1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2015 August 31.

-, HHS Public Access
«

Published in final edited form as:
Mater Sci Eng C Mater Biol Appl. 2013 December 1; 33(8): 4767-4776. doi:10.1016/j.msec.2013.07.037.

Characterization of thermoplastic polyurethane/polylactic acid
(TPU/PLA) tissue engineering scaffolds fabricated by
microcellular injection molding

Hao-Yang Mi&P, Max R. Salick®, Xin Jing®P, Brianna R. Jacquesd, Wendy C. Crone®, Xiang-
Fang Peng?”, and Lih-Sheng Turng®"”

aNational Engineering Research Center of Novel Equipment for Polymer Processing, South China
University of Technology, Guangzhou, China

bDepartment of Mechanical Engineering, University of Wisconsin—-Madison, WI, USA
®Department of Engineering Physics, University of Wisconsin—Madison, WI, USA

dDepartment of Biology, University of Wisconsin—River Falls, WI, USA

Abstract

Polylactic acid (PLA) and thermoplastic polyurethane (TPU) are two kinds of biocompatible and
biodegradable polymers that can be used in biomedical applications. PLA has rigid mechanical
properties while TPU possesses flexible mechanical properties. Blended TPU/PLA tissue
engineering scaffolds at different ratios for tunable properties were fabricated via twin screw
extrusion and microcellular injection molding techniques for the first time. Multiple test methods
were used to characterize these materials. Fourier transform infrared spectroscopy (FTIR)
confirmed the existence of the two components in the blends; differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA) confirmed the immiscibility between the TPU
and PLA. Scanning electron microscopy (SEM) images verified that, at the composition ratios
studied, PLA was dispersed as spheres or islands inside the TPU matrix and that this phase
morphology further influenced the scaffold’s microstructure and surface roughness. The blends
exhibited a large range of mechanical properties that covered several human tissue requirements.
3T3 fibroblast cell culture showed that the scaffolds supported cell proliferation and migration
properly. Most importantly, this study demonstrated the feasibility of mass producing
biocompatible PLA/TPU scaffolds with tunable microstructures, surface roughnesses, and
mechanical properties that have the potential to be used as artificial scaffolds in multiple tissue
engineering applications.
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1. Introduction

Tissue engineering aimed at the regeneration of malfunctioning tissues is attracting more
and more attention [1,2]. So far, tissue engineering has already been used to improve the
recovery of different types of tissues such as skin, bones, blood vessels, and nerve conduits
[3]. Currently, the main challenge for tissue engineered scaffolds is the need to mass
produce three-dimensional (3D) highly porous scaffolds with suitable surface properties that
promote the biological activities of both seeded and native cells. These biological activities,
such as cell adhesion, proliferation, migration, and differentiation, are greatly affected by the
surrounding extracellular matrices (ECM), and these responses must be tuned to fulfill the
requirements of the targeted tissue [4]. The optimal pore size for tissue regeneration depends
on the type of tissue [5]. However, the porosity and mechanical properties, which are both
important traits of tissue engineering scaffolds, are closely interrelated. The mechanical
properties need to closely match those of the real tissue in order to provide support during
the initial stages of tissue growth. The mechanical properties of several tissues are listed in
Table 1, indicating a large mechanical property range among a variety of human tissues
[5-7]. Surface chemistry properties are also crucial for tissue engineering scaffolds. It has
been reported that improvement of surface hydrophilicity, roughness, and chemistry by
methods such as surface grafting, surface modification, physical blending, and surface
crystallization, can help to improve cell adhesion as well as biocompatibility [8-11].

