi.org/10.1007/s00018-020-03579-8
https://doi.org/10.3389/fphys.2022.917510
https://doi.org/10.1021/acsami.0c05012
https://doi.org/10.1038/s41467-022-28693-y
https://doi.org/10.1007/s12015-023-10646-7
https://doi.org/10.1007/s12015-023-10646-7
https://doi.org/10.1002/advs.201902931
https://doi.org/10.1096/fj.201802195R
https://doi.org/10.1096/fj.201802195R
https://doi.org/10.1186/s12967-025-06208-9
https://doi.org/10.3390/biology14060610
https://doi.org/10.3390/biology14060610
https://doi.org/10.1002/advs.202303375
https://doi.org/10.1002/advs.202303375
https://doi.org/10.3389/fendo.2022.926622
https://doi.org/10.3389/fendo.2022.926622
https://doi.org/10.1111/jcmm.18201
https://doi.org/10.1186/s13287-020-01928-9
https://doi.org/10.1186/s13287-020-01928-9
https://doi.org/10.3389/fmolb.2021.682728
https://doi.org/10.3389/fmolb.2021.682728
https://doi.org/10.1111/jcmm.70813


56 www.ecmjournal.org

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

[64] Tahoori M, Tafreshi AP, Naghshnejad F, Zeynali B. Transforming
Growth Factor-β Signaling Inhibits the Osteogenic Differentiation
of Mesenchymal Stem Cells via Activation of Wnt/β-Catenin Path-
way. Journal of Bone Metabolism. 2025; 32: 11–20. https://doi.org/
10.11005/jbm.24.761.

[65] Luo W, Zhang N, Wang Z, Chen H, Sun J, Yao C, et al. LncRNA
USP2-AS1 facilitates the osteogenic differentiation of bone marrow
mesenchymal stem cells by targeting KDM3A/ETS1/USP2 to acti-
vate the Wnt/β-catenin signaling pathway. RNA Biology. 2024; 21:
1–13. https://doi.org/10.1080/15476286.2023.2290771.

[66] Amitrano A, Yuan Q, Agarwal B, Sen A, Dance YW, Zuo Y, et al.
Extracellular fluid viscosity regulates humanmesenchymal stem cell
lineage and function. Science Advances. 2025; 11: eadr5023. https:
//doi.org/10.1126/sciadv.adr5023.

[67] Lee PS, Heinemann C, Zheng K, Appali R, Alt F, Krieghoff J, et al.
The interplay of collagen/bioactive glass nanoparticle coatings and
electrical stimulation regimes distinctly enhanced osteogenic dif-
ferentiation of human mesenchymal stem cells. Acta Biomaterialia.
2022; 149: 373–386. https://doi.org/10.1016/j.actbio.2022.06.045.

[68] Guan H, Wang W, Jiang Z, Zhang B, Ye Z, Zheng J, et al. Mag-
netic Aggregation-Induced Bone-Targeting Nanocarrier with Effects
of Piezo1 Activation and Osteogenic-Angiogenic Coupling for Os-
teoporotic Bone Repair. Advanced Materials. 2024; 36: e2312081.
https://doi.org/10.1002/adma.202312081.

[69] Reichenbach M, Mendez PL, da Silva Madaleno C, Ugorets V,
Rikeit P, Boerno S, et al. Differential Impact of Fluid Shear Stress
and YAP/TAZ on BMP/TGF-β Induced Osteogenic Target Genes.
Advanced Biology. 2021; 5: e2000051. https://doi.org/10.1002/ad
bi.202000051.

[70] Feng J, Zhang Q, Pu F, Zhu Z, Lu K, Lu WW, et al. Signalling
interaction between β-catenin and other signalling molecules dur-
ing osteoarthritis development. Cell Proliferation. 2024; 57: e13600.
https://doi.org/10.1111/cpr.13600.

[71] Reekie WD, Scott DR. South African health care and the proprietary
medicine industry. South AfricanMedical Journal = Suid-Afrikaanse
Tydskrif Vir Geneeskunde. 1988; 74: 205–208.

[72] Zhang Y, Li W, Liu C, Yan J, Yuan X, Wang W, et al. Electro-
magnetic field treatment increases purinergic receptor P2X7 ex-
pression and activates its downstream Akt/GSK3β/β-catenin axis
in mesenchymal stem cells under osteogenic induction. Stem Cell
Research & Therapy. 2019; 10: 407. https://doi.org/10.1186/
s13287-019-1497-1.

[73] Pedulla ML, Lee MH, Lever DC, Hatfull GF. A novel host factor for
integration of mycobacteriophage L5. Proceedings of the National
Academy of Sciences of the United States of America. 1996; 93:
15411–15416. https://doi.org/10.1073/pnas.93.26.15411.

[74] Zhang T, Chen Z, Zhu M, Jing X, Xu X, Yuan X, et al. Extracellular
vesicles derived from human dental mesenchymal stem cells stim-
ulated with low-intensity pulsed ultrasound alleviate inflammation-
induced bone loss in a mouse model of periodontitis. Genes & Dis-
eases. 2022; 10: 1613–1625. https://doi.org/10.1016/j.gendis.2022.
06.009.

[75] Kim H, Solak K, Han Y, Cho YW, Koo KM, Kim CD, et al. Elec-
trically controlled mRNA delivery using a polypyrrole-graphene ox-
ide hybrid film to promote osteogenic differentiation of human mes-
enchymal stem cells. Nano Research. 2022; 15: 9253–9263. https:
//doi.org/10.1007/s12274-022-4613-y.

[76] Lemmer IL,Willemsen N, Hilal N, Bartelt A. A guide to understand-
ing endoplasmic reticulum stress in metabolic disorders. Molecu-
lar Metabolism. 2021; 47: 101169. https://doi.org/10.1016/j.molm
et.2021.101169.

[77] Rawal S, Keshavanarayana P, Manoj D, Khuntia P, Banerjee S,
Thurakkal B, et al. Edge curvature drives endoplasmic reticu-
lum reorganization and dictates epithelial migration mode. Na-
ture Cell Biology. 2025; 27: 1660–1675. https://doi.org/10.1038/
s41556-025-01729-3.

[78] Phuyal S, Djaerff E, Le Roux AL, Baker MJ, Fankhauser D,
Mahdizadeh SJ, et al. Mechanical strain stimulates COPII-dependent
secretory trafficking via Rac1. The EMBO Journal. 2022; 41:
e110596. https://doi.org/10.15252/embj.2022110596.

[79] Yang SY, Wei FL, Hu LH, Wang CL. PERK-eIF2α-ATF4 pathway
mediated by endoplasmic reticulum stress response is involved in
osteodifferentiation of human periodontal ligament cells under cyclic
mechanical force. Cellular Signalling. 2016; 28: 880–886. https://do
i.org/10.1016/j.cellsig.2016.04.003.

[80] Jin Z, Mao Y, Guo Q, Yin Y, Kiram A, Zhou D, et al. Imbalanced
Skeletal Muscle Mitochondrial Proteostasis Causes Bone Loss. Re-
search: A Science Partner Journal. 2024; 7: 0465. https://doi.org/10.
34133/research.0465.

[81] Chen J, Chen J, Cheng Y, Fu Y, Zhao H, Tang M, et al. Mesenchy-
mal stem cell-derived exosomes protect beta cells against hypoxia-
induced apoptosis via miR-21 by alleviating ER stress and inhibiting
p38 MAPK phosphorylation. Stem Cell Research & Therapy. 2020;
11: 97. https://doi.org/10.1186/s13287-020-01610-0.

[82] Li H, Yang W, Zhu B, Li M, Zhang X. Photobiomodulation therapy
at 650 nm enhances osteogenic differentiation of osteoporotic bone
marrow mesenchymal stem cells through modulating autophagy.
Photodiagnosis and Photodynamic Therapy. 2024; 50: 104389. ht
tps://doi.org/10.1016/j.pdpdt.2024.104389.

[83] Pahlavani HA. Exercise-induced signaling pathways to counteract-
ing cardiac apoptotic processes. Frontiers in Cell and Developmen-
tal Biology. 2022; 10: 950927. https://doi.org/10.3389/fcell.2022.
950927.

[84] Tang R, Liu G, Wang C, Chao M, Ma G, Wei P, et al. Transcrip-
tomics Guided Engineering of Exosome-Encapsulated Bifunctional
Nanosheets Targeting the Immune-PI3K/Akt Axis for Osteoporosis
Therapy. Advanced Science. 2025; 12: e11327. https://doi.org/10.
1002/advs.202511327.

[85] Xu J, Ze X, Zhao L, Sheng L, Ze Y. Titanium dioxide nanoparticles
oral exposure induce osteoblast apoptosis, inhibit osteogenic abil-
ity and increase lipogenesis in mouse. Ecotoxicology and Environ-
mental Safety. 2024; 277: 116367. https://doi.org/10.1016/j.ecoenv
.2024.116367.

[86] Liu J, Yao Y, Huang J, Sun H, Pu Y, Tian M, et al. Com-
prehensive analysis of lncRNA-miRNA-mRNA networks during
osteogenic differentiation of bone marrow mesenchymal stem
cells. BMC Genomics. 2022; 23: 425. https://doi.org/10.1186/
s12864-022-08646-x.

[87] Liu W, Li L, Rong Y, Qian D, Chen J, Zhou Z, et al. Hypoxic mes-
enchymal stem cell-derived exosomes promote bone fracture healing
by the transfer of miR-126. Acta Biomaterialia. 2020; 103: 196–212.
https://doi.org/10.1016/j.actbio.2019.12.020.

[88] Qi X, Zhang J, Yuan H, Xu Z, Li Q, Niu X, et al. Exosomes
Secreted by Human-Induced Pluripotent Stem Cell-Derived Mes-
enchymal Stem Cells Repair Critical-Sized Bone Defects through
Enhanced Angiogenesis and Osteogenesis in Osteoporotic Rats. In-
ternational Journal of Biological Sciences. 2016; 12: 836–849. https:
//doi.org/10.7150/ijbs.14809.

[89] Wang H, Yu H, Huang T,Wang B, Xiang L. Hippo-YAP/TAZ signal-
ing in osteogenesis and macrophage polarization: Therapeutic im-
plications in bone defect repair. Genes & Diseases. 2023; 10: 2528–
2539. https://doi.org/10.1016/j.gendis.2022.12.012.

[90] Liu H, ZhouH, FanY, Li J, Guo Z, XuQ, et al. Macrophages regulate
angiogenesis-osteogenesis coupling induced by mechanical loading
through the Piezo1 pathway. Journal of Bone and Mineral Research:
The Official Journal of the American Society for Bone and Mineral
Research. 2025; 40: 725–737. https://doi.org/10.1093/jbmr/zjae198.

[91] Wa Q, Luo Y, Tang Y, Song J, Zhang P, Linghu X, et al. Meso-
porous bioactive glass-enhanced MSC-derived exosomes promote
bone regeneration and immunomodulation in vitro and in vivo. Jour-
nal of Orthopaedic Translation. 2024; 49: 264–282. https://doi.org/
10.1016/j.jot.2024.09.009.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.11005/jbm.24.761
https://doi.org/10.11005/jbm.24.761
https://doi.org/10.1080/15476286.2023.2290771
https://doi.org/10.1126/sciadv.adr5023
https://doi.org/10.1126/sciadv.adr5023
https://doi.org/10.1016/j.actbio.2022.06.045
https://doi.org/10.1002/adma.202312081
https://doi.org/10.1002/adbi.202000051
https://doi.org/10.1002/adbi.202000051
https://doi.org/10.1111/cpr.13600
https://doi.org/10.1186/s13287-019-1497-1
https://doi.org/10.1186/s13287-019-1497-1
https://doi.org/10.1073/pnas.93.26.15411
https://doi.org/10.1016/j.gendis.2022.06.009
https://doi.org/10.1016/j.gendis.2022.06.009
https://doi.org/10.1007/s12274-022-4613-y
https://doi.org/10.1007/s12274-022-4613-y
https://doi.org/10.1016/j.molmet.2021.101169
https://doi.org/10.1016/j.molmet.2021.101169
https://doi.org/10.1038/s41556-025-01729-3
https://doi.org/10.1038/s41556-025-01729-3
https://doi.org/10.15252/embj.2022110596
https://doi.org/10.1016/j.cellsig.2016.04.003
https://doi.org/10.1016/j.cellsig.2016.04.003
https://doi.org/10.34133/research.0465
https://doi.org/10.34133/research.0465
https://doi.org/10.1186/s13287-020-01610-0
https://doi.org/10.1016/j.pdpdt.2024.104389
https://doi.org/10.1016/j.pdpdt.2024.104389
https://doi.org/10.3389/fcell.2022.950927
https://doi.org/10.3389/fcell.2022.950927
https://doi.org/10.1002/advs.202511327
https://doi.org/10.1002/advs.202511327
https://doi.org/10.1016/j.ecoenv.2024.116367
https://doi.org/10.1016/j.ecoenv.2024.116367
https://doi.org/10.1186/s12864-022-08646-x
https://doi.org/10.1186/s12864-022-08646-x
https://doi.org/10.1016/j.actbio.2019.12.020
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.1016/j.gendis.2022.12.012
https://doi.org/10.1093/jbmr/zjae198
https://doi.org/10.1016/j.jot.2024.09.009
https://doi.org/10.1016/j.jot.2024.09.009


www.ecmjournal.org 57

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

[92] Bianconi S, Leppik L, Oppermann E, Marzi I, Henrich D. Direct
Current Electrical Stimulation Shifts THP-1-Derived Macrophage
Polarization towards Pro-Regenerative M2 Phenotype. International
Journal of Molecular Sciences. 2024; 25: 7272. https://doi.org/10.
3390/ijms25137272.

[93] Pu P,Wu S, Zhang K, XuH, Guan J, Jin Z, et al. Mechanical force in-
duces macrophage-derived exosomal UCHL3 promoting bone mar-
rowmesenchymal stem cell osteogenesis by targeting SMAD1. Jour-
nal of Nanobiotechnology. 2023; 21: 88. https://doi.org/10.1186/
s12951-023-01836-z.

[94] Huang H, Xiao L, Fang L, Lei M, Liu Z, Gao S, et al. Static To-
pographical Cue Combined with Dynamic Fluid Stimulation En-
hances the Macrophage Extracellular Vesicle Yield and Therapeu-
tic Potential for Bone Defects. ACS Nano. 2025; 19: 8667–8691.
https://doi.org/10.1021/acsnano.4c15201.

[95] Li Y, Yan Z, Dai Y, Cai H, Chen Y, Chen Y, et al. Mechanical Force
Promotes Mitochondrial Transfer From Macrophages to BMSCs to
Enhance Bone Formation. Cell Proliferation. 2026; 59: e70121. http
s://doi.org/10.1111/cpr.70121.

[96] Chen X, Yan J, He F, Zhong D, Yang H, Pei M, et al. Me-
chanical stretch induces antioxidant responses and osteogenic dif-
ferentiation in human mesenchymal stem cells through activation
of the AMPK-SIRT1 signaling pathway. Free Radical Biology &
Medicine. 2018; 126: 187–201. https://doi.org/10.1016/j.freeradbio
med.2018.08.001.

