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Transcriptome-Optimized Hydrogel Design of a Stem Cell
Niche for Enhanced Tendon Regeneration

Wanqi Zhang, Ying Rao, Shing Hei Wong, Yeung Wu, Yuanhao Zhang, Rui Yang,
Stephen Kwok-Wing Tsui, Dai Fei Elmer Ker, Chuanbin Mao, Jessica E. Frith, Qin Cao,
Rocky S. Tuan,* and Dan Michelle Wang*

Bioactive hydrogels have emerged as promising artificial niches for enhancing
stem cell-mediated tendon repair. However, a substantial knowledge gap
remains regarding the optimal combination of niche features for targeted
cellular responses, which often leads to lengthy development cycles and
uncontrolled healing outcomes. To address this critical gap, an innovative,
data-driven materiomics strategy is developed. This approach is based on
in-house RNA-seq data that integrates bioinformatics and mathematical
modeling, which is a significant departure from traditional trial-and-error
methods. It aims to provide both mechanistic insights and quantitative
assessments and predictions of the tenogenic effects of adipose-derived stem
cells induced by systematically modulated features of a tendon-mimetic
hydrogel (TenoGel). The knowledge generated has enabled a rational
approach for TenoGel design, addressing key considerations, such as tendon
extracellular matrix concentration, uniaxial tensile loading, and in vitro
pre-conditioning duration. Remarkably, our optimized TenoGel demonstrated
robust tenogenesis in vitro and facilitated tendon regeneration while
preventing undesired ectopic ossification in a rat tendon injury model. These
findings shed light on the importance of tailoring hydrogel features for
efficient tendon repair. They also highlight the tremendous potential of the
innovative materiomics strategy as a powerful predictive and assessment tool
in biomaterial development for regenerative medicine.
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1. Introduction

Tendons, which are primarily composed
of collagen fibers, play a crucial role in
transmitting force from muscles to bones.
Unfortunately, tendon injuries are com-
mon, and clinically repaired tendons still ex-
hibit high failure rates (20–90%) with long-
term functional deficiencies.[1,2] Cell ther-
apy, particularly using mesenchymal stem
cells (MSCs), has emerged as a promising
approach to restore functional tendon tis-
sue and treat tendon injuries, but is ham-
pered by issues such as acute cell death, low
cell retention and uncontrolled off-target
tissue formation that may lead to poor clini-
cal outcomes.[3–5] These critical issues must
be addressed before MSC-based therapies
for tendon repair can become a reality.

Next-generation materials, such as
biofunctional hydrogels, hold significant
promise to overcome the challenges en-
countered in stem cell therapy for tendon
repair.[6] Hydrogels can be used to deliver
cells into a defect where they provide an
artificial cell niche that can “prime” en-
capsulated cells towards a desired “state of
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readiness” and induce robust and precise stem cell-mediated ten-
don differentiation, which has significant transformative poten-
tial in stem cell-based regenerative therapies.[7] In this respect,
multiple tissue engineering strategies presenting independent
or combinations of biochemical and biophysical biomaterial at-
tributes, have been studied for tendon repair and regeneration.
This includes natural or synthetic biomaterials,[8] bioinductive
factors, such as growth factors and decellularized extracellular
matrix (ECM),[9,10] mechanical loading,[11,12] microenvironmen-
tal stiffness,[13–15] and material topography,[16] to enhance teno-
genesis. Among these strategies, the application of ECM has
gained significant popularity in both clinical and research set-
tings. Tendon ECM (tECM), in particular, possesses unique struc-
tural and compositional characteristics that demonstrate tissue-
specific regenerative bioactivity, essential for maintaining tendon
homeostasis and promoting effective tendon regeneration.[17,18]

Our group has previously developed a urea-extraction protocol to
prepare tECM, which offers several advantages compared to tra-
ditional acid pepsin extraction approaches.[18,19] Urea-extracted
tECM retains a substantial number of key tendon ECM com-
ponents and demonstrates robust, tendon-specific bioactivity on
human adipose-derived stem cells (hASCs), making it a promis-
ing biochemical factor for enhancing stem cell tenogenesis.[18–20]

Furthermore, mechanical loading plays a fundamental role in ev-
ery stage of the musculoskeletal system’s lifespan.[21,22] In par-
ticular, the application of external mechanical stimulation, such
as uniaxial cyclic loading within the physiological strain range
of 3 to 10%, successfully replicates the strains experienced by
tendons.[23,24] This mechanical loading, when combined with
bioinductive factors like growth factor and ECM, has proven to
be an effective approach in promoting tenogenesis across vari-
ous systems.[25–28] However, the specific importance and optimal
combined effects of these cues in modulating stem cell-mediated
tendon induction remain unclear, presenting challenges in the
rational utilization of hydrogel design parameters. As a result,
conventional approaches to biomaterial development require in-
tuitive tailoring of multiple parameters with long development
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cycles and high expenses. Furthermore, these endeavors demand
significant efforts to inform and optimize strategies for tendon
repair.[29,30]

Conventional approaches to evaluate a newly developed bio-
material involve sequential characterizations such as ex vivo, in
vitro, as well as preclinical and clinical in vivo assessments.[31]

For example, early studies typically employed conventional bio-
chemical, histological, and molecular biology techniques such
as quantitative polymerase chain reaction (qPCR) and microar-
rays to gauge the impact of biomaterials on cells. However, it is
very challenging to accurately assess biomaterial bioactivity in
terms of tenogenic cell fate.[32] This is due in part to the lim-
ited number of genes for defining the tendon phenotype, e.g.,
scleraxis (SCX), tenomodulin (TNMD), mohawk (MKX), and fi-
bromodulin (FMOD).[33,34] Additionally, these markers are also
expressed in other tissues and thus not truly unique to tendons,
e.g., SCX, despite being an important tendon transcription fac-
tor, is also expressed in both heart and ligaments.[35,36] This indi-
cates that tendon phenotype cannot be well defined by the use of
a few “tendon” genes,[37] possibly leading to aberrant phenotypes
and undesired side effects or impaired function. Additionally, by
exclusively focusing on the tendon phenotype, biomaterial scien-
tists may inadvertently overlook other crucial biological activities
(e.g., proliferation, osteogenesis, senescence) involved in tendon
healing. For example, despite the promising results of using col-
lagen hydrogel seeded with MSC for rabbit tendon repair, there
have been reports of ectopic bone formation in the tendon de-
fect sites.[38] Also, an allogenic adipose cell therapy (ALLO-ASC
Injection, Bukwang Pharmaceuticals) that used fibrin hydrogel
to load adipose-derived mesenchymal stem cells (ASCs) for treat-
ing extensor tendinosis, was terminated in phase 2 clinical devel-
opment (NCT03449082). These detrimental outcomes highlight
the limitations of solely relying on niche-mimetic biomaterials
to guide stem cell differentiation, although promising, can often
be largely unpredictable and uncontrolled.[39] Therefore, there
is a critical need to develop an in-depth assessment and predic-
tive tool that can help comprehensively understand the contribu-
tions of various material features on targeted cell behaviors. This
would enable more effective guidance in the design of materials
for stem cell-mediated tendon repair.

In recent years, “materiomics” has emerged as a cutting-edge
approach that leverages data science with biological omics data
(such as genomics, transcriptomics, proteomics, metabolomics),
material properties, advanced manufacturing techniques, and ar-
tificial intelligence (AI) tools. This integrated approach can be
applied throughout the entire therapeutic development pipeline
to generate highly tailored and efficacious biomaterials with sig-
nificant translational potential.[30,40] In particular, materiomics
advancements using RNA-seq have given researchers the abil-
ity to systematically visualize global transcriptomic responses to
biomaterials, providing critical mechanistic insights into cellular
processes and signaling pathways.[41] Such efforts include studies
that characterized impact of biomaterial design, such as hydrogel
viscoelasticity, stiffness, and adhesion ligands on gene expression
using PCR or RNA-seq.[42–44] Additionally, machine learning as a
branch of AI and computer science has emerged as an efficient
strategy to predict stem cell lineage fate prediction and provide
preliminary biomaterial functional evaluation.[45] However, the
application of transcriptomics analysis and machine learning in
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Scheme 1. Study objectives and overview. A) Study objectives: The limited understanding of how material niche properties influence cellular responses
has resulted in lengthy development cycles and unpredictable and uncontrolled healing outcomes. To address this challenge, “materiomics” has emerged
as a powerful, data-driven tool that can be utilized throughout the entire biomaterials development pipeline, which overcomes the limitations of tradi-
tional empirical methods and enables the rational engineering of biomaterials with enhanced therapeutic efficacy. B) Study overview: Our materiomics
strategy is based on our in-house RNA-seq data and consists of two major components. First, we use bioinformatics to provide a mechanistic inves-
tigation into the cellular responses to different hydrogel features. Second, we develop mathematical modeling to quantitatively assess and predict the
tenogenic effects of the hydrogel design. The knowledge generated from the materiomics assessment will ultimately lead to a highly effective, targeted
approach for TenoGel design and improve its efficacy for stem cell-mediated tendon regeneration.

biomaterials design has not been extensively applied to define
tendon phenotypes, which limits our understanding of the rela-
tive importance and contribution of the biological, biochemical,
and biophysical features of tendon biomaterials. Therefore, im-
plementation of an interdisciplinary methodology that converts
an omics-based readout into a comprehensive and functional cel-
lular assessment tool fulfills a crucial need for optimizing the de-
sign of next-generation bioactive tendon materials.[30,40]

In this study, to augment hydrogel-assisted stem cell tendon
regeneration, we have established a tendon-mimetic hydrogel
niche, TenoGel, as a technology platform that allows system-
atic modulation of specific tendon niche aspects such as tECM
and uniaxial tensile loading based on their established roles in
tenogenesis as well as our prior experiences.[9] Concurrently, we
have developed an innovative RNA-seq-based materiomics strat-
egy that contains two major components: bioinformatics analy-
sis and mathematical modeling. This integrated approach repre-
sents a significant departure from traditional methods of hydro-
gel development, which have typically relied on empirical test-
ing and trial-and-error optimization. The bioinformatics analy-

sis aims to provide in-depth mechanistic insights into the tran-
scriptomic responses of ASCs to single and combinations of var-
ious TenoGel design parameters. In parallel, the mathematical
modelling component takes a quantitative approach to assess and
predict the tenogenic effects of the hydrogel design (Scheme 1).
For TenoGel design space, there exist a multitude of design pa-
rameters, which can be arranged in various permutations and
combinations. These include but are not limited to number of
encapsulated cells, material composition (ratio and/or concen-
trations of gelatin methacryloyl (GelMA) and alginate), incorpo-
rated tECM concentration, tensile loading settings (frequency,
strain, strain rate, etc.), and in vitro pre-conditioning duration (to-
tal pre-conditioning duration, pre-conditioning interval/duration
per day). In this study, our design considerations focused on: (1)
determining whether tECM and uniaxial tensile loading should
be employed separately or in combination within TenoGel, and
elucidating their relative importance in inducing tenogenesis
and potential mechanisms of action; (2) elucidating the optimal
concentrations of tECM; (3) identifying the optimal duration (i.e.,
day 6, day 10, or day 21) for in vitro pre-conditioning of ASCs
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in TenoGel. Herein, we show that our tendon materiomics ap-
proach can be used as a predictive and assessment tool to aid
the development of highly bioactive TenoGel, with demonstrated
tendon healing efficacy in vitro and in a rat patellar tendon in-
jury model. Notably, in vivo studies using the optimized TenoGel
formulations identified by our materiomics data showed native
tendon-like tissue healing and avoided undesired ectopic ossifica-
tion. This proof-of-concept demonstration of our materiomics ap-
proach provides new insights into cell niche parameters in teno-
genesis, which have informed the development of an optimized
biomaterial for stem cell-mediated tendon repair. Moreover, this
systematic, data-driven understanding is crucial for biomaterial
development, as it allows us to strategically allocate our efforts
and resources towards a highly targeted approach for biomaterial
design, which has significant potential for translation to broader
applications in regenerative medicine.