Commonly used biocompatible and biodegradable materials can be classified into natural
materials including proteins like collagen [12], polysaccharides like chitosan [13], and
synthesized polymers such as polylactide acid (PLA) [14], polycaprolactone (PCL) [15],
polyglycolide (PLG) [16], polylactic-co-glycolic acid (PLGA) [17], and polyurethane (PU)
[18]. PLA been widely used in the tissue engineering scaffold field in order to promote bone
regeneration [19], and to provide scaffolding for blood vessels [20] and cartilage [21].
However, PLA alone usually can only be used in hard tissue engineering scaffolds due to its
inherent high strength and brittle properties. Researchers have been focusing on fabricating
polymer blends such as PLA/PCL [22], PLA/collagen [23], PLA/chitosan [24], and PLA/
PLGA [25], and polymer composites like PLA/hydroxyapatite (HA) [26] and PLA/carbon
nanotubes (CNT) [27] scaffolds with adjustable microstructures, physical properties, and
chemical properties to match specific tissue applications. Bioresorbable PU scaffolds have
attracted considerable attention and their great potential in tissue engineering has been
reported [28,29]. Thermoplastic polyurethane (TPU) as a class of PU has been widely
employed in medical applications due to its biocompatibility and flexibility, and has been
used in medical devices such as catheters [30], pace-maker leads [31], skin [32], and
vascular grafts [33]. TPUs offer high elongation, moderate tensile strength and Young’s
modulus, and excellent abrasion and tear resistance [34]. Thus the combination of PLA and
TPU in various ratios would lead to tailored properties suitable for a wide variety of tissue
engineering scaffold applications (e.g., for healing and regeneration of cartilage and bones).
The biocompatibility and tissue response of PLA-based polyurethane have been studied
[35], while blends of PLA and TPU used as tissue engineering scaffolds are still poorly
understood. It has been reported that the properties of PLA would change dramatically after
the addition of TPU [36].
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Several methods have been used in tissue engineering scaffold fabrication, including solvent
casting/particulate leaching [37], thermally induced phase separation [38], electrospinning
[39], rapid prototyping [40], batch foaming [41], and microcellular injection molding [6,42].
TPU scaffolds fabricated via microcellular injection molding have been studied recently
[43]. In this study, PLA/TPU scaffolds with various properties were mass produced with
microcellular injection molding for the first time to explore their suitability for various tissue
engineering applications. The miscibility, tunable mechanical properties, and
biocompatibility were investigated.

2. Materials and methods

2.1. Materials

TPU (Elastollan 1185A, BASF Ltd., USA) is a flexible elastomer that provides flexibility to
the blends. Its glass transition temperature (Tg) is =50 °C (based on DSC test), weight
average molecular weight (M,,) is 108.5 kDa, and polydispersity index (PDI) is 2.26 (based
on GPC test). PLA (3001D, NatureWorks LLC., USA) was selected to improve the rigidity
of the blends. Its Ty is 60 °C (based on DSC test), My is 127.1 kDa, and PDI is 1.6 (based
on GPC test). Both TPU and PLA have similar melt processing windows, allowing them to
be compounded properly.

2.2. Scaffold fabrication

2.2.1. Compounding—The TPU and PLA pellets were dried at 100 °C with circular air
flow for 2 h prior to compounding. Materials with a variety of formulas — PLA, PLA75%
(75%PLA/25%TPU), PLA50% (50%PLA/50%TPU), PLA25% (25%PLA/75%TPU), and
TPU — were compounded with a twin-screw extruder (Leistritz ZSE 18 HPe) at 190 °C (the
die temperature) at a screw speed of 100 rad/min, followed by circular water cooling and
granulation.

2.2.2. Microcellular injection molding—The injection molding machine used was an
Arburg Allrounder 320S with a 25 mm diameter screw and a mold temperature controlling
device. The machine was equipped with a supercritical carbon dioxide (CO5) supply system
(MuCell® Trexel, Inc.) which enabled precise control of the gas injection weight by
adjusting the gas flow rate and valve open time. The mold used in this experiment had a
standard ASTM D638 Type | tensile test bar cavity and an ASTM D790 flexural test bar
cavity. The pre-blended pellets were dried for 3 h at 100 °C to remove the moisture before
being used for microcellular injection molding. Both solid and foamed samples were
collected. The processing parameters for the microcellular injection molding procedure are
listed in Table 2.

