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A B S T R A C T   

Background: Numerous approaches have been utilized to optimize mesenchymal stem cells (MSCs) performance 
in treating osteoarthritis (OA), however, the constrained diminished activity and chondrogenic differentiation 
capacity impede their therapeutic efficacy. Previous investigations have successfully shown that pretreatment 
with nanosecond pulsed electric fields (nsPEFs) significantly enhances the chondrogenic differentiation of MSCs. 
Therefore, this study aims to explore nsPEFs as a strategy to improve OA therapy by enhancing MSCs’ activity 
and chondrogenic differentiation and also investigate its potential mechanism. 
Methods: In this study, a million MSCs were carefully suspended within a 0.4-cm gap cuvette and subjected to five 
pulses of nsPEFs (100 ns at 10 kV/cm, 1 Hz), with a 1-s interval between each pulse. A control group of MSCs was 
maintained without nsPEFs treatment for comparative analysis. nsPEFs were applied to regulate the MSCs 
performance and hinder OA progresses. In order to further explore the corresponding mechanism, we examined 
the changes of MSCs transcriptome after nsPEF pretreatment. Finally, we studied the properties of extracellular 
vesicles (EVs) secreted by MSCs affected by nsPEF and the therapeutic effect on OA. 
Results: We found that nsPEFs pretreatment promoted MSCs migration and viability, particularly enhancing their 
viability temporarily in vivo, which is also confirmed by mRNA sequencing analysis. It also significantly inhibited 
the development of OA-like chondrocytes in vitro and prevented OA progression in rat models. Additionally, we 
discovered that nsPEFs pretreatment reprogrammed MSC performance by enhancing EVs production (5.77 ±
0.92 folds), and consequently optimizing their therapeutic potential. 
Conclusions: In conclusion, nsPEFs pretreatment provides a simple and effective strategy for improving the MSCs 
performance and the therapeutic effects of MSCs for OA. EVs-nsPEFs may serve as a potent therapeutic material 
for OA and hold promise for future clinical applications. 
The translational potential of this article: This study indicates that MSCs pretreated by nsPEFs greatly inhibited the 
development of OA. nsPEFs pretreatment will be a promising and effective method to optimize the therapeutic 
effect of MSCs in the future.  
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1. Introduction 

Osteoarthritis (OA) is one of the most common reasons of joint pain 
and disability, which seriously affects a hundred million people’s daily 
lives [1,2]. Cell therapy is considered to be an innovative and promising 
therapy for OA, in which, mesenchymal stem cells (MSCs) have been 
popularly studied because of their immunosuppressive activity, multi
lineage potential, significant paracrine activity and a simple growth 
process in vitro [3–5]. To obtain the sufficient cellular quantity, MSCs 
need to be expanded in vitro. However, the proliferation ability and 
other superior performance of MSCs gradually declines with its expan
sion, and is negatively correlated with the age of the MSCs donors [6], 
which increases the cost of time and money, and greatly affects the 
therapeutic effect of OA [7]. MSC-derived EVs have been reported to 
suppressing the inflammatory immune microenvironment and alleviate 
pain in OA patients [8,9]. 

Many methods are applied to enhance therapeutic potency of MSCs 
for OA. MSCs pretreated with Vitamin E for 24 h significantly impeded 
the progression of OA [10]. 3D aggregate culture augmented the para
crine functions of MSCs, and prevent cartilage degradation of OA mouse 
[11]. Low-intensity pulsed ultrasound treatment for a few days pro
moted the migration, proliferation and differentiation ability of MSCs 
and hinder the onset and progression of TMJ-OA [12]. Nevertheless, 
these methods still have some disadvantages for single target or complex 
operation or long processing time. There is still a need for the efficient, 
fast, and multi-targeted methods to improve the therapeutic potency of 
MSCs for OA [13]. 

Pulsed electric fields (PEFs) are one of the important biophysical 
signals. With certain parameters, PEFs can significantly affect cell 
phenotype, regulate stem cells differentiation, and incur comprehensive 
biological effects. Such as PEFs can activate calcium ion-related signal 
pathways, and significantly promote the osteogenic and chondrogenic 
differentiation of MSCs [14]. Nanosecond pulsed electric fields (nsPEFs), 
a novel technology with relatively short duration (nanoseconds, ns) and 
subsequent high voltages (up to kV/cm), have been reported to have the 
modulation effects on stem cells. Previously, our research group found 
that nsPEFs can affect the phenotype of chondrocytes by regulating the 
Wnt/β-catenin signaling pathway [15]. Besides, we found that pre
treatment of nsPEFs (100 ns, 10 kV/cm, 1 Hz, 5 pulses) can enhance the 
trilineage differentiation potential of MSCs [16] and enhanced osteo
chondral defect repair in vivo [17,18]. Especially, the nsPEFs pretreat
ment can be finished in 10 s before cell therapy. These findings prompt 
us to conduct more research on the regulation of MSCs by nsPEFs, and 
explore whether nsPEFs pretreatment can improve therapeutic potency 
of MSCs for more complex joint diseases and OA. 

We aimed to investigate the impact of nsPEFs pretreatment on the 
migration and viability of MSCs, building upon our earlier findings that 
nsPEFs can stimulate MSC chondrogenic differentiation. Furthermore, 
we sought to evaluate the therapeutic effects of nsPEF-pretreated MSCs 
through in vitro co-culture with IL-1β-induced OA-like chondrocytes and 
in vivo joint injection into anterior cruciate ligament transection (ACLT)- 
induced Sprague Dawley rat OA models. Additionally, we employed 
RNA-seq analysis to examine the regulatory effects of nsPEFs on MSCs. 
Finally, we also detect MSC-derived EVs to explore the potential 
mechanism of nsPEFs pretreated-MSCs on OA treatment. Our hypothesis 
is that nsPEFs can potentially enhance the release, performance, and 
therapeutic potential of MSC-derived EVs to treat OA. 

2. Materials and methods 

2.1. Cell isolation and culture 

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of Peking University (COE-GeZ-7). Rat bone 
marrow mesenchymal stem cells (rMSCs) and chondrocytes were har
vested from 8-week-old Sprague Dawley (SD) rats according to our 

previous study [19]. Human bone marrow mesenchymal stem cells 
(hMSCs) were obtained from OA patients undergoing total knee 
arthroplasty. All procedures were in accordance with the Helsinki 
Declaration and informed consent of the patients was obtained. The 
study was approved by the Ethics Review Committee of Peking Uni
versity People’s Hospital (2018PHC061). The cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, Hyclone) supplemented 
with 10% fetal bovine serum (FBS, Gibico) and 1% pen
icillin/streptomycin (PS, Amresco). Cultures were maintained at 37 ◦C 
in humidified atmosphere with 5% CO2. The cultured medium was 
changed every three days. MSCs at passage 5 and chondrocytes at pas
sage 3 were used for subsequent experiments. 

