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Abstract: Poly(e-caprolactone) (PCL)-based polyurethane (PU) scaffolds with hard and soft compartments at either end
were fabricated by fused deposition modeling (FDM) technique for potential bone-to-tendon regeneration. Waterborne-
PU (WBPU) dispersions with different ratios of diisocyanate and PCL diol were synthesized to control the tensile prop-
erties suitable for either compartment at the end of the WBPU/PCL scaffolds. The three-dimensionally (3D) printed
WBPU/PCL scaffold with two compartments was ionically cross-linked by calcium chloride, while the hard compartment
of the scaffolds was further decorated by hydroxyapatite (HAp) using an alternative soaking method. In vitro tests
revealed the higher proliferation rate and alkaline phosphatase (ALP) activity of osteoblastic cells (MC3T3-E1) on the
hard compartment of the scaffold. Meanwhile, myocytes (C2C12) proliferated well on the soft compartment. We believe
that the 3D printed WBPU/PCL scaffolds with controlled porous structure and mechanical property have wide potential
applications for bone-to-ligament and bone-to-cartilage, as well as bone-to-tendon.

Keywords: 3D printing, polyurethane, tendon regeneration, ionic cross-linking, alternative soaking.

Introduction

Scaffolds are three-dimensional (3D) constructs that can
mimic structural and biological environments and facilitate cell
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attachments and proliferation for the formation of desired tis-
sues or organs. The chemical and physical characteristics of a
scaffold, such as surface charge, pore size and interconnec-
tivity, and mechanical strength, are basic factors for the growth
and infiltration of cells and tissues within the scaffold.' The
biological functions of a scaffold are also incorporated to
enhance its performance. Therefore, scaffolds were decorated
by or composed of many biological molecules, namely natural
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polymers (e.g., chitosan, gelatin, and collagen), proteins (e.g.,
vascular endothelial growth factor and platelet-derived growth
factor), and inorganics (e.g., hydroxyapatite (HAp) and cal-
cium phosphate).*> All of these features should be considered
in a controlled and balanced manner for successful tissue engi-
neering.

Among the many target tissues and organs, the regenerations
of the tendon attaching bone to muscle are still a great chal-
lenge, due to their complexity and heterogeneity in terms of
structure and composition.® The two ends of the scaffold for
tendon regeneration are required to have different character-
istics that are suitable for each bone and muscle. The com-
partment contacting bone should be strong and hard, whereas
the compartment contacting muscle should be ductile and soft.”
In addition, collagen content increases gradually toward the
muscle, whereas mineral content increases toward the bone.?
Taking those features into account, previous works on tendon
(or ligament) regeneration have focused on the multiphasic
scaffolds with similar heterogeneity in mechanical strength and
mineral content. The materials typically used for tendon regen-
eration are natural and synthetic polymers. The major draw-
backs of most natural polymers are their low mechanical
properties.”'’ It is also difficult to obtain flexible and tough
properties from synthetic polymers, such as polylactic acid
(PLA), polycaprolactone (PCL), and their compositions." For
scaffold fabrication, electrospinning is one of the most often
used techniques to develop scaffold for tendon regeneration.
The electrospun scaffolds are usually modified with alternative
soaking (A.S.) of calcium chloride and disodium hydrogen

phosphate to have gradient mineral contents."

However,
despite their unique extracellular matrix-like structure, the lim-
ited permeability of cells or tissues into the electrospun scaf-
fold is considered a major obstacle to success in tendon
regeneration. Considering the minimum pore size (above 100
um) for bone formation,' the pore size of the electrospun scaf-
fold is too small to induce bone formation. In addition, the
lowered diffusion of nutrients and wastes throughout the elec-
trospun scaffold, especially when fully covered by proliferated
cells, was also pointed out as a challenging issue.'* Besides
electrospinning, a variety of fabrication methods, such as gas
foaming," solvent casting,'® particle/salt leaching,'” freeze-dry-
ing,'® and microphase separation,” have been extensively
developed to prepare well-defined scaffolds. However, in these
approaches, the size, shape, and interconnectivity of pores can-
not be precisely controlled.”

