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Abstract
Osteoarthritis (OA) is a common joint disease in the middle and old age group with 
obvious cartilage damage, and the regeneration of cartilage is the key to alleviating or 
treating OA. In stem cell therapy, bone marrow stem cell (BMSC) has been confirmed 
to have cartilage regeneration ability. However, the role of stem cells in promoting 
articular cartilage regeneration is severely limited by their low homing rate. Stromal 
cell-derived factor-1α (SDF-1α) plays a vital role in MSC migration and involves ac-
tivation, mobilization, homing and retention. So, we aim to develop SDF-1α-loaded 
microbubbles MB(SDF-1α), and to verify the migration of BMSCs with the effect of 
ultrasound combined with MB(SDF-1α) in vitro and in vivo. The characteristics of 
microbubbles and the content of SDF-1α were examined in vitro. To evaluate the ef-
fect of ultrasound combined with chemotactic microbubbles on stem cell migration, 
BMSCs were injected locally and intravenously into the knee joint of the OA model, 
and the markers of BMSCs in the cartilage were detected. We successfully prepared 
MB(SDF-1α) through covalent bonding with impressive SDF-1α loading efficacy load-
ing content. In vitro study, ultrasound combined with MB(SDF-1α) group can pro-
mote more stem cell migration with highest migrating cell counts, good cell viability 
and highest CXCR4 expression. In vivo experiment, more BMSCs surface markers 
presented in the ultrasound combined with MB(SDF-1α) group with or without exog-
enous BMSCs administration. Hence, ultrasound combined with MB(SDF-1α) could 
promote the homing of BMSCs to cartilage and provide a novel promising therapeu-
tic approach for OA.
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1  | INTRODUC TION

Osteoarthritis (OA) is a group of common joint diseases in the el-
derly, characterized by articular cartilage destruction, excessive joint 
stiffness, pain, and spasm. OA often involves multiple joints, mostly 
in the knee joint, elbow joint, hip joint, hand joint. According to the 
statistical analysis of the United Nations, by 2050, 130 million peo-
ple worldwide are expected to develop the disease, and 40 million of 
them will develop into severe OA.1 There is tremendous economic 
pressure in the treatment and management of OA, and the quality of 
life of patients can be significantly reduced.

The lesions of OA are mainly concentrated on articular cartilage. 
Articular cartilage is a transparent lining on the joint surface of the 
bone that cushions external impact and effectively reduces friction 
between the bones for smooth, painless joint movement.2 The key 
to treating OA is to repair the damaged articular cartilage. However, 
treatment for articular cartilage defects still presents a major thera-
peutic challenge because of its hypocellular nature, vulnerability to 
injury and poor capacity to spontaneous regeneration.

Generally speaking, the existing treatment methods include life-
style change, painkilling drugs, intra-articular injection of hormones, 
hyaluronic acid and other symptomatic treatments, which cannot 
prevent the progression of early and mid-stage lesions. In the late 
stage of the disease, joint replacement surgery can achieve better 
results, but it may still cause serious complications, such as postop-
erative infection, loosening of the prosthesis, and fractures around 
the prosthesis.

Nowadays, tissue engineering techniques have demonstrated 
the possibility of using mesenchymal stem cells (MSCs) for the re-
generation of a variety of tissues. Bone marrow mesenchymal stem 
cells (BMSCs) can differentiate into tissues such as bone and car-
tilage, and have great potential in cartilage regeneration.3 The re-
searchers used MSCs in the treatment of OA, with or without drugs 
or stents, and achieved a certain degree of efficacy.4-10 All of the 
above studies have focused on the application of exogenous MSCs 
to local joints, but OA is a disease involving multiple joints, and it 
would be better if it could be treated systemically. In the current 
researches on systemic application of MSCs, the low homing rate 
of MSCs in target organs significantly affects the repair of target 
organs. Effective MSC therapy requires that MSCs reach the injured 
site.11 So, increasing the number of stem cells in target organs, and 
promoting the homing to target organs is the key to promote tissue 
regeneration.12,13

Stromal cell-derived factor-1 (SDF-1) is an extremely important 
chemokine for MSCs. It includes two subtypes, SDF-1α and SDF-1β, 
and SDF-1α plays a major role in chemotaxis. SDF-1 is well known for 
MSCs activation, mobilization, homing and also retention.14 CXCR4 
is a chemokine receptor that presents on the surface of stem cells. 
SDF-1α and CXCR4 form the most important biological axis to pro-
mote homing of stem cells.15-17 Increasing the expression of SDF-1α 
or CXCR4 can raise the homing efficiency of MSCs.18,19

Microbubble (MB) is a type of monolayer bubble having a diame-
ter between 0.5 and 10 μm. It is often used as a contrast agent and a 

targeted drug in medical imaging,20 such as antibodies, polypeptides 
or transferrin vectors21-23 and gene delivery vectors.20 Ultrasound-
targeted microbubble destruction (UTMD) has been confirmed to 
increase the homing of transplanted MSCs to target organs,24 and 
also provide a suitable environment for the survival of migrated stem 
cells.25 In addition, UTMD can also promote the involvement of en-
docrine factors in stem cell homing.24

Herein, in this study, we designed a chemotactic microbubble 
MB(SDF-1α) through the covalent bonding of SDF-1α to the micro-
bubble shell, based on the perspective of SDF-1/CXCR4 axis regula-
tion of stem cell homing. The chemotactic microbubbles are locally 
released SDF-1α to the target tissue under the irradiation of ultra-
sound. Next, BMSCs were injected intravenously, and pathological 
detection of BMSCs surface markers was performed for further de-
tection and analysis. In this way, we aimed to potentiate the BMSCs 
homing to the cartilage in order to provide a promising approach for 
effective stem cell therapy for OA.

