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ARTICLE INFO ABSTRACT
Keywords: A significant clinical challenge in large-to-massive rotator cuff tendon injuries is the need for sustaining high
Tendon regeneration mechanical demands despite limited tissue regeneration, which often results in clinical repair failure with high

Large-to-massive tendon defect
Tendon tissue engineering
Extracellular matrix
Polyurethane

retear rates and long-term functional deficiencies. To address this, an innovative tendon substitute named
“BioTenoForce” is engineered, which uses (i) tendon extracellular matrix (tECM)’s rich biocomplexity for
tendon-specific regeneration and (ii) a mechanically robust, slow degradation polyurethane elastomer to mimic
native tendon’s physical attributes for sustaining long-term shoulder movement. Comprehensive assessments
revealed outstanding performance of BioTenoForce, characterized by robust core-shell interfacial bonding,
human rotator cuff tendon-like mechanical properties, excellent suture retention, biocompatibility, and tendon
differentiation of human adipose-derived stem cells. Importantly, BioTenoForce, when used as an interpositional
tendon substitute, demonstrated successful integration with regenerative tissue, exhibiting remarkable efficacy
in repairing large-to-massive tendon injuries in two animal models. Noteworthy outcomes include durable repair
and sustained functionality with no observed breakage/rupture, accelerated recovery of rat gait performance,
and >1 cm rabbit tendon regeneration with native tendon-like biomechanical attributes. The regenerated tissues
showed tendon-like, wavy, aligned matrix structure, which starkly contrasts with the typical disorganized scar
tissue observed after tendon injury, and was strongly correlated with tissue stiffness. Our simple yet versatile
approach offers a dual-pronged, broadly applicable strategy that overcomes the limitations of poor regeneration
and stringent biomechanical requirements, particularly essential for substantial defects in tendon and other load-
bearing tissues.

1. Introduction regenerative capacity, tendons are susceptible to injuries caused by
acute (overload) or degenerative aging processes [2]. Substantial tendon

Tendons are dense fibrous connective tissue bands with high tensile injuries, such as large rotator cuff tears (RCTs), present significant
strength that play a crucial role in facilitating force transmission during challenges for shoulder surgeons in clinical practice [3]. Despite clinical
musculoskeletal movement [1]. However, due to their poor innate interventions, the failure rate remains considerably high, ranging from
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20 to 90% [4,5]. This high failure rate can be attributed to incomplete
healing and the formation of fibrovascular scar tissue, which compro-
mises the mechanical properties of the repaired tendon with the Young’s
modulus compromised by up to 60% compared to normal tendons,
especially in cases of large-to-massive tendon tears [6-8]. Therefore, it
becomes crucial to deliver highly robust tissue-specific regenerative
cues along with adequate mechanical competence to support tendon
functional movement for successful tendon repair, particularly in cases
of large-to-massive tendon defects [9-11].

After injury, tendons typically demonstrate a reparative response
rather than regenerative healing, which is characterized by scar for-
mation with disorganized extracellular matrix (ECM) that could not
sustain significant tensile forces [11,12]. Consequently, achieving
functional tendon repair necessitates biological augmentation to reca-
pitulate native tendon-like tissue structure. This includes
well-organized, aligned tendon ECM, as the fiber alignment significantly
correlates with tendon’s mechanical parameters, enabling it to bear
tensile forces and prevent re-tears after repair [13]. Current
state-of-the-art research efforts have attempted to apply various
methods to enhance the biological response of tendons (e.g., cell
chemotaxis, proliferation, matrix synthesis, and cell differentiation) via
administration of bioactive molecules (e.g., tendon-promoting growth
factors (Fibroblast Growth Factor (FGF), Platelet Derived Growth Factor
(PDGF), Transforming Growth Factor Beta (TGF-p), Vascular Endothe-
lial Growth Factor (VEGF), Bone Morphogenetic Proteins (BMP), and
Insulin-like Growth Factor 1 (IGF-1)), Platelet-Rich Plasmas (PRPs),
Extracellular vehicles (EVs), and extracellular matrix (ECMs)) [14,15].
Among them, ECM stands out as a complex three-dimensional (3D)
network of interacting macromolecules. ECM exhibits unique
tissue-specific regenerative bioactivity, which sets it apart from sin-
gle/combined growth factors, although potent, their use may result in
unwanted, off-target ossification [16,17]. Therefore, ECM-based bio-
materials have been utilized in a variety of preclinical and clinical sce-
narios, including several Food and Drug Administration (FDA)-approved
ECM scaffolds, such as GraftJacket®, Zimmer® Collagen Repair
Patch/Permacol™, and TissueMend, for clinical tendon repair [14,18,
19]. Indeed, direct decellularization of tendon tissues has been used as a
scaffold material to promote tendon regeneration [14]; however, the
dense collagenous architecture can impede cell infiltration, with cell
regeneration limited to the tissue surface [20]. To overcome these lim-
itations while maintaining the tissue-specific bioactivity of the ECM,
decellularized tissues can be solubilized with enzymatic or chaotropic
agents, resulting in a solution form that can be combined with a diverse
array of biomaterials [14].

Furthermore, mechanical augmentation is another critical aspect of
achieving functional tendon regeneration, particularly in case of large
tendon injuries [21]. By utilizing grafts with properties resembling those
of natural tissue, it becomes possible to restore shoulder movement to
pre-injury levels while minimizing the risk of repair construct failure,
enabling the tendon to complete its lengthy healing process. Conse-
quently, various tendon substitute/scaffolds have been developed to
provide mechanical augmentation for tendon repair [22]. These include
degradable biomaterials such as polycaprolactone (PCL), polylactic acid
(PLA), and poly(i-lactide) (PLLA), as well as nondegradable materials
like polyethylene terephthalate (PET) patch [23,24]. Despite these
diverse approaches, a singular approach has yet to achieve complete
functional repair and regeneration. The mismatched structural and/or
mechanical properties compared to native tendons presumably con-
tributes to high re-tear rates in large-to-massive tendon injuries [19].
Additionally, current ECM scaffolds, despite their potent bioactivity,
often display huge disparities between their structural and material
properties and those of tendons. This suggests that these scaffolds may
not provide sufficient mechanical reinforcement to primary rotator cuff
repair [18]. As such, mechanical augmentation of ECM-based scaffolds
is a critical approach to improve their clinical performance for tendon
repair. For instance, combining ECM with synthetic biomaterials may be
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expected to yield a synergetic effect between natural and synthetic
polymers [18]. Recent efforts have included embedding
collagen-glycosaminoglycan scaffolds with 3D-printed synthetic acry-
lonitrile butadiene styrene polymers [25], electrochemical alignment of
collagen to produce mechanically-strong ECM-based scaffolds [26], and
collagen gel incorporating to a nondegradable PET filaments [27], These
approaches have attained ultimate stresses (0.9 MPa) [25] and ultimate
loads (59.9 N) [26], that approach those of native tendons (human
supraspinatus tendon (SSPT), the most frequently torn rotator cuff
tendon; ultimate stresses: 11.9-22.1 MPa [28]; ultimate load: 652 N)
[29]. However, there are few reports of animal studies utilizing
large-to-massive tendon defects that have achieved similar mechanical
attributes as native intact tendon.

