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Abstract

The demand for small-diameter blood vessel substitutes has been increasing due to a shortage of
autograft vessels and problems with thrombosis and intimal hyperplasia with synthetic grafts. In
this study, hybrid small-diameter vascular grafts made of thermoplastic polyurethane (TPU) and
silk fibroin, which possessed a hybrid fibrous structure of an aligned inner layer and a random
outer layer, were fabricated by the electrospinning technique using a customized striated collector
that generated both aligned and random fibers simultaneously. A methanol post-treatment process
induced the transition of fibroin protein conformation from the water-soluble, amorphous, and less
ordered structures to the water-insoluble B-sheet structures that possessed robust mechanical
properties and relatively slow proteolytic degradation. The methanol post-treatment also created
crimped fibers that mimicked the wavy structure of collagen fibers in natural blood vessels.
Ultrafine nanofibers and nanowebs were found on the electrospun TPU/fibroin samples, which
effectively increased the surface area for cell adhesion and migration. Cyclic circumferential
tensile test results showed compatible mechanical properties for grafts made of a soft TPU/fibroin
blend compared to human coronary arteries. In addition, cell culture tests with endothelial cells
after 6 and 60 days of culture exhibited high cell viability and good biocompatibility of TPU/
fibroin grafts, suggesting the potential of applying electrospun TPU/fibroin grafts in vascular
tissue engineering.

1 Introduction

31% of global deaths—an estimated 17.5 million people-were caused by cardiovascular
diseases (CVDs) in 2012, especially coronary heart disease and stroke (World Health
Organization, 2015; Mendis et al., 2011). As the population ages and grows, it is anticipated
that the need of treatments and healthcare for CVDs will increase substantially year by year
(Heidenreich et al., 2011). Clinically, to treat severe cardiovascular diseases, arterial bypass
surgeries are conducted to create a passage rerouting the blood flow around the clogged
artery to maintain the normal function of the circulation system. Vascular substitutes are
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required in the operations and the two main sources are autologous vessels, such as
saphenous veins or internal mammary arteries, and synthetic prosthetic grafts.

Unfortunately, suitable autologous vessels are not always available for patients with previous
harvest, amputation, or vascular disease (Isenberg et al., 2006). Although artificial grafts
made of polyethylene terephthalate (PET, Dacron) and expanded poly-tetrafluoroethylene
(ePTFE, Teflon) have been used to fill the shortage, the occurrence of thrombosis, intimal
hyperplasia, and immune rejection have limited the adaptability of these prostheses in
replacing small-diameter (<6 mm) blood vessels (Baguneid et al., 2006; Wise et al., 2011).

In an attempt to find effective alternatives, the development of small-diameter vascular tissue
engineering has advanced quickly over the past decades. Generally, current approaches focus
on the regeneration of vascular tissue, which includes self-assembled cell sheets and
scaffold-guided vascular reconstruction. The latter is an extension of synthetic vascular graft
research incorporating /in vitro cell expansion and maturation on the scaffold before
implantation (Seifu et al., 2013). To create a proper template for tissue remodeling, natural-
origin polymers such as collagen and fibrin were first used as the materials for tissue-
engineered blood vessels (TEBVs) due to their biologically analogous nature (Cummings et
al., 2004; Seifu et al., 2013; Swartz et al., 2005; Weinberg and Bell, 1986; Wu et al., 2007).
However, the poor mechanical strength and compliance mismatch made them unfavorable in
clinical applications. Compared to natural polymers, synthetic polymers have tunable
mechanical properties, degradation rates, and microstructures, which can be controlled by
material compositions, copolymer ratios, and fabrication methods. However, the low
bioactivity and cellular toxicity of the by-products of some of the polymers are still of
concern (Catto et al., 2014; Ravi and Chaikof, 2010; Seifu et al., 2013; Zhang et al., 2007).

Recently, many studies have combined natural and synthetic polymers to form hybrid
scaffolds by different methods in the hope of taking advantage of the positive aspects of
various materials (Catto et al., 2014). Among all of the candidate polymers, natural silk
fibroin from silkworm cocoons (Bombyx mori) and synthetic thermoplastic polyurethane
(TPU) were selected in this research for further investigation for fabricating TEBVs using
the electrospinning method.

