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A B S T R A C T   

Intra-articular injection of mesenchymal stem cells (MSCs) is a promising strategy for osteoarthritis (OA) 
treatment. However, more and more studies reveal that the injected MSCs have poor adhesion, migration, and 
survival in the joint cavity. A recent study shows that tropoelastin (TE) regulates adhesion, proliferation and 
phenotypic maintenance of MSCs as a soluble additive, indicating that TE could promote MSCs-homing in 
regenerative medicine. In this study, we used TE as injection medium, and compared it with classic media in 
MSCs intra-articular injection such as normal saline (NS), hyaluronic acid (HA), and platelet-rich plasma (PRP). 
We found that TE could effectively improve adhesion, migration, chondrogenic differentiation of infrapatellar fat 
pad MSCs (IPFP-MSCs) and enhance matrix synthesis of osteoarthritic chondrocytes (OACs) in indirect-coculture 
system. Moreover, TE could significantly enhance IPFP-MSCs adhesion via activation of integrin β1, ERK1/2 and 
vinculin (VCL) in vitro. In addition, intra-articular injection of TE-IPFP MSCs suspension resulted in a short-term 
increase in survival rate of IPFP-MSCs and better histology scores of rat joint tissues. Inhibition of integrin β1 or 
ERK1/2 attenuated the protective effect of TE-IPFP MSCs suspension in vivo. In conclusion, TE promotes per
formance of IPFP-MSCs and protects knee cartilage from damage in OA through enhancement of cell adhesion 
and activation of integrin β1/ERK/VCL pathway. Our findings may provide new insights in MSCs intra-articular 
injection for OA treatment.   

1. Introduction 

Osteoarthritis (OA) is a chronic, multicausal, and progressive joint 
disease characterized by degeneration of the articular cartilage and 
remodeling of other joint tissues [1]. With the development of tissue 
engineering, mesenchymal stem cells (MSCs)-based therapies for OA 
have been widely studied and used in clinics [2]. For knee OA treatment, 

intra-articular injection of MSCs, including bone marrow-derived stem 
cells (BMSCs) and adipose-derived stem cells (ADSCs), has been proven 
to be a safe therapy [3]. Studies have shown that intra-articular injection 
of BMSCs is effective in improving joint function and decreasing knee 
OA symptoms [4,5]; injection of ADSCs also improves VAS and 
KOOS-sports/recreation in OA patients [6]. Moreover, MSCs therapies 
could preserve articular cartilage superficial layer cells, inhibit synovitis 
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[7], and relieve vascular infiltration of subchondral bone [8]. However, 
a recent systematic review reports that MSCs injection is not superior to 
placebo in pain relief and functional improvement for patients with 
symptomatic knee OA [9]. For instance, MSCs could move towards and 
accumulate around impaired cartilage but not have significant thera
peutic effect on OA [10]; the galectin expression and motility of BMSCs 
are impaired after intra-articular injection, which limits tissue repair in 
OA [11]; MRI results show that MSCs do not participate in repair of 
cartilage defects following intra-articular injection [12]. In addition, 
many factors, such as no uniform standard for clinical use [13], unclear 
mechanism of OA treatment after MSCs injection [14], and microenvi
ronment of injection site [15] have led to restrictions on application of 
MSCs. Therefore, the performance of the injected MSCs in OA joints 
needs further study. 

Due to the complex biomechanical microenvironment in joint, the 
MSCs lack effective adhesion to the extracellular matrix (ECM) after 
injection [16]. It has been shown that few survived MSCs are tracked in 
knee joint at 7 days or 14 days after injection [17,18]; only a small part 
of MSCs could adhere to cartilage or synovium after intra-articular in
jection [19,20]; MSCs are no longer detectable 3 weeks after 
intra-articular injection although it has beneficial effects on treatment of 
OA [21,22]. Because the adhesion and long-term survival of MSCs are 
prerequisites for cell therapy [23], improving adhesion and homing of 
MSCs in the joint cavity might improve the curative effect of 
intra-articular injection therapies for OA treatment. 

Tropoelastin (TE) is the dominant building block of elastic fibers, 
providing structural support to tissues and imbuing them with elasticity 
and resilience [24]. TE has been shown to promote sequential cell 
attachment and spreading [25,26]. More importantly, a recent study 
suggests that TE could regulate adhesion, proliferation, and phenotypic 
maintenance of MSCs as a soluble additive [27]. Hence, we assumed that 
TE might be used to improve the performance of injected MSCs in OA 
joints. Firstly, we investigated the effect of TE on adhesion, migration, 
chondrogenic differentiation, and paracrine function of infrapatellar fat 
pad MSCs (IPFP-MSCs) in vitro. Then, the intra-articular performance of 
IPFP-MSCs and therapeutic effect of TE-IPFP-MSCs suspension injection 
on OA were observed in rat knee OA model. The underlying mechanism 
of TE regulating IPFP-MSCs performance was also analyzed. Normal 
saline (NS) [28], hyaluronic acid (HA) [29], and platelet-rich plasma 
(PRP) [30], the classic media of MSCs injection in clinics, were used as 
control. 

2. Materials and methods 

2.1. Ethics, inclusion criteria and exclusion criteria 

This study was approved by the Ethics Committee of Southwest 
Hospital, Chongqing, China. All patients involved in this study had 
signed the informed consent form. Only patients with advanced knee OA 
(grade IV in The Kellgren-Lawrence grading system) were selected, and 
patients with inflammatory arthritis or with a history of prior knee 
surgery were excluded. 

2.2. Isolation, culture, and identification of primary human IPFP-MSCs 

Infrapatellar fat pad (IPFP) samples were obtained from OA patients 
(three male and three female, average age 59.33 ± 3.01 years) under
going total knee arthroplasty as described previously [31]. Small pieces 
of IPFP were washed in PBS (Beyotime) and digested with 0.2% colla
genase I (Sigma) in DMEM/F12 (Gibco) supplemented with 1% P/S 
(Beyotime) at 37 ◦C + 5% CO2 overnight. The digested cell suspension 
was filtered through a 100-μm and 40-μm cell strainer (Millipore). The 
resulting cell suspension was centrifuged at 500 g for 5 min. The su
pernatant was removed, and red blood cell lysis buffer (Beyotime) was 
added. Cells were centrifuged again (500 g for 5 min) and resuspended 
in DMEM/F12 supplemented with 10% FBS (Gibco) and 1% P/S. The 

medium was changed every 2 days. Cells were used at passage 3 to avoid 
phenotype changes of IPFP-MSCs. 

To identify IPFP-MSCs, Human MSCs Analysis Kit (BD Biosciences) 
was utilized to test antigens including positive markers CD44, CD73, 
CD90, and CD105 and negative markers CD11b, CD19, CD34, CD45, and 
HLA-DR following the manufacturer’s instructions. Besides, immuno
fluorescence staining was performed to detect expression of positive 
markers in IPFP-MSC including CD44, CD90, and CD105. 

2.3. Isolation, culture, and identification of primary human osteoarthritic 
chondrocytes (OACs) 

Cartilage samples (donor-matched) were obtained from OA patients 
(three male and three female, average age 59.33 ± 3.01 years) under
going total knee arthroplasty as described previously. Cartilage frag
ments were washed in PBS and digested with 0.2% collagenase II 
(Sigma) in DMEM/High glucose medium (Gibco) supplemented with 1% 
P/S at 37 ◦C + 5% CO2 overnight. The digested cell suspension was 
filtered through a 40-μm cell strainer. After being centrifuged (400 g for 
5 min), chondrocytes were resuspended in DMEM/High glucose medium 
supplemented with 10% FBS and 1% P/S. Cells were used at passage 1 to 
avoid phenotype changes of OACs. HE staining (Sigma) and Safranin O 
staining (Solarbio) were carried out to observe OACs morphology and 
glycosaminoglycans (GAGs) expression. 

