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ABSTRACT

Over the past few decades, drug delivery systems have been designed using a
wide array of materials and chemical strategies to improve the specificity of therapeutics
by increasing drug stabilities, controlling release profiles and localizing therapeutic
effects. Among various types of drug delivery systems, hydrogels have emerged as a
promising class of materials for the controlled release of bioactive molecules.
Composed of hydrophilic three-dimensional polymer networks, hydrogels have several
advantageous properties including high water content, tunable viscoelasticity, and
biocompatibility, which allow bioactive molecules to be protected against degradation
and released from the hydrogel matrix in a controlled manner over an extended period
of time. Particularly, polyethylene glycol (PEG) hydrogels have been extensively used
for controlled drug delivery applications with encouraging preclinical and clinical
results, owing to the non-immunogenic nature, hydrophilicity and chemical versatility
of PEG polymers. PEG hydrogel-based materials have received approval for use in a
number of medical products including wound healing matrices, medical implants, and
drug delivery depots.

In this work, we have specifically engineered PEG hydrogel matrices from bulk
to nanoscale, including bulk hydrogels, nanoparticle-crosslinked hybrid hydrogels and
nanogels for different delivery applications. Firstly, a library of hydrophilic and
hydrolytically degradable PEG hydrogels has been developed for the sustained delivery
of an anthrax toxin-neutralizing monoclonal antibody from 14-56 days. The hydrogels

were formed via a Michael-type addition between multi-arm PEG-SH and

XX



hydrolytically degradable crosslinkers of linear PEG-diacrylate. By varying the polymer
architectures and molecular weights of the precursors, the degradation rate of the matrix
can be systematically tuned, which in turn tailors the rate of antibody release from the
hydrogels. In-gel and post-release analysis of the antibody samples indicate that the
conformational properties and biological activity of the protein were well maintained.

In addition to bulk hydrogels for the long-term delivery of therapeutics, stimuli-
responsive, nanoparticle-crosslinked hybrid hydrogels have also been introduced for the
triggered and targeted release of therapeutic molecules. These hybrid hydrogels were
constructed using maleimide-functionalized liposomes (~100nm) as structural elements
to crosslink with thiolated 4-arm PEG polymers via Michael-type addition. Degradation
of these hydrogels was selectively triggered upon exposure to thiol-containing
molecules such as glutathione (GSH), offering great advantages for controlled and
triggered release of therapeutic cargos under reducing environments that are analogous
to the GSH-overproduced tumor microenvironment. The hierarchical structure of these
hybrid hydrogels allows dual encapsulation and prolonged, sequential delivery of
multiple therapeutic molecules with different release mechanism.

Motivated by the significant impact of nanotechnology on the development of
nanoscale drug delivery vehicles, PEG nanogels that combine the advantages of both
nanoparticulate and polymeric hydrogel systems were prepared via the use of liposome
templates. The nanogels were formed by photo-triggered Michael-type addition of PEG
polymer precursors encapsulated within the ageuous lumen of liposomes under UV
irradiation. The production of nanogels was confirmed via dynamic light scattering

(DLS) and transmission electron microscopy (TEM). The surface functionality of the

XXi



lipid-coated nanogels was demonstrated by surface modification with a reactive
fluorescent dye as a proof of concept.

These PEG-based polymeric matrices provide a powerful platform for different
specific delivery applications. The bulk, hydrolytically degradable PEG hydrogels
present a simple yet efficient strategy to provide protein stabilization and long-term
delivery of therapeutic proteins. The liposome-crosslinked hybrid hydrogels, on the
other hand, suggest significant potential in the triggered and temporal release of multiple
therapeutic molecules. Lastly, the PEG nanogels offer a unique strategy for the

development of multifunctional nanoparticle therapeutics.
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Chapter 1

INTRODUCTION

1.1 Drug Delivery Systems

Drugs and therapeutics have long been used to treat disease and improve health.
The therapeutic efficacy of drugs is directly related to the way by which they are
administered. Administration can affect drug pharmacokinetics, absorption, duration of
therapeutic effect and toxicity.! Despite the promise of pharmaceutical development and
early-stage discovery, many drug candidates face significant challenges during
preclinical and clinical evaluation due to poor efficacy and limited bioavailability. For
example, small molecule drugs can suffer from low solubility, poor stability, short
circulation time, and non-specific toxicity, which greatly compromises their therapeutic
efficacy.? Bioactive macromolecules such as nucleic acids, peptides, and proteins are
often limited by poor stability and rapid clearance from the body.% # These challenges,
coupled with the complexity and diversity of new pharmaceuticals, have stimulated the
evolution of drug delivery systems that overcome bioavailability and delivery
obstacles.®

Drug delivery systems based on the use of a wide array of materials and chemical
strategies can improve the pharmacokinetics and pharmacodynamics of therapeutics by
controlling the rate at which a drug is released and the location in the body where it is
released.® ” For example, polymer carriers loaded with therapeutics enable controlled
temporal and spatial release of a drug by manipulating the diffusion of drug, the rate of

dissolution, or degradation of the carrier, which maintains drug concentration within the
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Figure 1.1 A comparison of drug concentration profiles between conventional drug
delivery formulations (e.g. tablets or bolus injections) and controlled and
sustained delivery systems (e.g. polymer implants or microspheres).
Conventional drug delivery formulations commonly result in a bolus
release of drugs followed by an immediate decrease of drug concentration
below the therapeutic range. Controlled and sustained delivery systems can
achieve prolonged therapeutic effect by continuously releasing the drugs
over an extended period of time after administration of a single dose.

therapeutic window (effective dose, see Figure 1.1). By coating or conjugating the
carrier with affinity reagents such as nucleic acids, peptides, antibodies, or ligands that
could bind to specific cell receptors, therapeutic efficacy can be enhanced and off-target
toxicity can be minimized by localization of the drug-loaded carrier at the pathological
sites. Additionally, drug delivery systems can also be formulated to improve the in vivo
solubility of lipophilic and hydrophobic drugs by encapsulation in a drug delivery

carrier or by covalent conjugation or sequestration with a polymer.® 10
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Figure 1.2 Controlled release of therapeutics from various drug delivery systems. ()
Solid polymer matrices composed of poly(ethylene-co-vinyl acetate)
(EVA), where the therapeutic molecules diffuse through a tortuous
network of interconnected pores that form during phase separation of
drug/excipient from polymer. (b) Reservoir controlled release systems
made from semi-permeable silicone rubber membranes (chemically cross-
linked polydimethylsiloxane), through which the release of encapsulated
therapeutics is regulated. (c) Water-swollen polymer hydrogels prepared
from water-soluble polymers, such as poly(ethylene glycol) (PEG), where
the rate of drug release is controlled by the mesh size of the swollen
polymer network. Reprinted with permission from Ref.”, copyright (2016)
American Chemical Society.

Over the past few decades, varieties of drug delivery systems have been
developed (Figure 1.2), including diffusion-controlled solid polymer matrices and
reservoirs (e.g. poly(ethylene-co-vinyl acetate) and silicone rubber (chemically
crosslinked polydimethylsiloxane)),'* water-swollen polymer hydrogels (e.g.
poly(ethylene glycol) (PEG), polysaccharides, and polypeptides),’> 1* and polymer-
based colloidal carriers (e.g. micro/nanoparticles, micelles, and micro/nanogels).* 1°
The choice of drug delivery system determines the drug loading capacity, the time span
of release, and the route best suited for administration. Solid polymer matrices and
reservoirs have shown great potential in long-term delivery of bioactive agents for up

to 5 years but usually need to implanted through a surgical intervention.'® Hydrogels



are advantageous for localized delivery as they could potentially be injected though
syringes and needles and offer broad range of release timeframes from days to months,
although the size and solubility of drugs may limit the utility of these water-swollen
polymer networks.” Micro and nanoparticles can encapsulate a variety of drugs and
achieve sustained release through systemic administration, yet non-specific uptake and
local toxicity may induce undesired side effects.!® Therefore, selection of a drug
delivery system must be driven by the nature of the drug and the inherent properties of

the drug delivery system.

1.2 Hydrogels for Drug Delivery

Composed of cross-linked networks of hydrophilic polymers, hydrogels are
capable of retaining large amounts of water yet remaining insoluble and maintaining
their three-dimensional structure.'® 2 They are generally considered as biocompatible
materials due to their high water content and mechanical softness, similar to natural
extracellular matrices.?! Furthermore, the porous structures and tunable viscoelasticity
of hydrogels provide great opportunity for the encapsulation of water-soluble
therapeutics (e.g. proteins and peptides), allowing these bioactive molecules be
protected against degradation and released from the hydrogel matrix in a controlled
manner over an extended period of time.??

Proteins that are physically incorporated in the hydrogel matrix can be released
via several mechanisms, such as diffusion, swelling, erosion or degradation, or a
combination of these mechanisms.?® Hydrogels allow fine-tuning of the protein release
by tailoring their cross-link density via changes in polymer architecture, concentration,

and molecular weight.?* Over the years, varieties of stimuli-responsive hydrogels have



been developed via the incorporation of degradable functional groups in the backbones,
crosslinks, and pendant groups. Hydrogel degradation permits systematic variations in
the permeability of the network via engineering of the degradation rates and modes,

offering great opportunities for the on-demand/target release of bioactive cargos (Figure
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Figure 1.3 Various types of degradable hydrogel systems. (A) Hydrolytically
degradable hydrogels that can control the release of therapeutics via
hydrolysis over time. (B) Proteolytically degradable hydrogels that are
formed based on guest-host interactions. Hydrogel degradation can be
selectively triggered by cell-secreted enzymes such as matrix
metalloproteinases (MMPs), releasing the encapsulated therapeutics (e.g.,
growth factors and proteins) within the matrix. (C) Photo-triggered release
of green fluorescent protein (GFP) from dextran-based photodegradable
hydrogels via the incorporation of the photolabile o-nitrobenzyl moiety.
(D) Glutathione (GSH)-sensitive hydrogels that can undergo matrix
degradation and offer targeted delivery of therapeutic molecules in GSH-
containing environments. Reprinted with permission from (A) Ref.?,
copyright (2012) Nature Publishing Group; (B) Ref.?’, copyright (2015)
American Chemical Society; (C) Ref.?, copyright (2011) Royal Society
of Chemistry; (D) Ref.?®, copyright (2012) Royal Society of Chemistry.



Hydrolytically degradable hydrogels incorporated with labile ester linkages in
the polymer backbone or crosslinker provide a simple approach to introduce temporal
changes in the network crosslink density, which can influence properties such as
diffusivity, swelling and mechanics (Figure 1.3A).3%2 Enzymatically degradable
hydrogels pioneered by Hubbell and Lutolf3*-% can be easily prepared via the use of
matrix metalloproteinases (MMPs)-cleavable peptide motifs as crosslinkers, offering
tunable release of the encapsulated bioactive factors via enzymatic activities and cellular
cues (Figure 1.3B). Photocleavable degradation based on photolabile o-nitrobenzyl
derivatives have been pioneered by Anseth®*® and others?® 3%l to engineer
photodegradable hydrogels, which allow real-time manipulation of the materials
properties and photocontrolled, on-demand release of proteins (Figure 1.3C). The
incorporation of thiol-sensitive linkages such as disulfide bonds**** and arylthioether
succinimide adducts?® *° in hydrogels is also of significant interest in drug delivery
(Figure 1.3 D), since hydrogel degradation can be selectively triggered in the presence
of thiol-containing species such as glutathione (GSH), an antioxidant commonly found
in normal and malignant cells and usually overproduced in tumor microenvironments.*®
These thiol-sensitive hydrogels can undergo cleavage reactions (disulfide cleavage or
retro-Michael reaction) that lead to matrix degradation upon exposure to GSH, allowing

the targeted release and stimuli-triggered delivery of therapeutic molecules.*’-°
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Figure 1.4 Schematic of thiol Michael-type addition and reactivity of various vinyl
groups (Michael acceptors) used in the reactions.

Another major focus of hydrogel-based technology is the development of
injectable hydrogels, which can be administered in a minimally invasive manner as
polymer solutions and rapidly form viscoelastic network at the site of administration
upon injection.® 5! Gelation of these materials can be triggered by external stimuli (such
as temperature, pH, and ionic strength) or physical and chemical crosslinking methods
(e.g. hydrogen bonding, stereocomplexation, radical polymerization, and Michael-type
addition).>2>* Particularly, thiol Michael-type addition (Figure 1.4), a nucleophilic
reaction typically between thiols and a, B-unsaturated carbonyl groups (e.g., maleimides,
vinyl sulfones, acrylates, and methacrylates),>® * has attracted significant attention in
the preparation of injectable hydrogels, owing to its high selectivity, spontaneous

reaction kinetics and physiologically relevant reaction conditions.? °6-*® Over the past



decade, varieties of injectable hydrogels prepared by Michael-type addition have been
developed based on the use of synthetic polymers,>-? polysaccharides,®® % and
polypeptides.®> ¢ For instance, Hubbell and co-workers have developed various
injectable matrices via the Michael-type addition of PEG thiols and PEG acrylates, PEG
vinyl sulfones and cysteine-functionalized peptides for the controlled delivery of bovine
serum albumin and vascular endothelial growth factor, respectively.®” 8 Similarly,
Kiick and co-workers have synthesized heparin-functionalized hydrogels for the
controlled release of basic fibroblast growth factor based on the thiol-maleimide
Michael-type addition of PEG thiols and maleimide-functionalized heparin.®® These
heparin-functionalized hydrogels were subsequently injected subcutaneously in rabbits
and demonstrated sustained anticoagulant release in vivo.®® The rapid and in situ
gelation of these materials enabled by thiol Michael-type addition allows facile
encapsulation of bioactive molecules and suggests great potential for direct injection

applications.

1.3 Nanoparticle-Containing Hydrogels for Drug Delivery

Parallel to the development of hydrogel strategies in drug delivery,
nanotechnology has also made a significant impact on the advances in nanoscale
delivery vehicles.® ° In recent years, there has been an increasing interest in combining
therapeutic nanoparticles with other biomaterials such as hydrogels to form hybrid
nanostructures for improved therapeutic efficacy (Figure 1.5). The innovative
combination of these two distinct types of materials not only provides structural
diversity, but also introduces a plurality of property enhancements, resulting in

improved tissue localization, minimized burst release, and multi-stage delivery.”* "



Nanoparticles can be incorporated into hydrogel network by triggering gelation
of monomer solutions in nanoparticle suspensions (Figure 1.5A).”* Furthermore,
inorganic nanoparticles (e.g., Au and Ag) can be formed in situ within the gel matrix by
the reduction reactions of nanoparticle precursors loaded in the hydrogel.” ® Various
types of nanoparticles including metallic nanoparticles,””” "® liposomes’™ 8 and
polymeric nanoparticles®: 8 have been physically embedded within the hydrogel
network, offering tailored physical properties and custom-made functionalities for
improved therapeutic efficacy. For example, Zhang and co-workers’* have developed
hydrogels containing gold nanoparticle-stabilized liposomes for topical antimicrobial
delivery. The nanoparticle-stabilized liposomes were physically encapsulated in a
chemically crosslinked polyacrylamide gel by initiating gelation of the solution mixture
of the acrylamide monomers and poly (ethylene glycol) dimethacrylate crosslinkers in
the liposome suspensions. These hydrogel formulations can not only preserve the
structural integrity of the nanoparticle-stabilized liposomes, but also offer tunable
release kinetics of the incorporated liposomes that can subsequently fuse with bacterial
membrane, providing a unique and robust hybrid formulation for topical drug delivery
against microbial infections. Similarly, Shoichet and co-workers®? have prepared poly
(lacticco-glycolic acid) (PLGA) nanoparticle-loaded composite hydrogel for sustained
release of bioactive proteins. Neurotrophin-3 (NT-3), a neural regenerative protein, was
encapsulated in PLGA nanoparticles that were dispersed in an injectable hydrogel of
hyaluronan and methyl cellulose (HAMC), exhibiting linear and more sustained release
with minimal initial burst over 28 days compared to release from PLGA nanoparticles

or HAMC hydrogels alone.
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Figure 1.5 Strategies in the formation of nanoparticle-containing hydrogels. (A)
Physical encapsulation of nanoparticles during hydrogel formation. (B)
Fabrication of self-assembled hydrogels employing polymer-nanoparticle
physical interactions (e.g. hydrophobic or electrostatic interactions). (C)
Hierarchical hybrid hydrogels prepared via the use of nanoparticles as
covalent crosslinkers. Reprinted with permission from (A) Ref.83,
copyright (2014) American Chemical Society; (B) Ref.34, copyright (2015)
Nature Publishing Group; (C) Ref.%, copyright (2012) Wiley.

Alternatively, nanoparticle-containing hydrogels can also be constructed using
nanoparticles as crosslinkers.88-% In this approach, 3D hydrogel network can be formed
through strong hydrophobic interactions or electrostatic interactions between the
nanoparticles and polymers (Figure 1.5B). Recently, a series of shear-thinning
injectable hybrid hydrogels have been developed based on the hydrophobic interactions
between hydrophobically modified biopolymers and various nanoparticulate building
blocks including liposomes, vesicles and polymeric nanoparticles.® 8% % Similarly,
Langer and co-workers® have also leveraged electrostatic interactions to fabricate self-
assembled hydrogels with shear-thinning and self-healing properties, using negatively
charged biopolymers and nanoparticles enhanced with a positively charged surfactant.
Additionally, nanoparticles can be covalently crosslinked with polymers to form a
hydrogel network (Figure 1.5C). Akiyoshi and co-workers® % 9 have reported

nanogel-crosslinked hybrid hydrogels prepared through the Michael-type addition of
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multi-arm PEG-SH and acrylate-modified pullulan nanogels. These nanoparticle-
crosslinking strategies can not only integrate two material platforms into one
formulation with unique physicochemical and biological properties, but also provide
ample parameter space for the manipulation of delivery properties. For instance, the
release rate of therapeutic molecules from these hybrid systems can be tuned by varying
the size, concentration and chemical functionality of the nanoparticles.®* Overall,
nanoparticle-containing hydrogels have emerged as a versatile class of drug delivery
depots for local delivery of therapeutic molecules, unleashing unique synergistic

properties that are absent in both individual building blocks.

1.4 Nanoparticles for Drug Delivery

Progress in nanotechnology and materials science has recently revolutionized
drug delivery with the use of nanoscale carriers.®* Varieties of nanoparticles have been
developed, including inorganic nanoparticles,®® liposomes,®® and polymeric
nanoparticles.®” These nanostructures of appropriate size (10-150 nm) can not only
penetrate vessels and passively accumulate in specific tissues such as tumor, but also be
surface functionalized with targeting ligands to actively bind to specific cells after
extravasation (Figure 1.6).% % Nanoparticle therapeutics, which are usually
administered intravenously, can improve pharmacokinetic and drug tissue distribution
profiles and promote intracellular delivery, providing a powerful platform for drug
delivery with improved therapeutic efficacy, especially for cancer diagnosis and
therapy.100. 101

In recent years, a wide variety of chemically labile bonds and dynamic process

have been exploited to formulate nanoparticles that are responsive to external stimuli
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such as pH,'%? light, % temperature,'®* and redox potential.’®® These stimuli-responsive
nanocarriers are usually stable under circulation conditions, but can undergo rapid
disassembly or degradation via protonation, (supra)molecular conformational change or
cleavage reaction, allowing tailored release profiles of therapeutic molecules with
excellent spatial, temporal and dosage control.1%1% For example, pH-labile linkages
such as ester and hydrazone linkages have been widely incorporated into nanoparticle
carriers to provide pH-selective (acid-responsive) drug release targeting at the organ
level (gastrointestinal tract), tissue level (acidic extracellular tumor environment), and
cellular level (endosomes), respectively.%? Various photoresponsive groups including
o-nitrobenzyl and coumarinyl esters have been employed in the synthesis of
photoresponsive block copolymer micelles.!® These photo-sensitive moieties can
undergo photocleavage reactions under light irradiation, shifting hydrophilic-
hydrophobic balance, breaking block junctions, and disassociating crosslinks within the
micelles, which subsequently offers on-demand and photocontrolled release of the
payloads from these nanocarriers.!'° Similarly, thermoresponsive polymers that exhibit
lower critical solution temperature (LCST)-like behavior, such as poly(N-
isopropylacrylamide)!!! and elastin-like polypeptides,**? have been commonly used to
formulate thermosensitive nanocarriers that enable facile drug encapsulation and
temperature-triggered release. Reduction-sensitive disulfide linkages that can undergo
cleavage in the presence of glutathione (GSH) have enabled the design of nanoparticles
for targeted and intracellular delivery of therapeutic molecules.®® Owing to the spatial
distribution of GSH (10 mM in intracellular compartments vs. 10 uM in circulation),*®
these reduction-sensitive nanoparticles can maintain excellent stability in circulation

and in extracellular fluids, and undergo rapid degradation inside cells to accomplish
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efficient intracellular drug release. The wide variety of stimuli that are able to trigger
drug release at the right place and time, and the diversity of the responsive materials
that can be assembled into different architectures, provide great flexibility in the design
of these stimuli-responsive systems and significant potential in drug delivery with

improved therapeutic efficacy.

Active cellular
targeting “

@@@

lymphatic drainage

Figure 1.6 Nanoparticle agents are designed to utilize the enhanced permeability and
retention (EPR) effect to exit leaky blood vessels and accumulate in the
tumor, and to target tumor cells by functionalizing the surface of
nanoparticles with ligands that promote cell-specific recognition and
binding. The nanoparticles can (i) release their contents in close proximity
to the target cells; (ii) attach to the membrane of the cell and act as an
extracellular sustained-release drug depot; or (iii) internalize into the cell
by endocytosis before releasing their drug payloads. Reprinted with
permission from Ref.”®, copyright (2007) Nature Publishing Group.