To address these issues, we selected a waterborne PCL-
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based polyurethane (WBPU) as a scaffold material and a fused
deposition molding (FDM) technique as a fabrication method.
We used a PCL diol as the first polyol for biocompatibility and
biodegradability, and dimethylol propionic acid (DMPA) as a
second polyol to enhance the hydrophilicity of the resultant
scaffold. The advantage of typical polyurethane (PU) in tissue
engineering is that the mechanical properties of the PU scaf-
fold can be easily tuned within a wide range by the type and
ratio of diisocyanate to polyol (NCO/OH).>"* The WBPU dis-
persions with different NCO/OH values were synthesized to
demonstrate the hard and soft properties suitable for bone and
muscle compartments, respectively. The 3D printing technique
was utilized to develop 3D scaffolds with highly porous struc-
ture both inside, and at the outer surface. In addition, the com-
partment of the scaffold for bone was mineralized using the
A.S. method to enhance the mechanical properties and osteo-
conductivity. The WBPU/PCL scaffold with hard and soft
compartments could offer great potential for the regeneration
of tissues, such as tendon and ligament, and others.

Experimental

Materials. WBPUs were synthesized by using a difunc-
tional poly(e-caprolactone) diol (PCL diol) (#£,=2000 g/mol)
as a soft segment, 1,4-butanediol (BD) as chain extender, dib-
utyltin dilaurate (DBTDL) as a catalyst, and dimethylol pro-
pionic acid (DMPA) selected as an internal emulsifier. Tri-
ethylamine (TEA) was employed to neutralize the ionic groups
in the dispersion. The reagents described above were provided
by Sigma-Aldrich. Isophorone diisocyanate (IPDI) and acetone
were obtained from the Tokyo Chemical Industry Co. (Tokyo,
Japan). Acetone was used to control the viscosity during the
synthesis.

Synthesis of Waterborne Polyurethanes. The biode-
gradable WBPU elastomers were synthesized by a water-based
process. Table 1 provides the synthesis recipe. The reaction
was carried out in a 1000 mL four-necked flask equipped with
a mechanical stirrer, nitrogen inlet, and condenser. The soft
segment consisted of PCL diol (M,=2000 g/mol, Sigma-Aldrich,
St. Louis, USA). The hard segment consisted of IPDI and two
chain extenders DMPA and BD. DMPA was used as the
hydrophilic chain extender. The molar feed ratio of IPDI/PCL
diol/DMPA/BD was varied. In the first step, IPDI, PCL diol,
DMPA, and 0.1% (w/w) of DBTDL were mixed at 90 °C and
left to react for 5 h. After pre-polymerization, the reactor was
then cooled to 50 °C and stirred for 30 min while the viscosity
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Table 1. Recipe of WBPU12, WBPU15, and WBPU20 Dispersions

(Unit : g)
Name WBPU12 WBPU15 WBPU20
IPDI 21.55 24.25 28.73
PCL diol 80.00 72.00 64.00
DMPA 5.37 4.83 429
BD 1.46 3.28 5.83

was adjusted by adding acetone. The required amount of BD
was then added, and the mixture was stirred to react for 2 h.
TEA (molar ratio of DMPA to TEA=1:1) was dripped into the
reactor to neutralize the carboxyl groups of DMPA. After 30
min of neutralization, deionized water (DW) was added under
vigorous stirring for 1 h. Finally, the residual acetone was
removed at 50 °C for 12 h, and the WBPU dispersion (30
wt%) was obtained. The average pH value of the WBPU dis-
persion was pH=7.30+0.21, which indicates that carboxylic
groups had been successfully neutralized.***

