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ABSTRACT: The postoperative retear rate of direct repair of ) Tendon-to-Bone Regeneration
massive rotator cuff tear has risen up to 40% because of the # Wi wnsson st Oras Gren
dissatisfied tendon-to-bone healing and poor regenerative potential -
of remnant rotator cuff tissue. A biological scaffold that connects the
remnant rotator cuff tissue and bone might be a promising
substitute. In the present study, we have developed a macroporous
three-dimensional scaffold poly(ester-urethane)urea (PEUU), with
self-fitting capability employing thermally induced phase separation
(TIPS) technique. The scaffold provides oriented connected
macropores for cells migration, and promoted tendon-to-bone
healing on the basis of surgical repair. The scaffolds were
characterized by scanning electron microscopy, stress—strain test
and cell biocompatibility study. In vitro studies exhibited that PEUU
scaffold with suitable elastic mechanical properties can better support proliferation and migration of rabbit bone mesenchymal stem
cells (RBMSCs). After three months postreconstruction of massive rotator cuff tear in a rabbit model using PEUU scaffold, there was
complete regeneration of rotator cuff with physical tendon-to-bone interface and continuous tendon tissue, as observed from
histological analysis. Further, biomechanical testing demonstrated that rotator cuff induced by PEUU scaffold had no significant
difference as compared to normal rotator cuff. This macroporous, mechanically matched scaffold is potentially suitable for the
application in massive rotator cuff repair. In conclusion, this study demonstrates the high efficiency of the macroporous 3D scaffold
with self-fitting capability in facilitating rotator cuff regeneration.
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1. INTRODUCTION with proper mechanical property and previous reports
demonstrated the development of tendon structure mimicking
PCL-based composite as rotator cuff augmentation
patches.”™"* Orr SB found that compared with multilayered
nonaligned scaffolds, not only was the mechanical property
improved but the expression of tenomodulin was enhanced in
multilayered aligned scaffolds as well.'' To improve the
hydrophilicity of PCL scaffold, we used PCL—chitosan
scaffolds to for rotator cuff regeneration in our previous
study.12 Enhanced bone, tendon-to-bone, and tendon for-
mation were observed 3 months after implantation. However,
infiltration and adhesion of tendon cells and bone marrow
stem cells (BMSCs) was difficult with the PCL scaffolds.'>"*

Massive rotator cuff tears (MRCT) are very common
devastating health issues in elder people with age over 60
and the treatment of MRCT is highly expensive. While, surgery
remains the only option for the treatment of MRCT, its failure
chances in terms of retear rate have risen up to 40%.'~ The
reasons for postoperative retear could be attributed to the
dissatisfied tendon-to-bone healing as well as poor regenerative
potential of remnant rotator cuff tissue.*’

The high percentage of surgery failure has facilitated the
urgency to find a new alternative solution that can overcome
the limitations associated with conventional treatment strategy
of MRCT. In this context, biological scaffold, which builds
bridge between remnant rotator cuff tissue and bone, might be

a promising substitute for MRCT regeneration.6_8 Biodegrad- Special Issue: Innovations in Orthopedic Biomaterials | &ACSESmizRE
able scaffolds are considered as excellent materials for rotator and Regenerative Medicine in China — b
cuff regeneration with high surface/volume ratio, tunability, Received: February 6, 2020 ", »]
and flexibility to prepare a tissue engineering scaffold Accepted:  April 13, 2020 Q",- =
possessing microstructure similar to native tissue. Polycapro- Published: April 13, 2020 i

lactone (PCL) is a biodegradable and biocompatible material
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Application of poly(ester-urethane)urea (PEUU) scaffold was
emphasized. Nair et al. found that both the material and the
degradation products of PEUU scaffold were noncytotoxic."
Consisting of extracellular matrix gel and PEUU nanofiber, a
biohybrid composite was generated for a full-thickness
abdominal wall defect, and 4 weeks after implantation, no
infection was observed at the implant site.'® However, few
studies have reported PEUU application in rotator cuff tissue
engineering.

