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A B S T R A C T   

Tendinopathy leads to low-grade tissue inflammation and chronic damage, which progresses due to pathological imbalance in angiogenesis. Reducing early path
ological vascularization may be a new approach in helping to regenerate tendon tissue. Conventional stem cell therapy and tissue engineering scaffolds have not been 
highly effective at treating tendinopathy. In this study, tissue engineered stem cells (TSCs) generated using human umbilical cord mesenchymal stem cells (hUC- 
MSCs) were combined with microcarrier scaffolds to limit excessive vascularization in tendinopathy. By preventing VEGF receptor activation through their paracrine 
function, TSCs reduced in vitro angiogenesis and the proliferation of vascular endothelial cells. TSCs also decreased the inflammatory expression of tenocytes while 
promoting their anabolic and tenogenic characteristics. Furthermore, local injection of TSCs into rats with collagenase-induced tendinopathy substantially reduced 
early inflammation and vascularization. Mechanistically, transcriptome sequencing revealed that TSCs could reduce the progression of pathological angiogenesis in 
tendon tissue, attributed to Rap1-mediated vascular inhibition. TSCs may serve as a novel and practical approach for suppressing tendon vascularization, and provide 
a promising therapeutic agent for early-stage clinical tendinopathy.   

1. Introduction 

Tendinopathy is highly prevalent in athletes and individuals who 
engage in excessive or repetitive musculoskeletal activities [1,2], with 
significant impacts on the ability to perform daily activities. Some types 
of tendinopathy are particularly common, for instance, Achilles tendon 
symptoms occur in 2–3 per 1000 adult patients, while runners have a 52 
% lifetime risk of developing Achilles tendon injuries [3]. Each year, 
more than 30 million procedures involving tendons are performed 
worldwide, frequently in athletes, although long-term results are vari
able [4]. The combined effects of tendinopathy and chronic manage
ment place a significant economic burden on the individual and society. 

Tendinopathy is an overuse injury characterized by pain and 
impaired function, presenting microscopically with increased disinte
gration and alteration of tendon matrix, leading to abnormalities in 
tendon microstructure, composition, and cell number [5,6]. The primary 
goal of treatment is to relieve pain symptoms, often through the use of 
topical or oral anti-inflammatory drugs, while severe tendon injuries 
may be repaired through surgery [7,8]. These treatment modalities have 
limited effects on the pathological progression of tendinopathy and may 
not result in high quality tendon healing, as they do not effectively 
remodel the injured tissue [9]. Pain is the main symptom of tendinop
athy and is thought to be the result of tissue neovascularization [10–13]. 
Interestingly, despite many investigations on the role of 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. 

** Corresponding author. Department of Biomedical Engineering, School of Medicine, Tsinghua-Peking Center for Life Sciences, Tsinghua University, Beijing 
100084, China. 

E-mail addresses: liuwei@cytoniche.com (W. Liu), wangbin_pku@zju.edu.cn (B. Wang).   
1 Dijun Li, Jingwei Jiu and Haifeng Liu are equal first authors. 

Contents lists available at ScienceDirect 

Bioactive Materials 

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

https://doi.org/10.1016/j.bioactmat.2024.06.029 
Received 23 April 2024; Received in revised form 19 June 2024; Accepted 19 June 2024   

mailto:liuwei@cytoniche.com
mailto:wangbin_pku@zju.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.06.029
https://doi.org/10.1016/j.bioactmat.2024.06.029
https://doi.org/10.1016/j.bioactmat.2024.06.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.06.029&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 36 (2024) 474–489

475

neovascularization in the pathogenesis of tendinopathy [13,14], a pre
cise link between the two has remained unclear for some time [5,15]. 
Recent studies have suggested that abnormal vascularization can nega
tively contribute to tendon injury [5,13], and higher expression levels of 
angiogenesis-related factors such as vascular endothelial growth factor 
(VEGF) may be harmful to tendon healing [16]. Research targeting 
pathological neovascularization as a treatment approach to ameliorate 
the progression and symptoms of tendinopathy remains limited [5,17]. 

In recent years, mesenchymal stem cells (MSCs) have been trialed in 
a small number of studies for treating tendon disorders [18]. It is 
believed that the anti-inflammatory and analgesic functions of MSCs can 
target pathophysiological alterations within tissues and produce a 
permissive microenvironment for tissue regeneration [19,20]. MSC 
therapy has demonstrated promise in a range of other pathologies, 
including neurological and musculoskeletal diseases [21], partly due to 
their ability to upregulate angiogenesis that is critical to the repair of 
many tissue types. Meanwhile, stem cell therapy alone lacks the ability 
to regulate tendon tissue differentiation, and practical challenges exist 
such as maintaining the viability of transplanted cells in the face of 
mechanical pressure, shearing forces, and limited nutrient supplies [18, 
22]. 

Tissue engineering scaffolds have been explored as support struc
tures for cell culture in tendon regeneration, offering tunable mechan
ical properties and often a biomimetic structure mimicking native tissue 
features [23,24]. Some biomimetic tendon scaffolds can partly replicate 
the biomechanical and biochemical elements of the tissue microenvi
ronment to aid regeneration [25]. However, traditional bulk scaffolds 
require implantation and are more suitable for defect injuries such as 
tendon rupture, where they provide space filling and tissue support [26]. 
They are less useful in tendinopathy, which has little demand on me
chanical support but greater need for biochemical modulation to pro
mote natural tissue healing and regeneration [27,28]. In comparison, 
microcarriers can serve as an alternative cell culture and delivery 
vehicle, providing the ability to control the proliferation and differen
tiation of loaded stem cells as well as modulating their paracrine ac
tivities [29], while still enabling mechanical stimulation of the cultured 
cells [30]. The microcarriers create a permissive 3D microenvironment 
that is more conducive to cell-cell communication, matrix deposition, 
and secretory functions [29,31]. More importantly, in the context of 
tendon repair, traditional scaffolds with an orderly arrangement tend to 
promote MSC angiogenic differentiation and tissue revascularization, 
which is deleterious in tendinopathy [32–34]. In contrast, microcarriers 
are spherical and dispersed, enabling tight connections to develop 
among cells, secreted matrix and scaffold, thereby forming microtissue 
constructs that may effectively limit angiogenesis [35]. Also worth 
noting is the unique structure of tendon tissue, composed of dense 
fibrous connective tissue, which creates impediments to simple cell in
jection. Unlike in intra-articular and intraperitoneal injections, direct 
cell delivery into tendons is prone to immediate extrusion from the tis
sue and hence significantly reduced therapeutic impact [22]. In vivo 
stem cell delivery using microcarriers not only benefits from a 3D cul
ture platform that can preserve stem cell characteristics, but also better 
ability to integrate with host tissue and protect cells from tissue extru
sion [36]. 

Human umbilical cord MSCs (hUC-MSCs), with minimal immuno
genicity, high capacity for proliferation and differentiation, and signif
icant ability to give rise to tendon-like cells, may have great potential for 
clinical application compared to other tissue sources in cell-based 
tendon repair [37–39]. In our previous research, hUC-MSCs have 
shown minimal immunogenicity or other complications when applied to 
rat models of osteoarthritis [36] and spinal cord injury [29]. In response 
to mechanical stimulation, hUC-MSCs have also shown the ability to 
accelerate early tendon tissue reconstruction and healing, particularly 
by increasing extracellular matrix (ECM) formation and restoring native 
tendon tissue structure [40,41]. In this study, we for the first time 
combined the advantages of hUC-MSCs and microcarrier scaffolds to 

construct tissue-engineered stem cells (TSCs), utilizing our previous 
experience with injectable gelatin microcarriers as a robust stem cell 
culture platform [36]. The gelatin microcarriers were created by cross
linking gelatin using glutaraldehyde, resulting in macroporous struc
tures with fully interconnected pores of 30–80 μm and high porosity 
above 95 %, as well as tunable mechanical properties in the 20–200 kPa 
range suitable for cell culture and ECM formation [42,43]. Gelatin 
microcarriers loaded with cells have been shown to form microtissues, 
maintaining structural integrity while improving the therapeutic func
tion of cells. For instance, MSCs grown within gelatin microcarriers have 
demonstrated modifications in paracrine activity and hence altered 
repair outcomes in different disease models [36,44], suggesting that the 
functions of these microcarrier scaffolds extend beyond a simple cell 
growth or delivery platform to facilitate the formation of tissue engi
neered MSC constructs. 

