Published on 19 December 2023. Downloaded on 12/19/2025 9:25:53 PM.

¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

Solvent-free synthesis of biostable segmented
polyurethane shape memory polymers for
biomedical applications

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B,
2024, 12,1217

abc

Maryam Ramezani,® Dariya Getya," Ivan Gitsov and

Mary Beth Browning Monroe (2 *@

Biostable shape memory polymers that remain stable in physiological conditions are beneficial for user-defined
shape recovery in response to a specific stimulus. For potential commercialization and biocompatibility
considerations, biomaterial synthesis must be simple and scalable. Hence, a library of biostable and cyto-
compatible shape memory polymers with tunable thermomechanical properties based on hard segment
content was synthesized using a solvent-free method. Polymer surface chemistry, thermomechanical and shape
memory properties, and biostability were assessed. We also investigated the effects of processing methods on
thermomechanical and shape memory properties. All polymers showed high glass transition temperatures
(>50 °C), which indicates that their temporary shape could be preserved after implantation. Polymers also
demonstrate high shape fixity (73—80%) and shape recovery (93—-95%). Minimal mass loss (< 5%) was observed in
accelerated oxidative (20% H,O,) and hydrolytic (0.1 M NaOH) media. Additionally, minimal shape recovery
(~0%) occurred in programmed samples with higher hard segment content that were stored in degradation
media. After 40 days of storage in media, programmed samples recovered their primary shapes upon heating to
temperatures above their transition temperature. Annealing to above the polymer melting point and solvent cast-
ing of polymers improved shape memory and thermal properties. To enable their potential use as biomaterial
scaffolds, fiber formation of synthesized polyurethanes was compared with those of samples synthesized using a
previously reported solvent-based method. The new method provided polymers that can form fibrous scaffolds

Received 19th October 2023, with improved mechanical and shape memory properties, which is attributed to the higher molecular weight

Accepted 19th December 2023 and crystalline content of polymers synthesized using the new, solvent-free approach. These biostable segmen-
ted polyurethanes could be coupled with a range of components that respond to specific stimuli, such as
enzymes, magnetic field, pH, or light, to enable a specific shape change response, which could be coupled with

drug and/or bioactive material delivery in future work.
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1. Introduction

Shape memory polymers (SMPs) are smart polymers that can
remember their primary shape. If an external stimulus, com-
monly heat, is applied to the polymer, the chains become more
flexible to enable programming (e.g., straining, compressing, or
folding) into a temporary shape. Upon re-exposure to a second
stimulus, polymer chains release the tension and recover their
primary shape.'® These smart materials have been employed
in an extensive range of applications in tissue regeneration
and repair,”® drug and antimicrobial delivery,”’® wound
care,'! sutures,” and biofilm/infection assessment/treatment.'?
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Different applications of SMPs require varying degrees of stability,
depending upon the goals and functions."*'* Some applications,
such as hemostasis and sutures, need rapid, non-specific shape
change upon implantation'>'® while others require a slower rate
of shape change and/or degradation, such as polymers for tissue
regeneration or infection treatment.'>'*'”

SMPs can be designed to respond to user-defined stimula-
tion or unique signals from the environment, which requires
materials that do not undergo unwanted degradation or actua-
tion from exposure to physiological conditions.*'* For exam-
ple, in our previous work, we designed SMPs that only respond
to magnetic field"® and bacterial proteases'” by altering
responsive moieties within a biostable SMP system. A wide
range of cues could be coupled with this stable SMP that
respond to changes in pH, environmental proteases, oxidative
species, light, or magnetic field to provide a specific response
to the healing environment and/or clinician-applied external
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Fig. 1 Schematic representation of solvent-free method for segmented thermoplastic polyurethane synthesis.

stimuli. The shape/dimension alteration could be coupled with
drug or bioactive factor delivery,” it could be used to control cell
or bacteria interactions,'® or it could be used as tool for
diagnosis.'>'®

Segmented thermoplastic polyurethanes (STPUs) are copo-
lymers containing hard and soft alternate blocks chemically
bonded together (Fig. 1). To synthesize STPUs, long chain
macromonomers with hydroxyl groups (soft segments), small
molecule chain extenders (hard segments), and coupling agents
are required. Macromonomers confer flexibility to system,
while chain extenders act as rigid segments when reacted with
coupling agents to form hydrogen bonding sites. The secondary
interactions between chains contribute to the crystal structure
and enable maintenance of programmed SMP structures.®*°
Microphase separation due to incompatibility between hard and
soft segments is crucial for STPU performance and can define
polymer properties, including shape memory abilities.”*>* The
transition temperature (typically the glass transition temperature,
T,) of STPU-based SMPs is the temperature at which soft segments
become flexible to enable the SMP to be deformed/stretched. If the
T, of a SMP is well above body temperature, programmed polymers
will not be passively actuated by heating after implantation in the
body. To further ensure that SMPs do not undergo significant
shape changes corresponding with alterations in their thermal and
mechanical properties over time, they need to be biostable in
physiological conditions. Thus, SMPs with high transition tempera-
tures and high biostability can be designed to be responsive to
specific user-defined stimuli.***

In our previous work, we proved that a STPU based on
hexamethylene diisocyanate (HDI), polypropylene glycol
(PPG), and triethylene glycol (TEG) provides a promising plat-
form for user-defined responsive materials due to their high
tunability and biostability." However, the previously reported
synthesis process employed a solvent (tetrahydrofuran) and was
time- and labor-intensive (~ 3 days). In this study, we aimed to
improve the efficiency of the synthesis protocol and make it
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more environmentally friendly by removing the solvent from
the system. This solvent-free method is very straightforward
and user-friendly, since it does not require extra titration or
stoichiometric balance steps, the synthesis can be performed in
one pot, and the hands-on preparation time is reduced to
~15 min.