2.3. NIH 3T3 fibroblast cell culture

PLA, PLA50%, and TPU scaffolds were chosen for cell culture testing in order to
investigate the biocompatibility and cell viability on pure materials and on PLA/TPU blends.
NIH 3T3 ECACC cells were maintained prior to testing on 6-well tissue culture-treated
polystyrene plates (BD Falcon). Cells were fed every other day with a high-glucose 20%
serum medium consisting of high-glucose DMEM (Gibco), 20% fetal bovine serum
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(WiCell), 2 mM -glutamine (Invitrogen), and penicillin-streptomycin (Invitrogen). Cells
were passaged at a 1:40 ratio every 6 days via 5-minute EDTA treatment (Invitrogen).
Maintained cultures were regularly checked for mycoplasma. Test samples were placed in
24-well tissue culture-treated polystyrene plates after autoclave sterilization considering that
UV light may not be able to penetrate and sterilize the inner part of the 3D scaffold. 3T3
cells were treated with EDTA for 5 min and washed with phosphate-buffered saline (PBS)
prior to seeding. Cells were then seeded at a density of 1.25 x 10° cells/cm? in the high-
glucose 3T3 medium described above. Spent medium was aspirated and replaced with 1 mL
of fresh medium daily for screening samples.

2.4. Characterizations

2.4.1. Fourier transform infrared spectroscopy (FTIR)—FTIR measurements were
carried out using a Bruker Tensor 27 instrument. The samples were analyzed in absorbance
mode in the range of 600 to 4000 cm~2. The functionalities corresponding to each of the
absorption bands were analyzed.

2.4.2. Differential scanning calorimetry (DSC)—Thermal property measurements
were performed with a DSC Q20 (TA Instruments). Samples were placed in standard
aluminum pans and covered with lids. Samples were then heated to 220 °C at a heating rate
of 10 °C/min and held isothermally for 5 min to remove any prior thermal history. Samples
were then cooled to —80 °C at 5 °C/min and heated to 220 °C at 10 °C/min. All tests were
carried out under the protection of a nitrogen atmosphere.

2.4.3. Dynamic mechanical analysis (DMA)—Thermal dynamic properties of the
samples were examined in single cantilever mode by a TA Instrument DMAQ 800. The
samples were trimmed to 35.6 mm long by 12.8 mm wide by 3.2 mm thick. The tests were
performed at a temperature range from —60 °C to 150 °C at a heating rate of 5 °C/min with a
frequency of 1 Hz. Liquid nitrogen was used to regulate temperature during heating and
cooling.

2.4.4. Scanning electron microscopy (SEM)—The phase morphology of solid
samples and the microstructure of microcellular injection molded samples were evaluated
using a JEOL Neoscope SEM (Nikon) with an accelerating voltage of 10 kV. All specimens
were frozen in liquid nitrogen and broken by two clamps to expose the cross section at the
center of the flexural test parts. SEM observations were performed after sputtering the
samples with a thin film of gold for 40 s.

The morphology indices of the microcellular injection molded samples (scaffolds) were
measured from SEM pictures using the Image Proplus software package. Pores generated in
the microcellular injection molding process are typically referred to as “cells,” but will be
referred to as “pores’ in this paper to avoid confusion with biological cells. Thus, the pore
diameter and pore density were used to describe the morphological properties of the
scaffolds.

Eq. (1) was used to convert surface average diameter to volume average diameter.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2015 August 31.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mi et al. Page 5

1 n
3__ 3
DP==> D
=1

Eq. (2) was used to calculate volumetric pore density,

3
N\ 2
Pore density= <X) 2

where N was the number of pores and A was the area of the SEM image.

2.4.5. Porosity measurement—Microcellular injection molded samples were trimmed
into rectangles and their porosity was determined by weighing the samples and measuring
their dimensions to obtain their volume using Eq. (3). The porosity was the mean value of
five samples,

VthP - Wrn

Porosityzvip x 100% (3)
th

where Wy, was the measured weight, p was the weight average density of the blends, and
Vin was the volume of the microcellular injection molded sample.