2  | MATERIAL S AND METHODS

2.1 | Main Materials

Disaturated phosphatidyl choline (DSPC), distearoyl phosphatidyl 
choline- polyethylene glycol 2000- carboxyl (DSPE-PEG2000-
COOH) and polyethylene glycol 4000 (PEG-4000) were purchased 
from AVT. Palmic acid (PA) was purchased from Aladdin Bio-Chem 
Technology. Recombinant rat SDF-1α was purchased from GenScript 
Biotech Corporation. N-hydroxysulphosuccinimide sodium salt 
(sulfo-NHS), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 
fluorescein isothiocyanate (FITC), phosphate buffer saline (PBS), 
AMD3100, and CCK-8 kit were purchased from Sigma-Aldrich. 
Rat bone marrow stem cells (BMSC) were purchased from Cyagen 
Biotechnology Co., Ltd. Transwell chamber and six-well plate were 
purchased from Corning. APC-CXCR4 antibody was purchased from 
Thermo Fisher. Anti-rat-CXCR4, anti-rat-CD73 and anti-rat-CD90/
Thy 1 were purchased from Abcam. Perfluoropropane (SF6) was pur-
chased from Jietong Gas Technology Co., Ltd.

Adult male Sprague-Dawley (SD) rats (weighed 200-250 g) were 
supplied by Chengdu Dashuo Experimental Animal Co., Ltd. In this 
experiment, all animal procedures were carried out in accordance 
with the protocol of the Animal Research Committee of Sichuan 
University.

2.2 | Preparation of MB and MB(SDF-1α)

The common MBs that not containing SDF-1α were basically pre-
pared according to the methods of other researchers,26 and some 
improvements of the protocol were also made. First, the composite 
membrane of DSPC and PA was prepared. Then mix the materials 
including DSPC + PA, DSPE-PEG2000-COOH, and PEG-4000 (mass 
ratio of 1:1:50) with ultrapure water. A 60°C water bath could help 
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dissolve and mix thoroughly. The equal amount of the mixed solution 
is then dispensed into a vial and quickly lyophilized into a powder. 
The powder was then dissolved by the solution that consists of 50% 
glucose, propylene glycol, and glycerine with volume ratio of 8:1:1. 
After sealing the above-mixed lipid solution, the air in the bottle is 
removed by a gas suction device, and then the SF6 is rapidly filled in. 
Finally, place the vial in the shaker for oscillation for 45 seconds at a 
frequency of 4300/min and amplitude of 15 mm. According to this 
method, common MBs are obtained.

MB(SDF-1α) is synthesized by a covalent bond through the car-
boxyl group of the lipid shell and the amino group carried by SDF-1α. 
Briefly, the carboxyl group of DSPE-PEG2000-COOH needed to 
be activated by EDC/NHS. That is, EDC (5 μL, 50 mg/mL) and NHS 
(5 μL, 100 mg/mL) were respectively added to the MB solution be-
fore gas replacement. After 15 minutes of activation, 20 μL SDF-1α 
solution containing 20 μg SDF-1α were added and another 2 hours 
were needed for the reaction. The resultant solution was treated 
following the same protocol as that used for common MBs to form 
the preliminary MB(SDF-1α) (Figure 1A). Finally, the preliminary 
MB(SDF-1α) needed to be purified by centrifugation at 1000 rpm 
for 5 minutes to remove the free SDF-1α which was not loaded to 
the MBs, as well as the coupling agents. To evaluate the efficiency 
of conjunction between SDF-1α and MBs, we labelled SDF-1α with 
FITC prior to the experiment.

2.3 | Physical properties and characterization of 
MB(SDF-1α) and MB

The concentration and particle size of MB(SDF-1α) and MB were 
determined with Beckman Coulter (Multisizer 4e) at hours 2, 8 and 
24, respectively. The morphology, size, and distribution of the two 
microbubbles were observed using an optical microscope (AX10 im-
ager A2/AXP10 cam HRC; Zeiss). FITC fluorescence expression was 
observed using an inverted fluorescence microscope (OBSERVER 
D1/AX10 cam HRC; Zeiss) and flow cytometry to determine the 
conjunction rate of SDF-1α, respectively. In addition, enzyme-linked 
immune sorbent assay (ELISA) (R&D Systems, Inc) was applied to 
quantitatively determine the loaded SDF-1α. Finally, the SDF-1α 
encapsulation efficiency and loading content were calculated, 
respectively.

2.4 | Preparation of Bone marrow mesenchymal 
stem cells

Rat BMSCs were purchased from Cyagen Biotechnology Co., Ltd. 
These cells have been identified as bone marrow MSCs by flow cy-
tometry and adipogenic and osteogenic differentiation induction 
before the sale. All BMSCs were passed to the third generation and 

F I G U R E  1   Preparation of MB(SDF-1α) and OA animal model. A, Flow chart of chemotaxis microbubble MB(SDF-1α) preparation. 
The carboxyl group carried by the lipid molecule and the amino group of SDF-1 are linked by a covalent bond. After all, chemotactic 
microbubbles containing C3F8 and SDF-1α linked in the outer shell were prepared. B, The modified Hulth's modelling method for OA. 
During the operation, the medial meniscus is removed, and the anterior cruciate ligament is severed, causing joint instability and eventually 
osteoarthritis. An OA model was established on bilateral knees
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prepared for use. In subsequent experiments, the concentration of 
stem cells was adjusted according to the needs of the experiment.

2.5 | BMSCs migration experiment in vitro

This part of experiment included two sections, chemotaxis experi-
ment, and chemotaxis inhibition experiment. In the chemotaxis 
experiment, adjust the BMSCs concentration to 2 × 105/mL using 
the basal medium. All of the experiments were carried out in six-
well plates. The wells were divided into upper chambers and lower 
chambers. Add 1 mL BMSCs to all upper chambers respectively. And 
different experimental operations were performed on the lower 
chambers according to different groups. There are five groups in 
this study, control group, SDF-1α group, MB group, MB(SDF-1α) 
group and MB(SDF-1α) + ultrasound (US) group (Table 1). The ultra-
sonic conditions of group five are duty cycle 20%, sound intensity 
1 W/cm2, irradiation time 30 seconds, and frequency 1 MHz. After 
the operation of each group was completed, they were incubated 
at 37°C, 5% CO2 for 8 hours. Then, the cells that migrated to the 
lower side of the transwell were stained with 0.1% crystal violet 
for 20 minutes and then washed with water. Finally, the cells were 
tested as follows: cell counts, cell activity assay using CCK-8 kit, flow 
cytometry to detect the existence of CXCR4 and qRT-PCR to deter-
mine the CXCR4 expression.