We characterized the synthesized polymers in terms of sur-
face chemistry, molecular mass, and thermomechanical and
shape memory properties. We also characterized the bio-
stability of the synthesized STPUs in accelerated oxidative
(20% H,0,) and hydrolytic (0.1 M NaOH) media in terms of
mass loss, surface chemistry, changes in thermal properties,
and their ability to maintain programmed temporary shapes
over time."?°?® Then, we assessed the influence of different
processing methods on microphase separation and shape
memory/thermal properties of synthesized STPUs. To extend
the potential utility of this system, we fabricated fibrous,
porous scaffolds from the synthesized materials. We employed
electrospinning, a commonly used processing method in bio-
medical applications, to characterize the fiber formation ability
of synthesized STPUs compared with polymers synthesized by
the previously reported solvent-based method. Tensile and
shape memory testing was utilized to characterize properties
of resulting fiber mats. Overall, this study can open new
windows for synthesizing flexible, cytocompatible, and bio-
stable SMPs for biomedical application using an easy, environ-
mentally-friendly, and efficient method. This technique could
also be extended to other STPU synthesis platforms to expand
their utility and enhance scale-up efforts.

2. Materials and methods
2.1 Materials

Hexamethylene diisocyanate (HDI, Thermo Fisher Scientific,
Waltham, MA), polypropylene glycol (PPG, M.W. 2000 ¢ mol ™",
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Fisher), triethylene glycol (TEG, Fisher), diethyl ether (anhy-
drous, Fisher), NaOH (Sigma-Aldrich, Burlington, MA), dibutyl-
tin dilaurate (DBTDL, Sigma), hydrogen peroxide (H,O,,
Certified ACS, 30%, Fisher), phosphate buffered saline (PBS,
Fisher), penicillin-streptomycin (P/S, Fisher), fetal bovine
serum (FBS, Fisher), Dulbecco’s modified Eagle’s medium
(DMEM, Fisher), Live/Dead™ assay (Fisher), and ethanol
(reagent grade, Fisher) were purchased as indicated above
and used as received unless otherwise specified.

2.2 Segmented thermoplastic polyurethane synthesis

A library of polymers (Table 1) was synthesized using a one-step
process (Fig. 1). A mixture of reagents containing PPG as the
soft segment and TEG as a chain extender was prepared in a
speed mixer cup. Then, HDI was added at a 20% excess to the
hydroxyl mixture (1.2 isocyanates: 1 hydroxyl). Dibutyltin dilau-
rate (1 wt%) was added as a catalyst. All additions were
performed in a glove box (Labconco, Kansas City, MO, USA)
to maintain a dry inert atmosphere using nitrogen passed
through a drying train (Labconco, Kansas City, MO, USA) to
have a relative humidity below 200 ppm. The cup then was
placed in a speed mixer (Flacktek, Landrum, SC, USA) at
3500 rpm for 30 seconds. Afterwards, the mixture was poured
into a Petri dish with a Teflon liner and then placed in an oven
at 50 °C for 48 hours. Fourier transform infrared (FTIR)
spectroscopy was carried out on the final product to track the
depletion of hydroxyl groups of PPG and TEG and of isocyanate
groups of HDI while assessing formation of urethane groups.
Films were prepared for further characterization using a hot
press (Carver 3851-0, Carver Inc. Wabash, IN, USA). Polymer
samples were placed between hot press plates at a temperature
of 100 °C for 20 minutes with an applied pressure of 1 bar.
Then, the films were cooled to room temperature. To compare
the polymer properties with those of the previously reported
solvent-based method, the synthesis method from our previous
work was utilized to prepare controls as previously described.!

2.3 Spectroscopic analysis

FTIR spectroscopy (Nicolet iS5, Fisher Scientific, Waltham, MA,
USA) was employed to characterize the surface chemistry of synthe-
sized polymers on a thin layer of polymer at 0.8 cm ™" resolution to
analyze formation of C—0 and NH bonds of the urethane, and OH
and NCO depletion of TEG/PPG and HDI, respectively.

2.4 Molecular mass measurement

Size-exclusion chromatography (SEC) was utilized to compare
molecular mass of polymers synthesized using solvent with
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those made with the solvent-free method. Each sample
(5-7 mg) was dissolved in 1 mL of distilled THF and kept
overnight. The next day, samples were analyzed on a system
with a M510 pump, U6K universal injector, and 486 tunable
absorbance detector (all from Waters Corporation, Milford,
MA, USA) and 250 dual refractometer/viscometer (Malvern
Panalytical Inc. Westborough, MA, USA). The separation was
achieved over a set of three 5 pm Styragel columns (HR 2,
3 and 5, Waters) and calibrated with 17 narrow dispersity
PSt standards with molecular masses between 0.162 kDa and
956 kDa. Number average molecular mass (M,,) and disper-
sity index (D) were determined using OmniSEC 5.0 software
(Malvern Panalytical).

2.5 Cytocompatibility

NIH Swiss mouse 3T3 fibroblasts were employed to assess
cytocompatibility of a representative STPU formulation (HDI-5).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P/S, Gibco) at 37 °C/5% CO,. Cells were seeded in
24 well plates at 10 000 cells per well and allowed to adhere for
24 hours while incubating at 37 °C/5% CO,. Cylindrical film
samples (6 mm diameter, 1 mm thickness, n = 3) were cleaned
with DI water and PBS, exposed to UV light for 10 minutes per
side, and then added to Transwell® inserts above pre-seeded
wells to incubate with cells. After 24 hours, the inserts/samples
were removed, and a Live/Dead™ assay (live: Calcein AM,
green; dead: BOBO-3 Iodide, red, Thermo Fisher Scientific)
was employed to stain cells. Wells with empty inserts were
employed as positive, cytocompatible controls, and -cells
exposed to 200 ul of 70% methanol were taken as negative,
cytotoxic controls. Each well was then imaged (3 field views/
sample) using an inverted microscope (Leica, DMI6000). In a
second set of samples, a resazurin assay was used to quantify
relative cell numbers after exposure to HDI-5 samples under the
same conditions. For this assay, inserts were removed after
24 hours, and cells were washed with PBS. Then, each well was
incubated with 600 pl of 10% resazurin stain for two hours.
Solutions (200 ul) were transferred to a fresh 96 well plate, and
florescence was measured (530 excitation, 590 emission) using
a plate reader (FLx800, Bio-Tek Instruments, Inc.). Relative cell
viability was calculated as:

Relative cell viability (%) =

Flourescence of Sample Group

1
Mean Flourescence of Positive Control Group x 100%

Table 1 Chemical compositions of synthesized segmented thermoplastic polyurethanes

Sample ID Formulation HDI (mol%) PPG (mol%) TEG (mol%)
HDI-3 3 HDI: 1 PPG: 2 TEG 50 16 34
HDI-4 4 HDI: 1 PPG: 3 TEG 50 12 38
HDI-5 5 HDI: 1 PPG: 4 TEG 50 10 40
HDI-6 6 HDI: 1 PPG: 5 TEG 50 8 42

This journal is © The Royal Society of Chemistry 2024
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2.6 Thermal analysis

Thermal gravimetric analysis (TGA) was carried out on a
TA-Q500 instrument (TA Instruments, Waters) to examine the
thermal degradation of the polymers. Samples (n = 3, 5-10 mg)
were placed in platinum pans and heated to 450 °C at
10 °C min~"'. The temperature associated with 3% mass loss
was identified as the thermal degradation temperature for all
samples. Further thermal processing and analysis steps were
conducted below this temperature.

A differential scanning calorimeter TA-Q200 (TA Instru-
ments, Waters) was used to track glass transition temperatures
(Ty's) and melting transitions (Ty,’s) of the polymers. Samples
(n = 3, 3-5 mg) were placed in #zero aluminum pans and
equilibrated at —40 °C, heated to 150 °C at 10 °C min ', held
isothermally at 150 °C for 2 min, cooled to 50 °C at 5 °C min ™",
held isothermally for 20 min, cooled to 140 °C, held
isothermally for 2 min, and re-heated to 150 °C at a rate of
10 °C min~". Transition temperatures were evaluated using the
second heating cycle according to the mid-point of the
endothermic inflection (T,) and the minimum of the endother-
mic peak (Ty,). The enthalpy of melting (AH) was characterized
by quantifying the area under the endothermic crystal melting
curve. If an exothermic cold crystallization peak was observed
before the Ty, the area under that peak was subtracted from the
measured area under the melting curve.

2.7 Shape memory behavior

To evaluate shape fixity and recovery of the synthesized poly-
mers, a dynamic mechanical analyzer (DMA, TA-Q800, TA
Instruments, Waters) in a controlled-force mode was employed.
Samples were cut into dog bones (ASTM D638 type IV, scaled
down by a factor of 4) with a gauge length of 6.25 mm and
width of 1.5 mm. The samples were heated to 60 °C (above their
T,), and a controlled force was applied to stretch them to 40%
strain at 0.03 N min~ ", followed by cooling to —5 °C at 2 °C
min~". Samples were unloaded at 0.1 N min~" and re-heated to
60 °C at 2 °C min~ " to assess the shape recovery ratio. This cycle
was completed three times and the second cycle was used for
analysis. Shape recovery (R,) and shape fixity (R;) were mea-
sured using eqn (2) and (3) for cycle number N, in which ¢, is
the remaining strain after unloading (fixed strain), &,, is max-
imum strain at loading, and ¢, is the remaining strain after

recovery (permanent strain).*°
Re(N) = 2 % 100 @)
&m
em — &(N)
R(N)=—"_"P"° _x1 3
() = 0o 6)

2.8 Mechanical properties

The dog bone die described in Section 2.7 was used to cut
samples for mechanical testing. Samples (n = 3) were placed
into a tensile tester (100P Universal Testing Machine, Test
Resources, Inc., Shakopee, MN) with a 24 N load cell and
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strained at a rate of 2 mm min~"' until rupture to measure
tensile strength, Young’s modulus, and elongation at break
from resulting stress/strain curves.

2.9 Degradation analysis

Samples were cut from polymer films using an 8 mm diameter
punch, rinsed with DI water, and dried under vacuum. Then, a
gravimetric scale was used to obtain initial masses. The sam-
ples were placed in 20% H,0, (accelerated oxidative media) or
0.1 M NaOH (accelerated hydrolytic media) at 37 °C. Samples
were washed with DI water every 4 days and dried under
vacuum for 48 hours at room temperature. Masses were
recorded after each drying process, and then samples were
returned to media for up to 40 days. Thermal properties (DSC)
and surface chemistry (FTIR) were assessed on sacrificial
samples at each time point.>°

2.10 Shape stability

Dog bones (n = 3) were cut from each polymer film, heated
above their transition temperature using an oven, folded in half
lengthwise, and cooled to room temperature while folded to
lock in the temporary shape. A digital caliper was used to
measure the initial distance between two folded edges. The
folded samples were placed in oxidative (3% H,0,) or hydrolytic
(0.1 M NaOH) degradation media at 37 °C. Every day (up to
40 days), the distance between folded edges was measured
using a caliper and used to determine the angle of unfolding
(0, degrees) to assess shape recovery of samples. After 40 days,
the samples were placed in a water bath at 75 °C to characterize
shape recovery after degradation. This temperature was
selected to ensure that samples were well above their transition
temperatures (determined using DSC as described in Section 2.5) and
that full shape recovery could be characterized. The samples
were imaged using a camera, and the amount of unfolding was
used to quantify shape recovery.