To biologically augment tendon regenerative capacity, our group has
developed a bioinspired strategy of using the ECM’s rich biocomplexity
for tissue-specific regeneration via our unique urea-based protocol for
collecting soluble, DNA-free, tendon ECM extracts (tECM) [30-32].
Compared to other approaches that have been widely used in research or
clinical practice, urea-extracted tECM is markedly distinct [32,33].
Traditional acid pepsin extraction lacks sufficient non-collagenous ma-
trix [34], while single/combined growth factors, although potent, may
result in unwanted, off-target bone/cartilage formation [35]. Also, other
tissue-derived ECM such as skin-based scaffolds have limited reports of
tendon-specific bioactivity [36]. In contrast, our previous research has
shown that tECM retains a substantial number of non-collagenous
tendon ECM components that are critical for tendon development and
regeneration. It induces unique transcriptomic profiles compared to
collagens, and exhibits tissue-specific regenerative bioactivity on stem
cells [32,33].

To mechanically support tendon repair, our group has also devel-
oped a UV-crosslinkable polyurethane elastomer (i.e., QHM), which is
formulated with quadrol (Q), hexamethylene diisocyanate (H), and
methacrylic anhydride (M), and is free of solvent, catalyst, and photo-
initiator [37]. As shown, QHM exhibits human SSPT-like biomechanical
properties, excellent suture retention ex vivo, slow degradation profiles
with low cytotoxicity in vitro, and good biocompatibility in vivo [37].
Critical considerations in engineering biomaterials for rotator cuff repair
include tendon-like mechanical properties to support physiological
loading and biophysiochemical attributes that stabilize the repair site
over the long-term [38]. Thus, these superior features of QHM elastomer
make it highly feasible to provide long-term mechanical support that
matches the lengthy tendon healing process.

Expanding on our prior work, we aim to simultaneously achieve
robust tendon regeneration and adequate mechanical support by
developing a bioactive hybrid scaffold, called BioTenoForce. This scaf-
fold will feature a core-shell structure that assembles the tECM-enriched
gelatin methacryloyl (GelMA) hydrogel and mechanically robust QHM
through covalent crosslinking. To investigate the healing efficacy of
BioTenoForce for tendon repair, a comprehensive series of assessments
was performed, including: (i) systematic characterization of Bio-
TenoForce components, including the biomechanical properties of the
elastomer core, tECM composition and tenogenic bioactivity, as well as
hydrogel degradation and tECM release kinetics; (ii) ex vivo character-
ization of BioTenoForce bonding robustness, mechanical properties, and
suture retention capabilities; (iii) in vitro tenogenic differentiation of
human adipose-derived stem cells (hASCs) encapsulated in Bio-
TenoForce; and (iv) in vivo evaluation of BioTenoForce biocompatibility
(using a mouse subcutaneous implantation model) and tendon healing
efficacy (using a rat large rotator cuff tendon defect model and a rabbit
massive rotator cuff tendon defect model) (Scheme 1).

2. Methods and materials
2.1. Study design

To address the challenging issue of repairing large-to-massive rotator
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Scheme 1. Study overview of BioTenoForce development and characterization. (A) The clinical challenges of repairing large-to-massive tendon defects and the
concept of our BioTenoForce scaffold design. (B) The core portion (QHM elastomer, as a mechanically robust scaffold component) of BioTenoForce is bonded to a
shell portion (tECM hydrogel, supplementing tenogenic cues) using benzophenone-mediated photocrosslinking. (C) A series of comprehensive evaluations was
performed to determine the suitability of BioTenoForce for clinical translation in the repair of large-to-massive tendon defects.

cuff tendon defects, we developed a core-shell structured hybrid
construct, called BioTenoForce, and conducted a vigorous character-
ization to assess its suitability for clinical translation. We started with
systematic characterization of the scaffold constituent components to
ensure its production and characteristics were reproducible before
manufacturing. Subsequently, we evaluated the bonding robustness,

mechanical properties, and suture retention capabilities of Bio-
TenoForce, which are essential for rotator cuff repair stability. Later, we
investigated the tenogenic bioactivity of BioTenoForce on hASCs in vitro,
as well as its biocompatibility using a mouse subcutaneous implantation
model. Finally, we evaluated the efficacy of BioTenoForce in tendon
healing for repairing large-to-massive rotator cuff defects in both rats
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and rabbits by assessing the functional (gait analysis), structural (his-
tology analysis, SEM), and biomechanical (nanoindentation and bulk
tensile test) aspects. All data points collected were included in the
analysis of experiments, and no outliers were excluded. All experiments
were randomized and blinded where possible. For ex vivo assays, a
minimum of three independent experiments were performed, unless
otherwise noted. For in vitro and in vivo assays, experiments were per-
formed with at least three biological repeats per group. For animal ex-
periments, animals with similar age, weight were grouped randomly.

2.2. Isolation and characterization of hASCs

To obtain hASCs, cells were isolated from the infrapatellar fat pad
tissue from patients (4 donors, 59-74 years old, male and female) un-
dergoing total knee replacement surgery. The isolation procedure fol-
lowed the guidelines and received approval from the Institutional
Review Board approval as previously described [31]. The isolated cells
were further sorted using a human mesenchymal stem cells (hMSC)
analysis kit (BD Biosciences; positive markers including CD90, CD105,
CD73, and CD44; 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 assays until pas-
sage 7 as previously described [31]. Only hASCs from passages 2-5 were
used in the present study.

2.3. BioTenoForce fabrication process

To fabricate the BioTenoForce, we developed a straightforward
method for assembling preshaped QHM elastomer and tECM-containing
GelMA hydrogel into a core-shell structured hybrid construct. The three
major components included in BioTenoForce fabrication are tECM,
GelMA hydrogel, and QHM elastomer. To obtain soluble tECM extracts,
bovine Achilles tendon from adult bovines was purchased from a com-
mercial market (Hong Kong) and subjected to urea-based extraction as
described previously [31]. To prepare GelMA prepolymer solution, 10%
GelMA (EFL) with or without tECM (final concentration in hydrogel: 0.6
mg/mL, by bicinchoninic acid (BCA) assay, was dissolved in PBS with
0.25% (w/v) photoinitiator (lithium acylphospinate salt, LAP; EFL). A
UV-crosslinkable polyurethane elastomer, QHM, was developed based
on our published protocol [37] with minor modification of including an
extra drying step for Q. Briefly, to develop BioTenoForce, the surface of
the QHM elastomer was treated by absorbing benzophenone as
described previously [39]. Thereafter, the GelMA prepolymer solution
was gently applied onto the freshly treated QHM and exposed to UV
irradiation using a UV lamp (EFL; 365 nm, 25 mW/cm?) for 90 s.