In the chemotaxis inhibition experiment, the key point was to 
incubate BMSCs with the CXCR4 receptor antagonist AMD3100 
(5 μg/mL) for 30 minutes to block CXCR4. Then the group experi-
ments were performed after adjusting the cell concentration. And 
finally, the numbers of migrated cells in each group were counted.

2.6 | Animal preparation

A total of 144 adult male SD rats (weighed 200-250 g) were selected 
to establish bilateral knee OA models by modified Hulth's model-
ling method (Figure 1B). Briefly, rats were anesthetized by intraperi-
toneal injection of 0.3% sodium pentobarbital solution at a dose of 
1 mL/100 g. The rats were placed supine on the operating table, and 

the area in front of the knee was prepared and disinfected using io-
dophor. Subsequently, the knee joint of the rat was kept at the maxi-
mum knee flexion, and the skin and the subcutaneous layer were 
longitudinally cut to fully expose the patellar tendon. Open the junc-
tion of the tendon and the muscle in the outer side of the patellar 
tendon, and cut it deeply into the joint cavity. The knee joint is then 
laid flat, then longitudinally cut along the medial side of the knee, 
and the patellar tendon was turned to the outside of the joint to 
expose the femoral trochlear. The medial meniscus of the knee joint 
was removed, and the anterior cruciate ligament was cut, while the 
posterior cruciate ligament was still preserved. A drawer test was 
performed on the knee joint of the rat to verify the stability of the 
joint. If the drawer test was positive, the operation was considered 
successful. All rats underwent bilateral knee arthroplasty and were 
housed in SPF animal laboratories. All experiments were performed 
according to the rules of the Animal Research Committee of Sichuan 
University.

2.7 | Grouping of in vivo experiments and 
experimental procedures

The in vivo study was divided into two main parts: (a) verification 
of exogenous stem cell homing (Exogenous BMSCs group); (b) veri-
fication of possible endogenous stem cell homing (Non-Exogenous 
BMSCs group). Briefly, the greatest difference between the two 
parts was the injection of exogenous BMSCs or not. When verify-
ing exogenous BMSCs homing, the experiment was grouped as fol-
lows: (a) Control; (b) BMSCs; (c) BMSCs + US; (d) BMSCs + MB+US; 
(e) BMSCs + MB(SDF-1α) + US; (f) BMSCs + MB(SDF-1α) (IA, Intra-
articular injection) + US. All groups of BMSCs were injected from 
the tail vein, and the number of BMSCs injected per rat was 1 × 106. 
While, when verifying the possible endogenous BMSCs homing, 
the experiment was grouped as follows: (a) Control; (b) MB; (c) 
MB + US; (d) MB(SDF-1α); (e) MB(SDF-1α) + US; (f) MB(SDF-1α)
(IA)+US. The detailed experiment procedures of different groups 
were shown in Table 2. After the OA models were established, 
rats were randomly assigned to each experimental group, 12 rats 
in each group. Except for the intra-articular injection group, both 

Groups Upper chamber Lower chamber

(1) Control 1 mL BMSCs Stem cell complete medium 1.5 mL

(2) SDF-1α group 1 mL BMSCs 150 ng SDF-1α + complete medium 
1.5 mL

(3) MB group 1 mL BMSCs Add MB to the same volume of MB 
solution as MB(SDF-1α) to 1.5 mL

(4) MB(SDF-1α) group 1 mL BMSCs MB(SDF-1α) solution containing 
150 ng of SDF-1α, supplemented 
with medium to 1.5 mL

(5) MB(SDF-1α) + US group 1 mL BMSCs MB(SDF-1α) solution containing 
150 ng of SDF-1α, supplemented 
with medium to 1.5 mL

TA B L E  1   Grouping in in vitro 
experiments
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MB and MB(SDF-1α) were injected from the tail vein, and each rat 
was injected with 0.2 mL. Both microbubbles were stored after 
preparation in short time before the experiment. The in vivo ex-
perimental ultrasonic irradiation conditions were: duty ratio 30%, 
sound intensity 2 W/cm2, duration time 3 minutes. Rats were 
randomly sacrificed in batches on days 1, 2, and 7 after receiving 
different treatments. Finally, reserve the bilateral knee joints for 
subsequent tests.

2.8 | Pathological examination

The knee joint is inherently hard and cannot be sliced directly. It must 
be decalcified and then paraffin-embedded. When the prepared wax 
block is sliced, one slice is collected at intervals of five pieces, and 

the slice thickness is 4 μm. Each group of knee joints received hae-
matoxylin and eosin staining (HE staining), Safranin O-Fast green 
staining and immunohistochemistry (IHC).

2.8.1 | HE staining

Haematoxylin and eosin staining is based on different eosinophilic 
and basophilic dyes of haematoxylin and eosin. Haematoxylin can 
dye acidic components such as nucleic acids into blue, while eosin 
can dye alkaline components such as proteins into red.27 HE stain-
ing can not only show the general morphology of articular carti-
lage in the OA model but also observe the cartilage defects in the 
joints and also assess the extent of inflammatory cell infiltration 
in OA.