13



While the technology of utilizing polymer assemblies in drug delivery is
developing rapidly, many polymer nanostructures based on non-covalent interactions
might be subjected to structure instability, especially when circulating in large volume
of biological fluids such as the bloodstream.'** 1> More recently, nanogels (hydrogel
nanoparticles) composed of nanoscale 3-D crosslinked network of polymer chains have
emerged as promising materials for drug delivery (Figure 1.7A).1%6 17 These nanoscale
polymeric matrices can not only pass through capillary vessels and penetrate cells and
tissue barriers like most nanoparticles, but also maintain high structural integrity even
under dilute conditions and allow efficient encapsulation of therapeutic molecules
owing to their gel-like structures.!!8 11° Covalently crosslinked nanogels can be formed
via inverse emulsion polymerization (Figure 1.7B) and nanotemplate methods (Figure
1.7C) using a wide range of chemical crosslinking strategies. As a combinatorial
platform of nanoparticles and hydrogels, the versatility of nanogels can be achieved by
introducing chemical functional groups, surface-active moieties and stimuli-responsive
constituents, while the crosslinking density of nanogels can be tuned to tailor the
swelling and pore size of the nanoscale matrices, which are responsible for the
predetermined release kinetics of the entrapped drug molecules.!?22 For instance,
Anderson and co-workers have developed dextran nanogels via the alkyne-azide
cycloaddition and functionalized the nanogel surface with bisphosphonate ligands for
bone targeting effect.!?® Ravaine and co-workers, on the other hand, have synthesized
well-defined hyaluronic acid (HA) nanogels with with controlled cross-linking densities
based on the free radical photopolymerization of methacrylate-modified HA.*?* The
crosslinking densities of these nanogels could be controlled not only by the

photopolymerization conditions (i.e., the duration and intensity of UV irradiation) but
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also by the degree of methacrylation of HA, offering a versatile platform for the design
of biocompatible, nanoparticulate drug delivery systems. Nanogels with unique
physicochemical properties have thus provide a promising approach for the systemic
delivery of a wide range of disease oriented therapeutics including small-molecule

drugs,'? peptides,*?® proteins,*?” and nucleic acids.*?®
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Figure 1.7 Structure and synthetic strategies of polymer nanogels. (A) Crosslinked
network structure of polymer nanogels. (B) Chemical synthesis of
nanogels by inverse emulsion polymerization, where each droplet of
polymer solution is isolated and crosslinked into nanoparticle. (C)
Preparation of nanogels using liposome templated method, where
crosslinked network is formed in the aqueous lumen of the liposome.
Reprinted with permission from (A) Ref.!? copyright (2011) American
Chemical Society; (B) and (C) Ref.!Y’, copyright (2010) Wiley.

1.5 Dissertation Summary

Among various polymer-based drug delivery systems, materials based on
polyethylene glycol (PEG) are of particular interest to biomedical researchers,
especially for hydrogel-based delivery systems. PEG is an important type of hydrophilic

polymers that have been approved by the FDA for biomedical application, due to its
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good biocompatibility, nonimmunogenity, and resistance to protein adsorption.'?° The
hydroxyl end groups of PEG polymers can be easily functionalized with reactive
functional groups for materials formation, including thiols, vinyl sulfones, maleimides,
acrylates, and norbornenes.’®® PEG-based hydrogels,?> microparticles,*! and
nanoparticles!®? have been widely explored in the field of drug delivery with promising
preclinical and clinical results.

This dissertation describes the investigation of PEG-based polymeric matrices
from bulk to nanoscale, including polymer hydrogels, nanoparticle-crosslinked
hydrogels, and nanogels for different delivery applications. Chapter 1 introduces the
background and current research on polymer-based drug delivery systems including
bulk hydrogels, nanoparticle-containing hydrogels and polymer nanoparticles. Chapter
2 covers the engineering of hydrophilic and hydrolytically degradable polyethylene
glycol (PEG) hydrogels for the sustained delivery of an anthrax toxin-neutralizing
monoclonal antibody. The release profiles of the antibody from different hydrogel
formulations are studied. The biophysical properties and biological activities of the
antibody after released from the hydrogels are discussed. Chapter 3 reports a novel
liposome-crosslinked hybrid hydrogel system for the triggered and sequential release of
multiple therapeutic molecules. Gelation and degradation of the PEG-liposome hybrid
hydrogels are confirmed. Dual encapsulation and sequential release of multiple cargo
molecules relevant for chemotherapies, namely doxorubicin (DOX) and cytochrome c,
are performed. The release profiles of these molecules are analyzed by the mathematical
fitting of relevant equations. In Chapter 4, multifunctional lipid-coated PEG nanogels
crosslinked by photo-triggered Michael-type addition are developed via the use of

liposome templates. The photo-sensitive gelation and temporal control of the
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crosslinking reaction are discussed. The production and surface functionality of the
lipid-coated nanogels are demonstrated. Chapter 5 concludes the dissertation by
summarizing the major discovery of this work, the potential impact of these polymeric
matrices on the field of drug delivery and future directions that could build upon these

systems.
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Chapter 2

CONTROLLED RELEASE OF AN ANTHRAX TOXIN-NEUTRALIZING
ANTIBODY FROM HYDROLYTICALLY DEGRADABLE POLYETHYLENE
GLYCOL HYDROGELS

2.1 Introduction

Anthrax is caused by Bacillus anthracis, a Gram-positive, rod-shaped, spore-
forming bacterium that primarily affects livestock but can spread to humans. ? Due to
the ability of the pathogen to form endospores that can be easily concealed, transported,
and released, B. anthracis poses a great threat as a bioterrorism agent, highlighted by
the anthrax postal attack in 2001.> * The pathogenesis of B. anthracis is mediated by a
tripartite toxin. This exotoxin consists of protective antigen (PA) and two enzymatically
active proteins: lethal factor (LF) and edema factor (EF). PA functions as a cell-binding
receptor for LF and EF to form lethal toxin (LeTx) and edema toxin, respectively,
making it an ideal target for vaccine and countermeasure development. The
development of biotechnology and genetic engineering methodologies has enabled
monoclonal antibody (mADb) therapy to be developed as an effective countermeasure for
protection against anthrax.> ® The utilization of mAbs that target specific cells or
proteins permits anthrax toxin neutralization by a variety of mechanisms, including
neutralizing pathogen growth, limiting its spread from infected to adjacent cells, or by
inhibiting the toxin’s biological activity.” During the past 10 years, several human
antibodies against anthrax protective antigen (PA) have been demonstrated to provide

passive protection in variety of animal models including rats, rabbits, guinea pigs and
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non-human primates.®1° One such mAb was developed by Fraunhofer USA Center for
Molecular Biotechnology (FNCMB) and shown to provide full protection against an
inhalation anthrax spore challenge in non-human primates.** 2 FnCMB engineered this
mADb in their plant-based production platform to be a non-glycosylated (NG) version of
a mADb against PA, termed PANG. This NG variant was shown to have superior half-
life and protective efficacy compared to a glycosylated counterpart. Therefore, PANG
was selected as the mAD of interest for the work described below.

Similar to most protein therapeutics, antibodies can suffer from poor stability
due to chemical degradation as well as physical aggregation.'®* Also, repetitive dosing
may be required to achieve a therapeutic effect, which compromises patient’s comfort,
convenience, and compliance.}*® Water-swollen polymeric hydrogels have been
extensively investigated as vehicles for the delivery of a variety of small and large
molecules, including proteins.t’"?! By encapsulation in the network, proteins can be
protected against degradation and released from the hydrogel matrix in a controlled
manner over an extended period of time, either in blood circulation or in the surrounding
tissues.??2* Degradable hydrogels are particularly desirable for protein delivery, since
the release rate of the therapeutic proteins can be manipulated by the degradation of the
matrix, and clearance of the device from the body can be achieved when the release is
completed.?>2?8 Recently, several hydrogels based on synthetic polymers, natural
polymers, and peptides have been formulated to offer local and sustained release of
antibodies including immunoglobulin (IgG), Herceptin (a breast cancer antibody), and
Bevacizumab (an anti-VEGF antibody), with enhanced therapeutic efficacy that reduces

the number of injections and lowers the administered dose.?®-3*
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In this study, we present hydrolytically degradable polyethylene glycol (PEG)
hydrogels as a reservoir system for the controlled delivery of PANG, an anthrax LeTx
neutralizing antibody. Degradable PEG hydrogels were formed via Michael-type
addition using multi-arm PEG thiols (-SH) and linear PEG acrylates (-Ac). These
hydrogels were rendered hydrolytically degradable via the acrylate ester linkages (see
polymer structures in Scheme 1). We characterized the swelling properties of these
hydrogels and demonstrated that the release rate of PANG can be adjusted by varying
the molecular structures of the hydrogel precursors. Post-release and in-gel
characterizations including polyacrylamide gel electrophoresis (SDS-PAGE), size-
exclusion chromatography (SEC), circular dichroism (CD), and fluorescence indicated
that PANG remained stable when encapsulated and released from the gel. A toxin
neutralization assay showed that the released PANG remained biologically active and

exhibited toxin-neutralizing activity in a concentration-dependent manner.

2.2 Materials and Methods

2.2.1 Materials

Four-arm, thiol-functionalized PEG (PEG-4SH, Mn» = 5000, 10000, and 20000
g/mol), eight-arm, thiol-functionalized PEG (PEG-8SH, Mn = 10000 and 20000 g/mol)
and linear diacrylated PEG (PEG-2Ac, Mn = 2000, 3500, 5000 and 7500 g/mol) were
purchased from JenKem Technology USA Inc. (Allen, TX, USA). Low molecular
weight, diacrylated PEG (PEG-2Ac, Mn = 700) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The non-glycosylated mAb (PANG) was produced by Fraunhofer
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USA (Newark, DE, USA). All other reagents and materials were purchased from Fisher
Scientific (Pittsburgh, PA, USA) unless otherwise noted.

2.2.2 Purification of Plant-Produced mAb PANG

Engineering, expression, and purification of PANG followed methods
previously described with minor modifications.? Briefly, Agrobacteria tumefaciens
transformed with the plasmid pGR-D4, carrying either the heavy chain or light chain,
were used for agroinfiltration of Nicotiana benthamiana. Infiltrated plant material was
blended in 1 volume of Tris based extraction buffer and centrifuged at 16,000 x g for
15 minutes at 4<C. The supernatant was collected and the pH adjusted to 5.3, mixed for
15 minutes at room temperature, and centrifuged a second time. The pH of the
supernatant was then raised to 7.5, followed by filtration through a 0.45/0.2pm
Sartopore filter and loading onto a 10 ml HiTrap MAb Select resin (GE Healthcare,
Piscataway, NJ, USA). The column was washed with 15 column volumes of 50 mM
Tris, pH7.5 buffer before elution with 100 mM citrate buffer (pH 3.0). Eluted PANG
was buffered to neutral with pH 9 Tris buffer. The protein was concentrated using a

Centricon Plus—70 (3000 MWCO) and dialyzed into PBS.

2.2.3 Formation of Degradable PEG Hydrogels

The hydrogels were formed by a Michael-type addition between multi-arm
PEG-SH and hydrolytically degradable crosslinkers of linear PEG-diacrylate. The
molar ratio of thiols/acrylates was 1:1 for all hydrogels. Each polymer precursor was
dissolved in a phosphate-buffered saline (PBS) solution (pH=7.4). The identities of the
polymer precursors for various hydrogel formulations are summarized in Table 1. The

convention for naming the hydrogel samples is based on the number of arms and
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molecular weight of the multi-functional PEG and the molecular weight of the linear
PEG ‘crosslinker’. For example, the notation “8-arm 10/2K” indicates a hydrogel
comprising a 10 kDa, 8-arm PEG-SH mixed with a 2 kDa linear PEG-diacrylate.
Immediately after mixing, the solution was quickly vortexed, and then transferred to a
scintillation vial and allowed to gel at 37<C. Gelation occurred in several minutes, but
the hydrogels were left in the incubator overnight to achieve maximum cross-linking.
For protein encapsulation, a solution of PANG (15.7 mg/mL) was used to dissolve the

polymer precursor to achieve a final protein concentration of 5 mg/mL or 2.5 mg/mL.

2.2.4 Rheological Characterization of PEG Hydrogels

Oscillatory rheology experiments conducted on a stress-controlled AR-G2
rheometer (TA Instruments, New Castle, DE, USA) were used to characterize the
gelation time of the PEG hydrogels. Experiments were conducted at 37<C using a 20
mm-diameter, cone and plate geometry with a 25 um gap distance, with oscillatory time,
frequency, and strain sweeps performed. Strain sweeps were performed on samples
from 0.1% to a maximum strain of 1000% to determine the limit of the linear
viscoelastic region. Dynamic oscillatory time sweeps were performed to monitor the in
situ gelation of different PEG hydrogel solutions at angular frequencies of 6 rad/s and
1% strain chosen from the linear viscoelastic region. The PEG-SH and PEG-Ac
precursors were dissolved in PBS separately with a final polymer concentration of
20wt%. The precursors were then combined, vortexed, and loaded onto the rheometer
stage. The temporal evolution of G’ (storage modulus) and G” (loss modulus) was

recorded throughout the crosslinking experiments.
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2.2.5 Swelling Experiments

Hydrogels (100 puL) were incubated at 37°C in water. Hydrogel samples were
collected at regular intervals of swelling, excess water removed by blotting, and their
mass after swelling was measured. The hydrogels were then dried under vacuum
overnight, and their dry mass was measured. The equilibrium mass swelling ratio q was

experimentally obtained by the following equation:

_ Wswollen
Wdry

where Wswoilen and Wary are the weights of the polymer at swollen and dried states,

respectively.

2.2.6 In Vitro Protein Release Experiments

The protein release experiments were performed at 37 <C in a glass vial with PBS
buffer. Hydrogels (400 uL) were placed on the bottom of the vial and 5 mL of PBS was
added over the gel. One mL of PBS was sampled from the vial at predetermined time
points and replaced with 1 mL of fresh PBS. The final time point of the release
experiments was defined as the time point when the buffer solutions above the gels
became too viscous for sampling (which was prior to 100% hydrogel degradation). The
resulting release samples were distributed into several aliquots and stored at -80<C to
avoid potential damage to the PANG before characterization. Samples were reserved
for determination of concentration and determination of cumulative release. (Samples
were also reserved for characterization of protein conformation and activity; see below.)
Protein samples were concentrated by centrifugation using Amicon Ultra-0.5 mL

Centrifugal Filters (3KDa, Billerica, MA, USA), and protein concentration was
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characterized via UV-Vis spectrometry with detection at 280 nm. Protein stability was
confirmed by SDS-PAGE electrophoresis.
The cumulative protein release (given as a percentage of encapsulated protein,

(Pr)) was calculated using the following equation:

LYn-1¢ +V,C
Pr(%)= eZl i o~n X 100%
Mpang

Where mpanc represents the amount of protein encapsulated in the hydrogel, Vo is the
whole volume of the release media (5 mL), Ve is the volume of each sample that is being
taken out at each time point (1 mL), and Ci represents the concentration of the PANG

protein measured by UV-Vis in the i sample (Cn represents the n™ sample).

2.2.7 Size Exclusion Chromatography

Size exclusion chromatography (SEC) studies were performed on an Agilent
1260 HPLC with PANG resolved over a ZENIX SEC-300 7.8>300 mm column (Sepax
Technologies, Newark, DE, USA) with PBS as the mobile phase. All samples were

analyzed at a flow rate of 1.0 mL per minute, with UV detection at 280 nm.

2.2.8 Circular Dichroism Spectroscopy

Circular dichroic spectra were recorded on a Jasco J-810 spectropolarimeter
(Jasco Inc, Easton, MD, USA) equipped with a Jasco PTC-424S temperature controller.
Background scans of PBS were recorded and subtracted automatically from the sample
scans. For in-gel experiments, the samples (50 uL) were loaded into a 0.20 mm path
length demountable cuvette. For solution-phase experiments, the samples were loaded
into a Imm path length quartz cuvette. Data points for the wavelength-dependent CD

spectra were recorded at every nanometer with a 1 nm bandwidth and an averaging time
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of 10s for each data point from 190 to 250 nm, at room temperature. The mean residue
ellipticity [0]mre (degrees cm? dmol™), was calculated via use of the concentration,

molecular weight of the samples, number of residues, and cell path length.

2.2.9 Fluorescence Emission Spectroscopy

Fluorescence emission of released PANG and PANG control was measured by
using a HORIBA Jobin Yvon SPEX FluoroMax-4 spectrofluorometer (HORIBA
Scientific, Edison, NJ, USA) at room temperature with quartz cuvettes of 1 cm path
length. Emission spectra were recorded between 310 and 400 nm after excitation at 300
nm. In-gel experiments were carried out using a QuantaMaster spectrofluorometer
(Photon Technologies International, Edison, NJ, USA) at room temperature with quartz
cuvettes of 1.0 mm path length. Emission spectra were recorded between 310 nm and
400 nm on excitation at 295 nm. The excitation and emission slit widths were set at 5.0
and 2.5 nm, respectively. All spectra were corrected for the background emission of

PBS.

2.2.10 Anthrax Lethal Toxin Neutralization Assay

Samples collected after release were characterized for toxin-binding activity via
an anthrax lethal toxin (LeTx) neutralization assay that was performed using decreasing
amounts of the released samples. Specifically, the biological activity of PANG was
measured using a LeTx neutralization assay as described previously with
modifications.® J774A.1 (ATCC TIB-67, Manassas, VA, USA) cells were plated in 96-
well flat-bottomed tissue culture plates at 2.5 x 10 cells/well in 50 L and incubated
for 16-19 h at 37 <C with 5% CO2. Test samples were diluted and titrated on the plated

cells in the presence or absence of LeTx (List Biological Laboratories, Campbell, CA,
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USA). After a 4 h incubation at 37 <C with 5% COg, cell viability was assessed by the
addition of WST-1 (Roche Applied Sciences, Indianapolis, IN, USA), a proliferation
reagent, followed by a spectrophotometric measurement at 450 nm. A four-parameter
logistic-log regression model was used to analyze data plotted as OD versus the
reciprocal of the sample dilution. The inflection point for each curve from this model is
reported as the dilution of the sample that provides 50% inhibition of LeTx; termed

effective dilution 50 (EDso).
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Figure 2.1 Schematic representation of the formation and degradation of PANG-
loaded PEG hydrogels.

2.3 Results

2.3.1 Hydrogel Compositions and Formation
The Michael-type addition reaction has long been used as a versatile

crosslinking strategy for the development of injectable biomaterials, owing to its rapid
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Figure 2.2 In situ gelation of 20wt% 8-arm 10/2K hydrogel, as characterized by
oscillatory rheology. The evolution of G’ (storage modulus) and G” (loss
modulus) was monitored as a function of time.

kinetics and mild reaction conditions.*® Hydrogels were formed in situ from multi-arm
PEG-SH precursors with linear PEG diacrylate crosslinkers via Michael-type addition
(Figure 2.1) in PBS buffer. Gelation occurred within 1-3.5 minutes depending on the
molecular structures of the precursors, as characterized by oscillatory rheology time
sweeps (Figure 2.2). Figure 1 shows the time sweep profile of the evolution of G’ and
G” for the 20wt% 8-arm 10/2K hydrogel. (The convention 8-arm 10/2K indicates a
hydrogel comprising a 10 kDa, 8-arm PEG-SH mixed with a 2 kDa linear PEG-
diacrylate; this convention is used throughout the manuscript to indicate the
compositions of the various hydrogels studied.) A rapid increase of G* was observed
after mixing, with a crossover point (where G’ becomes larger than G”) at
approximately 2 minutes.®” Although the apparent gelation times estimated by a tube

inversion method were greater (ca. 2-5 minutes) compared to those observed in the
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rheological profiles, they were proportionate for all PEG hydrogels studied (i.e., longer
inversion times correlated with longer rheological crossover times). The composition of
hydrogels was varied by using polymers with different functionalities, molecular

weights, and concentrations (Table 1), in order to tune the rate of release of the antibody.

Table 2.1 Formulations of different PEG hydrogels

Polymers employed Polymer PANG loading
concentration concentration
(wt%) (mg/mL)
4-arm 10/5K 10K PEG-4SH / 10, 20, 30 5,2.5
5K PEG-2Ac
4-arm 5/2K 5K PEG-4SH / 20 2.5
2K PEG-2Ac
4-arm 5/3.5K 5K PEG-4SH / 20 2.5
3.5K PEG-2Ac
8-arm 20/5K 20K PEG-8SH / 20 2.5
5K PEG-2Ac
8-arm 10/2K 10K PEG-8SH / 20 2.5
2K PEG-2Ac
8-arm 10K/700 10K PEG-8SH / 20 2.5
700 PEG-2Ac

2.3.2 Swelling Experiments

Swelling is a critical parameter for hydrogels employed in biomedical and
pharmaceutical applications as the equilibrium swelling ratio is inversely correlated
with the hydrogel crosslinking density, which in turn influences solute diffusion in and
release from the hydrogel.® In Figure 2.3, the relationship between network
composition and hydrogel crosslinking density was explored by evaluating the
equilibrium swelling ratio. The data in Figure 2.3a show the equilibrium swelling ratios

(q) of 4-arm 10/5K gels at various polymer concentrations. It was observed that the g
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value of 4-arm 10/5K hydrogels decreased from 13.8 + 0.5 to 11.8 + 0.7 and then
further to 8.8 + 0.2 as the precursor concentration increased from 10wt% to 20wt% to
30wt%, which can be attributed to the lower degrees of intramolecular reactions at
higher monomer concentrations in step-growth polymerizations, resulting in an

increased overall crosslinking density.>%4?
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Figure 2.3 Equilibrium swelling properties of various PEG hydrogels. (a) 4-arm 10/5K
gels at different concentration; (b) 20wt% hydrogels prepared from
polymer precursors with different functionalities and molecular weights.

The equilibrium swelling ratios (q) of hydrogels synthesized from precursors
with different functionalities and molecular weights were also investigated. The data in
Figure 2.3b demonstrate that hydrogels polymerized from 4-arm PEG-SH precursors
have significantly higher swelling ratios than those of the hydrogels polymerized from
8-arm PEG-SH precursors (ca. 12 vs 7.5), as expected given the increased crosslinking
density of the 8-arm precursors. The data in Figure 2.3b also confirm that the

equilibrium swelling ratio of the 4-arm 20/7.5K hydrogel is greater than that of the 4-
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arm 10/5K hydrogel (13.6 vs 11.8), consistent with the increased molecular weight
between crosslinks (M.) for the 4-arm 20/7.5K hydrogels and as would be expected
according to Flory-Rehner theory.*! 3 The changes in the hydrogels formed from 8-arm
precursors are not as significant as those for the hydrogels formed from 4-arm
precursors, as the extent of crosslinking for the 8-arm hydrogels is already high.
Comparable swelling ratio data from PEG hydrogels with similar architectures were
reported by Metters and Hubbell,* in which such dependence of swelling ratio on
precursor concentration, functionality, and molecular weight was also observed. These
results confirm that the network density and physical swelling of these hydrogels can
be easily tuned, which provides insights in the design of hydrogels that meet the

performance criteria demanded by a specific biomedical application.