[97] Shi H, ZhouK,WangM,WangN, SongY,XiongW, et al. Integrating
physicomechanical and biological strategies for BTE: biomaterials-
induced osteogenic differentiation of MSCs. Theranostics. 2023; 13:
3245–3275. https://doi.org/10.7150/thno.84759.

[98] Li CW, Lau YT, Lam KL, Chan BP. Mechanically induced for-
mation and maturation of 3D-matrix adhesions (3DMAs) in hu-
man mesenchymal stem cells. Biomaterials. 2020; 258: 120292.
https://doi.org/10.1016/j.biomaterials.2020.120292.

[99] Song F, Jiang D, Wang T, Wang Y, Lou Y, Zhang Y, et al. Mechan-
ical Stress Regulates Osteogenesis and Adipogenesis of Rat Mes-
enchymal Stem Cells through PI3K/Akt/GSK-3β/β-Catenin Signal-
ing Pathway. BioMed Research International. 2017; 2017: 6027402.
https://doi.org/10.1155/2017/6027402.

[100] Zhu G, Zeng C, Qian Y, Yuan S, Ye Z, Zhao S, et al. Tensile
strain promotes osteogenic differentiation of bone marrow mes-
enchymal stem cells through upregulating lncRNA-MEG3. Histol-
ogy and Histopathology. 2021; 36: 939–946. https://doi.org/10.
14670/hh-18-365.

[101] Kamble H, Vadivelu R, Barton M, Shiddiky MJA, Nguyen NT.
Pneumatically actuated cell-stretching array platform for engineer-
ing cell patterns in vitro. Lab on a Chip. 2018; 18: 765–774. https:
//doi.org/10.1039/c7lc01316g.

[102] Le Roux AL, Venturini V, Gómez-González M, Beedle AEM,
Quiroga X, Menino X, et al. Equibiaxial Stretching Device for High
Magnification Live-Cell Confocal Fluorescence Microscopy. Jour-
nal of Visualized Experiments: JoVE. 2025; 220: e67520. https:
//doi.org/10.3791/67520.

[103] Hu C, Yang Q, Huang X, Wang F, Zhou H, Su X. Three-
Dimensional Mechanical Microenvironment Rescued the Decline
of Osteogenic Differentiation of Old Human Jaw Bone Marrow
Mesenchymal Stem Cells. ACS Biomaterials Science & Engineer-
ing. 2024; 10: 4496–4509. https://doi.org/10.1021/acsbiomaterials.
4c00680.

[104] Sun J, Chan YT, Ho KWK, Zhang L, Bian L, Tuan RS, et al. ”Slow
walk” mimetic tensile loading maintains human meniscus tissue res-
ident progenitor cells homeostasis in photocrosslinked gelatin hy-
drogel. Bioactive Materials. 2023; 25: 256–272. https://doi.org/10.
1016/j.bioactmat.2023.01.025.

[105] Song M, Jang Y, Kim SJ, Park Y. Cyclic Stretching Induces Matu-
ration of Human-Induced Pluripotent Stem Cell-Derived Cardiomy-
ocytes through Nuclear-Mechanotransduction. Tissue Engineering

and Regenerative Medicine. 2022; 19: 781–792. https://doi.org/10.
1007/s13770-021-00427-z.

[106] Hecht E, Knittel P, Felder E, Dietl P, Mizaikoff B, Kranz C. Com-
bining atomic force-fluorescence microscopy with a stretching de-
vice for analyzing mechanotransduction processes in living cells.
The Analyst. 2012; 137: 5208–5214. https://doi.org/10.1039/c2a
n36001b.

[107] Putame G, Masante B, Tosini M, Lugas AT, Roato I, Terzini M, et
al. A bioreactor-based platform for investigating the early response
of human periodontal ligament stem cells to intermittent mechanical
stretching. Frontiers in Bioengineering and Biotechnology. 2025; 13:
1634143. https://doi.org/10.3389/fbioe.2025.1634143.

[108] Peng Y, Qu R, Yang Y, Fan T, Sun B, Khan AU, et al. Regula-
tion of the integrin αVβ3- actin filaments axis in early osteogenic
differentiation of human mesenchymal stem cells under cyclic ten-
sile stress. Cell Communication and Signaling: CCS. 2023; 21: 308.
https://doi.org/10.1186/s12964-022-01027-7.

[109] Zhao Y, Huang Y, Jia L, Wang R, Tan K, Li W. A Novel Ten-
sion Machine Promotes Bone Marrow Mesenchymal Stem Cell Os-
teoblastic and Fibroblastic Differentiation by Applying Cyclic Ten-
sion. Stem Cells International. 2021; 2021: 6647651. https://doi.or
g/10.1155/2021/6647651.

[110] Galea GL, Price JS. Four-point bending protocols to study the ef-
fects of dynamic strain in osteoblastic cells in vitro. Methods in
Molecular Biology. 2015; 1226: 117–130. https://doi.org/10.1007/
978-1-4939-1619-1_10.

[111] Heiserer S, Galfe N, Loibl M, Wagner M, Hartwig O, Schlosser
S, et al. Impact of Strain in Free-Standing PtSe(2) in Scalable 2D
MEMS. Advanced Materials. 2025; 37: e12564. https://doi.org/10.
1002/adma.202412564.

[112] Wu T, Yin F, Wang N, Ma X, Jiang C, Zhou L, et al. Involvement of
mechanosensitive ion channels in the effects of mechanical stretch
induces osteogenic differentiation in mouse bonemarrowmesenchy-
mal stem cells. Journal of Cellular Physiology. 2021; 236: 284–293.
https://doi.org/10.1002/jcp.29841.

[113] Boulter E, Tissot FS, Dilly J, Pisano S, Féral CC. Cyclic uni-
axial mechanical stretching of cells using a LEGO(®) parts-based
mechanical stretcher system. Journal of Cell Science. 2020; 133:
jcs234666. https://doi.org/10.1242/jcs.234666.

[114] Zhang D, Zhang R, Song X, Yan KC, Liang H. Uniaxial Cyclic
Stretching Promotes Chromatin Accessibility of Gene Loci Associ-
ated With Mesenchymal Stem Cells Morphogenesis and Osteogene-
sis. Frontiers in Cell and Developmental Biology. 2021; 9: 664545.
https://doi.org/10.3389/fcell.2021.664545.

[115] Chandra Sekar N, Aguilera Suarez S, Nguyen N, Lai A, Thurgood
P, ZhouY, et al. Studying the Synergistic Effect of Substrate Stiffness
and Cyclic Stretch Level on Endothelial Cells Using an Elastomeric
Cell Culture Chamber. ACS Applied Materials & Interfaces. 2023;
15: 4863–4872. https://doi.org/10.1021/acsami.2c15818.

[116] Le TM, Morimoto N, Ly NTM, Mitsui T, Notodihardjo SC, Ogino
S, et al. Ex vivo Induction of Apoptotic Mesenchymal Stem Cell by
High Hydrostatic Pressure. Stem Cell Reviews and Reports. 2021;
17: 662–672. https://doi.org/10.1007/s12015-020-10071-0.

[117] Ghasemzadeh-Hasankolaei M, Pinto CA, Jesus D, Saraiva JA,
Mano JF. Effect of high cyclic hydrostatic pressure on osteo-
genesis of mesenchymal stem cells cultured in liquefied micro-
compartments. Materials Today. Bio. 2023; 23: 100861. https://do
i.org/10.1016/j.mtbio.2023.100861.

[118] Sugimoto A, Miyazaki A, Kawarabayashi K, Shono M, Akazawa
Y, Hasegawa T, et al. Piezo type mechanosensitive ion channel
component 1 functions as a regulator of the cell fate determina-
tion of mesenchymal stem cells. Scientific Reports. 2017; 7: 17696.
https://doi.org/10.1038/s41598-017-18089-0.

[119] Zhou Y, Guo P, Jin Z, Chai M, Zhang S, Wang X, et al. Fluid
shear force and hydrostatic pressure jointly promote osteogenic dif-
ferentiation of BMSCs by activating YAP1 and NFAT2. Biotech-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.3390/ijms25137272
https://doi.org/10.3390/ijms25137272
https://doi.org/10.1186/s12951-023-01836-z
https://doi.org/10.1186/s12951-023-01836-z
https://doi.org/10.1021/acsnano.4c15201
https://doi.org/10.1111/cpr.70121
https://doi.org/10.1111/cpr.70121
https://doi.org/10.1016/j.freeradbiomed.2018.08.001
https://doi.org/10.1016/j.freeradbiomed.2018.08.001
https://doi.org/10.7150/thno.84759
https://doi.org/10.1016/j.biomaterials.2020.120292
https://doi.org/10.1155/2017/6027402
https://doi.org/10.14670/hh-18-365
https://doi.org/10.14670/hh-18-365
https://doi.org/10.1039/c7lc01316g
https://doi.org/10.1039/c7lc01316g
https://doi.org/10.3791/67520
https://doi.org/10.3791/67520
https://doi.org/10.1021/acsbiomaterials.4c00680
https://doi.org/10.1021/acsbiomaterials.4c00680
https://doi.org/10.1016/j.bioactmat.2023.01.025
https://doi.org/10.1016/j.bioactmat.2023.01.025
https://doi.org/10.1007/s13770-021-00427-z
https://doi.org/10.1007/s13770-021-00427-z
https://doi.org/10.1039/c2an36001b
https://doi.org/10.1039/c2an36001b
https://doi.org/10.3389/fbioe.2025.1634143
https://doi.org/10.1186/s12964-022-01027-7
https://doi.org/10.1155/2021/6647651
https://doi.org/10.1155/2021/6647651
https://doi.org/10.1007/978-1-4939-1619-1_10
https://doi.org/10.1007/978-1-4939-1619-1_10
https://doi.org/10.1002/adma.202412564
https://doi.org/10.1002/adma.202412564
https://doi.org/10.1002/jcp.29841
https://doi.org/10.1242/jcs.234666
https://doi.org/10.3389/fcell.2021.664545
https://doi.org/10.1021/acsami.2c15818
https://doi.org/10.1007/s12015-020-10071-0
https://doi.org/10.1016/j.mtbio.2023.100861
https://doi.org/10.1016/j.mtbio.2023.100861
https://doi.org/10.1038/s41598-017-18089-0


58 www.ecmjournal.org

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

nology Journal. 2024; 19: e2300714. https://doi.org/10.1002/biot
.202300714.

[120] Ru J, Guo L, Ji Y, Niu Y. Hydrostatic pressure induces osteogenic
differentiation of adipose-derived mesenchymal stem cells through
increasing lncRNA-PAGBC. Aging. 2020; 12: 13477–13487. https:
//doi.org/10.18632/aging.103448.

[121] Shen HX, Liu JZ, Yan XQ, Yang HN, Hu SQ, Yan XL, et al. Hy-
drostatic pressure stimulates the osteogenesis and angiogenesis of
MSCs/HUVECs co-culture on porous PLGA scaffolds. Colloids and
Surfaces. B, Biointerfaces. 2022; 213: 112419. https://doi.org/10.
1016/j.colsurfb.2022.112419.

[122] Henstock JR, Price JCFA, El Haj AJ. Determining Which
Hydrostatic Pressure Regimes Promote Osteogenesis in Human
Mesenchymal Stem Cells. Tissue Engineering and Regenera-
tive Medicine. 2024; 21: 1141–1151. https://doi.org/10.1007/
s13770-024-00666-w.

[123] Kourouklis AP,Wahlsten A, Stracuzzi A, Martyts A, Paganella LG,
Labouesse C, et al. Control of hydrostatic pressure and osmotic stress
in 3D cell culture for mechanobiological studies. Biomaterials Ad-
vances. 2023; 145: 213241. https://doi.org/10.1016/j.bioadv.2022.
213241.

[124] Yoneshige A, HagiyamaM, Takashima Y, Ueno S, Inoue T, Kimura
R, et al. Elevated Hydrostatic Pressure Causes Retinal Degenera-
tion Through Upregulating Lipocalin-2. Frontiers in Cell and De-
velopmental Biology. 2021; 9: 664327. https://doi.org/10.3389/fcel
l.2021.664327.

[125] İyisan N, Rangel F, Funke L, Pan B, Özkale B. Hydrostatic Pres-
sure Induces Osteogenic Differentiation of Single Stem Cells in
3D Viscoelastic Microgels. Small Science. 2025; 5: e202500287.
https://doi.org/10.1002/smsc.202500287.

[126] Tanaka SM, Tachibana K. Frequency-Dependence of Mechanically
Stimulated Osteoblastic Calcification in Tissue-Engineered Bone In
Vitro. Annals of Biomedical Engineering. 2015; 43: 2083–2089. ht
tps://doi.org/10.1007/s10439-014-1241-z.

[127] Stavenschi E, Corrigan MA, Johnson GP, Riffault M, Hoey DA.
Physiological cyclic hydrostatic pressure induces osteogenic lineage
commitment of human bone marrow stem cells: a systematic study.
Stem Cell Research & Therapy. 2018; 9: 276. https://doi.org/10.
1186/s13287-018-1025-8.

[128] Liu S, Tao R, Wang M, Tian J, Genin GM, Lu TJ, et al. Regu-
lation of Cell Behavior by Hydrostatic Pressure. Applied Mechan-
ics Reviews. 2019; 71: 0408031–4080313. https://doi.org/10.1115/
1.4043947.

[129] Roux E, Bougaran P, Dufourcq P, Couffinhal T. Fluid Shear Stress
Sensing by the Endothelial Layer. Frontiers in Physiology. 2020; 11:
861. https://doi.org/10.3389/fphys.2020.00861.

[130] Deng H, Eichmann A, Schwartz MA. Fluid Shear Stress-Regulated
Vascular Remodeling: Past, Present, and Future. Arteriosclerosis,
Thrombosis, and Vascular Biology. 2025; 45: 882–900. https://doi.
org/10.1161/atvbaha.125.322557.

[131] Elashry MI, Baulig N, Wagner AS, Klymiuk MC, Kruppke B,
Hanke T, et al. Combined macromolecule biomaterials together
with fluid shear stress promote the osteogenic differentiation ca-
pacity of equine adipose-derived mesenchymal stem cells. Stem
Cell Research & Therapy. 2021; 12: 116. https://doi.org/10.1186/
s13287-021-02146-7.

[132] Zhou T, Gao B, Fan Y, Liu Y, Feng S, Cong Q, et al. Piezo1/2
mediate mechanotransduction essential for bone formation through
concerted activation of NFAT-YAP1-ß-catenin. Elife. 2020; 9. https:
//doi.org/10.7554/eLife.52779

[133] Jetta D, Gottlieb PA, Verma D, Sachs F, Hua SZ. Shear stress-
induced nuclear shrinkage through activation of Piezo1 channels
in epithelial cells. Journal of Cell Science. 2019; 132: jcs226076.
https://doi.org/10.1242/jcs.226076.

[134] Liu YS, Liu YA, Huang CJ, Yen MH, Tseng CT, Chien S, et al.

Mechanosensitive TRPM7 mediates shear stress and modulates os-
teogenic differentiation of mesenchymal stromal cells through Os-
terix pathway. Scientific Reports. 2015; 5: 16522. https://doi.org/
10.1038/srep16522.

