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The Engineering of Triggerable Nanocarriers:

Surface Charge Converters (SCC) and
Fusogenic and Triggerable Phosphopeptide Displaying Liposomes (FTP)
By
J.P. Michael Motion

ABSTRACT

A plethora of drug delivery systems (DDS) have been designed over the years to
maximize drug payload at tumor sites and reduce the off-target side effects associated with
chemotherapeutics. DDS are generally classified by their mode of action and include: passive
targeting, active targeting, and/or triggered release. Passive targeted DDS exploit the increased
vascular permeability of hypoxic, inflamed, and cancerous tissues for tissue accumulation. Active
targeted DDS incorporate targeting ligands that preferentially bind to over expressed receptors in
cancer cells providing increased specificity. Nevertheless, off-target side effects still occur due to

the lack of spatial control over drug release.

Triggered DDS provide a solution to uncontrolled drug release by eliciting release upon
exposure to a disease associated stimuli. The degree of sophistication built into triggers varies by
design, but the preference is for engineering simple and robust triggers that are disease-specific
and can take advantage of the microenvironment cues of the diseased tissue. Although a number
of triggerable systems have been engineered over the last two decades, there is ample opportunity
for expanding the arsenal of triggers for drug delivery. In this thesis, | focused my efforts on
designing triggerable delivery systems that are substrates for phosphatases, which are enzymes
that can be over expressed in life-threatening diseases such as brain and prostate cancer. | report
the design and engineering of novel phosphatase triggerable systems that mediate cytosolic

delivery through the use of substrate masking and charge conversion.



The phosphatase triggerable systems were designed for cytosolic delivery of drugs. Two
different triggering schemes were engineered. The first triggering mechanism was inspired by the
fusion machinery of viruses. It was hypothesized that a phosphatase triggerable system could be
engineered by masking the hydrophobic and membrane destabilizing segments of fusogenic
peptides. Triggering would expose the full peptide sequence, which would partition into adjacent
membranes. This membrane insertion event would provide enough enthalpic energy to drive

membrane fusion and/or content release of drugs.

In order to design this mechanism, | first had to gain control over the membrane
destabilizing properties of fusion peptides. In Chapter 2, it was hypothesized that phosphate
substitutions would inactivate the membrane destabilizing properties of these peptides by
masking their hydrophobicity. Moreover, phosphatase catalyzed dephosphorylation would
regenerate the peptides and trigger lipid mixing and content release. Strategically positioned
phosphate moieties were found to be effective at inactivating the fusion peptides, with two
phosphates needed for complete loss of activity. The phosphopeptides were excellent substrates
for phosphatases, which acted on them to regenerate their membrane destabilizing properties.

This robust trigger mechanism was then used to design triggerable fusogenic liposomes.

In Chapter 3, it was hypothesized that fusogenic liposomes could be designed with
surface-bound phosphopeptides, and that phosphatases would trigger these peptides to promote
lipid mixing, cellular accumulation, and cytosolic content delivery. Fusogenic liposomes, termed
FTP for fusogenic and triggerable phosphopeptide displaying liposomes, were found to be
excellent substrates for phosphatases. Moreover, phosphatase triggering led to content release and
lipid mixing of neighboring liposomes. In addition, FTP exhibited enhanced cellular
accumulation as compared to non-triggerable liposomes and were able to mediate cytosolic

delivery of their cargos. Although fusogenic liposomes derived from viral proteins provide an



interesting template for triggerable DDS, they are complex in nature and might invoke an

immune response upon repeated administration.

The second triggering mechanism exploited phosphatase catalyzed dephosphorylation as
a method for converting an anionic liposome into a cationic liposome. Inspired by my electrical
engineering background, surface charge converters (SCC) were engineered using inverse-
phosphocholine lipids (CP) for triggered anionic-to-cationic charge conversion by phosphatases.
Charge conversion was observed upon exposure of SCC to alkaline or acid phosphatases. A rapid
increase in zeta potential was observed for SCC formulated with inverse-phosphocholine lipid
DOCP. The net gain in zeta potential conversion was +80 mV, which is impressive for an enzyme
triggered system. This surface charge conversion mechanism was exploited to design liposomes
with enhanced content release and lipid mixing capabilities. SCC formulated with
phosphatidylethanolamine and cholesterol were effective at lipid mixing with anionic membranes

and delivering macromolecules into the cytoplasm of cells.

In Chapter 5, | provide mathematical insights for the use of infusion technique, such as
convection and retro-convection, which can enable the delivery of phosphatase triggerable
liposomes to the brain. | also provide mathematical justifications to support key assumptions that
have been postulated for modeling these systems in the brain. | conclude by showing how multi-

catheter arrays can be used for compartmentalizing drugs delivered into the brain interstitial area.

The thesis is divided into six chapters:

Chapter 1 provides background information on drug delivery systems, reviewing the
major classes of delivery systems: passive, active, and triggerable. Furthermore, the chapter
provides an overview of enzymatically-active systems, with a particular emphasis on phosphatase

triggering.

Vi



Chapter 2 presents research that was completed to engineer fusogenic gp4l

phosphopeptides. The biophysical and structural characterization of these peptides is presented.

Chapter 3 presents formulation and characterization studies for fusogenic and triggerable
phosphopeptide displaying liposomes (FTP). | present formulation schemes as well as biophysical

and in vitro cellular characterization.

Chapter 4 describes research performed to formulate and characterize surface charge
converting liposomes. | present formulation schemes as well as biophysical and in vitro cellular

characterization.

Chapter 5 provides insights into how mathematical modeling can set the limits for using

advanced drug infusion and fluid removal techniques.

Chapter 6 provides a summary of this thesis, as well as recommendations for future

designs of phosphatase triggerable systems.
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Chapter 1. The Engineering of Bioactive
Liposomes: A Review of Passive,
Active, and Triggerable Targeting
Strategies

1.1 Abstract

For over half a century, many drug delivery systems (DDS) have been designed to
address the shortcomings associated with systemically administered drugs. Combinatorial
libraries of lipids, polymers, and peptides have been used to create a myriad of nanocarriers with
unique properties [1-3]. Out of these, liposomes, or lipid-based nanoparticles, offer unparalleled

versatility for triggered drug release.