Furthermore, several procedures were performed to ensure consis-
tent quality standards of BioTenoForce and avoid batch to batch varia-
tions, including: (1) tECM characterization: dsDNA assay,
hydroxyproline assay, sulfated proteoglycans and sulfated glycosami-
noglycan (sGAG) assay, and SDS-PAGE were performed to assess tECM
decellularization, collagen content, SGAG content, and protein compo-
sition, respectively; (2) tECM bioactivity analysis: The tenogenic
bioactivity of tECM from each batch of extraction was characterized on
hASCs in 2D culture via established markers (SCX, MKX, TNC, and
COL1) via qPCR and immunofluorescence staining as described previ-
ously [31]; (3) GelMA hydrogel: Swelling assay, degradation study,
tECM release assay were performed to determine hydrogel swelling
behavior, degradation properties, and tECM protein release profile,
respectively; and (4) QHM elastomer: Tensile test was conducted on the
QHM elastomer to examine its biomechanical properties and ensure that
these properties are comparable with our reported data [37]. A detailed
description can be found in the supplementary materials.
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2.4. Characterization of the interfacial bonding strength, mechanical
properties, and suture retention value of BioTenoForce

A series of experiments were conducted to comprehensively evaluate
the interfacial bonding strength, mechanical properties, and suture
retention value of BioTenoForce. Firstly, the interfacial bonding strength
between the GelMA hydrogel (rectangular shape; 5 mm width x 30 mm
length x 1 mm thickness) and QHM elastomer (rectangular shape; 30
mm width x 50 mm length x 5 mm thickness) by a standard 90-degree
peeling test according to the guidelines in the ASTM 6862 with a peeling
rate of 50 mm/min [39]. The cross-sectional interface of BioTenoForce
was also characterized by SEM (Hitachi SU8010). Additionally, to test
the bonding robustness in vivo, BioTenoForce (a round disk shape; 8 mm
diameter x 2 mm thickness) was subcutaneously implanted to mice. At
designated time points (post-surgery days 7 and 18), scaffolds and sur-
rounding tissues were harvested for histological analysis. To ensure that
the surface coating and crosslinking procedure would not largely modify
the mechanical properties of the QHM elastomer, tensile and suture
retention tests were performed to compare the biomechanical properties
of BioTenoForce with those of QHM elastomer, GelMA, and ADM
(Wright Medical). Tensile test was conducted on samples fabricated in a
mini type IV shape (proportionally shrink for 3.2 times from original
size) according to the guidelines in the ASTM D638-10. A horizontal
mechanical tester (Admet) equipped with a 500 1b load cell was used
together with MTestQuattro software (Admet, Version 6.00.05) to ac-
quire tensile data. Tensile stress or strain at yield was defined as tensile
stress or strain at which samples yielded (slope where the stress—strain
curve equals zero), respectively. Ultimate strength or strain was defined
as the maximum strength or strain at which samples failed, respectively.
Tensile modulus was defined as the initial linear slope of the stress—
strain curve and calculated from 0% to 0.5% strain. Suture retention test
was performed on samples prepared and tested as shown in Fig. 3B. A
horizontal mechanical tester (Admet, a 100 1b load cell) was used
together with MTestQuattro software (Admet, Version 6.00.05) to ac-
quire data.

2.5. Evaluation of cytocompatibility and tenogenic effect of BioTenoForce
in vitro

hASCs were encapsulated in the gel layer of TenoForce or Bio-
TenoForce, and a set of experiments were performed to characterize cell
viability, proliferation, and tenogenic differentiation. In brief, hASCs
(passage 2-5, 4 million/mL) were mixed with GelMA prepolymer con-
taining either 20% (v/v) tECM (final concentration in gel: 0.6 mg/mL) as
BioTenoForce group or 20% (v/v) PBS as TenoForce group to formed
hybrid constructs by UV irradiation (365 nm, 25 mW/cm? 90 s).
Different groups of scaffolds were cultured in growth medium (DMEM-
high glucose (Thermo Fisher), 10% (v/v) FBS, 1% (v/v) Penicillin/
Streptomycin, and 50 ng/mL ascorbic acid (Santa Cruz)). On designated
time points (i.e., days 0, 7, 10, and 14), Live/Dead (Invitrogen) and
dsDNA (Quant-iT PicoGreen dsDNA Reagent, Invitrogen) assays were
performed to determine cell viability and dsDNA content, respectively.
To evaluate hASC tenogenic differentiation, tenogenesis-associated
markers (SCX, MKX, TNC, and COL1A1) were assessed via qPCR and
(TNC, COL1, TNMD, and F-actin) via fluorescence staining as previously
described [31]. A detailed description can be found in the supplemen-
tary materials.

2.6. Evaluation of histocompatibility of TenoForce and BioTenoForce in a
mouse subcutaneous implantation model

Histological examinations were performed to investigate scaffold
histocompatibility using a mouse subcutaneous implantation model,
following approved guidelines from the institution’s Animal Experi-
mentation Ethics Committee (Ref. No. 21-170-MIS). Each mouse was
implanted with one TenoForce and one BioTenoForce scaffolds in a
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round disk shape (8 mm diameter x 2 mm thickness) and euthanized at
designated time points (post-surgery days 7 and 28) for further histo-
logical examination. H&E staining was performed to evaluate tissue
morphology and cellular infiltration while immunohistochemical
staining was performed to detect macrophages (CD11b, Abcam). Images
were captured using an upright microscope (Nikon). A detailed
description can be found in the supplementary materials.

2.7. Evaluation of shoulder functional recovery using gait analysis in a rat
large tendon defect model

Restoring shoulder function is crucial for patients with rotator cuff
tears [40]. Therefore, to assess tendon functional repair mediated by
BioTenoForce, a large rotator cuff tendon defect (removing a 1-mm
length of tendon, full thickness tear) was created in the rat SSPT
(healthy rat SSPT is around 3.5 mm in length [41]) according to pre-
viously published studies [42,43], in accordance with the approved
guidelines of the institution’s Animal Experimentation Ethics Commit-
tee (Ref. No. 19-266-MIS). A total of 36 Sprague-Dawley rats (gender:
male; average age: 12 weeks; weight, 250g; Laboratory Animal Services
Centre (LASEC), The Chinese University of Hong Kong (CUHK)) were
divided into 3 groups (n = 12 per group): (1) the intact control group,
(2) defect only group, and (3) BioTenoForce implantation group. For the
intact control group, no defect or treatment was performed. Prior to the
surgery, rats were weighted and then anesthetized with a mixture of
ketamine (75 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). For the defect
only group, no treatment was applied after creating the tendon defects
and the wound was closed immediately after the surgery. For the Bio-
TenoForce implantation group, a 5.0 Prolene suture (Ethicon) was
passed through the SSPT and firmly secured on to the scaffold (rectangle
shape; 2 mm width x 3 mm length x 1 mm thickness) using a modified
Mason-Allen technique [43-45]. Another suture end was passed through
the bone tunnels, which were drilled at the greater tuberosity using a
0.5 mm drill, and tied with the scaffold approximated to the anatomic
footprint on the greater tuberosity [42]. Gait analysis was conducted 2
days before surgery as well as 14 days, 28 days, and 56 days after sur-
gery, and an automated Catwalk system (Catwalk XT 9.0; Noldus) with
motorized platform microscope (Leica) and ImagePro image premier
analysis software (Media Cybernetics) were employed. The rats were
pretrained to cross the walkway daily for 2 days before the surgery and
data were collected to assess the presurgery gait performance. At 14, 28,
and 56 days post-surgery, the walking behaviors of the rats were
recorded. During data collection, the walkway was set as a horizontal
platform, the camera was set at 60 cm from the walkway, and the entire
run was recorded with a video camera. Recorded runs with a steady
walking speed were accepted as compliant runs for paw-print auto-
classification of left forelimb (LF), right forelimb (RF), left hind limb
(LH) and right hind limb (RH) by the built-in software (Fig. S6). The
footprint intensity, footprint area, print width, stride length, and LII
were calculated [40,46].

