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Abstract

Mimicking the mechanical properties of native tissues is a critical criterion for an ideal tissue
engineering scaffold. However, most biodegradable synthetic materials, including polyester-based
polyurethanes (PUs), consist of rigid polyester chains and have high crystallinity. They typically
lack the elasticity of most human tissues. In this study, a new type of biodegradable PU with
excellent elasticity was synthesized based on the controlled crosslinking of poly(ester ether)
triblock copolymer diols and polycaprolactone (PCL) triols using urethane linkages. Three-
dimensional (3D) porous scaffolds with a defined geometry, tunable microstructures, and
adjustable mechanical properties were synthesized /n situ using an isocyanate-ended copolymer, a
tri-armed PCL, and a chain extender. The mechanical properties of the scaffolds can be easily
tuned by changing the ratio of reactants, varying the solution concentration, or using a porogen.
Notably, all of these scaffolds, although mostly made of rigid PCL chains, showed remarkable
elasticity and cyclical properties. With an optimized molecular design, a maximum recovery rate
of 99.8% was achieved. This was because the copolymer provided molecular flexibility while the
long chain crosslinking of PCL triol hindered crystallization, thus making the PU behave like an
amorphous elastic material. Moreover, the /n vitro cell culture of 3T3 fibroblasts and MG63
osteoblast-like cells confirmed the biocompatibility of these PU scaffolds and revealed that
scaffolds with different stiffnesses can stimulate the proliferation of different types of cells. All of
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these attributes make PU scaffolds extremely suitable for the regeneration of tissues that
experience dynamic loading.
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1. Introduction

Tissue engineering, which is an interdisciplinary field aimed at developing biological
substitutes that restore, maintain, and/or improve tissue function, has been attracting
considerable attention because it provides a way to develop artificial tissues as an alternative
for autografts and allografts.[1, 2] In a typical tissue engineering process, the functional
biomaterial—which is called the tissue engineering scaffold—plays a pivotal role in
providing the substrate for cell growth and maintaining suitable mechanical properties
during new tissue regeneration.[3] As this field of research approaches practical application,
more requirements are raised for the scaffold materials. An ideal scaffold needs to have the
following characteristics: (1) an interconnected porous structure that allows cell penetration
and nutrition transportation, (2) suitable mechanical properties that mimic the surrounding
tissue with sufficient mechanical support during the process, (3) biodegradability that allows
new tissues to eventually take the place of the artificial scaffold, and (4) biocompatibility
that facilitates cell attachment and proliferation.[4-6] In order to fulfill these requirements,
researchers have focused on developing new materials and composite materials, as well as
exploring novel scaffold fabrication methods.[7-9]

So far, many biocompatible and biodegradable synthetic materials have been proven capable
of being used as tissue engineering scaffold materials for the regeneration of various tissues.
For example, polymers like polylactic acid (PLA), polycaprolactone (PCL), poly(glycolic
acid) (PGA), poly (lactic-co-glycolic acid) (PLGA), and polyhydroxybutyrate (PHB)—and
their blends or block copolymers—have been used to fabricate scaffolds for tendon, nerve,
bone, cartilage, muscle, and myocardial tissue engineering applications.[10-15] Although
these scaffolds may support the growth of relevant tissue, they fail to mimic the mechanical
properties of the target tissue since most human tissues and organs are relatively soft and
elastic, and many experience dynamic loading. Meanwhile, all of these biomaterials are
polyesters, which typically have high stiffnesses and very limited flexibility. PLA and PCL
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have rigidities similar to bone,[16] but their flexibility and especially their recoverability are
far less than tissues like skin, tendons, heart tissue, ligaments, and muscles.[17-19]

Polyurethane (PU) is a class of polymeric elastomers that is generally synthesized by step-
growth polymerization of polyols with isocyanates and low molecular weight diols or
diamine chain-extenders forming a segmented polymer containing soft segments (polyol
chains) and hard segments (urethane chains).[20, 21] PUs have received tremendous
attention in various fields due to the diversity of their chemical structures and their wide
range of mechanical properties. [22] However, most elastomeric PUs are polyether based,
which means that they are non-degradable, although they may have good biocompatibility.
[23] In recent years, researchers have synthesized various biodegradable PUs using polyester
diols as soft segments and demonstrated their potential applications as scaffold materials for
cardiovascular tissue,[24] skin tissue,[25] bone tissue,[26] blood vessels,[27] nerve tissue,
[28] and wound dressings[29]. PCL has been the most commonly used soft segment in
biodegradable PU synthesis. Furthermore, the properties of PUs can be controlled by
varying the ratio between the soft and hard segments.[30-32] However, these polyester-
based PUs are still quite rigid due to the abundance of ester bonds and their high crystallinity
as demonstrated in our previous work.[33] Although their stiffness can be reduced after
being fabricated into porous scaffolds, their elasticity is still poor. In other words, the
scaffolds tend to undergo permanent deformation under dynamic loading.[34]

One approach that has recently been used to enhance the flexibility of polyester-based PU is
by employing blocked copolymers, which contain both polyester and polyether blocks as
soft segments, to hinder the crystallization of polyester chains and provide mobility to the
PU macromolecules.[35-37] Trinca et al. used a copolymer consisting of polyethylene glycol
(PEG), PLA, and poly (trimethylene carbonate) (PTMC) blocks as soft segments to
synthesize flexible PU.[38] The poly(caprolactone ethylene glycol) triblock copolymer
(PCL-PEG-PCL) has also been used to synthesize soft PU with a modulus as low as 5 MPa.
[39] Henry et al. synthesized soft PU using two types of poly diols (PHB for the crystalline
segment and poly(caprolactone-co-glycolide) for the amorphous segment), yielding a PU
that showed a modulus of about 8 MPa.[40] Although flexible scaffolds were produced,
none of these studies reported cyclic mechanical properties.