Liposomes are designed to take advantage of leaky vasculatures within pathological
disease sites (such as in inflammatory diseases and cancer). In addition, liposomes can actively
target tissues with surface anchored ligands that bind to receptors over expressed at the site of
disease, and can be triggered to provide spatial and temporal control over drug release. The goal
of liposomes is to prolong the half-life and circulation time of drugs, increase drug accumulation
at pathological sites, and specifically target disease tissue. This chapter describes the
requirements that liposomes must possess to be effective drug carriers. In addition, it provides a
summary of passive, active, and triggerable targeting strategies and an overview of enzymatically

triggerable systems.



1.2 Design and Engineering Challenges of Drug Delivery Systems

In the early twentieth century, the German bacteriologist Paul Ehrlich coined the term
“magic bullet”, referring to a molecule capable of selectively fighting disease without harming
healthy tissue. When designing drug delivery systems based on the notion of the “magic bullet”,
several engineering factors must be considered. First, a “magic bullet” must contain an active
targeting moiety that differentiates between healthy and diseased tissues. It must also have release
mechanisms that allow for temporal and spatial control of drug release. In addition, it must be
stable in circulation and reach the target tissue at adequate concentrations to perform its
therapeutic effect. Finally, the “magic bullet” must be superior to the free drug, have a better

therapeutic index, and reduced side effects.

Drug delivery engineers need to understand the limitations of each component, as well as
the limitations and challenges that the delivery system faces upon systemic administration. The
engineering considerations of multi-component drug delivery systems can be broken down into

four parts (Figure 1.1):

1) An active biological agent that inhibits or activates cellular functions,

2) A carrier capable of protecting the biological agent and reducing its systemic toxic effects,

3) A targeting ligand that can target and identify the diseased tissue,

4) A chemical or biological trigger that elicits controlled drug release at the pathological site of

interest upon stimuli.



Biological Agent (1) Carrier Layer (2) Targeting Layer (3) Trigger Layer (4)

Small Molecules Lipids Peptides pH Triggers
Proteins Polymers Antibodies Redox Triggers
Biopolymers Peptides Polymer Light Triggers
DNA Dendrimers Carbohydrates Magnetic Triggers
SiRNA Composites Small Molecules Enzyme Triggers

Figure 1.1: Schematic Illustration of Multi-component Drug Delivery Nanocarriers.
Nanocarriers, such as liposomes, can be engineered with different elements for passive or active
targeting and/or triggering at the disease site.



Delivery systems are suitable for therapeutic drugs that are limited by poor bioavailability
and/or high toxicity. For instance, dose-limiting toxicities and acquired multi-drug resistance
limits the clinical use of doxorubicin and paclitaxel as chemotherapeutics [4-6]. To overcome
multi-drug resistance, the standard of care calls for an elevated drug dose regimen, but this has
toxic implications and causes a variety of side effects. These limitations can be solved by the use

of a liposomal delivery system.

Liposomes can mediate the delivery of lipophilic or water soluble drugs. The lipophilic
drug is usually bound to the lipid bilayer or dissolved in the lipid phase, while the water soluble
compound is encapsulated within the aqueous compartment. While many types of molecules can
be encapsulated in liposomes, the lipid composition as well as the physico-chemical properties of
the drug influences the stability and the encapsulation of the formulation. For instance, the
chemotherapeutic paclitaxel requires high a concentration of toxic emulsifying agents, such as
Cremophor®, to solubilize the drug for parenteral administration. Replacing the emulsifying agent
with a liposomal formulation greatly improved paclitaxel solubility and bioavailability and, in

turn, its clinical utility [5, 7].

The carrier surface is also responsible for improving the pharmacokinetics of the drug.
The properties of the carrier must be selected to sustain the stress imposed by circulation, protect
the cargo from systemic exposure, and prevent drug leakage that could lead to side effects [8].
Furthermore, the components of the carrier must be selected for optimal drug release Kinetics in

order to achieve the therapeutic index of the drug [3].

Preventing cytotoxicity and immune activation are major goals of the carrier for oncology
applications. Materials with high cytotoxicity profiles are thus discouraged as primary
components of the carrier. The carrier must be biocompatible and biodegradable and have

minimal toxicity. For instance, liposomes made of zwitterionic lipids such as phosphatidylcholine



are biocompatible and cause minimal immune or antigenic reactions [9], whereas positively
charged cationic lipids are immunogenic and react towards a number of proteins in circulation.
This promotes blood clots, inflammation, immune stimulus, and disruption of the blood brain
barrier [10-12]. Nevertheless, skillful craftsmanship of the carrier composition can enable the
design of cationic systems with great therapeutic potential and minimal cytotoxicity. For instance,
Silence Therapeutics has designed a cationic siRNA lipoplex formulation (Atu027) that
effectively targets protein kinase N3 and knocks down its activity in several animal models.
Surprisingly, the formulation has been well tolerated in both animals and humans without the use

of immune suppressants [13, 14].

The physiological barriers of the diseased tissue are of relevance to the carrier design
since they impose physico-chemical constraints. Intuitively, the targeted tissue imposes limits on
the size, shape, and charge of the carriers. Carriers have to be designed with a diameter cutoff of
500 nm if the end goal is to extravasate from circulation and accumulate at tumor sites. The sweet
spot diameter for tumor targeting lies in the range of 100-200 nm [8, 15]. On the other hand,
kidney targeting requires the particle diameter to be in the range of 50-100 nm [16]. The size of
the carrier also influences its biodistribution. Lipid vesicles in the range of 25-50 nm exhibited
reduced liver uptake as compared to larger vesicles in the range of 200-300 nm [17]. At the same
time, vesicles with diameters greater than 100 nm experience increased clearance rate by the
phagocytic system, which limits their circulation half life [18]. Charge also influences the
biodistribution of particles. Monocytes and macrophages preferentially recognize anionic
vesicles, since the negative surface charges interact with scavengers receptors on the surface of

macrophages [19].

