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ABSTRACT: Thermoplastic polyurethane elastomers (TPUs) with a
biodegradable chain extender and different nonaromatic diisocya-
nate hard segments were synthesized and tested concerning their
thermal, mechanical, and degradation properties and for their pro-
cessability regarding electrospinning. The design of the TPUs was
based on the structural modification of the hard segment using lin-
ear aliphatic hexamethylene diisocyanate (HMDI), more rigid alicy-
clic 4,4-methylene bis(cyclohexylisocyanate) (H12MDI), 1,3-bis
(isocyanatomethyl)cyclohexane (BIMC), or isophorone diisocya-
nate (IPDI). The soft segment consisted of poly(tetrahydrofuran).
Bis(2-hydroxyethyl) terephthalate (BET) was used as chain
extender with cleavable ester bonds. Some of the polyurethanes

INTRODUCTION Tissue engineering (TE) is an interdisciplinary
research field, consisting mainly of medicine, biology, chemistry,
and mechanical engineering. The primary aim of TE is to repair
damaged tissue and organs by using artificial tissues or tissue
replacements, produced either in vitro or in vivo.'™ Herein, the
scaffold plays a key role for the regeneration of tissue. It is usu-
ally a biodegradable, porous construct, which acts as a temporary
support for the new formed tissue. The scaffold can be made of
either an inorganic or organic biomaterial or a combination of
both in form of composites. Scaffolds may consist of gels, sponge-
like sheets, or highly complex structures with intricate pores or
channels, maintaining two primary functions by mimicking the
extracellular matrix (ECM): providing the necessary mechanical
support and form a protective barrier to the wounded area. In

based on alicyclic diisocyanate showed better mechanical perfor-
mance than the less rigid HMDI-based TPU. The TPU in vitro
degradability was tested for 25 days at elevated temperatures in
PBS buffer and indicated a bulk erosion process. Electrospinning
experiments were conducted and promising results with respect
to further applicability of these materials in vascular tissue engi-
neering were obtained. © 2018 The Authors Journal of Polymer
Science Part A: Polymer Chemistry Published by Wiley Periodicals,
Inc. J. Polym. Sci., Part A: Polym. Chem. 2018, 56, 2214-2224

KEYWORDS: biodegradable; electrospinning; nontoxic; thermo-
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our research, we are engaged in the synthesis and characteriza-
tion of polymers that can be used to manufacture scaffolds
for vascular tissue engineering (VTE) using electrospinning
processes.®® Numerous studies focus on the development of sub-
stitutes for small-diameter vessels, which mimic the microstruc-
ture of native tissue and its physical characteristics. Through
electrospinning (ES), it is possible to produce seamless, nonwo-
ven fibrous structures with graft walls consisting of a web of ran-
domly oriented micro- to nanofibers with an architecture
mimicking the ECM by having a large surface-to-volume ratio and
high porosities with interconnected pores.'®*3

Biodegradability plays a central role for VTE and is usually
based on the hydrolytic cleavage of polymer moieties.

© 2018 The Authors Journal of Polymer Science Part A: Polymer Chemistry Published by Wiley Periodicals, Inc.
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Therefore, polyester-based scaffolds like poly(glycolic acid),
poly(lactic acid), or poly(e-caprolactone), copolymers, or
blends thereof were often used for biodegradable electrospun
grafts in the past.'* However, their biomechanical properties
were mostly poor and relatively thick graft walls or multilay-
ered scaffolds have to be applied with these materials to
ensure sufficient stability.'® Also scaffolds derived from natu-
ral materials, like allografts or xenografts, have been investi-
gated for VTE, but they often provoke immune response in
spite of being decellularized.'®” Additionally, protein*®2° or
polysaccharide based®' >3 biomaterials have been used in dif-
ferent studies for VTE, but poor mechanical properties of
these materials are often the cause for failure.

Among the synthetic biomaterials used for VTE, thermoplastic
urethane elastomers (TPUs) have proven to be the most
promising biomaterials owing to their excellent elasticity and
biocompatibility. In contrast to aforementioned polyesters,
they consist of a block copolymer structure resulting from the
polyaddition reaction of macrodiols with diisocyanates
(Fig. 1). Several factors are known to influence the final prop-
erties of thermoplastic polyurethanes, mainly by affecting the
microphase separation: These include polymerization method,
hard segment composition with special respect to concentra-
tion, and diisocyanate type and symmetry. The nature and
flexibility of the chain extender affects hydrogen bonding.?*

Segmented TPUs are composed of consecutive hard segments
and soft segments, causing the above-mentioned microphase
separation, which leads to the formation of immiscible ordered
(up to crystalline) and rather amorphous domains. Interchain
hydrogen bonding between urethane groups helps to stabilize
the ordered domains. In contrast to that, the predominantly
amorphous soft segments consist of flexible polyester, poly-
ether, or polysiloxane chains.?® This specific polymer architec-
ture of TPUs with hard and soft segments results in nonlinear
mechanical properties with superior elasticity in contrast to the
aforementioned polyester-based materials.