2.2. Characteristics of MSCs 

MSCs at passage 5 were detected using the BD FACSCelesta flow 
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) to identify the 
MSCs surface markers CD29, CD44, CD90 and CD105 and the negative 
markers CD34 and CD45. The data were analysed using the FlowJo 
software. 

For osteogenic and adipogenic differentiation, the MSCs were 
cultured with osteogenic induction medium and adipogenic induction 
medium at 37 ◦C in humidified atmosphere with 5% CO2, respectively. 
After 14 days, cell cultures were stained with Alizarin Red (for osteo
genic induction) and Oil Red O (for adipogenic induction) according to 
our previous study [16]. For chondrogenic differentiation, MSCs pellets 
(2.5 × 105 cells) were cultured with chondrogenic induction medium in 
a 3-dimensional pellet culture model [18]. After 14 days, cell pellets 
were frozen, sectioned at 8 μm and stained with Alcian Blue. 

2.3. Application of nsPEFs 

The nsPEFs generator was applied according to the approach 
described previously [20]. Previous study found Tca8113 cells showing 
early apoptosis after nsPEFs (60 ns, 20 kV/cm, 1 Hz, 20 pulses) 
combining with radiotherapy [21]. Zhang found that pretreatment of 
nsPEFs (100 ns, 10 kV/cm or 20 kV/cm, 1 Hz, 5 pulses) can enhance 
proliferation of chondrocyte [15]. So we think 5 pulses are safe for cells. 
We previously found that nsPEFs (100 ns, 10 kV/cm, 1 Hz, 5 pulses) can 
improve the stemness of porcine bone marrow MSCs (pMSCs), hMSCs 
and rMSCs, and promote the osteochondral defect repair of rats [16,18, 
22]. In this study, nsPEFs with the same parameters were still applied to 
regulate the MSCs performance. As previously described [16,18], one 
million MSCs were suspended in 1 mL DMEM within 0.4-cm gap cuvette 
(Bio-Rad, 165–2088, USA) and stimulated by 5 pulses of nsPEFs (100 ns 
at 10 kV/cm, 1 Hz), the time interval between two pulses was 1 s with an 
overall nsPEFs processing time of 10 s. Throughout the process, the cells 
remain dispersed throughout the solution, evenly exposed to electrical 
stimulation. MSCs without nsPEFs treatment served as control. 

2.4. Cell Counting Kit-8 (CCK-8) analysis of MSCs 

Viability of MSCs with or without nsPEFs pretreatment was evalu
ated with Cell Counting Kit-8 (CA1210, Solarbio) at days 1, 3 and 7 after 
nsPEF treatment. 10 μL CCK-8 solution were added to each well of 96- 
well plates and incubated for 2 h. The absorbance was measured at a 
wavelength of 450 nm using the Microplate Reader (680, Bio-Rad). Five 
samples from each group were measured. 

2.5. Migration analysis of MSCs 

For transwell migration assay, MSCs with or without nsPEFs pre
treatment in serum-free DMEM medium were inoculated in the 8 μm 
pore size upper layer (Corning, USA) of the 24-well transwell chamber. 
The lower layer contained DMEM medium with 10% FBS. After 24 h 
incubation, the upper chamber was fixed with 4% paraformaldehyde for 

J. Lin et al.                                                                                                                                                                                                                                       



Journal of Orthopaedic Translation 47 (2024) 235–248

237

15 min and stained with crystal violet staining solution for 15 min. After 
washing with PBS, the upper surface of the transwell chamber was 
swabbed to remove the cells that did not move to the lower surface. 
Finally, the cell migration of each group was examined by microscope by 
counting the cell numbers in the lower surface of the upper chamber. 
Four samples from each group were measured. 

For the scratch, MSCs with or without nsPEFs pretreatment were 
cultured on a 12-well plate and cultured to confluence. Sterile pipette tip 
(200 μL) was used to make a scratch on the cell layer. The closure of the 
scratch over time reflects the migratory capacity of MSCs. Images of the 
scratch area were captured at 0 h, 12 h and 24 h, and the extent of 
scratch closure was measured using image analysis software. Four 
samples from each group were measured. 

2.6. Chondrogenic differentiation of MSCs 

MSCs with or without nsPEFs pretreatment pellets (2.5 × 105 cells) 
were induced by chondrogenic induction medium, medium was 
refreshed every 3 days. After 14 days, pellets were harvested for hae
matoxylin and eosin (H&E), Safranin O, Toluidine Blue staning and 
collagen type II immunohistochemistry staining and chondrogenic gene 
anallysis. 

2.7. Gene expression analysis 

Total RNA was extracted from pellets or chondrocytes under each 
culture condition with TRIzol Reagent (DP424, Tiangen) according to 
the manufacturer’s protocol. Total RNA was quantified with a Nanodrop 
spectrophotometer (ND-1000, Thermo), and 2 μg RNA were reverse 
transcribed with FastQuant RT Kit (KR106, Tiangen) in a PCR thermal 
cycler (Mycycler, Bio-Rad). Quantitative RT-PCR (qRT-PCR) was per
formed in the PCR system (Pikoreal 96, Thermo) with Real Master Mix 
SYBR Green (FP202, Tiangen) according to the manufacturer’s pro
tocols. The primer sequences are listed in Table S1 in Supporting In
formation. Each qPCR test was performed on four different experimental 
samples with three technical replicates, and the representative results 
are displayed as target gene expression normalized to glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) gene. Relative expression of each 
gene was expressed as fold changes by the 2− ΔΔCt method. 

2.8. Co-culture of chondrocytes and MSCs 

Chondrocytes were seeded in a 24-well culture plate containing 1 mL 
of proliferation medium. At 80% confluence, OA-like chondrocytes were 
induced by 10 ng/mL IL-1β (Peprotech) for 24 h. For the co-culture, 
rMSCs (1 × 104 cells) with or without nsPEFs pretreatment (100 ns, 
10 kV/cm, 1 Hz, 5 pulses) were cultured in the upper layer of the 
transwell chamber (0.4 μm, 24-well, Corning). All cells were cultured in 
DMEM medium containing 10% FBS and 1% PS. 

2.9. Cellular immunofluorescence 

After 24 h co-culture, immunofluorescence staining was utilized to 
confirm the expression of CollagenII and MMP13 proteins in chon
drocytes. Chondrocytes were washed with PBS and fixed with 4% 
paraformaldehyde for 15 min and then washed twice with PBS. The cells 
were then permeabilized with 0.5% Triton X-100 for 15 min, followed 
by blocking with 5% bovine serum albumin (BSA) for 1 h, prior to being 
incubated with primary antibodies against CollagenII (1:100, AF0135, 
Affinity) or MMP13 (1:100, AF5355, Affinity) overnight. After washing 
off the primary antibodies, the cells were incubated with CoraLite488 
conjugated Affinipure goat anti-rabbit IgG (1:500, SA00013-2, Pro
teintech) secondary antibodies at room temperature for 1 h. The cell 
nuclei were stained with DAPI (D9542, Sigma–Aldrich) for 5 min. The 
chondrocytes were then imaged of randomly selected areas by fluores
cence microscope (ThermoFisher, USA). 

