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A B S T R A C T

Bone tissue engineering has attracted significant attention from both the research and clinical communities. 
Inspired by the inherent bioelectric properties of bone tissue, electrical stimulation is widely recognized as an 
external intervention that can induce osteogenesis, mineralization, and accelerate bone regeneration. However, 
the clinical application of electrical stimulation is limited by the complexity of the procedures and the use of 
cumbersome, invasive equipment. Exosomes, as an alternative to seed cells, can overcome many of the limita
tions associated with stem cell transplantation. Researchers aim to enhance exosomes’ therapeutic potential for 
bone regeneration. While various pretreatments have been studied, there is currently no research investigating 
the role of exosomes pretreated with electrical stimulation in bone tissue regeneration. In this study, we pre
treated bone marrow mesenchymal stem cells (BMSCs) with electrical stimulation and isolated the resulting 
exosomes (Elec-exo). A series of in vitro experiments determined that 150 μA is the optimal condition for 
electrical stimulation. Mechanistically, proteomic analysis revealed an enrichment of proteins involved in 
“Oxidative Phosphorylation” regulation within Elec-exo, and transcriptomic analysis indicated the activation of 
Pl3k-Akt and MAPK bone formation-related signaling pathways in the effector cells. Hydrogels, as a sustained- 
release scaffold, were used to deliver Elec-exo in vivo. In a rat femur defect model, Elec-exo loaded into chon
droitin sulfate methacrylate (CSMA) hydrogel accelerated early bone tissue regeneration. In summary, our study 
explores the mechanisms by which electrical stimulation pretreatment enhances bone tissue regeneration and 
broadens the therapeutic application of exosomes in accelerating bone regeneration.

1. Introduction

Bone defects (BDs) caused by traumatic injuries, osteoporosis or 
tumor excision represent a challenging problem in public health [1][2]. 
Postoperative rehabilitation problems include prolonged hospital stay, 
increased postoperative complications and treatment costs, which bring 
a considerable burden to patients. Autografts, allografts and xenograft 
have been relatively successful as clinical therapeutic strategies for 
repairing critical-sized bone defects. Despite their limitations, such as 
the limited source of donors, immune response, inferior healing and the 

possibility of infection following surgery [][3]. Recently, bone tissue 
engineering, including scaffolds, cells and growth factors, has been 
considered as a promising approach offers a promising approach to 
expedite bone repair or regeneration and overcome these limitations 
[4].

Bone is considered as an electroactive and electrosensitive tissue 
with piezoelectric, pyroelectric, ferroelectric and other characteristics 
[4]. It has been reported that the physiological potential ranges from 
− 60 to − 100 mV [5]. The bone defect area typically lacks an endoge
nous electric field, which results in the disruption of the 

Peer review under the responsibility of editorial board of Bioactive Materials.
* Corresponding author. Department of Pharmacy, Shanghai Eighth People’s Hospital, School of Medicine, Tongji University, Shanghai, China;8 Caobao Road, 

Shanghai, 200235, China.
** Corresponding author. Department of Orthopedics, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai Jiao Tong Uni

versity, 100 Haining Street, Shanghai, 200080, China.
E-mail addresses: zhangyang0202@tongji.edu.cn (Y. Zhang), hydraliskrush@sjtu.edu.cn (C. Zhang). 

1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

https://doi.org/10.1016/j.bioactmat.2025.04.019
Received 13 January 2025; Received in revised form 27 March 2025; Accepted 16 April 2025  

Bioactive Materials 51 (2025) 383–398 

2452-199X/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC 
BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0009-0002-6280-6918
https://orcid.org/0009-0002-6280-6918
https://orcid.org/0009-0006-0627-0847
https://orcid.org/0009-0006-0627-0847
mailto:zhangyang0202@tongji.edu.cn
mailto:hydraliskrush@sjtu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2025.04.019
https://doi.org/10.1016/j.bioactmat.2025.04.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2025.04.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


microenvironment. The restoration of the local bioelectrical microen
vironment is integral to the entire process of bone defect regeneration. 
In the absence of local bioelectrical stimulation, the migration of oste
oblasts from the edges to the center of the defect area is also a 
time-consuming endeavor [6]. Since Fukada et al. described the positive 
osteogenic effect of electrical stimulation (ES) in fracture healing, 
electrical stimulation has attracted much attention as an important 
biophysical stimulation and non-drug intervention [7–9]. However, the 
current widespread use of ES therapy is also limited by cumbersome 
external equipment and complex operation management.

Bone marrow-derived mesenchymal stem cells (BMSCs) have been 
shown to be beneficial for bone tissue regeneration. Recent studies have 
shown that BMSCs play a therapeutic and regulatory role mainly 
through the paracrine pathway [10–13]. Exosome are important carriers 
of intercellular communication, transporting proteins, lipids and RNA, 
and regulating cell function [14,15]. Exosomes are a type of extracel
lular vesicles, measuring 30–200 nm in diameter [16], that are secreted 
from cells through the multivesicular endosomal pathway [17,18].

Over the past decade, studies have focused on engineering exosome 
to improve the bioactivity, stability, and biological functions of native 
exosome [19–21]. Several approaches, such as genetic manipulation and 
chemical surface modification, have been proposed to engineer exo
some. However, these approaches are technically complex. Cultivating 
parental cells in a conditioned medium that simulates the healing 
microenvironment, such as hypoxia [22–25], addition of bioactive 
molecules [26–28], three-dimensional culture [29], and magnetic field 
stimulation [30], provides a simple and effective method for exosome 
engineering. What’s more, electrical stimulation is also a good stimu
lation for bone tissue engineering [31–33]. Electroconductive 
substrate-mediated electrical stimulation is a classic method for in vitro 
cell electrical stimulation. Electroconductive substrate-mediated elec
trical stimulation is a classic method for in vitro cell electrical stimula
tion. This method constructs a cell culture substrate using conductive 
materials (such as carbon-based materials, indium tin oxide (ITO), 
conductive polymers, etc.) and achieves cell stimulation by applying a 
controllable current to the substrate. The conductive substrate serves 
not only as a biological interface for cell attachment but also as a 
physical medium for the transmission of the electric field. It can provide 
a uniform electric field, stable and controllable electrical stimulation, 
and can be customized into various shapes and sizes, thereby estab
lishing a biomimetic electrophysiological regulation system in the cell 
microenvironment.

