',\' frontiers
in Materials

ORIGINAL RESEARCH
published: 15 November 2018
doi: 10.3389/fmats.2018.00066

OPEN ACCESS

Edited by:

Ulrich G. Hofmann,
Universitdtsklinikum Freiburg,
Germany

Reviewed by:

Ahmed EI-Figi,

Dankook University, South Korea
Ajay Devidas Padsalgikar,

St. Jude Mediical, United States

*Correspondence:
Melanie Ecker
melanie.ecker@utdallas.edu

Specialty section:

This article was submitted to
Biomaterials,

a section of the journal
Frontiers in Materials

Received: 09 August 2018
Accepted: 24 October 2018
Published: 15 November 2018

Citation:

Hosseini SM, Rihani R, Batchelor B,
Stiller AM, Pancrazio JJ, Voit WE and
Ecker M (2018) Softening Shape
Memory Polymer Substrates for
Bioelectronic Devices With Improved
Hydrolytic Stability. Front. Mater. 5:66.
doi: 10.3389/fmats.2018.00066

Check for
updates

Softening Shape Memory Polymer
Substrates for Bioelectronic Devices
With Improved Hydrolytic Stability

Seyed Mahmoud Hosseini', Rashed Rihani?, Benjamin Batchelor?®, Allison M. Stiller?,
Joseph J. Pancrazio?, Walter E. Voit?** and Melanie Ecker?3**

" Department of Chemistry and Biochemistry, The University of Texas at Dallas, Dallas, TX, United States, ? Department of
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Candidate materials for next generation neural recording electrodes include shape
memory polymers (SMPs). These materials have the capability to undergo softening
after insertion in the body, and therefore reduce the mismatch in modulus that usually
exists between the device and the tissue. Current SMP formulations, which have shown
promise for neural implants, contain ester groups within the main chain of the polymer
and are therefore prone to hydrolytic decomposition under physiological conditions
over periods of 11-13 months in vivo, thus limiting the utility for chronic applications.
Ester free polymers are stable in harsh condition (PBS at 75°C or NaOH at 37°C)
and accelerated aging results suggest that ester free SMPs are projected to be stable
under physiological condition for at least 7 years. In addition, the ester free SMP is
compatible with microfabrication processes needed for device fabrication. Furthermore,
they demonstrate in vitro biocompatibility as demonstrated by high levels of cell viability
from ISO 10993 testing.

Keywords: neural interfaces, softening behavior, accelerated aging, hydrolytic stable, shape memory polymer,
thiol-ene degradation, chronic viable polymer

INTRODUCTION

Shape memory polymers (SMPs) are an emerging class of materials. Their capability to restore
their original shape after being deformed is outstanding (Dietsch and Tong, 2007; Liu et al,,
2007; Mather et al., 2009; Lendlein, 2010; Hu et al., 2012b; Hager et al., 2015) and these
materials have found utility in a variety of potential applications, including airspace, (Ishizawa
et al., 2003; Barrett et al., 2006; Rory Barrett et al., 2006; Yanju and Jinsong, 2010; Yanju et al,,
2014) anti-counterfeiting technology, (Pretsch et al, 2012; Ecker and Pretsch, 2013, 2014a,b)
textile industry, (Matilla, 2006; Hu and Chen, 2010; Hu et al., 2012a) and as medical devices
(Feninat et al., 2002; Buckley et al., 2006; Baer et al., 2007; Kulshrestha and Mahapatro, 2008;
Lendlein and Behl, 2008; Baudis et al., 2014; Wang et al., 2017). The triggers for SMPs to
recover to their permanent shape are diverse and include direct heating above the transition
temperature of the polymer, indirect heating through electric or magnetic activation, and less
commonly, chemical modification including plasticization. The plasticization of the SMP with
solvent molecules, e.g., water, leads to a lowering of the glass transition temperature (Tg) of
the polymer due to swelling and the resulting increased free volume of the polymer chains
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(Immergut and Mark, 1965; Singhal et al., 2013). When the T
of a polymer is above room temperature (RT) before, but below
after plasticization, the SMP may recover its permanent shape
upon immersion in aqueous solutions at ambient temperatures.
At the same time, the polymer changes from a glassy (stiff)
materials to a rubbery (soft) material. This behavior of SMPs is
what is of interest for the development of (self)-softening SMP
substrates for bioelectronics devices. Especially for cortical neural
interfaces, there is a need for devices which are stiff enough
during the implantation to enable a sufficient penetration of the
tissue with least possible trauma. However, after implantation,
materials that soften to a modulus that is much closer to the
tissue modulus offer the promise of decreasing the foreign body
response and micromotion effects. Previously, the Voit Lab has
presented a new generation of neural implants comprising of
softening thiol-ene/acrylate polymers used as substrates (Ware
et al,, 2013, 2014; Do et al.,, 2017; Ecker et al., 2017; Simon et al.,
2017). These devices work well for acute experiments and for
chronic experiments on the order of 1-3 months. At least one
factor limiting the long term stability of current SMP devices
may be the fact that these polymers contain ester groups in their
backbone which are vulnerable to hydrolytic degradation under
moist conditions. For future applications, including translation
to the clinic, it is necessary to have substrate materials with
increased durability under in vivo conditions to enable chronic
experiments over the course of years (Ryu and Shenoy, 2009;
Rubehn and Stieglitz, 2010; Takmakov et al., 2015; Teo et al.,
2016; Lecomte et al.,, 2017; ASTM, 2018), Reit et al. (2015)
have demonstrated, that the use of ester free thiol-monomers
significantly increases the durability of thiol-ene networks while
it still allows to tune the glass transition temperature and cross-
link density.

