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A B S T R A C T

Repairing massive rotator cuff tendon defects remains a challenge due to the high retear rate after surgical
intervention. 3D printing has emerged as a promising technique that enables the fabrication of engineered
tissues with heterogeneous structures and mechanical properties, as well as controllable microenvironments for
tendon regeneration. In this study, we developed a new strategy for rotator cuff tendon repair by combining a 3D
printed scaffold of polylactic-co-glycolic acid (PLGA) with cell-laden collagen-fibrin hydrogels. We designed and
fabricated two types of scaffolds: one featuring a separate layer-by-layer structure and another with a tri-layered
structure as a whole. Uniaxial tensile tests showed that both types of scaffolds had improved mechanical
properties compared to single-layered PLGA scaffolds. The printed scaffold with collagen-fibrin hydrogels ef-
fectively supported the growth, proliferation, and tenogenic differentiation of human adipose-derived me-
senchymal stem cells. Subcutaneous implantation of the multilayered scaffolds demonstrated their excellent in
vivo biocompatibility. This study demonstrates the feasibility of 3D printing multilayered scaffolds for appli-
cation in rotator cuff tendon regeneration.

1. Introduction

The prevalence of rotator cuff tendon tears among all age groups is
around 34%, with a likelihood of 50% for people after the age of sixty
years old [1,2]. Rotator cuff tendon injuries are associated with more
than 4.5 million physician visits and 40,000 surgical treatments an-
nually in the United States [3,4]. Aging, tear size, and fat infiltration are
three main risk factors for the progression of rotator cuff tendon tears
[5]. In most cases, the initial region of rotator cuff tears starts near the
insertion of supraspinatus and infraspinatus tendons [6]. Depending on
the tear size, rotator cuff tendon tears can be classified into four types:
small < 1 cm, medium 1–3 cm, large 3–5 cm, and massive> 5 cm
[7,8]. Approximately 30% of rotator cuff injuries are considered irre-
parable due to large and massive tears [9]. Despite surgical interven-
tion, the rate of retear is ~7% for all age groups, and the rate for people

aged> 70 years old is as high as 25% [10,11]. Due to the high failure
rate, massive rotator cuff tendon tear repairs remain a challenge.

Multiple strategies have been studied to reconstruct the torn rotator
cuff tendon, like autografts, allografts, xenografts, and synthetic ma-
terials [12]. However, there are still many potential problems when
using these grafts. For example, autografts, like latissimus dorsi transfer
and pectoralis major transfer, have a relatively high failure rate due to
mismatched mechanical properties and possible morbidity and anato-
mical damage at the donor site [13,14]. For allografts, the remaining
donor DNA could cause inflammation and an immune response, ac-
celerating the rate of graft degeneration and inducing edema at the
surgical site [15,16]. Xenografts, like porcine dermal collagen implants
and small intestine submucosa, have not been thoroughly studied, and
some resulted in unfavorable outcomes [17,18]. In comparison, bio-
materials-based strategies for rotator cuff repair can strengthen the
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mechanical elasticity and stability of the rotator cuff tendon without a
severe immune response [19–21]. Currently, there are three types of
commonly-used polymers for rotator cuff tendon repair: natural bio-
materials (e.g. chitosan [22], collagen [23], fibrin [24], and silk fibroin
[25]), synthetic degradable polymers (e.g. poly-lactic acid (PLA) [26],
polylactic-co-glycolic acid (PLGA) [27,28]), and non-degradable poly-
mers (e.g. polyurethane [29]).

3D printing has emerged as a promising technique to fabricate
highly ordered scaffolds with complex shapes [30]. Compared with
traditional techniques, like conventional textiles and electrospinning,
3D printing can fabricate scaffolds with more precise pore size and
geometry, better imitate the 3D structure of the extracellular matrix,
and enable high mechanical properties [31]. Importantly, many 3D
printers now support the implementation of multiple biomaterials to 3D
print/bioprint constructs with heterogeneous structures or interfaces
[32,33]. However, scaffolds 3D printed by biologically inactive syn-
thetic materials alone cannot provide sufficient support for functional
regeneration. Many biological factors, like growth factors and living
cells, have been incorporated to further improve the scaffold functions
[34]. Mesenchymal stem cells (MSCs) have been reported to improve
the tendon healing process through accelerating the matrix synthesis,
re-colonizing injured tissues, and modulating the immune response
[35]. Studies have also shown that surgical augmentation with the in-
corporation of MSCs contributed to reduced retear rate [36,37]. Col-
lagen and fibrin have been used individually or together as biomaterials
with MSCs because of their effective interaction with embedded cells
[38]. Collagen-fibrin hydrogels can further improve stem cell function
and tissue remodeling via facilitating cell spreading and proliferation
[39].