Characterization of Waterborne Polyurethanes. The
particle size distribution and zeta-potentials were analyzed by
dynamic light scattering (DLS, Malvern Instruments, Zetasizer
Nano ZS) at 25 °C. WBPUs were diluted with deionized water
to a concentration of 0.5% (w/w) before measurements. Three
measurements were performed for each dispersion. Weight
average molecular weight (M4,) and polydispersity index (PDI)
of the synthesized WBPU were determined by gel permeation
chromatography (Waters Co., USA) equipped with a GPC KF-
804 column, an HPLC pump (Waters 501), and a refractometer
detector (Waters 410). Polystyrene standards and universal cal-
ibration were adapted to reduce measuring error. Tetrahy-
drofuran (THF, Sigma, St. Louis, USA) was used as a mobile
phase at 0.8 mL/min flow rate and 1.0x10° Pa pump pressure,
at 35 °C. Samples were prepared by dissolving the WBPU
films in THF at 1% (w/w).

The mechanical properties of the WBPU films were eval-
uated by a universal testing machine (UTM, MCT-1150, A&D,
Tokyo, Japan), and analyzed by the MSAT-Lite program (Ver-
sion 1.1.1, A&D Co. Ltd., Japan). The WBPU films were cast
on a smooth Teflon mold and dried at 50 °C for 1 day. The
films were cut into a dog-bone shape specimen (lengthxwidth
xthickness, 10 mmx5 mmx0.4 mm), and tested. Crosshead
speed of 10 mm/min was used for the tensile test. The prop-
erties of Young’s modulus, tensile strength, and elongation at
break were measured. Four measurements were made for each
sample.

To compare different mechanical properties between the

WBPU12 and WBPU20 films, each film was cut in the dimen-
sions (lengthxwidexthickness, 5 mmx5 mmx0.4 mm), and
then superglued together. The spatially differentiated tensile
properties were observed in the same condition as above.

Fabrication of WBPU/PCL Scaffolds by 3D Printing.
The WBPU/PCL scaffolds were printed with WBPU polymers
and PCL using a 3D printer (EZROBO-5 GX ST2520, Eugene
Technology, Yongin, Korea). WBPU films and PCL (4£,=80000
g/mol) pellets were mixed in a mass ratio of 4:1, and then the
WBPU/PCL mixture was dissolved in dichloromethane (DCM)
at a concentration of 20% (w/w). Next, the solution was poured
into a smooth Teflon mold and dried at 30 °C for 1 day to
obtain a WBPU/PCL composite film. For printing, the WBPU/
PCL composite film (10 g) was filled in the 3D printer barrel
and melted at 120 °C. Then, the WBPU/PCL fiber was extruded
onto the platform through a 23 G nozzle at a constant pressure
of 500 kPa and 1 mm/s extrusion speed.

The WBPU/PCL scaffold was submerged in CaCl, (200
mM) aqueous solution for 1 h to perform an ionic cross-linking
reaction. The HAp formation on the scaffold was achieved by
the A.S. process. Each scaffold was alternately submerged in
two aqueous solutions containing calcium ions and phosphate
ions. In detail, the scaffold was first submerged in 10 mL
CaCl, (200 mM) aqueous solution at room temperature (RT)
for 1 h and washed with DW. After DW washing, the scaffold
was immersed in 10 mL Na,HPO, (120 mM) aqueous solution
at RT for 1 h and washed again using DW. This A.S. method
was repeated three times to form HAp on the scaffold surface.

The surface morphology and topographical analysis of
WBPU/PCL scaffolds were performed by scanning electron
microscopy/energy-dispersive X-ray spectrometry (SEM/EDX
S-4800, Hitachi, Tokyo, Japan). The mechanical properties of
the scaffolds were analyzed using the UTM.