[135] Yamada S, YassinMA, Torelli F, Hansmann J, Green JBA, Schwarz
T, et al. Unique osteogenic profile of bone marrow stem cells stim-
ulated in perfusion bioreactor is Rho-ROCK-mediated contractil-
ity dependent. Bioengineering & Translational Medicine. 2023; 8:
e10509. https://doi.org/10.1002/btm2.10509.

[136] Pei T, Su G, Yang J, Gao W, Yang X, Zhang Y, et al. Fluid
Shear Stress Regulates Osteogenic Differentiation via AnnexinA6-
Mediated Autophagy in MC3T3-E1 Cells. International Journal of
Molecular Sciences. 2022; 23: 15702. https://doi.org/10.3390/ijms
232415702.

[137] Liu L, Zong C, Li B, Shen D, Tang Z, Chen J, et al. The interaction
between β1 integrins and ERK1/2 in osteogenic differentiation of
human mesenchymal stem cells under fluid shear stress modelled by
a perfusion system. Journal of Tissue Engineering And Regenerative
Medicine. 2014; 8: 85–96. https://doi.org/10.1002/term.1498.

[138] Nile M, Folwaczny M, Wichelhaus A, Baumert U, Janjic Rankovic
M. Fluid flow shear stress and tissue remodeling-an orthodontic
perspective: evidence synthesis and differential gene expression
network analysis. Frontiers in Bioengineering And Biotechnology.
2023; 11: 1256825. https://doi.org/10.3389/fbioe.2023.1256825.

[139] Jiao F, Xu J, Zhao Y, Ye C, Sun Q, Liu C, et al. Synergistic effects
of fluid shear stress and adhesion morphology on the apoptosis and
osteogenesis of mesenchymal stem cells. Journal of Biomedical Ma-
terials Research. Part A. 2022; 110: 1636–1644. https://doi.org/10.
1002/jbm.a.37413.

[140] Feng S, Mao S, Zhang Q, Li W, Lin JM. Online Analysis of Drug
Toxicity to Cells with Shear Stress on an Integrated Microfluidic
Chip. ACS Sensors. 2019; 4: 521–527. https://doi.org/10.1021/ac
ssensors.8b01696.

[141] Delon LC, Guo Z, Oszmiana A, Chien CC, Gibson R, Prestidge C,
et al. A systematic investigation of the effect of the fluid shear stress
on Caco-2 cells towards the optimization of epithelial organ-on-chip
models. Biomaterials. 2019; 225: 119521. https://doi.org/10.1016/j.
biomaterials.2019.119521.

[142] El Hajj S, Ntaté MB, Breton C, Siadous R, Aid R, Dupuy M, et
al. Bone Spheroid Development Under Flow Conditions with Mes-
enchymal Stem Cells and Human Umbilical Vein Endothelial Cells
in a 3D Porous Hydrogel Supplemented with Hydroxyapatite. Gels.
2024; 10: 666. https://doi.org/10.3390/gels10100666.

[143] Mitra D, Whitehead J, Yasui OW, Leach JK. Bioreactor culture du-
ration of engineered constructs influences bone formation by mes-
enchymal stem cells. Biomaterials. 2017; 146: 29–39. https://doi.or
g/10.1016/j.biomaterials.2017.08.044.

[144] Singh VK, Jiménez Del Val I, Glassey J, Kavousi F. Integration Ap-
proaches to Model Bioreactor Hydrodynamics and Cellular Kinetics
for Advancing Bioprocess Optimisation. Bioengineering. 2024; 11:
546. https://doi.org/10.3390/bioengineering11060546.

[145] Lu J, Fan Y, Gong X, Zhou X, Yi C, Zhang Y, et al. The Lineage
Specification of Mesenchymal Stem Cells Is Directed by the Rate of
Fluid Shear Stress. Journal of Cellular Physiology. 2016; 231: 1752–
1760. https://doi.org/10.1002/jcp.25278.

[146] Jing L, Fan S, Yao X, Zhang Y. Effects of compound stimulation
of fluid shear stress plus ultrasound on stem cell proliferation and
osteogenesis. Regenerative Biomaterials. 2021; 8: rbab066. https:
//doi.org/10.1093/rb/rbab066.

[147] de Wildt BWM, Zhao F, Lauwers I, van Rietbergen B, Ito K,
Hofmann S. Characterization of three-dimensional bone-like tissue
growth and organization under influence of directional fluid flow.
Biotechnology and Bioengineering. 2023; 120: 2013–2026. https:
//doi.org/10.1002/bit.28418.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1002/biot.202300714
https://doi.org/10.1002/biot.202300714
https://doi.org/10.18632/aging.103448
https://doi.org/10.18632/aging.103448
https://doi.org/10.1016/j.colsurfb.2022.112419
https://doi.org/10.1016/j.colsurfb.2022.112419
https://doi.org/10.1007/s13770-024-00666-w
https://doi.org/10.1007/s13770-024-00666-w
https://doi.org/10.1016/j.bioadv.2022.213241
https://doi.org/10.1016/j.bioadv.2022.213241
https://doi.org/10.3389/fcell.2021.664327
https://doi.org/10.3389/fcell.2021.664327
https://doi.org/10.1002/smsc.202500287
https://doi.org/10.1007/s10439-014-1241-z
https://doi.org/10.1007/s10439-014-1241-z
https://doi.org/10.1186/s13287-018-1025-8
https://doi.org/10.1186/s13287-018-1025-8
https://doi.org/10.1115/1.4043947
https://doi.org/10.1115/1.4043947
https://doi.org/10.3389/fphys.2020.00861
https://doi.org/10.1161/atvbaha.125.322557
https://doi.org/10.1161/atvbaha.125.322557
https://doi.org/10.1186/s13287-021-02146-7
https://doi.org/10.1186/s13287-021-02146-7
https://doi.org/10.7554/eLife.5277
https://doi.org/10.7554/eLife.5277
https://doi.org/10.1242/jcs.226076
https://doi.org/10.1038/srep16522
https://doi.org/10.1038/srep16522
https://doi.org/10.1002/btm2.10509
https://doi.org/10.3390/ijms232415702
https://doi.org/10.3390/ijms232415702
https://doi.org/10.1002/term.1498
https://doi.org/10.3389/fbioe.2023.1256825
https://doi.org/10.1002/jbm.a.37413
https://doi.org/10.1002/jbm.a.37413
https://doi.org/10.1021/acssensors.8b01696
https://doi.org/10.1021/acssensors.8b01696
https://doi.org/10.1016/j.biomaterials.2019.119521
https://doi.org/10.1016/j.biomaterials.2019.119521
https://doi.org/10.3390/gels10100666
https://doi.org/10.1016/j.biomaterials.2017.08.044
https://doi.org/10.1016/j.biomaterials.2017.08.044
https://doi.org/10.3390/bioengineering11060546
https://doi.org/10.1002/jcp.25278
https://doi.org/10.1093/rb/rbab066
https://doi.org/10.1093/rb/rbab066
https://doi.org/10.1002/bit.28418
https://doi.org/10.1002/bit.28418


www.ecmjournal.org 59

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

[148] Wang Y, Shi R, Zhai R, Yang S, Peng T, Zheng F, et al. Matrix
stiffness regulates macrophage polarization in atherosclerosis. Phar-
macological Research. 2022; 179: 106236. https://doi.org/10.1016/
j.phrs.2022.106236.

[149] Sun M, Chi G, Xu J, Tan Y, Xu J, Lv S, et al. Extracellular matrix
stiffness controls osteogenic differentiation of mesenchymal stem
cells mediated by integrin α5. Stem Cell Research & Therapy. 2018;
9: 52. https://doi.org/10.1186/s13287-018-0798-0.

[150] Kalukula Y, Ciccone G, Mohammed D, Procès A, Versaevel M,
Deridoux A, et al. Unlocking the therapeutic potential of cellu-
lar mechanobiology. Science Advances. 2025; 11: eaea6817. https:
//doi.org/10.1126/sciadv.aea6817.

[151] Li X, Liu S, Han S, Sun Q, Yang J, Zhang Y, et al. Dynamic Stiff-
ening Hydrogel with Instructive Stiffening Timing Modulates Stem
Cell Fate In Vitro and Enhances Bone Remodeling In Vivo. Ad-
vanced Healthcare Materials. 2023; 12: e2300326. https://doi.org/
10.1002/adhm.202300326.

[152] Fan Y, An C, Wang Z, Luo J, Wang W, Luo Q, et al. Matrix
stiffening induces hepatocyte functional impairment and DNA dam-
age via the Piezo1‒ERK1/2 signaling pathway. Journal of Physiol-
ogy And Biochemistry. 2025; 81: 273–289. https://doi.org/10.1007/
s13105-025-01070-1.

[153] Ma S, Ding R, Cao J, Liu Z, Li A, Pei D. Mitochondria transfer
reverses the inhibitory effects of low stiffness on osteogenic dif-
ferentiation of human mesenchymal stem cells. European Journal
of Cell Biology. 2023; 102: 151297. https://doi.org/10.1016/j.ejcb
.2023.151297.

[154] Kersey AL, Cheng DY, Deo KA, Dubell CR, Wang TC, Jaiswal
MK, et al. Stiffness assisted cell-matrix remodeling trigger 3D
mechanotransduction regulatory programs. Biomaterials. 2024; 306:
122473. https://doi.org/10.1016/j.biomaterials.2024.122473.

[155] Cao B, Li J, Wang X, Ran Z, Tan J, Deng L, et al. Mechanosen-
sitive miR-99b mediates the regulatory effect of matrix stiffness on
bone marrow mesenchymal stem cell fate both in vitro and in vivo.
APL Bioengineering. 2023; 7: 016106. https://doi.org/10.1063/5.
0131125.

[156] El-Rashidy AA, El Moshy S, Radwan IA, Rady D, Abbass MMS,
Dörfer CE, et al. Effect of Polymeric Matrix Stiffness on Osteogenic
Differentiation of Mesenchymal Stem/Progenitor Cells: Concise
Review. Polymers. 2021; 13: 2950. https://doi.org/10.3390/poly
m13172950.

[157] Olsen SJ, Leader RE, Mortimer AL, Almeida B. Matrix stiffness
and viscoelasticity influence human mesenchymal stem cell im-
munomodulation. Mechanobiology in Medicine. 2024; 3: 100111.
https://doi.org/10.1016/j.mbm.2024.100111.

[158] Liu Z, Liu Y, Li Y, Xu S, Wang Y, Zhu Y, et al. ECM stiffness
affects cargo sorting into MSC-EVs to regulate their secretion and
uptake behaviors. Journal of Nanobiotechnology. 2024; 22: 124. ht
tps://doi.org/10.1186/s12951-024-02411-w.

[159] Daviran M, Catalano J, Schultz KM. Determining How Human
Mesenchymal Stem Cells Change Their Degradation Strategy in Re-
sponse to Microenvironmental Stiffness. Biomacromolecules. 2020;
21: 3056–3068. https://doi.org/10.1021/acs.biomac.0c00432.

[160] Tian KK, Huang SC, Xia XX, Qian ZG. Fibrous Structure and
Stiffness of Designer Protein Hydrogels Synergize to Regulate En-
dothelial Differentiation of Bone MarrowMesenchymal Stem Cells.
Biomacromolecules. 2022; 23: 1777–1788. https://doi.org/10.1021/
acs.biomac.2c00032.

[161] Sun Y, Liu J, Xu Z, Lin X, Zhang X, Li L, et al. Matrix stiffness
regulates myocardial differentiation of human umbilical cord mes-
enchymal stem cells. Aging. 2020; 13: 2231–2250. https://doi.org/
10.18632/aging.202244.

[162] Liu C, Qin W, Wang Y, Ma J, Liu J, Wu S, et al. 3D
Printed Gelatin/Sodium Alginate Hydrogel Scaffolds Doped with
Nano-Attapulgite for Bone Tissue Repair. International Journal of
Nanomedicine. 2021; 16: 8417–8432. https://doi.org/10.2147/ijn.

S339500.
[163] Chen Z, Zou Y, Lv Y. Dynamic-stiffening collagen-coated sub-

strate enhances osteogenic differentiation ofmesenchymal stem cells
through integrin α2β1. Biomaterials Science. 2023; 11: 4700–4712.
https://doi.org/10.1039/d2bm01928k.

[164] Zhang J, Tong D, Song H, Ruan R, Sun Y, Lin Y, et al.
Osteoimmunity-Regulating Biomimetically Hierarchical Scaffold
for Augmented Bone Regeneration. Advanced Materials. 2022; 34:
e2202044. https://doi.org/10.1002/adma.202202044.

[165] Zanut A, Li R, Deng R, Liu X, RejhonM, ChenW, et al. A Polymer
Canvas with the Stiffness of the Bone Matrix to Study and Control
Mesenchymal Stem Cell Response. Advanced Healthcare Materials.
2023; 12: e2201503. https://doi.org/10.1002/adhm.202201503.

[166] Zhang N, Wang Y, Zhang J, Guo J, He J. Controlled domain gels
with a biomimetic gradient environment for osteochondral tissue re-
generation. Acta Biomaterialia. 2021; 135: 304–317. https://doi.or
g/10.1016/j.actbio.2021.08.029.

[167] Chaudhuri O, Gu L, Klumpers D, DarnellM, Bencherif SA,Weaver
JC, et al. Hydrogels with tunable stress relaxation regulate stem cell
fate and activity. Nature Materials. 2016; 15: 326–334. https://doi.
org/10.1038/nmat4489.

[168] Xue B, Tang D,WuX, Xu Z, Gu J, Han Y, et al. Engineering hydro-
gels with homogeneous mechanical properties for controlling stem
cell lineage specification. Proceedings of the National Academy of
Sciences of the United States of America. 2021; 118: e2110961118.
https://doi.org/10.1073/pnas.2110961118.

[169] Khan AU, Qu R, Fan T, Ouyang J, Dai J. A glance on the role of
actin in osteogenic and adipogenic differentiation of mesenchymal
stem cells. Stem Cell Research & Therapy. 2020; 11: 283. https:
//doi.org/10.1186/s13287-020-01789-2.

[170] Lu C, Zheng J, Zeng T, Wang M, Yoshitomi T, Kawazoe N, et
al. Influence of viscosity on bone marrow-derived mesenchymal
stem cells trilineage differentiation during 3D culture. Biofabrica-
tion. 2025; 17. https://doi.org/10.1088/1758-5090/ae0661.

[171] Lee K, Chen Y, Yoshitomi T, Kawazoe N, Yang Y, Chen G.
Osteogenic and Adipogenic Differentiation of Mesenchymal Stem
Cells in Gelatin Solutions of Different Viscosities. AdvancedHealth-
care Materials. 2020; 9: e2000617. https://doi.org/10.1002/adhm
.202000617.

[172] Chen YQ, Wu MC, Wei MT, Kuo JC, Yu HW, Chiou A. High-
viscosity driven modulation of biomechanical properties of human
mesenchymal stem cells promotes osteogenic lineage. Materials To-
day. Bio. 2024; 26: 101058. https://doi.org/10.1016/j.mtbio.2024.
101058.

