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Degradable, Silyl Ether Thiol-Ene Networks

Taylor Ware Ijl, Abby R. Jennir& s ¥ Zahra S. Bassampourz, Dustin Simonl,
David Y. Son™? and Walter Voit

A system of multifunctional silyl ether containing alkene and thiol monomers are synthesized and
polymerized into uniform degradable networks with widely tunable thermomechanical properties. The
glass transition temperature of the hydrolytically unstable networks can be controlled between -60 °C and
40 °C. Near total degradation is observed and the rate of degradation is controlled to occur between hours
and months. Dynamic mechanical analysis, mass loss, uniaxial compression testing, multinuclear NMR
spectroscopy, and gas chromatography—mass spectrometry are utilized to characterize the degradation of
these networks. Importantly, this system of materials allows for rapid hydrolytic degradation that is not
preceded by are demonstrated

swelling. These degradable polymers to be compatible with

microfabrication techniques, namely photolithography. As a demonstration, biodegradable device cortical

electrodes were

Introduction

Hydrolytically degradable polymers have been designed and
developed towards a wide variety of biomedical applications
including scaffolds for tissue engineering, orthopedic implants
and drug delivery systems.! A number of degradable moieties
have been explored and the resulting polymeric materials tuned
to achieve a wide range of mechanical properties and
degradation profiles. Aliphatic polyesters, such as poly(lactic
acid) and poly(caprolactone), have received significant
attention as tunable polymers that degrade on the order of years
under physiological conditions.> Although hydrophilic aliphatic
polyesters may undergo degradation more rapidly,
poly(anhydrides) and poly(ortho esters) provide significantly
more labile functionalities which can yield materials that
degrade on the order of minutes to days. More recently, other
highly labile moieties such as silyl ethers and silyl esters have
been incorporated into polymeric materials to induce hydrolytic
degradation.”® Silyl ethers are commonly utilized to protect
alcohols and are readily hydrolyzed, yielding a silanol and an
alcohol. Importantly, neither of these byproducts is considered
inherently toxic or leads to drastic changes in the pH of the
surrounding  medium.’>  Recently, the synthesis of
multifunctional thiols containing silyl ether linkages was
achieved through the selective condensation of the alcohol
group of mercaptoalcohols with chlorosilanes.” The ready
availability of these thiols and the existence of highly efficient
“thiol-click” reactions (reactions of thiols with alkenes,
epoxides, and isocyanates, among others) provide a facile and
novel entry to a wide variety of previously unknown degradable
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fabricated and

electrochemically characterized on silyl ether substrates.

poly(silyl ethers), which provides a rich toolset with which to

separate fundamental phenomena that govern network
degradation in aqueous environments.

The group of click reactions originally described by Sharpless
et al. did not include the thiol-click reactions, but these thiol-
click reactions are now widely considered to possess similar
characteristics: namely, the reactions can be carried out to high
yield under mild reaction conditions.®® In particular, the step
growth, free radical polymerization of multifunctional thiols
with multifunctional alkenes (thiol-ene) has received significant
attention. The resulting polymer networks are considerably
more homogeneous and possess lower cure stresses compared
to acrylic networks.'®!! These advantages have been recognized
in the stimuli-responsive polymer literature, and have led to a
number of thiol-ene based smart polymeric materials that
exhibit
plasticity.'>'* In addition, certain thiol-ene substrates are

shape memory, tunable degradation, and photo-
known to be compatible with microelectronics processing,
enabling stimuli-responsive flexible electronics.'” Specifically,
intracortical electrode arrays can be fabricated utilizing
photolithography on thermoset substrates that are glassy for
penetration of the outer layers of cortical tissue, and
subsequently undergo a significant reduction in modulus.
Compliant intracortical implants have been demonstrated to
exhibit a reduction in the immune response and may offer a
strategy to improve device performance.'®!'” It has also been
shown that device size plays an important role in minimizing
the immune response to these indwelling electrodes.'® The use
of insertion shuttles to deliver small electrode arrays has been
previously discussed, but the fabrication of thin-film electronics

directly on biodegradable
4.1920

substrates has not been

demonstrate
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In this work, a series of silyl ether multifunctional alkene and
thiol monomers were synthesized and polymerized in bulk
using thiol-ene chemistry. The resulting polymer networks were
thermomechanically characterized, and the degradation of these
materials was monitored in simulated physiological conditions
through mass change, quasi-static mechanical testing, 'H NMR
spectroscopy, and gas chromatography (GC-MS). Through
the effect
thermomechanical properties and degradation is highlighted.