2.8. Evaluation of repair efficacy of BioTenoForce in a rabbit massive
tendon defect model

To investigate the healing efficacy of BioTenoForce for tendon tears,
a rabbit massive rotator cuff tendon defect model (5 mm segmental
defect with 10 mm segmental gap) was established in accordance with
approved guidelines of the institution’s Animal Experimentation Ethics
Committee (Ref. No. 18-003-MIS). A total of 32 New Zealand White
rabbits (gender: male or female; average age: 16 weeks; weight: 3.0-4.0
kg; LASEC, CUHK) were randomly assigned into 3 groups (n = 16 per
group): (1) intact control group, (2) TenoForce implantation group, and
(3) BioTenoForce implantation group. All animals underwent an index
procedure in which either the left or right SSPT was randomly detached,
with the contralateral intact shoulder serving as an intact control group.
Prior to the surgery, rabbits were anesthetized with the mixture of
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ketamine (35 mg/kg) and xylazine (5 mg/kg) by intramuscular injec-
tion. The SSPT of rabbits was exposed by releasing parts of the trapezius
and deltoid muscles through a longitudinal incision made over the
shoulder. A 5 mm rectangular segmental defect (5 mm length x 10 mm
width) was created by fully removing a 5 mm x 10 mm segment of the
SSPT [47]. To reduce the detrimental effects of high tension repair, a 10
mm rectangular segmental gap was introduced by implanting either
BioTenoForce or TenoForce scaffolds (10 mm width x 10 mm length x
2 mm thickness), which repaired in an interpositional fashion by joining
each end of the scaffold with the tendon defect margin using a combi-
nation of running-locking and modified Mason-Allen suture technique
[44,45,48]. The length of the suture area on the tendon was determined
to be 5 mm. After implantation, the surgical wound was closed, the
rabbits were euthanized by an intraperitoneal injection for pentobar-
bital overdose (>60 mg/kg) at the designated time points, and the entire
supraspinatus muscle and tendon unit was harvested for further
analysis.

To investigate the tendon healing outcomes, a series of experiments
were performed, including: histological evaluation, including H&E and
picrosirius red staining with polarized light microscopy; SEM for char-
acterization of fiber orientation and thickness; nanoindentation and
tensile test for evaluation of tendon biomechanical properties at micro-
and macro-scales. A detailed description can be found in the supple-
mentary materials.

2.9. Statistical analysis

All of the studies were evaluated with n > 3 per group at each data
point to ensure reproducibility. Sample sizes are noted in figure legends.
All statistical analyses were performed using Prism 6. Student’s t-test
were used for analyzing peeling force, peak load, Live/Dead assay,
dsDNA assay, and qPCR assay. Fisher’s exact test were used for
analyzing failure mode between bonded and nonbonded BioTenoForce.
Pearson product-moment correlation coefficient was used for evaluating
the relationship among fiber alignment (mean), ultimate load (me-
dium), and stiffness (medium). Spearman’s rank correlation coefficient
was used for evaluating the relationship among fiber thickness (mean),
fiber alignment (mean), ultimate load (medium), and stiffness (me-
dium). One-way ANOVA followed by Tukey’s post hoc test were used for
the rest of the studies. All correlation coefficients (Quinnipiac Univer-
sity) were interpreted as follows: +1 and —1 as perfect, +0.7 to + 0.9
and —0.7 to - 0.9 as very strong, +0.4 to + 0.6 and —0.4 to —0.6 as
strong, +0.3 and —0.3 as moderate, +0.2 and —0.2 as weak, +0.1 and
—0.1 as negligible, 0 as none [49]. Statistically significant differences
are indicated by asterisks (*, p < 0.05; **, p < 0.01; and ***, p < 0.001).

3. Results
3.1. Development of a core-shell structured BioTenoForce

Before manufacturing BioTenoForce, we systematically character-
ized its constituent components, which includes: QHM biomechanical
property characterization; tECM compositions and tenogenic bioactivity
test; and tECM-GelMA hydrogel swelling property, degradation, and
tECM release tests ex vivo, as shown in Figs. S1-3. Our well-established
standardized protocol has consistently yielded bioactive tECM extracts
with reliable and reproducible extraction outcomes (Fig. S1). It is also
important to note that we have developed a new protocol for QHM
fabrication. This revised protocol includes an additional drying step for
Q compared to our published protocols for QHM fabrication [37]. Spe-
cifically, tensile modulus of the QHM with the additional drying step
(603.1 + 35.3 MPa) closely approximated that of human SSPT (217.7
MPa for anterior sub-region; 592.4 MPa for posterior sub-region),
whereas the QHM without the drying step (65.0 + 7.3 MPa) did not
exhibit a similar resemblance (Fig. S2) [37]. We speculate that this is
because the hydroxyl group of Q reacted poorly with the isocyanate
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groups of H or the anhydride group of M due to the presence of water
molecules in the local humid air. Subsequent characterization of
tECM-GelMA hydrogel showed that it exhibited limited swelling ca-
pacity (4.4% swelling ratio), degradability (25.7% of weight loss after
21 days), and initiated a burst release of tECM within the first 2 days
followed by a sustained release profile over a period of 15 days (Fig. S3).
Overall, materials that used to fabricate BioTenoForce are all system-
atically characterized to ensure its production and characteristics are
reproducible before downstream characterization.

3.2. The core-shell structured BioTenoForce demonstrated robust
interfacial bonding

The bonding integrity of a hybrid construct is essential for its suc-
cessful in vivo application. Delamination between the core and shell
structure during the early stages of tendon healing would impede our
intention to simultaneously provide bioactive factors and mechanical
support. The interfacial bonding strength was first assessed by analyzing
the force-displacement profile and failure mode analysis (Fig. 1A). Our
results showed that bonded BioTenoForce yielded significantly higher
peeling force and peak load compared to nonbonded scaffold (Fig. 1A).
In bonded BioTenoForce, failure occurred within the GelMA hydrogel
bulk rather than at the GelMA hydrogel-QHM interface as shown by the
residual layer of GelMA hydrogel remaining on the QHM elastomer
(Fig. 1A). In contrast, failure of nonbonded BioTenoForce occurred at
the GelMA hydrogel-QHM interface rather than within the GelMA
hydrogel bulk, with the hydrogel being easily peeled off from the QHM
elastomer surface (Fig. 1A). To qualitatively assess interfacial bonding
integrity, scanning electron microscopy (SEM) and in vivo mouse sub-
cutaneous implantation studies were performed (Fig. 1B and C).
Representative SEM images showed that the GelMA hydrogel was firmly
attached to the QHM elastomer in bonded BioTenoForce, while
nonbonded scaffold exhibited clear delamination with little-to-no re-
sidual GeIMA hydrogel on the QHM elastomer (Fig. 1B). Additionally, in
vivo results showed that degradation of GelMA was observed at 7- and
18-days post-surgery (Fig. 1C), and the remaining hydrogel was
attached to the surface of the QHM elastomer, indicating that robust
bonding could be maintained in vivo (Fig. 1C). Overall, our results
demonstrated that benzophenone-mediated photocrosslinking treat-
ment produce bonded BioTenoForce with strong interfacial attachment
strength between its hydrogel and elastomer layers.

