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Abstract
Exosomes derived from bone mesenchymal stem cells (BMSCs) show promising potential for treating bone defects. However, 
their clinical application is hindered by low yield and insufficient repair ability. Three-dimensional (3D) mechanical stimula‐
tion has been a well-known method for enhancing exosome secretion; however, the traditional stimulation process is always 
achieved by controlling the displacement of manipulators, which may induce uneven loading distribution and degradation of 
stimulation strength. Here, we propose a micro-stretching manipulator that automatically controls the stretching force applied 
to gelatin methacryloyl (GelMA)/hyaluronic acid methacryloyl (HAMA) hybrid hydrogel sheets containing BMSCs within 
an incubator. To ensure the structural stability of the sheets after long-term stretching, the mixing ratio between GelMA and 
HAMA was optimized according to the mechanical property response of the sheets to cyclical loading. Subsequently, force-
controlled mechanical loading was applied to the BMSC-laden sheets to produce exosomes. Compared with displacement 
control, force-controlled loading provides a more stable force stimulation, thereby enhancing exosome secretion. Further‐
more, continuously stimulated exosomes exhibited a stronger capacity for promoting osteogenic differentiation of BMSCs 
and facilitating the repair of bone defects in a rat model. These findings suggest that force-controlled loading of cell-laden 
hydrogels offers a novel approach for the production of BMSC-derived exosomes and their application in bone repair.
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1　Introduction

Large bone defects that result from trauma, infection, tumors, 
and other etiologies pose a prevalent and challenging clini‐
cal issue [1, 2]. The traditional method of using autogenous 
bone grafts for filling has several limitations, such as lim‐
ited bone volume and complications at the donor site [3]. 
Although artificial bone repair materials are an important re‐
source for repairing bone defects, they lack biological activ‐
ity and osteoinductivity [4, 5]. Bone mesenchymal stem cells 
(BMSCs) have become important seed cells in the field of 
tissue engineering because of their capability for self-renewal, 
multidifferentiation, and paracrine activity [6]. In a study of 
the application of BMSCs in tissue engineering, several limi‐
tations were identified, including low survival rates after 
transplantation, tumorigenicity, and immunogenicity [7]. 
Recent studies have revealed that BMSC-derived exosomes 
(BMSC-exos) perform most of the functions of BMSCs. 
Furthermore, they exhibit no immunogenicity or risk of 
tumor formation and offer the advantages of targeting, ease 
of use, and processability. Furthermore, BMSC-exos play a 
crucial role in treating bone-related diseases by maintaining 
bone metabolism homeostasis, modulating bone innervation, 
regulating immunity, and promoting vascularization [8, 9]. 
Low yield presents a significant obstacle to the engineering 
application of exosomes [10, 11]. Studies have indicated that 
exosome production can be enhanced by appropriate physi‐
cochemical stimuli [11]. Given the challenges in ensuring 
the biological safety of various biochemical stimuli, there 
has been a growing focus on physical stimulation programs. 

Wang et al. [12] found that the secretion of exosomes from 
periodontal ligament cells increased 30 times under cyclic 
stretching conditions compared with that under static cul‐
ture conditions. Mechanical stimulation plays an important 
role in the proliferation, differentiation, and paracrine of 
BMSCs. Therefore, achieving higher BMSC-exos produc‐
tion is theoretically possible with appropriate mechanical 
stimulation. Meanwhile, the insufficient repair ability poses 
another challenge for the clinical application of exosomes [8]. 
Mullen et al. [13] found that mechanical stretch stimulation 
can enhance the ability of exosomes to promote cell prolif‐
eration and myogenic differentiation by changing the com‐
position of miRNAs contained in exosomes. Xiao et al. [14] 
found that BMSC-exos, following cyclic stretch treatment, 
can inhibit osteoclast generation by attenuating the activity 
of the NF-κB signaling pathway. Furthermore, mechanical 
stimulation-induced BMSC-exos exhibited superior ability in 
inhibiting osteoporosis. Therefore, increasing the production 
and enhancing the function of exosomes through mechani‐
cal stimulation help realize the clinical application of exo‐
somes; however, there is still a lack of effective methods for 
achieving this goal.

Current research on the effects of mechanical stimulation 
on mesenchymal stem cell (MSC) differentiation and para‐
crine activity primarily focuses on two-dimensional (2D) 
culture environments [13, 15]; however, some studies have 
demonstrated that the responses of cells to various stimuli 
in a three-dimensional (3D) culture environment, which is 
more similar to the physiological state, are inconsistent with 
or even contrary to those in 2D culture [16–19]. Therefore, 
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investigating the effect of mechanical stimulation on the 
secretion and function of BMSC-exos in a 3D culture environ‐
ment is necessary. Recently, a novel magnetically stretched 
cell-laden collagen hydrogel was developed to show the 
enhanced osteogenic activity of MSC-derived exosomes in 
the 3D space [20]. However, traditional mechanical loading 
methods for 3D-cultured cells are mostly based on elastic 
membrane platforms [21, 22]. The expansion of the mem‐
brane allows for the straining of cell-laden hydrogels installed 
on the membrane; however, the resulting mechanical load‐
ing varies depending on the location of the cells encapsu‐
lated in the hydrogel [22]. In contrast, a stretching apparatus 
can use mechanical grippers to stretch cell-laden hydrogels 
for mechanical loading. A uniform tensile force can then be 
applied along the stretched direction of the hydrogel [23]. 
Most current 3D mechanical loading methods are based on 
hydrogel deformation, with the degree of deformation being 
controlled by the displacement of the membrane and grip‐
pers [21, 22, 24]. However, the mechanical properties of hy‐
drogels can gradually weaken under displacement-controlled 
loading modes. Consequently, the mechanical force applied on 
cells due to hydrogel deformation may be attenuated accord‐
ingly. The maintenance of sustained force stimulation during 
long-term dynamic culture remains challenging, potentially 
hindering the consistent attainment of a high yield of func‐
tionally enhanced exosomes. Therefore, adopting a mechani‐
cal loading model based on force control is necessary to fur‐
ther explore the effect of unattenuated force stimulation on 
the production and osteoinductive ability of BMSC-exos.

In this study, we developed a force-controlled mechanical 
loading method to facilitate the production of BMSC-exos 
under long-term and constant force stimulation in the 3D 
space. The schematic of the entire method is shown in Fig. 1. 
BMSCs were encapsulated into a gelatin methacryloyl 
(GelMA)/hyaluronic acid methacryloyl (HAMA) hybrid sheet 
for 3D culture. A force-controlled loading instrument was 
developed to dynamically stretch the sheet in an incubator 
environment. The optimal GelMA/HAMA ratio was deter‐
mined based on the response of the sheet’s mechanical prop‐
erties to dynamic stretching. Subsequently, force-controlled 
mechanical loading was applied to the BMSC-laden sheet 
for a 7-d cell culture period. Based on this culture method, 
we investigated the impact of constant force stimulation on 
the amount of exosome secretion and its contribution to os‐
teogenesis. The subsequent application in repairing rat bone 
defects further demonstrated that the combination of opti‐
mized 3D culture sheets and force-controlled stimulation 
can provide an effective method for the application of 
BMSC-exos in the field of bone regeneration.