Here, we present a thiol-ene SMP formulation that is
chemically and structurally similar to the most recent ones,
but does not contain any ester groups (Do et al., 2017; Ecker
et al, 2017; Simon et al,, 2017; Garcia-Sandoval et al., 2018;
Shoffstall et al., 2018). We have optimized the synthesis of a
new monomer and tailored the polymer composition to have
similar in vivo softening capabilities as previous reported SMPs.
Dynamic mechanical analysis (DMA) of the hydrolytically stable
SMP revealed that the SMP has a glass transition temperature
above body temperature when dry, but below body temperature
after being soaked in phosphate buffered saline (PBS). Thus, the
novel SMP is also able to soften under physiological conditions
to a modulus that is much closer to the tissue. To verify the
improved stability of the new material against hydrolysis, we have
performed accelerated aging tests in PBS at elevated temperatures
(75°C) for 8 weeks and in one molar sodium hydroxide (NaOH)
solution at body temperature over the course of 4 weeks. Weight
loss and mechanical properties were determined and compared
to a SMP composition that contains ester groups in the main
chain. Our results demonstrate that the ester free SMP remained
stable over the course of the study whereas the ester-containing
counterpart lost about 15% of mass after aging in PBS and even
39% after aging in NaOH. We have also demonstrated that the
new softening polymer is biocompatible, can be sterilized, and
is compatible with microfabrication methods. That makes this
polymer an ideal substrate candidate for future neural implants.

MATERIALS AND METHODS

Synthesis of 1,3,5-tris(3-mercaptopropyl)-
1,3,5-triazinane-2,4,6-trione

(TTTSH)

Trithiol monomer TTTSH was synthesized following
previously reported method (Lundberg et al., 2010) with
minor modifications (Scheme 1). Briefly, 30g (120.4 mmol)
1, 3, 5-triallyl-1, 3, 5-triazine-2, 4, 6-trione (TATATO), 82.40 g
(1,080 mmol) thioacetic acid, and 1.98g (12.04 mmol) 2,
2'-azobis (2-methylpropionnitrile) (AIBN) were placed in a
500 mL three-neck round-bottom flask which was equipped with
condenser and nitrogen inlet. Afterward, the reaction mixture
was stirred at 65°C for 24h under a nitrogen atmosphere.
Excess thioacetic acid was removed by reduced pressure and
then was reacted with methanol (100ml) and concentrated
hydrochloric acid (50ml) at 65°C for 36h to cleave the
thioester bond. After cooling down to room temperature,
water was added (300ml) and extracted for three times
with methylene chloride (300ml). The organic mixture was
washed with sodium hydrogen carbonate solution (5%), dried
over MgSOy, and concentrated with reduced pressure. After
purification by column chromatography with gradient hexane:
ethyl acetate mixtures 1:0 to 1:4 yellowish viscous liquid was
obtained.

Fabrication of Polymers

1,3,5-Triallyl- 1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO),
Trimethylolpropane tris(3-mercaptopropionate) (TMTMP), and
2,2-Dimethoxy-2-phenylacetophenone (DMPA) were purchased
from Sigma Aldrich, whereas Tris [2-(3-mercaptopropionyloxy)
ethyl] isocyanurate (TMICN) was purchased from Evans
Chemicals, and 1,10-Decanedithiol (DDT) from TCI
Chemicals. All the chemicals were used as received without
further purification. TTTSH was synthesized as described
under section Synthesis of 1,3,5-tris(3-mercaptopropyl)-
1,3,5-triazinane-2,4,6-trione (TTTSH). Two thiol-ene SMP
compositions were prepared, an ester-free (SMP-A) and an
ester containing (SMP-B) formulation, each consisting of
stoichiometric quantities of thiol to alkene functionalities.
Exact mole fractions are: TTTSH/DDT-TATATO = 0.3/0.2-0.5
(SMP-A) and TMTMP/TMICN-TATATO = 0.45/0.05-0.5
(SMP-B) (Figurel). A total of 0.1 wt% DMPA of total
monomer weight was dissolved in the solution for the
initiation of the photopolymerization of the monomer
solution. The vial was covered in aluminum foil to prevent
incident light from contacting the monomer solution and
kept at room temperature. Without exposing the solution
to light, the vial was mixed thoroughly by planetary speed
mixing.

