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Abstract

Synthesis and Biological Evaluation of Acid-Degradable Polymeric Materials for Pulmonary
Gene Delivery

by
Jessica Lynn Cohen
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Jean M. J. Fréchet, Chair

RNA interference (RNAI) represents a promising method for the treatment and prevention of
disease. Due to the tremendous potential of RNAI as a therapeutic strategy, there has been
significant interest in the development of delivery vehicles which could efficiently deliver
siRNA and reduce the expression of a protein of interest. Unfortunately, translation of the
potential of SiRNA into the clinic is limited by the lack of safe and effective delivery systems.
Because of their tunability and synthetic addressability, acid-degradable polymeric materials
represent a promising approach for the delivery of siRNA and are the subject of this dissertation.
Acid-sensitive systems have particularly desirable characteristics, as payload release can be
triggered in response to endosomal acidification upon uptake. In particular, we describe the
development, functionalization, and biological evaluation of biodegradable polymer systems
which can efficiently deliver siRNA therapeutics to non-phagocytic cells. Specific emphasis is
placed on the development of materials that have optimal physicochemical properties for
pulmonary delivery.

Chapter 1 introduces various delivery strategies for siRNA therapeutics and discusses the
basics of RNA interference. Additionally, the field of polymeric particulate siRNA carriers is
reviewed, with an overview of relevant design criteria for materials intended for pulmonary
administration. The advantages of systems capable of triggered payload release are discussed,
with an emphasis on acid-sensitive carrier systems. Two acid-sensitive particle systems
developed by our group are described.

In Chapter 2, the synthesis of acid-sensitive, acrylamide-based microparticles containing a
cell-penetrating peptide (CPP) is discussed. Particles functionalized with a polyarginine CPP are
prepared and evaluated for their ability to deliver a model therapeutic payload to non-phagocytic
cells. The importance of CPP incorporation on cellular uptake in vitro is investigated in lung
epithelial cells. The modification of the microparticles with CPPs greatly improved their uptake
by non-phagocytic cells in culture without inducing any cytotoxic effects.

Chapter 3 discusses the role of particle size and functionalization with cationic CPPs on
pulmonary delivery using hydrogel particles. The optimal particle design parameters for
pulmonary delivery are investigated and the fate of model particles following intratracheal
administration is studied by several techniques. Particles are characterized to determine their in
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vivo behavior in terms of lung retention, localization within specific cell types, and potential for
inducing inflammatory responses. We found that altering both size and surface functionalization
significantly affected the in vivo behavior of the particle system.

In Chapter 4, we describe the synthesis of a second-generation biocompatible, acid-sensitive
particle system for siRNA delivery. The synthesis of spermine-modified acetalated-dextran
(Spermine-Ac-DEX) is presented and the preparation of particles with high siRNA loading
efficiency is described. The ability of these particles to silence protein expression in vitro is
investigated. Spermine-Ac-DEX particles demonstrated efficient gene knockdown in a model
cell line with minimal toxicity.

Chapter 5 investigates the synthesis and biological evaluation of functionalizable, acetal-
modified dextran, a modular system with tunable functionality, degradation rate, and degree of
modification. The preparation of acid-degradable, amine-functionalized dextran is described and
the role of type of amine modification (primary, secondary, or tertiary amine) and degradation
rate on the efficacy of siRNA delivery is studied in vitro. Altering both the type of amine as well
as the degradation rate significantly affected the transfection efficiency. We found that two of the
amine-dextrans were able to efficiently deliver siRNA and lead to gene silencing in HeLa-luc
cells.
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Chapter 1 — Polymeric Materials Used in Gene Delivery
Applications

Abstract

Gene therapy has enormous potential for the treatment or prevention of various diseases,
including cancer, viral infections, and a number of inherited and acquired diseases. RNA
interference (RNAI), in particular, has emerged as a promising therapeutic strategy for the
treatment of diseases that are otherwise "undruggable" with current therapeutic technology. The
discovery that synthetic small interfering RNA (siRNA) could achieve sequence-specific gene
knockdown in mammalian cells by exploiting the RNAi1 machinery has lead to a surge of
research using RNAI in therapeutic applications. However, the widespread use of siRNA for
disease prevention and treatment is hindered by the lack of clinically suitable, safe, and effective
delivery vehicles. This chapter introduces the concept of RNA interference and gives an
overview of the mechanism of RNAi and some of the obstacles to efficient delivery of siRNA
therapeutics. A brief discussion of various strategies currently under investigation for the
delivery of siRNA is presented, and the field of pulmonary delivery is reviewed. In particular,
this chapter focuses on the design of novel polymeric particulate carriers for the encapsulation
and intracellular delivery of siRNA. We describe the development of advanced particulate
systems capable of releasing their cargo in response to specific stimuli present in the intracellular
environment, with an emphasis on acid-degradable systems. Finally, we highlight some of the
current clinical trials being performed using siRNA for the treatment of human disease.

Introduction

RNA interference (RNAi) has gained significant attention since its discovery about 20
years ago. The first study to describe the phenomenon of RNAi appeared in 1998 when Andrew
Fire and Craig Mello reported the ability of double-stranded RNA to silence gene expression in
the nematode worm Caenorhabditis elegans.! RNAi was rapidly developed as a tool to study
gene function, and was found to occur in protozoa and almost all higher eukaryotes tested.” In
2001, Tuschl et al. published a landmark paper demonstrating that synthetic small interfering
RNA (siRNA) could achieve gene knockdown in a mammalian cell line* and the first successful
use of siRNA for gene silencing in mice was achieved for a hepatitis C target shortly thereafter.’
In 2006, the Nobel Prize in Physiology and Medicine was awarded to Fire and Mello for their
groundbreaking discovery of RNAi. Because of its significant potential in a wide range of
disciplines, RNAI is viewed as one of the most important recent discoveries in biology.°

RNAI is a powerful research tool for the elucidation of gene function in both health and
disease. Besides the analysis of the function of individual genes, RNAi is now widely used in
high-throughput screens in both basic and applied biology.”* Several RNAi screens have been
conducted using long dsRNA in C. elegans and Drosophila melanogaster.”'® These screens have
identified genes involved in fundamental processes such as cell division, apoptosis and cell
morphology, and physiological processes such as fat metabolism. The sequencing of the human
genome has catalogued most of the genes expressed in humans. This sequencing information has
opened up the potential to silence almost any gene in the human genome. Thus, RNAi can be
used to provide a direct causal link between gene sequence and functional data in the form of
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targeted loss-of-function phenotypes.'” Large scale RNAi screens conducted in mammalian
tissue culture cells have identified genes involved in apoptosis, signaling, cell division, and
regulation of protein stability.zo'23 In addition, because RNAi allows for the rapid and efficient
suppression of the expression of any protein in almost any type of cell, its use can expedite the
evaluation of candidate targets for drug development.**2

In addition to its use as a tool in basic research and drug target validation, RNAI is an
attractive therapeutic strategy for the treatment of a variety of diseases, including viral infections,
cancer, as well as inherited and acquired diseases. Many of these diseases are characterized by
the inappropriate activity of specific genes, and the selective silencing of such genes using RNAi
represents a potential therapeutic strategy. The first proof-of-principle experiment demonstrating
the therapeutic potential of siRNA showed that delivery of siRNA targeting Fas could protect
mice from fulminant hepatitis.”’ Since this first report, a large number of publications
demonstrating the successful application of RNAi in the treatment of disease have been
published.”®>> It has been reported that synthetic siRNAs are capable of knocking down targets
in various diseases in vivo, including liver cirrhosis, hepatitis B virus (HBV), human
papillomavirus, ovarian cancer, and bone cancer.® However, the major challenge in the clinical
translation of RNALI is effective delivery.

A variety of strategies have been reported for the delivery of siRNA-based therapeutics
(see below). In this chapter, we focus on polymeric particulate vehicles used for the delivery of
siRNA, with a focus on strategies for effective pulmonary delivery. We first give a brief
overview of the rapidly growing field of RNA interference, including a review of the basics of
RNAi1 and some of the challenges faced. We present an overview of some other delivery
strategies under investigation for the delivery of siRNA. In addition, we highlight novel
polymers and materials that have been designed to overcome several of the obstacles to efficient
siRNA delivery. We conclude with a summary of the current clinical trials being performed
using siRNA for the treatment of a variety of diseases in humans.

Overview of RNA interference (RNAI)

RNA interference (RNAi) has drawn much attention in the field of medicine due to its
potential for treating chronic diseases and genetic disorders by harnessing the endogenous RNAi
pathway.””™ RNAi is a post-transcriptional biological mechanism wherein double-stranded
RNA (dsRNA) inhibits gene expression in a sequence-dependent manner through degradation of
the corresponding mRNA.*** Once the dsRNA is present in the cytoplasm of the cell, it is
shortened and processed by the RNAse III enzyme, Dicer, resulting in a 21-23 nucleotide (nt)
dsRNA duplex with symmetric 2- to 3-nt 3’ overhangs.***® Subsequently, the dsRNA is
incorporated into a multi-subunit protein complex called the RNA-induced silencing complex
(RISC).*” One of the two strands of the short, double-stranded RNA is cleaved, and the activated
RISC (which contains the guide strand of the RNA) binds to a complementary sequence of
mRNA and results in its degradation.*® The activated RISC is capable of multiple rounds of
mRNA cleavage, which propagates gene silencing.49 Due to its potential to silence genes in a
sequence-specific manner, RNAi holds promise for treating many diseases that may not
otherwise be accessed with current therapeutic technology.”

Various approaches have been developed that allow for exploitation of the RNAi process.
In mammalian cells, RNAi can be triggered by exogenous synthetic small interfering RNA
(siRNA), double-stranded RNAs that are typically 19-23 base pairs in length.**' They guide the
degradation of the cognate mRNA sequence, thus inhibiting the production of the corresponding
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protein. Synthetic siRNA can be designed to target nearly any gene in the body, and is therefore
attractive for a variety of medical applications. Previous reports have demonstrated that synthetic
siRNAs are capable of knocking down targets in several diseases in Vvivo, including hepatitis B
virus, human papillomavirus, and ovarian cancer.’® Despite great therapeutic potential, the
clinical application of siRNA is limited by delivery problems.

Extracellular and Intracellular Barriers to the Efficient Use of sSiRNA

A number of extracellular and intracellular barriers limit the use of siRNA as a
therapeutic agent. The extracellular barriers to siRNA delivery depend upon the route of
administration (e.g. intravenous, intranasal, intratracheal, subcutaneous, etc.) which, in turn,
depends upon the targeted disease. One of the major barriers to efficient siRNA delivery is the
lack of stability under in vivo conditions due to rapid degradation by serum nucleases and
enzymes.”> Even after reaching its target tissue, siRNA faces several barriers to efficient gene
silencing. siRNA does not cross cellular membranes efficiently due to its relatively large size,
negative charge, and hydrophilicity. Endocytosis is the main cellular uptake pathway used in the
delivery of siRNA. However, in order to perform its function, siRNA needs to escape from the
endosomal compartment and reach the cytoplasm of the cell where it can associate with the
RISC complex. In addition, during the process of endosomal trafficking, the siRNA is exposed to
degradative enzymes, including nucleases. Therefore the therapeutic siRNA must be able to exit
from the endosomes/lysosomes before it is degraded. Thus, the widespread use of RNAIi
therapeutics for disease prevention and treatment requires the development of clinically suitable,
safe, and effective delivery vehicles.”® Even though significant advances have been made in the
field, the development of vehicles that can efficiently deliver RNAI therapeutics both in vitro and
in vivo remains a major challenge.

Characteristics of an Ideal Delivery System for siRNA

There are obviously a large number of challenges and parameters to consider when
designing a delivery system for siRNA delivery. Here we outline a set of guiding principles to
keep in mind when developing a new vector. In order to induce effective RNAI, these vehicles
must overcome a variety of extracellular and intracellular obstacles. They should provide
protection against nuclease activity and facilitate internalization and intracellular trafficking of
the siRNA.* The vector should facilitate endosomal escape of the siRNA into the cytoplasm, the
site of action of the RNAi1 machinery. Once in the cytoplasm, the carrier should dissociate from
the siRNA to allow for binding to the RISC complex. This can be accomplished by using a
vector that is responsive to either external or internal stimuli. Ideally the vector will be cost
effective to produce and not cause any unwanted toxicity or immunogenicity. Finally, the carrier
should be composed of biocompatible/biodegradable materials that can be readily cleared from

the body.

Differences from DNA Delivery

Studies in non-viral DNA gene therapy have been ongoing for years and many of the
delivery systems designed for DNA delivery are being adapted to siRNA delivery. Although
siRNA and plasmids can be applied to achieve similar functional outcomes, siRNA and plasmids
have major intrinsic structural differences.”® For example, while plasmids often involve several
thousand base pairs, siRNA is typically much shorter, usually 19-23 base pairs in length. In
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addition, the persistence length (the length scale over which the chains behave as rigid rods) of
double-stranded DNA and RNA is different. While the persistence length of dsSDNA is ~50 nm,
that of double-stranded RNA is ~70 nm, making RNA a stiffer molecule.’® Due to their structural
differences and because the site of action of siRNA is the cytosol and not the nucleus, as in the
case of DNA, carriers that are shown to effectively deliver plasmids are not necessarily optimal
for siRNA transfection, and vice versa. Therefore, the successful delivery of siRNA requires
unique considerations and strategies.”>"°

Delivery Strategies for siRNA

Given the potential of siRNA in both basic research and medical applications, a variety of
strategies have been developed for its delivery. Presented in the following sections are some
examples of strategies used in the delivery of siRNA both in vitro and in vivo. Each of these
delivery strategies has advantages and disadvantages, respectively, and the choice of an
appropriate delivery vector should be based on the intended target organ and disease. Significant
progress has been made in the delivery of siRNA therapeutics as evidenced by a number of
clinical trials being performed using siRNA (see below). Despite these advances, several
challenges to the clinical translation of siRNA remain and, thus, motivate the investigation of
alternative siRNA delivery systems that may be able to overcome these obstacles. A particularly
attractive delivery strategy is the use of polymeric materials and polymer-based microparticles.
The design, synthesis, and biological evaluation of acid-degradable polymeric materials for
siRNA delivery is the subject of the remaining chapters of this work. Therefore, we conclude this
section with an overview of two acid-degradable particle systems developed in our laboratory.

Chemical Modification of SIRNA

Chemically-modified siRNA can be used to overcome many of the challenges associated
with the successful delivery of siRNA, including short half-life in vivo, biodistribution, and
potency.”” A wide variety of modifications to the backbone, base, and sugar of the siRNA have
been reported so far.>’*”"*%? Numerous reports have demonstrated that chemically-modified
siRNAs can silence endogenous genes both in vitro and in vivo, and there are several reviews
that cover the use of modified siRNAs.””**** The most promising siRNA conjugates for siRNA
delivery in vivo involve the attachment of cholesterol or aptamers to one of the RNA strands. For
example, conjugation of siRNA to cholesterol or other lipid-like moieties can promote
distribution and cellular uptake of the siRNA and lead to efficient gene silencing in vivo.®®’
Aptamers can be attached to siRNA to target delivery to specific cells in vivo.*® Promising in
vitro and in vivo results have been obtained using siRNA directly linked to a prostate-specific
membrane antigen aptamer.

Viral Vectors

Viral-based vectors have been widely studied for the delivery of genetic material due to
their relatively high transfection efficiency compared to non-viral vectors. Such high efficiency
is due to the fact that viruses have evolved biological mechanisms that allow them to efficiently
enter and deliver their genetic material to target cells. The most common viral vectors for
delivery of RNAI therapeutics include adenoviral,’™’" lentiviral,”*"® and retroviral vectors.’*"
Although viral vectors are very efficient, they can cause immunogenic and inflammatory
responses, ' which raise concerns about their safety as delivery vectors. This has led to
increasing research efforts focused on the design of efficient non-viral delivery systems. Non-
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viral vectors provide opportunities for improved safety, greater flexibility, and more facile
manufacturing.

Dendrimer-Based Vectors

The most widely studied dendrimer-based vector for siRNA delivery is the
polyamidoamine (PAMAM) dendrimer.”*® Early studies with PAMAM dendrimers
demonstrated that increasing the dendrimer generation significantly enhanced siRNA delivery
efficiency, however, also increased cytotoxicity. Since then, several groups have evaluated the
influence of a variety of modifications on the cytotoxicity and transfection efficiency of
PAMAM dendrimers.**™ Modified PAMAM dendrimers often display improved transfection
efficiencies and reduced cytotoxicity compared to unmodified PAMAM dendrimers.

Several other dendrimer-based vectors have been described in the literature.*>* Since a
large diversity of modifications exist to alter the properties of dendrimers, the development of
structure-activity relationships will aid in the design of optimal dendrimers for siRNA
delivery.*™® In contrast to the non-covalent interactions of siRNA with cationic dendrimers,
Hamilton et al. recently described the use of a dendritic molecular transporter (MT) for the
efficient delivery of siRNA.®™ This system utilizes a cleavable disulfide bond to attach the siRNA
covalently to the dendrimer, allowing for controlled release once it has been delivered to the
reducing environment of the cytosol in a cell. The MT delivery system resulted in significant
reduction of the target protein for a range of conjugate concentrations.

Lipid-Based Vectors

Both liposomes and lipoplexes have been extensively investigated for the delivery of
siRNA both in vitro and in vivo.*”** Liposomes consist of an aqueous compartment enclosed in a
phospholipid bilayer with hydrophilic drug entrapped in the center aqueous layer.” In contrast,
lipoplexes are spontaneously formed via interaction of cationic lipids with anionic siRNA.
Several commercially available cationic lipid delivery systems, including Lipofectamine
(Invitrogen), TransIT TKO (Mirus), RNAifect (Qiagen), and Lipofectin have been investigated
for the delivery of siRNA in vitro. Liposomes have been used for the delivery of nucleic acids
for over 20 years,”* and the use of lipid complexes for localized siRNA administration (ie.
delivery to the eye, tumors, or mucosal surfaces) has also been successful.**’

Recently, two groups reported promising results of delivery of siRNA to the liver using
cationic lipids.”””® Semple et al. used a rational design approach based on structure-activity
relationships.”” They started with the ionizable cationic lipid 1,2-dilinoleyloxy-3-
dimethylaminopropane (DLinDMA), which was a key lipid component of “stable nucleic acid
lipid particles” (SNALP).”””® The lipid was separated into three functional moieties (the alkyl
chain, a linker, and an amine-based head group), and each of these was individually optimized
for superior siRNA delivery performance. The best performing lipid, DLin-KC2-DMA,
demonstrated in vivo activity at siRNA doses as low as 0.01 mg/kg in rodents and 0.1 mg/kg in
non-human primates. This represents a substantial improvement over the unoptimized SNALP.
By contrast, Love et al. used a combinatorial library approach to identify novel lipids.”® They
synthesized a library of lipid-like materials, termed “lipidoids”, using epoxide chemistry. The
best performing lipidoid, C12-200, enabled siRNA-directed liver gene silencing at doses as low
as 0.01 mg/kg in mice and 0.03 mg/kg in non-human primates. The unprecedented low-dose
delivery achieved by these groups demonstrates the potential utility of lipid-based vectors for
siRNA delivery.



Polymeric Vectors

Polymer-based materials are attractive as they allow for advanced synthetic and
conjugation chemistry. Polymer chemistry offers the capacity to generate a wide variety of
particles with diverse modifications providing unique possibilities for siRNA delivery. The most
common polymer-based vectors involve complexes (polyplexes) formed between cationic
polymers and siRNA through electrostatic interactions between the negative phosphates along
the nucleic acid backbone and the positive charges displayed on the vector.”>””'%" One of the
most-widely studied synthetic cationic polymers for siRNA delivery is polyethylenimine
(PEI).'""*'%* Although PEI is an efficient delivery vector both in vitro and in vivo, it is limited by
high toxicity and limited biodegradability. In addition, PEI has been shown to trigger necrosis
and apoptosis in a variety of cell lines.'” A variety of modifications to PEI have been introduced
to reduce the toxicity, including conjugation to more biocompatible polymers, such as PEG, and
amine modification.'**'"’

Besides complexation, siRNA can also be conjugated directly to polymers for
delivery.'® ! One example of this approach is called Dynamic PolyConjugates.'” Key features
of the Dynamic PolyConjugate technology include a membrane-active polymer, the ability to
reversibly mask the activity of this polymer until it reaches the acidic environment of the
endosome, and the ability to target the polymer specifically to hepatocytes after intravenous
injection. The siRNA cargo is attached to the polymer through a reversible disulfide linkage.
This system demonstrated effective knockdown of two endogenous genes in mouse liver. The
knockdown resulted in phenotypic changes consistent with the known function of the proteins.
Dynamic PolyConjugates were non-toxic and well tolerated in mice.

Particle-based Systems

Various particle systems have been developed for siRNA delivery, including quantum
dots,"'*'"® gold nanoparticles,''*'"> magnetic nanoparticles,''®'"” and carbon nanotubes.''*"'*
Many of these studies demonstrate the importance of releasing the siRNA from the carrier
system for subsequent gene silencing.''*''® For example, Dai et al. described the modification of
single-walled carbon nanotubes (SWNTs) with siRNA via a cleavable disulfide linkage. These
constructs showed higher gene knockdown levels when compared with a thioether linked
analogue. The authors attribute this higher silencing efficiency to active release of the siRNA,
thus maximizing the endosome/lysosome escape. In addition, the siRNA may be less perturbed
when in a free form than when attached to the SWNT surface.

Polymeric Particles as Delivery Vehicles

As an alternative to the delivery strategies described above, particles made from
biodegradable and non-toxic materials have been explored as in vivo gene delivery vectors.
Polymeric particles are promising siRNA delivery vehicles due to their synthetic addressability,
tunability, and their ability to integrate multiple functions into a single carrier system. For
example, particles can be prepared that protect the encapsulated cargo from physical and
chemical damage, release the siRNA at specific rates and under certain physiological conditions,
and localize to specific parts of the body through modification of the surface with certain
targeting groups. The following sections describe the development of polymer-based particles for
siRNA delivery with an emphasis on stimuli-responsive materials.



PLGA Particles

By far, the most studied material for use in polymeric nano- and microparticulate siRNA
delivery vehicles is poly(lactic-co-glycolic acid) (PLGA)."*''** PLGA is an FDA approved
material with an impressive safety record associated with its use in resorbable sutures and
implantable devices. PLGA is commercially available from a number of suppliers, and this
accessibility has led to an enormous amount of research by investigators in the fields of
engineering, materials science, and pharmaceutical science. However, several significant
challenges exist with the use of PLGA in siRNA delivery vehicles. One major problem involves
the low encapsulation efficiency of siRNA in PLGA particles. Due to the negative charge of
PLGA and the relatively small size of siRNA, siRNA is not easily incorporated into particles
prepared from PLGA by standard emulsion techniques. Additionally, it is well known that PLGA
particles suffer from an initial “burst release” phase followed by a slow release of the remainder
of the encapsulated cargo, typically over the course of several weeks. To overcome these
limitations, several research groups have studied the addition of cationic polymers'**'* or small
molecules'*! to improve siRNA loading in particles as well as better control the siRNA release
profile. Various PLGA-based siRNA delivery systems have been reported in the literature and
the in vivo application of these materials is an area of ongoing research.

Stimuli-Responsive Particle Systems

In contrast to PLGA, which was originally designed to degrade slowly in the body, there
exist a number of polymeric delivery systems which have been engineered to rapidly release
their cargo under specific biological conditions.'*”'*® For the purpose of delivering siRNA
therapeutics, the most relevant stimuli for release include acidic and oxidizing environments,
both of which are found in phagolysosomal compartments. These systems facilitate the release of
siRNA from the endolysosomal compartment and delivery to the cytosol of the cell, where the
siRNA can enter the RNAi pathway and lead to reduction in protein expression. The rate of
payload release under the conditions of interest is an important parameter to consider and could
be useful in optimizing the transfection efficiency as well as the duration of gene silencing. The
slow and sustained release of siRNA from PLGA has been proposed as a method to prolong gene
silencing after siRNA delivery.'*! This might be especially important for the delivery of siRNA
to tumor cells, which exhibit rapid growth with doubling times in the order of only a few days.'”
However, slow degradation and release of siRNA over the course of weeks to months may not be
ideally suited for biological application. For example, Nguyen et al. described a fast-degrading
polyester material that can efficiently deliver siRNA for pulmonary gene therapy."*” The rapid
biodegradability led to improved biocompatibility and most likely contributed to a rapid release
of the siRNA inside the cytosol. Thus, in some cases, the use of stimuli-responsive particle
systems may provide more efficient gene silencing compared to slow-release systems.

Oxidation-Sensitive Delivery Vehicle

Reactive oxygen species (ROS) have emerged as important components of both
physiological and pathological states of living organisms."*'"** Elevated levels of ROS and
down-regulation of ROS scavengers and antioxidant species are associated with various human
diseases, including cancer.**'* Due to its high reactivity and cytotoxicity, ROS has also been
implicated in diabe‘[es,136’13 7 atherosclerosis,13 8 chronic inﬂammation,13 ? viral infection,140 and
ischemia-reperfusion injury,""' as well as various neurodegenerative diseases,'**'* like
Parkinson’s and Alzheimer’s. ROS is not always harmful, however, as the controlled release and
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compartmentalization of ROS is crucial to maintaining normal physiology. For example,
macrophages engulf invading pathogens into phagocytic vesicles and then produce a variety of
ROS inside the vesicles to help neutralize the threat.””' Given the implication of ROS in health,
aging, and disease, novel materials that respond to oxidative conditions may be useful in the
delivery of diagnostic and/or therapeutic agents.

One such oxidation-sensitive polymeric particle system has been developed by Wilson et
al., and is based on thioketal-containing polymers.'** The thioketal nanoparticles (TKNs) are
formulated from poly-(1,4-phenyleneacetone dimethylene thioketal) (PPADT), a polymer
composed of ROS-sensitive thioketal linkages that are stable to acid-, base- and protease-
catalyzed degradation. Orally delivered TKNs are expected to be stable in the gastrointestinal
tract. However, at sites of intestinal inflammation, where infiltrating phagocytes produce
unusually high levels of ROS, the TKNs degrade allowing the selective release of siRNA to the
inflamed tissues. Indeed, PPADT was shown to degrade when incubated in a superoxide solution
and nanoparticles formulated from the polymer released their payloads in response to ROS
produced by activated macrophages. Orally administered TKNs loaded with TNF-o siRNA were
able to reduce TNF-oo mRNA levels in the colon and protect mice from ulcerative colitis. The
importance of the oxidation-sensitive degradation mechanism was demonstrated by comparison
of the efficacy of TKNs to that of PLGA nanoparticles and B-glucan particles. These experiments
showed that the greater stability of the TKNs over that of PLGA nanoparticles to a simulated
gastrointestinal environment as well as their ability to localize the siRNA release to inflamed
tissues are important factors in their improved efficacy.