[173] Chen X, Wang Y, Lu J, Li P. Simultaneous viscosity and elasticity
measurement using laser speckle contrast imaging. Optics Letters.
2018; 43: 1582–1585. https://doi.org/10.1364/ol.43.001582.

[174] Yang C, Cai W, Xiang P, Liu Y, Xu H, Zhang W, et al. Viscoelastic
hydrogel combined with dynamic compression promotes osteogenic
differentiation of bone marrow mesenchymal stem cells and bone
repair in rats. Regenerative Biomaterials. 2024; 12: rbae136. https:
//doi.org/10.1093/rb/rbae136.

[175] Zheng J, Wang Y, Kawazoe N, Yang Y, Chen G. Influences of
viscosity on the osteogenic and adipogenic differentiation of mes-
enchymal stem cells with controlled morphology. Journal of Materi-
als Chemistry. B. 2022; 10: 3989–4001. https://doi.org/10.1039/d2t
b00729k.

[176] Fu J, Liu X, Tan L, Cui Z, Liang Y, Li Z, et al. Modulation of
the mechanosensing of mesenchymal stem cells by laser-induced
patterning for the acceleration of tissue reconstruction through the
Wnt/β-catenin signaling pathway activation. Acta Biomaterialia.
2020; 101: 152–167. https://doi.org/10.1016/j.actbio.2019.10.041.

[177] Suryawanshi TY, Rani S, Joshi R, Das RK, Saxena S, Majumder
A, et al. Femtosecond Laser Assisted Fabrication of Functionalized
Micro/Nanostructured Chitosan Patterns for ECM Free Cellular Ad-
hesion and Alignment of Human Mesenchymal Stem Cells. Small.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1016/j.phrs.2022.106236
https://doi.org/10.1016/j.phrs.2022.106236
https://doi.org/10.1186/s13287-018-0798-0
https://doi.org/10.1126/sciadv.aea6817
https://doi.org/10.1126/sciadv.aea6817
https://doi.org/10.1002/adhm.202300326
https://doi.org/10.1002/adhm.202300326
https://doi.org/10.1007/s13105-025-01070-1
https://doi.org/10.1007/s13105-025-01070-1
https://doi.org/10.1016/j.ejcb.2023.151297
https://doi.org/10.1016/j.ejcb.2023.151297
https://doi.org/10.1016/j.biomaterials.2024.122473
https://doi.org/10.1063/5.0131125
https://doi.org/10.1063/5.0131125
https://doi.org/10.3390/polym13172950
https://doi.org/10.3390/polym13172950
https://doi.org/10.1016/j.mbm.2024.100111
https://doi.org/10.1186/s12951-024-02411-w
https://doi.org/10.1186/s12951-024-02411-w
https://doi.org/10.1021/acs.biomac.0c00432
https://doi.org/10.1021/acs.biomac.2c00032
https://doi.org/10.1021/acs.biomac.2c00032
https://doi.org/10.18632/aging.202244
https://doi.org/10.18632/aging.202244
https://doi.org/10.2147/ijn.S339500
https://doi.org/10.2147/ijn.S339500
https://doi.org/10.1039/d2bm01928k
https://doi.org/10.1002/adma.202202044
https://doi.org/10.1002/adhm.202201503
https://doi.org/10.1016/j.actbio.2021.08.029
https://doi.org/10.1016/j.actbio.2021.08.029
https://doi.org/10.1038/nmat4489
https://doi.org/10.1038/nmat4489
https://doi.org/10.1073/pnas.2110961118
https://doi.org/10.1186/s13287-020-01789-2
https://doi.org/10.1186/s13287-020-01789-2
https://doi.org/10.1088/1758-5090/ae0661
https://doi.org/10.1002/adhm.202000617
https://doi.org/10.1002/adhm.202000617
https://doi.org/10.1016/j.mtbio.2024.101058
https://doi.org/10.1016/j.mtbio.2024.101058
https://doi.org/10.1364/ol.43.001582
https://doi.org/10.1093/rb/rbae136
https://doi.org/10.1093/rb/rbae136
https://doi.org/10.1039/d2tb00729k
https://doi.org/10.1039/d2tb00729k
https://doi.org/10.1016/j.actbio.2019.10.041


60 www.ecmjournal.org

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

2025; 21: e06534. https://doi.org/10.1002/smll.202506534.
[178] Wu MC, Yu HW, Chen YQ, Ou MH, Serrano R, Huang GL, et al.

Early committed polarization of intracellular tension in response to
cell shape determines the osteogenic differentiation of mesenchymal
stromal cells. Acta Biomaterialia. 2023; 163: 287–301. https://doi.
org/10.1016/j.actbio.2022.10.052.

[179] Jiao F, Zhao Y, Sun Q, Huo B. Spreading area and shape regulate
the apoptosis and osteogenesis of mesenchymal stem cells on cir-
cular and branched micropatterned islands. Journal of Biomedical
Materials Research. Part A. 2020; 108: 2080–2089. https://doi.org/
10.1002/jbm.a.36967.

[180] Zeng Y, Shen J, Zhou X, Ouyang Z, Zhong J, Qin Y, et al. Os-
teogenic differentiation of bone mesenchymal stem cells on linearly
aligned triangular micropatterns. Journal of Materials Chemistry. B.
2024; 12: 8420–8430. https://doi.org/10.1039/d4tb01218f.

[181] Swanson WB, Omi M, Woodbury SM, Douglas LM, Eberle M, Ma
PX, et al. Scaffold Pore Curvature InfluencesΜSC Fate through Dif-
ferential Cellular Organization and YAP/TAZ Activity. International
Journal of Molecular Sciences. 2022; 23: 4499. https://doi.org/10.
3390/ijms23094499.

[182] Zhang B, Han F, Wang Y, Sun Y, Zhang M, Yu X, et al. Cells-
Micropatterning Biomaterials for Immune Activation and Bone Re-
generation. Advanced Science. 2022; 9: e2200670. https://doi.org/
10.1002/advs.202200670.

[183] Carthew J, Abdelmaksoud HH, Hodgson-Garms M, Aslanoglou S,
Ghavamian S, Elnathan R, et al. Precision Surface Microtopography
Regulates Cell Fate via Changes to Actomyosin Contractility and
Nuclear Architecture. Advanced Science. 2021; 8: 2003186. https:
//doi.org/10.1002/advs.202003186.

[184] Al-BaadaniMA, Xu L, Cai K, Yie KHR, Shen Y, Al-Bishari AM, et
al. Preparation of co-electrospinning membrane loaded with simvas-
tatin and substance P to accelerate bone regeneration by promoting
cell homing, angiogenesis and osteogenesis. Materials Today. Bio.
2023; 21: 100692. https://doi.org/10.1016/j.mtbio.2023.100692.

[185] Chen ZJ, Zhang Y, Zheng L, Zhang H, Shi HH, Zhang XC, et
al. Mineralized self-assembled silk fibroin/cellulose interpenetrating
network aerogel for bone tissue engineering. Biomaterials Advances.
2022; 134: 112549. https://doi.org/10.1016/j.msec.2021.112549.

[186] Lian M, Qiao Z, Qiao S, Zhang X, Lin J, Xu R, et al. Nerve
Growth Factor-Preconditioned Mesenchymal Stem Cell-Derived
Exosome-Functionalized 3D-Printed Hierarchical Porous Scaffolds
with Neuro-Promotive Properties for Enhancing Innervated Bone
Regeneration. ACS Nano. 2024; 18: 7504–7520. https://doi.org/10.
1021/acsnano.3c11890.

[187] Kumar D, Malviya R, Sridhar SB, Wadhwa T, Talath S,
Shareef J. Trends in 4D Printed Shape Memory Biomateri-
als for Tissue Engineering Applications. Current Pharmaceu-
tical Design. 2025; 31: 3285–3302. https://doi.org/10.2174/
0113816128374450250502051929.

[188] Alanazi BN, Ahmed HA, Alharbi NS, Ebrahim NAA, Soliman
SMA. Exploring 4D printing of smart materials for regenerative
medicine applications. RSC Advances. 2025; 15: 32155–32171.
https://doi.org/10.1039/d5ra04410c.

[189] Liu Z, Wang T, Zhang L, Luo Y, Zhao J, Chen Y, et al. Metal-
Phenolic Networks-Reinforced Extracellular Matrix Scaffold for
Bone Regeneration via Combining Radical-Scavenging and Photo-
Responsive Regulation of Microenvironment. Advanced Health-
care Materials. 2024; 13: e2304158. https://doi.org/10.1002/adhm
.202304158.

[190] Yin S, Wu H, Huang Y, Lu C, Cui J, Li Y, et al. Structurally
and mechanically tuned macroporous hydrogels for scalable mes-
enchymal stem cell-extracellular matrix spheroid production. Pro-
ceedings of the National Academy of Sciences of the United States
of America. 2024; 121: e2404210121. https://doi.org/10.1073/pnas
.2404210121.

[191] Li T, Li J, Bo L, Bachman H, Fan B, Cheng J, et al. Robot-assisted

chirality-tunable acoustic vortex tweezers for contactless, multifunc-
tional, 4-DOF object manipulation. Science Advances. 2024; 10:
eadm7698. https://doi.org/10.1126/sciadv.adm7698.

[192] Joshi A, Kaur T, Singh N. Exploiting the Biophysical Cues toward
Dual Differentiation of hMSC’s within Geometrical Patterns. Lang-
muir: The ACS Journal of Surfaces and Colloids. 2023; 39: 6691–
6697. https://doi.org/10.1021/acs.langmuir.3c00070.

[193] PengR, YaoX,Ding J. Effect of cell anisotropy on differentiation of
stem cells on micropatterned surfaces through the controlled single
cell adhesion. Biomaterials. 2011; 32: 8048–8057. https://doi.org/
10.1016/j.biomaterials.2011.07.035.

[194] Sjöström T, McNamara LE, Meek RM, Dalby MJ, Su B. 2D and
3D nanopatterning of titanium for enhancing osteoinduction of stem
cells at implant surfaces. Advanced Healthcare Materials. 2013; 2:
1285–1293. https://doi.org/10.1002/adhm.201200353.

[195] Xu X, Wang W, Zou J, Kratz K, Deng Z, Lendlein A, et al. Histone
Modification of Osteogenesis Related Genes Triggered by Substrate
Topography Promotes Human Mesenchymal Stem Cell Differentia-
tion. ACS Applied Materials & Interfaces. 2023; 15: 29752–29766.
https://doi.org/10.1021/acsami.3c01481.

[196] Faia-Torres AB, Guimond-Lischer S, Rottmar M, Charnley M,
Goren T, Maniura-Weber K, et al. Differential regulation of os-
teogenic differentiation of stem cells on surface roughness gradients.
Biomaterials. 2014; 35: 9023–9032. https://doi.org/10.1016/j.biom
aterials.2014.07.015.

[197] Abagnale G, Steger M, Nguyen VH, Hersch N, Sechi A, Joussen S,
et al. Surface topography enhances differentiation of mesenchymal
stem cells towards osteogenic and adipogenic lineages. Biomaterials.
2015; 61: 316–326. https://doi.org/10.1016/j.biomaterials.2015.05.
030.

[198] Zhu M, Ye H, Fang J, Zhong C, Yao J, Park J, et al. Engineering
High-Resolution Micropatterns Directly onto Titanium with Opti-
mized Contact Guidance to Promote Osteogenic Differentiation and
Bone Regeneration. ACS Applied Materials & Interfaces. 2019; 11:
43888–43901. https://doi.org/10.1021/acsami.9b16050.

[199] Zioupos P, Cook RB, Hutchinson JR. Some basic relationships
between density values in cancellous and cortical bone. Journal of
Biomechanics. 2008; 41: 1961–1968. https://doi.org/10.1016/j.jbio
mech.2008.03.025.

[200] Zhang Y, Sun N, Zhu M, Qiu Q, Zhao P, Zheng C, et al. The contri-
bution of pore size and porosity of 3D printed porous titanium scaf-
folds to osteogenesis. Biomaterials Advances. 2022; 133: 112651.
https://doi.org/10.1016/j.msec.2022.112651.

[201] Di Luca A, Lorenzo-Moldero I, Mota C, Lepedda A, Auhl D, Van
Blitterswijk C, et al. Tuning Cell Differentiation into a 3D Scaffold
Presenting a Pore Shape Gradient for Osteochondral Regeneration.
Advanced Healthcare Materials. 2016; 5: 1753–1763. https://doi.or
g/10.1002/adhm.201600083.

[202] Cadossi R, Massari L, Racine-Avila J, Aaron RK. Pulsed Electro-
magnetic Field Stimulation of Bone Healing and Joint Preservation:
Cellular Mechanisms of Skeletal Response. Journal of the Amer-
ican Academy of Orthopaedic Surgeons. Global Research & Re-
views. 2020; 4: e1900155. https://doi.org/10.5435/JAAOSGlobal-D
-19-00155.

[203] Zhou J, Gao YH, Zhu BY, Shao JL, Ma HP, Xian CJ, et al. Sinu-
soidal Electromagnetic Fields Increase Peak Bone Mass in Rats by
Activating Wnt10b/β-Catenin in Primary Cilia of Osteoblasts. Jour-
nal of Bone andMineral Research: The Official Journal of the Amer-
ican Society for Bone and Mineral Research. 2019; 34: 1336–1351.
https://doi.org/10.1002/jbmr.3704.

[204] Wang H, Tang X, Li W, Chen J, Li H, Yan J, et al. Enhanced
osteogenesis of bone marrow stem cells cultured on hydroxyap-
atite/collagen I scaffold in the presence of low-frequency magnetic
field. Journal of Materials Science. Materials in Medicine. 2019; 30:
89. https://doi.org/10.1007/s10856-019-6289-8.