In our previous work, polycaprolactone-block-polytetrahydrofuran-block—polycaprolactone
(PCTC) tri-block copolymer and a degradable chain extender were used to synthesize PU
intended for the regeneration of soft tissue. The material achieved a low modulus of 2.2 MPa
and showed a high initial recovery rate of 95.3%, but these values decreased in repetitive
loading and unloading cycles.[41] Moreover, the same degradation problem arose when the
proportion of the polyether moiety was too high in the PU since these chains were not
degradable /n vivo and could only possibly be removed by metabolism. Therefore,
developing biodegradable elastic tissue engineering scaffolds is a bottleneck for engineering
artificial tissues that can closely mimic the mechanical properties of native elastic tissues
such as skin, muscle, and cartilage.

Inspired by the high elasticity of human elastin, crosslinking sites were introduced in the PU
molecular structure in this study. In a previous study, we found no improvement in elasticity
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when the crosslinking sites were created between amide bonds in the hard segments using
diisocyanate.[33] Thus, in this study, we used PCL triols in the synthesis of PU to introduce
long chain crosslinking, which provided more flexibility to the molecular chains. Combined
with the PCTC copolymer, we were able to synthesize a polyester-based elastomeric PU
scaffold with an initial recovery rate as high as 99.8%.

We also proposed a method of fabricating three-dimensional (3D) porous scaffolds with
tunable microstructures and mechanical properties. Component A, which is an isocyanate-
ended PCTC, and component B, which is an isocyanate-ended PCL triol, were separately
synthesized. They were then mixed at different ratios in dioxane, followed by adding
butanediol as a chain extender. The scaffolds were easily obtained from the solution after
curing and freeze-drying. By casting the solution into different molds before curing,
scaffolds with various shapes could be made. In this method, the microstructures (e.g.,
porosity) and mechanical properties of the scaffolds could be controlled by changing the
ratio between components A and B, as well as the solution concentration, or using a
porogen. Most importantly, these scaffolds, although they consisted mostly of rigid PCL,
had high elasticity, were highly compressible and recoverable. Moreover, the
biocompatibility of these scaffolds was verified by culturing 3T3 fibroblasts and MG63 cells
as a model for soft tissue and stiff tissue, respectively. It was also confirmed that low
stiffness scaffolds stimulated fibroblast growth, while high stiffness scaffolds stimulated
osteoblast-like cell growth, indicating that these scaffolds have a high potential to be used in
the regeneration of tissues with various mechanical properties.

2. Materials and Methods

2.1 Materials

Reactant materials, including polycaprolactone (PCL) triol (PCL, M,, = 900), poly-
caprolactone-block-polytetrahydrofuran-block-polycaprolactone copolymer (PCTC, M,, =
2000, equal polymerization degree for each block), hexamethylene diisocynate (HDI), 1,4-
butanediol (BD), dibutyltin dilaurate (DBTDL), and sodium chloride (NaCl) as a porogen
were purchased from Sigma—Aldrich. PCL triol, PCTC, and BD were vacuum dried at 75 °C
for 2 h prior to use. HDI was dried using a 4A molecular sieve and then vacuum distilled.
NaCl particles were sieved to 100~250 pm in size. Anhydrous 1,4-dioxane, absolute ethanol,
and isopropanol were purchased from Sigma—Aldrich and used as received. Deionized (DI)
water was used throughout the experiment.

2.2 Synthesis of Component Materials

In component A synthesis, 0.002 mol of HDI and 10 pl of DBTDL were added to a dried
three-neck flask containing 8 mL of dioxane under a nitrogen environment. The flask was
heated to 60 °C, then 0.001 mol of PCTC diol was dissolved in 15 mL of dioxane and slowly
added to the flask with mechanical stirring at 70 rpm. Isocyanate-ended PCTC was obtained
after 3 h of reaction.
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In component B synthesis, 0.001 mol of PCL triol dissolved in 5 mL of dioxane was slowly
added to 0.003 mol of HDI dissolved in 1 mL of dioxane at 50 °C with magnetic stirring at
100 rpm for 3 h. Isocyanate-ended PCL triol was thus obtained.