In this study, we aimed to develop multilayered scaffolds that can
incorporate MSCs and simultaneously meet the requirements of bio-
mechanical strength and biological function. We used two strategies,
i.e., one featuring a separate layer-by-layer structure and the other with
a tri-layered structure as a whole, to generate 3D-printed multilayered
PLGA scaffolds combined with human adipose derived MSCs
(hADMSCs) embedded in a collagen-fibrin hydrogel for tendon re-
generation. We characterized the mechanical properties of these two
scaffold models and investigated their biological effects on cell growth,
proliferation, tenogenic differentiation, and tissue compatibility.

2. Materials and methods

2.1. Fabrication of two PLGA scaffold models by 3D printing

Two scaffold models were established by using our extrusion-based
3D bioprinter (3D-Bioplotter® Manufacturer Series, EnvisionTEC), i.e.,
one featuring a separate layer-by-layer structure and the other with a
tri-layered structure. In the first model, PLGA (PURASORB® PDLG
5010, LA/GA = 50/50, Corbion, Netherlands) was used as the ink to
3D print a thin layer with a designed porous structure (Fig. 1A). A
collagen-fibrin hydrogel was injected by pipette on the top of the
printed one-layer scaffold. The second layer of PLGA scaffold was
placed on the hydrogel, followed by injecting another layer of collagen-
fibrin hydrogel. The third layer of PLGA scaffold was put on the top.
Therefore, the scaffolds were fabricated by stacking three layers of 3D
printed PLGA scaffolds with a layer of hydrogel in between each of the
PLGA layers (Fig. 1B). In the second model, tri-layered scaffolds were
3D printed by using PLGA and Pluronic F127. Both inks were printed in
a parallel and cross-sectionally interlaced manner in three layers as the
whole structure (Fig. 1C). Collagen-fibrin hydrogels were injected by
pipette onto the printed tri-layer scaffolds (Fig. 1D). Sections 2.4 and
2.5 provide more detailed descriptions about the collagen-fibrin hy-
drogel preparation and injection processes with the incorporation of
hADMSCs. For the ink preparation and 3D printing process, PLGA was
dissolved in formic acid (Sigma, USA) at 60% (w/v), and 40% Pluronic
F127 (Sigma, w/v) was dissolved in water at 4 °C. Pluronic F127 served

as a sacrificial material and was dissolved in cold water after printing.
For the separate layer-by-layer structure, the PLGA ink was extruded
through a 25-gauge needle (0.260 mm inner diameter) using a pressure
of 1.5–2.0 bar and a print head movement speed of 8 mm/s. The di-
mensions of the one-layer scaffold was 20 mm × 15 mm (Fig. 1A). A
0.5 mm distance printing pattern was used to create the two solid ends.
Each end was printed as a 2.5 mm × 15 mm rectangle. The gaps in the
middle frame were designed to be 2.2 mm. For the tri-layered structure,
Pluronic F127 was extruded through another 25-gauge needle using a
pressure of 1.5–2.0 bar and a print head movement speed of 11 mm/s.
The two solid ends in each layer were printed in the same way and with
the same size as mentioned previously for the single layer printing.
PLGA and Pluronic F127 were extruded in turn to generate the middle
part. The printing pattern was a 2.0 mm distance interlaced for both
PLGA and Pluronic F127. The scaffold was printed with a rectangular
size of 20 mm × 15 mm and a 3-layer thickness (~1.15 mm) (Fig. 1C).

2.2. Morphological and mechanical characterization of scaffolds

The morphology of a one-layer PLGA scaffold was examined by a
scanning electron microscope (SEM, FEI Quanta 200, Japan) after a
coating of a thin layer of gold. The mechanical properties of one-layer,
separate layer-by-layer structure, and tri-layered structure scaffolds
were examined by a tensile strength tester (CellScale, Canada) with a
gauge length of 20 mm and a constant movement rate of 0.15 mm/s
until failure occurred. We calculated the elastic stiffness of the scaffolds
from the initial 5–10% strain region of the force−stain curves. The
ultimate forces were also determined.