The desired mechanical properties for artificial grafts are low
elastic moduli comparable to the natural blood vessel (in the
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FIGURE 1 Polymer architecture of TPUs, single polymer chain
(top) and aggregation (bottom).2®
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range of 500 kPa), combined with a high strength (above
1000 kPa). Recently, we developed a thermoplastic polyure-
thane polymer containing a cleavable chain extender (CE).
Grafts out of this TPU can be fabricated by ES and display bio-
mechanical properties similar to the FDA approved, nondegrad-
able TPU Pellethane® (Lubrizol Trademark).?® Biomechanical
characterization consisting of tensile testing (compliance, ten-
sile strength), suture retention strength, and in vitro cell studies
of the electrospun grafts revealed suitable mechanical proper-
ties and nontoxic degradation products. A follow-up in vivo
study with a small rodent model?” on the applicability of this
TPU for small-diameter vessel substitutes showed its suitability
for thin-walled prostheses, very good long-term performance,
and resistance to biomechanical failures. Nevertheless, a higher
strength would be desirable, as the load with respect to blood
pressure increases with larger vessel diameters in large animal
models. Besides, higher strength is also expected to influence
the suture tear resistance of the material in a positive way.

The polymer structure, morphology, and crystallinity of the hard
segment in TPUs depend on the structure of the used diisocyanate
(DI) and hence have an impact on the mechanical properties of the
polymer.2*?® In this study, we considered the modification of hard
segment structure by variation of the used DI, leaving the type of
soft segment and chain extender constant. However, aromatic iso-
cyanates, which are mainly the basis for commercial high-
performance TPUs, are problematic as their corresponding amines
are known to be toxic*** and should therefore not be considered
as precursor for biodegradable polymers for TE applications. For
this reason, methane-4,4-diphenyl diisocyanate (MDI) was
substituted by linear aliphatic hexamethylene diisocyanate (HMDI,
Fig. 2) in a previous study.?® The introduction of alternative aro-
matic moieties into the hard segments using the terephthalate-
based chain extender bis(2-hydroxyethyl) terephtalate (BET,
Fig. 2), which exhibits no toxic metabolites, partially compensated
the loss of mechanical stability caused by the exclusion of MDI.
However, the tensile strength of electrospun grafts was only about

50% of the commercial benchmark Pellethane®.2°

Herein, we extended the material portfolio by including TPUs
synthesized from commercial alicyclic diisocyanates. That is,
apart from the flexible linear aliphatic hexamethylene diisocya-
nate (HMDI) hard segment, more rigid alicyclic diisocyanates
were investigated (Fig. 2): 4,4'-methylene bis(cyclohexyl isocya-
nate) (H12MDI) was chosen due to its structural similarity to
methane 4,4'-diphenyl diisocyanate (MDI), which is used as
hard segment in the nondegradable benchmark material
Pellethane®. In addition to H12MDI, also 1,3-bis(isocyanate-
methyl)cyclohexane (BIMC) and isophorone diisocyanate (IPDI)
offer easy availability and new structural aspects. IPDI shows a
more sterically hindered structure and less symmetry if com-
pared to H12MDI and BIMC due to the methyl groups and pro-
vides one primary and one secondary isocyanate group.

The decreased chain flexibility of alicyclic DIs compared to lin-
ear aliphatic ones was proposed to increase modulus and ten-
sile strength. In general, diisocyanate chain symmetry is an
important factor for the hard segment structure of TPUs.**
Polymers with two symmetrical diisocyanate moieties in the
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FIGURE 2 Structures of the thermoplastic polyurethane segments
used in this study: poly(tetrahydrofuran) (pTHF), bis(2-hydroxyethyl)
terephthalate (BET), hexamethylene diisocyanate (HMDI), 4,4'-
methylene bis(cyclohexyl isocyanate) (H12MDI), 1,3-bis(isocyanate-
methyl)cyclohexane (BIMC), and isophorone diisocyanate (IPDI).

hard segment, regardless of aromatic or aliphatic origin, dis-
play higher crystallinity and hence higher strength. The con-
formational isomers of cyclohexyl ring moieties decrease hard
segment crystallinity,®® still in literature it is reported that
TPUs synthesized from H12MDI have higher tensile strengths
compared to polymers derived from HMDI or IPDI with the
same hard segment content.?® We were interested in how
these effects affect the properties of biodegradable TPUs and
therefore we investigated the properties of the polymers syn-
thesized with different diisocyanates with a steadily decreas-
ing symmetry: HMDI > H12MDI > BIMC > IPDI.

All aforementioned TPUs were synthesized and characterized by
their molecular weight (gel permeation chromatography, GPC),
thermomechanical properties (tensile test; differential scanning
calorimetry, DSC; dynamic mechanical thermal analysis, DMTA),
hydrolytic degradation, and water uptake, respectively. Addition-
ally, tubular grafts were prepared from selected TPUs by electro-
spinning and tested for their tensile properties compared to the
nondegradable benchmark material Pellethane®.