2.3 In Situ Synthesis of Porous Scaffolds

For in situ synthesis of porous scaffolds, as illustrated in Figure 1, components A and B
were added to a flask with a defined molar ratio (10:1, 5:1, 1:1, and 1:3) and quickly mixed
with vigorous stirring. BD was added dropwise as a chain extender to connect the isocyanate
groups. The molar ratio of BD was 11.5, 6.5, 2.5, and 1.8 times that of component B for A-B
10-1, A-B 5-1, A-B 1-1, and A-B 1-3, respectively. The resulting solution, which had a solid
concentration of about 18%wt./vol., was mixed for 5 min and used to prepare the various
scaffolds. The solution was then used in three different methods as follows: (1) directly
casted to a Teflon mold, (2) diluted to 9%wt./vol. before casting by dioxane, and (3) casted
to a polypropylene centrifuge tube filled with a NaCl porogen and centrifuged at 2000 rpm
for 10 min to ensure solution penetration. Then the solutions were cured at 70 °C for 3 h,
followed by being frozen at —80 °C and freeze-drying for 5 days. The scaffolds containing
the NaCl porogens were leached in a circulating water bath for 2 days until they attained a
constant weight. All scaffolds were immersed in 50% isopropanol for three days and dried in
a desiccator prior to use. It is worth mentioning that, when a lower A to B ratio (e.g., 1:5)
was used, the solution gelled too fast to be casted into the mold to form a regularly shaped
scaffold.

2.4 Characterization of Chemical and Thermal Properties

2.5 Scaffold

The chemical structure of synthesized PUs was characterized by IH NMR (300 MHz,
Bruker Biospin Co., Billerica, MA) using DMSO-dg (TMS, 99.9+%, NMR grade, Sigma—
Aldrich) as a solvent with tetramethylsilane as an internal reference. Fourier transform
infrared (FTIR) spectra were recorded in transmittance mode using a Bruker Tensor 27
spectrometer in the range of 4000-600 cm™1, with a resolution of 4 cm™L. The thermal
properties were characterized via differential scanning calorimetry (DSC Q20, TA) and
thermogravimetric analysis (TGA Q50, TA). DSC measurements were performed at a rate of
5 °C/min. Samples were first heated to 180 °C and then kept at 180 °C for 3 min to eliminate
any prior thermal history, then cooled down to —100 °C and reheated to 180 °C. The TGA
tests were initiated at room temperature and heated to 600 °C at a heating rate of 10 °C/min.
The change in weight as the temperature increased was recorded.

Morphology

Scanning electron microscopy (SEM) was used to characterize the morphological properties.
Scaffolds were cryofractured in liquid nitrogen to expose undamaged porous structures and
coated with a thin layer of gold, then imaged using a fully digital LEO GEMINI 1530 SEM
(Zeiss, Germany) at a voltage of 3 kV. The pore sizes and pore densities of the scaffolds
were measured from SEM images using the Image Pro-Plus software. The average pore
diameter was calculated using Equation 1 to convert the surface average diameter to the
volume average diameter.[42]
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Equation 2 was used to calculate the volumetric pore density,

3
Pore density = (%)2 2

where D;is the diameter of an individual pore, Ais the number of pores, and A is the area of
the SEM image.

The porosities of the scaffolds were measured using a solvent replacement method.[43]
Dried scaffolds were immersed in absolute ethanol for 2 h and weighed after excess ethanol
on the surface was blotted. The porosity was calculated using Equation 3,

Porosity = (M2 - Ml)/pV 3)

where My and M, are the mass of scaffolds before and after soaking in absolute ethanol,
respectively; p is the density of absolute ethanol, and V/is the volume of the scaffolds.

2.6 Mechanical Testing

The mechanical properties of fabricated PU scaffolds were measured on a universal
mechanical testing machine (Instron 5967) at room temperature. Cylindrical samples were
pre-wetted in phosphate-buffered saline (PBS) and compressed at a strain rate of 100%/min
to 80% strain. Five samples were tested for each group and the compressive modulus and
strength at 50% strain were measured. Samples were compressed and released at a strain rate
of 100%/min to 50% strain for 10 cycles to evaluate their cyclic properties. The shape
recovery rate in each cycle was calculated using Equation (4).[44] The hysteresis loss was
measured from the area enclosed by the loading/unloading loop.

Lunloading

x 100%  (4)

Recovery rate = (1 -
loading

where L jpaging and Lypjoading are the strains when the stress increases from zero or decreases
to zero in the loading and unloading cycle, respectively.

Scaffolds were also compressed and released at a strain rate of 20%/min and 200%/min to
investigate their recovery behavior under different stain rates.
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2.7 In Vitro Degradation

The hydrolytic degradation behavior of synthesized PUs was investigated by PBS soaking.
Briefly, PU scaffolds were hot compressed into discs at 150 °C and weighed individually to
eliminate the effect of different porous structures. Samples were individually sealed in a
plastic container filled with PBS solution, and then incubated at 37 °C on a parallel shaker
(MaxQ 4000, Thermo Scientific) at a shaking rate of 225 rpm. The PBS was changed every
3 days to ensure a constant pH. The degradation test was performed for up to 10 weeks. At
each time point, the samples were rinsed with DI water three times, followed by sufficient
drying and weighing. The weight loss of the samples was calculated using Equation 5,

| X 100% ()

o

Wl’l
Weight loss = [1 — —

where W) is the original sample weight and W/, is the weight of the same sample after
degradation for a time period .