In this study, suppressing the pro-angiogenic functions of endothelial 
cells and leading to better phenotype maintenance of tenocytes in vitro, 
as well as promoting tendon restoration in vivo in a rat Achilles tendon 
injury model through histological, biomechanical, and functional ana
lyses. This study offers a comprehensive understanding of how TSCs can 
regulate healing in tendinopathy, and presents an improved stem cell- 
based strategy for tendon tissue engineering. 

2. Results 

2.1. Preparation and characterization of TSCs 

hUC-MSCs were grown in gelatin microcarriers to construct the 
TSCs. The shape and size of microcarriers were imaged using scanning 
electron microscopy (SEM), showing 3D microporous structures with 
pore sizes of 10–30 μm and diameter of approximately 200 μm (Fig. S1, 
Supporting Information). The 3D porous structure of spherical micro
carriers provides high surface area for cell culture, while facilitating 
nutrient diffusion and cell-cell interactions. Calcein AM/PI live/dead 
staining showed that MSCs seeded on microcarriers survived and 
continued to proliferate over 5 days (Fig. 1A). 

The senescence, proliferation, and tenogenic potential of MSCs were 
compared for cells grown in 3D microenvironment within TSCs to those 
grown using traditional 2D adherent culture. Cells within TSCs showed 
improved viability than those grown in 2D from day 3 of culture (Fig. S2, 
Supporting Information). Cells in TSCs showed comparatively lower 
oxidative stress than MSCs in 2D (Fig. 1B, Fig. S2, Supporting Infor
mation). TSCs also showed reduced senescence as seen through less 
β-galactosidase staining (Fig. 1C and D), and significantly down
regulated expression of the senescence-related genes P16 on day 1, and 
P21 over 5 days (Fig. 1G). EDU fluorescence staining indicated signifi
cantly higher cell proliferation in TSCs compared to MSCs in 2D from 
day 3 onwards (Fig. 1E and F). Interestingly, cell proliferation was 
higher in the MSCs group compared to TSCs on day 1 (Fig. 1E). This was 
likely because on the first day of culture, MSCs were freshly transplanted 
to gelatin microcarriers to form TSCs, and needed time to acclimatize to 
the new 3D culture environment from traditional 2D monolayer culture 
on plastic. At day 3 and beyond, rapid proliferation occurred in the TSCs 
after the cells have adapted to the new 3D environment within micro
carriers that is more conducive to cell activity. Tenogenic potential was 
elevated in MSCs grown in TSCs, as shown through the significantly 
higher expression of tendon-related genes mohawk (MKX) and scleraxis 
(SCX) (Fig. 1H). These findings suggest that growing MSCs in 3D within 
microcarriers can enhance cell survival and proliferation, reduce 
senescence, and improve tenogenic differentiation potential. 

2.2. TSCs suppress the pro-angiogenic functions of endothelial cells 

MSCs are known to alter their biological functions such as paracrine 
signaling in response to the culture microenvironment and substrate 
[45], although specific investigations particularly on the secretome level 
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Fig. 1. Characterization of TSCs. (A) Live/dead staining fluorescence images of 3D TSCs on day 1, 3, and 5 of culture (scale bar = 100 μm). (B) Reactive oxygen 
species (ROS; scale bar = 250 μm) and (C) senescence staining images (scale bar = 100 μm). (D) Quantification of β-galactosidase staining and (E) cell proliferation 
by EDU at 1, 3, and 5 days. (F) Fluorescence images of EDU cell proliferation assay (scale bar = 250 μm). (G) Relative expression levels of genes for senescence (P16, 
P21) and (H) tenogenic differentiation (MKX, SCX). Results are presented as mean ± SD. Unpaired two-tailed student’s t-test or Mann-Whitney U test was used for 
statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; n = 3. 
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remain limited. In this study, secretome analysis was conducted using 
culture supernatants from the 3D TSCs and 2D MSCs groups. GO and 
KEGG analyses (Fig. 2A and B) suggested that MSCs within TSCs had 
significant alteration in molecular pathways related to vascularization 
and angiogenesis. To investigate the specific paracrine effects of TSCs on 
angiogenesis, the human endothelial cell line Ea. hy926 was used to 
perform related assays, after being exposed to conditioned medium 
(CM) obtained from culturing TSCs or 2D MSCs (Fig. 2C). Endothelial 
cells grown in CM from TSCs showed reduced protein expression of 
VEGF receptor (VEGFR1), a marker of angiogenesis, and proliferating 
cell nuclear antigen (PCNA), a marker of cell proliferation (Fig. 2D; 
Fig. S3, Supporting Information). Functional angiogenic assays showed 
that endothelial cells treated with CM from TSCs formed a lower number 
of capillary tube-like structures, with decreased total tube length and 
branch points, compared to those treated with CM from 2D MSCs 
(Fig. 2E–G). Moreover, the results of both the transwell assay (Fig. 2F–I) 
and scratch wound assay (Fig. 2H–J) revealed significant inhibition of 
endothelial cell migration by CM from TSCs. Hence, the secretory 
products of MSCs grown in TSCs may inhibit the process of vasculari
zation by suppressing the angiogenic function of endothelial cells. 

2.3. TSCs lead to better phenotype maintenance of tenocytes in an in vitro 
model of tendinopathy 

MSCs delivered through biomaterial platforms [46,47], including 
using gelatin microcarriers [29] have shown improved paracrine func
tions that contribute to modulating cellular behaviour and promoting 
tissue repair. However, there is limited evidence on the paracrine effects 
of MSCs delivered through microcarriers in tendinopathy. A transwell 
co-culture model of tendinopathy was set up by growing primary 
tenocytes (TC) isolated from rat Achilles tendon (Figs. S4A–C, Sup
porting Information) [48,49] together with TSCs or MSCs in 2D, sepa
rated by the transwell membrane whereby different cell types cannot 
contact each other but share the same culture medium (Fig. 3A). The 
co-cultures were stimulated with IL-1β for 48 h to simulate inflamma
tory conditions in tendinopathy [50]. Compared to tenocytes grown 
under normal culture conditions (NC), tenocytes stimulated with IL-1β 
(TEN) showed marked reduction in the expression of tenogenic marker 
tenascin-C (TNC), although the expression levels of other tenogenic 
markers were similar between NC and TEN (Fig. 3B). TNC, fibromodulin 
(FMOD) and tenomodulin (TNMD) all perform critical roles in collagen 
fibril production and assembly, as well as tendon maturation, and are 
commonly used as later stage markers of tendon formation or repair. 
Tenocytes stimulated with IL-1β and co-cultured with TSCs (TC-TSCs) or 
MSCs in 2D (TC-MSCs) showed significant elevation in the expression 
levels of all three tenogenic markers, pointing to the paracrine effects of 
MSCs in promoting phenotype maintenance in tenocytes under inflam
matory conditions simulating tendinopathy irrespective of whether the 
MSCs were grown in a 2D or 3D environment. 