Sections Groups Experiment procedure

A. Exogenous BMSCs (1) Control None

(2) BMSCs Injection of BMSCs from 
the tail vein

(3) BMSCs + US Ultrasound irradiation 
at the knee joint after 
injecting BMSCs into the 
tail vein

(4) BMSCs + MB+US Ultrasound irradiation 
at the knee joint after 
injecting BMSCs and MB 
into the tail vein

(5) BMSCs + MB(SDF-1α) +US Ultrasound irradiation 
at the knee joint after 
injecting BMSCs and 
MB(SDF-1α) into the tail 
vein

(6) BMSCs + MB(SDF-1α)
(IA)+US

After injecting BMSCs into 
the tail vein, MB(SDF-1α) 
was injected into the 
knee joint, followed by 
ultrasound irradiation

B. Non-Exoogenous BMSCs (1) Control None

(2) MB Injection of MB from the 
tail vein

(3) MB + US Ultrasound irradiation 
at the knee joint after 
injecting MB into the 
tail vein

(4) MB(SDF-1α) Injection of MB(SDF-1α) 
from the tail vein

(5) MB(SDF-1α) + US Ultrasound irradiation 
at the knee joint after 
injecting MB(SDF-1α) 
into the tail vein

(6) MB(SDF-1α)(IA)+US Ultrasound irradiation 
after injecting 
MB(SDF-1α) into the 
knee joint

Abbreviation: IA, Intra-articular injection.

TA B L E  2   Grouping in vivo experiments
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2.8.2 | Safranin O-Fast green staining

Safranin O is a basic dye that can be red in combination with acidic 
proteoglycans; fast green is an acid dye that combines with acidic 
collagen to appear green. The semi-quantitative analysis of collagen 
components in the cartilage matrix can be performed by the image 
of Safranin O-solid green staining, and then the modified Mankin's 
scoring standard is used to obtain the degeneration of cartilage tis-
sue after comprehensive scoring.28 It can visually reflect the struc-
ture of articular cartilage, subchondral bone, and bone tissue, and is 
superior to HE staining in display structure.

2.8.3 | Immunohistochemistry

Immunohistochemistry was performed to compare stem cell marker 
expression between different groups of rats. CD73 and CD90 are 
markers for expression on the surface of MSCs. The CXCR4 existing 
on the surface of BMSCs is usually low in content, and it is a very im-
portant factor that affects the chemotaxis of the SDF-1/CXCR4 axis. 
Therefore, we will also test the expression of CXCR4. The major an-
tibodies were Anti-CXCR4 antibody (ab124824; Abcam), Anti-CD73 
antibody (ab175396; Abcam), Anti-CD90/Thy1 antibody [EPR3132] 
(ab92574; Abcam). After incubation with primary antibody and cor-
respondent secondary antibody, all sections were collected and 
10 fields were taken from each section under a fluorescence mi-
croscope (AX10 imager A2/AX10 cam HRC; Zeiss) and a computer 
image analysis system (Image-Pro Plus; Media Cybernetics) was used 
for scores. Then data were expressed in terms of mean density and 
averaged after three scores.

2.9 | Quantitative real-time reverse transcription-
polymerase chain reaction

Quantitative real-time reverse transcription-polymerase chain reac-
tion (qRT-PCR) was used to analyse the expression of the chemokine 
receptor CXCR4 and the surface positive marker of BMSCs (CD73, 
CD90) in different groups. Briefly, RNA was first extracts and then 
transcribed into cDNA following the manufacturer's instructions. 
Finally, the target sequence was amplified. The amplification prim-
ers for CXCR4, CD70, and CD90 mRNA were displayed in Table 3. 
The experiment was performed with a LightCyder 480 Real-Time 
PCR system (Roche). Then the relative expressions of mRNA were 

calculated. The results of the qRT-PCR were analysed using the pair-
wise fixed reallocation randomization test.

2.10 | Statistical analysis

IBM SPSS Statistics for Windows v22.0 (IBM Corp.) was used for data 
analysis. All continuous data were expressed as the mean ± standard 
deviation. One-way analysis of variance and Chi-square test were 
used for the statistical evaluation. The statistical significance level 
was set at P value < .05.

3  | RESULTS

3.1 | Characterization of microbubbles

We have successfully prepared ordinary microbubbles MBs and 
chemotactic microbubbles MB(SDF-1α). The two kinds of microbub-
bles were similar on an unaided eye and presented as milky suspen-
sions (Figure 2). They were stable at room temperature and there 
was no statistical difference in the count and particle size of the mi-
crobubbles in a short period of time (Table 4).

Observed under the optical microscope, both MB(SDF-1α) and 
MB showed a spherical structure with uniform size and uniform dis-
tribution (Figure 2). And both microbubbles showed irregular motion. 
Under an inverted fluorescence microscope, the green fluorescence 
expressed by FITC was observed on the surface of MB(SDF-1α), 
while MB showed no green fluorescence (Figure 2). Flow cytometry 
indicated that the carry rate of FITC fluorescence was greater than 
80% (Figure 2). The SDF-1α encapsulation efficiency was 76%, and 
the loading content was 15 μg/mL.

3.2 | BMSCs migration in vitro

In the chemotaxis experiment and chemotaxis inhibition experi-
ment, the number of cells in the lower chamber of each experi-
mental group was detected using a fully automatic cell counter. 
We found that the number of migrated cells in SDF-1α group and 
MB(SDF-1α) + US group was higher than that in the other three 
groups, and MB(SDF-1α) + US group was the highest in chemotaxis 
experiment (P < .05), while in the chemotaxis inhibition experiment, 
the number of migrated cells in each group was significantly lower 

Targets Primer sequence(5′-3′)

(1) CXCR4 F:TTCTACCCCAATGACTTGTG; R:ATGTAGTAAGGCAGCCAACA

(2) CD73 F:CAAATCCCACACAACCACTG; 
R:TGCTCACTTGGTCACAGGAC

(3) CD90 F:GACCCGTGAGACAAAGAAGC; 
R:GCCCTCACACTTGACCAGTT

(4) GAPDH F:CATCTCTGCCCCCTCTGCTG; R:GCCTGCTTCACCACCTCTTG

TA B L E  3   Sequences of the PCR 
amplification primers
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than that in the absence of antagonists AMD3100. And there was no 
significant difference in the number of migrated cells in each group 
(P > .05; Figure 3A). In chemotaxis experiment, cell viability of each 
group showed that MB(SDF-1α) + US group was slightly lower than 
that of other groups, but there was no statistically significant dif-
ference (Figure 3B-F). The expression of CXCR4 was evaluated by 
flow cytometry and qRT-PCR. Flow cytometry indicated that group 
SDF-1α and MB(SDF-1α) + US showed relatively higher expression 
of CXCR4, while qRT-PCR determined that group MB(SDF-1α) + US 
had the highest relative expression (Figure 3G).