3.3. BioTenoForce exhibited human tendon-like tensile properties and
strong suture retention values

To achieve successful tendon repair in cases of large tendon defects,
two critical biomechanical features for tendon substitutes are the ability
to mimic native tendon mechanical properties and provide sufficient
suture retention strength to prevent post-implantation suture pull-out.
These features are essential to sustain tendon functional movement
and ensure the long-term stability and integration of the repaired
tendon. Therefore, tensile and suture retention tests were performed to
confirm that benzophenone-mediated photocrosslinking during Bio-
TenoForce fabrication does not negatively impact scaffold mechanical
properties (Fig. 2). Representative force-displacement profiles showed
that both the QHM elastomer and BioTenoForce exhibited an initial
steep increase in load-displacement, followed by sustained plastic
behavior before failure. In contrast, the commercially available acellular
human dermal matrix (ADM as a clinical scaffold control) displayed a
gradual increase in load-displacement, culminating in failure after sus-
tained deformation (Fig. 2A). The stress at yield, strain at yield, tensile
modulus, ultimate strength, ultimate strain, and stiffness of the QHM
elastomer and BioTenoForce were similar (Fig. 2A). Notably, the QHM
elastomer and BioTenoForce demonstrated human SSPT-like tensile
moduli (approximately 500-600 MPa) [37], which were 400-fold higher
than that of ADM and 25-thousand-fold higher than GelMA hydrogel. In
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suture retention test, when a 25 N force was applied, neither the QHM
elastomer nor BioTenoForce exhibited any significant suture migration
(less than 0.1 mm) or scaffold deformation, whereas ADM displayed
substantial elongation and approximately 1.72 mm suture migration
(Fig. 2B), which were around 30-fold higher. Overall, these results
indicate that BioTenoForce possesses human SSPT-like tensile properties
and superior suture retention properties compared to a leading com-
mercial scaffold ADM, which are essential for rotator cuff repair
stability.

3.4. hASCs encapsulated in BioTenoForce exhibited strong proliferation
and tenogenic differentiation

The incorporation of tECM is intended to impart tenogenic bioac-
tivity to the BioTenoForce. Consequently, in vitro evaluations were
performed to investigate the effectiveness of tECM bioactivity within the
scaffold and to assess whether benzophenone-mediated photo-
crosslinking treatment may impact tECM bioactivity. hASCs were
encapsulated in the gel layer of BioTenoForce or the scaffold without
tECM supplementation (called TenoForce scaffold), and a set of exper-
iments were performed to characterize cell viability, proliferation, and
tenogenic differentiation (Fig. 3A, S4-5). Live/Dead assay showed that
from day 7 to day 14, both TenoForce and BioTenoForce exhibited high
cell viability (more than 90%). A significantly higher amount of double
stranded DNA (dsDNA) in the BioTenoForce group was detected than
that in the TenoForce group after 14 days of culture (Fig. 3A). After 10
and 14 days of culture, significantly increased expression of SCX
(Scleraxis), MKX (Mohawk), TNC (Tenascin C), and COL1A1 (Type I
collagen) was observed in the BioTenoForce relative to the TenoForce
control groups (Fig. 3A). Consistently, immunofluorescence staining
results showed enhanced expression of all tenogenesis associated
markers (COL1, TNC, and TNMD (Tenomodulin)) in the BioTenoForce
group relative to the TenoForce group (Fig. 3A). Taken together, these
findings suggest that benzophenone-mediated photocrosslinking pro-
cedure did not affect BioTenoForce bioactivity. Moreover, BioTenoForce
exhibited excellent cytocompatibility and markedly promoted hASC
proliferation and tenogenic differentiation in vitro compared to
TenoForce.

3.5. BioTenoForce exhibited biocompatibility in a mouse subcutaneous
implantation model

To preliminarily assess the biocompatibility of BioTenoForce in vivo,
disks of BioTenoForce and TenoForce were subcutaneously implanted
into wild-type mice for histological evaluation at designated timepoints
(Fig. 3B). No signs of severe inflammatory response or mortality were
observed during the entire post-surgery follow-up period. At day 7, a
small number of CD11b+ (a pan-myeloid marker) cells were observed at
the surface area of the BioTenoForce. By day 28, both TenoForce and
BioTenoForce were surrounded by a thin fibrous capsule, and there was
no obvious evidence of an overexuberant inflammatory response in
either implantation group. These results suggest that both TenoForce
and BioTenoForce are sufficiently biocompatible.

3.6. BioTenoForce promoted fast recovery of gait performance in rats with
large rotator cuff tendon defects

The recovery of tendon function is a crucial demand of patients with
tendon injuries. The implantation of the BioTenoForce offers immediate
mechanical support for the injured tendon while simultaneously stim-
ulating tissue regeneration. This synergistic effect holds the potential to
accelerate tendon functional recovery. Therefore, the ability of Bio-
TenoForce to promote shoulder functional restoration was evaluated
using gait analysis in a rat large rotator cuff tendon defect model
(Fig. 4A-S6). Typically, rats with shoulder impairment and pain due to
tendon tears avoid bearing weight on the affected paws, resulting in
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Fig. 2. Tensile properties and suture retention of BioTenoForce. (A) Tensile properties: Schematic illustration of tensile sample dimensions and the tensile test
set up in accordance with ASTM standard D638-10. Representative force-displacement graphs and tensile properties demonstrated that QHM elastomer and Bio-
TenoForce exhibited robust tensile attributes, which were superior to ADM (acellular dermal matrix, a leading clinical scaffold control) and GelMA hydrogel. n = 8,
technical replicates; mean + SEM; **, p < 0.01; ***, p < 0.001. (B) Suture retention: Schematic illustration of suture retention sample dimensions and the suture
retention test set up. A representative image before (0 N) and during (25 N) suture retention testing and suture migration value suggested that BioTenoForce
exhibited superior suture retention properties over ADM. n = 9, technical replicates; mean + SEM; ***, p < 0.001.