2.3.3 In Vitro Studies of PANG Release from PEG-Based Hydrogels

The PEG hydrogels formed by Michael-type addition were employed as the
delivery vehicles for PANG, a plant-produced non-glycosylated mAb against the
protective antigen of anthrax, which is able to neutralize anthrax lethal toxin activity in
vivo and in vitro.? The release of PANG from various PEG hydrogels was measured
every 24h for the first 10 days and then monitored every week until the buffer solutions
above the gels became too viscous for sampling (as a result of matrix degradation). The
20wt% hydrogel formulation was chosen for expanded studies of PANG release, given
the steady release kinetics of PANG and the injection-friendly viscosity of precursor
solutions. Interestingly, precipitation of the antibody was observed within most of the
hydrogel formulations, consistent with previously observed PEG-induced protein
precipitation** that is generally attributed to volume exclusion effects. The steric

exclusion of PEG chains from the solvent space between protein molecules results in
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increased local concentration of proteins and ultimately leads to protein precipitation
when the solubility is exceeded.*>*’ Therefore, a lower initial loading concentration of
PANG (2.5 mg/mL) was adopted in these studies in order to minimize the influence of

protein precipitation on the release properties of different hydrogel compositions.
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Figure 2.4 In vitro cumulative release of PANG from various PEG hydrogels at a
precursor concentration of 20wt%, with an initial loading concentration of
2.5 mg/mL, as a function of time. The release of protein was monitored by
measuring the absorbance, at 280 nm, of the buffer solution above the gel
at the indicated time intervals.

A series of 20wt% PEG hydrogels prepared from 4-arm and 8-arm PEGs with
various linear PEG crosslinkers were targeted to manipulate antibody delivery rates;

results are presented in Figure 2.4. Controlled release of the antibody without initial
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burst was observed from most of these hydrogels. The timespan of the release of the
antibody varied from 14 days up to 56 days depending on the polymer architectures and
molecular weights of the precursors, which is consistent with results reported in similar
systems for protein release.?? 4% 48 For 4-arm 10/5K hydrogels, the antibody was
released in a sustained fashion for approximately two weeks, with approximately 60%
of PANG released at day 14. For 8-arm 20/5K hydrogels, approximately 90% of the
antibody was released with zero-order Kkinetics over 28 days, with release of 3-4% of
the antibody each day. For 8-arm 10/2K and 10K/700 hydrogels, following a slow initial
release of approximately 10% of the antibody for the first 14 days, an increased rate of
antibody release was observed, achieving a release of approximately 95% at day 35 and
85% at day 56, respectively.

In agreement with previous swelling experiments, release of PANG from 8-arm
hydrogels was slower than that from 4-arm hydrogels due to the increase in crosslinking
density. While approximately 60% of PANG was released on day 14 from the 4-arm
10/5K hydrogels, the amount of PANG released at the same time from 8-arm hydrogels
was only 44%, 13% and 7% for the 8-arm 20/5K, 10/2K and 10K/700 hydrogels,
respectively, and, the release of PANG could be extended from 28 days to 56 days.
These observed trends are in accordance with theory*® as well as with other existing
reports.3 4350 However, the release kinetics of PANG were unexpectedly similar for
almost all of the 4-arm hydrogels, despite the variation in the molecular weight of the
precursors (Figure 2.5). During the first week of the experiment, the cumulative release
curves of 4-arm 5/2K, 5/3.5K and 10/5K almost overlap, with approximately 43%, 38%
and 37% of PANG released at day 7, respectively. This discrepancy might be explained
by the effect of the PEG molecular weight on the precipitation of PANG. PEGs with
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Figure 2.5 In vitro cumulative release of PANG from various 20wt% 4-arm hydrogels
with different precursor molecular weights, with an initial loading
concentration of 2.5 mg/mL, as a function of time. The release of protein
was monitored by measuring the absorbance, at 280 nm, of the buffer
solution above the gel at the indicated time intervals.

lower molecular weights produce smaller aggregating interactions between protein
molecules, owing to the reduction in steric exclusion for the smaller macromolecules.>
52 The solubility of PANG thus would be expected to increase as the molecular weight
of the linear PEG decreases, which would facilitate the release of PANG from the 4-
arm 5/2K and 5/3.5K hydrogels and might subsequently offset the expected reduction

in release rate from the gels with decreased M.

2.3.4 In-Gel and Post-Release Characterization of PANG
To characterize PANG after its release from the hydrogels, SEC and SDS-PAGE

were used to examine aggregation and possible degradation of the released protein. To
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obtain further insight into the conformational properties of PANG during encapsulation
and after release, CD and fluorescence spectroscopy in both hydrogel and solution were

used to examine the secondary and tertiary structures of the protein, respectively.
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Figure 2.6 Normalized SEC trace of PANG controls and PANG released from the
hydrogels after 28 days in PBS. Elution was monitored by UV absorbance
at 280 nm.

For characterization of protein stability, samples of PANG released from 8-arm
10/2K and 10K/700 hydrogels were selected as a more stringent test owing to the longer
duration of retention of PANG in these networks. PANG samples collected after 28 days
of release were examined by SEC, as shown in Figure 2.6. Peaks of monomeric PANG,
from all the samples, were observed at an elution volume of 7.8 mL. A soluble PANG
control incubated at 37 <C (without hydrogel) showed a similar elution profile to that

observed for the PANG solution stored at -80<C, indicating that PANG was stable over
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the test period. Quantitative analysis of the amount of monomeric PANG in these
samples is also shown in Table 2.2. The PANG released from both type of hydrogels
contained approximately 90-92% monomer, which is very close to that of a control
solution of PANG dissolved directly (ca. 92-97% monomer), indicating that PANG
released from both types of hydrogels was mainly in a monomeric state and showed no
significant aggregation. In a similar report,*® Leach and coworkers also confirmed that
bovine serum albumin (BSA) was mostly maintained as monomer (more than 90%)
after its release from PEG hydrogels. The small peak at about 9.5 mL in the elution
profile of the PANG released from the 10/2K hydrogel is possibly due to the presence
of PEG fragments caused by hydrogel degradation (visible in the UV owing to the ester
linkage at the termini). The lack of these fragments from the 10/700 hydrogel is likely

a result of the slower rate of degradation of the 10/700 hydrogel.

Table 2.2 SEC analysis of the physical state of released PANG

Sample type Time (day) % monomer
PANG control at -80°C 97.7%
PANG control at 37°C 28 91.5%
PANG released from 28 92.0%
10/2K gel

PANG released from 28 89.3%
10K/700 gel
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Figure 2.7 SDS-PAGE electrophoresis depicting protein release under (a) reducing
and (b) non-reducing conditions. Lane 1: D35 sample from 10/2K; Lane 2:
D35 PANG Control at 37<C; Lane 3: PANG Standard at -80<C; Lane 4:
D56 sample from 10K/700; Lane 5: D56 PANG Control at 37<C; Lane 6:
PANG Standard at -80<C.

Protein samples collected at later time points, when almost all of the PANG had
been released (day 35 and day 56, respectively), were also characterized via SDS-PAGE
(Figure 2.7). Similar to most antibodies, PANG comprises two heavy chains (50 kDa)
and two light chains (25 kDa) connected by disulfide bonds. Therefore, electrophoresis
under reducing (with DTT) and non-reducing (without DTT) conditions was used to
examine the structural integrity of the antibody. Generally, separate heavy chains and
light chains are observed in SDS-PAGE under reducing conditions while the intact
antibody is observed under non-reducing condition. PANG released from 8-arm 10/2K
and 10K/700 hydrogels was loaded in Lane 1 and Lane 4, respectively. PANG controls
stored at either 37<C or -80<C were loaded in Lane 2-3 and Lane 5-6, respectively, for
parallel comparison with the release samples. In Figure 2.7a, two bands representing the

heavy chains (50kDa) and light chains (25kDa) of the antibody were observed as
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expected in each lane. In Figure 2.7b, bands indicative of the intact antibody were
observed at approximately 220kDa, significantly greater than the expected molecular
weight (~145kDa), likely due to incomplete linearization and unfolding of the antibody
under these conditions. Some fragmentation products were observed for the higher
concentration PANG samples (Lane 1-3) under non-reducing conditions, which might
be a result of disulfide-bond scrambling catalyzed by free sulfhydryl groups in the
antibody itself.>**> Nevertheless, these data demonstrate that the majority of PANG
released from the hydrogels, even after extended periods, showed an electrophoretic
profile comparable to the PANG controls.

The conformational properties of PANG after its release from the matrices were
investigated by CD and fluorescence emission spectroscopy respectively, as shown in
Figure 2.8. Figure 2.8a illustrates CD confirmation of the secondary structure of PANG
after its release. Negative peaks were observed at 218 nm for both of the release samples
as well as for the antibody control, which is consistent with the presence of B-sheet
conformations in the protein.>® More importantly, the CD spectra of the released PANG
closely resembled that of the PANG control. The low signal-to-noise ratio observed in
some spectra, especially in the PANG solution collected from the 10K/700 hydrogel
after 56 days, may be attributed to the relatively low concentration (even after
concentration via centrifugal filtration) of released PANG in these samples, along with
the possible presence of detached PEG fragments from the hydrogel matrix.>’ Figure
2.8b shows the data from fluorescence emission spectroscopy, which was used to detect
changes in the tertiary structure of the PANG after its release from the hydrogel, as the
emission spectrum is sensitive to the tryptophan microenvironment within the 3D

structure of the protein. The data in Figure 2.8b show an emission maximum of
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tryptophan at 340 nm; the emission spectra of the released PANG were similar to those
of the PANG control with respect to both the emission maximum and fluorescence
intensity normalized for concentration. These results suggest that PANG maintained its
structural conformation after undergoing the precipitation and re-dissolution process, as

well as release from the PEG hydrogels.
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Figure 2.8 Conformational characterization of PANG control solutions and of PANG
released from the hydrogels. (a) CD spectra of solutions of PANG control
and PANG released from hydrogels; (b) Normalized fluorescence
emission spectra of PANG control and PANG released from hydrogels.
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Figure 2.9 Conformational characterizations of PANG (5 mg/mL) when encapsulated
within the hydrogels. (a) CD spectra of PANG control and encapsulated
PANG,; (b) Normalized fluorescence emission spectra of PANG control
and encapsulated PANG.

Although hydrogel strategies have been widely used to protect proteins from
degradation and denaturation, the conformational properties of proteins during in situ
gelation and encapsulation have rarely been studied. In order to understand the
conformation of PANG when incorporated within the hydrogel, PANG-loaded PEG
hydrogels were also studied via CD and fluorescence spectroscopy (Figure 2.9). In this
case, a relatively low polymer concentration (10wt% hydrogel) was employed to
alleviate the opacity caused by PEG-induced precipitation. Similar to the data in Figure
6, the characteristic negative peak at approximately 218 nm of pB-sheet conformations
were observed (Figure 2.9a) while the expected fluorescence emission maximum of
PANG was observed at 331-334 nm (Figure 2.9b). The data in Figure 2.9 confirm that
soluble PANG encapsulated in the polymer network exhibited similar secondary and
tertiary structures as those of the antibody control. The slight red shift of the emission
maximum of the in-gel PANG (334 nm) compared to that of the PANG control (331

nm) in Figure 2.9b might be attributed to a slightly more hydrophilic local environment
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within the hydrogel.®® These data indicate that the processes involved during the in situ

gelation in the presence of PANG did not adversely affect the antibody conformation.
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Figure 2.10 In vitro characterization of PANG released from PEG hydrogels. (a) Toxin-
neutralizing activity of released PANG on J774A.1 cells incubated with
LeTx; (b) Concentration profile of the in vitro released protein samples as
characterized by UV-Vis at 280 nm.

2.3.5 Biological Activity of Released PANG

To examine the biological activity of the antibody released from the hydrogels,
an anthrax lethal toxin neutralization assay (TNA) was employed to assess the ability
of PANG to neutralize anthrax lethal toxin (LeTx). Test samples were applied to cells
in the presence of LeTx, and the dilution of the sample at which 50% of the cells are
protected from LeTx was determined to be the effective dilution 50 (EDso).*? EDso
values establish a quantitative criterion to a dose response curve that allows for the
comparison of the biological activity of PANG in each test sample. Higher EDso values
indicate that a higher sample dilution yields 50% protection, and thus indicate a sample
with greater neutralizing activity (which is related to the concentration of functional

PANG in the sample). As shown in Figure 2.10a, the EDso values of these release

52



samples gradually increased over time, after an initial lag period. For 8-arm 20/5K
hydrogels, little toxin neutralizing activity was observed for the first 5 days. After that,
the release samples exhibited a significant increase in activity, reaching an EDso value
of 1550 at day 28. Similarly, following an initial delay in biological activity over the
first 10 days, samples from 8-arm 10/2K and 10K/700 hydrogels showed increased
activity, achieving an EDso value of 1890 at day 35 and 670 at day 56, respectively. The
PANG released from the hydrogel matrix clearly retained its ability to neutralize anthrax
LeTx in vitro up to 56 days. The initial delay in toxin-neutralization might be attributed
to the slow initial release of PANG from the hydrogels. Furthermore, the toxin-
neutralizing profile of the released proteins closely mirrored the concentration profile
determined via UV-Vis (Figure 2.10b), further confirming that the functionality of the

antibody was not affected by its extended encapsulation in the PEG hydrogels.

2.4 Discussion

In contrast to many other existing antibody release vehicles, PANG release from
these PEG hydrogels exhibited zero-order kinetics without any significant burst effect
during the initial release stage, likely a result of the PEG-induced precipitation of the
antibodies. At an early stage of the experiment, PANG release from the hydrogel is
hindered due to the fact that only a minor, non-precipitated fraction of the incorporated
antibody is available for diffusion out of the matrix, resulting in a lack of burst release.
(Opacity associated with the precipitation of PANG was observed within the hydrogel
for most formulations until approximately 40% of the antibody was released.) In most
hydrogel delivery systems, swelling of the polymer network and release of protein result

in a decreasing protein concentration gradient, leading to a decrease in release rate.% ¢
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The consistent release rate observed for our experiments, in contrast, may be a result of
a balance between hydrogel degradation and dissolution of the antibody precipitate
throughout the course of the experiment. As the gels swell/degrade, the soluble antibody
concentration within the network decreases (decreased concentration gradient), and the
dissolution of antibody precipitate increases (increased concentration gradient). These
two limiting factors of antibody release counteract each other, which might yield a more
consistent concentration gradient and lead to an almost constant release rate of PANG
over prolonged periods of time.?? This proposed mechanism, which still requires
hydrogel degradation for the release of antibody from the hydrogels, is further
evidenced by the release profiles of the 8-arm 10/2K and 10K/700 hydrogels with high
network density. The swelling and degradation of these hydrogels was observed to be
very limited during initial time points, which would be expected to retard protein
release. Consistent with this expectation, only minimal protein release (ca. 10%) was
observed over the first 10 days of the experiment, and zero-order release was observed
only once hydrogel swelling and degradation became significant, leading to increased
dissolution and subsequent release of the precipitated antibodly.

The observation of these release profiles for PANG, in conjunction with the
precipitation of the protein, is consistent with results reported by others. For example,
Hubbell and coworkers took advantage of the precipitation of human growth hormone
(hGH) by linear PEG (or complexation of zinc) to protect the protein during in situ
gelation and dramatically decrease the rate of protein release from PEG hydrogels.®
Hennink and coworkers also confirmed the effect of protein precipitation by NaCl or
concentrated dextran on prolonging the release of hGH from dextran hydrogel

microspheres.5! Additionally, Herrmann et al. demonstrated that PEG-containing lipidic
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implants significantly reduced the burst release of rh-interferon a-2a (IFN-a), due to the
PEG-induced, reversible precipitation of protein.®? Similar to these reports, our results
suggest that the precipitation and subsequent dissolution of PANG have contributed
significantly to its prolonged release from the hydrogel network.

Altogether, our studies illustrate the facile use of hydrogel based methods to
control the delivery of an antibody that is active for the neutralization of the LeTx of
anthrax. The data presented here for PANG suggest more general applications for the
controlled release of therapeutic proteins/antibodies by PEG-induced precipitation
methods. Although the ability of PEG to precipitate proteins has been extensively
studied and widely used in the field of protein separation and purification,** % only few
studies have explored the precipitation of protein within PEG hydrogel-based controlled
release systems and its potential benefit in controlling delivery profiles.® 5163 The in
situ, reversible precipitation of the protein induced by PEG in this report may not only
provide protein stabilization during the gelation process without the addition of any
exogenous precipitants, but also offer a useful strategy to prevent burst release and
prolong the release of protein over an extended period of time. Additionally, the in-gel
characterization of the protein provides insight about the conformational properties of
proteins during in situ gelation and encapsulation, potentially relevant to the clinical

translation and approval of such protein delivery systems.

2.5 Conclusions
In this study, hydrolytically degradable PEG hydrogels have been synthesized
and used as injectable local delivery materials for sustained release of the antibody

PANG. The delivery properties of the hydrogels can be easily adjusted by varying the
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chemical composition of the precursors. PANG was released from the hydrogel matrix
in a controlled manner ranging from 14 to 56 days in vitro. Burst release of the antibody
was prevented by PEG-induced protein precipitation. The secondary and tertiary
structures of the hydrogel released antibodies as well as their biological activities were
not affected by encapsulation and release from the hydrogel. These results suggest that
the injectable PEG hydrogels, combined with PEG-induced protein precipitation, hold

significant potential in the sustained and long-term delivery of therapeutic antibodies.
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Chapter 3

LIPOSOME-CROSSLINKED HYBRID HYDROGELS FOR GLUTATHIONE-
TRIGGERED DELIVERY OF MULTIPLE CARGO MOLECULES

3.1 Introduction

Advances in nanotechnology have contributed significantly to the development
of novel nanoscale carriers in the field of drug delivery.!® A wide variety of
nanoparticles has been developed over the past few decades, including inorganic
nanoparticles,®® liposomes,®>*! polymeric micelles,’>* and nanogels.*>!" These
nanoparticles are of appropriate size (10-150 nm) both to penetrate vessels and
accumulate in specific tissues (e.g., tumors) and also for their surfaces to be
functionalized with specific ligands for targeting effects, providing a promising
platform for drug delivery with enhanced therapeutic efficacy.!®-2% In particular, various
liposomal formulations including both classical and stealth liposomes have been widely
used in pre-clinical and clinical studies, with a number of drug-encapsulated liposomal
products such as AmBisome® and Doxil® on the market and many more under clinical
development.?!: 22 Parallel to the development of nanotechnology approaches in drug
delivery, hydrogels have also been a focus of continued study as an important class of
materials for the delivery of a variety of bioactive molecules including nutrients, drugs,
and proteins.?>?> Composed of hydrophilic three-dimensional polymer networks,
hydrogels have several advantageous properties including high water content, tunable
viscoelasticity, and biocompatibility, which allow bioactive molecules to be protected

against degradation and released from the hydrogel matrix in a controlled manner over
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an extended period of time.?%2” Among various kinds of polymeric hydrogels, hydrogels
synthesized from polyethylene glycol (PEG), an FDA-approved polymer, have been
extensively studied in the field of drug delivery and tissue engineering with encouraging
pre-clinical and clinical results.?® 28 2% Additionally, several PEG hydrogel-based
medical devices composed of reactive PEG polymers including thiol-modified PEG and
acrylate-modified PEG have received approval for use as sealants (CoSeal™)*° and
wound healing matrices (Premvia™).3!

In recent years, there has been an increasing interest in the incorporation of
nanoparticles into hydrogels for improved therapeutic efficacy.®?-34 Such hybrid systems
not only preserve the structural integrity and functionalities of the incorporated
nanoparticles, but also combine the advantageous properties of two distinct drug
delivery platforms, offering unique benefits such as improved tissue localization,
minimized burst release, and controlled sequential delivery. A common approach for
the preparation of these hybrid hydrogels is to trigger gelation of hydrogel-forming
monomer solutions in nanoparticle suspensions. Varieties of nanoparticles including
metallic nanoparticles,® carbon-based nanomaterials® and polymeric nanoparticles®’
have been physically embedded within the hydrogel network to create reinforced
polymeric hydrogels, developing nanocomposites with tailored physical properties and
custom-made functionalities. Particularly, owing to their well-known advantages in
drug delivery,® drug-loaded liposomes and modified liposome nanoparticles have been
incorporated into a wide range of hydrogels based on synthetic polymers,®® 4° natural
polymers,* 42 and peptides*® 44 to provide prolonged release of the therapeutic
molecules and significantly enhance therapeutic efficacy. Nevertheless, in these above

cases, there is no specific interaction between the polymer matrix and the nanoparticle.
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More recently, other strategies involving the use of nanoparticles as crosslinkers
for hydrogel formation have been exploited,*® introducing additional engineering
flexibility and structural diversity to these hybrid systems. For example, hydrophobic
interactions between polymers and nanoparticles have been utilized to engineer self-
assembled hydrogels with shear-thinning and self-healing properties. Raghavan and co-
workers*-! developed a series of injectable hybrid hydrogels based on the interactions
between hydrophobically modified chitosan and various bilayer-structured building
blocks (liposomes, vesicles, and cells). The hydrophobes from chitosan embedded in
the hydrophobic interiors of the vesicle/cell bilayer membranes, forming hydrogels with
shear-thinning behavior. Similarly, Langer and co-workers®? designed shear-thinning
injectable hydrogels via the polymer-nanoparticle interactions between hydrophobically
modified cellulose derivatives and hydrophobic nanoparticle surfaces. Additionally,
polymer-nanoparticle hybrid hydrogels have also been fabricated via the covalent
interactions between polymer chains and nanoparticle surfaces. Akiyoshi and co-
workers®® * reported biodegradable hybrid hydrogels based on the Michael-type
addition between thiolated 4-arm polyethylene glycol (PEG) and acryloyl-modified
pullulan nanogels. The PEG polymer chains covalently crosslinked the pullulan
nanogels into a three-dimensional crosslinked network, with the nanogels serving as
structural components. These multicomponent hybrid hydrogels offer great
opportunities for the sequential delivery of multiple drugs/growth factors, which
improves therapeutic efficacy by synergistic effects that aid in overcoming drug
resistance in cancer therapy* ®-°8 and better mimic the temporal profile of the healing

process in vivo in tissue regeneration.%® 8 Despite the promise of these methods,
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nanoparticle-crosslinked hydrogels with chemo-responsiveness that is based on specific
polymer-nanoparticle interactions have not been widely developed.*8 61

Inspired by these elegant approaches, we report an advanced, responsive drug
delivery system that integrates liposome nanoparticles and PEG polymers into a
unifying hydrogel construct for the controlled sequential delivery of multiple
therapeutic molecules. Specifically, we have developed glutathione-sensitive,
liposome-crosslinked hybrid hydrogels based on the reversible Michael-type addition
between arylthiol-functionalized 4-arm PEG and maleimide-functionalized liposomes.
The successful formation of the liposomes and liposome-crosslinked hydrogels was
confirmed via dynamic light scattering and oscillatory rheology. Mass loss and in vitro
drug delivery experiments also confirmed that the selective capacity of certain thioether
succinimides to undergo retro-Michael reaction and thiol exchanges®?®° serves as the
basis of crosslink scission between the PEG polymers and liposomes in thiol-containing
microenvironments, resulting in matrix degradation and subsequent release of
therapeutic molecules. The hierarchical structure of the gel enables dual encapsulation
and differential release of multiple therapeutic cargos from one robust hybrid system
with unique physical and chemical properties that are absent in the individual building

blocks.