Cell Culture Study. Both MC3T3-El cells and C2C12 cells
were cultured in growth medium. The growth medium was
High-glucose Dulbecco’s modified Eagle’s medium (DMEM,;
WelGENE, Daegu, Korea) containing 10% (v/v) fetal bovine
serum (FBS, WelGENE) and 1% (v/v) penicillin-streptomycin
(WelGENE). MC3T3-E1 cells and C2C12 cells were incu-
bated in 5% CO, at 37 °C. The medium was changed every 2
days.

Before cell seeding, the WBPU/PCL scaffolds were ster-
ilized with ultraviolet (UV) for 6 h (3 h on each side), washed
with phosphate-buffered saline (PBS) three times, and immersed
in growth medium for a day. Cell suspension (40 pL, 1x10’
cells/mL) was dripped at the top center of each WBPU/PCL
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scaffold, and the scaffolds were incubated in a 48-well cell cul-
ture plate for 4 h to induce cell adhesion. The growth medium
(400 pL) was then added. As a result, each well was seeded
with 4x10° cells on the scaffolds, and incubated for (1, 3, and
7) days in an incubator (37 °C, 5% CO,). The growth medium
was changed every day.

Cell proliferation was measured using the cell counting kit-
8 (CCK-8) at (1, 3, and 7) days after cell seeding, according to
the manufacturer’s instruction. For measurement, the culture
medium was replaced by 400 pL of CCK-8 solution and incu-
bated for 2 h. Following incubation, 100 pL of sample extract
from each well was transferred to a 96-well plate, and their
absorbance at 450 nm was measured by a microplate reader
(Spectramax Plus 384, Molecular Devices, Co. Ltd., Phila-
delphia, USA).

Alkaline phosphatase (ALP) assay was measured at (1, 3,
and 7) days after cell seeding. The WBPU/PCL scaffold was
washed three times with PBS, and then 200 pL of extraction
solution was treated. The cell lysis sample (50 puL) and p-nitro-
phenyl phosphate (pNPP, Sigma-Aldrich) solution (50 pL,
12.5 mM) were added to each well of the new 96-well plate.
The plate was incubated at 37 °C for 30 min, and 50 pL. NaOH
(0.5 M) was added to finish the reaction. Subsequently, the
absorbance at 405 nm was measured using a microplate reader.

ALP activity was calculated by dividing the pNPP quan-
titation by protein quantification. To measure the total protein
content, the 2 pL cell lysis sample, 80 uL. of DW, and 20 pL
BioRad protein assay solution were added to each well of the
96-well plate. The absorbance at 595 nm was measured by a
microplate reader.

Statistical Analysis. All the data presented are expressed as
meantstandard deviation. Significance between the groups
was evaluated by one-way ANOVA test (n=3).

Results and Discussion

Figure 1(a) shows the aqueous WBPU dispersions (20 wt%)
prepared with different NCO/OH ratios. All the WBPU dis-
persions have remained stable for 6 months without sedi-
mentation and aggregation. The WBPU dispersion with a
higher NCO/OH ratio had more turbidity. The WBPU dis-
persion with an NCO/OH ratio of 1.2 was almost transparent,
which is due to the extremely small particle size. Particle size
distribution is a key parameter to evaluate the WBPU dis-
persion’s stability. In general, large particle sizes (>1 pm)
result in unstable dispersions due to the precipitation of the
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Figure 1. (a) Photographs; (b) average size; (c) zeta-potential of the
WBPU dispersions prepared with different NCO/OH ratios.

largest particles. In contrast, smaller particles result in more
stable dispersions, which allow storage for months. The par-
ticle size distribution of the WBPU dispersions was measured
by DLS varying the NCO/OH molar ratios. Figures 1(b) and
1(c) show the average particle sizes and zeta-potential values
of the three types of WBPU dispersions, respectively. Figure
1(b) shows that the lower NCO/OH ratio resulted in smaller
particle size, which is due to the high content of the hard seg-
ment of diisocyanate. The WBPU 12 dispersion had an aver-
age size of 12.38+1.63 nm. The DMPA ratio to WBPUI2,
WBPU15, and WBPU20 were 4.96, 4.63, and 4.17%, respec-
tively. Besides the content of the hard segment, the high ratio
of hydrophilic DMPA in the WBPUs was attributed to the
smaller particle size. In addition, Figure 1(c) shows that the
high DMPA ratio resulted in a high zeta-potential value. The
WBPU12 showed 34.85+0.83 mV, suggesting high colloidal
stability. The M,, of WBPU dispersion varied from 33287 to
120898 g/mol with the increase in the NCO/OH molar ratio,
which is due to the higher content of NCO groups.

