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ABSTRACT

Rotator cuff (RC) attaches to humerus across a triphasic yet continuous tissue zones (bone-fibrocartilage-tendon),
termed “enthesis”. Regrettably, rapid and functional enthesis regeneration is challenging after RC tear. The
existing grafts bioengineered for RC repair are insufficient, as they were engineered by a scaffold that did not
mimic normal enthesis in morphology, composition, and tensile property, meanwhile cannot simultaneously
stimulate the formation of bone-fibrocartilage-tendon tissues. Herein, an optimized decellularization approach
based on a vacuum aspiration device (VAD) was developed to fabricate a book-shaped decellularized enthesis
matrix (O-BDEM). Then, three recombinant growth factors (CBP-GFs) capable of binding collagen were syn-
thesized by fusing a collagen-binding peptide (CBP) into the N-terminal of BMP-2, TGF-p3, or GDF-7, and zone-
specifically tethered to the collagen of O-BDEM to fabricate a novel scaffold (CBP-GFs/O-BDEM) satisfying the
above-mentioned requirements. After ensuring the low immunogenicity of CBP-GFs/O-BDEM by a novel single-
cell mass cytometry in a mouse model, we interleaved urine-derived stem cell-sheets into this CBP-GFs/O-BDEM
to bioengineer an enthesis-like graft. Its high-performance on regenerating enthesis was determined in a canine
model. These findings indicate this CBP-GFs/O-BDEM may be an excellent scaffold for constructing enthesis-like
graft to patch large/massive RC tears, and provide breakthroughs in fabricating graded interfacial tissue.

1. Introduction

yet continuous tissue zones: bony tissue with typical osteocytes, calci-
fied and uncalcified fibrocartilage with aligned chondrocytes, and

The rotator cuff (RC) consists of four entheses surrounding the tendinous tissue with typical tenocytes [4-6]. Clinically, rotator cuff
proximal humerus and is critical for maintaining glenohumeral joint tear (RCT) is common, leading to substantial pain and disability of the
stability [1-3]. Histologically, these entheses are composed of triphasic upper extremity [1,7]. In recent years, improved arthroscopic

Peer review under responsibility of KeAi Communications Co., Ltd.

* Corresponding author. Xiangya Hospital, Central South University, No. 87, Xiangya Road, Changsha, 410008, Hunan, China.

** Corresponding author. Xiangya Hospital, Central South University, No. 87, Xiangya Road, Changsha, 410008, Hunan, China.
E-mail addresses: jianzhonghu@hotmail.com (J. Hu), hongbinlu@sina.com (H. Lu).

https://doi.org/10.1016/j.bioactmat.2021.12.021

Received 23 August 2021; Received in revised form 29 November 2021; Accepted 19 December 2021

Available online 5 January 2022

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jianzhonghu@hotmail.com
mailto:hongbinlu@sina.com
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.12.021
https://doi.org/10.1016/j.bioactmat.2021.12.021
https://doi.org/10.1016/j.bioactmat.2021.12.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.12.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Chen et al.

techniques have provided better results in the surgical management of
RCT [2,8-10]. Unfortunately, the regenerated enthesis after RCT repair
often exhibits disorganized fibrovascular scars without triphasic yet
continuous structure, and rarely recovers the tissue toughness, thus
predisposing the repaired RC enthesis to re-injury [11]. Hence, it is ur-
gent to develop some adjuvant strategies to improve this clinical
dilemma.

To solve this dilemma, many researchers have turned to develop a
bioengineering enthesis-like construct [11-13], that can act as a bio-
logical patch even an in-vitro living construct to replace the damaged
enthesis. To realize that, the biomimicry and bioactivity of scaffolds are
deemed to be the most critical. To date, tissue engineers and biomaterial
scientists have developed some scaffolds with bionic and functional
characteristics using polymers (both natural and synthetic), ceramics or
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most commonly a combination of them (composites) [14]. However,
these scaffolds are still not highly mimic normal enthesis in morphology
and composition, at the same time, satisfying the adequate mechanical
needs. Therefore, a simple strategy among tissue engineers is to use
decellularized extracellular matrix as scaffolds that offer the advantage
of great similarity with native enthesis tissue. The existing decellulari-
zation approaches were reported to decellularize a block of enthesis
tissue derived from the insertions of Achilles tendon, anterior cruciate
ligament, patellar tendon and RC [15,16], which successfully fabricated
several kinds of decellularized enthesis matrix with large-size bulk
shape. However, the chondrocytes of enthesis tissue are deeply enclosed
in a dense and low-porous fibrocartilage [6,17], it is difficult for abso-
lutely and rapidly removing these chondrocyte components from a block
of enthesis tissue without jeopardizing its native extracellular matrix
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Fig. 1. Schematic illustration of the construction process of enthesis-like graft as well as its in vivo application.
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integrity, especially for decellularizing large-sized enthesis tissue while
well preserving its minor extracellular matrix components [18]. More-
over, the decellularized enthesis matrix was dense and compact with low
porosity in microstructure, inconvenient for the endogenous cells
migrating into its core [19], thus impeding new enthesis formation. The
difficulty for endogenous cells migration may be more serious in
large-sized decellularized enthesis matrix. In this study, using the
book-shape slicing method described in our previous studies [20,21],
large-sized enthesis tissue specimens were partly decalcified and
sectioned into “book” shape along myotility direction with minimal
influence to tensile resistance, and then decellularized within a
custom-designed vacuum aspiration device (VAD) to acquire a
book-shaped decellularized enthesis matrix (O-BDEM). This protocol
exposed the chondrocytes deeply embedded in enthesis extracellular
matrix to acellular reagents. More novelty, it provided a negative pres-
sure environment to suck out cellular substances, thus quickly decellu-
larizing enthesis while well reserving its extracellular matrix and tensile
properties (Fig. 1).

During enthesis decellularization, some degree of damage to the
enthesis extracellular matrix is always incurred [22]. Therefore, many
researchers have explored the possibility of modifying or priming the
decellularized enthesis matrix with growth factors (GFs) to restore the
bioactivities damaged during the decellularization process. As for the
bioactivities of decellularized enthesis matrix, the zone-specific induc-
ibility of osteogenic, chondrogenic, and tenogenic lineages is one of the
most critical aspect for enthesis regeneration [13]. Previous studies
indicated that bone morphogenetic protein 2 (BMP-2), transforming
growth factor p3 (TGF-p3), and growth differentiation factor 7 (GDF-7)
respectively showed superior performance in inducing stem cells toward
osteogenic, chondrogenic, and tenogenic lineages [13,23-25], implying
that BMP-2, TGF-$3, and GDF-7 are suitable for improving the function
of decellularized enthesis matrix in RC enthesis regeneration. Generally,
the common strategy for GFs introduction into scaffolds is direct protein
incorporation; However, the directly incorporated GFs diffuse and
degrade too rapidly, making the local environment around the implan-
ted scaffold in a state of high GFs at the early phase, thus delivering some
undesirable side-effects [26,27]. To solve this problem, chemical
cross-linking was developed to retain GFs on the scaffold, but which
would affect its bioactivity and the structure of scaffold [28]. Another
attractive strategy is the encapsulation of GFs into microspheres or
nanoparticles that can be incorporated into the scaffold during the
production phase. The use of such particles enables synchronization of
release kinetics with material carrier degradation rate, allowing for
extended and/or sequential GFs release [29]. However, this approach is
not suitable for natural biomaterials like acellular matrix. During the
hemostasis of vessel injury, a hemostasis factor, named as von Wille-
brand factor (vVIWWF), was found to initiate the thrombosis cascade by
specially binding to collagen beneath the endothelial cells [30]. Several
studies determined that the A3 domain, also called collagen-binding
peptide (CBP) plays a vital role in binding collagen [31,32]. Enlight-
ened by this, we fused the CBP into the N-terminal of BMP-2, TGF-$3, or
GDF-7 to synthesize three recombinant growth factors (CBP-GFs)
capable of binding collagen, namely CBP-fused BMP-2 (C-BMP-2),
CBP-fused TGF-p3 (C-TGF-p3) and CBP-fused GDF-7 (C-GDF-7). As
collagen is the main component of O-BDEM, we respectively tethered
the three CBP-GFs to the bony, fibrocartilaginous, and tendinous zone of
O-BDEM to construct a novel scaffold, namely CBP-GFs zone-specifically
tethered O-BDEM (CBP-GFs/O-BDEM), which satisfies the requirements
in both biomimetic properties and zone-specific release of stem cell
differentiation stimulators (Fig. 1). As a scaffold suitable for clinical
translation and application, it must show good cytocompatibility and
immunogenicity in-vivo [33]. Herein, a novel technique, single-cell
mass cytometry (CyTOF) [34], was used to reveal the immunological
response of CBP-GFs/O-BDEM at single-cell resolution using a mouse
model.

The source of stem cell is another critical component for
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bioengineering the required enthesis-like graft. Preclinical and clinical
studies have determined that the mesenchymal stem cells (MSCs)
derived from bone marrow, adipose tissue, synovium and tendon, has
the therapeutic potential for enthesis regeneration [35,36]. However,
these type of MSCs are restricted by the invasive and painful harvesting
procedures, which may cause donor site morbidity and limit their use for
autogenous approaches. Recently, urine-derived stem cells (USCs) have
attracted significant attention and been studied as a promising cell
source by tissue engineers owning to their multilineage potential and
sufficient proliferation capacities [37,38]. The advantages of USCs
include noninvasive and low expense harvesting. Most importantly,
USCs can be conveniently isolated from autologous urine, thus did not
induce immune responses or rejection after in-vivo application, which
was very ethical at autologous application [38,39]. In this study, USCs
were isolated and cultured to form urine-derived stem cell-sheets
(USC-sheets), and then interleaved into the page gap of
CBP-GFs/O-BDEM to engineer a novel enthesis-like graft (Fig. 1). The
in-vivo function of this enthesis-like graft in RC enthesis regeneration
was elucidated using a preclinical canine model.

2. Materials and methods
2.1. Study design

The Animal Ethics Committee of Central South University (AEC-CSU)
(No. 2019030517) approved the experimental procedures and animal
care for the use of C57BL/6 mice (8-week-old) and adult male beagle
dogs (8-month-old) in this study. The objectives of this study were to
fabricate a scaffold (CBP-GFs/O-BDEM) satisfying the requirement in
high biomimicry and zone-specific release of stem cell differentiation
inducers, and then engineer an enthesis-like graft for patching RC tear.
Firstly, we established a protocol for fabricating CBP-GFs/O-BDEM, and
then systematically evaluated its following properties: (i) similarity to
the native enthesis in morphology, ingredients, and tensile resistance;
(ii) zone-specific differentiation inducibility for stem cells. Secondly, for
evaluating the low immunogenicity of the CBP-GFs/O-BDEM, the mouse
with right supraspinatus tendon injury were patched with different
dispose: acellular human dermal matrix (AHDM) (n = 9, as positive
control), CBP-GFs/O-BDEM (n = 9), and direct suture (CTL) (n = 9, as
negative control). At postoperative 21-day, the blood from the mice was
pooled for systemically analyzing immune cell activation at the single-
cell level using CyTOF. Local immunological response to CBP-GFs/O-
BDEM implantation was also evaluated with hematoxylin and eosin
(H&E) staining and immunofluorescence. Lastly, we engineered an
enthesis-like graft by interleaving the autogenous USC-sheets with CBP-
GFs/O-BDEM, and elucidate its in-vivo function on RC enthesis regen-
eration using a canine infraspinatus tendon repair model. A total of 26
dogs were operated and augmented with or without an implant, and all
of them reached endpoints (n = 13 for control; n = 13 for treated).
Power analysis was performed before this preclinical canine study to
determine the sample size.