Collagen type I (COLI) is the primary collagen comprising tendon 
tissue, and its expression was significantly reduced in the TEN group but 
largely restored in the TC-MSCs and TC-TSCs groups (Fig. 3C). Mean
while, as a marker of tendinopathy, collagen type III (COLIII) was 
greatly elevated in the TEN group compared to NC, but levels were 
reduced in the TC-MSCs group and restored to levels comparable to NC 
in the TC-TSCs group (Fig. 3D). The expression levels of matrix metal
loproteinases (MMPs) as catabolic markers (MMP3 and MMP13) were 
also examined as indicators of tendon degradation under inflammatory 
conditions (Fig. 3E and F). Both markers were dramatically elevated in 
the TEN group compared to NC, and interestingly, the TC-MSCs group 
was ineffective at reducing the expression of these catabolic markers. In 
contrast, the TC-TSCs group achieved dramatic reduction in the 
expression of both MMP3 and MMP13 compared to TEN, to levels 
matching the NC group. These observations are confirmed by quanti
tative results from the staining images (Fig. 3G). The findings suggest 
that MSCs grown in 2D or 3D can exert substantial paracrine effects to 

modulate inflammation in tendinopathy, leading to better preservation 
of tissue structure. The MSCs grown in 3D within microcarriers had 
better ability to inhibit tendon tissue degradation by suppressing the 
production of catabolic proteins, while the MSCs grown in conventional 
2D culture showed more limited effects. 

2.4. TSCs improved sensory and motor function in rats with induced 
tendinopathy 

The rat tendinopathy model was established by intermittent in
jections of type I collagenase [51] in the Achilles tendon for 2 weeks 
(Figs. S5A–B, Supporting Information) to induce tendon damage. MSCs 
or TSCs were injected into the tendon at 2 weeks, and the animals were 
sacrificed at 4 weeks following the treatment (Fig. 4A and B). Prior to 
sacrifice, the rats were subjected to pain threshold [52] and lower limb 
contact pressure [53] measurements (Fig. S5C, Supporting Information). 
Rats in the untreated tendinopathy group had a significantly reduced 
pain threshold compared to the unoperated control, while groups 
treated with MSCs or TSCs restored the pain threshold to levels 
approaching the control (Fig. 4C). Similar trends were seen for the lower 
limb contact pressure (Fig. 4D). For both measurements, the TSCs group 
showed an improved level of pain tolerance compared to the MSCs 
group. 

Assessment of motor function revealed that both MSCs and TSCs 
treatment groups resulted in better hind limb movement compared to 
the tendinopathy group, with measurement levels approaching those of 
the control. Specifically, both treatment groups showed significant 
reduction in gait cycle, more coordinated motion, and increase in 
average walking speed (Fig. 4E and F). Moreover, the treatment groups 
dramatically increased their standing duration and floor contact area, as 
well as running duration (Fig. 4G, Fig. S5D, Supporting Information). 
The majority of measured motor parameters were improved to a greater 
extent in the TSCs group compared to MSCs. 

2.5. TSCs can improve tendon repair and minimize disease characteristics 
of tendinopathy 

Gross observation of the collected tissue samples after sacrificing 
showed significant tendon atrophy and thinning in the tendinopathy 
group (Fig. 5A). Upon closer observation, the degree of adhesion as an 
indication of disease was greatly elevated in the tendinopathy group, 
which was also reflected by the adhesion score [54] (Fig. 5A–D). The 
injection of TSCs or MSCs effectively reversed the gross pathological 
changes seen in the tendinopathy group, restoring the macroscopic 
appearance of the tendon to represent the control group. 

Masson staining revealed substantial tissue thickening in the ten
dinopathy group, accompanied by disorganization of ECM, inflamma
tory cell infiltration, and collagen fiber edema (blue-stained areas) 
(Fig. 5B). These microscopic pathological features of tendinopathy were 
largely reversed in the TSCs and MSCs groups, with the TSCs group 
exhibiting greater improvements, which was also reflected through its 
significant reduction in collagen volume fraction compared to both the 
tendinopathy and MSCs groups (Fig. 5E). Hematoxylin-eosin (HE) 
staining verified the restoration of histological tendon structure in the 
TSCs and MSCs groups approaching the control, although with a higher 
cell mass than the native tendon (Fig. 5C). Both treatment groups 
showed transverse aligned fibrous tissue, in stark contrast to the 
randomly organized fibers in the tendinopathy group, as well as a lower 
degree of cellular infiltration and higher density of spindle-shaped cells. 
Meanwhile, the TSCs group showed the lowest degree of vascularization 
(with red arrows indicating tiny vessels). Histological scores [30] for 
fiber structure, fiber arrangement, nuclear round degree, inflammatory 
cells, number of blood vessels, and number of cells were significantly 
improved in both treatment groups, with the TSCs group showing 
overall better scores more closely resembling the control (Fig. 5F). These 
findings collectively suggest that TSCs might enhance tendon 
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Fig. 2. Evaluation of the angiogenic function of human endothelial cells (Ea.hy926) in the presence of CMTSCs or CMMSCs. (A) Proteomic analysis of GO enrichment 
analysis and (B) KEGG analysis of culture supernatants from TSCs and MSCs groups. (C) Experiment design for functional angiogenic assays performed using human 
endothelial cells. (D) Western blot analysis of VEGF receptor (VEGFR1) and proliferation marker (PCNA) expression in endothelial cells treated with TSC and MSC 
supernatants. (E) Representative images and (G) quantification of tube formation by endothelial cells stimulated with CM from each group. Scale bar = 100 μm. (F, I) 
Transwell assay and (H, J) scratch wound assay to evaluate endothelial cell migration for each group. Scale bar = 100 μm. Results are presented as mean ± SD. 
Unpaired two-tailed student’s t-test or Mann-Whitney U test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; n = 3. 
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regeneration by lowering tissue adhesion and edema, while also 
modulating the inflammatory microenvironment following tendon 
damage. Although both treatment groups exhibited notable tendon 
repair, the TSCs group showed better restoration of native tissue struc
ture compared to the MSCs group. 

2.6. TSCs inhibited tendon vascularization and matrix degradation, and 
increased tenogenic ability 

Collected tendon tissue was stained to detect markers of neo
vascularization as a pathogenic hallmark of tendinopathy, including 
VEGF as well as CD34 as a specific target of vascular endothelial cells 
(Fig. 6A and B). Both markers were strongly expressed in the tendin
opathy group, followed by reduced but still high expression in the MSCs 
group, but were significantly downregulated in the TSCs group (Fig. 6G), 
suggesting that TSCs treatment was effective at reducing diseased vessel 
formation. Simultaneously, apoptosis and proliferation of local tissues 
were significantly reduced in the treatment groups compared to the 
tendinopathy group (Fig. S6, Supporting Information). 

COLI is the main collagen in healthy tendon fibers, while COLIII 
tends to accumulate at the onset of tendinopathy. Staining of both col
lagens indicated profound reduction of COLI in the tendinopathy group 
accompanied by increase in COLIII content, which were restored to 
levels closer to normal in the treatment groups, with the TSCs displaying 
more enhanced effects at tendon regeneration and restoring native fiber 
composition (Fig. 6C and D). Meanwhile, staining for MMP3 and 
MMP13 were notably reduced in the treatment groups compared to the 
tendinopathy group (Fig. 6E and F), with the TSCs group showing lower 
levels of expression than MSCs, suggesting it was more effective at 
inhibiting tendon matrix catabolism and enabling repair. The trends in 
expression levels of COLI, COLIII, MMP3 and MMP13 among groups 
from the in vivo model matched those found using the in vitro co-culture 
model of tendinopathy. 

