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Abstract

Thiol-ene/acrylate shape memory polymers (SMPs) have sufficient stiffness for facile insertion
and precision placement and soften after exposure to physiological conditions to reduce the
mechanical mismatch with body tissue. As a result, they have demonstrated excellent potential
as substrates for various flexible bioelectronic devices, such as cochlear implants, nerve cuffs,
cortical probes, plexus blankets, and spinal cord stimulators. To enhance the shape recovery
properties and softening effect of SMPs under physiological conditions, we designed and
implemented a new class of SMPs as bioelectronics substrates. In detail, we introduced
dopamine acrylamide (DAc) as a hydrophilic monomer into a current thiol-ene polymer
network. Dry and soaked dynamic mechanical analyses were performed to evaluate the
thermomechanical properties, softening kinetics under wet conditions, and shape recovery
properties. Modification of SMPs by DAc provided an improved softening effect and shape
recovery speed under physiological conditions. Here, we report a new strategy for designing
SMPs with enhanced shape recovery properties and lower moduli than previously reported
SMPs under physiological conditions without sacrificing stiffness at room temperature by
introducing a hydrophilic monomer.
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1. Introduction

Neural interfaces are being actively studied and commer-
cialized owing to their ability to diagnose and treat various
diseases and disorders by stimulating nerves and recording
nervous activity for replacement, recovery, or observation of
neurological functions [1]. Numerous bioelectronic devices
have been widely used and are under investigation to improve
the lives of people suffering from disabilities and diseases [2].
Some devices, such as electrocorticography arrays [3], elec-
trocardiogram devices [4], and nerve cuffs [5], are implanted
in the body to obtain a higher spatial resolution and signal-
to-noise ratio. Traditional implantable devices are fabricated
on silicon or metal substrates, which have excellent electrical
properties and durability and are suitable for semiconductor
fabrication processes [0, 7]. However, the moduli of silicon
and metals (>100 GPa) are orders of magnitude larger than the
body tissues with which they interface (storage moduli (E') are
1 MPa, 100-10 kPa, and 100-1500 kPa for dura mater, spinal
cord, and neural tissues, respectively). The large mechanical
mismatch between stiff devices and soft body tissue induces
foreign body responses (e.g. encapsulation of the device
by scar tissue and chronic inflammation), which degrade
the device’s performance for long-term implantation [8]. To
reduce the mismatch [9], polymer-based devices employing
polyimides [10] (E’ = 2.5 GPa), parylene C [11] (£’ = 3 GPa),
and SU-8 [12] (E’ = 3 GPa) have been developed, but a large
mechanical mismatch still remains. Although polydimethyl-
siloxane substrates exhibit a sufficiently low E’ (as low as
1-10 MPa) to significantly alleviate the mismatch problems
[13], they are very difficult to handle and implant in the
limited space for surgical implantation due to their lack of
rigidity.

To address the problem, Voit’s group has investigated thiol-
ene/acrylate shape memory polymer (SMP) substrates whose
mechanical properties are tunable by varying the monomer
composition [14]. The SMPs are in their glassy state at room
temperature, and their stiffness makes implantation easier.
However, after implantation in the body and exposure to
physiological conditions, they soften owing to the temper-
ature increase and water uptake to decrease the mechanical
mismatch. In addition to the softening property, the SMPs
can change shape from a temporary to a permanent shape
when exposed to physiological conditions. The recovery prop-
erty provides a less invasive surgical approach especially
when the devices have limited space for surgical implant-
ation, such as for nerve cuffs and spinal cord stimulators
[15, 16]. For example, the shape recovery effect enables ini-
tially flat nerve cuff devices that self-wrap around the target
nerve to establish a conformal and robust electrical connec-
tion without undesired deformation and damage of the nerve
[17]. The validity and usefulness of the SMPs as biomed-
ical substrates has been demonstrated in previous research,
including in vivo implantation tests [18]. However, there is a
continuing need for better control of the softening mechanics
of substrate materials to improve their utility to house neural
interfaces.