To overcome the technical bottlenecks in the isolation, loading, and 
release of exosomes, hydrogels have emerged as an ideal material for 
exosome delivery, thanks to their excellent biocompatibility and tunable 
physicochemical properties.

Chondroitin sulfate (CS) is a negatively charged glycosaminoglycan 
found in the non-collagenous extracellular matrix (ECM) of bone tissues 
[34,35]. Chondroitin sulfate methacrylate (CSMA) is a 
photo-crosslinked hydrogel based on chondroitin sulfate [36]. Due to its 
excellent injectability and osteoinductive capabilities, it can play a va
riety of roles in bone tissue engineering. [37,38]. Studies have shown 
that chondroitin sulfate can promote bone regeneration [39]. CSMA has 
good biocompatibility and can exert the physiological activity of chon
droitin sulfate to promote bone regeneration and accelerate the healing 
of bone defects [39].

Therefore, our experimental design is to extract and collect exosomes 
secreted by cells after normal culture and electrical stimulation, and use 
chondroitin sulfate hydrogel to encapsulate the load to construct an 
injectable hydrogel of electrical stimulation functionalized exosomes.

2. Material and methods

2.1. Isolation and culture of rat bone marrow mesenchymal stem cells 
(RBMSCs) and rat osteoblasts (ROBs)

To isolate bone marrow mesenchymal stem cells (BMSCs) [41], 
six-week-old SD rats were anesthetized with 2 % sodium pentobarbital 
and then soaked in 75 % alcohol for 10 min for disinfection. Subse
quently, the femurs were isolated and the bone marrow cavity was 
flushed with cell culture medium. The collected bone marrow flush was 
filtered through a mesh screen and then centrifuged at 1000 g for 3 min. 
Finally, the pellet was resuspended and seeded into a 10 cm culture dish.

To obtain osteoblasts (ROBs), the calvarial bones from neonatal SD 
rats were used [41]. The calvarial tissues were minced and sequentially 
digested with 1 % trypsin for 10 min and then centrifuged at 1000 g for 
3 min. The supernatant was discarded, and the remaining tissue was 
digested with 0.2 % type I collagenase (Gibco, USA). The digested cal
varial fragments were resuspended in cell culture medium and cultured 
in a 37 ◦C, 5 % CO2 incubator.

Both the obtained BMSCs and ROBs were cultured in α-MEM medium 
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/ 
streptomycin (PS), with the medium being changed every 3 days. When 
the cell confluence reached 80 %–90 %, the cells were passaged.

2.2. Electrical stimulation of bone marrow mesenchymal stem cells

A 15 cm cell culture dish was selected, and a circular ITO conductive 
glass with a diameter of 135 mm was custom-made according to its size 
parameters (the resistance of the glass was previously determined to be 
less than 10 Ω). The conductive glass was connected in series to a 
BLU939 power analyzer via terminals and wires, and the accompanying 
software was launched. Based on the recommended electrical stimula
tion intensities from the literature, the cells were divided into three 
groups with different electrical stimulation strengths: 20 μA, 75 μA, and 
150 μA. The parameters were adjusted according to the selected current 
levels for stimulation, with a frequency of 1 h per day for 5 consecutive 
days. BMSCs pre-treated with electrical stimulation (Elec-BMSCs) were 
ultimately obtained.

2.3. Isolation of normal exosomes (Norm-exo) and exosomes from 
electrical stimulated BMSCs (Elec-exo)

Cell culture: Elec-BMSCs and Norm-BMSCs (BMSCs without elec
trical stimulation pre-treatment) were cultured in MEM-α medium.

Collect electrical stimulation pretreatment and normal mesenchymal 
cell exosomes:

The electrical stimulation pretreatment and normal mesenchymal 
cells were expanded to 10 dishes in the form of cell passage. When the 
fusion rate reached 70 %–80 %, MEM-α complete medium was removed. 
The cells were gently rinsed with phosphate buffered saline (PBS) 
repeatedly, and the residual liquid was sucked out and replaced with 
MEM-α basal medium. The supernatant was collected after 24 h of cul
ture. After collecting a sufficient amount of supernatant, continuous 
low-temperature centrifugation was performed in a low-temperature 
centrifuge at 4 ◦C, with a parameter of 300 g, 10 min; 3000 g, 10 min 
and 10000 g, 30 min. After each centrifugation, carefully transfer the 
supernatant to a new centrifuge tube and then proceed to the next 
centrifugation. In an ultracentrifuge, centrifuge at 125,000 g for 75 min. 
Remove the supernatant and rinse the tube wall with 100 μL of PBS to 
obtain a concentrated crude exosome product. To obtain PKH26-stained 
exosomes, add 10 μL of 2 × 10− 5 M PKH26 dye solution to the collected 
crude exosome product, mix by vertexing for 1 min, and let it stand for 
10 min. Then, add 1 mL of PBS containing 10 % exosome-depleted 
serum to stop the staining. Rebalance the tubes and continue centrifu
gation in the ultracentrifuge at 125,000 g for 75 min. Depending on the 
electrical stimulation pretreatment intensity of the donor cells, collect 
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the final exosomes and label them as Norm-exo and Elec-exo (20 μA-exo, 
75 μA-exo, and 150 μA-exo).

2.4. Characterization of Norm-exo and Elec-exo

The size distribution and concentration of Norm-exo and Elec-exo 
were determined using nanoparticle tracking analysis (NTA) and dy
namic light scattering (DLS) analyzer. Also, the morphology of Norm- 
exo and Elec-exo was visualized using cryogenic transmission electron 
microscope (HITACHI H-7650).