2.3. Cell culture

Primary hADMSCs (Lonza, USA) were cultured in 5% CO2 at 37 °C
in growth medium (GM) containing Dulbecco's modified Eagle's
medium/F12 (DMEM/F12, Invitrogen, USA) medium, 10% fetal bovine
serum (FBS, Gibco, USA), and 1% penicillin/streptomycin (P/S,
Invitrogen, USA) [40].

2.4. Preparation of collagen-fibrin hydrogels with hADMSCs

All of the preparation of the collagen hydrogel was performed in an
icebox. We first mixed 50 μL 10 × phosphate buffered saline solution
(PBS) with 450 μL 3 mg/mL type I human collagen solution (VitroCol®,
Advanced BioMatrix, USA), and then we adjusted the pH to 7.0 with
5 μL 1 mol/L NaOH solution. Human fibrinogen (EMD Millipore
Corporation, USA) was dissolved in PBS at a concentration of 6 mg/mL
at 37 °C. Thrombin (100 units/mL, Thermo Fisher Scientific) was di-
luted to 1 unit/mL in the medium with suspended hADMSCs (2 × 106/
mL). For hydrogel formation, 100 μL of human collagen, 100 μL of
human fibrinogen, and 100 μL of hADMSCs suspension with 1 unit/mL
thrombin were mixed. The final concentrations of human collagen and
fibrin were 0.9 mg/mL and 2 mg/mL, respectively.

2.5. Combination of PLGA scaffolds, collagen-fibrin hydrogels, and
hADMSCs

PLGA scaffolds were cut in half equally and sterilized with UV light
for 2 h, submerged in 70% (v/v) ethanol overnight, washed three times
in PBS, and then immersed in GM overnight. For the separate layer-by-
layer structure, 100 μL of the collagen-fibrin hydrogel and hADMSCs
mixture was quickly injected by pipette onto a one-layer PLGA scaffold.
Another scaffold was placed on the hydrogel, followed by injecting
100 μL of the hydrogel and cell mixture. The third layer was placed on
the top. For the tri-layered structure model, 200 μL of the collagen-
fibrin hydrogel and hADMSCs mixture were injected by pipette onto the
whole structure. All of the scaffolds with hydrogel and hADMSCs were
incubated at 37 °C for approximately 3 h to obtain polymerized
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hydrogels.

2.6. Cell viability, morphology, and proliferation within hydrogel and
scaffold

One-layer PLGA scaffolds with 100 μL of the collagen-fibrin hy-
drogel and hADMSCs were cultured together in GM and used to analyze
the cell viability, morphology, and proliferation. The viability and
morphology of hADMSCs were examined via a Live/Dead assay
(Invitrogen, USA) after culturing in GM for 7 days, as previously de-
scribed [41]. A confocal laser scanning microscope (CLSM, LSM 710,
Carl Zeiss, Germany) was utilized to image the fluorescence of living
and dead cells. The proliferation of hADMSCs was evaluated by an MTT
assay after culturing for 3 days and 7 days, as previously described
[42].

2.7. Tenogenic differentiation and immunofluorescent staining

PLGA scaffolds with the collagen-fibrin hydrogel and hADMSCs
were cultured and induced in tenogenic differentiation medium (TDM).
TDM consisted of DMEM/F12 medium, 2% FBS, and 20 ng/mL trans-
forming growth factor-beta (TGFβ)3 (PeproTech, USA) [43]. The one-
layer PLGA scaffolds with hydrogel and hADMSCs were cultured in
TDM for 14 days, and immunofluorescent staining was conducted as
previously described [44]. Briefly, the scaffold with hydrogel and
hADMSCs was fixed in 4% paraformaldehyde, permeabilized in 0.2%
Triton X-100, and then blocked with 1% bovine serum albumin (BSA)
overnight at 4 °C. The whole system was then incubated with primary
antibodies to tenomodulin (TNMD, 1:50, Abcam, USA) overnight at
4 °C, followed by secondary fluorescent antibodies for 2 h. Nuclear
counterstaining (Draq 5, 1:1000, Thermo Scientific, USA) was

performed at room temperature for 30 min. A Zeiss 710 CLSM was used
to image the samples.