3.2 Materials and Methods

3.2.1 Materials
Four-arm, alkylthiol-functionalized PEG (PEG-SH, Mx 20,000 g/mol) and four-

arm, hydroxyl-functionalized PEG (Mn 20,000 g/mol) were purchased from JenKem

65



Technology USA Inc. (Allen, TX, USA). All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL, USA), including: 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), anionic 1,2-dioleoyl-sn-glycero-3-phospho-(1°-rac-glycerol) (DOPG), the
anionic maleimide-functionalized lipid 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl) butyramide (MPB-PE), and the
fluorescent labeled lipid 1-Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl]-sn-Glycero-3-Phosphocholine (NBD-PC). 4-
mercaptophenylpropionic acid (4-mercaptohydrocinnamic acid) was purchased from
TCI America (Portland, OR, USA). Doxorubicin hydrochloride (DOX) was purchased
from Alfa Aesar (Ward Hill, MA, USA). Glutathione (GSH) and cytochrome ¢ from
equine heart were purchased from Sigma-Aldrich (Saint Louis, MO, USA). All other
reagents and materials were purchased from Fisher Scientific (Pittsburgh, PA, USA)
unless otherwise noted. *H NMR spectra were acquired under standard quantitative
conditions at ambient temperature on a Bruker AV400 NMR spectrometer (Billerica,

MA, USA). All samples were dissolved in CDClIs (D, 99.8%) +0.05% V/V TMS.

3.2.2 Synthesis of Arylthiol End-Functionalized 4-Arm PEG

The synthesis of arylthiolated four-arm PEG was performed by modifying PEG
with 4-mercaptohydrocinnamic acid based on a modified protocol from previous
reports.®® Briefly, 20K 4-arm PEG (29, 0.4 mmol OH groups), 4-
mercaptophenylpropionic acid (0.36g, 2mmol), p-toluenesufonic acid (p-TSA,
27.55mg, 0.16 mmol) and DTT (30.8 mg, 0.2 mmol) were dissolved in toluene (30mL).
The reaction mixture was refluxed at 155<C with stirring for 48h. Water was collected
by using a Dean Stark trap. The reaction mixture was precipitated in cold ether and

white polymer powder was collected after filtration. The polymer product was stored
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under N2 at -20<C for future use. *H NMR (400 MHz, CDCls): § 7.22 (d, 2H), 7.10 (d,
2H), 4.27 — 4.21 (m, 2H), 3.67 (s, 449H), 2.92 (t, 2H), 2.65 (t, 2H).

3.2.3 Preparation of Maleimide-Functionalized Liposomes

The liposomes were prepared based on the conventional dehydration-
rehydration method as previously reported.®*! 10 umol of lipids in chloroform (a lipid
composition of DOPC:DOPG:MPB = 4:1:5 molar ratio was typically used), were
dispensed into small round bottom flasks, and the organic solvents were evaporated
under nitrogen overnight to prepare dried thin lipid films. The lipid films were
rehydrated at room temperature in 1 mL 0.2M bis-tris buffer at pH 7.0 for 1 h with
rigorous vortexing for 30 s every 5 min, and then sonicated in alternating power cycles
of 8% amplitude (~30W) in 30 s intervals for 5 min on ice. The resulting liposomes
were extruded 21 times through a 0.2 pum polycarbonate membrane (Whatman,
Piscataway, NJ, USA) using an Avanti Mini-Extruder (Avanti Polar Lipids Inc.,
Alabaster, AL, USA). The liposome solutions were freshly made and used shortly after
preparation to avoid the ring-opening (hydrolysis) reactions of the maleimide moieties,
which might prevent them from further reactions.® The average size of the
monodisperse liposomes was analyzed via dynamic light scattering (DLS) at 25°C on a
Malvern Zetasizer Nano ZS apparatus with Malvern Instruments DTS software (v.6.01)

using the cumulants fit (Malvern Instruments, Malvern, Worcestershire, UK).

3.2.4 Preparation of Liposome-Crosslinked Hybrid Hydrogels
The liposomal hybrid hydrogels were prepared by Michael-type addition
between arylthiol end-functionalized 4-arm PEG and the maleimide-functionalized

liposomes. Briefly, 20K 4-arm PEG arylthiol was dissolved directly in 10 mM liposome
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solutions (50 uL, in 0.2M bis-tris buffer at pH 7.0) at room temperature and the mixture
was vortexed for approximately 30 s to completely dissolve the solid polymers. The
mixture was then purged with nitrogen and incubated quiescently at 37<C overnight to
achieve complete crosslinking, although rheological experiments (below) confirm that
gelation occurs within several minutes. The molar ratios of the maleimide groups from
liposomes to the —SH groups from PEG were approximately 1:1, 1:2, and 1:4, which
was altered by altering the amount of PEG-SH precursors added during preparation
(Bwt%, 6wt%, and 12wt% respectively). Thiol-insensitive hybrid hydrogels (control)
were prepared by using 20K 4-arm, alkylthiol-functionalized PEG based on the same
procedure. Detailed chemical structures of these thiolated PEG polymer precursors are
included in Scheme 1. A PEG hydrogel-only control (without liposomes) was also
prepared by dissolving 20K 4-arm PEG arylthiol and 10K 4-arm PEG maleimide in PBS

separately and then mixing the two precursor solutions together.

3.2.5 Rheological Studies

Oscillatory rheological characterization of the hybrid hydrogels was performed
on a stress-controlled AR-G2 rheometer (TA Instruments, New Castle, DE, USA)
equipped with a Peltier plate. In situ gelation experiments were conducted at 37 <C using
a 20 mm-diameter, 1° cone and plate geometry with a 25 um gap distance, with
oscillatory time, frequency, and strain sweeps performed. Strain sweeps were performed
on samples from 0.1% to a maximum strain of 1000% to determine the limit of the linear
viscoelastic region. Dynamic oscillatory time sweeps were performed to monitor the in
situ gelation and mechanical properties of different hybrid hydrogel compositions at
angular frequencies of 6 rad/s and 1% strain amplitude chosen from the linear

viscoelastic region. Dynamic oscillatory frequency sweeps were conducted from 0.1 to

68



100 rad/s at 1% strain amplitude. Thiolated PEG polymer precursors were dissolved in
the liposome suspension (~40 uL). The mixture was then quickly vortexed and loaded
onto the rheometer stage.

The results for PEG alkylthiol hydrogels instead of PEG arylthiol are shown for
these in situ rheological experiments as the arylthiol-based hydrogels showed
frequency-responsive behaviors (likely resulting from the hydrophobic interaction
between the aromatic moieties of PEG arylthiol and lipid bilayers) that complicated
comparisons. For experiments to confirm the role of the liposomes in the mechanical
integrity of the hydrogels, the hybrid hydrogels (~65uL) were formed in a 3mL syringe
prior to loading onto the rheometer stage, and then incubated in situ with 10% Triton™
X-100 in water at 37<C. Dynamic oscillatory time sweeps were conducted at angular
frequencies of 6 rad/s and 1% strain amplitude using an 8 mm-diameter, parallel plate
geometry with a 200 um gap distance to monitor the changes in storage modulus when

the hydrogels were immersed in 10% Trition™ X-100.

3.2.6 Scanning Electron Microscopy

The liposome-crosslinked hybrid hydrogels (~25uL) were dehydrated in a series
of ethanol/water solutions (1 mL) progressing from 30% ethanol to 50%, and 70% for
4h respectively, and eventually to 100% ethanol for 12h at room temperature. The
dehydrated gels were dried at the critical point of CO2 for 1 h using an Autosamdri-
815B critical point dryer (Tousimis, Rockville, MD, USA). Samples were sputter coated
with a thin layer of gold-palladium to provide a more conductive surface and imaged
using scanning electron microscopy (SEM) at an accelerating voltage of 3.0 kV (Zeiss

Auriga 60, Oberkochen, Germany).
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3.2.7 Fluorescent Labeling and Confocal Microscopy

Fluorescent labeled liposomes were prepared as described above by
incorporating 0.5% (molar ratio) of the fluorescent labeled lipid NBD-PC during the
lipid thin film formation process (total lipid composition NBD-PC:DOPC:DOPG:MPB
= 0.05:3.95:1:5 molar ratio). The liposome-crosslinked hydrogels were formed using
the resulting fluorescent liposome solutions in a 35 mm MatTek (Ashland, MA, USA)
cell culture dishes ((7 mm glass bottom) and incubated overnight at 37<C with 85%
humidity. The hydrogels were washed three times with PBS and then immersed in PBS
for confocal imaging using a Zeiss 710 Confocal Microscope (Oberkochen, Germany)
at 488nm. For confocal imaging of NBD-labeled liposomes, fluorescently labeled
hydrogels were formed as mentioned above and incubated in 10 mM GSH at 37<C to
triggered degradation. Gel supernatant was collected at day 6 and used for imaging. The
NBD-labeled liposome stock solutions were diluted 10 times and used as a control.
Samples were transferred to an 8-Chamber Lab-Tek Coverglass (Rochester, NY, USA)

and imaged on a Zeiss 710 Confocal Microscope.

3.2.8 Mass Loss Studies

Hydrogel samples were formed as described above by directly dissolving PEG-
SH polymers (~3 mg) in liposome suspensions (~50 pL, in 0.2M bis-tris buffer at pH
7.0) in 1.5 mL Eppendorf tubes and then incubating the mixture at 37 <C overnight. After
being placed in phosphate buffer saline (PBS) for 24h to achieve equilibrium swelling,
the hydrogel samples were immersed in 1mL 10 mM GSH solutions in PBS, or PBS
alone, at 37<C. At predetermined time points (every 48 h for the first 4 days and every

24 h after that until day 7), the mass of hydrogels after incubation was measured after
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blotting off excess water. The percentage of mass remaining from a hydrogel sample
mass after incubation % 100%.

was calculated as
swollen mass

3.2.9 InVitro DOX Encapsulation and Release

To prepare DOX-loaded liposomes, doxorubicin hydrochloride (DOX) was
dissolved in a minimum amount of DMSO (ca. 10% of the total volume of liposome
solutions, which were approximately 1mL in volume) and added dropwise to the
liposome suspensions (in 0.2M bis-tris buffer at pH 7.0) while stirring, at a drug-to-lipid
ratio of approximately 1:3. The mixture was stirred overnight at room temperature. The
resulting DOX-loaded liposomes (usually in ~150 uL aliquots for each experiment),
were used without further purification due to the small volume of the samples and the
limited amount of unencapsulated DOX present (which was confirmed in DOX release
experiments, see below). The encapsulation efficiency of DOX was indicated to be
approximately 92%, and was determined by washing the DOX-loaded liposomes three
times with PBS and then extracting the encapsulated DOX with 10% Triton™ X-100
treatment. A calibration curve for DOX was developed by measuring the fluorescence
intensity of DOX solutions at a concentration range of 0.25-10 ug/mL (excitation 485
nm, emission 590 nm) using a Perkin Elmer Fusion microplate reader (Waltham, MA,
USA).

DOX-loaded liposome-crosslinked hydrogels were prepared by dissolving
either the aryl or alkylthiolated PEG polymers in DOX-loaded liposome suspensions.
The resulting hydrogels (~50 uL) were then directly immersed in ImL 10 mM GSH in
PBS solutions or PBS alone at 37<C. A volume of 0.5 mL of the supernatant was

removed and replenished every day, and the release of DOX was monitored by
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measuring the fluorescence intensity (excitation 485 nm, emission 590 nm) of the

removed buffer as described above.

3.2.10 Co-Delivery of DOX and Cytochrome c In Vitro

DOX-loaded liposomes were prepared as described above, and the liposome
suspensions (in 0.2M bis-tris buffer at pH 7.0) were used to prepare hybrid hydrogels at
37<C as above except with cytochrome c dissolved along with the arylthiol PEG
polymers (potential side reactions including disulfide exchange between the protein and
polymers are slow and thus expected to be insignificant within the timescale of the rapid
crosslinking reaction),®” with a total of 1 mg cytochrome ¢ in 50 uL of hydrogel to
ensure detection upon release and to measure release at a high concentration gradient.
The hydrogels were placed in 1.5 mL Eppendorf tubes and 10 mM GSH in PBS (1 mL)
was added to immerse the hydrogels. The hydrogels were incubated at 37<C, and 0.5
mL of the supernatant was removed and replaced with fresh buffer every 24h. The
amount of cytochrome ¢ was determined using a Pierce™ Microplate BCA Protein
Assay Kit - Reducing Agent Compatible (Thermo Scientific, Rockford, IL, USA). The
amount of DOX released was measured by fluorescence intensity using a microplate

reader.

3.2.11 Data Fitting of the Release Profiles of DOX and Cytochrome c
The release constant k of DOX from the aryl lipogel in 10 mM GSH was
calculated based on the linear fitting of the release data based on the Ritger—Peppas

equation:

Mt = fgn , Where n=1 for zero-order release. (3.1)

o)
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The release constant k of DOX from the lipogels with first order release (lacking

network degradation) was calculated based on the early-time approximation of Fickian
diffusion (Higuchi model, 0 < % < 0.6):

M Dt (1 D \1/_.
=4 ) k=4 2 (32)
The release constant k of cytochrome ¢ was calculated based on the late-time
approximation of Fickian diffusion (0.4 < % < 1):

1% =1- (%) exp[(—m2Dt)/h?], k = (—m2D)/h?; (3.3)
Mt is the amount of drug released at time t, M.. is the total mass of drug loaded
into the hydrogel, D is the diffusion coefficient of the drug within the polymer matrix,

7 is 3.14, and h is the thickness of the hydrogel.

3.2.12 Data Analysis
Statistical analysis was performed using a two-tailed Student’s t-test. A p value

of <0.05 was considered to be statistically different.
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Figure 3.1 Chemical structures of the lipids used for liposome formulation (A) and the
PEG-SH polymers employed for hybrid hydrogel formation (B). DOPC:
1,2-dioleoyl-sn-glycero-3-phosphocholine;  DOPG:  1,2-dioleoyl-sn-
glycero-3-phospho-(1°-rac-glycerol); MPB-PE: 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-[4-(p-maleimidophenyl) butyramide.

3.3 Results and Discussion

3.3.1 Hydrogel Design

Maleimide-functionalized liposomes (10 mM, Dn ~100nm according to DLS
measurements) were prepared by the conventional hydration of dried lipid thin films
(the total lipids comprised 50% by mole of a maleimide-functionalized lipid, MPB-PE,
as well as 40% DOPC and 10% DOPG, Figure 3.1A). Previous work reported by our

group demonstrates that arylthiol-maleimide adducts and hydrogels (owing to the low
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pKa of the aryl thiol) can undergo a retro Michael-type reaction and thiol-exchange in
the presence of thiol-containing molecules (which leads to crosslink scission in the case
of hydrogels), while alkylthiol-maleimide adducts and hydrogels exhibit limited activity
in the retro reaction under the same conditions.®?®> More detailed investigations of the
reactivity of various thiol compounds in retro Michael-type reaction and thiol-exchange
are underway and will be the subject of future reports. Therefore, 4-arm PEG polymers
functionalized with arylthiols (GSH-sensitive) or alkylthiols (GSH-insensitive) were

utilized during hydrogel formation to selectively control network degradation (Figure
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Figure 3.2 Schematic representation of the formation and degradation of the liposome-
crosslinked hybrid hydrogels. The UD logos are used with permission
from the University of Delaware.

The liposome-crosslinked hybrid hydrogels (lipogels) were prepared
subsequently by thiol-maleimide Michael-type addition between the thiol groups of the

PEG polymers and the maleimide groups on the liposome surface, where the liposomes
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serve as structural elements (crosslinks) within the polymer gel network (Figure 3.2).
As shown in the images, mixtures of solutions of the liposomes and thiol-functionalized
PEG formed self-supporting hydrogels. Although it is possible that the 4-arm PEG-SH
would also form disulfide-based crosslinks, the reaction kinetics of thiol oxidation (ca.
15.2 M 518 are several orders of magnitude slower than those of the Michael-type
additions (ca. 1.3x10% M* s1),%9 so significant amounts of crosslinking due to disulfide
bond formation were not expected. A key feature of the hydrogel design is that the
thioether succinimide crosslinks formed by the reaction of arylthiol moieties and
maleimide groups are degradable via a thiol-exchange reaction (enabled by retro-
Michael-type addition reaction) in the presence of glutathione,®° which results in the
degradation of the hydrogel to yield a viscous liquid (Figure 3.2). We postulated that
this would result in the release of the liposomes along with any encapsulated molecules
in the hydrogels. These hydrogel compositions should therefore permit the triggered
release of multiple compounds via passive diffusion from the hydrogel network and/or

via thiol-triggered release of drug-containing liposomes.

3.3.2 Rheological Characterization

The ability of the maleimide-functionalized liposomes to form a percolated
hydrogel network upon reaction with thiol-functionalized PEG was confirmed in a
series of rheological experiments. Initial observations indicated that hydrogel formation
required the presence of both maleimide-functionalized liposomes and 4-arm PEG-SH;
the liposome and PEG polymer solutions alone remained low-viscosity liquids over the
timescales at which gelation occurred (Figure 3.2). Oscillatory time sweep and
frequency sweep measurements were also performed to quantitatively monitor the in

situ gelation and examine the stability of the three-dimensional crosslinked networks.
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Oscillatory frequency sweeps of the arylthiol-based hybrid hydrogels indicated the
frequency dependence of both moduli, suggesting contributions from hydrophobic
interactions between the liposomes and the PEG-arylthiol polymers (data not shown),*®
%0 which complicated comparisons of mechanical properties between hydrogels of
different polymer compositions. Therefore, in situ rheological results of the alkylthiol-

based hydrogels are shown to simplify these comparisons.
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Figure 3.3 Representative oscillatory time sweep of the liposome-crosslinked
hydrogels (1:2 Mal:SH ratio) in pH=7.0 bis-tris buffer at 37 <C.

Rapid gelation of the materials (indicated here by the crossover point where G’
(~0.40 Pa) becomes larger than G” (~0.14 Pa), Figure 3.3) usually occurred within 5
minutes which, owing to the rapid kinetics, excludes the possibility of gelation based

on disulfide bonds and suggests that hydrogel formation is driven mainly by thiol-
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maleimide Michael-type addition reactions. Compared to other thiol-maleimide
hydrogel systems,®® 54 70. 71 the gelation kinetics observed from the hybrid hydrogels
were not as rapid, possibly due to steric hindrance and limited chemical accessibility of
the maleimide groups on the liposome surface. The hydrogels were subsequently cured
for 7 hours to achieve maximum crosslinking. To further confirm that there was not
significant crosslinking based on disulfide bonds, oscillatory time sweep experiments
were performed on hydrogels comprising only 4-arm alkyl PEG-SH, where the lack of
a significant increase in storage modulus suggested that disulfide crosslinking did not
contribute significantly to the mechanical properties of the hydrogels (data not shown).

Confirmation of the impact of the thiol-maleimide reaction on hydrogel
properties was assessed by changing the ratio of maleimide groups (Mal) on the
liposome surface to thiol groups (SH) on the PEG polymer strands. Initial experiments
in which the liposome concentration was varied from 0.5mM to 10 mM indicated that
stable hydrogels could be formed reproducibly with liposome concentrations of at least
10 mM (data not shown). Owing to the ease with which the maleimide:thiol ratio could
be reproducibly changed by varying thiol content (rather than by altering the amount of
maleimide in the liposomes), liposome-containing precursor solutions were mixed with
increasing fractions of alkylthiol PEG polymers (10 mM liposome solutions were mixed
with 3wt%, 6wt%, and 12wt% PEG, corresponding to Mal:SH ratios of 1:1, 1:2 and 1:4

respectively).
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Figure 3.4 Rheological characterization of liposome-crosslinked hybrid hydrogels at
various crosslinking ratios (1:1, 1:2, and 1:4 Mal:SH ratios). A) Oscillatory
frequency sweep of the hydrogels from 0.1 to 100 rad/s at 1% strain
amplitude. B) Summary of storage moduli (G’) of hydrogels prepared at
different crosslinking ratios.

The storage and loss moduli (G’ and G”, respectively) of these hydrogels were
measured as a function of frequency; representative data are presented in Figure 3.4A.
The frequency independence of G’ indicated the formation of a stable, crosslinked
network with G’ dominating in the entire frequency range of 0.1-100 rad/s. The data in
Figure 3.4B more clearly highlight that the storage moduli of the liposome-crosslinked
hydrogels increased from 1200 Pa to 2500 Pa when the crosslinking ratios were varied
from 1:1 (Mal:SH) to 1:2 (Mal:SH), a result in part due to the higher polymer
concentration but also likely due to a reduction in the number of elastically inactive
loops and unreacted chain ends when the stoichiometric ratio is 1:2. Other reports have
shown that a 1:1 stoichiometric ratio rarely results in the highest storage modulus, owing

to a reduced mobility of the crosslinker chains with increasing gel viscosity, which leads
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to incomplete reaction.’?’* However, when the amount of thiol was further increased
(1:4 Mal:SH), the storage modulus of the hydrogels decreased to 1600 Pa despite the
high concentration of polymer. The low degree of crosslinking at higher polymer
concentration likely results both from steric hindrance and consumption of functional
groups on the liposomes, thus reducing the extent of polymer bridging between
liposomes.>? Owing to the more efficient crosslinking in the 1:2 Mal:SH hydrogel, this
composition was employed in all further studies of the hydrogels. Taken together, these
rheological results illustrate the relatively rapid formation of a stable, viscoelastic
hydrogel network, indicative of network crosslinking based on the Michael-type
addition (ca. 1.3x10° M s1)%° rather than disulfide formation (ca. 15.2 M s1).%8 Given
the rapid gelation, mild preparation conditions, and biocompatibility of the thiol-
maleimide crosslinking chemistry demonstrated by others in cell encapsulation>’’ and
in vivo delivery,’ these hydrogels have significant potential for minimally invasive,

direct injection applications.