Intravenous injection is the most common route of administration for targeted delivery
[8]. Nanocarriers administered via this route face significant delivery challenges for tissue

accumulation and on-site drug release. Nanocarriers must remain in circulation long enough in



order to extravasate into the tissue and must be triggered at the site of disease to minimize off-
target side effects. Active targeting strategies have been developed to improve the internalization
and targeted accumulation of nanocarriers. A large number of site-specific ligands, including
antibodies, peptides, hormones, and sugars, have been utilized with great success to target tissues
and improve internalization [20]. Nonetheless, active targeting does not address the uncontrolled

drug release of nanocarriers in circulation that is responsible for off-target side effects [8].

To gain temporal and spatial control over drug release profiles and kinetics, trigger
release strategies can be incorporated into delivery systems. The ideal trigger is location and/or
cell type specific and takes advantage of the microenvironmental cues of the diseased tissues.
Various trigger modalities have been successfully designed to react to changes in redox potential
[21], pH [8], enzyme concentrations [22], temperature [23, 24], light [25, 26], magnetic fields
[27], and electrical fields [28]. This thesis will focus on expanding the uses of phosphatases as

triggers for liposomes.

1.3 Liposomal Drug Delivery Systems

Liposomes are vesicles formed by the self-assembly of lipids in water into lipid bilayers.
Liposomes were first observed in the 1960s studies of Alec Bangham, in which Bangham and
Horne showed electron microscope images of liquid-crystalline multilamellar phospholipid
bilayer structures resembling lipid spherules [29, 30]. The term liposomes was coined by Gerald

Weissmann in 1968 [31], and has been used ever since to define these artificial lipid vesicles.

Liposomes are biocompatible, biodegradable, and have low immunogenicity, making
them ideal drug carriers [9]. They are primarily composed of natural or nature-inspired lipids,
such as phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG),

phosphatidylserine (PS), and cholesterol (Chol). The method of preparation as well as the lipid



composition influences their shape, diameter, polydispersity, and drug loading ability [32].
Liposomes can be prepared in diameters ranging from 25 nm to greater than 50 um with a single
or multiple bilayers [9], and have been formulated to encapsulate a wide range of hydrophilic and
hydrophobic molecules including small molecules, like doxorubicin, and macromolecules, such
as DNA and RNA [33]. Their primary goal is to improve the bioavailability, biodistribution, and

circulation time of drugs [9].

Over the last forty years, liposomes have been one of the leading areas of research for
drug delivery systems with 42,000 Pubmed research articles published on the topic (data as of
February 2012). Liposomes have had wide adoption in the pharmaceutical and biotechnology
industry as carriers for cosmetics and drug therapies, including FDA-approved drugs for the
treatment of cancer (Doxil®/Caelyx®), fungal infections (Ambisome®), and infantile respiratory

distress syndrome [34, 35].

1.4 Passive Targeting

Passive targeting refers to the ability of macromolecules to accumulate in tissues as a
result of the increased permeability of the endothelial lining around inflamed and hypoxic tissues
[36] including tumors [36-38] and infarcts [39]. This phenomenon is known as the enhanced
permeability and retention effect (EPR) and accounts for the increased accumulation of

macromolecules in tumors [37].

The EPR effect in tumors relates to the increased vascular permeability as a result of the
tumor neoangiogenic process [37]. Because of large fenestrations in tumor microvessels,
liposomes extravasate from circulation into the interstitial fluid of the tumor [20]. In addition, the
lack of functional lymphatic drainage and filtration prevents the outflow of liposomes, allowing

liposomes to accumulate over time and release drug in a controlled manner [20]. EPR-mediated



drug delivery is well suited for macromolecules, liposomes, and other nanoparticles, but is of
limited use for small molecular agents, which can readily diffuse back into circulation [40]. In
addition, the low rate of particle extravasation into healthy tissue results in reduced cytotoxicity

[20].

Passive targeting to tumors is affected by a number of systemic and formulation factors.
These include rapid clearance by physiological systems, saturation of Kupffer cells, and the
diameter, shape, charge, and stability of the formulation [20]. Rapid clearance of the liposomes is
a rate limiting factor for extravasation. Increasing the circulation time of the liposomes leads to
higher tumor tissue accumulation. To increase the circulation time of liposomes, liposomes must
avoid opsonization by plasma proteins and rapid clearance by the mononuclear phagocytic system

(MPS) and/or reticuloendothelial system (RES) after systemic administration [41].

The surface charge of liposomes also plays a critical role in clearance. Neutral liposomes
show prolonged circulation times compared to anionic vesicles. Vesicles composed of anionic
lipids like dimyristoylphosphatidylglycerol (DMPG) and dipalmitoylphosphatidylglycerol
(DPPG) experience rapid opsonization with a number of circulating proteins and rapid clearance
by the RES [42-45]. Therefore, techniques that mask the surface charges as well as the carrier
surface are important for passive targeting. Surface-grafting of the liposome with water-soluble
polymers, such as polyethylene glycol (PEG) [46], provides a strategy to shield the surface
charge, while protecting against opsonizations and rapid clearance by the mononuclear

phagocytic system [47].

The diameter of the liposomes is another critical factor for passive targeting. In order to
extravasate the endothelial barrier, lipid vesicles must be formulated with a mean diameter below
500 nm [48]. The role of particle diameter is further exemplified by the fact that liposomes with a

diameter greater than 200 nm have reduced circulation time and are quickly cleared by the MPS



and RES, whereas liposomes with diameters smaller than 200 nm have increased circulation and
tumor accumulation [49]. A lower particle size limit is imposed by excretion from the kidneys,
which can readily eliminate particles smaller than 4 nm [50]. Finally, it must be noted that the
rate limiting step of drug bioavailability for passive drug targeting is drug release. Nonetheless,
liposomes with passive drug targeting capabilities are successful in the clinic. To date, five

formulations have been approved as therapies [51].
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1.5 Active Targeting

The ability to precisely target tissues by exploiting tissue-specific characteristics is
known as active targeting. As an example, active targeting can be achieved by the direct
conjugation of drugs to targeting antibodies or by the conjugation of antibodies to liposomes.
This ligand to receptor paradigm has been widely used to target liposomes and other
nanoparticulates to tumor sites as illustrated in Figure 1.3. In essence, it is a strategy that exploits

the use of molecular zip codes.