3.3 | Evaluation of cartilage lesions in vivo

A certain degree of cartilage defects was observed in HE stain-
ing of each group in the experiment of exogenous stem cell group 
(Figure 4A) and non-exogenous stem cell group (Figure 4B), respec-
tively. Synovial hyperplasia and inflammatory cell infiltration could 
be found in joint cavities of some groups based on HE staining. On 
one hand, the successful establishment of the OA model was veri-
fied. On the other hand, it was also demonstrated that after different 

experimental treatments, the degree of inflammation of the joints 
between the groups did not change significantly.

Safranin O-Fast green staining of experiments of verification of 
exogenous stem cell group (Figure 5A) and non-exogenous stem cell 
group (Figure 5B) were as follows. Markin's scoring derived from 
Safranin O-Fast green staining in different groups had no significant 
difference (P > .05) by scoring the cartilage structure damage, num-
ber of chondrocytes, degree of stroma staining and integrity of the 
tidal line.

3.4 | Detection of BMSCs surface markers in vivo

3.4.1 | IHC

In the experiment of verification of exogenous stem cell homing, 
the IHC results of CD73, CD90 and CXCR4 showed that the stain-
ing intensity of BMSCs + MB(SDF-1α) (I) + US group was higher 
than that of intravenous injection, and the staining intensity of 
BMSCs + MB(SDF-1α) + US group was higher than the other intra-
venous injection groups (P < .05; Figure 6A).

F I G U R E  2   Characteristics of microbubbles. MB(SDF-1α) and MB under the optical microscope presented uniform size and distribution. 
MB(SDF-1α) under inverted fluorescence microscope exhibited obvious fluorescence while MB had no fluorescence. Flow cytometry of two 
kinds of microbubbles revalidated the presence of SDF-1α on the surface of MB(SDF-1α)

Time Concentration (×108/mL) Particle size (µm)

MB(SDF-1α) MB
P 
value MB(SDF-1α) MB

P 
value

2 h 2.54 ± 0.28 2.96 ± 0.11 .138 1.624 ± 0.268 1.498 ± 0.287 .107

8 h 2.39 ± 0.62 2.62 ± 0.21 .066 1.702 ± 0.293 1.510 ± 0.216 .114

24 h 2.21 ± 0.40 2.33 ± 0.24 .071 1.722 ± 0.604 1.645 ± 0.448 .092

P value .278 .312 .094 .118

TA B L E  4   Beckman Coulter 
determination of concentration and 
particle size of microbubbles
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While in the experiment of verification of endogenous stem cell 
homing, the IHC staining of CD73, CD90 and CXCR4 in each group 
was lower than that in the local injection group (P < .05). Except for 
the blank control group, the staining intensity of each group in ver-
ification of exogenous stem cell homing was higher than that in the 
endogenous stem cell groups (Figure 6B).

3.4.2 | qRT-PCR

The expression levels of CXCR4, CD73 and CD90 mRNA in 
BMSCs + MB(SDF-1α) (IA) + US group were higher than those in the 
other groups in exogenous stem cell homing experiment (P < .05). 
And CXCR4, CD73 mRNA expression level in MB(SDF-1α) (IA) + US 
group without exogenous BMSCs was higher than the other groups 
(P < .05; Figure 7), which indicated the possibility of endogenous 
BMSCs homing.

4  | DISCUSSION

Current delivery strategies of MSCs mainly include local injection and 
systemic injection. As OA is a systemic disease, multiple joints are often 
involved instead of a single joint. Local injections are limited to treat mul-
tiple joints simultaneously. In addition, systemic injection of stem cells is 
beneficial for verifying the homing of stem cells. Therefore, this study 
attempted to use systematic administration of stem cells for research.

In this research, we have successfully developed chemotac-
tic microbubbles containing SDF-1α by covalent conjugation. The 
MB(SDF-1α) has good stability and has no significant change in parti-
cle size and count in a short time with homogeneous distribution. This 
may be caused by the mixed phospholipids that used as shell materials 
for chemotactic lipid microbubbles, which has better stability than a 
single phospholipid shell. The PEG-loaded phospholipids can protect 
the microbubbles in the blood circulation system, thereby forming a 
protective layer of hydration film on the surface of the microbubbles, 
further promoting the stability of the microbubbles. It's still better to 
prepare them before use in order to achieve the best performance of 
the microbubbles. The prepared MB(SDF-1α) also has a high unload-
ing content and encapsulation efficiency of SDF-1α. In addition, the 
MB(SDF-1α) also has a satisfactory FITC fluorescence unloading rate 
as SDF-1α was labelled with FITC prior to use. The result is compara-
ble to the study of Wu and his group.13

In the chemotaxis experiment in vitro, the MB(SDF-1α) solution 
significantly promoted the migration of BMSCs, and it has better 
chemotaxis than the equivalent amount of SDF-1α alone. While in 
the chemotaxis inhibition experiment, the migration efficiency was 
restrained after the block of the SDF-1/CXCR4 axis by AMD3100, 
which is a highly specific receptor antagonist of CXCR4. In the bioac-
tivity assay in vitro, the BMSCs in each group had similar bioactivity 
and did not show a large number of cell deaths due to ultrasound ir-
radiation. This indicated that the ultrasonic irradiation conditions of 
duty ratio 10%, intensity 1 W/cm2, time 30 seconds were relatively 
safe for BMSCs.