Lowering the glass transition temperature (T'g) Or cross-
link density would provide a higher recovery ratio because the
shape recovery effect of thermally responsive SMPs usually is
more effective above T, [19]. However, as mentioned above,
it is desirable for SMP substrates to be stiff at room temper-
ature; thus, controlling the mechanical properties by simply
adding a soft segment or decreasing the crosslinking density
is not a good strategy since it affects other important properties
of the devices. In contrast, indirect heating through Joule heat-
ing using dispersed conductive materials, like carbon filler or
carbon nanotubes [20, 21], or light exposure of photothermal
materials have been reported to accelerate shape recovery [22].
Still, they complicate the implant procedure, and tissue dam-
age is a concern.

In this work, we designed new SMPs to enhance the shape
recovery ratio and softening effect under physiological con-
ditions by incorporating a hydrophilic monomer into a cur-
rent thiol-ene SMP system. Dopamine acrylamide (DAc),
which has a catechol residue, was selected as the hydro-
philic monomer to control the hydrophilicity and thermo-
mechanical properties. The catechol group in DAc is not
merely hydrophilic but also biocompatible [23]; it is used
for adhesion-promoting coatings [24, 25] and scaffolds for
several biomaterials [26]. We were inspired by Patton and
his colleagues, who have pioneered work on adhesive thiol-
ene polymers using DAc [27]. From their thermomechanical
measurements, it was apparent that these thiol-ene polymers
will exhibit shape memory properties due to the extens-
ive change in storage modulus while going through their
glass transition temperature (7'). Their thiol-ene system used
monomers with high rotational freedom, which resulted in
polymers with relatively low glass transition temperatures
(10 °C=36 °C). However, to achieve the softening described
earlier for the application in neural interfaces, the solution
space demands the creation of polymers with a higher initial
T, that will be able to change to a T'¢ like that described by
Sparks et al [27] after water induced plasticization. This has
historically presented a problem for thiol-based chemistries
owing to the rotational flexibility of thio-ester linkages, which
typically drive T, to body temperature or below. Beyond this
challenge which we solve through polymer network design,
our focus is on the shape memory properties of these poly-
mers rather than on the adhesive properties. We want to util-
ize water-induced plasticization to trigger the shape recovery
of our polymers. DAc has received much attention in the pub-
lished literature because it is an adhesive component of mussel
foot proteins. Still, this biomimicry has unduly biased the com-
munity to focus primarily on the adhesive properties of these
materials and shifted attention away from a host of other valu-
able properties that the sterics of this combination of chemical
side chains provide to network polymers.

SMPs with various DAc monomer ratios were synthesized
by copolymerization of DAc and thiol-ene monomers. Dry
and soaked dynamic mechanical analysis (DMA) was per-
formed to evaluate the mechanical properties of the modi-
fied SMPs under dry and wet conditions, respectively. The
SMPs exhibited an improved shape recovery ratio and lower
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T, and E' under wet conditions with an increasing DAc ratio.
A comparison with SMPs modified with phenethyl acrylam-
ide (PAc), which has the same chemical structure as DAc
except it lacks two adjacent hydroxyl groups, clearly showed
enhanced hydrophilicity and reduced 7', and E’ contributed to
the improved recovery effect. Here, we optimize the hydro-
philicity and thermomechanical properties of SMPs by incor-
porating a hydrophilic monomer to make SMP substrates more
advantageous for biomedical applications.

2. Materials and methods

2.1. Materials

Triallyl-1,3,5-triazine-2,4,6-trione  (TATATO),  tris[2-(3-
mercaptopropionyloxy)ethyl] isocyanurate (TMICN), dopam-
ine hydrochloride, phenethylamine, acryloyl chloride, and
2,2-dimethoxy-2-phenylacetone (DMPA) were purchased
from Sigma-Aldrich and used without further purification.
Triethylamine (TEA) was purchased from Sigma-Aldrich and
purified by drying with calcium hydride, followed by vacuum
distillation. Anhydrous grade tetrahydrofuran, dimethylform-
amide, methanol, and ethyl acetate were purchased and used
as received. DAc and PAc were synthesized from dopamine
hydrochloride and phenethylamine, respectively, by reacting
with acryloyl chloride [27, 28]. The detailed procedure is
available in the supporting information with the correspond-
ing NMR spectra (figures S1 and S2). All monomers used in
this work are shown in figure 1.