Recent studies also concentrated on pore size and three-
dimensional (3D) structure of scaffolds to facilitate the cellular
penetration and tissue in growth.'””'? However, biocompat-
ibility of the scaffold for tissue regeneration would be
significantly differed when organic solvents or particulate
leaching was included. Porous scaffolds can be fabricated by
the thermally induced phase separation (TIPS) technique
without remnant solvents, preserving the biocompatibility of
the scaffold. TIPS parameters, including polymer type and
concentration, solvent or nonsolvent ratio, and the cooling
rate, can be adjusted for distinctive scaffold with unique
porosity tailored for various utilization. A porous scaffold
fabricated by TIPS has been recentlzf used in myocardial,
dermal, and bone tissue regeneration. 9722 Nevertheless, the
enhanced level of porosity in the microstructure of scaffolds is
generally accompanied by the reduction of mechanical
strength, resulting from large void space.23 Via infinite element
simulation, Zhang et al. found that the Young’s moduli of
scaffolds decreased linearly with increasing scaffold porosity.”*
For cartilage regeneration, soft and porous scaffolds are much
preferred compared with stiff scaffold.”® Because cartilage
regeneration is highly critical for tendon-to-bone regeneration,
a soft and porous scaffold that prevents scaffold breakage
during degeneration and regeneration might be ideal for
rotator cuff scaffold.

In the present study, we have employed the TIPS method to
fabricate a suitable rotator cuff regenerating novel scaffold
within an oriented, interconnected, and porous network,>>%¢
with self-fitting capability for the repairment of massive rotator
cuff tear. One of the major advantages of this TIPS technique
is its ability to construct macroporous pore networks within
the 3D scaffolds,”” which is highly suitable for BMSCs
adhesion and proliferation. The PCL and PEUU scaffolds
have been characterized in terms of their physical structure,
tensile mechanical properties, and biocompatibility to support
the proliferation and migration of rabbit bone mesenchymal
stem cells (RBMSCs). Further, considering the ideal
biocompatibility of PEUU scaffold, we have investigated its
rotator cuff regenerating potential in rabbit model in vivo. To
the best of our knowledge, this is the first report of a TIPS-
based scaffold that can be useful for repairing massive rotator
cuff tears.

2. MATERIALS AND METHODS

2.1. Fabrication of Biomimetic Porous PEUU and PCL
Scaffolds by Phase Separation Technique. To prepare the
solution for TIPS, we separately dissolved 0.5 g of poly(urethane
urea)ester (PEUU, M,, about 80, 000) and 0.5 g of PCL in 10 mL of
pure DMSO by placing each solution on a magnetic stirrer at 60 °C
for 2 h. After being cast into PTFE molds, the homogeneous solutions
were placed in a —80 °C refrigerator for 4 h. The frozen polymers
were then subsequently immersed in ice water for 12 h, followed by
changing the ice water every 2 h. After being washed with deionized
water, the fabricated polymer scaffolds were freeze-dried overnight
prior to further experiments.
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2.2. Characterization of the PEUU and PCL Scaffold. The
morphology of the PCL and PEUU scaffolds was evaluated employing
scanning electron microscopy (SEM) (Phenom XL, Netherlands).
The pore sizes of the scaffolds were calculated from cross-sectional
SEM images using Image] software (National Institutes of Health,
USA). Fourier transform infrared (FTIR) spectra, water contact
angles (WCA), and thermal and mechanical properties of scaffolds
were also determined. More characterization details are available in
the Supporting Information.

