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ABSTRACT

Owing to the prevalence of rotator cuff (RC) injuries and suboptimal healing outcome, rapid and functional
regeneration of the tendon-bone interface (TBI) after RC repair continues to be a major clinical challenge. Given
the essential role of the RC in shoulder movement, the engineering of biomimetic multi-tissue constructs presents
an opportunity for complex TBI reconstruction after RC repair. Here, we propose a gradient cell-laden multi-
tissue construct combined with compositional gradient TBI-specific bioinks via 3D cell-printing technology. In
vitro studies demonstrated the capability of a gradient scaffold system in zone-specific inducibility and multi-
tissue formation mimicking TBI. The regenerative performance of the gradient scaffold on RC regeneration
was determined using a rat RC repair model. In particular, we adopted nondestructive, consecutive, and tissue-
targeted near-infrared fluorescence imaging to visualize the direct anatomical change and the intricate RC
regeneration progression in real time in vivo. Furthermore, the 3D cell-printed implant promotes effective
restoration of shoulder locomotion function and accelerates TBI healing in vivo. In summary, this study identifies
the therapeutic contribution of cell-printed constructs towards functional RC regeneration, demonstrating the
translational potential of biomimetic gradient constructs for the clinical repair of multi-tissue interfaces.

1. Introduction

clinical complications [2,3]. In this regard, rapid and functional TBI
regeneration after surgical intervention remains a critical challenge in

Rotator cuff (RC) tears usually occur at the site of the fibrocartila-
ginous tendon-bone interface (TBI) as a result of trauma, overuse, or
degeneration, which cause substantial pain and shoulder dysfunction
[1]. Upon severe injury, the postoperative interface cannot heal
completely owing to the avascular, acellular, and aneural nature of the
TBI, resulting in disorganized and biomechanically inferior scar tissue
formation. This poor tissue integration at the TBI after repair is strongly
associated with the prevalence of re-tearing, high failure rates, and other
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clinical practice [3,4]. To address this issue, various approaches using
multiphasic- or gradient-based scaffolds combined with the spatial
control of cells, biomaterials, growth factors, and/or mineral contents
have been attempted to recreate TBI gradients [1,3-8]. However, scaf-
folds developed thus far do not function adequately nor do they meet the
requirements of TBI regeneration due to the low restoring potency of
damaged fibrocartilage structures [9]. Therefore, it is highly desirable to
develop functional multi-tissue constructs mimicking the gradual
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fibrocartilaginous transition of the TBI with structural integrity, conse-
quently leading to functional RC regeneration.

To develop living multi-tissue constructs, bone marrow-derived
mesenchymal stem cells (BMMSCs) have been widely used due to the
high potency of differentiation into a multitude of mesodermal cell types
[10], which promote tissue regeneration or the secretion of paracrine
signals while maintaining immunomodulation properties after trans-
plantation [10-12]. Several therapeutic approaches involving the
application of BMMSCs have drawn increasing attention for RC repair
[13-15], and biomaterial scaffolds with BMMSCs have shown regener-
ative potential with modest enhancements in the TBI healing outcomes
[16,17]. However, it remains challenging to develop a cell-based tissue
construct with the ability to reproduce the complex gradient features of
the TBI; this is presumably due to the absence of biomimetic signaling
with controlled guidance of regional MSC differentiation and extracel-
lular matrix (ECM) deposition upon transplantation. Hence, to improve
therapeutic efficacy, it is crucial to engineer a three-dimensional (3D)
cellular scaffold with suitable instructive cues to restore the cell and
matrix properties of heterogeneous TBIs.

Among various biofabrication techniques, 3D cell-printing has
emerged as an innovative and powerful tool to create tissue analogs. 3D
cell-printing enables versatile fabrication of living constructs by pre-
cisely layering printable inks comprising suitable biomaterials, func-
tional cells, and bioactive molecules [12]. Because bioinks offer a
favorable microenvironment for cellular activity [18], decellularized
ECM (dECM) bioinks have recently been developed to modulate cellular
functions [19,20] as well as to recapitulate the inherent microenviron-
ment of native tissue, which together promote cell growth and differ-
entiation into tissue-specific lineages with associated tissue function
[21-25]. Numerous synthetic or natural biomaterials have been imple-
mented to design functional scaffolds or injectable hydrogels, in order to
enhance the bioactivity and regenerative capability for tissue engi-
neering applications [26-28]. Despite the availability of several bio-
fabrication strategies to develop bioscaffolds applied in the regeneration
of multi-tissue interfaces, such as the tendon/ligament-bone interface
and osteochondral interface, few studies have explored the 3D
bioprinting-based approach to promote TBI healing for the treatment of
RC injuries [25,29,30]. For instance, Jiang et al. [30] utilized 3D
printing to fabricate multilayered polymeric scaffolds with cell-laden
collagen-fibrin hydrogel for application in RC tendon regeneration,
which resulted in supporting the tenogenic differentiation in vitro and
showed enhanced mechanical properties and tissue biocompatibility in
vivo. Moreover, in our previous study, a multiphasic 3D cell-printed TBI
construct incorporating dECM bioinks derived from tendon and bone
was constructed, which formed robust fibrocartilages at the regenerated
interface and enhanced mechanical strength after RC repair [25].
However, it is still necessary to consider a more stringent TBI model to
inherently recapitulate the natural graded physiology of heterogeneous
populations of cells and ECM proteins as well as mineral contents.
Moreover, the regenerative mechanism and functional role of in vivo
transplanted tissue constructs have rarely been studied.

Near-infrared (NIR) fluorescence imaging has emerged as a prom-
ising tool for in vivo real-time monitoring transplanted cells, scaffold
degradation, and tissue formation in the field of tissue engineering and
regenerative medicine [31-34] due to its key advantages including
negligible autofluorescence, minimized light scattering, and relatively
low tissue absorption [35-37]. Despite the great advantage of NIR im-
aging, there have only been a limited number of tissue-specific fluo-
rophores are available in the field. Recently, we have reported a
structure-inherent targeting (SIT) strategy to facilitate the develop-
ment of tissue- and/or disease-specific NIR fluorophores. Armed with
the SIT strategy, cartilage- and bone-targeted NIR fluorophores were
developed which are no need for further conjugation with targeted
agents but have a native targeting property [36,38]. Such connective
tissue-specific fluorophores enable monitoring of the structural damage
and disease progression in rheumatoid arthritis disease models
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simultaneously in real-time using multispectral NIR imaging [37].
Typically, the RC injuries are not only confined to the ruptured site but
also result in degenerative alterations to surrounding tissues, such as
bone, tendon, and muscle [9]. Therefore, the nondestructive and
consecutive real-time in vivo monitoring of the multi-tissue remodeling
process in the regenerated area will potentially provide a better un-
derstanding of the regeneration capacity of the implanted construct for
improved diagnosis and treatment of TBI injuries.

In this study, we aimed to delineate the functional assessment of 3D
cell-printed multi-tissue constructs for RC regeneration in an irreparable
chronic RC tear rat model (Fig. 1). To this end, we fabricated gradient
multi-tissue interface constructs mimicking TBI specification using 3D
cell-printing and tissue-specific dECM bioinks. These interface con-
structs possess similar gradient characteristics to native TBIs in terms of
structural, compositional, and cellular heterogeneity, and their in vivo
functionality was validated by 1) real-time monitoring of interface tissue
formation and the regeneration process and 2) analysis of the walking
gait and treatment efficacy. These 3D cell-printed constructs are ad-
vantageous in terms of reconstruction of the gradient interface and
shoulder function recovery, which makes them promising for functional
RC regeneration.