2.2. Synthesis of thiol-ene/acrylamide SMP fims

Using trifunctional monomers TMICN and TATATO and
monofunctional acrylamides DAc and PAc, thiol-ene/
acrylamide SMPs were synthesized by photopolymerization.
Thiol, alkene, each acrylamide monomer, and 1 wt% DMPA
of total monomer weight were dissolved in a glass vial using a
spin mixer. DAc and PAc were counted as alkene components,
and their monomer ratios varied from 0 to 40 mol% at 10 mol%
increments. The stoichiometric balance between thiol and ene
was maintained by correcting the number of functional groups
in each monomer, as described in table 1. The monomer solu-
tion was encased between two glass slides spaced by 30 um
thick plastic shims of varying thickness to accommodate for
different tests, then polymerized in a 254 nm UV curing cham-
ber for 2 h. The cured polymer was heated in a vacuum oven
at 120 °C and 150 mmHg for 24 h to complete the reaction.

2.3. Dynamic mechanical analysis (DMA)

DMA measurements were performed under tensile mode
using an RSA-G2 (TA Instruments) with a maximum strain
of 0.275%, deformation frequency of 1 Hz, and ramp rate of
2 °C min~! in air (dry conditions) or in phosphate-buffered
saline (PBS) (soaked/wet conditions). The test samples were
cut into a rectangle 30 pum in thickness, 15 mm in length,

0 OH
TMICN DAc
0] =
S N/\/ Oj\NH

OAN\N/&O
3

TATATO PAc

Figure 1. Chemical structures of monomers.

and 3 mm in width using a CO, laser. Dry DMA experi-
ments were performed from 5 °C to 100 °C. Soaked exper-
iments consisted of two steps with the immersion system of
the DMA instrument filled with PBS [29]. The first step was
the complete immersion of the polymer. The temperature was
raised from room temperature 22 °C to 37 °C, then main-
tained for 60 min. In this process, the softening kinetics were
evaluated, and the completion of softening process was con-
firmed through a steady modulus. The second step included
cooling to 15 °C, followed by heating from 15 °C to 80 °C
to observe the thermomechanical properties under wet condi-
tions after the polymer is plasticized. All measurements were
performed for three independent specimens to obtain mean
value and standard deviation; however, only representative
measurements are shown in the graphics. The glass transition
temperature (T,) was evaluated at the tan § peak. Values are
displayed as mean =+ standard deviation.

2.4. Tensile tests

Stress—strain curves were obtained using a universal test-
ing machine (Lloyd LR5K Plus), which has a temperature-
controlled chamber. Polymer samples were made according to
the previously described procedure as 1.25 mm thick sheets.
The sheets were cut into ASTM D638 Type V dogbones via
a CO, laser. Each sample was tested at T, + 20 °C, and
all samples were heated in the chamber at the corresponding
temperature for 10 min prior to the measurements. The res-
ults were recorded using a 50 N load cell at a strain rate of
0.87%/s (5 mm min~' extension speed). Each polymer was
measured five times, and values including fracture strain (gr)
and Young’s modulus (E) at T, + 20 °C were averaged.

2.5. Shape memory tests

A. Dry conditions: To test shape memory behavior, samples
were cut by a carbon dioxide (CO,) laser from thin polymer
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Table 1. Thermomechanical and mechanical properties of the SMPs modified by DAc and PAc.