2.5. Western blot assay

Briefly, exosomes or cells were lysed with RIPA buffer containing 1 % 
PMSF on ice for 30 min. The protein samples were collected and 
centrifuged at 12500 rpm for 5 min at 4 ◦C. Protein concentrations from 
each group were determined using the BCA method. Equal amounts of 
protein were then mixed with Loading Buffer and loaded onto an SDS- 
PAGE gel for electrophoresis. The proteins were transferred to a mem
brane, which was cut and blocked before incubating overnight with 
primary antibodies against CD9, CD63, Alix, Calnexin Akt, p-Akt and 
GAPDH. Secondary antibodies were used to detect the bound primary 
antibodies. Finally, the proteins were visualized using an ECL chemilu
minescent substrate.

2.6. Quantitative real-time PCR (qRT-PCR)

BMSCs and osteoblasts were cultured in a CO2 incubator. When the 
cells were in good condition, they were placed into a 6-well plate and 
divided into 5 groups, with 3 wells per group and a density of 2*105/ 
holes. When the fusion rate reached 60 %, PBS (Group Control) or the 
PBS solution containing 40 μg of Norm-exo (Group 0), 20 μA-exo (Group 
20), 75 μA-exo (Group 75), or 150 μA-exo (Group 150) protein was 
added to each group of wells. MEM-α complete medium was then added 
to each well to a total volume of 2 mL, and the cells were incubated in 
the incubator for a co-culture of 48 h. Total RNA was extracted from 
each group using TRIzol, and the RNA concentration was measured 
using a NanoDrop. The TAKARA PrimeScript™ RT reagent kit 
(TAKARA, Japan) was used to reverse transcribe 1000 ng of RNA into 
cDNA. The Taq Pro Universal SYBR qPCR Master Mix (Vazyme, China) 
was utilized to construct the qRT-PCR system, and the LightCycler® 
RealTime PCR 96 Systems were employed to detect the expression of 
osteogenic marker genes (BMP, OCN, and Col1A1) in the ROBs and 
RBMSCs of each group. The relative mRNA expression levels for each 
target gene were calculated using the 2− ΔΔCt method, with the expres
sion level of β-actin serving as the internal reference.

2.7. Alkaline phosphatase and alizarin Red S staining

After 7 days of treatment, ROBs were stained for alkaline phospha
tase (ALP) using the BCIP/NBT Alkaline Phosphatase Color Develop
ment Kit (Beyotime, China). In the cell culture hood, the culture medium 
was removed, and ROBs were gently washed 5 times with PBS. The cells 
were then fixed with 4 % paraformaldehyde for 3 min, followed by 
washing with washing buffer (PBS containing 0.05 % v/v Tween 20). 
After the final wash, the washing buffer was removed, and an appro
priate amount of BCIP/NBT staining working solution was added to 
cover the cell monolayer. The cells were incubated at room temperature 
in the dark for 25 min. Following incubation, the staining solution was 
carefully removed, and the cells were rinsed with distilled water. The 
stained cells were observed under a microscope, and images were 
captured for further analysis.

After 21 days of treatment, ROBs were stained for osteogenesis using 
the Osteogenesis Assay Kit (Beyotime, China). The cells were washed 
with PBS and fixed with the provided fixing solution for 20 min. The 
fixed cells were then rinsed with PBS to remove any residual fixing 

solution, and an appropriate amount of Alizarin Red S staining solution 
was added. The cells were stained at room temperature in the dark for 
30 min, followed by thorough rinsing with distilled water. The stained 
cells were observed and photographed under a microscope. Finally, the 
integrated density values of the images from each group were quanti
tatively analyzed using ImageJ software.

2.8. Cell proliferation experiment

The proliferation of RBMSCs and ROBs after exosomes treatment was 
assessed by the CCK-8 assay. The cells were spread into 96-well plates 
and divided into 5 groups, 5 wells in each group, with a density of 5000 
cells/well. When the fusion rate reached about 60 %, the Norm-exo, 20 
μA-exo, 75 μA-exo and 150 μA-exo exosome solutions containing 1 μg 
protein were added to each group of wells, and the MEM-α complete 
medium was supplemented to 100 μL per well. The cells were incubated 
in a cell incubator for 24 h. The OD value of each group was detected by 
CCK-8 method, and the cell proliferation ability of each group was 
calculated.

2.9. Synthesis of CSMA hydrogel

CSMA is purchased from "ENGINEERING FOR LIFE" company. To 
explore how different hydrogel concentrations affect bone regeneration, 
we formulated hydrogels at three distinct concentrations: 4 %, 7 %, and 
10 %, with PBS serving as the control group.

To prepare the 0.25 % (w/v) initiator stock solution, 10 mL of PBS 
was added to a brown bottle containing 0.025 g of lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP). The mixture was heated in a water 
bath at 40–50 ◦C for 15 min with intermittent shaking to ensure com
plete dissolution. For the preparation of the CSMA solution (recom
mended concentration: 4–10 % w/v), CSMA was weighed at 0.04 g, 
0.07 g, and 0.1 g, corresponding to the desired mass fractions, and 
transferred into separate centrifuge tubes. Subsequently, 1 mL of the 
initiator stock solution was added to each tube. The mixtures were 
dissolved at room temperature in the dark for 30 min with occasional 
shaking. Finally, the CSMA solutions were sterilized by passing through 
a 0.22 μm sterile syringe filter and stored in the dark for further use. To 
induce gelation of the CSMA solution, a UV lamp with a wavelength of 
405 nm was used as the light source. The solution was irradiated for 45 s 
to initiate the gelation process.