[205] Li W, Liu W, Wang W, Wang J, Ma T, Chen J, et al. Sinusoidal

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1002/smll.202506534
https://doi.org/10.1016/j.actbio.2022.10.052
https://doi.org/10.1016/j.actbio.2022.10.052
https://doi.org/10.1002/jbm.a.36967
https://doi.org/10.1002/jbm.a.36967
https://doi.org/10.1039/d4tb01218f
https://doi.org/10.3390/ijms23094499
https://doi.org/10.3390/ijms23094499
https://doi.org/10.1002/advs.202200670
https://doi.org/10.1002/advs.202200670
https://doi.org/10.1002/advs.202003186
https://doi.org/10.1002/advs.202003186
https://doi.org/10.1016/j.mtbio.2023.100692
https://doi.org/10.1016/j.msec.2021.112549
https://doi.org/10.1021/acsnano.3c11890
https://doi.org/10.1021/acsnano.3c11890
https://doi.org/10.2174/0113816128374450250502051929
https://doi.org/10.2174/0113816128374450250502051929
https://doi.org/10.1039/d5ra04410c
https://doi.org/10.1002/adhm.202304158
https://doi.org/10.1002/adhm.202304158
https://doi.org/10.1073/pnas.2404210121
https://doi.org/10.1073/pnas.2404210121
https://doi.org/10.1126/sciadv.adm7698
https://doi.org/10.1021/acs.langmuir.3c00070
https://doi.org/10.1016/j.biomaterials.2011.07.035
https://doi.org/10.1016/j.biomaterials.2011.07.035
https://doi.org/10.1002/adhm.201200353
https://doi.org/10.1021/acsami.3c01481
https://doi.org/10.1016/j.biomaterials.2014.07.015
https://doi.org/10.1016/j.biomaterials.2014.07.015
https://doi.org/10.1016/j.biomaterials.2015.05.030
https://doi.org/10.1016/j.biomaterials.2015.05.030
https://doi.org/10.1021/acsami.9b16050
https://doi.org/10.1016/j.jbiomech.2008.03.025
https://doi.org/10.1016/j.jbiomech.2008.03.025
https://doi.org/10.1016/j.msec.2022.112651
https://doi.org/10.1002/adhm.201600083
https://doi.org/10.1002/adhm.201600083
https://doi.org/10.5435/JAAOSGlobal-D-19-00155
https://doi.org/10.5435/JAAOSGlobal-D-19-00155
https://doi.org/10.1002/jbmr.3704
https://doi.org/10.1007/s10856-019-6289-8


www.ecmjournal.org 61

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

electromagnetic fields accelerate bone regeneration by boosting the
multifunctionality of bone marrow mesenchymal stem cells. Stem
Cell Research & Therapy. 2021; 12: 234. https://doi.org/10.1186/
s13287-021-02302-z.

[206] Fang X, Liu C, Wei K, Shu Z, Zou Y, Zhang Z, et al. Low fre-
quency sinusoidal electromagnetic fields promote the osteogenic dif-
ferentiation of rat bone marrowmesenchymal stem cells by modulat-
ing miR-34b-5p/STAC2. Communications Biology. 2024; 7: 1156.
https://doi.org/10.1038/s42003-024-06866-3.

[207] Martini F, Pellati A, Mazzoni E, Salati S, Caruso G, Contartese
D, et al. Bone Morphogenetic Protein-2 Signaling in the Osteogenic
Differentiation of Human Bone Marrow Mesenchymal Stem Cells
Induced by Pulsed Electromagnetic Fields. International Journal of
Molecular Sciences. 2020; 21: 2104. https://doi.org/10.3390/ijms
21062104.

[208] Cai W, Xiao Y, Yan J, Peng H, Tu C. EMF treatment delays mes-
enchymal stem cells senescence during long-term in vitro expan-
sion by modulating autophagy. Frontiers in Cell and Developmen-
tal Biology. 2024; 12: 1489774. https://doi.org/10.3389/fcell.2024.
1489774.

[209] Fu J, Li Y, Zhang Y, Liang Y, Zheng Y, Li Z, et al. An Engineered
Pseudo-Macrophage for Rapid Treatment of Bacteria-Infected Os-
teomyelitis via Microwave-Excited Anti-Infection and Immunoreg-
ulation. Advanced Materials. 2021; 33: e2102926. https://doi.org/
10.1002/adma.202102926.

[210] Haroutunian GG, Tsaghikian A, Fedorova E, Chaurasia P, Gusella
GL, Mosoian A. Electromagnetic Fields Generated by the IteraCoil
Device Differentiate Mesenchymal Stem Progenitor Cells Into the
Osteogenic Lineage. Bioelectromagnetics. 2022; 43: 245–256. http
s://doi.org/10.1002/bem.22401.

[211] Randhawa A, Ganguly K, Dutta SD, Patil TV, Lim KT. Tran-
scriptomic profiling of human mesenchymal stem cells using a
pulsed electromagnetic-wave motion bioreactor system for en-
hanced osteogenic commitment and therapeutic potentials. Bioma-
terials. 2025; 312: 122713. https://doi.org/10.1016/j.biomaterials
.2024.122713.

[212] Tabatabai TS, Haji Ghasem Kashani M, Maskani R, Nasiri M,
Nabavi Amri SA, Atashi A, et al. Synergic effects of extremely low-
frequency electromagnetic field and betaine on in vitro osteogenic
differentiation of human adipose tissue-derived mesenchymal stem
cells. In Vitro Cellular & Developmental Biology. Animal. 2021; 57:
468–476. https://doi.org/10.1007/s11626-021-00558-6.

[213] Ye M, Liu W, Yan L, Cheng S, Li X, Qiao S. 3D-printed Ti6Al4V
scaffolds combined with pulse electromagnetic fields enhance os-
seointegration in osteoporosis. Molecular Medicine Reports. 2021;
23: 410. https://doi.org/10.3892/mmr.2021.12049.

[214] Meshkini A, Sistanipour E, Izadi A. Mg.ATP-decorated ultrafine
magnetic nanofibers: A bone scaffold with high osteogenic and an-
tibacterial properties in the presence of an electromagnetic field.
Colloids and Surfaces. B, Biointerfaces. 2022; 210: 112256. https:
//doi.org/10.1016/j.colsurfb.2021.112256.

[215] Wang T, Zhao H, Jing S, Fan Y, Sheng G, Ding Q, et al.
Magnetofection of miR-21 promoted by electromagnetic field and
iron oxide nanoparticles via the p38 MAPK pathway contributes
to osteogenesis and angiogenesis for intervertebral fusion. Jour-
nal of Nanobiotechnology. 2023; 21: 27. https://doi.org/10.1186/
s12951-023-01789-3.

[216] Zhou J, Gao YH, Zhu BY, He WF, Wang G, Xian CJ, et al. The
frequency window effect of sinusoidal electromagnetic fields in pro-
moting osteogenic differentiation and bone formation involves ex-
tension of osteoblastic primary cilia and activation of protein ki-
nase A. Cell Biology International. 2021; 45: 1685–1697. https:
//doi.org/10.1002/cbin.11606.

[217] Parate D, Franco-Obregón A, Fröhlich J, Beyer C, Abbas AA,
Kamarul T, et al. Enhancement of mesenchymal stem cell chon-
drogenesis with short-term low intensity pulsed electromagnetic

fields. Scientific Reports. 2017; 7: 9421. https://doi.org/10.1038/
s41598-017-09892-w.

[218] Wang T, Liang Z, Wang C, Chen J, Ma Y, Chen S, et al. Pulsed
electromagnetic fieldsmediate sensory nerve regulation for bone for-
mation in aging models. Nature Communications. 2025; 16: 8223.
https://doi.org/10.1038/s41467-025-63703-9.

[219] Lim KT, Seonwoo H, Choi KS, Jin H, Jang KJ, Kim J, et al.
Pulsed-Electromagnetic-Field-Assisted Reduced Graphene Oxide
Substrates for Multidifferentiation of Human Mesenchymal Stem
Cells. Advanced Healthcare Materials. 2016; 5: 2069–2079. https:
//doi.org/10.1002/adhm.201600429.

[220] Liang C, Zhang Y, Yan Y, Geng W, Li J, Liu X. LIPUS pro-
motes osteogenic differentiation of rat BMSCs and osseointegra-
tion of dental implants by regulating ITGA11 and focal adhesion
pathway. BMC Oral Health. 2025; 25: 22. https://doi.org/10.1186/
s12903-024-05411-2.

[221] Yao H, Zhang L, Yan S, He Y, Zhu H, Li Y, et al. Low-intensity
pulsed ultrasound/nanomechanical force generators enhance os-
teogenesis of BMSCs through microfilaments and TRPM7. Jour-
nal of Nanobiotechnology. 2022; 20: 378. https://doi.org/10.1186/
s12951-022-01587-3.

[222] Chen J, Jiang J, Wang W, Qin J, Chen J, Chen W, et al. Low inten-
sity pulsed ultrasound promotes the migration of bone marrow- de-
rivedmesenchymal stem cells via activating FAK-ERK1/2 signalling
pathway. Artificial Cells, Nanomedicine, and Biotechnology. 2019;
47: 3603–3613. https://doi.org/10.1080/21691401.2019.1657878.

[223] McCarthy C, Camci-Unal G. Low Intensity Pulsed Ultrasound for
Bone Tissue Engineering. Micromachines. 2021; 12: 1488. https:
//doi.org/10.3390/mi12121488.

[224] Yao L, Ma Y, Liu R, Hu Q, Xing Q, Li Y, et al. LIPUS-responsive
meropenem-loaded nanobubbles enable biofilm disruption and bone
repair in orthopedic implant-associated infections. Journal of Con-
trolled Release: Official Journal of the Controlled Release Society.
2025; 386: 114119. https://doi.org/10.1016/j.jconrel.2025.114119.

[225] Zhou J, Zhu Y, Ai D, Zhou M, Li H, Fu Y, et al. Low-
intensity pulsed ultrasound regulates osteoblast-osteoclast crosstalk
via EphrinB2/EphB4 signaling for orthodontic alveolar bone remod-
eling. Frontiers in Bioengineering and Biotechnology. 2023; 11:
1192720. https://doi.org/10.3389/fbioe.2023.1192720.

[226] Zhang R, Wang Z, Zhu G, Wu G, Guo Q, Liu H, et al. Low-
Intensity Pulsed Ultrasound Modulates RhoA/ROCK Signaling of
Rat Mandibular Bone Marrow Mesenchymal Stem Cells to Rescue
Their Damaged Cytoskeletal Organization and Cell Biological Func-
tion Induced by Radiation. Stem Cells International. 2020; 2020:
8863577. https://doi.org/10.1155/2020/8863577.

[227] Ye X, Wang Z, van Bruggen R, Li XM, Zhang Y, Chen J.
Low-intensity pulsed ultrasound enhances neurite growth in serum-
starved human neuroblastoma cells. Frontiers in Neuroscience.
2023; 17: 1269267. https://doi.org/10.3389/fnins.2023.1269267.

[228] Xu Z, Xin H, Wang Y, Xu R, He Y, Zhou M, et al. Ultrasound-
Mediated Biotransfection of Engineered Bone Marrow Mesenchy-
mal StemCells in Treated BoneDefects through Intracellular Cavita-
tion. Advanced Science. 2025; 12: e03196. https://doi.org/10.1002/
advs.202503196.

[229] Yan S, Wang D, Zhang L, Gan T, Yao H, Zhu H, et al. LIPUS-
S/B@NPs regulates the release of SDF-1 and BMP-2 to promote
stem cell recruitment-osteogenesis for periodontal bone regener-
ation. Frontiers in Bioengineering and Biotechnology. 2023; 11:
1226426. https://doi.org/10.3389/fbioe.2023.1226426.

[230] Sotoudehbagha P, Flores AC, Hartmann T, Pattilachan T, Razavi
M. Bone-targeted ultrasound-responsive nanobubbles for siRNA de-
livery to treat osteoporosis in mice. Biomaterials Advances. 2025;
166: 214078. https://doi.org/10.1016/j.bioadv.2024.214078.

[231] Jin L, Shan J, Hao Y, Wang Y, Liu L. Enhanced bone regenera-
tion by low-intensity pulsed ultrasound and lipid microbubbles on
PLGA/TCP 3D-printed scaffolds. BMC Biotechnology. 2023; 23:

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1186/s13287-021-02302-z
https://doi.org/10.1186/s13287-021-02302-z
https://doi.org/10.1038/s42003-024-06866-3
https://doi.org/10.3390/ijms21062104
https://doi.org/10.3390/ijms21062104
https://doi.org/10.3389/fcell.2024.1489774
https://doi.org/10.3389/fcell.2024.1489774
https://doi.org/10.1002/adma.202102926
https://doi.org/10.1002/adma.202102926
https://doi.org/10.1002/bem.22401
https://doi.org/10.1002/bem.22401
https://doi.org/10.1016/j.biomaterials.2024.122713
https://doi.org/10.1016/j.biomaterials.2024.122713
https://doi.org/10.1007/s11626-021-00558-6
https://doi.org/10.3892/mmr.2021.12049
https://doi.org/10.1016/j.colsurfb.2021.112256
https://doi.org/10.1016/j.colsurfb.2021.112256
https://doi.org/10.1186/s12951-023-01789-3
https://doi.org/10.1186/s12951-023-01789-3
https://doi.org/10.1002/cbin.11606
https://doi.org/10.1002/cbin.11606
https://doi.org/10.1038/s41598-017-09892-w
https://doi.org/10.1038/s41598-017-09892-w
https://doi.org/10.1038/s41467-025-63703-9
https://doi.org/10.1002/adhm.201600429
https://doi.org/10.1002/adhm.201600429
https://doi.org/10.1186/s12903-024-05411-2
https://doi.org/10.1186/s12903-024-05411-2
https://doi.org/10.1186/s12951-022-01587-3
https://doi.org/10.1186/s12951-022-01587-3
https://doi.org/10.1080/21691401.2019.1657878
https://doi.org/10.3390/mi12121488
https://doi.org/10.3390/mi12121488
https://doi.org/10.1016/j.jconrel.2025.114119
https://doi.org/10.3389/fbioe.2023.1192720
https://doi.org/10.1155/2020/8863577
https://doi.org/10.3389/fnins.2023.1269267
https://doi.org/10.1002/advs.202503196
https://doi.org/10.1002/advs.202503196
https://doi.org/10.3389/fbioe.2023.1226426
https://doi.org/10.1016/j.bioadv.2024.214078


62 www.ecmjournal.org

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

13. https://doi.org/10.1186/s12896-023-00783-9.
[232] Pereira LF, Fontes-Pereira AJ, de Albuquerque Pereira WC. Influ-

ence of Low-Intensity Pulsed Ultrasound Parameters on the Bone
Mineral Density in Rat Model: A Systematic Review. Ultrasound in
Medicine & Biology. 2023; 49: 1687–1698. https://doi.org/10.1016/
j.ultrasmedbio.2023.03.001.

[233] Wang Y, Li J, Zhou J, Qiu Y, Song J. Low-intensity pulsed ul-
trasound enhances bone marrow-derived stem cells-based periodon-
tal regenerative therapies. Ultrasonics. 2022; 121: 106678. https:
//doi.org/10.1016/j.ultras.2021.106678.

[234] Bortz E, San Antonio E, Sherman J, Tseng HA, Raiff L, Han X.
Transcranial ultrasound stimulation modulates neuronal membrane
potentials across broad timescales in the awake mammalian brain.
Brain Stimulation. 2025; 18: 1726–1740. https://doi.org/10.1016/j.
brs.2025.09.004.

[235] Hu Y, Jia Y, Wang H, Cao Q, Yang Y, Zhou Y, et al. Low-intensity
pulsed ultrasound promotes cell viability and inhibits apoptosis of
H9C2 cardiomyocytes in 3D bioprinting scaffolds via PI3K-Akt and
ERK1/2 pathways. Journal of Biomaterials Applications. 2022; 37:
402–414. https://doi.org/10.1177/08853282221102669.

[236] Chen J, Li Y, Dai X, Huang M, Chen M, Zhan Y, et al. Low-
intensity pulsed ultrasound promotes cell viability of hUSCs in vol-
umetric bioprinting scaffolds via PI3K/Akt and ERK1/2 pathways.
Biomedical Materials. 2024; 20. https://doi.org/10.1088/1748-605X
/ad920f.