these methods, of network structure on

Results

The goal of this work was to design and characterize a system
of amorphous poly(silyl ether) thermosets that tunably degrade
in physiological conditions through hydrolysis. To this end, six
silyl ether containing multifunctional thiols or alkenes were
designed and synthesized. The monomers were designed such
that by controlling steric hindrance around the silyl ether core
of each monomer, the extent and rate of both initial
crosslinking and final degradation could be precisely controlled
once these monomers were incorporated into a polymer
network. This series of monomers was combined with two
commercially available monomers to yield a series of polymers
through free-radical thiol-ene chemistry. Figure 1la is a
the

monomers used in this study (3,8) and the custom synthesized

pictorial representation of commercially available
monomers (1,2,4-7). Monomers 1 and 2 were synthesized using
known methods.?"?* Figure 1b illustrates the synthetic strategy
used for the synthesis of monomers 4-7.7 For these monomers,
the appropriate chlorosilane was added to a cold solution of 2-
mercaptoethanol and triethylamine. The resulting suspension
was stirred under nitrogen at room temperature overnight, and
the crude products were isolated by first removing the amine
salt by vacuum filtration and then removing all volatiles
through rotary evaporation. Monomers 4 and 5 were purified by
distillation under reduced pressure.

Initially, four compositions were synthesized in which both the
thiol and alkene monomers possessed the reactive groups
connected to the central atom through a hydrolysable silyl ether
linkage. Namely, both tetra-allyl (1) and tri-allyl (2) monomers
were polymerized with a tetra-thiol (4) and a tri-thiol (5).
DMA, shown in Figure 2a,b, demonstrated each of these
networks to be elastomeric at room temperature with a distinct
and narrow glass transition temperature (T,) ranging from -55
°C to -28 °C. T,, denoted as the peak of tan §, and crosslink
density, proportional to the rubbery plateau modulus above the
T,, both scale with the average functionality of the monomer.
Each of the silyl ether containing networks characterized
thermomechanically in Figure 2a,b underwent significant
degradation upon exposure to physiological conditions.
Degradation was monitored over 6 weeks by measuring both
the equilibrium mass (Figure 2¢) and mass of polymer after
drying (Figure 2d) of samples that had been exposed to
simulated physiological conditions. It should be noted that each
of these samples never significantly increased in mass, and the
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equilibrium mass change was always negative. Degradation of
the two networks containing 4 proceeded rapidly. The 4+2
sample reached a maximum mass loss of ~80% in 12 hours, and
the 4+1 sample reached a similar plateau between 1 day and 1
week. Samples polymerized with the methyl-substituted thiol,
5, degraded more slowly. It should be noted that total
dissolution of the polymer was not observed for any of these
samples. Instead, the sample degraded to a loosely coherent,
low density cloudy gel.

To better understand the degradation processes, quasi-static
compression in phosphate buffered saline (PBS) at 37 °C was
performed on both networks containing 4. Representative data
of the stress-strain behavior for both the 4+1 (Figure 3a) and
the 4+2 (Figure 3b) samples indicate a reduction in modulus
(slope of the stress-strain curve) upon exposure to physiological
conditions. After 6 hours for 4+2 and after 48 hours for 4+1, the
samples no longer supported the small preload of 0.03 MPa
without significant deformation or failure.

In addition to this mechanical probe of network properties, the
degradation products were identified. Initially, the degradation
products of 4+2 were monitored by GC-MS (Figure 3c). The
top chromatogram shows the final analysis of the degraded
network. The chromatogram contains a significant peak at
approximately 8.0 minutes, corresponding to the major
degradation product, and a very small shoulder that appears
around 7.8 minutes. The model degradation compound shown
underneath exhibits a similar profile with a major peak near 8.1
minutes and a minor peak around 7.5 minutes. The bottom two
chromatograms correspond to 2-mercaptoethanol and allyl
alcohol, and contain one major peak each at 2.9 and 1.5 minutes
respectively. After the GC-MS analysis of 4+2 was complete,
the degradation products were further evaluated using 'H NMR
spectroscopy by extracting the aqueous layer with CDCly
(Figure 3d). The top spectrum corresponds to the degraded
network. Significant signals not due to the degradation products
are appropriately labeled. The spectra of the model degradation
compound and the respective starting materials are shown
below the degraded network.

