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Abstract

The purpose of this study was the synthesis of novel degradable polymer-based devices capable of
releasing an encapsulated agent in a controlled manner with specific interest for use as drug delivery materials.
Base—catalyzed thiol-Michael additions between trithiols and triacrylates containing silyl ether groups were
exploited to prepare a series of degradable crosslinked networks. Disodium fluorescein was loaded as a
hydrophilic drug surrogate inside the networks, and the degradation of the networks and the release of dye were
monitored. The networks were characterized by FTIR spectroscopy, and their thermal and mechanical
properties were investigated through thermogravimetric analysis (TGA) and dynamic mechanical analysis
(DMA). The effects of monomer structure on degradation, release behavior, and thermal properties were
investigated. The networks prepared from more sterically hindered silyl ether monomers exhibited decreased
rates of degradation and correspondingly slower release of encapsulated disodium fluorescein dye. The results
suggest the characteristics of the networks can be fine—tuned by manipulation of the group attached to the Si

atom in the silyl ether monomers.

Introduction

Hydrolytically degradable polymer networks are particularly attractive due to their potential applications
in the biomedical field, including orthopedic implants, drug delivery, and scaffolds for tissue engineering.'!™
These types of polymers can vary greatly in degradation rates (in some cases up to twelve—fold) for all different

network formulations.® Currently used polymer systems of this nature include the hydrolytically unstable
poly(a—hydroxy acids) such as poly(lactic acid) (PLA) and poly(lactic—co—glycolic acid) (PLGA), and the more
hydrolytically stable bisphenol A (BPA) derived polycarbonates.®” Other commonly utilized hydrolytically
degradable polymers include short chain poly(a—esters), useful for regenerative purposes, such as tissue
scaffolds, polyanhydrides used extensively in drug delivery applications, as well as polyurethanes in cardiac

assist devices such as vascular shunts.® Drug delivery is one of the most significant applications of degradable

2



polymers.® High control over drug release kinetics is a primary factor to be considered for drug delivery
systems. Also, polymers used for drug delivery should demonstrate ease of fabrication, lack of toxicity of both
the staring materials and the products of their degradation, targeted delivery, and optimal release performance.
Non—degradable networks may provide a sustained release either without an initial burst of release or with an
initial burst of release if a loading dose is desired.®® However, a secondary surgery may be required to remove
the empty implant.’ In this regard, degradable networks provide advantages through the ability to be

implemented without the need for a secondary surgery for material removal.

PLA, PLGA, and polyglycolic acid (PGA) are examples of degradable polymers which have been used
for various delivery purposes,'® with lactic and glycolic acid as the degradation products. Release of compounds
from these polymeric materials follows three steps: 1) initial burst release, 2) diffusive phase, and 3) final
burst.” The initial burst release arises from the increased diffusivity of encapsulated compound on or near the
surface of the material and is dependent on the material’s surface area, encapsulated compound concentration
within the material, and water solubility of the encapsulated compound. Pre—incubation with aqueous solvent
for several hours to remove surface compound before use can overcome initial burst release. The diffusive
phase is controlled by the polymer degradation rate, the total surface area of the material, the water solubility of
the encapsulated compound, and its loaded concentration inside the network. An additional aspect of
consideration, which may be exploited to enhance or diminish diffusive phase release through increased or
decreased network degradation, is the pH of the environment where the network will be utilized.!! Final burst
release, which is a major disadvantage of degradable networks compared with their non—degradable
counterparts, results from complete hydrolysis of polymer throughout the matrix during the diffusive phase.
Final burst release is generally uncontrollable, unpredictable, and undesirable, and the higher ratio of volume to
surface area increases its intensity. Networks comprised of polymers with differing molecular weights may
address the unwanted final burst release. A polymer with a higher molecular weight usually degrades more

slowly and can be applied as the framework, while a polymer with lower molecular weight may control the



release rate of the encapsulated compound due to faster degradation. Sustained release rates, comparable to

those obtained from non—degradable materials, were observed from these types of networks.!?

Silyl ethers, (R’O)sSiR4-p, are hydrolytically degradable groups that have been investigated recently by
different research groups for the production of biocompatible materials.'>~!” The major hydrolysis products of
the moisture sensitive Si—O bonds in silyl ethers are silanols, and alcohols, both of which are relatively non—
toxic. The hydrolysis products also do not considerably change the pH of the surrounding environment. For
these reasons, the hydrolytically labile silyl ether bonds are very promising for the production of degradable
networks for biomedical applications.!® The ability to control degradation rate through the attached groups on Si
is another reason why applying silyl ethers as labile linkages in degradable network structures may be

advantageous for drug delivery purposes.