2.8 3T3 and MG63 Cell Culture

NIH 3T3 fibroblasts and MG63 cells (Lonza) were cultured on the synthesized PU scaffolds
to evaluate their cytotoxicity and cell proliferation. 3T3 and MG63 cells were pre-cultured
on tissue culture-treated polystyrene flasks (BD Falcon) at a density of 5x10° cells/cm? in
the same media after thawing at 37 °C with 5% CO, in air. The media contained Dulbecco’s
Modified Eagle’s Medium (DMEM) (Invitrogen) supplemented with 20% fetal bovine
serum (FBS, WiCell), 1% penicillin—streptomycin (10, 000 U/mL, Life Technologies), 1%
L-glutamine (200 mM, Life Technologies), and 1% MEM non-essential amino acids (Life
Technologies). When cells reached 70% confluency, they were passaged using TrypLE
Express (Life Technologies).

Prior to cell seeding, scaffolds were washed with 20% ethanol six times and PBS solution
twice to remove any impurities. The scaffolds were then UV sterilized for 1 h and placed in
24-well poly-HEMA treated non-attachable tissue culture plates. 3T3 and MG63 cells were
treated with ethylenediaminetetraacetic acid (EDTA) for 5 min and washed with PBS
solution, and then seeded on the samples separately at a cell density of 1.25x10° cells/cm?.
Spent medium was aspirated and replaced with 1 mL of fresh medium daily for screening
samples. Samples were characterized at day 1, day 5, and day 10 time points. Cells were
also cultured on tissue culture plates (TCPs) as control groups.

2.9 Biological Characterization

Cell viability was assessed via a Live/Dead viability/cytotoxicity kit (Life Technologies).
The staining protocol followed the manufacturer’s instructions. The green fluorescent
calcein-AM was used to target the living cells, while the red fluorescence ethidium
homodimer-1 (EthD-1) was used to indicate cell death. Stained cells were imaged with a
Nikon Al confocal microscope with a 488 nm laser and a 561 nm laser to detect green and
red fluorescence, respectively. Nis-D Elements Advanced Research v.3.22 software was used
for image analysis.
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The number of cell on the scaffolds was evaluated using an MTS assay after culturing for 1
day, 5 days, and 10 days using the CellTiter 96 Aqueous One Solution kit (Promega Life
Sciences). The whole procedure followed the manufacturer’s instructions. Upon testing,
cells were treated with media containing a 20% MTS solution and allowed to incubate for 1
h. Then, 100 uL of spent media were transferred into a clear 96-well plate. The absorbance
of the plates at a 450 nm wavelength was read with a Glomax—Multi+Multiplate Reader
(Promega). The subsequent number of cells was determined relative to a negative control.

2.10 Statistical Analysis

All biological results are presented as mean + standard deviation. All of the values were
averaged at least in triplicate. The data were analyzed using the one-way analysis of variance
method (ANOVA). The Turkey’s test was then used to evaluate the specific differences of
the data, and these differences were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1 Chemical Characterization of Synthesized PUs

In the synthesized PUs, as shown in Figure 2, component A was a linear tri-block copolymer
ended with diisocyanate groups, component B was a tri-armed PCL ended with tri-
isocyanate groups, and the isocyanate groups were linked with BD to form the hard segment
in the PU. The crosslinking degree of the synthesized PU can be easily controlled by
changing the ratio between A and B. With a high A to B ratio, junctions were mainly formed
between linear chains, and crosslinking sites were mostly created between A and B
components forming “T” junctions, as highlighted in the diagram. As the B component
increased, the connection between components A and B decreased and the amount of “T”
junctions increased. Moreover, when excess component B was present, the reaction between
the tri-armed PCL formed “_I_” junctions, which are shorter and stiffer crosslinking sites
than “T” junctions. Through this controlled crosslinking mechanism, the properties of
synthesized scaffolds could be precisely altered and the elasticity could be improved.

The synthesized PUs were first characterized using *H NMR to verify their chemical
structures. Although been crosslinked, the PUs were still able to dissolve in DMSO-dg at a
concentration of 5 mg/mL to form a clear, gel-like solution. As shown in Figure 3, four PUs
showed similar NMR patterns, thus implying similar chemical structures. However, the
relative intensity for some of the peaks was different, thus indicating a difference in the
number of specific chemical bonds. As depicted in the figure, the peak at 0.8 ppm was
assigned to the methyl group of PCL triols, and it was higher for PUs with lower A to B
ratios. The peaks between 1-2 ppm were assigned to the CH, group in PCL, PTHF, HDI,
and BD. The peak at 2.9 ppm corresponded to the CH> adjacent to NH in the hard segment.
[45] The peaks at 4.0 and 2.3 ppm were assigned to the protons adjacent to the carbon—
oxygen single and double bonds in the ester group of PCL, respectively. The intensity of all
of these peaks increased as the proportion of component B increased due to the introduction
of more PCL and hard segments. Small peaks that belonged to the protons of NH and NH,
were also detected. The amino groups were formed by the reaction of excess isocyanate
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groups with water, which would provide bio-interactive sites with cells. The NMR results
suggested the successful synthesis of the various PUs with different A to B ratios.