Acid-Sensitive Delivery Vehicles

Another approach that has been recently investigated is to use some form of acid-
sensitive modification that enables the particles to remain stable at extracellular pH, but rapidly
degrade in response to a decrease in environmental pH. A mildly acidic environment is
associated with several disease states, including cancer,ms'147 inﬂamma‘[ion,m’149 and acute lung
injury. In addition, when taken up by cells, particles encounter mildly acidic conditions present
in endosomal vesicles, which can trigger cargo release.'”*'>® Thus, pH-sensitive materials are
attractive for many drug delivery applications.

Polymeric particles that respond to the near 250-fold difference in proton concentration
between physiological (pH 7.4) and phagolysosomal (pH ~5.0) conditions have been
investigated as materials for the controlled delivery of genetic material. In general, these vehicles
are prepared from (1) polymers that contain amine groups that become protonated at pH values
near 5.0 or (2) neutral polymers that contain hydrolyzable linkages which degrade significantly
faster under acidic conditions compared to physiological conditions. Examples of the two types
of pH-sensitive siRNA delivery vehicles and their biological evaluation are discussed below in
more detail.

Acid-sensitive carriers based on amine-containing polymers

Acid-sensitive carriers based on the first type of material rely on the protonation of the
amine moieties incorporated in the polymer structure. To obtain a pH-sensitive material that
specifically targets phagolysosomal conditions, the pK, of the protonated amine moieties should
be approximately 5-7 such that the polymer is not significantly protonated under physiological
conditions (pH 7.4), but becomes readily ionized in the phagosomal compartment (~ pH 5).
Beyond an increase in charge, protonation may also cause the polymeric vehicle to swell or

8




become water-soluble due to an increase in hydrophilicity compared to the uncharged material.
Delivery vehicles of this type have been extensively studied for gene delivery due to their ability
to disrupt endosomes/phagosomes and deliver their associated cargo to the cytoplasm of a
cell.'”">* The proposed mechanism for cytoplasmic delivery is often referred to as the “proton
sponge effect,” in which the buffering capacity of amine-containing materials is thought to
increase chloride counter ion concentrations, and thus the osmotic pressure in vesicles
undergoing acidification, which ultimately leads to membrane destabilization and leakage of its
contents into the cytoplasm.'*> "’

Poly(B-amino esters) (PBAE) are one class of acid-sensitive cationic polymer that may be
used for pH-dependent siRNA release. PBAEs are synthesized through Michael addition of
amine- and acrylate-terminated monomers."”*'®" Due to the ease of synthesis, large libraries of
PBAESs have been synthesized and evaluated for their ability to deliver genetic material. PBAEs
become protonated at lower pH and thus become soluble. However, PBAEs are polycationic
under acidic conditions and must be blended with biocompatible polymers to reduce their
toxicity. Yadav et al. reported the preparation of poly(ethylene oxide)-modified PBAE (PEO-
PBAE) particles encapsulating MDR-1 siRNA by solvent displacement.'®’ PEO-PBAE particles
were able to efficiently encapsulate siRNA and mediate efficient gene silencing at a 100 nM
siRNA dose. Administration of these particles along with PEO-modified poly(epsilon-
caprolactone) particles encapsulating paclitaxel resulted in significant cytotoxicity in multi-drug
resistant tumor cells.

Another example involves the use of pH-sensitive core-shell particles.'®* The core-shell
particles containing a cross-linked poly(diethylaminoethyl methacrylate) (PDEAEMA) pH-
sensitive core and an aminoethyl methacrylate (AEMA)-rich shell are synthesized by emulsion
polymerization. As control particles, pH-insensitive poly(methyl methacrylate) (PMMA)
core/AEMA-rich shell particles were prepared. The ability of the core-shell particles to deliver
siRNA to the cytosol of the cell was demonstrated using confocal microscopy. When epithelial
cells were incubated with siRNA-coated PDEAEMA particles, fluorescence was observed
throughout the cytosol of 40% of cells, indicating intracellular delivery of siRNA. In contrast,
fluorescence from the siRNA strands remained colocalized and displayed a punctuate
distribution in cells receiving siRNA adsorbed to PMMA particles. These results confirm that the
activity of the particles is dependent on the presence of a pH-sensitive core. Functional gene
knockdown following delivery of siRNA using the pH-sensitive particles was demonstrated in
epithelial cells.

In a different approach, Kissel and coworkers designed branched biodegradable
polyesters by attaching hydrophilic, positively charged amine groups onto a hydrophilic
backbone consisting of poly(vinyl alcohol) which was subsequently grafted with multiple PLGA
side chains.'®" These polymers are expected to be stable at acidic pH (5.0-5.5) but degrade
rapidly at physiological pH (7.4). The degradation of this class of polymers could be influenced
by the degree of amine substitution, the type of amine functionality, and the PLGA side chain
length.'® As compared to linear PLGA, remarkably shorter degradation times could be achieved
by grafting short PLGA side chains onto amine-modified PVA backbones. In addition, the
erosion rates could be varied from less than 5 days to more than 4 weeks. The mechanism of
transfection for these materials does not rely on the proton-sponge effect of the backbone,'” but
rather on the rapid degradation rates. Recently, Nguyen et al. demonstrated the potential of
DEAPA(68)-PVA-PLGA (1:10) (P(68)-10) for pulmonary siRNA delivery.130 Nanoparticles
containing siRNA were prepared using a solvent displacement method and the degradation of the

9



P(68)-10 particles was shown to be pH-dependent. At slightly acidic pH (pH 5.0-5.5) little to no
degradation of the particles was observed. In contrast, degradation of the nanoparticles was seen
within 4 h in PBS (pH 7.4) with sustained release of siRNA. The particles achieved significant
knockdown of a luciferase reporter gene in vitro. Even though these particles were able to
successfully transfect H1299 cells, the exact mechanism for endosomal escape is unclear and
needs to be investigated in more detail. The authors speculate that a combination of osmotic
effects and interactions with the endosomal membrane could play a role. This interaction would
disrupt the membrane potential generated by membrane bound ATPases, and keep the pH near
the extracellular and cytosolic pH, where the degradation of the polymer is rapid. Despite the
promising results obtained in this study, in vivo use of these polyester particles for gene delivery
applications may be limited by biocompatibility issues surrounding the non-degradable vinyl
polymer backbone.

Acid-sensitive carriers based on degradation of the polymer

An alternative to the acid-sensitive systems described above are polymers that contain
hydrolyzable linkages that degrade faster under acidic conditions (pH 5) compared to
physiological conditions (pH 7.4). Polyacetal/ketal- and poly(ortho ester)-based particles are
examples of systems developed to make use of this type of degradation mechanism. Both of
these systems incorporate acetal or ketal linkages in the backbone of the polymer used to
formulate the carrier so that when the particle is exposed to acidic conditions, the polymer
backbone rapidly hydrolyzes into small molecules, and in the process, releases the encapsulated
cargo. Similar to the carriers based on amine-containing polymers discussed above, use of acetal-
based, acid-sensitive delivery vehicles leads to efficient endosomal escape and delivery of the
cargo to the cytosol of the cell. A possible explanation for this observed activity, known as the
“colloid osmotic mechanism,” is predicated on the hypothesis that the generation of a large
concentration of small molecule or polymeric byproducts from the degradation of a particulate
vehicle can lead to an increase in osmotic pressure and the subsequent destabilization of
endosomal vesicles.'**'®

An example of siRNA delivery using polyketal particles was recently reported by Lee et
al.'”’® PK3, an acid-sensitive polymer, was synthesized by copolymerizing 1,4-
cyclohexanedimethanol with 1,5-pentanediol.'”! This polyketal hydrolyzes rapidly at acidic pH,
with a hydrolysis half-life of 1.8 days at pH 4.5, but is relatively stable at pH 7.4 (hydrolysis
half-life of 39 days). The particles (PKCNs) are composed of PK3 and chloroquine and are
prepared via a single emulsion solvent evaporation procedure. PKCNs were able to efficiently
deliver tumor necrosis factor-a (TNF-0) siRNA and inhibit TNF-o production in vitro in
macrophages and in vivo in Kuppfer cells. In addition, delivery of siRNA using the PKCNs
greatly improved the therapeutic outcome of acute liver failure in mice.

Our laboratory has had significant experience in the study of poly(acetals) and other
acetal-containing materials. In our first generation system, polyacrylamide hydrogel
microparticles that incorporate acid-degradable acetal crosslinks are used to encapsulate proteins
and plasmid DNA.'%""7#"182 This system served largely as a proof-of-concept platform to test a
number of hypotheses concerning optimal particle design parameters for pulmonary delivery,
including particle surface functionalization, size, and degradation. These particles are prepared
using an inverse emulsion free radical polymerization technique that allows the incorporation of
a number of functional monomers, including amines and antibodies (Figures 1.1 and 1.2). The
hydrogel particles are relatively stable at physiological conditions (pH 7.4), but hydrolyze
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rapidly upon exposure to acidic conditions (pH 5), resulting in the release of the encapsulated
cargo. By varying the acetal substituents of the crosslinker, the half-life of the crosslinker at pH 5
can be tuned to occur on the order of minutes to hours.'”’” We have demonstrated the ability of
these particles to successfully deliver protein antigens both in vitro and in vivo for vaccine
applications.'®'®" Despite these promising results, the microparticles discussed above were only
intended for use as a proof-of-concept platform due to concerns over the potential for toxicity
caused by residual acrylamide monomers and the lack of biodegradability of the high molecular
weight polyacrylamide degradation byproducts.
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Figure 1.1. (a) Scheme for the synthesis of an acid-sensitive, polyacrylamide-based particle
system. (b) Representative scanning electron microscope image of particles synthesized by
inverse emulsion polymerization method.
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Figure 1.2. Overview of polyacrylamide acid-degradable hydrogel particles. Monomers used to
synthesize particles (top) and some of the cargoes and modifications explored (bottom).
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In an effort to overcome some of the limitations associated with the polyacrylamide
particle system and generate a more biocompatible particle platform, we developed a second
generation acid-degradable delivery vehicle. This new material, acetalated-dextran (Ac-DEX), is
based on the non-toxic, naturally-occurring, FDA-approved polysaccharide, dextran.'®"'®’
Unlike the first generation particles described above that contained pH-sensitive acetal
crosslinkers, the acetals of Ac-DEX provide a solubility switch, which under acidic conditions
allows the release of encapsulated cargo in a controlled manner. Ac-DEX is synthesized in a one-
step reaction by protecting the hydroxyl groups of dextran with pendant acetals (Figure 1.3).
Conversion of the alcohols to acetals interrupts the hydrogen bonding of dextran and changes the
solubility of the polymer. While native dextran is water-soluble, Ac-DEX is insoluble in aqueous
solution but soluble in many common organic solvents, such as dichloromethane, THF, and
DMF. The hydrophobic Ac-DEX can be easily processed into particles using a variety of
emulsion techniques.

Dextran Ac-DEX
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OH A 7 o
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Figure 1.3. Particle system based on acetalated-dextran (Ac-DEX). Synthesis of Ac-DEX and
formulation into microparticles.

Upon exposure to acidic conditions, Ac-DEX particles degrade via hydrolyis of the
acetals, regenerating native dextran and minimal amounts of small molecule byproducts. The
degradation rate of Ac-DEX is easily tuned by modulating a single reaction parameter, time,
which dictates the degree and type of acetal modification of the dextran backbone.'®* By varying
the ratio of faster-degrading acyclic acetals to slower-degrading cyclic acetals, a range of
materials were prepared with particle degradation rates spanning two orders of magnitude (from
16 minutes to 27 hours at pH 5.0). Particles encapsulating either hydrophobic payloads'®® or
hydrophilic macromolecules'**'*” have been prepared by single or double emulsion techniques,
respectively. Additionally, we have developed a facile and chemoselective method for modifying
the surface of Ac-DEX particles with targeting groups or imaging agents using the masked
aldehydes present at the reducing ends of dextran.'® A schematic overview of this system is
depicted in Figure 1.4.

Specifically, we are interested in designing siRNA delivery vehicles for pulmonary
administration. The lung presents unique opportunities and challenges for siRNA delivery (see
discussion below). In Chapters 2 and 3, we explore the effects of varying a number of
physicochemical properties on the in vitro and in vivo efficacy of our polyacrylamide hydrogel
particles. These studies were performed with the goal of identifying the optimal features of
particle-based delivery systems for pulmonary siRNA delivery (see below for discussion of
parameters influencing pulmonary delivery). With the limitations of the polyacrylamide system
in mind, we investigate the application of our biocompatible Ac-DEX particle system for siRNA
delivery. In Chapter 4, we describe the modification of this particle system with amines for
optimal activity as a gene delivery vector.
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siRNA Delivery to the Lung

The lung represents a particularly attractive target for siRNA-based therapeutics due to
the lethality and prevalence of lung diseases. The lung is susceptible to many diseases due to its
location and physiological function.'®® Pulmonary delivery has been explored for the delivery of
various therapeutic agents because the lung is accessible via multiple routes (including through
the nose and mouth). For example, inhalation of drugs for the treatment of local diseases such as
asthma, cystic fibrosis, and chronic obstructive pulmonary disease (COPD) has been common for
many years. Local delivery has several advantages over other methods of administration. It
allows the non-invasive delivery of siRNA directly to the diseased tissue, allowing similar
therapeutic efficacy at lower doses and eliminating the need for targeting. This also limits the
potential side effects associated with delivering therapeutic agents systemically. Finally, local
pulmonary delivery avoids several of the barriers associated with therapeutic efficacy, including
first-pass metabolism by the liver and degradation by serum nucleases. RNAi-based therapeutics
are currently being explored for the treatment of a variety of pulmonary diseases, including lung
cancer, influenza, acute lung injury, and severe acute respiratory syndrome (SARS).

Methods of Administration — direct delivery vs. intravenous delivery

Introduction of siRNA to the lung can be achieved by a variety of routes, for example
inhalation, intranasal, intratracheal, or systemic. The first two methods are particularly attractive
since the particles are delivered directly to the disease site and thus avoid first-pass metabolism.
Inhalation is the most common method for pulmonary delivery and siRNA for inhalation can be
formulated into either a liquid aerosol or dry powder aerosol. Direct pulmonary delivery in
humans is achieved by inhalation of aerosol generated by either an inhaler or nebulizer. The
intranasal route is also common for the delivery of therapeutics to the lungs due to the ease of
administration into the nasal cavity. Intratracheal injections are commonly used in animal
studies, however this method of administration is relatively invasive and not applicable to
humans.
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Barriers to siRNA Delivery to the Lung

Pulmonary delivery poses unique challenges for the delivery of therapeutic agents due to
the role of the lung in defense against pathogens and environmental pollutants. The lung has
evolved both physical and immunological barriers that inhibit access to exogenous substances,
thus hindering effective gene delivery. Various elimination pathways for foreign particles exist
in the lungs, including coughing, mucociliary clearance, translocation from the airway to other
sites, and phagocytosis by macrophages. The first barrier faced in pulmonary delivery is the high
degree of branching of the respiratory tract. Since many lung diseases affect the lower region of
the lungs, the therapeutic agents must be able to follow the airstream around the bend along the
branched airway to the deep lung area. The size of the particles is an important factor for
determining the airway deposition and this feature will be discussed in more detail below. Other
major barriers to effective pulmonary delivery include mucociliary clearance, mucus, and
alveolar fluid."®"! Ciliated and mucus-secreting epithelial cells line the conducting airways and
function in rapidly removing inhaled material. Particles that are deposited on ciliated epithelial
cells are rapidly removed by mucociliary clearance and are eventually coughed up or
swallowed.'” Mucus constitutes a physical barrier as it is highly adhesive and increases the
viscosity of the surface of lung epithelial cells.'”*'** Inhaled particles typically stick to mucus
rather than penetrating through it, thus preventing effective delivery to the underlying cells.
Particles that stick to mucus are rapidly removed from the lungs and are swallowed and sterilized
in the gut. Disease states pose an additional challenge, as there is often an increase in mucus
secretion during infection and inflammation. The thickness, viscosity, and composition of the
mucus layer depend on the pathological condition and vary between individuals."”® Another
barrier to pulmonary delivery is alveolar fluid found on the surface of airway epithelial cells. The
major constituents of alveolar fluid include phospholipids, mucins, and surfactant proteins. The
negatively charged components of alveolar fluid could bind to cationic particles, altering their
size and overall charge, and thus their cellular uptake. Previous reports have shown that
pulmonafg}g 19§urfactants severely inhibit transfection efficiency of lipid-based delivery
systems. "

Influence of Physicochemical Properties on Pulmonary Delivery

The types of carrier systems described above are but a few of the myriad systems
developed to date. Each type of carrier has its own set of associated physicochemical properties
that, in part, determines the biological behavior of the particle system both in vitro and in vivo.
Several particle characteristics, including size, shape, and surface properties, are important for
biological interactions.'”® Below, we highlight some of the important physicochemical properties
related to particulate delivery systems and the effects that changes in those properties have on
their biological behavior in the lung. These properties include particle size and surface charge
and functionalization.

Particle size
The size of particles is an important property in determining the site of deposition in the
lungs.lgg'201 In pulmonary delivery, the size of particles is expressed in terms of the aerodynamic
diameter (related to the particle’s geometric diameter and density). Aerosol particles deposit in
the lungs by three principal mechanisms: inertial impaction, gravitational sedimentation, and
Brownian diffusion. The deposition of large particles in the lungs is generally by the first two
mechanisms, while deposition of smaller particles is mainly by diffusion. A particle with large
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momentum may be unable to change direction with the inspired air. Large particles (greater than
6 um) are thus more likely to be impacted on the airway wall at bifurcations in the lung instead
of following the changing airstream. As a result, they are usually deposited higher up in the
airway or in the mouth or throat. Particles between 2 and 6 um flow in the slower airstream and
are generally deposited by gravitational sedimentation. It has been found that the optimal particle
size for efficient deposition at the lower respiratory tract is between 1 and 5 um.** For small
particles (less than 1 pm) their movements are determined by Brownian motion. As the particle
size further decreases, deposition in the lung increases again due to the increasing diffusional
mobility. For nanoparticles that are less than 100 nm, they appear to settle effectively to the
alveolar region with a fractional deposition around 50%. In addition to using particles with small
aerodynamic diameter, it has been reported that the use of large porous particles can effectively
avoid phagocytosis by the alveolar macrophages and prolong retention time in the lungs.?***"*
Porous particles over 10 um in geometric diameter usually have a smaller aerodynamic diameter
so that they are within the ideal aecrodynamic size range for effective lung deposition. Edwards et
al. demonstrated that large porous particles composed of PLGA lead to efficient aerosolization
and delivery of insulin.*”

The design of a particulate system with the appropriate particle size will largely depend
on the disease of interest and the target region of the lung. Different applications might
necessitate delivery to different lung regions.”” For example, recent developments of viral and
liposomal vectors for DNA transfer to airway epithelial cells in cystic fibrosis may require
targeted delivery to the bronchial airways where the defect in epithelial Cl, ion transport (CFTR)
is manifested. Deposition of these vectors in the lung periphery would be ineffective and may
also enhance any innate immune response to the deposited therapy. With these concepts in mind,
we explore the role of particle size on the in vivo efficacy of acid-degradable hydrogel particles
for pulmonary delivery in Chapter 3.

Particle charge and surface functionalization

Numerous studies have shown that human mucus immobilizes synthetic nanoparticles
and therefore represents one of the major hurdles to efficient pulmonary delivery.*’® Many
researchers have studied the use of mucoadhesive polymers to improve the retention of particles
at mucosal surfaces and, hence, their uptake. In pulmonary delivery applications, increasing the
cationic nature of the particle surface may lend mucoadhesive characteristics to the system that
may enhance the retention of such particles in the airspaces.””” One of the most widely studied
mucoadhesive polymers is chitosan, a linear polysaccharide composed of glucosamine and N-
acetyl-D-glucosamine.”® Yamamoto et al. reported the preparation of PLGA microparticles
modified on the surface with chitosan.”’’ These particles demonstrated enhanced
mucoadhesiveness (slower elimination from the lungs) when compared to unmodified particles
and enabled the efficient delivery of the peptide elcatonin to the lungs. The pharmacological
action of chitosan-modified particles was prolonged significantly compared to that of unmodified
particles due to the ability of the particles to sustain drug release. Recently, Howard et al.
demonstrated the use of chitosan to deliver siRNA to the lungs.””?'° The aerosolized
chitosan/siRNA particles showed significant EGFP silencing (68% reduction compared to the
mismatch control) in the transgenic mice model.

An alternative to the approach described above is the use of mucus-penetrating particles,
particles that can efficiently cross the mucus barrier. Hanes et al. have shown that coating
particles with a high-density of low-molecular-weight PEG can reduce particle affinity to mucus
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substituents and enhance their penetration through the thick mucus layers associated with certain
diseases of the lungs.”'''* Recently, the group reported the non-covalent coating of PLGA
particles with Pluronics (a triblock copolymer of poly(ethylene glycol)-poly(propylene oxide)-
poly(ethylene glycol), PEG-PPO-PEG)."* The effectiveness of the Pluronic was dependent on
the MW of the PPO segment. They found that PPO segments with MW > 3 kDa effectively
shielded the particle surface and enabled the rapid penetration of human mucus. Indeed, a
Pluronic F127 coating markedly improved the transport of polymeric particles in human
cervicovaginal mucus (CVM) as well as sputum expectorated by cystic fibrosis patients. This
strategy represents a promising approach to the design of mucus-penetrating drug-delivery
vehicles as one can envision using this method to coat any number of core particles. Thus, the
degradation kinetics and drug release profile can be controlled by selecting the appropriate core
material. Enhanced mucus penetration is expected to facilitate prolonged retention and more
uniform distribution of drug carriers in the lung, leading to improved therapeutic efficacy.

In contrast to the approaches described above, another approach for improving
pulmonary delivery is the use of targeting groups. Much work in recent years has been focused
on modifying the surface of particle delivery systems with ligands, such as peptides, antibodies,
and DNA and RNA sequences known to interact with receptors on specific subsets of cells in the
body.?">2!7 These interactions can mediate cell-specific internalization of particles provided an
appropriate ligand is used. Of particular interest for pulmonary delivery are endothelial cell
adhesion molecules (CAM, such as ICAM-1 and PECAM-1). CAMs are constitutively expressed
on pulmonary endothelial cells and are functionally involved in oxidative stress and
inflammation involved in pulmonary diseases. It has been shown that endothelial cells can
internalize particles containing multiple copies of either ICAM-1 or PECAM-1 antibodies.”'***!
An example of targeting ICAM-1 in pulmonary endothelium was recently described by Calderon
et al. In this report, anti-ICAM carriers were prepared by adsorption of anti-ICAM antibody on
the surface of polystyrene particles. In order to optimize the design of the carriers, the influence
of two particle design parameters (particle dose and density of targeting molecules) on specific
and efficient endothelial targeting was investigated. Increasing the carrier dose was found to
enhance specific accumulation in the lung vasculature and decrease non-specific hepatic and
splenic uptake. In addition, increasing the antibody density enhanced lung accumulation with
minimally reduced liver and spleen uptake.

Clinical Trials for siRNA Therapeutics

The potential of RNA interference for use in the treatment of human disease has been
demonstrated by the successful application of several siRNA therapies in clinical trials.*®**2%** A
summary of these trials is provided in Table 1.1. Many of these trials are focused on direct local
delivery of siRNA and on well-validated therapeutic targets. The most progress to date is in the
treatment of eye diseases such as age-related macular degeneration (AMD). The use of siRNA
for the treatment of AMD is currently the subject of several clinical trials.**

In addition to local ocular delivery, direct pulmonary administration has been explored
for delivery of siRNA. Delivery to the lung by inhalation is non-invasive and directly targets the
tissue, thus reducing necessary drug dosing and the likelihood of systemic side effects. Alnylam
Pharmaceuticals has recently reported efficient treatment of respiratory syncytial virus (RSV)
using aerosolized delivery of a naked siRNA targeting the viral nucleocapsid (N) gene (ALN-
RSVO1). Phase II trials in lung transplant recipients showed that ALN-RSVO01 was safe and well-
tolerated by patients. Administration of ALN-RSVO1 was associated with a statistically
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significant improvement in symptoms and decrease in the incidence of new or progressive
bronchiolitis obliterans syndrome relative to placebo.”

Table 1.1. Current clinical trials for siRNA therapeutics.?

Delivery

Route of

Company/

SIRNA System Administration Disease Target Institution Status
Naked Intravitreal, Wet AMD, Phase
Cand5 SIRNA Intravenous DME VEGF-A Opko Health I
TD101 Naked Injection into Pachyonychla PC keratin K6a  TransDerm Phase
SiRNA foot congenital |
ALN- Naked RSV Phase
RSVO1 SIRNA Intranasal RSV nucleocapsid Alnylam I
PF- Modified Intravitreal Wet AMD, Hypoxia- Pfizer Phase
04523655 SiRNA Injection DME inducible gene |
. Modified Intravitreal Phase
Sirna-027 SIRNA Injection Wet AMD VEGFR-1 Allergan |
- . Glaucoma, -
SYL040012 Mc_)dmed Ophthalmic Ocular Adrenergic Sylentis Phase
SiRNA drop H . receptor I/
ypertension
Modified Delayed Graft Phase
QPI-1002 SIRNA Intravenous Function, AKI P53 Quark m
Modified Intravitreal Chronic Optic Phase
QPI-1007 SiIRNA Injection Nerve Atrophy Caspase 2 Quark I
siG12D Polymer EUS Biopsy Pancreatic . Phase
LODER matrix Needle Cancer KRASG12D Silenseed I
AL027 Linosome Intravenous Advanced Protein Kinase Silence Phase
P Solid Cancer N3 Therapeutics |
CALAA-01 Cyclo- Intravenous Cancer RRM2 Calando " nase
dextrin Infusion |
Antigen
encoding Immuno-
RNA- Intradermal Metastatic Duke Phase
NA S proteasome : .
transfected Injection Melanoma . University |
o beta subunits
dendritic
cells

a) Information obtained from http://clinicaltrials.gov

The first in-human phase I clinical trial involving the systemic administration of siRNA to
patients with solid cancers using a targeted, nanoparticle delivery system (CALAA-01) is
currently being conducted by Calando Pharmaceuticals.”?”*** The nanoparticle system consists
of a cationic cyclodextrin-based polymer (CDP) modified with PEG-transferrin and siRNA
designed to reduce the expression of ribonucleotide reductase subunit M2 (RRM2).22°** Initial
results from these trials demonstrated that siRNA administered systemically to humans can
produce a specific gene inhibition (reduction in mRNA and protein) by an RNAi mechanism.?”’
These successful experimental results indicate that the therapeutic potential of RNAI is high and
may be realized soon.
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Conclusions

RNAIi has tremendous potential to improve the prevention and treatment of human
disease. Since the discovery of RNAi, numerous research groups worldwide have sought to
develop efficient carrier systems for the delivery of siRNA both in vitro and in vivo. Despite
several promising clinical trials, the effective delivery of siRNA in vivo remains a significant
obstacle to the widespread application of RNAI therapeutics in a clinical setting. This challenge
motivates future efforts focusing on the design of clinically suitable, safe and effective siRNA
delivery vehicles. Acid-degradable polymeric materials represent a promising alternative for the
delivery of siRNA. Acid-sensitive carrier systems have particularly desirable characteristics for a
number of applications due to the fact that release of their payload can be triggered in response
to endosomal acidification. These multifunctional vehicles can be designed to incorporate
features that might allow them to overcome several of the limitations of previously reported
siRNA delivery systems. The following chapters describe the design, synthesis, and biological
evaluation of acid-sensitive delivery systems investigated in our laboratory for the efficient
pulmonary delivery of siRNA.
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Chapter 2 — Synthesis and Initial Biological Evaluation of Acid-
Degradable Particles Functionalized with Cell-Penetrating Peptides

Abstract

Biopharmaceuticals, such as proteins and DNA, have demonstrated their potential to
prevent and cure diseases. The success of such therapeutic agents hinges upon their ability to
cross complex barriers in the body and reach their target intact. In order to reap the full benefits
of these therapeutic agents, a delivery vehicle capable of delivering cargo to all cell types, both
phagocytic and non-phagocytic, is needed. The lung is a particularly attractive target for drug
delivery due to the possibility of direct and non-invasive administration via inhalation aerosols.
However, pulmonary delivery is complicated by the complexity of the anatomic structure of the
human respiratory system as well as the diversity of cell types present. In this chapter, we
describe the synthesis, characterization, and initial biological evaluation of acid-degradable
microparticles which may be suitable delivery vehicles for use in lung imaging and therapy.
This microparticle delivery vehicle is capable of cell penetration and sub-cellular triggered
release of an encapsulated payload. pH-sensitive polyacrylamide particles functionalized with a
polyarginine cell-penetrating peptide (CPP) were synthesized. The incorporation of a CPP into
the microparticles led to efficient uptake by non-phagocytic lung epithelial cells in culture. In
addition, the CPP-modified particles showed no cytotoxic effects at concentrations used in this
study. The results suggest that these particles may provide a vehicle for the successful delivery of
therapeutic agents to various cell types in the lung.