F I G U R E  3   Stem cell in vitro migration 
assay. A, The number of cell migrations 
in each group in chemotaxis experiment 
and chemotaxis inhibition experiment. 
In the chemotaxis experiment, SDF-1α 
and MB(SDF-1α) groups had higher cell 
counts than the other groups (*), and 
the MB(SDF-1α) group had the highest 
cell count (#). After blocking with AMD, 
there was no significant difference in 
the number of migrated cells in each 
group. Cell viability assessment of the 
number of migrated cells in each group 
in the chemotaxis experiment. There was 
no statistical difference in cell viability 
among the groups. B-F (Group 1-5), 
Flow cytometry was used to detect the 
expression of CXCR4 on the surface of 
BMSCs in each group. Group 2 and 5 had 
a relatively higher expression. G, qRT-PCR 
of CXCR4 mRNA, and group MB(SDF-
1α) + US had the highest expression (*)



10824  |     XIANG et Al.

The CXCR4 receptor expressed on the cell membrane of 
BMSCs is usually less, and it is further decreased as the culture 
time in vitro is prolonged and the number of passages is increased. 
The expression of CXCR4 directly affects the binding to SDF-1α, 
which in turn affects the migration of stem cells. This is the rea-
son for evaluating the expression of CXCR4 on the surface of 
BMSCs and selecting P3 BMSCs for experiments. Both flow cy-
tometry and qRT-PCR revealed that the expression of CXCR4 
in MB(SDF-1α) + US group was relatively higher than the other 
groups.

In the experiments verifying exogenous BMSCs homing (exoge-
nous BMSCs injected) and possible endogenous BMSCs (non-exog-
enous BMSCs injected) homing in vivo, a certain degree of cartilage 
defects appeared in each group, which was consistent with the 
model of OA. There were no significant differences in Markin's 
scores and degree of cartilage damage in each group.

The staining intensities of CXCR4, CD73, and CD90 were de-
tected by IHC staining of articular cartilage in the lesion area. 
And qRT-PCR was used to detect the relative expression of each 
mRNA. When exogenous BMSCs were administrated, the expres-
sion of stem cell positive markers and chemokine receptors in 
BMSCs + MB(SDF-1α) (IA) + US group were significantly higher than 
the other groups. It was confirmed that the local stem cell content of 
this group was higher than the other groups, and the stem cells had 
the highest homing efficiency. At the same time, the IHC staining 
intensity of BMSCs + MB(SDF-1α)(iv) + US group was higher than 
that of the other intravenous injection groups, which also showed 
that in all intravenous injection groups, the combination of ultra-
sound and chemotactic microbubbles promoted stem cell homing 
with best efficiency. In the study of possible endogenous stem cell 
homing, MB(SDF-1α) (IA) + US group also caused local increase in 
stem cell surface markers and chemokine receptor levels, which also 

F I G U R E  4   A, HE staining of each group in verification of exogenous stem cell homing (Exogenous BMSCs group). B, HE staining of each 
group in verification of possible endogenous stem cell homing (Non-Endogenous BMSCs group)
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verified that ultrasound combined with chemotactic microbubbles 
could induce endogenous stem cells to homing to target tissues in a 
certain degree. Marrow-stimulating procedures are directed at mo-
bilizing endogenous MSC to the site of cartilage injury, capitalizing 
on the intrinsic healing abilities of the body.29 This part of the stem 
cells may come from the synovial membrane, bone marrow, blood, 
etc However, the role of endogenous stem cell homing is limited, 
and the intensity of IHC staining and mRNA expression level is not 
as good as those of exogenously administrated stem cells. We have 
been suggested that in the experimental group of exogenously in-
jected stem cells, ultrasound combined with chemotactic microbub-
bles MB(SDF-1α) may also promote the homing of some endogenous 
stem cells. Similar conclusion was made by another studies suggest-
ing that trafficking of native MSC to injured tissue and their subse-
quent participation in the regenerative process is a natural healing 
response, which can potentially be imitated or augmented by en-
hancing the endogenous MSC pool with exogenously administered 

MSC.29 In this way, after injecting exogenous MSC, both of exoge-
nous and endogenous MSC can play a synergistic role in cartilage 
repair.

The common administration ways of exogenous MSC include 
local injection (intra-articular injection for joints) and intravenous 
injection. Between them, local injection of MSC is the simplest and 
most direct way for the supply of MSC. Because of the lack of vas-
cularity in cartilage, there is limited researches focused on that MSC 
(from the circulation) are capable of homing in response to cartilage 
injury by intravenous injection except for Pereira and his group.29 
In this study aimed at investigating whether precursor mesenchy-
mal cells from the marrow that are expanded in culture can serve as 
long-lasting precursors of bone and other connective tissues after 
intravenous infusion into irradiated mice, Pereira et al30 reported 
that progeny of the donor cells exogenously delivered were pres-
ent in cartilage and accounted for 2.5% of the isolated chondro-
cytes from xiphoid and articular cartilage, which demonstrates the 

F I G U R E  5   A, Reddish O-fixed green staining of each group in verification of exogenous stem cell homing (Exogenous BMSCs group). B, 
Reddish O-fixed green staining of each group in verification of possible endogenous stem cell homing (Non-Endogenous BMSCs group)
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F I G U R E  6   A, IHC staining of CXCR4, CD73, CD90 in exogenous BMSCs groups and their quantitative analysis. B, IHC staining of CXCR4, 
CD73, CD90 in Non-Endogenous BMSCs groups and their quantitative analysis. The blue arrows indicated the positive areas
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possibility of injecting stem cells intravenously. Further studies are 
still needed for the intravenous administration of MSC.

