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Abstract

We report the development of highly chemically crosslinked, ultra low density (~0.015 g/cc)
polyurethane shape memory foams synthesized from symmetrical, low molecular weight and
branched hydroxyl monomers. Sharp single glass transitions (Tg) customizable in the functional
range of 45-70 °C were achieved. Thermomechanical testing confirmed shape memory behavior
with 97-98% shape recovery over repeated cycles, a glassy storage modulus of 200-300 kPa and
recovery stresses of 5-15 kPa. Shape holding tests under constrained storage above the Tg showed
stable shape memory. A high volume expansion of up to 70 times was seen on actuation of these
foams from a fully compressed state. Low /n-vitro cell activation induced by the foam compared
to controls demonstrates low acute bio-reactivity. We believe these porous polymeric scaffolds
constitute an important class of novel smartbiomaterials with multiple potential applications.
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INTRODUCTION

Shape memory polymers (SMPs) are a fast emerging class of smart materials which can be
deformed and stored in a temporary/secondary shape, and thereafter can be actuated on
demand via an external stimulus, such as heat or ultraviolet light, to return to their primary
shape. Several comprehensive review papers are available on the mechanism of thermally
actuated shape memory behavior in polymers.1=5 They have unique advantages over shape
memory alloys such as light weight, large shape recovery of up to 400% plastic strain, non-
toxicity, non-mutagenicity, ease of processing and low cost.® Further, a significant level of
customizability of material mechanical properties is possible with polymers and multiple
chemical formulations for shape memory polymers have already been reported with a wide
range of mechanical properties.!

Processing SMPs into a porous form further increases the number of applications of these
smart materials due to their unique properties including high thermal and electrical
insulation, high volume changes on recovery from compressive strain (i.e. low storage
volume in compressed state), and low density. SMP foams have been suggested for use in
multiple commercial applications.” Amongst these, biomedical applications, such as tissue
regeneration scaffolds and embolic foams for aneurysm occlusion, are of particular interest
to us.5 8 Since a shape memory foam-based medical device can stay in a temporary
compressed shape until it is actuated, it can be stored in a compressed state and deployed via
a catheterization process. Such minimally invasive procedures can be significantly lower in
cost and complications compared to the traditional open surgery. The ability to tailor their
actuation temperature based on physiological requirements, and the excellent
biocompatibility of polyurethane based SMPs in particular, further enhances the potential
biomedical utility of SMP foams.®

Most of the shape memory foams reported for biomedical applications in the literature are
based on a thermoplastic polyurethane developed by Mitsubishi Heavy Industries, primarily
MF5520, MF6020 and MF21.9-11 Papers on characterization of Mitsubishi polymers
themselves19-14 and some other shape memory foams>-17 can be found. While these
materials hold promise in several applications®, some potential limitations from our
perspective (i.e. for catheter-based applications) were revealed in their characterization
studies. In particular, so-called “secondary-shape forming* was noticed in which
irrecoverable deformation occurred when the material was stored under compression above
the glass transition temperature ( 7g).19 In other words, depending on the storage conditions
(strain and temperature), the foams could partially or fully lose their capability to expand.
Also, their relatively high densities provide relatively low volume expansion of 20 — 30
times. 10 For a foam cylinder that does not change length, for example, this correlates to a
maximum radial expansion of ~5.5 times (=v30). For aneurysm occlusion via microcatheter
delivery in which the inner working diameter is ~0.5 mm, this would give a final diameter of
2.75 mm. This level of expansion may not be adequate for the proposed application: the
greater the radial expansion of foam, the greater the volume that can be embolized by it for a
given microcatheter inner working diameter.

Our aim in this study was to design an improved polymeric foam system directed towards
biomedical applications that shows strong shape memory behavior without secondary-shape
forming and volume expansion of greater than 50 times on actuation. In addition, we aimed
to achieve high recovery forces, controllable actuation temperatures, good biocompatibility,
and an open cell morphology for these new materials. Figure 1 gives a schematic
representation of the polymer network structure of these foams. Briefly, two points form the
core of this design rationale. First, secondary-shape forming in principle occurs from the
relaxation of polymer chains in the secondary or deformed shape.18: 19 So, a chemically
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crosslinked structure with high density of crosslinks can potentially avoid the secondary-
shape forming phenomenon by providing a permanent and strongly constrained polymer
network that limits chain relaxation.18-20 Second, for achieving a larger expansion ratio, a
lower density foam is desired. Low density can potentially allow a foam sample to be
compressed to smaller dimensions and thus lead to a larger volume expansion on actuation.
The following materials and foaming process were considered in the development of these

foams:

a.

Material choice: Neat polymers reported by Wilson et al.21 were used as the basis
of these foams. These neat polymers made from N,N,N*,N*-Tetrakis(2-
hydroxypropyl) ethylenediamine (HPED), 2,2',2"-Nitrilotriethanol (TEA) and 1, 6
Diisocyanatohexane (HDI), had a regular and highly chemically crosslinked
network structure with low molecular weight between crosslinks.2! These materials
were developed specifically to possess high modulus (£~ 3n,RT, where £is the
Young’s modulus, 77, the number crosslinks per unit volume, Rthe ideal gas
constant and T the system temperature), high recovery stresses, sharp and
controllable actuation temperatures, and strong shape memory behavior.?! Since
the density of foamed polymer has a strong effect on its modulus, £yp/ous =
E,,E.a,[p,,,,Omu_s/p,7&;[]2 for open cell foams, where Epprp,s and Epeqeare the Young’s
moduli of porous and neat materials and p pprous aNd p ear are the densities of
porous and neat materials respectively,zz‘é74 these materials with a neat glassy
modulus in the GPa range were expected to perform well at low densities. Their
tight network structure with high density of covalent crosslinks was expected to
limit secondary-shape forming. Also, the aliphatic monomers in this system were
favorable for biocompatibility, as was demonstrated in an in-vitro study.2>