2.2. Screening of the layer thickness for sectioning enthesis tissue into
“book” shape

Canine infraspinatus tendon with bony attachment was harvested
from dogs sacrificed in the local slaughterhouse, and the acquired native
enthesis tissue (NET) specimens were carefully trimmed to cuboid shape
(about 30 mm x 10 mm x 3 mm). After washing with 1% penicillin-
streptomycin-amphotericin B solution (03-033-1B, Biolnd, Israel)
under a sterile environment using high-pressure water jet to wash out
the marrow, the tendinous and fibrocartilaginous regions of these NET
specimens were wrapped by Parafilm avoiding the influence of decal-
cification solution. Decalcification solution contains 10% EDTA, 1%
penicillin-streptomycin-amphotericin B solution, protease inhibitor (1
tablets/100 mL, S8820-20TAB, Sigma). After that, these NET specimens
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were partly decalcified at 4 °C for 3-5 days in a sterile environment, and
then vertically sliced at the interfacial tissue between fibrocartilage and
tendon (Fig. S1A). The sections stained with Masson’s trichrome (MT)
were used to calculate the mean diameters of the tertiary fiber bundle
(Fig. S1A). According to this mean diameter, the decalcified enthesis
tissue specimens were sliced into “book” shape from the tendinous end
to bony end parallel to myotility direction with layer thicknesses of 150,
200, 250, or 300 pm, and then trimmed into a rectangle with the same
cross-sectional area (8.0 mmz). Meanwhile, the decalcified enthesis
tissue specimens were also trimmed into a rectangle with a cross-
sectional area of 8.0 mm?. After these specimens were lyophilized, the
bony and tendinous ends of the NET or book-shaped decalcified enthesis
tissue (BDET) embedded with resin were fixed into the grip of the me-
chanical testing system (MTS Systems Corp, USA) for biomechanical test
(Fig. S1B). Each specimen was preloaded to 1 N and then pulled to
failure at a rate of 10 mm/min. Failure load and stiffness were calculated
from the load-displacement curve obtained during the test.

2.3. Fabrication of book-shaped decellularized enthesis matrix (BDEM)

During decellularization, all of the procedures were performed in a
clean bench, 1% penicillin-streptomycin-amphotericin B solution were
supplemented into the aforementioned solutions, and protease inhibitor
(1 tablets/100 mL, S8820-20TAB, Sigma) was supplemented into all
solutions except the nuclease solution. Based on the above study, layers
250 pm in thickness were selected for preparing a BDET. Then, the BDET
specimens were immersed in 30 mL 0.9% PBS and then sealed in a 50 mL
sterile centrifuge tube. For the procedure of freezing, we directly
immersed the tube into liquid nitrogen for 2 min. For the procedure of
thawing, we directly immersed the frozen tube into water bath set at
37 °C for 10 min, which ensured that the 30 mL 0.9% PBS in the tube was
always in the state of ice or ice water mixture, thus keeping the speci-
mens in a low temperature state. After that, the specimens were rinsed
with PBS for three times (0.5 h each). As for the conventional protocol
[40,41], the specimens were digested with nuclease solution at 37 °C for
12 h (100 pg/mL RNase + 150 IU/mL DNase) followed by PBS rinsing
for three times (0.5 h each). As for the optimized protocol, the specimens
were digested with nuclease solution (100 pg/mL RNase + 150 [U/mL
DNase) at 37 °C for 1 h followed by PBS flowing rinsing in a VAD (0.08
mPa negative pressure) for 0.5 h, and repeated this procedure for 1, 2, 3,
or 4 times to screen an optimized protocol for BDET decellularization
(Figure S2 and Move S1). NET or BDEM prepared by rinsing in a VAD for
1, 2, 3, or 4 times was stained with 4’,6-diamidino-2-phenylindole
(DAPI) for observing the retention of nuclear materials. Meanwhile,
DNeasy Blood&Tissue Kit (Qiagen, USA) together with PicoGreen DNA
assay kit (Invitrogen, USA) was used to quantify their DNA content. The
minimum times of rinsing in VAD was selected as the optimized protocol
for fabricating O-BDEM.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.12.021

2.4. Histological evaluation of BDEM

BDET was decellularized by a conventional protocol (by Liu Q) [40,
41], or our optimized protocol, thus acquiring two kinds of BDEM
(respectively named as C-BDEM or O-BDEM). NET, C-BDEM, or O-BDEM
was embedded in paraffin and sliced with 5 pm thickness, then staining
with Hematoxylin & eosin (H&E) or DAPI for observing the retention of
nuclear materials. Meanwhile, we used DNeasy Blood&Tissue Kit (Qia-
gen, USA) together with PicoGreen DNA assay kit (Invitrogen, USA) to
quantify their DNA content. As for evaluating the preservation of
collagen and proteoglycans in the NET, C-BDEM, or O-BDEM, paraffin
embedded NET or BDEM were sagittally sliced with 5 pm thickness, and
then rapidly spread on a BaF; substrate. After dewaxing, the sections
were dried overnight under vacuum and then scanned with synchrotron
radiation-Fourier transform infrared spectroscopy (SR-FTIR) (BLO1B
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beamline, National Facility for Protein Science Shanghai and Shanghai
Synchrotron Radiation Facility, China) to capture the infrared spectrum.
The peak area of amide I (1720-1590 cm 1) and carbohydrate
(1140-985 cm™!) in the infrared spectrum were respectively calculated
to characterize the distribution and content of collagen and pro-
teoglycans in the NET, C-BDEM, or O-BDEM according to pervious
literature [36]. Additionally, the adjacent sections were stained with
sirius red (SR) or toluidine blue (TB) for observing the distribution of
collagen and proteoglycans in the scaffolds. Furthermore, the mechan-
ical properties of the NET, C-BDEM, or O-BDEM were comparatively
evaluated with mechanical testing system (MTS Systems Corp, USA)
with the above-mentioned protocol.

2.5. SDS-PAGE and mass spectrometry

NET, C-BDEM, or O-BDEM specimens (n = 3) were snap-frozen in
liquid nitrogen for protein extraction as described before [42]. Proteins
extracted from NET, C-BDEM and O-BDEM (n = 3/group) were loaded
into 8-16% sodium dodecyl sulfate-polyacrylamide gel (No. 456-8104,
Bio-Rad) and separated by electrophoresis. 10 pg of total protein was
loaded into each well of the polyacrylamide gel. The polyacrylamide gel
was then stained with Imperial™ Protein Stain for visualization (No.
24615, Thermo Scientific).

NET, C-BDEM and O-BDEM (n = 3/group) were first homogenized
and sonicated in radioimmunoprecipitation assay (RIPA) buffer, and
then spun down to collect supernatant. After dealt with chloroform/
methanol/water protein precipitation following by twice washing, the
collected protein pellet was solubilized in Rapigest, and then treated
with DTT/IAN followed by Lys-C/Trypsin digestion. Samples were
quantified using a Nanodrop and analyzed by a microcapillary tandem
mass spectrometry (LC-MS/MS) Q-Exactive Plus system with long
gradient for label-free quantification. After processing the acquired
proteomics data with Progenesis QI software, the subcellular location of
each identified canine protein was determined using the Universal
Protein Knowledge Base (UniProtKB, www.uniprot.org). ECM proteins
were identified by querying the lists of unique proteins in NET, C-BDEM,
or O-BDEM with the UniProt database for the subcellular location search
terms “extracellular” combined with the cellular component search
terms “extracellular zone” by the Gene Ontology Consortium [43,44].
Protein abundance in NET, C-BDEM and O-BDEM specimens were
calculated from the lg LFQ intensity.

2.6. Evaluating the minerals distribution and content of O-BDEM using
synchrotron radiation-based micro X-ray fluorescence (SR-uXRF)

Calcium (Ca) and phosphorus (P) are the two essential elements for
generating hydroxyapatite (HA) crystallites, which participate in the
biomineralization process by depositing into the extracellular matrix of
hard tissue [45]. Thus, the contents of the two elements were used as a
parameter to describe the mineral level in O-BDEM. To evaluate the Ca
and P distribution and content in O-BDEM, it was embedded within
polymethylmethacrylate (PMMA) and sectioned into 100 pm slices by a
microtome (EXAKT 300CP; Germany) and grinding machine
(EXAKT400CS; Germany). The Ca and P at the O-BDEM were detected
by Synchrotron radiation-based micro X-ray fluorescence (SR-uXRF) at
BL15U1, Shanghai Synchrotron Radiation Facility, China [45], where
synchrotron radiation (SR) X-rays were focused to a size of 8 pm x 6 ym
(horizontal x vertical) by a K-B mirror pair (Xradia Inc.). The slice was
fixed to the platform at a 45° angle to the SR X-ray beams, and a silicon
drift detector (SSD) (Vortex, USA) was placed at a 90° angle to the SR
X-ray beams to collect the fluorescent counts of target elements. Incident
SR X-rays of 10 keV were used to stimulate the samples. The specimens
were fixed to a sample platform controlled by a motorized X-Y mapping
stage and were continually scanned in steps of 7 pm x 5 pm (horizontal
x vertical). The SR-uXRF maps were acquired from the ROI with a res-
olution of 7 pm x 5 pm for 1 s/pixel, showing the distributions of Ca and
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P contents at the scaffold.
2.7. Preparation of CBP-GFs or GFs and its function evaluation

The C-BMP-2, C-TGF-p3, or C-GDF-7 consists of a 6 x His tag, a
collagen binding peptide (CBP) (WREPSFCALS), a linker sequence
(GSAGSAAGSGG) and the N-terminus of the mature human GFs frag-
ment, while the BMP-2, TGF-3 and GDF-7 did not include CBP
(Table S1). The gene of BMP-2, C-BMP-2, TGF-p3, C-TGF-$3, GDF-7, and
C-GDF-7 was respectively inserted into the pET30a vector (Novagen,
Madison), and then transformed into BL21 strain of Escherichia coli. The
expressed proteins by Escherichia coli were purified with the help of 6 x
His tag, and then identified by SDS-PAGE together with western-blotting
with anti-6 x His tag antibody (Sigma).

USCs from human (hUSCs) were isolated according to the pervious
protocol [46]. The isolated cells were identified by flow cytometry using
antibodies (CD29, CD44, CD90, CD105, CD73, CD11b, CD34, and CD45)
(Table S2). Besides, osteogenic, chondrogenic, and adipogenic differ-
entiation potential of isolated cells were also evaluated in-vitro to
further identify hUSCs. Passage 2 cells were used for the following
experiments.