2.11 Film processing effects

To evaluate the influence of processing methods on polymer
properties and microphase separation, three different methods
were used: (1) a polymer film was formed directly from the
polymerization step, (2) a polymer film was made using a hot
press described in Sections 2.2, and (3) a polymer film was
made by solvent casting (i.e., dissolved 2 g of polymer in 10 mL
chloroform, casted into a Teflon mold, and dried under
vacuum). After processing films, samples were cut using the
dog bone die described in Section 2.6. Then DSC (only for HDI-6
as a representative sample) and DMA (for all formulations) were
used to evaluate thermal and shape memory properties,
respectively.

2.12 Annealing effects

To investigate the effect of annealing on thermal behaviors of
the polymers and their microphase separation, polymers that
were formed directly from polymerization were used and com-
pared with polymer films formed using solvent casting
described in Section 2.11. Samples (3-5 mg) were placed in

This journal is © The Royal Society of Chemistry 2024
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DSC aluminum pans and incubated at varied temperatures
for 30 minutes: below their T, (40 °C), slightly above their
T, (60 °C), slightly below their Ty, (80 °C), and above their
Tm (120 °C). A control sample was employed that did not
undergo thermal treatment. The pans were removed from
the oven and cooled to room temperature. Then, the pans
were placed in the DSC and characterized using the cycle
described in Section 2.5.

2.13 Electrospinning

To evaluate the ability of synthesized polymers to form fibrous
mats, a custom electrospinner was utilized. Each polymer
(1.5 g) was dissolved in 4 mL chloroform/1 mL DMF and placed
into a Spraybase® electrospinning syringe pump set to dis-
pense the solution at 2 mL h™'. The distance between the
needle and the collecting drum (covered with a sheet of
aluminum foil) was set to 10 cm, and a positive charge of
12.6 kv was applied to the needle tip with 50% humidity at
room temperature. The collecting drum (95.6 mm diameter,
300 mm width) rotation rate was set at 2000 rpm.*' After
electrospinning for 2.5-3 hours, the mats were removed from
the drum and dried under vacuum to remove solvent residue.
A Denton Vacuum sputter coater was utilized to sputter coat the
samples. Then, they were imaged with a scanning electron
microscope (SEM, Jeol JSM 5600) at 300x magnification and
20 kV high vacuum to assess the morphology and thickness of
the fibers formed from polymers synthesized with and without
solvent. Shape memory and mechanical properties of the fiber
mats were evaluated and compared using the methods
described in Sections 2.6-2.7.

2.14 Statistical analysis

Data are presented as mean =+ standard deviation. Sample sizes
are provided with data presented in each figure. ANOVA with
Tukey’s post hoc test was performed on data using Microsoft
Excel. Statistical significance was taken as p < 0.05.

3. Results and discusion

3.1 Polymer synthesis

Fig. 2(a) shows the FTIR spectra of synthesized STPUs, which
confirm the successful synthesis of polyurethanes with similar
chemical structures as those reported in our previous work.*?
Namely, the appearance of peaks corresponding to urethane
bonds N-H (~3320 cm™ ') and C=0O (~1677 cm ') was
observed. Additionally, the disappearance of the vibration band
at ~2270 cm™ ' proves the complete consumption of isocyanate
groups during synthesis, which is also complemented by a
reduction in the OH peak at ~3400 cm "."*>*>*3 SEC results
(Fig. 2(b)) showed higher M, for all formulations synthesized
using the solvent-free method as compared with polymers of
the same chemistry synthesized using the previously
reported solvent-based method. Additionally, HDI-3, 4, and
6 synthesized using the solvent-free method had lower D
values. This result is attributed to a higher concentration of

This journal is © The Royal Society of Chemistry 2024
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monomers during reaction in solvent-free conditions com-
pared to diluted monomers in the solvent-based method,
which may reduce the occurrence of side reactions by
increasing the speed of reaction and/or increasing monomer
reaction efficiency.

After synthesis of polymers, HDI-5 was taken as a represen-
tative STPU formulation on which to assess cytocompatibility,
as all polymers were synthesized from the same components,
Fig. 2(c). Using both live/dead and resazurin assays, the STPU
shows high cytocompatibility, with higher relative cell numbers
(~165%) relative to the positive control measured using the
resazurin assay. While further characterization of cell/material
interactions would be required before employing these materi-
als in biomedical applications, these studies provide an initial
indication of the high cytocompatibility of STPU’s synthesized
using the solvent-free method.

3.2 Effects of synthesis route on thermomechanical
properties

In this segmented polyurethane system, we observed an
initial glass transition temperature (Ty) at approximately
0 °C, which is attributed to the T, of the PPG soft segment.
When a polyol is reacted into a polyurethane, its T, may or
may not be fully apparent in the DSC results. If it does
appear, the actual value of the soft segment T, typically
differs from that of the individual polyol material. In this
case, the low T, at 0 °C is higher than that of the individual
PPG component (approximately —70 °C**). However, if this
temperature is observable in DSC, its measurement serves as
an indicator of successful phase separation within segmen-
ted polyurethanes.?® Additionally, as a result of this low Ty,
the polyurethanes exhibit flexibility at room temperature.
This study primarily focuses on the second observed T,
(~55 °C) that is attributed to the hard segment, as this is
the temperature at which shape memory programming
can occur.