2.10. MSCs tracking in vivo 

For deep tracking of the long-term retention of rMSCs in the rat joint 
cavity, rMSCs were stained with DiR dye (mb12482-1, Meilunbio, 
China) according to the manufacturer’s protocol. DiR-rMSCs (1 × 106 

cells) with or without nsPEFs pretreatment suspended in 100 μl PBS 
were injected into the knee joint cavity of the right hind leg of the rat (8 
weeks old, n = 5/group). Rats under isoflurane anesthesia were 
observed using an IVIS 200 optical imaging system (Xenogen, Caliper 
Life Sciences) on days 0, 1, 3, 5, 7, 14, and 21, respectively. Under the 
condition that the excitation wavelength is 740 nm and the emission 
wavelength is 790 nm, the region of interest (ROI) at the knee joint was 
selected, and the radiation efficiency was calculated in the region of 
interest. Living Image 4.5.5 software (Perkin Elmer) was used to obtain 
and analyze the luminescence images of the joint cavity of DiR-rMSC 
and DiR-rMSC-nsPEFs. 

2.11. Animal experiment 

The animal experiments were approved by the Institutional Animal 
Care and Use Committee of Peking University (COE-GeZ-7). 8-week-old 
male Sprague Dawley (SD) rats were anesthetized with animal iso
flurane anesthesia machine (R520, RWD Life Science), for 4% isoflurane 
induction, 1.5% isoflurane maintenance. Anterior cruciate ligament 
transection (ACLT) was operated to produce the OA change of the right 
knee of rats. A total of 48 rats were randomly divided into four groups (6 
rats per group) as follows: normal group (without any treatment); PBS 
group (OA modle, PBS injection); rMSCs group (OA modle, rMSCs in
jection); rMSC-nsPEFs group (OA modle, nsPEFs-pretreatment rMSCs 
injection). 2 weeks after surgery, cell therapy was performed, for which, 
100 μl PBS or MSCs suspended in 100 μl PBS was injected to joint cavity- 
right knee two times at two weeks interval. 48 rats (n = 6/group) were 
sacrificed at the 4th and the 12th weeks after the first joint injection. 

2.12. Gait analysis 

Rat gaits were measured before surgery, day 1, 7 and 14 after sur
gery, and 1, 2, 4, 8, 12 weeks after the first joint injection using the 
Catwalk apparatus (Noldus, Wageningen, Netherlands). During the test, 
each rat was individually placed on the glass path and successfully 
walked from one end to the other (n = 6/group). The paw prints of rats 
were reflected by LED light which was emitted from the glass plate and 
then detected by the high-speed video camera that was positioned under 
the glass walkway. The gait data (Print area, Mean intensity, Swing 
speed and Duty cycle) were collected by Catwalk software XT 10.6 
(Noldus). 

2.13. Microcomputed tomography (micro-CT) analysis 

At week 4 and 12 post-treatment, the knee joint samples were fixed 
in 4% paraformaldehyde for 24 h and then scanned by micro-CT (n = 6/ 
group). The 3D reconstructed images were evaluated and the sub
chondral bone (diameter = 2 mm, thickness = 0.5–0.8 mm) of medial 
tibial plateau was assigned as the region of interest (ROI). The sub
chondral bone changes were estimated based on the Bone volume/total 
tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular sepa
ration (Tb.Sp) and trabecular number (Tb.N). 

2.14. Histology and immunohistochemical analysis of knee joint 

After the micro-CT scan, the knee joint samples were decalcified in 
EDTA, then embedded in paraffin after dehydration in a gradient 
alcohol. The embedded specimens were cut into 3 μm thick sagittal 
sections and analyzed by Safranin-O & fast green and immunohisto
chemical staining (Collagen II (1: 400; ab34712, Abcam) or MMP13 (1: 
500; PA5-27242, ThermoFisher)). The severity of cartilage degeneration 
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was evaluated using Mankin scoring system (Table S2 in Supporting 
Information, n = 6/group). 

2.15. RNA sequencing 

After 2 h of stimulation with or without nsPEFs, total RNA of rMSCs 
was extracted using Trizol Reagent (DP424, Tiangen) following the 
manufacturer’s protocol. RNA-seq was conducted by Shanghai 
Biotechnology Corporation (Shanghai, China). Gene expression level 
was quantified using DEGseq [23]. The genes with counts greater than 
10, at least two-fold change in expression, and p value less than 0.05 
were considered to be differentially expressed. GO and KEGG enrich
ment were performed by Metascape [24] and KOBAS [25], respectively. 
Three samples from each group were measured. 

2.16. Isolation of extracellular vesicles (EVs) 

After pretreating with nsPEFs, rMSCs were inoculated in DMEM 
medium with 1% PS and 10% FBS and in which EVs were removed by 
centrifuged at 100,000 g for 18 h. 24 h later, cell culture supernatant 
was collected. In order to remove dead cells and cell debris, the super
natants were centrifuged at 300 g for 10 min, 2000 g for 10 min and 
10,000 g for 30 min at 4 ◦C. Next, the supernatants were transferred to a 
fresh ultracentrifuge tube and centrifuged at the speed of 100,000 g 
(CP100NX, HITACHI, Japan) for 70 min at 4 ◦C. Then, the pellets were 
resuspended with PBS in each tube. EVs were obtained after be centri
fuged at 100,000 g for 70 min at 4 ◦C and resuspended with cold PBS. 

2.17. Transmission electron microscopy (TEM) 

10 μL EV suspension solution were loaded on the carbon-coated 200 
mesh cupper grid and stained with 2% phosphotungstanic acid on the 
surface of the grid for 2 min. Subsequently, the excess solution on the 
grid was removed by filter paper and dried at room temperature. EVs 
were observed under a JEM-1400 transmission electron microscope 
(JEOL, Tokyo, Japan). 

2.18. Nanoparticle tracking analysis (NTA) 

The concentration and particle size distribution of the EVs were 
determined by nanoparticle tracking analysis (NTA) using a NanoSight 
NS300 system (Malvern Instruments, Malvern, UK). EVs samples were 
diluted in PBS (HyClone) and injected into the instrument at a constant 
flow through a 1 mL syringe. When the particle concentration was kept 
within the optimal detection range, the movement video was captured 
for 60 s in triplicate and the temperature was maintained automatically 
at 22 ◦C. A standard detection threshold of 3 and a camera sensitivity 
level of 14 were set in all measurements. The videos were subsequently 
analyzed with NTA software 2.3 based on Brownian motion. 