Active targeting strategies are typically designed for receptors over expressed in diseased
tissue and under expressed in other body sites. For instance, many solid tumors over express the
membrane-bound receptor CD44 and are enriched in hyaluronan [52]. Hyaluronic acid (HA)
oligosaccharides in the 6-8 saccharide range have been reported to inhibit the growth of tumor
cells over expressing CD44 [53]. Liposomes modified with HA oligosaccharides were effective
against CD44-over expressing tumor cells [54]. Hence, active targeting strategies that interfere

with receptor-ligand interactions and deliver drug payloads could effectively treat tumors.

Active targeting moieties can include: antibodies and their fragments, peptides, lectins,
hormones, small molecules, monosaccharides, oligosaccaharides, polysaccharides, and peptoids
[9]. The choice of targeting moiety is dependent upon the ligand-receptor interaction. Ligand
incorporation can be done before or after liposome formation and can be conjugated using
different chemical modifications including thioether, disulfide, and amide covalent linkages [32].
To ensure proper exposure of the targeting ligand on the liposome surface and to improve
receptor binding, ligands are typically attached to PEG, which provides a flexible linker and

increases the distance between the liposome and the ligand [9].

A number of factors influence the efficiency of active targeted liposomes. For instance,

the degree of vascularization at the disease site is a critical parameter for successful targeted

11



therapy. Liposomes that target vascular components, such as the tumor endothelium, have a
higher degree of accumulation than passive targeted liposomes. This was demonstrated using
liposomes targeted to the VEGFR receptor [55]. An improved therapeutic efficacy was observed
for targeted liposomes versus non-targeted liposomes. Nevertheless, liposomes targeted to surface
receptors within solid tumors had no significant improvement in accumulation when compared to
non-targeted liposomes [56-58]. This is because the rate limiting step for liposome accumulation
in the tumor microenvironment is extravasation from circulation. However, an enhanced anti-
tumor effect has been reported for targeted liposomes as a result of increased particle
internalization [59]. Thus, targeting ligands can enhance the degree of internalization and site-
specific intracellular delivery of drugs, which are critical factors for successful chemotherapeutics

[60].
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Figure: 1.3 Schematic Illustration of Active Targeting. Surface ligands (triangle) on liposomes
allow the recognition of surface receptors on cells and enables site-specific accumulation.

Figure: 1.4 Schematic lllustration of Enzyme-Induced Triggered Release. Enzymatically-
active liposomes are designed to be stable in circulation until exposed to their specific enzyme.
Trigger moieties attached to the surface of the liposomes provide a substrate for the enzyme. The
enzyme acts on the substrates and cleaves the trigger moieties. This induces membrane fusion

and/or drug release.
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1.6 Triggered Release

Although passive and active targeting strategies mediate site-accumulation of liposomes,
they do not offer control over drug release. Drug release is controlled by environmental triggers
that disrupt the liposomes. Disruption of the contents of the liposomes is the most common
mechanism of in vivo drug release. Thus, the composition of the lipid bilayer highly influences
the kinetics of drug release. The charge, phase transition, hydrogen-bonding capacity, membrane
rigidity, and trigger moieties are all parameters that affect drug retention and drug release [61].
Surface charges as well as charges at the membrane interface can modulate the release of drugs
from liposomes. For example, DSPC/Chol liposomes that contained a negatively charged PEG-
DSPE had reduced formulation stability and increased vincristine leakage rates in circulation
[62]. Moreover, cationic lipids are used as electrostatic anchors and release mediators of nucleic
acid in transfection reagents [10]. Strategically placed charges can also be used to enhance the
permeability of ions and molecules to the bilayer. For instance, the anionic molecule
carboxyfluorescein had an increased leakage rate from inverse phosphocholine liposomes as
compared to zwitterionic phosphocholine liposomes [63]. This was attributed to the increased
permeability of the anionic molecule to the membrane as a result of the head group inversion that

positioned the quaternary amine adjacent to the bilayer.

The stimuli to induce release can be divided into physiological relevant
microenvironment cues and externally applied stimulus [64]. Changes in redox potential [21], pH
[8], enzyme concentrations [22], temperature [23, 24], light [25, 26], magnetic fields [27], and
electrical fields [28] have been successfully used as triggers for drug release. For most cases,
triggering results in changes in the physico-chemical state of the liposome and leads to efficient

cytosolic or extracellular drug release.

The engineering of triggerable systems can be divided into a few simple strategies that

include charge conversion, shape conversion, and substrate masking. Liposomes can be
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engineered with one or more of these strategies to achieve triggered release. Charge conversion
relies on changes of the surface membrane potential as a result of stimulus. These local changes
in membrane potential can be used for triggering membrane fusion with neighboring membranes
or for triggering lipid packing changes in the bilayer that result in drug release. The type of
liposomal formulation determines the physico-chemical properties of the system as well as the
release kinetics and delivery mode. For instance, surface exposed phosphate groups, as described
in Chapter 4, can mask positive charges from quaternary amines adjacent to the bilayers [63].
When enzymatically triggered, these head groups undergo local charge conversion increasing the

surface potential from negative to positive, and inducing lipid mixing and content release.

Localized pH changes that occur during endocytosis can also be used as triggers for
charge conversion [8]. lonizable lipids have been designed to undergo charge conversion as a
result of head group protonation and mediate fusion and endosomal release [8]. Furthermore,
charge conversion strategies have been incorporated into ionizable surface ligands for endosomal
escape. For example, the GALA peptide was used to mediate pH-triggered endosomal escape of a
targeted transferring liposomal formulation [65]. Thus, trigger moieties that promote charge
conversion can be incorporated into lipid head groups and surface ligands in order to mediate

endosomal release and drug delivery.