2.10. Loading of exosomes into CSMA hydrogel

To prepare exosome-loaded CSMA hydrogels, Norm-exo and Elec- 
exo were uniformly diluted to 400 μg/mL using PBS. Subsequently, 
500 μL of the exosome solution was mixed with 500 μL of 0.5 % (w/v) 
initiator solution at 4 ◦C under gentle vertexing to form an exosome- 
containing initiator solution. The subsequent steps for fabricating 
exosome-encapsulated CSMA hydrogels followed the same synthesis 
protocol as described above for hydrogel preparation. Thus, the exo
some concentration in our in vivo hydrogel-exo system was standardized 
to 200 μg/mL.

For in vitro experiments, a UV lamp with a wavelength of 405 nm 
was used as the light source for 30 s of irradiation. The mixed solution 
was extruded at a constant rate from a syringe and allowed to stand 
briefly to obtain exosome-loaded CSMA hydrogels.

2.11. In vitro and In vivo release of exosomes in CSMA hydrogel

To evaluate the in vitro release of exosomes, three replicates in a 96- 
well plate were each injected with 50 μL of CSMA solution containing 
exosomes. The solution was then exposed to UV light for 30 s to induce 
gelation. Subsequently, 50 μL of PBS was added to each well, and the 
plate was incubated in a CO2 incubator. At predetermined time points 
(Days 1, 2, 3, 4, 5, 7, 9, 11, and 14), 50 μL of the PBS supernatant was 

J. Chen et al.                                                                                                                                                                                                                                     Bioactive Materials 51 (2025) 383–398 

385 



carefully aspirated from each well and transferred to a new 96-well 
plate. The protein concentration in the collected supernatant was 
measured using a NanoDrop spectrophotometer. The data were pro
cessed to determine the amount and percentage of exosome release from 
CSMA over this period. After each sampling, the wells were gently 
washed several times with PBS, and any residual liquid was carefully 
removed using a pipette. Fresh 50 μL of PBS was then added to each well 
for the next time point analysis.

To evaluate the in vivo release of exosomes, 50 μL of CSMA hydrogel 
containing PKH26-labeled exosomes was injected into the distal femur 
of mice. At predetermined time points (Days 1, 5, 10, and 15), in vivo 
fluorescence distribution images were captured using a small-animal 
imaging system (BLT AV100).

2.12. Cell transcriptomics, Exosome proteomics, and Result analysis

For cell transcriptomics, The BMSC cells were divided into four 
groups: Control group: no treatment was applied; Elec-stimulated group: 
BMSC cells subjected to electrical stimulation at 150 μA for 1 h per day 
for a total of 5 days; Norm-exo group: BMSC cells co-incubated with 
exosomes derived from Norm-BMSCs for 2 days; Elec-exo group: BMSC 
cells co-incubated with exosomes derived from Elec-BMSCs for 2 days. 
Total RNA was extracted from each group of cells using the Trizol 
method. The RNA concentration and A260/A280 ratio were measured 
using NanoDrop to assess RNA purity and quality. Library construction 
was performed by APExBIO, and sequencing was conducted on the 
Illumina NovaSeq 6000 platform. Post-sequencing, data quality was 
verified using FastQC. Gene expression levels were quantified, and dif
ferential expression analysis was carried out. Functional annotations 
and enrichment analyses were performed, and results were visualized 
using ggplot2.

For exosome proteomics, exosomes were divided into two groups: 
Norm-exo group (exosomes derived from Norm-BMSCs) and Elec-exo 
group (exosomes derived from Elec-BMSCs). Exosome proteins were 
extracted using a method akin to Western Blot procedures. Peptide 
separation, mass spectrometry analysis, and subsequent proteomics 
quantitative analysis and functional annotation were all performed by 
APExBIO company.

2.13. Establishment of rat femoral defect model and Grouping

To mitigate the effects of estrogen, we selected 6-week-old Sprague- 
Dawley (SD) rats and administered anesthesia via intraperitoneal in
jection of sodium pentobarbital. The fur surrounding the target knee 
joint was carefully removed, and an incision was made through the skin 
using a scalpel. Utilizing hemostatic forceps and scissors, we meticu
lously separated the underlying tissues to expose the periosteum of the 
distal femur. Subsequently, employing an orthopedic drill and Kirschner 
wire, we created a cylindrical-conical bone defect, measuring 3 mm in 
diameter and 5 mm in depth, at the distal end of the femur. The surgical 
site was then meticulously sutured in layers to ensure proper wound 
closure, and the animals were monitored for any signs of infection or 
ecchymosis. The absence of such complications indicated the successful 
establishment of a rat model featuring a bone defect at the distal femur.

The rats with successfully established models were randomly 
assigned to 4 distinct groups, each comprising 8 rats. The first group 
served as the control, receiving 100 μL PBS intervention. The second 
group was the CSMA hydrogel group, in which 100 μL CSMA hydrogel 
was administered via syringe injection. The third group was the CSMA 
+ Norm-exo group, where 100 μL CSMA hydrogel encapsulating Norm- 
exo with 20 μg protein was injected using a syringe. The fourth group 
was the CSMA + Elec-exo group, involving the injection of 100 μL CSMA 
hydrogel containing Elec-exo with 20 μg protein, also delivered by 
syringe.

2.14. In vivo hard tissue regeneration at bone defect sites

At 4- and 8-weeks following implantation, three rats from each group 
were euthanized. The femurs were harvested and fixed in a 10 % neutral 
buffered formalin solution for 48 h. Subsequently, all specimens un
derwent scanning and analysis using the Bruker Skyscan 1276 Micro-CT. 
We used Dataviewer to split the Micro-CT images into three orthogonal 
views and saved the x-z and y-z axis slice images, which were then 
colorized using the default color palette provided by the software. The 
three-dimensional images were reconstructed with CTvox software, 
focusing on the defect site as the center. The relative bone volume 
fraction (BV/TV) and bone mineral density (BMD) for each group were 
calculated using CTan software. The region of interest (ROI) was 
delineated as the half-side bone tissue surrounding the bone defect site 
in the y-z axis slices.