Fig. 3(a) shows hard segment glass transition temperatures
(Tg), melting points (T,), and enthalpy of melting (AH) of
polymers synthesized using the previously reported solvent-
based method and the new solvent-free method. The values
for the solvent-based method samples were previously reported
by us." As shown, thermal properties of polymers synthesized
using the two methods are very similar. There was a slight
increase in Ty, of HDI-3 and HDI-4 using the solvent-free
method, which may be due to better microphase separation
of polymers synthesized without solvents and/or higher
molecular weight.*® Based on the measured enthalpies of
melting, as we increase the hard segment content in our
library, the polymers have higher contents of crystalline
lamellae, which is expected based on more interaction sites
for hydrogen bonds between hard segments on chains. There
were no observable differences in crystallinity based on
the two synthesis methods. However, once polymers achieve
a M, of at least 50 kDa (all polymers except for HDI-3 and
HDI-4 synthesized using the solvent method) there is a direct
correlation (R* = 0.94) between M, and enthalpy of melting,
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Fig. 2 (a) Characterization of synthesized segmented thermoplastic polyurethanes using Fourier transform infrared (FTIR) spectroscopy. (b) Number
average molecular mass (M,, left) and polydispersity index (D, right) of polymers synthesized with and without solvent (n = 1). (c) Cytocompatibility of
representative segmented thermoplastic polyurethane (HDI-5) measured using live/dead and resazurin assays (n = 3, mean + standard deviation

displayed, scale bar applies to all images).

regardless of synthesis method, indicating that as polymer
chain molecular weight is increased, the crystallinity is also
increased.

Overall, all transition temperatures (hard segment Tg) are
well above body temperature. This property could ensure stable
temporary shape fixation after implantation while in physiolo-
gical conditions, as body temperature heating would not be a
trigger for shape recovery. Therefore, these polymers could
provide a platform for incorporation of specific stimuli-

1222 | J Mater. Chem. B, 2024, 12, 1217-1231

responsive components to induce shape changes only in
response to the desired stimulus. For example, our prior work
employed the solvent-based polymers with high transition
temperature to incorporate magnetic nanoparticles that enable
user-defined shape recovery upon application of a magnetic
field.® The magnetic field induces localized heating within the
polymer samples to drive shape change while maintaining safe
(~40 °C) temperatures in surrounding media. We also incor-
porated peptides that are degraded by bacterial proteases to

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Comparison of (a) thermal (n = 3), (b) shape memory (n = 1, x: no shape memory properties were observed), and (c) tensile (n = 3) properties
of polymers synthesized using solvent-based (data are from our previous work®?) and solvent-free methods. Mean + standard deviation displayed.
*p < 0.05 relative to corollary sample synthesized using solvent-based method.

provide environmentally-responsive SMPs that change shape in
the presence of bacteria without the need for external input of a
heat stimulus."”> We envision that other groups could use
similar approaches to provide biomaterials the respond to
light, electric fields, and/or other enzymes.

Fig. 3(b) displays the shape memory properties of polymers
synthesized by the two methods. HDI-3 synthesized by the
previously reported solvent method does not show shape
memory properties, but by using the solvent-free method, these
polymers showed high shape fixity and recovery, which is likely
due to the increased molecular weight. In general, all polymers
with M, above 15 kDa demonstrate shape memory, with no

This journal is © The Royal Society of Chemistry 2024

clear trends between shape memory properties and thermal
properties (ie., enthalpies of melting, T,, or Ty,). For other
formulations, shape fixity and recovery were approximately the
same for the two methods. Fig. 3(c) shows tensile properties of
polymers synthesized using the solvent-based and solvent-free
methods. The solvent-free method resulted in significantly
increased tensile strength and elongation at break of HDI-3
and 4. The modulus of HDI-3 was not impacted, while the
modulus of HDI-4 decreased with the new synthesis appro-
ach. Additionally, HDI-5 synthesized using the solvent-based
method had higher tensile strength than the new solvent-free
HDI-5, but elongation at break and modulus were unaffected by
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the synthesis method. HDI-6 synthesized by the two methods
showed similar tensile strength and elongation at break, but
the modulus was slightly reduced in the HDI-6 synthesized
using the solvent-free method. Overall, this data proves that
tensile strength, modulus, and elongation at break of the
polymers are tunable with the new synthesis method. Namely,
as we increase the hard segment content, these properties
increase.

We can attribute the tunable mechanical properties to
stronger interactions between chains, higher crystallinity, and
increased phase separation that is achieved with higher hard
segment content and increased molecular weight. When com-
paring mechanical properties with molecular weight, there is a
general correlation between higher molecular weight and
increased tensile strength and ultimate elongation (R* = 0.70
and 0.79, respectively). Modulus does not correlate well when
evaluating the entire set of polymers (R” = 0.44); however, when
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only higher molecular weight polymers are assessed (M,, > 50 kDa),
a correlation is apparent between increased molecular weight
and increased stiffness (R* = 0.80). Clear correlations occurred
with increased enthalpy of melting and increased tensile
strength, ultimate elongation, and modulus (B> = 0.86, 0.75,
and 0.91, respectively). Thus, the enthalpy of melting or crystal-
line content of these STPUs provides a better indication of
increased mechanical properties than molecular weight.

In general, the solvent-free approach provides a mechanism
for increasing reaction efficiency to achieve higher molecular
weight polymers, particularly in lower hard segment (HDI-3
and HDI-4) formulations. This increased molecular weight
drastically affects Ty, (Fig. 3(a), middle), change in enthalpy
of melting (Fig. 3(a), right), and mechanical properties
(Fig. 3(c)), while providing SMPs with similar transition tem-
peratures (hard segment Ty, Fig. 3(a), left) and similar shape
fixity and recovery (Fig. 3(b)). Thus, this method enables broad
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Fig. 4 (a) Mass remaining of segmented thermoplastic polyurethanes synthesized by solvent free method in (left) 20% H,O, and (right) 0.1 M NaOH over
40 days. p > 0.05 between day 0 and 40 for each formulation and between all formulations at day 40. (b) FTIR spectra and corresponding T and T,
(n = 1) at 0 and 40 days of incubation in hydrolytic and oxidative media for HDI-3, HDI-4, HDI-5, and HDI-6.
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tuning of molecular weight and crystallinity to alter mechanical
properties and melting behavior independently of shape mem-
ory properties.