inferior gait parameters compared to the uninjured contralateral paw
[50]. Our results showed that early after the surgery (day 14), significant
differences in gait parameters such as contact area, print width, stride
length, and print intensity were observed between the BioTenoForce or
defect only group compared to the intact control group (Fig. 4B).
However, on days 28 and 56, comparable gait parameters indicating
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similar gait performance were observed between the BioTenoForce and
intact control groups (Fig. 4B). Although some studies have suggested
that spontaneous tendon healing can occur in rats [51], the decreased
values of contact area, print width, and print intensity and the increased
values of swing duration and limb idleness index (LII) indicated that
shoulder function was not fully recovered in the defect only group even
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Fig. 3. Biocompatibility and tenogenic bioactivity of BioTenoForce. (A) In vitro study: Viability (Live/Dead assay), proliferation (dsDNA assay), and tenogenic
differentiation (gene expression and fluorescence staining of tenogenesis-associated markers (TNC (Tenascin C), COL1 (Type I collagen), TNMD (Tenomodulin)) and
cytoskeleton visualization (F-actin)) of hASCs encapsulated in BioTenoForce or the scaffold without tECM supplementation (called TenoForce) were measured. The
results showed that both TenoForce and BioTenoForce were cytocompatible, but BioTenoForce markedly promoted hASC proliferation and tenogenic differentiation
to TenoForce. n = 3, biological replicates; mean + SEM; *, p < 0.05; **, p < 0.01. (B) In vivo histobiocompatibility study: H&E and immunohistochemical staining of
TenoForce and BioTenoForce in a mouse subcutaneous implantation model. At day 7, a few CD11b + cells (a pan-myeloid marker) were observed at the surface area
of the BioTenoForce. By day 28, both groups were surrounded by a thin fibrous capsule, and there was no obvious evidence of an overexuberant inflammatory
response. The results showed that both TenoForce and BioTenoForce were biocompatible. White dashed lines indicate the scaffold surface. S: scaffold; n = 3,

biological replicates.

56 days after surgery (Fig. 4B). Additionally, to evaluate the biome-
chanical properties of the BioTenoForce-repaired tendon, a tensile test
was conducted at 56 days post-surgery (Fig. S7A). The results revealed
that there was no significant difference in terms of ultimate load and
stiffness between the intact control group and the group repaired with
the BioTenoForce scaffolds (Fig. S7B). These findings indicate that the
implantation of the BioTenoForce scaffold successfully restores the
biomechanical properties of the tendon defect in rats. In summary, using
a rat large rotator cuff tendon defect model, our results demonstrated
that BioTenoForce promoted early shoulder functional restoration as
evidenced by gait analysis.

3.7. BioTenoForce enhanced tendon healing in rabbits with massive
rotator cuff tendon defects

The tendon healing efficacious of BioTenoForce was further evalu-
ated in a rabbit massive rotator cuff tendon defect model (Fig. 5A). A 1-
cm tendon defect gap was created on rabbit SSPT and implanted with
TenoForce or BioTenoForce to completely bridge the tendon defect, and
the contralateral shoulder was used as an intact control group. The ef-
ficacy of the BioTenoForce was evaluated using multiple assessment
strategies, including gross appearance, histological assessment, SEM,
nanoindentation, and tensile testing. These techniques allowed for a
comprehensive examination of both macroscopic and microscopic as-
pects of tendon healing.

At 1 month post-surgery, there were no obvious symptoms of severe
inflammation in either TenoForce or BioTenoForce groups based on the
gross appearance of tendons (Fig. 5B). Histologically, hematoxylin and
eosin (H&E) staining images revealed that both defect groups exhibited
complete bridging of the 1-cm tendon defect and increased cellularity
relative to the intact control group. However, notable differences in the
quality of the healing tissue were observed among the groups. Semi-
quantitative cellular orientation analysis showed that cells were more
aligned in the BioTenoForce groups than in TenoForce group at both 1
and 3 months post-surgery (Fig. 5B). Also, picrosirius red staining and
polarized light microscopy (Fig. S8) were employed to assess the bire-
fringent nature of anisotropic ECM molecules, as well as the size of
deposited collagen fibers, with the color hue of the images representing
the relative collagen fiber thickness (in order of thinnest to thickest:
green, yellow, orange, and red). A typical feature of tendon scar tissue is
less birefringence [52]. The results showed that the BioTenoForce group
had more pronounced birefringence than the TenoForce group. Addi-
tionally, BioTenoForce group had more orange-to-red (thicker) fibers,
while TenoForce group had more yellow (thinner) fibers (Fig. 5B).
Notably, the widely used direct suture method, which represents the
most common surgical intervention [53], demonstrated limited efficacy
in promoting tendon regeneration and resulted in the formation of
scar-like tissue (Fig. S9). Overall, the histological analysis demonstrated
that BioTenoForce exhibited enhanced collagen content and better
cellular and ECM organization at both 1 and 3 months post-surgery
compared to the TenoForce group, which lacked tECM supplementation.

Additionally, we applied multi-scale analysis (SEM, nano-
indentation, and tensile testing) with a special focus to capturing the
complex changes in thickness and alignment of collagen fibers during
tendon healing, as well as the biomechanical properties of the repaired
tendon at 3 months post-surgery (Fig. 6A-C). Ultrastructural analysis
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using SEM showed that fibers in the intact control and the BioTenoForce
groups were aligned along the longitudinal direction of the tendons,
while fibers were discretely oriented in the TenoForce group. Interest-
ingly, the collagen fibers in the BioTenoForce and TenoForce groups
were comparable in diameter and smaller than those in the intact control
group (Fig. 6A). The nanoindentation test revealed that the intact con-
trol group (138.5 + 7.6 kPa) exhibited a higher elastic modulus of
collagen fibers than that in the BioTenoForce (20.9 + 1.9 kPa) and
TenoForce (23.9 + 5.5 kPa) groups, while no significant difference was
observed between BioTenoForce and TenoForce groups (Fig. 6B). The
bulk biomechanical features of regenerated tendon-scaffold constructs
were evaluated using tensile test of the intact control group, TenoForce
group, BioTenoForce group, and a time-zero repair group (i.e., a mock
surgery performed on cadaveric rabbits) (Fig. 6C). In the time-zero
repair group, all tendons failed at the tendon mid-substance due to su-
ture pullout. There were no differences in failure mode among the intact
control, TenoForce, and BioTenoForce groups (Fig. 6C). The tensile test
results showed that the BioTenoForce scaffold group achieved a com-
parable ultimate load and stiffness with the intact control group.
Furthermore, although TenoForce group showed a comparable ultimate
load with the intact control and BioTenoForce group, its stiffness was
significantly lower than that of BioTenoForce group (Fig. 6C).

We also performed a correlation coefficient analysis to gain a pre-
liminary understanding of the relationship between collagen fiber
structure (thickness, alignment by SEM) and the mechanical features of
regenerated tendons at microscale (the elastic modulus of collagen fibers
measured by the nanoindentation) and macroscale levels (the ultimate
load and stiffness measured by tensile test) (Fig. 6D). Our study yielded
several key findings: Firstly, we observed a very strong correlation be-
tween the elastic modulus of collagen fibers and their thickness (r =
0.82, p = 0.011). Secondly, we found that the ultimate load of regen-
erated tendons did not show any correlation with collagen fiber thick-
ness or alignment, suggesting that QHM elastomer played an important
role in contributing to the overall mechanical strength of the tendons-
scaffold construct; Finally, we noted a very strong correlation between
the stiffness of regenerated tendons and collagen fiber alignment (r =
0.78,p = 0.013).