2.19. Western blotting 

According to the manufacturer’s instructions, EVs Protein lysate 
concentrations were determined using a Pierce BCA Protein Assay Kit 
(Solarbio, China). An appropriate amount of sodium dodecyl sulfate 
(SDS) buffer (Solarbio, China) was added and mixed, and protein elec
trophoresis was performed after denaturation in 95 ◦C water for 10 min. 
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred onto polyvinylidene fluoride membrane. 
After blocking with 5% bovine serum albumin (BSA) blocking solution 
for 1 h at room temperature, membranes were incubated with anti-CD9 
primary antibody (1: 1000; Affinity, AF5139, China), ALIX (1: 2000; 
Proteintech, 12422-1 -AP, USA), TSG101 (1:500; Affinity, DF8427, 
China) and Calnexin (1:1000; Affinity, AF5362, China) at 4 ◦C over
night, respectively. After incubating with anti-rabbit IgG, HRP-linked 
Antibody (1: 2000; CST, 7074s, USA) for 1 h at room temperature, 

protein bands were detected with ChemiDoc XRS 1 Molecular Imager 
(Bio-Rad), and quantificated with the ImageJ software. 

2.20. Uptake of EVs by chondrocytes 

For the fluorescent labeling of EVs, Dil solution (C1036, Beyotime) 
was added to PBS and incubated according to the procedure recom
mended by the manufacturer. Excess Dil dye was removed by ultra
centrifugation at 100,000×g for 70 min at 4 ◦C. EVs was washed twice 
with PBS and resuspended. These Dil-labeled EVs and EVs-nsPEFs (1 ×
109 particles/mL) were co-cultured with chondrocytes for 6 h, 12 h, and 
24 h, rinsed with PBS, and fixed in 4% paraformaldehyde. The cell nuclei 
were stained with DAPI (D9542, Sigma–Aldrich) for 5 min. The chon
drocytes were then imaged of randomly selected areas by fluorescence 
microscope (ThermoFisher, USA). 

2.21. Cell Counting Kit-8 (CCK-8) analysis of chondrocytes 

Viability of chondrocytes co-cultured with EVs and EVs-nsPEFs (1 ×
109 particles/mL) was evaluated with Cell Counting Kit-8 (CA1210, 
Solarbio) at days 1, 3 and 7. 10 μL CCK-8 solution were added to each 
well of 96-well plates and incubated for 2 h. The absorbance was 
measured at a wavelength of 450 nm using the Microplate Reader (680, 
Bio-Rad). Five samples from each group were measured. 

2.22. 5-Ethynyl-2′-deoxyuridine (EDU) analysis of chondrocytes 

Chondrocytes proliferation was evaluated using an EDU kit (C10310- 
3, RIBOBIO) in accordance with the manufacturer’s protocol. Chon
drocytes were seeded onto a 96-well plate at the concentration of 1 ×
103 cells/well and cultured for 2 h with EDU (50 μM). Chondrocytes 
were washed with PBS and fixed with 4% paraformaldehyde for 15 min 
and then washed twice with PBS. The cells were then permeabilized with 
0.5% Triton X-100 for 15 min, followed by 100 μL of Apollp reaction 
mixture was added for 30 min. The cell nuclei were stained with DAPI 
(D9542, Sigma–Aldrich) for 5 min. The chondrocytes were then imaged 
of randomly selected areas by fluorescence microscope (ThermoFisher, 
USA). 

2.23. Migration analysis of chondrocytes 

For transwell migration assay, chondrocytes co-cultured with EVs 
and EVs-nsPEFs (109 particles/mL) in serum-free DMEM medium were 
inoculated in the 8 μm pore size upper layer (Corning, USA) of the 24- 
well transwell chamber. The lower layer contained DMEM medium 
with 10% FBS. After 24 h incubation, the upper chamber was fixed with 
4% paraformaldehyde for 15 min and stained with crystal violet staining 
solution for 15 min. After washing with PBS, the upper surface of the 
transwell chamber was swabbed to remove the cells that did not move to 
the lower surface. Finally, the cell migration of each group was exam
ined by microscope by counting the cell numbers in the lower surface of 
the upper chamber. Four samples from each group were measured. 

2.24. Statistical analysis 

Results were presented as the mean ± SD and normalized to the 
control group. Student’s test and ANOVA was carried out with the least 
significant difference (LSD) using Prism 8.21 software (GraphPad). The 
statistical significance level was set as P < 0.05. 

3. Results 

3.1. Pretreatment with nsPEFs enhanced chondrogenic differentiation, 
migration, and viability of MSCs 

The cultured rMSCs and hMSCs showed a uniform and elongated 
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spindle shape, with a typical spiral arrangement (Fig.S1A in Supporting 
Information). The results of Alizarin Red, Oil Red O and Alcian Blue 
staining showed that rMSCs and hMSCs had multidirectional differen
tiation potentials (Fig.S1B in Supporting Information). The cell surface 
antigen phenotype of rMSCs and hMSCs was assessed by flow cytometry. 
rMSCs expressed high levels of CD29 (98.9%), and CD90 (98.4%), and 
were negative for expression of CD34 (1.08%) and CD45 (0.095%). 
HMSCs expressed high levels of CD44 (98.7%), and CD105 (95%), and 
were negative for expression of CD34 (0.5%) and CD45 (0.32%) (Fig. 
S1C in Supporting Information). 

Firstly, we investigated the effect of nsPEFs on the proliferation of 
MSCs (Fig. 1). The results showed that nsPEF treatments significantly 
promoted the viability of rMSCs (1.2 folds at day 1, 1.2 folds at day 3 and 
1.2 folds at day 7, Fig. 1A), while the effect on the viability of hMSCs 
appeared at 7 days after nsPEFs pretreatment (1.9 folds, Fig.S2A). The 

migration of rMSCs and hMSCs were detected after pretreatment with 
nsPEFs. Transwell assay showed that the number of MSCs that migrated 
with nsPEFs pretreatment is 2.2- and 2.3-fold higher than control group 
(Fig. 1B, C and Fig.S2B, C in Supporting Information). MSCs pretreated 
with nsPEFs (MSCs-nsPEFs) in the scratch assay showed enhanced 
migration with accelerated gap closure of the cell-free area compared 
with the wild-type MSCs at 12 h and 24 h, especially after nsPEFs 
treatment for 24 h, the gap closure of rMSCs and hMSCs was completely 
closed (Fig. 1D, E and Fig.S2D, E in Supporting Information). These data 
indicate that nsPEFs can enhance the mobility of rMSCs and hMSCs. 