2. Results

2.1. GelMA/OA Exhibited Excellent Material Features as an
Appropriate Biomaterial Base for Developing TenoGel

To establish a robust platform (TenoGel), within which specific
factors (i.e., tECM and uniaxial tensile loading) could be mod-
ulated to isolate the impact of niche cues, it was first neces-
sary to develop a hydrogel biomaterial with specific features, in-
cluding biocompatibility, robust mechanical features, and slow
degradation. The purpose of incorporating these features was
to ensure that the hydrogel provides adequate physical protec-
tion and sustains the intended duration of tensile loading during
the in vitro pre-conditioning of ASCs. The base of the TenoGel
was formed using GelMA and alginate in view of their frequent
use in tissue engineering studies. In particular, the TenoGel
system was inspired by a previously reported interpenetrating
network (IPN) hydrogel gelatin methacryloyl/oxidized alginate
(GelMA/OA),[46] which showed mechanical toughness and slow
degradation needed to withstand the dynamic mechanical en-
vironment required during in vitro pre-conditioning and long-
term in vivo regeneration of injured tendons. We first system-
ically characterized the molecular structure/functional groups,
biomechanical properties, hydrogel pore structure, degradation
rate, and cytocompatibility of the GelMA/OA system.

GelMA/OA was synthesized by forming Schiff base linkages
between the aldehyde groups of OA and the amine groups
of GelMA, along with ionic cross-linking of OA and photo-
cross-linking of GelMA (Figure 1A). Fourier transform infrared
spectroscopy (FTIR) analysis revealed a characteristic peak at
1626 cm−1 corresponding to C═N bonds, which demonstrated
the Schiff base linkage formation (Figure 1B). Tensile tests
showed that compared to the GelMA control hydrogel (tensile
modulus, 44 ± 16 kPa; ultimate tensile stress, 30 ± 12 kPa),
GelMA/OA exhibited a remarkable enhancement in mechani-
cal strength, withstanding a maximum strain of ≈54.2% and
exhibiting 4.4- and 3.4- fold improvements in tensile modulus
(236 ± 19 kPa) and ultimate tensile stress (133 ± 38 kPa), re-
spectively (Figure 1C). With regard to the stability of the hydro-
gel, the modulus of GelMA/OA remained relatively stable for 14
days of ex vivo incubation in PBS, with an initial modulus of
210 ± 18 kPa, but significantly decreased to ≈186 ± 18 kPa after

21 days incubation (p< 0.01). Similarly, the ultimate tensile stress
of GelMA/OA significantly decreased to 82 ± 19 kPa after 14 and
21 days of incubation in PBS. Ex vivo degradation tests showed
that GelMA/OA exhibited a controlled mass loss of ≈43% over an
8-week period (Figure 1D). Scanning electron microscopy (SEM)
images confirmed the preservation of the open porous structures
and pore morphology even after 8-week incubation in PBS, indi-
cating stable hydrogel integrity (Figure 1D). Additionally, despite
being mechanically tough, GelMA/OA facilitated cell spreading
(as early as day 6), viability, and proliferation of hASCs as evi-
denced by LIVE/DEAD and MTS assays (Figure 1E).

Together, these findings provide collective evidence that the
base of the TenoGel, an IPN-structured GelMA/OA hydrogel, ex-
hibited robust mechanical properties, slow degradation, and cy-
tocompatibility that supported the rapid spreading and viabil-
ity hASCs. These material features validated it as an appropri-
ate base for developing TenoGel, enabling subsequent systematic
materiomics analysis.

2.2. TenoGel as a Tendon-Mimetic Hydrogel Niche Allows
Systematic Modulation of tECM and Uniaxial Tensile Loading

While there are numerous niche features that can potentially
influence ASC behavior, our focus in designing TenoGel has
been centered on two key features: treatment with pro-tenogenic
urea-extracted tECM and exposure to dynamic uniaxial ten-
sile loading, based on our prior experience and understanding
of their significance in regulating ASC tendon differentiation
(Figure 2A).[18,19,25,47] The first objective was to evaluate the po-
tency of tECM as a pro-tenogenic factor, as well as to assess the
incorporation and release of tECM from GelMA/OA. Our data
showed that tECM batch-to-batch variability was low (Figure S1A,
Supporting Information) and when used as a medium supple-
ment (1 mg mL−1, 10% in growth medium) for 2D culture, tECM
induced robust tenogenic differentiation of hASCs based on es-
tablished tenogenic markers using immunofluorescence stain-
ing (Figure S1B, Supporting Information). Moreover, tECM can
be successfully incorporated into GelMA/OA for hydrogel syn-
thesis. tECM could be used at its highest protein concentration
of 1.5 mg mL−1 in the hydrogel, which represents the upper
limit of tECM solubility, without interfering with hydrogel poly-
merization (data not shown). Additionally, when encapsulated in
GelMA/OA hydrogel, tECM exhibited sustained release kinetics,
with an initial 25% burst release over the first 24 h followed by
gradual release reaching ∼52% of the initial loaded proteins by
day 14 (Figure 2B).

We next investigated whether the GelMA/OA hydrogel can ef-
fectively transmit tensile loads to the encapsulated cells. To apply
uniaxial tensile loading, hydrogel constructs were mounted onto
a commercial bioreactor (CellScale T6) and subjected to physi-
ological loading regimens, 8% strain, 0.5 Hz, and 6 h per day,
as previously reported.[23,24] To examine the effects of loading on
hASCs in TenoGel, finite element analysis (FEA) was performed
(Figure 2C). The analysis revealed that under uniaxial tensile
loading (8% strain), the hydrogel experienced a uniform mechan-
ical environment, except in the areas near the free edges of the
interface between the clamps and the hydrogel (ROI 1,
Figure 2C). In these regions, stress concentrations were ob-
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Figure 1. Ex vivo characterization of GelMA/OA hydrogel. A) IPN-structured hybrid hydrogel: the schematic illustrates the triple network formed in
GelMA/OA hydrogel, consisting of Ca2+ cross-linked OA, covalent cross-links in photocured GelMA, and the imine bond formed between GelMA and
OA based on Schiff base reaction. Digital images demonstrated the highly elastic property of the ADA/GelMA. B) FTIR: FTIR spectra of GelMA/OA
hydrogel and its individual components, indicated the formation of imine-bonds ≈1690–1640 cm−1. C) Tensile test: representative stress-strain curves
and tensile tests showed the robust tensile attributes of the GelMA/OA hydrogel (freshly prepared and after PBS incubation at indicated time points),
which were superior to those of GelMA hydrogel. n = 5; mean ± SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001. D) Degradation kinetics: the degradation
curve and representative SEM images after 1 day and 56 days of incubation in PBS, demonstrated the slow degradation rate and the maintenance of
the homogeneous, porous structure of the GelMA/OA hydrogel. n = 5; mean ± SD. E) Cell viability test: representative LIVE/DEAD images and MTS
assay of encapsulated hASCs cultured 6- and 10-days showing cells have a high rate of viability and proliferation in GelMA/OA hydrogel and exhibiting
elongated cell bodies. Green, calcein-labeled live cells; red, EthD-1-labeled dead cells. n = 3 biological replicates; mean ± SD; **, p < 0.01.

served, which may cause uneven stimulation of the embedded
cells. To ensure consistency in evaluation, subsequent analyses
therefore focused on samples subjected to loading from the cen-
tral region of the hydrogel (ROI 2, Figure 2C).

Moreover, as TenoGel was designed as a technology platform
for studying the role of tECM and tensile loading in the cell
niche for promoting tenogenesis, we conducted a primary exam-
ination of the viability, adhesion, and alignment of hASCs en-
capsulated within TenoGel over a 21-day pre-conditioning period
under static culture/Gel (Ctrl), uniaxial loading alone/TenoGel
(Loading), tECM alone/TenoGel (tECM), and tECM with uniax-
ial loading/TenoGel (tECM+Loading) (Figure 2D). This investi-
gation was important as tough hydrogels are usually unfavor-
able for cell adhesion and spreading,[48–50] and they may lead to
stress shielding effects that prevent hASCs from experiencing

the intended tensile loading stimulation generated by our tensile
loading bioreactor.[51,52] Our data showed that hASCs exhibited
high viability in all conditions over a period of 21 days as evi-
denced by LIVE/DEAD staining (Figure 2D). Additionally, F-actin
and DAPI nuclear staining revealed that TenoGel under uniax-
ial tensile loading, with or without tECM supplementation, dis-
played a greater number of cells with an organized arrangement
of cytoskeletal actin filaments compared to the randomly oriented
actin observed in the static groups at all timepoints (Figure 2E).
Consistent with cytoskeletal changes, nuclei in the static groups
appeared rounded or slightly elongated, while nuclei seen in
constructs subjected to loading stimulation displayed a more
oval-shaped and elongated appearance (Figure 2E). Addition-
ally, we assessed the microscale mechanical properties of each
TenoGel group using nanoindentation, which provides insights
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Figure 2. Characterization of tECM and uniaxial tensile loading as two key features within TenoGel. A) Study overview: schematic of TenoGel setup
and parameters of tECM concentration and loading regimens. B) tECM release kinetics: the release curve showed the controlled release of tECM from
TenoGel, with ≈52% of the proteins released after 14 days of incubation in PBS. n = 5; mean ± SD. C) FEA: the representative model demonstrated
the stress distribution of cell-hydrogel constructs subjected to uniaxial tensile loading (8% strain) using a bioreactor. The simulated stress distribution
within the hydrogel demonstrated a highly uniform mechanical field in the central region, with the exception of the areas near the clamps. Meanwhile, the
cells located in the edge region (ROI 1) and middle region (ROI 2) experienced distinct loading effects (surface color map: principal stress intensity; red
arrows: principal stress direction). To ensure consistency in evaluation, samples from the central region of the hydrogel were selected for subsequent
analyses. D) LIVE/DEAD assay: representative LIVE/DEAD images showed high viability of hASCs in various TenoGel on days 6, 10, and 21. n = 3
biological replicates; Left panel: green, live cells; right panel: red, dead cells. E) F-actin/Nuclear staining: representative images and quantitative analysis
of cytoskeletal structure and nucleus shape illustrated the alignment and elongation of hASCs under uniaxial tensile loading in TenoGel (red, F-actin;
blue, nuclei). n = 3 biological replicates; mean ± SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001. F) Microscale mechanical characterization of TenoGel by
nanoindentation. Indentation maps were generated from 100 points within a 200 μm × 200 μm area, demonstrating that all TenoGel constructs exhibited
similar Young’s modulus at day 21. These findings indicate that the incorporation of tECM and the application of uniaxial loading had no significant
impact on the overall mechanical properties of TenoGel during the culture period. n = 3 biological replicates; mean ± SD; not significant (NS), p > 0.05.

Adv. Mater. 2025, 37, 2313722 2313722 (6 of 24) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2025, 2, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202313722 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [15/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

into the localized mechanical microenvironment experienced by
the cells. After 21 days of in vitro culture, all TenoGel constructs
exhibited similar Young’s modulus, averaging ≈140 kPa. This
suggested that incorporation of tECM and the application of uni-
axial loading did not significantly affect the overall mechanical
properties of TenoGel throughout the culture period. As a result,
the effect of the matrix modulus on the cells did not vary signifi-
cantly among the different TenoGel groups (Figure 2F).

Together, these findings demonstrate that various forms of
TenoGel were cytocompatible and could support hASC pre-
conditioning in vitro for at least 21 days. Furthermore, when
subjected to uniaxial tensile loading, encapsulated hASCs within
TenoGel experienced tensile loading stimulation, resulting in
alignment and elongation of both cell and nuclei parallel to the
loading direction. These findings demonstrated successful estab-
lishment of TenoGel with modulated tECM and uniaxial tensile
loading, which was further explored in downstream materiomics
analysis.