Thiol—click chemistry has become increasingly used in polymer synthesis for biomedical applications
such as drug delivery and cell targeting.'® Polymeric materials obtained from thiol—click reactions should
possess certain properties for drug delivery applications including non—toxicity and non—-immunogenicity, the
ability to target specific sites, and the ability to remain in the body long enough to achieve maximum
therapeutic effect. All of these characteristics depend on the molecular architecture of the polymer as well as its
functionality, which can be carefully controlled through thiol—click reactions.?!®27 The first example of the
thiol-Michael addition reaction was reported in the 1960s by Allen et al.,?® and since has become a critical tool
for organic syntheses. Several research groups have exploited this reaction in polymer chemistry and material

development.?”

While Michael addition reactions have historically been used in many organic syntheses, their
application in polymer and material syntheses, as well as polymer modification, has become more prevalent in
parallel to the broader implementation of click chemistry in material science.?>*’*°-2 The absence of a
significant side product in both the nucleophilic and base catalyzed thiol-Michael addition reactions is a great
advantage and is also the reason why thiol-Michael chemistry has become a chemistry of choice in many
materials chemistry applications. Side reactions, such as the formation of radical-radical termination products

33,34

formed in radical mediated thiol-ene reactions, are absent in thiol-Michael reactions, even in very dilute
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systems such as those necessary for polymer—polymer conjugation. Some applications of thiol-Michael
reactions in materials chemistry include surface and particle modification, dendrimer synthesis, degradable

hydrogel formation, and block copolymer synthesis.?>~*

Utilizing the base—mediated thiol-Michael addition reaction, we have prepared novel silyl ether
degradable implants capable of releasing an encapsulated agent in a controlled manner. A series of degradable
crosslinked networks, loaded with disodium fluorescein dye as a drug surrogate, were produced and the
degradation and release behavior of the networks were monitored. The effect of monomer structure on

degradation, release behavior, and thermal properties was also investigated.
Experimental Section

Materials and Instrumentation. Monomers A3 and T3 are commercially available. Triethylamine was
distilled from calcium hydride while the chlorosilane starting reagents were distilled from magnesium turnings
prior to use. All organic solvents were dried over activated 4A molecular sieves. The phosphate buffered saline

(PBS) solution had a pH of 7.5.

NMR spectra were aquired with a JEOL 500 MHz NMR spectrometer, and chemical shifts are reported
in parts per million (ppm) relative to CDCls ( § 7.26) for "H NMR spectra, and (8 77.2) for '3C spectra. Network
samples were divided to small pieces for obtaining ATR-FTIR spectra. Infrared spectra were aquired with the
use of a Nicolet iS10 ATR-FTIR spectrometer (Thermo Scientific) with a ZnSe ATR crystal (Spectra—Tech).

LogPoct values were obtained using ACD/ChemSketch Freeware, version 2015.2.5. The onset of thermal
aq

decomposition temperature (7q) was determined from thermal gravimetric analysis (TGA) using a SDT 2960
simultaneous DTA-TGA (TA Instruments). Samples with a mass between 6—7 mg were utilized for the TGA
studies and were heated at a rate of 10 °C/min under N> (gas) flow. Glass transition temperatures (7) were

reported from tan Omax With dynamic mechanical analysis (DMA). Samples of each composition were cast in

molds at 0.35 mm thickness and cut to 20 mm x 2 mm for testing. Samples for testing were stored in desiccated



containers for a maximum of two weeks. Immediately prior to testing, samples were incubated at 65 °C for one
hour to evaporate any residual water. Samples were loaded into a TA Instruments RSA—G2 dynamic
mechanical analyzer with a loading gap of 10 mm. Dynamic modulus was measured at 0.05% strain from -90
°C to 50 °C at a rate of 1.0 °C/min. The UV—Vis study was recorded on a SHIMADZU UV-VIS-NIR
SPECTROPHOTOMETER UV-3600; absorbance data at 490 nm was used for dye release studies and amounts

of dye released was calculated against a calibration curve created with standards between 5 and 50 uM.

Monomer synthesis. Monomers A1-A2, and T1-T2 were synthesized using known methods.*#3%-42 To
synthesize model compound DG1, 2—mercaptoethanol (3.3 g, 43 mmol) and 2-hydroxyethyl acrylate (4.9 g, 43
mmol) were mixed together, and 1-hexylamine (0.039 g, 0.38 mmol) was added as a catalyst. The reaction
proceeded for 12 hours at room temperature, after which any unreacted starting materials were removed under
reduced pressure (yield 90%). Although compound DG1 is a known compound and has previously been
synthesized in 50% yield, it was nonetheless missing important characterization data including detailed 'H and
13C NMR and data.** HETCOR and HMBC (2D NMR methods) were used to verify exact peak assignments
(S.L, Figure S2). '"H NMR (500 MHz, CDCl3, §): 4.20 (m, 2H, -OCH>CH>OH ), 3.77 (m, 2H, -OCH,CH>OH),
3.70 (t, *1 = 6.0, 2H, HOCH>CH,S-), 3.07 (s, 2H, OH), 2.79 (t, 3] = 7.0, 2H, ~-SCH,CH,CO-), 2.69 (t, *J = 6.0,
2H, ~-CH>O— or HOCH,CH,S-), 2.63 (t, *J = 7.0, 2H, CH>0 or HOCH>CH,S-). *C NMR (125 MHz, CDCls,
d): 172.4 (CO), 66.3 (HOCH2CH20-), 60.9 (HOCH2CH,S-), 60.8 (HOCH,CH20-), 35.2 (HOCH>CH,0-), 34.9