EXPERIMENTAL

Materials

All chemicals and solvents were purified by means of stan-
dard laboratory methods®? unless noted otherwise. Extra dry
dimethylformamide (DMF, water content <50 ppm) for the
polymer synthesis was purchased from Acros (Fisher Scien-
tific Austria GmbH, Vienna, Austria). Poly(tetrahydrofuran)
(pTHF) (M, = 1000 g mol™ confirmed by OH group titration
according to DIN 53240), bis(2-hydroxyethyl) terephthalate
(BET), tin (II) 2-ethylhexanoate (SnOct;), and all diisocyanates
were purchased from Sigma Aldrich (Vienna, Austria).

The water content of the reactants was quantified by Karl-

Fischer titration. All chemicals used for TPU syntheses (esp.
the macrodiols) had a maximum water content of 50 ppm.
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Pellethane® 2363-80A (Pell) was obtained from Lubrizol
(Cleveland, OH) and used as a benchmark material for electro-
spun grafts for VTE.'*3 Surgical PLA (poly(L-lactide-co-p,L-
lactide)-copolymer with a molar r-lactide: p,L-lactide ratio of
85:15 (Resomer® RG, Sigma Aldrich, Vienna, Austria) was
used as an additional reference for degradation experiments.
PLA reference had a T, of 57 °C (DSC). The molecular weight
(M) according to GPC measurements (see below) was
152 kDa with a polydispersity of 1.53.

Polymer Synthesis

The synthesis of the TPUs with degradable hard segment was
performed as described in a previous study.?® Briefly, the macro-
diol pTHF was dried by stirring it at 90 °C under vacuum
(4 mbar) for 48 h. Subsequently, for TPUs with a ratio diisocya-
nate (DI):macrodiol (MD):chain extender (CE) 2:1:1 or 3:1:2, dry
pTHF (5 mmol) was weighed into a predried flask with mg accu-
racy. Drying was continued for another period of 48 h under the
same conditions as above. DI (HMDI, H12MDI, BIMC or IPDI)
(10 mmol or 15 mmol) was added in 3 mL dry DMF under a gen-
tle nitrogen counter flow. The transfer needle and weighing ves-
sel were rinsed with additional dry DMF. Finally, about 150 pL
of SnOct;, catalyst were added to the reaction mixture and the
mixture was stirred at 50 °C for 3 h3*3° After cooling, the CE
(5 mmol or 10 mmol) was added in 5 mL of dry DMF with subse-
quent rinsing of transfer needle and weighing flask. Finally, the
reaction mixture was stirred overnight at 100 °C. The viscous
mixture was diluted with 25 mL of DMF and the polymer was
precipitated into 800 mL of methanol. The raw product was
reprecipitated twice from tetrahydrofuran (THF) in methanol
and dried at 50 °C in vacuo. The TPUs were obtained in yields
above 80% (th.). The polymer names used throughout the whole
manuscript follow the following systematic: DI_[ratio DI:MD:CE],
for example, HMDI_211 refers to a polyurethane synthesized
with HMDI with a ratio of DI:MD:CE of 2:1:1.

Polymer Characterization

Molecular weight of the polymers was determined by gel per-
meation chromatography (GPC) measurements using a
Viscotek® GPCmax VE2001 system with a refractive index
(RI) detector (VE3850) and three columns (Waters Styragel®
HR 0.5 THF, Waters Styragel® HR 3 THF and Waters Styragel®
HR 4 THF) (Waters GmbH, Eschborn, Germany) with dry THF
as mobile phase (1.0 mL min~* flow rate) at 40 °C. The TPUs
were dissolved in dry THF, filtered through a 0.2 pm
poly(tetrafluoroethylene) (PTFE) disposable Chromafil®
0-20/15MS syringe filter. The injection volume was 100 pL.
Calibration was performed with polystyrene standards (M,
range between 0.370 and 177 kDa). Empower™ Pro Software
was used for the determination of the number average and
weight average molecular weight (M, and M,,) to calculate
the polydispersity D (My /M,).

For thermal and mechanical testing, polymer films were pre-
pared as follows: the films were produced by solution casting
from 10 wt % solutions of the TPUs in DMF in PTFE molds
(60 x 40 x 0.2 mm?>). The molds were then placed in an oven
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for 48 h at 37 °C and the films were finally dried in vacuo at
room temperature for 48 h.

Differential scanning calorimetry (DSC) experiments were per-
formed on a TA instruments Q2000™ apparatus (TA instru-
ments, Eschborn, Germany). Small pieces of the solution cast
films were cut and weighed into aluminum pans. The experi-
mental temperature ranged from 0 °C to 100 °C with a heat-
ing rate of 10 K min™" under nitrogen atmosphere.