2.3. Cell Proliferation Assay. PEUU and PCL scaffolds were
placed into a 100 mm Petri dish and exposed to ultraviolet
disinfection for overnight, prior to place them individually into the
well of 24-well tissue culture plates. The scaffolds were carefully
washed with phosphate buffer solution (PBS) thrice and culture
medium once. RBMSCs were seeded at a density of 1.0 X 10* cells/
well for cell proliferation assay. The evaluation of the morphology and
cell viability of RBMSCs on PEUU and PCL scaffolds (1 = 3 for each
group) were conducted using SEM and CCK-8 assay following
previous studies.”® To further investigate the morphology of the
nucleus and cytoskeleton of proliferated RBMSCs, adhered cells from
another set of sheets were fixed with 4% paraformaldehyde and kept
at 4 °C prior to further experiments. The nucleus and cytoskeleton of
cells were eventually stained with 4’,6’-diamidino-2’-phenylindole
hydrochloride (Invitrogen, USA) and rhodamine-conjugated phalloi-
din (Invitrogen, USA), respectively and observed under Zeiss880
fluorescence microscope (Nikon, Japan).

2.4. Investigation of Cell Migration. The vertical cell migration
ability of RBMSCs on both PEUU and PCL scaffolds was investigated
(8 um pores, Corning, USA). After adding 600 uL of a-men with 10%
FBS into the lower chambers, the scaffolds (n = 3 for each group)
were placed on the upper surface of the membrane. To initiate the
migration procedure, we then seeded RBMSCs to the upper chamber
(20000 cells in 300 uL of a-men with 2% FBS). After 12 and 24 h
cultivation of cells in an atmosphere of 5% CO, and 37 °C
temperature, the medium and scaffolds were removed. Cotton tip was
used to clean the cells on upper surface of the filter. Migrated
RBMSCs on the lower chamber membrane surface were then fixed
with 2.5% glutaraldehyde for 15 min at 25 °C. After rinsing thrice
with PBS, cells were stained with 300 uL Crystal Violet (Sigma-
Aldrich) for 15 min, followed by further washing with PBS twice. To
determine the relative migration value, we eluted Crystal Violet
staining in 600 L of 10% acetic acid (30 min, 25 °C) and measured
the absorbance at 590 nm.

2.5. Rabbit Rotator Cuff Reconstruction Surgery. The
surgical procedures were conducted in rabbit according to the policy
of the Institutional Animal Care and Use Committee of Shanghai Jiao
Tong University affiliated Shanghai Sixth People’s Hospital. The in
vivo animal experiments were carried out with approval from the
Animal Welfare Ethics Committee of Shanghai Sixth People’s
Hospital.

Six mature male rabbits of weight 2.5 + 0.3 kg were used for rotator
cuff reconstruction. Both shoulder of these rabbits was shaved
carefully and sterilized by iodophor under general anesthesia. The
right shoulder of each rabbit was used as experiment group and the
left shoulder was served as sham operation group. For experiment
group, skin and two layers of deltoid were incised to expose the
rotator cuff. Supraspinatus tendons and cartilage on the footprint area
were removed using a No. 11 blade knife. The defect was
subsequently refilled with PEUU scaffold, fabricated by phase
separation technique. After irrigation, the surgical incision was closed.
The left shoulder underwent sham surgery, and the deltoid and skin
were closed in a routine manner, without any damage on rotator cuff.
After recovering from anesthesia, all animals were allowed to move
unrestrictedly inside the cage. Three days postsurgery, 400 000 U of
penicillin was administered to the muscle to prevent infection. Three
months postsurgery, 12 rotator cuff tendon-humerus complexes were
harvested for histological study and biomechanical testing. Micro-CT,
histological, histochemical, and biomechanical assessments of rotator
cuff for both the experimental group as well as sham operation group

https://dx.doi.org/10.1021/acsbiomaterials.0c00193
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Figure 1. Schematic illustrations of fabrication of PEUU macroporous 3D scaffold and its therapeutic application for massive rotator cuff defect in

vitro and in vivo.
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Figure 2. SEM images exhibiting cross-sectional and surface structure of PCL and PEUU scaffolds and measurement of their water contact angle

(images of drops captured at 0.5 s), respectively.

were performed. More testing details are available in the Supporting
Information.