Introduction

In addition to small-molecule based drugs, biopharmaceuticals, such as proteins and
DNA, have tremendous potential to prevent and cure diseases.'” Currently there are over 400
biotechnology medicines in development for the treatment of over 100 diseases, including
medications to treat or help prevent multiple sclerosis, hepatitis, breast cancer, and diabetes.” The
widespread success of such therapeutic agents hinges upon their ability to cross complex barriers
in the body and to reach their target intact. Exogenous therapeutic agents are notoriously
unstable in the harsh in vivo environment due to proteolytic degradation, sequestration, and renal
clearance. These factors limit their use as therapeutic agents. However, encapsulation strategies
have successfully mitigated some of these stability and delivery issues by providing protection
from physical and chemical damage.”"' Recent advances in polymer synthesis have allowed
formulations capable of encapsulation and controlled release of macromolecular therapeutic
agents, thereby increasing their stability and ultimately their bioavailability.'>" In addition, by
incorporating certain ligands or compounds into the polymer backbone, it is possible to enhance
delivery and targeting of the vehicle.'®'” A recent delivery strategy involves the use of cell-
penetrating peptides to enhance cellular uptake of cargo by non-phagocytic cells.'® Herein, we
show the integration of ligands for cell penetration and subcellular triggered release in a single
delivery vehicle.

Biodegradable polymers have been extensively investigated as potential carriers for
biopharmaceuticals.”?' Delivery of a therapeutic agent via encapsulation in particles
incorporating programmed release mechanisms, such as acid-degradable crosslinks, allows for
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their controlled release at select targets, such as inflammatory tissues, tumors, and cells of the
immune system. This selective delivery through triggered release mechanisms enables enhanced
therapeutic efficiency, allowing lower doses of the therapeutic agent to be used, with less
toxicity.”>?’ Recently, we described the synthesis of polyacrylamide microparticles that
incorporated acid-labile crosslinks into the polymer scaffold, as well as targeting groups on the
surface.”®>' These acid-degradable particles were capable of encapsulating and delivering a
protein antigen to phagocytic cells of the immune system, specifically macrophages and
dendritic cells. These cell types specialize in taking up foreign matter and trafficking it to acidic
sub-cellular lysosomal compartments. After the particles are phagocytosed in this manner, they
degrade rapidly in the acidic lysosome, causing the protein payload to be released into the
cytoplalsm.29’30’32 This is hypothesized to occur through the destabilization of the lysosomal
membrane as a result of the sudden increase in osmotic pressure, due to particle swelling and
degradation.”

The size of these particles (ranging from 200 nm to 1 um in diameter) makes them well-
suited for uptake by phagocytic cells, such as macrophages and dendritic cells. Thus, these
particles have demonstrated great success at delivering a protected payload to cells of the
immune system.“’34 However, the majority of cells in the human body are non-phagocytic,
meaning that they are not efficient at ingesting foreign matter and particulates. As a result, access
to the lysosomal delivery pathway in non-phagocytic cells is limited, making it difficult to reap
the full benefits of therapeutic delivery systems, such as the hydrogel system described above.
Thus, one of the most important challenges facing the use of these particles to deliver therapeutic
agents is overcoming their lack of uptake by non-phagocytic cells. This problem has motivated
work toward making new delivery vehicles capable of encapsulation, cell membrane penetration,
and programmed release. Our aim is to design a delivery vehicle that possesses these three
properties. In order to create a universal delivery vehicle which would allow for the delivery of
cargo to non-phagocytic cells, we have modified our existing delivery system for phagocytic
cells by incorporating a cell-penetrating peptide into our pH-sensitive particles.

Cell membranes act as protective barriers for the cell, only allowing compounds within a
narrow range of molecular size, polarity, and charge to enter. Overcoming the barrier of the cell
membrane to deliver membrane-impermeable cargoes often requires harsh methods such as
electroporation or liposomal transfection. These methods are limited to in vitro applications and
often cause unwanted cellular effects, such as high cytotoxicity.”> A more recently developed
delivery strategy involves the use of cell-penetrating peptides. Cell-penetrating peptides (CPPs)
are peptides with up to 30 amino acids with the ability to translocate across cell membranes of
various cell types.”® CPPs have been used to deliver a range of cargoes including proteins, DNA,
antisense peptide nucleic acids, small-molecule drugs, liposomes, and nanoparticles into the cell
both in vitro and in vivo®” without disturbing the stability of the cell membrane and with low
cytotoxic effects. CPPs offer several appealing properties as delivery agents including
applicability to many cell types, no apparent size constraint of the cargo, and seemingly no
immunogenic or inflammatory properties.”® CPPs consist of a diverse group of peptides derived
from such sources as HIV-Tat, the third helix of the homeodomain of Antennapedia, VP22
herpes virus protein, and other synthetic peptides,*® including various arginine-rich sequences.*"
* One common feature among these CPPs is the high number of cationic residues, such as
arginine. In one study, it was found that the HIV-Tat sequence could be replaced with a simple
nonamer of arginine,” suggesting that the guanidinium headgroup of arginine is the essential
component of this sequence’s ability to transport cargoes into the cell.****” In addition to the
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guanidine headgroup, other factors such as the number of arginine residues’”* and the length of

the side chain®' were found to be important factors in the control of translocation.

Building on our previous work, we describe the synthesis and evaluation of a new
delivery vehicle for biopharmaceuticals. A cell-penetrating peptide (CPP) consisting of nine
arginine residues was incorporated into acid-degradable polyacrylamide particles to enhance
cellular uptake by non-phagocytic cells. Incorporation of the CPP was achieved by
copolymerizing a functional monomer 2 with an acid-degradable crosslinker 1 and acrylamide
(Figure 2.1). The cell uptake of these modified particles in two epithelial cell lines was then
investigated. We demonstrate that the incorporation of a CPP into the microparticles led to
efficient uptake by non-phagocytic cells in culture with minimal cytotoxic effects.

Results and Discussion
Preparation and Characterization of Microparticles Containing a Cell-Penetrating Peptide.

The pH sensitivity of our microparticulate delivery system is imparted by an acetal-
containing crosslinker 1 (Figure 2.1). This dimethyl acetal crosslinker is relatively stable to
hydrolysis under physiological conditions (pH 7.4) but degrades rapidly under the acidic
conditions typically found in lysosomes (pH 5.0-5.5).%® Incorporation of oligo(ethylene glycol)
substituents enhances the solubility of the crosslinker in aqueous solution, an essential
characteristic for the inverse emulsion polymerization technique used to prepare the particles.
The inverse emulsion process allows for the encapsulation of hydrophilic molecules such as
protein and DNA in the particles. Hydrolysis of crosslinker 1 produces acetone, a relatively non-
toxic metabolic intermediate of fatty acid oxidation.

Particles containing a CPP were prepared using a 10 amino acid sequence that was
modified on the N-terminus with an acrylamide group, 2 (Figure 2.1). This acrylamide moiety
enables the direct incorporation of the peptide into the particle during its preparation. The
sequence selected for use in the particles was acrylamide-Y-(R)o-COOH because nona-arginine
has been shown to be the most effective cell-penetrating peptide known today that is composed
of natural L-amino acid residues.*"* Nona-arginine (Rg) was shown to be 20-fold more efficient
than HIV-Tatso_s7 at cellular uptake.*' A tyrosine residue was also incorporated into the peptide
sequence to allow for radiolabeling of the peptide for future in vivo studies.

Microparticles encapsulating bovine serum albumin-Alexa Fluor 488 (BSA-Alexa Fluor
488), a model protein conjugated with a fluorescent tracer, and including CPP were successfully
prepared and characterized to investigate the possibility of enhancing cellular uptake of the
particles by non-phagocytic cells. The particles were prepared using an inverse emulsion
polymerization technique similar to one described previously,’® forming protein-loaded polymer
particles incorporating CPP. In this process, CPP and BSA-Alexa Fluor 488 conjugate were
dissolved in an aqueous buffer along with acrylamide, acid-sensitive crosslinker 1, and
ammonium persulfate. The aqueous phase was then dispersed as droplets in an organic phase
consisting of hexanes and a mixture of two surfactants. Free-radical polymerization was initiated
by the addition of ammonium persulfate and TMEDA, resulting in cross-linked polymer particles
decorated with cell-penetrating peptide throughout the particles but most importantly at the
surface. A schematic representation of the synthesis and subsequent degradation of these
particles is depicted in Figure 2.1. Exposure of the cross-linked particles to an acidic
environment leads to rapid hydrolysis of the acetal linkages. Degradation of the polymer
particles thus results in the release of BSA-Alexa Fluor 488, acetone, and the CPP-containing
polymer backbone.

31



(o]
+ A0 A0 ﬁ\l +
ﬁu’NHz IT& H Oxo H |

1
BSA-Alexa Fluor 488
@]
+ lJ'LN-CPP o o
I H CPP = -?HE ﬂ-gHE OH
2 Hy [ Ghy
CH,
Inverse emulsion 3:2
polymerization oH \  c=nm,
NH,

tein entrapped
protected

Acid hydrolysis
pH 5.0

(6]
H

0] O
NH NH & ﬁ +
{ CPP §I HaC™ "CHg

Protein released
OH OH

Figure 2.1. General scheme for the preparation and acid-catalyzed degradation of CPP-modified
microparticles loaded with protein.
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The isolated particles analyzed in the dry state
using scanning electron microscopy (Figure 2.2) had
sizes ranging from 0.2 to 1 pm. Peptide incorporation
was measured by degrading a sample of particles
under acidic conditions and analyzing the
concentration of peptide using a bicinchoninic acid
(BCA) assay, a colorimetric detection method used
for the quantification of proteins. In this method,
BCA acts as the detection reagent for Cu'', which is
formed when Cu™ is reduced by protein in an alkaline
environment.”® Using this method, the peptide content
in the particles was found to be 1.7% by mass.

Unmodified microparticles free of CPP were
also prepared using the same inverse emulsion
method but omitting monomer 2. These particles
contain the same mole percent of crosslinking acetal
as the functionalized particles described above. Non-
degradable microparticles both with and without cell-
penetrating peptide were also prepared as described
above using N,N'-methylene-bis-acrylamide as the
crosslinker instead of monomer 1. SEM examination
of these particles showed that they were similar in
size and shape to the degradable CPP-modified
particles (data not shown).

Figure 2.2. Representative SEM image
of CPP-modified microparticles. The
scale bar is equal to 1 um.

Cellular Uptake of CPP-Modified Microparticles by Non-Phagocytic Cells.

The effect of the CPP modification of the microparticles on their interaction with BEAS-
2B epithelial cells is shown in Figure 2.3. In the absence of microparticle incubation, cell
membranes and elements of the intracellular actin skeleton are clearly evident by phalloidin
staining. As expected, no fluorescence from the Alexa Fluor 488 is seen, even at high
magnification. When cells were incubated with unmodified non-degradable microparticles (panel
A), midcell images obtained by confocal microscopy showed little fluorescence - only visible
under high magnification - despite 24 h of incubation time. In contrast, the intracellular
accumulation of CPP-modified non-degradable microparticles over the 24 h incubation period
was readily evident.

Much research has been done to elucidate the mechanism by which cell-penetrating
peptides mediate the transport of various cargoes across the cell membrane. The punctate
appearance of microparticles within the cells shown in Figure 2.3 is consistent with endosomally
mediated uptake. Studies by others suggest that uptake is facilitated by positively charged
arginine residues (including those present in the CPP used in this study) forming bidentate
hydrogeg 5ll:)onds with negatively charged phosphates, sulfates, and carboxylates on the cell
surface.™”
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Figure 2.3. Representative confocal microscope images of BEAS-2B cells, taken at midcell
level, 24 h after incubation with microparticles. Cell membranes and cytoskeleton are stained red
by phalloidin. Panel A: The cellular accumulation of CPP-modified microparticles 500 pg/mL is
markedly greater compared with cells incubated with particles without CPP modification. Panel
B: A time dependency is seen when cells are incubated with microparticles at room temperature.
At 2 h, most particles appear to be adherent on the cell surface. By 24 h, intracellular
accumulation has increased markedly. Note also that the overall fluorescence appears to be more
diffuse and less intense than with non-degradable particles. Panel C: Increasing fluorescence is
seen intracellularly as microparticle concentration is increased in the medium.

These results can be contrasted with those observed after cells were incubated with acid-
degradable microparticles (panel B, Figure 2.3). In the absence of the CPP modification, only
low levels of fluorescence were seen intracellularly, even after 24 h of incubation (again, most
evident at high magnification). With CPP modification, however, high levels of fluorescence are
obvious. After just 2 h incubation, microparticles are present both intracellularly as well as
clustered on the cell surface. A similar pattern was seen when HeLa cells were incubated with
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acid-degradable CPP-modified microparticles (data not shown). This association with the cell
membrane is probably due to the hydrogen bonding ability of the guanidine headgroup of
arginine and the highly cationic nature of the cell-penetrating peptide. After 24 h incubation, the
intracellular accumulation of the microparticles is even greater. Again, a similar phenomenon
was observed when HeLla cells were incubated with these microparticles. Furthermore, in
addition to a time dependency, the accumulation of the CPP-modified microparticles was also
concentration-dependent (panel C, Figure 2.3).

Note, however, that the intensity of fluorescence is more diffuse and less intense than
when cells were incubated with the non-degradable particles (compare panel B with panel A).
We interpret this difference in appearance to be compatible with time-dependent intracellular
microparticle degradation and release of the encapsulated protein. As mentioned above, acid-
sensitive crosslinker 1 is chemically stable at pH 7.4, but rapidly hydrolyzes in the acidic
environment (pH 5.0) of the lysosome. This hydrolysis is believed to result in an increase in
osmotic pressure, leading to lysosomal disruption, thus providing delivery of the encapsulated
cargo to the cytoplasm.”>° These results are thus suggestive of release of the encapsulated BSA-
Alexa Fluor 488 conjugate into the cytoplasm of the cell.

Importantly, there was no evidence of any cytotoxicity associated with intracellular
accumulation of either degradable or non-degradable microparticles. Cells appeared viable with
normal cell shape and morphology when viewed microscopically, and DAPI staining showed no
evidence of nuclear fragmentation indicative of apoptosis. Furthermore, LDH concentrations in
the media of cells incubated with degradable particles (with or without CPP modification) were
<100 IU/mL (Figure 2.4). The LDH concentration in cells incubated without microparticles was
also <100 IU/mL, whereas LDH levels were 4 times higher in cells treated with 10 mM H,0, as
a positive control.

500
400
300

200 -

Total LDH (IU/L)

100

Figure 2.4. Results from LDH assay. Microparticles do not disrupt the cell membrane.
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CPP modification would be expected to be effective in any tissue. Thus, widespread
intracellular accumulation of microparticles would be expected after intravenous administration
in vivo. For some applications, this may be advantageous, but it is detrimental in others due to
unwanted toxicities. It is possible that the microparticles could be further modified with highly
specific tissue-targeting moieties that would result in reduced uptake in non-targeted tissues.
However, with the lungs, a very attractive delivery strategy is to administer the microparticles
intratracheally (e.g., as an aerosol). In this case, cellular uptake would likely remain confined to
the lung epithelium, and indeed, it was for this reason that we chose a lung epithelial cell line as
the primary target for these studies. Future studies will determine if CPP-modified microparticles
will accumulate in lung epithelium after intratracheal delivery in vivo.

Conclusions

A microparticle delivery vehicle encapsulating a fluorescently labeled model protein and
containing a cell-penetrating peptide was successfully prepared. In vitro studies demonstrated
that this delivery vehicle is effective at promoting particle uptake in non-phagocytic epithelial
cells. Thus, incorporation of a cell-penetrating peptide expands the potential applications of this
delivery vehicle for use in non-phagocytic, as well as phagocytic, cell lines. In addition, by
incorporating an acid-degradable crosslinker, the particles are capable of releasing the
encapsulated payload upon uptake by these cells. Future studies will explore the feasibility of
using these particles to deliver plasmid DNA, peptide nucleic acids, or small molecule
therapeutic cargoes to lung epithelial cells to treat acute and chronic lung disease.

Experimental Procedures

General Procedures and Materials

All reagents were purchased from commercial sources and were used without further purification
unless otherwise stated. The cell-penetrating peptide (acrylamide-Y-(R)y-COOH) was purchased
from Applied Peptech Suzhou. Acryloyl chloride was distilled prior to use. Triethylamine and
tetrahydrofuran (THF) were dried by passing through two columns of neutral alumina within a
commercial solvent purification apparatus. Combined organic layers after extractions were dried
over MgSO,, which was removed by filtration. Solvents were removed under reduced pressure
using a rotary evaporator. Reactions requiring anhydrous conditions were performed in flame-
dried vessels and under a positive pressure of dry nitrogen. '"H NMR spectra were recorded at
300 or 400 MHz on a Bruker spectrometer. CDCl; was passed through a plug of basic alumina
prior to recording NMR spectra of acid-sensitive samples. To prevent acid-catalyzed hydrolysis
of acetal-containing compounds during chromatographic separation, 1% triethylamine was added
to the solvents used for elution. Absorbance was measured using a microplate reader (Molecular
Dynamics).

Crosslinker synthesis. Compound 1 was prepared following a literature procedure.*®

Particle Preparation

Degradable CPP-Modified Microparticles. Microparticles were prepared via an inverse
emulsion free radical polymerization.”*~° The organic phase consisted of 3% (w/v) of 3:1 (w/w)
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Span 80/Tween 80 in hexanes. The aqueous phase was prepared by dissolving cell-penetrating
peptide monomer 2 (2.13 mg, 1.3 x 10 mol) in 250 uL of phosphate buffered saline (pH 8.0)
containing 2 mg/mL BSA-Alexa Fluor 488 conjugate. The pH of this solution was adjusted by
the addition of 0.1 M NaOH until the solution had a pH of approximately 8. Acrylamide (85 mg,
1.20 mmol) and acid-labile crosslinker 1 (37 mg, 0.10 mmol, 8 mol %) were dissolved in the
aqueous phase. A 50% (w/v) ammonium persulfate solution (10 pL) was added to the aqueous
phase. The aqueous phase was then combined with 2.5 mL of the organic phase. The emulsion
was prepared by sonicating the solution in a water bath at rt for 30 cycles (ca. 1 s each) in rapid
succession using a Branson 450 Sonifier with a ' in flat tip, an output setting of 2, and a duty
cycle of 40%. Polymerization was initiated by the addition of 20 pL of N,NN'N-
tetramethylethylenediamine (TMEDA) and continued for 10 min at room temperature with
constant stirring. The particles were recovered by centrifugation at 1380g (rt) for 10 min using 5
um PVDF spin filters (Ultrafree-CL Durapore, Millipore). The particles were washed with
hexanes (2 x 2 mL) and acetone (3 x 2 mL), centrifuging after each wash. After collecting the
particles, residual acetone was removed by drying under high vacuum overnight.

Non-degradable CPP-Modified Particles. Non-degradable particles were prepared following
the method described above using N, N'-methylene-bis-acrylamide as the crosslinker. The
aqueous phase consisted of acrylamide (103 mg, 1.45 mmol), N,N'-methylene-bis-acrylamide
(19.0 mg, 0.12 mmol, 8 mol %), and cell-penetrating peptide (2.62 mg, 0.1 mol %) dissolved in
250 pL of phosphate buffered saline (pH 8.0) containing 2 mg/mL BSA-Alexa Fluor 488
conjugate.

Unmodified Microparticles. Unmodified degradable and non-degradable microparticles
encapsulating BSA-Alexa Fluor 488 conjugate were prepared in a similar fashion as described
above omitting monomer 2. For the degradable particles, the aqueous phase consisted of
acrylamide (87 mg, 1.22 mmol) and crosslinker 1 (38 mg, 0.11 mmol, 8 mol %) dissolved in 250
uL of phosphate buffered saline (pH 8.0) containing 2 mg/mL BSA-Alexa Fluor 488 conjugate.
For the non-degradable particles, the monomer composition contained acrylamide (105 mg, 1.48
mmol) and N,N"-methylene-bis-acrylamide (20 mg, 0.13 mmol, 8 mol %) dissolved in 250 uL of
phosphate buffered saline (pH 8.0) containing 2 mg/mL BSA-Alexa Fluor 488 conjugate. It was
unnecessary to adjust the pH of the aqueous phase in these cases.

Particle Characterization

CPP Quantification. CPP quantification was performed using a Micro BCA Protein Assay Kit
(Pierce Biotechnology, Rockford, IL). The particles were dispersed in 300 mM acetic acid buffer
pH 5.0 at a concentration of 5 mg/mL and incubated at 37°C overnight to degrade the particles.
The solution was then analyzed for the concentration of peptide using the kit according to the
manufacturer’s instructions, and the fluorescence of the resulting solution was quantified on a
microplate reader. A standard curve was prepared using known concentrations of peptide in
acidic buffer (pH 5.0, 300 mM acetic acid).

Scanning Electron Microscopy (SEM). Microparticles were imaged as bulk dry powders. A

sample of the dried particle powder was sputter-coated with a 35 A platinum film and visualized
using a Hitachi S5000 SEM at 10 kV.
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Studies Performed with Particles

Cell Culture. A lung epithelial cell line derived from transformed normal human airway
epithelial cells (BEAS-2B, CRL-9609, American type Tissue Culture Collection, Manassas, VA)
was used for the majority of cell-based studies. Confirmatory experiments were also conducted
in an alternative epithelial cell line (HeLa, obtained from ATCC, catalog no. CCL-2). With both
lines, cells were grown overnight to 50% confluence on four-well LabTek plastic chamber slides
using Optimem (Invitrogen) media supplemented with 5% FBS and penicillin/streptomycin
(approx 50 pg/mL final). Microparticles were added to the media when the cells were 50-60%
confluent.

Cell Uptake Studies. Microparticles were sonicated for two 2 s pulses just prior to incubation
with cells using concentrations ranging from 15 pg/mL to 500 pg/mL in a 500 pL volume. Cells
were incubated with microparticles for 2 h then washed three times in PBS and allowed to
incubate an additional 24 h (HeLa cells) or simply allowed to incubate for 2 or 24 h (BEAS-2B
cells). At the end of the incubation period, cells were then fixed and imaged. All studies were
conducted in duplicate using 2—3 different preparations of microparticles.

Confocal Microscopy. After incubation, chamber slides were washed with PBS and fixed in 4%
paraformaldehyde for 15 min at rt. Following additional PBS washes, Alexa Fluor 568
conjugated phalloidin (1:80, Molecular Probes no. A12380) was added to each well and
incubated 30 min at rt to label filamentous actin. Chambers were then removed from the slides,
and slides were washed again in PBS with a final rinse in water. Following shaking to remove
excess water, cells were covered with mounting media (Vectashield, Vector Laboratories,
Burlingame, CA) containing 4',6-diamidino-2-phenylindole (DAPI) to stain intracellular DNA,
coverslipped, and sealed with Cytoseal-60. Cells were examined by indirect fluorescent
microscopy using an Olympus BX51 and/or confocal microscopy using a Zeiss 510 LSM laser
scanning fluorescent confocal microscope. Cells not treated with microparticles and a well with
microparticles but no cells were also prepared to measure background fluorescence.

Cytotoxicity Assay. Possible cytotoxicity associated with cell microparticle uptake was assessed
by measuring the release of lactic dehydrogenase (LDH) into cell media using a commercially
available kit according to the manufacturer’s instructions (Roche Laboratories). BEAS-2B cells
were cultured in 100 mm dishes with DMEM/10% FBS to approximately 80% confluence. Cells
were washed and then incubated for 24 h in fresh media containing 500 pg/mL degradable
microparticles, 10 mM H,O; (ensuring cell death, thereby serving as a positive control), or no
treatment. Testing was done in duplicate. After incubation, media was recovered, centrifuged,
and LDH concentrations were measured in 1 mL of supernatant.
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Chapter 3 — The Impact of Particle Size and Surface
Functionalization on In Vivo Behavior of Hydrogel-Based Particles
for Pulmonary Applications

Abstract

Polymer chemistry offers the possibility of synthesizing multifunctional nanoparticles
which incorporate moieties that enhance diagnostic and therapeutic targeting of cargo delivery to
the lung. However, the lung presents a challenging delivery environment since rules for
predicting particle behavior following pulmonary administration are poorly understood.
Significant barriers to efficient particle delivery exist in the lung due to the presence of complex
mechanisms built into the pulmonary physiology designed to effectively prevent particulate
material from accumulating in the deep lung airspaces. Given the promising in vitro results
obtained with our cell-penetrating peptide functionalized hydrogel particles described in the
previous chapter, we decided to evaluate the behavior of these particles in vivo for applications in
lung imaging and therapy. In this chapter, we describe the design of polyacrylamide-based
hydrogel particles of differing sizes, functionalized with a nona-arginine cell-penetrating peptide
(Argy), and labeled with imaging components to assess lung retention and cellular uptake after
intratracheal administration. We explore the effects of varying a variety of parameters related to
hydrogel structure on the potential utility of this particle system to serve as a delivery vehicle in
the pulmonary environment. Specifically, we investigate the role of both particle size and
functionalization with cationic cell-penetrating/mucoadhesive peptides on (i) lung retention,
redistribution, and elimination following intratracheal delivery, (ii) cellular localization of
particles within the lung, and (iii) the induction of undesired inflammatory immune responses for
this system. We demonstrate that whereas microparticles may be advantageous for short-term
applications, nanosized particles constitute an efficient high-retention and non-inflammatory
vehicle for the delivery of diagnostic imaging agents and therapeutics to lung airspaces and
alveolar macrophages that can be enhanced by CPP. Importantly, our results elucidate the
influence of several important particle design features on in vivo behavior in the complex
pulmonary environment and may help in the design of future delivery vehicles for use in the
treatment of various lung diseases.