2.7. mRNA sequencing shows TSCs enhanced tendon remodeling by 
suppressing vascularization 

All in vivo outcomes suggested that the TSCs treatment group had the 

Fig. 3. Evaluation of the paracrine effects of TSCs and 2D MSCs on tenocytes in an in vitro model of tendinopathy. (A) Schematic illustrating the co-culture system of 
tenocytes with TSCs (TC-TSCs) or 2D MSCs (TC-MSCs), stimulated with IL-1β to simulate inflammation in tendinopathy. (B) Relative expression of tenogenic markers 
(FMOD, TNMD, TNC) after co-culture. Immunofluorescence staining images of (C) COLI, (D) COLIII, (E) MMP3, and (F) MMP13 (scale bar = 50 μm), and (G) 
quantitative results, after 48 h of co-culture. Results are presented as mean ± SD. One-way ANOVA with Tukey’s multiple comparisons or Kruskal-Wallis H-test with 
Dunn’s multiple comparisons was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; n = 3. 
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best effects at encouraging tissue repair in tendinopathy. mRNA-seq 
analysis was used to gain mechanistic insights into tendon healing 
enabled by TSCs in comparison to the tendinopathy group. Principal 
component analysis (PCA) indicated substantially different patterns of 
gene expression in the TSCs group compared to the tendinopathy group, 
including 388 downregulated and 271 upregulated differentially 
expressed genes (DEGs) (Fig. 7A and B). Some of the major GO functions 
of DEGs involved in tendon regeneration were extracellular matrix or
ganization, myoblasts differentiation, and vascular associated smooth 
muscle cells proliferation (Fig. 7C). In addition, a marked drop was 
noted in the enrichment of genes associated with blood vessels (THBS1, 
NOTCH3, and IGFBP5), which control the proliferation and migration of 
vascular cells (Figs. S6A–B, Supporting Information). KEGG enrichment 
analysis showed significant downregulation of signaling pathways 
associated with MAPK, Rap1, and vascular smooth muscle contraction, 
as well as significant upregulation of AMPK, PPAR, and adipokine 
signaling pathways (Fig. 7D). All of these molecular pathways are 
associated with immunomodulation and vascularization, suggesting 

that the MSCs grown within TSCs regulated tendon repair by means of 
these processes. Single-gene GSEA enrichment analysis was further used 
to specifically investigate the vascularization gene VEGF-A, showing 
that it was significantly enriched in the control of tissue remodeling and 
oxidoreductase complexes (Fig. 7E). Furthermore, the tenogenic-related 
genes TNMD and DCN and inflammation-related genes IL-1β and IL-6 
were enriched in the control of immunity and vascularization 
(Figs. S7C–D, Supporting Information). Immunofluorescence staining 
further confirmed that Rap1 expression in the TSCs group was much 
lower than in the tendinopathy group, and expression levels were 
elevated in locations with high VEGF expression (Fig. 7F). Further de
tails of the mRNA-seq analysis are presented in Fig. S8, Supporting 
Information. 

3. Discussion 

This study investigated for the first time the utility of TSCs, 
comprising integrated constructs of MSCs in a microcarrier matrix, in 

Fig. 4. Behavioral tests were performed after 4 weeks of treatment with TSCs or MSCs in a rat model of tendinopathy induced by type I collagenase injection. (A) 
Timeline for the in vivo experiment. (B) Schematic illustration of the experiment groups. (C) Change in lower limb pain threshold and (D) contact pressure at 4 weeks 
after treatment. (E–G) Gait analysis and quantification results of hind limb motor function. Results are presented as mean ± SD. One-way ANOVA with Tukey’s 
multiple comparisons or Kruskal-Wallis H-test with Dunn’s multiple comparisons was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001; n = 3. 
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repairing damaged tendon tissue using in vitro and in vivo models of 
tendinopathy. Compared with MSCs grown by traditional 2D culture, 
TSCs exhibited the unique ability to inhibit cell and tissue inflammation, 
effectively modulating the local microenvironment and creating more 
permissive conditions to enable tendon repair while preventing further 
pathological progression. In vitro, the culture supernatant of TSCs con
taining their secretory products was able to suppress vascular endo
thelial cell angiogenesis, a critical factor driving the pathogenesis of 
tendinopathy, while promoting matrix anabolism. In vivo, TSCs admin
istered in a rat model of tendinopathy showed ability to enable resto
ration of tissue structure and ongoing tendon repair, including the 
suppression of inflammatory response and inhibition of vascularization. 
Transcriptome bioinformatics analysis confirmed the associated mo
lecular pathways as the mechanisms driving tissue repair and 
regeneration. 

Microcarrier scaffolds may provide significant benefits in tissue 
regeneration by supporting cell growth and regulating cell activity. 
However, our previous studies using a similar microcarrier system that 
constructed microtissues involving MSCs for different disease applica
tions showed minimal tissue healing effects conferred by the empty 
microcarriers without cells [29,44]. In those studies, the injected empty 
microcarriers would be quickly dispersed and unable to integrate into 
the host tissue at the damage site. In this study, we constructed TSCs by 

combining the advantages of umbilical cord-derived MSCs and micro
carriers. The use of microcarriers as a culture platform for MSCs to form 
TSCs presents several advantages for tendon repair. Firstly, the porous 
and microscopic structure of microcarriers allow loaded MSCs to be 
grown in a 3D environment that more closely resembles their native 
niche, permitting ECM formation and intercellular communication that 
are essential for preserving MSC viability and function [55]. Following 
in vivo implantation, the TSCs could function as autonomous units to 
integrate with injured tendon, effectively preventing cell loss due to 
extrusion from the thick and dense tendon fiber bundles. The better 
preservation of MSC function within TSCs reduces local oxidative stress 
and improves paracrine effects, all of which contribute to tendon tissue 
regeneration and remodeling. Secondly, stem cells naturally exist in a 
3D mechanical microenvironment whereby the intrinsic mechanical 
characteristics of ECM are an essential influencing factor driving stem 
cell behavior and fate [56]. Compared to direct stem cell injection, TSCs 
provide a 3D environment that adds mechanical conditioning to MSCs 
while also protecting them from the significant shear stresses encoun
tered during needle injection. Other studies have shown that microen
vironmental mechanics can help stimulate tenogenic differentiation in 
stem cells at moderate stiffness [57,58]. Moreover, specially designed 
3D scaffolds with tunable mechanical properties such as elastic modulus 
can directly influence stem cell behavior and enhance the expression of 

Fig. 5. TSCs improved tendon repair and regeneration in a rat model of tendinopathy. (A) Macroscopic observation of explanted tendon at 4 weeks after treatment. 
Representative images of (B) Masson staining and (C) HE staining (red arrows indicate tiny vessels). Scale bar = 100 μm. Scale bar = 50 μm. Relative quantification of 
(D) adhesion score, (E) collagen volume fraction, and (F) histological scores. Results are presented as mean ± SD. One-way ANOVA with Tukey’s multiple com
parisons or Kruskal-Wallis H-test with Dunn’s multiple comparisons was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; n = 3. 
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tenogenic markers [59,60]. Our earlier investigation suggested that the 
microcarrier scaffolds utilized in this study had moderate stiffness 
(Young’s modulus of 16 kPa) suitable for tuning stem cell behavior [59]. 
Aligning with the effects of substrate stiffness on MSC behavior observed 
in other studies, our current investigation showed that the microcarriers 
could stimulate tenogenic differentiation of MSCs. 

The 3D structure and mechanical conditioning provided by micro
carriers could act synergistically to enhance MSC function and paracrine 
activity [36]. Specifically, the mechanical stimulation introduced by 
microcarriers could promote the activation of mechanosensing path
ways and associated factors such as YAP, which could contribute to 
improving MSC paracrine activity [61]. Secretome analysis in previous 
studies have indicated that MSCs grown in a 3D scaffold have increased 
secretory function, including for beneficial molecules such as FGF7 that 
plays a crucial role in tendon regeneration following injury [30]. Our 
earlier research also demonstrated significant changes in the paracrine 
activity of MSCs grown in 3D microcarrriers, including modulation in 
the levels of cytokines with proliferative, immunomodulatory, and 

angiogenic functions [44]. Similar mechanisms may be at play in the 
TSCs of our study, whereby transcriptome sequencing confirmed the 
enhanced paracrine effects of cells within TSCs. These paracrine effects 
are shown to be at least partly mediated by intercellular communication 
pathways including extracellular vesicles. The enhanced MSC paracrine 
signaling has translated to improved tendon repair, involving processes 
such as reduced inflammation, as well as increased myoblast differen
tiation and ECM remodeling, which have been confirmed by sequencing 
analyses. Notably, suppressing the early inflammatory response in ten
dinopathy is a key to recovery [62], pointing to the important role of 
TSCs in kick-starting tissue repair through reducing inflammatory 
expression while promoting matrix reorganization. 