2.4. Cell labeling 

In order to track IPFP-MSCs on surface of human cartilage or in rat 
knee articular cavity, IPFP-MSCs were incubated with DiO (Beyotime) or 
DiI (Beyotime) or DiR (ThermoFisher) (10 μM). Briefly, stock solution of 
DiO or DiI or DiR was dissolved in DMSO (Gibco) (10 mM), and diluted 
in DMEM/F12. Labeled IPFP-MSCs were observed by Inverted fluores
cence microscope (IX71 Olympus). 

2.5. Isolation of human knee osteochondral composites 

The knee articular cartilages were obtained from OA patients (three 
male and three female, average age 59.83 ± 2.48 years). For isolation of 
human knee osteochondral composites, hollow medical electrical 
trepan-drill was used. The drill was perpendicular to surface of cartilage. 
The isolated osteochondral samples were used in following experiments. 

2.6. Experimental preparation and design 

NS (0.9% NaCl; Sichuan Kelun Pharmaceutical) and HA (ARTZ® 
Dispo; Kunming Baker Norton Pharmaceutical; Imported Drug License: 
H20140533) were within the expiration date. PRP (Blood Transfusion 
Department of Southwest Hospital) was separated and concentrated 
from the whole blood of health adults (three male and three female, 
average age 26.33 ± 2.16 years; platelet concentration: ~1300 × 109/ 
L). TE (Advanced BioMatrix) was dissolved in 0.25% glacial acetic acid 
(Beyotime) and diluted with NS to reach the concentration of 20 μg/mL. 
The pH value was 6.76 for NS, 7.32 for HA, 6.83 for PRP, and 6.61 for 
TE. Considering the lack of nutrient in NS, HA, and TE for long-term 
IPFP-MSCs survival, equal proportion of medium (DMEM/F12 or 
chondrogenic differentiation medium) was added to these solvents 
during cell culture in vitro. 

2.7. IPFP-MSCs adhesion to cell slide or on human knee cartilage surface 

IPFP-MSCs (5 × 104 cells) suspended in NS or HA or PRP or TE +
DMEM/F12 solution (mixing ratio: 1:1) were seeded into cell slide (24- 
well plates) and incubated for 2 h [27] at 37 ◦C, then washed with 
divalent cation-free PBS solution (Sigma) to remove the non-adherent 
cells. The attached cells were fixed in 4% paraformaldehyde (Beyo
time), stained with crystal violet (Beyotime) for 1 h, and counted with 
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Image-Pro Plus 6.0 (Media Cybernetics). For scanning electron micro
scope (SEM) scanning, the IPFP-MSCs on cell-slide were fixed (glutar
aldehyde), dehydrated (ethyl alcohol and tertiary butanol) and 
sputter-coated with gold. The morphologies of cells were viewed with 
a Crossbeam 340 SEM (ZEISS) operated at 2 kV accelerating voltage, and 
the area of adherent cells was calculated with bundled software. For 
Pro-film 3D scanning, cells were fixed with 4% paraformaldehyde and 
cell height was detected with ProfilmOnline (Filmetrics). 

Human knee osteochondral samples were trimmed for cylindrical 
shape and then placed into 48-well plates. To mimic attachment process 
of IPFP-MSCs to cartilage, DiI-IPFP-MSCs suspension was added onto 
surface of cartilage dropwise. Thereafter, 48-well plates were put into 
incubator at 37 ◦C + 5% CO2 for 6 h [32]. Cartilage surface was gently 
washed by divalent cation-free PBS solution. Confocal microscopy was 
used to image attached cells: (1) Cartilage was placed directly in a 
confocal dish and DiI-IPFP-MSCs located on surface of cartilage were 
scanned; (2) Cartilage was fixed in 4% paraformaldehyde and stained by 
DAPI solution. Nuclei of DiI-IPFP-MSCs attached to cartilage surface 
were scanned. (3) Cartilage fixed with 4% paraformaldehyde. Cells on 
outmost surface of cartilage were scanned. 

2.8. Scratch test and transwell migration assay 

IPFP-MSCs were seeded into Culture-Insert 2 Well in μ-Dish 35mm 

(Ibidi) or onto cartilage surface, and cultured for 24 h. Culture-Insert 
was removed and scratches on cartilage were made in the plate using 
a P200 pipette tip. After washing with PBS three times, the culture 
medium was changed with DMEM/F12 supplemented with 0.9% NS or 
HA or PRP or TE (mixing ratio: 1:1). To analyze the migration of IPFP- 
MSCs, images were taken at 0, 24, and 48 h, and cells that crossed the 
baseline were counted for analysis. 

Besides, 5 × 104 cells/well of IPFP-MSCs were seeded into the upper 
chamber of Transwell (Corning, 8 μm) filled with DMEM/F12. The lower 
chamber was filled with DMEM/F12 supplemented with 0.9% NS or HA 
or PRP or TE (mixing ratio: 1:1). After 24 h, cells in the upper surface of 
the membrane were removed with a cotton swab. Cells that migrated to 
the other side of the membrane were fixed with 4% paraformaldehyde 
and stained with crystal violet. These cells were imaged and counted in 6 
random view fields. 

2.9. Mechanism of IPFP-MSCs adhesion in vitro 

To further clarify the mechanism of adhesion, IPFP-MSCs (5 × 104 

cells) were seeded into cell-slides and incubated for 2 h or 6 h or 12 h at 
37 ◦C. Expression of VCL and cytoskeleton was detected by Laser scan
ning confocal microscope (LSM780 ZEISS). Besides, expression of genes 
associated with adhesion including integrin linked kinase (ILK), con
tactin 4 (CNTN4), fibronectin 1 (FN1), elastin (ELN), laminin subunit 
alpha 5 (LAMA-5), microfibril associated protein 4 (MFAP4), nidogen 2 
(NID2), thrombospondin 1 (THBS1), vimentin (VIM), vitronectin (VTN), 
dermatopontin (DPT), VCL, periostin (POSTN), extracellular regulated 
protein kinases (ERK), protein tyrosine kinase 2 (PTK2), and high 
mobility group box 1 (HMGB1) was analyzed when IPFP-MSCs were 
attached for 6 h. Moreover, integrin subunit alpha 1–5 (integrin α1, α2, 
α3, α4, α5) and integrin subunit beta 1–5 (integrin β1, β2, β3, β4, β5) 
were also measured. 

IPFP-MSCs (5 × 104 cells) were seeded into cell-slides filled with TE- 
DMEM/F12 solution (mixing ratio: 1:1) containing 5 mM EDTA [27] 
(Biosharp). The cells were incubated for 2 h at 37 ◦C, then washed with 
cation-free PBS to remove non-adherent cells. The attached cells were 
fixed and stained, and cell attachment was quantified. To block specific 
integrin (integrin β1) or ERK1/2 activity, IPFP-MSCs were pretreated 
with 10 μg/mL of anti-integrin β1 [33–35] (Abcam) or 5 nM EAK1/2 
inhibitor SCH772984 [36,37] (TOPSCIENCE) for 12 h, washed with 
divalent cation-free PBS to removed antibodies or inhibitor and then 
suspended in TE solution. TE-coated model was also established by 

adding TE solution to cell-slide, incubated at 37 ◦C for 2 h, and then 
washed with double distilled water before cell attachment. The 
nonspecific mouse IgG (10 μg/mL) (Sigma) was included as a negative 
control for anti-integrin β1. 