The polymer solutions were spin cast on 75 x 50 mm glass
microscope slides using a Laurell WS-650-8B spin coater. Spin
speed was 350 rpm and time was 45s for SMP-A and 600 rpm
and 25s for SMP-B in order to achieve thicknesses of about
30 wm, respectively. Polymerization was performed at ambient
temperature using an UVP CL-1000 crosslinking chamber with
five overhead 365nm UV bulbs for 60 min under air. Cured
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FIGURE 1 | (A) Chemical structures of monomers and photoinitiator (Pl) used for synthesis of polymers SMP-A and SMP-B. Ester groups are highlighted in blue, (B)
reaction mechanism of thiol-ene click reaction, and (C) schematic of polymer fabrication.

samples were then placed in a vacuum oven at 120°C and 5 inHg
(~16.9 kPa) for 24 h to further complete network conversion.

Test devices were either fabricated using a CO; laser or were
fabricated in the UT Dallas Class 10,000 cleanroom facility.
The above SMP-on-glass substrates were used as the starting
substrates in the cleanroom. Low temperature silicon nitride
(using PlasmaTherm-790 PECVD) was deposited to act as a hard
mask for the following plasma etching processes in which the
device outline/shape was patterned. Adjacently, the nitride hard
mask was etched away in the 1:10 HF dip. For some SMP samples
top 4 pwm thick crust was etched away in oxygen plasma (Technics
RIE). In a final step, the test devices having dimensions of 4.5 x
50 mm X 30 wm were delaminated from the glass slide by soaking
in water.

Accelerated Aging

SMP-A and B were subjected to two different accelerated aging
scenarios; test samples were either immersed in 20 ml phosphate
buffered saline (PBS) at 75°C or in 1M sodium hydroxide
(NaOH) solution at 37°C, respectively. A number of N =

samples were removed after 7, 14, 21, and 28 days immersion
in NaOH and after 7, 14, 21, 28, 35, 42, 49, and 56 days after
immersion in PBS. After removal, the samples were rinsed in
de-ionized water before they were dried with a lint-free cloth.
The accelerated aging in PBS follows the Arrhenius equation
under the conservative assumption for biomedical polymers
(Hemmerich, 1998) that Q¢ = 2:

Real Aging Time (trr)

(Taa—TRrr)
10

Accelerated Aging Time (taa) = 1)

10

where tpp is the accelerated aging time, trr the real aging time,
T'aa temperature for accelerated aging, Trr temperature for real
time aging and Qo the temperature coeflicient. According to
the Qjo temperature coeflicient, which is a derivation of the
Arrhenius equation, 1 week in PBS at 75°C is equal to 14 weeks
at 37°C.
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Weight and Thickness Loss

The dry weight of all samples was determined with 0.01 mg
precision before and after aging. The weight loss was calculated
according the following equation:

my — m
mass loss (%) = D077 o 100 (2)
my

where my is the weight of the neat samples and mr is the weight of
the samples after aging. A Marathon micrometer with 0.001 mm
precision was applied to determine thickness of samples before
and after the aging study. The mean value and standard deviation
was calculated for N = 3 samples per aging time.

Dynamic Mechanical Analysis (DMA)

DMA was performed using a TA Instruments RSA-G2 Solids
Analyzer with the immersion system in tension mode in order to
quantify the storage modulus E’ and tan § of dry or in PBS soaked
samples. All measurements were performed on rectangular
samples as received after the clean room processing or CO; laser
cutting, having a width of 4.5 &= 0.1 mm and thicknesses of 30 £+
3 wm. The following parameters were selected: clamping distance
of 15mm, a preload force of 0.1 N, a frequency of 1 Hz, and a
deformation amplitude of 0.275% strain. Dry experiments were
run from 10 to 100°C or from 20 to 120°C using a heating rate
of 2°C min~!. Soaking experiments were performed using the
immersion system of the RSA-G2 filled with PBS. The first step
(the soaking) included the heating from room temperature to
37°C followed by isothermal oscillating for 60 or 120 min. The
second step comprised first cooling down to the start temperature
with a rate of 3C min~! followed by heating from 10 to 80°C
applying a heating rate of 2°C min~!. All measurements were
performed on three independent specimens in order to gather
statistical results. Graphics show representative measurements
only.