Shape conversion relies on the ability of triggers to induce structural changes in the
architecture of the bilayer. One of the classical examples consists of liposomes made from the
anionic cholesterol derivative, CHEMS, and the polymorphic lipid, DOPE. At neutral pH, the
system is fairly stable with both lipids having cylindrical shape. Upon acidification, CHEMS
becomes protonated, promoting a shape conversion that results in a cone shape. This in turn
promotes the hexagonal phase transition of DOPE and destabilizes the liposome [66-70]. Shape
conversion and substrate masking has also been incorporated into ligand design strategies of

triggerable systems. For instance, Harris et al. demonstrated how the use of cleavable protease
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linkers within sterically protective polymers can be used as a trigger strategy. They reported that
in the presence of protease, the surface area of the sterically protective polymers was reduced,
exposing a magnetofluorescent particle [71]. Although many trigger strategies have been pursued

for physiological release, there is still a need for designing disease-specific triggers.

1.6.1 Enzyme Triggering

Enzymes are designed to be specific for their substrates. As a result, enzymatic triggering
can provide an additional degree of target specificity for a liposome as illustrated in Figure 1.4.
Successful enzyme triggering relies on disease-specific over expression of enzymes [22, 72].
When enzymes are over expressed in disease, they provide a disease-specific marker that can be
exploited for trigger release. For instance, elevated levels of alkaline phosphatases are highly
correlated with prostate cancer metastasis [73]. Thus, drug delivery systems that can take
advantage of the local increase in phosphatase concentration could be useful for site-specific

trigger release.

The spatial localization and time-dependent concentration of the enzyme impacts the
efficacy of drug delivery. Liposomes can be designed to fuse at the cell membrane if a high
concentration of membrane-bound enzyme is present. However, if the concentration of
membrane-bound enzyme is lower than the concentration of enzyme in the extracellular matrix,

then liposomes will be triggered extracellularly.

Enzyme-activated systems have been most commonly developed for triggered drug
release to tumor microenvironments [72]. The most common approach involves designing
liposomes that can be triggered by secreted enzymes such as phospholipases (sPLA,) [74-77],

matrix metalloproteinases (MMP) [71, 78-81], and elastases [82]. Nevertheless, these systems are
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triggered in the extracellular matrix and are thus impractical for the intracellular delivery of

proteins, nucleic acids and siRNA.

Phosphatases, which are commonly over expressed in tumor microenvironments [73], are
an attractive enzyme for designing triggerable systems. They can facilitate triggering at the cell
membrane or within intracellular compartments, and potentially mediate cytosolic delivery. Few

systems, however, have been designed for phosphatase triggering.

1.6.2 Phosphatase Triggering

Phosphatases are responsible for catalyzing the hydrolysis of phosphoric acid
monoesters. They have enzymatic activity towards proteins, peptides, nucleotides, alkaloids,
phospholipids, and lipopolysaccharides [83-88]. Although considered an ubiquitous and
promiscuous enzyme, phosphatases confer specificity, selectivity, and regulation on their
biological substrates [83]. For example, cellular serine/threonine phosphatases are assembled as
multimeric enzymes combining few catalytic subunits and a number of regulatory subunits. Their
unique molecular assembly results in biological machines with high precision and low
promiscuity that can carefully control and regulate highly specific biological processes [83].
These biological processes include gene transcription, RNA splicing, signal transduction [89],
biopolymer dynamics [90], and biochemical pathways [83, 91]. Protein phosphatases are
classified by their substrate specificity as serine/threonine protein phosphatases [92], tyrosine
phosphatases [93], and histidine phosphatases [94]. They can also be classified by their optimum
working pH as alkaline [93] or acidic [95]. Despite sharing common functionality and substrate
specificity, phosphatase isoenzymes have marked differences in molecular weight, sequence

homology, isoelectric points, resistance to different inhibitors, and tissue expression profiles [95].
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Given the wide range of phosphatases in the body and their selective over expression in diseased

tissue, phosphatases can provide a triggering mechanism for appropriately engineered liposomes.

Phosphatases have been used for decades to trigger pro-drugs and convert inactive
phosphate derivatives into active compounds [96]. For example, amifostine is a clinically used
drug that is activated by membrane bound phosphatases and has been used as a radical scavenger
during chemotherapies [97]. Furthermore, alkaline phosphatase immunoconjugates have been
designed as targeted triggers for pro-drugs [98]. In this approach, monoclonal antibodies were
used to target alkaline phosphatases to diseased tissue, and subsequently catalyze the activation of
systemically administered prodrugs at the site of disease. This strategy was successfully applied
for the triggered delivery of etoposide phosphate [98], mytomicin C phosphate [99], a prodrug of
p-[N,N-bis(2-chloroethyl)amino]phenol [100], and  N-(4-phosphonooxy)phenylacetyl)-

doxorubicin [101].

Phosphatases have also been used to trigger content release of liposomes containing
cholesterol phosphate derivatives [88]. In this approach, Davis and colleagues designed a family
of cholesteryl phosphate derivatives, which were used as substrate masks and stabilizers of
phosphatidylethanolamine (PE) bilayers. The derivatives were shown to be a substrate for both
alkaline and acidic phosphatases. Their dephosphorylation led to the charge conversion at the
interface and promoted the hexagonal-phase of DOPE. This drove the collapse of the bilayer and
prompted content release [88]. In another example, Cho and colleagues used phosphatases to
trigger synthetic supramolecular systems and model the effects of phosphoryl transfers in
molecular recognition [102]. They accomplished this by encapsulating cationic aromatic
molecules in B-cyclodextrin-6A-phosphate scaffolds that triggered content release in the presence
of phosphatases. Previous phosphatase triggerable systems, however, suffer from divalent cation

induced aggregation as a result of their highly negative surface charge.
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1.7 Conclusion