To evaluate the tensile properties, WBPU films were pre-
pared in a Teflon mold by drying at 50 °C. Figure 2(a) shows
the representative stress-strain curves of the WBPU films. The
increase in the NCO/OH ratio resulted in a more brittle prop-
erty. This may be due to the increase in hydrogen bonding
interactions between polyurethane chains with the higher ratio
of the hard segment. Figures 2(b), 2(c), and 2(d) show Young’s
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Figure 2. (a) Representative stress-strain curves; (b-d) tensile prop-
erties of the pristine WBPU films. *p<0.05, **p<0.01, ***p<
0.001, ****p<(0.0001 indicate significant differences between the
two groups.

modulus, tensile strength, and elongation at break of the
WBPU films, respectively. The WBPU20 film had a higher
Young’s modulus of 36.7 MPa and tensile strength of 2.3 MPa.
However, its elongation at break was 466.5%. The WBPU12
film showed an elongation at break of 2522.9%, suggesting a
highly ductile property. These results confirmed that the tensile
properties of the WBPU films were tuned by the NCO/OH
ratio. Based on the results, WBPU20 and WBPUI12 can be
used as materials that are suitable for hard and soft tissue engi-
neering, respectively.

The prepared WBPUs were originally water dispersible.
Therefore, they should be cross-linked for implantable bio-
medical applications as a scaffold. Calcium chloride was cho-
sen as an ionic cross-linker for the WBPUs with many carboxyl
groups. In addition, the A.S. method was applied to further
increase the tensile properties and decorate HAp on the sur-
face. Figure 3 shows the tensile properties of the WBPU films
before and after ionic cross-linking and the A.S. treatment.
Figure 3(a) shows that the ionic cross-linking with calcium
chloride increased Young’s modulus and tensile strength, but
decreased elongation at break. In addition, the A.S. treatment
greatly improved the tensile properties of the WBPU20 film.
The WBPU20 film after ionic cross-linking and A.S. treatment
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Figure 3. (a) Representative stress-strain curves; (b-d) tensile prop-
erties of the pristine, ionic-cross-linked, and A.S.-treated WBPU
films. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 indicate sig-
nificant differences between the two groups.

exhibited Young’s modulus of 128.1 MPa, tensile strength of
8.3 MPa, and elongation at break of 251.4%. These results
originate from the presence of HAp prepared by the A.S.
method. Taken together, the ionic cross-linked WBPU12 can
be suitable for soft tissue regeneration, while the ionic cross-
linked and A.S.-treated WBPU20 can be suitable for hard tis-
sue regeneration.

By considering the difference in tensile properties, the
WBPUSs can be applied to bone-to-tendon regeneration. There-
fore, the WBPU film with soft and hard compartments was
prepared using WBPU12 and WBPU20, respectively, and then
ionically cross-linked. To demonstrate the difference in the ten-

Table 2. Sample Codes of WBPU-based Films or Scaffolds

Code Polymer cross?iiking Alt(‘)?;nﬂi:ge
WBPU12 WBPU12 - -
WBPU12-Ca WBPU12 done -
WBPU20 WBPU20 - -
WBPU20-Ca WBPU20 done -
WBPU20-Ca-A.S.  WBPU20 done done

Polym. Korea, Vol. 46, No. 2, 2022
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Figure 4. WBPU film composed of soft (WBPUI12) and hard
(WBPU20) compartments during elongation by UTM.

sile properties, the WBPU film with WBPU12 and WBPU20
compartments was elongated by UTM. Figure 4 shows that the
lower compartment consisting of WBPU12 was elongated,
whereas there was no change in length of the upper com-
partment consisting of WBPU20. Therefore, it can be con-
firmed that the WBPU12 and WBPU20 are favorable to
tendon and bone tissue, respectively.