2.6. Statistical Analysis. All quantitative data were presented as
the mean =+ standard error. All statistical analyses were performed
employing independent-Sample ¢t test and significant level was set at P
< 0.0S.

3. RESULTS

3.1. Fabrication and Characterization of Scaffolds.
According to the previous reports, the smaller pore size of the
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scaffold may hamper the infiltration of host cells as well as limit
the regeneration and remodeling of the tissue.”” Therefore, in
the current study, we decided to design a macroporous 3D
scaffold for rapid and effective regeneration of massive rotator
cuff defect. An earlier study reported that the enhanced level of
porosity in the microstructure of the scaffold is commonly
accompanied by the reduction of mechanical strength
originating from large void space.” In this context, we have
designed a sheet 3D scaffold with an oriented macroporous
structure. The fabrication of scaffold was carried out by

https://dx.doi.org/10.1021/acsbiomaterials.0c00193
ACS Biomater. Sci. Eng. 2021, 7, 904-915
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Figure 3. (a, b) FTIR spectra curves of PCL and PEUU scaffolds. (a) 400—4000 cm™" wavenumber range; (b) 400—1875 cm™' wavenumber

range; (c, d) TG and DTG curves of PCL and PEUU scaffolds.

pouring 5% PEUU homogeneous solutions into the PTFE
molds, followed by freeze-drying treatment (as depicted in
Figure 1).

It is highly essential to characterize the microstructure of the
scaffold, as the three-dimensional structure of the as-prepared
scaffold may easily be damaged during TIPS operation. The
structure of the outside and cross-sectional surface as well as
surface wettability of both PCL and PEUU scaffolds were
determined by SEM analysis and water contact angle
measurement, respectively, as shown in Figure 2. It is clearly
observed from SEM images that the synthesized PEUU
scaffold possess a microporous fluffy outer surface, whereas
PCL scaffold exhibited a macroporous ordered outer surface.
The fluffy compact outer surface of PEUU scaffold would
provide a suitable architecture for the adhesion and
proliferation of RBMSCs. The water contact angles of the
outer surface of the two scaffolds indicate that the pore
structures determine their hydrophilicity, which might result in
different biocompatibility.

The pore structures of PCL and PEUU scaffolds exhibited
different morphological properties as observed from cross-
sectional SEM images. PCL scaffold showed a flap and
irregular pore structure, which might restrict the cell migration.
However, PEUU scaffold displayed a regular and intercon-
nected structure with a pore size of about 40—80 yum, which is
highly suitable for cell migration. Moreover, the prepared
PEUU scaffold is macroscopically smooth without any gross
defects and the structures of the tube remain intact after the
TIPS operation, indicating that the TIPS process results in no
visible changes in the morphology of the scaffold.

Via a two-step solution polymerization method, the PEUU
scaffold was synthesized following our previous work.” As
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shown in Figure 3a,b, FTIR spectroscopy was used to confirm
the different chemical structures of PCL and PEUU scaffolds.
The intensity of the infrared vibration absorption peak is
proportionally related to the polarity of the bond. The stronger
the polarity, the higher is the intensity. Therefore, the peak
intensity of C=0 is generally higher than that of C=C. The
spectrum presented characteristic peaks of PEUU at around
3300 cm™ (C—H vibrations on unsaturated C), 1600 cm™
(stretching vibration), 1725 cm™ (ester carbonyl group), and
1570 cm™" (the deformation vibration in plane of N—H). The
broad peaks of PEUU were at 1161 and 1280 cm™,
representing the stretching vibration of C—O-—C. The
vibration of the C—O stretching and C—N stretching exhibited
peaks at 1088 and 1454 cm™’, respectively.