Atomic force microscopy (AFM) experiments were performed
on a NanoWizard® ULTRA SpeedA AFM system (JPK Instru-
ments AG, Berlin) equipped with an inverted optical micro-
scope (Axio Observer.D1, ZEISS). Nanomechanical assessment
was performed via AFM cantilever-based nanoindentation
experiments using a 4XC-NN rectangular cantilever (6.6 N m™*
measured spring constant; pMasch, OPUS™) equipped with a
sharp tip (nominal tip radius ~10 nm). The cantilever spring
constant was calibrated with the thermal noise method® and
the deflection sensitivity was obtained by performing 16 force
measurements on the glass surface next to the sample, as pre-
viously described®” A 3 pm x 3 pm region of interest was
scanned in Quantitative Imaging mode (QI™, JPK) with a maxi-
mum applied force of 20 nN and spatial resolution of
128 x 128 pixels to spatially resolve the indentation modulus.
This results in 16,384 force indentation curves, mapped over
the region of interest, which were analyzed to obtain the inden-
tation modulus. The indentation modulus was calculated by
employing the Hertz analysis method®® and assuming the tip
shape to be a paraboloid with a tip radius of 10 nm.

Tensile testing was performed on a Zwick Z050™ machine
(Zwick GmbH & Co. KG, Ulm, Germany) with a 100 N load cell
and a crosshead speed of 50 mm min~". Each experiment was
carried out in quintuplicate. The tensile tests were performed
according to ISO 527-1 type 5B and the specimens were
punched out of polymer films made by solution casting.

Dynamic mechanical thermal analysis (DMTA) measurements
were carried out on a TA Instruments 2980 DMA™ apparatus
(TA instruments, Eschborn, Germany). Rectangular specimens
(20 x 2 mm?) with a thickness of about 200 um were cut from
the solution cast films as described above. The temperature range
was set from =100 °C to 40 °C with a dwell period of 15 min, a
heating rate of 3 K min™", a frequency of 1 Hz, an amplitude of
about 1.5 pm (0.1% of clamping distance), and a static force of
0.020 N. All experiments were performed in triplicate.

Hydrolytic degradation behavior and water uptake was inves-
tigated using thin films of each TPU, which were prepared by
solution casting. Polymer films were punched into circular
discs and weighed individually into vials (initial weight,
my = 11.5 £ 4.5 mg). Weight consistency was checked by
another drying period of 48 h (as described above). Subse-
quently, the vials were filled with 10 mL of phosphate buff-
ered saline solution (PBS, pH 7.4) and stored in an oven at
90 °C (£ 3 °C) over a 25-day period. Samples were extracted
at different time points (t). The extracted samples were
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washed twice with deionized water to remove PBS salts, dried
with a paper towel, weighed (wet/swollen weight at t, m,,,),
vacuum dried at 45 °C for at least 48 h (until weight consis-
tency), and weighed again (dry weight at t, mq;). GPC mea-
surements were conducted to determine the molecular weight
(M) of selected samples. The remaining mass ratio at t (my)
and the remaining molecular weight ratio (M) were calcu-
lated according to eqs 1 and 2 using the initial weight my and
the initial molecular weight M, respectively. The water
uptake (W) was calculated by eq. 3.

Mye = 9% % 100% (1)
mo
M,
Myo=—tx1 2
t Mox 00% (2)
w = Mw=mo) 5o, (3)
my

As reference material for the degradation studies, surgical
PLA was used.

Electrospinning was carried out on a custom-made spinning
apparatus®® consisting of a high-voltage power supply, a
custom-made infusion pump, a syringe, a rotating Teflon man-
drel (1.7 mm diameter), and a back electrode placed in a Faraday
cage and operated in a class 1000 clean room. The synthesized
TPUs were dissolved at 5 wt % in 1,1,1,3,3,3-hexafluoro-2-pro-
panol; (HFP, Sigma-Aldrich, Vienna, Austria). The parameters for
the fabrication of the grafts were d; = 8 cm (distance needle/
mandrel), d, = 1 cm (distance mandrel/back electrode), a volt-
age of 10 kV, and a rotational speed of the mandrel n = 200 rpm.

Tensile tests of the electrospun grafts were measured with a
uniaxial tensile tester (BOSE ElectroForce LM1™ testbench sys-
tem (Bose Corp. MN)) and a 10 N force transducer. Cut rings
from the electrospun scaffolds of 2 mm length were soaked for
30 min in PBS buffer before testing. The rings were placed
between two stainless-steel alignment pins. The samples were
loaded at a crosshead speed of 10 mm min™". Strain was calcu-
lated from the recorded elongation data and depicted as the
increase in diameter from the used scaffold rings.

Suture retention was measured as described previously.*?
Briefly, grafts with a length of about 20 mm were clamped to
one arm of the tensile testing machine (Messphysik Beta
10-2.5™, Messphysik Materials Testing GmbH, Altenmarkt, Aus-
tria) and a loop of a 7.0 polypropylene suture (Prolene™, BV
176-8, Ethicon) was placed 2 mm from the edge opposite the
end of the sample. The suture loop was clamped to the other
arm, which was moved with 120 mm min ! until graft failure.

The fiber morphology was assessed by scanning electron micros-
copy (SEM) on a JEOL JSM-5400™ (JEOL Ltd., Tokyo, Japan).