In order to confirm the effect of nsPEFs on the chondrogenic differ
entiation of MSCs, the pellets were analyzed after 14 days of pellet 
culture. Pellet staining was significantly enhanced in the rMSC-nsPEFs 
group. Simultaneously, nsPEFs could enhance the chondrogenic gene 
expression of Sox9 (3.1 folds), Col2 (2.6 folds) and Acan (1.8 folds) 

Figure 1. Pretreatment with nsPEFs enhanced viability, migration, chondrogenic differentiation and proliferation of rMSCs. (A) CCK8 assay to determine the 
viability of rMSCs after nsPEFs treatment (n = 5). (B) Representative images of transwell migration assay of rMSCs-nsPEFs and rMSCs. Scale bars, 100 μm. (C) 
Quantitative analysis of migrated cells by transwell assay (n = 4). (D) Representative images of scratch test of rMSCs-nsPEFs and rMSCs. Scale bars, 200 μm. (E) 
Quantitative analysis of cell migration rate (n = 4). (F) Representative images of histological (H&E, Safranine O and Toluidine Blue staining) and immunohisto
chemistry (collagen II) analysis of rMSCs and rMSCs-nsPEFs pellet (Scale bars, 200 μm). RT-qPCR analysis of chondrogenic genes (G)Sox9, (H) Col2, (I)Acan, (J)Col1, 
(K)Col10 in pellets of rMSCs and rMSCs-nsPEFs (n = 4). (L) Representative bioluminescence images for tracking in vivo cell retention for rMSCs-nsPEFs and rMSCs on 
days 0, 1, 3, 5, 7, 14 and 21. (M− O) Quantitative analysis of average radiance in standardized regions of interest from rMSCs-nsPEFs and rMSCs injected into the 
articular cavity of rats. Luminescence signal is presented as photons per second per square centimeter per steradian (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. 
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compared to the control group (wild-type rMSCs), as well as no signif
icant changes in fibrogenesis and hyertrophic markers of Col1 (p =
0.1126) and Col10 (p = 0.5804) (Fig. 1F). Similar results in the gene 
expression of hMSCs (Fig.S2F in Supporting Information) were evi
denced. Additionally, biofluorescence imaging showed that the fluo
rescence of DiR-rMSCs and DiR-rMSCs-nsPEFs in the joint cavity began 
to increase on day 1 and stabilized on day 3, while decreased signifi
cantly on day 14 and basically disappeared on day 21. The fluorescence 
of DiR-rMSCs-nsPEFs significantly enhanced on the first day compared 
with DiR-rMSCs, indicating that the proliferation of rMSCs in vivo was 
enhanced Fig. 1L–O). Taken together, these results indicated that nsPEFs 
pretreatment could improve the viability, migration, chondrogenic dif
ferentiation and proliferation of MSCs. 

3.2. nsPEFs preconditioned MSCs reversed the change of cartilage 
markers in OA-like chondrocytes 

In order to evaluate the effect of nsPEFs pretreatment on the thera
peutic effect of MSCs, co-culture system was used to treat the OA-like 
chondrocytes which were induced by IL-1β in vitro (Fig. 2A). Immuno
fluorescence analysis showed that IL-1β significantly reduced the 
expression of Collagen II protein (p < 0.001) and increased the level of 
MMP13 (p = 0.001). Co-culture with rMSCs or rMSCs-nsPEFs reversed 
the effects of IL-1β on Collagen II and MMP13, and these beneficial ef
fects were more significant in the rMSCs-nsPEFs group (p = 0.0165) 
(Fig. 2B and C). 

3.3. nsPEFs preconditioned MSCs alleviated pain-related animal 
behaviors 

The therapeutic effects of nsPEFs preconditioned MSCs were evalu
ated in the ACLT-induced rat OA model with twice joint injection. Gait 
analysis (Catwalk) can be used to assess pain-related behaviors in rats 
[26]. We used the catwalk system to collect the gait data of rats before 
and after ACLT surgery (Fig. 3A). Gait loss was showed in the repre
sentative signal image of gait at 1 day after ACLT which is a classic 
method for animal OA modeling (Fig. 3B). Quantitative data showed 
that at 1 and 7 days after ACLT surgery, print area, swing speed and duty 
cycle of RH/LH were significantly reduced, while mean intensity was 
significantly reduced at the 7 days. All gait parameters returned to 
normal at 14 days (Fig. 3C–F). 

We observed the gait of rats from 1 week to 12 weeks after MSCs 
treatment (Fig. 3G). Quantitative results showed that rMSCs-nsPEFs 
increased print area at 1, 4 and 8 weeks after treatment (Fig. 3H). 
There was no statistically significant difference in swing speed, mean 
intensity and duty cycle of the right hind paw between the 1–12 weeks 
after treatment (Fig.S3A-C in Supporting Information). These data 
indicated that intra-articular injection of rMSCs-nsPEFs can partially 
relieve pain-related behaviors. 

3.4. nsPEFs preconditioned MSCs alleviated structural degeneration and 
reversed the change of cartilage markers in OA 

OA is characterized by critical alterations of the subchondral bone 
microstructure, besides the well-known cartilaginous changes [27]. 
Micro-CT was used to demonstrate the topography of subchondral bone 

Figure 2. nsPEFs preconditioned rMSCs reversed the change of cartilage markers in OA-like chondrocytes. (A) Schematic diagram of experimental design. (B) 
Representative images of immunofluorescence assay to detect the expression of Collagen II and MMP13 in chondrocytes in control (Group Normal), OA-like 
chondrocytes (Group IL-1β), OA-like chondrocytes co-cultured with rMSCs (Group rMSCs) or rMSCs-nsPEFs (Group rMSCs-nsPEFs). Scale bars, 50 μm. (C) Quan
titative analysis of immunofluorescence assay to detect the expression of Collagen II and MMP13 in chondrocytes (n = 4). Bar labeled with different lowercase letters 
indicate a significant difference. 
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Figure 3. nsPEFs preconditioned rMSCs alleviated pain-related animal behaviors and alleviated subchondral bone changes in OA. (A) Schematic diagram of Catwalk 
design before and after ACLT surgery. (B) Representative images of Catwalk footprints detected before and after ACLT surgery. The colored bands represent standing 
time of each foot. (C–F) Analysis changes of gait parameters of print area, mean intensity, swing speed and duty cycle compared among groups before and after ACLT 
surgery (n = 6). Values are presented as the ratio of the right hind (RH, ACLT applied knee)/the left hind (LH, contralateral knee). (G) Schematic diagram of Catwalk 
design after rMSCs injection. (H) Analysis changes of gait parameters of print area, compared among groups after rMSCs injection (n = 6). Values are presented as the 
ratio of the right hind (RH, ACLT applied knee)/the left hind (LH, contralateral knee). (I) Representative images of micro-CT scan and 3D reconstruction of each 
group of knee joints. Analysis changes of subchondral bone parameters of (J) BV/TV, (K) Tb.Th, (L) Tb.Sp and (M) Tb.N of medial tibial plateau among groups after 
rMSCs injection (n = 6). Bar labeled with different lowercase letters indicate a significant difference. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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(Fig. 3I–M). At the 4th and 12th week after treatment, the osteophytes 
formation around the joints in the PBS group was significantly 
increased, while the articular surface of the rMSCs and rMSCs-nsPEFs 
treatment groups was smooth with decreased osteophytes formation. 
Specially, the osteophytes formation was the least in rMSCs-nsPEFs 
group along all groups (Fig. 3I). Besides, Micro-CT analysis showed 
that the injection of rMSCs and rMSCs-nsPEFs can also increase tibial 
trabecular bone volume (BV/TV) (p = 0.0342 and p = 0.008 respec
tively) and reduce trabecular bone separation (Tb.Sp) (p = 0.016 and p 
= 0.003 respectively) at 12 weeks. In addition, rMSCs-nsPEFs can also 
significantly reduce the trabecular separation (Tb.Th) at 12 weeks. All 
these data indicated that rMSCs and rMSCs-nsPEFs can prevent the 
pathological changes of subchondral bone in the development of OA for 
a long time, in which the effect of rMSCs-nsPEFs was more significant 
(Fig. 3J–M). 