Osteogenic inducibility of C-BMP-2 and BMP-2, chondrogenic
inducibility of C-TGF-p3 and TGF-B3, as well as tenogenic inducibility of
C-GDF-7 and GDF-7 was measured with hUSCs (10* cells/well in 48-well
plates). According to literatures [47-49], 1 pg/mL C-BMP-2, 1 pg/mL
BMP-2, 10 ng/mL C-TGF-p3, 10 ng/mL TGF-f3, 10 ng/mL C-GDF-7 or
10 ng/mL GDF-7 was respectively added into the culture medium. After
3 days culture, cellular immunofluorescent assay was used to evaluate
the expression of Runx2, Sox9 and Scx. Meanwhile, the expression of
osteogenic (Runx2, Ocn), chondrogenic (Sox9, Acan) and tenogenic
(Scx, Tnmd) genes was determined using qRT-PCR. The primer se-
quences for these genes are provided in Table S3. Housekeeping gene
(GAPDH) was used for normalization. The results are shown as fold
change related to the hUSCs in the tissue culture polystyrenes (TCPS) (as
control group).

2.8. Binding assays of CBP-GFs in-vitro

According to the previous literatures [50,51], the binding assays of
CBP-GFs were evaluated by a modified ELISA method. In brief, O-BDEM
was carefully cut into a decellularized bony matrix (DBM), decellular-
ized fibrocartilaginous matrix (DFM), or decellularized tendinous matrix
(DTM), respectively; then, equimolar amounts of BMP-2 or C-BMP-2,
TGF-B3 or C-TGF-p3, and GDF-7 or C-GDF-7 with gradient concentra-
tions (2 pM, 4 pM, 6 pM, 8 uM, 10 pM, 12 uM) were respectively added to
the DBM, DFM, and DTM with 12 h incubation at 4 °C. After washing
three times, the primary antibody (1:1000, anti-6 x His tag antibody,
Sigma) was incubated with the three kinds of scaffold for 1 h at 37 °C.
After washing again, secondary antibody (1:10000, AP-conjugated
anti-mouse IgG antibody, Sigma) was incubated for 1 h at 37 °C. After
washing, P-NPP disodium (2 mg/mL) was added for 10min at room
temperature (RT), and the reaction was terminated by 0.2 M NaOH. The
binding curve was drawn by the absorbance at 405 nm measured using a
microplate reader.

2.9. Sustained release assays of CBP-GFs from CBP-GFs/O-BDEM in-
yitro

To evaluate the sustained release of GFs from CBP-GFs/O-BDEM in-
vitro, 8 uM BMP-2 or C-BMP-2, 6 pM TGF-3 or C-TGF-p3, 8 pM GDF-7 or
C-GDF-7 were respectively tethered into the DBM, DFM, or DTM for 12 h
incubation at 4 °C, and then transferred into 24-well plate. Subse-
quently, 1 mL PBS (pH = 7.4) was added to each well, and then the plate
was horizontally shaken with a speed of 80 rpm at 37 °C to simulate the
flow of body fluid. The added PBS was replaced every 24 h, the residual
BMP-2 or C-BMP-2, TGF-p3 or C-TGF-p3, and GDF-7 or C-GDF-7 in
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scaffold was measured from day O to day 10 using the above-mentioned
modified ELISA method. Briefly, the primary antibody (1:1000, anti-6 x
His tag antibody, Sigma) was incubated with the scaffold for 1 h at 37 °C.
After washing, secondary antibody (1:10000, AP-conjugated anti-mouse
IgG antibody, Sigma) was incubated for 1 h at 37 °C. After washing, P-
NPP disodium (2 mg/mL) was added for 10min at room temperature
(RT), and the reaction was terminated by 0.2 M NaOH. A microplate
reader was used to measure the absorbance at 405 nm from day 0 to day
10. The absorbance at 405 nm from day 1-10 were respectively divided
by the absorbance at 405 nm at day 0, and the acquired values were used
to draw the releasing curve.

C-BMP-2 or BMP-2 labeled with Alexa Fluor™ 405 Antibody Label-
ing Kit (ThermoFisher scientific, USA), C-TGF-p3 or TGF-p3 labeled with
Alexa Fluor™ 488 Antibody Labeling Kit (ThermoFisher scientific,
USA), C-GDF-7 or GDF-7 labeled with Alexa Fluor™ 594 Antibody La-
beling Kit (ThermoFisher scientific, USA) were spatially bound to the
bony zone, fibrocartilaginous zone and tendinous zone of O-BDEM,
respectively. After incubation at 4 °C for 12 h, the CBP-GFs/O-BDEM or
NAT-GFs/O-BDEM were transferred to 48-well plate. And then, 500 pL
PBS was added to each well. The plate was incubated on a rocker plat-
form (80 rpm, 37 °C) to simulate the flow of body fluid, and the added
PBS were replaced every 24 h. The scaffolds were collected at day 0, 1, 4,
7 or 10 to observe the spatial retention of CBP-GFs or NAT-GFs on the O-
BDEM using a fluorescence microscope.

2.10. Spatial inducibility of CBP-GFs/O-BDEM on stem cell
differentiation

O-BDEM were carefully cut into an DBM, DFM, and DTM, then 8 pM
BMP-2 or C-BMP-2, 6 pM TGF-f3 or C-TGF-$3, 8 pM GDF-7 or C-GDF-7
were respectively tethered into the DBM, DFM, or DTM to acquire BMP-
2/DBM, C-BMP-2/DBM, TGF-$3/DFM, C-TGF-$3/DFM, GDF-7/DTM, C-
GDF-7/DTM. After that, the DBM, DFM, and DTM were closely placed
together in a culture dish, the BMP-2/DBM, TGF-3/DFM, and GDF-7/
DTM were also closely placed together in another culture dish, the C-
BMP-2/DBM, C-TGF-$3/DFM, and C-GDF-7/DTM were also closely
placed together in another culture dish. After seeding 2 x 10% hUSCs on
these scaffolds, the expression of osteogenic (Runx2, Ocn), chondro-
genic (Sox9, Acan), tenogenic (Scx, Tnmd) specific genes in hUSCs were
evaluated by qRT-PCR after 5-day culture. The primer sequences for
these genes are provided in Table S3. Housekeeping gene (GAPDH) was
used for normalization. The results are shown as fold change related to
the hUSCs in the TCPS group. The expressions of Runx2, Sox9 and Scx in
the hUSCs after 5-day culture was evaluated by immunofluorescence
assay to assess the spatial inducibility of scaffold using anti-Runx2
antibody, anti-Sox9 antibody, and anti-Scx antibody. Meanwhile, anti-
collagen II antibody was used to label collagen II.

2.11. Inflammatory responses of CBP-GFs/O-BDEM in a murine model

In order to systematically evaluate the inflammatory responses be-
tween the host and implants, CyTOF, the latest technique in flow
cytometry, was performed for analyzing the murine blood to charac-
terize the CBP-GFs/O-BDEM-induced systemic inflammatory responses
in a supraspinatus tendon repair model. Meanwhile, local inflammatory
responses induced by the CBP-GFs/O-BDEM were also evaluated by
analyzing the infiltration of neutrophils (Ly6g) and macrophages (F4/
80) at the site of implantation with immunofluorescence. Briefly, one
layer of CBP-GFs/O-BDEM was cut into 5 x 2 x 0.25 mm® for surgical
implantation, and the clinical approved AHDM with similar size was also
implanted as reference. A total of 27 mouse were anesthetized with
pentobarbital sodium (8 mg/mL, 0.1 mL/10g), and randomly allocated
to three group patched with different treatments: CBP-GFs/O-BDEM (n
=9), AHDM (n = 9) and control group (CTL) (n = 9). In order to expose
the supraspinatus tendon, we made a longitudinal skin incision on the
anterolateral side of the left shoulder, and then transversely split the
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deltoid muscle. After we used a 1 ml syringe needle to punch the
supraspinatus tendon insertion, a CBP-GFs/O-BDEM or AHDM was used
to cover the injured supraspinatus tendon insertion. And then, a PDS
suture (6-0, Ethicon, USA) was sequentially passed through the myo-
tendinous junction of supraspinatus tendon and the tendinous end of
CBP-GFs/O-BDEM or AHDM to suture them together. Meanwhile,
another PDS suture was sequentially passed through the greater tuber-
osity of humerus and the bony end of CBP-GFs/O-BDEM or AHDM to fix
them together. Finally, the overlying deltoid muscle and skin were
closed, and the mice were allowed to engage in free cage activity.

At postoperative 21 days, the blood pooled from three mice in each
group was mix together as one sample to obtain sufficient cells for a
reliable mass cytometry. After lysis of the red blood cells, samples were
washed using FACS buffer and stored at 4 °C. And then, we stained the
pooled cells with cisplatin for isolating live cells and dead cells. After
blocking the cells at RT for 20 min, they were stained with a mixture of
metal-tagged antibodies binding the surface antigens for 0.5 h at RT (the
antibodies were provided in Table S4). After washing the cells with
FACS buffer, they were fixed for 0.5 h at RT, and then stained with DNA
intercalator overnight at 4 °C. Following this, the cells were washed with
Perm buffer, and then incubated with barcodes at 4 °C for 0.5 h. After
washing the cells with ACS buffer and ultrapure HyO, a CyTOF machine
were used to analyze them. The acquired raw data was uploaded to a
Cytobank web server (Cytobank Inc.) for further data processing. In this
study, we analyzed at least 35,000 live single cells in each sample.

The gated live cells were analyzed with SPADE algorithms with the
target number of nodes set to 200 in Cytobank. In SPADE algorithms, the
color gradient represents the median expression level of the chosen
marker. Herein, we selected the following markers for immune-related
clustering: CD45, F4/80, CD11b, CD11c, CD4, CD8, CD49b, Ly6G,
Ly6C, B220, TCRyS and CD3. Based on marker expression, we defined
immune cell populations in the mice blood samples, including neutro-
phil (CD45"CD11b"Ly6g™), macrophage (CD457CD11b"F4/80™),
monocyte  (CD457CD11b*Ly6c™), dendritic cells (DC cells)
(CD457CD11b*CD11c*), NK cells (CD457CD11b*CD49b™), CD4'T
cells (CD457CD37CD4™), CD8™T cells (CD457CD37CD8™), y8T cells
(CD451'CD3"TCRgd ™), B cells (CD45"B220™"). The proportion of each
immune cell population was calculated for each defined population out
of the total immune cells. Intensity levels of markers were calculated on
transformed median intensity values in each defined cell population.

After the mice were sacrificed at postoperative 21-day, we macro-
scopically evaluated the implant residuals at the implanted site, and
then subsequently subjected to H&E staining. Considering that neutro-
phils and macrophages are the predominant contributors to forming
fibrotic capsule [52], we examined the infiltration of neutrophils (Ly6g)
and macrophages (F4/80) at the implant site using immunofluorescence
assay. The neutrophils and macrophages were detected with anti-bodies
of mouse Ly6g (127601, Biolegend) and mouse F4/80 (ab100790,
Abcam).

2.12. Constructing enthesis-like graft

C-BMP-2 solution (8 pM), C-TGF-p3 solution (6 pM), C-GDF-7 solu-
tion (8 pM) were respectively immersed into the bone zone, fibro-
cartilage zone, and tendon zone of O-BDEM with the help of a custom-
designed setup, thus zone-specifically tethering CBD-GFs into O-BDEM
to fabricate a CBP-GFs/O-BDEM.