Fibroin is the main component of silk fiber, accounting for 75% of its weight, and is
comprised of at least two fibroin proteins—light chains (25 kDa) and heavy chains (325 kDa)
(Horan et al., 2005). The p-sheet structure provides the fibroin filaments with robust
mechanical properties and relatively slow proteolytic degradation, making it an
advantageous biomaterial compared to other natural polymers. Also, the characteristics of
biocompatibility, low- or non-immunogenicity, ease of chemical modification, and low
thrombogenicity raise the potential of applying fibroin to vascular grafts (Altman et al.,
2003; Matsumoto et al., 2006; Wang et al., 2006). Several studies have been conducted to
fabricate vascular-related products with silk fibroin by dipping (Lovett et al., 2007), gel
spinning (Lovett et al., 2008, 2010), braiding (Enomoto et al., 2010; Nakazawa et al., 2011),
and electrospinning (Liu et al., 2011; Soffer et al., 2008; Zhang et al., 2008).

The early applications of TPUs in medical fields can be traced back to the 1970s as the
biomaterial for vascular catheters, blood bags, implants targeting both soft and hard tissues,
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and other medical device components (Zdrahala and Zdrahala, 1999). TPU is a flexible
linear polymer consisting of soft and hard segments that exhibits good biocompatibility,
manufacturability, and mechanical properties. By altering the ratio of the soft and hard
segments, TPU can be modified to reach the required elasticity and strength for vascular
tissue engineering (Mi et al., 2015a; Jing et al., 2015). Conventional TPU is
nonbiodegradable but a biodegradable TPU can be synthesized with its electrospun samples
achieving satisfying biomechanical behaviors as vascular substitutes (Baudis et al., 2012;
Bergmeister et al., 2015). Also, the /n vivotrials of biodegradable TPU grafts show
promising results with long-term patency and remodeling (Bergmeister et al., 2015).
Although several vascular grafts made of polyurethane (PU) or its blends have been
developed and evaluated, only a few studies specifically assessed electrospun TPU blends
(Grasl et al., 2010; Huang and Chen et al., 2011; Jing et al., 2015; Tiwari et al., 2002; Wang
et al., 2012; Williamson et al., 2006).

Depending on the materials and process settings, electro-spinning is able to fabricate fibers
with diameters ranging from 3 nm to over 5 um, which can provide the high
interconnectivity and surface areas needed for cell activity, as well as adjustable mechanical
properties (Pham et al., 2006; Hasan et al., 2014). In this study, both aligned and randomly
oriented fiber matrices of TPU/fibroin were collected to produce a hybrid vascular scaffold
with an aligned structure at the inner layer and a random structure at the outer layer. Since
the fiber orientation plays an important role in cell growth and tissue formation (Lee et al.,
2005; Chew et al., 2007), the purpose of this design was to provide a directional
microenvironment for cells to attach to and migrate to in the lumen to form the desired
morphology. Followed by a methanol treatment, the fibroin in the hybrid scaffold became
water-insoluble. Furthermore, the shrinkage effect caused the fibers to develop a crimped
structure that mimicked the wavy structure of natural collagen fibers; this structure largely
determines the mechanical properties and elastic stability of natural blood vessels
(Rezakhaniha et al., 2012).

2 Materials and Methods

2.1 Materials

Medical grade hard and soft TPU, Tecoflex SG-93A and SG-80A (TPU-93A and TPU-80A),
respectively, were provided by Lubrizol, Countryside, USA. Silk fibroin was extracted from
the cocoons of Bombyx mori silkworms following the procedure described below. The
solvent used to dissolve TPU and fibroin was hexafluoroisopropanol (HFIP) purchased from
CovaChem, Loves Park, USA.