3.3 Degradation and secondary shape stability

Fig. 4(a) displays mass loss of synthesized STPUs in oxidative
(left) and hydrolytic (right) degradation media over 40 days. As
shown HDI-4, 5, and 6 experienced less than 5% mass loss in
accelerated oxidative media, while HDI-3 showed 9% mass loss.
The increased stability of higher hard segment polymers is in
concurrence with our previous work; however, HDI-3 has higher
oxidative stability than the previously reported polymer synthe-
sized using the solvent-based method, which underwent ~28%
mass loss over 40 days.?” The improved oxidation resistance
may be due to better microphase separation and higher mole-
cular weight of synthesized STPU’s using the solvent-free
method. In accelerated hydrolytic media, all formulations
showed very low levels of mass loss (~3%), which was expected
based on the lack of hydrolyzable groups in the polymer
backbones.

Overall, no significant differences were observed in mass
losses over time, suggesting that these materials exhibit good
resistance to degradation. It should be noted that these experi-
ments were carried out in accelerated oxidation and hydrolysis
conditions and that biological conditions contain much lower
concentrations of reactive oxygen species and a more neutral
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pH. Thus, we expect that these materials would be highly stable
in physiological conditions and would experience negligible
mass loss in more physiologically relevant degradation media
(e.g, 3% H,0, or phosphate buffered saline). This result is
encouraging, especially in the context of biomedical applica-
tions where long-term stability and durability are desired.
These results also indicate that these materials do not undergo
substantial erosion, which is crucial for maintaining their
structural integrity and functional properties over extended
periods. High stability may be important for applications such
as wound dressings, implants, or drug delivery systems, where
the materials need to maintain their effectiveness and struc-
tural integrity during the intended use. However, it is important
to note that the lack of significant mass loss alone may not
provide a complete picture of the material performance.

To extend our understanding of the polymer degradation
profiles, Fig. 4(b) shows surface chemistry and thermal proper-
ties of STPUs after 0 and 40 days of incubation in accelerated
oxidative (20% H,0,) and hydrolytic (0.1 M NaOH) media. FTIR
spectra did not show observable changes in peaks; and thermal
properties were unchanged and remained well above body
temperature throughout the experiments. These results reveal
that accelerated degradation media did not affect the polymer
backbone in synthesized STPUs, which confirms high biost-
ability. Thus, oxidative degradation (from reactive oxygen spe-
cies produced during healing) and hydrolytic degradation
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Fig. 5 Shape recovery of programmed (folded) segmented thermoplastic polyurethanes measured as the angle of folded samples (6, degrees),
determined based on distance between folded sample ends in (a) 3% H>O, and (b) 0.1 M NaOH over 40 days of incubation at 37 °C. n = 3,
mean =+ standard deviation displayed. *p < 0.05 relative to day O for all remaining time points, with font color matching corollary sample line color.
p < 0.05 relative to day 0 at given time point, with font color matching corollary sample line color. Shape recovery of samples upon external heating to

75 °C after 40 days of incubation in (c) 3% H,O, and (d) 0.1 M NaOH.
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(from water in the body) would be negligible in these polymers
after implantation.'>**3>373% Additional analyses, such as
mechanical testing over time, should be considered in future
work to comprehensively evaluate the material performance
and suitability for any intended application.

As Fig. 5(a) and (b) show, programmed HDI-5 and 6 samples
(folded into a secondary shape) experienced minimal shape
recovery over 40 days in both oxidative and hydrolytic degrada-
tion media. Shape recovery of HDI-4 was also low, with <10%
in hydrolytic and oxidative media. HDI-3 samples unfolded by
~65%, which was expected due to their weaker interchain
interactions and lower crystallinity. The HDI-3 synthesized
using the previously reported solvent-based method did not
have shape memory properties;** thus, the solvent-free method
confers improved mechanical and shape memory properties to
HDI-3. After incubation, retention of shape recovery capabil-
ities was confirmed by heating samples to above their T,’s and
macroscopically analyzing unfolding to their primary shapes,
Fig. 5(c) and (d). Synthesized STPUs maintained their shape
memory properties even after long-term exposure to degrada-
tion media, with full recovery to their primary shape upon input
of a heat stimulus. Overall, these results demonstrate that HDI-
5 and 6 have exceptional ability to maintain their secondary
shape in physiological conditions.'*** This property could
enable the use of these polymers for applications that require
specific responses to external cues, such as enzymes and
magnetic fields, after insertion of desired stimuli-responsive
components.

3.4 Processing effects

Microphase separation of hard and soft segments plays an
important role in STPU shape memory and thermomechanical
properties, and polymer processing can be used to control
microphase separation.®® In general, during heating and/or
dissolution, hard and soft segments become more mobile.
Upon cooling or drying, the segments begin to form new
intermolecular interactions, such as hydrogen bonds, to induce
phase separation.”’*® When the material is cooled or dried,
these new intermolecular interactions are stabilized within
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their respective domains to separate the hard and soft phases,
leading to the formation of physically crosslinked networks. By
controlling polymer processing conditions, such as heating and
cooling, it is possible to influence the microphase separation
and morphology of STPUs.”® This, in turn, affects the final
material properties, including its shape memory behavior and
thermomechanical performance.*® Optimizing the microphase
separation through appropriate processing techniques enables
customization of STPU materials with desired mechanical
properties, shape memory characteristics, and processing cap-
abilities. An understanding of microphase separation and its
control is essential for designing and tailoring STPUs. Proces-
sing can be employed during or after initial film formation. To
understand the effects of film fabrication processes, films
formed directly from the solvent-free synthesis were compared
with hot pressed and solvent cast films in terms of thermal and
shape memory properties.