Termogravimetric Analysis (TGA)

A Mettler Toledo TGA/DSC 1 was used to perform Thermal
Gravimetric Analysis on N = 3 samples before and after
accelerated aging. The polymer samples were heated from 25
to 700°C at a heating rate of 20°C/min and flow of 50 ml/min
nitrogen gas. Samples were approximately 5 mg each.

Cytotoxicity Test
Cytotoxicity assays were carried out as previously described
(Black et al., 2018) and in accordance with the International
Organization for Standards (ISO) protocol “10993-5: Biological
evaluation of medical devices”(ISO, 2008). Briefly, 50% and
100% concentration shape-memory polymer (SMP-A) extract
was evaluated against Tygon-F-4040-Lubricant Tubing extract
(positive control) and cell medium (negative control). Material
extracts which reduced normalized cell viability percentages
below 70% were considered cytotoxic in accordance with the ISO
protocol (ISO, 2008).

Material extracts were made by soaking 3 cm?/ml of positive
control and SMP A in Dulbecco’s Modified Eagle Medium
(DMEM) at 37°C, 5% CO;, and 95% relative humidity for

24h in a polystyrene, glass-bottom 24 well plate (Greiner Bio-
One, Austria). NCTC clone 929 fibroblasts (ATCC, USA) were
routinely sub-cultured and seeded in a separate 24 well plate at a
density of 100,000 cells per well in complete cell medium (DMEM
with 10% horse serum) and allowed to incubate at 37°C, 5%
CO3, and 95% relative humidity for 24 h until a semi-confluent
monolayer of cells was formed. Cell media was replaced with the
respective material extract for 24h before being stained using
a LIVE/DEAD Cytotoxicity kit for mammalian cells (Thermo
Fisher, L3324) using manufacturer protocol. Briefly, Cells were
washed three times with sterile PBS and incubated at 37°C with
2uM Calcein AM (CaAM) and 4 uM Ethidium Homodimer
(EthD-1) for 15min. CaAM dye stained the cytoplasm of
live cells while EthD-1 stained the nucleus of apoptotic cells.
2 x 2 field stitched fluorescent images (10x objective) were
taken in each well using an inverted microscope (Nikon Ti
eclipse).

Live/dead cell counts were quantified using Image] (NIH).
Briefly, images were treated with a 2.0 Gaussian Blur then
automatically counted based on local intensity maxima. Further
analysis using a MATLAB program identified cells that exhibited
both live and dead stains based on cell-to-cell proximity through
and were removed from the live count. Cell viability percentage
was defined as the ratio of live cells to the total number of
cells. Cell viability percentages reported were normalized to the
negative control.

RESULTS

Synthesis of Ester Free Monomer

Trifunctional thiol (TTTSH) was synthesized by radical addition
reaction between TATATO and thioacetic acid followed by
hydrolysis in acidic media. Column chromatography was applied
to remove byproducts. Yield: 30 g (71%). '"H NMR, *C NMR and
FTIR, support the successful synthesis (detailed plots are shown
in SI, Supplementary Figures 1-3). '"H NMR [600 MHz, CDCl3,
5 (ppm)]: 3.98 (t, ] = 7 Hz, 6H, -N-CH2-CH2-), 2.54 (dt, ] = 7
Hz/ ] = 8 Hz, -CH2-SH), 1.94 (quintet, ] = 7 Hz, 6H, -CH2-CH2-
CH2-), 1.52 (t, 3H, ] = 8 Hz, -SH)."*C NMR [150 MHz, CDCls, 3
(ppm)]: 149.03(-C=0), 41.84 (-NCH;-), 31.87 (-CH2-), 21.95
(~CH,SH). FT-IR (cm™!): 2962, 2933, 2854, 2566 (vs_p), 1671
(ve=0), 1454, 1423, 1373, 1334, 1288, 1230, 759.

Softening Effect on Pristine SMPs

Our aim was to synthesize an ester free SMP formulation with
similar softening properties as previously used ester-containing
thiol-ene and thiol-ene/acrylate polymer compositions. In order
to mimic the effect of body fluids on mechanical properties of the
polymer SMP-A, dynamic mechanical analysis was performed
in dry and soaked conditions (Figure 2A). The glass transition
temperature (Tg) and storage modulus (E’) in the glassy and
rubbery state was tuned to be similar to the previously used SMP-
B (Figure 2B). Soaked conditions were achieved by immersing
the polymers in phosphate buffered saline (PBS) at 37°C and
monitoring the storage modulus loss until the modulus no longer
decreases. We determined that the composition consisting of
TTTSH/DDT-TATATO = 0.3/0.2-0.5 had comparable values.
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Soaking in PBS led to a modulus decrease for SMP-A from 1,020
£ 67 MPa at room temperature (23°C) to 22.1 &£ 0.3 MPa after
20 min at 37°C, while the modulus of SMP-B dropped from 2,187
=+ 98 MPa to 28.8 & 0.4 MPa. After soaking in PBS, the peaks
of loss modulus and tan (delta) which show the glass transition
temperature of both SMPs decreased by 12-14°C compared to
the dry values (Figure 2). For SMP-A, T, dropped from 46.3 +
0.7 to 34.6 £ 0.8°C and for the SMP-B, fell from 47.8 &+ 0.4 to
33.0 £ 0.6°C.