After the dog was anesthetized with 3% pentobarbital sodium (0.15
ml/kg), we obtained about 20 mL of urine sample from each dog three
weeks prior to surgery with a sterile catheter. After the urine sample was
centrifugated at 400xg for 10 min, we discarded the supernatant and
collected the residual urine sample (about 1 mL) left in the tube. After
10 mL PBS was added to the tube, we gently resuspended the cell pellets
deposited at the bottom of the tube. After the urine sample was cen-
trifugated at 200x g for 10 min, we discarded the supernatant to collect
the cell pellets in the tube. After that, we resuspended the cell pellets
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with 3 mL primary medium, and averagely transferred into two wells of
a 12-well plate. The isolated cells were incubated at 37 °C containing 5%
CO». After 2-day, 1 mL primary medium was directly added to the cul-
ture without removing any medium. After 4-day, 1 mL medium was
removed and 1 mL proliferation medium was added. Thereafter, the
whole medium was changed with proliferation medium every other day.
The colonies of isolated cells were captured by an inverted microscope
(Leica DMI6000B, Solms, Germany). Cells were passaged at 80-90%
confluence. Primary medium contains DMEM/F-12 supplemented with
the REGM SingleQuot kit (Lonza, USA), 10% fetal bovine serum (FBS;
Gibco) and 1% Antibiotics (Gibco, Grand Island, USA). Proliferation
medium contains mixed (1:1 ratio) DMEM/F-12 and RE basal medium
(RBM) supplemented with the REGM Bullet Kit (Lonza), 10% FBS
(Gibco), 1% Antibiotics (Gibco), 1% GlutaMAX (Gibco), 1% NEAA
(Gibco), 5 ng/mL bFGF (Peprotech, USA), 5 ng/mL PDGF-BB (Pepro-
tech) and 5 ng/mL EGF (Peprotech).

Canine USCs (cUSCs) were identified by flow cytometry using anti-
bodies (CD29, CD44, CD90, CD105, CD11lb, CD34, and CD45)
(Table S2). Besides, multi-lineage differentiations (including osteo-
genesis, adipogenesis and chondrogenesis) of the isolated cells were also
evaluated with Alizarin Red S staining (at day 21), Oil Red O staining (at
day 21) and Alcian Blue staining (at day 21) to further identify cUSCs,
respectively.

cUSC-sheet was fabricated using a method described in previous
literature [36]. In brief, cUSCs (2 x 106, passage 2) were cultured on
temperature-responsive dishes (6 cm diameter, UpCell, ThermoFisher
Scientific, USA) in complete medium added 20 pg/mL r-ascorbic acid
(Sigma, USA) to induce cell-sheet formation. Medium was replaced
every two days. After the cUSC-sheets were spontaneously detached
from the culture dishes, the stemness of cUSCs in cell-sheet was evalu-
ated using trilineage differentiations. Then, three slices of cUSC-sheets
were separately interleaved into the page gaps of CBP-GFs/O-BDEM,
and then the other two slices of cUSCs-sheet were used to cover the
top and bottom surfaces of the CBP-GFs/O-BDEM for bioengineering an
enthesis-like graft (Movie S2). The constructed enthesis-like graft was
evaluated by gross observation and subsequent H&E staining.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.12.021.

2.13. Surgical processes of canine infraspinatus tendon repair model

As shown in Fig. S3, after anesthesia, the right shoulder of the dog
was shaved and sterilized. A 5-cm curved incision was made at the
anterolateral margin of the humerus to expose the lateral margin of the
deltoid muscle. After separating the lateral space of the deltoid muscle,
the infraspinatus tendon was exposed. The infraspinatus tendon was
then completely detached from its insertion at the greater tuberosity of
humerus. The residual fibrocartilage at the insertion was ground off to
expose the underlying bone marrow. In the CTL group (Fig. S3A), the
infraspinatus tendon end was anatomically sutured to its original foot-
print using Suture Anchor, Bio-FASTak (AR-1324BF, Arthrex, Naples,
Germany). Briefly, after two bony tunnels were made at the greater
tuberosity with a 1-mm-diameter drill bit, two medial anchors were
inserted into the upper and lower poles of the footprints at a 4-mm
distance. After one suture limb from one anchor was passed through
the infraspinatus tendon end, it was again passed through the infra-
spinatus tendon end from the outer surface to the inner surface ante-
rolaterally. Thus, a loop was formed on the outer surface of the
infraspinatus tendon end. This limb passed then through the infra-
spinatus tendon end from the inner surface to the outer surface ante-
romedially. Another suture limb was then passed through the
infraspinatus tendon end from the inner surface to the outer surface
anteromedially, and across the loop to create a rip-stop. After knotting
the two suture limbs, one limb was parallelly passed through the bone
cortex of the lateral margin of the footprints and knotted with the other
suture limb to ensure that the tendon end firmly fit the upper or lower
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part of the footprint area. The sutures from the other anchor perforated
the infraspinatus tendon end with a same way. To make the tendon end
closely fit with the middle part of the footprint area, two suture limbs
from the two different anchors were tightly knitted together. Addition-
ally, the suture was strengthened by Kessler repair using the other two
limbs. In the EG group (Fig. S3B), two medial anchors were similarly
inserted into the same position as the CTL group. Two suture limbs from
one anchor were respectively passed through the predrilled tunnels on
the bony zone of EG graft and then knotted together to fix the bony end
of the EG graft to the footprint area. Then, one limb from one anchor was
parallelly passed through the bone cortex of the lateral margin of the
footprints and knotted with another limb to ensure that the bony part of
the EG graft firmly fit the footprint area. After the infraspinatus tendon
end was cut horizontally into two layers, one suture limb was passed
through the tendon end with a Kessler repair to pull the tendon end to
the footprint area and to avoid excessive tension focused on the implant
in the early phase. The tendinous part of the EG graft was then sand-
wiched by the split infraspinatus tendon ends and the edges of this
sandwiching construct were sutured together with continuous 5-0 PDS
sutures (Ethicon). After closing the surgical incision, the dogs were
allowed free cage activity with a cast immobilization to avoid excessive
weight bearing and separation of the junction reattachment (Fig. S3C).
Painkillers (tramadol; Grunenthal GmbH) were administered post-
operatively for seven days (P.O, q8h, 50 mg). Amoxicillin and clav-
ulanate potassium tablets (Zhuhai united laboratories Co. Ltd, China)
were administered as prophylactic antibiotics for 5 days (P.O, q12h, 475
mg).

2.14. MRI scanning and quantitative measurement

Dogs (n = 5/group) were anesthetized with 3% pentobarbital sodium
(0.2 ml/kg), and then received clinical MRI examination (Ingenia 3.0T
MR system; Philips, Germany) for imaging infraspinatus tendon enthe-
sis. Dog was laid in a supine position with both upper limbs perpen-
dicular to the chest (Fig. S4A). The body surface coil was closely put on
their surface of shoulders. The oblique axial images were acquired
through the long axis of the infraspinatus tendon with scanning pa-
rameters (Fig. S4B).

The signal-to-noise quotient (SNQ) of the repair tissue was used as
parameters for quantitative measurement of RC healing [53], which was
calculated according to the following equation: SNQ = (Signal intensity
of the repaired infraspinatus tendon insertion - Signal intensity of native
infraspinatus tendon insertion)/Signal intensity of background. The re-
gion of interest (ROI) used to measure the signal intensity of the repaired
infraspinatus tendon insertion, which was defined according to the
surgical repaired tissue area on MRI images (Fig. S4C). Meanwhile, the
ROI of background was located approximately 3 cm anterior to the
infraspinatus tendon. Additionally, the ROI of native infraspinatus
tendon enthesis was circled on its interface region (Fig. S4C). Radiolo-
gist blinded to the experiment protocol measured the signal intensity 4
times for every dog, and then averaged the recorded signal intensity.

2.15. Sample collection and gross observation

After the dogs (n = 13/group) were sacrificed at postoperative
month 3, we carefully dissected the humerus, infraspinatus tendon,
infraspinatus muscle and acromion, and then photographed for gross
observation. The lateral edge of the infraspinatus muscle and the tendon
stump were identified to act as markers for the evaluation of repair
integrity. If the tendon stump was medial to the repair site or the muscle
edge was medial to the acromion as described previously, we deter-
mined the repair integrity as gap healing [54]. The gap healing rate was
calculated.
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2.16. Micro-CT

Five specimens randomly selected from the harvested 13 specimens
in each group were fixed with 4% neutral buffered formalin and then
remove the residual formalin by running water. After that, the humeral
head of specimens with infraspinatus tendon were scanned using a
micro-CT (410 Versa, ZEISS, Solms, Germany) with a 20 pm isotropic
voxel resolution under 60 kV voltage. After obtaining 3D reconstruction
images, we selected a cube ROI (about 10 mm x 10 mm x 10 mm) at the
surface of the repaired infraspinatus tendon insertion footprint, which
contained the bony footprint and the distal portion of infraspinatus
tendon. Three ROIs per animal were randomly selected to measure the
bone volume/total volume (BV/TV), trabecular thickness (Tb.Th) and
trabecular number (Tb.N), which were then averaged for the following
statistical comparison.

2.17. Histological assessment

After micro-CT scanning, the 5 specimens were decalcified with 10%
EDTA, embedded in paraffin and sagittally sectioned with 5 pm thick-
ness through the long axis of the infraspinatus tendon. After the sections
were stained with H&E, Safranine O/fast green (SO/FG), MT and SR,
they were captured using a light or polarized microscope (Eclipse CI,
Nikon, Japan). The regenerated infraspinatus tendon insertion was
semiquantitatively analyzed by two blinded teammates (C.C and Y.C)
with a histological score system adapted from Ide J et al. and Shah SA
et al. [55,56] (Table S5), and the proportion of regenerated enthesis
tissue at the healing site was also semiquantitatively assessed.

2.18. Biomechanical test

The other 8 specimens in each group were prepared for biome-
chanical test, and the intact infraspinatus tendon insertions (INT group)
harvested from the non-surgical site were also tested as a strength
baseline of infraspinatus tendon enthesis for comparison. Biomechanical
test was performed on the specimens of the CTL, EG, and INT groups
with uniaxial tensile loading (MTS Systems Corp, USA). In brief, after
the specimens were thawed overnight at 4 °C, the periarticular con-
nective soft tissues and the suture material were carefully dissected. The
humeral shaft of specimen was fixed in a custom-made jig by several
screw fasteners, while infraspinatus tendon end was wrapped with a
gauze and clamped by an air pressure-controlled clip. The gauze was
used to increase the friction between tendon end and clip. After pre-
loading with 1 N, the specimen was pulled to rupture along myotility
direction of infraspinatus muscle at a rate of 30 mm/min. Failure load
(N) was obtained from the recorded load-displacement curve, and
stiffness (N/cm) was calculated from the linear portion of this curve with
Office Excel 2020 (Microsoft Corp). During testing, 0.9% saline was
dropped into the specimen surface to keep them in a fresh state.