Fig. 6(a) shows DSC thermograms of materials made with
the three film formation methods. In amorphous materials, the
glass transition has a noticeable impact on thermal conductiv-
ity, resulting in a more distinctive peak in DSC. This phenom-
enon is significantly less pronounced in semi-crystalline
polymers, primarily because only the amorphous phase con-
tributes to this behavior, while the crystalline phase exhibits a
more dominant influence. Thus, T, does not change the heat
capacity of semi-crystalline polymers to the same degree as
that of amorphous polymers.*" Polymers with hard and soft
domains have even further complicated thermal transitions.
Within the STPU literature, the classification of the multiple
endothermic peaks associated with hard segments is somewhat
controversial, and different authors have attributed these peaks
to various phenomenon in the polymer strcuture.****> Com-
monly, the first endothermic event is reported as the T, of the
hard segment.*> Seymour et al. reported that these endother-
mic peaks rely on they thermal history of the polymer, and they
observed that the annealing temperature and hard segment
length have significant effects on the endotherms.*® Yuan et al.
reported the endothermic peaks as melting points of portions
of the hard segments with different degrees of order.*

Directly from
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Fig. 6 (a) The effect of processing methods on cold crystallization of representative segmented thermoplastic polyurethane (HDI-5) films formed from
the solvent-free synthesis method. DSC thermograms of HDI-5 films after annealing at different temperatures for (b) control films formed directly from
solvent free method and (c) films formed via solvent casting. All thermograms show the second heating cycle of DSC runs, and overlaid numbers are
mean =+ standard deviation of crystallization enthalpies, melting enthalpies. AH; = AHmeix — AHcrystatization (J g~} for n = 3 samples. p < 0.05 relative to
control solvent-free film. Arrows point to crystallization peak in heating cycle.
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Here, we attribute the first endotherm in this region (around
60 °C) to the T, of the hard segment due to change in heat
capacity before and after the transitions. The other two
endotherms at higher temperatures are associated with melting
of hard segment domains with varying degrees of order that
arise due to differences in the arrangement and alignment of
the polymer chains within the material. These domains can
vary based on (1) processing conditions, such as temperature
and solvent, that can influence the arrangement of polymer
chains; (2) degree of crystallinity, based on annealing time/
temperature and other processing that might promote a differ-
ent degree of crystallinity in hard segments with different chain
lengths; and (3) cooling rate, which can affect the order of
crystalline lamellae (i.e., rapid cooling may result in a less
ordered structure compared to slower cooling).*”*®

Hot pressed films had reduced exothermic crystallization
peaks between the hard segment T, and T, endothermic
transitions relative to that of the directly made film, while
solvent casting completely eliminated the crystallization peak
from the heating cycle of DSC. This result indicates that the
crystalline phase was able to completely form during solvent
casting, eliminating thermal reorganization during heating.
The AH; (the difference between AH melt and AH crystal-
lization) values show that the crystalline content in hot pressed
and solvent-cast films were similar and that both processing
techniques increased crystallinity as compared with films
directly formed via solvent-free method. The T, of the soft
segment is still observable at around 0 °C after all three
processes (directly from solvent-free synthesis: 1 + 1 °C, hot
pressed 1 & 1 °C, solvent-cast: 2 & 1 °C).

Shape recovery was generally unaffected by these film pro-
cessing methods, Table 2; however, shape fixity was consis-
tently increased in hot pressed films and further increased in
solvent cast films. These methods provide more time for chains
to form crystalline regions and therefore can improve phase
separation to increase crystallinity and enhance shape memory
properties.>® This data provides an initial indication of how
shape memory properties can be tuned with a single polymer
chemistry by altering the film formation process.

3.5 Annealing effects

After polymer films are formed, they can be subjected to
additional thermal processing, such as annealing. As shown
in Fig. 6(b), heating polymer films formed directly from the
solvent-free method to above their T,,’s (120 °C) eliminates the
crystallization peak in the heating cycle of DSC. During this
annealing step, the polymer melts to provide more time for
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phase separation and crystallization.>® Wei et al. reported a
similar trend, where the melt enthalpy increased with increased
annealing time, resulting in the formation of more crystals.*?
Annealing at lower temperatures did not affect crystallinity
(enthalpy of melting), because polymer chains were not mobile
enough at these temperatures to allow rearrangement.*®
Fig. 6(c) shows the effects of annealing on films formed by
solvent casting. The solvent-cast film does not have a crystal-
lization peak in its heating cycle. Thus, annealing does not
affect the thermal properties of these samples in terms of
formation/removal crystallization peak. Overall, these results
show that due to the ability to rapidly form polymer films using
the solvent-free method, polymer chains do not have enough
time to form crystalline lamellae during synthesis. However,
film fabrication processes (e.g., solvent casting) and/or post-
fabrication annealing can be used to maximize crystallinity
after synthesis.

3.6 Fiber formation

Beyond bulk film fabrication, porous and fibrous scaffolds can
enhance utility of polymeric biomaterials. For example, electro-
spun fibers can enhance control over drug delivery, provide a
scaffold for desired cell/material interactions, or serve as
wound dressings or protective coatings.’*™' To expand the
potential use of these STPUs, we explored the effects of synth-
esis route and chemistry on the ability to form electrospun
fibers, Fig. 7(a). During the electrospinning process, a charge is
applied to a polymer solution inside of a needle to deform the
solution droplet into a Taylor cone as it exits the needle. As the
electric field increases, the intensity of attractive force between
the polymer solution and the collector can overcome the sur-
face tension of the droplet and make it to deform into fibers as
it travels toward the rotating collector. During this time, solvent
evaporates and dry fibers form.>” Fiber diameter and morphol-
ogy depend on solution properties, such as viscosity and
polymer molecular weight, because fibers must be strong
enough to bear the tension from stress and movement until
they reach the collector to prevent fiber breakage. Therefore,
increasing molecular weight and chain entanglements can be
used to provide sufficient force and interactions for fiber jets to
withstand the electrospinning process, and variables in poly-
mer synthesis and chemistry can affect fiber formation.>*
HDI-3 synthesized using the previously reported solvent-
based method was not able to form fibers (only evidence of
electrospraying was observed in SEM images), while the
solvent-free method successfully enabled formation of fiber
mats from HDI-3. Molecular weight and chain entanglements