2.10. Chondrogenic potential of IPFP-MSCs and its effect on phenotype of 
OACs in co-culture 

IPFP-MSCs (5 × 104 cells) were seeded into cell-slide or onto carti
lage surface and grew until 100% confluence. Cells were maintained at 
37 ◦C + 5% CO2 incubator, and the induction medium (NS or HA or PRP 
or TE + chondrogenic differentiation medium, mixing ratio: 1:1) 
(CYAGEN) was replaced every 2 days. After 7 days of culture in induc
tion medium, expression of collagen II, aggrecan, and SOX-9 was 
measured in IPFP-MSCs. IPFP-MSCs at passage 3 and OACs at passage 1 
from a single patient were used in coculture. For indirect-coculture, 
OACs were seeded into the lower chamber of Transwell filled with 
DMEM/F12; IPFP-MSCs were seeded into the upper chamber of Trans
well (Corning, 0.4 μm) filled with DMEM/F12 supplemented with 0.9% 
NS or HA or PRP or TE (mixing ratio: 1:1); OACs alone were used as 
control. After 7 days of coculture, expression of collagen II, aggrecan, 
and SOX-9 was detected in OACs. 

2.11. Immunofluorescence staining 

IPFP-MSCs or OACs were fixed in 4% paraformaldehyde. Non- 
specific bindings were blocked with QuickBlock blocking buffer (Beyo
time) for 2 h. Fixed cells were incubated with primary antibodies 
(collagen II, aggrecan, SOX-9, VCL, integrin β1, ERK1/2 and p-ERK1/2) 
(Abcam) overnight at 4 ◦C, followed by incubation with secondary 
antibody (Ms-647 or Rb-488) (Abcam) for 90 min at room temperature. 
Nuclei were stained with DAPI (Beyotime) for 8 min. Samples were 
observed by Laser scanning confocal microscope (LSM780 ZEISS). The 
relative fluorescence unit (RFU) was analyzed using ZEN 2012 software. 
Three different fluorescence images among each group were used for 
statistical analysis (total fluorescence intensity of the image/number of 
nuclei). 

2.12. Western blot analysis 

Total protein was extracted from the IPFP-MSCs using RIPA lysis 
buffer (Beyotime) supplemented with protease-phosphatase inhibitors 
(Roche) on ice for 20 min, followed by centrifugation at 12,000g for 30 
min at 4 ◦C. Protein concentration was determined using BCA protein 
assay kit (Beyotime). Next, 50 ng of protein was separated by SDS PAGE 
(Beyotime) and subsequently transferred to PVDF membrane (Milli
pore). The membranes were blocked with QuickBlock blocking buffer 
overnight at 4 ◦C and then incubated overnight at 4 ◦C with the primary 
antibodies (collagen II, aggrecan, SOX-9, VCL, integrin β1, ERK1/2 and 
p-ERK1/2), followed by incubation with respective secondary anti
bodies for 1 h at room temperature. After washing three times with 
TBST, the membranes were visualized using SuperSignal west femto kit 
(ThermoFisher). Finally, the intensity of the blots was quantified with 
Image Lab 3.0 software (Bio-Rad). 

2.13. Quantitative RT-PCR analysis 

As for mRNA detection, the IPFP-MSCs were lysed and total RNA was 
extracted using TRIzol reagent. Complementary DNA templates were 
generated by using Transcriptor first strand cDNA synthesis kit (Roche). 
RT-PCR was performed on Bio-Rad CFX96-Touch system by using 
FastStart essential DNA green master (Roche), with each sample pre
pared in triplicate according to the manufacturer’s recommendation. 
β-actin was used as the internal reference. The relative expression level 
of the mRNAs was calculated using the 2− ΔΔCT method. 
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2.14. Induction of rat knee OA 

All animal experiments were in accordance to the animal research 
committee regulations of Third Military Medical University (Army 
Medical University). OA was induced in SD rats by anterior cruciate 
ligament transection (ACLT) as previously described [38]. Rats were 
anesthetized with 1% pentobarbital sodium, and the knee joint was 
exposed through a medial parapatellar approach. The patella was dis
located laterally, and the knee was placed in full flexion followed by 
ACLT with micro-scissors. Four weeks after OA induction, the rats 
received intra-articular injection of MSCs suspension. 

2.15. Intra-articular injection of rat knee 

In IPFP-MSCs tracking experiment, SD rats undergoing ACLT surgery 
were randomly divided into four groups: (1) NS-IPFP-MSCs suspension 
group; (2) HA-IPFP-MSCs suspension group; (3) PRP-IPFP-MSCs sus
pension group; (4) TE-IPFP-MSCs suspension group. There were 6 rats in 
each group. The rats were given intra-articular injections of 100 μL NS or 
HA or PRP or TE containing 3 × 105 fluorescently labeled IPFP-MSCs 
(only one injection). 

To determine the effect of IPFP-MSCs intra-articular injection ther
apy, SD rats were randomly divided into six groups: (1) Control group; 
(2) ACLT group; (3) ACLT + 0.9% NS-IPFP-MSCs suspension; (4) ACLT 
+ HA-IPFP-MSCs suspension; (5) ACLT + PRP-IPFP-MSCs suspension; 
(6) ACLT + TE-IPFP-MSCs suspension. There were 8 rats in each group. 
SD rats were given intra-articular injections of 100 μL NS or HA or PRP 
or TE containing 3 × 105 IPFP-MSCs with 1 mL syringe for 5 weeks (once 
a week). 

To explore mechanism of IPFP-MSCs adhesion in vivo, SD rats were 
randomly divided into six group: (1) TE group; (2) TE + anti-integrin β1 
pretreated IPFP-MSCs suspension; (3) anti-integrin β1 pretreated IPFP- 
MSCs suspension; (4) TE + IgG pretreated IPFP-MSCs suspension; (5) 
TE + SCH772984 pretreated IPFP-MSCs suspension; (6) SCH772984 
pretreated IPFP-MSCs suspension. There were 6 rats in each group for in 
vivo imaging (only one injection), and there were 8 rats in each group for 
histology analysis (injected once a week for 5 weeks). 

2.16. Distribution of IPFP-MSCs in rat knee articular cavity (confocal 
microscopy scanning) 

After intra-articular injection with labeled IPFP-MSCs (only one in
jection), SD rats were sacrificed at 1 days, 3 days, 7 days, and 14 days. 
The femoral condyle, tibial plateau, and synovium were dissected out 
and placed in confocal dish. IPFP-MSCs attached to surface of these 
structures were analyzed by Laser scanning confocal microscope 
(LSM780 ZEISS). 

2.17. Near-infrared fluorescence in vivo imaging 

The SD rats undergoing ACLT surgery were divided into four groups: 
(1) NS-IPFP-MSCs suspension group; (2) HA-IPFP-MSCs suspension 
group; (3) PRP-IPFP-MSCs suspension group; (4) TE-IPFP-MSCs sus
pension group. SD rats were given intra-articular injections of 100 μL NS 
or HA or PRP or TE containing 3 × 105 DiR labeled IPFP-MSCs. Anes
thesia of SD rats was induced by an intraperitoneal injection of pento
barbital sodium. After anesthesia, the skin around knee-joint was 
depilated, and the rats were placed into the in vivo imaging system. In 
vivo NIR fluorescence imaging was performed at 2 h, 1 days, 3 days, 7 
days, and 14 days after injection. SD rats were sacrificed after fluores
cent scanning of whole knee area. The femoral condyle, tibial plateau, 
meniscus, and synovium were dissected out and analyzed in the NIR 
fluorescence imaging system. The fluorescence intensities were analyzed 
using Living-image software. The color scale was 1e5 to 1e6 (Min to 
Max) and calculation-formula was (p/sec/cm2/sr)/(μW/cm2). 

