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ABSTRACT OF THESIS

DEVELOPMENT OF GLUTATHIONE-RESPONSIVE DISULFIDE-CONTAINING
POLY(BETA-AMINO ESTERS) WITH VARIED HYDROPHILICITY AND
ACRYLATE FUNCTIONALITY

Smart biomaterials are becoming promising for therapeutic deliveries due to their ability
to respond to changes in the environment. Redox-responsive hydrogels are a promising
type of smart polymer that can swell and degrade according to cellular oxidative stress
levels. Glutathione, abundant in cells, is crucial in redox-responsive biomaterials, serving
as a key reactive molecule. This study explored the degradation kinetics of glutathione-
responsive poly(B-amino ester) (PBAE) polymers created through a single-step Michael
addition. We examined how disulfide content influences the degradation kinetics of these
PBAE networks. Additionally, we investigated how the hydrophilicity and functionality
of acrylate affect the degradation of disulfide-containing PBAE systems. These redox-
sensitive materials were tested under nearly physiological conditions of reduced
glutathione to determine its effects on the swelling and degradation behavior of disulfide-
containing PBAE polymers. Based on these findings, we developed disulfide-containing
PBAE nanogels.

KEYWORDS: Hydrogel, poly (B-amino ester) (PBAE), disulfide, glutathione, redox,
nanogel.
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CHAPTER 1. EXECUTIVE SUMMARY

The overall goal of this project is to investigate the impact of acrylate functionality and
hydrophilicity on the properties of the resulting disulfide-containing poly (beta-amino
esters) (PBAE) networks, evaluate their responsiveness to glutathione, and utilize these
findings to develop disulfide-containing PBAE nanogels. Here, we evaluate the impact of
acrylate hydrophilicity by comparing swelling and degradation rates in physiological
levels of glutathione of disulfide-containing PBAE networks made with diethylene glycol
diacrylate and polyethylene glycol diacrylate. Additionally, we assess the impact of
increased acrylate functionality by incorporating a branched diacrylate into the PBAE
network. Lastly, we utilize these approaches' key findings and limitations to develop

novel disulfide-containing nanogels.



CHAPTER 2. BACKGROUND

2.1 Redox-responsive biomaterials

In recent years, there has been a significant advancement in the design and development
of biomaterials, featuring complex structures and dynamic functions that interact
effectively with biological systems, enabling them to perform specific, advanced functions
within the body [1-5] Stimuli-responsive biomaterials are a class of biomaterials that can
respond to changes in their environments, which can include pH, temperature, light, and
others. These smart materials are advantageous due to their ability to provide more

controlled response and therapeutic release.

There is a growing interest in tailoring biomaterials that can respond to or mitigate the
impact of oxidative stress on the cell. Oxidative stress is a complex mechanism that
produces an imbalance of free radical generation and the body’s ability to counteract and
neutralize them. While some reactive oxygen species (ROS) are a natural byproduct of
cellular metabolism and do not pose a threat, an excess free radical generation caused by
environmental factors such as UV light, radiation, pollution, and chronic inflammation
often results in overwhelming antioxidant capacity, leading to an imbalance. This ROS
imbalance can cause cellular and tissue damage and is a contributory factor to multiple
diseases, such as neurodegenerative diseases, cardiovascular diseases, diabetes, and
various cancers. Glutathione (GSH) is particularly important when it comes to cellular free
radical defense. At concentrations of 1-10mM, it is one of the most abundant chemicals
found in the cytosol of mammalian cells[6, 7]. It regulates cellular redox homeostasis and
protects cells from lipid peroxides, reactive oxygen and nitrogen species, and various

xenobiotics, (Figure 2.1) [8-11].
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Figure 2.1 Free radical neutralization and recycling mechanism of GSH.

Moreover, the extracellular concentration of GSH is very low (2-20 uM, in plasma),
and the thiol group enables GSH to serve as a cellular target for redox-sensitive moieties
[12, 13]. Consequently, there has been a growing interest in developing GSH-responsive
polymers for targeted delivery to the cytosol, particularly using disulfide-containing
biomaterials[14-16].

2.2 Tunable PBAE systems

The versatility, responsiveness, and biodegradability of PBAE polymers have garnered
significant attention due to their low cytotoxicity and the presence of B-amino ester
linkages, which allows for hydrolytic degradation. The ease of synthesis and tunable
degradation also make PBAE polymers an excellent material for biomedical applications
such as drug delivery, gene therapy, and tissue repair [17-19]. This process has led to the
development of extensive libraries of PBAE-based materials, each with unique properties,
by using varied acrylate and amine monomers. For instance, Muralidharan et al. explored
the effects of alkene and amine chemistries on forming PBAE diacrylate macromers. Their
research found that the alkene backbone’s molecular weight and hydrophilicity

significantly influenced the mechanical properties, degradation mode, and swelling



capacity. The gels made with low molecular weight, 1,4-butanediol diacrylate, had
substantially lower swelling ratios and significantly longer degradation times than those
made with polyethylene glycol diacrylate [20]. In our previous work, we pioneered the
development and investigation of PBAE systems made with low-molecular-weight

diethylene glycol diacrylates and linear diamines (Figure 2.2).
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Figure 2.2 Crosslinked PBAE network made with primary diamine and diacrylate.

These networks were synthesized via a facile one-pot Michael’s addition between primary
amines and acrylates. Additionally, hydrophobic antioxidants, curcumin and quercetin,
were also incorporated as comonomers. These networks demonstrate their potential for
oxidative stress protection through the controlled release of antioxidants [21-23]. We
further functionalized our PBAE systems with disulfide-containing amine, enabling redox-

responsive release (Figure 2.3).
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Figure 2.3 Structure of disulfide containing PBAE.