Introduction

Polymer chemistry offers the capacity to generate a wide variety of nanoparticles with
diverse classes of functional groups to provide unique possibilities for diagnostic imaging and
therapy.'™ Tailoring particles with specialized functions can therefore enhance behavior in
specific organs or cell microenvironments.*” In this regard, each disecase target presents
challenges related to the route of administration, the properties of the particle system, and the
biologic responses. Acute and chronic respiratory diseases caused by infectious, inflammatory
and genetic etiologies have a high morbidity and mortality and are thus excellent candidates for
novel nanotechnology-based diagnostic and treatment strategies.®® The respiratory tract provides
an easily accessed route for organ-specific delivery, with an established record of success in the
clinic for inhaled drug therapies and nuclear imaging. To date, the primary focus of evaluation of
nanoparticles in the respiratory tract has been on the toxicity of environmental particulate
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pollutants and metal particles.”'’ Thus, the development of synthetic nanoparticles for delivery

to the respiratory tract for clinical application is still in its early stages, and the effects of
structural features, and addition of components for imaging, cell targeting, and permeation on in
vivo particle behavior are not yet well defined, and therefore require comprehensive
assessment.”™

Existing polymeric particle systems for lung delivery are primarily composed of
hydrophobic materials such as poly(lactic-co-glycolic acid) (PLGA) chains condensed into
particles and dispersion-polymerized poly(butyl cyanoacrylate) particles.*!' Few systems for
lung delivery have been explored that employ hydrophilic polymer networks based on
crosslinked hydrogels. Our group has recently described the synthesis of hydrogel-based
polyacrylamide microparticles (PMPs, 1-5 pm diameter) and nanoparticles (PNPs, <100 nm
diameter) that can be tuned for size and degradation rate through the incorporation of pH-
sensitive crosslinks, and functionalized to carry cargoes such as imaging probes, proteins, or
nucleic acids.’*'® In addition, small molecules and peptides for targeting and improved cell
uptake can be built into the particle backbone through copolymerization. These modifications are
especially important in the case of non-malignant lung diseases where the phenomenon of
enhanced permeation and retention (EPR) and tumor-specific cell membrane targets are not
applicable.'” Thus, we have been particularly interested in functionalizing PMPs and PNPs with
cell-penetrating peptides (CPPs) that may increase cellular uptake of particles in vivo and display
mucoadhesive characteristics in the lung.'®

CPPs are short cationic peptides derived from biological sources, including the HIV TAT
(trans-activator of transcription) protein.'” Over the past 20 years, numerous studies have
demonstrated that naturally occurring or synthetic CPPs such as oligomers of arginine (e.g., the
nonamer Argo) enhance the cellular uptake of proteins, nucleic acids, drugs, and nanoparticles.”*
 Similarly, we have demonstrated that modifying PMPs with CPP enhances cellular particle
uptake in vitro.'> However, only a few reports have described CPP-mediated transport of
molecules in the lung. In pioneering studies, intraperitoneal or intravenous injection of a TAT-
bound protein was shown to result in uptake in multiple organs including low quantities in the
lungs, although the cell type targeted was not identified.***> More recently, TAT bound to
plasmid DNA encoding a luciferase reporter and administered intratracheally to mice was found
to be superior to plasmid alone for enhancing transfection efficiency, albeit with low levels of
luciferase expression, and accompanied by lung inflammation.” In contrast, gene silencing with
siRNA conjugated to TAT delivered intratracheally was not superior to siRNA alone.”” Thus,
while potentially powerful, the value of CPP-modified structures is not well understood for lung
delivery. Moreover, there is little information available to guide the design and assessment of
particulate carrier systems complexed with CPPs for respiratory tract delivery.

In the work described in this chapter, we hypothesized that both particle size and
functionalization with CPP would significantly impact particle behavior in the lung as
characterized by retention, cell uptake and immune response. We thus focused on interactions of
particles of varying sizes and surface modification with the airspace environment, epithelial and
immune cells, and extra-pulmonary organs. Additionally, since it has been shown that particles
can rapidly move out of the lung to other organs, we used imaging and biodistribution studies as
critical assays for understanding particle fate in vivo.™® We took advantage of our ability to
incorporate multiple imaging probes to enable (i) non-invasive tracking of particles in vivo using
positron emission tomography, (ii) quantification of specific organ distribution, and (iii) analysis
of cellular uptake following intratracheal delivery. Finally, with concern for minimizing particle-
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associated inflammatory responses, we assessed the presence of markers of lung inflammation
following instillation of PMPs and PNPs in the lungs.

Results and Discussion
Synthesis and Characterization of Hydrogel Particles.

To explore the effects of carrier size and functionalization with a cell-penetrating peptide
(CPP) on the behavior of hydrogel-based particles following intratracheal administration, we
synthesized polyacrylamide microparticles (PMPs) and nanoparticles (PNPs) that were (CPP+)
or were not (CPP-) co-polymerized with a monomer containing a pendant nona-arginine peptide
(Figure 3.1A). While these particles can be synthesized to hydrolyze and release their cargo,'
non-degradable particles were used in this study to enable the tracking of particle fate. All
particles encapsulated a conjugate of bovine serum albumin and Alexa Fluor 488 dye (BSA-488)
for fluorescence-based assays and for tyrosine radiolabeling. PNP radiolabel stability was
improved by co-polymerizing a tyramine-functionalized monomer into the particle structure, in
addition to thoroughly washing the particles using ultrafiltration. In the dry state, particles had a
spherical shape when imaged by SEM (Figure 3.1B and C).
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Figure 3.1. Synthesis, functionalization, and in vitro behavior of polyacrylamide hydrogels. (A)
Particles were generated and co-polymerized in the absence or presence of a nona-arginine cell
penetrating peptide (CPP). All particles encapsulated bovine serum albumin conjugated with
Alexa Fluor 488 dye (BSA-488) for fluorescence detection. Emulsion conditions were varied to
yield polyacrylamide microparticles (PMPs) or nanoparticles (PNPs) as shown in the SEM
images (B, C) of the particles in the dry state. (D) The human bronchial epithelial cell line BEAS
2B was incubated with the indicated particles for 24 h and then assayed by flow cytometry to
determine the proportion of cells containing BSA-488-labeled particles. Shown is the mean + SD
of replicate samples from at least 2 independent experiments (*p < 0.05).

When hydrated, the PMPs were 1 to 5 pm in diameter and PNPs were 20 to 40 nm in
diameter, as measured by light scattering (Table 3.1). The surface charge of the particles, as
indicated by zeta-potential measurements, was positive with the exception of the CPP- PMPs,
which were near neutral. We previously demonstrated preferential uptake of the CPP+ PMPs
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compared to CPP- PMPs in cell lines,'? and thus extended these studies to evaluate the PNPs in
parallel with PMPs (Figure 3.1D). The addition of the CPP into the structure of both PMPs and
PNPs significantly enhanced their cellular uptake in vitro (p < 0.05).

Table 3.1. Properties of nanoparticles tested for respiratory tract delivery”

Particle Hydrated . . b .
type Diameter” Peptide | Zeta-potential Cargo Radiolabels
CPP- 125¢ 76
PMPs 1.8+ 1.2 um None -0.1 £45mV | BSA-488 I, Br
CPP+ 125¢ 76
PMPs 2.7+ 1.4 pum CPP +12.3+4.0 mV | BSA-488 I, "Br
PP 131.0+930m | None | +7.6+48mV | BSA-488 | I 7Br
PNPs
CPP 1 3LTHI4S 1 cpp | 411.9+40mV | BSA-488 | ' "B
PNPs nm

“Abbreviations: PMPs, polyacrylamide microparticles; PNPs, polyacrylamide nanoparticles;
CPP, cell-penetrating peptide; BSA-488, bovine serum albumin/Alexa Fluor 488 conjugate.
"Mean + S.D.

In Vivo PET/CT Imaging of Radiolabeled Particles Following Intratracheal Delivery.

As an initial evaluation of the in vivo behavior of PMPs and PNPs in the lung, particles
were hydrated, radiolabeled with "°Br for PET imaging, and administered to mice via the direct
intratracheal (IT) injection route to ensure accurate respiratory tract delivery. Radiolabeled IT
particles were well tolerated without animal distress or mortality. Mice were imaged serially by
whole body microPET/CT scanning over an 18 h period (Figure 3.2A). For all particles at all
time points, the microPET/CT co-registered images clearly showed a general restriction of the
particles to the lung. Particles present in the gastrointestinal (GI) tract post-delivery were best
revealed in three-dimensional reconstructions of the images obtained after 3 h (Figure 3.2B).
Based on these studies, the PNPs had a more prolonged retention in the lung relative to the
PMPs.

Image analysis using the standardized uptake values (SUV) of the two types of PMPs
showed that the lung activity of each particle decreased at a similar rate over time, but mice
administered the CPP+ PMPs had 34-50% lower lung activity than those receiving CPP- PMPs
(Figure 3.2C). Both PNP types displayed higher lung activity compared to each of the PMP
forms. In addition, the PNPs had a similar and constant lung signal over 18 h that appeared to be
independent of the CPP. Collectively, this initial analysis demonstrated a consistent behavior
related to size; the larger PMPs were rapidly cleared, likely through mucociliary clearance to the
gastrointestinal tract (GI), while the smaller PNPs had sustained lung retention.
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Figure 3.2. MicroPET/CT imaging of "°Br-labeled particles following intratracheal delivery. (A)
Representative mid-thoracic coronal (top) and transverse (bottom) slices of serial microPET and
CT co-registered images obtained from mice at the indicated time following intratracheal
administration of "°Br-labeled particles described in Figure 3.1. (B) Three-dimensional
reconstructions of PET scan activity (blue) merged with X-ray CT images that were signal-
adjusted to reveal the skeleton (yellow). Arrows indicate gastrointestinal tract activity.
Fiduciaries (f) used for co-registration are included. (C) The standardized uptake values (SUV)
of the PET activity within the lung region from images as in (A), shown as the mean + SD of 3-4
mice per particle type.
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In Vivo Lung Retention and Biodistribution of Particles Following Intratracheal Delivery.
To more precisely quantify the lung retention and fate of particles, biodistribution studies
were performed in mice after IT delivery of '*I-labeled particles. Retention of particles in the
lung was determined by measuring activity in total lung tissue. Evaluation of all four types of
particles again demonstrated that the majority of the initial activity was localized in the lung
(Figure 3.3). Consistent with the PET images, the activity of the smaller particles (PNPs) in the
lung was both higher and more persistent than that of the larger ones (PMPs). However, in this
more sensitive assay, an effect of the CPP was observed, but differed for the two sizes of
particles. For PMPs, the presence of the CPP resulted in a lower lung retention profile at all
times (p < 0.05). The pattern was reversed in the case of the PNPs, where the presence of the

CPP resulted in significantly higher lung retention at all time points (p < 0.05).
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Figure 3.3. Lung retention and biodistribution of particles following intratracheal delivery.
Biodistribution of '*’I-labeled particle activity in the indicated organs performed 1, 3, and 24 h
post-delivery. Activity was determined as the mean £+ SD of the percent of the injected dose per
organ (% ID/organ) from 3-5 mice per group. Particles were functionalized without (CPP-) or
with (CPP+) cell-penetrating peptide. The lung activity of CPP+ PNPs was significantly greater

than CPP- PNPs at all times (*p < 0.05).
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Studies by other groups have demonstrated that, following respiratory tract
administration, particles could be cleared from the lung to either the GI tract by mucociliary
activity (after particles are swallowed in the posterior pharynx) or to the systemic circulation by
transit from the air space through the alveolar epithelium-capillary endothelial barrier.”® To
analyze extra-pulmonary particle fate, organs of interest were collected and activity was
quantified using a gamma counter. These biodistribution studies showed higher activity of PMPs
than PNPs in the GI tract (stomach and intestines; 1 and 3 h; p < 0.05), suggesting rapid
mucociliary clearance of the larger particles from the lung. Also, the blood clearance of the
PMPs was higher than that of the PNPs at all time points, suggesting movement from the
alveolar air space to the systemic circulation (p < 0.05).

For all particles, activity was extremely low or undetectable in all other organs assayed.
The possibility of central nervous system uptake was also determined, which we anticipated
would be minimal as IT delivery avoids passage from the olfactory epithelium to the brain.” For
all particle types, activity was not detected in the brains isolated from mice after PET imaging
(data not shown). Together, these biodistribution studies were consistent with the PET imaging
studies, confirming rapid GI tract clearance of the PMPs and a high specificity of lung retention
of PNPs that was significantly enhanced by the addition of CPP (p < 0.05).

Localization of Intracellular Targeting of Polyacrylamide Particles In Vivo.

Prior studies of particle modification have indicated that changes in surface
characteristics such as that imparted by the addition of a polyarginine peptide may significantly
alter predicted patterns of particle distribution and cellular localization in the body.***' To define
features of lung retention and particle fate, an additional cohort of animals was intratracheally
administered '*I-labeled particles and then subjected to bronchoalveolar lavage (BAL) at 1, 3, or
24 h post delivery (Figure 3.4A). Radioactivity in the BAL fluid and the post-BAL lung was
determined to quantify particles in different lung compartments with the knowledge that the
BAL fluid would contain both free and immune cell-associated particles, while the post-BAL
lung would additionally include parenchymal cell-associated particles. Consistent with the
studies above, analysis of BAL fluid and remaining activity in the lung revealed that a greater
fraction of PNPs than PMPs was retained in the lung. There was no significant difference in
post-BAL lung activity imparted by addition of CPP to the PMPs (p > 0.05). In contrast, at all
time points, CPP+ PNPs were retained at higher levels in the post-BAL lung than CPP- PNPs (p
< 0.05) suggesting that the addition of the CPP enhanced the association of the smaller
nanoparticle within the lung parenchymal compartment.

To identify the specific cell types in the lung taking up the particles, tissue sections of
lung were examined for co-localization of the BSA-488-labeled particles with cell-specific
markers. Low power examination of lung sections showed that delivery of all particle types
resulted in regional dispersal, variable clumping of particles and delivery within alveolar
airspaces, which in some cases associated with cell surfaces (Figure 3.4B and data not shown).
No significant particle fluorescence activity was identified in the airway epithelial cells of
bronchi or bronchioles of any of the animals. All particle types were found in alveolar epithelial
cells (Figure 3.4B, arrowheads). These were identified by morphology as alveolar epithelial type
I cells or by immunostaining as type II cells using the marker prosurfactant protein C. Particles
were more commonly observed within cells of macrophage morphology (Figure 3.4B, arrows).
Consistent with this observation, BAL cells obtained 24 h post-instillation revealed particles in
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cells that expressed the macrophage marker CD68 (Figure 3.4C). These studies suggested that
there was enhanced alveolar macrophage uptake of PNPs compared to PMPs.
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Figure 3.4. Localization of particles in the lung following intratracheal delivery. (A) Activity of
the indicated '*I-labeled particle 1, 3, and 24 h post-delivery in the total lung, post-BAL lung
and BAL fluid determined as the mean + SD of the percent of the intratracheal dose per organ (%
ID/organ) from 3-5 mice per group. (B) Photomicrographs of lung sections obtained 24 h after
particle delivery show BSA-488-labeled particles (green) in alveolar epithelial cells (arrowheads)
and cells with alveolar macrophage morphology (arrows). Tissue sections were stained to
identify alveolar type II epithelial cells (prosurfactant protein C, SPC; red) and nuclei (DAPI;
blue). Bar = 10 um. (C) Photomicrographs of cells obtained by BAL 24 h after delivery of BSA-
488-labeled particles that were immunostained with alveolar macrophage marker antibody CD68
(red) and DAPI (blue). (D) Quantification of BAL alveolar macrophages that contain BSA-488-
labeled particles. At 3 and 24 h post-delivery of PBS or particles, cells recovered in BAL fluid
were immunostained for macrophage marker F4/80 and analyzed by flow cytometry. Shown is
the mean + SD of the percentage of macrophages containing BSA-488-labeled particles in 3-5
mice per group (*p < 0.05).

Quantification of Particle Uptake by BAL Alveolar Macrophages In Vivo.

Optimal particle diameters for phagocytosis by alveolar macrophages are reported to be
1-3 um, and phagocytosis is considered to decrease with particle size and time after delivery to
the lung.**** To more specifically quantify alveolar macrophage uptake, we examined BAL cells
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from different time points after IT delivery using flow cytometry. Rapid uptake was observed for
all particle types in 30-60% of the macrophages in samples obtained 3 h post-delivery (Figure
3.4D). By 24 h, there was a decrease in the percentage of macrophages containing PMPs, while
macrophage uptake of the PNPs remained high (>50%). There was no apparent effect of CPP to
augment macrophage uptake of either particle.

Determination of the Acute Inflammatory Cell Response in the Lung after Delivery of
Particles.

The respiratory system response to particulate invasion is typically accompanied by a
rapid inflammatory response that can be monitored by assay of immune cells and accompanying
inflammatory mediators in BAL fluid.**** Few studies have explored responses to synthetic
particles specifically developed for nanomedicine.'®***” It was therefore important to next
determine if there was a toxic inflammatory response in the lung following IT delivery of
particles (Figure 3.5A and B). Cells in BAL fluid recovered from naive mice include at least
95% alveolar macrophages, reflecting the normal innate cell population. After 24 h, CPP- PMPs,
CPP- PNPs, or CPP+ PNPs did not induce a significant change in the number or type of immune
cells recovered compared to PBS alone (Figure 3.5B). Only the CPP+ PMPs induced an
inflammatory response characterized by an increase in BAL fluid neutrophils and a decrease in
macrophages. In agreement with the inflammatory cell profiles in the BAL fluid, further analysis
that quantified multiple cytokines, chemokines and growth factors in cell-free BAL fluid showed
increased levels only in samples from mice administered CPP+ PMPs (Figure 3.5D). The
inflammatory mediators with increased concentrations were CXCL1/KC, CCL2/JE, CCL3/MIP-
la and G-CSF, consistent with the function of these molecules as neutrophil chemotaxis
factors.”

The inflammatory response observed with the CPP+ PMPs could not be directly
attributed to the CPP since there was no inflammatory response observed in BAL fluid of mice
delivered free CPP (Figure 3.5C). This suggests that the multivalent presentation of the cationic
CPP on the surface of the PMP structure may have enhanced toxicity. This would be analogous
to the lung inflammation observed when cationic TAT-derived peptides were linked to different
types of siRNA or DNA, resulting in the induction of inflammation in the lung. However, as
noted, the surface charge of the CPP+ PMPs was similar to the relatively non-inflammatory
CPP+ PNPs (Table 3.1), again indicating that combinations of size, charge and other particle
design features may influence the development of inflammation.

The source of this inflammation may be the result of an interaction of peptide-bearing
particles with alveolar macrophages, or airway or alveolar epithelial cells as reported.”®*’
However, when we exposed primary alveolar macrophages to particles and measured cytokines
in supernatants, we did not observe an increase in cytokine or chemokine production (data not
shown), in contrast to macrophage responses observed by others.”> We further recognized that
the present experiments were designed to study only an acute effect where prolonged retention of
particles may induce a chronic response as observed in the case of intratracheally administered
carbon nanotubes.*’
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Figure 3.5. Inflammatory response in the lung following intratracheal delivery of particles. (A-
C) Quantification of cell types recovered by BAL 24 h post-delivery of the indicated particle or
CPP alone. Shown is the mean = SD of total and individual cell types (Mac, alveolar
macrophage; Lymph, lymphocyte; Neutro, neutrophil) from at least 3 mice. (D) BAL fluid
cytokines measured in cell-free supernatant by BioPlex assay from 3 mice. A significant
difference compared to other treatments is indicated (*p < 0.05).

In Vivo Lung Retention and Biodistribution of Degradable Particles Following
Intratracheal Delivery.

The primary focus of this study was to investigate the utility of hydrogel-based
particulate systems delivered via the respiratory tract for potential pulmonary imaging and
therapy applications. Therefore, we chose to evaluate non-degradable particles to enable
straightforward tracking of particle fate over time. These studies provided us with important
information regarding particle size and surface functionalization that will help guide our future
particle design. For clinical applications, however, a particulate delivery vehicle that degrades
under physiologically relevant conditions is highly desirable.

We have described, in the previous chapter, the preparation of acid-degradable
polyacrylamide hydrogels incorporating the same cell-penetrating peptide (CPP) utilized in the
above studies. These particles contain a pH-sensitive acetal crosslinker that is relatively stable at
pH 7.4, but degrades rapidly under the slightly acidic conditions typically found in the lysosome
(pH 5.0-5.5). Such acid-sensitive systems are particularly attractive as cargo release can be
triggered in response to endosomal acidification upon cellular uptake. Acid-degradable particles
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of this type encapsulating protein antigens and immunostimulatory molecules have shown
success in eliciting an immune response for vaccine applications.

As a first step towards understanding whether our degradable hydrogels might be an
appropriate system to use in pulmonary delivery applications, we wanted to investigate the
behavior of these particles following intratracheal administration. Biodistribution studies were
performed in mice after IT delivery of '*I-labeled particles. Retention of particles in the lung
was determined by measuring activity in total lung tissue. Evaluation of degradable CPP+ PMPs
showed that the majority of the initial activity was localized in the lungs, followed by a rapid
decrease in activity over time (Figure 3.6). As with the biodistribution of the non-degradable
particles, we also observed high activity in the stomach, suggesting rapid mucociliary clearance
of these larger particles from the lung.
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Figure 3.6. Lung retention and biodistribution of degradable CPP+ PMPs following intratracheal
delivery. Biodistribution of '*’I-labeled particle activity in the indicated organs performed 1, 3,

and 24 h post-delivery. Activity was determined as the mean + SD of the percent of the injected
dose per organ (% ID/organ) from 3-5 mice per group.
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Discussion of the Overall Behavior of Polyacrylamide Microparticles and Nanoparticles
Delivered via the Respiratory Tract.

Taken together, our in vivo analysis reveals that both size and functionalization impart
each type of particle with its own unique behavior (Table 3.2). In this study, tracking of particle
fate is made possible by the ability to multi-functionalize our particle system, reflecting one
advantage of these synthetic polymer constructs. Here, we show that the direct and commonly
used clinical route of respiratory tract delivery for administration of our polymer based micro-
and nanoparticles results in reproducible behaviors for adaptation to imaging and therapeutic
applications in the lung. We also specifically tested the functionalization of particles with CPP
since it is remarkably effective for cargo delivery in vitro and in some cases when delivered
intravenously.”***** To our knowledge, nanoparticles bearing CPPs have not been previously
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studied for delivery to the respiratory tract, where cell targets and host defense mechanisms
present an environment that is very different from that of the vascular system and other organs.
We identified that the addition of the CPP to the carrier structure induced significant changes in
particle behavior in vivo, particularly enhancing lung airspace retention of the PNPs without
induction of inflammation when delivered to the respiratory tract of mice.

Table 3.2. Fate of nanoparticles following respiratory tract delivery®”

Particle Lung GI Blooc'l AM Epithelial Inflammation
Type Retention | Clearance | Transit | Uptake Uptake

1?1\1/)[1;8 ++ ot ++ ++ + -
1(3:15[1;: ++ +++ ++ ++ + +

I():IFIIE; e + + +++ + -

SII\)III;: ++++ + + +++ + -

“Abbreviations: GI, gastrointestinal; AM, alveolar macrophage.
bScoring: -, not detected +, <10%; ++, 10-25%; +++, 26-50%; ++++, >50%

Our multi-modality analysis of the acute behavior of CPP functionalized micro- and
nanosized particles delivered intratracheally also revealed important findings with direct
implications for particle design for clinical applications. First, PET imaging showed that both
large and small particle types were distributed widely throughout lung airspaces, independent of
the presence of CPP and any differences in surface charge. By labeling the particles with
multiple markers, we could use whole animal, tissue and cell-based analysis to determine that the
PET imaging correlated well with airspace filling and mucociliary clearance. Second, using these
assays, we confirmed that the routes of particle clearance were size-dependent as reported by
others: the larger particles (PMPs) were more rapidly cleared by mucociliary mechanisms, likely
due to a tendency for more proximal impaction in the airway of respiratory tract.’’>> Consistent
with this conclusion, the biodistribution assay (Figure 3.3) revealed significantly higher PMP
than PNP GI tract activity at one and three hours postdelivery (p < 0.05). This is the result of
movement of particles (or particles within cells), up the mucociliary escalator and subsequent
swallowing. Thus lower mucociliary clearance contributed to the prolonged lung retention of
PNPs. Size-dependent behavior related to transit to the blood was opposite of that predicted,
based on prior reports.”®**' These reports indicated that a significant proportion of nanoparticles
transit the alveolar space to the blood. In contrast, we found a greater fraction of PMPs in the
blood pool, possibly owing to some unrecognized alteration or injury to the alveolar epithelial
cell basement membrane.”® Third, both large and small particles were rapidly taken up by
alveolar macrophages, without enhancement of phagocytosis by CPP. For PNPs in particular,
macrophage uptake is thus likely the major route for clearance, whereas it is possible that a high
proportion of PMP clearance is by mucociliary routes without phagocytosis. The relatively
greater macrophage uptake of nanoparticles than microparticles may also be the result of a higher
amount of PNPs than PMPs delivered since dosing was based on mass. Fourth, epithelial cell
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uptake was independent of the addition of the CPP for both sizes of particles, as opposed to the
enhanced uptake that we observed in vitro.'* Last, in contrast to reports of inflammation induced
by other particles,'® acute airway inflammation, assessed at 24 h after delivery, was not
induced, with the single exception of the CPP+ PMPs.