(-SCH>CH>CO- or ~SCH,CH,OH), 26.9 (-SCH,CH,CO).

Network Synthesis. For the preparation of networks XL.1-7, the appropriate thiol and acrylate
monomers were mixed in a 1:1 mole ratio of SH:acrylate. In dye containing networks, disodium fluorescein (1
% (w/w)) was added to the monomer mixture and the dispersion was stirred vigorously with a glass stirring rod
for 2-3 minutes. The mixture was then placed into a sonicator for five minutes to ensure dye/monomer mixture
homogeneity. The 1-hexylamine (270:1 mole ratio alkene/thiol:amine) catalyst (as a 1 M solution in THF) was

then added to the monomer mixture. The mixture was stirred vigorously for 30 seconds with a glass stirring rod



and poured into individual, cylindrical HDPE plastic molds. Cylindrical HDPE plastic molds with an average
diameter of 1.2 cm and height of 1.3 cm were utilized to produce consistently sized samples. Samples were
cured for one hour at room temperature in their respective cylindrical HDPE molds followed by a one—hour
post—cure at 160 °C, or a 1.5-hour room temperature cure followed by a 2—hour post—cure at 70 °C. Network

samples with an average mass of 0.50 g were prepared by the following methods:

XL1 was prepared by mixing monomer T1 (0.21 g, 0.76 mmol) with monomer A1 (0.29 g, 0.76 mmol) and 1—
hexylamine (1.7 mg, 16.9 pmol) catalyst. ATR-FTIR XL1 (neat) v (cm™): 773 (m), 962 (m), 1070 (s), 1265

(w), 1408 (w), 1729 (s), 2914 (m).

XL2 was prepared by mixing monomer T2 (0.23 g, 0.69 mmol) with monomer A1 (0.27 g, 0.69 mmol) and 1—
hexylamine (1.7 mg, 16.9 umol) catalyst. ATR-FTIR XL2 (neat) v (cm™!): 699 (m), 737 (m), 810 (w), 1073 (s),

1251 (w), 1429 (w), 1730 (s), 2916 (m), 3020 (w).

XL3 was prepared by mixing monomer T2 (0.21 g, 0.63 mmol) with monomer A2 (0.29 g, 0.63 mmol) and 1—
hexylamine (1.7 mg, 16.9 pmol) catalyst. ATR-FTIR XL3 (neat) v (cm™): 697 (m), 737 (m), 1073 (s), 1244

(w), 1429 (w), 1728 (s), 2916 (m), 3050 (W).

XL4 was prepared by mixing monomer T3 (0.29 g, 0.71 mmol) with monomer A3 (0.21 g, 0.71 mmol) and 1—
hexylamine (1.7 mg, 16.9 umol) catalyst. ATR-FTIR XL4 (neat) v (cm™): 780 (w), 1016 (w), 1131 (s), 1349

(m), 1540 (w), 1727 (s), 2917 (m).

XLS5 was prepared by mixing monomer T3 (0.072 g, 0.18 mmol), monomer A3 (0.053 g, 0.18 mmol), monomer
T1 (0.16 g, 0.56 mmol), and monomer A1 (0.22 g, 0.56 mmol) and 1-hexylamine (1.7 mg, 16.9 umol) catalyst.
ATR-FTIR XL5 (neat) v (cm™): 777 (m), 964 (m), 1030 (w), 1077 (s), 1240 (w), 1347 (m), 1378 (m), 1728 (s),

2918 (m).



XL6 was prepared by mixing monomer T3 (0.14 g, 0.36 mmol), monomer A3 (0.10 g, 0.36 mmol), monomer
T1 (0.10 g, 0.38 mmol), and monomer A1 (0.14 g, 0.38 mmol) and 1-hexylamine (1.7 mg, 16.9 umol) catalyst.

ATR-FTIR XL6 (neat) v (cm™): 776 (m), 964 (m), 1078 (m), 1131 (m), 1347 (m), 1727 (s), 2917 (m).