2　Methods

2.1　Cell culture and characterization of 
BMSCs

Sprague–Dawley rat BMSCs were obtained from OriCell 
Biosciences Co., Ltd (Guangzhou, China). The expression of 
BMSC surface markers, including CD34 (Invitrogen Biotech 

Fig. 1  Schematic of long-term force-controlled 3D mechanical stimulation to produce exosomes derived from BMSCs for repairing bone defects. 
UV: ultraviolet

444



Bio-Design and Manufacturing (2025) 8:442–460

Co., Ltd., California, USA), CD45 (BioLegend Biotech 
Co., Ltd., California, USA), CD90 (BioLegend Biotech Co. 
Ltd.), and CD105 (Invitrogen Biotech Co., Ltd.), was ana‐
lyzed using flow cytometry and FlowJo 10.0. According 
to the manufacturer’s instructions, BMSCs were cultured 
in osteogenic, adipogenic, and chondrogenic induction 
media (OriCellBio RAXMX-90021, RAXMX-90031, and 
RAXMX-90041, respectively) and stained with alizarin red 
(OriCellBio, ALIR-10001), oil red O, and alcian blue, re‐
spectively, to assess their differentiation ability.

2.2　3D culture of BMSCs

For the 3D culture, we used GelMA (EFL-GM-30) and 
HAMA (EFL-HAMA-150K) provided by Yongqinquan 
Intelligent Equipment Co., Ltd. (Suzhou, China). The com‐
posite hydrogel was prepared using the following concentra‐
tions: 5% (50 mg/mL) GelMA (G5 group), 5% GelMA+
0.1% (1 mg/mL) HAMA (G5H01 group), 5% GelMA+0.3% 
(3 mg/mL) HAMA (G5H03 group), and 5% GelMA+0.5% 
(5 mg/mL) HAMA (G5H05 group). The composite hydrogel 
was then dissolved by immersion in phosphate-buffered 
saline (PBS) containing the photo-initiator lithium phenyl-2, 4, 
6-trimethylbenzoylphosphinate (LAP) (0.25% (2.5 mg/mL)), 
accompanied by shaking. After filtering the composite hy‐
drogel through a 0.22-µm filter, BMSCs were resuspended in 
the hydrogel at a cell density of approximately 1.0×106 mL−1.

The 3D culture of BMSCs was performed using a hydro‐
gel sheet. To fabricate hydrogel sheets compatible with our 
loading device, we used a template casting technique. This 
process began with the creation of an acrylic template fea‐
turing a concave structure, which was achieved via com‐
puter numerical control (CNC) machining. Subsequently, a 
polydimethylsiloxane (PDMS) mixture was poured into this 
template at a 1:10 ratio. Following a heating period of 4 h at 
60 °C, the PDMS mold was successfully formed. We then 
injected 140 µL of cell-laden hydrogel into this mold and 
cured it using ultraviolet light. Because of the hydrophobic 
nature of PDMS, the hydrogel sheet could be easily removed 
from the template for further procedures. The cell-laden 
hydrogel sheet was then placed in a dish, and the complete 
medium was added before incubating it in an incubator.

2.3　Mechanical loading instrument

The mechanical loading instrument employed a two-probe 
configuration for stretching hydrogels, as shown in Fig. S1 
(supplementary information). One of the probes, mounted 
on a linear actuator with a repeatability of ±0.2 μm, was the 
moving probe and was made of quartz (outer diameter: 1 
mm; inner diameter: 0.6 mm). The other probe, mounted on 
a stepper motor (Newport, California, USA) with a mini‐
mum incremental movement of 0.2 μm, was the sensing 

probe and was also made of quartz (outer diameter: 0.7 mm; 
inner diameter: 0.5 mm). The deflection of the probe was cap‐
tured using a digital camera (Supereyes, Shenzhen, China) 
operating at a frame rate of 15 Hz. Subsequently, using Py‐
thon script (version 3.8), the deformation-related stretching 
force Fs was calculated and controlled through an in-house 
developed program. To ensure stability in culture condi‐
tions during stimulation, the probes and hydrogel were en‐
closed within a transparent operating chamber fabricated us‐
ing 3D printing technology while being placed inside an in‐
cubator (Benchmark, Arizona, USA). Details of the experi‐
mental procedures are presented in the supplementary infor‐
mation (Sections S1.1 and S1.2).

2.4　Mechanical stimulation loading protocol

The hydrogel sheets, with or without BMSCs, were precul‐
tured for 24 h before being subjected to stretching mechani‐
cal stimulation. The loading parameters for displacement 
control loading (MD group) were set to maintain a displace‐
ment control at 10% strain and a frequency of 1 Hz. In the 
force control group (MF group), force control was applied 
at the predicted Fs intensity (10% strain) with a frequency of 
1 Hz. The static culture (M0 group) was used as the control 
group. All cultures, whether static or mechanically loaded, 
were placed in an incubator for cultivation and collected for 
analysis at the appropriate time points.

2.5　Cell counting kit (CCK)-8 assay and live/
dead viability assay

A CCK-8 kit (Dojindo Biotech Co., Ltd., Nagasaki City, 
Japan) was used to evaluate cell proliferation within various 
composite hydrogels. On Days 1, 4, and 7 of cell culture, 
the original medium was replaced with a complete medium 
containing 10% CCK-8. Following a 2-h incubation in dark‐
ness, the medium was transferred to a 96-well plate. Absor‐
bance at 450 nm was measured using an enzyme labeler. 
Each experimental condition was replicated across five 
wells, and the entire experiment was performed five times 
to ensure reliability.

The viability of BMSCs in different composite hydrogels 
was assessed using a live/dead staining kit (Abbkine Bio‐
tech Co., Ltd., Wuhan, China). After 7 d of culture, the 
hydrogels containing cells were washed three times with 
PBS. Subsequently, LiveDye/NucleiDye reagent, as recom‐
mended in the instructions, was added to each well. Follow‐
ing a 30-min incubation, the culture plates were washed 
again and examined under a fluorescence microscope (Nikon, 
Tokyo, Japan).

To further investigate the impact of mechanical stimula‐
tion on the proliferation and viability of 3D-cultured BMSCs, 
we exposed the cells to various mechanical stimuli. On 
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Days 1, 4, and 7 of mechanical loading, the cell-laden 
hydrogel sheets of the M0, MD, and MF groups were trans‐
ferred to a 48-well plate, and CCK8 assay and live/dead 
staining experiments were performed following the afore‐
mentioned steps.