Table 2 Shape memory properties (shape fixity: Rs; shape recovery: R,) of polyurethane films processed by hot press and solvent casting in chloroform

compared with films directly prepared from solvent-free synthesis

Direct from synthesis Ry & R,

Hot pressed film R; & R, Solvent-cast film Ry & R,

HDI-3 77 & 93
HDI-4 66 & 93
HDI-5 61 & 95
HDI-6 61 & 97

This journal is © The Royal Society of Chemistry 2024

80 & 95 86 & 98
76 & 93 84 & 91
75 & 94 82 & 92
73 & 95 84 & 92
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Fig. 7 (a) Scanning electron micrographs of electrospun fibers with overlaid fiber diameter (n = 10, quantified using Imagej). Scale bar applies to all
images. (b) Tensile properties of fibers. n = 3, mean =+ standard deviation displayed. *p < 0.05 between each group. (c) Dynamic mechanical analysis of
fibers with corresponding shape fixity and shape recovery values (n = 1; x: no shape memory properties were observed).

of polymers play important role in fiber formation and transi- delivery,>>>’ dye removal®® and scaffolds for tissue en-
tioning from electrospraying to electrospinning capabi- gineering.>*"®" The solvent-free method sufficiently increases
lities®® to enable application in wound dressings,”** drug molecular weight of HDI-3 to enable fiber formation. As seen in
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Fig. 7(a), HDI-4 synthesized using the solvent-based method
forms beads, which may be due to low viscosity of the polymer
solution®” as a result of lower polymer molecular weight, while
the higher molecular weight solvent-free HDI-4 formed stable
fibers. As molecular weight and polymer chain interactions
increase, less beading/fusion is observed in electrospun
scaffolds.

While no significant differences were observed in fiber
diameters, Fig. 7(a), HDI-3 (solvent-free) and HDI-6 (both
methods) fibers were less uniform with larger standard devia-
tions. This result is attributed to viscosity effects, i.e., HDI-3
solutions were lower viscosity and HDI-6 solutions were higher
viscosity, both of which can destabilize fibers.>> In the case of
HDI-6, reducing polymer concentration and/or using larger
needle gauges may be used to compensate for these negative
effects in future work.

Overall, these results show that when a polymer is below a
certain molecular weight, only droplets form (HDI-3 synthe-
sized by solvent-based method). As viscosity or molecular
weight increases, a mixture of beads and non-uniform fibers
form (HDI-3 synthesized by solvent-based method and HDI-4
synthesized by both methods). At appropriate molecular
weight and viscosity, uniform fibers form (HDI-5 synthesized
by both methods). Further increases in polymer molecular
weight (HDI-6) decreases fiber uniformity due to increased
solution viscosity.”>®> To understand the effects of these fiber
variables on scaffold properties, electrospun scaffolds were
characterized in terms of mechanical, Fig. 7(b), and shape
memory, Fig. 7(c), properties. Fibers made from HDI-4, 5, and
6 synthesized using the solvent-based method had lower
tensile strength and elongation at break than those made
from polymers synthesized using the solvent-free method,
which may be attributed to higher molecular weight and
entanglements that result in higher interactions between
polymer chains to provide stronger fibers.’* Specifically, when
comparing M, and fiber tensile strength and modulus of the
higher molecular weight samples (M, > 50 kDa), strong
correlations are apparent (R*> = 0.92 and 0.88, respectively).
As expected, there are also clear correlations between enthalpy
of melting and fiber tensile strength and modulus within this
group of higher molecular weight polymers (R*> = 0.89 and
0.90, respectively).

Electrospun HDI-3 scaffolds (both methods) and HDI-4
fibers (solvent-based method) did not exhibit shape memory
properties. All other fibers exhibit high shape fixity and recov-
ery, demonstrating that shape memory properties are retained
after employing complex scaffold fabrication methods. In
future work, these STPU fibers could be adapted for use in
wound healing, tissue engineering, or drug delivery. By using
this highly stable platform, we could also incorporate addi-
tional stimuli-responsive components to enable shape changes
in response to controlled environmental cues, including
applied magnetic fields,” enzymes,'* or light.®® These scaffolds
could enable controlled biological interactions throughout
dynamic shape change processes to expand our understanding
of cell/material interactions.

This journal is © The Royal Society of Chemistry 2024
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4. Conclusions

In this study, a library of biostable segmented polyurethanes
with varying hard segment contents was synthesized using
polypropylene glycol, hexamethylene diisocyanate, and triethy-
lene glycol using a one-pot solvent-free method. This new
synthesis approach is very quick, easy to do, and environ-
mentally-friendly as compared to the previously reported
solvent-based method that was employed with this system. All
polymers showed high glass transition temperatures (~57 °C)
which can help to maintain the temporary shape after exposure
to physiological conditions. Polymers also show high
shape fixity (73-80%) and recovery (93-95%) and minimal
mass loss in accelerated oxidative (20% H,0,) and hydrolytic
(0.1 M NaOH) media. The polymers can remain stable in their
secondary shapes in degradation media, which could be ben-
eficial for designing SMPs with user-defined shape recovery in
response to specific stimuli. By post-synthesis processing, we
show that annealing to above the melting point and solvent
casting can enhance microphase separation to improve thermal
and shape memory properties. STPUs synthesized using the
solvent-free method showed better ability for fiber formation
with higher shape memory and mechanical properties as
compared with polymers synthesized using the solvent-based
method, which is attributed to higher molecular weight,
enhanced crystallinity, and better phase separation. In future
work, these biostable STPUs could be coupled with a range of
other stimuli-responsive components to enable specific
responses for architecture changes and/or controlled bioactive
factor delivery.
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