2.4.6. Mechanical properties—Tensile tests of ASTM tensile test bars were performed
on a mechanical testing machine (Instron 5967) under dry conditions according to the
standard test method for tensile properties (ASTM D638) of plastics. The tests were
performed at ambient temperature (23 °C) with a cross-head speed of 50 mm/min. A
maximum 600% tensile strain was set as the termination criterion of the test due to
instrument limitations. The same instrument was outfitted with compressive clamps for
compression tests of rectangular samples following the standard test method (ASTM D695).
All samples were compressed to 50% strain at a speed of 5 mm/min. Statistical results were
the average of the five samples.

2.4.7. Gel permeation chromatography (GPC)—A model VE2001 gel permeation
chromatographer (GPC) with model 302 tetra detector array was used to test the molecular
weight of the TPU and PLA samples before processing, after microcellular injection
molding, and after autoclaving, in order to investigate the potential degradation of the
materials from each of the procedures. Tetrahydrofuran (THF) was used as a mobile phase at
a flow rate of 1.0 mL/min. Calibrations of columns were carried out using a standard
polystyrene (PS) solution. All test solutions were prepared at a concentration of 1.5% (g/ml).

2.4.8. Rheology test—The viscosity of the pure material and the blends were tested via a
rheometer (AR 2000ex). A 25 mm parallel-plate geometry was used and all of the tests were
performed at 190 °C. The complex viscosity was investigated with the increase of angular
frequency from 0.1 to 200 rad/s.

2.4.9. 3T3 fibroblast cell viability—Fibroblast cell viability was determined 3 days and
10 days after seeding. Viability was assessed via a Live/Dead Viability/Cytotoxicity Kit
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(Invitrogen). The stain utilized green fluorescent Calcein-AM to target esterase activity
within the cytoplasm of living cells, and red fluorescent ethidium homodimer-1 (EthD-1) to
indicate cell death by penetrating damaged cell membranes. Stained cells were imaged with
a Nikon Eclipse Ti Microscope with an attached Photometrics CoolSNAP HQ2 camera. Nis-
D Elements Advanced Research v.3.22 software was used for image analysis.

2.4.10. Cell fixation for SEM—The same samples used for cell viability testing were
rinsed twice with Hanks’ balanced salt solution (HBSS; Thermo Scientific). HyClone
HyPure molecular biology grade water (Thermo Scientific) was mixed with
paraformaldehyde to make a 4% solution. The rinsed samples were then immersed in the
solution for 30 min. The samples were dehydrated using a series of ethanol washes (50%,
80%, 90%, and 100% for 30 min each), and finally dried in a vacuum desiccator for 2to 3 h
before gold sputtering for SEM.

2.4.11. MTS assay—CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega) was used to determine the number of cells during culture on the novel materials.
This assay utilizes a tetrazolium compound that is bioreduced upon entering a cell. The
resulting products predictably alter the absorbance of the media in which the cells reside.
Standard curves were established by performing the tests on cells seeded on the cell culture
wells without scaffolds and confirmed by comparison to hemocytometer readings prior to
these experiments. Upon testing, cells were treated with an 83% media, 17% MTS solution
and allowed to incubate for exactly one hour. After incubation, 100 pL of spent media were
removed and added to a clear 96-well plate. The absorbance of this plate at the 450 nm
wavelength was then read with a GloMax-Multi + Multiplate Reader (Promega) and the
subsequent number of cells was determined relative to the negative control. Positive control
was not necessary according to the protocol. The Student’s-t test (p < 0.05) was used to
determine the cell number and its statistical significance between samples at the same time
interval.

3. Results and discussion

3.1. Immiscibility of TPU and PLA

3.1.1. FTIR result—FTIR was used to identify the molecular construction of the blends.
As shown in Fig. 1, the peak at 3332 cm™1, which indicates the N-H group in urethane
(-NHCOO-), and the peaks at 2935 and 2850 cm™1, which belong to the asymmetric and
symmetric vibration of the —CH2 group, respectively, are the characteristic peaks of TPU.
Their intensity increases with increasing TPU ratio [44]. The —C=0 group peak at 1748
cm~L only exists in PLA and its intensity decreases with increasing TPU ratio [45]. The
FTIR results showed that PLA and TPU were compounded successfully and that no
chemical reactions occurred during melt blending since no new chemical bonds were
identified.