2.8. RNA isolation and qPCR

PLGA scaffolds with collagen-fibrin hydrogel and hADMSCs were
cultured with and without tenogenic differentiation for qPCR testing.
Total RNA was extracted from the hADMSCs embedded in the hydrogel
and scaffold at day 14 for both groups via QIA-Shredder and RNeasy
mini-kits (QIAgen, USA). Total RNA was reverse transcribed into first-
strand cDNA using an iScript cDNA synthesis kit (BioRad Laboratories,
USA). A quantitative real-time polymerase chain reaction (qPCR) was
conducted in a StepOnePlus™ Real-Time PCR System (Thermo
Scientific, USA) via SsoAdvanced SYBR Green Supermix (Bio-Rad,
USA). The level of expression of each target gene was normalized to 18s
rRNA using the comparative Ct (2−ΔΔCt) method. All primers used were
shown in Table 1.

2.9. Animals and subcutaneous implant

All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Nebraska Medical
Center (UNMC). Two types of PLGA scaffold models with the collagen-
fibrin hydrogel without hADMSCs were freeze-dried and sterilized with
UV light before implantation. Three scaffolds of either model were
prepared to subcutaneously implant into three BALB/cJ mice (12 weeks
old). Mice were maintained under general anesthesia with oxygen and
isoflurane (1–5% inhalation to effect). Carprofen was administrated
before surgery. Anesthetic status was monitored by toe pinch and re-
spiratory observation. The surgical area was shaved, sterilized with
povidone-iodine and ethanol and draped in a sterile surgical manner.
An incision was made on the back of the mice to detach the skin from
the underlying fascia. Skin pockets on each side of the mice were en-
larged using tweezers. For each mouse, one scaffold of the separate
layer-by-layer structure and one scaffold of the tri-layered structure
were implanted into skin pockets. The skin was closed with wound
clips. Mice were euthanized by CO2 and cervical dislocation at 14 days
after surgery. The implanted scaffolds were harvested.

2.10. Histology

Harvested scaffolds were fixed in buffered formalin for 48 h at 4 °C,
followed by routine dehydration and paraffin embedding. Sections with
5 μm thickness were obtained and stained with hematoxylin and eosin
(H&E).

Fig. 1. Schematics of two PLGA scaffold
models with collagen-fibrin hydrogels. (A)
Schematic illustration of the separate layer-
by-layer structure. Three layers of PLGA
scaffolds sandwiched with two layers of
collagen-fibrin hydrogels in between in-
jected by pipette. (B) Final separate layer-
by-layer structure of PLGA scaffolds with
collagen-fibrin hydrogels. The PLGA scaf-
folds were cut in half equally before the
collagen-fibrin hydrogels were injected. (C)
Schematic illustration of the tri-layered
structure. Three layers of PLGA and
Pluronic F127 were printed as a whole
structure. Pluronic F127 was washed out in
cold water after printing. Collagen-fibrin
hydrogels were injected by pipette and

wrapped around the three-layer PLGA scaffolds. (D) Final tri-layered structure of PLGA scaffolds with collagen-fibrin hydrogels. The Pluronic F127 was washed out.
The PLGA scaffolds were cut in half equally before the collagen-fibrin hydrogels were injected.

Table 1
Primer sequences for qPCR.

Gene
symbol

Genbank ID Primer sequences (5′→3′) Product size
(bp)

18S NR_003286 F: GAGAAACGGCTACCACATCC 170
R: CACCAGACTTGCCCTCCA

TNMD NM_022144.2 F: AATGAACAGTGGGTGGTCCC 164
R: TTGCCTCGACGGCAGTAAAT

TNC NM_002160.3 F: AAAGCGGGGAATGTTGGGAT 139
R: CCTGTAAGCTTTTCCCAAGTG

SCX NM_
001080514.2

F: AGCGATTCGCAGTTAGGAGG 185
R: GTCTGTACGTCCGTCTGTCC

COL1 NM_000088.3 F: CTACGATGGCTGCACGAGTC 151
R: GACAGGGCCAATGTCGATGC

COL3 NM_000090.3 F: CGCCCTCCTAATGGTCAAGG 161
R: TTCTGAGGACCAGTAGGGCA
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2.11. Statistical analysis

All quantitative data were expressed as mean ± standard deviation
(SD). The MTT assay and PCR gene expression were analyzed by un-
paired two sample t-test. Elastic stiffness and ultimate force were cal-
culated by one-way ANOVA. Pairwise comparisons between groups
were conducted using ANOVA with Tukey post hoc tests in statistical
analysis. A value of p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Multilayered scaffold fabrication