Foaming process: A gas foaming procedure was used for the synthesis of low
density foams based on highly crosslinked neat materials. Multiple techniques are
available for generation of a porous polymer structure, including particulate
leaching, fiber bonding, saturation with supercritical gases, high internal phase
emulsion polymerization, thermally induced phase separation, stereolithography,
selective laser sintering, fused deposition modeling and gas foaming.26-33
However, most of these methods, including particulate leaching*,
stereolithography??, selective laser sintering and fused deposition modeling, do not
yield low enough densities. Thermally induced phase separation is not suitable for
crosslinked systems due to the requirement of a polymer solution. High internal
phase emulsion polymerization is used primarily for chain growth reactions3° or
has low control of foam structure in step growth reaction36. Also, use of
supercritical CO, in foaming has poor control of foam density as the polymer
crosslink density is increased.3” Amongst these methods, gas foaming was
considered to be the most promising technique for making low density foams based
on polyurethane chemistry.38-40 This technique has no direct limitations on
foaming of highly crosslinked materials, and multiple additives are available
commercially to modulate physical properties of the foams.

This paper presents the synthesis and characterization of these novel materials. Further, the
properties of these foams are compared with other commerically available SMP foam
materials to exemplify their significance and utility as a biomaterial.

Foam Synthesis

N,N,N*,N*-Tetrakis(2-hydroxypropyl) ethylenediamine (HPED, 99%, Sigma Aldrich Inc.),
2,2',2"-Nitrilotriethanol (TEA, 98%, Alfa Aesar Inc.), 1,6-Diisocyanatohexane (HDI, TCI
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America Inc.), and DI water (Millipore water purifier system, Millipore Inc., >17M ohm-cm
purity), were used as received. Foams were synthesized in a three step method. Firsta NCO
premix, or prepolymer with excess isocyanate, was made by mixing 35-40 equivalents of
hydroxyl groups from varying ratios of HPED and TEA, with 100 equivalents of isocyanate
groups. This NCO premix was allowed to cure for 2 days under Nitrogen. Secondly, a
hydroxyl (OH) premix was made by mixing together all the balance hydroxyl groups with
the surfactants and catalysts as per the amounts indicated in Table 1. Finally in the third
step, the NCO premix and OH premix were mixed together in stoichiometric amounts,
maintaining a 104 isocyanate index, along with the physical blowing agent, Enovate. The
foam thus made was allowed to cure for at least a week before further analysis.

A series of foams with varying ratios of TEA vs. HPED in the net formulation were
prepared as indicated in Table 1 to control the 7g. The notation H80, H60, H40, H20 and HO
denotes HPED equivalents satifying 80, 60, 40, 20 and 0 % isocyanate equivalents,
respectively, excluding the 41% equivalents satisfied by water. These correspond to the
neat/unfoamed compositions of A3, A5, A7, A9 and Al1, respectively, as reported by
Wilson et al.2! Since the final foam density is dependent on the concentration of gas present
in the foaming solution at any given time,*® a combination of physical and chemical

blowing processes was used in the foam synthesis to increase the effective concentration of
gas in the foaming polymer. Also, to prevent formation of large voids in the foam in case the
gas concentration goes beyond the Critical Limiting Supersaturation (CLS) level of the
foaming solution,*0 simultaneous adjustment of other foaming additives, such as surfactants
and catalysts, was performed to control the rate of the polymerization reaction, formation of
foam cells and drainage of polymer from the cell membranes.#! A surfactant type was
chosen through qualitative consideration of monomer and blowing agent cohesive energies
involving their polarity, hydogen bonding potential and dispersive forces. For controlling the
rate of isocyanate reaction with water and other hydroxyl monomers, a two catalyst system
including a) a general amine-based catalyst for CO, generation and b) a tin-based catalyst
for gelation reaction, was used. Optimization of the net formulation was done empirically
with a starting point based on the supplier’s (Air Products and Honeywell Corp.) foam
additive specifications, and the previous literature on traditional polyurethane foams.40
Table 1 summarizes the synthesis details of these materials for all tested compositions.

Foam Characterization

Density and Cell Structure—Core density of a representative foam sample was
measured from top, middle and bottom sections of the foams as per the ASTM standard
D-3574-08. Also core density of five samples from the top and middle sections was
measured for each foam formulation to estimate the variation in densities across a given
foam. For cell structure characterization, thin slices were cut from a representative top
section of the foams, and images were captured in the brightfield mode on a Leica MZ8
microscope (Leica Microsystems Inc.) using RSImage Software (Roper Scientific Inc.).

A more in-depth cell structure analysis was done on a H60 foam sample using micro-CT
imaging. The sample was imaged using a Skyscan 1172 micro-CT4#2 (Micro Photonics Inc.)
with a 40 kV source voltage, 250 uA source current, object to source distance of 49.48 mm
and camera to source distance of 208.96 mm. These settings resulted in a reconstructed
volume of foam that had a resolution of 4.15 um per voxel. For analysis of cell sizes in the
reconstructed foam volume, image processing software Amira 5.3 (Visage Imaging Inc.)
was used. Polar diameter (parallel to the direction of foam rise) and equatorial diameter
(perpendicular to the direction of foam rise) of the ellipsoid-like cells were measured at 500
um increments throughout the volume via manual edge detection method. In all, a
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cylindrical volume 6 mm in diameter and 5.12 mm high, was analyzed. Foamview
software®? was used to estimate the average strut length and pore size of the foams.