The stability of the scaffolds was determined by
thermogravimetric analysis as recommended.”® Thermogravi-
metric (TG) and differential thermogravimetric (DTG) curves
of PCL and PEUU scaffolds are presented in Figure 3c, d,
respectively. The thermal degradation temperature of the PCL
scaffold is in the range of 300—500 °C and the temperature of
50% weight loss is near 410 °C. Two stages of pyrolytic
process were observed for PEUU scaffold, unlike one-stage
pyrolytic process of PCL scaffold. The first stage represents the
thermal fracture of soft segment of main molecular chains and
the second stage can be ascribed to the thermal scission of hard
segment of main molecular chains. Furthermore, the thermal
degradation temperature of 50% weight loss of PEUU scaffold
was decreased slightly. As shown in Figure 3d, the weight of
PEUU scaffold was reduced greatly from approximately 250 to
500 °C, which is significantly less than that of PCL scaffold.
Therefore, the result demonstrated that PEUU is a block

https://dx.doi.org/10.1021/acsbiomaterials.0c00193
ACS Biomater. Sci. Eng. 2021, 7, 904-915
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Figure 4. Mechanical properties of PCL and PEUU scaffolds under dry conditions. (a) representative stress—strain curves; (b) Young’s modulus,

tensile strength, and elongation at break. *P < 0.0S, **P < 0.01.
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Figure 5. Biocompatibility of PCL and PEUU scaffolds. (a) CCK-8 assay for the viability of RBMSCs cultured onto PCL and PEUU scaffolds for 1,
4, and 7 days, respectively. (b) Protein absorption results of PCL and PEUU scaffolds for 12, 48, and 144 h, respectively. (c) DAPI (blue)/
phalloidin (red) staining of RBMSCs proliferation. Scar bar: 50 m. The results are shown as mean + standard deviation. *P < 0.05, **P < 0.01.

polymer, which is more likely to induce the separation of two
phases.

3.2. Mechanical Properties. Representative stress—strain
curves, Young’s modulus, tensile strength, and elongation at
break of PCL and PEUU scaffolds are presented in Figure 4a,
b, respectively. In comparison with PCL scaffold, the
macroporous structure of PEUU scaffold leads to an obvious
decrease in Young’s modulus and an evident increase in
elongation at break of the scaffold in dry conditions.
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3.3. Cytocompatibility Assay. It is highly critical to
ensure the biocompatibility of the developed scaffold prior to
its biomedical application. The proliferation of RBMSCs
seeded on scaffold after 1, 4, and 7 days of culture is presented
in Figure S. The morphology of RBMSCs cultured onto the
PCL and PEUU scaffold was observed after incubation by
rhodamine-conjugated phalloidin/DAPI staining under fluo-
rescence microscopy. As is shown in Figure Sc, the density of
RBMSCs cultured on PEUU scaffold were higher than PCL
scaffold. The absorbance index of RBMSCs cultured on PCL

https://dx.doi.org/10.1021/acsbiomaterials.0c00193
ACS Biomater. Sci. Eng. 2021, 7, 904-915
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Figure 6. RBMSCs vertical migration ability. (a) Representative images of RBMSCs located on the lower site of the transwell assay after migration
through the PCL or PEUU scaffold; (b) quantification of the relative RBMSCs migration in the two scaffolds. Scar bar: 100 ym. The results are
shown as mean =+ standard deviation. *P < 0.05, **P < 0.01.
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Figure 7. Representative microcomputed tomography images of the proximal humerus and quantitive analysis. (a) Red oval indicate newly formed
bone between supraspinatus tendon and bone; Quantitive analysis of (b) BV/TV, (c) Tb.N, and (d) Tb.sp. BV/TV, bone volume/total volume;
Tb.sp, trabecular separation; Tb.N, trabecular number.

scaffold is 0.11 + 0.03, 0.43 + 0.13, and 0.80 + 0.22 on 1, 4, PCL scaffold, PEUU was much more suitable for proliferation
and 7 days, respectively as shown in Figure Sa. As compared to of RBMSCs and absorbance index of RBMSCs cultured on

9209 https://dx.doi.org/10.1021/acsbiomaterials.0c00193
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staining images at three months; (b, c) quantitative analysis of regeneration.