Two types of scaffolds were designed and fabricated. Fig. 1A and B
demonstrate the separate layer-by-layer model. The PLGA scaffold was
printed first in a single-layer pattern (Fig. 2A). Then, three single-
layered PLGA scaffolds were piled up with a collagen-fibrin hydrogel
and hADMSCs in between each layer. Fig. 1C and D illustrate the tri-
layered model. PLGA and Pluronic F127 were printed for three layers in
a parallelly and cross-sectionally interlaced manner as a whole struc-
ture (Fig. 2B). Pluronic F127 served as a sacrificial material, which was
washed out in cold water after printing. The collagen-fibrin hydrogels
with hADMSCs were then wrapped around the tri-layered structure. For
both models, the two solid ends were designed to be sutured to the two
ends of a rotator cuff tendon defect in a future in vivo implantation. This
design will make suturing and handling easier. The parallel frame
structure in the middle part is designed to mimic the tendon structure
and will be able to guide the alignment of tendon tissue. The porous gap
between the frame will facilitate cell and tissue infiltration within the
scaffolds. The three-layer structure reinforces the mechanical strength
of the scaffolds. The separate layer-by-layer structure is printing-
friendly, since it can be printed in high resolution and quality, main-
taining an excellent three-layer morphology. It also enables additional
modification of hydrogels between layers after the scaffolds are printed.
Each layer can be further customized with composites to mimic tendon
and bone tissue and further enhance the mechanical properties by
combining them with other materials, like fibrous meshes. For the tri-
layered structure, this design precludes potential layer delamination or
structural alteration between each layer and facilitates hydrogel pene-
tration in the parallel frame. It is also featured as being suture-friendly

since the two solid ends provide a uniform structure that can prevent
the layers from moving.

3.2. Surface morphology of 3D printed PLGA scaffold

The morphology of the one-layer PLGA scaffold was shown in
Fig. 2C and D. The surface of the 3D-printed scaffold was very smooth.
As many previous studies reported, rough or patterned surfaces may
more effectively support cell adhesion than smooth surfaces of the same
material [45,46]. Sadeghi et al. demonstrated that collagen modified
PLGA scaffolds promoted cell adhesion and proliferation [47]. Simi-
larly, Wang et al. showed that fibrin gel facilitated the incorporation of
MSCs within a PLGA sponge for full-thickness cartilage regeneration
[48]. In our current study, we used a collagen-fibrin hydrogel to pro-
mote the spreading, proliferation, and tenogenic differentiation of
hADMSCs. The application of composite matrices is better than har-
nessing pure collagen or fibrin, since it can utilize both the mechanical
and biochemical properties of these materials [49]. Christopher et al.
showed that the combination of collagen and fibrin increased the gel
compaction, which supported higher cell and matrix concentrations and
resulted in enhanced mechanical properties [50]. The 3D printed PLGA
scaffolds in this study provide the mechanical support for hydrogels and
encapsulated cells.

3.3. Mechanical properties of the two types of PLGA scaffolds

The mechanical properties of the two types of 3D printed scaffolds,
as well as one-layer PLGA scaffolds, were tested. The typical force−-
strain curve was shown in Fig. 3A. Since it was hard to determine the
cross-sectional area, we used force instead of stress and calculated the
elastic stiffness rather than the Young's modulus. The elastic stiffness
was calculated by the altered force divided by corresponding altered
length from the initial 5–10% strain region in the force−stain curves.
The elastic stiffness of the tri-layered scaffolds was higher than the
separate layer-by-layer scaffolds (Fig. 3B). The ultimate force for both
types of the full scaffolds were comparable, which were significantly
higher than that of the one-layer PLGA scaffold (Fig. 3C). Both types of
scaffolds with multiple layers displayed favorable mechanical proper-
ties. However, compared with the commercial patches and strategies
currently used in the clinic, the mechanical strength of our scaffold
models still needs to be improved [51,52].

3.4. PLGA scaffold with collagen-fibrin hydrogel supported hADMSCs
proliferation

A PLGA scaffold with collagen-fibrin hydrogel and encapsulated
hADMSCs was implemented to evaluate the cell viability and pro-
liferation. The Live/Dead assay showed that the scaffold with hydrogel
maintained the cell viability after culturing in GM for 7 days (Fig. 4A).
The MTT assay demonstrated that the cell proliferation rate in the
scaffold with the hydrogel system was significantly higher at day 7 than
that at day 3 (Fig. 4B), indicating that the scaffold with hydrogel sup-
ported hADMSCs proliferation.