FTIR was further employed to confirm the chemical structure of synthesized PUs. As shown
in Figure 4, four curves showed very similar peak patterns, but the relative intensity of the
specific characteristic peaks differed among them. The absorption bands at 3327 cm™! and
1697 cm~ were ascribed to N-H and C—N stretching from amide bonds, respectively,
suggesting the formation of urethane linkages.[46] The absorption bands at 1623 cm™1 and
1246 cm™ corresponded to amide 11 and amide 111 in urethane, which provided strong
evidence of the successful synthesis of PU.[47] The characteristic peaks located at 2933 cm
~1and 2859 cm™1 corresponded to the asymmetric and symmetric stretching vibrations of
the —CH, groups.[47] Two distinct peaks at 1729 cm~ and 1161 cm~ were assigned to
C=0 and C-O-C bonds in the ester group of the PCL moiety, while the peak at 1105 cm™1
was ascribed to the C—O—C bond in the ether group of the PTHF moiety.[48]

As the content of component B increased, more urethane linkages formed as reflected by the
increase of peak intensity of amide I, amide Il, amide 111, and N-H bonds. Meanwhile, the
proportion of PTHF decreased as indicated by the intensity reduction at 1105 cm™L. As more
PCL and crosslinking sites were introduced, simultaneous improvements in mechanical
properties and the recoverability of the scaffolds were expected.

3.2 Thermal Properties of Synthesized PUs

The high crystallinity and the presence of a vast number of ester bonds in most synthetic
biomaterials, including polyester-based PUs, are the main reason for their high rigidity and
low flexibility. These materials cannot withstand repetitive loading or deformation, thus,
their mechanical properties are not ideal to match most human tissues. In our study, long
chain crosslinking was introduced to the PU molecules to hinder the rearrangement of PCL
chains and provide elasticity. DSC measurements were carried out to investigate the thermal
behavior of the synthesized PUs. From the second heating scan (Figure 5a), it can be clearly
seen that all materials showed a shallow glass transition slope at -56 to —59 °C, thus
indicating the transition from a glassy state to a rubbery state. Composite A-B 10-1 showed
a much larger and wider melting peak with an enthalpy of 24.2 J/g compared to other PUs
with lower A to B ratios. The trend of crystallization peaks in the cooling cycle is consistent
with the melting behavior (Figure 5b). This is strong evidence that an increase in
crosslinking can effectively hinder the crystallization of PCL, although more PCL was
introduced at the same time. The results indicate that PUs with lower A to B ratios actually
behave more like an amorphous material. Another interesting finding is that both the melting
temperature (7,,) and the crystallization temperature ( 7;) decreased as the ratio of A to B
decreased. However, these temperatures increased when the ratio was lower than 1:1. This
might because the mobility of the molecular chains was hindered by the crosslinking sites,
which made the crystalline region easier to melt and more difficult to form. However, as the
B components increase further (e.g., A-B 1-3), the 7, and 7 start to approach that of PCL.
[49]

The thermal degradation properties of PUs were investigated using TGA. As shown in
Figure 6a, the onset decomposition temperature (74) increased from 232.8 °C for A-B 10-1
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to 261.1 °C for A-B 1-3 as the content of component B increased. This can be attributed to
the increased number of chemical crosslinking sites. The differentiation curves (Figure 6b)
clearly showed the weight loss rate changes of each component in the material. For these
PUs, the urethane linkages in the hard segment decomposed first, followed by the PCL
moiety and PTHF moiety as the temperature increased.[50] It was found that the peak
temperature of the PCL and PTHF moieties were about the same for four PUs, while the
temperature assigned to the urethane linkages was higher for PUs with more B component.
This further indicated that crosslinking postponed the thermal decomposition of hard
segments in these PUs. The area under each peak reflects the proportion of each
corresponding component in the material. It is obvious that the content of PCL and urethane
increased while the PTHF content decreased as the A to B ratio decreased, which is in
agreement with the NMR and FTIR results.

3.3 Morphology of PU Scaffolds

Twelve 3D cylindrical scaffolds with different microstructures were fabricated using four
PUs (with different A to B ratios) via three different methods (i.e., direct casting at 18% wt./
vol., dilution to 9% wt./vol. before casting, and casting with NaCl porogens) as previously
discussed in Section 2.3. Figure 7 shows the morphologies and pore size distributions of
these scaffolds. The pore size distribution was uniform showing a normal distribution for all
scaffolds as depicted in the distribution histograms. Generally, it was found that scaffolds
fabricated using 18% solution showed smaller pore sizes than those fabricated using 9%
solution. Furthermore, the pore size was larger for the scaffolds made of PUs that had high
A to B ratios. This was because smaller dioxane crystals were formed in PUs that had more
crosslinking sites since their molecular chains were more difficult to rearrange. However,
when a NaCl porogen was used in the fabrication, the pore size was about the same for all
PUs. The thickness of the pore walls was less than 1 pum, and many pores were
interconnected with each other, especially for those with larger diameters, as shown in
Figure S1. The micro-channels among the pores are believed to be able to facilitate cell
infiltration and nutrition transportation.[51, 52]

The statistical results of the average porosity, pore size, and pore density are shown in Figure
8, from which it was found that the structure of the scaffolds was mainly affected by the
fabrication method. The scaffolds fabricated using the 18% solution had porosity values
ranging from 45 to 80%, pore sizes from 5 to 15 pm, and pore densities from 30 to 260 x
10%/cm3. The scaffolds fabricated using the 9% solution had porosity values from 80 to