2.15. In vivo histological staining at bone defect sites

Following a 6-week implantation period, two rats were euthanized. 
Their tissues were subsequently fixed and embedded, and hard tissue 
sections were prepared. These sections underwent hematoxylin and 
eosin (HE) staining, Masson’s trichrome staining, and immunohisto
chemical staining for osteocalcin (OCN). The sections were dewaxed and 
rehydrated, then treated with 0.4 % pepsin at 37 ◦C for 20 min to 
facilitate enzymatic repair. Following this, the sections were blocked 
with 3 % hydrogen peroxide and 1 % bovine serum albumin (BSA) so
lution. They were then co-incubated with the primary antibody, spe
cifically the OCN primary antibody from Beyotime, China. DAB was 
utilized as the chromogen, and the sections were counterstained with 
hematoxylin. Finally, the sections were mounted and examined under an 
optical microscope to capture detailed images [42].

3. Results and discussion

3.1. Preparation of electrical stimulated rat bone mesenchymal stem cells

We first isolated RBMSCs according to the method described in 
reference [41], and selected the third generation of cells with strong 
growth and uniform morphology. In order to harvest mesenchymal stem 
cells with different current intensities, we randomly divided the cells 
into 4 groups and placed them in the same self-made electrical stimu
lation Petri dish. According to previous literature reports [43,44], the 
suitable electrical stimulation intensity was 10–200 μA. Therefore, as 
illustrated in the schematic diagram in Fig. 1A, we controlled the current 
intensity for each group to 0, 20, 75, and 150 μA, respectively, by 
adjusting the resistance in the total circuit. To achieve a more pro
nounced stimulation effect, we set the stimulation program at 1 h per 
day for a continuous period of 5 days. Fortunately, there was no sig
nificant change in the temperature of the culture dish before and after 
the 1-h electrical stimulation (Figs. S1 and S2). Subsequently, after the 
optimal stimulation intensity was determined in subsequent experi
ments, we conducted transcriptome sequencing analysis on BMSCs 
following various treatments. We set the criteria for differential gene 
expression as a fold change (FC) of ≥2 or ≤ 0.5 (i.e., |log2(FC)| ≥ 1) and 
a p-value of <0.05. Among the 15,165 genes analyzed, 817 were 
differentially expressed. Compared to Norm-BMSCs, the group of Elec- 
BMSCs upregulated 329 genes and downregulated 488 genes, as shown 
in Fig. 1B. We generated a heatmap of the top 50 differentially expressed 
genes (Fig. 1C). According to the results of differentially expressed 
genes, Col2a1, which is related to ECM-receptor interaction, was highly 
increased in Electrical stimulated-BMSCs, confirming that electrical 
stimulation can increase the ability of BMSCs to regenerate bone.

3.2. Preparation and characterization of Norm-exo and Elec-exo

Typically, exosome isolation methods encompass 
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Fig. 1. Characterization analysis of electrically stimulated BMSCs and their derived exosomes compared to the normal group. A) Schematic diagram of the device for 
electrically stimulating mesenchymal stem cells and the process of exosome isolation and purification. (By Figdraw) B) Venn diagram illustrating the differentially 
expressed genes in Elec-BMSCs relative to Norm-BMSCs. C) Heatmap depicting the clustering of differentially expressed genes. D). E) The particle size and distri
bution of Norm - exo and Elec – exo by nanoparticle tracking analysis (NTA). F). G) Transmission electron microscopy (TEM) images of Norm - exo and Elec - exo. H) 
Exosome protein concentration and I) particle number in the two groups per unit solution, n = 3. J) Western Blot results for exosome surface protein markers (Alix, 
CD63, CD9 and Calnexin). Results are shown as mean ± standard deviation (SD). Significance is indicated by ****p < 0.001.
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ultracentrifugation, polymer precipitation, ultrafiltration, and micro
fluidics. As depicted in Fig. 1 A, gradient ultracentrifugation was utilized 
in this study to isolate and purify exosomes from Elec-BMSCs and Norm- 
BMSCs. The average particle size of Norm-exo was found to be slightly 
smaller than that of Elec-exo, as determined by nanoparticle tracking 
analysis (NTA). (137.4 ± 29.4 nm for Norm-exo versus 164.8 ± 33.8 nm 
for Elec-exo) (Fig. 1DE). Moreover, the Z-average results from DLS 
(157.63 ± 2.43 nm for Norm-exo and 163.2 ± 1.8 nm for Elec-exo) also 
demonstrated that electrical stimulation pre-treatment does not affect 
the average size of exosomes (Figure S2AB).Transmission electron mi
croscopy (TEM) images revealed the characteristic cup-shaped 
morphology of the exosomes (Fig. 1FG). The larger exosome particle 
size affords additional space for the encapsulation of proteins and other 
cargoes. Fig. 1H and I illustrate that Elec-exo contains a higher protein 
concentration per unit volume of exosome solution. Western blot anal
ysis showed a marked increase in surface markers, including CD9, CD63, 
Alix and Calnexin proteins, on the isolated nanoparticles compared to 
BMSCs (Fig. 1J). Collectively, these findings confirm the successful 
isolation of exosomes derived from both untreated electrically stimu
lated BMSCs using gradient ultracentrifugation.