We found that the presence of CPP significantly alters the behavior of the particles in the
lung. Interestingly, CPP improves the lung retention of the PNPs, while it speeds up clearance of
the larger PMPs. The prolonged retention of the PNP with CPP could not be attributed to the
difference in charge alone since both CPP+ PMPs and CPP+ PNPs were of similar surface
charge (Table 3.1). These differences in behavior caused by a small perturbation to the carrier
structure highlight the need to take into account multi-level (cell, organ, and whole organism)
effects in the design of particle-based carrier systems. Prior studies of respiratory tract delivery
of CPP-bearing molecules are limited and have mixed results, indicating that multiple design
features must be considered. For example, IT delivery of luciferase plasmid with a TAT-derived
CPP linked via a polyethylene glycol (PEG) bridge to polyethylenimine did result in a low level
of total lung luciferase expression.”” However, in that report, Kleeman et al. argued that TAT-
derived peptide alone was insufficient to mediate in vivo transfection of lung cells and that the
PEG conjugate was a critical component for delivery. Other investigators have suggested that the
addition of hydrophilic PEG may be a critical factor for enhancing penetration of particles
through the dense, thin mucous layer that normally lines the respiratory tract.*** It is possible
that the use of a PEG linker incorporated into our hydrogel particles could permit the CPP to
function more effectively in vivo. On the other hand, the nanoparticles that contact the alveolar
epithelial cells face a high surfactant barrier, where additional particle surface properties may
need to be engineered to enable cell entry. Additional factors, such as particle shape and charge,
are likely also important to maximize CPP-mediated nanoparticle uptake and represent areas for
future investigation to optimize lung delivery.**

Although we used several assays to determine the fate and effects of intratracheal
delivery of our particles, elucidating additional aspects of particle behavior will require future
investigation. For example, we need to gain further insight into the mechanisms for prolonged
retention of the PNPs and facilitation by CPP. While retention could be strongly influenced by
particle biodegradability, it may also be associated with particle size, shape and surface charge.
We have also considered that retention may be related to the movement of particles to the
alveolar interstitial space, a phenomenon observed in the study of ultrafine particles.”> However,
using immunofluorescence microscopy, we did not observe BSA-488-labeled particles within the
interstitial space of the alveoli. The use of immunogold-labeled anti- Alexa Fluor 488 antibodies
and electron microscopy of lung tissues analyzed over a longer period of time might reveal this
behavior. Also, while the mechanism of uptake of a variety of structures with CPP has been
extensively investigated,””*** it is possible that unique pathways independent of CPP might
exist for the polyacrylamide complexes tested here, possibly related to their inherently
hydrophilic nature. Future assessment of particles functionalized with CPP will be directed
toward testing designs that incorporate fully biodegradable components®™ and the addition of
PEG to enhance mucous penetration,** as well as investigating lung retention beyond 24 h. The
encapsulation of a biologically active cargo within the particle that results in the expression of a
biologic or molecular marker (e.g., green fluorescent protein) or a therapeutic molecule will
further enhance our ability to assess the value of nanoparticle systems for diagnostic and
therapeutic applications.
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Conclusions

The use of custom engineered and functionalized nanoparticles provides significant
possibilities for improving diagnostic imaging and unique therapies for lung disease. However,
development of these tools for human applications demands comprehensive in vivo assessment.
Synthetic polymer-based hydrogel particles provide the flexibility required to incorporate
targeting peptides and imaging probes, plus package diagnostic and therapeutic cargoes for
delivery to the lung. Examination of the fate of model particles labeled to enable tracking shows
that changes in size, charge and functionalization result in unique behaviors, each with clinical
implications. The larger PMP are briefly retained throughout the airspaces, then cleared rapidly
by the GI tract (likely via mucociliary routes), and have a short lung half-life. In the absence of
the CPP, these particles did not induce acute inflammation and thus could be used for diagnostic
imaging or delivery that requires a relatively brief lung dwell time such as for acute lung injury
(e.g., acute lung infection and acute respiratory distress syndrome). In contrast, the smaller PNPs
have a higher and more prolonged lung airspace retention, which is further augmented by CPP
without acute lung inflammation. These nanoparticles may be more advantageous for serial
imaging or therapy of a more persistent lung injury. The high and prolonged uptake of particles
in macrophages could be capitalized on for treatment of slow growing and difficult to treat
intracellular microorganisms such as Mycobacterium tuberculosis, as suggested by others.™!!*6
Enhanced release of antituberculosis agents using microparticles and nanoparticle constructs has
been considered based on the potential to reduce systemic toxicity, provide higher local
concentrations of drug, and thereby reduce dose frequency compared to current oral drugs.®'"*°
Clinical delivery of nanoparticles to the lung may be facilitated by existing aerosolizing devices
that can be used to generate mist for impaction in airways or alveolar spaces.''”* As we
demonstrate, functionalization of our particle systems with these or other diagnostic and
therapeutic agents may further alter the material characteristics of the carrier (e.g., surface
charge, size, etc.), which will continue to drive the need for comprehensive in vivo
characterization of particle behavior.

Experimental Procedures

General Procedures and Materials for Particle Synthesis

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich and used without
additional purification. Acrylamide, N, N -methylene-bis-acrylamide, ammonium persulfate, and
N,N,N’,N -tetramethylethylene-diamine (TMEDA) were purchased from Bio-Rad. The cell-
penetrating peptide (CPP) consisting of nine arginine residues (acrylamide-Argy-COOH) was
purchased from Applied Peptech Suzhou. Hexane (OmniSolv grade) was purchased from EMD.
UltraPure 0.1-um filtered water, and phosphate buffered saline (PBS, pH 7.4) were purchased
from Invitrogen.

Synthesis of N-Acryloyltyramine. Tyramine (0.5 g, 3.64 mmol, 1 eq.) dissolved in N,N-
dimethylformamide (15 mL) was added to a dried flask purged with dry nitrogen. Triethylamine
(0.41 g, 4.01 mmol, 1.1 eq.) was added, and the flask was placed in an ice-water bath. Acryloyl
chloride (0.31 g, 3.46 mmol, 0.95 eq.) was mixed with N,N-dimethylformamide (10 mL), and
added dropwise to the tyramine solution. After 5 min, the flask was removed from the bath and
was allowed to stir for an additional 1 h at rt. The reaction mixture was passed through a 0.2 ym
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PTFE syringe filter to remove the precipitate, and the solvent was removed by rotary
evaporation. The resulting clear, brown residue was dissolved in ethyl acetate (90 mL) and
washed with PBS (3 x 30 mL). The organic layer was dried over MgSQy, filtered, and the solvent
was evaporated. The crude product was further purified by silica gel chromatography using a
gradient from 3:1 to 1:3 hexane:ethyl acetate as the eluent. The product (0.42 g, 2.20 mmol, 63%
yield) obtained was a white solid. Spectroscopic data was consistent with that previously
reported by Bentolila, ef al.*’

Particle Preparation

CPP-Modified Polyacrylamide Nanoparticles (PNPs). PNPs encapsulating bovine serum
albumin conjugated with Alexa Fluor 488 (BSA-488, Invitrogen) and modified with CPP (Figure
3.1) were prepared using modifications to a previously reported method."” Briefly, AOT (237
mg, 0.53 mmol) and Brij 30 (459 mg, 1.27 mmol) were added to a 20 mL glass vial. The vial
was sealed with a Teflon-lined septum cap and purged with dry nitrogen for 10 min. All further
solutions were added to the vial via syringe. Deoxygenated hexane (10 mL) was added to the vial
and vortexed to completely dissolve the surfactants. Separately, BSA-488 (0.57 mg) was
dissolved in PBS (pH 9, 285 uL), to which acrylamide (61.3 mg, 862 umol), N,N’-methylene-
bis-acrylamide (7.10 mg, 46.0 pmol), N-acryloyltyramine (1.80 mg, 9.41 pmol), and CPP (1.30
mg, 0.88 umol) were added and dissolved. Dry nitrogen was bubbled through the monomer
solution for 2 min, and then 255 pL of this solution was added to the surfactant solution. The vial
was vortexed to form a stable microemulsion. A 50% (w/v) solution of ammonium persulfate in
PBS (pH 9, 16 pL) was then added to the emulsion while vortexing. After 5 min, polymerization
was initiated by the addition of TMEDA (25 uL), and the mixture was vortexed at 600 rpm at rt
for 30 min. The solvent was evaporated, and absolute ethanol (10 mL) was added, resulting in a
milky-white suspension. The particles were isolated by centrifugation (2000g, rt, 5 min), and
washed with absolute ethanol (5 x 10 mL), centrifuging as before. The particles were finally
suspended in UltraPure water (10 mL). Particle solution (2 mL) and UltraPure water (13 mL)
were added to a pre-rinsed Centriprep Ultracel YM-50 spin filter (50,000 MWCO, Millipore)
and centrifuged (1500g, rt, 30 min), and the particle-containing retentate was resuspended in 12
mL of UltraPure water. This wash step was repeated until the UV absorbance of the filtrate in the
200-350 nm range reached baseline values. The final retentate was serially passed through 0.2
um PVDF (Pall) and 0.1 um Anotop (Whatman) syringe filters and lyophilized overnight to
yield a fluffy, orange powder.

Unmodified PNPs. Nanoparticles without CPP incorporated into the polymer structure were
prepared as described above, with the exception that the monomer solution consisted of
acrylamide (62.5 mg, 879 pmol), N,N’-methylene-bis-acrylamide (7.20 mg, 46.7 umol), and N-
acryloyltyramine (1.80 mg, 9.41 pmol), and omitted the CPP.

Polyacrylamide Microparticles (PMPs). PMPs encapsulating BSA-488 and either not modified
or modified with CPP (Figure 3.1) were synthesized as described previously.'?
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Particle Characterization

Scanning Electron Microscopy (SEM). Particle samples were prepared as described
previously'*" and imaged using a Hitachi S-5000 SEM at 10 kV.

Particle Size and Zeta-potential Measurements. The size distributions of particles suspended
at 0.1 mg/mL in PBS were determined by light scattering using a Zetasizer Nano-ZS (Malvern
Instruments) for PNPs, or a Horiba Partica LA-950 particle size distribution analyzer for PMPs,
as described previously."” The zeta-potential of particles suspended in UltraPure water (PNPs, 4
mg/mL and PMPs, 0.5 mg/mL) were measured using a Zetasizer Nano-ZS at 25°C.

Preparation of and Studies Performed with Radiolabeled Particles

Cell Culture and In Vitro Particle Uptake Assay. The transformed human bronchial epithelial
cell line BEAS 2B (CRL-9609, ATCC, Manassas, VA) was cultured in DMEM supplemented
with 10% fetal calf serum and antibiotics. For studies with particles, 2 x 10° cells were incubated
with 5 pg/mL of PMPs (CPP- or CPP+) or 10 pg/mL of PNPs (CPP- or CPP+) that were freshly
sonicated. After 24 h, cell layers were washed 3 times with PBS and the percentage of cells
containing BSA-488 was quantified by flow cytometry as described below.

Radionuclide Preparation. Carrier-free '*’I radionuclide was purchased from Perkin Elmer.
"°Br was produced at the Washington University cyclotron facility by the °Se (p,n) "°Br nuclear
reaction on a '°Se-enriched Cu,Se target. "°Br was recovered by a modified dry distillation
method,*® filtered through a C-18 Sep-Pak light cartridge (Waters Corp.), dried under nitrogen
gas, then reconstituted in water (Milli-Q, Millipore) immediately before use. Labeling efficiency
and radiochemical purity of labeled particles was determined by radio-thin layer chromatography
(radio-TLC, Bioscan System 2000).

Particle Radiolabeling. For biodistribution studies, particles were labeled with '*I using an
iodination protocol modified from Markwell.* All particles were labeled using the tyrosine
residues of the encapsulated BSA-488 while the PNPs were additionally labeled on the tyramine
residues of the polymer backbone. To achieve this, 500 ug of lyophilized particles were
reconstituted in 250 pL PBS, sonicated for 5 min (Branson 1510) and mixed with 300 pCi of '*’I
in 10 pL of diluted NaOH solution as described.”” The reaction was then incubated at room
temperature for 30 min and monitored by radio-TLC. The radio-iodinated PMPs were purified by
centrifugation (5000g) to remove free '*’I. '*I-labeled PNPs were precipitated with absolute
ethanol then collected by repeated centrifugation. For positron emission tomography (PET)
imaging, particles were labeled with "°Br using a previously described approach.” The final
radiochemical purity of all particles was greater than 95%. The in vitro stability of radiolabeled
particles was evaluated by incubating the purified particles with mouse serum (Sigma-Aldrich) at
37°C and monitoring with radio-TLC (data not shown). Particles were diluted with PBS to a
final concentration of 100 ug/50 pL for administration to mice.

Mice and Particle Delivery. Male C57BL/6J mice were obtained from Jackson Laboratory (Bar
Harbor, ME) and housed under pathogen-free conditions. The Animal Studies Committee of the
Washington University School of Medicine approved all protocols. Mice were anesthetized with
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intraperitoneal Avertin, 200 mg/kg, prior to neck dissection for cannulation of the trachea with a
22-gauge angiocatheter. For intratracheal delivery, PBS alone or particles (100 ug/50 uL) in PBS
followed by 50 pL of air as dead space was administered through the catheter as a single bolus.

Small Animal MicroPET Imaging. Anesthetized mice (n=3-5 per group) were administered 10-
20 pCi of 100 pg "°Br-labeled particles in 50 pL PBS by intratracheal injection. Imaging was
performed 1, 3 and 18 h post-injection using a static 30 min frame with a microPET Focus 120
or 220 scanner, which have the same resolution (Siemens Medical Solutions).”® X-ray computed
tomography (CT) imaging (15 min frame) was performed immediately following acquisition of
PET images using a MicroCAT II instrument (CTI-Imtek).”' The microPET and CT images were
co-registered using fiduciary markers attached to the animal positioning bed and quantitatively
analyzed using AMIRA software (Mercury Computer Systems). Data were calculated as
standardized uptake values (SUVs) within lung fields identified by the CT images and calculated
using a tissue density of 0.3 g/mL. The SUV numbers were calculated in multiple 3-dimensional
regions of interest within the lung fields as described.”

Biodistribution Studies. For lung biodistribution studies, anesthetized mice were injected
intratracheally with 1 pCi of 100 pg '*’I-labeled particles in 50 uL PBS. At 1, 3, and 24 h post-
injection, the mice were euthanized by CO, asphyxiation and organs of interest were collected
for determination of activity using a Beckman Gamma Counter 8000. For analysis of lung
bronchoalveolar lavage, the trachea was cannulated and lavaged three times with 1 mL aliquots
of PBS. A dilution of the administered dose of '*’I-labeled particles (1:100 dilution) was counted
in parallel with the organ samples to calculate the percentage of activity relative to the instilled
dose per lgggan (%ID/organ) as previously described.”® All data were corrected for radioactive
decay of L.

Bronchoalveolar Lavage (BAL) and Lung Tissue Samples. Lungs were subjected to BAL
with 1 mL of PBS. BAL fluid was centrifuged and the cell-free supernatant was collected and
stored for cytokine analysis, while the cell pellet was resuspended in 1 mL of PBS for total cell
count, cytospin preparation, flow cytometry, or alveolar macrophage culture. The immune cell
differential was determined using standard light microscopy criteria as described previously.*
Following BAL, lungs were inflated with 1 mL of cryopreservation media (Tissue-tek), frozen
on dry ice, and stored at -80°C prior to sectioning.

Flow Cytometry. Cell lines or cells collected by BAL were washed twice with flow cytometry
buffer (PBS with 2% FBS). BAL cells were blocked using purified rat anti-mouse CD16/CD32
(Mouse BD Fc Block, BD Biosciences) and then immunostained with macrophage marker rat
anti-mouse F4/80 (Serotec) or with IgG2b isotype control antibody, both conjugated with APC.
Cells were again washed twice with FACS buffer and analyzed on a FACSCalibur flow
cytometer (10,000 events per sample) using CELLquest software (BD Biosciences).

Immunostaining and Microscopy. Frozen tissue sections and BAL cytospin preparations were
fixed with 4% paraformaldehyde in PBS for 10 min at rt. Primary antibodies (and dilutions) used
were rabbit anti-prosurfactant protein C (1:1000, Abcam) and biotinylated anti-CD68 (dilution
1:75, Serotec). Antibody binding was detected using secondary antibodies conjugated with Alexa
Fluor dyes (Invitrogen) or streptavidin, and nuclei were stained with 4',6-diamidino-2-
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phenylindole (DAPI; Vector Laboratories). Images were captured using a Leica DM5000
microscope (Wetzlar, Germany) with a Retiga 200R charge-coupled device camera interfaced
with QCapture Pro software (Q Imaging). Fluorescence and differential interference contrast
images were overlaid in QCapture Pro. Images were composed using Photoshop and Illustrator
software (Adobe Systems).

Cytokine Assays. To quantify inflammatory mediators in cell-free BAL fluid from mice
following administration of particles, supernatants were analyzed in a multiplex, flow cytometry-
based assay according to the manufacturer's protocol (BioPlex, Bio-Rad Laboratories). Unique
beads conjugated with a distinct capture antibody were incubated with 50 pLL of BAL and 0.5%
BSA or a serially diluted standard mix with a known concentration of all measured inflammatory
mediators and compared to the standard curves as previously described.**

Statistical Analysis. In experiments where replicate samples were analyzed, the results are
presented as the mean =+ standard deviation of triplicate samples unless otherwise noted. Groups
were compared with Student’s #-test or one-way ANOVA and Scheffé post-testing performed
using SPSS statistical software. The level of significance was set at p < 0.05.
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Chapter 4 — Acid-Degradable Cationic Dextran Particles for the
Delivery of siRNA Therapeutics

Abstract

Given the biocompatibility issues surrounding the polyacrylamide-based system, we
sought to generate another acid-degradable material for siRNA delivery. In this chapter, we
report a new acid-sensitive, biocompatible and biodegradable microparticulate delivery system,
spermine modified acetalated-dextran (Spermine-Ac-DEX), which can be used to efficiently
encapsulate siRNA. These particles demonstrated efficient gene knockdown in HeLa-luc cells
with minimal toxicity. This knockdown was comparable to that obtained using Lipofectamine, a
commercially available transfection reagent generally limited to in vitro use due to its high
toxicity. Due to its ease of preparation, pH-sensitivity, and biocompatibility, spermine-Ac-DEX
represents an attractive and highly efficient siRNA delivery system.

Introduction

RNA interference (RNAi) has drawn much attention in the field of medicine due to its
potential for treating chronic diseases and genetic disorders by harnessing the endogenous RNAi
pathway.'” RNAI is a biological mechanism wherein double-stranded RNAs can be used to
reduce expression of target proteins.** Once the RNA is present in the cytoplasm of the cell, it is
shortened and processed by the RNAse III enzyme, Dicer,® and incorporated into a protein
complex called the RNA-induced silencing complex (RISC).” One of the two strands of the
short, double-stranded RNA is cleaved, and the activated RISC (which contains the guide strand
of the RNA) binds to a complementary sequence of mRNA and results in its degradation.® The
activated RISC is capable of multiple rounds of mRNA cleavage, which propagates gene
silencing.” Due to its potential to silence genes in a sequence-specific manner, RNAi holds
promise for treating many diseases that may not otherwise be accessed with current therapeutic
technology.'

Various approaches have been developed that allow for exploitation of the RNAi process,
principally through the use of exogenous synthetic small interfering RNA (siRNA), double-
stranded RNAs that are typically 19-23 base pairs in length. Synthetic siRNA can be designed to
target nearly any gene in the body, and is therefore attractive for a variety of medical
applications. Previous reports have demonstrated that synthetic siRNAs are capable of knocking
down targets in several diseases in vivo, including hepatitis B virus, human papillomavirus, and
ovarian cancer.'® Despite great therapeutic potential, the clinical application of siRNA is limited
by delivery problems. siRNA does not cross cellular membranes efficiently due to its relatively
large size, negative charge, and hydrophilicity. In addition, siRNA is unstable under in vivo
conditions due to rapid degradation by serum nucleases.'' Thus, the widespread use of RNAi
therapeutics for disease prevention and treatment requires the development of clinically suitable,
safe, and effective delivery vehicles.'® In order to induce effective RNAI, these vehicles must
overcome a variety of extracellular and intracellular obstacles; i.e. they should provide protection
against nuclease activity and facilitate internalization and intracellular trafficking of the siRNA."
Even though significant advances have been made in the field, the development of vehicles that
can efficiently deliver RNAI therapeutics both in vitro and in vivo remains a major challenge.
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Both viral and non-viral carriers have been developed for the delivery of siRNA.'*!®
Although viral vectors are very efficient, they can cause immunogenic and inflammatory
responses, '® which raise concerns about their safety as delivery vectors. Non-viral vectors
provide opportunities for improved safety, greater flexibility and more facile manufacturing,
however, most of the existing carriers suffer from low delivery efficiencies. The most common
non-viral vectors involve complexes formed between cationic lipids'>*® or polymers®'** and
siRNA through electrostatic interactions between the negative phosphates along the nucleic acid
backbone and the positive charges displayed on the vector. In addition to low transfection
efficiencies, these systems also suffer from high toxicity due to their polycationic nature and
limited stability in vivo due to non-specific interactions with serum proteins. The limitations
associated with current delivery vehicles motivate the development of novel systems for siRNA
delivery that may be able to overcome these obstacles.

Among many alternatives to cationic polymers and lipids commonly used to form
polyplexes/lipoplexes with genetic material,'®**** particles made from biodegradable and non-
toxic materials such as slow-hydrolyzing poly(lactic-co-glycolic acid) (PLGA),”?® fast-
degrading polyesters (such as DEAPA-PVA-PLGA),”’ and acid-sensitive poly(orthoesters)
(POEs)*® have been explored as in vivo gene delivery vectors. Another system based on acid-
sensitive polyketals has also recently shown promise for delivery of siRNA both in vitro and in
vivo.”” These prior examples of particulate systems for siRNA and DNA delivery typically
employ small quantities of cationic polymers™° (ie. poly(B-amino ester), PBAE, or
polyethylenimine, PEI), lipids such as DOTAP,” or small molecules such as spermine” blended
with the carrier polymer to enhance loading of DNA/RNA and delivery efficiency. Formed by
standard emulsion techniques, these particles combine physical entrapment of their payload with
electrostatic complexation of genetic material while retaining biocompatible degradation
mechanisms. However, some limitations of these systems relate to the synthetic flexibility,
biocompatibility of the degradation products, and the paucity of chemical methods for the
modification of the particle surface. For example, despite the promising transfection results
obtained from PLGA microspheres, they still suffer from slow release rates’’ and the formation
of DNA-damaging acidic by-products.’***

Dextran, a homopolysaccharide of glucose, appears to be well poised for use as a
polymeric carrier due to its biodegradability, wide availability, and ease of modification.’* In
addition, dextran already has a history of human use in clinical applications for plasma volume
expansion and plasma substitution. The potential application of dextran for siRNA delivery has
recently been demonstrated.®>’ Previously, we described the development of a modular and
tunable particle system based on acetal-modified dextran (Ac-DEX).”*** We have shown that
Ac-DEX particles prepared by standard emulsion techniques - either water in oil (w/0) or water
in oil in water (w/o/w) - have high encapsulation efficiencies for both hydrophobic small
molecules™ and high molecular weight hydrophilic cargoes,”™® such as proteins, and that the
release rate of the encapsulated cargo was tunable.*” These acid-degradable Ac-DEX particles
were capable of delivering protein antigens to macrophages and dendritic cells. Besides their use
as a successful vaccine carrier, microparticles prepared from Ac-DEX blended with a cationic
polymer proved effective at delivering plasmid DNA to both phagocytic and non-phagocytic
cells.*! Although siRNA and plasmid can be applied to achieve similar functional outcomes,
successful plasmid delivery carriers cannot necessarily achieve efficient siRNA delivery due to
the major intrinsic structural differences and different location of action for siRNA and
plasmid.***** For example, reports from other groups have shown the difficulty of
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encapsulating the highly charged, hydrophilic and rigid siRNA in particles by w/o/w emulsion,
presumably due to leakage into the outer water phase.”

We now describe the preparation and preliminary evaluation of a new polymeric platform
— spermine-modified Ac-DEX (spermine-Ac-DEX) — for the delivery of siRNA. The new system
combines facile synthesis and biocompatibility with the additional benefit of controlled payload
release sensitive to physiologically relevant acidic conditions. Acid-sensitive systems have
particularly desirable characteristics, as cargo release can be triggered in response to endosomal
acidification upon cellular uptake.

The ability of spermine-Ac-DEX particles to overcome a variety of cellular obstacles and
function as an efficient delivery vehicle for siRNA can be rationalized by its tailor-made design
(Figure 4.1). We hypothesize particulate formulation should provide protection of the
encapsulated siRNA against chemical and enzymatic degradation. The cationic characteristics of
spermine-Ac-DEX can facilitate the encapsulation of siRNA inside particles, and it may also
favorably contribute to cellular uptake by enhancing interaction of the particles with negatively-
charged cell membranes. Once inside cells, hydrolysis of the polymer in the acidic
endolysosomal compartment can allow the siRNA to be released from the particles. Endosomal
escape may be achieved via “proton sponge” effect of the amine moieties, as well as increased
endosomal osmotic pressure by degradation of the spermine-Ac-DEX material. Overall, we
speculate that it is the combination of protection and endolysosomal release that would be the
most likely contributors to the successful delivery of siRNA using a spermine-Ac-DEX carrier.

=\ Spermine-modified dextran host material
<5 siRNA

Figure 4.1. The particles are expected to efficiently transfect HeLa-luc cells due to their ability
to overcome several obstacles to gene delivery. Ac-DEX particles should protect siRNA from
degradation. (1) The particles are endocytosed by HeLa cells, and the vesicle is acidified upon
fusion of the endosome with the lysosome. (2) Spermine-Ac-DEX particles degrade in the acidic
environment of the endolysosome and (3) the siRNA is released into the cytoplasm.
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Results and Discussion
Synthesis of Spermine-modified Ac-DEX.

Ac-DEX has several characteristics that make it well suited for the delivery of bioactive
cargoes. Although this system has been used to successfully deliver protein antigens, adjuvants
and small molecule agents, the neutrally charged polymer can not efficiently encapsulate siRNA.
Taking advantage of the blend approach described above, we have recently reported the
preparation of particles encapsulating plasmid DNA by formulating Ac-DEX with small amounts
of the cationic polymer PBAE.* These particles were able to efficiently transfect both
phagocytic and non-phagocytic cells in vitro. Inspired by this work, we tried to prepare Ac-DEX
particles encapsulating siRNA by blending with either small polyamines or cationic polymers.
While high loading and efficient delivery of plasmid DNA was achieved by blending Ac-DEX
with PBAE, attempts to prepare siRNA-loaded particles by the same method only afforded
particles with low loading and low encapsulation efficiency.

Domb and coworkers have reported the synthesis of various oligoamine polysaccharide
conjugates for use in gene delivery.*® They found that, of 300 different polycations prepared,
only a few were active in transfecting cells. Dextran-spermine displayed especially high
transfection efficiency, which they attributed to unique complexation properties between DNA
and the grafted spermine moieties.*® Dextran-spermine, and derivatives thereof, have shown high
transfection of plasmid DNA both in vitro and in vivo.**® Combining this pioneering work with
the unique characteristics of our Ac-DEX, we have modified Ac-DEX with spermine for use in
siRNA delivery.