While these disulfide-containing PBAE did not offer antioxidant protection in their
disulfide form, their free thiol form significantly mitigated oxidative stress[24]. Despite the
promising potential of these disulfide-containing PBAE as redox-responsive polymers,

there remains a gap in knowledge regarding the influence of the acrylate monomer on

network degradation.

2.3 Development of GSH responsive PBAE networks

Understanding the factors that impact the properties and behavior of polymeric networks
is crucial for precise control over them. PBAE networks can be tuned by changing reaction
conditions such as concentration and reaction time. Additionally, the properties of the
networks can be controlled by varying amines, acrylates, the ratio of total amines to

acrylates (RTAA), and further network functionalization. Our group has investigated the



influence of several factors to get better control over the properties of the resulting PBAE
networks. Biswal et al. evaluated the impact of the ratio of total acrylates to amines
(RTAA) and diamine chemistry on the degradation of PBAE networks made with
polyethylene glycol diacrylate (PEG400DA) and amines with varied backbone chemistries,
these primary amines included 4,7,10-Trioxa-1,13-tridecane diamine (TTD), 2,2’
(ethylenedioxy) bis ethylamine (EDBE), and Hexamethyldiamine (HMD), (Figure 2.4).
The study concluded that the presence of the C-O bonds found on primary diamines
increased the hydrophilicity of the resulting networks, leading to increased water
absorption by the network and faster degradation. Lower RTAA was also associated with
faster degradation due to the excess of primary amines, due to the stronger nucleophilicity

of amine groups [23].
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Figure 2.4 Fraction of the mass remaining of the PBAE polymers made with different
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In addition, Lakes et al. functionalized these PBAE networks with disulfide bonds by
introducing cystamine (CystA). These reducible systems were cleaved in the presence of a

reducing agent, 2-mercaptoethanol (Figure 2.5).
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Figure 2.5 Fraction of mass remaining of disulfide containing PBAE following a wash in

2-mercaptoethanol and DMSO.



In this work, we relied on our previous findings to expand the understanding of the swelling
and degradation potential of disulfide-containing PBAE systems made with varied
acrylates. Our study is summarized as a control panel, with each knob representing a
variable we can tune (Figure 2.6). The RTAA was kept at 1, resulting in a balanced network
with the highest molecular weight [25, 26]. We varied the ratio of cystamine (CystA) and

TTD, acrylate functionality, and concentration of the monomer feed.

Acrylate:
Amine :TTD/CystA
RTAA :1
Concentration :

._..—__.‘_.—._ ..-“'. |
g - __’_r' - " — v

Acrylate Amine rTAA Concentration
LAk r']

Figure 2.6 Control panel analogy of PBAE systems and controlled variables.

Our current work expanded our understanding of the degradation potential of disulfide
containing PBAE systems made with more hydrophilic polyethylene glycol diacrylate,
(PEG400DA), more hydrophobic diethylene glycol diacrylate (DEGDA) and varied ratios
of diamines, CystA and TTD. The reduction of disulfide bonds, which occurs in the
presence of GSH, allows for controlled degradation of the polymers and can be controlled

by tailoring the amount of disulfide bonds.

Biomaterial geometry can also be tuned to optimize cytosol delivery. The PBAE
systems we have developed have been limited to thin films, which substantially narrows

their applicability, particularly for cytosol deliveries. The current work provides a better



understanding of nanogel synthesis limitations while working with diacrylates. Here, we
developed disulfide PBAE nanogels by increasing the acrylate functionality of monomer
by incorporating a triacrylate (Figure 2.7).
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Figure 2.7 Structure of diacrylate and triacrylate used for PBAE synthesis.

Branched triacrylate increases the crosslinking density of the resulting PBAE network,
allowing it to form crosslinked systems at lower monomer feed, thus expanding our current
hydrogel geometry.

2.4 Project outcomes

In summary, this work provides a better understanding of the impact of acrylate
hydrophilicity and disulfide crosslinks on the degradation potential of disulfide-containing
PBAE systems in physiological levels of GSH. It also showcases the development of

disulfide-containing PBAE nanogels achieved by increasing the acrylate functionality.



CHAPTER 3. THE IMPACT OF ACRYLATE HYDROPHILICITY ON THE DEGRADATION OF

DISULFIDE-CONTAINING PBAE THIN FILMS AT PHYSIOLOGICAL GSH LEVELS

3.1 Introduction

Glutathione (GSH) is a tripeptide composed of glutamine, cysteine, and glycine. At
concentrations of 1-10mM, GSH is one of the most abundant chemicals found in the
cytosol of mammalian cells[6, 7]. In a healthy cell, most glutathione is found in its thiol
form, GSH, while the fraction of its disulfide form, GSSG, is roughly 1/100 [27, 28]. GSH
is a primary cellular antioxidant that plays a critical role in scavenging reactive oxygen
species (ROS) and other free radicals, thereby protecting cellular components from
oxidative damage. It regulates cellular redox homeostasis, protecting cells from lipid
peroxides, reactive oxygen and nitrogen species, and various xenobiotics[8-11]. Beyond its
antioxidant function, GSH participates in redox signaling, enzymatic reactions, and the

regulation of cellular processes such as DNA synthesis and repair[29, 30].