3.5. PLGA scaffold with collagen-fibrin hydrogel supported hADMSCs
tenogenic differentiation

We further induced the tenogenic differentiation of hADMSCs
within the collagen-fibrin hydrogel-laden PLGA scaffold. The scaffolds
with hydrogel and hADMSCs were cultured in GM and TDM for 14 days.
The immunofluorescent staining showed the expression of tenomodulin
(TNMD, a late marker for tendon development and tenogenic differ-
entiation) of hADMSCs after 14-day differentiation (Fig. 5A). We also
evaluated the tenogenic differentiation-related gene expressions,
scleraxis (SCX, a transcription factor that regulates the early tenogenic
differentiation and tendon development [53]), tenascin-C (TNC, an

Fig. 2. Two types of 3D printed scaffolds. (A) 3D-printed one-layer PLGA
scaffold for the separate layer-by-layer model. (B) 3D-printed tri-layered scaf-
fold model using PLGA and Pluronic F127. Pluronic F127 was dyed with green
food color. (C, D) SEM images of one-layer PLGA scaffold.
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early marker expressed in large quantities with embryonic tendon
[54]), TNMD, and collagen I (COL1) and collagen III (COLIII) (the most
abundant collagen subtypes expressed in the tendon tissue [55]). The
expressions of both SCX and TNMD were significantly increased after
induction (Fig. 5B). COL3 was also upregulated in hADMSCs after
culturing in TDM for 14 days, compared with those cultured in GM.
These results demonstrated that the PLGA scaffold with the collagen-
fibrin hydrogel supported the tenogenic differentiation of hADMSCs.
During the culture and induction processes, the PLGA scaffold partially
degraded, and the collagen-fibrin hydrogel became much thinner after
culturing in the medium for 14 days. This is probably because we used
PLGA (LA/GA = 50/50), which exhibits a fast degradation rate [56].
Previous studies also showed that, in vitro, the PLGA degradation rate
accelerated after culturing for 6 days and resulted in substantial weight
loss at day 14 [57,58]. The addition of other composites or materials
might be a possible solution. It has been proven in vitro that the in-
corporation of wollastonite and bioglass 45S5 could both strongly affect
the degradation rate of PLGA and reduce the side effects of the acidic
degradation products of PLGA [59]. Future studies should be conducted
to improve the stability of the scaffold and the durability of the hy-
drogel.

3.6. In vivo compatibility and degradability of two types of PLGA scaffolds
with collagen-fibrin hydrogels

Two types of 3D printed multilayered PLGA scaffolds with collagen-
fibrin hydrogels and without hADMSCs were subcutaneously implanted
into the mice. Two weeks after surgery, the harvested scaffolds showed
excellent tissue compatibility, with no severe inflammation for either
model. The solid ends of the two types of scaffolds, i.e. separate layer-
by-layer model and the tri-layered model, were surrounded by con-
nective tissues (Fig. 6A and B). The solid ends were partially degraded,
and for the middle part, more than 60% of the scaffolds were degraded
and impaired when the scaffolds were harvested. Similarly to in vitro
degradation, the in vivo degradation of the 3D printed scaffolds can also
be further improved. For example, the hybridization of nano-apatitic
particles demonstrated that it could effectively control the in vivo de-
gradation rate and adverse effects of PLGA [60]. Another option is to
blend the PLGA with other polymers that have slower degradation
rates, like polycaprolactone (PCL), which remains intact for at least 2
years after implantation [61]. A combination of PLGA and PCL can
effectively mitigate the rapid degradation rate of PLGA [62]. More
durable materials need to be investigated for future studies in order to
avoid scaffold deterioration before tendon or enthesis regeneration in
the host body.