94 %, pore sizes from 13 to 65 pm, and pore densities from 18 to 65 x 105/cm3. The
scaffolds fabricated using NaCl as a porogen had porosities over 90%, pore sizes of about
175 um, and pore densities of about 2.5 x10%/cm3. Therefore, we were able to alter the
microstructure of the 3D scaffolds easily by changing the fabrication method and the PU
synthesis formula to meet the requirements of various tissues. Moreover, scaffolds with fine
pores (< 20 um) may also find applications as microcarriers for drug and protein delivery.
[53, 54]
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3.4 Mechanical Properties of PU Scaffolds

Mechanical performance is one of the most important properties for tissue engineering
scaffolds, especially those intended for implantation for load bearing tissues. Synthetic
materials such as PLA and PCL have been widely proven suitable for bone tissue
engineering due to their high modulus and stiffness, which are similar to that of bone.[55—
57] However, most human tissues, such as skin, heart, liver, muscle, and blood vessels, as
well as ligament and cartilage, prefer elastic implants that have similar mechanical strengths,
can withstand repetitive loading and unloading, and can maintain their shape and properties
over time.[58]

The mechanical properties of various PU scaffolds synthesized in this study were
characterized thoughtfully. The deformation of the PU scaffolds showed the three main
regions as depicted in Figure 9a, a typical compression curve of the synthesized scaffolds.
These regions can be divided into an initial linear elastic region where strain energy is stored
in the reversible bending of pore the walls; a plateau region where the pore walls start to fold
and collapse; and a densification region where the pore walls start stacking, causing the
internal strength to increase rapidly. To avoid destruction of the scaffold structure, all
scaffolds were compressed to 50% strain (below the densification region) for 10 cycles to
evaluate their mechanical performance. Figures 9b and ¢ showed that the compressive
modulus and strength at 50% strain were higher for scaffolds made of PUs with lower A to
B ratios and scaffolds with smaller pore sizes. For A-B 10-1 PU, the modulus ranged from
1.6 to 12.6 kPa, and the strength ranged from 0.7 to 9.3 kPa when fabricated into scaffolds
using different methods. For different scaffolds fabricated using A-B 1-3 PU, the modulus
increased to 45.0-244.8 kPa, and the strength improved to 23.7-141.1 kPa, depending on the
method used. The wide mechanical property range of scaffolds we fabricated indicated their
potential to be used in the regeneration of various types of elastic tissues. For example,
human cerebral vein, ureter, vascular elastin, smooth muscle, and skin have moduli ranging
from 10 to 700 kPa.[18, 59, 60] The cyclic compressive curves (Figure 9d) showed that the
hysteresis loops, which reflect the loss of energy in each loading and unloading cycle, were
different for scaffolds made of different PUs. The hysteresis loss is an indicator of energy
dissipated in the loading/unloading cycle. It was found that the loop almost overlapped for
scaffolds made of A-B 10-1 and A-B 5-1 PUs. However, the scaffolds made of A-B 5-1 and
A-B 1-3 PUs had an obvious decrease in hysteresis loss in the first few cycles, and the loss
gradually became constant in latter cycles, indicating good cyclical properties in the long
term.

As shown in Figure 9e and Movie 1, the scaffold fully recovers gradually after being
compressed to about 20% of its original height. This special elastic property can be
attributed to the synergistic effect of flexible copolymer chains, crosslinking sites, and
decreased PCL crystallinity. The recovery rate with respect to the original height of the
scaffolds and the hysteresis loss in the first and tenth cycles were measured to investigate the
recoverability. Figure 9f shows that the recovery rate was maintained over 10 cycles of
loading and unloading, and it was lower for the scaffolds with larger porosities due to their
higher void fractions. It was also found that the A-B 5-1 PU scaffolds showed the highest
recovery rate (99.8% initial recovery rate), which was still over 98% after ten cycles of
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cyclic compression. Figure 9g shows the hysteresis loss (energy dissipation) of the scaffolds
in the first and tenth cycles. It was found that the hysteresis loss was higher for scaffolds
with smaller pore sizes and scaffolds made of PUs with lower A to B ratios, thus indicating
that stiffer scaffolds dissipated more energy in the cyclical test. The high elasticity of these
PU scaffolds contributed to the synergetic effects of the incorporation of flexible copolymer
chains, increased crosslinking, and decreased crystallinity as the A to B ratio decreased.

The scaffolds were also compressed at different strain rates to investigate their stain
responses. As shown in Figure S2, at higher strain rates, both compressive strength and
hysteresis loss were higher for all scaffolds, indicating the typical elastic deformation
behavior for foams. Similar to the cyclical tests, A-B 10-1 and A-B 5-1 PUs showed small
hysteresis losses and less of a difference under different strain rates, while A-B 1-1 and A-B
1-3 PUs showed an obvious increase in hysteresis loss when compressed at a higher rate,
thus indicating more energy dissipation.