There is growing interest in developing GSH-targeted drug delivery therapies, commonly
accomplished by incorporating GSH-responsive crosslinkers such as disulfide bonds [31-
33]. By incorporating GSH-sensitive linkages into drug delivery systems, researchers can
engineer formulations that remain stable in the extracellular environment but undergo rapid
cleavage in response to high GSH concentrations. This selective activation mechanism
enables the controlled release of therapeutics, maximizing drug efficacy while minimizing
systemic toxicity[34, 35]. Additionally, GSH levels can be augmented through a disulfide
exchange reaction, resulting in the depletion of cellular antioxidant defense [36, 37]. Our
group has previously developed hydrolytically degradable disulfide-containing poly(beta-

amino ester) (PBAE) hydrogels with tunable ROS protection. By varying the oxidative
10



stress of these materials, we were able to increase in the LD50 of the material by an order

of magnitude[24].

PBAE polymers have been extensively utilized in the synthesis of hydrogel-based drug
delivery systems[23, 38, 39]. PBAE systems are made through Michael’s addition between
amines and acrylates and have been gaining popularity due to their adaptable chemical
compositions and properties, straightforward synthesis methods, and cost-effectiveness.
Gupta et al. has successfully synthesized PBAE nanogels to increase the bioavailability of
the hydrophobic antioxidant curcumin, allowing for its control release and, consequently,
enhanced oxidative stress protection of mitochondria[22]. PBAE scaffolds have also been
advantageous by mimicking extracellular matrix and providing structural support for cell
attachment and further tissue development. Filipovic et al. developed a 3D scaffold
containing a combination of synthetic polymer, poly(2-hydroxyethyl methacrylate)
(PHEMA), and a natural polymer, gelatin. The resulting nontoxic scaffolds offered

improved cell adhesion compared to control samples[40].

Despite numerous studies of PBAE hydrogel systems, the data on PBAE tunability is still
limited. In the present study, we further expanded on the impacts of acrylate hydrophilicity
on the swelling and degradation rates of disulfide-containing PBAE systems. Additionally,
we assess the impact of cellular GSH levels on the degradation kinetics of these redox-
sensitive biomaterials.

3.2 Materials

All reagents were used as received without further purification steps. Cystamine
dihydrochloride (CystA), glutathione (GSH), 2-mercaptoethanol (2-ME) were purchased

from Thermo Scientific (Waltham, MA), and 1,8-Diazabicyclo(5.4. 0)undec-7-ene (DBU)
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was purchased from Sigma Aldrich (Milwaukee, WI). Diethylene glycol diacrylate
(DEGDA), polyethylene glycol (400) diacrylate (PEG400DA), and 4,7,10-trioxa-1,13-
tridecanediamine (TTD) were purchased from Polysciences Inc. (Warrington, PA). All

solvents were purchased from J.T. Baker (Phillipsburg, NJ).

3.3 Methods
3.3.1 PBAE gel synthesis

PBAE gels were synthesized via one -step Michaels’s addition between acrylates and
diamines. The stoichiometric molar ratio of total acrylates to amine protons was kept at 1,
and the total reagent concentration was 45 wt%. First, cystamine was sonicated with
DMSO to aid in solubilization. When cystamine was used as only diamine, 75 vol%
DMSO and 25vol% DBU were used. Next, TTD was added, followed by acrylate,
DEGDA, or PEG400DA. The mixture was then vortexed for 1 minute, dispensed on a
Teflon plate, and polymerized for 24 hrs at 60 C. The gels were then washed with DMSO
three times to remove any unreacted reagents; next, DMSO was removed by washing the
gels twice in acetone. After the acetone wash, gels were air-dried in the fume hood for 1
hr, flash-frozen with nitrogen, and freeze-dried for 24 hrs (—80°C, <0.1 mBar). Dried gels

were stored in the freezer with desiccant.
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Table 3.1 PBAE gel compositions and their abbreviations

Molar amine percentage composition
Gel abbreviation
CystA (mmol %) | TTD (mmol %)
0/100 CystA/TTD |0 100
25/75 CystA/TTD | 25 75
50/50 CystA/TTD | 50 50
100/0 CystA/TTD | 100 0
3.3.2 PBAE degradation

Degradation of PBAE gels was carried out in various concentrations of GSH at 37°C. To

determine the impact of cellular levels of glutathione on the gel degradation, gels were

incubated In 0, 1, 10, and 20 mM GSH/PBS at pH 7.4. Dried gels were cut into circular

disks, weighted, and incubated in desired media, under sink conditions. Samples were

stored in a water bath shaker at 70 rpm at 37 °C. At desired time points, samples were

removed, swollen gels were dried with a kimwipe and weighted. To maintain sink

conditions, the media was replaced every 24 hrs. The weight swelling ratio (g) was

calculated as a ratio of swollen gel mass (Ws) and initial mass (Wo). To determine the

fraction of the mass remaining, gels were removed from the media, and dried under the

vacuum to remove residual media. The fraction of the mass remaining was calculated as a

ratio of final dry mass (Wg) and initial mass (Wo).

Fraction of mass remaining =

q=

13

(1

2



3.4 Results

3.4.1 DEGDA gels
To assess the effect of physiological levels of glutathione on disulfide-containing PBAE

systems, we used DEGDA-based gels with varying CystA/TTD ratios. Our findings
revealed a significant increase in degradation time at higher cystamine ratios (Figure 3.1).
The responsiveness of these gels to GSH was evaluated by incubating them in varied
concentrations of GSH/PBS. Degradation time significantly decreased in gels exposed to
10 and 20 mM GSH/PBS. The gel degradation acceleration and swelling rate increase in
samples incubated in GSH was comparable to those in 2-ME. Gels with 25/75 and 50/50
CystA/TTD ratios showed increased swelling ratios and decreased degradation time at 10
and 20 mM GSH/PBS, while no significant difference was observed at 1 mM GSH/ PBS.
Interestingly, gels composed entirely of cystamine (100/0 CystA/TTD) exhibited an
insignificant increase in swelling at 10 and 20 mM, but their degradation times remained
unchanged. Gels containing no cystamine (0/100 CystA/TTD) showed no correlation in

their swelling or degradation trends at varied GSH concentrations (Figure 3.2).