2.1.1 Preparation of Silk Fibroin—Natural cocoons of Bombyx mori silkworms
(Shiaying Farmers Association, Tainan, ROC) were boiled in a 0.02 M Na,CO3 aqueous
solution for 30 min, then rinsed with distilled water several times to remove the glue-like
silk sericin, and dried at room temperature to obtain pure fibroin fibers. To prepare the
fibroin aqueous solution, fibroin fibers were first dissolved in a 9.3 M LiBr solution at 60°C
for 4 to 6 h. The fibroin—LiBr solution was then dialyzed against distilled water for 3 days at
room temperature using a cellulose membrane (MWCO 14,000, Sigma-Aldrich, St. Louis,
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USA) to remove the LiBr. Later, the dialyzed solution was centrifuged twice, each for 20
min at 4°C, to remove any impurities and aggregates. The final concentration of the fibroin
aqueous solution was 6 to 8% (w/v). Lastly, the clear fibroin solution was frozen overnight
at —40°C and lyophilized by a freeze dryer (Labconco, Kansas City, USA) to obtain the dry
fibroin for further usage. The preparation procedure followed Rockwood’s protocol with
partial adjustments (Rockwood et al., 2011). All of the chemicals used were purchased from
Sigma-Aldrich, St. Louis, USA.

2.1.2 Fabrication of Small-Diameter Vascular Grafts—The TPU-93A/fibroin blends
were dissolved in HFIP at 12 w/ v% with various ratios of polymers (1:1, 1:2, and 2:1). The
TPU-80A/fibroin solution was prepared at a 1:1 ratio for comparison. All of the mixtures
were stirred at room temperature for 12 h before electrospinning. The solution was then
infused through a 10 ml syringe and tubing by a syringe pump (Harvard Apparatus 11 Plus,
Harvard Apparatus, Holliston, USA) to an 18 gauge metal needle. The feeding flow rate was
0.5 ml/h, the applied voltage 15 kV using a high voltage power supply, and the humidity was
maintained at 35 to 40%. Located 18 cm downward from the needle tip, a customized
striated ground collector was used to collect randomly oriented and aligned fibers at the
same time to form a continuous TPUY/ fibroin sheet with both structures, as depicted in Fig.
1. The length of the groove, where the aligned fibers were collected, was adjustable from 1
cm to 3 cm depending on the dimensions required for the graft, and the length of the ridge
was kept at 1 cm. The whole electrospinning process was conducted at room temperature for
6 h. Later, the collected continuous electrospun sheet was rolled around a mandrel to form a
multilayered tube, and treated with methanol to induce the conformational transition of less
ordered fibroin proteins to the p-sheet structure, which made it water-insoluble and fixed the
shape of the graft.

3 Characterization

Fourier transform infrared spectroscopy (FTIR) was used to verify the compositions of the
electrospun sheets. Both random and aligned samples were surveyed using a FTIR
instrument (Bruker Tensor 27, Bruker, Manning Park, USA) in transmittance mode. The
range of wavenumbers was from 500 to 4000 cm™1, with a 4 cm™1 resolution and 60 scans
for each measurement.

The microstructure and morphology of the electrospun TPU/ fibroin fibers were observed by
scanning electron microscopy (Leo Gemini 1530 SEM, Zeiss, Oberkochen, Germany) with
an accelerating voltage of 8 kV. The samples were gold sputter coated for 45 s before
imaging.

The tensile strength of the electrospun TPU/fibroin samples with a random fiber orientation
was measured on a testing frame (Instron 5967, Instron, Norwood, USA) with a 50 N load
cell and Biopuls pneumatic clamps as a preliminary reference (n = 6 for each group). The
dimensions of all of the specimens were a 10 mm-35 mm rectangle, with a 20 mm gauge
length and measured thickness. A micrometer was used to measure the thickness before
every trial. The specimens were stretched at a crosshead speed of 5 mm/min until rupture.
The circumferential cyclic tensile test was performed on selected tubular grafts. Tube
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segments with a 3.18 mm inner diameter, 5 mm length, and a measured wall thickness were
held by two L-shape grips, stretched in the transverse direction to 20% strain, and then
released to 0% strain, at a speed of 5 mm/min, repeatedly, for 400 cycles.