2.6　Cytoskeleton staining

To investigate the impact of mechanical stimulation on the 
morphology of BMSCs, fluorescein isothiocyanate (FITC)-
labeled phalloidin (Solarbio Biotech Co., Ltd., Beijing, China) 
and 4′,6-diamidino-2-phenylindole (DAPI) (Solarbio Bio‐
tech Co., Ltd.) staining solution were used for cytoskeletal 
and nuclear staining, respectively. On Day 7 of cell culture, 
the medium in the wells was aspirated and washed three 
times with PBS. Fixation was then performed using 4% 
paraformaldehyde for 30 min at room temperature, fol‐
lowed by permeabilization using 0.5% Triton X-100 (Solar‐
bio Biotech Co., Ltd.) for 15 min. The cytoskeleton was 
then stained with FITC-labeled phalloidin at the recom‐
mended concentration and incubated for 12 h at 4 °C in the 
dark before being rinsed twice with PBS. Nuclei were 
stained with DAPI solution for 10 min, followed by another 
wash with PBS before observation under a laser confocal 
microscope (Nikon).

2.7　RNA-sequencing analysis

To further investigate the effect of mechanical stimulation 
on BMSCs, mRNA sequencing analysis was performed in 
cells from the M0 and MF groups. Total RNA was extracted 
from the samples using TRIzol reagent (Tiangen Biotech 
Co., Ltd., Beijing, China). The RNA was then assessed and 
quantified. Subsequently, RNA libraries were developed 
and sequenced by a commercial sequencing company using 
Illumina NovaSeqTM 6000. Sequencing data were filtered 
using Fastp (v0.14.0). The clean reads were then aligned to 
the reference genome and mapped with the reference coding 
gene set using HISAT2 (v2.2.0). Subsequently, StringTie 
(v2.2.1) was used to calculate gene expression levels. Dif‐
ferential expression analysis was performed using Limma 
(v3.32.10), with the criteria for selecting differentially ex‐
pressed genes (DEGs) being |log2FC|≥1 and p-value≤0.05. 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analyses of DEGs were 
performed using the R package clusterProfiler. Each group 
comprised three biological replicates.

2.8　Extraction, identification, and 
concentration analysis of exosomes

After 7 d of mechanical stimulation, the medium was re‐
placed with an exosome-depleted medium, and the culture 
was continued for an additional 48 h. The supernatant was 

collected, and cellular debris was removed via centrifuga‐
tion at 300g for 10 min, followed by centrifugation at 2000g 
for 20 min. Subsequently, the supernatant was centrifuged at 
10 000g for 30 min and then filtered using a filter with a pore 
size of 0.22 μm, followed by ultracentrifugation at 100 000g 
for 70 min. Finally, the supernatant was washed with large 
volumes of PBS and subjected to another round of centrifu‐
gation at 100 000g for an additional period of 70 min. All 
procedures were performed at 4 °C. The prepared exosomes 
were resuspended in PBS and stored at −80 °C.

The morphology of the exosomes was observed using a 
transmission electron microscope (Hitachi, Tokyo, Japan). 
Western blotting was performed to identify exosome-specific 
surface markers (i.e., CD9, CD81, TSG101, and Calnexin). 
Exosomes were lysed using a radio immunoprecipitation 
assay (RIPA) (Solarbio Biotech Co., Ltd.). Protein samples 
were normalized and denatured at 95 °C with sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) load‐
ing buffer (Beyotime Biotech Co., Ltd., Shanghai, China) 
for 5 min. Subsequently, the proteins were separated using 
a 4% – 20% Bis-Tris SDS-PAGE gel and transferred onto 
polyvinylidene fluoride membranes (Bio-Rad, California, 
USA). The membranes were blocked with EveryBlot Block‐
ing Buffer (Bio-Rad) for 10 min at room temperature and 
then incubated with primary antibodies overnight. The mem‐
branes were then washed three times with Tris-buffered 
saline Tween (TBST) for 10 min each and incubated with 
the corresponding secondary antibodies. After another three 
washes with TBST for 10 min each, Clarity Western ECL 
Substrate was applied, and images were captured using a G:
BOX Chemi XX6 gel doc system (Syngene, Cambridge, UK). 
Finally, the images were further processed using ImageJ 
(version 1.8.0). The size and concentration of BMSC-exos 
were measured using nanoparticle tracking analysis (NTA) 
software using a NanoSight NS500 instrument (Malvern 
Instruments, Malvern, UK). To account for variations in the 
number of cells between different groups, the total number of 
BMSC-exos was normalized by dividing it by the number 
of BMSCs to calculate the average number of exosomes 
secreted per BMSC [25].

2.9　Cellular uptake of exosomes

BMSCs were seeded into eight-well chamber slides at a den‐
sity of 1.5×104 cells/well and cultured overnight in an incu‐
bator. BMSC-exos collected from the M0, MD, and MF 
groups were labeled using an exosome membrane labeling kit 
(Dojindo Biotech Co., Ltd.) following the manufacturer’s 
instructions. The labeled BMSC-exos were then resuspended 
in an exosome-free complete medium to a concentration of 
1.5×108 particles/mL. Subsequently, 300 μL of the medium 
containing labeled exosomes was added to each well and incu‐
bated in the dark for 12 h. After washing three times with 
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PBS, the cells were fixed, permeabilized, and stained with 
FITC-labeled phalloidin for the cytoskeleton and DAPI for 
the nucleus. The stained cells were observed under a confo‐
cal laser microscope (Nikon).

2.10　Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) analysis

BMSCs were cultured in a 3D environment using the exosome-
free complete medium. The control group received the addi‐
tion of 10% PBS, whereas the M0, MD, and MF groups re‐
ceived the addition of 10% BMSC-exos (1×109 particles/mL) 
extracted from their respective groups (M0, MD, and MF). 
The positive control group, named as the CI group, was 
chemically induced with osteogenic induction medium. The 
expression of osteoblast-related genes in BMSCs from the 
control, M0, MD, MF, and CI groups was evaluated using 
qRT-PCR. On Days 7 and 14 of culture, cell-laden hydrogel 
sheets from the various treatment groups were harvested. 
The hydrogels were lysed using lysates (Yongqinquan Intel‐
ligent Equipment Co., Ltd.) according to the provided in‐
structions. Total RNA was extracted from BMSCs follow‐
ing the guidelines for the TRIzol reagent. Reverse transcrip‐
tion to cDNA was performed using the HiScript III 1st Strand 
cDNA Synthesis Kit (Nuoweizan Biotech Co., Ltd., Nanjing, 
China) with gDNA Eraser, strictly adhering to the kit’s pro‐
tocol. qRT-PCR was performed on a real-time PCR system 
(Applied Biosystems, California, USA) using Universal 
SYBR Green Supermix (CoWin Biotech Co., Ltd., Boston, 
USA). The primers used are listed in Table S1 (supplemen‐
tary information), with Glyceraldehyde-3-phosphate dehy‐
drogenase (GAPDH) serving as the normalization control. 
Each sample was tested in triplicate, and the experiment 
was replicated three times. Data were analyzed using the 
2−ΔΔCT method.