Tendinopathy is a broad term describing a range of changes that 
occur in damaged and diseased tendons, leading to pain and decreased 
function [5]. In this study, collagenase injection was chosen to model in 
vivo tendon disease because it not only induces local inflammation of 
tendon tissue, but also mimics the loss of collagen that occurs during 
tendinopathy [63], as well as pathological vascularization. Collagenase 

Fig. 6. TSCs suppress tissue vascularization while promoting matrix formation in a rat model of tendinopathy. Immunofluorescence staining of (A, B) vascularization 
indicators (CD34 and VEGF), upper scale bar = 50 μm, lower scale bar = 25 μm. (C–F) Anabolic (COLI) and disease/catabolic (COLIII, MMP3, MMP13) indicators, 
scale bar = 50 μm. (G) Quantification of relative staining intensity. Results are presented as mean ± SD. One-way ANOVA with Tukey’s multiple comparisons or 
Kruskal-Wallis H-test with Dunn’s multiple comparisons was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; n = 3. 
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injection therefore induces tissue alterations that are closely coordi
nated with the pathophysiological modifications seen in human ten
dinopathy, extending beyond simple tendinitis characterized by 
inflammatory infiltration. For these reasons, it is also one of the most 
commonly used approach for modeling tendinopathy in animals [64]. 
Perhaps one of the most important functions of TSCs driving tendon 
repair in this study is their ability to inhibit neovascularization, which is 
now recognized as an early-stage indicator of pathological trans
formation in tendinopathy. Pathological angiogenesis disrupts normal 

tendon structure, particularly in the pattern and amount of type III 
collagen deposition, causing the tendon tissue to lose its original struc
tural and mechanical properties [5,7]. Observations from clinical 
studies suggest that patients with Achilles tendinopathy have consid
erably increased levels of neovascularization [65]. Findings from pre
clinical models also suggest greatly elevated levels of VEGF, a primary 
growth factor associated with angiogenesis, in rats with tendinopathy 
together with compromised tissue biomechanics [66]. However, an 
approach to suppress vascularization as a key to tendon tissue 

Fig. 7. RNA-seq analysis of tissue mRNA comparing the TSCs and tendinopathy groups at 4 weeks after treatment in a rat model of tendinopathy. (A) Heatmap 
distribution and (B) volcano plot (388 down-regulated DEGs and 271 up-regulated DEGs) of the TSCs and tendinopathy groups. (C) GO analysis of DEGs indicated 
that TSCs regulated tendon repair through genes associated with myoblast differentiation, vascularization, and extracellular matrix. (D) KEGG enrichment analysis of 
target genes showed that TSCs promoted tendon repair through Rap1, AMPK and vascularization signaling pathways. (E) GSEA analysis showed enrichment of the 
vascularization gene VEGF-A. (F) Relative fluorescence expression of Rap1 and VEGF. Scale bar = 50 μm. 
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reconstruction in tendinopathy has not been established. Conventional 
tissue engineering scaffolds, often with porous structures or mechanical 
characteristics that guide angiogenesis and enhance vascularization, 
would be beneficial in the majority of tissue regeneration applications 
but are not suitable for tendon repair [67,68]. This is because they are 
unable to prevent excessive activation of neovascularization during the 
early stages of tendon healing, and moreover often further stimulate 
stem cell vascular differentiation and vascular endothelial cell angio
genesis [69,70]. In our study, the modified mechanical stimulation 
provided by microcarriers enhanced the paracrine function of TSCs. This 
contributed to suppressing VEGF receptor expression in vascular endo
thelial cells and limiting cell proliferation, migration, and tube-forming 
capacity. Transcriptome sequencing of collected tissues from the ten
dinopathy animal model revealed that TSC treatment reduced the pro
liferation and migration of vascular smooth muscle cells, suggesting that 
the effects of TSCs in limiting excessive neovascularization could be 
replicated in vivo, which facilitated the improved repair of injured 
tendon tissues during the early stages of tendon healing. 

With their unique ability to inhibit pathological vascularization in 
tendon repair, the molecular mechanisms activated by TSCs were 
revealed by secretome analysis. The ability of TSCs to reduce endothelial 
cell growth and angiogenic factor expression is presumably conveyed 
through the heightened paracrine activity of MSCs within the TSCs. One 
of the mechanisms revealed by transcriptome sequencing was down
regulation of Rap1 in the TSCs group. This molecule serves a distinctive 
role in vascular development [71], and its downregulation in the pres
ence of TSCs might help to inhibit overactivation of neovascularization 
in the early stages of tendon healing. Possibly complementing this was 
the effect of TSCs in downregulating VEGF, a major regulator of the 
angiogenic response in endothelial cells. Although the exact role of 
VEGF in the progression of tendinopathy is unclear, Rap1 signaling is 
known to mediate proper vascular permeability to VEGF during angio
genesis [72,73]. In our study, elevated Rap1 expression was seen in 
regions with high levels of VEGF expression, and TSCs were also seen to 
suppress VEGF, suggesting that the anti-angiogenic effects of TSCs might 
at least be partly mediated through Rap1. Interestingly, these 
anti-angiogenic effects appear to contradict our earlier experimental 
findings, where MSCs loaded in 3D injectable microspheres were shown 
to stimulate tissue angiogenesis and promote recovery in lower limb 
ischemia [42]. The critical factor driving this difference might be that 
the former study focused on direct endothelial differentiation of MSCs 
within the microspheres, while in this study the improved tendon repair 
was mainly the result of enhanced paracrine function of MSCs within the 
TSCs. It is not clear how the increased paracrine function of TSCs could 
reduce the receptor expression of vascular endothelial cells and further 
inhibit their angiogenesis potential. The detailed underlying mecha
nisms warrant further investigation, but are likely associated with the 
robust ability of MSCs to change their function and secretory behavior in 
response to biochemical and biophysical conditioning. 

Based on our previous findings and studies by others, we hypothesize 
that one mechanism by which TSCs may prevent VEGF receptor 
(VEGFR) activation is through enhanced production of TSP1. Moreover, 
the mechanism by which TSCs regulate angiogenesis in tendon healing 
may involve the modulation of Rap1, TSP1, and VEGF or VEGFR 
expression. TSP1 is linked to decreased VEGFR expression [74], 
whereby it inhibits phosphorylation of VEGFR through CD36 activation, 
and VEGFR activation is the key to endothelial cell angiogenesis [75]. In 
addition, CD36 activation interferes with VEGF-dependent nitric 
oxide-driven angiogenesis [76]. In line with these interactions, our 
earlier work suggested a significant increase in TSP1 secretion from 
MSCs that were cultured in microcarriers [44]. In view of these findings, 
it is possible that an enhanced production of TSP1 from the TSCs in this 
study was at least partly responsible for preventing VEGFR activation 
and inhibiting angiogenesis. Separately, Rap1 inactivation inhibits 
VEGF-VEGFR activation and endothelial cell chemotaxis, hence 
reducing vascularization [73]. Our immunofluorescence data also 

demonstrated co-localization of Rap1 and VEGF during in vivo tendon 
healing. We will investigate the precise mechanisms by which TSCs may 
modulate angiogenesis in tendon repair in our next-step large animal 
studies, including the potential interactions between Rap1 and TSP1 in 
this system. 