The versatility of liposomes offer engineers a unique platform for designing drug delivery
systems with passive targeting, active targeting, and/or triggered release capabilities. Passive and
active targeting strategies are efficient accumulating at the site of disease but offer no control
over drug release nor prevent the premature leakage of drugs in circulation. Liposomes designed
with trigger moieties have an additional layer of control and can release drugs upon site
accumulation. Triggered release strategies use microenvironment cues or externally applied
stimulus to induce drug release from liposomes. Triggerable release strategies include: charge
conversion, shape conversion, and substrate masking. Enzymatically-active systems can be
designed with these strategies in mind to take advantage of disease-specific triggers and provide
greater control over drug release. Systems designed for MMP, elastase, phospholipase, or
phosphatase triggering have exemplified the use of enzymes as triggers. Although a promiscuous
enzyme, phosphatases can provide an enzymatic trigger for appropriately engineered liposomes.
In this thesis, | extend the use of phosphatases as triggers for drug delivery systems by
engineering systems for which phosphatases can trigger charge conversion and polarity reversal

and induce drug release.
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Chapter 2: The Engineering of
Triggerable Fusogenic Phosphopeptides:
Gaining Control over Membrane Fusion

2.1 Abstract

Phosphopeptides have been designed as triggerable components for drug delivery
systems to mediate membrane fusion upon phosphatase catalyzed dephosphorylation. It was
hypothesized that phosphates could be used as substrate masks for hydroxylated amino residues
within fusion peptides. Strategically placed phosphates could inactivate the membrane
destabilizing properties of the fusion peptides. Phosphatase catalyzed dephosphorylation would
regenerate the hydrophobicity of the peptide, and trigger membrane fusion and content release
from adjacent liposomes. To test this idea, the gp41 fusion peptide was selected as a template for
phosphopeptide engineering and synthesis. Phosphate moieties were found to be effective at
inactivating the membrane destabilizing properties of the fusion peptides. The decrease in activity
was correlated to the number and position of phosphate groups, with a minimum of two
phosphates needed for inactivation. Phosphatase catalyzed dephosphorylation regenerated the
ability of the peptides to destabilize membranes and induced lipid mixing and content release of
liposomes. To further investigate the specificity of the phosphatase trigger, the phosphate groups
were replaced with sulfonates. The sulfonated peptide did not induce membrane fusion nor was
the fusion activity regenerated in the presence of phosphatase. This robust trigger mechanism
could be valuable as a component of a drug delivery system. The design and engineering
considerations for the synthesis of triggerable fusogenic phosphopeptides as well as experimental

evidence demonstrating the practicality of phosphatase triggering are presented in this chapter.
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2.2. Introduction to Membrane Fusion and Fusion Peptides
2.2.1 Membrane Fusion

Membrane fusion of biological systems plays an important role in many cell-cell and
cell-compartment interactions, as well as in intracellular trafficking and viral infection [103-105].
In order for membranes to fuse, they must be first brought together. This requires complete
dehydration of the water layer that separates lipid bilayers [106]. In non-biological membranes,
this distance ranges between 2-3 nm [107], whereas in biological membranes the distance ranges

between 10-20 nm.

Membrane fusion is a complex process driven by enthalpy and opposed by entropy [108,
109]. At the interbilayer gap, there is an entropic (hydrophobic forces) and enthalpic (hydration
forces) cost that needs to be overcome for fusion to start. A number of intermolecular forces, such
as electrostatics, hydrogen bonding, and van der Waals forces, must act in concert to orchestrate
each fusion event. Although there are high kinetic and thermodynamic barriers, once started,

fusion of two bilayers is thermodynamically favorable [110].

Many fusogens are known to facilitate membrane fusion. For example, viral fusion
proteins and fusion peptides are known to lower the kinetic barrier of fusion between two
membranes [110]. The energy liberated as part of conformational changes during the activation of
fusion proteins is used to drive the insertion of fusion peptides into the bilayer of adjacent
membranes, bridging the interbilayer gap, and bringing both membranes into close proximity
[108, 109]. Thermodynamic studies of the hemagglutinin fusion peptide-membrane interactions
reported that the gain in Gibbs Free Energy as a result of peptide insertion into bilayers was -7.6
kcal/mol and was primarily driven by enthalpy [109]. The use of fusion peptides as a component
of a drug delivery system could result in a carrier with enhanced lipid mixing and cytosolic

delivery capabilities as a result of enthalpic gains provided by the fusion peptide.
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The mechanism of membrane fusion is thought to occur via a stalk structure [111]. The
stalk hypothesis proposes that membrane fusion occurs after two lipid bilayers come in close
contact with one another at the angstrom level (Figure 2.1). Dehydration of the contact site
promotes local membrane bending that disrupts the bilayer and initiates lipid mixing of the outer
leaflet. This creates a fusion stalk, which expands into a hemifusion diaphragm where inner
leaflet mixing occurs. Upon successful mixing, a fusion pore is formed that facilitates content

transfer [108]. It is important to note that not every hemifusion event leads to pore formation.

Hemifusion might be restricted by limited lipid mixing and/or diffusion [108] and is
observed only for specific lipid composition [106]. Lipids that promote positive membrane
curvature of the outer leaflet, such as inverted-cone shaped lysophospholipids (LP), inhibit stalk
formation and fusion. On the other hand, lipids that promote negative membrane curvature of the
outer leaflet, such as cone-shaped phosphatidylethanolamines (PE), promote hemifusion [105].
Also, because of the drastic structural rearrangements that occur at the membrane interface,
energy input is a requirement for fusion [105]. Events that trigger conformational changes in
bilayer structure, such as the docking of viral fusion proteins, or lipid charge conversion at
membrane interfaces, can provide enough energy for membrane association. In this chapter, the
focus is on viral fusion peptides that provide “fusion energy” by partitioning into membranes to
form hemifusion stalks [104, 105, 108]. These peptides are engineered with phosphatase-

dependent trigger moieties that control their membrane destabilizing properties.
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2.2.2 gp41 Fusion Protein and Peptide

Membrane fusion between viral and cellular membranes is a requirement for HIV cell
entry. The fusion machinery of HIV is composed of a glycoprotein envelope made of 2 non-
covalently associated subunits, gp120 and gp41, both of which are organized as trimers [112].
These subunits precisely orchestrate a series of molecular events that culminate with membrane
fusion and infection. The fusion process starts with gp120 binding to the CD4 receptor on target
cells [113]. This event catalyzes a structural reorganization of the fusion machinery and releases
the gp41l fusion protein from its metastable constraints leading to its activation [114]. Further
conformational changes within the gp41 fusion protein result in a pre-hairpin intermediate that
bridges the viral and cellular membranes via the insertion of the N-terminus fusion peptide [115].
Mutagenesis experiments indicate that the insertion of the fusion peptide into the cell membrane
is a key requirement for fusion and viral content exchange [116, 117]. Collapse of the pre-hairpin
intermediate provides sufficient energy to bring the viral and cellular membranes together and

promote fusion.