XL7 was prepared by mixing monomer T3 (0.21 g, 0.54 mmol), monomer A3 (0.16 g, 0.54), monomer T1
(0.052 g, 0.19 mmol), and monomer A1 (0.072 g, 0.19 mmol) and 1-hexylamine (1.7 mg, 16.9 umol) catalyst.
ATR-FTIR XL7 (neat) v (cm™): 780 (m), 979 (w), 1077 (w), 1128 (m), 1348 (m), 1463 (m), 1726 (s), 2964

(m).
ATR-FTIR spectra may be found in the supplemental information (Figure S1)

Degradation and Release Studies. The dry masses (m4) of the XL samples were recorded prior to
conducting degradation studies. Each XL sample was immersed in 10 mL of PBS and kept at 37 °C. Mass
change was monitored over a period of 30 days by removing each sample from the PBS, gently drying the
sample surface with an absorbent wipe, and recording its wet mass (mw). To determine the exact amount of
loaded dye inside each XL sample, the molds in which the samples were prepared were immersed in 10 mL of
PBS. Solution absorbances at Amax=490 nm was then obtained via UV spectroscopy and their concentrations
were calculated against a calibration curve of known concentrations. The calculated amount of dye in each
solution was then subtracted from the original amount of loaded dye. After each mass measurement, the XL
samples were placed into fresh PBS and the old solutions were used to calculate the amount of dye released

using UV spectroscopy

Degradation Product Analysis. XL samples without dye were prepared and immersed in PBS for 30
days in order to ascertain the degradation product. The aqueous layer of the solutions containing the degradation
product was extracted using deuterated—chloroform (CDCl3), and the organic layer was then analyzed using
multinuclear ('H and *C) NMR spectroscopy and GC-MS. The model degradation compound, compound

DG1, was synthesized as described previously and characterized using similar methods. To confirm the



structure of the degradation product, the spectra and chromatogram data of the degradation product were

compared to the results obtained from the model compound.

MTT Assays for Toxicity. Human lung adenocarcinoma epithelial cells (A549) were purchased from
ATCC and cultured in Ham’s F-12K (Kaighn’s) media supplemented with 10% fetal bovine serum (FBS) and
1% antibiotics (penicillin/streptomycin, 100 U/mL). Cells were maintained in a humidified incubator at 37 °C
with 5% COs.. One day before the assay, cells were passaged and seeded in a 96—well plate to a total of 205
uL/well. The plate was incubated at 37 °C with 5% CO for 18 hours. The media was then removed when 70—
80% confluency was reached, and the cells were washed with PBS phosphate buffer. The thiol-acrylate
degradation product (DG1) was added at 0, 0.05, 0.5, 5, and 50 mM respectively in 100 uL of complete F—12K
media, followed by incubation for another 20 hours. 10 uL of the MTT reagent (Cayman Chemical, Ann Arbor,
MI) was then added to each well and mixed gently. After 3 hours of incubation, 100 uL of crystal dissolving
solution was added to each well to dissolve the formazan crystals that had formed. Absorbance was recorded the
next day in a Cytation 5 BioTek plate reader at 570 nm. Cell viability was expressed as a ratio of the control.

Experiments were accomplished with 6 technical replicates and 2 biological replicates.

Results and Discussion

Monomer synthesis and optimization of cure conditions. Silyl ether—containing acrylates and thiols

were synthesized through substitution reactions of methyltrichlorosilane and phenyltrichlorosilane (Scheme

1).14,39—42
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Scheme 1: Synthesis of silyl ether monomers.

Monomers for this study were selected that possess the same number of functional groups (three), but
with either a methyl or phenyl group attached to the Si atom. The presence of hydrolyzable Si—O bonds gives
degradable characteristics to the networks, and the different R groups affect water accessibility to the
degradable bonds. Commercially available tri—thiol T3 and tri—acrylate A3 (Figure 1) were also included in this

study to prepare networks that possess only conventional ester linkages.

(@] (@] (@] (@]
o~ ol ey o
Hs o] O

Y Y
T3 A3

Figure 1. Commercially available monomers employed in this study.

This allows for comparisons to be made with the networks containing more sensitive silyl ether bonds. The

general crosslinking scheme and degradation process are summarized in Scheme 2).
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Scheme 2. Schematic of network structures and degradation product DG1.

In order to determine the optimal catalyst concentration, solutions of 1-hexylamine in THF were
prepared at 0.5, 1, and 3 M concentrations. Neat 1-hexylamine was also studied. The onset of crosslinking and
its progress were monitored both visually and by physical inspection in the network samples prepared from

different amounts of catalyst over 24 hours. Based on our observations, a 1 M solution of 1-hexylamine (270:1
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mole ratio alkene/thiol:amine) was determined to be the optimal catalyst solution. Working with this catalyst
solution allowed us to thoroughly mix the network ingredients before crosslinking started, resulting in

homogeneously cured networks.