PEUU scaffold is 0.22 + 0.02, 0.80 + 0.11, and 1.35 + 0.22 on
1, 4, and 7 days, respectively. Significant differences of
absorbance index were observed on all the observation time
points for these two scaffolds. It is well-known that protein
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plays an important role in cell survival and adhesion. The
protein adsorption of the two scaffolds was increased with time
as shown in Figure Sb. As compared to PCL scaffold, PEUU
scaffold was able to absorb more protein at a particular time

https://dx.doi.org/10.1021/acsbiomaterials.0c00193
ACS Biomater. Sci. Eng. 2021, 7, 904-915
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Figure 10. Biomechanical testing of the tendon at the insertion site. (a) Cross-sectional areas, (b) load to failure, (c) stiffness, and (d) ultimate
stress to failure values. The results are shown as mean =+ standard deviation.

point, indicating that PEUU scaffold possess stronger sustained
protein absorption ability. As shown in Figure 2, the PEUU
scaffold exhibited microporous fluffy outer surface, whereas the
PCL scaffold possess macroporous ordered outer surface,
which might be due to the fact that PEUU is more likely to
absorb the protein inside of scaffold, whereas the proteins are
mostly located on the surface of PCL scaffolds, during long-
term contact with protein.

3.4. Cell Migration. The biological process of rotator cuff
regeneration involves the migration of RBMSCs. Therefore,
the ability of PEUU and PCL scaffolds to induce directional
motility of RBMSCs was evaluated as shown in Figure 6. The
absorbance index of RBMSCs seeded on PCL scaffold is 0.30
+ 0.09 after 12 h of migration and the index of RBMSCs
seeded on PEUU scaffold was increased up to 0.59 + 0.10 (P <
0.05). After 24 h of migration, the absorbance index was
greatly elevated. The absorbance index of BMSCs seeded on
PCL scaffold was 1.62 + 0.41 and index of BMSCs seeded on
PEUU scaffold was increased up to 3.09 + 0.15 (P < 0.05).

3.5. Macroscopic Observations. No evident infection at
the surgical site was grossly observed in any experimental
rabbit. No remnants of PEUU scaffolds were observed and the
continuity of damaged rotator cuff were fully recovered. The
peritendinous fibrosis reaction was spotted in each complex.
No remnant of implant was observed at the tendon attachment
site footprint.

3.6. Micro-CT Analysis. The subchondral bone in the
experiment group exhibited no remarkable loss of bone volume
and degeneration of the trabecular bone structure, as observed
from the micro-CT evaluation (Figure 7). Evaluation of the
BV/TV in experiment group is 58.71 & 7.76% and there was
no significant differences as compared to the sham operation
group 52.45 + 10.64% (P = 0.457). Additionally, Tb.N (12.15
+ 0.72 mm ") for experiment group was also not significantly
different as compared to the sham operation group (9.67 +
1.45 mm™', P = 0.057). Evaluation of Tb.sp also showed no

significant difference between experiment group (0.44 + 0.13
mm) and sham operation group (0.53 & 0.12 mm, P = 0.411).

3.7. Histological Analysis. The histological analysis
exhibited a successful regeneration of tendon—bone interface
employing PEUU scaffold and no remnant of scaffold was
observed (Figure 8). Marked by a grid, the width of the
interface that had been fully destroyed during the surgery in
the experiment group, was fully regenerated. The widths of
interface of experiment group and sham operation group are
237.30 + 33.66 um and 226.60 + 23.74 um (P = 0.676),
respectively. However, the metachromasia value of tendon-to-
bone interface in experiment group (171.38 + 4.76) was
significantly different as compared to the normal tendon
(191.17 + 4.76, P = 0.003).