—m— (/100 CystA/TTD 25175 CystA/TID 170
: A 2575 CysIATTTD —e— 50/50 CystA/TTD 165
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100/0 CystA/TTD
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E °
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1 ) :
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Figure 3.1 Swelling rates, fraction of mass remaining, the degradation time of DEGDA
gels with varied cystamine content in OmM GSH/PBS (left to right). N=3, error bars: std.

dev.
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Figure 3.2 A: swelling rates of DEGDA gels with varied cystamine content in 1, 10, 20
mM 2-ME/PBS (left to right); B: swelling rates of DEGDA gels with varied cystamine
content in 1, 10, 20 mM GSH/PBS (left to right); C: fraction of mass remaining rates of
DEGDA gels with varied cystamine content in 1, 10, 20 mM GSH/PBS (left to right). N=3,
error bars: std. dev.
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Since no significant swelling was observed for 100/0 CystA/TTD samples in PBS,
GSH/PBS, or 2-ME/PBS we evaluated the swelling ratios in non-aqueous media. The
swelling ratio of DEGDA gels containing 100/0 CystA/TTD was also evaluated in 2-
ME/DMSO, 2-ME/PBS, and DMSO for 24 hrs to assess the ability of the gels to be reduced
and investigate the impact the media on the reduction of these disulfide containing systems.
There was a notable increase in swelling and complete degradation of samples incubated
in 2-ME/DMSO. Samples incubated in DMSO demonstrated increased swelling compared

to samples in PBS, both with and without 2-ME, but did not degrade.

DMSO
35 20mM 2-ME/DMSO
3 =—PBS

8- 20mM 2-ME/PBS
25

15

0.5

0 5 10 15 20 25
Time (hr)

Figure 3.3 Swelling rates of 100/0 CystA/TTD DEGDA gels in PBS, DMSO, 20 mM 2-

ME/PBS, 20 mM 2-ME/DMSO. N=3, error bars: std. dev.

3.4.2 PEG400DA gels
Gels with PEG400DA and varied ratios of CystA/TTD were developed to investigate the

impact of acrylate hydrophilicity on the degradation and swelling rates. Both 25/75 and
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50/50 CystA/TTD gels were evaluated in varied GSH concentrations. Similarly to gels
made with DEGDA, these systems exhibited increased degradation time at higher
cystamine ratios. Faster degradation rates were also observed at 10 and 20 mM GSH/PBS,
with 25/75 and 50/50 fully degrading within 6 and 12 hrs, respectively. Samples containing
50/50 CystA/TTD also demonstrated increased swelling rates at 10 and 20 mM GSH/PBS,

while no significant difference in swelling rates was observed in 25/75 CystA/TTD gels.

Figure 3.4 Swelling rates, fraction of mass remaining, the degradation time of PEG400DA
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Figure 3.5 A: swelling rates of PEG400DA gels with varied cystamine content in 1, 10, 20
mM 2-ME/PBS (left to right); B: swelling rates of PEG400DA gels with varied cystamine
content in 1, 10, 20 mM GSH/PBS (left to right); C: fraction of mass remaining rates of
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Overall, degradation time gradually increased as the fraction of CystA increased, which
was observed for gels made with either DEGDA or PEG400DA (Figure 3). A notable
decrease in degradation time was observed for 25/75 and 50/50 gels made with either

DEGDA or PEG400DA incubated in 10 and 20 mM GSH/PBS.

3.5 Discussion

3.5.1 Incorporation of PEG400DA into PBAE networks increased swelling and
degradation of the resulting gels

Previously, we developed disulfide-containing PBAE systems using DEGDA as our
acrylate containing monomer. In this study, we synthesized disulfide-containing PBAE gels
with a more hydrophilic acrylate, PEG400DA. We investigated the impact of diacrylate
hydrophilicity on the swelling and degradation potential of disulfide-containing PBAE
systems. As anticipated, degradation times were shorter for gels made with PEG400DA,

while the swelling rates were significantly higher than those made with DEGDA. Swelling

19



rates are impacted by both hydrophilicity of the polymer and chain elasticity. The highest
swelling rates for gels containing 0/100 and 25/75 CystA/TTD were noted shortly before
gel degradation. In addition, 25/75 CystA/TTD gels made with PEG400DA had a nearly
three times greater swelling rate observed shortly before the gel's complete degradation.
The increased swelling potential of PEG400DA gels is possibly due to the higher elasticity,
increased hydrophilicity, and crosslinking density of PEG400DA compared to DEGDA.
These findings align with published research; for example, Rekowsa et al. had previously
reported an increase in tensile strength and elongation at the break of hydrogels made with

higher molecular weights of PEGDA[41].

3.5.2 Swelling and degradation rates decrease as the fraction of CystA in PBAE networks
increased

Incorporating disulfide bonds also significantly impacted the swelling and degradation
rates of our PBAE systems. Slower degradation times were observed as the fraction of
CystA increased (Figure 1A). Additionally, 50/50 and 100/0 CystA/TTD gels had
significantly lower swelling rates than 0/100 and 25/75 CystA/TTD gels. Unlike
hydrolytically degradable ester and ether bonds of this PBAE network, disulfide bonds do
not undergo hydrolysis and are only broken via bond reduction. Due to the more
hydrophobic nature of DEGDA, we hypothesize that limited degradation of 100/0
CystA/TTD systems can limit the reduction of disulfide bonds when the reducing agent is
in PBS. To evaluate this claim, these gels were incubated in 20mM 2-ME in polar solvent,
DMSO, and the swelling rates of these samples were monitored for 24 hrs. Samples in
DMSO (without 2-ME) were used as a negative control. Gels incubated in 20mM 2-
ME/DMSO had significantly higher swelling rates and degraded completely within 24 hrs

compared to samples incubated in PBS, DMSO, 20mM 2-ME/DMSO , and 20mM 2-
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ME/PBS, which suggests that these networks are reducible in non-aqueous media. Due to
the more hydrophobic entire of DEGDA, 2-ME likely has very limited accessibility to its
disulfide bonds. Polar and aprotic DMSO decreases hydrophobic interactions within the
polymer, enabling 2-ME to reduce its disulfide bonds.