The gp41 fusion peptide is composed of 16 hydrophobic amino acids at the N-terminus,
AVGIGALFLGFLGAAG. This highly conserved stretch of hydrophobic amino acids has a high
content of alanine and glycine residues. Because of its hydrophobic nature, the fusion peptide
preferentially partitions and inserts into cellular membranes. By doing so, it decreases the
bending energy at the membrane interface and promotes curved fusion intermediates [118].
Although 16 amino acids insert into target membranes, it has been shown that the minimum
fusion peptide can consist of only 12 amino acids [119]. Several studies indicate that the peptide
adopts alpha-helical structure upon membrane insertion and micellization [120], as illustrated in

Figure 2.2. This interesting fact is useful for the design of fusogenic peptides.
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Figure 2.2: Crystal Structure of a 23-mer gp41 Fusion Peptide in a Micelle [120]. The figure
depicts PDB structure #2ARI, which is the structure of the N-terminus fusion peptide,
AVGIGALFLGFLGAAGSTMGAAS, in a micelle solution. The first 16 amino residues are
represented as a ribbon diagram (charcoal), with side chain atoms shown in gray and colored by
heteroatom. The 16 amino acids exhibit high alpha helical content in a micelle solution. The
figure was prepared using UCSF Chimera.
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2.3. Results and Discussion
2.3.1 Engineering Triggerable Fusion Peptides

The gp41 fusion peptide, AVGIGALFLGFLGAAG, has membrane perturbing properties
that can accelerate the rate of lipid mixing [121-123], and assist in fusion and infection of target
cells [114]. Bioactive ligands that can mimic viral site-activation would be useful for the delivery
of small molecules and genetic material. Since the gp41 N-terminus fusion peptide has been well
characterized [121, 123-125], it was chosen as a template for designing triggerable fusogenic
phosphopeptides. It was hypothesized that the membrane destabilizing properties of the gp4l
fusion peptide could be inactivated by properly placed phosphates. Phosphatase catalyzed
dephosphorylation would then regenerate the fusion peptide and restore its membrane

destabilizing properties.

When designing triggerable fusogenic phosphopeptides, one must first identify the
critical residues of the fusion peptide involved in membrane insertion and carefully evaluate the
impact of amino acid substitutions. For instance, the first 16 amino acids at the N-terminus of
gp41 are known to insert into target membranes, although 12 amino acids are required for fusion
[119]. The gp41 fusion peptide contains a conserved five residue sequence at positions 8 through
12, FLGFL, which is essential for fusion [126], and must not be modified. Extended residues at
position 17 through 23 are considered to be part of a flanking region that aid in membrane
insertion but can be modified. The presence of six glycines suggests a high degree of flexibility

within the peptide structure.

Mutations within the membrane inserting domain of the gp41 fusion peptide have been
reported to significantly affect membrane fusion [116, 117, 127]. Replacement of the highly
conserved Gly residues with Val [127] or deletion of short amino acid sequences at the N-
terminus greatly reduces fusion [128] and should also be avoided. Mutations at position 2 and 9
with polar residues, such as V2E and L9R, reduce the fusogenic activity of the peptide [116, 117,
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127], and indicate that polar substitutions within the membrane insertion region can decrease the
fusogenicity of the peptide. Therefore, cleavable modifications that produce local increases in
polarity while conserving the flexibility of the region would be suitable for the design of
triggerable phosphopeptides. Figure 2.3 illustrates major modifications that can affect the activity

of the gp41 fusion peptide.

16-residue membrane
inserting region Flanking region

| l | —
AVGIGALFLGFLGAAGSTMGAAS

Highly conserved motif
among HIV family

Figure 2.3 Known Modifications that Inactivate the Membrane Destabilizing Properties of
the gp41 Fusion Peptide. Substitution of the following conserved residues would lead to loss of
activity: 5-residue motif FLGLF in the middle of the membrane inserting region, the valine at
position 2, and all glycine residues within the 16-residue membrane inserting region

The design of fusogenic phosphopeptides is constrained by the following design
parameters: 1) the number of phosphorylatable residues in the wild type sequence, 2) the number
of residues that can be substituted for a phosphorylated residue without loss of activity, and 3) the
number of commercially available phospho amino acids. For instance, the wild-type fusion
peptide has 3 residues that can be phosphorylated; however they are all in the flanking region.
Conserved residues in the peptide sequence limit the number of modifications that can be
introduced without loss of activity. These include: a 5-residue motif FLGLF in the middle of the
membrane inserting region, the valine at position 2, and all glycine residues within the 16-residue
membrane inserting region. Hence, modifications can only be introduced at the 1, 4, 6, 14, and 15
positions. The C-terminus flanking region, however, has fewer restrictions and allows for a
greater number of modifications. Finally, we are restricted to phospho residues that are

commercially available. These included: serine, threonine, and tyrosine phospho residues.
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Since the N-terminus of the peptide inserts first into the membrane, a polar mutation must
be introduced near the N-terminus to disrupt membrane insertion. The isoleucine residue at
position 4 was selected for modification given its proximity to the N-terminus valine.
Phosphorylation sites within the flanking region were also selected for modification since they
could provide increased sequence polarity and perhaps greater trigger control. As a result, seven
gp4l fusion peptides were designed to evaluate the effect of hydrophilic phosphate groups on

fusion and lysis activity.