2.19. Statistical analysis

All values were expressed as the mean + SEM. For the in-vitro ex-
periments, we repeated it at least three times. The unpaired t-test was
used for the comparison between two groups, while one-way ANOVA
with Bonferroni’s post hoc test was used for the comparison above two
groups. As for the in-vivo experiments, the results were compared using
a one-way ANOVA with Bonferroni’s post hoc test. Mann-Whitney U t-
test was used to test for differences in histological scores for the re-
generated infraspinatus tendon enthesis. Fisher’s exact test was used to
test for differences in the gap healing rate. Across the calcified fibro-
cartilage zone of O-BDEM, regression analyses of the correlation be-
tween the Ca or P intensities and sample position were determined. A
value of P < 0.05 was considered statistically significant. The analyses
were performed using the SPSS 25.0 software (SPSS, USA).
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3. Results
3.1. Optimizing decellularization approach for fabricating O-BDEM

In this study, we optimize the current acellular protocol for the
compact enthesis tissue. Firstly, large-sized NET harvested from a canine
infraspinatus tendon enthesis was partly decalcified in a sterile envi-
ronment, and then this decalcified enthesis tissue specimens were sliced
into “book” shape parallel to myotility direction with a thickness of 250
pm, which is the minimum thickness required to retain the tensile
properties of NET (Fig. S1). Secondly, the results of DAPI staining and
DNA content indicated that BDET should be rinsed in our VAD at least 3
times to completely clear the cellular components (Fig. S2). Thus, 3
times of rinsing in our VAD was selected as the optimized protocol for
fabricating O-BDEM (Fig. S2, and movie S1).

Compared with the conventional protocol, our optimized protocol
shortened the acellular time from 16 h to 7 h (Fig. S2), and removed the
cellular components of enthesis tissue. The sections of C-BDEM or O-
BDEM stained with H&E or DAPI showed no extensive cell nuclei
(Fig. 2A). Quantitively, the amount of DNA in the NET was about
1069.34 + 128.73 ng/mg, which was reduced to 34.59 + 8.20 ng/mg
and 33.66 + 8.67 ng/mg in the C-BDEM or O-BDEM, respectively
(Fig. 2C). Additionally, the O-BDEM preserved more collagen and pro-
teoglycans compared to the C-BDEM (Fig. 2A). SR-FTIR analysis
together with SR staining indicated that the collagen distribution in both
C-BDEM and O-BDEM were similar to that in the NET, but the collagen
content lost in the bony and tendinous zones of O-BDEM was only about
10.81% and 29.63%, whereas the collagen content in the bony and
tendinous zones of C-BDEM lost about 41.71% and 32.58%. (Fig. 2B).
The collagen contents in the fibrocartilaginous zone of NET, C-BDEM,
and O-BDEM were similar without any significant difference (Fig. 2A).
Further, SR-FTIR analysis combined with TB staining showed that the
proteoglycans distribution in the C-BDEM and O-BDEM was partly
preserved after decellularization, and the proteoglycans content
decreased by about 43.81% and 42.47% in the fibrocartilaginous and
tendinous zones of C-BDEM, respectively (Fig. 2B). In O-BDEM, pro-
teoglycans showed only an 18.05% and 39.46% decrease in the fibro-
cartilaginous and tendinous zones, respectively. The bony zone of NET,
C-BDEM, or O-BDEM was almost the same in proteoglycans content.

Using SDS-PAGE (Fig. S5A), we found that the protein bands at low
molecular weights almost disappeared in the C-BDEM and O-BDEM,
whereas the protein bands at high molecular weights were similar
among NET, C-BDEM, and O-BDEM. Further, NET, C-BDEM, or O-BDEM
samples were digested with trypsin, and then analyzed by LC-MS/MS
combined with a label-free quantification method. The resulting signal
distribution from different samples indicated that 1526 protein hits were
identified within NET samples compared to 212 hits in C-BDEM and 230
hits in O-BDEM (Fig. 2D). ECM proteins were identified by querying the
lists of unique proteins in NET, C-BDEM, or O-BDEM with the UniProt
database for the subcellular location search terms “extracellular” com-
bined with the cellular component search terms “extracellular zone” by
the Gene Ontology Consortium [43,44]. Following the decellularization
process, the number of ECM proteins in C-BDEM decreased from 145 to
65, while, in O-BDEM, the number of ECM proteins decreased from 145
to 72 (Fig. 2D&E). This indicates that the ECM proteins in the C-BDEM or
O-BDEM were selectively preserved during decellularization, but
O-BDEM preserved better than the C-BDEM in the number of ECM
proteins. Additionally, the abundance of main ECM proteins was similar
in C-BDEM or O-BDEM (Fig. S5B). All proteins identified by LC-MS/MS
are shown in Supplementary Table S6.

After the tensile test, we found the failure load of the C-BDEM and O-
BDEM decreased slightly compared with that of NET, but no significant
difference was found among them (Fig. 2F). Meanwhile, the stiffness of
the O-BDEM showed a litter higher value than that of C-BDEM without
significant difference, but both of them were significantly lower than the
NET (Fig. 2F).
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3.2. Evaluating the gradient mineralization of O-BDEM

Using synchrotron radiation-based micro X-ray fluorescence (SR-
pXREF), the distribution of Ca and P at the O-BDEM and NET was mapped
clearly (Fig. 3A&B). Fortunately, the mapping images showed that the
distribution manner of Ca and P in the O-BDEM was still similar to the
NET, as characterized by a shape increase in the calcified fibrocartilage
zone from the tendon end to the bony end in an exponential manner
(Fig. 3C&D). Regrettably, owing to part decalcification, the Ca content
in the bony zone of O-BDEM decreased about 60% compared to the bony
zone of the NET with a significant difference. The Ca content in the
tendinous zone of the NET and O-BDEM was very low, with no signifi-
cant difference. P content showed a similar decrease to that of the Ca
content (Fig. 3C&D). These results indicate that our protocol could ac-
quire a O-BDEM showing a similar distribution of mineral substance to
native enthesis.

3.3. Synthesis of C-BMP-2, C-TGF-)3, C-GDF-7 and their bioactivity
evaluation

To avoid the influence of the fused CBP on the active domains of
BMP-2, TGF-B3, or GDF-7, a linker sequence was used to link the CBP
with the active domain of GF (Fig. 4A). Protein sequences of BMP-2, C-
BMP-2, TGF-B3, C-TGF-$3, GDF-7, and C-GDF-7 were listed in Table S1.
After BMP-2, C-BMP-2, TGF-p3, C-TGF-p3, GDF-7, and C-GDF-7 were
synthesized and purified, they were identified using SDS-PAGE together
with western-blotting (Fig. S6A). According to literature, we isolated
USCs from healthy human urine (Fig. S7), which also showed multi-
lineage potential with bone marrow mesenchymal stem cells (BMSCs)
[37]. In order to comparatively evaluate the bioactivity difference of
NAT-GFs or CBP-GFs, the two GFs were respectively added into culture
medium of hUSCs (Fig. S6B). Cellular immunofluorescent assay com-
bined with qRT-PCR results showed that BMP-2 and C-BMP-2, TGF-p3
and C-TGF-B3, GDF-7, and C-GDF-7 presented equal inducibility in the
osteogenic, chondrogenic, and tenogenic differenti C-BMP-2 solution (8
uM), C-TGF-p3 solution (6 pM), C-GDF-7 solution (8 pM) were respec-
tively immersed into the bone zone, fibrocartilage zone, and tendon
zone of O-BDEM with the help of a custom-designed setup, thus
zone-specifically tethering CBD-GFs into O-BDEM to fabricate a
CBP-GFs/O-BDEM.

ation of hUSCs, respectively. This result determines that the bioac-
tivity of CBP-GFs was not influenced by the fused CBP, indicating the C-
BMP-2, C-TGF-f3, and C-GDF-7 can be zone-specifically tethered into
the O-BDEM to improve its bioactivities (Fig. 4B).

3.4. Binding ability of C-BMP-2, C-TGF-$33, C-GDF-7 on the collagen of
O-BDEM

To evaluate the collagen-binding ability of C-BMP-2, C-TGF-$3, and
C-GDF-7, collagen-rich O-BDEM were carefully cut into a DBM, DFM, or
DTM, respectively; then, equimolar amounts of BMP-2 or C-BMP-2, TGF-
B3 or C-TGF-3, and GDF-7 or C-GDF-7 were respectively added to the
DBM, DFM, and DTM (Fig. 4C). The binding ability of CBP-GFs on the
collagen of O-BDEM was determined with a modified ELISA method
[50]. As shown in Fig. 4C, at concentrations of 2 pM, 4 pM, 6 pM, 8 pM,
10 pM, and 12 pM, the OD450 of CBP-GFs tethered scaffold presented
significantly higher value than that of NAT-GFs tethered scaffold (P <
0.05). This result indicated that CBP-GFs showed a stronger binding
ability to O-BDEM than NAT-GFs. According to Fig. 4C, the NAT-GFs and
CBP-GFs exhibited a dose-dependent binding mode, 8 pM BMP-2, 6 pM
TGF-f3, and 8 pM GDF-7 nearly reach the saturation binding amount,
thus we used the concentrations for the following in-vitro and in-vivo
study.
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Fig. 2. Characteristic differences between C-BDEM and O-BDEM. (A) Gross features, cellular components, the distribution and content of collagens, the dis-
tribution and content of proteoglycans in the NET, C-BDEM, or O-BDEM. H&E and DAPI for observing cellular components. SR-FTIR together Sirius red (SR) staining
for evaluating the distribution and content of collagen. SR-FTIR combined with toluidine blue (TB) staining for evaluating the distribution and content of pro-
teoglycans. Bar = 100 pm. (B) Collagen and proteoglycans contents in the bony zone, fibrocartilaginous zone or tendinous zone of the NET, C-BDEM or O-BDEM. (C)
DNA content in the NET, C-BDEM, or O-BDEM. (D) Numbers of total proteins and ECM proteins detected in the NET, C-BDEM, or O-BDEM. (E) Venn diagram with the
number of ECM proteins identified in the NET, C-BDEM, or O-BDEM. (F) Failure load and stiffness of the NET, C-BDEM, or O-BDEM. BZ: bony zone, FZ: fibro-
cartilaginous zone, TZ: tendinous zone. All data are presented as the mean + SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA with Bonferroni’s test).
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Fig. 3. Mineral distribution in the O-BDEM. (A&B) 3D representations of the calcium (Ca) distribution and phosphorus (P) distribution in a small area (1.806 mm
x 0.504 mm) based on the SR X-ray-induced fluorescence intensity from NET and O-BDEM. Their intensity counts are reported by the color-coding scale bar. BZ:
bony zone, FZ: fibrocartilaginous zone, TZ: tendinous zone. (C&D) Line scans showed that Ca intensity and P intensity sharply increased from the tendon end to the
bony end across the calcified fibrocartilage zone (CFZ), and regression analyses of region-dependent distribution of Ca and P in O-BDEM reveal an exponential fit at
this CFZ. The blue dotted line indicates the “tidemark”. CFZ: calcified fibrocartilaginous zone, UFZ: uncalcified fibrocartilaginous zone.