For tendon regeneration, the tendon defect was replaced by
well-oriented collagen fibers. Tendon maturing score of
experiment group and sham operation group were observed
with no significant differences in the respective scores of 26.00
+ 1.00 and 27.70 + 0.58 (P = 0.067) as shown in Figure 9.
The evaluation of collagen I positive cells demonstrated no
significant difference between experiment group (4.46 =+
1.30%) and sham operation group (5.93 + 1.13%, P = 0.21).
However, the area of metachromasia value of tendon tissue in
experiment group (139.21 + 4.68) was significantly different in
comparison with the normal tendon (191.47 + 10.84, P =
0.002).

3.8. Biomechanical Testing. All the sample failed at the
middle of tendon in the biomechanical testing. The load to
failure score in the experiment group (258.00 = 65.37 N) was
a little bit lower than that of the sham operation group (304.67
+ 28.29 N), but there was no significant difference (P = 0.32)
between them as shown in Figure 10. Stiffness evaluation also
exhibited no significant difference between experiment group
(59.67 + 40.50 MPa) and sham operation group (108.67 +
19.14 MPa, P = 0.131). The stress in the experiment group
(9.82 + 0.49 MPa) was a little bit higher than that of the sham

https://dx.doi.org/10.1021/acsbiomaterials.0c00193
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operation group (8.38 + 1.46 MPa), but there was no
significant difference as well (P = 0.18). Cross-sectional area
assessment also depicted no significant difference between
experiment group (26.33 + 6.02 mm’) and sham operation

group (36.33 + 3.21 mm? P = 0.064).

4. DISCUSSION

During old age, massive rotator cuff defects are one of the most
common pathological conditions, and direct repair is
impossible because of chronicity and defect size.”' ~>* Various
methods have been developed to address the challenges
associated with massive rotator cuff tear. Among these
methods, structural amendment with biolo§ical scaffolds is
the most direct and convenient option.”*”> However, the
substitutes must fully transform to autologous physiological
tissues for successful regeneration. In this regard, the
biocompatibility, favorable porosity, and mechanical property
of biological scaffolds are highly critical.***”

The scaffolds designed for massive rotator cuff defect repair
should not only induce the tendon regeneration but should
also induce physical tendon-to-bone interface regenera-
tion.””*® Considering the rotator cuff is a relative avascular
structure, the regeneration induced by scaffold is much more
difficult. The earlier studies have mainly concentrated on
regeneration of the tendon-to-bone interface.”” Instead of total
removal of supraspinatus and cartilage on the footprint, they
simply split the supraspinatus tendon from its footprint. Then
an electrospinning fibrous membrane mixed with growth
factors/cytokines was added between the tendon and bone and
the remnant tendon was sutured in situ. However, this strategy
is far from practical clinical condition. Remnant tendon of
massive rotator cuff defect usually causes atrophies, and direct
suture would result in severe tendon degeneration even in the
presence of a regeneration induction membrane due to
excessive loading.40’41 Thus, a scaffold, rather than a
membrane, that can bridge the remnant tendon and its
footprint on the bone matches the clinical needs.

Highly porous scaffolds can be prepared through the TIPS
procedure, which is critical for tissue regeneration.”*> Though
no consensus regarding the certain porosity values, ideal pore
size, and percentage of interconnected pores has been made,
previous reports confirmed that high porosity values are
advantageous for tissue regeneration. The present study
revealed that the scaffold prepared through the TIPS
procedure not only supports adhesion and proliferation of
RBMSCs but also facilitates their immigration.