The networks characterized in Figures 2 and 3 are all
clastomeric and highly crosslinked. In order to synthesize
networks which are glassy at room temperature, a rigid,
hydrolytically stable tri-allyl monomer (3) was polymerized
with a series of silyl ether thiols. Multi-functional thiol 4 and
thiols with non-hydrolysable substituents on the silicon atom
(methyl (5), phenyl (6), diphenyl (7) were synthesized and
polymerized in bulk with 3. Each of these monomers is
miscible with 3 at room temperature. As shown by DMA in
Figure 4a,b, the T,’s of these networks range between 28 °C
and 40 °C, with 4+3 having the highest T, and crosslink
density. The rubbery modulus (proportional to crosslink
density) trends negatively with the molecular weight per thiol
group. The rubbery modulus was greater than one order of
magnitude larger for the 4+3 composition as compared to the
7+3 composition due to the effect a tetra-functional thiol has on
crosslink density relative to a di-functional thiol. Equilibrium
mass and mass loss were monitored for each network as a
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function of time during exposure to physiological conditions
(Figure 4c,d). Each network exhibited significant degradation
and the equilibrium mass at each measured time point was less
than the initial mass. Over 6 weeks, 3+6 lost 29% + 1%, while
each of the other samples degraded between approximately 60
and 80%. However, it is important to remember that each
crosslink in the network contains a single silyl ether linkage,
begetting networks that can ultimately undergo near complete
degradation.

In order to study the mass loss in networks that do not contain
readily hydrolysable silyl ether linkages at every branch point
in the network, compositions were synthesized that contained a
8. The alkene,
copolymerized with a mixture of 8 and a degradable thiol,

tri-functional mercaptopropionate, 3, was
either 4 or 5. Silyl ether content was controlled so that on
average 0/3, 1/3, 2/3 or 3/3 of the resulting network branches
were readily hydrolysable. DMA of the resulting homogenous
polymer networks is shown in Figure 5. In networks containing
either 4 or 5, T, decreased and rubbery modulus increased with
increasing silyl ether content. In addition, the T, and rubbery
modulus for 3+8+4 networks were higher than the measured
values for 3+8+5 networks for a given silyl ether content. As
seen in Figure 6a,b, mass loss increased with increasing silyl
ether content. The control composition 3+8 exhibited a slight
swelling with no associated mass loss over the observed period
of 6 weeks, as has been reported elsewhere.”” In compositions
with one-third silyl ether content, only slight swelling was
observed. Mass loss of approximately 25% was observed for
compositions with two-thirds silyl ether thiols. Significant
differences in degradation behavior were not observed in the
networks containing the tetra-functional thiol (4) or the tri-
functional thiol (5). In addition to mechanical and gravimetric
analysis of silyl ether thiol-ene materials, the degradation
products were also monitored.

A degradation analysis of 5+3 was performed by first
monitoring the degradation by GC-MS (Figure 6c¢). The top
chromatogram represents the final analysis of the degraded
network, and contains two peaks at approximately 10.2 and
14.7 minutes. The chromatogram of a model degradation
compound is shown below the degraded network and exhibits a
similar profile. It should be noted that the expected major
degradation product cannot be analyzed by GC-MS due to its
lack of volatility. The bottom two chromatograms correspond
to 2-mercaptoethanol and 3, and contain one major peak each at
2.9 and 10.2 minutes, respectively. After the GC-MS analysis
of 5+3 was complete, the aqueous layer was extracted with
CDCl; and the degradation products further analyzed by 'H
NMR spectroscopy (Figure 6d). The top spectrum shows the
final analysis of the degraded network. Significant signals not
due to the degradation products are appropriately labeled. The
spectrum of the major model degradation compound, which
was obtained by the thiol-ene reaction of 3 and three
equivalents of 2-mercaptoethanol, is shown below the degraded
polymer. The to 2-
mercaptoethanol the

bottom two

and 3,

spectra  correspond

respectively. Understanding
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degradation of the silyl ether we sought to fabricate partially-
degradable bioelectronics.

The suitability of 4+3 to serve as a degradable substrate for
implantable electronics, such as arrays of microelectrodes, was
evaluated. This composition was chosen due to its combination
of a relatively high T, and near complete degradation. The
idealized cross section of the fabricated microelectrode arrays is
schematized in Figure 7a. Utilizing Parylene-C as the dielectric
and gold as both the conductor and electrode material, devices
were fabricated with standard photolithography. As an example
of the devices that can be fabricated, optical micrographs in
Figure 7b,c depict two arrays of microelectrodes nominally
designed to record neural activity from the auditory cortex of a
rat. Figure 7b is an example of an electrode array designed to
perform electrocorticography, while Figure 7c¢ is similar to
penetrating intracortical multielectrode arrays. Electrochemical
impedance spectroscopy of a representative 2000 um?’ gold
electrode is shown in Figure 7d. After immersion in simulated
physiological conditions the substrate degrades leaving only
Parylene-C encapsulated microelectrodes. As a result, the
device undergoes a reduction in thickness from 35 pum to just
over 1 pm.