3.5. In-vitro release pattern of C-BMP-2, C-TGF-$i3, C-GDF-7 from CBP-
GFs/O-BDEM

To evaluate the controlled release of GFs from CBP-GFs/O-BDEM in-
vitro, 8 yM BMP-2 or C-BMP-2, 6 pM TGF-$3 or C-TGF-$3, 8 pM GDF-7 or
C-GDF-7 were tethered into the DBM, DFM, or DTM, respectively; after
horizontal shaker in PBS, every one day, the residual NAT-GFs or CBP-
GFs in scaffold was measured using the above-mentioned modified

ELISA method (Fig. 4D). Our results show that the CBP-GFs released
from CBP-GFs/O-BDEM obviously slower than the NAT-GFs. After
rinsing in PBS for 9-day, only about 3.64 + 0.71%, 3.90 + 0.53%, and
4.84 + 0.49% of BMP-2, TGF-$3, and GDF-7 still remained on the DBM,
DFM, and DTM, respectively; whereas C-BMP-2, C-TGF-$3, and C-GDF-7
remained about 34.54 4+ 2.23%, 37.98 + 2.54%, and 35.17 4 2.08% on
the DBM, DFM, and DTV, respectively (Fig. 4D).

To further confirm the controlled release of GFs from CBP-GFs/O-
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Fig. 4. The binding ability of C-BMP-2, C-TGF-$3, C-GDF-7 on the collagen of O-BDEM, and in-vitro release pattern of C-BMP-2, C-TGF-$3, C-GDF-7 from
CBP-GFs/O-BDEM. (A) Schematic illustration of the chemical structure of the CBP-GFs, a collagen-binding peptide (CBP) was fused into the N-terminus of an active
fragment of GFs using a linker sequence. (B) Schematic illustration of the preparation of CBP-GFs/O-BDEM. C-BMP-2, C-TGF-$3, C-GDF-7 were region-specifically
tethered on the BZ, FZ, and TZ of O-BDEM by a collagen-binding peptide (CBP), thus constructing a CBP-GFs/O-BDEM. BZ: bony zone, FZ: fibrocartilaginous zone,
TZ: tendinous zone. (C) The binding curves of BMP-2 or C-BMP-2, TGF-$3 or C-TGF-p3, GDF-7 or C-GDF-7 on the collagens of DBM, DFM, DTM. (D) The curves
showed the residual proportions of BMP-2 or C-BMP-2, TGF-B3 or C-TGF-p3, GDF-7 or C-GDF-7 in the DBM, DFM, DTM after rinsing in PBS every one day. (E) The
residual NAT-GFs or CBP-GFs in the BZ, FZ, and TZ of O-BDEM after rinsing in PBS for 1 day, 4 days, 7 days, 10 days. BMP-2 and C-BMP-2, TGF-f3 and C-TGF-p3,
GDF-7 and C-GDF-7 were labeled with Alexa Fluor™ 405, Alexa Fluor™ 488, Alexa Fluor™ 594, respectively. Bar = 200 pm. All data are presented as the mean +
§EM (n =4). *P < 0.05, **P < 0.01, ***P < 0.001 (independent samples t-test).

BDEM in-vitro, we labeled the NAT-GFs and CBP-GFs with different
fluorescent dyes, the three labeled NAT-GFs or the three labeled CBP-
GFs were zone-specifically tethered into the bony zone, fibrocartilagi-
nous zone, tendinous zone of O-BDEM,; after horizontal shaker in PBS,
every three days, the residual labeled NAT-GFs or labeled CBP-GFs in
scaffold were observed under a fluorescent microscope (Fig. 4E). The
fluorescent images showed that C-BMP-2, C-TGF-p3, and C-GDF-7 could
zone-specifically tether to the bony zone, fibrocartilaginous zone,
tendinous zone of O-BDEM as well as release from it in a sustained
manner (Fig. 4E). These results indicated that CBP-GFs/O-BDEM was
suitable as a controlled delivery system for the zone-specific release of
BMP-2, TGF-f3, and GDF-7.

3.6. CBP-GFs/O-BDEM shows zone-specific inducibility on stem cell
differentiation in-vitro

O-BDEM were carefully cut into an DBM, DFM, and DTM, then 8 pM
BMP-2 or C-BMP-2, 6 pyM TGF-f3 or C-TGF-$3, 8 pM GDEF-7 or C-GDF-7
were respectively tethered into the DBM, DFM, or DTM to acquire BMP-
2/DBM, C-BMP-2/DBM, TGF-p3/DFM, C-TGF-p3/DFM, GDF-7/DTM, C-
GDF-7/DTM. After that, the DBM, DFM, and DTM were placed together
closely in a culture dish, the BMP-2/DBM, TGF-$3/DFM, and GDF-7/
DTM were also placed together closely in another culture dish, the C-
BMP-2/DBM, C-TGF-f3/DFM, and C-GDF-7/DTM were also placed
together closely in another culture dish (Fig. 5A). After seeding hUSCs
on these scaffolds, the expression of osteogenic (Runx2, Ocn), chon-
drogenic (Sox9, Acan), tenogenic (Scx, Tnmd) specific genes in hUSCs
were evaluated by qRT-PCR (Fig. 5A). On day 5 after seeding, hUSCs on
the C-BMP-2/DBM showed significantly higher expression of
osteogenic-specific genes compared to the hUSCs on the other scaffold or
the TCPS (as control). Moreover, the C-TGF-p3/DFM significantly
enhanced the expression of chondrogenic-specific genes in the hUSCs
compared with the other scaffold or the TCPs. We also found that the
tendon-specific genes expressed highest in the C-GDF-7/DTM among all
scaffold. These results were further assessed by cellular immunofluo-
rescent assay. The immunofluorescent images (Fig. 5B) showed that the
Runx2 protein expressed highest in the C-BMP-2/DBM, suggesting the
preferential differentiation of hUSCs into the osteogenic lineage in this
zone. Meanwhile, the hUSCs on the C-TGF-f3/DFM expressed the
highest Sox9 protein, indicating their preferential differentiation into
the chondrogenic lineage in this zone. Similarly, the highest expression
of Scx protein was located in the C-GDF-7/DTM, implying the prefer-
ential differentiation of hUSCs into the tenogenic lineage. These results
indicate that CBP-GFs/O-BDEM can realize zone-specific and controlled
release of stem cell differentiation stimulators, thus spatially inducing
the interacted stem cells toward osteogenic, chondrogenic, and teno-
genic lineages in-vitro (Fig. 5C).

3.7. CyTOF reveals the in-vivo immunological response of CBP-GFs/O-
BDEM at single-cell resolution

CyTOF, the latest technique in flow cytometry, was applied for
analyzing the murine blood for characterizing the CBP-GFs/O-BDEM or
AHDM-induced immune responses in a supraspinatus tendon repair
model, and systematically deciphered the interactions between the host
and implants. AHDM has been used in the clinic for repairing wounds
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and large RC tears [57,58]; thus, it was included as a reference for
evaluating the immunological response of the implanted
CBP-GFs/O-BDEM. At day 21 post-implantation, blood samples were
pumped from the mouse heart in the CTL (without implantation),
CBP-GFs/O-BDEM and AHDM groups, barcoded with unique metal
isotopes before staining with the antibody panel (Table S4), and then
evaluated with CyTOF to extensively define immune cell populations as
follows: neutrophils (CD45*CD11b'Ly6g™), macrophages
(CD45'CD11b*F4/80"), monocytes (CD457CD11b Ly6c™), dendritic
cells (DC cells) (CD457CD11b*CD11c"), natural killer (NK) cells
(CD457CD11bTCD49b™), CD4™ T cells (CD45TCD3"CD4™"), CD8' T
cells (CD457CD31CD8™), y8T cells (CD45'CD3"TCRyS ), and B cells
(CD457B220™). After identifying the nine immune cell populations
based on marker-expression similarity, we used SPADE (spanning-tree
progression analysis of density-normalized events) algorithm to
construct a minimum spanning tree of hierarchically-related nodes in
which the node size represents the number of cells within each popu-
lation, thus comparatively evaluating the abundance of those cell pop-
ulations among the three groups (Fig. 6A) [59]. The live single cells were
sorted out using cisplatin as a marker (Fig. S8), meanwhile all innate and
adaptive immune cells were identified using CD45. Innate immune cells
(neutrophils, macrophages, monocytes, DCs, and NK cells), are involved
in the foreign-body reaction by clearing damaged cells and recruiting
immune effector cells [60]. Herein, the neutrophils (Fig. 6B), macro-
phages (Fig. 6B), monocytes (Fig. S9), DC cells (Fig. S9), and NK cells
(Fig. S9) of blood samples were manually gated, showing that the
CBP-GFs/O-BDEM group contained a much lower proportion of neu-
trophils, macrophages, and monocytes when compared to the CTL and
AHDM group (Fig. S9). The proportion of DCs in the CBP-GFs/O-BDEM
group showed a similar frequency to the CTL group, but both of them
were lower than the AHDM group. Furthermore, the NK cells in both the
CBP-GFs/O-BDEM group and AHDM group showed higher proportion
than that in the CTL group; however, the proportion in the AHDM group
was higher than that in the CBP-GFs/O-BDEM group.

Besides, adaptive immune cells also play a critical role in the
immunological reaction to implantation, which participate in anti-
foreign reaction by inducing lymphocytes mainly comprising B and T
cells. Herein, the B cells (Fig. 6C), CD8™ T cells (Fig. S10), CD4™ T cells
(Fig. S10), and vy8 T cells (Fig. S10) in blood samples were manually
gated. From our results (Fig. 6C), the proportion of B cells and all T cells
in the CBP-GFs/O-BDEM group were higher than those in the AHDM
group. As for CD8™ T cells, their proportions were also higher in the CBP-
GFs/O-BDEM group. The CD4™ T cells and y5 T cells in both CBP-GFs/O-
BDEM group and AHDM group showed slightly higher proportion when
compared to that in the CTL group, while no obvious differences were
found between them. Collectively, these results indicated that the CBP-
GFs/O-BDEM was low immunogenicity similar to the AHDM that has
been approved for augmenting the injured RC in the clinic [57].

3.8. Local immunological response induced by the implanted CBP-GFs/O-
BDEM

Local immunological response induced by the CBP-GFs/O-BDEM or
AHDM was also evaluated (Fig. S11). The regenerated RC enthesis in the
CTL and CBP-GFs/O-BDEM groups presented a similar gross appearance
to the native RC enthesis, while more blood vessels were formed at the
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Fig. 6. Differential abundances of systematic innated and adaptive immune cell populations in the mice blood samples from CTL, CBP-GFs/O-BDEM and
AHDM groups. (A) Schematic diagram of the experimental procedure. Mice blood samples from CTL, CBP-GFs/O-BDEM and AHDM groups were collected
respectively at postoperative 21-day. After lysis of the red blood cells, these pooled cells were stained with antibodies conjugated to elemental isotopes, and then
analyzed using a CyTOF machine. The immune cell populations were manually gated, and then identified using SPADE algorithms. (B) The SPADE tree and dot plots
analysis shows the abundance of CD11b*Ly6g™ neutrophils or F4/80" macrophage in each group. In the SPADE diagram, the number of immune cell populations
were represented with node size, and the colored gradient of the node correlates with the median intensity of marker-expression. The relative abundance of innate
immune cells (monocytes, macrophages, neutrophils, DC cells and NK cells) among three groups, as calculated from the SPADE analysis. (C) The SPADE tree and dot
plots analysis shows the frequency of B and T cells in CTL, CBP-GFs/O-BDEM and AHDM groups. The relative abundance of adaptive immune cells (B cells, CD4"T

cells, CDS™T cells, and y3T cells) among three group calculated from the SPADE analysis. All data are presented as the mean + SEM (n = 3).

subdeltoid fascia in the CBP-GFs/O-BDEM group (Fig. S11B). In the
AHDM group, there are some residual AHDM located at the implant site
(Fig. S11C). In the H&E-stained sections, fibrotic capsule was formed
around the implants obviously in the AHDM group, whereas only a few
implants showed such capsules in the CBP-GFs/O-BDEM group
(Fig. S11D). Considering that neutrophils and macrophages are the
predominant contributors to forming fibrotic capsule [52], we examined
the infiltration of neutrophils (Ly6g) and macrophages (F4/80) at the
site of implantation using immunofluorescence assay (Fig. S11E). Our
results indicate that the fibrotic capsule around the AHDM accumulated
more neutrophils and macrophages compared to that around the
CBP-GFs/O-BDEM. The accumulation of neutrophils and macrophages
at the implant site may limit its integration with the surrounding native
tissues. These results indicated that the CBP-GFs/O-BDEM showed the
low ability to induce a local immune reaction compared with the AHDM
that has been approved for augmenting the injured RC in the clinic [57].