Solvent swelling and extraction—Solvent swelling and extraction experiments were
carried out with Dimethylformamide (DMF; >99.8%, EMD Chemicals Inc.) as this was
found to be the best solvent for such compositions.2! Cylindrical foam samples (8 mm
diameter and 2 cm height) were predried for 2 hours at 100 °C and 1 atm vacuum. The dried
samples were extracted in DMF at a 25 times excess of the bulk volume of foams. Care was
taken to remove the bubbles on the foam surface that can prevent adequate contact of the
material with solvent. The extraction was performed on three samples of each composition
for 24 hours. Post extraction the samples were vacuum dried for 24 hours at 50 °C and mass
loss was measured.

Fourier transform infrared spectroscopy with attenuated total reflectance
(FTIR-ATR)—The FTIR-ATR spectra was generated on a H60 foam and the corresponding
neat sample using a ATR Max Il reflectance accessory (Pike Technologies Inc.) on a Tensor
27 Fourier Transform Infra Red instrument (Bruker Corp.) at a 45 degree angle of incidence.
150 scans at a resolution of 4 cm™1 were taken in the wavenumber range of 4000 cm™ to
600 cm™1 and background was subtracted. Testing was done in triplicate to ensure
repeatability. Correction for atmospheric Water vapor and Carbon dioxide absorption was
performed by subtracting respective reference spectra using the OPUS 5.5 software (Bruker
Corp.).

Differential Scanning Calorimetry— 7g was measured using a Pyris Diamond DSC
(Perkin Elmer Inc.). A 3-5 mg sample was loaded in a vented aluminum pan at room
temperature, cooled to —40 °C and then run through a heat - cool - heat cycle from —40 to
120 °C. The half height of transition during second heat was taken as an estimate of the 7g.

Mechanical characterization

Dynamic Mechanical Thermal Analysis: For characterizing the mechanical properties of
the foams as a function of temperature, a dynamic temperature ramp test was performed on a
ARES-LS2 Rheometer (TA Instruments Inc.). A torsion rectangle test fixture was used on
samples cut to approximately 45 mm long, 12 mm wide, and 6 mm thick with a gap distance
of 25 mm. The samples were prepared by embedding both ends in a polyurethane neat
polymer to prevent damage and slippage of the foam sample in the metal grips. Dynamic
temperature ramp tests were then run for each formulation in triplicate, at a frequency of 1
Hz and constant heating rate of 1 °C min~1 from 25 to 120 °C. An initial shear strain of
0.2% was used. However, as temperature increased, it was adjusted by the control software
to maintain a torque range of 0.5 to 5 g cm, allowing a maximum strain of 10% (still within
the linear viscoelastic region) at high temperatures. Data points were collected every 5
seconds. Dynamic shear storage modulus (G?), dynamic shear loss modulus (G”), and their
ratio tan & (=G’7G"’) were recorded using the Orchestrator™ software (TA Instruments Inc.).

Shape Memory Behavior: For measuring the shape memory behavior, constrained stress
recovery tests were performed in compressive mode using parallel plate fixtures in a ARES-
LS2 rheometer on H60 and H20 cylindrical foam samples (~20 mm diameter and 15 mm
height). The sample was first heated up to a temperature of 7g+30 °C and deformed to a
80% compressive strain at a rate of 2.5 mm min~1. Thereafter the sample was cooled to 7g
—20 °C and then heated back up to 7g+30 °C mantaining the 80% strain. At the end of cool-
heat cycle, the strain was released at a rate of 2.5 mm min~1 and recovered strain was
measured from the distance between the plates at a 10 g axial force. Five cycles were
performed on each of the three samples tested.

J Polym Sci B Polym Phys. Author manuscript; available in PMC 2013 May 15.
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Effect of Storage Temperature on Shape Recovery: The behavior of stress vs. time was
studied for H60 and H20 cylindrical samples (20 mm diameter and 20 mm height), using
parallel plate fixtures in a ARES-LS2 rheometer. Sample size and test conditions were
chosen to match the test method reported by Tobushi et al.10 A deformation to 80%
compressive strain was performed at a rate of 2.5 mm min~1 at 7g+30 °C temperature. The
compressed sample was then brought to the test temperature, 7g+60 °C, Tg+30 °C, 7Tgor Tg
-30 °C, and held at this temperature for 2 hours. Thereafter the temperature was brought
back to 7g+30 °C and strain was released at 2.5 mm min~1. The strain recovery was
measured using calipers. All the compositions were tested for % shape recovery after hold at
the Tg+60 °C temperature.