Discussion

Polymers in biomedical devices that undergo degradation in
physiological conditions interact with the surrounding tissue
through leaching of degradation products and changes in
modulus and geometry in a time-dependent manner. In this
work, a strategy is presented to allow for precise control over
this temporal response in a system of materials that may be
useful in applications that require precise degradation profiles,
control of glass transition temperature, and compatibility with
photolithography, such as the fabrication of minimally-invasive
implantable arrays of microelectrodes. Wide control over the
glass transition temperature, crosslink density and degradation
of silyl ether containing polymer networks formed through the
radical thiol-ene reaction is demonstrated. The potential utility
of these materials to serve as substrates for electronics that can
withstand the
microelectronics, deliver these electronics into soft tissue, and

photolithography  for processing  of
subsequently degrade leaving behind a minimally invasive
implant is also discussed.

Silyl ether thiols, monomers 4-7, were obtained through the
selective reactions of chlorosilanes and 2-mercaptoethanol. In
these reactions, the chlorosilane reacts exclusively with the
hydroxyl functionality of the 2-mercaptoethanol molecule,
allowing one to easily obtain thiol terminated monomers.
Furthermore, there are a wide variety of commercially available
and synthesizable chlorosilanes that can be employed as
starting materials for this reaction. Reaction conditions are mild
and product purification, when necessary, can usually be
performed by This
straightforward methodology to alter the functional groups

vacuum distillations. provides a

attached to the central silicon atom and in turn, tune the
properties of the resulting material.
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Model poly(silyl ether)s were synthesized in bulk from the
synthesized silyl ether thiols and silyl ether alkenes. Due to the
hydrolysable nature of the Si-O bond present within the
networks formed from 4+2 or 4+1, each composition undergoes
a rapid reverse gelation process as indicated by the reduction in
modulus (Figure 3a,b) and mass loss (Figure 2d) of these
elastomers, in which the degradation products are readily
predictable. As shown in Figure 3e, the major degradation
product 4+2 is 3-(2-
hydroxyethylsulfanyl)propan-1-o0l, or compound 9. To verify

expected from
the presence of this compound in the degraded network, 9 was
synthesized via the thiol-ene reaction of allyl alcohol with 2-
As shown in Figure 3¢, the model
compound exhibited two the
chromatogram. The more prominent peak observed in the

mercaptoethanol.
degradation peaks in
chromatogram yielded a mass spectrum that corresponded to 9
(see Figure S 7, Supporting Information). When performing
thiol-ene reactions, there is a small percentage of thiol that adds
across the interior carbon atom of the alkene, yielding what is
known as the alpha product. The minor peak observed in the
chromatogram of the model compound had a mass spectrum
that corresponded to the alpha product (see Figure S 8,
Supporting Information). Since the chromatogram of the
degraded sample shown in Figure 3c exhibited the same
characteristic peaks as the model compound, it can be inferred
that the degraded material contained mostly 9 and a very small
amount of the alpha product.

GC-MS analysis is only appropriate for the detection of lower
molecular weight compounds. Hence, an extraction was
performed on the degraded sample that was used in the GC-MS
study and a '"H NMR spectral analysis was performed on the
aqueous layer. When comparing the spectra of the degraded
sample and the model compound, similar peaks are present.
The only discrepancy observed in the spectra is the location and
appearance of the hydroxyl chemical shifts; however, it is well
known that the general appearance and placement of hydroxyl
protons can fluctuate and is dependent on the chemical
environment. The presence of the alpha product was also
verified in the "H NMR spectral experiment by the appearance
of a characteristic upfield doublet, which corresponds to the
protons of the methyl group. These observations further support
the notion that the major degradation product is 9, containing a
small amount of the alpha product. The acetone and
dichloromethane seen in the spectrum were externally
introduced into the sample during the GC-MS study. The
degraded sample was monitored daily over a three week period,
which allowed for enough solvent to be introduced such that it
could be detected in the 'H NMR spectral analysis. The lack of
2-mercaptoethanol or allyl alcohol in the degradation sample
indicates that monomer conversion was nearly complete.
Although the rapid degradation and elastomeric nature of the
previously described materials may prove useful for certain
applications, previous work has demonstrated that these low
modulus materials yield devices without the requisite stiffness
necessary to penetrate soft tissue and deliver microelectronics.
To synthesize materials that fit in this property space but that