Accelerating Aging Test in PBS at 75°C

Chronic implantable bioelectronic devices must consist of stable
substrate materials in biological environment to enable operation
for many years in vivo (Lyu and Untereker, 2009). To compare
the hydrolytic stability of the sample’s network in physiological
conditions, aging in PBS was performed. In order to accelerate
the aging process, the temperature was increased to 75°C.
The effect of the aging conditions on mass change (Figure 3)
and viscoelastic behavior (Figure 4) of the samples were then
assessed. As shown in Figure 3A, the SMP-B was stable for nearly
4 weeks, but thereafter began to continually lose mass until the
test was stopped. After 8 weeks at elevated temperature, SMP-
B lost 14.7 £ 0.9% of its original mass. On the other hand,
SMP-A exhibited no weight loss. A similar trend is seen in
Figure 3B, where SMP-A displayed no change in thickness over

the testing period, whereas SMP-B began to thin after 5 weeks.
At the end of 8 weeks SMP-B lost 9.8 £ 1.6% of its original
thickness.

The DMA data of the SMPs aged in PBS indicates that
T, increased each week, which can be seen in the peak shifts
of tan delta and the loss modulus, respectively. As seen in
Figure 4, the Tyfor both SMP-A and SMP-B displayed higher
glass transition temperatures after soaking in PBS at 75°C
(shifting from 47 to~61°C). Figure 4B indicates that rubbery
modulus of SMP-B decreases gradually and tan delta peak is
getting wider and asymmetric with increasing aging time. On the
other hand SMP-A does not show any changes in the shape of
graphs.

Accelerated Aging Test in 1 M NaOH

Solution

The effect of harsh conditions (1.0M NaOH, 37°C) on our
two different polymers (SMP-A and B) was investigated.
Mass and thickness changes (Figure5) and mechanical
properties (Figure 6) of the polymers were compared to
the initial pristine and dry polymers. Figure5A shows
the change in polymer mass over time. Over the course
of the 4 weeks investigation, SMP-A had no appreciable
loss of mass, whereas SMP-B showed remarkable mass
change during 4 weeks with a final mass loss of 38.7 +
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FIGURE 4 | Representative DMA measurements of SMP-A (A) and SMP-B (B) showing changes in the storage modulus (top), loss modulus (center), and tan delta
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0.3%. In addition to the weight loss study, the thickness of
each polymer was monitored during the aging. Figure 5B
indicates significant thickness loss (42.1 + 1.7%) for SMP-
B over the course of the aging test, while SMP-A was
stable.

Dynamic mechanical analysis (DMA) was performed to
investigate the stability of thermomechanical properties of both
SMPs after aging in NaOH (Figure 6). It can be seen that

there are no changes in the profiles of the storage/loss moduli,
and tan delta. We could not measure the thermomechanical
properties of SMP-B after 4 weeks of aging in NaOH, since
the polymers were already too degraded and the specimen
were brittle and ruptured (see Supplementary Figure 4 in SI).
These findings are in line with the weight loss and thickness
measurements, which also revealed drastic changes. Thermal
gravimetric analysis (TGA) was performed in order to compare
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thermal stability of materials before and after the aging study
in NaOH and PBS (Figure 7). It can be seen in Figure 7A
that SMP-A (top) was not affected by the aging study in
both media and degradation temperature and mass loss rate
did not change. However, SMP-B (bottom) displays a slightly

lower onset in the decomposition temperature after 4 weeks in
NaOH (from 320 to 300°C) and even larger shift (from 320
to 250°C) after 8 weeks in PBS media. Figure 7B displays a
more detailed view on the aging effects of 75°C PBS on SMP-
B. The onset of the decomposition temperature shifts downward
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about 8-10°C per week. In addition, the mass loss rate pattern
changes over time, in detail the shoulder at higher temperature
diminishes.