3.3.3 Morphology of the Liposome-Crosslinked Hydrogels

To visualize the liposomes in the hydrogel matrix, scanning electron microscopy
(SEM) was performed on the hybrid hydrogels after critical point drying. The
representative SEM images in Figure 3.5 show that liposomes with a diameter of 105 +
25 nm (calculated from analysis via ImageJ of over 200 particles and consistent with
DLS characterization of liposomes liberated from the hydrogel (below)) are well
distributed on the hydrogel surface; the apparently low number of liposomes detectable

in these images is a result of the evaluation of strictly the surface of the hydrogels.
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Figure 3.5 Scanning electron microscopy (SEM) images of the liposome-crosslinked
hybrid hydrogels after critical point drying.

Figure 3.6 Scanning electron microscopy (SEM) images of 6wt% PEG hydrogel
control lacking liposomes.

The number of intact liposomes in the bulk of the hydrogel cannot be probed
directly in the SEM experiment, but is indicated to be significantly greater than the
density observed on the surface, given the robust mechanical properties of the liposome-
crosslinked hydrogels (above) and the poor mechanical properties of a mixture of non-

maleimide liposomes and PEG-SH polymers (data no shown). Although some ruptured
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liposomes can be observed in the SEM images above, possibly due to the drying process
during sample preparation, the liposomes mainly retain their size and thus are indicated
to remain intact throughout the crosslinking and degradation processes as indicted by
the DLS characterization below. In contrast, no such nanostructure was observed in
SEM images of a PEG hydrogel control lacking liposomes under the same conditions
(Figure 3.6). These data are consistent with previous reports*> 4 53 and confirm the

structural integrity of the liposomes during the crosslinking reactions.

3.3.4 Fluorescence Imaging of the Liposome-Crosslinked Hydrogels
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Figure 3.7 Chemical structures of the lipids used for fluorescent labeled liposome
formulation. NBD-PC: 1-Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl]-sn-Glycero-3-Phosphocholine; DOPC: 1,2-
dioleoyl-sn-glycero-3-phosphocholine; DOPG: 1,2-dioleoyl-sn-glycero-
3-phospho-(1°-rac-glycerol); MPB-PE: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl) butyramide.

To further explore the distribution of liposomes in the bulk and the network

structure of the hybrid hydrogels in hydrated state, fluorescent labeled hydrogels were
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formulated using NBD-labeled liposomes and observed via confocal laser scanning
microscopy (CLSM). The NBD-labeled liposomes were prepared by incorporating 0.5%
(molar ratio) of NBD-PC during the lipid thin film formation process (total lipid
composition NBD-PC:DOPC:DOPG:MPB =0.05:3.95:1:5 molar ratio, Figure 3.7). The
representative confocal images of the resulting hydrogels in PBS are shown in Figure
3.8, where the liposomes appear as bright green particles on the dark background. The
high population and density of liposomes throughout the hydrogels is generally
consistent with the robust mechanical properties of the liposome-crosslinked hydrogels
as measured by rheological experiments. As shown in Figure 3.8A, the liposomes are
well distributed throughout the matrix, forming an interconnected network.>*
Interestingly, slight clustering and aggregation of liposomes is also observed (Figure
3.8B), owing to reduced mobility of the liposomes with increasing gel viscosity during
crosslinking and slight evaporation of the solution during incubation.” Nevertheless,
the overall Z-Stack image (Figure 3.8C) illustrates that the majority of the hybrid
hydrogels is composed of a dense network of interconnected liposomes, confirming the
high population of liposomes in the bulk that is in good agreement with the mechanical
strength of the hydrogels, as well as the unique and complex network structure of these
nanoparticle-crosslinked hybrid systems comparing to other existing crosslinked

polymer network.
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Figure 3.8 Confocal images of fluorescent labeled liposome-crosslinked hydrogels. A)
Liposomes are well distributed throughout the majority of the matrix,
forming an interconnected network. B) Slight aggregation of liposomes
during gelation is observed within the matrix due to increased viscosity
and evaporation of the solution during crosslinking. C) Overall Z-Stack of
the fluorescent liposome distribution within the hydrogel to a depth of ~15
pm.

3.3.5 Hydrogel Stability

To verify the role of liposomes as crosslinkers in the polymer matrix, the
liposome-crosslinked hydrogels were incubated with 10% Triton™ X-100 in water, a
nonionic detergent that solubilizes lipid bilayers.”® Visual inspection and rheological
characterization of the liposome-crosslinked hydrogels upon treatment with the Triton™
solution are shown in Figure 3.9. Images of the samples illustrate that opacity associated
with the presence of liposome nanoparticles in the hydrogels was significantly reduced
after incubation with Triton™, suggesting the solubilization of liposomes within the
network. The evolution of the storage modulus of the hydrogels during the incubation
with Triton™ was also monitored via oscillatory rheology, where the initial modulus of
the hydrogels prior to Triton™ addition was normalized to 1 to facilitate comparison. As

expected, the Triton™-treated hydrogels exhibited a rapid decrease in storage modulus
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to approximately 30% of its initial value within 3 hours, whereas no significant change
in normalized modulus was observed in the PEG hydrogel control under the same
conditions. The rapid decrease in storage modulus of the hydrogels indicates a
substantial decrease in the number of crosslinks within the network as a result of the
disruption of liposome bilayer structure by Triton™ X-100. Taken together, these results

confirm that the maleimide-functionalized liposomes serve as crosslinks within the

hybrid hydrogels.
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Figure 3.9 Evolution of storage modulus of the liposome-crosslinked hydrogel, as well
as a PEG hydrogel control, when incubated with 10% Triton™ X-100 in
water at 37<C, as monitored by oscillatory rheology. Mean and S.D. are
shown (n = 3). Inset: visual inspection of the liposome-crosslinked
hydrogel immersed in 10% Triton™ X-100 at 37<C over time. Both
hydrogel images were taken with 10% Triton™ X-100 in the supernatant
to mimic the conditions in the rheological measurements and to provide
parallel comparisons. The UD logos are used with permission from the
University of Delaware.
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Thioether succinimide crosslinks of maleimide—arylthiol hydrogels are known
to undergo a retro Michael-type reaction and thiol-exchange, which leads to thiol-
mediated network degradation.®*-¢> Although the kinetics of the retro-Michael addition
and thiol exchange were independent of the use of GSSG or GSH as demonstrated in
our previous report,®? suggesting that GSH in either of its forms will be competent for
the thiol exchange, we specifically used GSH throughout this study (as opposed to other
thiol-containing molecules such as GSSG and DTT) for hydrogel degradation due to the

presence of GSH under physiologically/pathologically relevant conditions in vivo.
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Figure 3.10 Mass loss studies of the liposome-crosslinked hybrid hydrogels in
incubation with PBS and GSH in various concentrations at 37 <C after

initial equilibrium swelling in PBS for 24h. Mean and S.D. are shown (n
=3).
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GSH, a thiol-containing tripeptide localized in intracellular compartments,’® 8 is found
at elevated levels (ca. 0.5-10 mM) in various types of tumors (versus ca. 10 uM in
circulation), likely associated with increased cellular proliferation and metastatic
activity.8! Therefore, the stability of these liposome-crosslinked hybrid hydrogels in the
presence of GSH was evaluated by a series of mass loss studies in physiologically
relevant buffer conditions (PBS) with GSH concentrations that are analogous to those
of extracellular environments (ca. 10 uM GSH) as well as intracellular compartments
and carcinoma tissues (ca. 10 mM GSH).” 8 Figure 3.10 displays results from
experiments in which the mass of the liposome-crosslinked hydrogels (synthesized from
the PEG arylthiol (aryl lipogel) and from the alkyl PEG-SH (alkyl lipogel)) was
monitored as a function of time. No significant loss of mass was observed for the aryl
lipogel when it was incubated in PBS (~97% of the hydrogel remained intact at day 7),
indicating the stability of such liposome-crosslinked hydrogels under physiologically
relevant buffer conditions. Similarly, only slow and moderate degradation of the aryl
lipogel was observed for GSH concentrations of 10 uM (with approximately 85% of the
hydrogel remaining intact at day 7), demonstrating the stability of the hydrogels under
conditions consistent with those in extracellular environments. Under low GSH
concentration, the hydrogel degradation rate is dependent on both the number of
crosslinks and the concentration of GSH. The degradation kinetics were thus calculated
as second-order reactions, with an apparent rate constant of kapp = 1.9 x10° mM* h!
(Figure 3.11A). In contrast, a rapid decrease of mass was observed for the aryl lipogel
in 10 mM GSH solutions, where almost complete hydrogel dissolution was observed
within a week (~3% of the hydrogel remained intact at day 7), indicating that the

liposome-crosslinked hydrogels undergo significant matrix degradation in GSH-
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abundant environments. Given the linearity of the degradation curve, the hydrogel

degradation in 10 mM GSH was fit to zero-order kinetics, showing an apparent rate

constant of kapp = 4.8 % 10° mM h! (Figure 3.11B). It should be noted that these

liposome-crosslinked hydrogels show slower GSH-mediated degradation than that

observed in the bulk arylthiol-maleimide hydrogels we have previously reported;® 54 in

these previous experiments, complete network
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Figure 3.11 Fitting of the degradation profiles from liposome-crosslinked hybrid

hydrogels synthesized from arylthiol-PEG and alkylthiol-PEG
respectively. A) Degradation kinetics of the aryl lipogel in 10 uM GSH;
fitting is performed based on the rate law for second order kinetics
( —% = k[M][GSH] =~ k[M]?> ) considering the comparable
concentration of GSH and crosslinks. B) Degradation kinetics of the aryl

lipogel in 10 mM GSH,; fitting is performed based on zero-order kinetics
(—% = k) given the almost linear release observed. C) Degradation
Kinetics of the alkyl lipogel in 10 mM GSH; fitting is performed based on
first-order kinetics (— % = k[M]) because of the excess amount of GSH,

which renders its concentration unchanged over the course of the
experiment.
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degradation was observed in approximately 4 days in 10 mM GSH and 8 days in 10 uM
GSH. The increased stability of the polymer-nanoparticle hybrid hydrogels here likely
results from steric hindrance of the arylthioether succinimide crosslinks at the polymer-
liposome interface and from the fact that they reside in a more hydrophobic local
environment as opposed to the homogeneous distribution of the crosslinks in the
previously reported bulk hydrophilic network.

Interestingly, the alkyl lipogel, a thiol-insensitive hydrogel control, also
exhibited a slight decrease in mass in the presence of 10 mM GSH, reaching a mass-
retention plateau of approximately 70% at day 7. Due to the excess amount of GSH, the
degradation kinetics were calculated according to first-order kinetics, with an apparent
rate constant of Kapp = 2.0 %10 h! (Figure 3.11C). The observed degradation may be
attributable to the degradation of any disulfide linkages present in the network as a result
of the excess stoichiometry of the thiol employed during gelation. The reduction in mass
(ca. 30%) is generally consistent with what would be expected based on the 1:2 Mal:SH
stoichiometric ratio employed during gelation and the disulfide bond formation that
consequently could occur after long incubation times.®? Under these conditions
approximately 50% of the PEG-SH could be available to form disulfide bonds.
Regardless, these data demonstrate that the liposome-crosslinked hybrid hydrogels can
undergo network degradation in a responsive manner to GSH owing to the presence of
arylthioether succinimide linkages, offering significant opportunities in the design of

such polymer-nanoparticle hybrid hydrogels for controlled and triggered drug delivery.

3.3.6 Liposome Stability
The structural integrity of the liposomes incorporated in and released from the

hybrid hydrogel was further examined by dynamic light scattering (DLS); results are
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shown in Figure 3.12. The maleimide-functionalized liposomes showed a diameter of
105 = 2 nm in solution before crosslinking. Following hydrogel formation, the
liposome-crosslinked hydrogels were incubated in 10 mM GSH in PBS at 37<C to
trigger degradation. Analysis of the hydrogel supernatant after complete hydrogel
dissolution demonstrated that the released liposomes exhibited an average diameter of
109 £2 nm, essentially unchanged from that of the liposomes before crosslinking. These
results confirm the stability of the liposomes, without rupture or apparent changes in
morphology, during crosslinking and network disassociation, in accordance with the

SEM observations of the liposome-crosslinked hydrogels above and consistent with
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Figure 3.12 Hydrodynamic diameter of liposomes prior to hydrogel formation, released
liposomes after complete network degradation in 10 mM GSH, and any
particles in the gel supernatant after 10% Triton™ X-100 incubation at
37<C, as determined by dynamic light scattering (DLS).
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results previously reported for a liposome-containing polyacrylamide gel system.*
Analysis of the supernatant after treatment with Triton™ indicated the presence of much
smaller nanoparticles with diameters of approximately 10 nm, consistent with the size
of Triton™-containing mixed micelles® and confirming the liposomal nature of the
nanoparticles released from the hydrogel after treatment with GSH.

The stability of the liposomes after network degradation was also confirmed by
confocal microscopy using NBD-labeled liposomes to formulate the hybrid hydrogels.
Gel supernatant was collected for imaging analysis after dissolution of the fluorescently
labeled hydrogels in 10 mM GSH. As shown in Figure 3.13, the liposomes released after
network degradation appear as individual green dots without any significant
aggregation, closely resembling the liposomes prior to hydrogel formation. These
results, combined with DLS and SEM data above, demonstrate that intact liposomes are
released upon network degradation, providing opportunities to independently control
and extend the release of drug encapsulated in the liposomes after dissolution of the

hydrogels.
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Figure 3.13 Confocal images of fluorescently labeled liposomes prior to hydrogel
formation (A) and released after network degradation (B). Insert: expanded
view of the confocal images.
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Figure 3.14 In vitro release of DOX from the liposome-crosslinked hydrogels at 37<C
as assessed via visual inspection and fluorimetry. (A) Image of DOX-
loaded liposome-crosslinked hydrogels incubated in 10 mM GSH (left,
diffuse boundary observed) and PBS (right, clear boundary maintained)
solutions on day 1; (B) Cumulative release profiles of DOX from
liposome-crosslinked hydrogels in 10 mM GSH or in PBS solutions. *
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indicates the time point where ~90% hydrogel dissolution was observed.
Mean and S.D. are shown (n = 3).

3.3.7 In Vitro Release of DOX from Liposome-Crosslinked Hybrid Hydrogels

Doxorubicin (DOX), which is an anthracycline anticancer drug that inhibits the
biosynthesis of bioactive macromolecules via interaction with DNA or RNA,8 8 was
used as a model drug for in vitro release studies. Although the release of DOX has been
widely explored in various delivery systems including liposomes,® & polymeric
nanoparticles,®®92 and hydrogels,®-*° significant burst release is usually observed within
12-24 h in these systems. To evaluate the potential of our liposome-crosslinked hybrid
hydrogels as a matrix for controlled delivery of DOX, drug-loaded liposome-
crosslinked hydrogels were prepared by first encapsulating DOX into liposomes,
followed by dissolution and crosslinking of the PEG-SH precursors in the suspension
of these liposomes. The DOX released from these hydrogels will be subject to a
combination of diffusion barriers: first the liposomal bilayer and then the polymer
network, and the presence of the two barriers may minimize burst release and prolong
release over an extended period of time. To test this, the release of DOX from liposome-
crosslinked hydrogels synthesized from PEG arylthiol (aryl lipogel) and alkyl PEG-SH
(alkyl lipogel), respectively, was monitored as a function of time at 37<C in PBS
containing 10 mM GSH (or in PBS alone), via measurement of the fluorescence
intensity of the buffer in which the hydrogels were immersed (Figure 3.14).

As shown in Figure 3.14A, the aryl lipogel exhibited a diffuse boundary between
the gel and the release buffer after incubation with GSH for one day, suggesting rapid
GSH-mediated matrix degradation that is in agreement with the mass loss data above.

In contrast, the aryl lipogel that was incubated with PBS showed a clear boundary
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between the gel and the buffer, indicating hydrogel stability and the lack of any

significant release of DOX at early time points (indicated to be less than 7% via

fluorimetry). The release profiles of DOX from these hydrogels are presented in Figure

3.14B. For the aryl lipogel incubated in 10 mM GSH, rapid, linear release of DOX was

observed, with approximately 70% of the DOX released by day 6, commensurate with

the time point at which significant hydrogel degradation occurred (visual inspection

indicated the loss of hydrogel integrity and the presence of suspended particulate matter)

and clearly different from the two control conditions. The release of DOX is not

necessarily expected to correlate exactly with hydrogel degradation, as a significant

fraction of the DOX is retained in the liposomes (demonstrated below). Modeling of the

release data from the aryl lipogel in GSH according to the empirical Ritger-Peppas
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Figure 3.15 Fitting of the DOX release profiles from the liposome-crosslinked hybrid
hydrogels (A) with network degradation and (B) lacking network
degradation. A) Fitting of DOX release data is based on the the Ritger-
Peppas equation (n=1). Data plotted as M:/ M. versus t. B) Fitting of DOX
release data is based on the early-time approximation of Fickian diffusion.
Data plotted as Mt/ M.. versus tio.
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equation for non-Fickian transport®® % yields a release rate constant of 4.55x10 ht
(Figure 3.15A, equation 3.1), indicating a degradation-based mechanism. For both the
GSH-insensitive control (alkyl lipogel in GSH) and the GSH-lacking control (aryl
lipogel in PBS), DOX was released in a relatively slow and sustained fashion, with a
total of ca. 30-35% of DOX released in 10 days. The similarity in the DOX release
between these two conditions is commensurate with their lack of significant matrix
degradation in both cases (ca. 35% release for the alkyl lipogel in GSH vs. ca. 30%

release for the aryl lipogel in PBS at day 10, shown in Figure 3.14B).
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Figure 3.16 In vitro DOX release profiles from 6wt% PEG hydrogel control prepared
by reacting 4-arm aryl PEG-SH and 4-arm PEG-maleimide. Release
experiments were carried out in 10 mM GSH in PBS and PBS solutions
alone respectively at 37<C. Mean and S.D. are shown (n = 2).
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The diffusion-controlled release of DOX from the two control lipogels lacking
degradation was analyzed by fitting the data to the early-time approximation of Fickian
diffusion (Figure 3.15B, equation 3.2),%% % which also yields similar rate constants of
release for the two hydrogels (2.88 %102 h'/2 for the alky! lipogel in 10 mM GSH and
2.67 <102 h'¥2 for the aryl lipogel in PBS). The goodness of the fit (R? = 0.99) indicated
a diffusion-controlled mechanism of DOX release from the alkyl lipogel (GSH-
insensitive) in 10 mM GSH solutions. In contrast, burst release (nearly 50% by day 1)
was observed from a DOX-loaded PEG hydrogel control (PEG-arylthiol/PEG-
maleimide) prepared without liposomes (regardless of GSH concentration, Figure 3.16),

indicating that incorporation of liposomes within these hydrogel systems slows drug

diffusion.
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Figure 3.17 In vitro release of DOX from the liposome-crosslinked hydrogels at 37<C
in PBS. 10% Triton™ X-100 was applied to the aryl lipogels incubated in
PBS at Day 10, resulting in the liberation of more liposome-encapsulated
DOX. Mean and S.D. are shown (n = 3).
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The key role of the liposomes in mediating the release of DOX was indicated by
the observed additional burst release (ca. 30%) of DOX from aryl lipogels upon
treatment with Triton™ X-100 (Figure 3.17). In addition, the sequestration of liberated,
DOX-loaded liposomes in a dialysis cup (MWCO 3500) significantly depresses the
amount of DOX that can be detected from GSH-containing buffer solutions surrounding
the aryl lipogel, indicating that a significant fraction of the DOX released from the aryl
lipogels (ca. 65% at day 6) is located in liberated liposomes (Figure 3.18). No such

reduction in the amount of detected DOX is observed for the alkyl lipogel. These results
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Figure 3.18 In vitro release of freely diffusing DOX from the liposome-crosslinked
hydrogels in 10 mM GSH solutions, as monitored after dialysis in a cup-
like mini dialysis device (MWCO 3.5K) at 37 <C. Mean and S.D. are shown
(n=23).
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in aggregate demonstrate that DOX release from the multicomponent hybrid hydrogels
proceeds in a sustained manner without initial burst due to the liposome component and
can be selectively triggered by thiol compounds that are known to be present in the

tumor microenvironment.