3.5.3 100/0 CystA/TTD PBAE systems did not respond to elevated GSH concentrations
Increased degradation rates in 10 and 20 mM GSH/PBS were observed for 25/75 and 50/50
CystA/TTD gels made with both DEGDA and PEG400DA, which was likely caused by
the reduction of disulfide bonds by thiolated GSH. However, there was limited degradation
for 100/0 CystA/TTD gels made with DEGDA, likely due to the limited accessibility of
the reducing agent.

3.6 Conclusion

It was found that disulfide-containing PBAE gels made by one-step Michaels addition
using more hydrophilic acrylate, PEG400DA, had larger swelling ratios and faster
degradation rates compared to disulfide-containing PBAE systems made with DEGDA.
Further, the incorporation of disulfide bonds resulted in increased degradation times of
PBAE gels. This held true for gels made with either DEGDA or PEG400DA. Resulting
disulfide containing PBAE networks showed a concentration-dependant increase in their
swelling ratios and decrease in their degradation times at near physiological levels of GSH,

10 and 20 mM.
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CHAPTER 4. THE IMPACT OF ACRYLATE FUNCTIONALITY ON THE DEGRADATION OF

DISULFIDE-CONTAINING PBAE THIN FILMS AT PHYSIOLOGICAL GSH LEVELS.

4.1 Introduction

Implantable biomaterials have been extensively utilized for structural support, cell
encapsulation, and therapeutic deliveries[42]. For many of these intended applications, the
biomaterial's overall mechanical properties and its ability to degrade (either enzymatically
or hydrolytically) in a controlled fashion are extremely important[43]. PBAE polymers'
inherent biocompatibility, facile synthesis, and tunable degradation profiles made them an

attractive candidate for implantation medicine and beyond[17].

The properties and structure of acrylate monomers are crucial in determining the
polymer’s mechanical properties, swelling, and degradation rate. Brey et al. employed
linear diacrylate, 1,6-hexanediol ethoxylate diacrylate, and branched pentaerythritol
triacrylate monomers to control mechanical properties. The study concluded that increasing

the branched monomer fraction resulted in increased compressive modulus [44].

Here, we examine the impact of the acrylate functionality of monomers on the
degradation of disulfide-containing PBAE systems and further investigate this behavior in
the physiological levels of GSH.

4.2. Materials

All reagents were used as received without further purification steps. Cystamine
dihydrochloride (CystA), glutathione (GSH), trimethylolpropane (TMPTA) were
purchased from Thermo Scientific (Waltham, MA). Polyethylene glycol (400) diacrylate

(PEG400DA), and 4,7,10-trioxa-1,13-tridecanediamine (TTD) were purchased from
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Polysciences Inc. (Warrington, PA). All solvents were purchased from J.T. Baker

(Phillipsburg, NJ).

4.3 Methods
4.3.1 PBAE gel synthesis

PBAE gels were synthesized via one-step Michaels’s addition between acrylates and amine
monomers. The stoichiometric molar ratio of total acrylates to amines was kept at 1, and
the total reagent concentration was 45 wt%. First, cystamine was sonicated with DMSO to
aid in solubilization. Next, TTD was added, followed by the acrylate, TMPTA,
PEG400DA, or both. The mixture was then vortexed for 1 minute, dispensed on a Teflon
plate, and polymerized for 24 hrs at 60 C. The gels were then washed with DMSO three
times to remove any unreacted reagents; next, DMSO was removed by washing the gels
twice in acetone. After the acetone wash, gels were air-dried in the fume hood for 1 hr,
flash-frozen with nitrogen, and freeze-dried for 24 hrs (—80°C, <0.1 mBar). Dried gels were

stored in the freezer with desiccant.

Table 4.2 PBAE gel compositions and their abbreviations

Molar amine percentage composition

Gel abbreviation

CystA (mmol %) | TTD (mmol %)

0/100 CystA/TTD |0 100
25/75 CystA/TTD | 25 75
50/50 CystA/TTD | 50 50
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4.3.2 PBAE degradation

Degradation of PBAE gels was carried out in various concentrations of GSH at 37°C. To
determine the impact of cellular levels of glutathione on the gel degradation, gels were
incubated In 0, 1, 10, and 20 mM GSH/PBS at pH 7.4. Dried gels were cut into circular
disks, weighted, and incubated in desired media, under sink conditions. Samples were
stored in a water bath shaker at 70 rpm at 37 C. At desired time points, samples were
removed, swollen gels were dried with a kimwipe and weighted. To maintain sink
conditions, the media was replaced every 24 hrs. The swelling ratio (q) was calculated as

a ratio of swollen gel mass (W) and initial mass (Wo).

Ws

qa=1, (D

4.4 Results

4.4.1 Degradation of TMPTA gels
The degradation potential of 0/100, 25/75, and 50/50 CystA/TTD TMPTA gels was

evaluated by measuring the equilibrium swelling ratio as a function of GSH concentration.
During the initial 2 hrs, all gels reached their maximum swelling potential. No gel
degradation was observed during 120 hrs of monitoring. Interestingly, increased GSH

concentration had no impact on swelling ratios of TMPTA gels.
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Figure 4.1 Swelling ratios of TMPTA gels with varied cystamine content in 0OmM (a), 1

mM (b), 10 mM (c), 20 mM (d) GSH in PBS. N=3, error bars: std. dev.