Monomer compositions

(mol% of functional groups) Eat . e R px [x 1077
TMICN  TATATO  DAc  PAc neo T (;\F/IIZJZ) - J(F‘Fg) C B0y melen
1 100 100 59.4 £ 0.6 6.7+ 0.4 75.0 £3.6 19.1£03 2.06
2 90 10 539+04 41+£04 83.1+32 123+£0.2 1.34
3 80 20 526 £0.6 3.0£0.1 100.3 £ 2.1 8.0+0.2 0.877
4 70 30 512+04 20+£0.1 108.8 £ 2.7 4.85+0.1 0.533
5 60 40 44.0=£04, 0.8 £0.1 1479+ 124 2.68 £ 0.1 0.300
269 +0.2
6 90 10 555+£0.7 59+04 86.1 +4.5 13.1£02 1.42
7 80 20 538+ 04 42+£09 90.6 £6.3 11.1£03 1.21
8 70 30 527+£0.5 3.5+£0.1 974 £8.38 7.53£0.2 0.826
9 60 40 47.7+£04, 2205 128 + 12.1 4.18£0.2 0.464
356+£03

Values are expressed in mean = standard deviation for n = 3 measurements each.

sheets into square strips (125 ym x 3 mm x 20 mm in thick-
ness, width, and length, respectively). A series of cyclic ther-
momechanical tests were performed to evaluate shape recov-
ery behavior using an RSA-G2 (TA Instruments). The temper-
ature ramping rate was 2 °C min~! in each process, and the test
was conducted using the following steps. (a) The sample was
heated to T, + 20 °C and (b) stretched to strain (¢) = 50%
at a constant strain rate of 0.1%/s; the maximum strain (e,)
in loading was recorded after stretching. (c) The sample was
cooled to 25 °C under constant strain, then unloaded, and the
strain after unloading at a low temperature (g,) was obtained.
(d) The sample was reheated to 7y + 20 °C under no load,
and the temperature was maintained for 30 min; the strain after
shape recovery from heating to 7' (¢) was obtained. The shape
fixity (Rr) and recovery ratios (R;) were defined by the follow-
ing equations [30]:

Ri=c¢y/em x 100 (%), (1)

R = (eu—&r)/eu x 100 (%). )

B. Wet conditions: A flat rectangular specimen (the per-
manent shape, 30 ym X 3 mm X 20 mm in thickness, width,
and length, respectively) was bent to 180° at T, + 20 °C
using glass plates with a radius of curvature of 470 um
(maximum strain ~3%) and then cooled to room temperat-
ure (22 °C) under the external force to maintain the deform-
ation. The deformed specimen was immersed in PBS at
37 °C, and the evolution of the recovered angle (6;) with
time was recorded. R, was defined by the following equation
[30, 31]:

R, = (180° —4,)/180°. 3)

The detailed setup of the test is shown in the supporting
information (figure S3).

3. Results and discussion

3.1. Thermomechanical and mechanical properties

The monomer molar ratios of DAc and PAc varied from 0 to
40 mol% at 10 mol% increments while maintaining a stoi-
chiometric balance between thiol and ene. The thermomech-
anical properties of the synthesized polymers were evaluated
using DMA (figure 2).

All polymers exhibited typical curves for thermoplastic
polymers. The polymers were in a glassy state at room temper-
ature (22 °C), softened at around 7', and finally formed a rub-
bery plateau region at higher temperatures. The crosslinking
density (px) of the polymer was calculated from the rubbery
plateau storage modulus (E,’), which is E at T, + 40 °C from
DMA data in accordance with the theory of rubbery elasticity
using equation (4):

px =E."/{2(1 +n)RT} (4)
where R is the gas constant, 7 is the absolute temperature at
which E,” was measured, and Vv is the Poisson’s ratio, which
is assumed to be 0.5 (incompressible materials) [27, 32]. T,
E.’, and px are summarized with monomer compositions in
table 1.