There are some limitations of our study that should be considered for 
progressing the TSCs toward practical applications in tendon repair. 
Firstly, we acknowledge that the responses of MSCs in 3D TSCs may not 
have been directly comparable to 2D MSCs grown on tissue culture 
plastic due to differences in the material substrate. However, even if the 
2D group was grown on a flat gelatin layer, these MSCs would still be 
transplanted as ‘free MSCs’ which are fundamentally different to the 
tissue engineered MSC-microcarrier constructs. It would have been 
meaningful from a mechanistic perspective to investigate the responses 
of MSCs on a 2D gelatin-coated surface compared to MSCs within the 
TSCs, but the 2D gelatin coating would be in the form of a gel that has 
greatly different material properties compared to the solid structure of 
the microcarriers. It was not possible in this study to fabricate a 2D layer 
of gelatin that had the same microscopic structure, stiffness, surface 
chemistry, and other material parameters as the 3D microcarriers to 
single out the effects of 2D versus 3D culture. Therefore, we chose to 
compare the 3D TSCs as tissue engineered MSC constructs in treating 
tendinopathy, against MSCs derived from traditional 2D plastic culture 
(similar to those currently being used in clinical studies). We will 
attempt to remove the confounding influences of differences in material 
substrate between 3D TSCs and 2D MSCs in our follow-up mechanistic 
studies. Moreover, we only controlled the initial cell number used for 2D 
and 3D culture in this study prior to in vivo injection, rather than align 
the total injected cell number between the two groups. This was because 
cells in the TSCs group would have proliferated since seeding on the 
microcarriers and produced ECM to form a tissue-engineered construct 
before being injected in vivo. The effects of TSCs on tissue repair are 
therefore not fundamentally dependent on the number of cells present 
but rather on the change in paracrine activity of the cells. The pro
gression of cell proliferation was also not comparable between the 2D 
and 3D groups, since the cells within 3D TSCs would demonstrate higher 
proliferation potential shortly after seeding due to the more conducive 
3D environment, followed by slowing of proliferation as they produce 
more ECM and form a microtissue construct. Proliferation in the 2D 
cultured free MSCs is not affected by this process of microtissue for
mation. For these reasons, only the initial seeded cell number was 
normalized between the 2D MSCs and 3D TSCs groups for in vivo 
injection. 

Secondly, our results suggested that TSCs may improve healing in 
tendinopathy through multiple enhanced paracrine effects, such as by 
upregulating tenogenesis and downregulating vascularization. Howev
er, there may be a myriad of secretory products from the TSCs mediating 
these effects, many of which may act in concert, and despite detailed 
pathway analyses we have not identified the key effector molecules 
leading to specific protein or molecular level modification. The identi
fication of specific regulatory pathways enabled by TSCs in tendon 
repair may be warranted in future investigations. Alternative possibil
ities underlying enhanced repair outcomes by TSCs relating to the effects 
of 3D culture on MSCs should also be investigated in future studies, for 
instance, prolonged MSC survival or reduced senescence in addition to 
changes in their paracrine activity. Thirdly, unlike for osteogenesis, 
adipogenesis, or chondrogenesis which are natural lineages of differ
entiation for the hUC-MSCs within TSCs, their capacity for tenogenic 
differentiation is limited and likely in this study were constrained in 
their ability to induce rapid tendon repair. Although we already saw that 
TSCs conveyed tenogenic effects through their paracrine activities, these 
effects may be greatly enhanced with the future addition of dedicated 
tenogenic factors such as fibroblast growth factor (FGF) or other auxil
iary treatments. For instance, based on our study findings, MSCs or TSCs 
combined with anti-VEGF antibodies may be a new direction of inves
tigation for treating tendinopathy by controlling pathological 
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neovascularization. Finding the optimal therapeutic concentration for 
these additional factors may be critical to successful treatment. 

In this study, we selected collagenase injection for modeling ten
dinopathy, which replicates many of the pathological features of tendon 
disease, and is a simple and reproducible model suitable for investi
gating treatment efficacy [64]. Nevertheless, to enable translation, the 
effects of TSCs treatment will need to be verified in different types of 
tendinopathy models as well as in large animals. Further verification of 
protein-level expression of markers related to tendon remodeling and 
vascularization in large animals, as well as correlation with gene 
expression data would be beneficial for identifying specific molecular 
pathways associated with tendon repair through TSCs treatment, in a 
context relevant to human tendon pathophysiology. Natural tendon 
repair is divided into three stages: inflammation (1–2 weeks after 
injury), proliferation (2–6 weeks after injury), and remodeling (4–6 
weeks after injury), followed by long-term repair (beyond 6 weeks, 
lasting 1–2 years) [51]. In this study, we selected 6 weeks after disease 
injury as the outcome endpoint, which is in the proliferative phase of 
tendinopathy. Our findings suggest that TSCs may help with tissue 
healing in the early stage of tendon repair, while their effects during the 
later stages warrant further investigation. Nevertheless, this study un
derscores the potential benefit and practicality of employing tissue 
engineered MSC-microcarrier constructs as a new approach for the 
treatment of tendinopathy. 

4. Conclusion 

In this study, TSCs were shown to effectively promote tissue repair in 
tendinopathy, owing to the paracrine activities of MSCs grown within 
gelatin microcarriers to inhibit local inflammation and neo
vascularization while promoting tendon tissue anabolism. Tran
scriptome sequencing analysis revealed that Rap1 might be a vital 
pathway involved in the reparative effects of TSCs during tendon heal
ing. The TSCs in this study provide an innovative approach for treating 
early-stage tendinopathy, importantly by suppressing vascularization as 
an indicator of pathological progression, and suggest new directions for 
the design of tissue engineered constructs intended for tendon repair and 
regeneration. 

5. Materials and methods 

5.1. Rats and experimental design 

All studies were approved by the Ethics Committee of the Animal 
Care and Use Committee of Shanxi Medical University (Approval 
Number: DW2023008). A total of 42 male Sprague Dawley rats were 
purchased from the Laboratory Animal Center of Shanxi Medical Uni
versity (Taiyuan, China). Six rats were 3 weeks old and were used to 
extract tenocytes. The remaining 36 rats (200–250 g) were used to 
establish a tendinopathy model through collagenase I injection in the 
Achilles tendon. After 1 week of adapting to the environment with ad 
libitum access to food and water, the 36 rats were randomly divided into 
4 groups: control (unoperated), TEN (untreated tendinopathy), MSCs 
(tendinopathy treated with MSCs grown in 2D), TSCs (tendinopathy 
treated with MSCs grown in microcarriers). 

5.2. Isolation and culture of tenocytes 

All procedures and protocols for the acquisition, isolation, and cul
ture of tenocytes were conducted with the approval of the Ethics Com
mittee of the Second Affiliated Hospital, School of Medicine, Shanxi 
University. Achilles tendon from 3-week old rats were cut into small 
pieces (<1 mm3) and digested in 2 mg/mL collagenase type I (Sigma) for 
1 h at 37 ◦C. The digestion was terminated with an equal volume of 
expansion medium, comprising DMEM supplemented with 10 % fetal 
bovine serum (FBS, Gibco) and 1 % penicillin/streptomycin. Cells were 

collected after centrifugation at 178g for 5 min and suspended in the 
expansion medium. Cells were cultured in expansion medium for 5–7 
days at 37 ◦C and 5 % CO2, and passaged every 2–3 days when the 
confluence reached approximately 80–90 % with 0.25 % trypsin EDTA 
(Gibco). Tenocytes at passages 2 to 4 were used for the subsequent 
experiments. 