2. Materials and methods
2.1. Preparation of TBI-specific dECM bioinks

Porcine Achilles tendons supplied from a local slaughterhouse were
administered with a succession of physical, chemical, and enzymatic
treatment to produce tendon-derived dECM (TdECM) in accordance
with our previous method with minor modifications [25]. The detail of
preparing decellularized TdECM is available in the Supplementary data.
Bone-derived dECMs (BdECMs) were prepared using the commercial-
ized deCelluid (T&R Biofab, Korea) product made from porcine bone. To
evaluate the remnant DNA contents after decellularization, 4',6-dia-
midino-2- phenyl-indole (DAPI) staining and double-stranded DNA
quantification (dsDNA; DNA extraction kit, Invitrogen, USA) were per-
formed for the natural and dECM tissues, as described previously [25,
39]. To prepare the dECM pre-gel solution, the desired amounts of
TdECM and BAECM powder were weighed and digested in pepsin (10%,
Sigma-Aldrich, USA) with acetic acid (0.5 M, Merck Millipore, USA) and
hydrochloric acid (0.05 M, Merck Millipore, USA) for 4-5 d, respec-
tively. The acidic dECM solution was neutralized using sodium hy-
droxide solution (10 M, Samchun Chemical, South Korea) before use.
The final concentrations of the TAECM and BAECM bioinks were 20 and
40 mg/ml, respectively.

2.2. Cell isolation and expansion

Human BMMSCs (hBMMSCs; Catholic MASTER Cells, passage 2)
isolated from the iliac crest of a male donor (age: 25 years) were ob-
tained from the Catholic Institute of Cell Therapy (CIC; Seoul, Korea)
with Institutional Review Board approval (Seoul St. Mary’s Hospital,
approval number PIRB-2018-E083). The cells were expanded in low
glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone, USA)
supplemented with 20% fetal bovine serum (FBS; Hyclone, USA) and 1%
penicillin/streptomycin (P/S; Hyclone, USA) at 37 °C in a 5% CO, at-
mosphere. The culture medium was replaced twice per week. All ex-
periments were performed with cells of passage 4-5.

2.3. 3D cell-printing of multi-tissue construct mimicking TBI

All constructs were fabricated using our integrated composite tissue/
organ building system [22,25,40]. This system constitutes six dispensing
heads, a pneumatic pressure controller, a printing stage, and a temper-
ature controller. Before printing, the composite
polyurethane/poly-caprolactone (PU/PCL) polymer was prepared by
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Fig. 1. Schematic outline of current research. This study developed a new therapeutic strategy for functional rotator cuff (RC) regeneration using 3D cell-printing
and TBI-specific decellularized extracellular matrix bioinks. 3D cell-printed multi-tissue interface constructs with gradient structures were fabricated and evaluated
their functionality, which showed integrated fibrocartilaginous gradient matrix formation in vitro and promoted graded interface tissue regeneration and improved
shoulder locomotion function through implantation in a translational rat model. Thus, the therapeutic contribution of cell-printed construct towards functional RC

regeneration was demonstrated.

the physical mixing of thermoplastic medical-grade PU (Carbothane
PC-3575 A, Lubrizol, USA) and PCL (MW 43 000-50 000, Polysciences,
USA) at a weight fraction of PU/PCL = 60/40; this ratio was selected
based on a systematic characterization of the various weight ratios of the
PU/PCL mixture (pure PCL, 20/80, 40/60, 60/40, 80/20, and pure PU)
possessing the elastomeric property and an acceptable range of the
melting temperature for extrusion (Fig. S1). The mixture was loaded into
a steel syringe connected to a 200-ym metal nozzle and heated to a
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molten state at 190 °C during the printing process. The three dECM
bioinks (TdECM, hybrid T/BdECM, and BdECM) containing hBMMSCs
(density of 5 x 106 cells/ml) were separately transferred into a sterilized
plastic syringe. For the in vitro analysis, stratified multiphasic TBI con-
structs were created using PU/PCL and the cell-laden bioinks. First,
molten PU/PCL was extruded to fabricate the framework for structural
integrity. To recapitulate the structural orientations at the native TBI,
lattice (bone and fibrocartilage zones) and aligned (tendon zone)
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patterns were fabricated with different sizes of the microchannels,
which varied gradually from 300 to 750 pm throughout the stratified
scaffolds. Next, appropriate cell-laden bioinks (TdECM, hybrid
T/BdECM, and BAECM) were selectively deposited into the corre-
sponding phase between the PU/PCL interlaid strands. These procedures
were repeated layer-by-layer until a thickness of 1 mm was obtained.
The dimensions of the constructs were 8 x 3 x 1 mm®. For the in vivo
studies, three-layered TBI scaffolds with the same dimensions were used,
whereas three different cell-laden bioinks were stacked along the z-axis
to form different layers (Fig. S2). Similarly, PU/PCL was printed to
fabricate a physical support structure for the scaffolds, generating
interlaid strands and interconnecting microchannels, which were alter-
natively filled with the appropriate cell-laden bioink (TdAECM in the top
layer, hybrid T/BdECM in the middle layer, and BAECM in the bottom
layer for the tendon, fibrocartilage, and bone regions, respectively). In
the PU/PCL framework, a strand diameter of 200-250 pm, strand width
of 400-600 pm, and layer thickness of 300-350 pm were maintained
during the printing process. These processes were repeated, and the
structure was rotated by 90° for every 350 pm layer until a thickness of
1 mm was obtained. The 3D cell-printed constructs were incubated
immediately after the printing process at 37 °C for 30 min to induce
bioink gelation. After crosslinking, the culture medium were provided
and the cultured constructs were employed in the in vitro and in vivo
experiments.

2.4. Dual-channel fluorescence imaging system and NIR fluorophores

NIR fluorescence imaging was performed using a custom-built dual-
NIR channel imaging system, which equipped with 660 nm excitation
light (1.1 mW/cm?), 760 nm excitation light (4.2 mW/cm?), and
400-650 nm white light at 6000 lux (Fig. S3). With the choice of either
700 or 800 nm fluorescence images, color and NIR fluorescence images
were collected simultaneously using custom software at rates of up to 15
Hz, while the field of view was manually adjusted using a NIKKOR
16-85 mm zoom lens (Nikon, Tokyo, Japan). To obtain merged color-
NIR images, red and green pseudo-colors were used for the 700 nm
and 800 nm channels, respectively. The imaging head was positioned at
a distance of 249 mm from the surgical bed, and all NIR fluorescence
images were captured under identical exposure times and normaliza-
tions. For NIR fluorophores, the 800-nm NIR fluorescence emitting
C800-OMe and 700-nm NIR fluorescence emitting P700SO3 were syn-
thesized as described previously [36-38]. They were dissolved in
dimethyl sulfoxide to make 10 x 10> M stock solutions and stored at
4 °C until needed.

2.5. In vitro biological evaluation of hybrid bioinks on
fibrochondrogenesis

To determine the optimized fibrochondrogenic bioink, we prepared
hybrid bioinks by combining TdECM and BAdECM at various volume
ratios. The compositional designs of these hybrid bioinks are listed in
Table S1, and these five types of hybrid bioinks (pure TdAECM (10T), 7T/
3B, 5T/5B, 3T/7B, and pure BAECM (10B)) were tested. The printed
constructs of each hBMMSCs-laden hybrid bioink (density of 5 x 10°
cells/ml) were cultured in 24-well plates with chondrogenic induction
supplements containing 1X insulin-transferrin-selenium (ITS; Gibco,
USA), 100 nM dexamethasone (Sigma-Aldrich, USA), 50 pg/ml
ascorbate-2-phosphate (Sigma-Aldrich, USA), and 10 ng/ml trans-
forming growth factor-betal (TGF-f1; BD Biosciences, USA). After 14
d in culture, the fibrochondrogenic inducibility of each dECM bioink
was studied through several experiments, including NIR fluorescence
imaging, quantitative real-time polymerase chain reaction (QRT-PCR),
and immunofluorescence (IF) staining. For the NIR fluorescence imaging
analysis, cell-laden constructs were washed thrice with phosphate-
buffered saline (PBS) and incubated with 2 pM of C800-OMe (cartilage-
specific NIR fluorophores) at 37 °C for 2 h [36,37], followed by washing
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thoroughly with PBS to remove unlabeled NIR fluorophores. The NIR
fluorescence images were captured using the 800-nm channel. The SBR
was determined by quantifying the fluorescence and background in-
tensity of a region of interest (ROI) over each construct; specifically, it
was calculated as SBR = fluorescence/background (background = signal
intensity of the blank area outside of the constructs; n = 6 per group). To
confirm the NIR imaging observations and identify the effect of the
optimal hybrid bioink on fibrochondrogenic differentiation, qRT-PCR
analysis was conducted by examining the expression of related genes
at the mRNA level. Changes in the expression of target genes were
quantified using RT-PCR and compared with the mRNA level of the 10T.
The primer sequences are listed in Table S2. Further, IF staining was
performed to determine the production of fibrochondrogenic-specific
proteins using anti-type-I collagen (1:200; GTX 41286, GeneTex),
anti-type-2 collagen (1:200; MA5-12789, Invitrogen). The details of
gqRT-PCR analysis and IF staining are available in the Supplementary
data.