Currently, 3D printing has been widely implemented for tendon
regeneration by using various biomaterials, developing novel structure
designs, and combining stem cells or bioactive molecules. For example,
decellularized extracellular matrix (dECM) and isolated collagen from
dECM have been investigated as inks for 3D printing to regenerate
tendon tissue because of their high degree of biomimicry [63,64]. The
integration of poly-lactic acid (PLA) and collagen for 3D printing gen-
erated a scaffold with spatially tunable mechanical properties [65]. The
application of bone morphogenic protein-12 (BMP-12)-overexpressing
MSCs and a PLGA scaffold has been developed for rotator cuff repair,
which resulted in enhanced tenogenic gene expression [66]. Novel
strategies based on 3D printing have also been created to repair tendon
defects, like electrohydrodynamic jet printing [67] and 3D-printed
bone-anchoring bolts [68]. To further improve the outcome of rotator
cuff tendon defects, biomimetic regeneration of the tendon-to-bone
interface (i.e., enthesis) has become the new trend. In general, the
tendon-to-bone interface has four different zones (i.e., tendon, non-

Fig. 3. Mechanical properties of the two
types of multilayered scaffolds and one-
layer PLGA scaffold. (A) Force-strain curve.
(B) Elastic stiffness. (C) Ultimate force. One
layer: one-layer PLGA scaffold; Three layers
(separate, model 1): PLGA scaffolds with
separate layer-by-layer structure; Three
layers (whole, model 2): PLGA scaffolds
with tri-layered structure. (n = 6,
*p < 0.05, ***p < 0.001).

Fig. 4. The viability and proliferation tests of hADMSCs in the PLGA scaffold
with collagen-fibrin hydrogel system. (A) Live/Dead image of hADMSCs at day
7. # in black background represented the middle frame of PLGA scaffolds. (B)
The MTT assay of hADMSCs at day 3 and day 7 (n = 6; ***p < 0.001).
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mineralized fibrocartilage, mineralized fibrocartilage, and bone) [69].
Our current study demonstrates the feasibility of the fabrication of 3D
printed multilayered scaffolds. Our future work will focus more on the
material optimization to provide a balanced degradation rate and

mechanical properties for application in enthesis regeneration. By using
bioactive inorganic materials, like hydroxyapatite and β-tricalcium
phosphate, we can also generate mineralized solid ends to promote the
integration with bone ends. A 3D printed scaffold with spatiotemporal

Fig. 5. Tenogenic differentiation of hADMSCs in the PLGA scaffold with collagen-fibrin hydrogel. (A) Immunofluorescent staining for TNMD (green) and nuclei
(blue) of hADMSCs in the scaffold with hydrogel after 14-day culture in TDM. Scale bar = 100 μm. (B) Tendon-related genes expressions as normalized to 18s for
both the control group culturing in GM for 14 days and the experimental group culturing in TDM for 14 days (n = 5, *p < 0.05, **p < 0.01).

Fig. 6. H&E staining of two types of multilayered PLGA scaffolds with collagen-fibrin hydrogels after 2-week subcutaneous implantation. (A) Separate layer-by-layer
model. (B) Tri-layered model. * represents the solid end of the scaffold model. Scale bar = 500 μm.
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delivery of growth factors has been generated for fibrocartilaginous
tendon-to-bone interface regeneration [70]. A biphasic hydrogel with
mineralized and anisotropic features and encapsulated hADMSCs was
developed for tendon and bone tissue reconstruction at the enthesis
[71]. Therefore, our current work can be easily expanded with 3D
printing/bioprinting of stem cells. For example, in our first model, three
different regions (i.e. tendon, enthesis, and bone) can be 3D bioprinted
by using hydrogels and hADMSCs, and then the printed layer can be
sandwiched with a 3D printed polymer layer (like PLGA in this study or
PLGA/PCL). The constructs will better mimic the tendon-to-bone
structure and be expected to promote rotator cuff enthesis regeneration.

4. Conclusions

In this study, we designed and 3D printed two types of multilayered
PLGA scaffolds with the incorporation of collagen-fibrin hydrogels and
stem cells. The multilayered scaffolds with single-layered scaffold and
hydrogel layers (first design) enable the further modification of dif-
ferent materials and cells and are easier to print, while the tri-layered
scaffolds (second design) have better integration and are easier to use.
Both types of multilayered scaffolds showed improved mechanical
properties compared to the single-layered PLGA scaffold. The 3D
printed PLGA scaffolds with collagen-fibrin hydrogels supported
hADMSCs viability, proliferation, and tenogenic differentiation. The in
vivo subcutaneous implantation showed that the multilayered scaffolds
had excellent biocompatibility and in vivo degradability. Thus, both
multilayered scaffolds have the potential for rotator cuff tendon-to-
bone interface repair after further modification of material formula-
tions.
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