3.3.8 Co-Delivery of DOX and Cytochrome c

Combined and sequential delivery of two or multiple drugs with orthogonal and
possibly synergistic mechanisms might not only improve therapeutic efficacy by
affecting multiple disease targets, but also minimize side effects caused by high doses
of a single toxic drug and delay the generation of drug resistance.!™ %101 As the
liposomes constituted a structural component of the hybrid hydrogels, we anticipated
that the multicomponent network would offer opportunities for dual encapsulation and
differential release of multiple therapeutic cargo molecules. To examine the potential
suitability of these hybrid hydrogels for such applications, cytochrome c, a small
mitochondrial protein (~12 kDa) that can initiate an apoptotic cascade leading to
programmed cell death upon cytoplasmic release,’%2% was chosen as a second
therapeutic molecule. Dual encapsulation of DOX and cytochrome c in the hydrogels
was carried out by dissolving cytochrome c along with the PEG-arylthiol polymers in
DOX-loaded liposome suspensions. As a control, a solution of cytochrome ¢ and PEG-
arylthiol was evaluated after 1h incubation, with results demonstrating that the
incubated cytochrome c electrophoresed almost identically to native cytochrome c
during SDS-PAGE electrophoresis (Figure 3.19) and indicating that disulfide exchange
between the protein and polymers was not significant within the timescale of the rapid

crosslinking reaction.
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Figure 3.19 SDS-PAGE electrophoresis of cytochrome ¢ (Lane 1) and a mixture of
cytochrome ¢ and 4-arm PEG arylthiol (Lane 2). The cytochrome ¢ was
incubated with PEG arylthiol polymers (1mg cytochrome ¢ and 3mg of
PEG polymer, the same amount as was employed in hydrogel formation,

were incubated for 1h at 37<C).
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Figure 3.20 Release profiles of DOX and cytochrome ¢ from the liposome- crosslinked
hydrogels in 10 mM GSH at 37<C. A) Co-delivery of DOX and
cytochrome ¢ from a single gel. B) Individual release of DOX and
cytochrome c from separate gels (DOX release data replotted from Figure
3.13). M/M... represents the cumulative fractional mass released at time t.
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In order to probe the differential release of both cargo molecules, the
simultaneous release of both molecules from the hybrid hydrogels was monitored over
time in 10 mM GSH solutions; results are presented in Figure 3.17. Consistent with our
hypothesis, entirely different release profiles for DOX and cytochrome ¢ were observed
from the liposome-crosslinked hybrid hydrogels (Figure 3.20A). The release profile of
DOX demonstrates zero-order release kinetics, with approximately 70% release at day
6 (144h), consistent with the observed release of DOX alone from the liposome-
crosslinked hybrid hydrogels (Figure 3.14), and suggesting that DOX was released via
erosion-mediated release of liposomes from the hydrogel surface in GSH-containing
solutions. The release of cytochrome c, however, appears to be first-order, with almost
100% release within 6 days (144h), consistent with the timescale of the GSH-induced
degradation of the hydrogel (Figure 3.10). The surface erosion mechanism for the DOX,
commensurate with the observation that the hydrogel decreased in size over time, may
result from the localization of the arylthiolether succinimide crosslinks in the sterically
hindered and relatively hydrophobic environment at the polymer-liposome interface,
limiting the GSH exchange reactions within the matrix and resulting in a faster
degradation rate on the hydrogel surface. Similar linear, zero-order release profiles of
cargo loaded in the nanoparticles were also observed as a result of surface erosion in a
hybrid hydrogel system employing drug-loaded poly(ethylene glycol)-block-poly(lactic
acid) nanoparticles as crosslinkers.>

The release data for the DOX and the cytochrome ¢ were modeled using the
empirical Ritger-Peppas equation for non-Fickian transport® ® (DOX, equation 3.1 in
Sl) and the late-time approximation equation derived from Fick’s second law of

diffusion® 197 (cytochrome c, equation 3.3). The results from these fits indicate that the
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release rate constants k are 5.33>x10 h** for DOX and 2.64>102 h* for cytochrome c,
with the goodness of the fits indicating that the release of DOX from the hybrid
hydrogels is dominated by a degradation-mediated release mechanism,>? while the
release of cytochrome ¢ from the hybrid hydrogels is governed by Fickian diffusion.
Individual release of DOX and cytochrome c from separate hybrid hydrogels, measured
in separate experiments and plotted together in Figure 3.20B, exhibited similar release
kinetics compared to their counterparts when released simultaneously from a single gel,
with release rate constants of 4.55x102 h'* for DOX and 2.33x102 h'! for cytochrome
c. Statistical analysis of the release rate constants in both the simultaneous and
individual release experiments shows that the release of cytochrome c is statistically the
same in both cases. The release of DOX was suggested to be statistically slightly
different (p < 0.05) in these experiments, which might be caused by slight batch-to-
batch variations in DOX concentration in the liposomes.*® Nevertheless, these results
indicate that the release of the two therapeutic molecules is not affected substantially by
their combined delivery; the sequential release of multiple therapeutic molecules is
desirable for tailoring extended therapeutic regimens as well as for potentially
promoting the transport and penetration of DOX-loaded liposomes to deep tissue of
solid tumors through a tumor-priming mechanism.®® 108 19 Similar differential release
characteristics for multiple cargos have been observed in hydrogel nanocomposite drug
delivery systems, where hydrophilic molecules encapsulated in the gel were released
fairly rapidly while hydrophobic species encapsulated in the nanoparticles were released
in a more sustained manner.%> 1% Consistent with these reports, our results suggest that
the liposome-crosslinked hybrid hydrogels containing both nanoparticle and polymer

network domains can be exploited as a functional carrier for different therapeutics to be
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dually encapsulated and simultaneously released with differential profiles upon GSH-
mediated degradation of the matrix.

Altogether, our studies illustrate the facile synthesis of liposome-crosslinked
hybrid hydrogels for the controlled and thiol-triggered release of multiple therapeutic
molecules with differential release profiles. Although nanocomposite hydrogels have
been extensively studied and are widely used in the field of drug delivery and tissue
engineering,®> 34 there have been limited studies that have explored the use of
nanoparticles as crosslinkers during hydrogel formation.**%* These hybrid hydrogels,
developed based on either polymer-nanoparticle hydrophobic interactions**? or
polymer-nanoparticle covalent crosslinking,®® % have shown great potential in
controlled drug delivery with additional engineering flexibility, although the delivery of
multiple relevant therapeutic molecules with chemo-responsiveness has yet to be
reported in these cases. In contrast to these existing nanoparticle-crosslinked hybrid
hydrogel systems, we have demonstrated the multi-stage and sequential delivery of
multiple molecules relevant for chemotherapies (as opposed to one single molecule or
model drug compounds) from the liposome-crosslinked hybrid hydrogels. More
importantly, the incorporation of glutathione-sensitive thioether succinimide linkages
within these matrices offers great advantages for controlled and triggered release of
therapeutic cargos under reducing environments similar to those in tumor
microenvironments,®*%> making these hybrid hydrogel systems promising potential
candidates in cancer drug delivery. Given the sequential release characteristics of the
reported hydrogels, it may be possible that the cytochrome c released first from the
hydrogels upon matrix degradation could induce partial cell apoptosis and expand the

interstitial space of solid tumors, which would potentially permit the drug-loaded
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liposomes to diffuse into the deep tumor tissue and slowly release the second drug for
more effective cancer treatment.®® It is also conceivable that a liposome crosslinked via
this chemistry could alone be used as a delivery vehicle to transport drug to a tumor (as
in current liposome-based approaches), with the added advantage that the liposome
could more rapidly release its cargo upon thiol-exchange with GSH. Furthermore, the
liposome-crosslinking strategy explored in this study could also be expanded to other
bioactive thiolated polymer systems (e.g. low molecular weight heparin and hyaluronic
acid (HA)), which have been shown to be effective in the inhibition of tumor growth
via the binding of many angiogenic growth factors (such as FGF and VEGF) and the
saturation of membrane-binding sites (CD44 receptors) required for the attachment of
tumor cells to the extracellular matrix, respectively),'**3 introducing additional
biological functionalities. In addition, while not investigated here, the size,
functionality, and concentration of liposomes and the identity of functional lipids, as
well as the molecular weight and functionality of polymers could be easily tuned to
tailor the mesh sizes, delivery properties, and degradation chemistry of the hydrogels
for specific delivery applications.®® 14 115 Also, the versatility of liposomes to carry
both hydrophilic and hydrophobic drugs in the aqueous lumen and lipid bilayer,
respectively, offers additional advantages for the delivery of multiple therapeutic

molecules of differing physicochemical properties.* 11

3.4 Conclusions
We have developed an advanced hybrid hydrogel material based on the Michael-
type addition between PEG polymers and liposome nanoparticles. The incorporation of

arylthioether succinimide crosslinks between PEG polymers and liposome
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nanoparticles enables matrix degradation in response to thiol-containing environment
(i.e., GSH) relevant to physiological and pathological states. Characterization of the
hybrid hydrogels confirms the role of liposomes as crosslinkers and demonstrates the
GSH-mediated network degradation and triggered release of encapsulated molecules.
The multiple domains within the gel allow dual loading of therapeutic molecules that
can be loaded in the liposomes and the bulk polymer network. The drug delivery
experiments indicate that the multiple therapeutic molecules encapsulated within the
hydrogel are released in a controlled and prolonged manner, with differential release
profiles that are controlled by degradation-mediated release and Fickian diffusion.
These results suggest the potential of these easily synthesized liposome-crosslinked

hybrid hydrogels in advanced delivery applications.
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Chapter 4

MULTIFUNCTIONAL LIPID-COATED POLYMER NANOGELS
CROSSLINKED BY PHOTO-TRIGGERED MICHAEL-TYPE ADDITION

4.1 Introduction

Nanotechnology has had significant impact on the development of nanoscale
vehicles and devices in the field of drug delivery and tissue engineering,'® and many
types of nanoparticles have been developed over the past few decades, including
inorganic nanoparticles, lipid-based carriers, and polymeric nanostructures (e.g.,
polymer-drug conjugates and block copolymer micelles).> 7 While metallic
nanoparticles provide opportunities for magnetic resonance imaging (MRI)® or
photothermal therapy,® they are not biodegradable and many are not small enough to be
cleared from circulation easily, which may lead to long-term toxicity due to potential
accumulation in the body. Polymeric nanoparticulate systems have attracted much
attention as potential drug carriers due to enhanced therapeutic efficacy that is imparted
by improvements in the solubility of hydrophobic drugs, extension of circulation half-
life, reduction of immunogenicity, and sustained drug release.!®  In addition,
nanoparticles that are responsive to external stimuli such as pH,'? light!3 4
temperature,’> ® magnetic fields,!” and ultrasound® have also been developed to
achieve on-demand/triggered drug release.’® Particularly, nanoparticles are “small”
enough (10-150 nm) to passively accumulate in specific tissues (e.g., tumors) through

the enhanced permeability and retention (EPR) effect and sufficiently “large” (high
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surface area-to-volume ratios) for surface functionalization with specific ligands to
actively target the site of disease.” 202

Many polymeric nanoparticles are based on non-covalent assembly, which may
render their structure unstable and lead to subsequent loss of drug when circulating in
large volumes of biological fluids.?*2® To address these concerns, crosslinked polymer
nanogels with improved stability have been developed.?’*> Composed of highly
crosslinked hydrophilic polymer chains, nanogels maintain structural integrity even
under dilute conditions. Due to their gel-like structures, nanogels have a high degree of
porosity that allows efficient encapsulation of therapeutic molecules.® In addition, the
high water content and mechanical softness of nanogels may enhance their
biocompatibility and positively impact cellular uptake and biodistribution.34%® Nanogels
have thus emerged as promising materials for the delivery of a wide range of therapeutic
molecules including chemotherapeutics,? 3! proteins,®® %2 and siRNAs.*

A major obstacle in the preparation of nanogels is macrogelation, which
ultimately promotes bulk gelation (to yield either a microgel or hydrogel).®” Many
procedures have been employed to avoid macrogelation during crosslinking, including
microemulsion/inverse microemulsion polymerization methods.®® In these approaches,
each droplet of polymer solution serves as a nanoreactor, permitting isolated
crosslinking of each droplet and the facile incorporation of bioactive molecules.
However, the necessary use of organic solvents in the formation of the emulsions can
be detrimental for the therapeutic cargo.*® Alternatively, preparation of nanogels from
nanotemplates such as liposomes largely avoids the use of organic solvents during
chemical crosslinking,*! as hydrogels are formed in the aqueous lumen of the liposome.

In addition, the use of liposomes generally permits better control over the size of the
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resulting nanogels, given the uniformity of liposome populations and the simplicity of
the manipulation of their size via extrusion methods.*?

Although the preparation of nanogels using liposome-templated methods is a
common approach,**4° most reported strategies are based on radical polymerization of
vinyl monomers/methacrylated macromers or ionic crosslinking of alginate, which
exerts less control of network development and may result in heterogeneous network
structures. While Michael-type addition reactions have been widely used as a
crosslinking strategy for hydrogel preparation under mild, physiologically relevant
conditions,®® °! they have not been as commonly employed in the field of nanogel
synthesis,® owing to their spontaneous reaction Kinetics.>® The application of
photolabile protecting groups and photo-catalyzed chemistries provides spatial and
temporal regulation of the physical and chemical properties of materials.>*>" The
photocleavage reaction has been widely used in photodegradable crosslinkers,>®-% side
chain functionalization of photoresponsive block copolymers,%-%% and photo-activated
bioconjugates.®*” Recently, photolabile chemistry has also been utilized as a strategy
for light-triggered crosslinking of alginate hydrogels, which displayed improved
mechanical properties and homogeneity.®® The application of these strategies to yield
photolabile, protected precursors for Michael-type additions would permit the light-
dependent production of homogeneous network structures with more precise control of
the reaction, which would thus expand the utility of Michael-type additions in the
synthesis of nanogels.

We report here the production of novel lipid-coated polymer nanogels, which
are crosslinked by photo-triggered Michael-type additions of thiols and maleimides, via

liposome-templated methods. Specifically, photolabile o-nitrobenzyl protecting groups
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have been employed to protect PEG-thiols and to thus permit triggering of nanogel
formation upon photo-irradiation; the o-nitrobenzyl groups undergo photoisomerization
into o-nitrosobenzaldehyde upon irradiation with UV light, releasing free thiols for
subsequent crosslinking reactions with maleimides.>* % The photo-triggered chemistry
provides temporal control of the reaction and avoids macroscale gelation during nanogel
synthesis, while the lipid coating offers additional functional features to the nanogels by
preventing burst release of therapeutic molecules and providing surface versatility. The
photo-triggered gelation of bulk hydrogels was monitored via oscillatory rheology and
the size distribution and colloidal stability of the nanogels were measured via dynamic
light scattering and electrophoretic light scattering, respectively. The morphology and
size of the nanogels were confirmed via transmission electron microscopy (TEM). The
chemical reactivity of the nanogels was probed via their modification with a fluorescent
dye. Owing to the ability to control degradation of the resulting polymeric networks,
these nanogels have potential application as targeted drug-delivery vehicles and

imaging probes.

4.2 Materials and Methods

4.2.1 Materials

Four-arm, thiol-functionalized PEG (PEG-SH, Mn 10000 g/mol) and four-arm,
maleimide-functionalized PEG (PEG-Mal, Mn 10000 g/mol) were purchased from
JenKem Technology USA Inc. (Allen, TX, USA). 1-a-Phosphatidylcholine from egg
(egg-PC), cholesterol, o-nitrobenzyl bromide, N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC HCI) and N-hydroxysulfosuccinimide (sulfo-
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NHS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). DSPE-PEG2000
carboxylic acid was purchased from Nanocs Inc. (New York, NY, USA). 1-
Aminomethylpyrene hydrochloride was purchased from AnaSpec Inc. (Fremont, CA,
USA). All other reagents and materials were purchased from Fisher Scientific unless
otherwise noted (Pittsburgh, PA, USA). 1H NMR spectra were acquired under standard
guantitative conditions at ambient temperature on a Bruker AV400 NMR spectrometer

(Billerica, MA, USA). All samples were dissolved in CDCI3.

4.2.2 Synthesis of Photolabile, Protected PEG-SH

Four-arm PEG-SH, protected with o-nitrobenzyl groups, was synthesized via
previously published methods, with some modifications.®> " Four-arm thiol-terminated
PEG (150 mg) was dissolved in 5 mL of DMF, and then neutralized with 100uL TEA.
The solution was cooled down to 0°C and a solution of 2-nitrobenzyl bromide (50mg in
5 mL acetone) was added dropwise over 15 min. The reaction mixture was stirred
vigorously at 0°C for 1h and then at room temperature for 24h. The resulting solution
was dialyzed against DI water for 24hrs (MWCO 1000) and then lyophilized to afford
a white powder product. The functionality of the resulting polymers was determined via
HNMR (in CDCls), with an average value of 71 + 5%. 'HNMR (Fig. S1) (400 MHz,
CDCls) 6 7.99 (d, 4H, Ar), 7.55 (dd, 8H, Ar), 7.45 (d, 4H, Ar), 4.17 (s, 8H, CH2), 3.90-
3.40 (d, 900H, CH2CH20), 2.64 (t, 8H, CH>).

4.2.3 Bulk Gel Preparation via Photo-Triggered Michael-type Addition and
Subsequent Rheological Analysis

The PEG hydrogel was prepared by the photo-triggered Michael-type addition
of protected PEG-SH and PEG-Mal (at a final concentration of 5 wt% or 15 wt%). The

solution was well mixed by vortexing and then was exposed for 2 hours to UV light
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(365nm; Black-Ray® mercury lamp) at an intensity of 10 mW/cm?. Oscillatory rheology
experiments conducted on a stress-controlled AR-G2 rheometer (TA Instruments, New
Castle, DE, USA) were used to characterize the photo-triggered cross-linking and
subsequent mechanical properties of the bulk PEG hydrogels. Experiments were
conducted at room temperature using an 8 mm-diameter, steel plate geometry with 100
um gap distance, with oscillatory time, frequency and strain sweeps performed. Strain
sweeps were performed on samples from 0.1% to a maximum strain of 1000% to
determine the limit of the linear viscoelastic region. Dynamic oscillatory time sweeps
were collected at angular frequencies of 6 rad/s and 1% strain chosen from the linear
viscoelastic region. Rheological properties were examined by frequency sweep
experiments (o =0.1 to 100 rad/s) at a fixed strain amplitude of 1%. The protected PEG-
SH and PEG-Mal precursors were dissolved in water separately with a concentration of
15 wt%. The precursors were then combined, vortexed, and loaded onto the rheometer
stage. Hydrogels were formed by exposing the solution to UV light continuously for 2
hours (365 nm at 10 mW/cm?; OmniCure® S2000, 200 W UV lamp with bandpass filters
and high power fiber light guide) or periodically by shuttering the light (365 nm at 10
mW/cm?; light on for 5 min, light off for 20 min); the G' and G" values were monitored

throughout the crosslinking experiments.

4.2.4 Synthesis of Lipid-Coated Nanogels (NG)

A chloroform solution (1 mL) with 5 mg egg-PC and 0.5 mg of cholesterol was
placed in a round-bottom flask, with evaporation of the chloroform under nitrogen
flushing to yield a thin film of the lipid that was then dried under vacuum overnight at
room temperature to remove organic solvent. A 15 wt% PEG solution was prepared by

dissolving 75 mg PEG-Mal and 75 mg o-nitrobenzyl-protected PEG-SH in 1 mL DI
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water; this solution was used to hydrate to the lipid film, with ten alternating cycles of
30s vortexing and 5 min quiescent incubation at room temperature.*® The solution was
then sonicated for 30 min to completely solubilize the lipid. The resulting multilamellar
liposomes were extruded 20 times through a 0.8 pm polycarbonate membrane
(Whatman, Piscataway, NJ, USA), 20 times through a 0.2 um membrane, and finally 21
times through a 0.1um membrane using an Avanti® Mini-Extruder (Avanti Polar Lipids
Inc., Alabaster, AL, USA). The resulting unilamellar liposomes were then diluted 5
times (to avoid macroscale gelation upon UV irradiation). The solutions were irradiated
under UV light (365nm) for 2 hours with a light intensity of 10 mW/cm?. The nanogels

were stored at 4°C until further use.

4.2.5 Surface Functionalization of Lipid-Coated Nanogels

Chloroform solution (1 mL) with 4 mg egg-PC, 1mg DSPE-PEG2000-COOH and
0.5 mg cholesterol was placed in a round-bottom flask, with nitrogen flushing and
drying to yield a thin film. Carboxylic-acid-functionalized liposomes, and then lipid-
coated nanogels (COOH-NGs), were produced as described above and stored at 4°C
until further use. A solution of COOH-NG (1 mL, 1.2 mg/mL) was then added to
EDC/sulfo-NHS solution (50mM EDC and 25mM sulfo-NHS dissolved in phosphate
buffer pH=7.2) to yield a total final volume of 2.5 mL. The solution was stirred for 45
min at 4°C to activate the carboxylic acid groups and then 0.5 mg 1-aminomethylpyrene
(dissolved in 50 uL. DMSO) was added dropwise to achieve a final dye concentration
of 0.2 mg/mL. The solution was subsequently stirred for 4 hours at room temperature.
The resulting dye-conjugated nanogels (dye-conjugated NGs, 2.5 mL) were then
dialyzed against 2 L water overnight and washed 3 times with water at 4,000 rpm for

20 min using Amicon Ultra-15 Centrifugal Filter Units (MWCO: 30kDa, Millipore,

120



Billerica, MA) to remove unconjugated dye molecules. The emission fluorescence
spectrum of the dye-conjugated nanogels was measured from 350-600 nm with a slit
width of 1.5 nm (after excitation at 333 nm with a slit width of 3 nm) using a HORIBA
Jobin Yvon SPEX FluoroMax-4 spectrafluorometer. Microscopy images of the
fluorescently labeled NGs were obtained via confocal laser scanning microscopy
(CLSM, Zeiss, 510 NLO, Germany). A COOH-NG control was prepared under identical
reaction conditions and procedures, without the coupling reagents, to confirm that non-

reacted dye was removed under the reported conditions.

4.2.6 Dynamic Light Scattering (DLS) and Zeta Potential Analysis

The average size and size distribution of the nanogels were analyzed via
dynamic light scattering (DLS) and the zeta potential determined via analysis of light
scattering on a Malvern Zetasizer Nano ZS apparatus with Malvern Instruments DTS
software (v.6.01) (Malvern Instruments, UK). The analyses were conducted on
solutions of the nanogels in DI water and at 25°C. For the stability measurement,
analyses were conducted in PBS buffer at different temperatures. The mean
hydrodynamic diameter of the nanogels (dn) was computed from the intensity of the
scattered light using the Malvern software package based on the theory of Brownian
motion and the Stokes-Einstein equation. The zeta potential of the nanogels was

analyzed using the electrophoretic light scattering spectrophotometer of the instrument.

4.2.7 Transmission Electron Microscopy (TEM) Characterization of Nanogel
Morphology

Transmission electron microscopy (TEM) images were acquired using a FEI
Tecnai-12 microscope operating at an accelerating voltage of 120 kV. Images were

collected on a Gatan CCD camera. TEM samples were prepared by applying a drop of
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nanogel solution (~3 pL) onto a carbon-coated copper TEM grid (300 mesh size). The
excess solution was wicked away after 1 min using a piece of filter paper. A droplet of
1% phosphotungstic acid aqueous solution (~3 uL) was then added onto the grid and
wicked away after 1 min using a piece of filter paper. The samples were dried under

room temperature for 3 hours before imaging.
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Figure 4.1 Schematic of the protection of 4-arm PEG-thiol with photolabile groups:
1) DMF, 24h, R.T.; 2) water, 365nm, 10 mW/cm?,

4.3 Results and Discussion

4.3.1 Photodeprotection and Photo-Triggered Gelation

The photolabile, protected PEG-SH was synthesized as shown in Figure 4.1. The
thiols from the PEG chains were protected by the photolabile o-nitrobenzyl groups to
yield o-nitrobenzy! thioether moieties. *H NMR spectroscopy was used to confirm the
functionality of the polymer protection by o-nitrobenzyl groups. The data shown in
Figure 4.2 indicate the presence of both aromatic protons (7.4-8.0 ppm) of the o-
nitrobenzyl group, and the ethylene protons (3.4-3.9 ppm) of the polymer, which is
consistent with results reported in similar photoprotection systems.®® 71 Based on the
integration of the aromatic and ethylene group protons, a functionality of 71 5% was

obtained; this functionality was consistently obtained across multiple syntheses. Upon
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UV irradiation, the o-nitrobenzyl groups undergo photoisomerization into o-

nitrosobenzaldehyde, releasing free thiols for subsequent in situ Michael-type additions.
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Figure 4.2 'HNMR spectrum of four-arm thiolated PEG protected with the nitrobenzyl
group. Functionality is calculated based on the integration of the aromatic

protons of the protecting group relative to the methylene protons of the
polymer.
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Figure 4.3 Schematic representation of the photo-triggered formation of PEG-based
hydrogels via Michael-type addition.