2.6. In vitro engineered TBI model and characterization

Upon optimization of the fibrochondrogenic bioink, the integrated in
vitro TBI model was designed and constructed using three types of cell-
laden bioinks (TdECM, hybrid T/BdECM, and BAECM). Stratified
multiphasic TBI constructs were fabricated through 3D cell-printing
technique to engineer the tendon-fibrocartilage-bone (TFCB) in vitro
model, as explained above. The TFCB in vitro model (8 x 3 x 1 mm?)
composed of three single-phasic structures was fabricated using TAECM
(tendon phase; 3 mm in length), hybrid T/BdECM (fibrocartilage phase;
2 mm in length), and BAECM (bone phase; 3 mm in length) bioinks,
which were integrated through the printed PU/PCL framework. For
comparison, a tendon-bone (TB) in vitro model composed of two single-
phasic structures (8 x 3 x 1 mm® 4 mm in length for each phase) was
created using TdECM and BAECM bioinks as a control. After crosslinking
for 30 min at 37 °C, the constructs were cultured in media containing a
1:1:1 mixture of tenogenesis supplement (100 pg/ml ascorbic acid),
chondrogenesis supplement (0.1 pM dexamethasone, 50 pg/ml ascorbic
acid, 1X ITS solution, and 10 pg/ml TGF-f1), and osteogenesis supple-
ment (10 nM dexamethasone, 50 pg/ml ascorbic acid, and 10 mM
B-glycerophosphate (Sigma Aldrich, USA). The media were replaced
twice per week for 14 d. To initially observe multi-tissue formation, NIR
fluorescence imaging analysis was performed. Briefly, cultured con-
structs were subjected to double-labeling with 2 pM of C800-OMe
(cartilage-specific NIR fluorophores) and P700SO3 (bone-specific NIR
fluorophores) at 37 °C for 2 h [36-38], followed by washing twice with
PBS to remove untagged NIR fluorophores. The macro-NIR fluorescence
images were captured using a dual-channel intraoperative imaging
system equipped with 700- and 800-nm channels. The SBR of each
fluorescence signal at different zones was calculated for quantification
as explained above (n = 6 per group). To further characterize the
reconstructed TBI gradient and directed regional MSC differentiation
capability, the TBI-relevant ECM distribution and mineralization were
analyzed by qRT-PCR and IF staining. For the qRT-PCR analysis, samples
at representative positions on TBI constructs (Z1: 1 mm, Z2: 4 mm, and
Z3: 7 mm) were collected and the expressions of tenogenesis, fibro-
chondrogenesis, and osteogenesis were evaluated on samples from
different zones, respectively. The specific primers for the target genes
are listed in Table S2. For the IF assay, fluorescence images from
different zones of constructs were obtained using the following primary
antibodies: anti-type-I collagen (1:200), anti-type-II collagen (1:200),
anti-aggrecan (1:100; AGC, ab3778, Abcam), anti-scleraxis (1:200; SCX,
ab58655, Abcam), anti- Sex-determining region Y-box 9 (1:200; SOX-9,
MA5-17177, Invitrogen), anti-tenomodulin (1:200; TNMD, ab203676,
Abcam), anti-Runt-related transcription factor 2 (1:300; RUNX2,
ab23981, Abcam). To confirm TBI-specific ECM proteins distribution
and differentiation at different position of the constructs, the intensities
of type-I and -II collagens, and AGC and the numbers of cells with
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positive Scx and Sox9 signals were quantified and compared using the
Image J software. To evaluate the mechanical properties of TFCB scaf-
folds (3 x 3 x 0.6 mm> n = 4 per group), uniaxial tensile load was
applied using a universal testing machine (Instron 4505, USA) with a
strain rate of 0.1 mm/s.

2.7. Animal model and surgical procedure

All animal experiments were approved by Institutional Animal Care
and Use Committee of Pohang University of Science and Technology
(IACUC number: POSTECH-2021-0008) and were performed according
to the guidelines recommended by these committees. Sprague-Dawley
rats (male, 10 weeks old; OrientBio Inc., South Korea) were anesthetized
using ketamine and xylazine. Under anesthesia, each rat’s arm was
externally rotated to identify the deltoid and underlying acromion, and a
longitudinal 3-cm incision was made on the anterolateral aspect of the
shoulder. The deltoid muscle was split to expose the supraspinatus
tendon. The supraspinatus tendon was completely detached from its
insertion at the greater tuberosity, and fibrocartilaginous tissues were
completely scraped by a scalpel blade. To prevent spontaneous healing
and reattachment, a drainage tube was used at the tendon insertion site
to block direct contact between the tendon and bone (Fig. S4A). After 4
weeks, the animals that underwent chronic RC tears were subsequently
subjected to repair. The operated rats were randomized into three
experimental groups (n = 10 per group, total 30 animals):no implants
(CTRL group), 3D bioprinted construct implantation (3DP group), and
3D cell-printed construct with BMMSCs implantation (3DCP group). For
the CTRL group, the degenerative tendons were resected and partially
reattached to the far lateral end of the greater tuberosity owing to severe
supraspinatus tendon retraction. For the implantation groups, suited 3D
scaffolds (3DP or 3DCP; 8 x 3 x 1 mm3) were placed between the tendon
end and greater tuberosity and fixed with a 4-0 Prolene suture
(Fig. S4B). Following implantation, the wound was closed with sutures.
To prevent the immune-rejection of the human cell-laden graft, all rats
were immunized by daily administration with cyclosporine A (5 mg/kg),
azathioprine (2 mg/kg), and methylprednisolone (2 mg/kg) [23]. After
operation, all rats were returned to cages and supplied with ad libitum
food and water until they were sacrificed at 12 weeks post-operation.
Another 10 non-operated, age-matched healthy rats were used as
normal group. At predefined time points (4, 8, and 12 weeks
post-operation), each rat underwent gait analysis, in vivo NIR fluores-
cence imaging, and histological and biomechanical analyses. In vivo
investigations were performed in a blinded fashion. An overall flowchart
of the animal study is shown in Fig. S5.