RESULTS AND DISCUSSION

Polymer Synthesis
In this study, different thermoplastic polyurethanes (TPUs)
were synthesized by the two-step prepolymer method
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(Fig. 3).2* TPU synthesis was conducted using pTHF (M, =
1000 g mol™!) as macrodiol (MD) in combination with the dii-
socyanates (DIs) HMDI, H12MDI, BIMC, and IPDI to study the
effect of the different hard block symmetries as discussed in
the introduction. BET was used as chain extender (CE) and
SnOct; as catalyst.®® Two different stoichiometries of the com-
ponents (DI:MD:CE 2:1:1 or 3:1:2) were considered to achieve
ideal mechanical properties from the varying hard block con-
tent of the polymers. All polymers were obtained in yields
above 80% (Fig. 3).

Characterization of the TPUs

The molecular weight of the TPUs was determined by GPC.
Table 1 displays the hard segment content, molecular weight,
and polydispersity of the different investigated TPUs.
HMDI_312 was not included in detailed examinations as it
was found to be too brittle in previous studies,?® a result
which was also reproduced in this study. The attained molecu-
lar weights and polydispersities ranged from 30 to 60 kDa
and 2.1 to 2.6, respectively. These properties are in the same
range as the bench mark material Pellethane® With the
exception of HMDI 211, all other synthesized TPUs with a
ratio DI:MD:CE of 2:1:1 had a rather sticky consistence and
are therefore not suitable for the designated application.
Respective polymers were excluded from further studies. An
explanation for this finding could be given by the combined
effects of low hard segment content and the higher sterical
demand of alicyclic DIs that weaken the interaction between
the urethane groups in the rather short hard segments.

Differential Scanning Calorimetry

DSC experiments of the synthesized TPUs and Pellethane® as
reference were performed in the temperature range from 0 to
100 °C. The melting points of the soft segments were expected
in this range and taken as a measure for the degree of
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TABLE 1 Characteristics of synthesized TPUs and benchmark
material Pellethane®

Hard Segment Molecular
Polymer ID Content (wt %) Weight (kDa)? PP
Pellethane®  -° 54.3 2.3
HMDI_211 37 46.9 2.3
H12MDI_211 44 45.0 24
H12MDI_312 56 57.5 2.1
BIMC_211 39 325 2.2
BIMC_312 52 30.8 2.5
IPDI_211 41 34.2 2.6
IPDI_312 54 40.3 2.1

@ Number average molecular weight M, determined by GPC analysis
against PS standards in THF as mobile phase.

® Polydispersity B = (M,, /M,) with weight-average molecular weight M,,.

¢ Exact composition is unknown.

microphase separation in the synthesized TPUs.*"*? The
obtained graphs from the DSC measurements are shown in
Figure 4.

Generally, the melting point of the soft segments only shows
when the soft segments are pure, that is, a high degree of seg-
regation is attained (low amount of dissolved hard segments).
In this study, only Pellethane®, HMDI 211, and H12MDI_312
displayed endotherms with maxima at 62.0 °C (1.6 ] g™}),
56.0 °C (2.5] g™1), and 66.7 °C (3.0 ] g1), respectively, caused
by the melting of soft segment domains (Fig. 4). Based on this
data, phase separation of these polymers is assumed, whereas
no considerable segregation was found for BIMC_312 and
IPDI_312. The decreased diisocyanate symmetry, especially in
the case of BIMC and IPDI, is expected to be the reason for
the low tendency to form strong domains.?*

- . chain .
Polvmer ID diisocyanate  macrodiol extender ratio
v (D1) (MD) DI:MD:CE

(CE)

HMDI_211 HMDI pTHF1000 BET 2:1:1

H12MDI_211 2:1:1
H12MDI pTHF1000 BET

H12MDI_312 3:1:2

BIMC_211 2:1:1
BIMC pTHF1000 BET

BIMC_312 3:1:2

IPDI_211 2:1:1
IPDI pTHF1000 BET

IPDI_312 3:1:2

FIGURE 3 Reaction scheme (left) and synthesized TPUs (right) using different diisocyanates. First, a macrodiol (polytetrahydrofuran
with a number average molecular weight of 1000 g mol~", pTHF1000) is reacted with the diisocyanate (DI, hexamethylene
diisocyanate, HMDI or 4,4-methylene bis(cyclohexyl isocyanate), H12MDI or 1,3-bis(isocyanatemethyl)cyclohexane, BIMC or
isophorone diisocyanate, IPDI). Then the chain extender bis(2-hydroxyethyl) terephthalate (BET) is added to form the high-molecular-

weight polyurethanes.
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FIGURE 4 DSC curves of synthesized TPUs with Pellethane® as
reference.

Atomic Force Microscopy

To confirm the assumed microphase separation, AFM experi-
ments were performed. AFM cantilever-based nanoindentation
measurements of solution casted material films showed that
the indentation modulus of Pellethane® and H12MDI_312
exhibits heterogeneity (Fig. 5) and ranges from 50 to
1200 MPa, which is a clear indication for the hypothesized
phase segregation.