Articular cartilage defects are potentially severe pathologies that 
might be involved in the development of OA [28,29]. Histological 
staining showed that at 4 weeks after treatment, the cartilage in the PBS 
group was severely degenerated, significantly thinner and the safranin 
staining became lighter. In contrast, in the rMSCs and rMSCs-nsPEFs 
groups, cartilage degeneration was slight and safranin staining was 
slightly lighter (Fig. 4A). At the 12 weeks after treatment, severe diffuse 
cartilage damage occurred in the PBS group without intact cartilage. At 
the same time, the cartilage surface was also exfoliated in the rMSCs 
group. Interestingly, the cartilage in the rMSCs-nsPEFs group was still 
intact (Fig. 4A). 

In order to further study the effect of rMSCs-nsPEFs on the cartilage 

matrix after ACLT in rats, we performed immunohistochemical staining 
to determine the expression of Collagen II and MMP13. Immunohisto
chemical results showed that, the rMSCs and rMSCs-nsPEFs can reverse 
the reduction of collagen II positive chondrocytes showed in the PBS 
group at 4 weeks. But the effect of rMSCs cannot sustained for 12 weeks, 
as there was no difference between the expression of collagen II in the 
rMSCs group and the PBS group at 12 weeks. However, the rMSCs- 
nsPEFs can continue to work (Fig. 4B). The Mankin score was used to 
investigate the degradation level of the articular cartilage by assessing 
four parameters including: cartilage structure, cellularity, proteoglycan 
depletion and tidemark integrity. And the heat map showed the score of 
four parameters, which indicated that rMSCs-nsPEFs had better effect on 
preventing OA (Fig. 4C–F). Furthermore, compared with the control 
group, the percentage of MMP13 positive cells increased significantly at 
4 weeks (94.04%) and 12 weeks (92.08%) in the PBS group, but not in 
rMSCs (74.67% at 4 weeks and 67.33% at 12 weeks) and rMSCs-nsPEFs 
(84.53% at 4 weeks and 70.73% at 12 weeks) groups (Fig. 4G and H). In 
short, intra-articular injection of rMSCs-nsPEFs reduced the change of 
cartilage matrix and reduced the destruction of cartilage caused by 
ACLT. 

3.5. RNA-sequence analysis of rMSCs-nsPEFs and rMSCs 

RNA Sequencing of MSCs with or without nsPEFs pretreatment was 
conducted to make a more comprehensive analysis of nsPEFs. We 
identified 16412 genes, including 116 differentially expressed genes 
(DEGs, p value < 0.05, |log2(fold change) | > 1) with 62 upregulated 

Figure 4. nsPEFs preconditioned MSCs alleviated cartilage changes and reversed the change of cartilage markers in OA rat. (A) Representative images of Safranin O- 
Fast Green staining of knee joint sections. Scale bars, 500 μm. (B) Representative images of immunohistochemical analysis of Collagen II and MMP13 of knee joint 
sections. Scale bars, 50 μm. (C) Heat map of variables of the Mankin scoring system at 4 weeks. (D) Heat map of variables of the Mankin scoring system at 12 weeks. 
(E–F) Analysis changes of cartilage destruction using the Mankin scoring system (n = 6). (G–H) Analysis changes of positive cells of Collagen II and MMP13 in 
cartilage (n = 6). Bar labeled with different lowercase letters indicate a significant difference. 
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genes and 49 downregulated genes, in which 30 genes expressed and 18 
genes didn’t express after nsPEFs pretreatment (Fig. 5A). The heat map 
was drawn to compare differentially expressed genes in the rMSCs- 
nsPEFs and rMSCs (Fig. 5B). GO analysis of BP showed that nsPEFs 
can regulate the chondrogenic differentiation of MSCs (Fig. 5C). More
over, GO analysis of CC, MF and KEGG pathway analyses of DEGs 
indicated that nsPEFs can promote paracrine and transmembrane 
transport of rMSCs (Fig. 5C and D). Therefore, we inferred that nsPEFs 
not only affected the chondrogenic differentiation, migration and 
viability of MSCs, but also greatly enhanced the paracrine function of 
MSCs. 

We extracted and analyzed the EVs released from MSCs with or 

without nsPEFs pretreatment. EVs from rMSCs and rMSCs-nsPEFs were 
analyzed by TEM, NTA, BCA and western blot analysis. TEM and NTA 
showed that the morphology and particle size distribution of EVs were 
similar in the rMSCs and rMSCs-nsPEFs groups (Fig. 6A–C). However, 
nsPEFs pretreatment significantly increased the number of EVs particles 
(p = 0.0154, and p = 0.0117) (Fig. 6B–D). Besides, the EVs protein 
content of rMSCs-nsPEFs was significantly increased for 5.77 ± 0.92 
folds (Fig. 6E, p = 0.002). We further detected the protein levels of EVs 
marker CD9, Alix, TSG101 and endoplasmic reticulum marker Calnexin 
in the rMSCs-EVs and rMSCs-nsPEFs-EVs. The data showed that the 
protein levels of CD9, Alix and TSG101 were upregulated in EVs-nsPEFs 
compared with EVs (Fig. 6F). In summary, these results suggested that 

Figure 5. RNA-sequence analysis of rMSCs-nsPEFs and rMSCs. (A) Volcano plot for mRNA expression of MSCs and MSCs-nsPEFs (n = 3). (B) Heatmap of differ
entially expressed genes (DEGs) with cluster analysis. (C) The top 10 enriched gene ontology terms of DEGs involved in BP, CC, MF. (D) KEGG pathway analysis of 
DEGs. DEGs, P value < 0.05, |log2(fold change) | > 1. 
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nsPEFs pretreatment can significantly promote the release of EVs. 