2.8. Gait analysis for in vivo shoulder function assessment

The gait analysis was conducted to assess the repaired RC shoulder
function, as previously described [41,42], at predetermined time points
(4, 8, and 12 weeks after repair). A custom designed walking track
system (length x width x height = 1200 x 200 x 160 mm?®) built from
clear and black acrylic panels was used for functional testing. Prior to
testing, the left forepaw (repair site) of each rat was colored blue and the
right forepaw (intact site) was colored red with non-toxic washable ink.
The rats were then allowed to comfortably walk on white paper strips
along the confined walking track (Fig. S6A). The recorded pawprints
were scanned and relevant gait parameters, including spatial parameters
(stride length, stride width, and step length) and paw parameters (paw
length and toe-spread) were analyzed. The asymmetry index (AI) was
calculated to determine the level of asymmetry between repaired and
intact sites using the formula AI = (NS - ES)/0.5 x (NS + ES) x 100,
where NS is a measured absolute value on the intact side and ES is a
measured absolute value on the repaired side [42]. The detailed infor-
mation and measuring methods are depicted in Fig. S6. For statistical
comparison, the average of four steps was used in each case.
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2.9. In vivo NIR fluorescence imaging

The P700SO3 and C800-OMe injection solutions were prepared in
saline at specific concentrations as follows. At certain time points (4, 8,
and 12 weeks after operation), P700SO3 (700 nm NIR, 100 nmol per rat)
and C800-OMe (800 nm NIR, 200 nmol per rat) were intravenously
injected into the operated rats via the dorsal penis vein 8 h and 4 h prior
to imaging, respectively. At least 4 animals were analyzed and the NIR
fluorescence signals from the rats were monitored in real-time at each
time point. After shaving, a small incision on the overlying skin and
deltoid muscle was made to expose the supraspinatus tendon and its
insertion without destructing the anatomical structure. In vivo NIR im-
aging was performed with the dual-NIR channel imaging system
equipped with 700- and 800-nm NIR channels, as described previously
[37], while the rats were anesthetized throughout the imaging analysis.
All experiments were conducted under ascetic conditions and the NIR
images were captured under identical camera exposure times and image
normalization (Fig. S7). After in vivo imaging, antibiotic injections were
administered to the rats for infection prevention. To quantify the signal
intensity and its distribution in the supraspinatus tendon-bone complex,
the SBR was calculated using the fluorescence intensity versus the
background signal of the neighboring tissues, such as muscle or skin,
acquired over the imaging time frame.

2.10. Histological and IF analysis for in vivo evaluation

After implantation for 12weeks, the rats were euthanized and the
regenerated RCs were processed for histological examination by hema-
toxylin—eosin (HE), picrosirius red (PR), and safranin O (SO). The
specimens (n = 5 per group) were fixed, demineralized, and embedded
in paraffin wax. Sections were sliced at 5 pm thickness and then stained
with HE, PR, and SO, as per the manufacturer’s protocol. To validate the
quality of the repaired tendons and their interface, the modified histo-
logical scoring system (Table S3) was applied according to a previous
study [25,43]. According to the SO staining, to analyze the amount of
neo-fibrocartilage interface (known as metachromasia), the red stained
area was calculated against a green background at the TBI using Image J
software. For IF staining, paraffin sections were dewaxed, followed by
permeabilization with 0.1% Triton X-100 for 20 min and blocking with
5% BSA for 1 h. After that, sections were incubated with anti-human
nuclear antigen (1:100; HuNu, MAB1281, Sigma-Aldrich) overnight at
4 °C to detect host tissue integration in cell-printed implants, followed
by labeling with Alexa Fluor secondary antibody for 1 h and counter-
staining with DAPI mounting medium.

2.11. Biomechanical evaluation of in vivo regenerated TBI

The biomechanical properties of the regenerated TBI complexes were
evaluated using an Instron 4505 machine as per our prior methodology
[22,25,39]. At 12 weeks post-operation, the humerus-supraspinatus
tendon complex specimens were collected for all groups (n = 4 per
group), and the normal supraspinatus tendon complexes were used as a
control. Prior to testing, all extraneous tissues were discarded except for
the supraspinatus tendon and its insertion. The cross-sectional areas of
the TBIs were measured using digital calipers. The proximal humeral
head was directly clamped through a screw-grip device of the mechan-
ical testing machine. The supraspinatus tendon swathed in gauze was
prepared to avoid slippage during testing, and then it was firmly fixed
through the longitudinal axis of the humerus to allow tensile loads to be
imposed along the anatomical direction. After applying a preload of 0.2
N, each specimen was pulled until failure with a constant rate of 0.1
mm/s [22,25]. Stress-strain curves were then plotted according to the
collected load-displacement data, and the biomechanical properties of
supraspinatus tendon-humerus complexes were calculated, including
ultimate load to failure, elastic modulus, and ultimate stress.
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2.12. Statistical analysis

Data were collected from at least biologically three independent
experiments and are reported as mean =+ standard error of the mean.
Using GraphPad Prism 6 (GraphPad Software Inc., USA), all statistical
analyses were performed assuming a normal sample distribution with
equal variance. For statistical comparison, two-tailed Student’s t-test
was applied for comparisons between two groups, while one-way
ANOVA and Tukey’s post hoc test were performed for comparisons be-
tween more than three groups. Values of p < 0.05 were considered
statistically significant.

3. Results and discussion
3.1. Optimization of bioink formulation for fibrochondrogenesis

We previously developed tissue-specific bioinks by decellularizing
porcine tendon and bone tissues for engineering TBI and verified the
chondro-inductive potential of their hybrid bioink containing TdECM
and BAECM [25]. This result suggests that the co-existence of a
TBI-specific environment with dECM bioinks could regulate the stem
cell behavior to induce fibrocartilage formation mimicking the TBI. In
the present study, TAECM and BAECM obtained from the porcine tissues
were prepared using the decellularization method. Through quantitative
and qualitative analyses, the cellular substances were significantly
removed, and the remnant DNA contents of TdECM and BAECM were
lower than 50 ng dsDNA/mg dry tissue, thus fulfilling the minimal re-
quirements for decellularized materials [19,44]. This indicated that the
adapted decellularized method was effective (Fig. S8). Based on this, to
optimize the fibrochondrogenic bioink that can recapitulate the inter-
mediate zone of the TBI, we set up an experimental design by blending
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TdECM and BAECM at various volume ratios (Table S1). All hybrid
bioinks encapsulating human BMMSCs (hBMMSCs) maintained high cell
viability over 14 d, and the metabolic activities of living cells in all
hybrid bioinks significantly increased up to 14 d of culturing, both
indicating good compatibility and cell proliferation superiority regard-
less of the hybrid bioink combination (Fig. S9).

To evaluate the biological performance of encapsulated hBMMSCs
under various hybrid bioink combinations, the fibrochondrogenic for-
mation of printed constructs was observed by labeling with cartilage-
targeting fluorophore (C800-OMe) (Fig. 2A). C800-OMe facilitates
effective fibrocartilage-selective imaging via specific uptake in nega-
tively charged glycosaminoglycan (GAG) and chondrocyte by the SIT
manner [36]. At day 14, the NIR imaging results for all groups showed
fluorescent signals from C800-OMe in the 800 nm channel, which rep-
resented in pseudo color by green. Notably, the 7T3B group (7:3 ratio of
TdECM to BdECM bioinks) exhibited the highest fluorescent intensity
among the groups, indicating remarkable fibrochondrogenic capacity of
cell-laden constructs with 7T3B hybrid bioink (Fig. 2B). To ascertain the
NIR imaging results, IF staining and gene expression analyses were
further performed. IF staining confirmed that the 7T3B hybrid bioink
induced fibrochondrogenic differentiation of hBMMSCs, yielding the
largest amount of fibrocartilage matrix at day 14, as detected by type-I
and -1II collagen staining (Fig. 2A). Similarly, the expression of fibro-
chondrogenic genes (COL1A1 and COL2A1 mRNA) was significantly
higher in the 7T3B group, than in the other groups, suggesting strong
fibrochondrogenic mRNA phenotypes (Fig. 2C). TGF-p/bone morpho-
genetic protein (BMP) signaling is critical for fibrochondrogenesis and
TBI development [45,46]. Accordingly, crosstalk between TGF-f and
BMP signaling-related molecules in a particular blend of hybrid dECM
bioink may be the potential driving force to fibrochondrogenic differ-
entiation of hBMMSCs. There is a need for more in-depth analysis to
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Fig. 2. Optimization of fibrochondrogenic bioink by combining TdAECMs and BAECMs at various volume ratios. (A) Near-infrared (NIR) images and
immunofluorescence staining of synthesized type-I (green) and -II (red) human collagens on various cell-laden tissue constructs at day 14. (B) Signal-to-Background
Ratio (SBR) in the800-nm channel (n = 6 per group). (C) qRT-PCR analysis of gene expression for COL1A1 and COL2A1 at day 14 (n = 6 per group; *p < 0.05 and

**p < 0.01).
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understand precise mechanisms and involved signaling pathways on
MSC differentiation according to a particular composition of tendon and
bone dECMs. Overall, the results indicate that 7T3B group has the best
potential to generate a fibrocartilage-like matrix in vitro in the
cell-printed construct. Therefore, the 7T3B hybrid bioink was selected as
the optimized fibrochondrogenic material for the following
experiments.