T, (given by the peak of tan §) and E’ in the rubbery state
decreased as the DAc molar ratio increased. The decrease in
T, and E’ can be attributed to the lower py of the polymer net-
work due to the introduction of monofunctional DAc into the
trifunctional TMICN and TATATO system [33]. Acrylamides
have an alkene component: and thus can be incorporated into
thiol-ene reaction systems [28, 34]. However, the free radical
reaction system comprising thiol, alkene, and acrylamide may
result in a heterogeneous polymer network because the ternary
thiol-ene reaction and homopolymerization of the acrylamide
proceed simultaneously [35].The tan ¢ curves became broader
as the DAc ratio increased, implying that DAc provided a more
heterogeneous polymer network. The two peaks in the tan §
curve of the 40 mol% DAc-modified polymers are attributed
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Figure 2. Thermomechanical properties of modified SMPs under dry conditions (a) E’, (b) tan & for DAc, and (c) E’, (d) tan § for PAc.

to phase separation in the polymer network. For the 40 mol%
DAc-modified polymer, room temperature (22 °C) was close
to the onset temperature, and E’ at 22 °C dropped to approxim-
ately 880 MPa. Therefore, 40 mol% is the maximum amount
of DAc that can be added while maintaining good handling
properties for implantation. T, and E’ in the rubbery state
decreased with increasing PAc molar ratio, similar to the DAc-
modified polymers. Although the polymers modified with
DAc and PAc had almost the same thermomechanical proper-
ties for the same molar ratios, 7, and E’ of the DAc-modified
polymers were slightly higher than those of the PAc-modified
polymers. It is well known that unprotected catechol groups
act as radical scavengers to interfere with radical reactions
[36]. Patton’s group reported that the conversion of monomers
decreased as the DAc molar ratio increased for a ternary thiol-
ene/acrylamide system, which consisted of pentaerythritol
tetra(3-mercaptopropionate) as a thiol (PETMP), pentaeryth-
ritol triallyl ether (APE) as an alkene, and DAc, in their
real-time Fourier-transform infrared spectroscopy study of
ultraviolet (UV) photopolymerization [27]. In contrast, PAc-
modified polymers retained higher conversions. The differ-
ence between the modification effects of DAc and PAc in this
study can be ascribed to the same interference effect of the cat-
echol residue because the result is consistent with a previous
study by Patton et al. Interestingly, however, we could observe
adecrease in T'; with increasing DAc content, while they found
an increase. For the addition of PAc, the same trend (decrease
in T,) was observed for both studies. This can be explained

by the more rigid polymer structure of the TMICN-TATATO
network than that of APE-PETMP. TMICN and TATATO
have more rigid isocyanurate residue instead of pentaeryth-
ritol residue for APE and PETMP. Physical crosslinks through
hydrogen bonds between hydroxyl groups and ester/amide
carbonyls within the polymer network can be formed less
effectively because of the lower flexibility of the TMICN-
TATATO network structure. By introducing the monofunc-
tional monomers DAc or PAc, the thermomechanical proper-
ties of the resulting polymers are dominated by the decrease
in crosslinking density and the increase in chain mobility
and flexibility. Therefore, the addition of both monomers
caused a decrease in Ty as opposed to the previous work
by Dr Patton’s group. Due to the same reasons, namely the
decreased rotational freedom of TATATO and TMICN com-
pared to APE and PETMP, we could achieve much higher T';’s
overall.

Next, the mechanical properties at T, + 20 °C were eval-
uated using tensile tests to determine the measurement con-
ditions for the shape recovery behavior explained in the next
section (table 1). The respective stress—strain curves can be
found in Supplemental figures S4 and S5. As the DAc and PAc
molar ratios increased, the Young’s modulus (E) decreased,
but the fracture strain (¢f) increased. Furthermore, compared
to the PAc-modified polymers, E was lower, but ¢ was higher
for the DAc-modified polymers. These results are in good
agreement with the discussion of the DMA data regarding
crosslinking density and conversion.
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Figure 3. Thermo-responsive shape memory effect is demonstrated
through (a) a schematic diagram and (b) thermomechanical analysis
diagram.

