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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 sca� olds
with collagen-� brin 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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