5.3. Preparation of TSCs 

Gelatin microcarriers (GM) (CytoNiche Biotech, China) were pro
vided as dispersible tablets (20mg/tablet). hUC-MSCs (CytoNiche 
Biotech, China) were cultured in MSC growth medium (CytoNiche 
Biotech, China). Once the cells reached 80–90 % confluence, they were 
digested, centrifuged, and suspended in growth medium. To seed MSCs 
onto GMs, 200 μL of cell suspension (5 × 105 cells) was slowly dropped 
onto GMs until thorough auto-absorption, and incubated at 37 ◦C for 2 h 
to allow cell attachment. Growth medium was then added to culture 
MSCs in GMs for 1, 3 and 5 days in a cell culture dish. The culture 
medium was replaced with 50 % fresh medium every 2 days. 

5.3.1. Scanning electron microscopy (SEM) 
SEM was used to study the microstructure of GMs. Samples were 

fixed for 12 h at 4 ◦C with 2.5 % glutaraldehyde in phosphate buffered 
saline (PBS, pH 7.4), and then rinsed in PBS three times. All samples 
were dehydrated in a gradient of ethanol (50–100 %), dried to the 
critical point, and sputtered coated with gold for 2 min at 20 mA. SEM 
imaging (Hitachi S–3000 N) was performed. 

5.4. Cell viability assay 

Calcein acetoxymethyl ester (Calcein-AM) and propidium iodide (PI) 
were used for live/dead staining. Cell viability for MSCs grown in con
ventional 2D culture (MSCs group) or in 3D TSCs (TSCs group) was 
visualized by live/dead staining at 1, 3 and 5 days. At each time point, 
samples were washed three times with PBS, incubated in 100 μL Calcein- 
AM staining working solution for 30 min at room temperature, washed 
another three times with PBS, and incubated in 100 μL PI staining 
working solution for 30 min in the dark. The distribution and viability of 
cells were observed with a laser scanning confocal microscope 
(CM1950, Leica, Germany). The viable cells showed green fluorescence, 
and dead cells showed red fluorescence. 

5.5. Cell proliferation, reactive oxygen species (ROS) and senescence 
assays 

Cell proliferation was assessed using EDU assay. Cells were treated 
with 50 mM 5-ethynyl-2′- deoxyuridine (EdU) (Ribobio, C00052) fol
lowed by incubation for 2 h and fixation with 4 % formaldehyde for 10 
min. Glycine decolorization was achieved by incubating for 5 min on a 
shaker, and permeabilization by adding 0.5 % Triton® X-100 for 10 min. 
All steps of the assay were performed in the dark. The Apollo staining 
working solution was set up in accordance with the kit’s standards. The 
proper quantity of staining solution was added to the samples, and the 
mixture was incubated at room temperature for 30 min. The working 
solution was then discarded and PBS was used to wash the samples. The 
reaction solution Hoechst33342 was added and samples were incubated 
in the dark for 30 min before rinsing with PBS. The stained samples were 
examined with a fluorescence microscope. Image analysis was per
formed using ImageJ software. Three representative images were 
selected from different areas of each sample for quantitative analysis. 

To assess intracellular ROS levels, cells were incubated with 10 μM 
DCFH-DA (Beyotime). Fluorescence images were captured using a mi
croscope. Fluorescence quantification was performed using ImageJ. 

To assess cell senescence, the SA-β-Gal-positive cell ratios were 
determined using a senescence detection kit, according to the manu
facturer’s protocol (Solarbio, G1580). Briefly, samples were washed 
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with PBS and fixed with kit fixative for 15 min at room temperature, 
after which the fixative was aspirated and samples were washed three 
times with PBS. The working solution was set up according to the 
manufacturer’s instructions, added to the samples, and the culture plate 
was covered with parafilm followed by overnight incubation at 37 ◦C. 
On the next day, 2 mL PBS was added to the staining working solution, 
and samples were examined under a microscope. 

5.6. Angiogenesis assays 

In vitro angiogenesis assays were conducted using the human endo
thelial cell line Ea. hy926, which were treated with conditioned medium 
(CM) derived from the culture medium used to grow MSCs or TSCs: 1) 
CM2D group (CM from 2D MSC culture); 2) CMTSCs group (CM from 
TSCs). 

For the tube formation assay, 48-well plates were seeded with Ea. 
hy926 cells at a density of 2.5 × 104 cells/well and cultured for 4 h in 
basal medium added with the two types of CM. The samples were 
imaged by microscopy, and the total branch points and tube length were 
quantified using Image J. 

For the transwell migration assay, Ea. hy926 cells at a density of 2.5 
× 104 cells/well were seeded into the top chamber of a 24-well, 8 μm 
pore-size transwell plate, and incubated with the two types of CM in the 
lower chamber for 4 h. Migrated cells that moved through the mem
brane pores were fixed with 4 % (w/v) PFA for 20 min and stained with 
0.1 % (w/v) crystal violet for 10 min. Unmigrated cells that remained in 
the top chamber were removed using cotton swabs. An inverted mi
croscope was used for imaging, and the ImageJ program was used to 
count the number of migrated cells from the microscopy images. 

For the scratch wound assay, Ea. hy926 cells at a density of 5 × 105 

cells/well were seeded into 6-well plates and grown until confluent. A 
sterile pipette tip was used to make a scratch in the confluent layer of 
cells. After washing, the cells were cultured in basal medium added with 
the two types of CM. At 0, 6 and 12 h, the wound area was imaged and 
the migration area (%) was computed using Image J. 

5.7. Western blot 

Protein expression levels of vascular endothelial growth factor re
ceptor 1 (VEGFR1) (ab32152, Abcam, USA), proliferating cell nuclear 
antigen (PCNA) (13110T, Cell signaling technology, USA), and GAPDH 
(ab8245, Abcam, USA) in human endothelial cells were measured by 
western blot. Total proteins were directly extracted with radio immune 
precipitation assay (RIPA) lysis buffer (P0013B, Beyotime, China) 
combined with a cocktail of protease inhibitors (AR1192, Boster, China). 
Protein concentration was calculated using the BCA Protein Assay Kit 
(AR1189, Boster, China). Proteins were separated on 10 % SDS/PAGE 
gels (PG112, Epizyme, China) and transferred onto a PVDF membrane 
(IPVH00010, Millipore, Ireland). The membranes were blocked with 5 
% non-fat dry milk and further incubated with the appropriate anti
bodies. ECL reagent (P0018AS, Beyotime, China) was used to generate 
chemiluminescent signals using the ChemiDoc XRS + System with 
Image Lab software (Bio-Rad, USA). 

5.8. Bulk RNA-seq and qRT-PCR 

For bulk RNA-seq, three replicates per group were collected for 
mRNA sequencing analysis. In our earlier study, human MSCs delivered 
through intra-articular injection disappeared at 3 weeks after injection 
[36]. In this study, animal sampling for RNA-seq was conducted at 4 
weeks following treatment, where sample tissues were confirmed to be 
of rat origin (Table S1, Supporting Information). Total RNA was 
extracted from tissue samples using the TRIzol reagent (15,596,018, 
Invitrogen, USA) following the manufacturer’s instructions. The RNA 
was reverse transcribed to create cDNA libraries (Sangon Biotech, 
China) for sequencing after checking for RNA purity. Samples with 

biological replicates were analyzed with DESeq2. The filter conditions 
used to obtain significant differences of differentially expressed genes 
(DEGs) were: The value of q was defined as the difference between two 
comparison samples or comparison groups in at least one sample, 
expressed as 5 or more, and the differences between multiple | Fold
change | 2 or more. Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analyses were performed on the 
DEGs using the “cluster Profiler” R software package, with p < 0.05 as 
the significance criteria. 

For qRT-PCR, total RNA was extracted from cell or tissue samples 
using TRIzol, and cDNA synthesis was performed using a kit in accor
dance with the manufacturer’s instructions (Sangon Biotech, China). 
SYBR GreenMix (Takara, RR480 (R420A)) was used to measure gene 
expression by qRT-PCR (Quant Studio 6 Flex, Applied Biosystems, Inc. 
USA). Relative gene expression levels were computed using the 
comparative Ct (2− ΔΔCT) approach, and all genes were normalized to the 
internal reference gene GAPDH. Primer sequences are presented in 
Table S2, Supporting Information. 