4 Cell Culture and Seeding

Human endothelial cells derived from embryonic stem cells were prepared for cell viability
testing. The differentiated endothelial cells were cultured in E7V media for another three
days before seeding on the scaffolds. Before cell seeding, the scaffolds were coated with or
without Matrigel (0.5 mg in 9 ml DF12 media) for 1 day. At the day of cell seeding, cells
were digested with Accutase for 3 min and then resuspended in E7V media (107 cells/ml).
The cell suspension was loaded onto the scaffolds using a 200 pl pipet. The scaffolds were
carefully transferred on a V-shaped notch in a cell plate filled with E7V media. The V-
shaped notch was made by polydimethylsiloxane (PDMS). The plates were then transferred
into a cell culture incubator and cultured for two hours. Two hours later, cell seeding was
repeated, but the scaffold was turned 180 degrees to make sure that the cells were seeded on
all inner surfaces of the scaffolds. Cell morphologies were observed with a Nikon Ti-E
confocal microscope at day 6 and day 60 of culturing.

5 Results and Discussion

5.1 Fourier Transform Infrared Spectroscopy

The purpose of using FTIR was to confirm the existence of both TPU and fibroin in the
electrospun matrices. FTIR spectra of TPU-93A, fibroin, and TPU-93A/fibroin at 2:1 and
1:2 ratios with methanol treatment are shown in Fig. 2.

The characteristic absorption bands of fibroin appeared at 1640 cm™1 (amide | C=0
stretching), 1529 cm~1 (amide 11 N-H in-plane bending), 1236 cm™1 (amide 111 C-N
stretching), and 3280 cm™1 (amine N-H stretching) (Alessandrino et al., 2008; Huang and
Liu et al., 2011). In the samples combined with TPU, shifts could be observed at amide I and
N-H groups toward 1693 cm~1 and 3321 cm™2, respectively, indicating a change in their
compositions. Also, the presence of CH, symmetric stretching vibrations at 2925 and 2852
cm™1, and the stretching of ether groups C-O-C at 1100 cm™1, demonstrated the
incorporation of TPU with fibroin (Mi et al., 2015a). When the content ratio of TPU
increased, the intensities of these three peaks increased obviously.

5.2 Structure and Morphology

Electrospun TPU/fibroin sheets with a continuous aligned—random fibrous structure were
collected on a customized striated collector and then rolled around a mandrel to produce a
tubular graft. Figure 3 shows finished vascular grafts with 3.18 and 2.38 mm diameters as
well as the morphology of inner and outer surfaces and the layered structure. By using
different sizes of mandrels and adjusting the groove and ridge lengths of the collector, the
inner diameter of the graft, the wall thickness, and the layered structure are all tunable.
Moreover, the fiber structure of the TPU/fibroin sheets can be changed by modifying the
material compositions and the process parameters for the electrospinning process, such as
the concentration of the solution, the injecting flow rate, the applied voltage, the distance
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between the needle tip and the collector, and the humidity, to produce the required
morphology.

TPU/fibroin solutions in various compositions were prepared and electrospun to investigate
the resulting fiber morphology. Compared to the pure TPU SG-93A sample, it was found
that the addition of fibroin could improve the alignment of the fibers and create larger fibers
(Fig. 4A to D). However, when the ratio of fibroin was higher than TPU, the fiber orientation
became less aligned (Fig. 4D). Adding fibroin also induced the formation of ultrafine
nanofibers and nanowebs widely distributed on the regular fibers (Fig. 5A). Figure 5B shows
a nanoweb observed on the random region of an electrospun sheet with a 1:1 TPU/fibroin
composition. After methanol treatment, it was obvious that the fibers swelled and changed to
a crimped structure, which was regarded as the effects of retraction of the elongated polymer
chains in each fiber (Fig. 5C, D) (Liu et al., 2015).