4| J. Name., 2012, 00, 1-3

can also degrade at controlled time points following
implantation, the high flexibility of the silyl ether and thio-ether
must be overcome to move the T, above ambient temperatures.

the

characterized in Figure 2-3. Degradable silyl ether alkenes

Several changes were made to model networks
were replaced with 3 to increase the rigidity of the network,
shifting the T, upward by nearly 100 °C. As with the 4+2
network, the major degradation products of the network formed
from 5+3 were predicted and verified. As shown in Figure 6e,
the product 1,3,5-tris[3-(2-

hydroxyethylsulfanyl)propyl]-1,3,5-triazinane-2,4,6-trione, or

major expected is
compound 10.

To verify the presence of this compound in the degraded
network, 10 was synthesized via the thiol-ene reaction of 3 with
three equivalents of 2-mercaptoethanol. Due to its higher
molecular weight and boiling point, compound 10 could not be
GC-MS. Additionally, a
degradation product was prepared by reacting 3 with one

analyzed via second model
equivalent of 2-mercaptoethanol. This thiol-ene reaction would
produce a mixture of compounds including unreacted 3, 10, and
compounds 11 and 12 shown in Figure 6e. Of these products,
only 3 and 11 are detectable by GC-MS.

As shown in Figure 6c¢, the degradation sample from 5+3
exhibited two peaks in the chromatogram. The smaller peak
appeared at the same retention time as that of pure 3 and
yielded a mass spectrum that corresponded to 3 (see Figure S
9, Supporting Information). The retention time of the larger
peak and its mass spectrum corresponded to 11 (see Figure S
10, Supporting Information). Thus, it can be deduced that the
degraded material contains some 11, a small amount of
unreacted 3, and most likely some 12, although 12 cannot be
observed using GC-MS. The trace amounts of 3 and partially
reacted 11 in the GC chromatogram may be attributed to a
slight stoichiometric excess of alkene due to difference in
monomer purity. The presence of 11 and unreacted 3 in the
degraded sample implies that network formation in this case is
incomplete (but mostly complete; see "H NMR spectral analysis
below). It is believed that as the network is forming, 3 and
partially reacted 3 becomes trapped by the vitrification of the
polymer network and as the sample degrades, are released. It is
critical to understand what degradation products emerge and
how well they are tolerated in vivo to ensure that they do not
cause unwanted effects. The scope of that effort warrants
further inquiry beyond the basic identification of products from
these systems as confirmed by GC-MS and 'H NMR
spectroscopy.

Since the identification of all degradation products could not be
confirmed in the GC-MS analysis, an extraction was performed
on the degraded sample and a 'H NMR spectral analysis
performed on the aqueous layer. When comparing the spectra
of the degraded sample and model compound 10, similar peaks
are present (Figure 6d). As with the '"H NMR spectral study of
the degraded sample obtained from 4+2, the major difference
between the degraded sample and the model compound is the
location and appearance of the hydroxyl protons. The presence
of unreacted alkene groups attributed to 11, 12, and unreacted 3

This journal is © The Royal Society of Chemistry 2012
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was also verified in the '"H NMR spectral experiment, although
based on the integration of the alkene signals, the amount of
unreacted alkene is small. These observations support the
prediction of 10 being the major degradation product.

The present work presents the first published example of silyl
ether based thiol-click networks. It is hoped that these widely
tunable degradable thermosets may find use in both biomedical
and industrial applications. Recently, there has been interest in
fabricating transient electronics on degradable polymer
substrates.”” The polymers discussed in this work distinguish
themselves from existing biodegradable materials by
compatibility with microfabrication techniques, if the substrate
is protected from extended exposure to water. Gold electrodes
directly fabricated on these degradable substrates have similar
electrochemical performance to other previously reported gold
microelectrodes.'” After fabrication, the substrate supporting
the flexible electronic device degrades without first swelling
significantly, so as not to damage the encapsulated thin film
electronics. Previously published work has demonstrated the
suitability of amorphous thiol-ene networks to serve as
substrates for the fabrication of flexible electronics capable of
changing modulus, from glassy to elastomeric, in response to
physiological conditions. This work extends the physiological

response of the substrate to include near total degradation.