2.3. Transcriptional Landscape of hASC Tenogenesis was Highly
Correlated with TenoGel Niche Features

Despite the recognized significance of tECM and tensile load-
ing in promoting tenogenesis, there remained a notable gap in
our understanding of their relative importance and contribution,
as well as the optimal combination of these parameters neces-
sary to induce robust tenogenesis. Therefore, to gain insights
into the interactions between tECM and tensile loading within
the TenoGel, we used RNA-seq to analyze the transcriptional re-
sponse of hASCs to the four distinct combinations of TenoGel
features (Gel (Ctrl), TenoGel (Loading), TenoGel (tECM), and
TenoGel (tECM+Loading)) on days 6, 10, and 21 (Figure 3A).

Principal component analysis (PCA) was conducted to in-
vestigate the overall transcriptional changes in hASCs exposed
to the varying combinations of tECM and mechanical loading
(Figure 3B). This revealed that the primary source of transcrip-
tional variation was not tied to one specific material parame-
ter, but the first principal component (PC1) effectively captured
the dissimilarities between “Gel (Ctrl)” and other groups. Ad-
ditionally, PCA conducted at each time point revealed that the
differences caused by the group with both tECM supplemen-
tation and mechanical loading exhibited the greatest dissimi-
larity compared to the other groups on day 10. However, by
day 21, the TenoGel samples supplemented with tECM alone
and those supplemented with both tECM and mechanical load-
ing clustered together, indicating a similar response over time,
as depicted in Figure S2 (Supporting Information). To further
elucidate the genes contributing to this divergence, we identi-
fied the genes with the highest contributions to PC1, which no-
tably, were several well-established tendon markers such as SCX,
COMP, POSTN, COL11A1, and ELN (Figure 3B). Subsequently,
we performed a pairwise comparison to identify differentially
expressed genes (DEGs) between groups. Overall, the TenoGel
(tECM+Loading) group exhibited the highest number of DEGs
compared to Gel (Ctrl) at each time point, far exceeding the DEGs
generated by tECM alone and loading alone in the decoupled
gene sets. (Figure 3C). Of these, several well-established ten-
don markers, e.g., COL11A1, COMP, ELN, POSTN, and SCX,

had increased gene expression in TenoGel (tECM+Loading) com-
pared to Gel (Ctrl) (Figure 3D). Taken together, these findings
suggest that the combined effects of tECM supplementation and
uniaxial tensile loading induce robust and distinctive transcrip-
tional changes in hASCs, which were strongly associated with
tenogenic genes.

We next focused on cell phenotype characterization, partic-
ularly regarding tenogenic and osteogenic differentiation. This
is crucial because a clinical concern associated with stem cell-
based tendon repair is unwanted osteogenesis leading to ectopic
bone formation that may cause pain and joint dysfunction.[32,53]

Heatmap analysis of selected lineage signature genes suggested
that TenoGel groups (i.e., TenoGel (tECM), TenoGel (Load-
ing), and TenoGel (tECM+Loading)) demonstrated enhanced
tenogenesis over time compared to Gel (Ctrl) group. Notably,
the TenoGel (tECM+Loading) exhibited the most pronounced
tenogenic effect (Figure 3E). However, selected osteogenic mark-
ers also indicated that TenoGel (Loading) demonstrated stronger
osteogenic differentiation rather than tendon differentiation,
suggesting that the effects of loading were not specific to teno-
genesis (Figure 3E). Moreover, quantitative analysis using single-
sample gene set enrichment analysis (ssGSEA) also revealed
similar findings in that: TenoGel (tECM+Loading) showed sig-
nificantly higher tenogenesis ssGSEA scores compared to Gel
(Ctrl) and TenoGel (Loading) at all time points; TenoGel (tECM)
showed significantly higher tenogenesis ssGSEA score compared
to TenoGel (Loading) at day 21; TenoGel (Loading) showed signif-
icantly higher ssGSEA osteogenesis scores compared to TenoGel
(tECM+Loading) and TenoGel (tECM) at day 21 (Figure 3E).
Next, in vitro pre-conditioning duration was evaluated by per-
forming gene set enrichment analysis (GSEA) for “tenocyte”
gene sets from the TISSUE database.[54] The results showed that
hASCs cultured in the TenoGel (tECM+Loading) at day 10 had
enhanced expression of tendon-related genes (higher normal-
ized enrichment score; NES) compared to day 6 and day 21,
whereas TenoGel (tECM+Loading) at day 21 exhibited enriched
senescence-related gene sets (Figure 3F,G). This suggested that
a-10 day pre-conditioning period was sufficient to achieve the de-
sired tendon phenotype, and overly long durations (day 21) were
subpar.

We further explored the signalling mechanisms involved in
hASCs’ response to tECM and tensile loading within TenoGel
(Figure 4A). Gene Ontology (GO) analysis revealed that tECM
in TenoGel primarily contributed to “collagen fibril organiza-
tion” and the “transmembrane receptor protein tyrosine ki-
nase signaling pathway”, while loading was associated with the
“integrin-mediated signaling pathway” and “cell adhesion” in
hASCs (Figure S3, Supporting Information). Further refinement
using REVIGO highlighted “ECM organization” and “skeleton
system development” as the most significant events in TenoGel
(tECM+Loading) with 10-day pre-conditioning, characterized by
increased expression of collagens and tendon matrix proteins
(e.g., COL1A1, COL3A1, ELN, COMP, and THBS1) compared to
Gel (Ctrl) (Figure 4B). Compared to Gel (Ctrl), TenoGel (tECM),
TenoGel (Loading), and TenoGel (tECM+Loading) all showed
the activation of key pathways such as “protein digestion and
absorption”, “ECM receptor interactions”, “focal adhesion”, and
“PI3K/Akt” at all time points (Figure 4C). Specifically, the en-
richment of “protein digestion and absorption” was associated
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Figure 3. Transcriptional analysis of hASC lineage differentiation in response to different TenoGel designs. A) Study overview: the schematic illustrates the
experimental setup and TenoGel design considerations. n = 3 biological replicates. B) PCA: The PCA plot and the presentation of the top 10 genes
demonstrated that the divergence in transcriptional profiles among different TenoGel groups was primarily driven by tendon-related markers. C) DEGs:
the pairwise comparison of transcriptional profiles across different TenoGel designs revealed that the largest numbers of DEGs were observed between
TenoGel (tECM+Loading) and the Gel (Ctrl) group. The size of the circles represented the number of DEGs, as indicated in the legend. D) Top DEGs:
the DEG heatmap displayed the top 20 upregulated and top 20 downregulated DEGs in the comparison of TenoGel (Loading)/(tECM)/(tECM+Loading)
versus Gel (Ctrl) at respective time point, along with their representative marker genes. E) Lineage differentiation: the heatmap and quantitative analysis
(ssGSEA) of genes associated with tendon and bone lineages suggested that TenoGel groups, with the tECM and w/o loading, exhibited enhanced
tenogenesis over time. However, TenoGel (loading) also induced osteogenesis with the culturing. n = 3 biological replicates; mean ± SEM; *, p < 0.05;
**, p < 0.01; ***, p < 0.001. F) GSEA (TISSUE (Tenocyte)): the enrichment plots revealed that pre-conditioning of TenoGel (tECM+Loading) for 10
days achieved a significantly higher NES associated with tendon-specific signature genes compared to pre-conditioning for 6- and 21- days. Presented
NES are significant (p < 0.05, FDR < 0.25). G) GSEA (cell senescence-related pathways): Negative NES values indicate enrichment pre-conditioning of
TenoGel (tECM+Loading) for 21 days induced the activation of cell senescence pathways compared to pre-conditioning for 10 days. Presented NES are
significant (p < 0.05, FDR < 0.25).
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Figure 4. Transcriptional insights of induced signaling mechanisms in response to different TenoGel designs. A) Study overview: the schematic illus-
trates the experimental setup and TenoGel design considerations. B) REVIGO analysis clusters all identified GO terms of biological processes into
broader categories among TenoGel (tECM+Loading) compared to Gel (Ctrl) at day 10. Additionally, the heatmap illustrated the expression levels of
related genes associated with selected GO terms in hASCs. C) KEGG: the significantly enriched pathways were identified among different TenoGels
(Loading)/(tECM)/(tECM+Loading) compared to the Gel (Ctrl) group on days 6, 10, and 21. D) PPI: A PPI network was constructed using upregulated
genes associated with PI3K/Akt and Wnt signaling pathways. Additionally, the heatmap illustrated the expression levels of related genes in each TenoGel
group and Gel (Ctrl) group at day 10. E) qPCR and WB analysis of hASCs cultured in different TenoGel groups on day 10. n = 3 biological replicates;
mean ± SEM; *, p < 0.05; **, p < 0.01. F) Time-series analysis: the expression profiles of genes associated with key pathways in different TenoGel groups
over time were presented. G) Potential mechanism: the schematic illustrated the potential involvement of growth factors/PI3K/Akt, integrin/PI3K/Akt,
and Wnt signaling pathways in hASC tendon differentiation and related protein synthesis in response to different TenoGel designs.
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with the upregulation of collagen-related genes. Within the PI3K-
AKT pathway, TenoGel (Loading) showed upregulated expres-
sion of integrins (such as ITGA2, ITGA4, and ITGA5), while
TenoGel (tECM) showed upregulated expression of growth fac-
tors (such as PDGFD) (Figure 4C; Figure S4, Supporting In-
formation), suggesting that tECM and loading may activate the
PI3K/Akt signaling pathway through distinct mechanisms. No-
tably, only TenoGel (tECM+Loading) specifically activated the
“Wnt signaling pathway”, with WNT5A predicted as a core
gene that interacts with most of the other genes in the genes
clusters (Figure 4D). Additionally, GSEA revealed significant
enrichment of the PI3K/Akt and Wnt signaling pathways in
TenoGel groups (i.e., TenoGel (tECM), TenoGel (Loading), and
TenoGel (tECM+Loading)) compared to Gel (Ctrl) group at day 10
(Figure S5, Supporting Information). These findings are con-
sistent with previous studies that have demonstrated the acti-
vation of the PI3K/Akt pathway by mechanical stimulation or
ECM proteins for MSCs tenogenic differentiation.[55–57] Taken to-
gether, our results along with supporting evidence from the lit-
erature suggest that both tECM supplementation and mechan-
ical loading, either independently or in combination, promote
hASC tenogenesis within TenoGel, potentially via the activation
of the PI3K-Akt and WNT pathways. To investigate the activation
of the PI3K-Akt and Wnt pathways, we utilized qPCR and West-
ern blot (WB) to examine the expression of core genes and pro-
teins associated with these pathways (Figure 4E). After 10 days of
in vitro pre-conditioning, qPCR analysis revealed that TenoGel
(tECM) significantly upregulated the expression of IGF1, a core
gene in the growth factor/PI3K-Akt signaling pathway, compared
to the Gel (Ctrl) group. Although TenoGel (Loading) upregulated
the ITGA5, the difference was not statistically significant. No-
tably, TenoGel (tECM+Loading) demonstrated significant upreg-
ulation of IGF1, FGF2, and ITGA11, which are core genes in-
volved in the PI3K-Akt signaling pathway, compared to the Gel
(Ctrl) group. For the Wnt signaling pathway, all TenoGel groups
showed differential upregulation of markers compared to the Gel
(Ctrl) group, with TenoGel (tECM+Loading) showing more pro-
nounced upregulation of the FZD8 and WNT5A genes. The WB
and its semi-quantitative analysis showed that the p-Akt/Akt ra-
tio in the TenoGel (tECM) and TenoGel (tECM+Loading) groups
was significantly higher than that in the Gel (Ctrl) group. Addi-
tionally, all TenoGel groups exhibited higher WNT5A synthesis
compared to the Gel (Ctrl) group, although the difference was not
statistically significant. Collectively, these results suggest that the
involvement of PI3K-Akt and Wnt signaling pathways induced
by the tECM and mechanical loading in the TenoGel.