3.9. Constructing enthesis-like graft and its morphology evaluation

After the isolated cUSCs were identified (Fig. S12A), they were
cultured to form a cUSC-sheet. Our result showed their trilineage dif-
ferentiation potential was well preserved, indicating that the cUSCs in
cell-sheet form still have good differentiation capabilities (Fig. S12B).
After that, three slices of cUSC-sheet were separately interleaved into
the page gaps of the CBP-GFs/O-BDEM, and then the other two slices of
cUSCs-sheet were used to cover the top and bottom surfaces of the CBP-
GFs/O-BDEM for bioengineering an enthesis-like graft (Fig. 7A) (Movie
S2). Histologically, five cUSC-sheets containing a large number of cUSCs
were layer-by-layer interleaved into the page gaps of CBP-GFs/O-BDEM
(Fig. 7B).

3.10. Bioengineering an enthesis-like graft for RC enthesis regeneration in
a canine model

After that, the performance of this enthesis-like graft on RC enthesis
regeneration was in-vivo evaluated in a canine infraspinatus tendon
repair model (Fig. 7C). Enthesis-like graft (EG group) and direct suture
(CTL group) were chosen for in-vivo evaluation, while native infra-
spinatus tendon enthesis was used as intact control (INT group). In view
that CBP-GFs/O-BDEM shows the best zone-specific inducibility on the
interacted stem cell differentiation in-vitro, we did not use the O-BDEM
and GFs/O-BDEM to bioengineer the other graft in this study. This is
more compliant with ethical requirements for laboratory animals.

At 4, 8, and 12 weeks after implantation, dogs (n = 5/group) were
anesthetized with 3% pentobarbital sodium (0.2 ml/kg), and then
received clinical MRI examination (Ingenia 3.0T MR system; Philips,
Germany) for imaging the regenerated IT enthesis (Fig. S4). At week 4,
MRI images from CTL and EG groups showed obvious swelling in the
surrounding soft tissue and bone marrow edema in the humeral head
when compared with the INT group (Fig. 7D). Meanwhile, the CTL group
showed higher signal intensity in the infraspinatus tendon enthesis area
compared with the EG group, suggesting heavier edema. At week 8,
bone marrow edema in the humeral head of CTL and EG groups dis-
played a decreasing tendency, indicating the promoted progress in
healing process. The surrounding soft tissue shows no obvious hyper-
intense sign, indicating the swelling regression. Hyperintensity in the
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infraspinatus tendon enthesis area could be observed in each group, but
when compared to 4 weeks, it presented more homogeneous distribu-
tion. Besides, the signal intensity of the regenerated infraspinatus
tendon enthesis in the CTL group was still significantly larger than that
of the EG group, which implies that the infraspinatus tendon enthesis in
the EG group regenerated better than the CTL group (Fig. 7D). At week
12, bone marrow edema on the humeral head and swelling on the sur-
rounding soft tissue had almost disappeared. The intensity of the re-
generated infraspinatus tendon enthesis in the CTL group remains larger
than that of the EG group (Fig. 7D).

At 12 weeks after euthanasia, well-integrated connective tissue was
formed spanning the infraspinatus muscle to the humerus in all speci-
mens without evidence for infection or osteoarthritis. In the EG group,
the bony zone or tendon segment of the implanted enthesis-like graft
integrated well with the greater tubercle of humerus and the ruptured
infraspinatus tendon, respectively; The infraspinatus tendon entheses
showed a delineated footprint similar to the intact infraspinatus tendon
entheses, while the entheses in the CTL group displayed poorly orga-
nized fibrous tissue. The tendon stump and the lateral edge of the
infraspinatus muscle was used as evaluation criteria for repair integrity.
If the tendon stump was medial to the repair site or the muscle edge was
medial to the acromion as described previously, we determined the
repair integrity as gap healing [54]. The gap healing rate in the EG group
was 38.46%, which was lower than the CTL group (46.15%) without
significant differences (P > 0.05) (Fig. 7E).

At 12 weeks, micro-CT images (n = 5/group) showed that the newly-
formed bone at the healing site of the EG group remodeled more mature
than that of the CTL group, as characterized by an obvious improvement
in bone volume/total volume (BV/TV), trabecular thickness (Tb.Th) and
trabecular number (Tb.N) (Fig. 7F). No sign of ectopic bone formation
showed in the infraspinatus tendon healing site in both CTL and EG
group. Histologically, newly-formed bone at the footprint of IT and
structurally integrated well with the ruptured infraspinatus tendon by a
fibrous or/and fibrocartilaginous tissue in all groups (Fig. 8A). Accord-
ing to blinded evaluations, 68.40% of the regenerated tissue in the TE
group is histologically similar to the native enthesis of the INT group,
which comprised of well-orientated fibrous connective tissue (tendon),
fibrocartilaginous tissue, and subchondral bone (mix of lamella and
woven bones) (Fig. 8B). While, in the CTL group, only 48.47% of the
healing site regenerated tissue with similarity to enthesis, and the
remaining regenerated tissue was typically comprised of two zones:
disorganized fibrous connective tissue with Sharpey fibers and sub-
chondral bone (Fig. 8B). Using a histological score system (Table S5), the
EG group showed significantly better histological scores when compared
to the CTL group (P < 0.05) (Fig. 8C&D). Additionally, no signs of
infection, rejection, or untoward immune reactions was showed at the
healing site according to histologic assessments.

3.11. The regenerated enthesis recovered biomechanical properties

At postoperative week 12, the specimens (n = 8/group) in the CTL or
EG groups recovered about 53.67% and 77.42% of the failure load (N)
compared with the INT group, and the EG group presented significantly
larger value in failure load than the CTL group (P = 0.0002) (Fig. 8E).
Meanwhile, the stiffness (N/mm) in the EG group restored significantly
better than that of the CTL group (P = 0.0399) (Fig. 8E). During
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Fig. 7. In-vivo performance of enthesis-like graft on regenerating canine RC enthesis evaluated with MRI, gross observation, micro-CT. (A) Schematic
illustration for the construction of enthesis-like graft. (B) Microscopic morphology and H&E-stained imaging of enthesis-like graft. BZ: bony zone, FZ: fibrocarti-
laginous zone, TZ: tendinous zone. Bar = 250 pm. (C) Flowchart depicting the groups and time points for outcome assessments. (D) Representative MRI scans of the
CTL and EG group at postoperative month 1, 2, or 3. The average signal-to-noise quotient (SNQ) of the CTL and EG groups at 1, 2 and 3 months. No difference was
found at 2 and 3 months, but at 1 month, the average SNQ of the CTL group was significantly higher than that of the EG group. The injured IT enthesis is marked by a
yellow triangle. All data are presented as the mean + SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 (Two-way ANOVA with Bonferroni’s test). (E) Gross
appearances of the regenerated infraspinatus tendon enthesis in a canine model at 3 months (n = 13). AC: acromion, IT: infraspinatus tendon, H: humerus. ns P >
0.05 (Fisher’s exact test for comparing gap healing rate between CTL and EG groups). (F) Representative micro-CT images of the proximal humerus in the CTL EG or
INT group at postoperative month 3. Comparison of the BV/TV, Tb-Th, and Tb-N in newly formed bone among the 3 groups. Red dotted circle shows the IT insertion
footprint. Blue quadrangle shows the section position of tomography. Red dotted line indicates the osteotomy site. Bar = 1 cm. All data are presented as the mean +
SEM (n = 5). ns P > 0.05, *P < 0.05, **P < 0.01 (Unpaired t-test).
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Fig. 8. In-vivo performance of enthesis-like graft on regenerating canine RC enthesis evaluated with histological analyses and mechanical test. (A)
Histological analyses of the regenerated enthesis in a canine model. Regenerated infraspinatus tendon enthesis stained with H&E, SO/FG, MT and SR at month 3.
Healthy dog was used as an intact control (INT). BZ: bony zone, FZ: fibrocartilaginous zone, TZ: tendinous zone, H&E: hematoxylin and eosin, SO/FG: safranine O/
fast green, MT: masson’s trichrome, SR: sirius red. Bar = 400 pm. (B) Proportion of regenerated enthesis tissue at the healing site. (C) Histological scores for the
regenerated infraspinatus tendon enthesis. Black and green dotted lines, respectively, indicate the perfect score (32 points) and worst score (8 points) in the his-
tological scoring system. *P < 0.05, **P < 0.01 (Mann-Whitney U t-test). (D) Heat map of variables of the histological scoring. (E) Biomechanical test of the re-
generated infraspinatus tendon enthesis using a custom-made jig, representative load-displacement curves, failure load and stiffness of the specimens in the CTL, EG
and INT groups. The raptured site is marked by a yellow triangle. All data are presented as the mean + SEM (n = 8). *P < 0.05, ***P < 0.001 (Unpaired t-test).
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mechanical test, the specimens in both INT group and CTL group
ruptured at the IT insertion site, while 6 of 8 specimens from EG groups
failed at the insertion site and 2 failed at the tendon mid-substance. The
EG group (25.0%) seems to have a higher tendency in mid-substance
tear compared to the CTL group (0.0%). However, there are no signifi-
cant difference between the CTL group and EG group by Fisher’s exact
test (P = 0.467).

4. Discussion

Rapid and functional enthesis regeneration remains a bottleneck
during RC repair, and the available enthesis-like grafts for patching RC
tear are insufficient, because they were engineered by a scaffold that did
not highly mimic native enthesis in morphology, composition, and
tensile property, at the same time cannot release stem cell differentia-
tion inducers in a zone-specific manner. In this study, we successfully
fabricated a novel scaffold (CBP-GFs/O-BDEM) avoiding the two in-
sufficiencies. CyTOF was novelty applied to determine the low immu-
nogenicity CBP-GFs/O-BDEM at single-cell resolution in a mouse model.
Then, we isolated autogenous cUSCs from canine urine and cultured to
form cUSC-sheets, which were then sandwiched by the CBP-GFs/O-
BDEM to construct a novel enthesis-like graft. The in-vivo function of
this enthesis-like graft on RC enthesis regeneration was elucidated using
a canine model (Fig. 9). This study provides a new bioengineering
strategy for RC repair that may be translated into human patients in the
future.