3.2. Generation of in vitro TBI model with defined interface emulating
fibrocartilaginous gradient matrix

Given the spatial gradients in the structure, composition, and cell
phenotype of the TBI, the development of an integrated biomimetic TBI
model for the reconstruction of this multi-tissue interface remains a
current scientific challenge. A TBI complex involves three distinct but
functionally integrated zones: tendon, bone, and their transitional
fibrocartilage. Thus, complex anisotropic organization of the TBI is
remarkably pertinent to the spatial biomechanics and load-transfer
functions [47]. For compliance with biological appearance, the char-
acteristic inhomogeneity of the TBI construct was achieved using 3D
cell-printing and tissue-specific bioinks. To reflect the structural and
compositional graduality, three types of bioinks (pure TdECM, pure
BdECM, and 7T3B hybrid bioinks) were employed to fabricate multi-
phasic tissue constructs. Considering anatomical features, each
cell-laden bioink was precisely localized to a corresponding phase and
merged through a polymeric framework, resulting in the successful
fabrication of an integrated multiphasic TBI construct (Fig. 3A and B).
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The TB model was designed to organize two distinct phases representing
the TdECM and BdECM bioink localizations to the tendon and bone
regions, respectively (Fig. 3A). In contrast, the TFCB model containing
three single phases (tendon, fibrocartilage, and bone regions) formed a
seemingly continuous 3D tissue structure in which components of the
TdECM and BdECM were discretely stratified along with inverse gradi-
ents to simulate native TBI layers (Fig. 3B). Fluorescent images facili-
tated visual inspection of the multiphasic TdECM and BdECM patterning
with hBMMSCs for the TB and TFCB models using green (within TAECM)
and red (within BAECM) fluorescent beads (Fig. 3A and B). The multi-
phasic distributions of tendon, bone, and their intermediate fibro-
cartilage zones were gradually observed in the triphasic TFCB model,
whereas spatially distinguished tendon and bone regions were shown by
the biphasic TB model. Quantified fluorescence intensity profiles
confirmed a spatial distinction at the interface area in both TBI con-
structs. Furthermore, the TFCB constructs showed a greater overlap
between green and red fluorescence (>30% overlap) than the TB con-
structs (8% overlap), indicating that the anisotropic and hierarchical
structure in the TFCB model can better imitate the native fibrocartila-
ginous interface (Fig. 3A and B).

To identify the extent of TBI development and regional differentia-
tion in the engineered tissue models, we investigated their gradient
characteristics when cultured with hBMMSCs encapsulated in different
types of bioinks. In combination with a dual-channel NIR imaging sys-
tem, C800-OMe and P700S03 NIR fluorophores were used to detect the
specific uptake of the fibrocartilaginous matrix and mineralization of the
in vitro engineered TBI constructs, respectively. In essence, C800-OMe
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Fig. 3. In vitro engineering of tendon-bone interface (TBI) model via 3D cell-printing. (A and B) Schematic diagrams of in vitro engineered TBI model. Design
and representative fluorescent image and its linear intensity profile of (A) biphasic TB model and (B) triphasic TFCB model. (C and D) NIR imaging of TBI model using
C800-OMe and P700-SO3 after 14 d of culturing. Dual-channel imaging of TBI formation and mineralization, and line profiling graph of fluorescence intensity of the
(C) TB and (D) TFCB models. (Z1: Bone zone; Z2: Fibrocartilage zone; Z3: Tendon zone). (E and F) SBR values of (E) C800-OMe and (F) P700S03 at different zones in
the 800-nm and 700-nm channels, respectively (n = 6 per group; *p < 0.05 and **p < 0.01).
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reaches the fibrocartilage matrix through diffusion-based penetration
and adheres to negatively charged glycosaminoglycans (GAG) and
fibrochondrocytes via strong charge interactions enabling effective
fibrocartilage-selective imaging [36]. P700SO3 contains phosphonate
groups within its chemical structure, and strongly binds to bone min-
erals such as hydroxyapatite (HA) and calcium phosphate (CP), enabling
NIR imaging of bone minerals [38]. In other words, tissue-targeted NIR
fluorophores provide a facile strategy to detect fibrocartilaginous and
bone-like tissues in the in vitro engineered TBI constructs by the SIT
manner [36-38]. Following 14 d of culturing, NIR images of the whole
constructs were obtained in the 700 nm (red) and 800 nm (green)
channels simultaneously (Fig. 3C and D). All tissue constructs revealed
both C800-OMe and P700S03 signals in the fibrocartilage and bone
phases, while they were rarely observed in the tendon phase, indicating
the spatial distribution of the matrix and mineral components over the
cell-printed constructs (Fig. 3C, D). During in vitro culture over 14 days,
the hBMMSCs not only underwent zone-specific differentiation in the
printed constructs but also produced matrix proteins, and thus induced
multiphasic bone-fibrocartilage-tendon structure formation mimicking
native TBI on day 14. Consequently, C800-OMe and P700SO3 specific
uptakes resulted from the production of fibrocartilaginous matrix (Z2)
and minerals (Z1) in matured TBI constructs, respectively (Fig. 3C and
D). In contrast, the NIR fluorophores did not bind to tendon regions due
to the absence of target structures. Notably, in the TFCB construct, the
highest fluorescent intensity of C800—-OMe was shown in the middle,
and its signal gradually decreased towards each end (Fig. 3D). This
specificity was further confirmed by the intensity line profile and
signal-to-background ratio (SBR) at 800 nm (Fig. 3E). In addition, the
gradient in mineralization on the TFCB construct was clearly visualized,
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representing a gradual slope in the intensity line profile of P700S03 and
variation in the SBR at 700 nm (Fig. 3D, F); on the contrary, TB construct
only presented very limited mineralization in the bone phase, with a
faint slope and diminished fluorescence intensity (Fig. 3C, F). Conse-
quently, the results indicated spatial differences in fibrocartilage matrix
and mineral depositions within the multiphasic gradient TFCB
construct.

To further clarify the ECM deposition and its spatial distribution in
the TBI models, IF staining was performed. The TFCB constructs
exhibited superior matrix heterogeneity and interface formation with
controlled spatial distribution of structural protein compared to the TB
constructs (Fig. 4A). At day 14, type-I collagen was synthesized by MSCs
and distributed throughout the constructs, particularly in the bone and
tendon phases of the TFCB constructs. Moreover, MSCs in the interphase
concurrently produced abundant type I and II collagen, and aggrecan
proteins in the TFCB constructs on day 14, suggesting that the TFCB
model gave rise to fibrocartilaginous matrices in the transitional zone,
unlike the TB model (Fig. 4A and B). These results agree well with the
NIR-based molecular imaging analysis results that the integrated TFCB
construct with inverse gradients generated a native-like fibrocartilagi-
nous gradient interface (Fig. 3C-F and Fig. 4 A, B). Thus, our findings
suggest that quantitative NIR-based molecular imaging can effectively
decipher the multi-tissue formation of cell-printed constructs and can be
a reliable tool for monitoring cellular activity and subsequent tissue
development in vitro.