The miscibility and phase morphology of the polymer blends are very important factors and
could influence the properties of the blends. Three methods including DSC, DMA, and SEM
were used to study the miscibility and phase morphology of PLA and TPU.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2015 August 31.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mi et al. Page 7

3.1.2. DSC and DMA analysis—The DSC results shown in Fig. 2 confirm the
immiscibility of TPU and PLA as can be verified from their completely separate glass
transition slopes. As the TPU content increased, the glass transition temperature (Tg) of the
two components did not change at all, while the slope of the TPU became steeper and the
slope of the PLA became shallower. Fig. 2(a) shows that the PLA cold crystallization peak
moved to a lower temperature and that the peak intensity became sharper in the PLA75%
and PLA50% samples. These phenomena can be attributed to the added TPU, which acts as
a crystallization nucleation agent by providing nucleation spots. Among the three blends,
both the cold crystallization peak and the melting peak became smaller with an increase of
TPU content. Fig. 2(b) shows the cooling scan data, from which it was noticed that the
existence of PLA stimulated TPU crystallization, while the peak became stronger as the
PLA content increased.

The energy depletion tan delta curves, whose peaks represent the glass transition
temperatures of the materials, were determined from DMA testing (Fig. 3) and clearly show
the immiscibility of TPU and PLA. The depletion peak for TPU was below zero and became
weaker as PLA content increased. Similarly, the PLA depletion peak was approximately 80
°C and became smaller when the TPU content increased. All of the blends had two peaks at
the same temperature which confirmed that PLA and TPU were completely immiscible. The
sharp peak for the PLA indicated a rapid storage energy loss.

3.1.3. Phase morphology—SEM was used to further study the phase morphology of the
PLA/TPU blends. The pure PLA and TPU fractured surface morphologies are shown in Fig.
4(a) and (b) for comparison. Fig. 4(c) through (e) show the phase morphology of the three
blends. A large portion of the TPU spheres were uniformly inlaid in the PLA matrix and no
obvious continuous TPU phase was observed in the PLA75% sample. The PLA50% sample
had both PLA and TPU continuous phases, as well as some PLA spheres, as shown in Fig.
4(d). The PLA domain, however, formed islands in the TPU matrix (circled in the image)
and there were fewer spheres than in the PLA75% sample. As shown in Fig. 4(e), PLA25%
had tiny PLA spheres which were much smaller and less numerous than in PLA75% and
were uniformly dispersed in the TPU matrix. In brief, clear phase separation was observed
in all three PLA/TPU blends which further proved that PLA was completely immiscible
with TPU.

3.2. Scaffold morphology

The microstructures of the microcellular injection molded samples are shown in Fig. 5. The
morphology of pure PLA and TPU were significantly different and the pore structure varied
between blends. It was found that the pore size of TPU was much larger than that of PLA
and that more pores featured small holes that connected with other pores. The PLA75%
sample (Fig. 5(cq)) had a similar structure to pure PLA, while the morphology of the
PLA25% (Fig. 5(e1)) sample was close to that of pure TPU. PLA50% (Fig. 5(d4)) had both
large hollow voids and small pores. It is likely that the difference of scaffold microstructure
could be attributed to the variety of phase morphologies. The PLA and TPU phase interface
provided heterogeneous nucleation points during foaming [46]. The enlarged images show
the phase morphology of the pore surface and pore wall. Pure materials (Fig. 5(ay) and (by))
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had relatively smooth surfaces, while the surfaces of the other three blends were rough.
Large PLA spheres were found in the PLA75% scaffold, forming a rough pore wall and
small hollow voids on the pore surface. One can clearly see the two phase morphologies in
the PLA50% scaffold in both the pore wall and the pore surface from Fig. 5(d,). The
PLA25% scaffold (Fig. 5(e5)) had tiny PLA spheres dispersed uniformly on the pore
surface, thus forming a rough surface.