[237] Ambattu LA, Gelmi A, Yeo LY. Short-Duration High Fre-
quency MegaHertz-Order Nanomechanostimulation Drives Early
and Persistent Osteogenic Differentiation in Mesenchymal Stem
Cells. Small. 2022; 18: e2106823. https://doi.org/10.1002/smll
.202106823.

[238] Ivanovski F, Meško M, Lebar T, Rupnik M, Lainšček D, Gradišek
M, et al. Ultrasound-mediated spatial and temporal control of en-
gineered cells in vivo. Nature Communications. 2024; 15: 7369.
https://doi.org/10.1038/s41467-024-51620-2.

[239] Badawe HM, Mourad PD, Khraiche ML. Low-Intensity ultra-
sound for controlled excitation and suppression in rat sciatic
nerve. Scientific Reports. 2025; 15: 34260. https://doi.org/10.1038/
s41598-025-16407-5.

[240] Han Y, Gao H, Gao J, Yang Y, He C. Low-intensity pulsed ultra-
sound regulates bone marrow mesenchymal stromal cells differen-
tiation and inhibits bone loss by activating the IL-11-Wnt/β-catenin
signaling pathway. International Immunopharmacology. 2024; 143:
113380. https://doi.org/10.1016/j.intimp.2024.113380.

[241] Li J, GuoW, Yu F, Liu L, Wang X, Li L, et al. Low-intensity pulsed
ultrasound promotes angiogenesis via the AKT pathway and DNA
methylation in human umbilical vein endothelial cells. Ultrasonics.
2022; 118: 106561. https://doi.org/10.1016/j.ultras.2021.106561.

[242] Azarsina M, Arany P, Marques MM, Abrahamse H, Dehghani
N, Azarsina S, et al. Photobiomodulation for stem cell modulation
and regenerative medicine -WALT position paper 2025. Journal of
Dentistry. 2025; 159: 105832. https://doi.org/10.1016/j.jdent.2025.
105832.

[243] Lipko NB. Photobiomodulation: Evolution and Adaptation. Photo-
biomodulation, Photomedicine, and Laser Surgery. 2022; 40: 213–
233. https://doi.org/10.1089/photob.2021.0145.

[244] Mohamad SA, Milward MR, Hadis MA, Kuehne SA, Cooper PR.
Photobiomodulation of mineralisation in mesenchymal stem cells.
Photochemical & Photobiological Sciences: Official Journal of
the European Photochemistry Association and the European Soci-
ety for Photobiology. 2021; 20: 699–714. https://doi.org/10.1007/
s43630-021-00047-5.

[245] Da Silva D, Crous A, Abrahamse H. Enhancing osteogenic dif-
ferentiation in adipose-derived mesenchymal stem cells with Near
Infra-Red and Green Photobiomodulation. Regenerative Therapy.
2023; 24: 602–616. https://doi.org/10.1016/j.reth.2023.11.003.

[246] Silva DD, Crous A, Abrahamse H. Photobiomodulation Dose-

Response on Adipose-Derived Stem Cell Osteogenesis in 3D Cul-
tures. International Journal of Molecular Sciences. 2024; 25: 9176.
https://doi.org/10.3390/ijms25179176.

[247] Ma C, Zhu H, Cai Y, Li N, Han Z, Wu H, et al. Photobiomodulation
Combined With Human Umbilical Cord Mesenchymal Stem Cells
Modulates the Polarization of Microglia. Journal of Biophotonics.
2025; 18: e202400468. https://doi.org/10.1002/jbio.202400468.

[248] Shi Z, Li S, Chen W, Yan H. The effect of blue and green light on
human umbilical cord mesenchymal stem cells for promoting pro-
liferation and wound healing. Scientific Reports. 2025; 15: 14787.
https://doi.org/10.1038/s41598-025-99083-9.

[249] Bikmulina P, Kosheleva N, Shpichka A, Yusupov V, Gogvadze V,
Rochev Y, et al. Photobiomodulation in 3D tissue engineering. Jour-
nal of Biomedical Optics. 2022; 27: 090901. https://doi.org/10.1117/
1.Jbo.27.9.090901.

[250] Zhi W, Li Y, Wang L, Hu X. Advancing Neuroscience and
Therapy: Insights into Genetic and Non-Genetic Neuromodula-
tion Approaches. Cells. 2025; 14: 122. https://doi.org/10.3390/cell
s14020122.

[251] Opazo G, Tapia F, Díaz A, Vielma AH, Schmachtenberg O. Pro-
longed Photobiomodulation with Deep Red Light Mitigates Incipi-
ent Retinal Deterioration in a Mouse Model of Type 2 Diabetes. In-
ternational Journal of Molecular Sciences. 2024; 25: 12128. https:
//doi.org/10.3390/ijms252212128.

[252] Raizman R, Gavish L. At-Home Self-Applied Photobiomodulation
Device for the Treatment of Diabetic Foot Ulcers in Adults With
Type 2 Diabetes: Report of 4 Cases. Canadian Journal of Diabetes.
2020; 44: 375–378. https://doi.org/10.1016/j.jcjd.2020.01.010.

[253] Bueno NP, Kfouri CC, Copete IN, de Oliveira FS, Arany P,
Marques MM, et al. Photobiomodulation treatments drive os-
teogenic versus adipocytic fate of bone marrow mesenchymal stem
cells reversing the effects of hyperglycemia in diabetes. Lasers in
Medical Science. 2022; 37: 2845–2854. https://doi.org/10.1007/
s10103-022-03553-9.

[254] Li X, Yang Y, ChenM, Liu X, Chen T, Luo F, et al. Diatom-Inspired
Scaffold for Infected Bone Defect Therapy: Achieving Stable
Photothermal Properties and Coordinated Antibacterial-Osteogenic
Functions. Advanced Materials. 2026; 38: e09997. https://doi.org/
10.1002/adma.202509997.

[255] Haze A, Gavish L, Elishoov O, Shorka D, Tsohar T, Gellman
YN, et al. Treatment of diabetic foot ulcers in a frail population
with severe co-morbidities using at-home photobiomodulation laser
therapy: a double-blind, randomized, sham-controlled pilot clini-
cal study. Lasers in Medical Science. 2022; 37: 919–928. https:
//doi.org/10.1007/s10103-021-03335-9.

[256] Si D, Su B, Zhang J, Zhao K, Li J, Chen D, et al. Low-level
laser therapy with different irradiation methods modulated the re-
sponse of bone marrow mesenchymal stem cells in vitro. Lasers
in Medical Science. 2022; 37: 3509–3516. https://doi.org/10.1007/
s10103-022-03624-x.

[257] Merigo E, Bouvet-Gerbettaz S, Boukhechba F, Rocca JP, For-
naini C, Rochet N. Green laser light irradiation enhances differentia-
tion and matrix mineralization of osteogenic cells. Journal of Pho-
tochemistry and Photobiology. B, Biology. 2016; 155: 130–136.
https://doi.org/10.1016/j.jphotobiol.2015.12.005.

[258] Etemadi A, Fathizadeh P, Chiniforush N. The impact of photo-
biomodulation therapy on the survival and differentiation of pe-
riodontal ligament mesenchymal stem cells exposed to zoledronic
acid. Scientific Reports. 2025; 15: 31731. https://doi.org/10.1038/
s41598-025-17466-4.

[259] Bueno NP, Copete IN, Lopes HB, Arany PR, Marques MM, Fer-
raz EP. Recovering the osteoblastic differentiation potential of mes-
enchymal stem cells derived from diabetic rats by photobiomod-
ulation therapy. Journal of Biophotonics. 2021; 14: e202000393.
https://doi.org/10.1002/jbio.202000393.

[260] Chen J, Sang Y, Li J, Zhao T, Liu B, Xie S, et al. Low-level control-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1186/s12896-023-00783-9
https://doi.org/10.1016/j.ultrasmedbio.2023.03.001
https://doi.org/10.1016/j.ultrasmedbio.2023.03.001
https://doi.org/10.1016/j.ultras.2021.106678
https://doi.org/10.1016/j.ultras.2021.106678
https://doi.org/10.1016/j.brs.2025.09.004
https://doi.org/10.1016/j.brs.2025.09.004
https://doi.org/10.1177/08853282221102669
https://doi.org/10.1088/1748-605X/ad920f
https://doi.org/10.1088/1748-605X/ad920f
https://doi.org/10.1002/smll.202106823
https://doi.org/10.1002/smll.202106823
https://doi.org/10.1038/s41467-024-51620-2
https://doi.org/10.1038/s41598-025-16407-5
https://doi.org/10.1038/s41598-025-16407-5
https://doi.org/10.1016/j.intimp.2024.113380
https://doi.org/10.1016/j.ultras.2021.106561
https://doi.org/10.1016/j.jdent.2025.105832
https://doi.org/10.1016/j.jdent.2025.105832
https://doi.org/10.1089/photob.2021.0145
https://doi.org/10.1007/s43630-021-00047-5
https://doi.org/10.1007/s43630-021-00047-5
https://doi.org/10.1016/j.reth.2023.11.003
https://doi.org/10.3390/ijms25179176
https://doi.org/10.1002/jbio.202400468
https://doi.org/10.1038/s41598-025-99083-9
https://doi.org/10.1117/1.Jbo.27.9.090901
https://doi.org/10.1117/1.Jbo.27.9.090901
https://doi.org/10.3390/cells14020122
https://doi.org/10.3390/cells14020122
https://doi.org/10.3390/ijms252212128
https://doi.org/10.3390/ijms252212128
https://doi.org/10.1016/j.jcjd.2020.01.010
https://doi.org/10.1007/s10103-022-03553-9
https://doi.org/10.1007/s10103-022-03553-9
https://doi.org/10.1002/adma.202509997
https://doi.org/10.1002/adma.202509997
https://doi.org/10.1007/s10103-021-03335-9
https://doi.org/10.1007/s10103-021-03335-9
https://doi.org/10.1007/s10103-022-03624-x
https://doi.org/10.1007/s10103-022-03624-x
https://doi.org/10.1016/j.jphotobiol.2015.12.005
https://doi.org/10.1038/s41598-025-17466-4
https://doi.org/10.1038/s41598-025-17466-4
https://doi.org/10.1002/jbio.202000393


www.ecmjournal.org 63

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

lable blue LEDs irradiation enhances human dental pulp stem cells
osteogenic differentiation via transient receptor potential vanilloid 1.
Journal of Photochemistry and Photobiology. B, Biology. 2022; 233:
112472. https://doi.org/10.1016/j.jphotobiol.2022.112472.

[261] Çakmak AS, Çakmak S, Vatansever HS, Gümüşderelioğlu M.
Photostimulation of osteogenic differentiation on silk scaffolds by
plasma arc light source. Lasers in Medical Science. 2018; 33: 785–
794. https://doi.org/10.1007/s10103-017-2414-4.

[262] Yaralı Çevik ZB, Karaman O, Topaloğlu N. Investigation of the op-
timal light parameters for photobiomodulation to induce osteogenic
differentiation of the human bone marrow stem cell and human um-
bilical vein endothelial cell co-culture. Lasers in Medical Science.
2023; 38: 273. https://doi.org/10.1007/s10103-023-03941-9.

[263] Hakimiha N, Barzegar Reyhani N, Haddadi A, Aghayan S. Photo-
biomodulation Enhances Osteogenesis in Oral and Adipose-Derived
Mesenchymal Stem cells: A Systematic Review of In Vitro Ev-
idence. Photodiagnosis and Photodynamic Therapy. 2025; 56:
105238. https://doi.org/10.1016/j.pdpdt.2025.105238.

[264] Fekrazad R, Asefi S, Khorsandi K, Nejatifard M. Photo biostimula-
tory effect of low dose photodynamic therapy on human mesenchy-
mal stem cells. Photodiagnosis and Photodynamic Therapy. 2020;
31: 101886. https://doi.org/10.1016/j.pdpdt.2020.101886.

[265] Wang L, Wu F, Liu C, Song Y, Guo J, Yang Y, et al. Low-level
laser irradiation modulates the proliferation and the osteogenic dif-
ferentiation of bone marrow mesenchymal stem cells under healthy
and inflammatory condition. Lasers in Medical Science. 2019; 34:
169–178. https://doi.org/10.1007/s10103-018-2673-8.

[266] Karimi M, Sheibani Pour M, Etemadi A, Karimi MA, Hodjat M,
Chiniforush N. The photobiomodulation effects of continuous and
pulsed blue diode laser on proliferation and osteogenic differentia-
tion of periodontal ligament stem cells. Photochemistry and Photo-
biology. 2026; 102: 198–206. https://doi.org/10.1111/php.14104.

[267] Lee SY, Kim SJ, Park KH, Lee G, Oh Y, Ryu JH, et al. Differential
but complementary roles of HIF-1α and HIF-2α in the regulation
of bone homeostasis. Communications Biology. 2024; 7: 892. https:
//doi.org/10.1038/s42003-024-06581-z.

[268] Shi R, Zhang J, Niu K, Li W, Jiang N, Li J, et al. Electrospun ar-
tificial periosteum loaded with DFO contributes to osteogenesis via
the TGF-β1/Smad2 pathway. Biomaterials Science. 2021; 9: 2090–
2102. https://doi.org/10.1039/d0bm01304h.

[269] Wu D, Liu L, Fu S, Zhang J. Osteostatin improves the Osteogenic
differentiation of mesenchymal stem cells and enhances angiogene-
sis through HIF-1α under hypoxia conditions in vitro. Biochemical
and Biophysical Research Communications. 2022; 606: 100–107.
https://doi.org/10.1016/j.bbrc.2022.02.085.

[270] Kim H, Kwon S. Dual effects of hypoxia on proliferation and os-
teogenic differentiation of mouse clonal mesenchymal stem cells.
Bioprocess and Biosystems Engineering. 2021; 44: 1831–1839.
https://doi.org/10.1007/s00449-021-02563-1.

[271] Wu X, Wang K, Chen H, Cao B, Wang Y, Wang Z, et al. Hypoxia-
induced mitochondrial fission regulates the fate of bone marrow
mesenchymal stem cells by maintaining HIF1α stabilization. Free
Radical Biology and Medicine. 2024; 225: 127–144. https://doi.org/
10.1016/j.freeradbiomed.2024.10.256.

[272] Wu Y, Liu M, Zhou H, He X, Shi W, Yuan Q, et al. COX-
2/PGE(2)/VEGF signaling promotes ERK-mediated BMSCs os-
teogenic differentiation under hypoxia by the paracrine action of
ECs. Cytokine. 2023; 161: 156058. https://doi.org/10.1016/j.cyto
.2022.156058.

[273] Ding M, Hu Z, Pei K, Hu J, Liao Y, Cai C, et al. Identification of a
Novel Gene ARNT2 for Osteogenic Differentiation ofMesenchymal
Stem Cells. Calcified Tissue International. 2025; 116: 100. https:
//doi.org/10.1007/s00223-025-01407-4.