Experimental

Materials

1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO)
and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were
purchased from Sigma Aldrich. Tris[2-(3-
mercaptopropionyloxy)ethyl] isocyanurate (TMICN) was

purchased from Wako Chemicals. Phosphate buffered saline
(PBS) with a pH of 7.4 was purchased from Fisher Scientific.
These chemicals were used as received without further
purification. All device fabrication processing steps, except
polymer synthesis, were performed 10,000
The and
dichlorodiphenylsilane were purchased from Acros Organics.

in a Class
cleanroom. trichlorophenylsilane
The tetrachlorosilane, trichloromethylsilane, and allyl alcohol
were purchased from Alfa Aesar. All chlorosilanes and the allyl
alcohol were distilled over magnesium turnings prior to use.
The triethylamine was purchased from TCI and distilled over
calcium hydride prior to use. The ether was purchased from
EMD and dried over activated 4A molecular sieves. The 2-
mercaptoethanol was purchased from Amersco and used as
received.

Monomer synthesis and characterization

The IH, 13C, and Si NMRs were measured on a JOEL 500
MHz NMR spectrometer and chemical shifts are reported in
parts per million referenced to tetramethylsilane. Elemental
analyses were obtained using a CE Elantech Thermo-Finnigan
Flash 1112 elemental analyzer.

This journal is © The Royal Society of Chemistry 2012
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Monomers 1 and 2 were synthesized using known methods.*'"*?

The syntheses and characterization data for monomers 4 and §
have been reported previously.’
2-[PHENYL-BIS(2-SULFANYLETHOXY)SILYL]OXYETHANETHIOL
Monomer 6 was synthesized employing the same method as
monomers 4 and 5, using ether (400 mL), triethylamine (18.20
mL, 0.13 mol), 2-mercaptoethanol (9.20 mL, 0.13 mol), and
trichlorophenylsilane (7.00 mL, 0.044 mol). The product was
obtained as a clear and colorless liquid (12.67 g, 86.0%). 'H-
NMR (500 MHz, CDCl;) &8 7.68-7.66 (m, aromatic, 2H),
7.49-7.38 (m, aromatic, 3H), 3.95 (t, -OCH,CH,SH, 6H, *J= 6.3
Hz), 2.71 (d.t, -OCH,CH,SH, 6H, *J= 7, 6.3 Hz), 1.54 (t, -
OCH,CH,SH, 3H, ] = 8.3 Hz). *C-NMR (125 MHz, CDCl5) &
134.9 (aromatic C), 131.1 (aromatic C), 129.5 (aromatic C),
128.3 (aromatic C), 65.2 (-OCH,CH,S-), 27.0 (-OCH,CH,S-)
®Si-NMR (99 MHz, CDCly): 8 —57.7 (PhSi-). EA caled for
C,H,00;S;S1 C 42.82, H 5.99; found C 42.60, H 6.07.
2-[DIPHENYL(2-SULFANYLETHOXY)SILYL]|OXYETHANETHIOL
Monomer 7 was synthesized by employing the same method as
6, using ether (200 mL), triethylamine (9.30 mL, 0.067 mol), 2-
mercaptoethanol 4.70 mL, 0.067 mol), and
dichlorodiphenylsilane (7.00 mL, 0.033 mol). The product was
obtained as a clear and colorless liquid (10.02 g, 89.5%). 'H-
NMR (500 MHz, CDCl;) & 7.68-7.66 (m, aromatic, 4H), 7.47-
7.38 (m, aromatic, 6H), 3.92 (t, -OCH,CH,SH, 4H, 31=7 Hz),
2.72 (dt, -OCH,CH,SH, 4H, *J= 8, 6 Hz), 1.57 (t, -
OCH,CH,SH, 2H, °J = 8 Hz). "C-NMR (125 MHz,
CDCl;) & 135.2 (aromatic), 132.3 (aromatic), 130.9 (aromatic),
128.3 (aromatic), 65.3 (-OCH,CH,SH), 27.3 (-OCH,CH,SH).
®Si-NMR (99 MHz, CDCly) & —30.8 (Ph,Si-). Elemental
analysis caled for C;sH,70,S,Si C 57.10, H 5.99; found C
57.41, H 6.08.

POLYMER NETWORK SYNTHESIS

Each composition reported in this work was formed from the
polymerization of thiol and alkene monomers in a molar ratio
of 1:1 alkene to thiol. All polymerizations were carried out at
room temperature and without solvent by photopolymerization.
The DMPA of total monomer
concentration dissolved in the monomer solution. During

initiator was 0.1 wt %

mixing, the vial was covered in aluminum foil to prevent
incident light from contacting the monomer solution. Without
exposing the solution to fluorescent light, the vial was mixed
through vortexing and sonication until the solution was visually
homogenous and without air bubbles. The monomer solution
was cast between two glass slides (75 x 50 mm) separated by a
glass spacer, 1.2 mm or 35 pm thick. Polymerization was
performed using a crosslinking chamber with five overhead 365
nm UV bulbs (UVP via Cole-Parmer) for 15 minutes. After
polymerization each sample was postcured for 24 hours at 120
°C under a reduced pressure of -635 mTorr. After postcure,
samples were stored in a desiccated chamber.