3.3. The effects of different types and concentrations of Elec-exo on the 
proliferation, osteogenic induction and mineralization of ROBs and 
RBMSCs

In order to screen for the optimal current intensity of electrical 
stimulation, we added the exosomes extracted from each group to the 
culture dishes containing RBMSCs and ROBs, respectively (Fig. 2 A). The 
results of the CCK-8 cell proliferation assay showed that Elec-exo at 75 
μA and 150 μA significantly enhanced the proliferation of ROBs. In 
contrast, there was no significant difference in the effect of any exosome 
treatment on the proliferation of BMSCs. (Fig. 2 BC). We detect the 
expression levels of osteogenesis-related genes Bmp2, Col1A1, and Opn 
by RT-qPCR. As shown in Fig. 2 DE, after 48 h of exosome treatment, the 
expression of these three genes was significantly upregulated in ROBs 
and RBMSCs co-incubated with exosomes pre-treated with 150 μA 
electrical stimulation. This result indicates that 150 μA electrical stim
ulation group are most effective in promoting cell osteogenic differen
tiation. After 7 days of co-incubation, it is possible to deduce that 150 μA 
group electrical stimulation could significantly enhance the ALP activity 
of ROBs from staining results (Fig. 2F and G). After 21 days of co- 
incubation, we can infer from ARS staining that the area of calcium 
nodules deposited in the 75 μA group was larger than that in the control 
group (Fig. 2H and I). Based on the literature reports and the above 
experimental results, we believe that 150 μA is the appropriate intensity 
for electrical stimulation pre-treatment.

In subsequent experiments, we used exosomes derived from BMSCs 
pre-treated with 150 μA electrical stimulation as Elec-exo, and exosomes 
derived from BMSCs without electrical stimulation pre-treatment as 
Norm-exo. According to the literature, the optimal concentration of 
exosome protein for in vitro co-culture with ROBs is 5–20 μg/mL. To 
explore the effect of exosome concentration on the osteogenic miner
alization capabilities of ROBs, we continued to co-incubate ROBs with 
different concentrations of Elec-exo and Norm-exo. RT-qPCR results 
showed that concentrations of Elec-exo at 20 μg/mL and above could 
promote the expression of osteogenesis-related genes (Fig. 3B–D). The 
results of ALP and ARS staining also indicated that a concentration of 
10–20 μg/mL was more effective in promoting bone regeneration. In 
particular, at the same concentration, 10 μg/mL Elec-exo induced ALP 
expression and ARS were significantly higher than Norm-exo, further 
confirming that Elec-exo induces osteogenic induction and mineraliza
tion capabilities of ROBs better than Norm-exo.

3.4. Synthesis and Characterization of CSMA

The schematic diagram of CSMA synthesis is presented in Fig. 4A, 

whereas Fig. 4B displays the SEM images of the lyophilized CSMA 
hydrogel and the lyophilized CSMA hydrogel loaded with exosomes. In 
addition, we captured images of the CSMA hydrogel loaded with PKH26- 
stained exosomes under both bright-field and fluorescence microscopy 
(Fig. S3). These results collectively demonstrate the successful loading of 
exosomes. The cell viability of BMSCs co-incubated with different con
centrations of CSMA was evaluated by CCK-8 method. As depicted in 
Fig. 4C, the incorporation of CSMA significantly enhanced the viability 
of BMSCs after a 2-day co-incubation period. Notably, the group co- 
incubated with a 7 % concentration of CSMA showed the most pro
nounced difference. Live/dead staining further corroborated that CSMA 
markedly stimulated the proliferation of ROBs and BMSCs, as illustrated 
in Fig. 4D. These results indicate that CSMA has good cytocompatibility 
and can promote the proliferation of BMSCs.

we can use a 405 nm laser emitter to irradiate the syringe for 30 s and 
directly inject the mixture into the target site (Fig. 4E). The in vitro 
release profile of exosomes in CSMA hydrogels was evaluated. As shown 
in Fig. 4 F, t the release of exosomes lasted for about 2 weeks. On the 
14th day, the cumulative release of exosomes was 88.4 %. The results of 
in vivo fluorescence imaging also confirmed that the release of exosomes 
lasted for about 2 weeks, with the majority of exosomes being metab
olized by the liver after entering the circulation (Fig. 4G).

3.5. Proteomic differences and bioinformatics analysis of Norm-exo and 
Elec-exo

Exosomes are rich in a diverse array of proteins, which hold the 
potential to influence a myriad of biological processes [45]. Delving 
deeper into the compositional disparities between Norm-exo and 
Elec-exo, we embarked on a proteomic analysis of these two exosome 
types.

Our findings revealed a significant proteomic shift in the Elec-exo 
group when juxtaposed against the Norm-exo cohort, with a total of 
1467 proteins exhibiting altered expression levels—comprising 1447 
proteins that were upregulated and 20 that were downregulated 
(Fig. 5A). This aligns with the elevated protein content observed in the 
Elec-exo group through BCA quantification (Fig. 1H), suggesting a richer 
protein content within Elec-exo, indicative of heightened biological 
activity. We calculated the Pearson correlation coefficients (PCC) be
tween all samples based on their intensity values and generated a 
visualized heatmap (Fig. S4b). Additionally, to ensure the quality of the 
sequencing results, we also performed principal component analysis 
(PCA) (Fig. S4a).