Cytotoxicity Test

To evaluate the cytotoxicity of SMP-A in vitro, we carried
out live/dead assays based on material extract treatments
in accordance with ISO protocol 10993-5. After fibroblasts
were incubated for 24h in the material extract, cell viability
percentages were calculated and normalized to the negative
control (Figure8). SMP A at 50 and 100% concentrations
had normalized viability percentages of 97.8 £ 0.8% (mean
+ SEM, n = 6) and 93.6 £ 1% (mean £ SEM, n = 6),
respectively. The positive control had a significantly lower
viability percentage of 21.8 £ 4.7% (mean + SEM, n = 6)
(Figure 8B). Normalized viability percentages for SMP A at
both 50 and 100% concentrations were both above the 70%
threshold and deemed non-cytotoxic in accordance with ISO
protocol 10993-5.(ISO, 2008) The in vitro cytotoxicity of SMP-
B was evaluated in a different study (Black et al., 2018) and is
therefore not shown detailed herein. The other study revealed
that SMP-B (which was named FS SMP in the other study) had
normalized viability percentages of 99.1 £ 0.7 % in the case of
NCTC fibroblasts.

DISCUSSION

The focus of this study was to compare the stability of two types
of SMPs that are applicable for flexible bioelectronic devices.
Finding the appropriate substrate for the use in self-softening
bioelectronic devices requires an understanding of the chemical
structure and composition of the monomers for fine-tuning
of the glass transition temperature of the final polymer. Glass
transition (Tj) is critical to designing polymeric substrates for

softening bioelectronic devices, since the Ty must be higher than
body temperature prior to insertion for easy handling. After
insertion however, a T higher than body temperature may cause
an inflammatory response because the polymer is still in its glassy
(stiff) state. Both SMP-A and SMP-B were synthesized utilizing a
thiol-click polymerization mechanism and the glass transitions
were tuned to be between 42 and 46°C in dry conditions and
around 34°C when immersed in PBS. The mechanical properties
of the SMPs change in the aqueous environments due to the
plasticization effect of water molecules on polymer films. The
storage modulus E decreased significantly after 25 and 10 min
immersion in PBS at 37°C, for SMP-A and SMP-B, respectively.
Therefore, the glass transition in dry condition is high enough
for handling during insertion and low enough to minimize an
inflammatory response under physiological conditions. After
finding the proper composition for both SMPs, the polymers
were evaluated for long-term stability in two different media;
PBS to mimic the aqueous environment in vivo at elevated
temperature (75°C) and a harsher alkaline solution (NaOH)
at 37°C. Afterward, the weight loss and thermomechanical
properties of the SMPs were investigated.

The weight loss and thickness loss data of polymers in PBS
(Figure 3) indicates that SMP-B is stable until the fourth week
but thereafter begins to continually lose weight and thickness up
to 15 and 10%, respectively. According to equation 1, aging test
at 75°C for 1 week is equivalent to 14 weeks at body temperature.
Therefore, SMP-B is expected to start to degrade after about 56
weeks (14 months) under physiological conditions. While this
time span might be long enough for many chronic and sub-
chronic studies on animals, which usually last 3 months to a
year, it would not be sufficient for long-term chronic applications,
which may take several years to decades. In contrast, SMP-A data
shows that ester-free polymers are stable under these conditions
until the end of this study, which was 8 weeks (projected to
~26 months under physiological conditions) without any signs of
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FIGURE 8 | SMP-A Cytotoxicity assays using NCTC fibroblasts (A)
Fluorescent image of NCTC fibroblasts stained with CaAM (green) and EthD-1
(red). Green cells represent live cells while red cells represent apoptotic cells.
Scale bar represents 100 © m (B) Mean normalized cell viability percentage of
SMP A at 50 and 100% concentrations, positive control, and negative control.
Blue dotted line represents the 70% threshold based on ISO protocols (ISO,
2008) needed to pass for non-cytotoxic materials.

degradation. Harsh conditions (1 M NaOH) were used to further
accelerate aging, which will be discussed later.

DMA data (Figure4) reveals that the glass transition
temperature of both polymers shifts to a higher temperature with
increasing aging time, which is indicated by shifted loss modulus
and tan delta peaks. In order to investigate whether this effect
is due to the PBS or due to the relatively high temperature (this
effect was not seen upon aging on NaOH at 37°C), additional
experiments were performed. We aged SMP-A samples in de-
ionized (DI) water at 75°C for up to 3 weeks, respectively, before
DMA measurements were conducted and compared to the aging
study in PBS at the same temperature. DMA data (shown in SI,
Supplementary Figure 5) revealed that the samples aged in water
showed similar shifting in Tg, which shows that the elevated
temperature causes annealing effects. We do not expect to see
such effects at body temperature. In addition, the DMA data