Tensile Testing

Tensile testing was performed to investigate the mechanical
properties of the TPUs in bulk. The results are shown in
Table 2.

All tested TPUs showed mechanical properties typical for TPUs
and comparable with the benchmark Pellethane® with the
exception of BIMC_312 (Table 2). The respective polymer gen-
erally displayed poor processability due to its sticky consis-
tence, and showed very poor mechanical behavior. This
behavior might be a consequence of the absent microphase
separation as found in the DSC experiments. On the contrary,
IPDI_312 showed very good mechanical properties, comparable
to the commercial benchmark material Pellethane®, although
very similar thermal behavior was found for this polymer.
H12MDI_312 delivered the most promising results besides

FIGURE 5 Spatial indentation modulus of

resolution of
(A) Pellethane® and (B) H12MDI_312.
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TABLE 2 Results from tensile tests of the synthesized TPUs

TPU E® [MPa] 5 [MPa] en? (%)
Pellethane® 14+3 43+38 998 + 130
HMDI_211 55 + 12 2145 1285 + 202
H12MDI_312 28+8 49 + 3 818 + 26
BIMC_312 0.5+0.3 28+05 3124 + 378
IPDI_312 1242 48 + 4 1186 + 29

@ E, elastic modulus; S, tensile strength; ¢, strain at break.

IPDI_312. H12MDI_312 displayed an elastic modulus twice as
high as for Pellethane®, and considerably higher strength com-
pared to the linear aliphatic analog HDMI_211 as described in
literature.”® Apart from all other structural considerations, it
must be considered that H12MDI_312 had a higher hard seg-
ment content compared to HMDI_211 (56 vs. 44 wt %) How-
ever, as mentioned before, the according polymer HMDI_312
was reproducibly found to be too brittle for the solution casting
process owing to an excessive hard segment content.?® It seems
that the broken symmetry (owing to the conformational isom-
erization of the cyclohexyl-rings) and increased steric demand
of the H12MDI urethane moieties,***' combined with the
raised hard segment content give a good trade-off and result in
a more balanced structure. Therefore, more favorable mechani-
cal properties were obtained for H12MDI_312 than for the cor-
responding HMDI_312 material.

DMTA Testing

DMTA measurements were performed to acquire additional
information about the thermal behavior of the TPUs. In this
study, T, was determined at the maximum of the loss factor
(tan 8). The DMTA curves are shown in Figure 6 and the
results are listed in Table 3.

The value for T, found for Pellethane® is higher than reported
by the manufacturer (T, = -42 °C/DSC),** However, it is in
the same range. The T, values are predominantly determined

2500 - : T T T T
- Pellethane ]
2000 [ — — HMDI_211
E - - H12MDI_312 -
S 1500 ---- BIMC_312 ]
o oq000l " N . —-—IPDIL312
RO . ]
\ .
500 | N - ]
N
ok — = 1.0
-100

temperature [°C]

FIGURE 6 DMTA curves of synthesized TPUs: storage modulus
(F') and loss factor (tan §).
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TABLE 3 DMTA measurement results: glass transition
temperatures (Tys) of soft segments from tan § data and storage
moduli (E') at room temperature

TPU T4 [°C] E (21 °C) (MPa)
Pellethane® —26 + 1 16 £ 1
HMDI_211 -59 + 2 6+ 1
H12MDI_312 25 +1 48 + 8s
BIMC_312 17° b

IPDI_312 23+4 25 +13

@ Only data from a single measurement available owing insufficient spec-
imen quality.
b Sample failure before room temperature.

by the soft segment mobility. For the TPU based on linear ali-
phatic HMDI, the value for the T, was significantly lower than
for Pellethane®, which might result from a lower molecular
weight of the soft segment in Pellethane® (the exact informa-
tion on the molecular weight of the soft segment was not
available). The T, increases fast with increasing concentration
of hard segment in the TPU. This is due to the increased con-
straints introduced by an increasing hard segment concentra-
tion, which hinder the onset of the soft segment mobility.*! As
already found in DSC measurements, the TPUs with alicyclic
urethane moieties are most affected by this process and their
T, values are shifted considerably toward higher tempera-
tures.** H12MDI_312 with the most bulky groups (two cyclo-
hexyl rings) showed the highest T, among the tested
polymers. IPDI_312, having branched methyl groups, however,
displays an increased flexibility due to one primary isocyanate
group. Finally, BIMC_312, based on the most flexible alicyclic
diisocyanate with two primary isocyanate groups, displayed
the lowest T of all alicyclic derivatives. All TPUs showed a T,
below body temperature and therefore are expected to show
elastomeric properties after implantation into mammalians,
which is an important feature for the quality of polymers in
soft-tissue engineering.44

The tendency of the storage modulus (E’) at room tempera-
ture was also applicable by DMTA experiments. Especially for
the TPUs synthesized with alicyclic diisocyanates, high errors
were found for these measurements, which were mainly
attributed to the fact that these polymers have their glass
transitions near room temperature. However, most of the
results are in good correlation with the values found for the
elastic modulus (E) in tensile testing (Tables 2 and 3).