2.11　Alkaline phosphatase (ALP) and alizarin 
red staining

ALP staining and alizarin red staining were used to detect 
the ability of BMSC-exos to promote osteogenic differentia‐
tion of BMSCs in the 3D space. According to different treat‐
ment methods, the samples were divided into the control, M0, 
MD, MF, and CI groups. On Day 7 of culture, cell-laden hy‐
drogel sheets were washed with PBS and fixed with 4% para‐
formaldehyde at room temperature for 20 min. After wash‐
ing again, the 5-bromo-4-chloro-3-indolyl-phosphate/nitro 
blue tetrazolium (BCIP/NBT) kit (Beyotime Biotech Co., 
Ltd.) was applied for ALP staining. After incubation for 2 h 
at room temperature in the dark, the cells were washed 
again and observed using a stereomicroscope (Nikon). On 
Day 14 of culture, the cells were washed and fixed accord‐
ing to the aforementioned steps. The cells were then stained 

with alizarin red, incubated at room temperature for 5 min, 
washed again, and observed using a stereomicroscope. 
ImageJ was used to calculate the area of the positive region.

2.12　Animal experiments

A rat calvarial defect model was used to assess the osteo‐
genic potential of BMSC-exos under various treatment con‐
ditions in vivo. Twenty male Sprague‒Dawley rats (350 –
400 g, aged 10–12 weeks) were obtained from SPF Biotech‐
nology Co., Ltd. (Beijing, China). The animals were housed 
in the animal laboratory of the PLA General Hospital under 
a 12-h dark/light cycle with ad libitum access to food and 
water. According to the different treatments, the animals were 
divided into four groups: the Defect group (bone defect area 
left empty without implantation), M0 group, MD group, and 
MF group (bone defect area was implanted with a hydrogel 
containing BMSC-exos from the M0, MD, and MF groups, 
respectively). Isoflurane inhalation anesthesia was used. 
After successful anesthesia, the hair from the eye to the 
back end of the skull was shaved, the area was disinfected 
with sterile towels and 75% alcohol, and a 2-cm longitudi‐
nal incision was made along the midline of the skull. The 
skin, subcutaneous tissue, and fascia were cut one by one to 
expose the skull. A dental trephine was used to carefully 
drill two full-thickness bone defects approximately 5 mm in 
diameter into the parietal bone on both sides of the midline 
of the skull. According to a literature report, the degradation 
time of GelMA-60 (EFL-GM-60) at a concentration of 10% 
(0.1 g/mL) in vivo is approximately one month [26]. In this 
study, GelMA-60 was used as a carrier to sustain the activ‐
ity of BMSC-exos in the bone defect area. To assess the 
variance in the bone repair capability of BMSC-exos ob‐
tained through different pretreatments, 20 µL of hydrogels 
containing BMSC-exos with various pretreatments (1.0×108 
particles/mL) was injected into the bone defect area. Subse‐
quently, the hydrogel was photocrosslinked and cured. The 
incisions were sutured layer by layer. After awakening from 
anesthesia, the rats were transferred to a clean cage for inde‐
pendent feeding and provided free access to food and water. 
Finally, 100 000 U of penicillin sodium was injected intra‐
muscularly for three consecutive days after surgery to pre‐
vent infection.

2.13　Micro-computed tomography (CT)

On the eighth postoperative week, the rats were anesthetized 
with isoflurane inhalation and euthanized. Subsequently, the 
skulls were dissected and fixed in 4% paraformaldehyde. 
The skull specimens were scanned using a micro-CT system 
(Bruker, Karlsruhe, Germany) with a scanning voltage of 
70 kV, current of 200 µA, resolution of 6.5 μm, and expo‐
sure time of 350 ms. The original images were reconstructed 
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using NRecon (Bruker) for 3D visualization. CTAnalyzer 
(Bruker) was used to analyze the region of interest. Param‐
eters such as total volume (TV), bone volume (BV), volume 
ratio (BV/TV), trabecular number, trabecular thickness, and 
structure model index were calculated using the software.

2.14　Histological staining

After conducting micro-CT analysis, the skull specimens 
from each group were decalcified in a 10% ethylenediami‐
netetraacetic acid solution, embedded in paraffin, and sec‐
tioned at 5 μm. The sections underwent hematoxylin–eosin 
(HE) and Masson staining and were observed using optical 
microscopy (Leica, Aperio GT450).

2.15　Statistical analysis

GraphPad Prism 9.0 (California, USA) was used for data 
plotting and statistical analyses. All values are presented as 

mean±standard deviation. One-way analysis of variance 
was performed to compare multiple groups, followed by 
Tukey’s post hoc test to compare between different groups. 
An unpaired two-tailed Student’s t-test was performed to 
compare two groups, with a significance level of p<0.05.

3　Results

3.1　Stretching culture instrument for 
force-controlled strain application on sheets

The implementation of mechanical loading on the sheets was 
facilitated using a stretching culture instrument with the 
capacity of real-time stretching force control. As illustrated 
in Figs. 2a and 2b, the instrument comprised a two-probe 
actuator and a microscope camera, both of which could 
run steadily in an incubator environment (37 °C, 5% CO2). 
The two-probe actuator comprised a sensing probe and an 

Fig. 2  Force-controlled mechanical loading system. (a) Schematic of the stretching culture instrument with the capacity of real-time stretching 
force control. (b) Physical picture of the instrument in an incubator. (c) Rectangular GelMA/HAMA hydrogel sheets for 3D BMSC culture
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actuating probe, which were horizontally positioned above 
the culture medium surface of the Petri dish. Two microposts 
installed on the front ends of the two probes were inserted 
into the two mounting holes, respectively, in the sheet. 
When the actuating probe moved away from the sensing 
probe, the sheet was stretched along its long axis. Stretching 
force Fs was uniformly delivered from the end of the sheet 
fixed at the actuating probe to the other end fixed at the 
sensing probe. The sensing probe then generated a flexing 
deformation x that could be recorded by the camera mounted 
above the probe to calculate Fs. To achieve control of Fs 
during stretching, the system computed the deviation e be‐
tween the measured Fs and the expected force Fcmd in real 
time and fed it into the proportional-integral-derivative 
(PID) controller. The output value from the PID controller 
was then transmitted from the personal computer (PC) to 
the motor controller to regulate the moving distance Lm of 
the actuating probe. Such a control method allowed the Fs 
to constantly match the Fcmd in long-term cell culture. Fur‐
thermore, the cyclical stretching process in an incubator is 
shown in Video S1 (supplementary information).