shows that after 4 weeks of aging test in PBS, the rubbery storage
modulus started to decrease and tan delta got wider which means
the SMP-B started to lose the crosslink density. Since accelerating
aging test was performed at 75°C (above the glass transition of the
polymer), the mobility of polymer chains and diffusion of water
molecules were increased. Therefore, the water migration into
the polymer was faster than the reaction rate of the hydrolysis,
which leads to bulk degradation (Lyu and Untereker, 2009).
TGA data (Figure 7B) also confirms that at higher temperature
water molecules can diffuse into the polymer structure and
hydrolize ester functional groups. That causes a loss in the
crosslink density of polymer. With that, the thermal stability of
the polymer was reduced as shown by decreased decomposition
temperatures. The diminishing shoulder at higher temperatures
can be attributed to the fact that the polymer network got
already broken down by hydrolysis. Fragments of the hydrolyzed
TMICN and TMTMP monomers have already left the polymeric
network and therefore do no longer contribute to the thermal
decomposition profile of the polymer. To further investigate
the degradation of the polymers, gas chromatography-mass
spectroscopy (GS-MS) was applied on the PBS solution after
aging. GC-MS data (shown in SI, Supplementary Figure 7)
indicates that tris(hydroxymethyl)propane was released from
SMP-B. In contrast, however, SMP-A did not reveal any
degradation products in the PBS after aging. That confirms
our assumption that the ester-containing SMP-B undergoes
hydrolysis since tris(hydroxymethyl)propane is a fragment of the
monomer TMTMP, which used for the synthesis of this polymer
(Supplementary Scheme 1).

Figure 5 shows the weight loss and thickness loss of SMP-A
and SMP-B in NaOH solution. According to the graphs, SMP-
A, which does not contain ester groups, is completely stable and
the weight and thickness did not change over the course of the
aging study. On the other hand, ester-group containing SMP-
B started to hydrolize which leads to a 38% and 42% decrease
in weight and thickness, respectively after 4 weeks. It was seen
that SMP-B had a maximum weight loss of 15% after 8 weeks in
PBS at 75°C, which was approximately the same as for aging in
NaOH for 9 days. Therefore, we assume that the aging in NaOH
at 37°C is roughly six times faster than in PBS at 75°C. Based
on the equation 1, 1 week in PBS at 75°C is equal to 14 weeks at
37°C. Taking both considerations into account, we estimate that
4 weeks degradation in NaOH at 37°C is equal to 24 weeks at
75°C. Therefore, it could be concluded that SMP-A is projected
to be completely stable for at least 7 years under physiological
conditions.

The DMA data of SMP-A and SMP-B after aging in NaOH
(Figure 6) indicates that Ty, loss and storage moduli of SMP-
A are completely conserved, while SMP-B degrades too rapidly
for data collection after 4 weeks. All of the SMP-B samples
tore apart during testing before obtaining a glass transition
temperature (see Supplementary Figure 4 in SI). Since salts and
ions have low solubility in polymer chains, hydroxide ions did
not diffuse into the polymer structure and hydrolysis took place
on the surface (Lyu and Untereker, 2009). Therefore, erosion
of the polymer occurred from the outside to the inside of the
film. Another finding was, that in contrast to the aging in
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PBS, the rubbery modulus of SMP-B did not decrease. That
indicates that there are no changes in the polymeric network
and the crosslink density. These findings support the hypothesis
that aging in NaOH follows surface erosion rather than bulk
degradation. We have also noticed, that the aging at 37°C was
not affecting the Ty of the polymers, which indicates that no
annealing took place at this temperature. Additionally, we have
performed ATR-FTIR of polymers SMP-A and SMP-B before
and after both aging scenarios (Supplementary Figure 8 in SI).
SMP-A shows as expected no changes in surface chemistries
after both aging studies. SMP-B however has shown only minor
changes after 4 weeks in NaOH, wheras it shows more distinct
changes after aging for 8 weeks in PBS. It can be seen for
example a broad peak appearing between 2,500 and 3,500 cm ™,
which can be assigned to the hydroxyl (OH) and carboxyl
(OH) streching vibration signatures, which is due to hydrolized
polymer fragments. These measurements support the bulk vs.
surface erosion theory further. Even if ATR is a surface method,
the penetration depth of the IR beam is between 0.5 and 5um
into the bulk of the sample. Therefore, the bulk degraded sample
(PBS aged) shows a higher number of degraded moieties per
volume measured.

Thermogravimetric analysis graph (Figure?7) displays
SMP data before and after aging in NaOH. Figure7A
indicates that SMP-A is completely stable, while for SMP-B
the onset of decomposition shifts about 30-40°C toward
lower temperatures after aging. In general, polymers with
decomposition temperatures higher than ~300°C are favorable
for the fabrication of bioelectronic devices. The micro-fabrication
of such devices uses processes such as photolithography, metal
deposition, reactive ion etching, and chemical etching.