Maximum Volume Expansion: Maximum volume expansion for foam samples was
measured using a SC150-42 Stent Crimper (Machine Solutions Inc.). Cylindrical foam
samples 6 mm in diameter were loaded in the crimper and compressed as small as possible,
at 7g+30 °C, by setting the target diameter to zero. They were then allowed to cool down to
room temperature to fix the compressed shape. The actual compressed diameter was
measured using a digital micrometer. Finally, the samples were heated back to 7g+30 °C in
air, and the recovered diameter was measured using calipers. Net volume expansion was
calculated (ignoring any change in length) as follows:

Volume expansion=(recovered diameter|compressed diameter)2

Biocompatibility Study—/n vitro biocompatibility testing was performed to estimate the
biological response of these foams. Representative H80 foam samples were first cut into
discs of approximately 12 mm diameter and 2 mm thickness, and then cleaned and sterilized
using ethylene dioxide gas. Biocompatiblity was evaluated by measuring cytokine
expression as per Cabanlit et al.2> Blood of 5 female and 5 male human subjects was used
following the approved human subject protocol 993120, University of California, Davis.
Peripheral blood from these subjects was collected and stored in citrate tubes which allowed
the stabilization of pertinent cell populations of the cell culture. Next, the collected blood
samples were centrifuged at 3000 rpm for 10 minutes and the supernantant plasma was
separated. For testing the material biocompatibility, SMP foam discs were incubated using
X-vivo media (serum-free medium; Cambrex Corp.) and 1:1 plasma-free whole blood.
Positive controls included two mitogens, lipopolysaccharide (LPS, Sigma-Aldrich) and
phytohemagglutinin (PHA, Sigma-Aldrich Inc.), added to the whole blood cultures at
amounts of 25 pg mL=1 and 50 ug mL~1 respectively. As a measure of the background
activation, a control test of cells incubated in media without SMP foam material was
performed. The samples were kept incubated at 37 °C in 24-well plates for a duration of 48
hours. This duration was chosen to allow measurable production of all cytokines, including
those derived from T lymphocytes.

After the 48 hour incubation, the culture supernatants were collected and stored at —20 °C.
These were then tested with an enzyme-linked immunosorbent assay (ELISA, Duoset
ELISA Development System kits (R&D Systems Inc.)) for TNF-a, IL-1pB, IL-6, IL-8, and
IL-12 according to the manufacturer’s instructions. Optical density readings at 570 nm were
subtracted from those at 450 nm to account for optical imperfections. Mean optical density
was recorded for TNF-a, IL-1B, IL-6, IL-8, and IL-12 over duplicate sample runs. A
standard linear curve of optical density reading versus concentrations (pg mL™1) on a log
—log scale was used to convert optical density values to concentrations, and their average
and standard deviations were calculated. P-values (one-tailed t-test) were calculated to
determine if cell activation was significantly higher compared to the media alone (0.05
significance level).
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RESULTS AND DISCUSSION

Density and cell structure

Table 1 shows the composition of different foams analyzed in this study, and representative
densities of the foams are reported in Table 2. Average densities of 0.021+0.002,
0.019+0.001, 0.016+0.001, 0.021+0.001 and 0.020+0.005 g cm~3 were recorded for foam
compositions of HO through H80 respectively over five samples in the top and middle
sections. These correspond to an average porosity [= (ppear = P porous)P nead Of ~98 % and a
high average theoretical volume expansibility (= peadp porous) Of 64 9 times; here p peqr
~1.174 g cm~3 is the neat polymer density, and Pporous is the foam density. The small
variation in densities in middle and top sections of the foam indicates a fairly uniform
structure. Comparatively higher density is seen in the bottom section of foams in some
cases. This is attributed to the effect of gravity on the rising foams as is typically seen in
blown foams?#3, and is accounted for in the foam characterization by taking the top/middle
areas of the foams for the characterization tests.

Optical microscopy (Figure 2) shows a mixed closed to open cell structure for these foams,
with thin residual membranes on the foam cells. Here the terms open or closed cell should
be considered with reservations. Since some texts classify foams into just two categories of
closed and open cells#?, and others classify them into three categories of closed, open and
reticulated cells*4, these terms can be ambiguous. Generally, blown foams have been found
to retain thin residual membranes post-synthesis, and removal of these membranes (up to
97%) to make foams completely open cell or reticulated invariably requires secondary
physical processes such as hydrolysis, oxidation, heat or mechanical treatment.*® Here, we
classify these as-processed foams as effectively closed cell, or mixed closed to open cell,
due to the presence of cell membranes which may impede the free movement of blood or
interstitial fluid through the foam.

Some variation in the average cell size was seen for foams across different formulations
(Figure 2). This could be due to the different hydrophobicity, or different viscosity of the
foaming solutions across the formulations at varying ratios of HPED and TEA. Indeed, in an
ongoing separate study in which the viscosity of the foaming solution was the manipulated
parameter, cell sizes of resulting foams could be precisely controlled, and were generally
seen to decrease with increase in the viscosity of the foaming solution. Figure 3 shows a
histogram of cell size distribution within a H60 foam sample. Its pore cells were found to be
anisotropic as is typically seen for blown foams.*0 They were approximately 1000 um tall in
the direction of free-rise during foaming, and 700 pm wide. Using the image analysis
software Foamview?2, the H60 foams were found to have strut length of approximately 400
um, and an average pore volume of 7 x 108 pm3.

Currently in the literature low density foams have been reported mostly down to the lower
limit of 0.02-0.03 g cm~3. Some foams with densities down to 0.006 g cm~3 have been
reported, but a high amount of water (~75 wt %) was used in their synthesis.*® This is not
preferable for our application, as using high amounts of water as a chemical blowing agent
will interfere with the desired chemically crosslinked network structure of the material. Also
foams with densities down to 0.016 g cm~3 have been achieved by varying the polyol type
and amounts.*6 However, to our knowledge, SMP foams with densities less than 0.02 g
cm~3 have not been previously reported. Also, low density SMP foams with a network
structure involving such high density of chemical crosslinks have not been reported.