To examine the regional differential behaviors of hBMMSCs exhibi-
ted by the TB and TFCB models, the expression patterns of tenogenic
(SCX, TNMD), chondrogenic (COL2A1, SOX 9) and osteogenic (RUNX2,
osteocalcin (OCN)) differentiation markers were assessed by qRT-PCR
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Fig. 4. Characterization of zone-specific tissue formation mimicking TBI. (A) Immunofluorescence staining of synthesized type-I and -1I collagens and aggrecan
as well as co-expression of Scx and Sox9 at different zones on day 14. Scale bar = 100 pm. (B) Quantification of immunofluorescence staining for type-I and -II
collagens, aggrecan, and Scx/Sox9" at different zones. (C) qRT-PCR analysis of hBMMSCs after culturing on the constructs for 14 d, including tenogenic, chon-
drogenic, and osteogenic differentiation markers at different zones (n = 6 per group; *p < 0.05, **p < 0.01, and ***p < 0.001).
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after 14 d of culturing. The hBMMSCs co-cultured in the TFCB constructs
exhibited significant upregulation of tenogenic, chondrogenic, and
osteogenic gene expressions according to each corresponding zone,
demonstrating the regional differences in MSC differentiation towards
the three intended lineage traits (Fig. 4C). For instance, tenogenic genes
were robustly expressed at the tendon zone where the TdECM bioink
was predominant, and the gene expression patterns of the other two
cases (chondrogenic and osteogenic genes) showed similar tendencies.
These results were further supported by IF staining outcomes. In
agreement with these results, the IF images showed that the TNMD
protein was expressed the most in the tendon zone (zone 3) and the
RUNX2 protein was expressed the most in the bone zone (zone 1) for
both the TB and TFCB constructs after 14 d of culturing, suggesting the
preferential differentiation of hBMMSCs into the tenogenic and osteo-
genic commitments in their corresponding zones (Fig. S10). The RT-PCR
and IF results corroborate that the tenogenic and osteogenic differenti-
ation process of the hBMMSCs was primarily affected by the localized
tissue-specific bioink components (TAECM and BdECM bioinks, respec-
tively). We also performed IF staining for Scx and Sox9 to investigate the
potential mechanism of fibrochondrogenic differentiation in the middle
zone of the tissue constructs (Fig. 4A). Notably, a greater number of
Scxt/Sox9™ expressing cells, which are indicative of early progenitor
cell markers crucial for TBI development, prevailed at the interphase of
TFCB constructs (Fig. 4B). This corresponds with the PCR analysis of
more upregulated Scx and Sox9 mRNA expressions in the interface re-
gion of TFCB constructs, compared to the TB control (Fig. 4C). In other
words, an abundance of Scx™/Sox9™ progenitors in the transition zone
may extensively contribute to strong fibrocartilage formation between
tendon and bone. Several studies have identified specific markers
essential for TBI development and maturation, including Scx, Sox9, and
Glil [48-51]. It was previously reported that unique Scx'/Sox9"
stem/progenitors are specifically modulated by TGF-3/BMP signaling
pathways, which functionally establish junction formation between
tendon/ligament and bone [45,48,49]. In addition, the hedgehog
signaling pathway is known to be a master regulator of endochondral
formation and hedgehog-responsive Glil-expressing cells primarily
contribute to the mineralized fibrocartilage formation [50,51], which
was not investigated in this study, but it is of interest for future research.
Although the mechanisms of cellular and cell-matrix interactions as well
as their key signaling pathways leading to native-like fibrocartilage
interface formation remain unknown, it is probable that concurrent Scx
and Sox9 expression as well as heterotypic cellular interaction at the
interphase significantly contribute to fibrocartilaginous interface
development and mineralization, resembling the gradient features of the
native TBI. We believe that our gradient multi-tissue system incorpo-
rating tissue-specific bioinks and stem cells can provide a better un-
derstanding of the developmental mechanism as well as a scaffold design
strategy for interface tissue engineering applications.

Additionally, the biomechanical properties of TFCB constructs
cultured with hBMMSCs for 14 d (cellular TFCB) and the TFCB con-
structs without cells (acellular TFCB) were evaluated before in vivo im-
plantation. The tensile properties of in vitro TFCB constructs were
measured using a universal testing machine. The failure load and elastic
modulus of the cellular TFCB gradually increased over time and showed
2.15 and 1.84 times higher than those of the acellular TFCB, respectively
(p < 0.01) (Fig. S11). The results suggest the contribution of cell
remodeling and ECM depositions within the scaffolds in improving the
mechanical properties of the TFCB construct in vitro.

These findings collectively demonstrate that multi-tissue system
containing spatially orchestrated dECM components with inverse gra-
dients results in zonal differences in MSC differentiation behaviors,
which are indicative of multicellular phenotypes as well as varying
structural protein depositions in their respective regions. Thus, the cell-
printed constructs with compositional inverse gradients of TBI-specific
bioinks (TFCB model) are promising for achieving functional recon-
struction of a multi-tissue transition at the TBI in vivo.
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3.3. In vivo functional assessments of 3D cell-printed multi-tissue
interface for RC repair

Gait analysis was conducted as the first step of in vivo functional
evaluation after RC repair. Analysis of the walking patterns of experi-
mental animals analysis provides quantifiable behavioral data on how
the given injury and repair impact the animal movements [41]. At
certain time points (4, 8, and 12 weeks), rat pawprints were collected
and used to comprehensively analyze gait parameters, including spatial
parameters (stride length, stride width, and step length) and paw pa-
rameters (paw length and toe-spread) (Figs. S6 and S12 and Fig. 5A).
The results confirmed gait abnormalities at the repair site for all groups
at 4 weeks after surgery, as evidenced by the attenuated stride length
and width as well as increased asymmetry of other parameters compared
to those of normal rats (Fig. S12 and Fig. 5B and C). While all groups
showed a trend towards recovery over time, the pawprints of the 3DP
and 3DCP groups showed notable recovery from 4 weeks onwards,
whereas the CTRL group showed only partial recovery (Fig. 5B and C).
Notably, all gait parameters of the 3DCP group consistently improved at
each time point. Furthermore, their values were rapidly ameliorated and
eventually reached normal levels at 12 weeks post-operation, implying
outstanding repair performance by the 3DCP implants (Fig. 5B and C).
These results are further supported by video clips (Videos S1-54); all
animals that underwent operations seemingly resumed load bearing and
locomotion as early as 4 weeks post-operation, and the rats in the 3DCP
group could fully restore load bearing and locomotion with active and
extensive movements at 12 weeks post-operation. Our findings suggest
that gait analysis proves useful in quantitatively evaluating shoulder
function by scoring behavioral phenotypes and is capable of detecting
differences in degree of healing as well as functional enhancements for
repaired animals. Thus, the above gait analyses clearly indicate
enhanced shoulder function recovery after 3DCP implantation, which
was close to normal conditions.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.05.004