DYNAMIC MECHANICAL ANALYSIS

DMA was performed on a Mettler Toledo DMA 861e/SDTA.
Samples were cut into cylinders approximately 1.2 mm thick
and ~3 mm in diameter. The mode of deformation was shear,
and strain was limited to a maximum of 0.1%. Samples were
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tested at a heating rate of 2 °C/min. The frequency of
deformation shown is 1 Hz. Tests were conducted in a nitrogen
atmosphere. It should be noted that all samples that were
implanted or swollen were chosen to be appropriately sized for
mechanical testing (~1 mm thick) and are not representative of
the dimensions of the fabricated neural interfaces (~35 pm
thick). T, by DMA is denoted as the peak of tan &. Each
composition was tested at least twice. All modulus data
presented here is the shear modulus. The shear modulus (G) is
related to the Young’s modulus (E) through Poisson’s ratio (v)
as given by G =E/2(1+ v). Poisson’s ratio was not
measured for these polymers; however v can be generally taken
as approximately ~0.35 for glassy polymers and 0.5 for
polymers above the glass transition.

COMPRESSION TESTING

The quasi-static compressive stress-strain response was
measured using a TA instruments Discovery HR-3 rheometer
with a Peltier plate heating accessory. Samples were exposed to
simulated physiological conditions for between 0 hr and 48 hr.
Each sample was loaded between parallel plates and preloaded
to 0.03 MPa and the gap flooded with PBS. After allowing
equilibration at 37 °C, the sample was deformed in compression
with a strain rate of 0.06 s™' to either a maximum load of 50 N
or until failure, which is indicated by an “¢”. Three identical
samples were tested for each composition at each time point
and the data presented is representative of the three tested
samples.

DEGRADATION MEASUREMENTS

Samples consisted of ~10 mg laser machined cylinders 3 mm
in diameter and 1.2 mm tall. This sample geometry was
selected for suitability of thermomechanical analysis during the
degradation. The dry mass of each sample was measured and
recorded with a balance with 0.01 mg precision. Equilibrium
mass was measured by weight change after Each sample was
individually immersed in 2 mL phosphate buffered saline at 37
°C for the recorded amount of time. At each desired time point
each sample was removed from the PBS, and the surface of the
polymer was gently dried using an absorbent wipe. The
equilibrium mass was then recorded. Equilibrium mass change
is calculated as the mass change from original mass to
swollen/degraded mass normalized to the original mass. Each
sample was then dried at 120 °C at a pressure of approximately
120 mTorr on a PTFE sheet to constant mass, approximately 4
hour. Each sample was then remassed. Mass loss is calculated
as the mass change from the original mass to mass after drying
normalized to the original mass. The water content in the
network is calculated as the difference between equilibrium
Data
reported are the average of 3 samples at each time point. Error

mass and dried mass normalized to the original mass.

bars represent the standard deviation.

DEGRADATION PRODUCT ANALYSIS

The GC-MS chromatograms were obtained on an Agilent
Technologies 6850 series II network GC system. A GC-MS vial
was charged with the polymer network (0.01-0.03 g) and PBS
(1.5 mL). The vial was placed in an oil bath (37-40 °C) and the
degradation was monitored by GC-MS until no significant

6 | J. Name., 2012, 00, 1-3

changes were observed. The organic layer was then extracted
with CDCl; and a "H NMR was taken. The 'H NMR spectra
were measured on a JOEL 500 MHz NMR spectrometer and
chemical shifts are reported in parts per million referenced to
tetramethylsilane. The model degradation compounds were
synthesized and characterized using similar methods as the
polymer networks using the appropriate alkene (allyl alcohol or
3), 2-mercaptoethanol, and DMPA.