Statistical data pertaining to the porosity, average pore diameter, and pore density are shown
in Fig. 6. It was found that the porosity showed a similar trend to the pore diameter and was
inversely related to pore density. This was likely because larger pores were formed by
merging smaller pores and expanding pore walls during foaming, inducing a reduction of
pore density and an overall increase in porosity. As can be seen from Fig. 5, PLA75% and
PLA25% had a similar porosity and pore diameter as compared to pure PLA and TPU,
respectively. PLA 50%, however, had a lower pore diameter and porosity than the others.
This might have been because the island phase of PLA in the TPU matrix prevented pore
growth and led to both large and small pores in the sample, as shown in Fig. 5(d;). Overall,
microcellular injection molding fabricated scaffolds had average porosities ranging from
49% to 79%, pore diameters from 115 to 252 pm, and pore densities from 1.4 x 10° to 3.9 x
10%/cm3,

3.3. Mechanical and rheological properties

The tensile and compressive test results of solid and microcellular injection molded samples
are shown in Fig. 7, and the tensile and compressive modulus results are shown in Fig. 8.
Pure PLA had a high tensile modulus as well as a high compressive modulus, but it
exhibited an extremely low elongation-at-break due to its brittle nature. Tensile and
compressive yield stress decreased with the addition of TPU. Solid TPU samples and blend
samples did not break during the tensile tests even when the strain reached 600%, as shown
in Fig. 7(a). Fig. 7(b) shows that the strain-at-break increased with increasing TPU content
for the microcellular injection molded samples and that the samples lost yield behavior when
the TPU content increased to 75%. The compression tests showed similar results, as shown
in Fig. 7(c) and (d). The compressive stress for microcellular injection molded samples was
significantly lower than that of solid samples. According to Fig. 8, both the tensile and
compressive moduli decreased as the TPU content increased. The tensile modulus of the
microcellular injection molded samples was lower than that of the solid samples and ranged
from 7 to 1,007 MPa, which can fulfill the requirement of tissues like cancellous bone,
cartilage, ligament and tendon. The compressive modulus for microcellular injection molded
samples ranged from 11 to 200 MPa, which meets the compressive modulus requirement of
cancellous bone and cortical bone as introduced previously. Thus, the PLA/TPU scaffolds
mass produced by microcellular injection molding have great potential in meeting the
mechanical property requirements for human tissues.

In addition, polymer processing and autoclaving may cause polymer degradation which
would further lead to a reduction of mechanical properties. Considering this, GPC tests were
performed on raw TPU pellets, microcellular injection molded TPU scaffolds, and TPU
scaffolds subjected to autoclave sterilization. It was found that the M,,, of TPU decreased
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gradually from 108.5 kDa (raw pellets), to 77.5 kDa (molded scaffold), and then to 75.7 kDa
(autoclaved scaffold). The M, results for PLA went from 91.8 kDa (raw pellets), to 85.9
kDa (molded scaffold), and then to 55.1 kDa (autoclaved scaffold). Interestingly, it was
found that for TPU the most significant degradation happened during scaffold processing,
whereas the autoclave process caused more degradation than scaffold processing for PLA.
Therefore, autoclave sterilization may not be suitable for PLA (y-radiation may be more
appropriate as an alternative method), but it is still feasible for TPU.

PLA had a higher storage modulus than TPU according to thermal dynamic tests, as shown
in Fig. 9. The storage modulus curves of the three blends were located between PLA and
TPU for both solid and microcellular injection molded samples as expected. Interestingly, it
was noticed that both solid and microcellular injection molded PLA25% samples had a
relatively high storage modulus at low temperature, which might be because of the
reinforcement behavior of rigid PLA spheres dispersed in the TPU matrix as previously
shown by the phase morphology images. However, as the temperature increased, the storage
modulus dropped rapidly so that no improvement was observed in the tensile and
compression tests that were performed at room temperature.