We also conducted a time series analysis focusing on key
genes associated with ECM organization, integrin, growth fac-
tor/PI3K/Akt, and Wnt signaling pathways (Figure 4F). The anal-
ysis revealed distinct expression profiles in the TenoGel (tECM)
and TenoGel (tECM+Loading) groups compared to the other two
groups. Specifically, within the ECM organization pathway and
growth factor/PI3K/Akt signaling pathway, there was an initial
upregulation in the expression of genes associated with ECM or-
ganization (such as COL1A1, COL1A2, and COMP) and growth
factors (such as IGF1, PDGFA, and PDGFC) until day 10, fol-
lowed by subsequent declines. Additionally, genes involved in the
integrin pathway and Wnt signaling pathway, including integrin
subunits, WNT5A, and the Wnt protein receptor FZD8, consis-

tently demonstrated higher expression levels and displayed an
additional peak at day 10 in the TenoGel (Loading) and TenoGel
(tECM+Loading) groups, where as such patterns were not ob-
served in the other two groups.

Therefore, the bioinformatics analysis provides the following
critical insights for designing the optimal TenoGel: (1) Synergis-
tic effects: the combination of tECM and tensile loading within
the TenoGel synergistically promotes robust tendon differenti-
ation (Figure 4G). (2) Pre-conditioning duration: a 10-day pre-
conditioning period is sufficient to achieve the desired tendon
phenotype, while overly long durations (day 21) result in reduced
tenogenesis and increased senescence. (3) Relative significance:
tECM plays an essential role in inducing hASC tendon differen-
tiation, whereas tensile loading alone is not specific to the ten-
don lineage and could potentially shift hASCs toward osteogen-
esis without tECM supplementation. In summary, the optimal
TenoGel design should incorporate the synergistic combination
of tECM and tensile loading, along with a 10-day pre-conditioning
period, to achieve robust tenogenesis and prevent undesired os-
teogenic differentiation.

2.4. Mathematical Models for the Evaluation and Prediction of
the Effects of TenoGel Design on hASC Tenogenesis and
Osteogenesis

Using transcriptomes generated from Gel (Ctrl), TenoGel (Load-
ing), TenoGel (tECM), and TenoGel (tECM+Loading) groups at
days 6, 10, and 21, mathematical models were applied to quan-
titatively assess and predict the impact of TenoGel designs, i.e.,
individual and combined use of tECM and tensile loading, on
hASC tenogenic and osteogenic differentiation (Figure 5A).

The initial step was to generate an overall scoring system
to assess tenogenic and osteogenic lineage commitment of
hASCs, which was based on 81 canonical lineage-specific marker
genes (Figure 5B; and Table S1, Supporting Information). Sub-
sequently, we fitted the tenogenic and osteogenic scoring data
from 36 samples of four different groups using random forest
(RF, 500 trees (Figure S6, Supporting Information)) and linear re-
gression (LR) models (Figure 5C). To assess model performance
fairly, 3-fold cross-validation (CV) was used to train and evalu-
ate each model on each lineage independently. Specifically, the
dataset was randomly split into three disjoint sets, and each set
was used as the validation set once while the remaining two sets
were used as the training set. Overall, both RF and LR models
demonstrated good model fits for hASC tenogenic differentiation
in TenoGel, as evidenced by R-squared (R2) values of 0.58 for RF
and 0.64 for LR in the validation sets. For predicting tenogenic
differentiation, the LR model outperformed RF with a lower val-
idation mean squared error (MSE). However, both RF and LR
models showed weak fit to osteogenic differentiation, with R2 val-
ues of 0.28 for RF and 0.35 for LR. As further support, when pre-
dicted scores were plotted against observed differentiation scores,
high association was noted in the validation sets for all 3-splits
for tenogenic prediction (averaged Pearson’s r = 0.8 for both RF
and LR), but there was low-to-medium association observed for
osteogenic prediction (averaged Pearson’s r = 0.58 for RF and 0.6
for LR) (Figure 5C; Figure S7, Supporting Information).
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Figure 5. Mathematical modeling and evaluations of the effects of TenoGel design parameters on hASC transcriptome. A) Study overview: the schematic
illustrates the experimental setup and key design considerations. B) Lineage scoring for assessing hASC tenogenic and osteogenic differentiation: A total
of 81 genes associated with stem cell tenogenic (teno) and osteogenic (osteo) differentiation were selected based on the literature. The Heatmap visu-
alization of teno/osteo scores, derived from the transcriptomic data of hASCs in each TenoGel group, was presented. C) Model performance evaluation:
The R2 and MSE of the testing datasets were used to evaluate the performance of the RF and LR models. The evaluation was conducted using three-fold
cross-validation based on the training and validation datasets. The scatter plots showed the predicted and observed differentiation scores from the
first split of each model. mean ± SEM. D,E) LR models: 4D regression plot and multiple LR models were established to compare the effects of relative
importance of TenoGel parameters on hASC tenogenic and osteogenic differentiation over time (panel D: teno score; panel E: osteo score). mean ± SD;
*, p < 0.05; **, p < 0.01; ***, p < 0.001.
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To assess the individual contributions of tECM, loading, and
in vitro pre-conditioning duration in TenoGel in hASC tenogen-
esis and osteogenesis, we constructed multiple LR models us-
ing all 36 samples, with tECM and loading as predictors, and the
tenogenic/osteogenic scores as the outcomes at each time point,
respectively. The LR model demonstrated that both tECM sup-
plementation and uniaxial tensile loading were significantly as-
sociated with tenogenic scores (R2 = 0.66–0.82, p < 0.001), with
a more pronounced effect at day 10. Specifically, the estimated
equation at day 10, yteno = 0.8xLoading+1.7xtECM-0.9, indicated that
tECM had a stronger effect, with the addition of 1.5 mg mL−1

tECM supplementation in TenoGel resulting in an ≈1.7 unit in-
crease in the tenogenic score when loading was held constant
(p < 0.001) (Figure 5D). Similarly, applying loading resulted in an
≈0.8 unit increase in the tenogenic score when tECM was held
constant (p < 0.01). In terms of predicting osteogenic differenti-
ation of hASCs in response to TenoGel features, the weaker fit of
the LR model for osteogenesis (R2 = 0.4–0.5) suggested a lower
association (Figure 5E). It was estimated that applying loading
did not result in a significant change in the osteogenic score when
tECM was held constant. On the contrary, the addition of supple-
mentary tECM led to a decrease in the osteogenic score by ≈1 unit
when loading was held constant at day 10 (p < 0.001). We also fit
LR models to investigate the impact of in vitro pre-conditioning
duration (days 6, 10, and 21) on hASC tenogenic and osteogenic
differentiation in various TenoGel groups. Both models showed
a positive and strong association between time points and dif-
ferentiation scores for tenogenic and osteogenic differentiation
(p < 0.01, R2 = 0.67 and 0.96). Notably, for tenogenic scores, day
10 had a larger effecter size, as indicated by its higher coefficient
of 2.63 (p < 0.01) (Table S2, Supporting Information).

Thus, regarding the optimal design of TenoGel, the mathemat-
ical models provided the following recommendations: (1) tECM
had a greater impact on tenogenic scores compared to the loading
stimulation and hinted at a negative correlation with osteogenic
scores. This suggests the tECM is a must-have component in the
TenoGel design. (2) tECM should be used at the highest soluble
concentration of 1.5 mg mL−1, as there is a positive linear correla-
tion between tECM concentration and tenogenic differentiation.
(3) The tECM should be used in combination with tensile loading
within TenoGel, along with a 10-day pre-conditioning duration.
This is because the regression models showed positive correla-
tions between both tECM and loading with tenogenic scores, with
the most significant impact observed on day 10. These findings
from the machine learning-based modeling align with the results
obtained from the RNA-seq bioinformatics analysis, leading to a
consistent conclusion regarding the optimal design parameters
for TenoGel.

2.5. TenoGel with tECM and Uniaxial Tensile Loading
Synergistically Promoted hASC Tenogenesis In Vitro

To showcase and validate the benefits of using our in-house tran-
scriptome data (RNA-seq analysis and mathematical modelling)
for TenoGel design optimization, we have performed in further
in vitro and in silico analyses.

Building upon the insights generated from bioinformat-
ics analysis (Figures 3 and 4) and mathematical modelling

(Figure 5), the TenoGel (tECM+Loading) exhibited the most
promising tenogenic potential. Therefore, we first evaluated the
synergistic effects of tECM and tensile loading within TenoGel
in promoting hASC tendon differentiation using qPCR and im-
munofluorescence (IF) analyses of established tenogenic mark-
ers (Figure 6A,B). After 10 days of culture, qPCR confirmed
upregulation of established tenogenic markers in the TenoGel
(tECM+Loading) group compared to Gel (Ctrl) group, with sig-
nificantly increased expression of SCX (62.6-fold, p < 0.01)
and COL1A1 (8.6-fold, p < 0.05). Consistently, IF staining re-
sults revealed that TenoGel (Loading), TenoGel (tECM), and
TenoGel (tECM+Loading) had increased protein abundance of
TNC compared to Gel (Ctrl) on days 6, 10, and 21. Notably,
TenoGel (tECM+Loading) exhibited more pronounced staining
for TNMD, a late tendon differentiation marker,[58] compared to
the other groups at day 21 (Figure 6B). Collectively, these find-
ings suggest that both tECM supplementation and mechanical
loading can promote hASC tenogenic differentiation in TenoGel,
with their combination showing a strong synergistic effect.

Furthermore, bioinformatic analysis and mathematical mod-
elling indicated that tECM is crucial for inducing hASC tendon
differentiation, whereas tensile loading alone could shift hASCs
toward osteogenesis without tECM supplementation. To evalu-
ate this finding, we cultured hASCs in TenoGel with osteogenic
medium and assessed hASC mineralization using Alizarin Red
S (ARS) staining (Figure 6C). After 21 days, all groups showed
different levels of mineral deposition. The TenoGel (Loading)
group exhibited the highest mineral accumulation compared
to all other groups, including TenoGel (tECM) and TenoGel
(tECM+Loading) groups. These findings suggest that loading
alone can lead to enhanced hASC mineralization, while tECM
did not show strong mineralization effects, whether used alone
or in combination with loading, consistent with the RNA-seq re-
sults (Figure 6C).

The bioinformatic analysis and mathematical modeling sug-
gested that a longer in vitro pre-conditioning duration, i.e.,
21 days, can induce cell senescence and may not be ideal
for TenoGel design. To further support this, we compared
senescence-associated beta-galactosidase (SA-𝛽-gal) activity in
hASCs after 6, 10, and 21 days of pre-conditioning within
TenoGel (tECM+Loading) (Figure 6D). SA-𝛽-gal staining re-
vealed a significant increase in the ratio of senescent cells over
time, with the highest percentage (≈41%) observed on day 21
(Figure 6D). These findings indicate that a longer in vitro pre-
conditioning duration can induce pronounced cell senescence.