We used 5% GelMA and 5% GelMA mixed with 0.1%, 
0.3%, and 0.5% HAMA to form four groups (G5, G5H01, 
G5H03, and G5H05, respectively) for the fabrication of 
rectangular hydrogel sheets. The experimental results revealed 
that the four groups of sheets could be easily fabricated 
using the traditional PDMS template method (Fig. S2 in the 
supplementary information). The morphology of the result‐
ing sheets is shown in Fig. 2c; two mounting holes at both 
ends of the sheets were created for subsequent mechanical 
loading. The BMSCs used in this study had trilineage differen‐
tiation ability and expressed MSC surface markers (Fig. S3 
in the supplementary information). Furthermore, BMSCs were 
embedded in the four sheets at a density of 1.0×106 cells/mL, 
forming a 3D culture environment. Seven-day static cell cul‐
ture experiments were performed, and the CCK-8 results 
(Fig. S4 in the supplementary information) showed that the 
G5 group exhibited the most rapid cell proliferation among 
all groups. Furthermore, a noticeable decrease in the cell 
proliferation rate was observed with increasing concentra‐
tions of HAMA. Live/dead staining results (Fig. 2c) revealed 
that the cell viability in all groups exceeded 95%, suggesting 
that the resulting sheets did not exhibit pronounced cytotoxic‐
ity. Furthermore, to apply mechanical stimulation to BMSCs 
encapsulated in the sheets, the sheets were cyclically strained 
along their long axis using two stretching methods. The first 
method was displacement-controlled strain during each load‐
ing cycle, in which the stretched distance of the sheets was 
kept constant, regardless of the change in the internal stress 
σ in the sheets. The second method was force-controlled 
strain during each loading cycle, in which a constant stretch‐
ing force was maintained through the entire sheet without 
consideration of dimensional changes in the sheet.

3.2　Response of sheets to force-controlled 
strain application

We performed a simulation using COMSOL to evaluate the 
effect of these two loading methods on σ in the sheets when 
stretched to 10% amplitude, as depicted in Fig. 3a and 
Video S2 (supplementary information). The behavior of the 
sheets was modeled using a viscoelastic model. It is gener‐
ally observed that when the loading time t surpasses three 
times the time constant (3τ), the creep or stress relaxation of 
the viscoelastic material approaches a stable state. Accord‐
ingly, we simulated and analyzed the stress σ distribution 
from t=0 to t=3τ under force- and displacement-controlled 
loading. The simulation results showed that the maximum 
stress in the hydrogel sheet, regardless of the control 
method, occurred at the micropillar contact point, whereas the 
strain in the central region remained almost uniform. How‐
ever, the hydrogel sheet moved a greater distance (Δ) under 
force-controlled loading than under displacement-controlled 
loading. Further extracting σ inside the hydrogel sheet along 
the A–B line for comparison, it was observed that σ started 
to rise from point A and remained basically constant at the 
position 2 mm away from point A, after which σ started to 
fall from the position 2 mm away from point B until point B 
was close to 0. When the force was controlled, looking at 
the part marked by the dotted line in the middle part of the 
A – B line, σ remained almost constant from t= τ to t=3τ. 
However, without force control, σ decreased at first from t=
τ to t=2τ but remained unchanged from 2τ to 3τ, indicating 
that after stress relaxation, the hydrogel sheet tended to be 
stable. The simulation results revealed that compared with 
displacement-controlled loading, force-controlled loading 
could effectively prevent stress decay to provide more stable 
force stimulation during the entire cell culture process.

Furthermore, cell-free sheets in the four groups were cycli‐
cally strained using the proposed system, and the real-time 
changes in Fs and the sheet strain ε were recorded to analyze 
the response of the sheets to the two stretching methods. 
Before testing, we first determined the magnitude of Fs when 
the four sheets were statically stretched to produce 10% strain. 
Fs was then used as Fcmd for cyclic stretching at a fre‐
quency of 1 Hz. The Fcmd corresponding to the four sheets 
was about 0.5, 1.1, 5.7, and 10.3 mN, respectively. The 
displacement- and force-controlled loading methods were 
applied to the four sheets. Under force control, the mea‐
sured Fs of the four sheets basically fluctuated around Fcmd, 
as indicated by the blue curves in Fig. 3b. However, under 
displacement control, Fs gradually decreased in the initial 
phase (about 300 s) and then tended to stabilize at about 70% 
of the original Fs, as indicated by the red curves in Fig. 3b. 
The decay of Fs under displacement control showed that the 
viscoelastic hydrogel sheet underwent stress relaxation. The 
corresponding ε values of the four sheets under force control 
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are shown in Fig. 3c. The initial ε of the hydrogel sheets 
reached approximately 10% and then continuously increased 
with progressive dynamic stretching. Furthermore, the com‐
posite modulus E* in the different groups at 1 Hz can be cal‐
culated by σ and ε. The values of E* in the four groups were 
0.8, 2.0, 10.6, and 17.0 kPa, respectively. Compared with 
data reported in related studies [27], the measured moduli 
are largely consistent, indicating the accuracy of the mea‐
surement system.

When Fcmd was set as the original Fs under 20% and 30% 
amplitude strain, a similar sheet response was achieved in 

all four sheets. However, although an increase in the sheet 
creep distance was observed with increasing strain, no sig‐
nificant difference in the decay time of Fs was observed. 
After continuous mechanical stretching in the incubator for 
approximately 5 h, the morphology of the four sheets is shown 
in Fig. 3d. The sheet in G5 exhibited structural collapse due 
to the combined effect of swelling and low mechanical 
strength. When 0.1% HAMA was added, the morphology of 
the hydrogel remained nearly intact; however, an obvious 
tendency toward collapse was observed, indicating that the 
sheet in G5H01 had difficulty maintaining its structure for 

Fig. 3  Response of the sheet on mechanical loading. (a) Simulation for stress distribution throughout the sheet under two loading modes. (b) Time-
dependent changes in Fs under force control and displacement control for four sheets, respectively. (c) Time-dependent changes in strain under 
force control for the four sheets. (d) Sheet morphology after cyclically stretching in an incubator
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14 d of dynamic stretching during cell culture. When the 
HAMA concentration was increased to 0.3%, the sheet main‐
tained its original shape. In the cell-free state, the structure 
of the hydrogel sheet remained stable after force-controlled 
cyclical stretching for 24 h. However, when the HAMA 
concentration reached 0.5%, internal fracturing of the hydro‐
gel sheet occurred after continuous mechanical loading for 
approximately 2 h, and the original morphology could not 
be maintained. Therefore, here, we chose the sheet in the 
G5H03 group as the vehicle for long-term force-stimulated 
3D cell culture.

3.3　Response of BMSCs encapsulated in 
sheets to force-controlled strain application

BMSCs were encapsulated in the G5H03 hydrogel sheet. 
Force stimulation was then applied to the sheet using a stretch‐
ing culture instrument for a long period. The Fs-induced 
mechanical loading schematic is shown in Fig. 4a. The first 
day was devoid of mechanical stimulation to establish stable 
adhesion between BMSCs and the inner network of the 
sheet. Commencing on Day 2, Fs was applied at a frequency 
of 1 Hz for 20 min at a 3-h interval, which was maintained 
throughout the remainder of the 14-d culture period. The 
strain of the sheet was maintained at 10% amplitude for 
displacement control (MD), and Fcmd was set as Fs under 
the initial strain at 10% amplitude for force control (MF). 
Figure 4b shows the time-dependent change in Fs under the 
two loading methods. For MF, Fs remained stable over the 
14-d culture period. Conversely, for MD, a progressive de‐
crease in Fs due to the effect of stress relaxation was ob‐
served. Furthermore, the BMSC-free sheet was used as a 
control group to evaluate the effect of cell activity on force 
stimulation. The trend of change in Fs of the BMSC-free 
sheet was consistent with that of the BMSC-laden sheet; 
however, the diminution of Fs in the BMSC-free sheet was 
less severe than that in the BMSC-laden sheet. This discrep‐
ancy is likely because of the secretion of various enzymes by 
BMSCs, which greatly accelerate the degradation of GelMA; 
thus, the mechanical properties of the sheet become too weak 
to generate enough deformation to maintain Fs.