12000 T T T T T T T 14000
10000 A - 12000 - i
8000 UV stopped N 10000 - UV stopped
= Light  Light Light
a & 8000 off oK  Off
w6000 -
E g
3 S 6000
S 4000 K
= s
4000 4
2000 -| s G- .
. G 2000 =G
e G
T B 0 e B w1 o L o 2o 100 150 150 180 180 20
0 20 40 60 80 100 120 140 160 180 200 220
aopli Time (min i i
UV applied ( ) UV applied Time (min)
(2) (b)

Figure 4.4 Oscillatory rheology time sweeps of 15wt% PEG hydrogels formed by
photo-triggered Michael-type addition with (a) continuous and (b) periodic
irradiation (365nm and 10 mW/cm?).

The photo-triggered gelation experiments were carried out at ambient
temperature by irradiation of the mixed solution of hydrogel precursors at a wavelength
of 365 nm and an intensity of 10 mW/cm? (Figure 4.3). The hydrogel turned yellow
after gelation, which may be attributed to the o-nitrosobenzaldehyde produced by the

photocleavage.®? Hydrogel formation was confirmed via oscillatory rheology in situ
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during network development (Figure 4.4). The data in Figure 4.4a show that
homogeneous solutions of protected PEG-SH and PEG-Mal in water did not exhibit any
increase in the elastic modulus (G’) before UV irradiation, while the Michael-type
addition between thiol and maleimide usually occur within seconds under similar
conditions.®® 72 After 5 min irradiation, a rapid increase in G’ was observed, confirming

gelation and supporting the expected photo-triggered crosslinking mechanism.
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Figure 4.5 Oscillatory rheology time sweeps of 15wt% PEG hydrogels formed by
photo-triggered Michael-type addition (plotted in log scale).

The rheology results are also plotted in log scale as shown in Figure 4.5, to better
show that the viscous modulus (G”) remained essentially unchanged before UV
irradiation and ultimately increased to approximately 100 Pa when irradiation was
completed. The slow increase of G’ at later time points during the measurement is likely
a result of some continued polymerization (owing to the slow deprotection kinetics) and
in part due to the radical polymerization of remaining PEG-Mal functional groups that

have not yet reacted with thiol.”® In order to demonstrate that the crosslinking reaction
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between thiol and maleimide groups occurs mainly as a result of UV exposure, the
polymerization was interrupted at approximately 15, 40 and 65 min, for a period of 20
min each time, simply by shuttering the UV light source. The data in Figure 4.4b
illustrate that little or no increase in elastic modulus was observed during the periods
when there is no UV irradiation, indicating the temporal control of this light-dependent
crosslinking strategy. Similar to other light-dependent thiol-ene polymerization
strategies as those previously reported by Bowman, Anseth and co-workers,’ the photo-
triggered Michael-type addition might also have significant potential in the preparation
of biomimetic hydrogels. The temporal control achieved by this strategy would allow
premixing and appropriate positioning (e.g., in a tissue defect) of hydrogel precursors
prior to crosslinking. The spatial control enabled by this chemistry, while not
investigated here, might extend the capability of Michael-type additions to create

patterned devices, materials and structures.
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Figure 4.6 Comparison of storage moduli of PEG-SH/Mal hydrogels at different
concentrations, after irradiation at 365 nm, 10 mW/cm? in aqueous solution,
characterized via oscillatory rheology.
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It should be noted that the mechanical properties of these hydrogels can be
readily tuned not only by varying UV irradiation time, but also by changing polymer
concentration. As is shown in Figure 4.6, an expected increase in elastic modulus was
observed upon an increase in polymer concentration. Specifically, the measured G’ of
the 5 wt% gels is 2 kPa, while that of the 15 wt% gels increased to approximately 12
kPa. Such changes in hydrogel properties with variation in crosslinking density have
been regularly employed to modify the delivery properties of various hydrogels, which

could be potentially applied to these nanogel systems.>* 7
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Figure 4.7 Schematic representation of the synthesis of PEG-based nanogels via
liposome templates in aqueous solutions. 1) DI water, polycarbonate
membrane; 2) 2h, 365 nm, 10 mW/cm?.

4.3.2 Synthesis and Characterization of Lipid-Coated Nanogels (NGs)

The lipid-coated PEG nanogels were prepared via a liposome-templated method
as shown in Figure 4.7. Upon hydration of a lipid thin film with the polymer solutions,
multilamellar liposomes form with hydrogel precursors encapsulated in the aqueous

lumen. By extrusion of the multilamellar liposome suspension through polycarbonate
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membranes of specific pore size, small unilamellar liposomes with well-defined size
distribution can be prepared.** The solutions of the unilamellar liposomes, prepared via
these accepted strategies, were then diluted to prevent the potential macrogelation of
any unencapsulated precursors outside the liposomes. After UV irradiation, precursors
were crosslinked by photo-triggered Michael-type addition inside the lipid vesicles,

forming lipid-coated nanogels.
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Figure 4.8 Dynamic light scattering analysis of the hydrodynamic size of liposomes
and lipid-coated nanogels in water at room temperature.

The hydrodynamic diameter and surface charge of the lipid-coated nanogels in
aqueous solution were determined via dynamic light scattering (DLS) and zeta potential
measurements, respectively. As is shown in Figure 4.8, the lipid-coated nanogels have

an average diameter of 160 nm with a polydispersity index (PDI) of 0.25, which is very
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close to that of the liposomes prepared under the same conditions (154 nm, PDI 0.14).
The similarity in size between the lipid-coated nanogels and liposomes confirmed the
successful use of the template to form nanogels of prescribed size as expected based on
the use of other liposome-templated nanogel systems.** #° For example, work reported
by An et al. demonstrated the size control and monodispersity of nanogels prepared
from liposome templates by varying the polycarbonate membrane with specific pore
sizes. The lipid-coated nanogels exhibited slightly negative zeta potentials (-7.1 mV),
which may be attributed to the lipid layer since the surface charge of bare nanogels
became neutral when the lipid layer was removed by detergent such as Triton X-100
(data not shown). Work reported by Wang et al.”® also indicated that conventional
liposomes composed of egg-PC and cholesterol (2:1 molar ratio) demonstrate a zeta
potential value of -2.7 mV (average diameter: 110nm), which is in good agreement with
our results. Retention of the lipid layer offers advantages for the subsequent use of these
hydrogel nanoparticles; the slight negative charge introduced by the lipid layer should
improve the stability of the nanogels in solution (and in circulation) by preventing self-

aggregation and non-specific cellular uptake, based on electrostatic repulsion.’”: 78

Figure 4.9 TEM images of the lipid-coated nanogels dried from aqueous solution.
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The morphology of the lipid-coated nanogels dried from aqueous solution was
confirmed via transmission electron microscopy (TEM); representative data from these
experiments are shown in Figure 4.9. As illustrated in the images, the lipid-coated
nanogels showed a reasonably well-defined spherical morphology. The average
diameter of the nanogels (calculated from analysis of the TEM images by ImageJ) is
130+ 30 nm, which is in good agreement with results obtained from the DLS
measurements presented in Figure 4.8. The relatively smaller size observed from the
TEM images compared with DLS results is likely due to the dehydration of the nanogels
during the TEM sample preparation, which has been commonly observed.3 31 7

The stability of these nanogels under physiologically-relevant buffer conditions
was evaluated via DLS at different temperatures. The data shown in Figure 4.10 indicate
that changes in hydrodynamic size of the nanogels upon temperature changes are almost
negligible between 25°C to 50°C, suggesting their stability against aggregation at
physiological temperatures and also suggesting a lack of detectable network degradation
(which would result in a swelling of the gel). The nanogel solutions were also stable and

showed no significant aggregation for several months when stored at 4°C.
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Figure 4.10 Dynamic light scattering analysis of the hydrodynamic size of lipid-coated
nanogels in PBS at different temperatures.

4.3.3 Surface Functionalization of Lipid-coated Nanogels

Owing to their high surface area-to-volume ratio, the therapeutic effect of
nanoparticles can be enhanced by surface modification with ligands that allow targeting
of specific tissues and/or fluorescence imaging.” 8 To examine the potential suitability
of these lipid-coated nanogels for such applications, carboxylic lipid-coated nanogels
(COOH-NGs) composed of PEG based nanogels and a mixture of egg-PC and DSPE-
PEG2000-COOH in a 4:1 ratio (w/w) were formulated. Poly(ethylene glycol) (PEG) on
nanogel surfaces has been demonstrated to prolong circulation and improve evasion of
immune clearance.8® A reactive fluorescent dye, 1-aminomethylpyrene, was then
introduced onto the surface of the COOH-NGs via an EDC/sulfo-NHS coupling reaction

to yield dye-conjugated nanogels (dye-conjugated NGs) (Figure 4.11).
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Figure 4.11 Schematic representation of the synthesis of carboxylic-acid-
functionalized, lipid-coated nanogels and the surface conjugation of a
reactive fluorescent dye. 1) DI water, polycarbonate membrane; 2) 2h, 365
nm, 10 mW/cm?; 3) EDC/sulfo-NHS solution, 1-aminomethylpyrene
(dissolved in DMSO), pH =7.2, 4h, R.T..

A control experiment was performed on COOH-NGs under identical conditions and
procedures, without the coupling reagents, to demonstrate that unconjugated pyrene can
be removed under such conditions. The chemical conjugation of pyrene was confirmed
by fluorescence spectroscopy; data from these experiments are presented in Figure 4.12.
As illustrated in the data, the COOH-NGs control showed no obvious fluorescence
emission from 425 nm to 525 nm, while the solution of dye-conjugated nanogels
displayed the characteristic excimer emissions of pyrene molecules at approximately

450 nm and 490 nm.8%84
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Figure 4.12 Fluorescence spectra of carboxylic-acid-functionalized, lipid-coated
nanogels and dye-conjugated nanogels in aqueous solution; Aexc=333 nm,
20°C; spectra of nanogels were normalized to the o-nitrosobenzaldehyde
peak at 360 nm, which should be of similar intensity for the various
nanogels.

The emission from the dye-conjugated NGs closely matches the spectrum of pyrene
dissolved in DMSO, suggesting that the chromophore remains intact after conjugation.
These results illustrate that pyrene has been covalently conjugated to the surface of
nanogels via EDC/sulfo-NHS coupling; the fact that no significant signal was observed
in the same region from the COOH-NGs control demonstrates that unbound pyrene

molecules were removed under these experimental conditions.
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Figure 4.13 Dynamic light scattering and zeta potential analysis of functional lipid-
coated nanogels. Size distribution (a) and surface charge density (b) of
carboxylic-acid-functionalized liposomes, carboxylic-acid-functionalized
lipid-coated nanogels and dye-conjugated nanogels in water at room
temperature.

The hydrodynamic diameter and surface charge of the COOH-NGs and dye-
conjugated NGs in aqueous solution were also measured by dynamic light scattering
(DLS) and electrophoretic light scattering, respectively, as shown in Figure 4.13. The
COOH-NGs have an average diameter of 156 nm with a PDI of 0.17, which closely
matches that of the COOH-functionalized liposome (141 nm, PDI: 0.12), as expected.
The size analysis of the dye-conjugated NGs revealed that they have an average
diameter of 181 nm with a PDI of 0.23, illustrating the lack of significant change in
hydrodynamic diameter after conjugation of the dye. The slight increase in size could
be explained by slight swelling of the nanogels due to the retention of a small amount
of DMSO from the reaction (Figure 4.13a).3! As shown in Figure 4.13b, the COOH-
NGs exhibit a slightly greater negative surface charge (-16.3 mV) than the NGs, as
expected owing to the presence of the carboxylic acid group. The negative zeta potential

of dye-conjugated NGs (-15.8 mV) became only slightly less negative after the
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conjugation of pyrene, which is likely due to the relatively low coupling efficiency of

EDC-mediated reactions at pH = 7.2.%

Figure 4.14 Fluorescence microscopy image of dye-conjugated nanogels in aqueous
solution, characterized by confocal laser scanning microscopy (CLSM).

The surface modification was also confirmed via fluorescence microscopy of the
pyrene-modified NGs; a representative image from confocal laser scanning microscopy
is shown in Figure 4.14. As shown in the figure, the dye-conjugated nanogels appear as
individual green dots on the dark background, while no green particles were observed
in the fluorescence microscopy image of the COOH-NG control (data not shown). Work

recently reported by Singh et al® also confirmed the conjugation of
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carboxyflourescein-labeled model peptide to nanogels and the removal of unbound
peptide via similar methods. Consistent with this report, these confocal microscopy data
are consistent with the spectroscopy data and confirm the successful conjugation of
pyrene. These results also suggest that the nanogels likely have the capacity to be
functionalized with a broad range of biomolecules to enhance therapeutic efficacy.

In contrast to traditional radical-chain-growth photo-polymerization of
polymers modified with acrylate or methacrylate moieties, formation of hydrogels via
the step-growth mechanism of Michael-type addition may afford networks of greater
homogeneity and improved mechanical integrity.®® Also, compared to step-growth
thiol-ene chemistry’™* and the recently developed photocaged amine-catalyzed thiol-
Michael addition,>® the photolabile-protection strategy of thiol groups permits triggering
of subsequent crosslinking reactions without the addition of any initiators or catalysts,
and might thus positively affect the integrity and bioactivity of encapsulated therapeutic
agents. In addition to the o-nitrobenzyl moiety employed here, similar photolabile-
protection of thiols or amines could be achieved by coumarin and p-methoxyphenacyl
moieties.®® ¢ * Therefore, this photo-triggered Michael-type addition crosslinking
strategy provides an initiator/catalyst-free photo-crosslinking method for polymer
network formation with the associated advantages of homogeneity and spatiotemporal
control, potentially diversifying the uses for the photo-mediated click reaction toolbox.

Compared with other existing nanogel systems, the lipid-coated nanogels
synthesized from photo-triggered Michael-type addition in this report provide mild
reaction conditions during and control of the network development, offering new
strategies in the design of nanogel materials. The surface charge and functionality

introduced by the lipid coating may increase circulation stability and offer versatility of
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the nanogels in multiple applications, making them promising candidates as
nanoparticle therapeutics.

As stimuli-triggered drug delivery systems are becoming more and more
attractive, several chemically labile linkages have been employed in the synthesis of
nanogels to allow on-demand or targeted release of therapeutic molecules.3%-32 7579 |n
particular, our group has exploited the reversibility of Michael-type reactions in the
presence of glutathione (GSH), a thiol-containing tripeptide localized in cellular
compartments or tumor microenvironments.®” Hydrogels prepared with arylthiol-
modified PEGs based on thiol-maleimide Michael-type addition showed significantly
more rapid degradation under conditions similar to those in intracellular compartments
and tumor microenvironments (10 mM GSH) than under reducing conditions in blood
circulation (10 uM GSH).”? Therefore, the incorporation of these GSH-responsive
arylthiol-maleimide linkages in nanogel synthesis suggests potential opportunities in the
development of nanoparticles for intracellular or targeted delivery of therapeutics with
increased stability in blood circulation. Considering the hydrophilic nature of these
nanogels, hydrophilic drugs and proteins could be incorporated into these systems via
physical encapsulation or chemical conjugation. Our ongoing studies have also
preliminarily shown that these nanogels have higher drug encapsulation efficiency
compared to liposome carriers due to their crosslinked network structure. Investigations
of such nanogel systems with stimuli responsiveness are underway and will be the

subject of future reports.
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4.4 Conclusions

Novel, well-defined lipid-coated polymer nanogels were successfully
synthesized via photo-triggered Michael-type addition using liposome templates. The
nanotemplate method offers facile control of the size of the nanogels and mild synthetic
conditions. The photo-triggered crosslinking and temporal control achieved by these
chemical strategies, confirmed by oscillatory rheology experiments, permit the
synthesis of these nanogel templates and suggest opportunities for expanding the tool-
box for photo-triggered Michael-type additions and patterning bulk gels via these
methods. Through surface modification with functional ligands such as targeting
moieties and cell penetration peptides, these nanogels provide a promising platform for

nanoparticle therapeutics.
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Chapter 5
CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions and Significance

Polyethylene glycol (PEG) hydrogels have been extensively used as matrices for
controlling drug delivery due to the versatility of the PEG macromer chemistry and its
excellent biocompatibility. In addition, the FDA approval of PEG has propelled the use
of PEG hydrogel-based materials in a number of medical products including wound
healing matrices, medical implants, and drug delivery depots. Spurred by these
advances, the overall goal of this dissertation work is to develop PEG-based hydrogel
matrices from bulk to nanoscale with unique physicochemical properties that are
tailored to different specific delivery applications, including local delivery, sequential
delivery and systemic delivery.

In the first part of this dissertation, hydrophilic and hydrolytically degradable
poly (ethylene glycol) (PEG) hydrogels were formed via Michael-type addition and
employed for sustained delivery of a monoclonal antibody against the protective antigen
of anthrax. Taking advantage of the PEG-induced precipitation of the antibody, burst
release from the matrix was avoided. These hydrogels were able to release active
antibodies in a controlled manner from 14 days to as long as 56 days in vitro by varying
the polymer architectures and molecular weights of the precursors. Analysis of the
secondary and tertiary structure and the in vitro activity of the released antibody showed
that the encapsulation and release did not affect the protein conformation or

functionality. These hydrolytically degradable PEG hydrogel systems, present a simple
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yet efficient strategy to provide protein stabilization and sustained release of protein
over an extended period of time, suggesting significant potential of such PEG-based
carriers in the long-term delivery of therapeutic molecules.

Subsequently, an advanced, stimuli-responsive hybrid hydrogel system was
developed by integrating liposome nanoparticles and PEG polymers into a unifying
hydrogel construct. The hybrid hydrogels were prepared by the Michael-type addition
of thiols with maleimides, via the use of maleimide-functionalized liposome cross-
linkers and thiolated PEG polymers. Gelation of the materials and the liposome-
crosslinking strategy were confirmed by oscillatory rheology experiments. These hybrid
hydrogels are rendered degradable upon exposure to thiol-containing molecules such as
glutathione (GSH), via the incorporation of selected thioether succinimide crosslinks
between PEG polymers and liposome nanoparticles. Dynamic light scattering (DLS)
characterization confirmed that intact liposomes were released upon network
degradation. Owing to the hierarchical structure of the network, multiple cargo
molecules relevant for chemotherapies, namely doxorubicin (DOX) and cytochrome c,
were encapsulated and simultaneously released from the hybrid hydrogels, with
differential release profiles that were driven by degradation-mediated release and
Fickian diffusion, respectively. This work introduces a facile approach for the
development of glutathione-responsive, liposome-crsoslinked hybrid hydrogel system
with unique physical and chemical properties that are absent in the individual building
block, providing a promising platform for the triggered and temporal release of multiple
therapeutic molecules.

Finally, novel, multifunctional lipid-coated polymer nanogels were prepared via

the use of liposome templates. With the incorporation of a photolabile o-nitrobenzyl
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protecting group, an initiator/catalyst-free, photo-triggered, Michael-type addition was
employed as the crosslinking method for nanogel network production. The photo-
sensitive gelation and temporal control of the crosslinking reaction were confirmed by
oscillatory rheology experiments of bulk hydrogels. The production of nanogels was
confirmed via dynamic light scattering and transmission electron microscopy. The
surface functionality of the lipid-coated nanogels was demonstrated by surface
modification with a reactive fluorescent dye. These multifunctional lipid-coated
nanogels, given the mild preparation conditions, ease of size control, and versatility of
the chemical linkages used as cross-links, have significant potential for use in polymeric

nanoparticulate drug delivery systems.

5.2 Future Directions

Recently, on-demand drug delivery is becoming feasible through the design of
stimuli-responsive systems that can respond to their microenvironment in a precise and
controlled way based on dynamic molecular interactions and reversible chemical
linkages.!® The glutathione-responsive, retro Michael reaction of arylthioether
succinimide linkages explored in the design of liposome-crosslinked hybrid hydrogels
in this work could be potentially applied to a wide range of other material platforms for
triggered and targeted release applications. Several prospective areas are described

below in details.

5.2.1 Dual Responsive PEG-Collagen-Like Peptide Physical Hydrogels
Synthetic collagen-like peptides (CLPs) have been shown to mimic the triple

helix conformation of native collagen and exhibit thermally reversible melting
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behavior.* > When heated above their melting temperature (Tm), the CLPs exist as single
strands that will completely reform the triple helix structure when cooled down below
the melting temperature.® The temperature-sensitive folding of CLP has been employed
to create hydrogels with temperature-sensitive macroscopic stability.” & Via the
conjugation of CLPs to other polymer systems (e.g. PEG), the triple helix formation
between different CLP molecules below Tm could lead to the physical crosslinking of
the polymer system, forming a self-supporting gel.® ° The non-covalent crosslinking
nature of these systems provides a route to fabricate hydrogel materials with shear-
thinning and self-healing properties, enabling minimally invasive injection applications
in controlled drug delivery.** 12 Further, reversible, temperature-sensitive gelation can
be achieved based on the melting of the triple helical crosslinks. Additionally, the
thermal stability of the collagen peptide-polymer hydrogel system can be modulated by

varying the CLP sequences.
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Figure 5.1 Schematic illustration of the thermo-reversible gelling behaviors and
chemical degradation of the PEG-CLP physical hydrogels.

With the incorporation of glutathione-sensitive arylthioether succinimide
linkages between collagen-like peptides and PEG polymers, dual responsive PEG-CLP

physical hydrogels can be developed (Figure 5.1). Similar to other existing PEG-CLP
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hybrid systems, the hydrogels can display reversible formation of a liquid-like state near
the melting temperature (Tm) of the collagen triple helix. More importantly, the physical
crosslinked network can undergo permanent chemical degradation at the presence of
glutathione (GSH), allowing targeted delivery of the encapsulated therapeutic

molecules and achieving clearance of the device when release is completed.
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(GP0O),,GG BMPS (N-B-maleimidopropyl-
oxysuccinimide ester) Maleimide-functionalized CLP
+
DMSO, 12h, R.T.
Dialysis at 80 °C
Glutathione-sensitive PEG-CLP 4-arm Aryl PEG-SH
Conjugate

Figure 5.2 Schematic illustration of the synthesis of glutathione(GSH)-sensitive PEG-
CLP conjugates.

As shown in Figure 5.2, the design of the dual responsive PEG-CLP hydrogels
is based on two major components: 4-arm arylthiolated PEG polymers (20 kDa) and
maleimide-functionalized CLPs. Specifically, CLPs with a (GPO)w sequence (G =
glycine, P = proline, O = hydroxyproline) will be modified with maleimide moieties via
the NHS ester reaction. The maleimide-functionalized CLPs will be subsequently
treated with 4-arm arylthiolated PEG polymers to produce PEG-CLP conjugates via the

thiol-maleimide Michael-type addition.
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Figure 5.3 Visual inspection of the reversible thermal gelling behaviors of the 5wt%
PEG-CLP hydrogels. The hydrogel is weakened into a liquid-like state at
80<C. Upon cooling, the liquid-like state rapidly transforms into a solid-
like, self-standing gel.