2.18. Gross and histologic evaluation 

The degree of cartilage regeneration was evaluated via gross exam
ination. Representative sections of each sample were independently 
scored by 5 blinded observers according to the modified International 
Cartilage Repair Society (ICRS) gross grading scale. 

For histologic analysis, rats were sacrificed, and knee joints were 
fixed in 4% paraformaldehyde, decalcified in 10% EDTA, and embedded 
in paraffin. Serial sagittal sections were obtained including the entire 
joint by collecting 5-μm sections at 50-μm intervals. Paraffin sections 
were subjected to HE staining, safranin O-fast green staining, and 
immunohistochemical staining of collagen II. Histologic changes in the 
rat knee joints were scored according to the recommendations of the 
Osteoarthritis Research Society International (OARSI) scoring system 
[39]. OARSI scoring system is sufficiently sensitive to discriminate be
tween treatments and has high reproducibility, therefore it is recom
mended for evaluation of different OA models and treatments. The 
relative staining intensity of collagen II and GAGs in three central re
gions of articular cartilage was analyzed using Image-Pro Plus version 
6.0 software. 

2.19. Mechanism of IPFP-MSCs adhesion in vivo 

IPFP-MSCs were pretreated with anti-integrin β1 or SCH772984 for 
12 h, washed with divalent cation-free PBS and then suspended in TE 
solution. The IPFP-MSCs suspension was injected into SD rat’s articular 
cavity. Survival of IPFP-MSCs was detected by in vivo NIR fluorescence 
imaging. The pathological changes of rat knee joint were revealed by 
histological evaluation. 

2.20. Statistical analysis 

Data were expressed as mean ± SD by using GraphPad prism 8.0 
software. All in vitro experiments were repeated three times. Two 
different groups were compared by independent-sample t-test, and 
multiple group comparisons were performed by one way ANOVA with 
Tukey’s post hoc test. The statistical significance among multiple ranked 
data was analyzed by Kruskal-Wallis test and Nemenyi test. In all cases, 
results were considered statistically significant when P < 0.05. 

3. Results 

3.1. Isolation, identification and labeling of IPFP-MSCs 

Firstly, human infrapatellar fat pads were obtained from OA patients, 
and IPFP-MSCs were isolated according to the methods described in our 
pervious study [40] (Fig. S1A). We observed that IPFP-MSCs displayed a 
spindle morphology typical of MSCs. MSC markers were measured by 
using Flow Cytometry. Results showed that these cells were positive for 
the surface markers CD44 (98.63%), CD90 (99.72%), CD105 (98.56%), 
and CD73 (99.48%), negative for CD45, CD34, CD11b, CD19, and 
HLA-DR (1.14%) (Fig. S1B). Isolated cells conformed to identification of 
human MSCs proposed by the International Society for Cellular Therapy 
[41]. Immunofluorescence staining results also indicated that expres
sion of CD44, CD90, and CD105 in these cells was detected at high levels 
(Fig. S1C). In addition, IPFP-MSCs were labeled with DiO or DiI or DiR 
for subsequent tracking experiment (Fig. S1D). 

3.2. Isolation and identification of OACs 

Firstly, human cartilage tissues were obtained from OA patients, and 
OACs were isolated according to the methods described in our previous 
study [42]. The cells displayed typical OACs morphology with 
paving-stone-like shape. Moreover, alcian blue staining and safranine O 
staining revealed that the isolated cells highly expressed GAGs 
(Fig. S1E). 
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3.3. TE in solution promotes IPFP-MSCs adhesion in vitro compared with 
NS, HA, and PRP 

IPFP-MSCs were resuspended in the NS, HA, PRP, and TE + DMEM/ 
F12 solution (1:1) and seeded (Fig. S1F). IPFP-MSCs were observed 
under optical microscope. Fig. S1G showed that cells in NS and TE group 
displayed small elliptic or round shape; cells in HA group showed three- 
dimensional multilayer cell-distribution due to viscoelasticity of HA; 
cells in PRP group were also in small elliptic or round shape but could 
not be seen clearly owing to suspended platelet. Cell slides were washed 

with divalent cation-free PBS, and the adherent cells were counted. 
Inverted microscope and crystal violet analysis (Fig. S1H) revealed that 
there were more remaining cells in TE group than that in NS, HA, and 
PRP group. 

To further determine regulatory effect of NS, HA, PRP, and TE on cell 
adhesion, SEM and Pro-film 3D scanning were performed. As shown in 
Fig. 1A and D, IPFP-MSCs attached to cell-slide in TE group were more 
than those in NS, HA, and PRP group. In addition, the relative ratio of 
IPFP-MSCs with contact-adhesion-area greater than 1200 μm2 in TE 
group was higher than NS, HA, and PRP group. Results of Pro-film 3D 

Fig. 1. TE regulates adhesion area and height of IPFP-MSCs in the early stage of adhesion to cell sides. (A) Morphology and adhesion area of IPFP-MSC observed by 
scanning electron microscope (SEM). Yellow arrows indicate IPFP-MSCs with adhesion area greater than 1200 μm2; green arrows indicate IPFP-MSCs with adhesion 
area less than 1200 μm2. (B) Height of IPFP-MSCs detected by Pro-film 3D. Yellow arrows indicate IPFP-MSCs with height less than 3 μm; green arrows indicate IPFP- 
MSCs with height greater than 3 μm. (C) Schematic diagram of adhesion area and height of IPFP-MSCs. (D) and (E) Quantitative analysis of number, adhesion area, 
and height of IPFP-MSCs. (n = 5, ***P < 0.001). 
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scanning also showed the same trend that IPFP-MSCs attached to cell- 
slide in TE group were more than those in NS, HA, and PRP group 
(Fig. 1B and E). Furthermore, in terms of cell height, the relative ratio of 
IPFP-MSCs with cell height less than 3 μm in TE group was higher than 
NS group, HA group, and PRP group. Brief schematic diagram of contact- 
adhesion-area and height was shown in Fig. 1C. 

To mimic the process of IPFP-MSCs adhesion to cartilage in vivo, 
human knee osteochondral composites were obtained from surgical 
specimens and their shapes and sizes were shown in Fig. 2A. According 
to our experimental design (Fig. 2B), confocal 3D scanning results 
indicated that an almost confluent layer of IPFP-MSCs could be seen in 

TE group. DiI-IPFP-MSCs attached to cartilage surface in TE group were 
more than NS, HA, and PRP group. (Fig. 2C and F). In addition, number 
of DAPI-positive IPFP-MSCs nuclei on cartilage surface in NS group, HA 
group, and PRP group was less than that in TE group. (Fig. 2D and F). 
Besides, confocal light-microscope surface-scanning results showed 
similar trend (Fig. 2E and F). 