3.2. Shape recovery properties under dry conditions

The molecular structure of an SMP is composed of cross-
linking points, also called net points, and switching segments
interconnected by crosslinking points [30, 37]. The original
shape of the SMP is fixed by crosslinking points formed dur-
ing polymerization and is also called the permanent shape.
Switching segments soften above the transition temperature
(Ty) and help the polymer deform easily. After deformation
and cooling to below T, the motion of the polymer chains
is ‘frozen’ to fix the temporary shape of the SMP. Although
the temporary shape is a metastable state and entropically
unfavored, the shape recovery to the permanent shape is inhib-
ited because the polymer chains’ motion is restricted below
Ti. When the SMP is reheated to T, the polymer chains can
move, and the stored energy is released; then, the shape recov-
ers to the permanent shape. This study assessed the shape
memory behavior under dry conditions under strain-controlled
cyclic thermomechanical measurements. The strain for fixing
the temporary shape was set to 50% because the smallest ¢
of all the synthesized polymers was 75% for the unmodified
SMP, and T was defined as T, + 20 °C for each polymer.
The polymers at each step during the test and the quantitative
thermomechanical analysis diagram for the unmodified poly-
mer are shown as representative data in figure 3.

Each polymer was heated from room temperature (22 °C)
to Ty + 20 °C and stretched to € = 50%, then cooled to 22 °C
under constant load to fix its shape as the temporary shape.
Afterward, the polymer was reheated to Ty + 20 °C to activ-
ate shape recovery (figures S6-S9). The shape fixity ratio (Ry)
and recovery ratio (R;) for the SMPs were calculated from the
changes in the strain at each step [30, 38] (figure 4).

Adding DAc and PAc had very similar effects on the shape
memory properties. Both Ry and R, remained unchanged up to
30 mol% for both DAc and PAc (98% and 95%, respectively).
At 40 mol%, Ry remained relatively constant, but R, decreased
to approximately 90%. All SMPs returned to the glassy state
after cooling to room temperature (22 °C) to fix the temporary
shape. Therefore, their frozen polymer chains restrict spring
back, which can be caused by internal stress, thus maintain-
ing a high R [17, 39]. The SMP in the temporary state has a
more ordered arrangement of polymer chains and is entropic-
ally unfavored. When heating, the SMP returns to the original
shape, driven by regaining the entropy [40, 41]. The reduc-
tion of entropy, which is the driving force for shape recovery,
becomes smaller as the crosslinking density decreases [42].
Consequently, the lower driving force reduced R; at 40 mol%.
Overall, the polymers modified by DAc and PAc showed very
similar Shape recovery performances, as expected from the
thermomechanical and mechanical analysis data.

3.3. Thermomechanical properties under wet conditions

The thermomechanical properties of the SMPs under wet con-
ditions were evaluated using soaked DMA, which measured a
sample while immersed in PBS (figure 95).

Under wet conditions, T, decreased for all polymers com-
pared to that under dry conditions. It is well known that
water molecules that penetrate polymers often act as a plas-
ticizer, increasing the mobility of polymer chains and the free
volume of polymers to reduce T, and E’ [43]. T, of unmod-
ified polymer decreased from 59.9 °C under dry conditions
to 44.0 °C under wet conditions. Both T, values are higher
than the body temperature (37 °C); therefore, the polymer
was in the transition state from the glassy to the rubbery state
and softened only to 215 MPa under physiological condi-
tions (i.e. immersed in PBS at 37 °C). However, the T, val-
ues of the polymers modified with 10, 20, 30, and 40 mol%
DAc decreased considerably to 32.2, 27.9, 24.0, and 22.0 °C
and softened to 11, 6.1, 3.7, and 2.1 MPa, respectively. The
modification by PAc also decreased 7', and E’, but the soften-
ing effect was weaker than that of DAc. Specifically, for the
40 mol% PAc-modified polymers, T, and E” were 22 °C and
3.8 MPa under physiological conditions, respectively. Even
though the PAc-modified polymers exhibited nearly identical
thermomechanical properties to those of the DAc-modified
polymers under dry conditions, as previously described, there
was a significant difference under wet conditions. This is
attributed to the difference in their hydrophilicity. It is sug-
gested that the DAc-modified polymers were more affected
by plasticization from water because they were more hydro-
philic and had a higher affinity for water than the PAc-modified
polymers.