To further evaluate the growth of BMSCs in the sheets, 
we set up three groups responding to three stimulation con‐
ditions: static culture (M0), MD, and MF. Based on the 
CCK-8 method, the cell proliferation rate in the three groups 
was quantitatively analyzed, as shown in Fig. 4c. The M0 
group exhibited the lowest rate of cell proliferation, whereas 
increased cell proliferation was observed in the other two 
groups. In particular, BMSCs in the MF group exhibited 
more rapid proliferation than those in the MD group on 
Days 4 and 7. This result shows that the force-controlled 
loading method is a better strategy for cell growth than the 
displacement-controlled loading method. Subsequent live/dead 

staining experiments affirmed that cells maintained high 
viability, and the change in cell density during 7 d of cell 
culture further revealed that the measurement of the cell 
proliferation rate was accurate. The cytoskeletal staining 
revealed that the cells in the M0 group were sparsely distrib‐
uted within the hydrogel. In contrast, mechanical stimula‐
tion resulted in a more uniform dispersion of cells, with a 
dendritic morphological extension and evident cellular inter‐
actions. Notably, the MF group exhibited higher cell densi‐
ties than the MD group, and cellular growth exhibited a 
directional pattern, characterized by cytoskeletal extension 
aligning with the direction of mechanical stimulation (Fig. 4d). 
mRNA sequencing revealed a significant number of DEGs 
(Fig. S5a in the supplementary information), with 914 upregu‐
lated and 863 downregulated genes (Fig. S5b in the supple‐
mentary information). The clustering heat map of DEGs 
clearly demonstrates the distinct separation between the MF 
and M0 groups (Fig. S5c in the supplementary informa‐
tion), validating the reliability of the differential expression 
analysis results. GO enrichment analysis indicates that these 
DEGs are predominantly enriched in biological processes, 
such as extracellular matrix organization, extracellular struc‐
ture organization, external encapsulating structure organiza‐
tion, and cell-substrate adhesion (Fig. 4e). KEGG enrich‐
ment analysis suggests that DEGs are primarily involved in 
signaling pathways, including focal adhesion, MAPK sig‐
naling pathway, and PI3K-Akt signaling pathway (Fig. 4f).

3.4　Mechanical stimulation promoting the 
secretion and functionalization of BMSC-exos

The BMSC-exo production process in each group is shown 
in Fig. 5a. The results of transmission electron microscopy 
(TEM) exhibited that the three groups of exosomes showed 
typical dish structures, and no significant differences in mor‐
phology were observed (Fig. 5b). We identified the surface 
markers of the extracted exosomes by Western blotting. The 
exosome-specific markers CD81, CD9, and TSG101 were 
positively expressed in the three groups of BMSC-exos; 
however, Calnexin was not expressed (Fig. 5c). NTA results 
(Fig. 5d) showed that the particle sizes of the three groups 
of BMSC-exos were consistent with the distribution charac‐
teristics of exosomes. These results confirmed the successful 
extraction of BMSC-exos. We found that mechanical stimula‐
tion could significantly increase the secretion of BMSC-exos. 
The secretion of BMSC-exos in the MD and MF groups 
was significantly higher than that in the M0 group, and the 
secretion of BMSC-exos in the MF group was the highest, 
approximately 3.3 times that in the MD group and 8.5 times 
that in the M0 group (Fig. 5e). From the cellular uptake 
experiments, red-labeled exosomes were observed around the 
nucleus in all three groups, indicating that all three groups of 
BMSC-exos could be normally taken up by BMSCs (Fig. 5f). 

451



Bio-Design and Manufacturing (2025) 8:442–460

Fig. 4  Response of BMSCs encapsulated in the sheets to mechanical loading. (a) Mechanical loading strategy. (b) Time-dependent change in Fs 
under different loading modes. (c) Effects of three loading modes on the proliferation of the encapsulated BMSCs. Data are expressed as mean±
standard deviation (n=5; **p<0.01, ****p<0.0001). (d) Live/Dead staining of BMSCs in different mechanical loading groups (green: live cells; 
red: dead cells) at 1, 4, and 7 d and cytoskeleton staining (green: F-actin stained with FITC-phalloidin; blue: nucleus stained with DAPI) of BM‐
SCs in different mechanical loading groups on the seventh day of culture. (e) GO enrichment analysis of DEGs. (f) KEGG enrichment analysis 
of DEGs. OD: optical density
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In the MF group, a higher number of BMSC-exos accumulated 
around the nucleus, suggesting that BMSC-exos produced 
by continuous and stable mechanical stimulation were more 
likely to be taken up by BMSCs. Via fluorescence micros‐
copy, we also found that BMSC-exos could be evenly en‐
capsulated within the hydrogel (Fig. 5g).

To evaluate whether BMSC-exos induced by mechanical 
stimulation have a better ability to promote osteogenic 

differentiation, we performed 3D co-culture of BMSCs and 
BMSC-exos. qRT-PCR analysis was performed to measure 
the expression of osteogenic genes. By the 7th day of culti‐
vation, the expression levels of the osteogenic-related genes 
runt-related transcription factor 2 (RUNX2) (Fig. 6a), ALP 
(Fig. 6b), osteopontin (OPN) (Fig. 6c), and osteocalcin 
(OCN) (Fig. 6d) in the MF group were significantly higher 
than those in the M0 and MD groups. This trend remained 

Fig. 5  Extraction and identification of BMSC-exos. (a) Schematic of BMSC-exo production in different groups. (b) TEM images of BMSC-exos 
secreted in the M0, MD, and MF groups. (c) The surface markers CD81, CD9, TSG101, and Calnexin of BMSCs and BMSC-exos in the M0, 
MD, and MF groups were identified using Western blotting. (d) Representative size distribution of BMSC-exos in the M0, MD, and MF groups. 
(e) Number of BMSC-exos secreted by each cell in the M0, MD, and MF groups (data are expressed as mean±standard deviation, n=3; **P<
0.01, ****P<0.0001). (f) Fluorescence images of cell uptake of BMSC-exos from the M0, MD, and MF groups. (g) Fluorescence image of exo‐
somes uniformly distributed in the hydrogel
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on Day 14. At the two selected time points, the expression 
of osteogenic-related genes in the MF group was close to 
that in the CI group. These results suggest that the constant 
force stimulation applied in the MF group could promote 
the production of exosomes with stronger osteogenic capac‐
ity and has similar effects to chemical induction. Further‐
more, we observed that the expression of osteogenic genes 
in the MD group was higher than that in the M0 group. 
However, it was still lower in the MD group than in the MF 
group, indicating that displacement-controlled mechanical 
loading could enhance the osteogenic ability of BMSC-exos, 
but not to the same extent as force-controlled loading.