3.4. TE promotes IPFP-MSCs migration in vitro compared with NS, HA, 
and PRP 

The effect of NS, HA, PRP, and TE on migration of IPFP-MSCs was 

Fig. 2. TE improves adhesion of IPFP-MSCs on human knee osteochondral composites (hOCCs). (A) Isolation of hOCCs and its size-shape. (B) Flowchart exemplifying 
IPFP-MSCs-OCCs adhesion experiment procedure. (C) and (D) DiI-IPFP-MSCs attached to hOCCs. Red arrows and purple arrows (red mixed with blue) indicate DiI- 
IPFP-MSCs. (E) Confocal 3D surface scanning of hOCCs. Yellow arrows indicate IPFP-MSCs; green circles show OACs in cartilage lacuna. (F) Quantitative analysis of 
IPFP-MSCs adhesion on cartilage. (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001). 

J. Yang et al.                                                                                                                                                                                                                                    



Bioactive Materials 10 (2022) 443–459

449

examined through scratch test and Transwell migration assay (Fig. S2A). 
In Culture-Insert 2 Well in μ-Dish or on cartilage surface, the number of 
migrated IPFP-MSCs in the NS, HA, and PRP group was less than that in 
TE group at 24 h or 48 h (Figs. S2D and S2E; Fig. 3A, B, 3C and 3D). 
Similarly, in Transwell migration assay, IPFP-MSCs that migrated from 
the upper membrane to the other side in TE group at NS, HA, and PRP 
group were more than those in NS, HA, and PRP group (Figs. S2B and 
S2C). 

3.5. TE increases expression of chondrogenic markers in IPFP-MSCs and 
OACs 

To evaluate potential of TE to repair cartilage damage, chondrogenic 
differentiation and paracrine activities of IPFP-MSCs in TE solution were 
measured (Fig. 3E). During chondrogenic differentiation of IPFP-MSCs, 
immunofluorescent staining results (Fig. 3F) showed that there was no 
significant difference in changes of cytoskeleton among four groups; 
IPFP-MSCs of NS and PRP group had fewer expressions in collagen II, 
aggrecan, and SOX-9 compared to HA and TE group. Besides, RFU sta
tistical analysis results also showed that addition of TE and HA increased 
the expression of chondrogenic markers in IPFP-MSCs compared with 
NS and PRP (Fig. 3G). At protein levels (Fig. 3H), Western blot results 
also revealed that TE and HA increased expression of chondrogenic 
markers compared with NS and PRP. Similarly, IPFP-MSCs attached to 
the cartilage of TE and HA group had greater expression in collagen II 
(Fig. 3I). In addition, in the indirect co-culture system, fluorescent 
staining and its RFU analysis indicated a higher expression of collagen II, 
aggrecan, and SOX-9 in OACs of TE group and PRP group (Fig. 3J and K). 
Besides, at protein levels, TE and PRP increased expression of chon
drogenic markers compared with NS and HA in OACs (Figure 3L). 

3.6. TE modulates cytoskeleton and expression of VCL in IPFP-MSCs 

In Fig. 4A, at 2 h, IPFP-MSCs in NS, HA, and PRP group were round 
with compact cytoskeleton, and a few dot-like focal complexes could be 
seen at cell periphery. In TE group, there were a number of dot-like focal 
complexes and streak-like focal adhesions at the IPFP-MSCs center and 
periphery; phalloidin staining showed that IPFP-MSCs were in polygonal 
shape with slightly loose cytoskeleton. Fluorescent statistical analysis 
(Fig. 4B) and western-blot (Fig. 4C and D) also revealed that TE signif
icantly increased the expression of VCL compared with NS, HA, and PRP 
group in IPFP-MSCs; expression of VCL in HA and PRP group was higher 
than that in NS group. At 6 h, the distribution of cytoskeleton among 
four groups showed no significant difference. Expression of VCL in TE 
group was higher than that in NS, HA, and PRP group; HA and PRP 
group higher than NS group. At 12 h, immunofluorescent staining results 
showed that there was no significant difference in changes of cytoskel
eton among four groups. Besides, expression of VCL demonstrated a 
trend of upregulation in the HA, PRP, and TE group compared with the 
NS group; no significant difference was noted in expression of VCL 
among HA, PRP, and TE group. 

3.7. TE promotes IPFP-MSCs adhesion via integrin β1/ERK/VCL 
pathway 

Inverted microscope and crystal violet results (Figs. S3A and S3B) 
showed that there were more adherent cells in TE group than in TE +
EDTA group and EDTA group. In order to explore the underlying 
mechanism of IPFP-MSC adhesion, 16 adhesion related genes and 10 
integrin subtype genes were tested. As shown in Fig. 5A and B, 12 genes 
were differentially expressed between TE group and NS group; 9 genes 
between PRP group and NS group; 7 genes between HA group and NS 
group. Among these differentially expressed genes, mRNAs containing 
VCL, ERK, and integrin β1 were dramatically increased in TE-treated 
IPFP-MSCs. Furthermore, immunofluorescence analysis and Western 
blot results (Fig. 5C, D, and 5G) confirmed that TE manifestly increased 

the expression of integrin β1 and ERK 1/2. 
Taken together the results above, we focused on the integrin β1/ 

ERK/VCL signaling pathway to further investigate the mechanism of TE 
in regulating adhesion in IPFP-MSCs. The integrin β1 monoclonal anti
body (anti-integrin β1) and ERK1/2 inhibitor (SCH772984) were used 
(Fig. S3C). IgG was used as control. As shown in Figs. S3D, S3E, S3H, and 
S3I, the number of IPFP-MSCs in TE + anti-β1 group and anti-β1 group 
was significantly less than that in TE group and TE + IgG group. In 
addition, compared with TE group or TE + IgG group, integrin β1 
monoclonal antibody markedly decreased expression of integrin β1, 
ERK1/2, and VCL in TE + anti-β1 group or anti-β1 group. When ERK 1/2 
protein levels were used as relative internal reference, the activation 
ratio of p-ERK1/2 was also decreased in TE + anti-β1 group or anti-β1 
group (Fig. 5E, F, and 5H). With addition of SCH772984, there were 
fewer adherent IPFP-MSCs in TE + SCH group and SCH group as 
compared with TE group (Figs. S3F and S3G). Similarly, it demonstrated 
that ERK1/2 inhibitor SCH772984 decreased expression of ERK1/2 and 
VCL in TE + SCH group and SCH group. Besides, at protein expression of 
p-ERK1/2, Western blot results showed similar trend (Fig. 5I–K). 

3.8. TE promotes IPFP-MSCs survival and adhesion in rat joint cavity 

Intra-articular-anoikis of MSCs is a key factor influencing curative 
effect of MSCs-based therapy [43], therefore, survival number of 
IPFP-MSCs and its distribution in joint cavity were measured. DiO or DiI 
labeled-IPFPMSCs were injected into rat knee joint according to our 
experimental design (Fig. 6A). The femoral condyle, tibial plateau, 
meniscus, and synovium were dissected out from rat knee joint (Fig. 6B), 
and IPFP-MSCs attached to them were scanned under confocal 
microscopy. 

At 1 d or 3 d (Fig. 6C), IPFP-MSCs attached to femoral condyle or 
tibial plateau or synovium in TE and HA group were more than those in 
NS and PRP group, but there was no significant difference in number of 
cells attached to meniscus among four groups. At 7 d or 14 d (Fig. 6C), 
there was no significant difference in number of IPFP-MSCs adhering to 
these structures among four groups. Quantitative analysis of IPFP-MSCs 
adhesion on rat femoral condyle or tibia platform or synovium or 
meniscus also showed the same trend (Fig. 6D). 