Solvent swelling and extraction

Solvent extraction results for all foam formulations are given in Table 2. The foam samples
were all well swollen and without air bubbles in the DMF media. Results show that
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approximately 96 to 99% of the initial monomers were incorporated into the polymer
network. The composition of the soluble fraction was not determined, but it is expected to be
a combination of residual foaming additives, such as surfactants and catalysts, and
impurities in the original monomers. Also, some mass loss was apparent from slight
mechanical damage to the foams incurred during removal of bubbles. This indicates that
>85% of functional groups were consumed in reaction2! and that the resulting network is
indeed a highly crosslinked one.

Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR)

FTIR-ATR of a H60 foam and corresponding neat polymer is shown in Figure 4a. The neat
polymer spectra is offset by 0.03 absorbance units with respect to the foam spectra for
clarity. Details of the peak assignment in polyurethane foams can be found in other
references.#’-50 The absorption spectra showed a strong C=0 urethane peak at 1689 cm™1.
A C=0 peak has previously been reported for polyurethanes at 1703-1710 cm™1 49, 1694
cm~150 and 1706-1713 cm~147 for hydrogen bonded urethane, and 1730-1740 cm™149,
1729-1739 cm™1 47 and 1725 cm™1 %0 for free urethane. Hence a shift of C=0 peak to 1689
cm~1in these foams suggests a more strongly hydrogen bonded structure than is seen with
previously reported polyurethane foams.#’-0 Based on the molecular structure of these
foams, an average theoretical molecular weight between chemical crosslinks can be
calculated as 270-440 g mol~1. Further, approximately 2-3 urethane and/or urea bonds may
be present between the chemical crosslinks for every segment. Hence these foams are
expected to develop a high density of hydrogen bonds, which explains the shift of the
urethane peak to a lower wavenumber in the FTIR spectra. This is in contrast with the
traditional polyurethane foams, which typically have base polyols with molecular weights in
the range of a few thousand grams per mole??. Two important differences are seen between
the spectra of the neat polymer and foam: 1) presence of a shoulder in the 1620-1660 cm™1
range indicating presence of urea linkages in the foam from the use of water as a chemical
blowing agent (Figure 4b) and 2) a comparatively broader peak from 3100-3500 cm™1 in the
foam indicating increased hydrogen bonded N-H vibrations (Figure 4c).20 Polyurea
segments are reported to show characteristic absorption at 1690-1700 cm™1 in free form,
1660-1670 cm™L in disordered hydrogen bonded form, and 1630-1645 cm™ in ordered
hydrogen bonded form.#” The urea shoulder suggests a peak at ~1650 cm™1 (Figure 4b)
indicating presence of hydrogen bonding in the urea segments but not quite as strong as that
found in ordered urea segments. This may be due to the high crosslink density that can
interfere with the alignment of urea bonds, and prevent formation of as strong a hydrogen
bonding as is typically found in the hard segments of polyurethanes.

Differential scanning calorimetry (DSC)

DSC curves of these foams are shown in Figure 5. Results show that glass transition/
actuation temperature ( 7g) could be precisely controlled in the functional range of 44-69 °C
by varying the ratio of HPED to TEA in the foam formulation (Figure 5, Table 2). A higher
content of HPED gave a higher 7g. This agrees well with the results of Wilson et al.,2! and
can be due to the secondary hydroxyl group of HPED, which positions a methyl group
adjacent to the urethane bond. This methyl group can present steric hinderance to rotational
motion around the urethane linkage and increase the 7g. Also HPED has a functionality of
four which gives a higher crosslink density to the polymer structure, and can increase its 7g
in comparison to trifuncional TEA. However, the transition values don’t exactly match the
respective compositions in Wilson et al.21 This can be explained from the use of water as a
chemical blowing agent, which introduces urea groups in the network and thereby increases
the 7g. Also, the as synthesized foam samples can have some residual foaming additives,
such as surfactants and catalysts, that can possibly lead to a decrease in 7g by plasticization.

J Polym Sci B Polym Phys. Author manuscript; available in PMC 2013 May 15.
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We are currently working on understanding the effect of urea bonds and residual foaming
additives in more detail for blown foams.

Mechanical properties

Dynamic Mechanical Thermal Analysis—The dynamic temperature ramp test results
are shown in Figure 6. A drop in modulus is observed across the 7g of the foam, going from
200-300 kPa in the glassy state to 5-15 kPa in the rubbery state. VValues of G’in the rubbery
and glassy states, 7,,ser (temperature at the intersection of the baseline and leading edge of
the peak in fan 8), Tgs(temperature at the peak in zan 8), A T (breadth of transition =

2( T Tonser) according to Yackaki et al.>1) and #an & values at 7 for all formulations are
given in Table 2. The rubbery state modulus of shape memory polymers is a measure of
force of recovery on actuation, and the ratio of the glassy state to the rubbery state modulus,
defined as G{(Tg - 20 °C)/G(Tg+ 20 °C), is an indicator of the shape fixity of an SMP.21
The modulus of these foams drops by ~30 times across the transition. While this is not as
high as reported for other SMPs in general, shape memory behavior is still quite strong for
these foams (Figure 7), particularly for such low densities. A trade-off that comes with the
high modulus values and highly crosslinked network structure of these foams is the limited
elongation at failure (~35% for neat unfoamed films).2! But with the typically polyhedral
shape of the foam cells, individual cell struts undergo only small tensile strains during
compression, as they are made to bend and align together. Hence the low net elongation to
failure is acceptable for the proposed applications of these foams.