As shown in Fig. 10, the complex viscosity increased along with the amount of TPU because
pure TPU had a higher viscosity than pure PLA. The reinforcement behavior of PLA25%
was also observed in rheology tests at low angular frequency. Together with the storage
modulus results, it is possible that the tiny PLA spheres in PLA25% were acting as rigid
fillers which had a slow response to frequency at low temperatures and low frequency at
high temperatures. The PLA 50% samples had a continuous PLA phase and the PLA75%
samples had large PLA spheres and a small TPU domain such that no reinforcement
behavior was observed in them.

3.4. Cell viability and proliferation

The 3T3 fibroblast cell viability and morphology Day 3 and Day 10 results are shown in
Figs. 11 and 12. From the images it is clear that fibroblasts attached and spread all over the
scaffolds. The fluorescence images show large quantities of live cells. By comparing Fig.
11(a) through (c), it was found that the dispersion of dead cells was uniform for PLA and
PLA50% scaffolds, while most dead cells were located in the center solid area of the TPU
scaffold at Day 3.

The fibroblast cell morphologies of the three scaffolds are shown in Fig. 11(d) through (i).
At Day 3, most cells attached to the solid area, with some already covering the pores on the
PLA and PLA50% scaffolds. Fewer cells were observed on the TPU scaffold and fewer
pores had been covered than in the other two scaffolds as well. Nevertheless, cells can be
seen migrating inside of the pores in Fig. 11(i). The Day 10 fluorescence images (Fig. 12(a)
through (c)) show that very few dead cells were present on all three scaffolds. The media
was relatively clear, suggesting that not many dead cells were washed away during periodic
culture media replacement. It was observed that live cells continued to proliferate on the
scaffolds which indicated that the scaffolds provided a suitable ECM for cells to grow. The
SEM pictures (Fig. 12(d) through (i)) show the morphology of cells at low and high
magnifications. From these images it was noticed that a lot of cells were growing on, and
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almost covering, the entire scaffolds. Although PLA and PLA50% scaffolds had denser cell
populations than TPU scaffolds, the fibroblast cells stretched and spread very well on all of
the scaffolds. The MTS assay statistical data of Day 3 and Day 10 cell counts is shown in
Fig. 13, and showed that cell populations increased from Day 3 to Day 10 dramatically on
all scaffolds. Thus it was shown that the scaffolds fabricated by microcellular injection
molding could support cell growth very well. Moreover, the PLA scaffold had a higher
average number of cells than the PLA50% scaffold, which was higher than the TPU
scaffold. However, from the Student’s t-test analysis, it was found that the number of cells
on the PLA scaffold at Day 3 was the only scaffold that was significantly better than the
other two scaffolds at the same time point using a 95% (p < 0.05) confidence level. Thus, all
three kinds of scaffolds are suitable for fibroblast cell culture and one could assume that the
other two scaffolds, PLA25% and PLA50%, would be appropriate for cell culture as well.
Therefore, scaffolds with a variety of properties that are potentially suitable for different
tissue applications were successfully fabricated via microcellular injection molding in this
study.