Optimized cure conditions ensure maximum monomer conversion is achieved. Maximum monomer
conversion also decreases the possibility of unreacted or partially reacted monomers leaching out of the
crosslinked materials. For this reason, mixtures of monomers were prepared under various curing temperature
conditions. The cured networks were then allowed to soak in acetone or THF overnight, followed by a 12—hour
drying period. The difference between the original mass of each network and its mass after the 12—hour drying
period was considered as the mass of the uncrosslinked portion of the networks. Network samples prepared
using a one hour room temperature cure, followed by a one hour post cure at 160 °C, did not exhibit more than a
2% mass loss. To further confirm completion of cure, ATR-FTIR spectra of all networks indicated complete
loss of the S—H absorbance (~2570 cm™!, Figure S1). As a result, the conditions described above were used for

curing the networks described in this study.

The Effect of R—Si Groups on Network Degradation Behavior. Various crosslinked networks were
produced using silyl ether acrylates (A1l and A2) and silyl ether thiols (T1 and T2) containing either methyl
groups (XL1), phenyl groups (XL3) or a mixture of both (XL2; T1 + A2) attached to the Si atom, Figure 2. To
exclusively explore the effect of the R group on network degradation and release behavior, and exclude the
effect of crosslink density, starting materials were selected that possessed the same degree of functionality
(three). To compare the degradation and release behavior of silyl ether networks to those containing only ester
linkages, network XIL.4 was prepared from commercially available monomers T3 and A3. No hydrolyzable Si—

O bonds are present in X4, whereas the other networks (XL1-3) possess hydrolyzable silyl ether bonds.
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Figure 2. Networks synthesized in this study.

In comparison to methyl groups, phenyl groups are responsible for increasing steric hindrance and
hydrophobicity towards the chemical environment around the silyl ether linkages. In order to gain insight into
the hydrophobic/hydrophilic nature of the monomers, and the ability of their corresponding networks to readily
undergo hydrolytic degradation, a partition coefficient (LogP) was calculated for each monomer. The partition
coefficient (P) describes the ability of the monomers to dissolve in the water portion vs. organic portion of a

biphasic system such as water and octan—1—ol (Equation 1).*4%

Equation 1: LogPoct = Logw

aq [Monomergq]

The LogPoct values for monomers can be acquired through experimental measurements. However, due
aq

to the hydrolytic sensitivity of the monomers in this study, leading to decomposition during data collection and

a skewing of the results, a calculation method was utilized to obtain LogPoct values with greater accuracy. The
aq

LogPq.t values for the monomers were obtained from ACD/ChemSketch Freeware, version 2015.2.5. (Table

1).#> ACD/ChemSketch Freeware uses a mixed atom/fragment constructionist structure approach and is
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reported to be a reliable source for predicting LogPoct values.*® Based on the LogPoct values of the monomers,
aq aq

the hydrophobicity of the networks were expected to increase from XL1 to XL3.

Table 1: LogPoct values calculated from ACD/Labs.

aq

Monomer Calculated LogPoct
aq

T1 2.21+0.57

Al 2.79 £ 0.56

T2 3.47 +0.40

A2 4.05+0.38

T3 3.02 +£0.48

A3 1.50 +0.38

Once the networks were prepared, samples were soaked in phosphate—buffered saline (PBS) solution
with pH of 7.4 at 37 °C for a maximum of 30 days, and the mass change (%) during that time was determined

by measuring the difference between the soaked sample mass and the original mass.

The wet mass was measured after the sample was patted dry with an absorbent wipe. Samples of XL1-—
3 exhibited slight increases in mass (2.5-3.0 wt%) during the first few days, indicating the penetration of
aqueous PBS solution at the beginning of the degradation process. To ascertain if any degradation product was
released while the networks were gaining mass, fresh samples of XL.1-3 were allowed to soak in D,O. NMR
spectroscopic analyses of the solutions were performed after one, three, and six hours, and after one day. The
NMR spectra revealed the presence of degradation product released from XL1-3 from the first measurement,
after one hour of soaking in DO (NMR data reported below). The amount of degradation product released was
found to increase over time. This observation confirmed that although the XL.1-3 networks did not show any
significant mass loss within the first few days, release of the degradation product occurred almost immediately
after the networks were exposed to the aqueous solution. Mass loss data over time for networks XL.1-4 are

shown in Figure 3.
14
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Figure 3. Degradation of XL.1-4 and XL6 (as described below) in PBS at 37 °C.