Figure 5(a) shows the SEM images of the pristine, ionic
cross-linked, and ionic cross-linked and A.S.-treated WBPU20
scaffolds prepared by the 3D printing method. All the 3D
printed scaffolds exhibited a well-defined structure. There was
no significant difference in surface morphology between the
pristine and ionic cross-linked scaffolds. However, rough mor-
phology was observed at the surface of the ionic cross-linked
and A.S.-treated WBPU20 scaffold. As shown in Figure 5(b),
P and Ca were detected only on the A.S.-treated scaffold, con-
firming the presence of HAp on the surface. The HAp on the
surface can facilitate the proliferation and differentiation of
osteoblast.

To evaluate the effects of the tensile property and the pres-
ence of HAp on cell behavior, MC3T3-El and C2C12 cell
lines were chosen as model cells for bone-to-tendon regen-
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Figure 5. (a) SEM images; (b) elemental analysis of the pristine,
ionic cross-linked, and A.S.-treated WBPU20 scaffolds.

eration. Figure 6(a) shows that the ionic cross-linked WBPU20
scaffold had a slightly higher proliferation rate of MC3T3-E1
cells than did the ionic cross-linked WBPU12 scaffold. Fur-
thermore, the ionic cross-linked and A.S.-treated WBPU20
scaffold exhibited the highest proliferation rate among the
samples. For the C2C12 cells, there was no significant dif-
ference in the proliferation rate among the samples (Figure
6(b)). In all cases, C2C1C2 cells showed a higher proliferation
rate than the MC3T3-E1 cells. Figure 6(c) shows the ALP
activity of MC3T3-E1 cells cultured on the three types of scaf-
folds. The tendency of ALP activity was similar to the result
of the proliferation rate, suggesting that the ionic cross-linked
and A.S.-treated WBPU20 scaffold provided a suitable envi-
ronment for MC3T3-El cell differentiation.

Conclusions

We have demonstrated the fabrication of biodegradable
WBPU/PCL scaffolds with hard and soft compartments at the
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Figure 6. (a, b) Proliferation of MC3T3-E1 and C2C12 cells; (c) Normalized ALP activity of MC3T3-E1 cells cultured on the pristine, ionic
cross-linked, and A.S.-treated WBPU scaffolds. *p<0.05, **p<0.01, ***p<0.001 indicate significant differences between the two groups.
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ends using the FDM technique for potential tendon regen-
eration. The 3D printed WBPU/PCL scaffold was ionically
cross-linked by calcium chloride, and the hard compartment
contacting bone was further functionalized by HAp using the
A.S. method. The two compartments of the scaffold provided
the proper environment for the growth of bone and muscle tis-
sue, respectively, in terms of mechanical properties and com-
position. At this stage, this work was focused on the synthesis
and surface modification of WBPU-based scaffolds with dif-
ferent mechanical properties and the evaluation of their effect
on the behaviors of osteoblasts and myocytes. We are planning
to conduct more in-vitro/in-vivo experiments for the feasibility
of bone-to-tendon regeneration. We believe that our approach
has a wide range of applications, in particular for the interfaces
between hard and soft tissues, such as tendon, ligament, and
cartilage. In addition, the WBPU/PCL scaffolds can be further
optimized to the desired tissue by combining other strategies,
such as the composition of materials (e.g., calcium phosphate,
laponite, and collagen), loading of therapeutic agents (e.g.,
bone morphogenetic protein, and kartogenin), and others.
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