To further investigate the osteogenic induction ability of 
BMSC-exos induced by mechanical stimulation, we per‐
formed ALP and alizarin red staining assays. The statistical 
results of ALP staining (Fig. 6e) revealed that prominent 
ALP-positive areas were observed in the MF and CI groups 
on the 7th day of culture, with no significant difference in 

the extent of staining between these two groups. Conversely, 
the M0 group displayed scarcely any ALP-positive area. The 
ALP-positive area in the MD group was higher than that in 
the M0 group but lower than that in the MF and CI groups. 
Furthermore, the statistical results of alizarin red staining 
(Fig. 6f) revealed calcium nodule deposition in the MF and 
CI groups on Day 14, whereas no obvious calcium nodule 
staining was observed in the M0 group. Some areas of cal‐
cium nodule staining could be observed in the MD group, 
but less so than in the MF and CI groups. Representative 
images of ALP and alizarin red staining are shown in Figs. 6g 
and 6h, respectively.

3.5　Constant force stimulation-induced 
BMSC-exos showing strong osteoinductivity

The constructed 5-mm bone defect was a critical bone de‐
fect in rats, which would be unlikely to self-repair without 

Fig. 6  Osteogenic differentiation of BMSCs induced by BMSC-exos from different treatment groups. (a–d) Expression of osteogenesis-related genes 
in each group after 7 and 14 d of culture. Quantitative analysis of positive areas of ALP (e) and alizarin red (f) staining. ALP (g) and alizarin red  
(h) staining images of BMSCs. Data are expressed as mean±standard deviation (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ####p<
0.0001 compared with the MF and CI groups
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intervention. Therefore, such a rat model was used to verify 
the capacity of constant force stimulation-induced BMSC-
exos to repair the bone defect, as shown in Fig. 7a. Further‐
more, three other groups were included: the Defect group, 
M0 group, and MD group. Micro-CT results obtained at the 
eighth postoperative week revealed that the Defect group 
(Fig. 7b) showed a lower bone volume fraction (Fig. 7f), tra‐
becular thickness (Fig. 7g), and trabecular number (Fig. 7h), 
significantly lagging behind both the two stimulated BMSC 
groups. The M0 group (Fig. 7c) exhibited an improvement in 
bone repair indices compared with the Defect group, although 
the difference did not reach statistical significance. The bone 
repair indices in the MD group (Fig. 7d) were higher than 
those in the Defect and M0 groups, which may be related 
to the promotion of the osteogenic ability of BMSC-exos by 
mechanical stimulation. The MF group (Fig. 7e) outperformed 
all three groups in terms of bone repair indices, with statisti‐
cally significant differences. Furthermore, the structural 
index (Fig. 7i) in the sheet in the MF group was 1.34±0.13, 
closer to 1 than that in the other groups, suggesting that the 
newly formed bone tissue was more mature and closely 
resembled plate-like bone structure.

The osteoinductive capacity was further assessed using 
HE and Masson staining (Figs. 7j and 7k). The HE staining 
results indicated complete degradation of the hydrogel in all 
groups, with no residual hydrogel observed. Furthermore, no 
obvious inflammatory cells were observed, suggesting good 
biocompatibility of the hydrogel and BMSC-exos implant 
without inducing a significant rejection reaction. Masson 
staining results revealed few blue-stained areas representing 
new bone tissue in the Defect group, slightly more in the 
M0 group, a substantial amount in the MD group, and an 
abundance of new bone tissue and red-stained mature bone 
tissue repairing the bone defect area in the MF group. These 
findings suggest that BMSC-exos exhibit stronger osteoin‐
ductive ability under mechanical stimulation, particularly 
under force-controlled loading.

4　Discussion

Exosomes are extracellular vesicles released by cells, con‐
taining various bioactive molecules [28, 29]. As important 
signaling molecules, exosomes constitute a novel cell–cell 
information transmission system and participate in various 
biological processes including cell communication, cell mi‐
gration, angiogenesis, and tumor cell regulation [30]. Most of 
the functions performed by BMSCs are mediated through 
BMSC-exos [10]. Furthermore, the use of exosomes cir‐
cumvents the tumorigenicity associated with stem cell pro‐
liferation disorders and offers advantages such as facile 
transportability and application, direct fusion with target cells 
to exert biological effects, and low immunogenicity [31]. 

Therefore, cell-free therapy based on exosomes has emerged 
as a research focus and has been applied to the treatment of 
various diseases, such as cancer [32], orthopedic diseases [33], 
chronic refractory wounds [34], and nerve injury [17]. How‐
ever, the engineering application of exosomes is confronted 
with the challenge of low yield and reduced biological activ‐
ity [10]. Various chemical, physical, and environmental fac‐
tors have been explored to enhance the production of exo‐
somes. Physical inducers have received increasing attention 
because of their advantages over chemical inducers, includ‐
ing higher biosafety and lack of dose dependence [35, 36]. 
Among them, mechanical signaling is an important pathway 
for cell–cell and cell–environment communication. There‐
fore, regulating the secretion of exosomes by mechanical 
stimulation becomes possible. Hao et al. [25] developed a 
novel and high-throughput microfluidic device to permeabi‐
lize the cell membrane by applying mechanical squeezing 
stimulation, which led to an approximately four-fold increase 
in the secretion of extracellular vesicles. Furthermore, hydro‐
dynamics and stretch stimulation have been shown to pro‐
mote the secretion of extracellular vesicles [14, 37]. Studies on 
the use of mechanical stimulation to enhance exosome secre‐
tion have mainly focused on 2D culture models [12, 14, 15]. 
Although this method simplifies research, it significantly 
differs from the physiological 3D cell growth environment. 
These dimensional differences critically influence cellular 
responses to stimuli [16, 18, 38, 39]. Furthermore, 3D cul‐
ture alone has been shown to enhance the secretion of exo‐
somes, and when combined with mechanical stimulation, 
there is a synergistic effect that further promotes exosome 
secretion [40, 41]. Therefore, investigating the impact of 
mechanical stimulation on the secretion of exosomes in a 
3D culture environment is important.