3.6. EVs-nsPEFs enhanced viability, proliferation, and migration of 
chondrocytes 

To investigate the alteration of EVs properties released from rMSCs- 
nsPEFs, Dil-labeled EVs and EVs-nsPEFs were co-cultured with chon
drocytes. We observed the amounts of EVs and EVs-nsPEFs labeled in red 
around the nuclei of chondrocytes at 6 h were low, while the uptake of 
EVs and EVs-nsPEFs by chondrocytes was significantly increased at 12 h 
and 24 h (Fig. 6G). We assessed the viability of chondrocytes co-cultured 
with EVs and EVs-nsPEFs with CCK-8 at 1, 3 and 7 days. The results 
showed that EVs did not enhance the viability of chondrocytes, while 
EVs-nsPEFs significantly increased the viability of chondrocytes up to 7 
days (Fig. 6H, p = 0.029). In addition, the results of EDU staining 
revealed that compared to the PBS group, the number of EDU-stained 
chondrocytes increased in the EVs (p = 0.0011) and EVs-nsPEFs (p <
0.0001) groups. However, EVs-nsPEFs administration caused a higher 
increase in the count of cells stained by EDU (Fig. 6I–K). The migration 
of chondrocytes co-cultured with EVs and EVs-nsPEFs were detected 
with the transwell assay. Transwell assay showed that relative to the PBS 
group, both EVs and EVs-nsPEFs contributed to the migration of chon
drocytes. However, compared to EVs alone, EVs-nsPEFs treatment could 
greatly enhance the migration ability of chondrocytes (Fig. 6J, L, p =
0.001). 

In order to evaluate the effect of EVs-nsPEFs on the therapeutic effect 
of OA, co-culture system was used to treat the OA-like chondrocytes 
which were induced by IL-1β in vitro (Fig. 6M and N). Immunofluores
cence analysis showed that IL-1β significantly reduced the expression of 
Collagen II protein and increased the level of MMP13. Co-culture with 
EVs or EVs-nsPEFs reversed the effects of IL-1β on Collagen II and 
MMP13, and these beneficial effects were more significant in the EVs- 
nsPEFs group (p = 0.0231 and p < 0.001) (Fig. 6O and P). Taken 
together, these results indicated that EVs-nsPEFs could improve the 
viability, proliferation, and migration of chondrocytes and reversed the 
change of cartilage markers. 

4. Discussion 

PEFs of varying duration and intensity can have different biomedical 
effects on cells, suggesting a window effect between external PEFs and 
biological cells [30]. Since nsPEFs do not exist in natural cellular envi
ronments, a comprehensive understanding of nsPEF is needed. The ef
fect of nsPEF may depend on several parameters, such as depth, dose, 
cell type, cell attachment, and tissue type [15]. nsPEFs above 10 kV/cm 
can cause a series of cell reactions that differ from the electroporation 
effect. This nsPEF allows perforation of the organelles membrane (inner 
membrane) such as nucleus and mitochondria without losing the 
integrity of the outer membrane and may induce apoptosis of tumor cells 
[30]. Previous study found Tca8113 cells showing early apoptosis after 
nsPEFs (60 ns, 20 kV/cm, 1 Hz, 20 pulses) combining with radiotherapy 
[21]. Zhang found that pretreatment of nsPEFs (100 ns, 10 kV/cm or 20 
kV/cm, 1 Hz, 5 pulses) can enhance proliferation of chondrocyte [15]. 
So we think 5 pulses are safe for cells. To optimize experimental pa
rameters, Ning systematically evaluated the cytotoxic effects of nsPEFs 
with 16 conditions (4 durations with 4 field strength) on MSCs. 
Remarkably, high field strength or long duration can lead to apoptosis or 
reduced cell viability, whereas nsPEFs at a lower intensity of 5 kV/cm 
exhibited minimal cytotoxic effects, even with increased exposure times 
[18]. So we chose the right field strength and duration as the stimulus 
parameter for MSCs. We previously found that nsPEFs (100 ns, 10 
kV/cm, 1 Hz, 5 pulses) can improve the stemness of porcine bone 
marrow MSCs (pMSCs), hMSCs and rMSCs, and promote the osteo
chondral defect repair of rats [16,18,22]. Here, we further found that 
nsPEFs with the same parameters can improve the migration, viability 
and EVs release of rMSCs and hMSCs, and enhance rMSCs therapeutic 

effect on OA-like chondrocytes induced by IL-1β in vitro and 
ACLT-induced OA rat model in vivo. Our results suggested that the 
nsPEFs we used can improve the cell therapy capabilities of MSCs with 
multi-target. 

nsPEFs pretreatment temporarily enhanced the proliferation of MSCs 
in vivo. In details, the radiant efficiency was significantly higher in 
nsPEFs-MSCs group compared with which in MSCs group on the first day 
after injection, and the higher radiant efficiency can last for 14 days, 
although there was no significant difference subsequently. While the 
promoting effect of nsPEFs on the proliferation of MSCs was still unable 
to resist the elimination of MSCs, as the residence time of MSCs with or 
without nsPEFs pretreatment both reduced sharply at 14 days and dis
appeared at 21 days, which is consistent with the previous findings of 
Wang et al. [31]. Our previous studies have shown that a single injection 
of MSCs can temporarily slow the progression of cartilage degradation in 
a rat OA model, but its long-term therapeutic effect is limited [32]， 
while multiple injections of MSCs can slow down the progression of OA 
for a long time [33]. Combining MSCs and scaffold materials can in
crease the residence time of MSCs in the joint cavity [31,34]. We sus
pected that the promoting effect of nsPEFs on the proliferation of MSCs 
can be further amplified by the scaffold material, and the combination of 
nsPEFs and scaffold material may further increase the residence time of 
MSCs in the joint cavity. 

MSCs pretreated with nsPEFs have a significant effect on the treat
ment of OA. Through imaging and histological staining analysis, we 
found that compared with PBS and rMSCs injection, rMSCs-nsPEFs 
achieved a considerable repair effect in the rat OA model, which was 
consistent with the results in vitro. Particularly, the nsPEFs pretreatment 
can be applied in 10 s, which means that nsPEFs can be an efficient and 
fast method for MSCs stimulation on OA clinical treatment. On the other 
hand, we had found that nsPEFs can increase the sensitivity of MSCs to 
other factors [17]. Therefore, nsPEFs can be combined with other factors 
to further inhibit the process of OA and promote cartilage regeneration. 