Next, the progress of multi-tissue regeneration was monitored in the
RC repaired rat model after intravenous injection of P700SO3 (700 nm
NIR) and C800-OMe (800 nm NIR) to validate surgical outcomes
(Fig. 6A). Based on our previous studies, the injected NIR fluorophores
were cleared from the body within 24 h except for the target signals in
the bones and cartilages [36,38]. The dual-channel NIR fluorescence
imaging allowed an independent and direct in vivo assessment of the
multi-tissue interface healing process in real time within a single animal
model until 12 weeks after surgery (Fig. 6B and C). To determine the
fibrocartilaginous interface regeneration, 800 nm fluorescent signals
were quantified in the shoulders of RC repaired rats at each time point
(Fig. 6C). In the control group (without implantation), fluorescence
signals in the 800 nm channel at the repair site were almost undetectable
(SBR <2) up to 12 weeks post-operation, suggesting unfavorable ten-
don-bone attachment (Fig. 6D). In contrast, both the 3DP and 3DCP
groups showed strong fluorescence signals in their corresponding region
at all-time points, and the NIR signals gradually increased over time,
indicating fibrocartilage formation between supraspinatus tendon and
bone after repair with the printed constructs (Fig. 6C). Comparatively,
the 3DCP group displayed stronger fluorescence with enhanced SBR
values compared with 3DP (p < 0.05) and CTRL groups (p < 0.01) at
all-time points. Notably, the 3DCP group exhibited prominent
fibrocartilage-specific signals at the healing site as early as 4 weeks
post-operation, and the final SBR value at 12 weeks was 5.1. This fluo-
rescence is comparable with the normal group, indicating a local
deposition of fibrocartilage matrix at the healing site (Fig. 6D). Addi-
tionally, the degrees of bone regeneration were evaluated in the same
rats with P700SO3 under the 700 nm channel, while the fibrocartilage
was visualized with C800-OMe under the 800 nm channel (Fig. 6C, D,
E). The bone-targeting agent of P700SO3 favorably binds to mineral
contents in bone tissues (e.g., HA and CP) and exhibits direct uptake
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against the osteoclast activity during bone resorption and mineral
release in vivo [37]. Clinically, chronic RC tears can aggravate the bone
mineral density of the greater tuberosity with poor bone quality, which
may negatively affect the biomechanical properties and lead to high
re-tear rate after repair [52]. In the early stages of healing at 4 weeks
post-operation, all groups showed wide distribution of P700SO3 and
remarkable fluorescence in the greater tuberosity, perhaps owing to the
active cortical remodeling process promoted by osteoclast activity. Af-
terward, 700 nm fluorescence signals in the bone area gradually
decreased due to changes in the degree of inflammation and osteoclast
density. The 3DP and 3DCP groups both consistently showed similar SBR
values of P700SO3 (3DP = 3.9 and 3DCP = 3.3), close to the normal
bone tissue level in the late stage of healing at 12 weeks post-operation,
while the CTRL group showed a higher SBR and sustained P700SO3
distribution over the entire bone tissues (Fig. 6E). At the final time point
of 12 weeks, the gross morphology of the harvested tendon-bone com-
plexes showed complete integration between tendon and bone in the
3DP and 3DCP groups, while a robust fibrovascular scar tissue formation
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was observed at TBI in the CTRL group (Fig. 6C). These results consis-
tently demonstrate that the rats in the 3DCP group had a better prog-
nosis in terms of strong fibrocartilage signal and tempered bone
resorption activity, reminiscent of the native interface. This nonde-
structive, consecutive, and tissue-selective NIR imaging approach has
several advantages, including visualizing targeted tissue formation in
real time, quantifying each fluorescence signal, and minimizing the
number of experimental animals required at various timeframes. Over-
all, dual-channel NIR imaging-based assessment demonstrates the
feasibility of visualizing TBI complexes and their structural changes
after RC repair and enables quantitative observation of multi-tissue
formation, highlighting its diagnostic use for monitoring direct
anatomical change and regeneration process in real time.

Following quantitative NIR imaging-based monitoring and its diag-
nosis for TBI regeneration, we examined the histology with HE, PR, and
SO staining at the time of harvesting (12 weeks post-operation) to
identify tissue remodeling, multi-tissue formation, and matrix contents
of the regenerated TBIs. In response to the above NIR-based imaging
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Fig. 7. Representative histological images and mechanical evaluation of repaired rotator cuffs. (A) Hematoxylin-eosin (HE), safranin O (SO), and picrosirius
red (PR) staining of regenerated TBIs as well as implanted stem cell tracing in vivo at 12 weeks post-operation. Scale bar = 200 pm. Yellow arrowheads indicate
implanted hBMMSCs located near the regenerated fibrocartilage and implantation site. (B) Histological scores of repaired rotator cuffs in the CTRL, 3DP, and 3DCP
groups. (C) Comparative analysis of total metachromasia area with SO staining. (T: tendon; FC: fibrocartilage; B: bone). (*p < 0.05 and **p < 0.01). (D) Biome-
chanical evaluation of the regenerated TBI at 12 weeks post-operation. All experiments were performed with n = 4 per group. (*p < 0.05 and **p < 0.01).
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analysis, histological examination demonstrated better repairing effects
with the gradient 3DCP cellular scaffold compared with the CTRL and
3DP groups over 12 weeks (Fig. 7A). Histologically, the impaired
supraspinatus tendon was firmly reattached to the proximal humerus by
a regenerated collagen-rich tissue in all groups at 12 weeks post-
operation. The quality of the remodeled fibrocartilage layers at the
healing site was better in the 3DP and 3DCP groups than in the CTRL
group. Notably, the 3DCP group showed a densely organized collagen
structure, proteoglycan-rich fibrocartilage layers with rounded
fibrochondrocyte-like cells, and an apparent tidemark making the
gradient transition interface more notable, indicating remarkable TBI
healing by 3DCP. Because all rats were administrated with an immu-
nosuppressant during the implantation period, we believed that the
transplantation of the exogenous human cells into the rats would not
trigger a xeno-immune response and the healing process would not be
affected. Interestingly, IF staining demonstrated that the implanted
hBMMSCs were present near the regenerated fibrocartilage and im-
plantation site, suggesting that the implanted cells survived 12 weeks
post-operation in the 3DCP group (Fig. 7A). Quantitatively, the 3DCP
group outperformed the other groups, as indicated by higher histologi-
cal score and greater total metachromasia area for the regenerated
fibrocartilage compared to the 3DP and CTRL groups (Fig. 7B and C and
Tables S3 and S4). Therefore, repair with 3DCP promoted TBI healing
with re-formation of robust fibrocartilaginous transition; these histo-
logical assessments were consistent with NIR-based in vivo imaging,
indicating the reliability of our tissue-targeting NIR imaging system.

The mechanical properties at the TBI are a key indicator to judge the
healing quality of the repaired RC as well as the recovery of shoulder
function. All specimens from the three groups ruptured at the interface
site during the mechanical testing (Fig. 7D). At 12 weeks post-operation,
the 3DP and 3DCP groups showed enhanced mechanical outcomes
compared with the CTRL group, suggesting a beneficial effect from 3D
bioprinted scaffolds on the restoration of mechanical properties
following repair. Consistent with the above findings, the mechanical
properties of the regenerated TBIs at 12 weeks post-operation in the
3DCP group significantly surpassed those of the CTRL and 3DP groups
(Fig. 7D). Notably, the 3DCP group exhibited the lowest cross-sectional
area among the experimental groups and had higher ultimate failure
load, greater ultimate stress, and larger elastic modulus, with statisti-
cally significant differences (Fig. 7D and Table S5). All these results
clearly demonstrate that repair with cell-printed implants facilitated
mechanical strength improvements at the TBI, which closely
approached to those of the normal supraspinatus tendon-bone complex,
emphasizing the therapeutic potency of the gradient multi-tissue con-
structs with cells for functional RC regeneration. Although not addressed
at present, investigating dynamic mechanical behaviors (e.g., torsion or
cyclic testing) of regenerated TBI will be needed for future work to better
understand RC repair stability toward clinical translation.