To investigate the hydrophilicity of the polymers, the sur-
face free energy and swelling ratio under physiological con-
ditions were evaluated. The surface free energy was calcu-
lated using the Owens, Wendt, Rable, and Kaelbel method
[44], which is a representative method for analyzing the energy
of the surface of a solid. This method assumes that the sur-
face energy consists of dispersive (v4) and polar parts (),
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Figure 5. Thermomechanical properties of modified SMPs under wet conditions (a) E’; (b) tan delta for DAc; (c) E; (d) tan delta for PAc.

which can be calculated from the measured contact angles
for two probe liquids with different v4 and -, values. In this
work, water and diiodomethane were used, which are a widely
used combination for this method (table S1) [38]. For the

DAc-modified polymers, both 4 and v, increased as the DAc
molar ratio increased, while modification by PAc increased 74
but decreased vy, (figure S10). DAc modification increased 4
and -y, mainly owing to the benzene ring and two hydroxyl
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Figure 6. Shape recovering behavior under physiological conditions for (a) DAc-modified, and (b) PAc-modified SMPs. Inset shows

magnified initial sections of each curve.

groups in the catechol group, respectively. Unlike DAc, PAc
does not have two hydroxyl groups; therefore, -y, decreased
due to the benzene ring’s low polarity. These results indic-
ate that DAc made the SMPs more hydrophilic, whereas PAc
made them more hydrophobic. Next, the swelling ratios of
the SMPs under physiological conditions were measured by
immersing the SMPs in PBS at 37 °C. Although PAc increased
the hydrophobicity of the polymer, the swelling ratio increased
for the polymers modified with at least 30 mol% PAc (figures
S11, S12) because the lower crosslinking density increased
the free volume of the polymers [43]. The addition of DAc
increased the swelling ratio even more than the addition of
PAc. For instance, the swelling ratio of the 10 mol% DAc-
modified SMP was 2.2 + 0.23%, which was as high as that of
the 40 mol% PAc-modified SMP. This result is attributed to
the enhanced hydrophilicity and reduced crosslinking density
due to the addition of DAc.

3.4. Shape recovery properties under wet conditions

The shape recovery properties of the synthesized SMPs under
physiological conditions were evaluated in PBS at 37 °C. A
flat rectangular SMP sheet (30 pm x 3 mm x 20 mm in thick-
ness, width, and length, respectively) (the permanent shape)
was heated and bent to a U-shape (the temporary shape). Then,
the SMP was fixed in the temporary shape by cooling under
load. The recovery behavior of the SMP from U-shape to flat
in the PBS bath was recorded (figure S13), and R, was calcu-
lated from the change in angle at each time point (figure 6)
[31].

When the SMP was exposed to physiological conditions, a
temperature increase from room temperature (22 °C) to 37 °C
and water absorption occurred simultaneously. Softening from
both water absorption and the temperature increase triggered
shape recovery under physiological conditions [45]. The shape
recovery process for the unmodified polymer was very slow.
R; reached only approximately 70% in 300 s, and there was
no significant change after that. As mentioned in the previous

section, R, was approximately 95% under dry conditions when
the SMP was activated by heating to T, + 20 °C. These results
show that exposure to physiological conditions did not have a
sufficient driving force for shape recovery of the SMP. This is
reasonable because the Ty of the unmodified SMP under wet
conditions was 44 °C, which is higher than 37 °C. The addi-
tion of DAc and PAc improved the shape recovery properties.
This effect is ascribed to decreases in the crosslinking dens-
ity and T after modification, which would accelerate shape
recovery because of the lower onset temperature for softening.
The SMP modified with only 10 mol% DAc attained R, = 90%
in only 40 s, and the shape recovery behavior improved fur-
ther with increasing DAc molar ratio. The 40 mol% DAc-
modified polymer reached R, = 90% in only 20 s. PAc also
improved the shape recovery effect. However, the effect of
DAc was considerably higher than that of PAc, and the differ-
ence was pronounced when the molar ratios were small. This
result is attributed to the enhanced hydrophilicity from DAc
modification.