4.4.2 Degradation of TMPTA gels 0/100 CystA/TTD gels with varied ratios of
TMPTA/PEG400DA

Varied amounts of PEG400DA were introduced to mitigate the non-swelling and non-
degrading profiles of PBAE gels with TMPTA only. PBAE networks' degradation time with
varied ratios of TMPTA/PEG400DA ranged from 2 to 96 hrs. Gels containing 20/80
TMPTA/PEG400DA were fully degraded within 2 hrs, while gels with the highest TMPTA

content, 90/10 TMPTA/PEG400DA degraded within 96 hrs.
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Figure 4.2 Swelling ratios (a), degradation time(b) of 0/100 CystA/TTD gels with varied
ratios of TMPTA/PEG400DA. N=3, error bars: std. dev.

4.4.2 Degradation of 70/30 TMPTA/PEG400DA gels

To investigate the impact of disulfide bonds on the swelling and degradation profile of
PBAE systems in varied amounts of GSH/PBS, 70/30 TMPTA/PEG400DA gels were
prepared with 25/75 and 50/50 CystA/TTD. Gels made with 25/75 CystA/TTD degraded
within 72 to 120 hrs, with faster degradation time corresponding to samples incubated in
10 and 20 mM GSH/PBS, respectively. Unlike 25/75 CystA/TTD gels, 50/50 CystA/TTD
gels did not demonstrate GSH responsiveness, with no notable increase in swelling or

degradation during 120 hrs of gel monitoring.

26



45 iy 25/75 CystA/TTD ==@==50/50 CystA/TTD

35

25

15

0.5 a

0 50 100
Time (hr)

A~ 25/75 CystA/TTD

——@—50/50 CystA/TTD

0 20 40 60 80 100 120
Time (hr)

Figure 4.3 Swelling ratios of TMPTA gels with varied cystamine content in 0 mM (a), 1

=== 25/75 CystA/TTD

—@— 50/50 CystA/TTD

Time (hr)
4.5
A~ 25/75
4 A CystA/TTD
—@— 50/50
35 CystA/TTD

0 20 40 60 80 100 120
Time (hr)

mM (b), 10 mM (c), and 20 mM (d) GSH in PBS. N=3, error bars: std. dev.

4.4. Discussion

4.4.1 TMPTA-based disulfide-containing PBAE gels do respond to physiological levels of

GSH

The acrylate functionality of monomer impacts the crosslinking density of PBAE
thin films. Using monomers with higher acrylates leads to a more densely crosslinked
network, which generally results in slower degradation rates[45, 46]. Densely crosslinked

networks have lower swelling ratios [47, 48]. Additionally, more hydrophobic monomers
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lead to the formation of networks where hydrolysis has limited potential, resulting in a non-
degrading network. In addition, the denser network may provide less free space for GSH
to penetrate and react with the disulfide bonds in the polymer matrix, significantly
impairing GSH's reducing potential. As a result, no significant impact on swelling rates and
degradation time was observed at increased GSH concentrations. The reduction can be
performed in non-aqueous media, such as DMSO or ethanol, to assess if disulfide bonds

can be reduced when hydrophobic polymer interactions decrease.

4.4.2 Incorporation of PEG400DA increases degree of swelling and accelerates
degradation

To enhance the non-degrading and non-swelling profiles of TMPTA-based PBAE
systems, varied ratios of PEG400DA were used to increase the hydrophilicity of the
resulting networks. PEG monomers have been extensively used to increase the affinity of
water in hydrogel networks[49, 50]. PEG400Da provided multiple water binding sites, thus
increasing the degree of swelling of PEG400DA/TPTA systems. Additionally,
incorporating PEG400DA decreases the crosslinking density of the PBAE networks by
decreasing the acrylate functionality of monomers [51, 52]. Decreased crosslinking density
and increased hydrophilicity of these PBAE polymers resulted in accelerated degradation

time by promoting hydrolysis of the networks.

4.4.3 Disulfide-containing PBAE gels made TMPTA/PEG400DA have higher swelling
and degradation rates in physiological levels of GSH.

To further tailor GSH responsiveness, CystA content was increased in the PBAE
network made with 70/30 TMPTA/PEG and evaluated the swelling degradation behavior
of these gels in physiological levels of GSH. Similarly to DEGDA-based PBAE networks,

25/75 CystA/TTD gels showed a prominent response to the increased GSH concentrations,
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with increased swelling ratios and accelerated network degradation at higher GSH
concentrations. On the contrary, no impact of GSH levels was noted in 50/50 CystA/TTD
systems, proving them to be less responsive than 50/50 CystA/TTD gels made with
DEGDA. The perceived lack of GSH responsiveness could be attributed to the
nonsignificant swelling increase due to hydrogen bond formation. Limited rotation of
disulfide bonds offers a more rigid network resulting in induced hydrogel bonding between
unbound amine protons and double-bonded oxygen of the carbonyl group [53].
4.5 Conclusion

Increased acrylate functionality can tune the swelling and degradation rates of
disulfide-containing PBAE networks. Incorporating more hydrophobic TMPTA
significantly increases the degradation time of the resulting PBAE networks, which can be

further adjusted by adding more hydrophilic acrylate like PEG400DA.
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CHAPTER 5. DEVELOPMENT OF DISULFIDE-CONTAINING PBAE NANOGELS WITH INCREASED

ACRYLATE FUNCTIONALITY

5.1 Introduction

The complexity of therapeutic delivery design can equate to the challenges of therapeutic
development itself. Drug delivery mechanisms are individually designed to overcome
specific delivery challenges to accommodate the desired regimens while maintaining high
efficacy. Nano-sized vesicles such as nanoparticles and nanogels have been at the forefront
of therapeutic deliveries due to their unique ability to penetrate and retain within cell

networks.