Scheme 4.1. Schematic illustration of the synthesis of spermine-modified Ac-DEX.
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Spermine-modified Ac-DEX

Spermine-Ac-DEX was prepared by using reductive amination chemistry for the
conjugation of spermine to Ac-DEX (Scheme 4.1). To increase the number of available aldehyde
functionalization sites beyond the reducing chain ends of the polysaccharide, dextran was first
lightly oxidized with sodium periodate thus increasing significantly its aldehyde content™ as
evaluated by a reductometric bicinchoninic acid assay (BCA assay). Using this method, we
settled on a loading of 8.4 aldehyde functions per 100 anhydroglucose units (AGU). Reaction of
the remaining hydroxyl groups with 2-methoxypropene afforded partially-oxidized Ac-DEX, an
acid-sensitive, hydrophobic polymer that can be easily processed into microparticles. Finally,
amine modification was performed between spermine and aldehyde-containing-Ac-DEX using
sodium borohydride as the reducing agent. The amount of spermine conjugated to the dextran,
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calculated from the nitrogen content (%N) as determined by elemental analysis, averaged 6.6
spermine units per 100 AGU.

Preparation and Characterization of Spermine-Ac-DEX Particles.

Spermine-Ac-DEX particles encapsulating siRNA were prepared via a standard double-
emulsion technique (Figure 4.2). Particles prepared from unmodified Ac-DEX and Ac-DEX
blended with 10 wt% PBAE, a formulation previously used for plasmid DNA, were also made
for comparison purposes. The particles were visualized by scanning electron microscopy (SEM)
to determine the average particle size and morphology. All particles were found to be spherical
in shape with diameters in the range of 180 to 230 nm in the dry state, irrespective of particle
formulation (Table 4.1). The surface charge of the particles was determined by zeta-potential
measurements. Unmodified Ac-DEX particles have a slightly negative zeta-potential due to the
encapsulated siRNA. Blending the polymer with PBAE made the surface charge less negative
owing to the cationic nature of the polymer, while the surface charge of spermine-Ac-DEX
particles was positive. As expected, the surface charge decreased with increasing loadings of
siRNA but remained positive for all particle formulations.

Spermine-Ac-DEX

e

0 (o]

P
/i/o Add siRNA

Double emulsion/

(( /&Q‘ solvent evaporation
HN

0
7§ ? ey AP = Dextran-based
NH2 et : S host material
“~____ Modification with cationic amines &5 siRNA

facilitates encapsulation of nucleic acids

Figure 4.2. Preparation of spermine-modified Ac-DEX particles encapsulating siRNA showing a
representative scanning electron micrograph of particles (scale bar = 500 nm) (center) and a
cartoon illustration of siRNA-loaded particles (right).

The siRNA loading and loading efficiencies were determined by degrading a sample of
particles under acidic conditions and analyzing the siRNA concentration using a Picogreen
dsDNA assay (Table 4.1). The siRNA loading efficiency for unmodified Ac-DEX particles was
low (5%), as expected based on previous reports with other particle systems, such as PLGA.*®
Blend particles formulated from Ac-DEX and a cationic polymer poly(B-amino ester) (PBAE)
also showed low encapsulation efficiency for siRNA (7%), much lower than the plasmid
encapsulation achieved with a similar particle formulation. This lower encapsulation efficiency
for siRNA as compared to plasmid DNA may be due to the fact that siRNA has a lower molar
mass than plasmid DNA (approximately 250x less) and, thus, may be more able to diffuse
through the condensing polymer during the emulsion process, resulting in reduced loading
efficiency.” Improved loading efficiencies (75-98%) were obtained for particles prepared from
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spermine-Ac-DEX. This loading compares favorably with other particle formulations, such as
PLGA blended with spermidine for which 56% of the siRNA was encapsulated.”® In contrast to
previously reported particulate delivery systems, however, particles prepared using spermine-Ac-
DEX did not require blending of a cationic material with the polymer due to the ability of the
polymer to electrostatically interact with siRNA.

Table 4.1. Characterization of particle formulations.

Particle Formulation Diameter”® Zeta-potentialb SiRNA Loadingb’d Loading Efficiencyb
(SiRNA, feed)? [nm] [mV] [ug mg™] [%0]
Ac-DEX (Luc, 5) 230 £ 80 -5.5+£0.42 0.26 5
Ac-DEX/10% PBAE (Luc, 5) N.D. -3.4+£0.44 0.34 7
Spermine-Ac-DEX (Luc, 10) 178 £ 76 9.2+0.69 7.95 76°
Spermine-Ac-DEX (Luc, 5) 229 £ 59 16.2 £ 0.58 4.70 91
Spermine-Ac-DEX (Luc, 2.5) 185 £+ 65 19.7 £ 0.63 2.28 95'
Spermine-Ac-DEX (Control, 5) 195 + 45 16.1£0.71 511 98

a) Luc — anti-luciferase siRNA, Control — Silencer Negative Control #1 siRNA, Feed — amount
of siRNA used in particle preparation, ug of siRNA per mg of polymer. b) Characterized as
described in the main text. ¢) Some particle aggregation was observed upon resuspension
following lyophilization. The mean particle diameter determined by light scattering for
Spermine-Ac-DEX (Luc, 5) and Spermine-Ac-DEX (Control, 5) was 2.71 + 1.54 um and
6.45 + 2.47 um, respectively (Horiba Partica LA-950, Horiba Scientific). d) siRNA loading
in pug of siRNA per mg of particles (100% efficiency = 5.0 pg of siRNA per mg of particles).
A loading of 5 pg of siRNA per mg of particles corresponds to an N/P ratio of approximately
100. e) 100% efficiency = 10 pg of siRNA per mg of particles. f) 100% efficiency = 2.5 ug
of siRNA per mg of particles. N.D. = not determined

A significant limitation of other commonly used particle delivery systems is their lack of
ability to tune the release rate of the encapsulated cargo. Ac-DEX particles are designed to be
relatively stable under physiological conditions (pH 7.4) but degrade under the mildly acidic
conditions typically found in the lysosome (pH 5.0-5.5), thus allowing for the selective release of
the therapeutic agent once inside the cell. We have shown that the rate of microparticle
degradation can be easily varied by controlling the type of acetals (i.e. cyclic vs. acyclic) formed
on the dextran.”* To determine the degradation rate of spermine-Ac-DEX particles, empty
particles were incubated at 37°C at either pH 5.0 or pH 7.4 and monitored for the release of
soluble dextran (Figure 4.3a). No soluble dextran was detected after 48 h for the particles
incubated at pH 7.4. In contrast, particles incubated in pH 5.0 buffer showed continuous release
of dextran in the first 24 h at 37°C, with a degradation half-life of 8 h. We also monitored the
release of siRNA from the particles at pH 5.0 and pH 7.4 to determine if the release occurred in a
pH-controlled manner (Figure 4.3b). Little or no release was observed at pH 7.4 after 48 h, while
continuous release of siRNA was observed over 24 h at pH 5.0.
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Figure 4.3. (a) Degradation of particles when incubated at pH 7.4 (black circles) and pH 5
(white circles), as determined by analysis of released soluble dextran. (b) Release of siRNA from
spermine-Ac-DEX particles when incubated at pH 7.4 (black circles) or pH 5 (white circles).
Data represent the mean + standard deviation of triplicate measurements.

To study siRNA loading, three differently-loaded batches of spermine-Ac-DEX particles
encapsulating luciferase siRNA were prepared. The feed values for these particles were 2.5, 5.0,
and 10 pg of siRNA per mg of polymer, respectively. Following preparation, the siRNA loading
of the particles was quantified as described above (Figure 4.4a). Loadings of up to 8.0 pug of
siRNA per mg of particle were achieved and the loading efficiency was above 75% for all
particle batches. Efficient loading of siRNA into spermine-Ac-DEX particles is important
because of the high cost of siRNA.

In Vitro Analysis of siRNA Delivery to HeLa Cells.

To test the transfection efficiency of spermine-Ac-DEX particles in vitro, we chose to
knockdown a model reporter protein, firefly luciferase. Luciferase is an ideal reporter gene
because it is easy to measure its enzymatic activity using a sensitive and reliable plate-based
assay. HeLa cells that stably express firefly luciferase (HeLa-luc cells) were used as a model cell
line. A more effective delivery system will lead to more cytosolic siRNA and luciferase mRNA
cleavage, and thus a lower expression of luciferase protein. Firefly luciferase catalyzes the
mono-oxygenation of luciferin and during this process a photon of light is produced. Thus,
reduced expression of luciferase will result in the generation of fewer photons when the cells are
incubated with the enzyme substrate.

We were interested in determining if particle loading or concentration influences the
delivery efficiency of siRNA-loaded particles. Differentially loaded particles were prepared and
HeLa-luc cells were incubated with particle doses equivalent to 17.2 pmol of siRNA per well.
All of the particles could reduce luciferase expression of the cells (approximately 55-60%
compared to untreated cells) with low toxicity (greater than 85% viability) (Figure 4.4b). The
luciferase expression was comparable for all three batches of particles indicating that the particle
loading and concentration within the tested range have a minimal impact on the overall
performance, and the knockdown resulted from successful delivery of siRNA.
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Figure 4.4. Optimized siRNA loading in particles and its effect on luciferase knockdown. (a)
siRNA loading in particles compared with the feed amount of siRNA used in particle synthesis.
Dashed diagonal line represents 100% loading efficiency. (b) Knockdown of luciferase activity
with varying siRNA loadings. HeLa-luc cells were treated with particle doses equivalent to 17.2
pmol siRNA/well. Results were compared to untreated cells and the percentage knockdown of
luciferase expression was calculated. Results (columns) are combined with results from a
concurrently performed cytotoxicity assay (closed circles and line). Knockdown correlates with
siRNA concentration, not particle loading.

To determine if the knockdown was dose-dependent, HeLa-luc cells were incubated with
varying siRNA doses for 48 h and analyzed for the expression of luciferase. As shown in Figure
4.5, spermine-Ac-DEX particles containing luciferase-specific siRNA efficiently knockdown
luciferase expression at all siRNA concentrations tested. Transfection with luciferase siRNA
loaded spermine-Ac-DEX particles resulted in significant gene silencing (up to 60% knockdown
compared with untreated cells). In comparison, treatment of cells with free siRNA did not affect
the luciferase expression, indicating the importance of encapsulation of siRNA in particles. The
extent of gene silencing depends on the amount of siRNA incubated with the cells (Figure 4.5).
Treating cells with lower particle concentrations, and thus less siRNA, resulted in reduced
knockdown. The optimal knockdown was obtained with the three highest siRNA dosages tested
(8.75, 17.5, and 35 pmol of siRNA). This silencing effect was sequence specific as spermine-Ac-
DEX particles loaded with a non-specific siRNA sequence (Silencer Negative Control #1
siRNA) did not result in obvious reduction of luciferase expression. Importantly, there was no
significant cytotoxicity associated with intracellular accumulation of spermine-Ac-DEX
particles. MTT assay of cells incubated with particles showed greater than 80% cell viability for
all particle concentrations tested (Figure 4.6).
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Figure 4.5. Spermine-Ac-DEX particles can efficiently deliver siRNA to HeLa-luc cells. In vitro
transfection of HeLa-luc cells with siRNA-loaded spermine-Ac-DEX particles. HeLa-luc cells
were treated with particles encapsulating either luciferase siRNA or control siRNA at various
concentrations. Relative light units (RLU) from the luminometer were normalized to the total
mass of cellular protein determined from a fluorescamine assay. Data represent the mean +
standard deviation of quadruplicate measurements. Statistical difference was performed with
Student’s t-test between untreated cells and each treatment group, p < 0.05 were marked with *,
p <0.01 with ** and p < 0.001 with ***,
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Figure 4.6. Spermine-Ac-DEX particles are non-toxic at concentrations up to 1 mg/mL. MTT
assay was used to measure cell viability compared with untreated cells. Data represent the mean
+ standard deviation of quadruplicate measurements.
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Lipofectamine 2000, a commercially available cationic lipid-based reagent, was used as a
positive control in the transfection experiment. This reagent is commonly used for in vitro
transfection’', but it faces several obstacles for clinical translation.> Lipofectamine complexes
with the luciferase-targeting siRNA as well as with the control siRNA were prepared so that the
dose of siRNA would match that used with two of the particle concentrations tested (35 pmol
siRNA per well and 8.75 pmol siRNA per well). We observed some non-specific reduction of
luciferase expression using Lipofectamine 2000, most likely due to slight toxicity of the
complexes. Thus, the knockdown was normalized to the data from the cells treated with the
control siRNA complexes. The knockdown obtained with the spermine-Ac-DEX particles was
comparable to that obtained with Lipofectamine 2000 at both siRNA doses tested (Figure 4.7).
Due to their ability to provide efficient siRNA delivery with reduced cytotoxicity (97% cell
viability for spermine-Ac-DEX particles compared to 75% for Lipofectamine), spermine-Ac-
DEX particles represent an attractive delivery system that may offer several advantages over
previously reported materials for siRNA delivery.
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Figure 4.7. Spermine-Ac-DEX particles show comparable activity compared with
Lipofectamine 2000. Knockdown was normalized to the data from the cells treated with the
control siRNA particles or complexes. Data represent the mean + standard deviation.

Conclusions

In summary, spermine-Ac-DEX particles represent a novel delivery vehicle which can
efficiently deliver siRNA to cancer cells with minimal toxicity. Spermine-Ac-DEX combines the
attractive properties of cationic polymers with those of polymeric particles affording a material
that is safe and effective for gene delivery. Spermine modification of Ac-DEX facilitated the
preparation of particles capable of encapsulating siRNA with high loading efficiency. In vitro
evaluation demonstrated that the particles are capable of knocking down luciferase expression in
HeLa-luc cells in a dose-dependent manner with low cytotoxicity. In comparison to previously
reported gene delivery materials, spermine-Ac-DEX shows attractive new transfection and
biodegradability features, and in addition can be easily modified®® (for example with peptide
targeting ligands). Due to its acid-sensitivity, spermine-Ac-DEX allows for the selective release
of siRNA after cellular internalization, with potential tunability of cargo release rate. Thus,
spermine-Ac-DEX expands the potential application of Ac-DEX based particles and represents a
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promising vehicle for siRNA delivery. Future studies will explore the feasibility of using these
particles to regulate protein expression in Vvivo.

Experimental Procedures

General Materials and Methods

All chemicals were from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. The anti-
luciferase siRNA (sense strand: 5’-CUU ACG CUG AGU ACU UCG A dTdT-3’) was obtained
from Dharmacon (Lafayette, CO) and Silencer Negative Control #1 siRNA was purchased from
Ambion (Austin, TX). Phosphate buffered saline (PBS, pH 7.4) was from Invitrogen (Carlsbad,
CA). Reactions requiring anhydrous conditions were performed in flame-dried vessels and under
a positive pressure of dry nitrogen. Water (dd-H,O) for buffers and particle washing steps was
purified to a resistance of 18 MQ using a NANOpure purification system (Barnstead, USA).
When used in the presence of acetal containing materials, dd-H,O was rendered basic (pH 8) by
the addition of triethylamine (TEA) (approximately 0.01%). '"H NMR spectra were recorded at
400 or 500 MHz on a Bruker spectrometer. Elemental analyses were performed at the UC
Berkeley Mass Spectrometry Facility. Fluorescence measurements were obtained using a Spectra
Max Gemini XS plate-reading fluorimeter (Molecular Devices, USA), usage courtesy of Prof.
Carolyn Bertozzi. Absorbance measurements were obtained using a Spectra Max 190 microplate
reader (Molecular Devices, USA), usage courtesy of Prof. Carolyn Bertozzi. Luminescence
measurements were obtained using a GloMax 96 microplate luminometer (Promega, USA),
usage courtesy of Prof. Eva Harris.

Polymer Synthesis

Synthesis of Spermine-Ac-DEX.

Partial Oxidation of Dextran. Dextran (5.0 g, 30.9 mmol, My, 9-11,000 g/mol, from Leuconostoc
mesenteroides) was dissolved in 20 mL water. After adding sodium periodate (1.1 g,
51.4 mmol), the solution was stirred for 5 h at rt. The product was purified by dialysis of the
solution against distilled water using a regenerated cellulose membrane with a MWCO of
3,500 g/mol. The water was changed 5 times and the sample was lyophilized to obtain a white
powder (4.2 g, 8.4 mol aldehyde functions/100 mol anhydroglucose unit, AGU). The degree of
oxidation was determined colorimetrically (UV absorption at 562 nm) using a microplate
reductometric bicinchoninic acid assay (Micro BCA Protein Assay Kit, Pierce, USA) according
to the manufacturer’s protocol and glucose monohydrate for calibration.

Synthesis of Partially-oxidized Acetalated Dextran. Acetalation of partially oxidized dextran was
performed in a similar manner as described previously.*® Briefly, 3.0 g partially oxidized dextran
(18.5 mmol, 8.4 mol aldehyde functions/100 mol AGU) was modified with 2-methoxypropene
(10.6 mL, 111 mmol) yielding partially-oxidized acetalated dextran (4.3 g) containing 100 mol
acyclic and 72.5mol cyclic acetals/100 mol AGU. The degree of functionalization was
determined by '"H NMR spectroscopy in DCID,0O according to the method described by
Broaders et al..” "H NMR (400 MHz, CDCl;): & 1.40 (s, br, acetal), 3.25 (br, acetal), 3.45, 3.50-
4.10, 4.90, 5.10 (br, dextran).
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Synthesis of Spermine-Ac-DEX. Partially oxidized Ac-DEX (2.0 g, 12.3 mmol) was stirred with
spermine (4.0 g, 19.8 mmol) in 10 mL DMSO at 50°C for 22 h. The reduction was performed for
18 h at room temperature by adding NaBH, (2.0 g, 52.9 mmol) to the DMSO solution. The
spermine modified dextran was precipitated in dd-H,O (40 mL). The product was isolated by
centrifugation at 4000 x g for 5 min, and the resulting pellet was washed thoroughly with dd-
H,O (5 x 40 mL, pH 8) by resuspension followed by centrifugation and removal of the
supernatant. Residual water was removed by lyophilization, yielding spermine functionalized
acetalated dextran, spermine-Ac-DEX, (1.6 g) as a white powder containing 6.6 mol
spermine/100 mol AGU. The degree of functionalization was determined by elemental analysis
using the nitrogen content. Anal. (spermine-Ac-DEX) C: found, 55.79; H: found, 8.29; N: found,
1.24. '"H NMR (400 MHz, CDCls): & 1.40 (s, br, acetal), 1.60, 1.80, 2.60, 2.65, 2.75 (br,
spermine), 3.25 (br, acetal), 3.45, 3.50-4.10, 4.90, 5.10 (br, dextran).

Synthesis of Poly(B-amino ester) Polymer (PBAE). PBAE, a white solid, was synthesized by
the Michael-type addition of 4,4’-trimethylenedipiperidine to 1,4-butanediol diacrylate in THF as
the solvent according to the method described by Lynn et al. (GPC: M, = 42.6 kDa, PDI =
2.78).%*

Particle Preparation

Particles Encapsulating siRNA. Ac-DEX particles containing siRNA were prepared using a
double emulsion water/oil/water (w/o/w) evaporation method similar to that described
previously.*®** Stock siRNA solutions (2.66, 5.32, or 10.64 mg/mL depending on the desired
initial siRNA feed) were prepared in nuclease-free distilled water. Spermine-Ac-DEX (25 mg)
was dissolved in ice-cold CH,Cl, (0.5 mL). The stock siRNA solution (25 pL) was added and
the mixture was sonicated for 30 s on ice using a probe sonicator (Branson Sonifier 450) with a
72" flat tip, an output setting of 5, and a duty cycle of 80%. This primary emulsion was then
added to an aqueous solution of poly(vinyl alcohol) (PVA, M,, = 13000 — 23000 g/mol, 87-89%
hydrolyzed) (1 mL, 3% w/w in PBS) and sonicated for an additional 30 s on ice using the same
settings. The resulting double emulsion was immediately poured into a second PVA solution (5
mL, 0.3% w/w in PBS) and stirred for 3 h at rt allowing the organic solvent to evaporate. The
particles were isolated by centrifugation (10,250 rpm, 30 min) and washed with PBS (25 mL)
and dd-H,O (2 x 25 mL, pH 8) by vortexing and sonication followed by centrifugation and
removal of the supernatant. The washed particles were resuspended in dd-H,O (2 mL, pH 8) and
lyophilized to yield a white fluffy solid. Yields were typically between 50-85% per batch based
on starting polymer and siRNA mass (12.5 — 21 mg of particles).

Ac-DEX/PBAE Particles. Particles consisting of Ac-DEX and PBAE were made in the same
manner as described above, except that unmodified Ac-DEX and 10 wt% PBAE were used
instead of spermine-Ac-DEX.

Empty Particles. Particles that did not contain siRNA were made in the same manner as

described above, except that the aqueous buffer in the primary emulsion consisted of dd-H,O (25
pL) and no siRNA.
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Particle Characterization

Quantification of Encapsulated siRNA. Particles containing siRNA were suspended at a
concentration of 10 mg/mL in a 0.3 M acetate buffer (pH 5) and incubated at 37°C under gentle
agitation for 3 d using a Thermomixer R heating block (Eppendorf). After the particles had been
fully degraded, aliquots were taken and analyzed for siRNA content using the Quant-iT
Picogreen dsDNA assay (Molecular Probes) according to the manufacturer’s instructions. Empty
Ac-DEX particles were degraded in a similar fashion and used to determine background
fluorescence. For this experiment, all solutions included heparin at 10 mg/mL to disrupt
electrostatic interactions between blend polymers and siRNA to enable quantification. The
results were compared to a standard curve and the mass of siRNA encapsulated was calculated.
Fluorescence was measured using a SpectraMax Gemini XS microplate reader (Molecular
Devices, Sunnyvale, CA, ex. 480 nm, em. 520 nm).

Zeta-Potential Analysis. Zeta-potentials of particles were measured using a Nano ZS ZetaSizer
(Malvern Instruments, UK) at 25°C after suspending particles in HEPES buffer (5 mM, pH 7.4)
at 0.1 mg/mL. Data shown represent the average zeta-potential + standard deviation of
distributions of five sequential measurements.

Characterization of Particle Size by Scanning Electron Microscopy (SEM). Particles were
suspended in dd-H>O (pH 8) at a concentration of 0.3 mg/mL and the resulting dispersions were
dripped onto silicon wafers. After 15 min, the water was wicked away using tissue paper and the
samples were further dried under a stream of N, gas. The particles were then sputter coated with
a 2 nm layer of a palladium/gold alloy and imaged using a scanning electron microscope (S5000,
Hitachi). The particle diameter and size distribution of the particles were determined by
measuring 100 particles and analyzing the data using Excel. These micrographs were also used
to assess particle morphology.

pH-Dependent Degradation of Ac-DEX Particles. Empty Ac-DEX particles were suspended
in triplicate at a concentration of 1 mg/mL in either a 0.3 M acetate buffer (pH 5.0) or PBS (pH
7.4) and incubated at 37°C under gentle agitation using a Thermomixer R heating block
(Eppendorf). At various time points, 50 pL aliquots were removed, centrifuged at 14,000 x g for
4 min to pellet out insoluble materials, and the supernatant was stored at -20°C. The collected
supernatant samples were analyzed for the presence of reducing polysaccharides using a
microplate reductometric bicinchoninic acid based assay (UV absorption at 562 nm) according to
the manufacturer’s protocol (Micro BCA Protein Assay Kit, Pierce, USA). The curve was made
by applying a Boltzmann fit.

pH-Dependent Release of siRNA from Ac-DEX Particles. This experiment was performed
essentially in the same manner as above except siRNA-loaded particles were used instead of
empty particles. The quantity of siRNA in the supernatant samples was determined by using the
Quant-iT Picogreen dsDNA assay (Molecular Probes) according to the manufacturer’s
instructions. The amount of siRNA in each sample was calculated by fitting the emission to a
calibration curve using the Quant-iT Picogreen dsDNA assay (Molecular Probes). For this
experiment, all solutions included heparin at 12.5 mg/mL to disrupt electrostatic interactions
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between blend polymers and siRNA to enable quantification. The curve was made by applying a
Boltzmann fit.

Studies Performed with Particles

Cell Lines and Culture. HeLa cell line stably expressing firefly luciferase (HeLa-luc) were a
kind gift of Dr. Chris Contag. HeLa-luc cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 1% GlutaMAX, and
500 pg/mL Zeocin (all from Invitrogen except the serum, which was from Hyclone (Logan,
UT)). Cell incubations were performed in a water-jacketed 37°C/5% CO, incubator.

In Vitro siRNA Transfection Assay. HeLa-luc cells were seeded (15,000 cells/well) into each
well of a 96-well clear tissue culture plate (Costar, Corning, NY) and allowed to attach overnight
in growth medium. Growth medium was composed of DMEM (with phenol red), 10% FBS, and
1% GlutaMAX. Particle samples (encapsulating either luciferase siRNA or control siRNA) were
prepared in culture medium (without antibiotics) by alternately vortexing and sonicating in a
Branson 2510 water bath for 20 s to generate homogeneous suspensions. The samples were then
serially diluted in medium to give the indicated particle concentrations or equivalent siRNA
doses. Existing medium was replaced with 100 pl of each particle dilution (2.19 — 35 pmol
siRNA) in quadruple wells. The cells were allowed to grow for an additional 48 h before being
analyzed for gene expression. Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used as a
positive control for siRNA delivery and was prepared according to the manufacturer’s
instructions. Complexes containing equivalent doses of siRNA to particles were prepared by
mixing Lipofectamine 2000 and siRNA (Lipofectamine (uL) to siRNA (ug) ratio of 3.5:1). As
negative controls, both equivalent doses of free siRNA in medium and medium alone were used.

After 48 h, the cells were washed with PBS (containing Mg2+ and Ca®", 3 x 100 uL), Glo
Lysis Buffer (120 pL, Promega, Madison, WI) was added to each well, and the plate was
vortexed at rt for 20 min. Samples from each well (100 pL) were transferred to the wells of a
white 96-well tissue culture plate (Corning, Lowell, MA). Steady-Glo luciferase assay reagent
(Promega) was reconstituted according to the manufacturer’s instructions and injected into each
well in series (100 pL/well) using a GloMax 96 microplate luminometer (Promega). After a 10 s
post-injection delay, each well was read with a 2 s integration time.

Total Protein Assay. Cells treated identically and in parallel with transfection assays were tested
on a second 96-well plate. After washing, the cells were lysed with M-PER Mammalian Protein
Extraction Reagent (50 pL/well, Pierce, Rockford, IL) by incubating for 10 min at rt. PBS (50
uL/well) was then added, and the plate was briefly vortexed. Samples from each well (50 pL)
were transferred to a black 96-well plate (Corning) already containing PBS (100 pL/well). A
solution of 3 mg/mL fluorescamine in acetone (50 pL) was added to each well and mixed well
using a multi-channel pipette. After 5 min, fluorescence was measured using a SpectraMax
Gemini XS reader (ex. 400 nm, em. 460 nm). Protein concentrations were determined using
bovine serum albumin as a standard. Relative light units (RLU) from the luminometer were
normalized to the total mass of cellular protein. The resulting data (RLU/mg of protein) are given
as a mean =+ standard deviation of four independent measurements. Percentage knockdown was
calculated by comparison of treated cells to untreated cells. The data was compared to the
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knockdown of cells treated with particles loaded with control siRNA or control
siRNA/Lipofectamine complexes.