Furthermore, we set up additional TenoGel design groups (i.e.,
tECM with reduced concentrations with or without loading), and
further tested the predictive accuracy of our mathematical mod-
els (Figure S8A, Supporting Information). Heatmap and ssGSEA
showed significantly higher tenogenesis score in TenoGel groups
(half tECM+Loading) compared to Gel (Ctrl) and TenoGel (half
tECM) groups (Figure S8B, Supporting Information). Addition-
ally, heatmap analysis of osteogenic marker genes showed de-
creased osteogenic differentiation in TenoGel (half tECM) and
TenoGel (half tECM+Loading) groups, although there was no
significant difference evaluated by ssGSEA score of osteogene-
sis (Figure S8B, Supporting Information). We then used tran-
scriptomics data from TenoGel (half tECM) and TenoGel (half
tECM+Loading) under unseen conditions to validate the predic-
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Figure 6. In vitro analysis of optimized TenoGel design. A) Study overview: schematic illustrated the experimental setup and in vitro validation. n = 3
biological replicates. B) qPCR: the expression levels of established tendon marker genes in hASCs cultured under different TenoGel groups on day 10
are presented. mean ± SEM; *, p < 0.05; **, p < 0.01. IF staining: representative confocal images are shown, depicting the staining intensity of TNC and
TNMD in hASCs cultured in different TenoGel groups on days 6, 10, and 21 (yellow, TNC; green, TNMD; blue, nuclei). These results demonstrated that
the presence of tECM supplementation and stimulation of uniaxial tensile loading in TenoGel synergistically promoted hASC tenogenic differentiation.
C) ARS staining and semi-quantitative analysis: Representative histologic sections of hASCs cultured in various TenoGel groups with osteogenic medium
on day 21. The red color indicates positively stained areas of calcium nodes, reflecting mineral accumulation. These findings suggest that loading alone
can lead to enhanced hASC mineralization, while tECM did not show strong mineralization effects, whether used alone or in combination with loading.
mean ± SEM; *, p < 0.05. D) SA𝛽-Gal staining and semi-quantitative analysis: Representative microscopic images of hASCs in TenoGel (tECM+Loading)
after 6, 10, and 21 days of pre-conditioning. Cells stained with blue indicate positive staining for SA𝛽-Gal. These findings indicate that longer in vitro
pre-conditioning duration induces more pronounced cell senescence. mean ± SEM; *, p < 0.05. ***, p < 0.001.
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tive performance of our models. The models demonstrated good
generalizability for predicting tenogenic scores, with an MSE of
0.24 on these external test sets, which was lower than the MSE ob-
tained from the internal CV set. However, the models performed
poorly in predicting osteogenic scores, indicated by a relatively
high MSE of 0.79 (Figure S8C, Supporting Information). These
findings validate the predictive accuracy of our established model
for hASCs tenogenesis using the parameters from TenoGel.

In conclusion, our findings further showcase the benefits of
using our in-house transcriptome data for TenoGel design op-
timization. Key insights include that tECM and loading should
both be used in TenoGel design to achieve the positive combined
effects of promoting hASC tenogenesis. Also, tECM supplemen-
tation in TenoGel is a critical factor, as tensile loading alone with-
out tECM showed enhanced hASC mineralization, indicating a
shift toward osteogenesis. Furthermore, our results suggest that
an in vitro pre-conditioning duration of 10 days is better than 21
days, as the longer duration can lead to an undesirable increase in
stem cell senescence. Finally, our mathematical models exhibited
the generalizability of the predictive models for hASCs tenogen-
esis.

2.6. TenoGel Promoted Stem Cell Viability and Retention, as well
as Enhanced Tendon Regeneration in a Rat Tendon Defect Model

As described earlier, TenoGel (tECM+Loading) with 10 days pre-
conditioning duration demonstrated the most robust tenogen-
esis based on transcriptomic analysis and mathematic models
(Figures 4 and 5). To evaluate the tendon healing effects of the
in vitro preconditioned ASC-TenoGel, we further utilized a rat
patellar tendon injury model (Figure 7A). This animal model
can mimic clinical scenarios of tendon injuries, such as iatro-
genic injuries that occur during anterior cruciate ligament re-
construction surgery.[59] Importantly, this model also serves as a
well-established platform for studying ectopic ossification, which
can occur during tendon healing and pathogenesis.[5] Therefore,
this animal model provides an effective assessment of whether
our TenoGel can promote robust tendon regeneration and pre-
vent undesired ossification in stem cell-mediated tendon ther-
apy. The experimental groups included (1) “Defect only”: the
tendon defects were created without hydrogel implantation; (2)
“Gel only”: cell-free GelMA/OA hydrogels were implanted onto
the tendon defects; (3) “rASCs-Gel (Ctrl)”: rat adipose-derived
stem cells (rASCs) seeded in GelMA/OA hydrogel in static cul-
ture for 10 days before implanted onto the tendon defects; and
(4) “rASCs-TenoGel (tECM+Loading)”: rASCs seeded in TenoGel
(tECM+Loading) for 10 days before implantation onto the ten-
don defects. Uninjured tendons on the contralateral side of the
animals were designated as the intact control (intact ctrl) for com-
parative analysis. The viability of rASCs and tendon healing were
assessed at designated time points.

The retention and survival of transplanted cells at the injury
site are crucial for cell-based tendon therapy, as this ensures
the continuous release of bioactive factors for regeneration.[60]

The mechanical properties of the cell-hydrogel constructs derived
from rASCs-Gel (Ctrl) and rASCs-TenoGel (tECM+Loading)
were comparable after 10 days pre-conditioning as determined
by tensile loading tests (Figure S9A, Supporting Information). To

evaluate the viability of implanted rASCs, the fluorescence inten-
sity of DiR-labeled rASCs was monitored at multiple time points,
including day 0 before implantation, as well as at day 1 and week
1, 2, 4, 6, and 8 after implantation. As a negative control group,
cell-free hydrogels showed minimal fluorescence signal (Figure
S9B, Supporting Information). On day 1 postimplantation, flu-
orescence signals were observed in the grafted areas of both
rASCs-Gel (Ctrl) and rASCs-TenoGel (tECM+Loading) groups.
Importantly, the DiR-positive signals remained detectable in both
the rASCs-Gel (Ctrl) and rASCs-TenoGel (tECM+Loading) at 4-
weeks postimplantation (≈50% of day 1) and 8-weeks postim-
plantation (≈15% of day 1), indicating sustained retention and
viability of the transplanted cells (Figure 7B). These findings sug-
gest that the GelMA/OA hydrogel was capable of supporting the
long-term retention and viability of rASCs in vivo.

Subsequently, we evaluated patellar tendon gross morphol-
ogy, as aberrant tendon size has been reported to cause func-
tional deficits following injuries, and vice versa.[61] At 8-weeks
postimplantation, no obvious tendon defects were observed in
the rASCs-TenoGel (tECM+Loading) group, while a clear de-
fect remained in all other injured groups. The rASCs-TenoGel
(tECM+Loading) group exhibited comparable length and cross
sectional area (CSA) as the intact control tendons, whereas the
other injured groups displayed longer tendon length and larger
CSA (Figure 7C). Additionally, since the restoration of mechani-
cal properties is crucial for the proper tendon functionality, ten-
sile testing was performed on regenerated tendons at 8-weeks
postimplantation. Failure mode analysis revealed that the in-
tact control tendons primarily experienced ruptures at the patel-
lar tendon-tibial bone junction. Similarly, the rASCs-TenoGel
(tECM+Loading) group exhibited a 40% failure rate at the patel-
lar tendon-tibial bone junction, whereas all other injured groups
demonstrated a strong tendency (100%) for ruptures at the patella
tendon-tibial bone junctions (Figure 7D). Moreover, the rASCs-
TenoGel (tECM+Loading), not the other groups, achieved com-
parable stiffness (50.9 ± 3.6 N mm−1), failure load (95.3 ± 4.8
N), and tensile modulus (58.8 ± 17.3 MPa) as intact tendons.
Although the rASCs-TenoGel (tECM+Loading) group exhibited
increased failure stress compared to the other injured groups,
this value was still lower than intact control tendons (Figure 7D).
Collectively, our results demonstrated that the rASCs-TenoGel
(tECM+Loading) group effectively restored the tensile properties
of the injured tendons, as an important indicator of tendon func-
tional recovery.[62]

Tendon healing was compared histologically among differ-
ent groups at 4- and 8-weeks postimplantation. At 4-weeks
postimplantation, the rASC-TenoGel (tECM+Loading) group
showed similar histological features as the intact control group
(Figure 8A). Specifically, hematoxylin and eosin (H&E) stain-
ing and semi-quantitative analysis of cell alignment showed that
rASCs-TenoGel (tECM+Loading) exhibited spindle-shaped cells
and aligned, wavy ECM structure, whereas the Defect only, Gel
only and rASCs-Gel (Ctrl) groups displayed rounded cells and
disorganized ECM structure (Figure 8A). Moreover, Picrosirius
Red (PSR) staining examined with polarized light microscopy as
well as associated semi-quantitative analysis revealed increased
birefringence and thicker (red-orange) collagen fibers in the
rASC-treated groups, i.e., rASCs-Gel (Ctrl) and rASCs-TenoGel
(tECM+Loading), compared to the Defect only and Gel only
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Figure 7. Characterization of optimized TenoGel with rASCs for tendon repair in a rat tendon defect model. A) Study overview: schematic showing the
experimental setup. The experimental groups included: 1) “Defect only”: the tendon defects were created without hydrogel implantation; 2) “Gel only”:
cell-free GelMA/OA hydrogels were implanted onto the tendon defects; 3) “rASCs-Gel (Ctrl)”: rASCs seeded in GelMA/OA hydrogel in static culture for
10 days and implanted onto the tendon defects; and 4) “rASCs-TenoGel (tECM+Loading)”: rASCs seeded in tECM containing-GelMA/OA hydrogel in
uniaxial tensile loading culture for 10 days and implanted onto the tendon defects. The uninjured tendons on the contralateral side were designated as
the intact control (intact ctrl) for comparative analysis. B) Cell tracing: biodistribution and semi-quantitative analysis of DiR-labeled rASCs at designed
time points after transplantation revealed that both the Gel (Ctrl) and TenoGel (tECM+Loading) supported the long-term retention and viability of
rASCs post-implantation. n = 4 rats per group. C) Macroscopic observation: digital images and measurements of the length and CSA for repaired
tendons at 8 weeks post-surgery are presented (blue arrow, defect site). n⩾10 rats per group; mean ± SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
D) Biomechanical assessment: Representative load-displacement curves and mechanical parameters of tendons from different groups at 8 weeks post-
surgery are presented. n⩾7 rats per group; min. to max.; *, p < 0.05; ***, p < 0.001. These results suggested that TenoGel (tECM+Loading) promoted
rASCs-mediated tendon repair, as evidenced by improvements in macroscopic appearance and enhanced mechanical properties in a rat tendon defect
model.
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Figure 8. Histological evaluation of preconditioned, rASCs-TenoGel (tECM+Loading) for tendon repair in rat patellar tendon defect model. A,B) Histolog-
ical assessment: representative histological images (H&E, Picrosirius Red (PSR), Alcian blue, Safranin O and Von Kossa staining) and semi-quantification
analyses of tendons from different groups at week 4 and week 8 are presented. The rASCs-TenoGel (tECM+Loading) group exhibited improved cellular
alignment compared to other injured groups at both 4 and 8 weeks, as observed in H&E staining. Additionally, polarized PSR indicated that the rASCs-
TenoGel group exhibited more pronounced birefringence than the other injured groups, with a higher amount of orange-to-red (thicker) fibers at both
4 and 8 weeks. Furthermore, Alcian blue, Safranin O, and Von Kossa staining revealed the rASCs-TenoGel (tECM+Loading) group exhibited less sGAG
and calcium deposition compared to the other injured groups at 8 weeks, similar to the intact tendon tissues. n⩾3 rats per group; mean ± SEM; *,
p < 0.05. Overall, the histological analyses revealed that preconditioned rASCs-TenoGel (tECM+Loading) facilitated robust tendon healing at 8 weeks
post-surgery compared to the other injured groups.
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groups (Figure 8A). Alcian blue staining and its associated semi-
quantitative analysis as well as Safranin O staining indicated
the accumulation of sulfated glycosaminoglycan (sGAG) at 4-
weeks in all injury groups (Figure 8A). At 8-weeks postimplan-
tation, the rASC-TenoGel (tECM+Loading) group showed simi-
lar histological features as the intact control group (Figure 8B).
Specifically, H&E staining and associated semi-quantitative anal-
ysis showed that that rASCs-TenoGel (tECM+Loading) exhib-
ited a more compact and orderly aligned ECM reminiscent of
native tendon, whereas the Defect only, Gel only and rASCs-
Gel (Ctrl) groups all displayed degenerative features indicative
of ectopic calcification (Figure 8B). The latter was evidenced
by the emergence of a spontaneous ectopic calcified tissue sur-
rounded by hypertrophic chondrocyte-like cells embedded within
an sGAG/calcium-enriched matrix as evidenced by Alcian blue,
Safranin O and Von Kossa staining (Figure 8B). Collectively, our
results showed that the rASCs-TenoGel (tECM+Loading) group
enhanced tendon repair, as evidenced by the restoration of a wavy,
aligned collagen structure and the absence of ectopic ossification.