Monitoring the mass changes of XL.1-4 revealed that the greatest mass loss overall (=51 wt%) was
obtained for XL.1. The monomers utilized for the preparation of XL.1 possess a sterically small methyl group

attached to the Si atom, as well as the lowest value of LogPoct (lowest hydrophobicity), compared to the other
aq

silyl ether monomers utilized in this study. The reduced steric hindrance around the hydrolyzable bonds and the
greater water accessibility in XLL1 can explain the larger mass loss observed for this network. The second
highest mass loss (—31 wt%) was observed for XL2. The decreased degradation of XL.2 compared to XL1 was
due to replacing thiol T1 with the more sterically hindered and hydrophobic phenyl-containing thiol T2.
Increased steric hindrance and hydrophobicity decreases the diffusion of water into the network and therefore

results in decreased degradation. The reduction in degradation became more significant in XL3 (-6 wt%), in
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which both monomers have phenyl groups and relatively large LogPoct values. A mass gain of 5 wt% without
aq

any evidence of mass loss or degradation was observed for XL4. The absence of degradation in XL4 confirms
the increased susceptibility of silyl ether bonds toward hydrolytic degradation, especially when compared to
ester linkages. This was also useful to confirm that the mass loss observed from XL1-3 was mainly due to the

cleavage of the silyl ether bonds.

In order to investigate the possibility of further tuning degradation behavior, equal mole quantities of
monomers Al, A3, T1, and T3 were mixed to produce a new network, XL6. Monomers T1 and T3, and A1 and
A3 were utilized previously in the preparation of XL1 and XL4, so a network prepared by mixing these four
monomers was expected to possess intermediate degradable characteristics. The addition of the “non—
degradable” monomers (T3 and A3) should decrease the degradability of the resulting network. A

representative structure of the resulting network is shown in Figure 4.
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Figure 4: Mixed network XL6, produced by mixing monomers T1 and T3, with A1 and A3.

Samples of XLL6 in PBS at 37 °C exhibited a maximum swelling mass of 6.5 wt%. The onset of mass
loss for XL6 was observed on the second day. The mass changes observed for XL.6 were intermediate to the
changes observed for both XL.2 and XL3 over a 30—day period. The trend in the degradation profile of network
XL6 leads to the conclusion that the degradation rate of thiol-acrylate networks may be carefully tuned through

the precise combination of thiol and acrylate monomers.
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Effect of Silyl R Groups on Dye Release. For this study, a 1.0 % (w/w) mass of disodium fluorescein
salt was loaded in all the synthesized networks. The dye is water-soluble and was used as a hydrophilic drug
model.*® Crosslink density,*” degradation,*®*° and diffusion® are three factors that control the release of an
encapsulated agent from its host system. In this study, the effect of crosslink density was partially excluded by
selecting monomers that possess the same degree of functionality. The effects of the two remaining factors were
studied by measuring the UV absorbance of aqueous PBS solutions containing the dye—loaded networks over 30

days and calculating released dye percentages.

By monitoring the release of dye from the networks (Figure 5), a strong correlative relationship between
network degradation and dye release was demonstrated. As the networks degraded, encapsulated dye was
released to the surrounding medium. The fastest dye release was observed from network XL1, which also
possessed the highest rate of degradation. Slower dye release from networks XL2 and XL3, compared to XL1,
corresponded to the observed slower degradation. It was found that X2 released the encapsulated dye faster
than XL3 with 63 % total mass of dye released from XL2, compared to 48 % from XL3 over a 30—day
monitoring period. A burst release of dye at the very beginning of the measurement period, when the amount of
degradation based on mass change measurements was negligible, suggests that diffusion, which is related to the
void size in the networks and the degree of interaction of the dye with the polymer, could be another
contributing factor affecting the release of the encapsulated dye from the networks. The lowest amount of
released dye (17 %) was observed from network XL4, which did not show any significant mass loss over a 30—
day monitoring period. This observation confirms a contributing role of diffusion towards the release of dye
from the networks, but that it plays a minor role towards release when compared to degradation. Therefore, for

slower release rates, the incorporation of monomers T3 and A3 may be essential.

17



100 ~

©
o
|

o
S
!
HEH
i
=
HEH
X
r-
-_—
-
X
r-
(o))

N
o
|
=
o
-
2 a

o

— e
-
i

o

ie

Fraction of dye released (wt%)

20 %*}‘ ______________ ¥ v
m%éifv ~vvv~v~~‘”‘wv v
0% ! I ' I ! | ! I T | ! | ! 1
0 100 200 300 400 500 600 700
Time (h)

Figure 5. Disodium fluorescein dye release from XL1-4, and XL6 in PBS at 37 °C. Fraction of dye released
(wt%) obtained by taking solution absorbances via UV spectroscopy at Amax=490 nm. Concentrations were

calculated against a calibration curve of solutions of known concentration.