Besides compression, these scaffolds possessed high recoverability in tensile tests, as shown
in Figure S3. Similar to compression tests, the scaffolds with a higher component B content
showed superior Young’s moduli and tensile strengths. The elongation-at-break of A-B 5-1
was the highest, indicating high flexibility. The cyclic tensile test showed that all scaffolds
possessed excellent recoverability, with strain—stress curves overlapping within ten cycles.
Similar to compression tests, scaffolds with higher component B content showed greater
hysteresis losses. Thus, we demonstrated that the PU scaffolds synthesized in this study had
remarkable elastic properties which can resemble the elasticity of many human tissues.

3.5 Biodegradation of PU scaffolds

The degradation of PU scaffolds was evaluated for up to 10 weeks by immersion in PBS at
37 °C with constant parallel shaking. Scaffolds were hot compressed into discs at 150 °C to
minimize the effect of their porous structure. It was found in Figure 10 that the synthesized
PUs showed relatively slow degradation rates, with a maximum 2.1% weight loss in 10
weeks as compared to some aliphatic polyesters like PLA, PLGA, and PGA.[61, 62] The
results also indicated that the PUs that had lower A to B ratios had relatively faster
degradation rates because the fraction of PTHF block (which is considered non-degradable)
was lower. It has been reported that PCL loses 50% of its initial molecular weight after 12
months incubation in PBS,[63] and that it will break into pieces after /n vivo degradation
over 30 months.[64] PCL-based polyurethane takes about a year to reach a 50% reduction in
molecular weight,[40] but it can be improved by adding hydrophilic moieties in the
molecular design.[65] Moreover, the degradation rate of PCL-based PUs can be greatly
enhanced in an enzymatic environment, such as proteinase and lipase enzymes.[22, 32, 66]
Therefore, our PU scaffolds have comparable degradation rates with PCL and PCL-based
PUs. As such, they have the potential to be used in the regeneration of slow-growing tissue,
especially load-bearing tissue, since they should maintain their mechanical properties before
they are substantially degraded over a long period of time.[46, 59]
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3.6 Cytotoxicity of Fabricated PU Scaffolds to 3T3 and MG63 Cells

Two types of cells were cultured on PU scaffolds fabricated using 9% solution for up to 10
days to investigate the cytotoxicity and number of cells on scaffolds with different stiffness.
3T3 fibroblasts were cultured as a model of soft tissue for up to 10 days. Figure 11 shows
the fluorescence images of the live/dead assays for different PU scaffolds. Green
fluorescence indicates healthy live cells, while dead cells are labeled with red fluorescence.
The statistical data of cell viability and cell population are shown in Figure 12. The number
of cells and the cell viability significantly increased during 10 days of culture, and the cells
showed a typical spindle-shape spread. At day 5, the cells almost covered the whole
scaffold, especially on the A-B 10-1 scaffold. These results indicated that the PU scaffolds
were biocompatible to 3T3 fibroblasts and provided a viable environment for cell growth.
Comparing different scaffolds, it was interesting to find that both cell viability and cell
proliferation were better on scaffolds made of PUs with higher A to B ratios. However, the
cell population and viability on TCP was higher than that on the scaffolds, since TCP is
usually treated with cell adhesion plasma (Figure S4). The SEM images showed that cells
cultured on A-B 10-1 scaffolds had a larger cell area and a more spread-out cell morphology
than those on A-B 1-3 scaffolds after 10 days of culture (Figure S5). This could be related to
the modulus of the substrate since it has been reported that substrate stiffness has an effect
on the cellular behavior of various cells, and even affects the differentiation of stem cells.
[67, 68] From our results, it is obvious that soft scaffolds were more suitable for fibroblast
growth as compared to relatively stiff scaffolds.

The fluorescence images and relative statistical data of MG63 cells cultured on different PU
scaffolds are shown in Figures 13 and 14. MG63 is an osteosarcoma cell line that behaves
similarly to osteoblasts and has been recognized as osteoblast-like cells.[69] The results
indicate that these PU scaffolds were also suitable for MG63 cell growth as confirmed by
about a five-fold increase in cell numbers and over 90% cell viability during the 10 days of
culture. The MG63 cells presented a healthy spread growing state on all scaffolds, and the
cell spreading area increased significantly from day 1 to day 10. When compared across
different PU scaffolds, it was found that the cell population and cell viability on scaffolds
with lower A to B ratios was higher than those with higher A to B ratios, and this difference
was more obvious at day 5 and day 10. The cells cultured on scaffolds with lower A to B
ratios formed larger cell membranes and showed better cell-substrate interactions as shown
in the SEM images (Figure S6). This was also attributed to the high stiffness of the scaffolds
with lower A to B ratios since it has been reported that osteoblasts have a strong dependence
on substrate stiffness.[70] The /n vitro culture results of 3T3 and MG63 cells verified that
the PU scaffolds with different stiffness have good biocompatibility towards different types
of cells. Furthermore, the dependence of cell proliferation on scaffold stiffness was also
confirmed, which implies that these scaffolds are capable of being used in the regeneration
of elastic tissues like skin, muscle, ureter, vein, and cartilage.