The pretreatment of MSCs with nsPEFs significantly alleviated the 
pain of OA rats. Gait analysis has become a crucial method for measuring 
OA pain. Zhang et al.’s study demonstrated a significant reduction in the 
duty cycle of the injured right hind paw 1 day and 1 week after DMM, 
returning to normal 2 weeks post-operation [35], consistent with our 
study’s results within 2 weeks after ACLT. Previous research showed 
that gait parameters remained unchanged at 8 weeks after DMM but 
were significantly reduced at 12 weeks after DMM [36]. Wu et al. found 
that the decrease in duty cycle could be reversed by intra-articular in
jection of MSC-EVs at 10 weeks after DMM [5], with similar but not 
identical results to our current research. Our study showed a significant 
improvement in the print area of the right hind paw of rats at 1 week, 4 
weeks, and 8 weeks after intra-articular injection of rMSCs-nsPEFs, with 
no obvious changes in other time points and gait parameters. Contin
uous video tracking of the trajectory of the hind paw of OA mice 
revealed significant changes in gait characteristics after 1–14 weeks 
after DMM, including some gait indexes of the left hind paw (unpub
lished results). In addition, the previous research of our research group 
found that after the treatment of human umbilical cord-derived 
mesenchymal stem cells (hUC-MSCs) in rats after ALCT + medial 
meniscectomy, the pain behavior of rats was not improved. Therefore, 
regenerative therapy (such as MSCs injection) combined with pharma
cological therapies to target pain may achieve substantial therapeutic 
effects in the treatment of OA [32]. For example, combination of mag
nesium ions and vitamin C alleviates significantly improved the gait 
changes of OA mice at different time points in the study of Yao et al. 
[26]. 

nsPEFs promote the release of EVs from MSCs and EVs-nsPEFs 
enhanced viability, proliferation and migration of chondrocytes and 
reversed the change of cartilage markers in OA-like chondrocytes. MSCs- 
EVs have important therapeutic effects and are a research hotspot in the 
field of tissue regeneration currently. However, the very low yield of EVs 
limits its application [37], and many studies are devoted to improving 
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Figure 6. nsPEFs enhanced the release of EVs from MSCs and EVs-nsPEFs enhanced viability, proliferation and migration of chondrocytes and reversed the change of 
cartilage markers in OA-like chondrocytes. (A) Morphology of EVs and EVs-nsPEFs under TEM. Scale bars, 200 nm. (B) The number of EVs in random field (n = 6) 
was counted. (C) EVs size distributions and particle concentration analyzed by NTA. (D) Analysis changes of particle concentration between EVs and EVs-nsPEFs. (E) 
Analysis changes of the protein concentration between EVs and EVs-nsPEFs using BCA method. (F) WB results for the EVs markers CD9, Alix, TSG101 and the 
negative marker Calnexin. (G) Representative bioluminescence images for Red dye Dil-labeled EVs and EVs-nsPEFs in chondrocytes at 6 h, 12 h and 24 h. Scale bars, 
50 μm. (H) CCK8 assay to determine the viability of chondrocytes co-cultured with EVs and EVs-nsPEFs (n = 6). (I) Representative images of EDU staining of 
chondrocytes co-cultured with EVs and EVs-nsPEFs. Scale bars, 200 μm. (J) Representative images of transwell migration assay of chondrocytes co-cultured with EVs 
and EVs-nsPEFs. Scale bars, 100 μm. (K) Quantitative analysis of positive cells by EDU staining (n = 4). (L) Quantitative analysis of migrated cells by transwell assay 
(n = 4). (M) Schematic diagram of experimental design. (N) Representative images of immunofluorescence assay to detect the expression of Collagen II and MMP13 
in chondrocytes in control (Group Normal), OA-like chondrocytes (Group IL-1β), OA-like chondrocytes co-cultured with EVs (Group EVs) or EVs-nsPEFs (Group EVs- 
nsPEFs). Scale bars, 50 μm. Quantitative analysis of immunofluorescence assay to detect the expression of (O) Collagen II and (P) MMP13 in chondrocytes (n = 4). *P 
< 0.05, **P < 0.01, ****P < 0.0001. Bar labeled with different lowercase letters indicate a significant difference. 
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the yield of EVs, such as genetic modification [38], chemical [39] and 
physical factor [40] induction. Here, with only 5 electrical pulses 
stimulation, the secretion of EVs can be significantly increased, where 
the number of particles increased by more than 3 folds, and the protein 
content improved by nearly 6 folds. In additional, nsPEFs treatment 
could improve the performance of MSCs-EVs and the ability to hinder 
OA. These results manifested that nsPEFs have great clinical application 
value in regulating the secretion of EVs. In mechanism, study had shown 
that increased intracellular calcium ion caused by electrical stimulation 
can promote the release of EVs from cells [41]. In this study, nsPEFs can 
activate calcium ion channels, which is in line with the other research 
[42]. So nsPEFs may also promote the release of EVs through calcium 
ion channels which needed to be explored in deeply in the future. 
Moreover, nsPEFs treatment changing the composition of MSCs-EVs is 
also worth studying, we will focus on this point by micro-RNA 
sequencing to study the changes of EVs and to provide a more solid 
theoretical basis for clinical applications [43]. 

There are still some limitations in our current research. First of all, in 
order to ensure the therapeutic effect, we repeatedly inject rMSCs, 
which poses a certain risk of infection. The member of our research 
group have developed an injectable three-dimensional microcryogel as a 
cell delivery vehicle, which has been proven to improve the residence 
time of MSCs in the joint cavity of rats and the therapeutic effect of OA 
[31,34]. In our future studies of MSCs-nsPEFs in the treatment of OA, 
MSCs-nsPEFs will be combined with the microcryogel to reduce the 
frequency of MSCs injection. Secondly, we conducted in vivo study with 
rats. There is still a certain gap between this small rodent model with 
humans. The arrangement of collagen fibers in pig articular cartilage is 
very similar to the leaf-like arrangement of humans [44]. Miniature pigs 
have the characteristics of large joint size, thick articular cartilage layer 
and fully extended and erect knee joints during gait. They are very 
similar to the anatomical structure and physiological characteristics of 
human knee joints. In addition, adult miniature pigs usually grow to 
adult weight (70 kg), which can provide realistic body load and more 
closely imitated the human environment [45].Therefore, before deter
mining the clinical relevance of MSCs preated with nsPEFs to treat OA, it 
is necessary to conduct research in larger animals such as miniature pigs. 

In summary, the pretreatment of nsPEFs exhibits a profound impact 
on augmenting the cellular functionality of MSCs, encompassing their 
differentiation, migration, viability, and EVs secretion. Notably, the 
nsPEF-pretreated MSCs effectively suppress the progression of OA both 
in vitro and in vivo, as depicted in Fig. 7. Considering the swift applica
tion time of only 10 s for nsPEFs pretreatment, this approach holds great 
promise as a highly effective method to optimize the therapeutic efficacy 
of MSCs and EVs. 

5. Conclusions 

nsPEFs pretreatment can significantly enhance the cell performance 
of MSCs, including the differentiation, migration, viability and EVs 
secretion. Particularly, MSCs pretreated by nsPEFs greatly inhibited the 
development of OA in vitro and in vivo. Regarding that nsPEFs pre
treatment can be applied in 10 s, it will be a promising and effective 
method to optimize the therapeutic effect of MSCs. 
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jot.2024.03.006. 
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