In addition, in vivo fluorescent imaging results and its semi- 
quantitative analysis (Fig. 6E and F) showed that fluorescence in
tensity of survived IPFP-MSCs in knee joint cavity in NS and PRP group 
was weaker than that in TE and HA group at 1 d or 3 d. However, at 7 
d or 14 d, fluorescence intensity of knee joint in four groups was weak 
and fluorescence intensity among four groups showed no statistical 
difference. Besides, the femoral condyle, tibial plateau, meniscus, and 
synovium were dissected out from rat knee joint and their fluorescence 
intensities were also measured. Compared with NS and PRP, TE and HA 
solution increased fluorescence intensity of these tissues at 1 d or 3 d. 
However, there was no significant difference in fluorescence intensity 
among four groups at 7 d or 14 d. 

3.9. Intra-articular injection of TE-IPFP-MSCs suspension effectively 
reduces rat knee OA 

To evaluate the role of TE-IPFP-MSCs suspension on protection of 
articular cartilage, the ACLT-induced rat OA model was used. The ACLT- 
induced OA rats were treated with IPFP-MSCs resuspended in NS or HA 
or PRP or TE according to the strategy shown in Fig. 7A. The knees in 
each group were isolated for macroscopic observation (Fig. 7B). Carti
lage on the femoral condyles in control group appeared macroscopically 
normal with a smooth surface, and no cartilage defects or osteophytes 
were observed. In the ACLT group, cartilage surface was uneven-rough 
and some osteophytes were formed in knee joint. In addition, gross 
image of femoral condyle showed that NS, HA, PRP, and TE group had a 
smoother articular surface than ACLT group. However, there was no 
significant difference in macroscopic appearance among four groups 
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Fig. 3. TE enhances migration ability of IPFP-MSCs on cartilage surface, improves chondrogenic differentiation of IPFP-MSCs, and enhances matrix synthesis of 
OACs in indirect-coculture system. (A) and (B) Schematic diagram of scratch test performed on cartilage surface. Red arrows show scratch location. (C) Scratch test of 
IPFP-MSCs on cartilage surface. Confocal 3D scanning images were taken at 0, 24, and 48 h after scratching. White dashed lines indicate the baseline. (D) Quan
tification of IPFP-MSCs migrated across the baseline on cartilage surface. (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001). (E) Schematic diagram of chondrogenic 
differentiation and indirect-coculture system. (F) Representative fluorescence images of F-actin (red), COL 2 (cyan), SOX-9 (green), and ACAN (yellow). Nuclei were 
stained with DAPI (blue). (G) The relative fluorescence unit (RFU) of COL 2, SOX-9, and ACAN was analyzed. (n = 5, ***P < 0.001). (H) Representative Western blot 
of COL 2, SOX-9, and ACAN. β-actin was served as a loading control for western blots (COL 2, SOX-9, and ACAN). (I) Representative confocal 3D scanning images of 
COL 2 (green). IPFP MSCs were labeled with DiI (purple). Nuclei were stained with DAPI (blue). (J) Representative fluorescence images of COL 2 (cyan), SOX-9 
(green), and ACAN (yellow) in OACs. Nuclei were stained with DAPI (blue). (K) The relative fluorescence unit (RFU) of COL 2, SOX-9, and ACAN was analyzed 
(OACs). (n = 5, ***P < 0.001). (L) Representative Western blot of COL 2, SOX-9, and ACAN (OACs). β-actin was served as a loading control for western blots (COL 2, 
SOX-9, and ACAN). 
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(NS, HA, PRP, and TE group) (Fig. 7C and E). 
The damage of cartilage structure and proteoglycan loss were 

detected using HE and Safranin O/Fast Green staining. As the repre
sentative image shown in Fig. 7D, articular cartilage was obviously 
damaged after ACLT surgery. TE-treated rats knee joint showed com
plete integration of cartilage with a smooth surface, more expression of 
GAGs and regular arrangement of chondrocytes compared to the NS, HA 

and PRP injection group in ACLT-induced OA rats. Besides, the immu
nohistochemical experiment was carried out to assess the change of 
collagen II in articular cartilage of SD rat. The decreased expression of 
collagen II in cartilage was reversed by NS-IPFP-MSCs, HA-IPFP-MSCs, 
PRP-IPFP-MSCs, and TE-IPFP-MSCs suspension. In addition, compared 
with the ACLT group, the TE and HA group showed the best cartilage 
matrix deposition, followed by the PRP group, with NS group at last. 

Fig. 4. TE promotes expression of VCL and cell spreading in IPFP-MSCs. (A) VCL immunofluorescence staining and morphology of the cytoskeleton in IPFP-MSCs at 
2, 6, and 12 h after adherence. Blue arrows indicate intensive expression location of VCL. (B) Fluorescent quantitative analysis of VCL in IPFP-MSCs at 2, 6, and 12 h 
after adherence. (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001). (C) and (D) Western blot of VCL and its statistical analysis (2, 6, and 12 h). (n = 3, *P < 0.05, **P 
< 0.01). 
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Fig. 5. TE promotes IPFP MSCs adhesion via integrinβ1/ERK/VCL pathway. (A) and (B) Heat map and volcano plots (16 adhesion related genes and 10 integrin 
subtype genes). Genes in red are related to TE regulating IPFP MSCs adhesion. The red triangles, circles, and rectangles represent VCL, ERK1/2, and integrin β1. (C) 
Representative immunofluorescence images of F-actin (red), integrin β1 (yellow), ERK1/2 (green) and p-ERK1/2 (purple). Nuclei were stained with DAPI (blue). (D) 
Representative Western blot of integrin β1 and ERK1/2. β-actin was served as a loading control for western blots (integrin β1 and ERK1/2). ERK1/2 was served as a 
loading control for western blots (activation ratio of p-ERK1/2). (E) Representative immunofluorescence images of F-actin (red), VCL (cyan), integrin β1 (yellow), 
ERK1/2 (green) and p-ERK1/2 (purple). Nuclei were stained with DAPI (blue). (F) Representative Western blot of integrin β1, VCL, and ERK1-2. β-actin was served as 
a loading control for western blots (integrin β1, vinculin, and ERK1/2). ERK1/2 was served as a loading control for western blots (activation ratio of p-ERK1/2). (G) 
The relative fluorescence unit (RFU) of integrin β1, ERK1/2, and p-ERK1/2 was analyzed. (n = 5, ***P < 0.001). (H) The relative fluorescence unit (RFU) of integrin 
β1, ERK1/2, and p-ERK1/2 and fluorescent quantitative analysis of VCL was analyzed. (n = 5, ***P < 0.001). (I) Representative immunofluorescence images of F- 
actin (red), VCL (cyan), ERK1/2 (green) and p-ERK1/2 (purple). Nuclei were stained with DAPI (blue). (J) The relative fluorescence unit (RFU) of ERK1/2 and p- 
ERK1/2 and fluorescent quantitative analysis of VCL was analyzed. (n = 5, ***P < 0.001). (K) Representative Western blot of vinculin and ERK1/2. β-actin was 
served as a loading control for western blots (VCL and ERK1/2). ERK1/2 was served as a loading control for western blots (activation ratio of p-ERK1/2). 
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The OARSI scoring was used to quantify the severity of cartilage 
damage, and the results revealed that TE, HA and PRP significantly 
reversed the cartilage lesion after ACLT surgery compared with NS. In 
the statistical analysis of relative staining intensity, ACLT group was 
weaker compared with NS, TE, HA, and PRP group, and TE, HA, and PRP 
group showed stronger intensity than NS group (Fig. 7F). 