Different synthetic polymers have widely been investigated
for tissue engineering applications. Among them, PCL is one of
the representative biodegradable polymer materials with
excellent biocompatibility and good mechanical properties.
Recently, extensive electrospinning studies have been con-
ducted to fabricate PCL-based hybrid nanofibrous scaffolds
with desirable mechanical properties for ameliorating rotator
cuff damage. Until now, little study has been reported for the
preparation of mechanically matched PCL-based composite
scaffold via TIPS technique for regeneration of rotator cuff
tissue. PCL is a hemicrystalline polymer that forms the
irregular structure via TIPS method, limiting the adequate
infiltration of cells. Contrastingly, PEUU is an elastomeric
biodegradable polymer, developed recently from PCL low-
molecular-weight diol, for tissue engineering applications
exploiting its tunable mechanical properties. This PEUU
scaffold is processable into grafts easily through thermally
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induced phase separation. In the present study, we have
confirmed that the PCL scaffold synthesized via TIPS method
had smaller water contact angle, as compared to that of PEUU
scaffold. We have hypothesized that the water contact angle
difference originates from the macrostructural features of
fabricated scaffolds, which have been confirmed to influence
cell survival and growth, as well as playing a critical role in
modulating cell phenotype and functions.” In the current
study, we found that fluffy compact outer surface and
interconnected structure of PEUU scaffold fabricated via
TIPS is much more suitable for cell proliferation and
migration, as compared to that of PCL scaffold. As illustrated
by earlier literature, the promotion of BMSCs proliferation is
critical for tendon-to-bone regeneration.** We have also
observed that proliferated and migrated RBMSCs may play an
essential role in the successful rotator cuff regeneration in vivo.

For MRCT reconstruction, the critical issue of scaffold is to
endure the tension of daily activity, after in situ implantation.
Thus, mechanical property of scaffold is highly important in
this regard.w’48 However, the materials with improved
mechanical properties might limit the growth of host cells.
Foyt DA et. al suggested that soft scaffold can better support
cell proliferation and cartilage regeneration as compared to stiff
scaffold.* Thus, soft scaffold which would not break during
degeneration, could be suitable for rotator cuff regeneration. In
the current study, we have revealed that compared to the PCL
scaffold, the biocompatibility and mechanical property of
PEUU scaffold was much suitable for rotator cuff regeneration.
We have hypothesized that as compared to the PCL scaffold
possessing only a soft segment, the hard segment of the PEUU
scaffold not only strengthens its mechanical property but also
offers better structure for cell proliferation. As suggested by
earlier study, PEUU scaffold may also be of interest for soft
tissue engineering, including tendon reconstruction or vascular
tissue engineering.”’ However, whether it can successfully
induce tendon-to-bone regeneration was remained uncertain.
In this study, we confirmed through histological analysis that
tendon-to-bone interface was regenerated employing PEUU
scaffold. It is hypothesized that because the PEUU scaffold has
a long degeneration time, there are enough time for BMSCs to
infiltrate and proliferate without interruption.”” Moreover, the
mechanical stimulation is one of the key factors of tendon-to-
bone regeneration in vivo.”" All these factors would contribute
to the successful regeneration of rotator cuff.

5. CONCLUSION

In summary, we successfully fabricated a macroporous 3D
PEUU scaffold with self-fitting capability by TIPS method for
massive rotator cuff tear regeneration. In vitro studies
suggested that PEUU scaffold could better support the
proliferation and migration of RBMSCs. Further, in vivo
studies confirmed that the PEUU scaffold can efficiently
induce physical tendon-to-bone and tendon regeneration in a
rabbit model of massive rotator cuff tear. Micro-CT evaluation
suggested that BV/TV in PEUU scaffold induced regenerative
tissue is 58.71% =+ 7.76%, with no significant differences as
compared to normal rotator cuff. Additionally, biomechanical
studies exhibited that load to failure in experiment group is
258.00 N =+ 65.37 N, which is also similar to the normal
rotator cuff, with no significant difference. This plerosis
function of the scaffold most likely resulted from its porous
structure. Therefore, the PEUU scaffold with macroporous 3D
structure can be employed for the development of biodegrad-
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able composite rotator cuff grafts for repairing a massive
rotator cuff tear.
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