In the current study, we generated 3D cell-printed constructs with
gradient multi-tissue structure for fibrocartilaginous interface regener-
ation and clarified the regeneration effect of cell-printed constructs in a
translational RC tear of a rat model for 12 weeks. The current standard
method to determine in vivo regenerative efficiency is histological ex-
amination which requires the sacrifice of a number of test animals. In a
clinical settings, with a strong soft-tissue contrast and multiplanar im-
aging capabilities, magnetic resonance imaging (MRI) is regarded as an
effective diagnostic modality to detect RC tears and provide useful in-
formation such as tear degree and tissue quality [53,54]. Despite these
merits, MRI has certain disadvantages including high costs, delayed data
acquisition, non-continuous operation, and low tissue-specificity, all of
which contribute to its inconvenience for real-time intraoperative im-
aging [54,55]. Alternatively, NIR fluorescence imaging with
tissue-specific fluorophores can not only provide accurate and quanti-
tative diagnostic information of RC healing in real time but also reduce
the required number of samples or animals over time. This is the first
study to validate the RC tear healing effect after repair with cell-printed
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implants via tissue-targeting NIR imaging. In this study, we explored the
real-time monitoring of multi-tissue regeneration at the implantation
site in a rat RC model, which suggesting the translational potential of an
NIR-based monitoring system for determining the regenerative ability of
3D cell-printed tissue constructs in vivo. Specifically, we compared the
therapeutic efficacies of 3DP and 3DCP on TBI healing in the studied rat
model. Based on several indicators, including gait analysis, NIR imaging,
histology, and mechanical outcomes (Figs. 5-7), our findings compre-
hensively corroborate that 3DCP implants along with stem cells promote
functional TBI healing and mechanical functions, which were signifi-
cantly better than those of the 3DP and CTRL groups. In the 3DCP group,
fibrocartilage-like tissues were moderately observed as early as 4 weeks
post-operation, and the regenerated TBIs at 12 weeks had shown inte-
grated fibrocartilaginous transition with gradient structure similar to
those of a normal TBI, resulting in improved mechanical strength and
restored shoulder locomotion function. It could be logically postulated
that after the scaffold was implanted, the exogenous stem cells
embedded in gradient multi-tissue constructs would secrete cytokines
under the guidance of graded ECM cues that promote recruitment of
host endogenous cells and/or direct regional differentiation, leading to
early fibrocartilage formation and improved TBI healing; our in vitro
analyses support our hypothesis to some extent (Figs. 2-4). Conse-
quently, a combination of the gradient multi-tissue construct and stem
cells strongly contributed to functional TBI regeneration.

Herein, PU/PCL acted as a template for structural support, offering a
mechanically stable environment for the cell-laden bioinks to promote
biological activity. Previous studies have reported that PCL scaffolds are
often mechanically stiff and may cause friction with the softer native
tissue, making them unsuitable for load-bearing applications [56,57].
Thermoplastic PU is another promising material for orthopedic tissue
engineering owing its elasticity, tunable physicochemical characteris-
tics, and polymer miscibility. Hence, PU/PCL was selected instead of
pure PCL to achieve polymers with intermediate features such as
biocompatibility, excellent flexibility, material processability, lower
friction property, and adjusted mechanical stiffness for 3D printed im-
plants [58,59]. Owing to the lack of bioactivity, polymeric biomaterials
often yield a fibrotic foreign body reaction (FBR) at the biomaterial-host
tissue interface, such as inflammation, granulation, fibrosis, and fibrous
capsule formation, which hampers the therapeutic efficacy of the
biomaterial implants [60]. Once foreign biomaterials are implanted, the
FBR is initiated by the host’s immunological response, with the spon-
taneous absorption of blood plasma proteins onto the biomaterial sur-
face and the infiltration and adhesion of the relevant immune cells (e.g.,
monocytes, neutrophils, giant cells, and macrophages) [61]. However, a
severe FBR inevitably results in chronic fibroproliferative responses and
fibrous capsule formation that culminate in poor tissue regeneration
[62]. We previously demonstrated through subcutaneous murine im-
plantation the in vivo biocompatibility of PU/PCL polymeric materials,
as observed by the attenuated FBR without collagen-rich scar tissue
growth [22]. In agreement with this result, the PU/PCL-based implants
utilized in this study did not result in fibrous capsule formation around
the implanted polymeric templates at over 12 weeks in a rat model for
RC repair.

Our study has a few limitations. First, the lack of characterization of
the in vivo degradation rate of the implants is a major drawback. Because
an ideal scaffold should possess suitable biodegradability during neo-
tissue formation, scaffold degradation behavior is one of the critical
factors for successful in vivo regeneration [12,19]. Despite promoted TBI
healing, the implanted PU/PCL synthetic polymers were not completely
degraded over the 12-week post-operation period (Fig. S13). In the
short-term in vivo investigations (12 weeks) conducted in the current
study, it was difficult to identify the degradation characteristics of the
constructs following in vivo implantation. Both PU and PCL have
excellent biocompatibility and long-term biostability with a low
degradation rate in the order of years [63-65]. Previous literature re-
ported the degradation of PU/PCL-based scaffolds in a biological



S. Chae et al.

environment resulting from a combination of hydrolysis and phagocy-
tosis. The in vivo degradation of the scaffold is initiated by the hydrolysis
of the PCL segments. The remnant PU segments are phagocytized by
macrophages (or giant cells) [66]. It is significant to note that mild
acidity typically exists in RC healing. Consequently, the activated neu-
trophils and macrophages secrete reactive oxygen species and enzymes
capable of degrading and eliminating aliphatic PU segments [67]. Thus,
complete degradation of the remnant PU/PCL polymeric materials at the
implantation site by hydrolysis (PCL segments) and macrophage
phagocytosis (PU segments) without a release of toxic products is ex-
pected. The degradation also may not elicit chronic inflammation and
fibrotic foreign body reaction in vivo [25,68]. Given that RC injuries
require long-term recovery, incomplete degradation of the polymer can
impair the engraftment efficiency and mechanical properties necessary
to maintain physiological loads, resulting in the failure of the
graft-mediated RC repair [68]. This should be considered in future
research to elucidate the in vivo degradation profile as well as the
long-term stability of the cell-printed constructs. Second, stem cell
tracking is another important issue to evaluate the fate of the implanted
cells and the treatment efficacy for TBI regeneration, which were not
addressed in this study. Future studies are expected to trace the
implanted stem cells within the shoulder joint in vivo to elucidate their
fate and contribution to TBI regeneration in vivo. Our systematic in vivo
study demonstrated that 3DCP constructs along with stem cells revealed
native-like TBI formation at the repair site, whereas acellular 3DP con-
structs showed moderate TBI healing, definitely signifying cell-mediated
TBI regeneration. Stem cell-based therapy has shown promising pros-
pects and received enormous attention to treat extensive TBI injuries
because implanted stem cells can directly differentiate into targeted
lineage and/or have paracrine roles [1,5,9,69]. Previously, NIR fluo-
rescence imaging techniques have been sporadically utilized to study
scaffold degradation and stem cell tracking after transplantation of
cellular scaffolds in vivo [32,34]. We believe that incorporating cell
tracking fluorophores with tissue-engineered constructs will allow
non-destructive and longitudinal tracking of the grafted exogenous stem
cells in vivo [70], which could be useful for further identifying
cell-mediated TBI formation or regenerative mechanisms over the
regeneration period. Third, the underlying mechanisms and key
signaling pathways for in vitro TBI formation as well as in vivo restoration
of the gradient TBI structure and functions by the graded ECM cues using
TdECM and BAECM bioinks should be clearly identified. In-depth in-
vestigations are also required to disclose the interaction between the cell
and biomaterial scaffolds, which participate in RC regeneration after
implantation in vivo. Lastly, the use of primary cells in the 3D
cell-printed construct and its in vivo application in a large animal model
should be realized to investigate the regeneration efficacy of the
developed 3D cell-printed TBI constructs for RC repair before clinical
trials. Nevertheless, our findings fundamentally highlighted the impor-
tance of stem cell-mediated regeneration for graded interface tissue
regeneration through the implantation of dECM-based gradient
multi-tissue constructs, which has immense potential for future clinical
application.

4. Conclusion

In summary, this study demonstrates the functionality of a gradient
multi-tissue interface construct for RC regeneration. A 3D cell-printed
TBI construct containing inverse gradient of TBI-specific bioinks with
stem cells emulated the multi-tissue structure and phenotype mimicking
TBI and offered instructive cues for complex interface regeneration in a
translational animal model. Tissue-targeting NIR fluorescence-based
imaging technology enables not only the visualization of the TBI com-
posite structure of cell-printed constructs in vitro but also consecutive
monitoring of the in vivo regeneration process and multi-tissue forma-
tion in real time, allowing for nondestructive prognostic imaging of
implanted constructs and their treatment efficacy. Moreover, a 3D cell-
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printed implant rapidly and effectively restored shoulder function and
promoted TBI healing following RC repair. Overall, we demonstrated
the therapeutic contribution of cell-printed constructs in functional RC
regeneration, which may open the possibility for their use as regenera-
tive therapy in future clinical practice.
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