It should be noted that long term implants are not only
subjected to hydrolytic degradation in an in vivo environment.
Takmakov et al. (2015) pointed out that hydrolytic degradation
alone may not adequately capture the aggressive chemical
environment that is created by activated immune cells, which
release digestive enzymes and reactive oxygen species (ROS).
They have developed an in vitro system to simulate degradation
of neural implants that can occur in a stressful environment
by using hydrogen peroxide to mimic the effect of ROS
generation during the brain’s injury response. While this presents
an important part of real live conditions, the focus of the
present study is on the hydrolytic degradation only, because
we wanted to demonstrate the improved durability of the ester
free SMP-A against the ester containing SMP-B. In future
studies however, we will perform experiments to evaluate
the durability of thiol-ene and thiol-ene/acrylate formulations
against oxidative species such as hydrogen peroxide. We do
not expect to see any differences between ester containing
and ester free versions because the ester groups are reported
in literature to be not susceptible for oxidation (Lyu and
Untereker, 2009). The sulfide groups however, may undergo
oxidation to sulfoxides and sulfones using 30% aqueous
hydrogen peroxide (Jeyakumar and Chand, 2006; Gregori et al.,
2008).

The ultimate goal is to utilize the hydrolytically stable SMP-
A as a substrate for neural interfaces and therefore have an

alternative to the currently used softeing SMP versions (Simon
et al., 2017; Garcia-Sandoval et al., 2018). To validate that
the polymer is compatible with microfabrication processes,
SMP-A was spin-coated on silicon wafers and subjected to
photolithography as previously decribed (Ecker et al, 2017).
Briefly, the polymer was covered by a silicon nitride (SiN) hard
mask before it was coated with positive photoresist. Afterward,
a photomask was used to pattern the pacifier probe through
the photoresist by exposure to UV light. Next, the probe was
subjected to dry etch with SFs to remove unpatterned hard
mask. Subsequently, oxygen plasma was applied to remove excess
polymer and patterned photoresist. Finally, the sample was
etched with hydrofluoric acid to remove SiN that was on the
SMP (Garcia-Sandoval et al., 2018). The micro-fabricated pacifier
probes were also used for the in vitro cytotoxicity test.

Another important aspect is that materials for biomedical
applications should be biocompatible and sterilizable. The
materials need to be able to show a desirable performance
with respect to a specific medical treatment, without any
unwanted effects on the tissues (Johnson and Shiraishi, 2014;
Huang et al., 2017). One of the tests for evaluating prospective
biocompatibility of biomedical devices before clinical survey
is in vitro cytotoxicity (Johnson and Shiraishi, 2014). To
investigate the potential toxicity without affecting the mechanical
or chemical properties of the polymer, cytotoxicity tests were
performed on pacifier probes by incubating fibroblasts with
extract of SMP-A for 24 h. Figure 8 confirms that the extract of
the polymer at both concentrations is reliable and the polymer
is expected to be safe for biomedical applications. We have
seen, that SMP-B produces some water soluble byproducts after
hydrolysis. These byproducts may undergo some deleterious
reactions including oxidation in vivo. Therefore, the degraded
polymer may not prove to be as biocompatible as the original
polymer. Additional studies, such as functional neurotoxicity or
cytotoxicity assays using primary cortical neurons, (Charkhkar
et al, 2014) need to be performed to further investigate
potential harm of degradation product. On the other hand,
SMP-A sustained even in harsh conditions without any signs of
degradation and therefore is less of a biocompatibility concern.
Biomedical devices need to be sterilized properly for in vivo
studies. To inquire the effect of sterilization on mechanical
properties, SMP-A was subjected to sterilization with ethylene
oxide (EtO) as previously described (Ecker et al., 2017). Since
the sterilization with EtO was performed at a low temperature,
it has negligible effects on the mechanical properties of SMPs.
DMA data (shown in SI, Supplementary Figure 6) before and
after sterilization shows that storage modulus and glass transition
did not change remarkably.

CONCLUSION

Ester free (SMP-A) and ester containing (SMP-B) polymers
with comparable thermomechanical properties and softening
capabilities were prepared and their stability in vitro was
evaluated. Accelerated aging tests were performed on both
polymers and their stability was compared. According to the test
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results, ester free polymers are projected to be stable for at least 7
years in the biological environment, whereas the ester containing
polymer should be stable for approximately 1 year. Therefore,
the new ester-free polymer (SMP-A) is a good candidate for
future devices. It was stable under the tested conditions and
is therefore much more reliable and robust than SMP-B, but
still biocompatible. Furthermore, fabrication of pacifier probes
demonstrated that SMP-A was stable in cleanroom processes and
conserved its mechanical properties. Next steps will include the
fabrication of fully functional neural interfaces and their testing
in vitro as well as in vivo.
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