Size constraints are crucial for effective cellular uptake and function. Various studies have
concluded that the highest endocytosis rates can be achieved with less than 100 nm
nanoparticles[54-56]. Further, particles with smaller sizes generally have longer cellular
retention times. Aldayel et al. found that 2-10 nm nanoparticles had longer retention time
and larger distribution in the inflamed site compared to 100-200 nm nanoparticles[57]. In
another study comparing 24 and 37 nm particles, the former had significantly longer

retention times, 10 min and 4 hrs after injection[58].

Nanogels and nanoparticles have been extensively used for drug delivery applications.
Their small size and large surface area increase the bioavailability of the conjugated
drug[59]. Moreover, nanoparticles have been shown to cross the brain barrier, absorb

through the endothelial level of the skin, and enter the pulmonary system [60, 61].

Additionally, there is a growing interest in functionalizing biomaterials to achieve targeted

release. Extensive research has been done in developing stimuli-responsive nanogels and
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nanoparticles that are responsive to changes in pH, light, temperature, and the cell's redox
state[62]. Nonetheless, only a fraction of these are FDA-approved, suggesting that further

research in this area is necessary[63].

Our group has previously developed PBAE biomaterial that has the potential to respond to
changes in the oxidative state of the cell[24]We further investigated its responsiveness to
cellular levels of GSH, which resulted in increased swelling and accelerated degradation
rates. In this work, we aim to utilize our understanding of the impacts of acrylate
hydrophilicity and functionality to develop disulfide-containing PBAE nanogels, which
could be further used for redox-responsive cellular delivery.

5.2 Materials

All reagents were used as received without further purification steps. Cystamine
dihydrochloride (CystA), glutathione (GSH), trimethylolpropane (TMPTA) were
purchased from Thermo Scientific (Waltham, MA). Polyethylene glycol (400) diacrylate
(PEG400DA), diethylene glycol diacrylate (DEGDA), and 4,7,10-trioxa-1,13-
tridecanediamine (TTD) were purchased from Polysciences Inc. (Warrington, PA). All

solvents were purchased from J.T. Baker (Phillipsburg, NJ).

5.3 Methods
5.3.1 DEGDA/TTD gel synthesis

PBAE networks were synthesized via one-pot Michaels addition in acetonitrile (ACN)
using DEGDA as an acrylate source and TTD as an amine source. The ratio of total
acrylates to amine protons was kept at 1, while the total wt % of monomer feed (DEGDA

and TTD) varied from 45 to 1 wt %. DEGDA and TTD were dissolved in ACN,
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5.3.2 Sol-gel inversion test

Sample gelation was evaluated after 24 hrs of polymerization at 60 C. The vials containing
varied wt % of monomer feed were inverted to investigate whether the solutions had
gelated or remained a solution.

5.3.3 The degree of polymerization of 5 wt % DEGDA/TTD solution

The polymerization Swt % DEGDA/TTD solution was monitored for 48 hrs. The %
TTD/DEGDA monomer solution was incubated at 60 C in a 7 ml glass vial. The solution
was removed at predetermined time points, and the desired sample amount was diluted in
fresh ACN. To assess possible DEGDA consumption by side reactions, DEGDA was
incubated in ACN and monitored continuously. The solutions were filtered into HPLC
vials using a syringe filter (0.02um Whatman Anapor 10). Samples were analyzed by
HPLC, using C18 column, 80 % DI water, 20% ACN, 0.13 % Phosphoric acid as a mobile
phase, 1 ml/min flow rate, and isocratic elusion at 40C. The amount of unreacted DEGDA
was quantified using a calibration curve.

5.3.4 Curcumin multiacrylate (CMA)/CystA nanogel synthesis

CMA nanogels with varied ratios of CystA/TTD were prepared via one pot Michael’s
addition in ACN. First, cystamine dihydrochloride was neutralized as follows. CystA was
dissolved in 1 N NaOH, triturated with isopropanol, and filtered. The solvent was
evaporated, and the precipitate was redissolved in ACN and filtered. CMA was synthesized
as previously described. To prepare CMA nanogels, CMA, TTD, and CystA were mixed in
ACN, vortexed for 30 s, and polymerized for 24 hrs at 60 C. The RTAA was kept at 1,

while the molar ratio of amines, TTD/CystA, was varied.
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5.3.5 TMPTA/PEG400DA nanogel synthesis
Nanogels with varied TMPTA and PEG400DA ratios were prepared via one-pot Michaels

addition in ACN with varied ratios of CystA/TTD. Monomers were added to a glass vial,
mixed, vortexed for 30 s, and polymerized at 60 C.

5.3.6 DLS size measurement

Once polymerized, samples were diluted to 0.1 vol% with fresh ACN and transferred to a

glass cuvette. The size of the resulting nanogels was determined by DLS.

5.4 Results

5.4.1 DEGDA/TTD gels with varied monomer wt%
DEGDA/TTD solutions with varied monomer feed, 45, 30, 20, 10, 5, and 1 wt %, were

analyzed following 24 hrs of polymerization. The vials were inverted to determine whether
the gelation had occurred. Samples containing 10 or more wt% gelated, while samples

containing 5 and 1 wt% remained a solution with no other visual changes noted.