4. Conclusion

TPU and PLA were melt blended with a twin-screw extruder and microcellular injection
molded to mass produce tissue engineering scaffolds with different ratios and resulting
mechanical properties and phase morphologies. The properties of pure materials and blends
were investigated via multiple characterization methods. It was found that the PLA and TPU
used in this study were completely immiscible and that the PLA dispersed as small spheres
at 25%, or large spheres at 75%, in the TPU matrix, and formed into both spheres and
islands at 50%. Mechanical tests confirmed the large tensile and compressive range of the
scaffolds fabricated by microcellular injection molding which may be potentially used in
multiple tissue applications. The elongation-at-break improved dramatically as the TPU
content increased in the blends. The scaffolds fabricated in this study had porosities ranging
from 49% to 79%, pore diameters from 115 to 252 um, and pore densities from 1.4 x 10° to
3.9 x 10%/cm3. Furthermore, the pores were relatively larger for the scaffolds with a higher
TPU content. Dynamic mechanical tests and rheology tests found that the tiny dispersed
PLA spheres in the TPU matrix at 25% reinforced the blends at low temperatures or low
frequencies. 3T3 fibroblast cell culture experiments demonstrated the biocompatibility of the
scaffolds and that scaffolds with more PLA content had slightly higher cell viabilities,
although not at a statistically significant level (p < 0.05). In light of the biocompatibility,
tunable mechanical properties, and porous microstructure, the scaffolds fabricated via
microcellular injection molding have the potential to be used for multiple tissue types in a
variety of medical and tissue engineering applications.
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Fig. 1.
FTIR results of PLA, PLA75%, PLA50%, PLA25%, and TPU samples.
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Fig. 2.
DSC (a) second heating and (b) cooling results of PLA, PLA75%, PLA50%, PLA25% and
TPU samples.
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Fig. 3.
DMA tan delta results PLA, PLA75%, PLA50%, PLA25%, and TPU samples.
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Fig. 4.
SEM phase morphology of (a) PLA, (b) TPU, (c) PLA75%, (d) PLA50%, and (e) PLA25%

solid samples.
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Fig. 5.
SEM images of microcellular injection molded scaffolds: (a) PLA, (b) TPU, (c) PLA75%,

(d) PLA50%, and (e) PLA 25%. Subscript 2 images are enlarged images of subscript 1
images. Scale bars are 500 um and 20 um, respectively.
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Fig. 6.
Porosity, pore diameter, and pore density statistical results of PLA, PLA75%, PLA50%,
PLA25%, and TPU scaffolds.
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Mechanical property tests: (a) tensile test of solid samples, (b) tensile test of microcellular
injection molded scaffolds, (c) compressive test of solid samples, and (d) compressive test of

microcellular injection molded scaffolds.
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Fig. 8.
Statistical histogram of (a) tensile modulus and (b) compressive modulus for both solid
samples and microcellular injection molded scaffolds.
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DMA storage modulus of PLA, PLA75%, PLA50%, PLA25%, and TPU: (a) solid samples
and (b) microcellular injection molded scaffolds.
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Fig. 10.

Rheology tests of PLA, PLA75%, PLA50%, PLA25%, and TPU blends (compounded

pellets).
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Fig. 11.
Day 3 fibroblast cell culture results of microcellular injection molded PLA (a, d, g),

PLA50% (b, e, h), and TPU (c, f, i) scaffolds: (a—c) are fluorescence microscope pictures
(scale bar = 100 um) where green indicates living cells and red indicates dead cells, (d-f) are
low magnification SEM images (scale bar = 200 um), and (g—i) are high magnification SEM
images (scale bar =50 um).
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Fig. 12.
Day 10 fibroblast cell culture results of microcellular injection molded PLA (a, d, g),

PLA50% (b, e, h), and TPU (c, f, i) scaffolds: (a-c) are fluorescence microscope pictures
(scale bar = 100 um) where green indicates living cells and red indicates dead cells, (d-f) are
low magnification SEM images (scale bar = 200 um for d and e, 100 um for f), and (g-i) are
high magnification SEM images (scale bar = 50 um).
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Fig. 13.
MTS assay cell count statistical results of microcellular injection molded PLA, PLA50%,

and TPU scaffolds at Day 3 and Day 10 time points (significance level p < 0.05).
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Table 1

Mechanical properties of several human tissues [5-7].

Tensile strength  Compressive strength ~ Young’s modulus

(MPa) (MPa) (MPa)
Cancellous bone 8 4-12 50-100
Cortical bone 60-160 130-180 3-30 x 108
Cartilage 3.7-10.5 n/a 0.7-15.3
Ligament 13-46 nla 65-541
Tendon 24-112 n/a 143-2310
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Table 2

Processing parameters.

Molding parameters Value
Cooling time 60s
Clamp tonnage 200 kN
Mold temperature 23°C
CO, content 4 wt.%
Injection volume 70 vol.%
Injection speed 20 cm¥/s

Plasticizing temperature 190 °C

Back pressure

6 MPa
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