The release behavior of the dye-loaded XL6 network, prepared from an equal combination of monomers
T1, T3, A1, and A3, was monitored over 30 days (Figure 5) to investigate the possibility of further tuning
release behavior. The release behavior of XL6 agreed with the degradation behavior observed from networks
XL1 and XL4; faster dye release was found for the more degradable networks. The release behavior of XL6
however, did not exactly parallel its degradation behavior as seen by XL6 releasing more dye than XL2, while

degrading to a lesser extent than XL2. This interesting behavior is almost certainly caused by the non-
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degradable portions of the XL6 network remaining intact within the network but still able to release dye. As the
degradable portions of XL6 hydrolyze, the surface area of the local domains of non-degradable network
portions increases, which contributes to the increased diffusive release of dye from the network. A total mass %

dye release of 80% was observed with XL6.

In summation, the degradation and consequent release process result from a balance between steric
hindrance and hydrophobicity of the local environment surrounding the Si center of each monomer. Depending
on the balance of those factors, cleavage of Si—O bonds can occur at different rates. This is evident when
comparing degradation (Figure 3) and release (Figure 5) characteristics for each network, where networks
containing an increase in methyl-Si functionality both degrade and release the encapsulated agent through

hydrolytic diffusion more readily than networks containing a greater amount of phenyl-Si functionality.

Characterization of the Degradation Product. Samples of XL.1-3 were prepared and soaked for 30
days in PBS at 37°C, and their degradation products were identified using 'H and '*C NMR spectroscopy as
well as GC-MS (Figure 6, Figure S2—S4). Samples for NMR spectroscopy were obtained by extracting the
degradation product from the aqueous layer with CDCIls. The expected degradation product 2—hydroxyethyl-3—
((2-hydroxyethyl)thio)propanoate (DG1), was synthesized through a thiol-Michael addition reaction between
2-hydroxyethyl acrylate and 2—mercaptoethanol (Scheme 3).** In the networks, DG1 is released by hydrolytic

cleavage of the two Si—O bonds that connect the compound to the rest of the network structure (Scheme 2).

SH 0 n-CgH13NH, o)

N +

HO NG, o~ OH i HO\/\S/\)J\O/\/OH
DG1

2-hydroxyethyl 3-((2-hydroxyethyl)thio)propanoate

Scheme 3: Synthesis of the degradation product, DG1.

The spectra and chromatograms obtained from the degradation product were compared to those obtained
for the expected degradation product DG1, prepared separately (Scheme 3). Exact peak assignments were
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verified via 2D NMR techniques including HETCOR and HMBC (Figure S4). The cleavage of Si—O bonds in
the network resulting in the formation of degradation product DG1 was confirmed (Scheme 2). The only
discrepancy between the 'H NMR spectra of the degradation product and that of DG1 is the location of the OH

peaks; the fluctuation of the hydroxyl protons in various chemical environments has been previously reported.'*

Based on the similarity of the NMR spectra of the degradation product from the network samples and

model compound DG1, we concluded that the compounds are the same.. (Figure 6).

[ g /f\)cj)\ C a
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DG1
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Figure 6. 'H (top) and '*C NMR (bottom) spectra of the degradation product from networks XL1-3 in PBS at
37 °C (A), and model compound DG1 (B), which was synthesized from the addition reaction of 2—

mercaptoethanol and 2-hydroxyethyl acrylate.

Toxicity of the Degradation Product. A toxicity study of the degradation product (DG1) was
accomplished with the use of MTT assays using human lung adenocarcinoma epithelial cells (A549). During
the study, cells take up 3—(4,5—dimethylthiazol-2—yl)-2,5—diphenyltetrazolium bromide (MTT), a positively
charged tetrazole compound with a yellow color. Due to its positive charge it passes through the negatively

charged cell membrane. Intracellular enzymes in living cells called NAD(P) oxidoreductases reduce MTT to
21



formazan, which is characterized by a dark purple color. Without the enzymes (i.e., in dead cells) the cell

growth media remains yellow.>!

Through the MTT assays, it was found that the degradation product (DG1) did not cause a significant
reduction of cell metabolic activity at all concentrations below 50 mM, the highest concentration. At 50 mM

degradation product (DG1) concentration, cell viability was reduced to approximately 60% (Figure 7).
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Figure 7: Toxicity study using network degradation product (DG1), p < 0.05.