It is noteworthy that the shear storage modulus is found to approximately scale with the
density in accordance with G porous= G‘,79‘,,,,(p,5,0,0u5/p,7,5.51,1,)2 in the glassy regime, which has
been shown to be true for ideal open cell foams.24 52 Here p05r~1.174 g cM™3, G
700-905 MPa, and average pporous~ 0.019 g cm~3, yielding calculated G *porous=183-237
kPa. This result is in good agreement with the measured average G “prous ~212-260 kPa,1
indicating that these foams have primarily an open cell behavior from a mechanical
standpoint. This is consistent with the cell structure images, and confirms that although cell
membranes are present they are sufficiently thin and do not affect the mechanical behavior
of the foam significantly.

Shape Memory Behavior—Five shape memory cycles on a H20 foam sample are shown
in Figure 7. A typical shape memory response is seen in a cycle of four key steps, as
depicted in Figure 7a. The first step of Loading shows an increase in stress as the sample is
deformed to 80% compressive strain at 7g+30 °C. The second step of Fixing reduces the
stress rapidly across the 7gas the sample is cooled from 7¢g+30 °C to 7g-20 °C. The third
step of constrained Stress recovery increases the stress back up to ~10 kPa via heating to 7g
+30 °C. Finally the fourth step of unloading reduces the stress to zero as the strain is
removed, and the foam recovers its primary shape.

Figure 7b and 7c show the behavior of stress vs. strain and stress vs. temperature for 5 shape
memory cycles on these foams, respectively. The first cycle shows the highest stress values,
followed by the second cycle, and thereafter all the cycles show significant overlap.
Hysteresis in the initial cycles is presumed to be from the changes in the macrostructure of
foams, such as breaking of some cell membranes or damage to cell struts. Also changes at
the microstructural level due to residual stresses in the material and re-arrangement of side
groups and dangling ends in the polymer can contribute to hysteresis.?! An average recovery

IHere the neat polymer density and modulus are taken from the corresponding formulations in Wilson et al.[2] 1t is to be noted that
the neat polymer density and modulus do not account for the effect of water in the foam composition which affects the chemical
crosslink density of the material. However, the actual neat density and modulus may not be very different for the foam material due to
strong hydrogen bonding of urea groups which compensates for the loss of chemical crosslinks.
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of 92+2%, 95+3%, 96+1%, 97+1% and 97+1% was measured in cycles 1 through 5
respectively, over 3 samples for H20 samples. For H60 samples these values were 93+2%,
95+1%, 97+£1%, 97+1%, 97+1% respectively. High strain recovery in later cycles
demonstrates close to an ideal spring behavior, consistent with the low values of fan 6 of
these foams (Table 2).

The stress values of ~ 10-22 kPa as seen in Figure 7 may seem low compared to the typical
values of polymeric foams. However, their low density of 0.018 g cm™3 as well as rubbery
state should be considered. By calculating the corresponding stresses for these foams at
higher densities using known scaling relationships, we can compare them to other published
SMP foams under similar test conditions. Ashby and Gibson2* 92 demonstrated that the
compressive stresses of a wide range of flexible and rigid polymer foams scale
approximately with the material density as follows (valid for open cell foams with

2 3

Pporous « Pporous \ o Pporous \?
<0.3)24,52. 0t Opl where o,7and o, are the stresses in
Preat . Pneat . Phreat pre=

elastic and plastic deformation regimes, and pporous and pearare densities of porous and
neat forms of polymer, respectively. Since the strain of shape memory materials is largely
recoverable, the compressive stresses should be valid in the non-linear elastic deformation
regime (i.e. o), but both oo/and o/ are considered here for a more complete comparison.

A commercial thermoset epoxy foam (density 0.2 g cm=3), for instance, was reported to
have stress of ~38 kPa at 60% compressive strain at 30 °C above 79.16 Compressive stress
of the foam reported here is ~4.5 kPa under similar conditions (Figure 7b). As a comparison,
values of o/and o for these foams at 0.2 g cm~3 density would scale to ~556 kPa and 167
kPa based on the above relations. Polyether polyol based polyurethanes reported by Domeier
et al. (density 0.21 g cm~3) showed peak recovery stresses in the range of 1000 kPa on 80%
compressive strain at 7g.1° Stresses for the foams reported here are ~15 kPa under similar
conditions except that compression for these was done at 7g+30 °C. This would scale to
0¢~2000 kPa and o,,~598 kPa for a density of 0.21 g cm=3. A polyether polyol series
polyurethane foam from Mitsubishi Industries, MF6020, (density of approximately 0.032 g
cm~3 6) reported about 48 kPa compressive stress at 80% strain at 30 °C above 7g.10 The
foams reported here have stresses of ~15 kPa under similar conditions, and would scale to
o¢r~47 kPa and o,~36 kPa, respectively. Hence after accounting for the low densities,
recovery stresses of these materials are seen to be significantly higher or comparable to
other reported SMP foams. It is noteworthy that the number of cycles, strain rate,
compressive strain and temperature can all have an effect on the compressive stresses
measured for a foam sample. Hence while these results give an estimate of the expected
stress range, their exact values could change with changes in the processing conditions.