3.10. IPFP-MSCs pretreated with anti-integrin β1 or SCH772984 in TE 
solution cannot promote IPFP-MSCs survival-adhesion and demolishes 
remedial effect of TE-IPFP-MSC suspension on rat knee OA 

To investigate whether integrin β1 or ERK1/2 was involved in TE- 
IPFP-MSCs suspension-mediated cartilage protection in vivo, we 
further used integrin β1 monoclonal antibody (anti-integrin β1) and ERK 
inhibitor (SCH772984) in ACLT rat model (Fig. 8A). IPFP-MSCs with or 
without pretreatment of anti-integrin β1 and SCH772984 were respec
tively injected into the knee joint of rats. Fluorescent in vivo imaging 

Fig. 6. TE promotes IPFP-MSCs survival and adhesion in SD rat joint cavity. (A) A flow diagram showing the labeled IPFP-MSCs and time of intra-articular injection 
(only one injection). (B) Sample diagram of rat knee joint (femoral condyle, tibia platform, synovium, and meniscus). (C) Fluorescence labeling of IPFP-MSCs 
attached to tissues (femoral condyle, tibia platform, synovium, and meniscus) in rat knee joint. (D) Quantitative analysis of IPFP-MSCs adhesion on rat femoral 
condyle or tibia platform or synovium or meniscus. (n = 6, *P < 0.05, ***P < 0.001). (E) Representative fluorescent in vivo image of OA rat knee joints over 14 days 
after intra-articular injection of DiR-IPFP-MSCs. Red, Yellow, green or blue arrows indicate femoral condyle, tibia platform, synovium or meniscus respectively. 
Rainbow color scale (Min: 1e5; Max: 1e6). (F) Quantitative analysis of area based on fluorescence intensity profiles (fluorescent in vivo imaging). (n = 6, *P < 0.05, 
**P < 0.01, ***P < 0.001). 

J. Yang et al.                                                                                                                                                                                                                                    



Bioactive Materials 10 (2022) 443–459

454

Fig. 7. Intra-articular injection of TE-IPFP-MSCs suspension reduces rat knee OA. (A) and (B) Schematic showing the surgical and intra-articular injection protocol of 
OA rat with ACLT surgery. Black arrows indicate time points when intra-articular injection was performed; red arrows indicate sampling time. (C) Macroscopic 
appearance of cartilage from femoral condyle and tibial plateaus of rats. (D) HE, safranin O-Fast Green, and COL 2 immunohistochemistry staining of rat knee joints. 
Images of femur and tibia are from black boxed area. (E) The ICRS scores for macroscopic observation of rat knee joints. (F) OARSI score (HE) and relative staining 
intensity (safranin O-Fast Green and COL 2 immunohistochemistry staining). (n = 8, *P < 0.05, **P < 0.01, ***P < 0.001). 
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results (Fig. 8B and C) showed that fluorescence intensity of the TE +
anti-β1, anti-β1, TE + SCH, and SCH group in rat knee joint was weaker 
than that in TE and TE + IgG group at 1 days or 3 days. In addition, HE 
and Safranin O/fast green staining showed that intra-articular injection 
of IPFP-MSCs pretreated with anti-integrin β1 or SCH772984 remark
ably reduced effect of TE-IPFP-MSC suspension-mediated cartilage 
protection in ACLT-induced OA rats (Fig. 8D and E). Moreover, there 
was a decreased expression of collagen II in anti-integrin β1 and 
SCH772984 groups, as compared to TE group. 

4. Discussion 

Despite impressive potential of MSCs intra-articular injection ther
apy in OA treatment, several obstacles such as decrease of maintaining 
self-renewal ability, poor survival due to apoptosis, and difficulty of 
migrating to damage location remain [44–46]. Therefore, to efficiently 
maintain performance of MSCs is of significant clinical interest and 
could promote therapeutic effect on OA. Here we reported that TE not 
only markedly promoted adhesion, migration, chondrogenic differenti
ation, and paracrine function of IPFP MSCs, but also paralleled or sur
passed performance of classical MSC-injection medium such as NS, HA, 
and PRP (Fig. S3J). 

In this study, we chose human IPFP-MSCs as seeded cells because it is 
relative feasible to obtain IPFP from knee OA patients by arthroscopic 
operation in clinics. Besides, it has been shown that IPFP MSCs have a 
higher capacity for chondrogenic differentiation than MSCs from body 
fat, bone marrow, and umbilical cord [47]. Moreover, our group pre
viously found that IPFP-MSCs combined with chitosan/hyaluronic acid 
nanoparticles promoted chondrogenic differentiation [48]; 
IPFP-MSC-derived exosomes protect cartilage from damage and 
ameliorate gait patterns of DMM-induced OA mice through inhibiting 
chondrocyte apoptosis and balancing anabolic-catabolic processes [31]. 
Therefore, we confirmed that IPFP-MSCs would have great potential for 
OA intra-articular injection. 

When MSCs are injected into articular cavity, they encounter 
nutrient-oxygen deprivation environment coupled with death signals 
due to the inadequate tensegrity structure between the cells and matrix. 
The lack of matrix support and adhesion to ECM is called anoikis [49]. 
Anoikis is a form of programmed cell death that occurs due to the loss of 
anchorage-dependent attachment to the ECM [50]. Therefore, 
enhancing the adhesion of the transplanted MSCs through inhibition of 
anoikis should improve efficacy of MSC intra-articular-injection clinical 
applications. Here, our results showed that compared with NS, HA, and 
PRP solution, IPFP-MSCs suspended in TE solution had strong adhesion 
at early stages. Previous studies normally analyzed number of adherent 
cells, with no further analysis of the adhesion morphology of MSCs [51, 
52]. In this study, adhesion area and height of IPFP-MSCs at 2 h were 
detected by SEM and Pro-film 3D scanning. We found that TE could 
increase adhesion area and reduce height of most IPFP-MSCs at early 
stage. This change indicated a better adhesion of IPFP-MSCs, since it has 
been shown that decrease in cell height and increase in adhesion area 
could improve cell adhesion [53–56]. Besides, in order to simulate 
adhesion process of MSCs in the joint cavity, osteochondral composites 
were used for cartilage adhesion assay. Similarly, Baboolal et al. had 
used this method to study the synovial fluid hyaluronan mediated MSCs 
attachment to cartilage [32]. Consistent with data from IPFP MSCs 
adhesion on cell slides, TE also had a positive impact on 
IPFP-MSC-cartilage-adhesion in vitro. 

To play the therapeutic role in knee OA, exogenous injected-MSCs 
should adhere to tissue in joint cavity at first and then migrate to 
inflammation-defect site [57]. The phenomenon that MSCs have the 
characteristics of dominant distribution to the injury site is called 
MSCs-homing. Previous studies have suggested HA-coatings as a simple 
approach to improve MSCs homing [58]; HA has been shown to induce 
MSCs migration and MSCs homing to injured tissue [59]. Here our re
sults also showed that IPFP-MSCs in HA solution possessed better 
migration ability than that in NS. However, PRP was more effective than 
HA in promoting MSCs migration in our results, potentially due to the 
growth factors HGF, VEGF, PDGF, IGF, FGF, and CTGF contained in PRP 
[60,61]. It is worth mentioning that human PRP was injected into rat 
joint in our study. Human PRP or its biological products has been 
applied to rat disease-model before, which achieved good therapeutic 
effect and did not cause immune response [62–64]. This might be 
attributed to high homology in these chemokines-cytokines between 
human and rat. Interestingly, we found that TE promoted the migration 
of IPFP-MSCs both on cell slide and cartilage surface compared with NS, 
HA, and PRP. Consistent with our results, some previous studies have 
shown that TE promotes cell migration in other cell types. For example, 
80% TE-20% collagen composite scaffold enhances fibroblast prolifer
ation and migration [65]; magnetically responsive TE spongy-like 
hydrogels supported cell viability and enabled cell adhesion, 
spreading and migration into the interior of the spongy-like hydrogel 
[66]; TE stimulates endothelial cell migration and adhesion more than 
smooth muscle cells [67]. 