Degradation and Water Uptake

Degradation characteristics*®™*® of materials employed as
scaffolds for the remodeling of natural tissue are of central
importance for regenerative medicine. The mechanism for the
degradation of many biomaterials and the synthesized TPUs
in this study is the cleavage of ester bonds.*°

Here, an accelerated degradation process at elevated tempera-
tures (90 °C) in PBS buffer solution (pH 7.4) is used to reduce
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experimental time.*® Pellethane® and surgical PLA were used
as reference materials.

During the degradation experiments, we found that PLA
eroded very fast and was already fully degraded after 4 days
(Fig. 7). In contrast, Pellethane® did not show any traces of
degradation over the monitored time range, as expected.”
The increase in mass (as displayed in Fig. 7) in case of
Pellethane® is assumed to be an effect of deposition of salts
from PBS solution which could not sufficiently be removed
during the washing procedure.

The TPUs in this study were designed to be hard segment
degradable as cleavable bonds were introduced by the chain
extender.® Hydrophilicity and access to the cleavable groups
are the most important factors for degradation.

The two polymers based on H12MDI and IPDI in the hard seg-
ment, which displayed increased mechanical properties,
degraded slightly faster than the HMDI-based TPU (Fig. 7 and
Table 4). There was a slight difference between polymers con-
taining H12MDI- and IPDI-derived hard segments. The IPDI-
based TPU degraded slightly faster than the material synthesized
with H12MDI as seen by the mass erosion velocity in Table 4.
Generally, mass erosion followed the same trend as the water
uptake of the polymers (Fig. 8). This is an indication for the
impact of hydrophilicity on the degradability of the polymers.

The increased hydrophilicity of the monocyclohexyl urethane
moiety derived from IPDI compared to the dicyclohexyl group

4 <
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4 BIMC_312 v IPDI_312
0O 5 10 15 20 25 0 5 10 15 20 25
time [d] time [d]

FIGURE 7 Mass erosion of synthesized TPUs during degradation
experiments: surgical poly(lactic acid) (PLA) and nondegradable
Pellethane® as references.
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TABLE 4 Mass erosion velocities of synthesized TPUs derived
from linear fits of mass erosion curves of degradation
experiments

Mass Erosion

TPU Velocity [1072% d™']
Pellethane® 0.92

PLA -1900

HMDI_211 -0.56

H12MDI_312 -1.79

BIMC_312 -11.6

IPDI_312 -1.91

of H12MDI-based TPU is supposed to be the reason for the
different degradation behavior. Both had a higher hydrophilic
hard segment concentration compared to HMDI-based TPU,
and therefore degraded faster than the linear aliphatic diiso-
cyanate containing material.

The TPU synthesized from the cyclohexyl-based BIMC showed
the fastest erosion rate. This is supposedly due to the com-
bined effects of the rather low molecular weight and the low
microphase separation of the polymer, making water perme-
ation into the space between the polymer chains easier. To
decipher the degradation mechanism, GPC measurements of
selected samples were conducted (Fig. 9).

A comparison of the data for mass erosion of BIMC_312
(Fig. 7) and the decrease of molecular weight (Fig. 9) makes a
bulk erosion mechanism most likely, which is often observed
for degradable polymers with cleavable ester bonds.*”

Electrospinning
Electrospinning enables the production of seamless, nonwo-
ven, fibrous structures that can mimic the ECM and possess a

10 T T T
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-
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FIGURE 8 Water uptake of synthesized TPUs during degradation
experiments.
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FIGURE 9 Gel permeation chromatography eluograms (top) and
molecular weight of samples of BIMC_312 after different
degradation times: a steady decrease in the molecular weight
indicates a bulk erosion mechanism.

large porosity and large surface-to-volume ratio with inter-
connected pores.

Apart from the TPU synthesized with HMDI, the polymer
based on H12MDI was also chosen for an electrospinning
study, because both materials showed mechanical properties
comparable to the benchmark Pellethane®. The electrospun
scaffolds had an internal diameter of 1.7 mm and a wall thick-
ness of 80-90 pm. Scanning electron microscopy images of
the grafts from H12MDI_312 were taken and compared to
HMDI_211 as shown in Figure 10.

The grafts from TPU with the linear aliphatic hard segment
showed  well-separated fibers with  diameters of
139 £+ 0.47 pm (mean + standard deviation), whereas the
fibers spun from alicyclic hard segment containing TPU
showed a fused structure and smaller pore sizes with fiber
diameters of 0.87 + 0.34 pm (mean + standard deviation).
Manifold parameters influence the fiber quality of ES pro-
cesses. Important parameters originate from the polymer
solution, including viscosity, surface tension, conductivity, and
so forth>' In this preliminary ES study, these parameters
could not be controlled independently. In fact, the polymer
solution with H12MDI_312 had visually obvious higher viscos-
ity compared to the HMDI 211 solution, which can be
explained by the different molecular weights of the polymers
as reported above. To establish uniform polymer jets, a higher
pumping rate in case of HMDI_211 was necessary to compen-
sate the difference in solution viscosities.>?
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FIGURE 10 Scanning electron microscopy images of electrospun grafts synthesized with different diisocyanates: HMDI (left) and

H12MDI (right).