Effect of Storage Temperature on Shape Recovery—The stress response of H20
foam samples as they were held under compression over a 2 hour period at different
temperatures, is shown in Figure 8. In the first step of loading to 80% compressive strain at
Tg+30 °C, all four samples showed a similar increase in stress, as expected (Figure 8a). In
the second step of hold, the samples were taken to their respective test temperatures of 7g
=30 °C, Tg, Tg+30 °C and 7g+60 °C, and an initial stress relaxation was seen (Figure 8b).
The extent of this relaxation was higher for samples held above 7g compared to the sample
held at 7g. This is expected from the higher mobility of polymer chains at higher
temperatures. The sample held at 7g—30 °C also showed a large drop in stress, which can be
explained with the thermal contraction and storage of internal energy and entropy20 in the
glassy state of the polymer, akin to the fixing step of a shape memory cycle. Beyond the
initial relaxation, the stresses were held largely constant throughout the hold of 2 hours at
the test temperature (Figure 8b). Finally in the third step of unloading, a decrease in stress
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was recorded as the strain was released at 7g+30 °C (Figure 8c). An initial increase in stress
was noticed for the sample stored at 7g—30 °C during strain recovery, possibly due to a lag
in the heating of the sample even as the crosshead moved to release the strain. A net shape
recovery of 94, 93, 96, and 98% was measured for H20 (Tg~50 °C) samples held at
temperatures of 7g+60 °C, 7g+30 °C, 7g, and 7g-30 °C, respectively. For H60 (Tg~60 °C)
samples these values were 95, 91, 98 and 96% respectively. % shape recovery after holding
under 80% compressive strain for 2 hours at Tg+60 °C, for all the compositions, is reported
in Table 2.

In contrast to the results above, physically crosslinked materials, such as polyether polyol
based MF6020 (Tg~60 °C) foams19, have been reported to show ~8-10% residual strain for
hold at Tg+30 °C, and ~100% residual strain (0% shape recovery) for hold at 7g+60 °C for
2 hours at 80% compressive strain.10 Generally, as the applied strain and storage
temperature decreased, the extent of secondary-shape forming was seen to decrease for these
physically crosslinked foams. Also, Di Prima et al. reported ~ 40% strain recovery after
compression to 80% strain at 125 °C (~ 7g+33 °C) in proprietary epoxy based foams.16 The
foams based on a chemically crosslinked network reported here show significantly higher
shape recovery in comparison.

Assuming that the above materials are thermally stable at the tested temperatures, this can be
explained from the effect of covalent crosslinks on polymer chain relaxation.18: 20 The
covalent crosslinks in this system can be considered permanent over the conditions and time
scales investigated. While network chain segments can conformationally rearrange above
7g, their ends remain attached to the same network junction point. This constrains the
equilibrium arrangement of crosslink points and thus the equilibrium shape of the material.
In contrast, the physical crosslinks, such as in segmented polyurethanes, are labile. Here
entropically driven polymer chains can move in and out of the physical crosslinks to achieve
a more favorable, lower energy state.19 53 Since the rate of this conformational
rearrangement of chains is dependent on their mobility, it would occur over increasingly
long time scales as temperature is decreased below 7g, and at shorter time scales at
temperatures above 7gwhere the mobility of the chains is high. As the polymer chains
relax/re-arrange to an equilibrium conformation while the material is held in the secondary
shape, the memory of the primary shape is erased, and a residual strain or phenomenon of
secondary-shape forming is observed. Hence, the high shape recovery of the reported
materials, after storage at 7g+60 °C for 2 hours, is consistent with their network structure
comprising high density of covalent crosslinks.

However, if a chemical reaction occurs in the material at high temperatures, new bonds can
form resulting in loss of shape memory of the polymer for both physically and chemically
crosslinked materials. While SMPs are not meant to be stored at temperatures above their
Tg, the improved shape holding of these materials at temperatures above Tg, compared to
the other physically crosslinked foams, suggests an advantage of improved shelf life during
storage in their secondary shape below Tg.

Maximum Volume Expansion—Volume expansion measured for the foam samples are
reported in Table 2. 6 mm diameter cylindrical foam samples were radially compressed (2-D
deformation) to an average minimum diameter of 0.68 mm. On recovery, close to the
theoretical volume expansion of up to an average of 68 times was seen. This is an
improvement of more than a factor of two compared to other reported shape memory
polymer foams.% 10 Figure 9 demonstrates the change in the physical form of a foam sample
as it expands in a fluid media from a fully compressed shape.
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Biocompatibility Study

Results of the in-vitro biocompatibility study of these foams is reported in Table 3.
Biocompatibility was analyzed based on the level of cytokine production from the cells
cultured on the foam and control substrates. The positive controls (PHA- and LPS-
stimulated cells) demonstrated significantly higher cell activation compared to the media
alone (p<0.05). Activation of IL-1p, IL-6, IL-8, and TNF-a for the foam was not
significantly higher than that for the media alone (p>0.05 in all cases), though average
values appear somewhat elevated for IL-1pB, IL-6, and IL-8. Activation of IL-12, although
significantly different compared to the media alone (p<0.05), was only marginally higher.
Overall, the relatively low cell activation induced by the foam suggests promising
biocompatibility. These in vitro results are supported by a recent publication that includes
pilot 90-day implant results of a related foam formulation, in a vein pouch carotid aneurysm
model (porcine).[>4 The in vivo study showed low inflammation and good healing in two
foam-treated aneurysms in a single animal.

CONCLUSIONS

1. Novel polyurethane shape memory polymer foams were synthesized based on
small molecular weight branched monomers to get a highly chemically crosslinked
network structure with low molecular weight between crosslinks. Swelling and
extraction studies showed a highly crosslinked structure with 96-99% of mass
incorporated in the network. Furthermore, extensive hydrogen bonding was
deduced from the FTIR results. The actuation temperature of the foams could be
customized in the range of 45-70 °C by changing the composition of constituent
monomers.

2. Very low densities (~0.015-0.021 g cm~3) were achieved in these foams. They had
amixed, closed to open cell morphology, with thin residual cell membranes.