4. Conclusion

Regarding the lack of biodegradable flexible biomaterials for tissue engineering scaffold
applications, a new type of highly elastic PU with tunable properties was synthesized based
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on controlling the crosslinking of triblock copolymer diols and PCL triols. Porous tissue
engineering scaffolds with defined shape, various porous structures and properties were
fabricated through a simple in situ synthesis approach. The mechanical properties could be
controlled by varying the ratio between the linear and branched polymer chains. The
chemical structure and successful synthesis of PUs were confirmed by NMR and FTIR. The
introduction of crosslinking sites hindered the crystallization of PCL chains and increased
the thermal stability. The pore size and porosity of 3D porous scaffolds could be enhanced
by reducing the solution concentration and using a NaCl porogen, and the PUs synthesized
with higher A to B ratios had larger pore sizes. Most importantly, these PU scaffolds,
although mostly made of rigid PCL chains, showed outstanding flexibility and
recoverability, which can be attributed to the triblock copolymer and crosslinking sites
created. The compressive moduli achieved by these scaffolds ranged from 45.0 to 244.8 kPa.
When compressed, these scaffolds gradually recovered to their original shape with a
recovery rate over 95%. The A-B 5-1 scaffolds achieved a maximum recovery rate of 99.8%.
These scaffolds showed a relatively slow degradation rate with less than 2% weight loss over
10 weeks soaking in PBS, and the scaffolds containing more PCL moieties showed a faster
degradation rate. These attributes made them extremely suitable for long term and cyclic
load-bearing implantation situations. Moreover, /n vitro cell culture of 3T3 fibroblast and
MG63 cells confirmed the biocompatibility of these PU scaffolds and revealed that scaffolds
with different stiffness could stimulate the proliferation of different types of cells. Therefore,
these scaffolds have great potential to be used in the regeneration of various elastic tissues.
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Highlights

1. Synthesis elastic polycaprolactone based polyurethane by controlled
crosslinking

2. Varying ratio between triblock copolymer and tri-armed PCL led to tunable
properties

3. Porous 3D scaffolds can be /7 situ synthesized by simple mixing and curing
method

4, All scaffolds possess high elasticity and recoverability (over 99.5%)

5. 3T3 and MG63 showed stiffness dependent proliferation on scaffolds with
different properties

Chem Eng J. Author manuscript; available in PMC 2019 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mi et al. Page 20

component B

o O, BD
- chain
VAL extender
component
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Castandcure  gojvent removal Obtain scaffolds
Figure 1.

Schematic of in situe scaffold synthesis. Components A and B, as well as BD, were added
together at a defined molar ratio. Additional dioxane was added to adjust the concentration.
The solution was then mixed and casted into molds with various cavities followed by curing
and freeze drying to obtain porous scaffolds with different shapes.
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Figure 2.
Schematic showing the synthesis route of components A and B, and the controlled

crosslinking of PUs by varying the A to B ratio.
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Figure 3.
IH NMR results of synthesized PU with different A to B ratios.
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Figure 4.

FTIR results of synthesized PUs with different A to B ratios.
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Figure 5.

DSC results of synthesized PUs with different A to B ratios. a) Second heating scan. b)

Cooling scan.
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Figure 6.

TGA results of synthesized PUs with different A to B ratios: a) weight loss curves and b)
differentiation curves.
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Figure 7.
Microstructure and corresponding pore size distribution results of fabricated PU scaffolds

using PUs with different A to B ratios with 18% and 9% solution concentrations and with
NaCl porogen. Scale bars for 18% and 9% scaffolds are 50 um. Scale bars for scaffolds with
NaCl porogen are 200 um. The normal distribution curves are also plotted on the histograms.
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Figure 8.
Statistical results of the average porosity, pore size, and pore density of fabricated PU

scaffolds using PUs with different A to B ratios. a) Scaffolds prepared using 18% solution,
b) scaffolds prepared using 9% solution, and c) scaffolds prepared using NaCl porogen.
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Figure 9.
Compression and cyclic compression properties of different PU scaffolds. a) A

representative compression curve of the scaffolds. b) Compressive modulus and c)
compressive strength at 50% strain statistical results. d) Cyclic compression test for 10
cycles. e) Demonstration of the elastic property of PU scaffolds. f) Recovery rate and g)
hysteresis loss for different PU scaffolds in the first and tenth cycles.
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Figure 10.
Degradation results of synthesized PUs in PBS for up to 10 weeks.

Chem Eng J. Author manuscript; available in PMC 2019 September 15.

Page 29



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mi et al. Page 30

A-B10-1  A-B5-1 A-B 1-1 A-B1-3

D1

D5

D10

Figure 11.
Fluorescence images of live/dead assay results at day 1, day 5, and day 10 for 3T3

fibroblasts cultured on different PU scaffolds. Scale bar = 200 ym.
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Figure 12.

3T3 fibroblast cell culture results on different PU scaffolds. a) Cell viability results from a
live/dead assay, b) cell proliferation results from the MTS assay (p < 0.05).
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Figure 13.
Fluorescence images of live/dead assay results at day 1, day 5, and day 10 for MG63 cells

cultured on different PU scaffolds. Scale bar = 200 um.
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MG63 cell culture results on different PU scaffolds and TCP. a) Cell viability results from
the live/dead assay, and b) cell proliferation results from MTS assay (p < 0.05).
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