In summary, our animal model data collectively suggested that
the delivery of rASCs in a mechanically robust and biocompatible
GelMA/OA resulted in enhanced retention and viability of im-
planted rASC similar to our hypothesis. However, it is important
to note that only rASCs pre-differentiated in a tendon-mimetic
TenoGel with tECM and uniaxial tensile loading supplementa-
tion demonstrated the ability to promote functional tendon re-
generation and avoid undesired ectopic calcification.

3. Discussion

This study presents a novel materiomics approach to guide the
design of TenoGel for stem cell-mediated tendon repair – a sig-
nificant advancement in the tendon research field. Unlike tra-
ditional empirical optimization, our materiomics strategy sys-
tematically explores the complex interplay between the TenoGel
niche features and tenogenic differentiation using a transcrip-
tome data-driven approach. The key highlights of this work are -
(1) Integrated bioinformatics and mathematical modelling: we
combined bioinformatics analysis with mathematical modelling
based on RNA-seq data to provide in-depth mechanistic insights
and quantitative assessment of optimal TenoGel design param-
eters; (2) Optimal TenoGel niche parameters: our findings ad-
dressed key design considerations for TenoGel to achieve ro-
bust tenogenesis, such as determining the relative importance of
tECM and uniaxial tensile loading, the optimal tECM concentra-
tion, and in vitro pre-conditioning duration; (3) Strong validation
in animal model: The optimized TenoGel (tECM + Loading) with
preconditioned rat ASCs (10 days in vitro) exhibited enhanced
tendon regeneration and avoided undesired bone formation in
a rat tendon injury model. This strong correlation between the
materiomics-guided TenoGel design insights and the in vivo ten-
don healing outcomes also underscores the potential of this data-
driven strategy for biomaterial engineering solutions.

Although there are many hydrogel features that can poten-
tially influence stem cell behavior, within our current study, we
have chosen to focus on three key aspects in designing a tendon-
mimetic hydrogel (TenoGel) niche. These features include a base
material system comprised of an IPN-structured GelMA/OA hy-
drogel which could be further augmented by supplementation of

tECM, and application of uniaxial tensile loading. The combina-
tion of these unique niche features within a 3D culture system
is distinct from previous research, including our own investiga-
tion of the interplay between stiffness, topography or mechanical
loading with growth in 2D settings.[10,13,25] First, the IPN struc-
ture is a critical feature of TenoGel, as it exhibited adequate me-
chanical toughness and slow degradation, facilitating tendon’s
long-term regeneration process.[46,63,64] Indeed, the GelMA/OA
hydrogel used in current study possesses excellent biocompatibil-
ity, robust mechanical properties, and slow degradation profiles,
withstanding in vitro loading for up to 21 days without rupture
as well as supporting the long-term viability and local retention
of the implanted rASCs (Figures 1, 2, and 7B). The GelMA/OA
hydrogel was reported in one study for bone repair,[46] while its
specific use for tendon repair remains relatively unexplored. Ad-
ditionally, it is worth noting that the reported tensile modulus for
hydrogels used in tendon repair typically falls within the range of
10–175 kPa.[6,7,65–67] In comparison, the GelMA/OA hydrogel ex-
hibits an enhanced modulus, ≈236 kPa. Therefore, this mechan-
ically reinforced GelMA/OA hydrogel holds promising potential
for stem cell-mediated tendon repair for various scenarios, in-
cluding the treatment of tendon full ruptures (Figure S10, Sup-
porting Information). Additionally, to establish a tendon-mimetic
hydrogel niche, the combined use of tECM as a biochemical
cue and uniaxial mechanical loading as a biomechanical cue
was also implemented.[21] tECM extracted by urea is highly
enriched in collagens, non-collagenous matrix, and tenogenic
growth factor.[9,19] Its biochemical composition is unique when
compared to traditional acid pepsin-extracted ECM, which digest
or deactivates most noncollagenous ECM. tECM is also highly
bioactive and can induce robust tendon-specific differentiation
of stem cells, whereas single/combined growth factors or skin-
derived ECM may not exhibit tendon-specific bioactivity.[19,47]

When investigating osteogenic differentiation, our findings re-
vealed that the tECM-supplemented medium exhibited the least
amount of undesired differentiation in terms of Alkaline Phos-
phatase (ALP) and ARS stainings, in contrast to the effects
observed with osteogenesis medium and bone ECM (bECM)
supplemented medium (Figure S11A, Supporting Information).
This indicates the tissue-specifical bioactivity of tECM in promot-
ing tendon differentiation, which is similar to our published work
demonstrating that cartilage ECM extracted by urea also showed
region-specific and tissue-specific bioactivity.[18] Furthermore, ac-
knowledging the significance of mechanical stimulation in ten-
don fate commitment,[68–70] we incorporated specific uniaxial ten-
sile loading combinations (8% strain, 0.5 Hz frequency, 6 h per
day) into TenoGel. Extensive research has demonstrated the pos-
itive influence of controlled loading (6–10% elongation, 0.5-1 Hz
frequency) on tenogenic differentiation outcomes.[24,55,71] In vitro
mechanical stimulation offers several advantages in scenarios of
stem cell pre-conditioning before in vivo implantation. For in-
stance, precise modulation of specific loading regimens, includ-
ing strain, frequency, and duration, is essential for effectively in-
ducing stem cell differentiation toward the tendon lineage, as im-
proper loading strains can result in stem cell differentiation into
alternative lineages, such as adipose and bone.[21] Moreover, the
optimal in vitro pre-conditioning duration is also a vital factor,
since prolonged and curtailed cultures are associated with pheno-
typic drift,[72] and inadequate priming,[73] respectively. Although
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post-injury physiological training shows promise in tendon heal-
ing, studies have also indicated that relying solely on natural me-
chanical stimulation in vivo may be insufficient for promoting
tenogenesis.[74,75] Additionally, patient-customized physiological
loading/training protocols based on their tendon injury location,
the specific tendon involved, or patients’ physical conditions, will
be needed to warrant the desired healing outcomes.[39,76,77] In
contrast, in vitro mechanical loading provides a more controllable
environment for the precise regulation of stem cell differentia-
tion toward the tendon lineage.

Although the importance of tendon ECM and loading stimu-
lation in promoting tenogenesis is widely acknowledged, there is
still a significant gap in our understanding regarding their rel-
ative significance and the optimal combination of these param-
eters required to induce robust tenogenesis. Thus, our materi-
omics strategy first utilized RNA-seq analysis to mechanistically
decouple the effects of biomaterial features (tECM supplementa-
tion, uniaxial tensile stretching, and in vitro pre-conditioning du-
ration) on hASCs transcriptome. This approach is similar to pre-
vious studies where both bulk and single-cell RNA-seq were used
to investigate the influence of biomaterial features on tenogenic
differentiation, including 3D culture environments,[78] substrate
mechanical stiffness,[79] and bioactive components.[80] Our cur-
rent study specifically focused on investigating the interactions
of tECM and uniaxial tensile loading in terms of tendon dif-
ferentiation. The RNA-seq results suggest that tECM is a crit-
ical key tenogenic factor that works synergistically with tensile
loading to promote tendon differentiation, while the effects of
loading are not specific to tendons (Figure 3E). Similar find-
ings have been observed in previous experiments, whereby pro-
longed exposure to biochemical signals (e.g., FGF-2) abrogates
the divergent effects of mechanical signals (material stiffness)
on cell differentiation into either bone or tendon.[13] Mecha-
nistically, our analysis further revealed that mechanical loading
and tECM mediated PI3K/Akt pathway activation, which con-
tributed toward hASC tenogenesis and tendon-related protein
synthesis. Specifically, uniaxial tensile loading enhanced integrin
gene expression, promoting cell-matrix interactions and activat-
ing the PI3K/Akt pathway. Our findings are in agreement with
previous studies, which demonstrated that mechanical stimu-
lation during tendon development activates the PI3K/Akt path-
way through integrin signaling.[68] This activation plays a cru-
cial role in mediating collagen assembly and facilitating the ex-
pression of tendon-associated genes. In addition, the tECM ex-
tract used here contains growth factors such as FGF-2, IGFBP-
3, TGF-𝛽1, and TGF-𝛽3.[18] These growth factors have the po-
tential to activate the PI3K/Akt pathway, with IGF-1 playing a
key role in this process. Previous in vivo studies have demon-
strated the essential role of IGF-1 signaling in normal postna-
tal tendon growth, which regulates tendon cell proliferation and
protein synthesis through the coordination and crosstalk of the
PI3K/Akt and ERK1/2 pathways.[81] Furthermore, uniaxial ten-
sile loading and tECM synergistically activated non-canonical
Wnt signaling pathway with WNT5A predicted as a core gene.
While the Wnt signaling pathway is typically recognized as a clas-
sical signaling pathway that promotes osteogenic differentiation,
recent studies have also indicated its involvement in tendon for-
mation during embryogenesis.[82,83] Indeed, in vitro studies have
found that Wnt4 and Wnt5a play significant roles in the dynamic

loading-induced tenogenic differentiation.[12] As further support,
another study indicated that increased tendon-specific ECM pro-
duction and enhanced collagen protein cross-linking were associ-
ated with upregulation of WNT5A.[84] However, existing studies
on the direct effect of Wnt signaling on tendon differentiation are
limited, and further investigations are needed.[85]

In addition to mechanistically evaluating the effects of TenoGel
design on ASC transcriptome, our materiomics strategy also in-
volves applying mathematical models and machine learning to
quantitatively assess the relationship between TenoGel features
and predict the hASC tenogenic and osteogenic commitment.
Indeed, machine learning has been employed in the process
optimization of scaffold preparation (e.g., bioprinting, electro-
spun fibers).[86] However, there is still a lack of exploration in
understanding the effects of biomaterial features in terms of
tendon differentiation.[21,87] Moreover, quantifying critical prop-
erties of biomaterials, including cellular proliferation and dif-
ferentiation, presents a significant challenge.[88] To bridge this
gap, a recent study employed a set of statistically designed ex-
periments to evaluate the impact of biomaterial features on hu-
man stem cell tenogenic differentiation.[89] Their findings re-
vealed relationships between matrix modulus, integrin-binding
concentration in biomaterial, and tendon-related genes (SCX,
COL1A1, and TNC). However, traditional methods like qPCR
have inherent limitations in accurately assessing stem cell teno-
genesis, thus hindering the establishment of an accurate math-
ematical relationship between material parameters and cellular
phenotypes.[37] To overcome these limitations, we selected 81
canonical marker genes associated with tenogenesis and osteo-
genesis based on literature reviews (Table S1, Supporting Infor-
mation). We further fitted the tenogenic and osteogenic scoring
data using RF and LR models to capture relationships between
TenoGel design and the outcomes of hASC tenogenic/osteogenic
differentiation. The results demonstrated good model fits of
hASC tenogenic differentiation in TenoGel using both RF and
LR models, as evidenced by R2 values of 0.58 for RF and
0.64 for LR (Figure 5C). Furthermore, the LR models (e.g.,
yteno = 0.8xLoading+1.7xtECM-0.9) indicated that both tECM sup-
plementation and uniaxial tensile loading in the TenoGel signif-
icantly predicted tenogenic scores (R2 = 0.82, p < 0.001), with
tECM estimated to have a stronger impact on tenogenic score.
Additionally, based on the promotion of a larger tenogenic effect
size, a period of 10-days was identified to be the most suitable du-
ration for in vitro pre-conditioning. It is also noteworthy that for
accurate predictions, it is recommended that the feature param-
eters of the materials fall within the range of the training data,
such as tECM concentration ranging from 0 to 1.5 mg mL−1.