3.5. Softening kinetics

The experimental results of the thermomechanical proper-
ties from soaked DMA and the swelling ratio that we have
discussed thus far are the properties of the SMPs after
water absorption reaches the equilibrium state. However, it is
highly probable that the shape recovery under physiological
conditions would proceed under non-equilibrium conditions
because the recovery would be activated while 7', and E’ con-
tinued to drop owing to the temperature increase and water
absorption until the SMP fully softened. Thus, evaluating the
softening kinetics of the SMPs under physiological conditions
has great significance for a more detailed discussion about the
non-equilibrium softening process. Therefore, we observed
the softening profiles by evaluating the change in E’ with time
after soaking the SMPs in PBS using a soaked DMA instru-
ment, which is a procedure established in previous work [29]
conducted by Voit’s group (figure 7).
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Figure 7. Softening profiles of (a) DAc-modified, (b) PAc-modified SMPs, and (c) logarithmic scale of time to show onset temperature with

varying monomer composition.

The unmodified polymer started to soften at r = 3 min
and completely softened at # = 19 min to reach the equilib-
rium state. The onset time for softening decreased as the DAc
molar ratio increased, and E’ also decreased after complete
softening. The 40 mol% DAc-modified polymer, which had
the highest DAc ratio, began to soften at + = 0.5 min and
fully softened in only 8 min. PAc induced a similar effect
on softening, but the strength of the effect was lower than
that of DAc. The 40 mol% PAc-modified polymer completely
softened in approximately 10 min. These experimental res-
ults were strongly correlated with the shape recovery beha-
vior under physiological conditions. Therefore, we can con-
clude that the improved hydrophilicity and reduced T, under
wet conditions enabled faster softening, which resulted in sub-
stantially faster shape recovery.

3.6. Biocompatibility tests

The biocompatibility of the polymers is also crucial
because they were designed for implantable devices. It
was tested based on the MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay for the unmod-
ified, 40 mol% DAc-modified, and 40 mol% PAc-modified

polymers. In the MTT assay, succinate dehydrogenase in the
mitochondria of live cells converts yellow MTT to purple
MTT-formazan. The dehydrogenase is involved with the res-
piratory chain; therefore, the activity of the enzyme, which is
estimated from the optical density at 570 nm (OD570), can
be an indicator of cell viability. The cell viabilities estimated
from the MTT assay for each polymer were 88.4 + 7.4%,
91.5 £ 10.8%, and 91.2 + 4.0% for the unmodified, 40 mol%
DAc-modified, and 40 mol% PAc-modified polymers, respect-
ively (figure S14). Based on ISO 10993-5 [46], when the
viability is lower than 70%, the material is considered cyto-
toxic. Therefore, it was confirmed that the 40 mol% DAc- and
40 mol% PAc-modified polymers and unmodified polymers
were biocompatible. If modification by DAc and PAc induced
cytotoxicity, adding 40 mol% should provide the worst result.
Hence, all the polymers in this work were biocompatible.

4. Conclusion

In this study, we designed new thiol-ene/acrylamide SMPs
using DAc as a hydrophilic monomer to control the ther-
momechanical properties and hydrophilicity of current thiol-
ene SMPs. Soaked DMA and observation of shape recovery
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under physiological conditions revealed that DAc signific-
antly improved both the softening effect and shape recovery
properties. The softening kinetics study of the SMPs under
physiological conditions clearly showed that the onset and
completion times for softening decreased as the DAc molar
ratio increased. Furthermore, MTT assays confirmed that these
modified SMPs were biocompatible. The improved softening
and shape recovery effect can be utilized for self-implantation
and fixation of neural interface devices for minimally invas-
ive implantation. 40 mol% DAc-modified polymer exhibited a
drastic decrease in E’ from 880 MPa to 2.1 MPa after exposure
to physiological conditions and rapidly triggered shape recov-
ery, which is a suitable candidate for future applications. Here,
we propose a new design guideline that makes thiol-ene SMPs
better candidates for flexible substrates for neural interfaces.
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