SUBSTRATE PREPARATION FOR PHOTOLITHOGRAPHY

75 x 50 mm glass microscope slides were cleaned by
subsequent steps
sonication in acetone, sonication in isopropanol and repeated as

of scrubbing in an Alconox solution,
necessary until free of optically visible unwanted material. 300
nm of Au was deposited at 0.2 nm/s by physical vapor
deposition (electron-beam). Subsequently 500 nm of Parylene-
C was deposited on the gold. Metal and Parylene-C transfer
was accomplished by using the sacrificial substrate with
unpatterned film as the bottom slide for the mold with the metal
surface facing inward. The top side of the mold was a cleaned
glass slide coated in silicone mold release. Due to the
comparatively poor adhesion of the gold to the sacrificial glass
slide the metal and Parylene-C was transferred to the SMP
process After
polymerization the substrate adheres sufficiently well to the top

substrate via a previously described.
glass slide that delamination does not occur throughout
processing; silicone mold release ensures that the polymer
substrate will release from the carrier slide after processing.
METAL PATTERNING

Electrodes were then patterned by standard photolithography
using S1813 photoresist (Microposit). The positive resist was
spun onto the metal coated polymer at 2000 rpm with an
acceleration of 3000 rpm/s. The resist was then soft-baked at 85
°C for 10 minutes. A pattern was transferred to the resist using
UV light at a dose of 150 mJ/cm®. The resist was developed
using MF-319 developer and subsequently hard-baked at 85 °C
for 10 minutes. Metal was then etched using gold etchant (AU-
5 Cyantek Corporation) diluted in a 1:1 volume ratio.
PARYLENE-C DEPOSITION AND PATTERNING

An additional 500 nm of Parylene-C was deposited using a
Labcoter 2 (SCS Systems). Patterning of the photoresist was
accomplished through similar methods described during metal
patterning. Parylene-C was etched using a Technics reactive ion
etching (RIE) tool using oxygen plasma. A pressure of 100
mTorr and power of 50 W was used. Each sample was etched
for 9 minutes. After RIE the photoresist was removed using a
flood exposure and subsequent developing.

DEVICE DEFINITION AND ELECTRICAL BONDING
Micromachining was performed using a 355nm diode-pumped
solid-state Nd:YAG laser connected to a pFab workstation
(Newport). Devices were removed from the carrier glass slide
by lifting gently with a moistened razor blade. Probes were
electrically bonded to a custom printed circuit board using a
zero insertion force connector.

DYNAMIC MECHANICAL ANALYSIS

DMA was performed on a Mettler Toledo DMA 861e/SDTA.
Samples were cut into cylinders approximately 1.2 mm thick
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and ~3 mm in diameter. The mode of deformation was shear,
and strain was limited to a maximum of 0.08%. Samples were
tested at a heating rate of 2 °C/min and over the range of 0 °C —
100 °C. The frequency of deformation was 1 Hz. Tests were
conducted in a nitrogen atmosphere. T, by DMA is denoted as
the peak of tan 3. Each composition was tested at least twice.
DIFFERENTIAL SCANNING CALORIMETRY

DSC on both dry and swollen samples was performed on a
Mettler Toledo DSC 1 with an intracooler option. Dry samples
were heated from room temperature to 125 °C, cooled to -30 °C
and subsequently heated to 200 °C. Data shown are of only the
second heating ramp. Swollen samples were loaded at 25 °C,
cooled to -30 °C and subsequently heated to 100 °C. Data
shown are of only the heating ramp. For both types of samples
heating and cooling rates were fixed at 10 °C/min. Tests were
conducted in a nitrogen atmosphere. T, by DSC is denoted as
the midpoint of the transition.

IMPEDANCE SPECTROSCOPY

Impedance spectroscopy was a CH
Instruments (Austin, TX) potentiostat. A 3-eletrode setup was

performed using

used and the tests were performed in PBS with a Ag/AgCl
reference electrode and a large gold counter electrode.
Frequencies between 1000 and 100,000 Hz were tested using a
5 mV sinusoidal potential.

Conclusion

In this work we demonstrate a series of thiols and alkenes
which, when appropriately combined, lead to a class of tunable,
degradable biomaterials compatible with full photolithography
flexible electronics processing. The resulting biopolymers
demonstrate degradation profiles for which the time course is
directly related to the accessibility and frequency of silyl ether
linkages in the polymer network. In this way polymers are
demonstrated with significant mass loss occurring selectively
on the day, week, and month timescales and beyond.
Furthermore, mechanical properties are compared at various
time points along the degradation pathway in selected systems.
Responsive, softening neural electronics are fabricated on silyl
ether based degradable substrates with the intent to provide for
rigid insertion, softening in the immediate time course after
implantation, and subsequent long-term degradation which
could lead to well-encapsulated electrodes in biologically
imperceptible electronics. Future work will focus on long-term
local tissue response and toxicity studies, and will ultimately
move beyond in vitro analyses to validation of these materials

in animal models.
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