From the heatmap of the top 50 differentially expressed genes in 
Fig. 5C, we identified an interesting protein: Stc2. STC2 may promote 
the proliferation and differentiation of osteoblasts during bone regen
eration by regulating extracellular calcium ion levels and the release of 
growth factors [46]. Additionally, it may indirectly affect oxidative 
phosphorylation by modulating mitochondrial function [47]. To further 
explore the functional significance of these differences, we performed 
Gene Ontology (GO) enrichment analysis on the set of differentially 
expressed proteins (DEPs). The GO analysis classified proteins according 
to biological processes, molecular functions, and cellular components 
(Fig. 5D–F). The findings revealed the proteins’ involvement in pro
cesses such as " Oxidative phosphorylation " and "calcium ion binding." 
The upregulation of translation-related proteins facilitates the prolifer
ation and differentiation of effector cells. The increase in calcium ion 
binding-related proteins serves as a precursor to cell mineralization. 
Moreover, we conducted Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis on the DEPs (Fig. 5G). Addition
ally, we performed GSEA analysis targeting the Oxidative phosphory
lation pathway using protein sets defined by GO or KEGG terms, 
focusing on proteins with expression changes, and the results showed 
significant differences. The results indicated that these proteins are 
involved in regulating the "Oxidative phosphorylation" pathway 
(Fig. S4c.S4d).
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Fig. 2. Proliferation, osteogenic induction and mineralization of ROBs and RBMSCs induced by different types of Elec-exo. A) Schematic representation of the 
treatment of ROBs and RBMSCs with Norm-exo and Elec-exo (By Figdraw). B). C) Cell proliferation detected by CCK-8 assay, n = 5. D). E) Expression levels of genes 
associated with osteogenesis. (Bmp2, Col1A1, and Opn) in ROBs and RBMSCs detected by RT-qPCR on day 2, n = 3. F) ALP staining of ROBs (scale bar represents 100 
μm) G) Corresponding quantitative analysis of integrated density values, n = 4. H) ARS staining after co-incubation for 21 days (scale bar represents 100 μm) I) 
Analysis of integrated density values, n = 4. Results are shown as mean ± SD. ns: non-significant differences, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 3. Differentiation and mineralization of ROBs induced by different doses of Elec-exos. A) Table of correspondence between the number of exosomes particles and 
protein content B). C). D). Expression of Bmp2, Col1A1 and Opn genes of ROBs by RT-qPCR, n = 3. N-10 showed Norm-exo with 10 μg/mL E) ALP staining of ROBs 
(scale bar represent 20 μm) F) Corresponding quantitative analysis of integrated density values, n = 4. G) ARS staining of ROBs (scale bar represent 200 μm) H) 
Analysis of integrated density values, n = 4. Results are shown as mean ± SD. ns: non-significant differences, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 4. Synthesis and Characterization of CSMA. A) Schematic diagram of CSMA synthesis B) SEM of lyophilized CSMA hydrogel and lyophilized CSMA hydrogel 
loaded with exosomes. C) Cell proliferation detected by CCK-8 assay, n = 5. D) Live/Dead staining of RBMSCs after a 2-day co-incubation period with 100 μg 7 % 
CSMA hydrogel. E) Schematic diagram of mixing and photocuring of exosome and CSMA hydrogel precursor solution (By Figdraw.) F) In vitro exosomes release 
profiles n = 3. G) Fluorescence distribution in mice. Results are shown as mean ± SD. ns: non-significant differences, ***p < 0.001, ****p < 0.0001.
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Fig. 5. Proteomic sequencing results of Norm-exo and Elec-exo. A) Volcano plot of proteins in Elec-exo and Norm-exo B.C) Heatmap of total and top 50 different 
proteins of two groups. (D–F) GO enrichment analysis (Biological Process (GO-BP), Cellular Component (GO-CC), and Molecular Function (GO-MF)) and (G) 
Enrichment KEGG analysis of the differentially expressed proteins.
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Collectively, these results suggest that preconditioning with elec
trical stimulation modulates the levels of functional proteins in stem 
cell-derived exosomes, thereby enriching the content of functional 
proteins in Elec-exo. The increase in functional protein content is likely 
to play a pivotal role in various biological activities such as signal 
transduction and calcium ion metabolism in bone tissue, thereby 
enhancing the therapeutic potential of Elec-exo in bone tissue 
regeneration.

3.6. Differential transcriptomic expression differences and bioinformatics 
analysis in BMSCs treated with Norm-exo and Elec-exo

To further investigate the regulatory effects of Norm-exo and Elec- 
exo, we conducted transcriptomic analysis on the three groups of cells. 
Similar to proteomics analysis, first, we generated a PCA plot (Fig. S5a) 
and a heatmap visualizing the PCC values (Fig. S5b). When comparing 
differentially expressed genes (DEGs), as shown in Fig. 6A, the Norm-exo 
group exhibited differential expression in 1400 genes compared to the 
Control group, comprising 389 upregulated and 1011 downregulated 
genes (Fig. 6B). Meanwhile, the Elec-exo group displayed differential 
expression in 1038 genes, with 304 upregulated and 734 downregulated 
genes (Fig. 6C). Additionally, when comparing the Elec-exo group to the 
Norm-exo group, we found that the Elec-exo group had 203 genes with 
changed expression levels, consisting of 115 upregulated genes and 88 
downregulated genes (Fig. 6C).

We have also illustrated the differentially expressed genes (DEGs) 
across the three groups in Fig. 6E, and listed the Top 50 DEGs from 
pairwise comparisons in Fig. S5c–e.

Based on GO enrichment analysis, we found that both Elec-exo and 
Norm-exo are involved in modulating a series of processes related to 
bone tissue regeneration, such as "ossification " and so on, especially in 
Elec-exo group (Fig. 6F–H). We also conducted KEGG analysis on these 
groups. Contrasted with the control, Elec-exo were associated with the 
"PI3K-Akt signaling pathway" and "MAPK signaling pathway," both of 
which are vital for various cellular functions, including growth, survival, 
and osteogenic differentiation. In comparison, Elec-exo, compared to the 
Norm-exo group, regulated the " Pl3k-Akt signaling pathway", "ECM- 
receptor interaction" and "Cytoskeleton in muscle cells", which are 
associated with the osteogenic differentiation of stem cells (Fig. 6F–H). 
Therefore, we performed Western Blot (WB) detection of the signature 
proteins Akt and p-Akt in the PI3K-Akt signaling pathway. The experi
mental results showed that Elec-exo can indeed promote bone regen
eration by activating the PI3K-Akt signaling pathway (Fig. 6D). To verify 
the universality of Elec-exo in activating the PI3K-Akt signaling 
pathway, we also performed Western Blot detection on ROBs under 
different interventions (Fig. S6). The results similarly confirmed the 
activation of the PI3K-Akt signaling pathway. To further highlight the 
differences in the modulatory effects of Norm-exo and Elec-exo, we also 
performed a gene set enrichment analysis (GSEA). However, no pathway 
showed a significant difference.