Figure 5.1 DEGDA/TTD gels with 45, 30, 20, 10, 5 and 1 monomer feed wt% (left to

right).
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5.4.2 The degree of polymerization of 5 wt % DEGDA/TTD solution
The 5 wt% DEGDA/TTD solution polymerization was monitored by measuring the

fraction of unreacted DEGDA monomer. The DEGDA solution, without TTD, was used as
a control. After the initial 6 hrs of reaction, about 10 % of the initial monomer remained,
while after 24 hrs of monitoring, less than 2 % of the monomer was present. No loss of

DEGDA was noted for control samples.
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Figure 5.2 The fraction of DEGDA remaining in 5 wt % solution. N=3, error bars: std. dev.

5.4.3 CMA/CystA nanogel synthesis
Once polymerized, CMA nanogels with varied amounts of CystA/TTD were diluted to 0.1

vol% with fresh ACN and analyzed via DLS. Nanogels made with 10/90 CystA/TTD were
smaller than other samples, averaging 490 nm, while 0/100 and 25/75 samples were around

700 and 800 nm.
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Figure 5.3 Z-average of CMA nanogels made with varied amounts of CystA/TTD. N=3,

error bars: std. dev.

5.4.3 TMPTA/TTD gels with varied monomer wt%
Polymerized solutions of TMPTA/TTD with varied monomer feed wt%, 45, 30, 20, 10, 5

wt% were evaluated to investigate gelation. Samples with 10 or above wt% monomer were

gelated, while the 5 wt% samples had a slightly opaque appearance (Figure 5.4).

Figure 5.4 TMPTA/TTD 5 wt% samples.
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5.4.4 TMPTA/PEG400DA nanogel synthesis

To determine an optimal monomer feed for nanogel formation, samples containing varied
ratios of TMPTA/PEG were polymerized at varied concentrations, 10, 7, and 5 wt%. All
10wt% and 7 wt% 100/0 TMPTA/PEG400DA samples formed a bulk gel, while the
remaining samples remained in solution form. Solutions were analyzed via DLS to

investigate possible nanogel formation.
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Figure 5.5 Z-average of nanogels made with a 5 wt% monomer feed and a varied

TMPTA/PEG400DA ratio. N=3, error bars: std. dev.

Nanogels made with 100/0 TMPTA/PEG400DA were slightly larger than 90/10 and 70/30
TMPTA/PEG400DA, with a z-average of 53 nm compared to 22 nm and 18 nm

respectively.
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5.4.5 TMPTA/PEG400DA nanogels with varied CystA/TTD

To determine the disulfide bond's impact on the resulting networks' size, 90/10
TMPTA/TTD nanogels were synthesized from a 5wt% solution with 0/100 and 25/75
CystA/TTD (Figure 5.6). Nanogels without cystamine, 0/100 CystA/TTD, had a lower z-
average of 22 nm compared to 25/75 CystA/TTD nanogels which had a z-average of 41

nm.
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Figure 5.6 Z-average of nanogels made with a 5 wt% monomer feed, 90/10

TMPTA/PEG400DA and a varied TMPTA/PEG400DA ratio. N=3, error bars: std. dev.

5.5 Discussion

This study aimed to determine optimal parameters for PBAE nano gel formation. We
started by looking at the DEGDA-containing PBAE systems; we had previously fabricated
thin films made with 45wt % DEGDA and TTD monomer feed and hypothesized the
analogous nano system formation in dilute conditions. The monomer feed was gradually

lowered to determine the concentration beyond which no bulk gelation occurs. The solution
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made with 5wt% did not gelate. However, no nanogel was detected by DLS. To better
understand, the reaction kinetics of 5 wt% solutions were measured by monitoring DEGDA
consumption, which indicated that over 98% of diacrylate had been consumed during 48
hrs of the reaction, which suggests the formation of oligomers rather than crosslinked
polymers. These findings align with the literature, where Korshak et al. noted that
diacrylate formed oligomers when polymerized in dilute conditions[64]. To aim to form
crosslinked networks, we increased the functionality of an acrylate. Here, we successfully
fabricated disulfide-containing PBAE systems using CMA with an acrylate functionality
of 2.5, which supports the hypothesis that increased acrylate functionality enables the
formation of nanogels. We further expanded on this concept with using blends of TMPTA
and PEG400DA to form nanogels. We previously observed that highly crosslinked TMPTA
networks were nondegradable as thin films. Thus, PEG400DA was introduced to increase
degradability without significantly lowering average acrylate functionality. The data
obtained by DLS suggests the formation of nanogels. However, further analysis is needed
to characterize these networks.

5.6 Conclusion

Average acrylate functionality is an essential constraint in nano gel formation via Michael's
addition in dilute conditions. Acrylate functionality can be increased by using solely
branched monomers, such as triacrylate, TMPTA or a mixture or di/tri acrylate monomers.
Here, we developed disulfide-containing PBAE nanogels by increasing the average

acrylate functionality above 2.
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CHAPTER 6. CONCLUSION AND FUTURE DIRECTIONS

Tunable biomaterials are becoming increasingly advantageous due to their ability to be
easily customized to meet specific needs. In this study, we expanded on the impact of
acrylate properties, such as functional and hydrophilicity, on the formation and properties
of the resulting PBAE networks. We demonstrated how the degradation can be increased
from hours to days solely by changing the fraction of an acrylate. In addition, we designed
GSH-responsive PBAE networks, which can be further used for various cellular delivery
mechanisms. One of such mechanisms is nanogel, which we were able to synthesize by
optimizing the monomer concentration and acrylate functionality and hydrophilicity.
Future directions for this work can include cytotoxicity assessment of these nanogels and
their degradation products, degradation studies, and their responsiveness to ROS in

disulfide and free thiol forms.
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