A survey of published studies on polymer toxicity reveals that it is generally low, except in cases where
pendant or easily accessible backbone functionalities are present, which themselves possess biological activity
or toxicity, e.g., cationic (ammonium or pyridinium) groups, which are known as potent biocides. Typically, the
toxicity associated with most polymeric materials is due to the presence of residual monomer, solvent, initiator,
and/or catalyst used in the synthesis, plasticizers or other additives, and/or the release of bioactive compounds
upon degradation.>? This is why, in the present study, we have concentrated on examining the toxicity of the
products of hydrolytic degradation of the networks, which are most likely to be released in real-life applications.
In addition, we did not examine the toxicity of the amine catalyst due to its presence in extremely low

concentrations.
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Thermal Characterization. Thermal characterization of the networks, and especially understanding the
glass transition temperature (7%) of the networks, are important for some biomedical applications; 7 can
profoundly influence the appropriateness of networks for a given application. For example, if the networks are
to be useful as medical implants or contact lens—type devices, a softening of the network may be desired when
subjected to biological conditions.!* Thermal characterization of all the networks was performed using TGA
and DMA. In addition to the previously described mixed network XL6, two additional mixed networks were

prepared for thermomechanical characterization (Table 2).

Table 2. Formulations utilized for the preparation of XL5 and XL7, with XL.6 shown for comparison.

mol% Present (of total)

Network Monomer T3 Monomer A3 Monomer T1  Monomer Al
XL5 12.5 12.5 37.5 37.5
XL6 25 25 25 25
XL7 37.5 37.5 12.5 12.5

TGA measurements were conducted to determine the thermal stability of XL1-7. All the networks
exhibited approximately the same onset of thermal decomposition temperature (7y) of about 310 °C via a single
step mechanism (Figure 8). Networks were found to possess char yields between 12-22% for the XL1-XL4

networks, and 2—12% for the mixed XL5-XL7 networks.
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Figure 8. Thermal gravimetric analysis results for XL.1-7; heating rate 10 °C/min; N2 atmosphere.

Dynamic mechanical analysis (DMA) was used to determine the storage modulus as a function of
temperature and glass transition temperature (7). First, the properties of XL1-XL4 were compared (Figure 9,
A-B and Table 3). All compositions were found to possess a similar glassy modulus, but the rubbery modulus is
lower in compositions containing silyl ether bonds. The highest glass transition from all formulations was the
control sample XL4 (7, = —2.3 °C), as compared to the silyl ether containing network samples XL1 (7, =—48.2
°C), XL2 (Ty =-38.3 °C), and XL3 (7 =—39.5 °C) all of which have lower glass transitions due to the
presence of flexible silicon—oxygen bonds. It was expected that the glass transition temperatures would increase
as the concentration of phenyl groups increased. Indeed, XL2 had a higher glass transition as compared to XL.1;
however, X3 had a similar glass transition temperature instead of the expected increased transition. This could
be due to the relatively lower reactivity of the monomer containing two phenyl groups, which may result in a
slightly lower crosslink density in this composition than in the other compositions. This is also evidenced in the
slightly lower glassy modulus and lower rubbery modulus as compared to the other samples. As the silyl ether
and non—degradable monomers are mixed in varying quantities, the glassy moduli of the networks (XL5-7)
remain relatively the same (Figure 9, C). The glass transition temperature trends as expected between the mixed
polymer compositions of XL5 (7; —34.4 °C), XL6 (7, —22.5 °C), and XL7 (7, —14.8 °C) with decreasing silyl

ether content trending towards higher glass transition (Figure 9, D).
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All networks are highly homogeneous with narrow glass transitions, as measured by the full width at
half maximum (FWHM) of the tan delta curve. XL.1-2, and XL4—7 each have FWHM of between 9 and 10 °C,
whereas XL3 has slightly higher heterogeneity with a FWHM of 16 °C (Table S1). These narrow transitions are

characteristic of networks formed through the thiol-ene reaction.3*

Conclusions

This study demonstrates the effect of the silyl R group on silyl ether networks’ degradation behavior,
dye release profile, and thermal properties. A series of silyl ether acrylate and thiol monomers, differing in the
R groups attached to the Si atom, was synthesized through straightforward substitution reactions of
alkylchlorosilanes. The networks were prepared through thiol-Michael addition reactions, utilizing a primary—
amine catalyst after mixing stoichiometric equivalent amounts of acrylate and thiol monomers. A direct
correlation between the steric hindrance and hydrophobicity of the monomers, and degradation and dye release
were determined. Comparing the dye release behavior of degradable and non—degradable networks
demonstrated that dye release is mostly under the control of degradation. The possibility of further tuning the
behavior of the networks was verified by mixing different mass ratios of degradable and non—degradable
monomers. As expected, the greatest mass loss and dye release were obtained from the networks possessing a
higher mole ratio of degradable monomers. Thermal characterization of the networks demonstrates the
possibility of carefully controlling the networks’ 7, by varying the silyl R group, or by mixing different mole

ratios of degradable and non—degradable monomers.

Future work may include varying the crosslink densities of the networks through the incorporation of
monomers with a lesser or greater degree of functionality. This may prove to increase the understanding of

release characteristics through examining the relationship between degree of functionality and degradation rate.
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