3.7. In vivo bone tissue regeneration at defect sites

The cylindrical-conical defect with a diameter of 3 mm and a depth 
of 5 mm was constructed with a Kirschner wire on the distal femur of SD 
rats and the PBS or CSMA hydrogel or CSMA hydrogel loaded with 
different exosomes was injected the next day. Fig. 7A outlines the 
treatment protocol. After 4 and 8 weeks of treatment, the animals were 
humanely sacrificed, and their femurs were harvested for micro-CT 
analysis. At 6 weeks post-intervention, the femurs were extracted for 
histological and immunohistochemical analyses. These analyses were 
conducted to evaluate the bone repair efficacy and in vivo biocompat
ibility of the CSMA hydrogel loaded with different exosomes. From the 
Micro-CT images and reconstructed images of the vertical and hori
zontal cross sections of the defect site, it can be seen that the CSMA +
Elec-exo group showed the strongest bone repair ability in all groups 

(Fig. 7BC). Further quantitative analysis of Micro-CT image images ob
tained four indicators reflecting the quality of new bone regeneration: 
the percentage of bone volume to total volume (BV/TV) and bone 
mineral density (BMD). As shown in Fig. 7D, at the eighth week, the BV/ 
TV value of the CSMA + Elec-exo group reached 83.30 ± 2.78 %, which 
was significantly higher than that of the control group and the Blk-CSMA 
group (control group 43,74 ± 2.67 %, Blk-CSMA group 64.08 ± 5.19 %, 
CSMA + Norm-exo group 83.02 ± 2.49 %). At the same time, the BV/TV 
value of the CSMA + Elec-exo group reached 79.04 ± 6.40 % at 4 weeks, 
which was significantly higher than that of the other three groups 
(Control group 38.18 ± 5.73 %, Blk-CSMA group 45.20 ± 5.85 %, 
CSMA + Norm-exo group 61.34 ± 5.99 %). This shows that CSMA +
Elec-exo not only has the strongest bone repair ability, but also can 
accelerate bone regeneration and repair bone defects faster in a shorter 
time.

Regarding the in vivo experimental results at week 8, compared with 
the hydrogel loaded with Norm-exo, the hydrogel loaded with Elec-exo 
did not show a significant acceleration effect. There may be several 
reasons for this. 

1. At week 4, the BV/TV value of the CSMA + Elec-exo group had 
already reached as high as 79.04 ± 6.40 %, which was significantly 
different from the other groups. It may have entered the bone 
remodeling phase earlier in the following four weeks, resulting in 
little change in BMD and BV/TV values at week 8, thus giving other 
groups the opportunity to catch up.

2. From the results of Fig. 4F and G, it can be seen that the exosomes in 
the hydrogel had already been metabolized by weeks 2–3. Therefore, 
the healing of bone tissue in the following four weeks may have been 
less influenced by the material, which could also be a possible reason 
for this conclusion.

3. We chose the simple and convenient distal femoral bone defect 
model instead of the cranial large segmental bone defect model. In 
terms of the inherent regenerative capacity of bone tissue, the 
regeneration ability of distal femoral fractures is definitely much 
greater than that of cranial bone defects. Similar studies in the 
literature used two time points of 2W and 4W. In future experiments, 
we will take into account various factors to better demonstrate the 
excellent osteogenic ability of the CSMA + Elec-exo group.

We also performed histological analysis by Masson trichrome stain
ing, H & E staining and OCN immunohistochemical staining (Fig. 8). As 
shown in Fig. 8B–D, the mature bone area of the CSMA + Elec-exo group 
was much larger than that of the other three groups, indicating that the 
CSMA + Elec-exo group had the strongest bone repair ability. Further
more, as depicted in Fig. 8C–E, the bone defect site in the CSMA + Elec- 
exo group exhibited a highly conspicuous region of elevated expression 
of the osteogenesis-related protein OCN, suggesting that this group 
demonstrated the highest level of osteogenic activity. These positive 
results together indicate that the continuous delivery of Elec-exo 
mediated by active CSMA hydrogel scaffold exhibits the best osteo
genic ability in vivo.

4. Conclusion

In this study, an injectable CSMA hydrogel loaded with Elec-exo was 
developed for bone regeneration. The BMSC-derived exosomes pre
treated by electrical stimulation significantly promoted the proliferation 
of osteoblasts and the osteogenic differentiation of bone marrow 
mesenchymal stem cells, and showed good bone regeneration effect in 
vitro and in vivo. Proteome and transcriptome analysis showed that 
Elec-exo mainly promoted bone regeneration by activating Pl3k-Akt and 
MAPK bone formation-related signaling pathways. Therefore, we firmly 
believe that our study can broaden the therapeutic application of exo
somes in accelerating bone regeneration.
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Fig. 6. mRNA sequencing and differential gene expression analysis of the three BMSC groups. (A–C) Volcano plots and heatmaps (E) illustrating the differentially 
expressed genes (DEGs) across the three groups. D) Verification of the activation of the PI3K-Akt signaling pathway in RBMSCs by WB. F-K)Enrichment GO and KEGG 
analysis of the Norm-exo’s group vs Control group (F, I), Elec-exo’s group vs Control group (G, J), and the Elec-exo’s group vs Norm-exo’s group (H, K).
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Fig. 7. In vivo regeneration of the distal femur. A) Schematic representation of the treatment timeline (By Figdraw). B) Micro CT and 3D reconstruction images of the 
distal femur defect site at 4- and 8-weeks post-injection. C,D) Quantitative measurements of bone volume fraction (BV/TV) and bone mineral density (BMD), with n 
= 3. Results are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 8. Histological staining of the distal femur defect site at 6-weeks post-injection. (A) Hematoxylin and eosin (H&E) staining, (B) Masson’s trichrome staining, and 
(C) Immunohistochemical staining for OCN. D) The relative proportion of collagen from the quantitative analysis of Masson staining. E) Quantitative analysis results 
of IHC Results are shown as mean ± SD. ns: non-significant differences, **p < 0.01.
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