Enthesis tissue exhibits anisotropic structural properties, which
gradually vary from tendon tissue to bony tissue. Various conventional
isotropic scaffolds have been developed to regenerate the injured
enthesis, but these scaffolds just patched the damaged tendon tissue that
was not integrated into bones, often resulting in graft failures [61].
Thus, the next generation of scaffold should be designed with a triphasic
or even gradient pattern able to mimic the triphasic tissue zone and the
mechanical, structural, and compositional graded properties present in
the native enthesis. Currently, different research groups have investi-
gated the possibility to fabricate triphasic even gradient scaffolds for
enthesis regeneration, such as a bone-ligament attachment using poly-
ethylene glycol diacrylate hydrogel (PEGDA) incorporated with HA
[62], a multiphasic poly(e-caprolactone) (PCL)-PCL/tricalcium phos-
phate (TCP)-PCL/TCP porous scaffold [63], a stratified scaffold attached
through a continuous polyethylene glycol (PEG) hydrogel interface
[64]. However, these multi-phased scaffolds only mimic the triphasic or
gradient structure at the macro-scale. The design of a multi-phased
scaffold able to mimic the micro-scale gradients and components pre-
sent at the enthesis remains a challenge. Decellularization techniques, as
an available protocol to acquire a highly biomimetic scaffold, have been
widely used to prepare decellularized extracellular matrix for bone,
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cartilage, muscle, and tendon regeneration [65,66]. It may be a prom-
ising way to fabricate this required scaffold. Histologically, the RC
enthesis is a composite tissue including pure dense tendon, uncalcified
and calcified fibrocartilage, and bone [5]. The previously developed
protocols for bone, cartilage, and tendon decellularization cannot be
combined to prepare this composite tissue. Besides, the chondrocytes
usually are deeply embedded in a dense and low-porous extracellular
matrix [6,17], allowing for limited acellular solution infiltration, which
are difficult to absolutely remove the cellular components from
large-size enthesis while mostly conserving native extracellular matrix
[36,67]. The existing protocols for decellularizing enthesis rely heavily
on detergents, such as Triton-X 100 and SDS, and focused on clearing the
cell components of tissue, seldom on preserving the structures, compo-
nents, and tensile resistance [67-72]. Considering that the use of de-
tergents may denature enthesis extracellular matrix proteins even alter
its mechanical properties, Liu Q et al. developed an acellular protocol for
enthesis decellularization without using detergent [41]; however, this
protocol was time-inefficient, and did not consider the preservation of
tensile resistance. Moreover, this protocol is designed for decellularizing
enthesis tissue from patellar tendon-tibial tuberosity interface, nor for
the enthesis tissue from RC insertion. Herein, we proposed an optimal
decellularization approach for enthesis tissue from RC insertion, and
considered the above-mentioned requirements. With the help of VAD,
our decellularization approach significantly shortened the time of
decellularization from 16 h into 7 h, preserved more enthesis extracel-
lular matrix (especially the minor matrix components), and well pro-
tected the tensile property.

Satisfactory scaffolds for engineering enthesis-like graft should not
only have excellent biomimetic properties, but also harbor superior
bioactivity in zone-specifically inducing stem cells toward osteogenic,
chondrogenic, and tenogenic lineages, thus simultaneously and effi-
ciently inducing triphasic bone-fibrocartilage-tendon structure forma-
tion. Several studies indicate that scaffold bioactivities mainly depend
on their biomolecules, surface topography, and substrate stiffness,
which work together to regulate cell adhesion, matrix production, cell
proliferation and/or differentiation during tissue regeneration [73,
74-76]. As the inherent biomolecules and structural characteristics of
O-BDEM are permanent and unchangeable, the addition of exogenous
GFs may be a possible method to improve its bioactivity [13]. Given the
triphasic nature of enthesis, multiple GFs should ideally be immobilized
zone-specifically into the scaffold to provide the interacted cells with
different differentiation stimuli. Thus, in an optimal approach, these GFs
should be gradually released from the O-BDEM in a zone-specifical
manner. Published literatures have indicated that BMP-2, TGF-p3, and
GDF-7 respectively showed superior performance in inducing stem cells
toward osteogenic, chondrogenic, and tenogenic lineages [13,23-25],
implying that BMP-2, TGF-B3, and GDF-7 are suitable for improving the
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Fig. 9. Schematic illustration of the implantation of enthesis-like graft and its underlying mechanism on canine RC enthesis regeneration.



C. Chen et al.

function of O-BDEM in RC enthesis regeneration. According to previous
studies, direct protein incorporation is a widely and easily used strategy
for GF introduction into a scaffold. However, these incorporated GFs
released from scaffold in a burst pattern at the early stage, thus leading
to several undesirable side-effects [26]. In addition, chemical
cross-linking methods have been developed to incorporate GFs into a
scaffold. However, the polymeric materials used for chemical cross-link
would undoubtedly affect the structure and components of scaffold [28].
Meanwhile, some researchers incorporated GFs into a scaffold during
production phase by microspheres or nanoparticles, which enables the
synchronization of GFs release with scaffold degradation rate, realizing
extended and/or sequential GFs release [29]. However, these methods
are suitable for the 3D-printed scaffold fabricated with decellularized
extracellular matrix ink [18], not suitable for extracellular matrix bio-
materials derived from tissue or organ direct decellularization. Herein,
we fused the CBP into the N-terminal of BMP-2, TGF-$3, or GDF-7 to
synthesize three CBP-GFs capable of collagen binding. Our results
showed that the O-BDEM zone-specifically adhered with the three
CBP-GFs have the ability to sustained release BMP-2, TGF-$3 and GDF-7,
thus presented superior inducibility in stimulating stem cells differen-
tiate into osteocytes, chondrocytes, and tenocytes. Another advantage of
CBP-GFs is that the fused CBP naturally exists in the blood, thus hard to
be recognized by the immune system. This may be one of the reasons
why CBP-GFs/O-BDEM has good biocompatibility in-vivo.

Clinically, high re-tear rate after RCT repair is the most common
concern, which is largely attributed to inferior enthesis regeneration.
Previous studies have shown that about half of surgically repaired RC
healed with disorganized fibrovascular scar tissue instead of triphasic
gradient enthesis [6,11]. Currently, many strategies have been devel-
oped to promote enthesis regeneration with scaffold- and/or cell-based
strategies, which acquired satisfactory outcomes to some extent [2,
77-81]. However, these strategies for treating RCT show variable in
in-vivo performance [82-84]. In this study, we successfully fabricated a
novel scaffold (CBP-GFs/O-BDEM), which not only directly replaced the
damaged enthesis, due to high biomimicry and good biocompatibility,
but also acted as a localized delivery system for the zone-specific release
of BMP-2, TGF-p3, and GDF-7, inducing the interacted cells forming
triphasic bone-fibrocartilage-tendon structure. Considering that endog-
enous cells are difficult to migrate into this large-size CBP-GFs/O-BDEM,
we isolated cUSCs form canine urine and cultured on a
temperature-responsive dishes to harvest autologous cUSC-sheets [36].
USCs have robust proliferation ability and multi-lineage differentiation,
which can be accessed via a simple, non-invasive, and painless approach
avoiding surgical procedures [39]. These advantages make it possible to
use autologous USCs as seeding-cells for constructing an enthesis-like
graft in this study or future clinical application. Additionally, using
cell-sheet technique, we can implant stem cells largely without
destroying the cell-cell contact, secreted ECM, and various bioactive
substances formed during in-vitro culture. Thus, stem cells implanted in
a cell-sheet manner showed a significantly better effect on tissue
repair/regeneration than administering cells via direct seeding [79,85,
86]. Using a preclinical canine model, our results determined that the
ruptured infraspinatus tendon insertion patched with the enthesis-like
graft presented better enhancement in healing quality compared with
the direct suture, as characterized by improved formation of triphasic
gradient enthesis and enhanced tensile resistance. This was not noted in
the infraspinatus tendon healing site after augmentation repair with a
porcine small intestine submucosa, acellular dermal matrix, or a poly--
L-lactide device [87-89].

Several limitations still existed in our study. Firstly, in clinical
setting, most of torn RC were chronical, and often associated with
muscle atrophy, fatty infiltration and tendon retraction. While, in this
study, an acute RC injury model was created to evaluate the function of
our enthesis-like graft, and this model does not reflect the chronically
torn RC. Future studies are expected to evaluate the potential of the
enthesis-like graft as a bridging patch for chronic RC repair in the canine
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model. Secondly, the O-BDEM in this study was derived from canine
NET. As for clinical translation, harvesting NET from human is the key
issues to be solved first, and body donation or traumatic amputation
may be suitable way for solving this issue. Thirdly, we only evaluated
the in-vivo efficacy of the graft fabricated with CBP-GFs/O-BDEM and
USC-sheets. Rigorously speaking, the O-BDEM, GFs/O-BDEM, CBP-GFs/
O-BDEM, the graft fabricated with O-BDEM and USC-sheets, the graft
fabricated with GFs/O-BDEM and USC-sheets should also be evaluated.
In view that CBP-GFs/O-BDEM shows the best zone-specific inducibility
on stem cell differentiation in-vitro, we did not set these groups in this
study. This is more compliant with ethical requirements for laboratory
animals. Fourthly, in this study, our enthesis-like graft was constructed
by interleaving the CBP-GFs/O-BDEM with three cUSC-sheets and
covering the surfaces of the CBP-GFs/O-BDEM with two cUSC-sheets.
The drawbacks existing here are that the optimal cUSCs number
implanted and the fate of the implanted USCs did not investigate. Owing
to the harsh conditions of the injury site, part of cUSCs will die after
implantation; thus, we enlarged the number of implanted cUSCs to
ensure the efficacy in enthesis regeneration. As for the fate of the
implanted USCs, based on our previous study [36], part of implanted
cUSCs may differentiate into osteocytes, fibrochondrocytes, or tenocytes
to participate enthesis regeneration in-vivo. Fifthly, our in-vitro results
showed that the saturation binding amount of BMP-2, TGF-p3, and
GDF-7 on DBM, DFM, and DTM is 8 pM, 6 pM, and 8 pM, respectively;
thus, the concentrations were applied for constructing
CBP-GFs/O-BDEM. However, only one CBP-GFs loading concentration
was investigated. It will be meaningful to further optimize the CBP-GFs
loading concentration to more effectively enhance enthesis
regeneration.

5. Conclusion

In summary, this study described a detailed protocol for fabricating a
novel scaffold (CBP-GFs/O-BDEM) that shows high similarity with
native enthesis in morphology, composition and tensile resistance, at the
same time, presents superior bioactivity in inducing the interacted stem
cells down into osteogenic, chondrogenic and tenogenic lineages.
CyTOF was successfully used to determine the low immunogenicity of
CBP-GFs/O-BDEM at single-cell resolution using a mouse model.
Meanwhile, autologous cUSC-sheets were interleaved into the page gaps
of CBP-GFs/O-BDEM to bioengineer an enthesis-like graft, and its
excellent performance on regenerating RC enthesis was determined in a
canine model. This study indicates the enthesis-like graft may be an
ideal strategy for patching large/massive RC tears in clinic and made
significant breakthroughs in engineering graded interfacial tissue.
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