3. The materials showed high glassy storage modulus of 200-300 kPa even at such
low densities. Excellent shape recovery of 97-98% was recorded for these
materials post initial conditioning cycles, and up to a 70 times volume expansion
was seen which is a significant improvement over other known SMP foams.

4. The drawback of secondary-shape forming above Tg seen in the traditional
physically crosslinked foams was significantly reduced through a high density of
covalent crosslinks in the structure. Shape recovery of 94% (for Tg~50 °C) and
~95% (for Tg~60 °C) was achieved for these foams in contrast to ~0% shape
recovery of physically crosslinked foams (Tg~60 °C) under similar storage
conditions (80% compressive strain at 7g+60 °C for 2 hours). Although conditions
of higher temperatures, longer holding times and larger strains are not investigated
in detail here, this result suggests an improved shelf life of these foams for storage
in a compressed secondary shape below Tg.

The polyurethane foams reported here are, to our knowledge, unprecedented in the aspect
that they simultaneously show a very highly crosslinked polymeric structure and very low
material densities down to 0.015 g cm™3. These unique properties, in addition to the
encouraging /n vitro biocompatibility results, suggest that these foams are particularly
promising as biomaterials for embolic devices in minimally invasive medical applications.
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Figure 1.

A schematic representation of the network structure of (a) physically crosslinked traditional
polyurethane foams and (b) proposed chemically crosslinked foams from low molecular
weight monomers.
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A

H20 HO Magnified image

Figure 2.

Representative cell structure of foams for all the formulations H80 through HO. Foams of all
formulations show a mixed, closed to open cell structure, with thin cell membranes between
struts. The residual thin cell membranes can be seen in the magnified image as marked by
arrows. All scale bars are 500 um except the magnified image where the scale bar is 200 um.
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Figure 3.

Histogram showing cell size distribution of H60 foam. It is seen that the pore cells are
anisotropic, being taller, approximately 1000 pum, than they are wide, approximately 700 pum.
Here equatorial measurements represent lateral diameters of pores, perpendicular to
direction of foaming; and the polar measurements represent the longitudinal diameters of
pores parallel to the direction of foaming.
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Figure 4.

(@) A comparison between the FTIR-ATR spectra of an unfoamed neat polymer (offset by
0.03 absorbance units) and foam of the corresponding formulation. Some important features
are seen: 1) presence of a shoulder in the urethane carbonyl bond (16201660 cm™1)
indicating presence of urea from chemical foaming with water (b); 2) presence of hydrogen
bonding due to urea groups also shows a broadening of the N-H peak (3100-3500 cm™1) (c);
and 3) a highly compact and hydrogen bonded structure is estimated as the urethane bond
shows a shift to lower wavenumber (1689 cm™1) compared to traditional foams (b).
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Figure 5.

DSC curves for each foam formulation. A variation in 7g of approximately 45-70 °C was
achieved by varying the ratio of HPED to TEA in the foam formulation. A higher HPED
content gave a higher glass transition value. This is likely due to the increase in rotational
steric hinderance due to secondary hydroxyl and increase in crosslink density due to use of
tetrafunctional HPED.
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DMTA curves of HO-H80 samples. Variation in transition temperatures is similar to the

DSC results.

J Polym Sci B Polym Phys. Author manuscript; available in PMC 2013 May 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Singhal et al. Page 21

a)
15 \
12—
g Fixing
£ /'
Tt
@ 6 Stress @
recovery
Loading
3
0
100 Unloading
100
O
2 ature
0 Teﬂ‘pe‘
25
b) .
......... Cycle 1 i
20 |
----- Cycle 2 i
== Cycle3
_15 /
S — .- Cycle4 S0
3 s ’
a Cycle 5
@ 10
=
(%]
5 -
. —
0 10 20 30 40 50 60 70 80 90

Compressive strain (%)

J Polym Sci B Polym Phys. Author manuscript; available in PMC 2013 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singhal et al. Page 22

=
-]

)

= = =
N ' =)

Stress (kPa)
&

20 30 40 50 60 70 80 920

Temperature (°C)

Figure 7.

Shape memory cycles performed on a H20 foam sample (Tg~50 °C) in a constrained stress
recovery mode. (a) Four steps of Shape Memory cycle are shown: (A) Loading: The sample
heated up to 7g+30 °C and a 80% compressive strain applied. (B) Fixing: The compressed
sample cooled down to 7g-20 °C. (C) Stress Recovery: Sample heated to 7g+30 °C. (D)
Unloading: Strain released at 7g+30 °C. (b) The stress vs. strain behavior of the foams for
the 5 cycles. (c) The stress vs. temperature behavior of the foam s for 5 cycles. Stages (A),
(B), (C) and (D) on plots represent the steps of loading, fixing, stress recovery and
unloading respectively.
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Shape holding behavior of four H20 foam samples. Four samples named Tg-30, Tg, Tg+30
and Tg+60 are (a) deformed to a 80% compressive strain at 7g+30 °C (b) held at specific
temperatures of 7g-30 °C, Tg, 7g+30 °C and 7g+60 °C respectively for a period of two
hours and (c) unloaded at 7g+30 °C.
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Figure 9.

Demonstration of shape memory behavior of a foam. A 6 mm cylindrical sample of H60
foam was compressed in a mechanical crimper above its Tg and then allowed to cool down
to fix the compressed shape. The compressed foam was taped to a rod (seen in the last two
panes) and then plunged in a water bath heated to 80 °C. Actuation is seen immediately on
contact with water and up to 70 times expansion in volume is observed. Approximate time
between panes is 1 sec. Scale bar is 2.5 mm.
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