[274] Zhang C, Ye W, Zhao M, Xia D, Fan Z. tRNA-derived small RNA
changes in bone marrow stem cells under hypoxia and osteogenic
conduction. Journal of Oral Rehabilitation. 2023; 50: 1487–1497.

https://doi.org/10.1111/joor.13566.
[275] Ramachandramoorthy H, Dang T, Srinivasa A, Nguyen KT,

Nguyen P. Development of a Smart Portable Hypoxic Chamber with
Accurate Sensing, Control and Visualization of In Vitro Cell Cul-
ture for Replication of Cancer Microenvironment. Cancers. 2023;
15: 3645. https://doi.org/10.3390/cancers15143645.

[276] Sitte ZR, Miranda AA, DiProspero TJ, Lockett MR. A three-zone
hypoxia chamber capable of regulating unique oxygen and car-
bon dioxide partial pressures simultaneously. HardwareX. 2024; 19:
e00556. https://doi.org/10.1016/j.ohx.2024.e00556.

[277] Boyce MW, Simke WC, Kenney RM, Lockett MR. Generating
linear oxygen gradients across 3D cell cultures with block-layered
oxygen controlled chips (BLOCCs). Analytical Methods: Advanc-
ing Methods and Applications. 2020; 12: 18–24. https://doi.org/10.
1039/c9ay01690b.

[278] Szmelter A, Jacob J, Eddington DT. 96-Well Oxygen Control Using
a 3D-Printed Device. Analytical Chemistry. 2021; 93: 2570–2577.
https://doi.org/10.1021/acs.analchem.0c04627.

[279] Jiang Y, Xin N, Xiong Y, Guo Y, Yuan Y, Zhang Q, et al. αCGRP
Regulates Osteogenic Differentiation of Bone Marrow Mesenchy-
mal Stem Cells Through ERK1/2 and p38 MAPK Signaling Path-
ways. Cell Transplantation. 2022; 31: 9636897221107636. https:
//doi.org/10.1177/09636897221107636.

[280] Zheng X, Zhang X, Wang Y, Liu Y, Pan Y, Li Y, et al. Hypoxia-
mimicking 3D bioglass-nanoclay scaffolds promote endogenous
bone regeneration. Bioactive Materials. 2021; 6: 3485–3495. https:
//doi.org/10.1016/j.bioactmat.2021.03.011.

[281] Haixia X, Peng Z, Jiezhao L, Huiling G, Xie C, Yihan W, et al.
3D-Printed Magnesium Peroxide-Incorporated Scaffolds with Sus-
tained Oxygen Release and Enhanced Photothermal Performance for
Osteosarcoma Multimodal Treatments. ACS Applied Materials &
Interfaces. 2024; 16: 9626–9639. https://doi.org/10.1021/acsami.3c
10807.

[282] Deng H, Sun C, Yang X, Chen X, Zhang Q, Yan Y. Gelatin-based
hydrogel incorporated with metal-phenolic network-coated meso-
porous bioactive glasses for enhanced bone regeneration. Interna-
tional Journal of Biological Macromolecules. 2025; 318: 144882.
https://doi.org/10.1016/j.ijbiomac.2025.144882.

[283] Shen S, He X, Chen X, Dong L, Cheng K, Weng W. Enhanced
osteogenic differentiation of mesenchymal stem cells on P(VDF-
TrFE) layer coated microelectrodes. Journal of Biomedical Materi-
als Research. Part B, Applied Biomaterials. 2021; 109: 2227–2236.
https://doi.org/10.1002/jbm.b.34884.

[284] Chen Y, Zhao Q, Yang X, Yu X, Yu D, Zhao W. Effects of cobalt
chloride on the stem cell marker expression and osteogenic differ-
entiation of stem cells from human exfoliated deciduous teeth. Cell
Stress & Chaperones. 2019; 24: 527–538. https://doi.org/10.1007/
s12192-019-00981-5.

[285] Hwang OK, Noh YW, Hong JT, Lee JW. Hypoxia Pretreatment
Promotes Chondrocyte Differentiation of Human Adipose-Derived
StemCells via Vascular Endothelial Growth Factor. Tissue Engineer-
ing and Regenerative Medicine. 2020; 17: 335–350. https://doi.org/
10.1007/s13770-020-00265-5.

[286] Jeon SH, Kim H, Sung JH. Hypoxia enhances the hair growth-
promoting effects of embryonic stem cell-derived mesenchymal
stem cells via NADPH oxidase 4. Biomedicine & Pharmacother-
apy = BiomÉDecine & PharmacothÉRapie. 2023; 159: 114303.
https://doi.org/10.1016/j.biopha.2023.114303.

[287] Burzi IS, Parchi PD, Barachini S, Pardini E, Sardo Infirri G, Mon-
tali M, et al. Hypoxia Promotes the Stemness of Mesangiogenic Pro-
genitor Cells and Prevents Osteogenic but not Angiogenic Differ-
entiation. Stem Cell Reviews and Reports. 2024; 20: 1830–1842.
https://doi.org/10.1007/s12015-024-10749-9.

[288] Timon R,Martinez-Guardado I, Brocherie F. Effects of Intermittent
Normobaric Hypoxia on Health-Related Outcomes in Healthy Older
Adults: A Systematic Review. Sports Medicine-Open. 2023; 9: 19.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1016/j.jphotobiol.2022.112472
https://doi.org/10.1007/s10103-017-2414-4
https://doi.org/10.1007/s10103-023-03941-9
https://doi.org/10.1016/j.pdpdt.2025.105238
https://doi.org/10.1016/j.pdpdt.2020.101886
https://doi.org/10.1007/s10103-018-2673-8
https://doi.org/10.1111/php.14104
https://doi.org/10.1038/s42003-024-06581-z
https://doi.org/10.1038/s42003-024-06581-z
https://doi.org/10.1039/d0bm01304h
https://doi.org/10.1016/j.bbrc.2022.02.085
https://doi.org/10.1007/s00449-021-02563-1
https://doi.org/10.1016/j.freeradbiomed.2024.10.256
https://doi.org/10.1016/j.freeradbiomed.2024.10.256
https://doi.org/10.1016/j.cyto.2022.156058
https://doi.org/10.1016/j.cyto.2022.156058
https://doi.org/10.1007/s00223-025-01407-4
https://doi.org/10.1007/s00223-025-01407-4
https://doi.org/10.1111/joor.13566
https://doi.org/10.3390/cancers15143645
https://doi.org/10.1016/j.ohx.2024.e00556
https://doi.org/10.1039/c9ay01690b
https://doi.org/10.1039/c9ay01690b
https://doi.org/10.1021/acs.analchem.0c04627
https://doi.org/10.1177/09636897221107636
https://doi.org/10.1177/09636897221107636
https://doi.org/10.1016/j.bioactmat.2021.03.011
https://doi.org/10.1016/j.bioactmat.2021.03.011
https://doi.org/10.1021/acsami.3c10807
https://doi.org/10.1021/acsami.3c10807
https://doi.org/10.1016/j.ijbiomac.2025.144882
https://doi.org/10.1002/jbm.b.34884
https://doi.org/10.1007/s12192-019-00981-5
https://doi.org/10.1007/s12192-019-00981-5
https://doi.org/10.1007/s13770-020-00265-5
https://doi.org/10.1007/s13770-020-00265-5
https://doi.org/10.1016/j.biopha.2023.114303
https://doi.org/10.1007/s12015-024-10749-9


64 www.ecmjournal.org

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

https://doi.org/10.1186/s40798-023-00560-0.
[289] Zhao Y, Li C, Zhou S, He Y, Wang Y, Zhang Y, et al. Enhanced

glucose utilization of skeletal muscle after 4 weeks of intermittent
hypoxia in a mouse model of type 2 diabetes. PloS One. 2024; 19:
e0296815. https://doi.org/10.1371/journal.pone.0296815.

[290] Rosales AM, Shute RJ, Hailes WS, Collins CW, Ruby BC, Slivka
DR. Independent effects of acute normobaric hypoxia and hypobaric
hypoxia on human physiology. Scientific Reports. 2022; 12: 19570.
https://doi.org/10.1038/s41598-022-23698-5.

[291] Gan K, Lian L, Luo Z, Dong Y, Xu D, Li X, et al. Hypoxic niches
established via endogenous oxygen production in scaffold under
anoxia for enhanced bone regeneration. Regenerative Biomaterials.
2025; 12: rbaf070. https://doi.org/10.1093/rb/rbaf070.

[292] Tai Y, Brinkley N, Jin L, Chang YW, Liakhovetski A, Nam J.
Enhanced neuromorphogenesis of neural stem cells via the opti-
mization of physical stimulus-responsive signaling pathways. Stem
Cell Research & Therapy. 2025; 16: 385. https://doi.org/10.1186/
s13287-025-04488-y.

[293] Huang CC, Kang M, Lu Y, Shirazi S, Diaz JI, Cooper LF, et al.
Functionally engineered extracellular vesicles improve bone regen-
eration. Acta Biomaterialia. 2020; 109: 182–194. https://doi.org/10.
1016/j.actbio.2020.04.017.

[294] Costa MHG, Serra J, McDevitt TC, Cabral JMS, da Silva CL,
Ferreira FC. Dimethyloxalylglycine, a small molecule, synergisti-
cally increases the homing and angiogenic properties of human mes-
enchymal stromal cells when cultured as 3D spheroids. Biotech-
nology Journal. 2021; 16: e2000389. https://doi.org/10.1002/biot
.202000389.

[295] Xia Y, Fan X, Yang H, Li L, He C, Cheng C, et al.
ZnO/Nanocarbons-Modified Fibrous Scaffolds for Stem Cell-Based
Osteogenic Differentiation. Small. 2020; 16: e2003010. https://doi.
org/10.1002/smll.202003010.

[296] Deng Z, Wang W, Xu X, Gould OEC, Kratz K, Ma N, et al.
Polymeric sheet actuators with programmable bioinstructivity. Pro-
ceedings of the National Academy of Sciences of the United States
of America. 2020; 117: 1895–1901. https://doi.org/10.1073/pnas
.1910668117.

[297] Neumann M, di Marco G, Iudin D, Viola M, van Nostrum CF, van
Ravensteijn BGP, et al. Stimuli-Responsive Hydrogels: The Dy-
namic Smart Biomaterials of Tomorrow. Macromolecules. 2023; 56:
8377–8392. https://doi.org/10.1021/acs.macromol.3c00967.

[298] Zhang Y, Li J, Habibovic P. Magnetically responsive nanofibrous
ceramic scaffolds for on-demand motion and drug delivery. Bioac-
tive Materials. 2022; 15: 372–381. https://doi.org/10.1016/j.bioact
mat.2022.02.028.

[299] He X, Han Z, Ruan Y, Wang Z, Liao B, Li X, et al. Smart respon-
sive biomaterials for spatiotemporal modulation of functional tissue
repair. Materials Today. Bio. 2025; 33: 102063. https://doi.org/10.
1016/j.mtbio.2025.102063

[300] Tamaño-Machiavello MN, Carvalho EO, Correia D, Cordón L,
Lanceros-Méndez S, Sempere A, et al. Osteogenic differentiation of
human mesenchymal stem cells on electroactive substrates. Heliyon.
2024; 10: e28880. https://doi.org/10.1016/j.heliyon.2024.e28880.

[301] Zhang F, Feng Q, Zhan J, Chen S, Yang G, Li T, et al. NIR-
Activatable Antibacterial 3D-Printed Hydrogel Scaffold with Con-
trollable Drug Release for Enhanced Vascularized Bone Regenera-
tion. ACS Applied Materials & Interfaces. 2025; 17: 40035–40051.
https://doi.org/10.1021/acsami.5c06168.

[302] Wei D, Charlton L, Glidle A, Qi N, Dobson PS, Dalby MJ, et al.
Dynamically Modulated Core-Shell Microfibers to Study the Effect
of Depth Sensing of Matrix Stiffness on Stem Cell Fate. ACS Ap-
plied Materials & Interfaces. 2021; 13: 37997–38006. https://doi.or
g/10.1021/acsami.1c06752.

[303] Chakraborty J, Roy C, Kalogeropoulou M, Mota C, Ghosh S,
Moroni L. Protocol for developing shape-morphing 4D bioprinted
magnetic constructs to promote articular cartilage regeneration us-

ing silk fibroin-gelatin bioink. STAR Protocols. 2024; 5: 103332.
https://doi.org/10.1016/j.xpro.2024.103332.

[304] Chen S, Li J, Zheng L, Huang J, Wang M. Biomimicking trilayer
scaffolds with controlled estradiol release for uterine tissue regener-
ation. Exploration. 2024; 4: 20230141. https://doi.org/10.1002/exp.
20230141.

[305] Kong X, Zheng T, Wang Z, Zhou T, Shi J, Wang Y, et al. Remote
actuation and on-demand activation of biomaterials pre-incorporated
with physical cues for bone repair. Theranostics. 2024; 14: 4438–
4461. https://doi.org/10.7150/thno.97610.

[306] Tong X, Han Y, Gu L, Zhou R, Zhu S, Wang Y, et al. Fe/Zn
composite with high strength-ductility, large-area galvanic corro-
sion, antibacterial, angiogenic, and osteointegrative capabilities for
biodegradable bone-fixation applications. Biomaterials. 2026; 326:
123720. https://doi.org/10.1016/j.biomaterials.2025.123720.

[307] Liu J, Liu F, Li C, Li Z, Li T, Wu Y, et al. 3D-printed magnetic scaf-
folds promote bone and vessel regeneration through CRYAB/PI3K-
AKT and NF-κB pathways identified by proteomics. Bioactive
Materials. 2025; 56: 277–293. https://doi.org/10.1016/j.bioactmat.
2025.10.013.

[308] Guo Y, Wang Y, Guo Y, Dai X, Yang M, Wang D, et al.
NIR‐Inducible Pyroelectric Nanocomposite Membrane Promotes
Macrophage Reprogramming for Superior Bone Regeneration. Ad-
vanced Functional Materials. 2025; 35: 2502329. https://doi.org/10.
1002/adfm.202502329.

[309] Zhang Y, Yu T, Ding J, Li Z. Bone-on-a-chip platforms and inte-
grated biosensors: Towards advanced in vitro bonemodels with real-
time biosensing. Biosensors & Bioelectronics. 2023; 219: 114798.
https://doi.org/10.1016/j.bios.2022.114798.

[310] Paek K, Kim S, Tak S, Kim MK, Park J, Chung S, et al. A
high-throughput biomimetic bone-on-a-chip platform with artificial
intelligence-assisted image analysis for osteoporosis drug testing.
Bioengineering & Translational Medicine. 2022; 8: e10313. https:
//doi.org/10.1002/btm2.10313.

[311] Sheyn D, Cohn-Yakubovich D, Ben-David S, De Mel S, Chan V,
Hinojosa C, et al. Bone-chip system to monitor osteogenic differen-
tiation using optical imaging. Microfluidics and Nanofluidics. 2019;
23: 99. https://doi.org/10.1007/s10404-019-2261-7.

[312] KimMK, Paek K,Woo SM, Kim JA. Bone-on-a-Chip: Biomimetic
Models Based on Microfluidic Technologies for Biomedical Appli-
cations. ACS Biomaterials Science & Engineering. 2023; 9: 3058–
3073. https://doi.org/10.1021/acsbiomaterials.3c00066.