In this study, we explored a force-controlled mechanical 
loading method suitable for 3D culture. We explored a 3D 
culture system that was suitable for both BMSC growth and 
mechanical stimulation. Synthetic hydrogels, which can mimic 
the cellular microenvironment in physiological conditions, 
play a crucial role in studying cell responses to various 
physicochemical signals within 3D culture systems [42, 43]. 
Obtaining the ideal composite hydrogel is feasible by blend‐
ing different hydrogels [44, 45]. Our findings suggest that a 
3D culture system consisting of 5% GelMA and 0.3% 
HAMA achieves a balance between cytocompatibility and 
mechanical properties, which is crucial for prolonged expo‐
sure to mechanical loading [26, 46]. Among the various 
mechanical stimuli endured by cells, stretching stimulation 
has been extensively studied. In 2D cultures, stretching can 
be easily applied using an elastic culture plate combined with 
a stretching system [15, 37, 47]. However, implementing 
stretching stimulation in a soft hydrogel-based 3D culture 
system presents challenges. Liu et al. [21, 22] developed a 
deformable membrane platform for mechanically stretching 
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Fig. 7  Repair of bone defects based on the stimulated BMSC-exos. (a) Design of animal experiments. Micro-CT scan images of skull defects in 
the Defect (b), M0 (c), MD (d), and MF (e) groups (green represents newly formed bone tissue). (f – i) Micro-CT quantitative statistics of 
osteogenesis-related parameters for the four groups (data are expressed as mean±standard deviation, n=5; **p<0.01, ***p<0.001, ****p<0.0001). 
HE (j) and Masson (k) staining of skull defects of bone regeneration at eight weeks after surgery in a rat calvarial defect model (yellow arrows 
indicate areas of new bone tissue; the black arrow indicates areas of mature bone tissue)
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and compressively stimulating cells in a 3D culture system. 
However, they also observed that their method induces 
a complex, spatially heterogeneous 3D strain field in the 
hydrogel, which includes in-plane biaxial tension and through-
thickness compression. Therefore, the system cannot be used 
to accurately control a single strain component, posing a 
challenge to mechanistic research. Yu et al. [20] developed 
a 3D culture environment based on hydrogels and applied 
mechanical stimulation at 20% strain to investigate the 
effect of mechanical stimulation on the secreted exosomes. 
However, the decay in hydrogel mechanical properties over 
time indicates that displacement-controlled loading decreases 
mechanical stimulation intensity. Real-time mechanical moni‐
toring and feedback adjustments are crucial for maintaining 
consistent mechanical loading [48]. In this study, we used 
innovative mechanical loading systems along with a long 
hydrogel sheet-based 3D culture system to ensure spatially 
homogeneous stretching stimuli. The system’s ability to 
monitor mechanical parameters in real time and perform 
feedback regulation ensured the consistency of mechanical 
stimulation during experiments.

Studies have shown that appropriate mechanical stimula‐
tion can enhance the proliferation of BMSCs [49, 50], whereas 
excessive mechanical stimulation can result in cell death [51]. 
In our study, we observed that the two stimulation methods 
could significantly promote cell proliferation, suggesting that 
the applied stimulation fell within the physiological range. The 
MF conditions exhibited a greater ability to promote BMSC 
proliferation than the MD conditions, which was attributed 
to the force-controlled loading mode that provided continuous 
and constant cell stimulation throughout the experiment. 
Enhanced cell proliferation is also advantageous for improv‐
ing exosome production. Using the force-controlled loading 
system and 3D culture system that we developed, we inves‐
tigated the effect of stretching stimulation on the secretion of 
BMSC-exos. Our findings revealed that after 7 d of mechani‐
cal stimulation, the secretion of BMSC-exos in the MD and 
MF groups was higher than that in the M0 group, indicating 
that stretch mechanical stimulation effectively promotes 
BMSC-exos secretion, consistent with the findings of previous 
studies [14, 37]. Furthermore, the secretion of exosomes in 
the MF group was the highest. The average exosome secre‐
tion from a single cell in the MF group was approximately 
3.3 times that in the MD group and 8.5 times that in the M0 
group. This finding indicates that force-controlled loading had 
a superior ability to stimulate BMSC-exos secretion. Sequenc‐
ing and bioinformatics analysis results indicate that mechani‐
cal stimulation enhances cell–cell and cell–matrix interactions, 
which is consistent with previous reports [52]. Furthermore, 
DEGs are involved in many key pathways. Therefore, we 
believe that the gene-level changes induced by mechanical 
stimulation are crucial for promoting BMSC-exos secretion. 
In contrast to the gradual decay of displacement-controlled 

loading during the loading process, force-controlled loading 
can continuously activate relevant pathways, thus enhancing 
exosome production.

Enhancing the function of exosomes is also a research 
focus. Yan et al. [53] found that mechanical stimulation not 
only increased the production of exosomes but also enhanced 
their ability to repair cartilage defects. The significance of 
mechanical stimulation in osteogenesis is well documented, 
with its regulatory effects on BMSCs being extensively 
explored [35, 54–57]. BMSC-exos induced by cyclic mechani‐
cal stretch have been shown to inhibit osteoclast generation 
and mitigate bone loss caused by mechanical unloading in a 
hind limb unloading mouse model by inhibiting the activity of 
the NF-κB signaling pathway [14]. It has also been reported 
that a 3D culture environment can enhance the osteoinduc‐
tive ability of MSC-derived exosomes [11, 20]. In this study, 
we further investigated the effect of mechanically stimulated 
BMSC-exos on the osteogenic differentiation of BMSCs. 
Our findings indicate that mechanical stimulation-induced 
BMSC-exos could better promote osteogenic differentiation. 
Notably, the osteogenic effect of the MF group was supe‐
rior to that of the MD group, which may be attributed to the 
continuous and stable mechanical stimulation in the MF 
group. The integration of biologically active materials by 
loading exosomes is a crucial approach in tissue engineer‐
ing [33]. Furthermore, pretreatment of cells can increase the 
production of active exosomes, thereby further improving 
the functionality of tissue engineering materials [11, 31, 58]. 
Our study further investigated whether mechanically loaded 
BMSC-exos could enhance the osteoinductive potential of 
bone repair materials in vivo. The results indicated that com‐
pared with nonstimulated BMSC-exos, mechanically stimu‐
lated BMSC-exos exhibited superior osteoinduction and 
enhanced bone repair in vivo, highlighting the importance 
of mechanical stimulation in BMSC tissue engineering. Fur‐
thermore, our findings suggest that force-controlled mechani‐
cal loading is a novel approach for large-scale production 
of functionally enhanced BMSC-exos. Note that this study 
represents a preliminary exploration of the promotion of 
BMSC-exos secretion and enhancement of their function 
through force-controlled loading. Further research is neces‐
sary to elucidate the relevant mechanisms.

5　Conclusions

To summarize, we used an innovative mechanical loading 
system specifically designed for the uniform and consistent 
mechanical stimulation of cells and successfully applied it 
to a hydrogel-based 3D culture system. Compared with 
displacement-controlled loading, force-controlled loading 
with this system demonstrated a superior ability to promote 
BMSC-exos secretion. Furthermore, BMSC-exos induced 
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by mechanical loading exhibited better osteogenic ability. 
The development of this mechanical stimulation system 
helps overcome the challenges associated with low yield 
and insufficient functionality in tissue engineering applica‐
tions of BMSC-exos.
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