Viability Assay. Cells treated identically and in parallel with transfection assays were tested on a
third 96-well plate. A 3.0 mg/mL solution of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide) in medium (40 pL) was added directly to each well, and the plate was
incubated for an additional 30 min. The medium was then replaced with DMSO (200 pL/well),
100 uL of which was transferred to another clear-bottom 96-well assay plate (Pro-Bind, Falcon)
containing 100 uL. DMSO and 25 pL of glycine buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5) per
well. The absorbances at 570 nm were measured using a SpectraMax 190 reader (Molecular
Devices). Cell viability was normalized to the absorbance measured from untreated cells. Data
are represented as a mean =+ standard deviation of four measurements.
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Chapter 5 — Facile and Tunable Conjugation Chemistry Toward a
Biocompatible Delivery System for Controlled Release of sSiRNA

Abstract

In the previous chapter, we presented the synthesis of spermine-Ac-DEX, a novel
polymeric platform for the delivery of siRNA therapeutics. Spermine-Ac-DEX possesses several
characteristics that make it attractive for siRNA delivery, including acid-degradability and
biocompatibility. For some applications, however, it might be advantageous to use a water-
soluble polymer that can form small complexes with genetic material instead of the relatively
larger water-insoluble particles formed with spermine-Ac-DEX. With these features in mind, we
sought to create another acid-degradable material that would maintain the biocompatibility of
spermine-Ac-DEX while also offering small size and water-solubility. In this chapter, we
describe the synthesis and biological evaluation of functionalizable, acetal-modified dextran.
Specifically, dextran was modified at its hydroxyls with acetals that bear a functionalizable
moiety, which can be further conjugated to a cargo of interest. Using this facile chemistry, a
library of amine-modified dextrans which vary in the type of amine modification and the
degradation rate of the acetal were prepared. These polymers were found to degrade in a pH-
dependent manner with degradation rates that depended on the stereoelectronic and steric
properties of the linker. The polymers were able to form complexes with siRNA and to release
the siRNA under slightly acidic conditions. When tested in vitro, two of the compounds were
able to successfully transfect HeLa cells and lead to reduction in protein expression. Due to its
tunability, pH-sensitivity, and biocompatibility, this type of modified dextran should find use in
numerous drug delivery applications.

Introduction

RNA interference (RNAI) is an important post-transcriptional gene silencing mechanism
that has prodigious impact in wide-ranging areas such as functional genomics, therapeutics, and
biotechnology.'* Although attractive due to its ability to knock down many diseased genes,
RNAi therapy has limited applications in clinical use.”® One of the major barriers is the lack of
suitable clinically safe systemic carriers that can facilitate the effective delivery of RNA
interfering molecules (such as small interfering RNA,”® siRNA) to desired targets. To develop
an ideal delivery system for RNAI, several challenges must be overcome — (1) The carrier and its
degraded products should be biocompatible and/or biodegradable to minimize possible toxicity;
(2) The carrier needs to provide sufficient protection of its genetic cargo from ubiquitously
existing nucleases before reaching the target and from unpacking while moving through various
biological fluids; (3) It has to avoid the opsonization by reticuloendothelial system (RES) which
may cause unexpected toxicity and evoke innate immune responses; (4) It should be ideally able
to distinguish diseased and healthy tissue to minimize adverse side effects; (5) The size of the
carrier should be large enough to avoid kidney filtration, and must not exceed the passage limit
to cross vascular endothelium of the target site; (6) The carrier should be able to facilitate
cellular entry and endosomal release of the negatively charged genetic materials, which should
also be released from the carrier upon reaching their target site in the cytoplasm (for siRNA) or
in the nucleus (for DNA).
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Many attempts have been made to achieve this goal, including the use of viral vectors’
and synthetic lipids and polymers.'’ Although very effective in transfection, there have been
safety concerns with the clinical use of viral vectors due to possible unwanted immune responses
and inflammatory reactions.'' In the clinic, dextran, a biocompatible non-immunogenic material
from natural sources, has been approved by the FDA as a plasma expander, and it shows
excellent biodistribution profile when administered systemically in a tumor model.'* Therefore,
dextran can serve as a scaffold of a drug/gene delivery carrier. Domb et al. have used amine-
modified dextran (synthesized through reductive amination) for the delivery of plasmid DNA."
Although the long term side effects of the non-degradable amine modified dextran are not
exactly clear, there have been reports on toxicity in liver caused by polymer-based amines.

Here we describe facile conjugation chemistry for dextran via acetals, which can degrade
and release the cargo under acidic conditions and regenerate biocompatible free dextran in the
end. This novel system possesses tunability in its functionalities and degradation rates (Figure
5.1), making it attractive for a variety of drug delivery applications. We applied this chemistry in
developing a biodegradable siRNA delivery vehicle with controlled release rates and revealed its
utility in gene knockdown studies in vitro.

Results and Discussion
Facile New Conjugation Chemistry for Dextran

The delivery of therapeutics using polysaccharides has been reported by many research
groups, however conjugation methods have been limited to irreversible and/or non-tunable
modifications.'*"> Here we report a facile conjugation chemistry for dextran with the feature of
tunability in its functionalities and degradation rates, with the additional benefit that it generates
biocompatible free dextran once the cargo is released inside cells (Figure 5.1).
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Meﬂf FIMa
H ROR o=
—_—

H‘—f"“ raar_:lw& grﬂ‘up R 0

HO acid HO
g x

Dextran

@ [ac!dic condition (e.g. intracellular nﬁcruenv.‘ranmﬂnﬂ]

Figure 5.1. New conjugation chemistry for dextran. Dextran can be acetalated to bear a
functionalizable moiety, which can be conjugated to a desired cargo. Once endocytosed by cells,
the acetal linker can be cleaved to release the cargo inside cells, while generating free dextran in
the end.

Acetals are commonly used as temporary protecting groups for alcohols in organic
synthesis.'® Our group has a long history of applying acetal chemistry in the preparation of smart
materials for biotherapeutic delivery, owing to its possible degradability under acidic conditions,
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which exist at various diseased sites and inside endocytotic compartments.'”** We have
previously reported an acetalated dextran (Ac-DEX) material, which was able to encapsulate
therapeutics such as protein antigens, vaccine adjuvants and genetic materials via physical
entrapment during fabrication of nanoparticles.”>® Once the particles were endocytosed, acetals
were degraded, and therapeutic cargo was released.

We envisioned therapeutics could be conjugated to dextran via acetal groups when
desirable functional handles existed (Figure 5.1), while controllable degree of modification could
provide either water-soluble or water insoluble carriers. Manipulation of peripheral groups would
alter the stereoelectronic and steric properties during the acetal formation, thus giving materials
with tunable degradation rates. This would provide us with opportunities to control the release of
therapeutics on demand.

To test our hypothesis, we synthesized dimethyl acetals of two contrasting substrates — a
small aliphatic ethyl levulinate 2 and a bulky aromatic vanillin derivative 6 (Figure 5.3a). The
acetalation reaction of dextran was highly efficient, with 0.8 levulinate acetal and 0.4 vanillin
ketal per glucose installed respectively, and so was the work-up of the reactions by precipitation
in isopropanol. The degree of modification was determined by 'H NMR (example shown in
Figure 5.2). Interestingly, almost all levulinate acetals were thermodynamically stable cyclic
acetals (Figure 5.3a), as opposed to the vanillin ketals, which were mainly kinetic acyclic
product (as observed in 'H NMR), presumably because the formation of cyclic ketal was
prohibited by steric hindrance and potential strain in the fused carbohydrate and dioxolane rings.
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Figure 5.2. "H NMR of functionalizable acetal formation on dextran. Resonance of each proton
was assigned with integration to calculate the degree of modification.
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Synthesis of Gene Delivery Carriers of Tunable Amine Functionalities and Degradation
Rates

In gene delivery, release of nucleic acid from its carrier is crucial to successful
transfection. Once the nucleic acid is taken up by cells, it needs to escape out of endocytotic
vehicles, and dissociate from its carrier before reaching the target. Most of the existing cationic
gene delivery systems achieve endosomal escape via “proton sponge effect”, resulting from
protonation of cations on the carrier followed by osmotic swelling and rupture of endosomes.
However the mechanism of how genetic material is released from the carrier and how the release
affects the final transfection remains mysterious. In order to achieve an ideal gene delivery
performer, and to interpret structure-property relationships, it is necessary to screen through a
relatively large library of carriers, which share similar structure features with comparable
variation of parameters.

Our chemistry, as expected, could generate such a library efficiently (Figure 5.3). The
intentional use of ethyl ester group in the acetal linkers provided us with universal intermediates
to introduce various amine functionalities to dextran (1 step from the common intermediate),
which became positively charged and suitable for complexing with negatively charged genetic
materials.

Commercially available amines (A1-A6) were heated together with ethyl ester
functionalized dextrans (7 and 8), and desired amines (primary only, secondary only, tertiary
only, primary plus secondary, primary plus tertiary, secondary plus tertiary amine) were installed
to dextran through acetal linkers (Figure 5.3). Reactions were monitored by 'H NMR, until the
resonance of the ethyl ester disappeared (Figure 5.4). Interestingly, the replacement of ethyl
groups was only observed for primary amines, and no secondary amine or tertiary amine reacted
with ethyl esters on dextran. This was confirmed by a parallel experiment of ethyl ester-dextran
and an amine containing only secondary and tertiary amine, which gave only starting material
back over the same time span as the other reactions (observed by "H NMR). Because multiple
amino groups were present in each amine structure, cross-linking of the dextran materials was
thought to be a concern. However, we were delighted to observe little or no cross-linked
materials by "H NMR and size exclusion chromatography (data not shown).

More interestingly, the ethyl ester precursors of the amine-dextrans were made of
structures of different properties — the levulinate cyclic acetal degraded slowly at pH 5.0 (Figure
5.3, linker A) while the vanillin acyclic acetal degraded fast (Figure 5.3, linker B). The
degradation of both slow- and fast-degrading amine-dextrans at 37°C at both pH 5.0 and 7.4 was
studied first using NMR. For clarity, the '"H NMR spectra of the simplest ethylene diamine
modified acetal-dextran 9 (Figure 5.5) and 15 (Figure 5.6) were shown here. When they degrade,
both 9 and 15 would form free dextran and an amide derivative of a ketone (Figure 5.5a) or
aldehyde (Figure 5.6a). Therefore, the progress of degradation can be monitored by comparing
the proton resonances in NMR to see the ratio of the small molecule and dextran. For the slow-
degrading compound 9, there was no obvious degradation (no resonances from the small
molecule) at both pH 5.0 (Figure 5.5b) and pH 7.4 (Figure 5.5¢). On the other hand, the fast-
degrading compound 15 degraded and released the small aldehyde molecule (Figure 5.6b, newly
formed sharp peaks) at pH 5.0 starting from 30 min, and the quantity of this aldehyde increased
remarkably as the incubation time proceeded. The compound was almost completely degraded
after 48 h of study. However, at pH 7.4, compound 15 did not show appreciable degradation until
4 h later, and even after 48 h, there was only very minor amount degraded (Figure 5.6¢). This
phenomenon is as expected for this acid-sensitive acetal linker. The degradation curves of the
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above two compounds against time at both pHs were plotted (Figure 5.7). The slow-degrading
compound 9 did not show observable degradation at either pH, while compound 15 showed a
half life of about 2 h at pH 5.0, and an estimated half life of 120 h at pH 7.4 at 37°C. The
degradation of all other amine-dextrans shared the same trend as either compound 9 or
compound 15 (data not shown).
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Figure 5.4. "H NMR of amine conjugation to dextran via an acetal linker. Resonance of each
proton was assigned with integration to calculate the degree of substitution.
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(c) pH 7.4, 37°C
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Figure 5.5. Degradation study of slow-degrading amine-dextran 9* at 37°C. a) Scheme of the
degradation reaction under acidic conditions. b) Array of "H NMR spectra of amine-dextran 9 at
various incubation times (bottom to top: time = 0, 1, 4, 8, 24, 48 h) at pH 5.0. ¢) Array of 'H
NMR spectra of amine-dextran 9 at various incubation times (bottom to top: time = 0, 1, 4, 8, 24,
48 h) at pH 7.4.*For clarity, the degradation of the simplest slow-degrading amine-dextran 9 was
shown. Other slow-degrading amine-dextrans degraded in roughly the same manner.
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(b) pH 5.0, 37°C
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(c) pH 7.4, 37°C
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Figure 5.6. Degradation study of fast-degrading amine-dextran 15* at 37°C. a) Scheme of the
degradation reaction under acidic conditions. b) Array of "H NMR spectra of amine-dextran 15
at various incubation times (bottom to top: time = 0, 0.5, 1, 2, 4, 8, 24, 48 h) at pH 5.0. ¢) Array
of "H NMR spectra of amine-dextran 15 at various incubation times (bottom to top: time = 0,
0.5, 1, 2, 4, 8, 24, 48 h) at pH 7.4.*For clarity, the degradation of the simplest fast-degrading
amine-dextran 15 was shown. Other fast-degrading amine-dextrans degraded in roughly the same

manner.
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Figure 5.7. Degradation study of slow- (linker A) and fast- (linker B) degrading amine-dextrans
at 37°C at pH 5.0 and pH 7.4 over a course of 48 h. Degree of degradation was calculated using
integration of signature peaks in 'H NMR.

This feature of these amine-dextran molecules allows us to evaluate the effects of
different degradation rates (or nucleic acid release rates) while maintaining the same amine
functionalities. This is of particular interest in siRNA delivery, as the release mechanism of
siRNA from the carrier is still unknown. Thus, varying one structural parameter at a time may
provide valuable information in understanding the status of siRNA molecules before they reach
their target gene.

Complex Formation Between Amine-Dextrans and Nucleic Acid

One of the major challenges in gene delivery is the reluctant uptake of negatively charged
nucleic acids by cells. Therefore, making the surface electric charge positive by complexing
genetic materials with positively charged carriers has been a common strategy in gene delivery.

To see whether amine-dextrans can form stable complexes with nucleic acid, we mixed
the amine-dextrans with firefly luciferase DNA at nitrogen/phosphate (N/P) ratios of 1, 10 and
100. All compounds formed firm complexes as compared with PEI-DNA complexes (Figures
5.8a and 5.8b, left panel of each trio). As expected, complexes at higher N/P ratios (10 and 100)
moved further toward the negative field, indicating overall positive charge of the complexes
(confirmed by zeta potential measurement using dynamic light scattering). It is also worthwhile
to note that complexes formed by compounds 10 (at N/P 10 and 100) and 12 (at N/P 1, 10 and
100) showed very faint fluorescence compared to others. This is presumably due to exclusion of
ethidium bromide from DNA base-pairs caused by very tight binding between the amine-dextran
and DNA molecule.

Release of Nucleic Acid from the Complexes

We proposed our acetal-linked amine-dextrans could degrade under acidic conditions,
therefore we studied whether the small 21-bp DNA could be released from complexes with
amine-dextrans by gel electrophoresis (Figure 5.8). We incubated all complexes at pH 7.4
(Figure 5.8, middle panel of each trio) and pH 5.0 (Figure 5.8, right panel of each trio) at 37°C
for 48 h before developing the gel. It is clearly shown that the slow-degrading amine-dextrans
(Figure 5.8a) did not release any DNA at either pH. The fast-degrading amine-dextrans (Figure
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5.8b) started to release little to partial DNA at N/P 1 at pH 7.4, leaving N/P 10 and 100 intact. In
sharp contrast, most of the fast-degrading amine-dextrans released DNA completely at N/P 10,
and some at N/P 100 at pH 5.0 (with the exception of compound 18 which only released DNA at
N/P 1).
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Figure 5.8. Complex formation between amine-dextrans and DNA at different N/P ratios, and
release of DNA from the complexes at pH 7.4 and pH 5.0. a) Gel electrophoresis of complexes
of DNA and slow-degrading amine-dextrans 9-14 at various time points. b) Gel electrophoresis
of complexes of DNA and fast-degrading amine-dextrans 15-20 at various time points.

In the NMR degradation studies of all amine-dextrans, all compounds with the same
acetal linker degraded in a rather similar way. Therefore, in the case of the fast-degrading amine-
dextrans, the difference in DNA release was probably caused by different binding affinity of
various amine-dextrans to DNA. Although not a direct measurement, the DNA release study
together with amine-dextran degradation study suggested the release rate of DNA is inversely
proportional to the binding energy of the complex. Thus, among all fast-degrading amine-
dextrans, 18, which released DNA the slowest, was the tightest binder to DNA.

In Vitro Delivery of siRNA by Amine-Dextrans

The promising complexation data motivated us to test the ability of the amine-dextran
polymers to deliver siRNA in vitro. Several polymer characteristics are known to influence
transfection efficiency, including molecular weight and overall charge.”’>' In particular, we were
interested in investigating the effect of the amine structure and the polymer degradation kinetics
on transfection. The structure and basicity of amines present in a polymer can significantly affect
the ability of a polymer to complex with nucleic acids and transfect cells, with small
modifications considerably enhancing or abolishing efficacy.**>® Specifically, primary amines
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have been shown to increase polymer binding to DNA and siRNA, while tertiary amines can
enhance intracellular delivery of genetic material, presumably by buffering the endosome and
increasing endosomal escape.””™

To determine the extent to which the structure of the amines affects transfection
efficiency in our system, we prepared a small library of amine-dextrans (9-14) containing only
primary, only secondary, or only tertiary amines as well as amine-dextrans with mixtures of
amines. The transfection efficiency of each of these polymers was tested in vitro in a luciferase-
expressing HeLa cell line (HeLa-/uc). In these experiments, anti-firefly luciferase siRNA was
complexed with polymer at various N/P ratios and incubated with cells for 48 h. In order to
exclude non-specific gene silencing by the polyplexes themselves, the cells were also incubated
with polyplexes prepared using a negative control siRNA (Silencer Negative Control #1 siRNA).
The luciferase-specific knockdown obtained with each polymer is shown in Figure 5.9.
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Figure 5.9. The type of amine is important for transfection efficiency. In vitro delivery of siRNA
by amine-dextrans bearing different types of amines. HeLa-/uc cells were treated with polymers
complexed with 0.5 pg siRNA/well. Complexes were prepared at various N/P ratios to determine
the optimum for transfection efficiency. Results were compared to untreated cells and the
percentage knockdown of luciferase expression was calculated. Results (columns) are combined
with results from a concurrently performed cytotoxicity assay (closed symbols and lines).
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These results demonstrate the importance of the type of amine on overall transfection
efficiency. The optimal knockdown in these experiments was obtained at an N/P ratio of 10 with
the bis(aminopropyl)piperazine modified dextran (13), which contains a mixture of primary and
tertiary amines. Other amine-dextran polymers showed minimal reduction in luciferase
expression at all N/P ratios tested. Importantly, the transfection obtained with polymer 13 was
better than or comparable to the levels of transfection achieved with the positive controls, PEI
and Lipofectamine 2000. Cytotoxicity assays were also performed and showed that the polymers
have concentration-dependent toxicity. Polymer 13 exhibited only slight cytotoxicity at the
concentration necessary to achieve efficient gene silencing and this toxicity was comparable to
that of PEL

In addition to exploring the effect of amine structure on transfection efficiency, we were
also interested in studying the role of polymer degradation rate on transfection. We have
previously demonstrated the importance of degradation rate for both antigen presentation® and
transfection of plasmid DNA®. In these prior reports, fast-degrading polymers resulted in
superior performance when compared to their slower-degrading counterparts. To investigate the
effect that degradation rate has on transfection efficiency with this polymer system, we prepared
an additional library of amine-dextrans (15-20) comprising the same amine structures as the
previous library but containing a fast-degrading vanillin ketal linkage in place of the slow-
degrading levulinate acetal. The transfection efficiency of these polymers in vitro was tested
using the luciferase proof-of-concept system described above. Figure 5.10 shows the highest-
transfecting fast-degrading polymer (18) plotted alongside its slow-degrading counterpart (12).
The fast-degrading polymer led to more efficient transfection and less toxicity than the slow-
degrading polymer. In addition, this polymer mediated significantly better transfection than PEI
at its optimal N/P ratio with siRNA (N/P 10). Interestingly, the other five fast-degrading amine-
dextrans (15-17, 19, and 20) showed little or no knockdown, although it has been reported that
rapid polymer degradation may enhance siRNA delivery by contributing to a rapid release of the
siRNA inside the cytosol.***!

Based on our above observations, fast release of the siRNA molecule does not necessarily
lead to enhanced gene transfection, and vice versa. The efficiency of siRNA delivery results
from an array of combined factors, including the binding energy of the polymer-siRNA complex,
“proton sponge” strength of the amine on the polymer, and release of siRNA from the cationic
polymer either by degradation of the polymer backbone or by erosion of the polymer during
cytosolic trafficking.
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Figure 5.10. Degradation rate is important for transfection efficiency. In vitro delivery of siRNA
by spermine-dextrans of different degradation rates (12 and 18). HeLa-/uc cells were treated with
polymers complexed with 0.5 pg siRNA/well. Complexes were prepared at various N/P ratios to
determine the optimum for transfection efficiency. Results were compared to untreated cells and
the percentage knockdown of luciferase expression was calculated. Results (columns) are
combined with results from a concurrently performed cytotoxicity assay (closed symbols and
lines). Fast-degrading spermine-dextran (18) shows superior knockdown of luciferase.

Conclusions

We have developed a new conjugation protocol for biocompatible dextran through the
formation of acetals on its hydroxyl groups. The features of the acetal groups can be tuned by
introducing diverse functional groups of different sizes and with varying electronic properties,
therefore providing materials with tunable degradation rates that allow the cargo to be released at
desired rates. We have applied this new chemistry in the development of siRNA carriers, acetal
linked amine-dextrans. All amine-dextrans bound nucleic acids tightly, and we found the nucleic
acid molecules could be released at different rates. Together with the different amine
functionalities on the backbone, release rates of siRNA affected the effectiveness of gene
silencing. These interesting findings may provide additional understanding in the search of ideal
siRNA delivery systems.
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Experimental Procedures

General Materials and Methods

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used as supplied,
unless otherwise noted. The anti-luciferase siRNA (sense strand: 5’-CUU ACG CUG AGU
ACU UCG A dTdT-3") was obtained from Dharmacon (Lafayette, CO) and Silencer Negative
Control #1 siRNA was purchased from Ambion (Austin, TX). Firefly luciferase DNA
(sequences: 5’-CTT ACG CTG AGT ACT TCG ATT-3" and 5°-TCG AAG TAC TCA GCG
TAA GTT-3") was synthesized by Integrated DNA Technologies (IDT, Coralville, IA).
Phosphate buffered saline (PBS, pH 7.4, GIBCO-10010) was purchased from Invitrogen-Gibco
(Carlsbad, CA). Water (dd-H,O) was purified to a resistance of 18 MQ using a NANOpure
purification system (Barnstead, USA). All reactions were conducted under nitrogen. Methanol
used in the reactions was dried over magnesium methoxide. Other organic solvents in reactions
were purified by passing through two columns of neutral alumina on a commercial push still
apparatus (Glass Contour, SG Water, NH). Analytical thin layer chromatography (TLC) was
performed on silica gel 60-F»s4 (Merck). Plates were visualized by ultraviolet light or charring
with basic potassium permanganate solution, triphenylphosphine/ninhydrin solution or ethanolic
sulfuric acid-anisaldehyde solution. Column chromatography used silica gel (SiliCycle, F60, 40-
63 um, 60 A) and solvents were of reagent grade, and used as supplied. 'H NMR spectra were
recorded at 400 or 500 MHz and >C NMR spectra were recorded at 126 or 151 MHz. First order
chemical shifts are reported in J (ppm) using residual solvent signals from deuterated solvents as
references. Mass spectrometry was performed under positive/negative-mode high resolution
electrospray ionization (ESI) on an Orbitrap instrument by the Chemistry Mass Spectrometry
Facility of the University of California, Berkeley. Fourier transform infrared spectroscopy (FT-
IR) was carried out on a Varian 3100 FT-IR spectrometer (Varian, USA). Fluorescence and UV-
vis absorbance measurements for microplate-based assays were obtained on a SpectraMax M3
multi-mode microplate reader (Molecular Devices, USA), usage courtesy of Professor Carolyn
Bertozzi.

The synthesis of the acid-degradable linkers (2 and 6) is outlined in Scheme 5.1.

Scheme 5.1. Synthesis of acid-degradable linkers (2 and 6).
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Synthesis of ethyl levulinate dimethyl ketal (2). Ethyl levulinate (1) (5.0 g, 34.7 mmol) and
trimethyl orthoformate (7.6 mL, 69.4 mmol) were refluxed in anhydrous methanol (50 mL) with
the presence of activated molecular sieves (4 A, 5.0 g) and p-toluenesulfonic acid monohydrate
(50 mg) for 1 h, then heat was removed and the reaction was quenched by addition of
triethylamine. Molecular sieves were filtered off and solvents were removed by rotary
evaporator. The residue was redissolved in dichloromethane (200 mL) and was washed with
sodium bicarbonate solution (pH 8.0, 200 mL). The dichloromethane layer was isolated and
dried over anhydrous sodium sulfate powder, the solvent was evaporated, and the residue was
dried under vacuum to yield 5.8 g product as colorless oil (88% in yield, 86% in purity by
NMR). The mixture of dimethyl ketal and ketone was not further separated, and was used
directly in the next step synthesis. IR (cm'l): 2987, 2945, 2909, 2831, 1739, 1448, 1380, 1294,
1174, 1128, 1106, 1046, 859. "H NMR (400 MHz, CD,Cl,): 6 4.09 (q, 2H, J = 7.1 Hz, CH,CH3),
3.14 (s, 6H, OCH3), 2.30 (t, 2H, J = 7.8 Hz, CH,C=0), 1.90 (t, 2H, J = 8.3 Hz, CH,CH,C=0),
1.23 (t, 3H, J = 7.8 Hz, CH,CH3,), 1.21 (s, 3H, CH;C). °C NMR (126 MHz, CD;CN): J 174.14,
101.83, 61.11, 48.44, 32.37, 30.25, 21.21, 14.61. ESI HRMS caled for CoHi304Li (M + Li):
197.1360, found: 197.1360.