[313] Mansoorifar A, Gordon R, Bergan R, Bertassoni LE. Bone-on-
a-chip: microfluidic technologies and microphysiologic models of
bone tissue. Advanced Functional Materials. 2021; 31: 2006796.
https://doi.org/10.1002/adfm.202006796.

[314] Dou J, Jiang J, Xue Y, Jiang X, Jiang Y, Xiao P, et al. The Interplay
of Cross-Organ Immune Regulation in Inflammation and Cancer.
MedComm. 2025; 6: e70249. https://doi.org/10.1002/mco2.70249.

[315] Verdugo-Avello F, Wychowaniec JK, Villacis-Aguirre CA, D’Este
M, Toledo JR. Bone microphysiological models for biomedical re-
search. Lab on a Chip. 2025; 25: 806–836. https://doi.org/10.1039/
d4lc00762j.

[316] Mohan A, Girdhar M, Kumar R, Chaturvedi HS, Vadhel A, Solanki
PR, et al. Polyhydroxybutyrate-Based Nanocomposites for Bone
Tissue Engineering. Pharmaceuticals. 2021; 14: 1163. https://doi.or
g/10.3390/ph14111163.

[317] Zhang L, Su L, Wu L, Zhou W, Xie J, Fan Y, et al. Versatile hy-
drogels prepared by microfluidics technology for bone tissue engi-
neering applications. Journal of Materials Chemistry. B. 2025; 13:
2611–2639. https://doi.org/10.1039/d4tb02314e.

[318] Di T, Wang L, Feng C, Xu J, Shao B, Cheng B, et al. ECM remod-
eling by PDGFRβ+ dental pulp stem cells drives angiogenesis and
pulp regeneration via integrin signaling. Stem Cell Research & Ther-
apy. 2025; 16: 283. https://doi.org/10.1186/s13287-025-04382-7.

[319] Di T, Feng C, Wang L, Xu J, Du Y, Cheng B, et al. En-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1186/s40798-023-00560-0
https://doi.org/10.1371/journal.pone.0296815
https://doi.org/10.1038/s41598-022-23698-5
https://doi.org/10.1093/rb/rbaf070
https://doi.org/10.1186/s13287-025-04488-y
https://doi.org/10.1186/s13287-025-04488-y
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1002/biot.202000389
https://doi.org/10.1002/biot.202000389
https://doi.org/10.1002/smll.202003010
https://doi.org/10.1002/smll.202003010
https://doi.org/10.1073/pnas.1910668117
https://doi.org/10.1073/pnas.1910668117
https://doi.org/10.1021/acs.macromol.3c00967
https://doi.org/10.1016/j.bioactmat.2022.02.028
https://doi.org/10.1016/j.bioactmat.2022.02.028
https://doi.org/10.1016/j.mtbio.2025.10206
https://doi.org/10.1016/j.mtbio.2025.10206
https://doi.org/10.1016/j.heliyon.2024.e28880
https://doi.org/10.1021/acsami.5c06168
https://doi.org/10.1021/acsami.1c06752
https://doi.org/10.1021/acsami.1c06752
https://doi.org/10.1016/j.xpro.2024.103332
https://doi.org/10.1002/exp.20230141
https://doi.org/10.1002/exp.20230141
https://doi.org/10.7150/thno.97610
https://doi.org/10.1016/j.biomaterials.2025.123720
https://doi.org/10.1016/j.bioactmat.2025.10.013
https://doi.org/10.1016/j.bioactmat.2025.10.013
https://doi.org/10.1002/adfm.202502329
https://doi.org/10.1002/adfm.202502329
https://doi.org/10.1016/j.bios.2022.114798
https://doi.org/10.1002/btm2.10313
https://doi.org/10.1002/btm2.10313
https://doi.org/10.1007/s10404-019-2261-7
https://doi.org/10.1021/acsbiomaterials.3c00066
https://doi.org/10.1002/adfm.202006796
https://doi.org/10.1002/mco2.70249
https://doi.org/10.1039/d4lc00762j
https://doi.org/10.1039/d4lc00762j
https://doi.org/10.3390/ph14111163
https://doi.org/10.3390/ph14111163
https://doi.org/10.1039/d4tb02314e
https://doi.org/10.1186/s13287-025-04382-7


www.ecmjournal.org 65

European Cells and Materials Vol.57 2026 (pages 34–65) DOI: 10.22203/eCM.v057a02

hancing Vasculogenesis in Dental Pulp Development: DPSCs-
ECs Communication via FN1-ITGA5 Signaling. Stem Cell Re-
views and Reports. 2024; 20: 1060–1077. https://doi.org/10.1007/
s12015-024-10695-6.

[320] Bianconi S, Oliveira KMC, Klein KL,Wolf J, Schaible A, Schröder
K, et al. Pretreatment of Mesenchymal Stem Cells with Electri-
cal Stimulation as a Strategy to Improve Bone Tissue Engineer-
ing Outcomes. Cells. 2023; 12: 2151. https://doi.org/10.3390/cell
s12172151.

[321] Hua Z, Li S, Liu Q, Yu M, Liao M, Zhang H, et al. Low-Intensity
Pulsed Ultrasound Promotes Osteogenic Potential of iPSC-Derived
MSCs but Fails to Simplify the iPSC-EB-MSC Differentiation Pro-
cess. Frontiers in Bioengineering and Biotechnology. 2022; 10:
841778. https://doi.org/10.3389/fbioe.2022.841778.

[322] Fu J, Xiang Y, Ni M, Qu X, Zhou Y, Hao L, et al. In Vivo Recon-
struction of the Acetabular Bone Defect by the Individualized Three-
Dimensional Printed Porous Augment in a Swine Model. BioMed
Research International. 2020; 2020: 4542302. https://doi.org/10.
1155/2020/4542302.

[323] Moest T, Schlegel KA, Kesting M, Fenner M, Lutz R, Beck DM, et
al. A new standardized critical size bone defect model in the pig fore-
head for comparative testing of bone regeneration materials. Clinical
Oral Investigations. 2020; 24: 1651–1661. https://doi.org/10.1007/
s00784-019-03020-w.

[324] Oshima T, Asaumi R, Ogura S, Kawai T. Challenges in detect-
ing various peri-implant bone defects on modified intraoral oblique
radiographic projections: evaluation of an artificial mandibular
model. Oral Radiology. 2025; 41: 248–259. https://doi.org/10.1007/
s11282-024-00798-8.

[325] Gerini G, Traversa A, Cece F, Cassandri M, Pontecorvi P, Camero
S, et al. Deciphering the Transcriptional Metabolic Profile of
Adipose-Derived Stem Cells During Osteogenic Differentiation and
Epigenetic Drug Treatment. Cells. 2025; 14: 135. https://doi.org/10.
3390/cells14020135.

[326] Guo L, Han M, Zhang H, Han Y. The Impact of a Human
Bone Morphogenetic Protein-infused Nano-Bone Material Com-
bined With Traditional Chinese Medicine Carthamus tinctorius on
the Repair of Oral Bone Defects. International Dental Journal. 2025;
75: 2150–2156. https://doi.org/10.1016/j.identj.2024.12.024.

[327] Ahmed Omar N, Roque J, Bergeaut C, Bidault L, Amédée J, Le-
tourneur D, et al. Challenges and limitations in developing of a new
maxillary standardized rat alveolar bone defect model to study bone
regenerative approaches in oral and maxillofacial surgery. Frontiers
in Bioengineering and Biotechnology. 2025; 13: 1494352. https:
//doi.org/10.3389/fbioe.2025.1494352.

[328] Wu D, Zhao X, Xie J, Yuan R, Li Y, Yang Q, et al. Physical
modulation of mesenchymal stem cell exosomes: A new perspec-
tive for regenerative medicine. Cell Proliferation. 2024; 57: e13630.
https://doi.org/10.1111/cpr.13630.

[329] Feng Q, Chen F, Liu R, Li D, Feng H, Yang J. Mesenchymal stem
cell application in Alzheimer’s disease. Regenerative Therapy. 2025;
30: 439–445. https://doi.org/10.1016/j.reth.2025.07.006.

[330] Vilar A, Hodgson-Garms M, Kusuma GD, Donderwinkel I,
Carthew J, Tan JL, et al. Substrate mechanical properties bias MSC
paracrine activity and therapeutic potential. Acta Biomaterialia.

2023; 168: 144–158. https://doi.org/10.1016/j.actbio.2023.06.041.
[331] Zheng Y, Deng J, Wang G, Zhang X,Wang L, Ma X, et al. P53 neg-

atively regulates the osteogenic differentiation in jaw bone marrow
MSCs derived from diabetic osteoporosis. Heliyon. 2023; 9: e15188.
https://doi.org/10.1016/j.heliyon.2023.e15188.

[332] Qi L, Wang J, Yan J, Jiang W, Ge W, Fang X, et al. Engi-
neered extracellular vesicles with sequential cell recruitment and
osteogenic functions to effectively promote senescent bone repair.
Journal of Nanobiotechnology. 2025; 23: 107. https://doi.org/10.
1186/s12951-025-03168-6.

[333] Huang D, Peng Y, Ma K, Qing X, Deng X, Li Z, et al. Puerarin Re-
lieved Compression-InducedApoptosis andMitochondrial Dysfunc-
tion in Human Nucleus Pulposus Mesenchymal Stem Cells via the
PI3K/Akt Pathway. Stem Cells International. 2020; 2020: 7126914.
https://doi.org/10.1155/2020/7126914.

[334] Liu X, Ye Y, Li Z, Liao L, Wei Q. Mechanical rejuvenation
of senescent stem cells and aged bone via chromatin remodeling.
Nature Communications. 2026; 17: 1684. https://doi.org/10.1038/
s41467-026-68387-3.

[335] Costela-Ruiz VJ, Melguizo-Rodríguez L, Bellotti C, Illescas-
Montes R, Stanco D, Arciola CR, et al. Different Sources of Mes-
enchymal Stem Cells for Tissue Regeneration: A Guide to Identify-
ing the Most Favorable One in Orthopedics and Dentistry Applica-
tions. International Journal of Molecular Sciences. 2022; 23: 6356.
https://doi.org/10.3390/ijms23116356.

[336] Wang ZG, He ZY, Liang S, Yang Q, Cheng P, Chen AM. Compre-
hensive proteomic analysis of exosomes derived from human bone
marrow, adipose tissue, and umbilical cord mesenchymal stem cells.
Stem Cell Research & Therapy. 2020; 11: 511. https://doi.org/10.
1186/s13287-020-02032-8.

[337] Patel JC, Shukla M, Shukla M. From bench to bedside: translat-
ing mesenchymal stem cell therapies through preclinical and clinical
evidence. Frontiers in Bioengineering and Biotechnology. 2025; 13:
1639439. https://doi.org/10.3389/fbioe.2025.1639439.

[338] Carp DM, Liang Y. Universal or Personalized Mesenchymal Stem
Cell Therapies: Impact of Age, Sex, and Biological Source. Cells.
2022; 11: 2077. https://doi.org/10.3390/cells11132077.

[339] Green M, Chakravarthy K. Artificial intelligence-enhanced pain
management: the NXTSTIM EcoAI platform. Pain Manage-
ment. 2025; 15: 467–475. https://doi.org/10.1080/17581869.2025.
2527575.

[340] Green M, Cabble A, Bailey M, Kappell ML, Billet B, Kim CW,
et al. Real-World Effectiveness of a Novel AI-Software Depen-
dent Neuromodulation (ASDN) with Remote Monitoring Capability
Field Stimulation Device for Chronic Pain: A 24-Month Analysis of
Over 2000 Patients. Journal of Pain Research. 2025; 18: 4337–4348.
https://doi.org/10.2147/jpr.S544476.

Editor’s note: The Scientific Editors responsible for
this paper were Chris Evans and Martin Stoddart.

Received: 5th February 2025; Accepted: 27th April
2026; Published: 29th May 2026

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a02
https://doi.org/10.1007/s12015-024-10695-6
https://doi.org/10.1007/s12015-024-10695-6
https://doi.org/10.3390/cells12172151
https://doi.org/10.3390/cells12172151
https://doi.org/10.3389/fbioe.2022.841778
https://doi.org/10.1155/2020/4542302
https://doi.org/10.1155/2020/4542302
https://doi.org/10.1007/s00784-019-03020-w
https://doi.org/10.1007/s00784-019-03020-w
https://doi.org/10.1007/s11282-024-00798-8
https://doi.org/10.1007/s11282-024-00798-8
https://doi.org/10.3390/cells14020135
https://doi.org/10.3390/cells14020135
https://doi.org/10.1016/j.identj.2024.12.024
https://doi.org/10.3389/fbioe.2025.1494352
https://doi.org/10.3389/fbioe.2025.1494352
https://doi.org/10.1111/cpr.13630
https://doi.org/10.1016/j.reth.2025.07.006
https://doi.org/10.1016/j.actbio.2023.06.041
https://doi.org/10.1016/j.heliyon.2023.e15188
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1186/s12951-025-03168-6
https://doi.org/10.1155/2020/7126914
https://doi.org/10.1038/s41467-026-68387-3
https://doi.org/10.1038/s41467-026-68387-3
https://doi.org/10.3390/ijms23116356
https://doi.org/10.1186/s13287-020-02032-8
https://doi.org/10.1186/s13287-020-02032-8
https://doi.org/10.3389/fbioe.2025.1639439
https://doi.org/10.3390/cells11132077
https://doi.org/10.1080/17581869.2025.2527575
https://doi.org/10.1080/17581869.2025.2527575
https://doi.org/10.2147/jpr.S544476

	Introduction
	Core Mechanisms of Physical Interventions Affecting MSC Osteogenic Differentiation
	The ``Perception-Transduction-Response'' Cascade of Mechanical Signals
	Integration and Crosstalk of Core Signaling Pathways
	YAP/TAZ Pathway
	TGF-/BMP Pathway
	Wnt/-catenin Pathway
	Crosstalk Regulatory Network

	Subcellular Organelle Responses and Metabolic Reprogramming
	Endoplasmic Reticulum Homeostasis and Proteome Remodeling
	Mitochondrial Dynamics and Energy Metabolic Adaptation

	Epigenetics and Paracrine Effects
	Mechanically Driven Epigenetic Reprogramming
	Paracrine-Mediated Microenvironmental Synergy and Transcellular Communication


	Key Physical Intervention Strategies and Their Parameter Optimization
	External Mechanical Stimulus
	Tension Strain
	Hydrostatic Pressure (HP)
	FSS

	Physical Properties of Matrix
	ECM Stiffness
	Extracellular Fluid Viscosity
	Surface Morphology and Topographic Structure

	Other Physical Microenvironmental Factors
	Electromagnetic Fields (EMFs)
	Low-Intensity Pulsed Ultrasound (LIPUS)
	Photobiomodulation (PBM) Therapy
	Hypoxia Microenvironment


	Synergistic Strategies, Clinical Translation, and Future Directions
	Multi-Signal Synergistic Enhancement Strategies
	Intelligent and Dynamic Biomaterial Systems
	Organ-on-a-chip and Bone Disease Modeling
	Large Animal Models and Preclinical Studies
	Clinical Translation Challenges and Personalized Therapy

	Conclusions
	List of Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgments
	Funding
	Conflict of Interest