In summary, our results demonstrated that BioTenoForce enhanced
collagen production and fiber alignment (as shown by histology, histo-
morphometry, and SEM analysis), and stiffness of regenerated tendon
comparable to that of the intact control tendons (as shown by tensile
test). Neither TenoForce or BioTenoForce exhibited comparable fiber
thickness and modulus to the intact control tendon, indicating an early
tendon healing phase at 3 months post-surgery. However, no scaffold
breakage was observed throughout the experimental duration, high-
lighting the critical role of sustained mechanical support provided by
scaffolds before the tendon completes healing.

4. Discussion

To attain successful tendon repair in cases of large-to-massive tendon
defects, we developed a BioTenoForce with a focus on addressing two
pivotal factors: sustained mechanical support and enhanced regenera-
tive bioactivity. The tECM hydrogel shell section of the BioTenoForce
was employed to provide tendon-specific bioactivity with improved
tendon-like ECM alignment, while the QHM core portion was designed
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Fig. 4. Gait performance assessment of BioTenoForce-mediate tendon repair in a rat large rotator cuff tendon defect model. (A) Study overview: Schematic
illustration and representative macroscopic images of surgical procedures. (B) Gait analysis: Gait analysis was performed for 6 parameters (i.e., contact area, print
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right forelimb; LF: left forelimb; LII: limb idleness index; n = 10, biological replicates; mean + SEM; *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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Fig. 5. Histological assessment of BioTenoForce for tendon repair in a rabbit massive rotator cuff defect model. (A) Experimental overview and surgical
procedure. Yellow arrows indicate tendon, blue arrow indicates implanted scaffolds. (B) Gross tissue and histological assessment: At 1 month post-surgery, there were
no obvious symptoms of severe inflammation in either TenoForce or BioTenoForce groups based on gross appearance observation. The BioTenoForce group exhibited
better cellular alignment than the TenoForce group at both 1 and 3 months. Additionally, the results of picrosirius red staining and polarized light microscopy
indicated that the BioTenoForce group demonstrated a wavy, more aligned ECM structure (more pronounced birefringence), with significantly larger number of
thicker collagen fibers observed at 1 month and significantly more abundant thinner collagen fibers observed at 3 months compared to the TenoForce group. Overall,
the histological analysis revealed that BioTenoForce exhibited enhanced collagen production and superior cellular and ECM organization at both 1 and 3 months

post-surgery compared to the TenoForce group. PR: picrosirius red; BL: bright light; PL: polarized light; n = 3, biological replicates; mean + SEM; *, p < 0.05.

to provide long-term mechanical support and durability (Scheme 1).

A main novelty of our study is the combination of two major com-
ponents: tECM and QHM elastomer via benzophenone photocrosslinking
in a core-shell strategy to generate BioTenoForce (Schemes 1 and 2).
This scaffold design capitalizes on the synergistic effect of combining
biological and biomechanical augmentation, thereby offering promising
prospects for enhancing tendon repair outcomes. Our tECM component
was prepared using a unique urea extraction protocol that is expected to
be superior for tendon regeneration [33] compared to traditional
acid-pepsin digested ECM lacking substantial non-collagenous tendon
proteins [54], or skin-derived ECM products lacking tendon-specific
differentiation capability [36,55]. Meanwhile, the QHM elastomer
component is expected to approximate human tendon-like biomechan-
ical attributes with excellent suture retention, and slow degradation, to
provide sufficient mechanical support during the lengthy tendon healing
process, particularly in large-to-massive tendon defects (Scheme 2).
Indeed, possessing native tissue-like attributes such as elasticity has
been reported to be crucial for efficient musculoskeletal movement
while low suture migration and slow degradation are vital for main-
taining integrity of the repaired shoulder construct [37,56].

We conduct a comprehensive characterization of the scaffold fea-
tures including: bonding robustness, mechanical properties, suture
retention strength (Figs. 1-2). We modified a previously reported
strategy for hydrogel-elastomer bonding [39] and reduced the UV
exposure time from 1 h to 90 s. Our data showed that using this revised
protocol, our hybrid construct exhibited excellent bonding integrity ex
vivo and in vivo (Fig. 1), and importantly, the benzophenone photo-
crosslinking procedure did not affect QHM mechanical attributes and
suture retention (Fig. 2) or tECM-GelMA in vitro bioactivity (Fig. 2).
Although some commercial scaffolds (e.g., GraftJacket®) has been
widely applied in clinic, their application is limited due to the poor
suture retention and insufficient mechanical support [57,58]. Impor-
tantly, our BioTenoForce scaffold exhibits tendon-like mechanical
properties as well as strong suture retention strength which provides
sufficient mechanical properties after implantation.

Our study included a comprehensive preclinical evaluation of tECM
for tendon repair including three separate in vivo models. In vivo
assessment is critical because it provides evidence to determine the
suitability of BioTenoForce for clinical trials, as well as generate insights
to allow us to further scaffold design optimization. Mouse subcutaneous
studies showed the viability of our core-shell strategy in maintaining
robust hydrogel-elastomer bonding (Fig. 1) as well as BioTenoForce’s
biocompatibility (Fig. 3). Despite creating a large (1 mm segmental)
tendon defect, rat gait performance showed no difference between the
BioTenoForce and intact control groups at 1 month after surgery (Fig. 4).
Additionally, although some studies have suggested that spontaneous
tendon healing is seen in rats [51] our study showed inferior gait per-
formance in the defect group, indicating that shoulder function was not
able to attain pre-injury levels even 56 days after surgery (Fig. 4).
Consistently, BioTenoForce also achieved enhanced tendon healing in a
massive (1 cm) rabbit rotator cuff tendon defect model, as evidenced by
improved ECM alignment and biomechanical properties (Figs. 5-6).
Together, these findings highlight BioTenoForce efficacy for treatment
of large-to-massive tendon injuries.