5.9. Immunofluorescence staining 

For immunofluorescence staining of cells grown within TSCs, the 
microcarriers were dissolved with 3D FloTrix Digest (CNR001-500, 
CytoNiche Biotech, China) reagent at a ratio of 0.15 mL per mg micro
carriers for 15 min at 37 ◦C. Following lysis, the cells were seeded in a 
culture plate and fluorescence staining was performed immediately after 
the cells have attached. 

Cell or tissue samples for immunofluorescence staining were fixed in 
4 % (w/v) PFA for 30 min, permeabilized with 1 % (v/v) TritonX-100 
PBS for 10 min, and then closed with 1 % BSA (w/v) for 30 min. The 
samples were incubated with primary antibodies overnight at 4 ◦C. The 
primary antibodies used were: anti-COL1 (Abcam, ab270993, UK), anti- 
COL3 (Bioss, bs-0549 R, China), anti-MMP3 (Abcam, ab52915, UK), and 
anti-MMP13 (Abcam, ab39012, UK). After washing three times with 
PBS, the samples were incubated with secondary antibodies in the dark 
at room temperature for 1 h, and finally covered with DAPI (C1005, 
Beyotime, China) for 30 min. Immunofluorescence images were ob
tained by confocal microscopy (CM1950, Leica, Germany). Image 
analysis was performed using ImageJ software. Three representative 
images were selected from different areas of each sample for quantita
tive analysis, where the regions of interest (ROIs) should be represen
tative of cell morphology in cell samples or tissue structure for tissue 
samples. 

5.10. Co-culture model of tendinopathy using rat tenocytes and MSCs 

The co-culture model was established using a transwell system in 6- 
well culture plates, with rat tenocytes (TC) seeded into the top chamber 
and 2D MSCs (adherent) or 3D TSCs (suspension) grown in the bottom 
chamber. The TCs and MSCs/TSCs were physically separated and only 
interacting through secreted products in the shared culture medium. The 
culture medium was DMEM supplemented with 10 % FBS and 1 % 
penicillin/streptomycin, and IL-1β (10 ng/mL) was added to the wells to 
provide inflammatory stimulation representative of tendinopathy. The 
co-cultures were maintained for 2 days at 37 ◦C and 5 % CO2, after 
which cells were subjected to qRT-PCR and immunofluorescence 
analyses. 

5.11. In vivo model of tendinopathy 

A total of 36 male Sprague-Dawley adult rats (body weight 200–250 
g) were used for in vivo experiments. Except for the control group, all rats 
were deeply anesthetized with 1 % pentobarbital sodium (0.05 g/kg), 
and subsequently injected with 60 μL collagenase I solution (5 mg/mL) 
in the right hind leg every 3 days. After 14 days, the tendinopathy model 
was successfully established and rats were divided into the TEN, MSCs, 
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and TSCs groups for the following treatments. 
All hUC-MSCs were cultured in serum-free medium and resuspended 

at a density of 1 × 107 cells/mL. For the TSCs group, 200 μL cell sus
pension was seeded to GM and cultured for 3 days (per results shown in 
Section 2.1) before the TSC constructs were injected into animals. For 
the MSCs group, 200 μL cell suspension was cultured in 2D for 3 days 
and then injected into animals as a cell suspension. The tendinopathy 
group received the same volume of serum-free medium by injection as 
the TSCs and MSCs groups without cells, while the blank control group 
received no care. Four weeks after treatment, the recovery of Achilles 
tendon was evaluated by behavioral and histological analysis. All ex
periments were performed using nine independent samples per group. 

5.12. Reflexive-based sensory testing 

At 4 weeks after rats were treated with MSCs or TSCs, they were 
subjected to sensory and motor function testing prior to sacrifice. The 
weight bearing test was carried out using a capacitance meter (Model 
600, IITC Life Sciences, Woodland Hills, California, USA) to assess the 
willingness to apply weight to the Achilles tendon. The weight distri
bution was measured in grams by placing each of the rear paws on a 
sensor pad. The percentage of weight applied to the injured leg was 
calculated. To measure mechanical sensitivity, rats were segregated into 
a separate chamber with an opaque barrier on a raised grid, preventing 
them from seeing or interacting with one another. A succession of von 
Frey fibers with logarithmically increasing stiffness was used to stimu
late the rat hind paw, by placing the fiber perpendicular to the central 
surface of the plantar foot. The upper and lower threshold of 50 % paw 
extraction was calculated. 

A small animal gait analyzer (CatWalk) was used to test the return of 
motor function. The rats were allowed to adapt to their surroundings in 
the dark before being placed on the small animal gait analyzer runway, 
which had pre-determined rat gait parameters (camera gain (dB): 25.30, 
green intensity threshold: 0.10, red ceiling light (V): 17.6, green 
walkway light (V): 18.9, maximum range from: 50 to 180, frames before 
delta: 5, intensity minimum: 85). Gait characteristics during the process 
of passing the runway were recognized based on the pressure generated 
by the rat limbs as they crossed the fixed runway in the fixed detection 
region at a consistent speed. Each set of measurement data was repeated 
three times and the average value was used as the measurement result. 

5.13. Macroscopic examination and analysis of tendon adhesion 

Collected tendons were macroscopically examined, and assessed for 
the severity and extent of tendon adhesion. The level of tendon adhesion 
was graded from 1 to 5 according to a previously reported adhesion 
grading system [54]: 1, almost no adhesions; 2, filamentous adhesion 
easily separated by blunt dissection; 3, less than or equal to 50 % of the 
adhesion area required for sharp dissection; 4, 51–97.5 % of the adhe
sion area required for sharp dissection; 5, more than 97.5 % of the 
adhesion area required for sharp dissection. 

5.14. Histopathological analysis 

Collected tendon specimens were fixed in 4 % (w/v) para
formaldehyde (PFA) for 24 h and dehydrated using an alcohol gradient, 
followed by embedding in paraffin. Histological sections (5 μm) were 
prepared using a microtome (Leica). Sections were stained by Masson 
staining and hematoxylin-eosin (HE). For immunofluorescence, sections 
were cleaned three times with TBST, added with 0.5 % Triton X-100, and 
then blocked with 5 % bovine serum albumin (BSA) for 30 min at room 
temperature. Stained images were captured using a confocal microscope 
(Panorama MIDI, 3DHistech, Hungary). Image analysis was performed 
using ImageJ software. Three representative images were selected from 
different areas of each sample for quantitative analysis, where the re
gions of interest (ROIs) should be representative of tissue structure for 

tissue samples. 
Histological scoring was performed using a previously reported 

grading system [30]. The scale includes six characteristics, each of 
which is graded 0, 1, 2, or 3: (1) Fiber arrangement; (2) Fiber structure; 
(3) Nuclear round degree; (4) Inflammation cells; (5) Number of blood 
vessels; and (6) Cell density. A score of 0 points represented normal, 
while 3 points represented maximally abnormal. Three histologists 
randomly chose three sections from each sample for evaluation. 

5.15. Statistical analysis 

Statistical analysis was performed using SPSS 11.0, and visualized 
using GraphPad Prism 9. All quantitative data were presented as mean 
± standard deviation (SD). All experiments were performed using at 
least three independent samples. The unpaired two-tailed student’s t- 
test (for two groups) and one-way ANOVA with Tukey’s multiple com
parisons (for more than two groups) were performed to analyze data 
with normal distribution and equal variances. Mann-Whitney U test (for 
two groups) and Kruskal-Wallis H-test with Dunn’s multiple compari
sons (for more than two groups) were performed to analyze non- 
parametric data. p < 0.05 was considered statistically significant (*p 
< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). 
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