Generally, grafting stem cells for in vivo tendon repair presents
two primary challenges: low graft survival rates and the risk of
ectopic tissue formation. Our in vivo findings highlight the
following important discoveries: (1) TenoGel-mediated delivery
of rASCs achieved prolonged cell survival and retention (up to
2-months postimplantation) (Figure 7B). The sustained presence
of stem cells at the target site is crucial for tendon repair, achieved
through the mechanisms of engrafted donor cells replacing
damaged cells and the paracrine effect of donor cell-secreted
growth factors promoting the host tissue’s self-regenerative
capacity.[90] In contrast, collagen or fibrin-based hydrogels
which are most often used in pre-clinical trials typically fail to
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provide long-term support, leading to postimplantation
failure.[91–93]; (2) There was a significant positive contribu-
tion of our optimized TenoGel design for inhibiting off-target
tissue formation during tendon repair. The implantation of
rASCs-TenoGel (tECM+Loading), but not rASCs-Gel (Ctrl), re-
sulted in proper tendon tissue repair with aligned collagen
fibers, without the formation of mineralized bone tissue or
sGAG matrix in vivo (Figure 8). Additionally, the Gel (Ctrl)
and TenoGel (Loading) groups with rASCs exhibited enhanced
mineral accumulation compared to the TenoGel (tECM) and
TenoGel (tECM+Loading) groups under in vitro osteogenic
induction (Figure S11B, Supporting Information). Preventing
undesired ossification is crucial because ectopic ossification
can impair tendon function and cause pain.[94,95] Our results
confirmed that properly repaired tendon tissue exhibited im-
proved mechanical properties, such as strength and stiffness,
which were absent in tissues affected by ectopic calcification.
To further validate the functional achievements of optimized
TenoGel for stem cell-mediated tendon repair, it is necessary to
conduct additional assessments, such as gait analysis, in future
investigations.[96] Overall, both previous works and our study
together emphasize the importance of pre-differentiating stem
cells towards tendon cells in the appropriate environment before
transplantation.[97–99]

Our current study had several limitations that highlight the
need for further research in specific directions. First, to study the
relationship between material parameters and cell lineages, we
employed two models, random forest and linear regression. Al-
though these models offer advantages in capturing diverse re-
lationships, assigning continuous parameter values would have
been advantageous for a more comprehensive understanding
and enhanced accuracy and reliability of the models.[100] This be-
comes particularly important when assessing intricate designs
that involve incorporating multiple design parameters, as these
parameters can significantly influence the robustness of the
mathematical models. Such limitation also includes that our
mathematical model did not explore the relationships among
the sub-parameters of loading. Uniaxial tensile loading, known
for influencing stem cell tenogenic differentiation, encompasses
multiple sub-parameters like loading strain, frequency, and
duration.[71,87,101] Future research endeavors may focus on devel-
oping more intricate models that comprehensively define these
relationships, enabling accurate prediction of stem cell tenogen-
esis based on specific loading regimens. Second, our model ex-
hibited lower accuracy in predicting TenoGel features on hASCs
osteogenic fate. This discrepancy may be attributed to specific
material properties considered in TenoGel design, such as tECM
and loading, which were primarily aimed at promoting tenogenic
differentiation. In future investigations, it is important to in-
corporate other material parameters known to influence the
teno/osteogenic differentiation of stem cells, including matrix
topography,[102,103] stiffness,[13,104] viscoelasticity,[105,106] and other
biochemicals like growth factors and small biomolecules.[10,21,107]

These features should be thoroughly explored by integrating
high-throughput platforms and advanced computational tools
with our developed materiomics strategy to create a targeted de-
sign approach for developing a more robust tendon niche-like
biomaterial.[108] Finally, while stem cell tenogenesis is a key factor
for the success of stem cell-mediated tendon repair as well as our

study’s focus, it is important to acknowledge that other factors
such as cell fate post-implantation and host immune responses
may also influence the therapeutic outcomes.[109] Therefore, it is
essential to consider these additional mechanisms when evalu-
ating the overall effectiveness of tendon repair strategies. Also,
more thorough investigations are still needed to explore the link
between the materiomics readouts and in vivo behaviors of the
implanted ASCs, as well as tendon healing outcomes. This is es-
pecially important for groups that have been evaluated in vitro,
such as the rASCs-TenoGel (tECM) construct, but have not yet
been assessed using an in vivo animal model.

Conventional approaches in biomaterial development often in-
volve intuitive tailoring of multiple parameters, which can lead
to long research and development cycles and high costs. In our
study, we developed an innovative RNA-seq-based materiomics
strategy, which allowed us to investigate the relative significance
and synergistic contributions of individual or combined hydro-
gel niche features in promoting tendon differentiation. By lever-
aging this approach, we generated comprehensive knowledge
that effectively parameterizes and correlates the intricate inter-
play between biology and materials. As a result, a more informed
and targeted approach has been developed to streamline the bio-
materials research and development process. This methodology
presents great potential as an assessment and predictive tool
in addition to traditional approaches, to achieve predictable and
highly efficient healing outcomes within and beyond the scope of
tendon regeneration.

4. Experimental Section
TenoGel Development and Characterization: To establish a tendon-

biomimetic hydrogel environment for stem cell tenogenic pre-
conditioning, inspired by the natural tendon microenvironment, TenoGel
was established consisting of three major components: having tough
biomechanical and slow degradation features, incorporating urea-
extracted tECM as tendon-specific biochemical cues, stimulated with
dynamic uniaxial tensile loading as a biomechanical cue. To sustain
the dynamic mechanical loading in vitro and support the long-term
healing of injured tendons, a previously developed IPN-structured hydro-
gel was developed using gelatin methacryloyl combined with oxidized
alginate with minor modifications (Experimental Section, Supporting
Information).[46] Additionally, a bioinspired strategy of using the ECM’s
rich biocomplexity was utilized for tissue-specific regeneration via unique
urea-based protocol for collecting soluble, DNA-free tECM extracts,
which were further incorporated into the GelMA/OA hydrogel during
gelation process.[9] To fabricate hydrogels supplemented with tECM,
GelMA/OA pre-polymer was mixed with tECM at a final concentration
of 1.5 mg mL−1 and followed by the gelation procedures (Experimental
Section, Supporting Information).

To ensure consistency in tECM extraction among various batches,
several assays, including dsDNA assay, hydroxyproline assay, sGAG as-
say, SDS-PAGE, and tenogenic and osteogenic bioactivity test were
performed as previously reported (Experimental Section, Supporting
Information).[19] To characterize hydrogel structure, biomechanical,
degradation properties, and tECM release kinetics, FTIR, tensile tests, ex
vivo hydrogel degradation, SEM and ex vivo tECM protein release kinetics
assay were performed, respectively, as previously described (Experimental
Section, Supporting Information).

Encapsulation of ASCs in TenoGel: hASCs were isolated from the in-
frapatellar fat pad tissue obtained from patients undergoing total knee
arthroplasty, following the previously established protocols and in accor-
dance with approved guidelines from The Chinese University of Hong
Kong Institutional Review Board.[47] The isolated cells were further sorted
using an human MSC analysis kit (BD Biosciences) with positive markers
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including CD90, CD105, CD73, and CD44, and negative markers including
CD34, CD11b, CD19, CD45, and HLA-DR. The cells were then subjected to
colony-forming unit-fibroblast (CFU-F) and tri-lineage differentiation as-
says until passage 7 as previously described. hASCs from passages 4–7
were used in the current study.

To encapsulated hASCs within TenoGel supplemented with tECM,
hASCs at a concentration of 6 × 106 cells mL−1 were mixed
with GelMA/OA pre-polymer containing tECM (final concentration:
1.5 mg mL−1) and followed the gelation procedures described in the Ex-
perimental Section (Supporting Information). Additionally, to apply me-
chanical stimulation to hASCs within TenoGel, as-fabricated cell-hydrogel
constructs (≈135 μL per gel; 35 mm length × 3.5 mm width × 1.07 mm
thickness) were cultured statically for ≈12 h to allow encapsulated cells
settle down in hydrogels before being subjected to uniaxial tensile load-
ing. The uniaxial tensile loading was performed using a commercial biore-
actor (MCT6, CellScale biomaterials testing, Canada) with the following
regimens: 8% strain, applied at a frequency of 0.5 Hz, for 6 h per day.

To simulate the principal stress distribution in the cell-hydrogel con-
structs undergoing uniaxial 8% stretching in the bioreactor, FEA was per-
formed using commercially available software (COMSOL Multiphysics
6.0; COMSOL Inc., Sweden) as previously described.[110] Briefly, the hy-
drogel (35 mm (length) × 3.5 mm (width) × 1.07 mm (thickness)) and
embedded cell-like component (diameter: 10 μm) were treated as isotropic
hyperelastic solids, with elastic moduli obtained from experimental mea-
surement and literature (230 kPa for GelMA/OA hydrogel and 2 kPa for
human stem cells).[111] A Poisson’s ratio of 0.5 was used for both hydro-
gel and embedded cell-like components.

RNA-seq Analysis of hASCs-TenoGel In Vitro: RNA-Seq analysis was
conducted to explore the transcriptomic characterization of hASCs cul-
turing in different TenoGel groups. Specifically, four experimental groups
were established, 1) “Gel (Ctrl)”: hASCs within GelMA/OA hydrogel in
static culture; 2) “TenoGel (Loading)”: hASCs within GelMA/OA hydro-
gel in uniaxial tensile loading culture; 3) “TenoGel (tECM)”: hASCs within
tECM containing-GelMA/OA hydrogel in static culture; and 4) “TenoGel
(tECM+Loading)”: hASCs within tECM containing-GelMA/OA hydrogel in
uniaxial tensile loading culture. At designed time points (day 6, 10, and
21), total RNA from hASCs in hydrogel constructs were isolated for fur-
ther bioinformatics analysis. Specifically, the cell-hydrogel constructs were
collected and transferred into Eppendorf tubes containing 500 μL TRIzol
(Invitrogen), and then homogenized in liquid nitrogen to ensure complete
lysis and extraction of RNA by TRIzol (Experimental Section, Supporting
Information).[112]

The gene expression analysis was carried out using an in-house pipeline
and open-source R packages (v. 3.6.1, http://www.r-project.org/) as previ-
ously described (Experimental Section, Supporting Information).[19] The
sequencing datasets were further analyzed as follows: (1) Principle compo-
nent analysis (PCA) was performed using the plotPCA function of DESeq2
packages[113]; (2) DEGs between hASCs cultured in two different TenoGel
designs were estimated by the Wald test function in DESeq2. DEGs
were identified as genes with> 2-fold change and false discovery rate
(FDR)< 0.05 and further visualized by Venn gram as well as heatmap. The
DEG heatmap displayed the top 20 upregulated and top 20 downregulated
DEGs in the comparison of TenoGel (Loading)/(tECM)/(tECM+Loading)
versus Gel (Ctrl) at respective time point; (3) To understand how dif-
ferent TenoGel designs influence the tenogenic and osteogenic differ-
entiation of hASCs, 30 well-established marker genes associated with
tenogenesis, and osteogenesis, were first selected including COL11A1,
COL1A1, COL3A1, COL5A1, COMP, DCN, EGR1, EYA2, FMOD, LUM,
MKX, POSTN, SCX, TGFB3, TNC, TNMD for tenogenesis and ALPL,
BGLAP, BMP2, BMPR1A, BMPR1B, CAMK2N1, CKB, CRYAB, GPNMB,
OPTN, RUNX2, SMAD3, STAT1, SPP1 for osteogenesis. The expression
of these genes was extracted using the filter function in the R pack-
age tidyverse and further visualized using heatmaps. ssGSEA was fur-
ther used to evaluate the enrichment scores of each sample on hASCs
tenogeneic and osteogenic differentiation, based on above listed marker
genes, using the GSVA R package; (4) GSEA(v. 4.1.0, https://www.gsea-
msigdb.org/gsea/index.jsp) was performed to examine the enrichment of
“tenocyte” gene set from the TISSUES 2.0 database (available at https:

//tissues.jensenlab.org/Search).[54] The analysis specifically focused on
comparing the TenoGel (tECM+Loading) group at day 10 with day 6, as
well as day 21 with day 10. Gene sets were considered significantly en-
riched if the absolute value of normalized enrichment score (NES) > 1,
p-value < 0.05 and FDR< 0.25; (5) GO and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis were performed using en-
richr (https://maayanlab.cloud/Enrichr/) (Experimental Section, Support-
ing Information).[114] GO terms or pathways were only considered signif-
icantly enriched if the FDR < 0.05 and REVIGO was employed to reduce
redundant GO terms. Network analyses of identified pathways of interest
were further performed using the Search Tool for Retrieval of Interacting
Genes/Proteins (STRING, v. 11.5, http://geneontology.org) with high con-
fidence (0.7),[115] and the results were visualized using Cytoscape software
(v. 3.10.0, USA).[116] Additionally, time series analysis was conducted for
the key genes identified in the selected significant pathways. The vst func-
tion in DESeq2 was used to normalize the genes expression in each group
and the line charts were generated using ggplot2 R packages as well as
GraphPad Prism software. 6) The gene expression levels of IGF1, PDGFA,
FGF2, ITGA5, ITGA11, ITGB1, PIK3CA, mTOR, FZD3, WNT5A and WNT7B
were measured, and the relative fold changes were calculated using the
ΔΔCT method and normalized to the control group (Gel (Ctrl)) at de-
signed time point. All primer sequences are listed in Table S3 (Supporting
Information). For the WB analysis, the encapsulated hASCs were released
by incubating the hydrogel constructs in a 1 mg mL−1 collagenase I solu-
tion for 1 h at 37 °C after 10 days of culturing.[117] The collected hASCs
were then lysed, and the total proteins were extracted. The primary anti-
bodies used were rabbit anti-p-Akt (Cell Signaling Technology, USA), rabbit
anti-Akt (Cell Signaling Technology), rabbit anti-WNT5A (Thermo Fisher
Scientific) and mouse anti-GAPDH (Abcam). The densitometry values of
the bands were determined using ImageJ software (NIH), and the relative
p-Akt/Akt and WNT5A were normalized to GAPDH.

Mathematical Model Construction: Mathematical models were fur-
ther employed to assess and predict the potential relationships be-
tween TenoGel designs and the transcriptomic profiles of hASCs, focus-
ing on tenogenic and osteogenic differentiation. Four different groups
were included in the study as described in prior sections, which were
“Gel (Ctrl)”, “TenoGel (Loading)”, “TenoGel (tECM)”, and “TenoGel
(tECM+Loading)”. At designed time points (days 6, 10, and 21), total
RNA was isolated and RNA-seq was performed as described earlier. As
shown in Table S1 (Supporting Information), 81 canonical marker genes
related to tenogenesis and osteogenesis were obtained based on the lit-
erature review. The marker gene expression profiles of hASCs were ex-
tracted using the filter function in the R package tidyverse. The AddMod-
uleScore module in Seurat (version 4.0.5) was used to obtain the tenogenic
and osteogenic differentiation scores of samples by calculating the aver-
age canonical marker gene expression levels of each cell type.[45] Subse-
quently, LR and RF were fit with tenogenic scores or osteogenic scores
as the outcomes, and tECM supplementation and uniaxial tensile loading
as the predictors. The RNA-seq dataset containing 36 samples was ran-
domly and evenly split into 3 disjoint sets for 3-fold CV. The performance
of LR and RF were evaluated using each fold as the validation set once
and the remaining sets as the training sets. Each sample in the dataset
was described by 3 categorical features. Specifically, the presence or ab-
sence of tECM supplementation and uniaxial tensile loading were repre-
sented as binary features, while in vitro pre-conditioning day was coded
as a categorical variable with 3 levels (day 6, day 10, and day 21). The
specific machine learning and evaluation methods were as follows: (1)
For the random forest model, the randomForest package was utilized in
R. This non-linear machine learning method constructed an ensemble of
decision trees and makes predictions by averaging their outputs. Different
tree numbers were experimented with but found no significant difference
in performance, so the default setting of 500 trees (Figure S6, Support-
ing Information) was used. To estimate feature importance, the random-
Forest package measured the performance drop before and after randomly
permuting each feature; (2) For the linear regression model, the lm() func-
tion was used in R (v4.1.3) to fit separate models for each split. The fea-
tures were encoded using dummy encodings. In each of the 3 splits, a
separate LR model was fitted using the training splits and evaluated on
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the validation split. After confirming satisfactory model performance for
either tenogenic or osteogenic scores, a final LR model was fitted using
all 36 data points for interpretation. The coefficients and p-values were
obtained using the summary() function in R for interpretation; (3) To com-
prehensively evaluate the performance of the models, 2 standard perfor-
mance metrics, namely mean squared error (MSE) and R-squared (R) were
implemented, which are defined as follows (Equations (1) and (2)):

MSE = 1
n

∑n

i = 1
(yi − ŷi)

2 (1)

R2 = 1 −
∑n

i = 1 (yi − ŷi)
2

∑n
i = 1 (yi − ȳ)2

(2)

where n is the number of samples. yi is the true outcome of sample xi, ŷi

is the predicted outcome of sample xi, and ȳ = 1
n

∑n
i = 1 yi. While R2 mea-

sures are not generally used for evaluating non-linear regression models
since the definition of proportionate reduction in variation may no longer
stand, it should be noted that R2 measure is completely acceptable when
used for comparing the same or nested non-linear models.[118]

Characterization of Pre-Conditioned, Human ASCs-TenoGel In Vitro:
A set of experiments were performed to characterize the viability,
metabolism, morphology, tenogenic differentiation, mineralization, and
senescence of hASCs encapsulated within TenoGels as described in Exper-
imental Section (Supporting Information). The nanoindentation test was
performed to characterize the micromechanical properties of the hASCs-
encapsulated TenoGel constructs (Experimental Section, Supporting In-
formation).

Characterization of the Efficacy of In Vitro Preconditioned, rASCs-TenoGel
for Tendon Repair: Similarly, as hASCs-TenoGel construct preparation,
rASCs (passage 3–4, Cyagen Biosciences, USA) at a concentration of
6 × 106 cells mL−1 were pre-conditioned within TenoGel in vitro prior to
in vivo implantation. rASCs instead of human ASCs were preconditioned
in TenoGels to avoid severe immune response. To assess mineralization
of rASCs-TenoGel in vitro, rASCs were encapsulated within Gel only, as
well as various TenoGel groups, and ARS staining was performed (Ex-
perimental Section, Supporting Information). To investigate the tendon
healing efficacy of rASCs preconditioned in TenoGel, a rat patellar ten-
don injury model was established as similarly described.[107] All animal
experiments of Sprague-Dawley rats (10–12 weeks old; 300–400 g body
weight; The Laboratory Animal Services Centre, The Chinese University
of Hong Kong) were conducted in accordance with the Animal Experi-
mentation Ethics Committee from The Chinese University of Hong Kong.
Briefly, animals were anaesthetized with isoflurane (2 −2.5 vol.%) while
a full-thickness, central window defects (1 mm (width) × 4 mm (length))
were created between the distal patella and tibial tuberosity as shown in
Figure 7A. Four groups were prepared: (1) Defect only group: the tendon
defects were created without hydrogel implantation; (2) Gel only group:
cell-free GelMA/OA hydrogels were implanted into the tendon defects; (3)
rASCs-Gel (Ctrl) group: rASCs were seeded into the GelMA/OA control
hydrogels without tECM supplementation and static cultured for 10 days
in basic culture medium (Cyagen Biosciences); and (4) rASCs-TenoGel
(tECM+Loading) group: rASCs were seeded in the tECM supplemented
GelMA/OA hydrogels and mechanically preconditioned (8% strain at a fre-
quency of 0.5 Hz for 6 h per day) for 10 days in basic culture medium (Cya-
gen Biosciences). Hydrogel constructs of different groups (7 mm (length)
× 3.5 mm (width) × 1.07 mm (thickness)) were placed on the tendon de-
fects and secured by sutures (4–0) as shown in Figure 7A. The wound
was closed in layers after surgery. The animals received buprenorphine
(0.05 mg kg−1, Buprenex) subcutaneously for 3 days and returned to free
cage activity. A total of 68 rats underwent the surgical procedure, with the
detailed distribution among each group as described in the figure legend.
The uninjured tendons on the contralateral side were designated as the
intact control (intact ctrl) for comparative analysis. Additionally, a mock
surgery in rat cadavers was further performed to demonstrate the poten-
tial application of TenoGel for the treatment of tendon complete ruptures
(Experimental Section, Supporting Information).

To examine the retention and survival of rASCs after implantation, in
vivo imaging was performed as previously described with modification (Ex-
perimental Section, Supporting Information).[90] At designed time points,
rat patellar tendons were harvested for macroscopic, histological, and
biomechanical evaluations as follows: (1) To assess morphological prop-
erties of regenerated tendons, the length, width, and thickness of each
group were measured in situ using digital callipers (Mitutoyo Corp, Japan)
as shown in Figure 7C. The patellar tendon length was defined as the dis-
tance from the distal apex of the patellar to the deep insertion at the tib-
ial tuberosity[119]; (2) For histological analyses, paraffined-embedded tis-
sue sections (5 μm) were stained with H&E, Picrosirius red, Alcian blue,
Safranin O, and Von Kossa. The stained sections were digitally captured
using a Nikon microscope (Ni-U Eclipse Upright Microscope) or a po-
larizing microscope (Nikon Ni-U Eclipse Upright Microscope equipped
with D-SA Analyzer Slide for Simple Polarization) and performed the semi-
quantification analysis (Experimental Section, Supporting Information);
(3) To perform biomechanical testing, tissue samples were harvested
specifically from the tendon-patella and tendon-tibia composite after dis-
secting the rat knee. To perform the biomechanical test, tissue samples
were harvested specifically from the tendon-patella and tendon-tibia com-
posite after dissecting the rat knee. All harvested specimens were wrapped
in gauze soaked in buffered saline and stored at −20 °C prior to test-
ing. A horizontal mechanical tester (Admet, eXpert 4000, USA) equipped
with a 100 lb load cell was used in conjunction with MTestQuattro Soft-
ware (Admet, Version 6.00.05) to acquire tensile data. The specimens were
secured with the patellar bone gripped using a sandpaper and the tibia
mounted in a custom-made holder as shown in Figure 7D. The specimens
were preloaded to 0.1 N and subsequently uniaxially loaded at a rate of
0.5 mm s−1, corresponding to a strain rate of ≈1% s−1, until failure. The
mechanical properties of the healed tendons including stiffness (N/mm),
failure force (N), tensile modulus (MPa), and stress at failure (MPa) were
calculated.

Statistical Analysis: Statistical analyses were performed using Graph-
Pad Prism software (Version 8.2.1, USA). All experiments were per-
formed with at least three replicates per group and quantitative data were
presented as mean ± standard error of the mean (mean ± SEM) or
mean ± standard deviation (mean ± SD) as the figure legend described.
Sample sizes are noted in figure legends. One-way ANOVA with post-hoc
Tukey’s multiple comparisons was conducted where appropriate. p values
less than 0.05 (p < 0.05) were considered to be statistically significant as
indicated (*; p < .05, **; p < .01, and ***; p < .001).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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