Generally, early failures of tendon (rotator cuff) repair usually
represent an inability of the surgical construct to maintain the me-
chanical integrity of the repair site, while later tendon repair failures
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likely signify a biological failure to heal [2]. Collectively, our in vivo data
highlight the following important findings: (1) There is significant
positive contribution of tECM in the BioTenoForce design for tendon
repair. Implantation of BioTenoForce, but not TenoForce, led to early
and fast tendon fiber alignment (histology and SEM), which was highly
correlated with enhanced tendon stiffness (tensile test; Fig. 6). This is
crucial because restoring tendon stiffness after injury is required for
fulfilling its functional performance [56,59-61]. While many studies
have shown that repaired tendon can achieve pre-injury levels in terms
of maximum load, achieving native tissue-like stiffness can still be
challenging, with several reported values that are an order of magnitude
lower than the intact tendon [11,62,63]. (2) The contribution of the
elastomer core of the scaffold is also significant and should not be
neglected. Tendon healing encompasses a lengthy healing process that
takes months and years [64]. Indeed, at 3 months post-surgery, the
collagen fiber diameter and modulus (SEM and nanoindentation; Fig. 6)
results suggested that the repaired tendons in BioTenoForce and Teno-
Force groups were still at the early healing phase compared to the intact
tendon group. However, we did not observe any breakage or ruptures in
our scaffolds, suggesting that before collagen fibers fully mature, the
elastomer core with its excellent biomechanical strength, suture reten-
tion value, could sufficiently and permanently support the dynamic
loading strain during the tendon healing phase and prevent early tendon
retear or scaffold failure after surgery. It is worth noting that in a clinical
setting, nondegradable devices, including PET patch (nondegradable
synthetic graft), suture anchors (e.g., polyether ether ketone; PEEK) and
sutures (e.g., high molecular weight polyethylene or FiberWire®), are
routinely used and not removed after surgery [23,65,66]. However,
even though they can reinforce the mechanical properties, their appli-
cation is limited due to the poor tenogenic-bioactivity [38]. Tissue
ingrowth could prevent micromotion between tissue and implant,
avoiding poor biological and mechanical integration between scaffold
and neo-tissue that may lead to failed tissue bridging. The incorporation
of tECM portion in our graft is intended to enhance intrinsic tissue
regeneration capacity and result in a seamless connection between the
scaffold with the tendon remnants. Thus, these findings support the use
of BioTenoForce via a core-shell strategy to simultaneously induce
tendon regeneration and achieve adequate mechanical support for
efficacious repair of large tendon defects.

There were several limitations in the present study. Firstly, creating a
large segmental defect in the rat SSPT posed a considerable challenge.
Despite the rat’s SSPT having a total length of approximately 16.2 mm
[67], the majority of the tendon is embedded within the supraspinatus
muscle, resulting in less than 3.5 mm of exposed tendon length [41,68].
Due to the small size of the rat SSPT, our assessment options are limited
to employing a bone-to-tendon defect approach to assess the therapeutic
effect of the BioTenoForce scaffold. As a result, our evaluation primarily
focuses on assessing the functional recovery in the rat model, while a
separate rabbit model is utilized to evaluate the outcomes related to
structural and biomechanical regeneration. Additionally, our gait anal-
ysis was conducted on rats, which are quadruped animals, and may not
accurately simulate post-operative joint forces in human patients.
Future studies that pair our data with additional investigations in human
cadavers to assess joint range of motion will provide stronger evidence
of recovery by monitoring for clinically relevant indications such as
acromial impingement [69,70]. Secondly, we lack long-term evaluation
of mechanical performance of BioTenoForce in vivo which is a crucial
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Fig. 6. Ultrastructural and bulk biomechanical assessment of BioTenoForce for repairing rabbit massive tendon defects. (A-B) At 3 months after surgery,
SEM showed that both BioTenoForce and the intact control groups, but not TenoForce group, exhibited more aligned matrix structure along the longitudinal direction
of the tendons. The collagen fibers in both BioTenoForce and TenoForce groups were of comparable size, but exhibited a smaller diameter (SEM) and a lower elastic
modulus (nanoindentation) than those in the intact control group. n = 3, biological replicates; mean + SEM; *, p < 0.05. (C) Tensile test showed that the TenoForce
group had a comparable ultimate load with the intact control and BioTenoForce group, but its stiffness was significantly lower than that of BioTenoForce group. The
time-zero repair group (T0): a mock surgery where BioTenoForce were implanted in cadaver rabbits; T-B: tendon to bone junction; M-T: mid-substance of tendon;
T-M: tendon to muscle junction; n = 7, biological replicates; mean + SEM; *, p < 0.05; **, p < 0.01; and p < 0.001. (D) Correlation coefficient analysis revealed
strong correlation between the elastic modulus and thickness of collagen fibers (r = 0.82, p = 0.011). The ultimate load of regenerated tendons did not show any
correlation with collagen fiber thickness or alignment, but the stiffness of regenerated tendons showed a very strong correlation with collagen fiber alignment (r =
0.78, p = 0.013).
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Scheme 2. Mechanistic insights into the role of BioTenoForce in augmenting healing of massive rotator cuff tendon defects. When adult tendons are injured,
they typically heal through scar tissue formation with disorganized ECM structure and inferior mechanical features, leading to functional deficiencies. In this study,
incorporating a tECM coating onto the BioTenoForce resulted in the regeneration of wavy, well-organized collagen structure. This represents a significant
improvement over natural scar tissue formation, as an aligned matrix is a key factor for tendons to sustain strong tensile force. Furthermore, since tendon injury
requires a prolonged healing process, the BioTenoForce can provide sufficient, long-term mechanical support to facilitate tendon movement and prevent premature
injury before the tendon healing is complete. This activity is particularly crucial in cases of large tendon defects, which have a high prevalence of post-surgery failure.
Thus, the BioTenoForce design holds significant promise for promoting tendon regeneration and improving clinical outcomes in cases of large-to-massive
tendon defects.

feature for design of nondegradable materials. Despite this, we utilized two animal models with large tendon defects, can be valuable
demonstrated the slow-to-no degradation of QHM elastomer (in NaOH, for our future work as well as for other researchers working with large
HCI, H;0,, and HBSS) ex vivo, estimated to be on the order of several animal models [72].

years based on our prior study [37] is ideal for tendon repair, as tendon

repairs slowly over months and years. In such a scenario, slow degra- 5. Conclusion

dation can maintain repair integrity and minimize clinical complications

such as loose glenohumeral bodies in the case of rapidly degradable In conclusion, we have effectively developed a bioactive scaffold that
suture anchors and tendon grafts [71]. Thirdly, as our strategy focuses merges two notable technologies: tECM to promote superior tendon
on specifically addressing the repair of large tendon defects, it will regeneration and QHM elastomer for strong mechanical competence and
become increasingly important to evaluate the healing efficacy of our reinforcement. Our results clearly demonstrate that the combination of
scaffold in a clinically relevant large animal model. Nevertheless, we bioactive factors and mechanical support significantly improves the
believe that the insights and knowledge gained from our study, which repair efficacy of large-to-massive tendon defects with BioTenoForce.
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We observed a wavy aligned, tendon-like ECM structure, which is vastly
different than the typical disorganized scar tissue formation observed
after tendon repair. Moreover, the application of BioTenoForce in two
challenging large tendon defect animal models provide a comprehensive
preclinical evaluation. Remarkably, we did not observe any scaffold
damage during the entire experiment, and regenerated tendons exhibi-
ted native tendon-like robust mechanical features indicating the great
potential of BioTenoForce for clinical translation (Scheme 2). Therefore,
our findings represent a major and significant advance in the field of
tendon tissue engineering and offer a promising new approach to clinical
tendon repair, especially in the scenarios involving large tendon defects.
Furthermore, we believe that our simple, yet versatile hybrid construct
design will open new avenues for practical applications of using our
urea-based ECM technology with other biomaterial scaffolds in diverse
areas for robust tissue regeneration.
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