The improved fiber alignment and the formation of ultrafine fibers are considered to be due
to the increased conductivity of the solution. Previous studies have shown that the low
conductivity of the pure TPU solution was not able to generate enough electric force for
alignment in the electric field, and the high flexibility of TPU molecules also increased the
bending instability of the fibers (Mi et al., 2015b). By increasing the conductivity, more
charges can be carried by the solution, which enhances the electrostatic force on the
electrodes and the elongational force applied to the electrospinning jet, leading to a better
fiber alignment and ultrafine fiber formation (Pham et al., 2006). Conventional TPU has a
volume resistivity that exceeds 108 Ohm-cm; namely, a conductivity lower than 1078 S.cm™!
(BASF, 2015). The conductivity of a 20% fibroin—formic acid mixture was measured to be
2.07x1073 S.cm™~1 from other research, which was much higher than the 7.5x10~7 S.cm™1 of
a 10% TPU-dichloromethane solution (Huang and Liu et al., 2011; Mi et al., 2015b). At the
same time, the viscosity of the solution increased visibly with the proportion of fibroin. The
higher viscosity of the TPU/fibroin solution with a 1:2 ratio could be the cause of the larger
fiber diameter.

For the nanoweb structure, a similar phenomenon was seen in previous research by Ding et
al. (2006) on electrospun poly(-acrylic acid) (PAA) and polyamide-6 mats. It is believed that
the fast phase separation of TPU/fibroin and HFIP is the reason for the formation of the
nanowebs. The evaporation of HFIP and the rapid solidification of TPU/fibroin during the
electrospinning process induced the formation of the 2D porous structure. Figure 6A shows
a film with different sizes of circular defects among the random fibers. A finer nanoweb
structure can be found in other regions of the same electrospun sheet (Fig. 6B). These
nanowebs effectively increased the surface area and were favorable for cell attachment and
spreading.

5.3 Mechanical Properties

Compatible mechanical properties of natural blood vessels are an essential requirement for
vascular grafts. In natural blood vessels, blood flow continuously induces a dynamic
mechanical environment with shear stress, pulsatile pressure, and cyclic stretching that
highly influences the maintenance and regeneration of vascular tissue (Sonoda et al., 2001).
It was reported that the compliance mismatch between the native vessel and implanted
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vascular graft caused turbulent blood flow and platelet activation, and led to the development
of intimal hyperplasia and thrombogenicity which was especially severe for small-diameter
grafts (Seifu et al., 2013). Besides compliance, vascular grafts also need to maintain
sufficient mechanical support during tissue formation without losing their strength due to
material degradation. That means that a structure with higher strength is preferred.

To investigate the characteristics of electrospun TPU/fibroin matrices, tensile tests for
randomly-oriented samples were performed to understand how the different compositions
affected the mechanical properties. The obtained data provides a preliminary perspective on
determining the adequate TPU/fibroin ratio for fabricating vascular grafts. Figure 7 presents
the experimental results of the representative stress—strain curve, ultimate tensile strength,
and elongation-at-break for each blend. Comparing the first three TPU-93A/fibroin groups,
it can be seen that adding fibroin effectively reinforced the strength of the sample, but also
reduced the ductility when its content was higher than that of TPU. The slightly lower
strength of the TPU-93A/fibroin = 1:2 sample could be contributed to its brittleness; namely,
the lower extensibility that hindered it from being stretched farther. TPU-80A is a soft TPU
possessing an intrinsically lower strength than TPU-93A. The testing results exhibited these
differences distinctly.

According to the observations above, it was decided that the graft comprised of TPU-93A/
fibroin at a 1:1 ratio might be suitable for vascular applications and a further examination of
its cyclic mechanical behavior in the circumferential direction was required. This formula
displayed better mechanical properties while containing a high amount of fibroin. Grafts
made of TPU-80A/fibroin were also inspected for comparison. The stress—strain curves of
the 15t 100t, 200, and 400%™ cycles are depicted in Fig. 8. Scatter data points represent the
experimental stress—strain range of human coronary arteries from other research (van Andel
et al., 2003). In the first cycle, similar to natural soft tissues, the electrospun fibrous structure
stretched and loosened without reaching the plastic region. In the rest of the cycles, the
mechanical behavior of the tubular sample was almost the same, which ensured its ability for
long-term use. However, compared to human coronary arteries, grafts made of TPU-93A/
fibroin had a shorter toe region and the curves did not completely fall within the range,
indicating that it could have a mismatch compliance problem. For TPU-80A/fibroin, the
curves exhibited similar behaviors to human coronary arteries, making it a suitable choice as
a TEBV from mechanical aspects.