Then we further analyzed the VCL focal adhesion and cytoskeleton of 
IPFP-MSCs. Focal adhesions are large macromolecular assemblies which 
can transmit mechanical forces, regulate signals between ECM and 
interacting cells. Besides, VCL connects integrin to actomyosin networks 
and F-actin, providing a foundation for network formation within focal 
adhesions [68]. Our results revealed that TE can promote expression of 
VCL and cell spreading at the beginning of cell-adhesion. However, the 
cytoskeleton morphology and expression of VCL in IPFP-MSCs at 12 h 
showed no significant difference among three groups (HA, PRP, and TE). 

Integrins are associated with cell-to-cell and cell-to ECM adhesion 
events via ECM binding and/or cell adhesion molecules [69]. To 
determine the involvement of integrin receptors in TE modulation of 
MSCs behavior, we analyzed the divalent cation dependence of 
TE-IPFP-MSCs interaction. Addition of the chelator EDTA significantly 
inhibited IPFP-MSCs attachment. Besides, gene levels of 10 
integrins-subtypes and 16 adhesion related markers which are known to 
be expressed in ADSCs were measured [70]. In this study, expression of 
VCL, ERK, and integrin β1 was significantly increased in TE group. It has 
been reported that recombinant human transglutaminase 4 treatment 
induces expression of integrin β1 and dynamic actin fiber, enhancing 
synovium-derived MSCs adhesion to fibronectin [71]; BMSCs cultured 
on nanoparticle Titanium surface have more expression of integrin β1 
and better adhesion [72]; periostin overexpression effectively enhances 
the migration and adhesion of ADSCs through integrin β1/FAK/Akt/
PI3K/eNOS signaling pathway [73]. Moreover, it has been shown that 
miRNA-125b can also promote the adhesion of suspended MSCs and 
resist anoikis by enhancing phosphorylation of ERK [74]; over
expression of integrin-linked kinase in MSCs could increase 
phosphorylation-ratio of ERK, which improves their adhesion and sur
vival in joint [75,76]; activation of ERK pathway can promote 
MSCs-homing, which is expected to enhance potential of MSCs trans
plantation therapy [77,78]. Therefore, we assumed that TE took effects 

Fig. 8. Intra-articular injection of anti-integrin β1 or SCH772984 pretreated-IPFP-MSCs demolishes its survival and remedial effect of TE-IPFP-MSC suspension in 
ACLT rat model. (A) Schematic showing the intra-articular injection protocol of OA rat with ACLT surgery. Black arrows indicate time points when intra-articular 
injection was performed; green or red arrows indicates in vivo fluorescence imaging or histological sampling time. (B) Representative fluorescent in vivo image of OA 
rat knee joints over 3 days after intra-articular injection of anti-integrin β1 or SCH772984 pretreated DiR-IPFP MSCs. Rainbow color scale (Min: 1e5; Max: 1e6). (C) 
Quantitative analysis of area based on fluorescence intensity profiles (fluorescent in vivo imaging). (n = 6, **P < 0.01). (D) HE, safranin O-Fast Green, and COL 2 
immunohistochemistry staining of rat knee joints. Images of femur and tibia were from black boxed area. (E) OARSI score (HE) and relative staining intensity 
(safranin O-Fast Green and COL 2 immunohistochemistry staining). (n = 6, *P < 0.05, **P < 0.01). 
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through integrin β1/ERK/VCL pathway. To confirm the role of integrin 
β1/ERK in MSCs interactions with TE, specific integrin-blocking anti
body and ERK1/2 inhibitor were used. Indeed, they impeded MSCs 
adhesion and expression of VCL in TE solution. Taken together, these 
results supported the role of integrin β1/ERK/VCL in mediating MSCs 
adhesion in TE solution. 

The regenerative mechanisms of intra-articular injected MSCs in OA 
are not fully understood. Studies have suggested mechanisms including 
chondrogenic differentiation [79,80] and paracrine effects [81,82]. 
Here we assumed that activation of integrin β1/ERK/VCL pathway with 
treatment of TE solution improved the paracrine action of IPFP-MSCs, 
since enhancement of MSC adhesion could prevent its functional 
impairment and promote its paracrine therapeutic effect [83–85]. Be
sides, it has been shown that TE production is temporally and spatially 
linked to expression of type II collagen and proteoglycans [86], which is 
also beneficial for chondrogenesis. Note that HA also showed promising 
results in our study, which is in agreement with previous studies: MSCs 
with high density in HA hydrogels produce engineered cartilage with 
native tissue properties [87]; addition of HA improves cellular infiltra
tion and promotes early-stage chondrogenesis in a collagen-based scaf
fold for cartilage tissue engineering [88]. However, IPFP-MSCs had less 
expression of chondrogenic markers in PRP group. We presumed that 
PRP could promote the osteogenic differentiation of MSCs as some 
studies have shown [89,90]. 

In the process of intra-articular injection therapy evaluation, tracing 
injected MSC inside host joint is considered essential. In our research, for 
tracking survival, distribution and adhesion of IPFP-MSCs in vivo, DiO, 
DiI, and DiR were used to label cells. At 1 d and 3 d, decrease of cell 
quantity in NS and PRP group was already detected in our OA rat 
models, while TE and HA solution could maintain adhesion of IPFP- 
MSCs to tissues in the joint. However, at 7 d and 14 d, four groups of 
IPFP-MSCs were almost “disappeared” in rat knee. We speculated that 
these injection solvents were gradually degraded and absorbed due to 
large amounts of degrading enzyme and inflammatory factors in OA 
knee joint such as matrix metalloproteinases (MMPs), hyaluronidase, 
and tissue inhibitor of metalloproteinases (TIMPs) [91–93]. Therefore, 
materials with controlled release of ECM proteins to protect 
MSCs-survival need further study. 

Finally, the curative effect of IPFP-MSCs suspension on ACLT- 
induced OA was analyzed. Although there was no significant differ
ence among four groups in gross observation, histological analysis 
suggested that TE-IPFP-MSCs solution effectively delayed rat OA pro
gression compared with NS, HA, and PRP group; while anti-integrin β1 
or SCH772984 preconditioned-IPFP-MSCs in TE solution had poor sur
vival in joint and could not relieve OA aggravation. Therefore, it is 
suggested that the regulation of TE in IPFP-MSCs survival in vivo could 
also be related to integrin β1/ERK pathway [94,95]. 

5. Conclusion 

Our study demonstrates that TE could promote performance of IPFP- 
MSCs, and protect knee cartilage from damage in ACLT-induced OA rats. 
The mechanism of TE regulating IPFP-MSCs adhesion in vitro and in vivo 
could be related to integrin β1/ERK/VCL pathway. As it is relatively 
convenient and feasible to apply TE as MSCs-injection-solvent in clinics, 
our findings may provide a new strategy for MSC intra-articular 
injection. 
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