Preliminary studies of the hydrogels prepared from the resulting peptide-
polymer conjugates have shown reversible gelation behaviors when heated above 70C
(the melting temperature of (GPO)10 sequence)® and cooled down to room temperature.
As shown in Figure 5.3, the triple helices formed by the CLPs on the peptide-polymer
conjugates unfold at elevated temperature and completely liquefy at 80<C due to
disassembly of the physical crosslinks within the polymer network. Upon cooling, the
unfolded CLP population can re-anneal into stable triple helices, forming a self-standing,
elastic network. These results illustrate the physical crosslinking nature of the polymer
systems based on collagen triple helix structures and suggest opportunities for tuning
the degrees of crosslinking and delivery characteristics of the hydrogels at elevated
temperatures. Furthermore, the arylthioether succinimide linkages between CLP and
PEG can undergo the retro-Michael and thiol-exchange reactions in the presence of
GSH, introducing chemo-responsive degradability to this physical-crosslinked network
system. Images in Figure 5.4 have shown that the PEG-CLP hydrogels exhibit matrix

degradation overnight in 10 mM GSH solutions while remaining stable in PBS under
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the same timescale, confirming the GSH-sensitivity of the hydrogels. It is envisioned
that the temperature dependent elasticity and the GSH-triggered degradation of the
hydrogels could be leveraged to modulate the release properties of the materials and
achieve targeted delivery of therapeutic molecules under exogenous (temperature) and

endogenous (GSH) stimuli respectively.
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Figure 5.4 Visual inspection of the GSH-triggered degradation of the 5wt% PEG-CLP
hydrogels. Matrix degradation is observed in 10 mM GSH solutions after
incubation at 37<C overnight whereas the hydrogels remain intact and
stable in PBS under the same conditions.

5.2.2 Glutathione(GSH)-Sensitive Crosslinked Liposomes

Owing to their encapsulation capacity, chemical versatility and formulation
flexibility, liposomes have become a leading drug delivery platform with a wide range
of formulations and products under clinical use, such as Doxil and Myocet.!*1°> Recently,
crosslinked multilamellar liposomes have been developed to offer stable encapsulation
of various proteins and small molecule drugs and achieve a controlled and sustained rate
of release over the course of weeks to months.'®*® Considering the abundance and

overproduction of GSH (~10 mM, 1000-fold increase comparing to the concentration
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in blood circulation) in tumor microenvironments due to increased cellular
proliferation,® 2 the arylthioether succinimide linkages can be used as GSH-sensitive
crosslinks within liposomes, offering triggered release characteristics for enhanced
therapeutic efficacy. Furthermore, the cleavage rate of the arylthioether succinimide
adducts has been demonstrated to be significantly lower than that of the analogous
cleavage of disulfide linkages (10-100 times reduction in rate),?" 22 enabling expanded
timescales of therapeutic release from these nanocarriers. It is anticipated that these
GSH-sensitive crosslinked liposomes could serve as a delivery vehicle to transport
therapeutics to a tumor via intravenous injection, providing a useful alternative and
addition to the locally injectable liposome-crosslinked hybrid hydrogels discussed in

Chapter 3.
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Figure 5.5 Schematic illustration of the design of GSH-sensitive, surface-crosslinked
liposomes.
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Figure 5.6 Schematic illustration of the stability of surface-crosslinked liposomes
against Triton X-100 and GSH-triggered particle disassembly in Triton X-
100.

Similar to the formation of liposome-crosslinked hybrid hydrogels, the design
of GSH-sensitive, surface-crosslinked liposomes is based on arylthiolated PEG
polymers and maleimide-functionalized liposomes. Specifically, linear arylthiolated
PEG polymers (3.4 kDa) will be used as crosslinkers to react with maleimide-modified
liposomes (1.5 mM) via Michael-type addition (SH:Mal = 2:1 molar ratio), creating a
crosslinked polymer layer on the surface of the liposomes (Figure 5.5). Due to the
reversibility of the arylthioether succinimide linkages, the crosslinked PEG polymers,
which creates a diffusion barrier at the liposome surface, can be degraded in the
presence of GSH, achieving triggered and targeted release of therapeutic molecules

encapsulated in the liposomes. The successful crosslinking of the liposomes and their
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GSH sensitivity will be explored via the addition of Triton X-100, a nonionic detergent
that solubilizes lipid bilayers. We hypothesize that the liposomes with surface
crosslinking features will remain stable after the addition of Triton, while the
crosslinked polymer surface will undergo degradation in GSH, leading to particle

disassembly as a result of lipid solubilization with the addition of Triton. (Figure 5.6).
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Figure 5.7 Dynamic light scattering (DLS) characterization of various liposome
samples: a) surface crosslinked liposomes; b) surface crosslinked
liposomes with 5 mM Triton X-100; c) surface crosslinked liposomes with
5 mM Triton X-100 and 10 mM GSH.

Preliminary DLS studies of the liposomes shown in Figure 5.7 have confirmed
the surface crosslinking strategy and GSH-responsiveness. The crosslinked liposomes
exhibit a monodispersed size distribution with an average diameter of approximately 75
nm (Figure 5.7a). After the addition of Triton, the liposome peak remains, confirming
the increased particle stability and the success of surface crosslinking (Figure 5.7b). The
size increase of the liposomes after Triton addition could be explained by the possible
aggregation of mixed bilayers and mixed micelles. With the simultaneous addition of
Triton and GSH, the intensity of the liposome peak decreases significantly, indicative

of the disassembly of the crosslinked liposomes at the presence of GSH (Figure 5.7¢).
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Exploratory drug delivery studies will be carried out by loading the crosslinked
liposomes with doxorubicin (DOX, drug-to-lipid ratio of ~1:1.5) and monitoring the in
vitro release profiles via dialysis in GSH and PBS respectively. As shown in Figure 5.8,
DOX is released rapidly in 10 mM GSH solutions, with approximately 85% release in
4 weeks, commensurate with the degradation of crosslinked PEG polymers on the
surface. On the other hand, DOX is released in a more sustained manner in PBS, with
merely 30% release under the same timescale, confirming the GSH-selectivity of the
release process. It is expected that these surface-crosslinked liposomes can maintain
their stability in circulation and rapidly release their payloads upon arrival at the site of
disease where GSH is at elevated levels, offering significant opportunities for targeted

delivery of therapeutics in cancer therapy.
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Figure 5.8 In vitro DOX release profiles from surface crosslinked liposomes at 37 <C
in 10 mM GSH and PBS respectively.

156



REFERENCES

1. Mura, S.; Nicolas, J.; Couvreur, P., Stimuli-responsive nanocarriers for drug
delivery. Nat. Mater. 2013, 12, (11), 991-1003.

2. Delplace, V.; Nicolas, J., Degradable vinyl polymers for biomedical applications.
Nat. Chem. 2015, 7, (10), 771-784.

3. Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Muller, M.; Ober, C.; Stamm, M.;
Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban, M.; Winnik, F.; Zauscher, S.;
Luzinov, I.; Minko, S., Emerging applications of stimuli-responsive polymer materials.
Nat. Mater. 2010, 9, (2), 101-113.

4, Holmgren, S. K.; Taylor, K. M.; Bretscher, L. E.; Raines, R. T., Code for
collagen's stability deciphered. Nature 1998, 392, (6677), 666-667.

5. Kotch, F. W.; Raines, R. T., Self-assembly of synthetic collagen triple helices.
P Natl Acad Sci USA 2006, 103, (9), 3028-3033.

6. Mo, X.; An, Y. J,; Yun, C. S;; Yu, S. M., Nanoparticle-assisted visualization of
binding interactions between collagen mimetic peptide and collagen fibers. Angew.
Chem. Int. Ed. 2006, 45, (14), 2267-2270.

7. Stahl, P. J.; Romano, N. H.; Wirtz, D.; Yu, S. M., PEG-Based Hydrogels with
Collagen Mimetic Peptide-Mediated and Tunable Physical Cross-Links.
Biomacromolecules 2010, 11, (9), 2336-2344.

8. Perez, C. M. R.; Panitch, A.; Chmielewski, J., A Collagen Peptide-Based
Physical Hydrogel for Cell Encapsulation. Macromol. Biosci. 2011, 11, (10), 1426-1431.

9. Yamazaki, C. M.; Asada, S.; Kitagawa, K.; Koide, T., Artificial Collagen Gels
via Self-Assembly of De Novo Designed Peptides. Biopolymers 2008, 90, (6), 816-823.

10. Matsusaki, M.; Amekawa, R.; Matsumoto, M.; Tanaka, Y.; Kubota, A.; Nishida,
K.; Akashi, M., Physical and Specific Crosslinking of Collagen Fibers by
Supramolecular Nanogelators. Adv. Mater. 2011, 23, (26), 2957-2961.

11.  Yu, L.; Ding, J. D., Injectable hydrogels as unique biomedical materials. Chem.
Soc. Rev. 2008, 37, (8), 1473-1481.

157



12.  Webber, M. J.; Appel, E. A.; Meijer, E. W.; Langer, R., Supramolecular
biomaterials. Nat. Mater. 2016, 15, (1), 13-26.

13. Perez, C. M. R.; Rank, L. A.; Chmielewski, J., Tuning the thermosensitive
properties of hybrid collagen peptide-polymer hydrogels. Chem. Commun. 2014, 50,
(60), 8174-8176.

14.  Torchilin, V. P., Recent advances with liposomes as pharmaceutical carriers.
Nat. Rev. Drug Discov. 2005, 4, (2), 145-160.

15. Gao, W. W.; Hu, C. M. J; Fang, R. H.; Zhang, L. F., Liposome-like
nanostructures for drug delivery. J. Mater. Chem. B 2013, 1, (48), 6569-6585.

16.  Moon, J. J.; Suh, H.; Bershteyn, A.; Stephan, M. T.; Liu, H. P.; Huang, B.; Sohail,
M.; Luo, S.; Um, S. H.; Khant, H.; Goodwin, J. T.; Ramos, J.; Chiu, W.; Irvine, D. J.,
Interbilayer-crosslinked multilamellar vesicles as synthetic vaccines for potent humoral
and cellular immune responses. Nat. Mater. 2011, 10, (3), 243-251.

17.  Joo, K. I.; Xiao, L.; Liu, S. L.; Liu, Y. R.; Lee, C. L.; Conti, P. S.; Wong, M. K;;
Li, Z. B.; Wang, P., Crosslinked multilamellar liposomes for controlled delivery of
anticancer drugs. Biomaterials 2013, 34, (12), 3098-3109.

18. Liu, Y. R.; Fang, J. X.; Kim, Y. J.; Wong, M. K.; Wang, P., Codelivery of
Doxorubicin and Paclitaxel by Cross-Linked Multilamellar Liposome Enables
Synergistic Antitumor Activity. Mol. Pharmaceut. 2014, 11, (5), 1651-1661.

19. Yeh, C. C.; Hou, M. F.; Wu, S. H.; Tsai, S. M,; Lin, S. K.; Hou, L. A.; Ma, H.;
Tsai, L. Y., A study of glutathione status in the blood and tissues of patients with breast
cancer. Cell Biochem. Funct. 2006, 24, (6), 555-559.

20.  Traverso, N.; Ricciarelli, R.; Nitti, M.; Marengo, B.; Furfaro, A. L.; Pronzato,
M. A.; Marinari, U. M.; Domenicotti, C., Role of Glutathione in Cancer Progression
and Chemoresistance. Oxid Med Cell Longev 2013.

21.  Baldwin, A. D.; Kiick, K. L., Tunable Degradation of Maleimide-Thiol Adducts
in Reducing Environments. Bioconjugate Chem. 2011, 22, (10), 1946-1953.

22. Baldwin, A. D.; Kiick, K. L., Reversible maleimide-thiol adducts yield
glutathione-sensitive poly(ethylene glycol)-heparin hydrogels. Polym. Chem. 2013, 4,
(1), 133-143.

158



Appendix
COPYRIGHT PERMISSION FOR REPRINT OF PUBLISHED ARTICLES

Chapter 1

Figure 1.2

Title: Emerging Frontiers in Drug Delivery

Author: Mark W. Tibbitt, James E. Dahlman, Robert Langer
Publication: Journal of the American Chemical Society
Publisher: American Chemical Society

Date: Jan 1, 2016

Copyright © 2016, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to

you because no fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and
translations.

If figures and/or tables were requested, they may be adapted or used in part.

Please print this page for your records and send a copy of it to your publisher/graduate
school.

Appropriate credit for the requested material should be given as follows: "Reprinted

(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright

159



(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please

submit a new request.

Figure 1.3

Figure 1.3 A

Licensee: Yingkai Liang

License Date: May 24, 2016

License Number: 3875540368950

Publication: Nature Communications

Title: Moving from static to dynamic complexity in hydrogel design
Type of Use: reuse in a dissertation / thesis

Total: 0.00 USD

Your order details and publisher terms and conditions are available by clicking the

link below:
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=620831b0-656e-4bbf-808d-
7d6664eb6e4l

160


http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=620831b0-656e-4bbf-808d-7d6664eb6e41
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=620831b0-656e-4bbf-808d-7d6664eb6e41

Figure 1.3B

Title: Selective Proteolytic Degradation of Guest—-Host Assembled, Injectable
Hyaluronic Acid Hydrogels

Author: Christopher B. Rodell, Ryan J. Wade, Brendan P. Purcell, et al
Publication: ACS Biomaterials Science & Engineering

Publisher: American Chemical Society

Date: Apr 1, 2015

Copyright © 2015, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to

you because no fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and
translations.

If figures and/or tables were requested, they may be adapted or used in part.

Please print this page for your records and send a copy of it to your publisher/graduate
school.

Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the

capitalized words.

161



One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please

submit a new request.

Figure1.3C

Licensee: Yingkai Liang

License Date: May 24, 2016

License Number: 3875541102863

Publication: Soft Matter

Title: Dextran based photodegradable hydrogels formed via a Michael addition
Type of Use: Thesis/Dissertation

Total: 0.00 USD

Your order details and publisher terms and conditions are available by clicking the
link below:

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=al76cc44-9060-4755-b1b5-

92d916ccedab

Figure 1.3 D

Licensee: Yingkai Liang

License Date: May 24, 2016
License Number: 3875541193581

Publication: Polymer Chemistry

162


http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=a176cc44-9060-4755-b1b5-92d916cce4a5
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=a176cc44-9060-4755-b1b5-92d916cce4a5

Title: Reversible maleimide-thiol adducts yield glutathione-sensitive poly(ethylene
glycol)-heparin hydrogels

Type of Use: Thesis/Dissertation

Total: 0.00 USD

Your order details and publisher terms and conditions are available by clicking the
link below:

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=9931d6c6-f3da-4d6¢c-931f-

c0a59714ed7e

Figure 1.5

Figure 1.5 A

This ACS article is provided to You under the terms of this Standard ACS
AuthorChoice/Editors’ Choice usage agreement between You and the American
Chemical Society (“ACS”), a federally-chartered nonprofit located at 1155 16th Street
NW, Washington DC 20036. Your access and use of this ACS article means that you
have accepted and agreed to the Terms and Conditions of this Agreement. ACS and You

are collectively referred to in this Agreement as “the Parties”).

1. SCOPE OF GRANT
ACS grants You non-exclusive and nontransferable permission to access and use this

ACS article subject to the terms and conditions set forth in this Agreement.

163


http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=9931d6c6-f3da-4d6c-931f-c0a59714ed7e
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=9931d6c6-f3da-4d6c-931f-c0a59714ed7e

2. PERMITTED USES

a. For non-commercial research and education purposes only, You may access,
download, copy, display and redistribute articles as well as adapt, translate, text and data
mine content contained in articles, subject to the following conditions:

i. The authors' moral right to the integrity of their work under the Berne Convention
(Article 6bis) is not compromised.

ii. Where content in the article is identified as belonging to a third party, it is your
responsibility to ensure that any reuse complies with copyright policies of the owner.
iii. Copyright notices or the display of unique Digital Object Identifiers (DOI’s), ACS
or journal logos, bibliographic (e.g. authors, journal, article title, volume, issue, page
numbers) or other references to ACS journal titles, web links, and any other journal-
specific “branding” or notices that are included in the article or that are provided by the
ACS with instructions that such should accompany its display, should not be removed
or tampered with in any way. The display of ACS AuthorChoice or ACS Editors’
Choice articles on non-ACS websites must be accompanied by prominently displayed
links to the definitive published versions of those articles on the ACS website.

iv. Any adaptations for non-commercial purposes must prominently link to the
definitive published version on the ACS website and prominently display the statement:
“This is an unofficial adaptation of an article that appeared in an ACS publication. ACS
has not endorsed the content of this adaptation or the context of its use.”

v. Any translations for non-commercial purposes, for which a prior translation
agreement with ACS has not been established, must prominently link to the definitive

published version on the ACS website and prominently display the statement: “This is

164



an unofficial translation of an article that appeared in an ACS publication. ACS has not

endorsed the content of this translation or the context of its use.”

b. Each time You distribute this ACS article or an adaptation, ACS offers to the recipient
a license to this ACS article on the same terms and conditions as the license granted to

You under this License.

c. For permission to use ACS copyrighted articles beyond that permitted here, visit:

http://pubs.acs.org/copyright/permissions.html

Figure1.5B

Licensee: Yingkai Liang

License Date: May 24, 2016

License Number: 3875550631554

Publication: Nature Communications

Title: Self-assembled hydrogels utilizing polymer-nanoparticle interactions
Type of Use: reuse in a dissertation / thesis

Total: 0.00 USD

Your order details and publisher terms and conditions are available by clicking the
link below:

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=c7cfff05-ede6-42e7-8424-

40763878d74f

165


http://pubs.acs.org/copyright/permissions.html
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=c7cfff05-ede6-42e7-8424-40763878d74f
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=c7cfff05-ede6-42e7-8424-40763878d74f

Figure1.5C

Licensee: Yingkai Liang

License Date: May 24, 2016

License Number: 3875550763714

Publication: Advanced Healthcare Materials

Title: A Hybrid Hydrogel Biomaterial by Nanogel Engineering: Bottom-Up Design
with Nanogel and Liposome Building Blocks to Develop a Multidrug Delivery System
Type of Use: Dissertation/Thesis

Total: 0.00 USD

Your order details and publisher terms and conditions are available by clicking the
link below:

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=03aa083b-832c-4f1c-a85f-

89715¢c327182

Figure 1.6

Licensee: Yingkai Liang

License Date: May 24, 2016

License Number: 3875550896576

Publication: Nature Nanotechnology

Title: Nanocarriers as an emerging platform for cancer therapy
Type of Use: reuse in a dissertation / thesis

Total: 0.00 USD

166


http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=03aa083b-832c-4f1c-a85f-89715c327182
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=03aa083b-832c-4f1c-a85f-89715c327182

Your order details and publisher terms and conditions are available by clicking the
link below:

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=b1285f8f-b7a8-4df1-86e7-

56409871247

Figure 1.7

Figure 1.7 A

Title: Multifunctional Nanogels for siRNA Delivery
Author: Michael H. Smith, L. Andrew Lyon
Publication: Accounts of Chemical Research
Publisher: American Chemical Society

Date: Jul 1, 2012

Copyright © 2012, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to

you because no fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and

translations.

If figures and/or tables were requested, they may be adapted or used in part.

Please print this page for your records and send a copy of it to your publisher/graduate

school.

167


http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=b1285f8f-b7a8-4df1-86e7-56e409871247
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=b1285f8f-b7a8-4df1-86e7-56e409871247

Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please

submit a new request.

Figures1.7Band 1.7 C

Licensee: Yingkai Liang

License Date: May 24, 2016

License Number: 3875560132784

Publication: The Chemical Record

Title: Nanogel engineering for new nanobiomaterials: from chaperoning engineering to
biomedical applications

Type of Use: Dissertation/Thesis

Total: 0.00 USD

Your order details and publisher terms and conditions are available by clicking the link
below:

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=3294a26e-3b73-41ff-91e8-

b3c7f183dcOb

168


http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=3294a26e-3b73-41ff-91e8-b3c7f183dc0b
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=3294a26e-3b73-41ff-91e8-b3c7f183dc0b

Chapter 2

Reproduced in its entirety from:

Licensee: Yingkai Liang

License Date: May 24, 2016

License Number: 3875560685958

Publication: Journal of Biomedical Materials Research

Title: Controlled release of an anthrax toxin-neutralizing antibody from hydrolytically
degradable polyethylene glycol hydrogels

Type of Use: Dissertation/Thesis

Total: 0.00 USD

Your order details and publisher terms and conditions are available by clicking the link
below:

http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=b87f1d61-8fc4-4672-bafa-

29ed6bdadb77

Chapter 3

Reproduced in its entirety from:

Title: Liposome-Cross-Linked Hybrid Hydrogels for Glutathione-Triggered Delivery of
Multiple Cargo Molecules

Author: Yingkai Liang, Kristi L. Kiick

Publication: Biomacromolecules

Publisher: American Chemical Society

169


http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=b87f1d61-8fc4-4672-bafa-29ed6bda4b77
http://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=b87f1d61-8fc4-4672-bafa-29ed6bda4b77

Date: Feb 1, 2016

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to

you because no fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and
translations.

If figures and/or tables were requested, they may be adapted or used in part.

Please print this page for your records and send a copy of it to your publisher/graduate
school.

Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please

submit a new request.

Chapter 4

Reproduced in its entirety from:

Multifunctional lipid-coated polymer nanogels crosslinked by photo-triggered
Michael-type addition

Y. Liang and K. L. Kiick, Polym. Chem., 2014, 5, 1728

170



DOI: 10.1039/C3PY01269G
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
Material from this article can be used in other publications provided that the correct

acknowledgement is given with the reproduced material.

Reproduced material should be attributed as follows:

For reproduction of material from NJC:

[Original citation] - Published by The Royal Society of Chemistry (RSC) on behalf of
the Centre National de la Recherche Scientifiqgue (CNRS) and the RSC.

For reproduction of material from PCCP:

[Original citation] - Published by the PCCP Owner Societies.

For reproduction of material from PPS:

[Original citation] - Published by The Royal Society of Chemistry (RSC) on behalf of
the European Society for Photobiology, the European Photochemistry Association,
and RSC.

For reproduction of material from all other RSC journals:

[Original citation] - Published by The Royal Society of Chemistry.

Information about reproducing material from RSC articles with different licences is

available on our Permission Requests page.

171