5.4 Cell Culture Results

A preliminary assay of cell-matrix interactions was conducted by seeding human
endothelial cells on small-diameter TPU/fibroin grafts with or without Matrigel coating. The
purpose of applying Matrigel was to create different environments for comparing cell
activity on a pure scaffold and one with more similar conditions to the natural extracellular
environment. At day 6, although the sample with Matrigel coating had a more uniform cell
distribution, the TPU/fibroin sample without Matrigel also showed high cell viability (Fig.
9A, B). At day 60, the pure sample was fully covered with cells and exhibited alignment in
certain regions. These test results indicated that living cells were able to attach and migrate
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on the TPU/fibroin graft to form a thin cell layer, which yielded favorable cellular
interactions in the long term.

6 Conclusions

Synthetic polymer, TPU, and natural polymer, fibroin, were blended at different ratios and
electrospun to fabricate small-diameter vascular grafts. By using a striated collector, an
electrospun sheet with an alternatively aligned and random structure was created for
producing tubular grafts with adjustable diameters and a layered structure. The morphology,
mechanical properties, and biocompatibility were investigated to evaluate the feasibility of
using TPU/fibroin grafts for vascular tissue engineering. SEM results showed that the
composition of the solution highly influenced the fiber morphology due to variations in
conductivity and viscosity. The crimped structure of the methanol-treated fibers could
provide a similar microenvironment to natural collagens for cell activity. Mechanical tests
revealed that the properties of the TPU/fibroin hybrid grafts were tunable by altering the
composition ratio and type of TPU. It was found in the cyclic tensile test that the grafts made
from the soft TPU/fibroin solution could achieve similar cyclic behavior to human coronary
arteries in the circumferential direction, which is directly related to the pressure exerted on
the vessels from blood flow in long-term usage. Endothelial cell culture results also
exhibited promising cell viability and bio-compatibility for the TPU/fibroin grafts. Overall,
electrospun small-diameter TPU/fibroin grafts have demonstrated the adaptability required
in vascular tissue engineering applications. Future studies will focus on further improving
the fiber morphology and mechanical properties to mimic natural blood vessels, and a more
systematic assay of cell activities on grafts.
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Fig. 1.
Schematic of the customized electrospinning device (A). TPU/fibroin fibers were collected

by a striated collector to form a fibrous sheet comprised of alternatively aligned and
randomly oriented structures (B). Aligned fibers were collected in the grooves, while
randomly oriented fibers fell on the ridges (B)
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FTIR test results for electrospun TPU-93A, fibroin, and TPU-93A/fibroinat 2 : 1 (F1T2)
and 1: 2 (F2T1) ratios. The peak shifts and the variation of intensities indicate a change in
the material composition
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Fig. 3.
Small-diameter vascular grafts with 3.18 and 2.38 mm inner diameters made of electrospun

TPU/fibroin sheets (A). The graft contains an aligned fibrous layer for the inner surface,
upper-left, and a random-distributed layer at the outside, lower-right, (B)
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Fig. 4.
Electrospun samples of (A) pure TPU-93A, (B) TPU-93A/fibroin=2: 1, (C) TPU-93A/

fibroin=1:1, and (D) TPU-93A/ fibroin=1:2
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Fig. 5.
Ultrafine nanofibers and nanowebs distributed on the regular electrospun TPU/ fibroin fibers

(A). A nanoweb at a higher magnification (B). The crimped structure of the methanol-treated
aligned- (C) and (D) randomly-oriented electrospun fibers
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Fig. 6.
The formation of 2D nanowebs was due to the fast phase separation of TPU/fibroin and

HFIP. The formed bubbles were larger in (B) than (A) which led to a finer porous structure
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Mechanical properties of various TPU/fibroin blends including representative stress—strain
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Cyclic tensile behaviors of vascular grafts made from TPU-93A/fibroin (A) and TPU-80A/

fibroin (B) ata 1 : 1 ratio. Scatter data points represent the lower and upper bounds of

human coronary arteries from experiments (van Andel et al., 2003)
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Fig. 9.
Endothelial cell culture results on electrospun grafts made of TPU-93A/fibroin blends at (A)

day 6, (B) day 6 with Matrigel coating, and (C) day 60 (dots: nuclei)
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