MeO \/\j\
07

5

Synthesis of ethyl 4-(4-formyl-3-methoxy)-phenyl butyrate (5). Vanillin (3) (20.0 g, 0.131
mol), ethyl 4-bromobutyrate (4) (22.5 mL, 0.157 mol), and potassium carbonate (36.3 g, 0.263
mol) were heated at 50°C in dry DMF (200 mL) for 1 h. (Sodium hydride was not suitable for
the reaction due to the formation of by-product ethyl acrylate.) Potassium carbonate was then
filtered, and the DMF solution was extracted with ethyl acetate (1 L) and water (1 L) twice. The
ethyl acetate layer was collected, dried over anhydrous magnesium sulfate, and removed by
rotary evaporation. The residue was dried under high vacuum to obtain the pure vanillin-scented
product 5 as a white powder (32.7 g, 93%). IR (KBr, cm™): 3008, 2976, 2869, 2350, 1766, 1710,
1620, 1565, 1530, 1493, 1433, 1366, 1301, 1222. '"H NMR (400 MHz, CDCl3): 6 9.84 (s, 1H,
HC=0), 7.49 — 7.34 (m, 2H, Ar), 6.98 (d, 1H, J = 8.1 Hz, Ar), 4.34 — 3.99 (m, 4H, OCH,,
COOCH,), 3.92 (s, 3H, OCH3), 2.54 (t, 2H, J = 7.2 Hz, CH,C=0), 2.20 (dddd, 2H, J = 6.8, 6.8,
6.8, 6.8 Hz, CH,CH,CH,), 1.25 (t, 3H, J = 7.1 Hz, CH,CHj). >C NMR (126 MHz, CDCl;): §
191.10, 173.14, 154.02, 150.06, 130.29, 126.95, 111.73, 109.44, 68.07, 60.70, 56.17, 30.72,
24.42, 14.39. ESI HRMS caled for C4H30sLi (M + Li): 273.1309, found: 273.1310.
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Synthesis of ethyl 4-(4-formyl-3-methoxy)-phenyl butyrate dimethyl acetal (6). Compound 6
was prepared in a similar way as that of compound 2 using 5 (31.7 g, 0.119 mol), trimethyl
orthoformate (26.1 mL, 0.238 mol), activated molecular sieves (4 A, 30.0 g) and p-
toluenesulfonic acid monohydrate (300 mg) in anhydrous methanol (300 mL), to yield 35.7 g
product as colorless oil (95 % in yield, 99% in purity). The mixture of dimethyl ketal and ketone
was not further separated, and was used directly in the next step synthesis. IR (cm™): 3077, 2941,
2831, 2756, 1737, 1685, 1595, 1511, 1467, 1418, 1375, 1348, 1268, 1137, 1102, 864, 809. 'H
NMR (400 MHz, CD;CN): 6 6.99 (d, 1H, J = 1.5 Hz, Ar), 6.95 — 6.92 (m, 2H, Ar), 5.29 (s, 1H,
CH(OCHs),), 4.11 (q, 2H, J = 7.1 Hz, COOCH»), 4.03 (t, 2H, J = 6.3 Hz, OCHy), 3.82 (s, 3H,
ArOCHs), 3.30 (s, 6H, CH(OCH5)»), 2.48 (t, 2H, J = 7.3 Hz, CH,C=0), 2.05 (dddd, 2H, J = 7.2,
7.2, 6.4, 6.4 Hz, CH,CH,CH,), 1.23 (t, 3H, J = 7.1 Hz, CH,CH;). >C NMR (151 MHz, CD,Cl,):
0 173.73, 150.22, 149.24, 132.21, 119.90, 113.49, 111.09, 103.99, 68.72, 61.07, 56.61, 53.35,
31.49,25.51, 14.79. ESI HRMS calcd for C;6H2406L1 (M + Li): 319.1727, found: 319.1730.

Polymer Synthesis
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Synthesis of ester-functionalized dextran through slow-degrading ketal linkage (7). To a
solution of dextran (MW = 35000 ~ 45000 g/mol, 500 mg, 3.09 mmol glucose residue) in
anhydrous DMSO (5 mL) were added ethyl levulinate dimethyl ketal (2) (3.55 g, 18.5 mmol),
molecular sieves (5A, 500 mg) and p-toluenesulfonic acid monohydrate (8.8 mg). The reaction
mixture was heated for 2 h at 50°C, and the reaction was quenched by addition of triethylamine.
Molecular sieves were then filtered, and the DMSO solution was dripped into a mixture of
isopropanol and hexanes (1:1, 40 mL) to obtain white precipitate, which was collected by
centrifugation. The white precipitate was purified by redissolving in DMSO (4 mL) and
precipitating in isopropanol and hexanes (1:1, 40 mL). After centrifuging the resulting
suspension, the product was dried under vacuum to obtain a water-insoluble white powder (802
mg, 0.8 ester per glucose residue (calculated by its 'H NMR, and confirmed by the 'H NMR of
its derivatives 9-14), yield 99%). Due to the rather complex and uninterpretable 'H NMR
spectrum in its only solvent ds-DMSO, the "H NMR of compound 7 was obtained in acidic D,O
(pH 2.0), where the attached ketals were cleaved to give water-soluble free dextran and ethyl
levulinate (1). '"H NMR (500 MHz, D,0-DCI-(CD3),S0) 6 5.22 — 4.76 (m, 1H, glucose-H;), 3.98
(g, 0.8 x 2H, J = 7.2 Hz, COOCHa), 3.90 — 3.21 (m, 6H, glucose-H»5), 2.73 (t, 0.8 x 2H, J=6.3
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Hz, CH,COO), 2.42 (t, 0.8 x 2H, J = 6.3 Hz, CH3;COCH,), 2.06 (s, 0.8 x 3H, CH;COCH,), 1.05
(t, 0.8 x 3H, J = 7.2 Hz, CH,CHj3). As a reference, the "H NMR resonances of a less densely
functionalized (0.5 ketal per glucose residue) water-soluble analogue 7’ is provided as follows:
'H NMR (500 MHz, D,0) ¢ 5.43 — 491 (m, 1H, glucose-H;), 429 — 4.11 (m, 0.5 x 2H,
COOCH,), 4.17 — 3.25 (m, 6H, glucose-H,), 2.56 (m, 0.5 x 2H, CH,COO), 2.21 (m, 0.5 x 2H,
ketal-CH,), 1.68 — 1.36 (m, 0.5 x 3H, ketal-CH3), 1.37 — 1.22 (m, 0.5 x 3H, COOCH,CH}3).

EtC he

0.4 acetal/ Glc
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Synthesis of ester-functionalized dextran through fast-degrading ketal linkage (8). To a
solution of dextran (MW = 35000 ~ 45000 g/mol, 2.0 g, 12.3 mmol glucose residue) in
anhydrous DMSO (20 mL) were added dimethyl acetal 6 (23.1 g, 74.1 mmol), molecular sieves
(5A, 2.0 g) and p-toluenesulfonic acid monohydrate (35.2 mg). The reaction mixture was heated
overnight at 80°C, and the reaction was quenched by addition of triethylamine. Molecular sieves
were then filtered, and the DMSO solution was dripped into a mixture of isopropanol (200 mL)
to obtain a white precipitate, which was collected by centrifugation. The white precipitate was
purified by redissolving in DMSO (20 mL) and precipitating in isopropanol (200 mL). After
centrifuging the resulting suspension, the product was dried under vacuum to obtain a water-
insoluble white powder (3.35 mg, 0.4 ester per glucose residue, yield 99%). Due to the same
reason as that described for compound 7, the '"H NMR of compound 8 was also obtained in
acidic D,0, and the formation of acyclic ketal was confirmed by the generation of methanol in
acidic solution: '"H NMR (500 MHz, D,0-DCI-(CD3),S0) d 9.77 (s, 0.4 x 1H), 7.65 (dd, 0.4 x
IH, J = 8.3, 1.7 Hz, Ar), 7.51 (d, 0.4 x 1H, J= 1.7 Hz, Ar), 7.22 (d, 0.4 x 1H, J = 8.4 Hz, Ar),
5.34 —4.90 (m, 1H, glucose-H,), 4.24 (t, 0.4 x 2H, J = 6.1 Hz, ArOCH,), 4.12 (q, 0.4 x 2H, J =
7.1 Hz, COOCH,), 4.04 — 3.39 (m, 6H, glucose-H,.), 3.33 (s, 0.4 x 3H, CH3;0H), 2.55 (dd, 0.4
x 2H, J=9.8, 4.2 Hz, CH,C=0), 2.15 (p, 0.4 x 2H, J= 6.5 Hz, CH,CH,CH,), 1.21 (t, 0.4 x 3H, J
=72 HZ, CHQCHj‘).

Synthesis of amine-dextran with tunable degradability and functionality (9-20). 9-20 were
synthesized according to the general procedure described below. 7 or 8 was dissolved in
anhydrous DMSO (Table 5.1), followed by addition of various amines (A1-A6, 40 eq. amino
group per ester group). The reaction mixture was then warmed at 50°C for 2 weeks for
completion. The reaction was worked up by dripping the DMSO solution into ethyl acetate (20
mL) to have the product precipitated. The suspension was centrifuged for 10 min at 10,000 x g to
collect the white precipitation, which was then redissolved in DMSO (2 mL) and precipitated
into ethyl acetate (20 mL) followed by centrifugation. The washing step was repeated twice, the
white precipitate was collected, and the residual solvents were removed under high vacuum to
give a white dry powder. The amine-dextran was then dissolved in dd-H,O (pH 8.0) and
lyophilized to get white foamy solid products. Note: The starting materials, 7 and 8, were water-
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insoluble, and products were water-soluble, indicating the replacement of ester groups by amine
groups. "H NMR (500 MHz, D,0) signals of each amine-dextran are listed below.

o]

E ,MH

Compound 9. "H NMR (500 MHz, D,0) J 5.48 — 4.94 (m, 1H, glucose-H,), 4.34 — 3.11 (m, 6H,
glucose-H¢), 3.42 (br. app. s, 0.8 x 2H, CH,NHC=0), 2.85 (br. app. s, 0.8 x 2H, CH:NH>), 2.42
(br. app. s, 0.8 x 2H, CH,C=0), 2.11 (br. app. s, 0.8 x 2H, ketal-CH,), 1.70 — 1.30 (m, 0.8 x 3H,

ketal-CH3).
0
5 H
M~

10

Compound 10. "H NMR (500 MHz, D,0) § 5.44 — 4.92 (m, 1H, glucose-H;), 4.31 — 3.12 (m,
6H, glucose-H,), 3.43 (br. app. s, 0.8 x 2H, CH,NHC=0), 2.87 (br. app. s, 0.8 x 2H, CH,NH),
2.87 (br. app. s, 0.8 x 2H, CH,NH), 2.39 (br. app. s, 0.8 x 2H, CH,C=0), 2.08 (br. app. s, 0.8 x
2H, ketal-CH,), 1.63 — 1.35 (m, 0.8 x 3H, ketal-CH3), 1.10 (br. app. s, 0.8 x 3H, NHCH,CH5).

0
J
11
Compound 11. 'H NMR (500 MHz, D,0) § 5.46 — 4.92(m, 1H, glucose-H,), 4.30 — 3.16 (m,
6H, glucose-H,), 3.46 (br. app. s, 0.8 x 2H, CH,NHC=0), 2.89 (br. app. s, 0.8 x 2H, CH>N),

2.57 (br. app. s, 0.8 x 6H, (CH3),N), 2.40 (br. app. s, 0.8 x 2H, CH,C=0), 2.07 (br. app. s, 0.8 x
2H, ketal-CH,), 1.70 — 1.32 (m, 0.8 x 3H, ketal-CH3).
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Compound 12. "H NMR (500 MHz, D,0) ¢ 5.44 — 4.92 (m, 1H, glucose-H,), 4.32 — 3.03 (m,
6H, glucose-H,.¢), 3.25 (br. app. s, 0.8 x 2H, CH,NHC=0), 3.04 — 2.65 (m, 0.8 x 10H, CH,NH,
CH,NH,), 2.37 (br. app. s, 0.8 x 2H, CH,C=0), 2.08 (br. app. s, 0.8 x 2H, ketal-CH,), 1.88 (br.
app. s, 0.8 x 2H, NHCH,CH,CH,NHC=0), 1.80 (br. app. s, 0.8 x 2H, NHCH,CH,CH,NH,),
1.65 (br. app. s, 0.8 x 4H, NHCH,CH,CH,CH,NH), 1.65 — 1.30 (m, 0.8 x 3H, ketal-CH3).

~N
H;W(j 13

Compound 13. "H NMR (500 MHz, D,0) 6 5.42 — 4.89 (m, 1H, glucose-H;), 4.31 — 3.24 (m,
6H, glucose-H,), 3.20 (app. br. s, 0.8 x 2H, CH,NHC=0), 3.11 — 2.14 (m, 0.8 x 16H, CH,N,
CH,NH,, CH,C=0), 2.07 (br. app. s, 0.8 x 2H, ketal-CH;), 1.86 — 1.75 (m, 0.8 x 2H,
NCH,CH,CH;NHC=0), 1.68 (br. app. s, 0.8 x 2H, NCH,CH,CH,;NH;), 1.57 — 1.27 (m, 0.8 x
3H, ketal-CH3).

O
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Compound 14. ""H NMR (500 MHz, D,0) § 5.40 — 4.92 (m, 1H, glucose-H,), 4.29 — 3.18 (m,
6H, glucose-H»6), 3.37 (m, 0.8 x 2H, CH,NHC=0), 3.09 (br. app. s, 0.8 x 4H, NHCH,CH,N),
2.70 (br. app. s, 0.8 x 4H, NHCH,CH>N), 2.60 (br. app. s, 0.8 x 2H, NCH,CH,NHC=0), 2.38
(br. app. s, 0.8 x 2H, CH,C=0), 2.08 (br. app. s, 0.8 x 2H, ketal-CH;), 1.65 — 1.30 (m, 0.8 x 3H,
ketal-CH3).
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Compound 15. '"H NMR (500 MHz, D,0) J 7.28 — 6.69 (m, 0.4 x 3H, Ar), 6.17 — 5.41 (m, 0.4 x
1H, acetal-H), 5.40 — 4.90 (m, 1H, glucose-H;), 4.36 — 3.18 (m, 6H, glucose-H,¢; 0.4 x 2H,
ArOCHy; 0.4 x 3H, ArOCH3s; 0.4 x 2H, CH>NHC=0; 0.4 x 3H, acetal-OCH3), 3.09 (br. app. s,
0.4 x 2H, CH,;NH;), 2.35 (br. app. s, 0.4 x 2H, CH,C=0), 2.07 (br. app. s, 0.4 x 2H,

ArOCH,CH)).
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Compound 16. "H NMR (500 MHz, D,0) 6 7.24 — 6.75 (m, 0.4 x 3H, Ar), 6.12 — 5.43 (m, 0.4 x
1H, acetal-H), 5.38 — 4.92 (m, 1H, glucose-H;), 4.37 — 3.32 (m, 6H, glucose-H,¢; 0.4 x 2H,
ArOCHy; 0.4 x 3H, ArOCHs; 0.4 x 2H, CH,NHC=0; 0.4 x 3H, acetal-OCH3;), 3.17 — 2.99 (m,
0.4 x 4H, CH,NH), 2.48 (br. app. s, 0.4 x 2H, CH,C=0), 2.08 (br. app. s, 0.4 x 2H,
ArOCH,CH,), 1.37 — 1.11 (br. app. s, 0.4 x 3H, NHCH,CHj;).
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Compound 17. "H NMR (500 MHz, D,0) 6 7.28 — 6.65 (m, 0.4 x 3H, Ar), 6.22 — 5.42 (m, 0.4 x
1H, acetal-H), 5.39 — 4.90 (m, 1H, glucose-H;), 4.38 — 3.20 (m, 6H, glucose-H,; 0.4 x 2H,
ArOCH; 0.4 x 3H, ArOCHs; 0.4 x 3H, acetal-OCH3, 0.4 x 2H, CH;NHC=0), 3.11 (br. app. s,

0.4 x 2H, CH;N), 2.77 (br. app. d, 0.4 x 6H, (CH3),N), 2.45 (br. app. s, 0.4 x 2H, CH,C=0), 2.08
(br. app. s, 0.4 x 2H, ArOCH,CH>).
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Compound 18. "H NMR (500 MHz, D,0O) 0 7.31 — 6.63 (m, 0.4 x 3H, Ar), 6.22 — 5.44 (m, 0.4 x
1H, acetal-H), 5.38 — 4.91 (m, 1H, glucose-H;), 4.40 — 3.06 (m, 6H, glucose-H,; 0.4 x 2H,
ArOCH; 0.4 x 3H, ArOCHj3; 0.4 x 3H, acetal-OCH3, 0.4 x 2H, CH,NHC=0), 3.07 — 2.77 (m,
0.4 x 10H, CH,NH, CH,;NH), 2.43 (br. app. s, 0.4 x 2H, CH,C=0), 2.07 (br. app. s, 0.4 x 2H,
ArOCH,CH,), 1.97 — 1.86 (m, 0.4 x 2H, NHCH,CH,CH,NHC=0), 1.80 (br. app. s, 0.4 x 2H,
NHCH,CH,CH,;NH,), 1.74 — 1.45 (m, 0.4 x 4H, NHCH,CH,CH,CH,NH).
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Compound 19. "H NMR (500 MHz, D,O) 6 7.31 — 6.69 (m, 0.4 x 3H, Ar), 6.14 — 5.44 (m, 0.4 x
1H, acetal-H), 5.39 — 4.94 (m, 1H, glucose-H;), 4.40 — 3.24 (m, 6H, glucose-H,¢; 0.4 x 2H,
ArOCH; 0.4 x 3H, ArOCHj3; 0.4 x 3H, acetal-OCH3), 3.17 (0.4 x 2H, CH,NHC=0), 3.03 (br.
app. s, 0.4 x 2H, CH,NH,), 2.62 — 2.17 (m, 0.4 x 12H, CH>N; 0.4 x 2H, CH,C=0), 2.08 (br. app.
s, 0.4 x 2H, ArOCH,CH,), 1.87 (br. app. s, 0.4 x 2H, NCH,CH,CH,NHC=0), 1.68 (br. app. s,
04x 2H, NCHQCHgCHzNHz).

Hh"’\~1 ) Mel ‘é'_'%
A W&mﬁ; /

20

Compound 20. '"H NMR (500 MHz, D,0) 6 7.35 — 6.70 (m, 0.4 x 3H, Ar), 6.23 — 5.43 (m, 0.4 x
1H, acetal-H), 5.23 — 4.92 (m, 1H, glucose-H;), 4.37 — 2.98 (m, 6H, glucose-H,.¢; 0.4 x 2H,
ArOCHj; 0.4 x 3H, ArOCHs;; 0.4 x 3H, acetal-OCH3;, 0.4 x 2H, CH>NHC=0), 2.89 — 2.21 (m,
0.4 x 10H, CH>NH, CH,N; 0.4 x 2H, CH,C=0), 2.07 (br. app. s, 0.4 x 2H, ArOCH,CH>).
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Table 5.1. Reaction details to obtain amine-dextrans (9-20).

Product Reaction Product

1D) Starting material DMSO Amine’ Yield Amine/Glucose” | Amino N/mg®

9 7 (50 mg, 0.5mL Al 45 mg 0.8 2.92 umol
0.150 mmol ester) 201 pL (87%)

10 7 (50 mg, 0.5mL A2 42 mg 0.8 2.70 pmol
0.150 mmol ester) 632 L (75%)

11 7 (50 mg, 0.5 mL A3 40 mg 0.8 2.70 pmol
0.150 mmol ester) 656 uL (72%)

12 7 (50 mg, 0.5 mL Ad 65 mg 0.8 6.18 umol
0.150 mmol ester) 647 uL (89%)

13 7 (50 mg, 0.5 mL A5 63 mg 0.8 6.21 umol
0.150 mmol ester) 618 uL (87%)

14 7 (50 mg, 0.5 mL A6 60 mg 0.8 4.85 pmol
0.150 mmol ester) 786 L (97%)

15 8 (200 mg, 2.0 mL Al 180 mg 0.4 0.77 pumol
0.292 mmol ester) 195 uL (88%)

16 8 (200 mg, 2.0 mL A2 185 mg 0.4 0.75 umol
0.292 mmol ester) 614 uL (87%)

17 8 (200 mg, 2.0 mL A3 176 mg 0.4 0.75 pmol
0.292 mmol ester) 637 uL (83%)

18 8 (200 mg, 2.0 mL A4 201 mg 0.4 2.08 umol
0.292 mmol ester) 629 L (82%)

19 8 (200 mg, 2.0 mL A5 214 mg 0.4 2.09 pmol
0.292 mmol ester) 601 pL (79%)

20 8 (200 mg, 2.0 mL A6 205 mg 0.4 1.46 pmol
0.292 mmol ester) 765 pL (91%)

“Amine structures are listed in Figure 5.3.

b Amine per glucose residue means the entire amine structure (not counting each amino group) per glucose. The value was
determined by 'H NMR.

“Amine nitrogen per mg counts each amino nitrogen in the entire amine-dextran molecule.

Polymer Characterization

Gel electrophoresis. To study the binding of amine-dextran to short fragments of nucleic acids,
a solution of firefly luciferase DNA (0.5 pg/uL, 10 puL) in PBS buffer (pH 7.4) was mixed well
with a polymer solution (10 pL in PBS buffer) to give nitrogen (of polymer)/phosphate (of
DNA) ratios of 100, 10 and 1. The solution was mixed for 20 min to allow the complex to form,
and loaded to a gel (0.5 g agarose, 50 mL tris-acetate-EDTA buffer, 1 drop of ethidium bromide
solution (GeneChoice, final concentration 0.5 pg/mL)). The gel was developed for 40 min (100
V, 3.0 A, 300 W), visualized under UV at 254 nm, and digital images were collected with an
EpiChemi II Darkroom unit fitted with a CCD camera (UVP, Upland, CA), usage courtesy of
Professor Carolyn Bertozzi. In the DNA release study, a solution of firefly luciferase DNA (1
pug/ul, 5 uL) in PBS buffer (pH 7.4) was mixed well with a polymer solution (5 pL in PBS
buffer) to give nitrogen (of polymer)/phosphate (of DNA) ratios of 100, 10 and 1. The solution
was mixed for 20 min, and pH was adjusted to 5.0 by addition of acetate buffer (10 puL, 150 mM,
pH 4.98). The mixture was incubated at 37°C for 24 h or 48 h before loading to the agarose gel.
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NMR study of cleavage of amines from amine-dextran conjugates

Amine-dextran (9-20, 2 mg) was dissolved in either deuterated phosphate buffer (700 uL, 30
mM, pH 7.4) or deuterated acetate buffer (700 puL, 30 mM, pH 5.0), the solution was kept at
37°C, and 'H NMR was acquired at desired time points. Integrations of relevant resonances were
compared and data was plotted using Microsoft Excel 2007.

Studies Performed with Polymers

Cell Lines and Culture. HeLa cell line stably expressing firefly luciferase (HeLa-luc) were a
kind gift of Dr. Chris Contag. HeLa-/uc cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 1% GlutaMAX, and
500 pg/mL Zeocin (all from Invitrogen except the serum, which was from Hyclone (Logan,
UT)). Cell incubations were performed in a water-jacketed 37°C/5% CO, incubator.

In Vitro siRNA Transfection Assay. HeLa-luc cells were seeded (15,000 cells/well) into each
well of a 96-well clear tissue culture plate (Costar, Corning, NY) and allowed to attach overnight
in growth medium. Growth medium was composed of DMEM (with phenol red), 10% FBS, and
1% GlutaMAX. The polymer/siRNA ratio was expressed as the nitrogen/phosphate (N/P) ratio,
where N represents moles of amine on the polymer and P represents moles of phosphate on
siRNA. Cells were transfected with 0.5 pg of siRNA complexed with polymer at various N/P
ratios to determine the optimum for transfection efficiency. In order to exclude non-specific gene
silencing by the polyplexes themselves, the cells were also incubated with polyplexes prepared
using a negative control siRNA (Silencer Negative Control #1 siRNA).

Working dilutions of each polymer were prepared (at concentrations necessary to yield
the different N/P ratios) in PBS (pH 7.4). Polymer solutions (50 puL) were mixed with siRNA
solutions (50 pL of 100 pg/mL siRNA in PBS) and incubated for 20 min at rt to allow for
complex formation. The complex solutions were then diluted with 900 pL of medium (either
FBS-free DMEM or 10% FBS-containing DMEM). Existing medium was replaced with 100 pl
of each polymer/siRNA sample in triplicate wells. In the case of experiments without serum, the
medium was replaced 4 h after polyplex addition with fresh serum-containing (10% FBS) growth
medium. The cells were allowed to grow for a total of 48 h before being analyzed for gene
expression. Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used as a positive control for
siRNA delivery and was prepared according to the manufacturer’s instructions. Complexes
containing equivalent doses of siRNA to polyplexes were prepared by mixing Lipofectamine
2000 and siRNA (3.8:1 ratio). As negative controls, both equivalent doses of free siRNA in
medium and medium alone were used.

After 48 h, the plate was centrifuged (1200 x g, 5 min) and the medium was replaced
with DPBS (100 pL/well). The cells were centrifuged (1200 x g, 5 min) once more, the buffer
was replaced with Glo Lysis Buffer (120 pL/well, Promega, Madison, WI), and the plate was
vortexed at rt for 20 min. Samples from each well (100 puL) were transferred to the wells of a
white 96-well tissue culture plate (Corning, Lowell, MA). Steady-Glo luciferase assay reagent
(Promega) was reconstituted according to the manufacturer’s instructions and injected into each
well in series (100 pL/well) using a GloMax 96 microplate luminometer (Promega). After a 10 s
post-injection delay, each well was read with a 2 s integration time.
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Total Protein Assay. Cells treated identically and in parallel with transfection assays were tested
on a second 96-well plate. After washing, the cells were lysed with M-PER Mammalian Protein
Extraction Reagent (50 pL/well, Pierce, Rockford, IL) by incubating for 10 min at rt. PBS (50
uL/well) was then added, and the plate was briefly vortexed. Samples from each well (50 pL)
were transferred to a black 96-well plate (Corning) already containing PBS (100 pL/well). A
solution of 3 mg/mL fluorescamine in acetone (50 puL) was added to each well and mixed well
using a multi-channel pipette. After 5 min, fluorescence was measured using a SpectraMax M3
multi-mode microplate reader (ex. 400 nm, em. 460 nm). Protein concentrations were determined
using bovine serum albumin as a standard. Relative light units (RLU) from the luminometer
were normalized to the total mass of cellular protein. The resulting data (RLU/mg of protein) are
given as a mean + standard deviation of three independent measurements. Percentage
knockdown was calculated by comparison of treated cells to untreated cells. The data was
compared to the knockdown of cells treated with polymers complexed with control siRNA or
control siRNA/Lipofectamine complexes.

Viability Assay. Cells treated identically and in parallel with transfection assays were tested on a
third 96-well plate. A 3.0 mg/mL solution of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide) in medium (40 pL) was added directly to each well, and the plate was
incubated for an additional 30 min. The medium was then replaced with DMSO (200 pL/well),
100 uL of which was transferred to another clear-bottom 96-well assay plate (Pro-Bind, Falcon)
containing 100 pL DMSO and 25 pL of glycine buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5) per
well. The absorbances at 570 nm were measured using a SpectraMax M3 multi-mode microplate
reader (Molecular Devices). Cell viability was normalized to the absorbance measured from
untreated cells. Data are represented as a mean =+ standard deviation of three measurements.
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