A comparison of the typical tensile test curves of electrospun
grafts is shown in Figure 11. The tensile strengths of
HMDI 211 and H12MDI 312 are below the values of
Pellethane® grafts but exceed the strength of an abdominal
rat aorta®® (Fig. 11). Besides the tensile tests described above,
suture tear retention was also measured. With 2.8 £ 0.2 N,
the suture tear retention force of H12MDI_312 lies above the
values of the benchmark material Pellethane® (electrospun, as
reported in literature®®) and abdominal rat aorta. The good
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FIGURE 11 Results of tensile tests on electrospun grafts made of
Pellethane®, HMDI_211, and H12MDI_312.
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performance of H12MDI in this case is supposedly a side
effect of the fused fibers as seen in Figure 10.

CONCLUSIONS

In this study, new degradable thermoplastic polyurethanes with
enhanced mechanical properties suitable for electrospinning
were synthesized. The commercially available TPU Pellethane®
2363-80A, which has already shown good performance as elec-
trospun vascular grafts in rats, was used as a reference material
and structural template. The aromatic diisocyanate-based hard
segment of Pellethane® was exchanged by commercially avail-
able linear aliphatic and alicyclic diisocyanates (hexamethylene
diisocyanate (HMDI), more rigid alicyclic 4,4'-methylenebis
(cyclohexylisocyanate)  (H12MDI), 1,3-bis(isocyanatomethyl)
cyclohexane (BIMC), and isophorone diisocyanate (IPDI)) to
avoid the formation of potentially toxic aromatic amine-derived
degradation products. To introduce degradability, the aliphatic
chain extender butanediol of Pellethane® was exchanged by a
cleavable ester, bis(2-hydroxyethyl) terephthalate.

As proposed, the symmetry and flexibility of the used diiso-
cyanates had tremendous impact on the mechanical proper-
ties of the TPUs as found in tests with solution-casted films.
For the linear aliphatic HMDI, an optimum ratio of compo-
nents (diisocyanate:macrodiol:chain extender) was found to
be 2:1:1. An even higher hard segment content (component
ratio of 3:1:2) generally led to brittle materials. In case of the
polymers with alicyclic hard segment moieties, however, a
higher hard segment content was necessary (i.e.,, a component
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ratio of 3:1:2) to obtain TPUs with sufficient mechanical prop-
erties. We concluded that the increasing broken symmetry in
the hard segments demanded higher hard segment weight
ratios for similar mechanical performance. Especially the poly-
mer with BIMC-derived urethane moieties showed very poor
mechanical properties, most probably due to the less favor-
able 1,3-disubstitution of the cyclohexane ring. In contrast to
BIMC, the TPUs containing H12MDI- and IPDI-derived ure-
thane moieties displayed comparable mechanical properties
to commercial Pellethane®.

Polymers synthesized in this study displayed bulk degradation
characteristics during hydrolytic degradation experiments. Mass
erosion of 3-4 wt % was observed during a degradation time of
25 days at 90 °C in PBS solution. Pellethane® showed no degrada-
tion in a reference degradation experiment. An interesting finding
is the opposing trends of mechanical stability and degradability.
The material with very poor mechanical properties, BIMC_312,
had by far the fastest degradation behavior (about 10 times
higher mass erosion compared to all other degradable TPUs). We
conclude that this is a direct consequence of the weak interaction
of the polymer chains in the hard segments, which results in a bet-
ter accessibility of the cleavable bonds in the hard segments for
water and therefore degradation is accelerated.

DSC measurements indicated thermal transitions from 44 to 84 °C
for Pellethane® and HMDI_211, and to a minor extent for
H12MDI_312, which suggests a higher semi-crystallinity in the hard
segments. This is in agreement with the DMTA measurements. The
hypothesized microphase segregation was confirmed by means of
AFM cantilever-based nanoindentation measurements.

From these data, we expect that the aforementioned difference
in the mechanical properties is mainly caused by the difference
in phase segregation typical for this type of polymer: The steric
effects of varying isocyanate components in the hard block
influence the effectiveness of hydrogen bonding in the hard
block. This directly determines the ability for microphase segre-
gation and therefore the mechanical stability of the material.

Both TPUs synthesized with HDMI and H12MDI could be spun
to grafts with different fiber appearance. The HMDI-based
material showed well-separated fibers with a high graft wall
porosity, whereas the H12MDI-based TPUs displayed fused
fibers which is supposed to contribute to the excellent graft
strength and suture tear resistance.

In summary, we were able to present in this study a portfolio
of novel materials with tunable properties for electrospun bio-
degradable TPUs with high potential for application in vascu-
lar tissue engineering. Emphasis on the fine tuning of the
optimal TPU properties and ES parameters for VTE purposes
will be placed in further experiments.
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