Although Saito et al31 have demonstrated the ability of MSCs to 
home for the first time since 2002, the exact mechanism of MSCs 
therapy is still controversial. Currently, the main possible mecha-
nisms are as follows. First, the SDF-1/CXCR4 axis is the most im-
portant biological axis for promoting stem cell homing.15,16 On one 
hand, it can promote the migration of BMSCs to the injured part 
after transplantation. On the other hand, when the tissue is dam-
aged, it will regulate the expression of SDF-1α, and the local SDF-1α 
concentration will increase. Then BMSCs containing CXCR4 on the 
cell surface will reach the injury site along the concentration gradi-
ent of SDF-1α and participate in the tissue repair process. Second, 
MSCs have chemotaxis similar to immune cells and chemotaxis to 
damaged or inflammatory regions; and third, MSCs are similar to the 
vascular endothelial cells, and they can be implanted in the base-
ment membrane of systemic microvasculature or capillaries to enter 
the target organ.32

The combination of ultrasound and microbubbles can cause 
sonoporation under proper conditions. With the effect of sonopo-
ration, transient and non-lethal porosity will occur on biological 
membranes, which will increase the permeability of capillaries.33,34 
In addition, Meijering et al35 proposed that the microbubbles rup-
ture caused the generation of hydrogen peroxide with ultrasound 
irradiation. And it also resulted in Ca2+ influx and Ca2+-dependent 
K channel opening in the adjacent cell membrane, thereby causing 

local membrane potential hyperpolarization. Endocytosis and pino-
cytosis can help the microbubble get into the cell under ultrasound 
irradiation.

This preliminary research still has several limitations. We have no 
traces of exogenous stem cells in this study. In addition, there is no 
further study on the long-term survival and differentiation of exoge-
nous stem cells. This will be covered in our future research.

5  | CONCLUSION

We successfully prepared a chemotactic microbubble MB(SDF-1α) 
which combining microbubble with SDF-1α by covalent conjugation. 
It has good stability and high unloading content and encapsulation ef-
ficiency of SDF-1α. Ultrasound combined with MB(SDF-1α) can pro-
mote the migration of BMSCs in vitro and also improve the homing 
of BMSCs in vivo. When intravenously injected with exogenous stem 
cells, ultrasound combined with MB(SDF-1α) in intra-articular injec-
tion promoted the best homing of stem cells to the cartilage defect 
area. While if exogenous BMSCs were not given, ultrasound combined 
with MB(SDF-1α) intra-articular injection also promoted the hom-
ing of endogenous BMSCs to a certain extent, however, the homing 
efficiency was inferior to the administration of exogenous BMSCs. 
Ultrasound combined with chemotactic microbubble MB(SDF-1α) is 
an effective way to promote stem cell homing in the rat OA model, 
which is of great significance for cartilage regeneration.

F I G U R E  7   qRT-PCR analysis of the expression levels of CXCR4, CD73 and CD90 mRNA.* represents a statistically significant difference



10828  |     XIANG et Al.

ACKNOWLEDG EMENTS
This work was supported by the grant from Key Research and 
Development Project of Sichuan Province (2019YFS0219) and 
the Program of National Natural Science Foundation of China 
(81671696, 81971622).

CONFLIC T OF INTERE S T
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS
Xi Xiang: Data curation (lead); Writing-original draft (lead). Hui Liu: 
Data curation (supporting); Methodology (supporting). Liyun Wang: 
Methodology (supporting). Bihui Zhu: Methodology (supporting). 
Lang Ma: Supervision (equal); Writing-review & editing (equal). 
Fangxue Du: Methodology (supporting). Ling Li: Data curation (sup-
porting). Li Qiu: Conceptualization (lead); Funding acquisition (lead); 
Resources (lead); Supervision (equal); Writing-review & editing 
(equal).

DATA AVAIL ABILIT Y S TATEMENT
All data were included in the manuscript.

ORCID
Li Qiu  https://orcid.org/0000-0003-2685-9799 

R E FE R E N C E S
 1. Kumar DN, Krishna MV, Rajni D, et al. Combating osteoarthritis 

through stem cell therapies by rejuvenating cartilage: A review. 
Stem Cells Int. 2018;2018:1-13.

 2. Nam Y, Rim YA, Lee J, et al. Current therapeutic strate-
gies for stem cell-based cartilage regeneration. Stem Cells Int. 
2018;2018:8490489.

 3. Nam Y, Rim YA, Jung SM, et al. Cord blood cell-derived iPSCs as 
a new candidate for chondrogenic differentiation and cartilage re-
generation. Stem Cell Res Ther. 2017;8(1):16.

 4. Reissis D, Tang QO, Cooper NC, et al. Current clinical evidence 
for the use of mesenchymal stem cells in articular cartilage repair. 
Expert Opin Biol Ther. 2016;16(4):535-557.

 5. Augello A, Tasso R, Negrini SM, et al. Cell therapy using allogeneic 
bone marrow mesenchymal stem cells prevents tissue damage in 
collagen-induced arthritis. Arthritis Rheum. 2007;56(4):1175-1186.

 6. Ringe J, Burmester GR, Sittinger M. Regenerative medicine in rheu-
matic disease-progress in tissue engineering. Nat Rev Rheumatol. 
2012;8(8):493-498.

 7. Liu H, Ding J, Wang C, et al. Intra-articular transplantation of al-
logeneic BMMSCs rehabilitates cartilage injury of antigen-induced 
arthritis. Tissue Eng Part A. 2015;21(21–22):2733-2743.

 8. Sato M, Uchida K, Nakajima H, et al. Direct transplantation of 
mesenchymal stem cells into the knee joints of Hartley strain 
guinea pigs with spontaneous osteoarthritis. Arthritis Res Ther. 
2012;14(1):R31.

 9. Mokbel AN, El Tookhy OS, Shamaa AA, et al. Homing and repar-
ative effect of intra-articular injection of autologus mesenchymal 
stem cells in osteoarthritis animal model. BMC Musculoskelet Disord. 
2011;12:259.

 10. Diekman BO, Guilak F. Stem cell-based therapies for osteo-
arthritis: challenges and opportunities. Curr Opin Rheumatiol. 
2013;25(1):119-126.

 11. Reinders ME, Fibbe WE, Rabelink TJ. Multipotent mesenchymal 
stromal cell therapy in renal disease and kidney transplantation. 
Nephrol Dial Transplant. 2010;25(1):17-24.

 12. Xinaris C, Morigi M, Benedetti V, et al. A novel strategy to en-
hance mesenchymal stem cell migration capacity and pro-
mote tissue repair in an injury specific fashion. Cell Transplant. 
2013;22(3):423-436.

 13. Wu S, Li L, Wang G, et al. Ultrasound-targeted stromal cell-derived 
factor-1-loaded microbubble destruction promotes mesenchymal 
stem cell homing to kidneys in diabetic nephropathy rats. Int J 
Nanomedicine. 2014;3(9):5639-5651.

 14. Lau TT, Wang DA. Stromal cell-derived factor-1 (SDF-1): homing 
factor for engineered regenerative medicine. Expert Opin Biol Ther. 
2011;11(2):189-197.

 15. Kitaori T, Ito H, Schwarz EM, et al. Stromal cell-derived factor1/
CXCR4 signaling is critical for the recruitment of mesenchymal stem 
cells to the fracture site during skeletal repair in a mouse model. 
Arthritis Rheum. 2009;60(3):813-823.

 16. Karp JM, Leng Teo GS. Mesenchymal stem cell homing: the devil is 
in the details. Cell Stem Cell. 2009;4(3):206-216.

 17. Marquez-Curtis LA, Janowska-Wieczorek A. Enhancing the migra-
tion ability of mesenchymal stromal cells by targeting the SDF-1/
CXCR4 axis. Biomed Res Int. 2013;2013:561098.

 18. Li M, Yu J, Li Y, et al. CXCR4 positive bone mesenchymal stem cells 
migrate to human endothelial cell stimulated by ox-LDL via SDF-
1alpha/ CXCR4 signaling axis. Exp Mol Pathol. 2010;88(2):250-255.

 19. JoD Y, Rafii S, Hamada T, et al. Chemotaxis of primitive hematopoi-
etic cells in response to stromal cell-derived factor-1. J Clin Invest. 
2000;105(1):101-111.

 20. Sirsi S, Borden M. Microbubble compositions, properties and bio-
medical applications. Bubble Sci Eng Technol. 2009;1(1–2):3-17.

 21. Liu Y, Miyoshi H, Nakamura M. Encasulated ultrasound micro-
bubbles: theraperutic application in drug/gene delivery. J Control 
Release. 2006;114(1):89-99.

 22. Tartis MS, McCallan J, Lum AF, et al. Therapeutic effects of pacl-
itaxel containing ultrasound contrast agent. Ultrasound Med Biol. 
2006;32(11):1771-1780.

 23. Lindner JR. Evolving applications for contrast ultrasound. Am J 
Cardiol. 2002;90:72-80.

 24. Zhang Y, Ye C, Wang G, et al. Kidney-targeted transplantation of 
mesenchymal stem cells by ultrasound-targeted microbubble de-
struction promotes kidney repair in diabetic nephropathy rats. 
Biomed Res Int. 2013;2013:526367.

 25. Sajjadi B, Abdul Aziz AR, Ibrahim S. Mechanistic analysis of cav-
itation assisted transesterification on biodiesel characteristics. 
Ultrason Sonochem. 2015;22:463-473.

 26. Liu P, Wang X, Zhou S, et al. Effects of a novel ultrasound contrast 
agent with long persistence on right ventricular pressure: compari-
son with SonoVue. Ultrasonics. 2011;51(2):210-214.

 27. Schmitz N, Laverty S, Kraus VB, et al. Basic methods in histopathol-
ogy of joint tissues. Osteoarthritis Cartilage. 2010;18:S113-S116.

 28. Mankin HJ, Dorfman H, Lippiello L, et al. Biochemical and metabolic 
abnormalities osteoarthritis in articular cartilage from osteo-ar-
thritic human hips. II. Correlation of morphology with biochemical 
and metabolic data. J Bone Joint Surg Am. 1971;53(3):523-537.

 29. Fong ELS, Chan CK, Goodman SB. Stem cell homing in musculoskel-
etal injury. Biomaterials. 2011;32(2):395-409.

 30. Pereira RF, Halford KW, O’Hara MD, et al. Cultured adherent 
cells from marrow can serve as long-lasting precursor cells for 
bone, cartilage, and lung in irradiated mice. Proc Natl Acad Si USA. 
1995;92(11): 4857–4861.

 31. Saito T, Kuang JQ, Bittira B, et al. Xenotransplant cardiac chi-
mera: immune tolerance of adult stem cells. Ann Thorac Surg. 
2002;74(1):19-24.

https://orcid.org/0000-0003-2685-9799
https://orcid.org/0000-0003-2685-9799


     |  10829XIANG et Al.

 32. Crisan M, Yap S, Casteilla L. A perivascular origin for 
Mesenchymal stem cells in multiple human organs. Cell Stem Cell. 
2008;3(3):301-313.

 33. Delalande A, Kotopoulis S, Postema M, et al. Sonoporation: mech-
anistic insights and ongoing challenges for gene transfer. Gene. 
2013;525(2):191-199.

 34. Qin P, Xu L, Hu Y, et al. Sonoporation-induced depolarization of 
plasma membrane potential: analysis of heterogeneous impact. 
Ultrasound Med Biol. 2014;40(5):979-989.

 35. Meijering BD, Juffermans LJ, van Wamel A, et al. Ultrasound 
and microbubble-targeted delivery of macromolecules is regu-
lated by induction of endocytosis and pore formation. Circ Res. 
2009;104:679-687.

How to cite this article: Xiang X, Liu H, Wang L, et al. 
Ultrasound combined with SDF-1α chemotactic microbubbles 
promotes stem cell homing in an osteoarthritis model. J Cell 
Mol Med. 2020;24:10816–10829. https://doi.org/10.1111/
jcmm.15706

https://doi.org/10.1111/jcmm.15706
https://doi.org/10.1111/jcmm.15706