Phosphopeptides (FP-1PT, FP-2PT, FP-2PY) and their fusogenic counterparts (FP, FP-T,
FP-Y) were synthesized to determine the number of phospho residues required to significantly
reduce their membrane destabilizing activity as well as to evaluate how phosphoresidue selection
can affect triggering and peptide alpha-helical structure [129, 130]. A sulfonated peptide (FP-
2Sul), that is not a substrate for phosphatase, was also synthesized to investigate the specificity of
the phosphatase trigger. Table 2.1 summarizes the sequences of these peptides. The peptides were
synthesized using solid phase synthesis and purified by reverse phase HPLC on a Cg column
using an acetonitrile linear gradient. As expected, the addition of phosphate groups to the fusion
peptides resulted in earlier elution times. Depending on the number of phosphates or sulfates,
peptides eluted between 45-55% acetonitrile. The doubly phosphorylated peptides eluted earlier

at 45%.
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Nomenclature

FP
FP-T
FP-Y
FP-1PT
FP-2PT
FP-2PY
FP-25ul

Sequence

AVGIGALFLGFLGAAGSTWGAK

N
ceeTececccnana-- pT-----
=eepleccccccnaa- pT-----
-=--pY-----e--- pY-----
R sul-----

Table 2.1: Peptide Nomenclatures and Sequences. Abbreviations: FP: gp41 fusion peptide (C-
terminus lysine); FP-T: gp4l1 fusion peptide with 2 substituted threonine; FP-Y: gp41 fusion
peptide with 2 substituted tyrosine; FP-1PT: gp4l fusion peptide with 1 substituted threonine
phosphoamino acid residue near C-terminus; FP-2PT: gp4l fusion peptide with 2 substituted
threonine phosphoamino acid residues; FP-2PY: gp41 fusion peptide with 2 substituted tyrosine
phosphoamino acid residues; FP-2Sul: gp4l fusion peptide with 2 substituted cysteic acids.

Dashes indicate positions that are conserved within the synthesized peptides.
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2.3.2 Effect of Phosphates on the Lytic and Lipid Mixing Properties of gp41 Fusion Peptide

To study the effect of hydrophilic phosphate masking, fluorescence leakage and lipid
mixing assays were performed in a FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon, Edison,
NJ). The release of carboxyfluorescein (CF) from the liposomes was quantified by the increase in
fluorescence intensity at 517 nm for 20 minutes and was normalized to the maximum intensity
after the liposomes were lysed with Cj,E;o surfactant. Lipid mixing was measured by
fluorescence energy transfer [131] wusing a mixture of unlabeled and labeled
palmitoyloleoylphosphatidylcholine (POPC) vesicles at a 9:1 molar ratio. Fluorescence intensity

changes were normalized to the maximum fluorescence observed after surfactant lysis.

The addition of phosphates to the fusion peptide sequence significantly reduced both
leakage and lipid mixing. This is consistent with reports claiming that polar substitutions within
the membrane inserting region led to a decrease in fusogenic activity [116, 117, 127]. The
addition of two phosphates led to an 8-fold decrease in leakage, and a complete loss of lipid
mixing. Interestingly, the degree of inactivation was dependent on the number of phosphate
groups as illustrated on Figure 2.11. A single phosphate group (FP-1PT) placed in the flanking
region was not sufficient to inactivate the fusion peptide. Although the extent of leakage was
reduced compared to the wild-type fusion peptide, FP-1PT was fairly active in the absence of

phosphatase (Figure 2.11a).

The addition of a second phosphate group to the membrane inserting region provided
enough polarity to inactivate the peptide and inhibit leakage (Figure 2.11b) and lipid mixing
(Figure 2.12b). Both FP-2PT and FP-2PY induced minimal leakage and lipid mixing even at high
peptide concentrations. At a 10:1 lipid to peptide (L/P) ratio, the maximum leakage rate observed
for FP-2PT and FP-2PY, after background subtraction, was 7% and 15% compared to the 45%

leakage rate of FP-1PT. At a 10:1 L/P ratio, the doubly phosphorylated peptides showed no
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apparent lipid mixing as illustrated in Figure 2.12. Moreover, fusion activity could not be
regained in the presence of inactive phosphatases. These findings suggest that two phosphates
groups, one in the membrane inserting region and another in the flanking region, are required to
significantly reduce the fusogenic properties of these peptides. It is possible, however, that a
single phosphate within the membrane inserting region of the gp4l fusion peptide could

inactivate the sequence. Further experimentation is required to find such an optimal sequence.
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Figure 2.11: Effect of Phosphate Substitutions on Lysis Potential of Fusion Peptides.
A) A single phosphate does not inactivate lysis of liposomes by fusion peptides. At a 10:1 L/P
ratio, FP-1PT induced significant content release of POPC liposomes loaded with CF. B) The
addition of two phosphates inactivated the peptides. At a 10:1 L/P ratio, FP-2PT, FP-2PY and FP-
2Sul induced minimal content release of POPC liposomes loaded with CF. C) Peptides with two
phosphoresidue did not induce contents leakage over the entire range of L/P ratios tested. Results
are representative of the average of at least three runs. All runs were performed at 37 °C in a
Hepes buffered solution (145 mM NaCl, 5 mM Hepes, pH 7.4).
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Figure 2.12: Effect of Phosphate Substitution on Lipid Mixing Potential of Fusion Peptides.
A) Incremental addition of FP increased lipid mixing of POPC liposomes containing 1 mol% of
NBD-PE and Rho-PE. B) Lipid mixing is attenuated in fusion phosphopeptides such as FP-2PT.
Increasing the concentration of FP-2PT did not have a significant effect on lipid mixing even at
5:1 L/P ratios. C) No significant increase in lipid mixing is observed over the entire range of L/P
ratios tested. Results are representative of the average of at least three runs. All runs were
performed at 37 °C in a Hepes buffered solution (145 mM NaCl, 5 mM Hepes, pH 7.4).
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2.3.3 Effect of Phosphates on the Structural Properties of gp41 Fusion Peptides
Phosphorylated peptides and proteins have been reported to have altered secondary
structures as compared to their wild-type form [132, 133]. Thus, it was hypothesized that the
addition of phosphate groups to the gp4l fusion peptide would lead to an altered secondary
structure and an increase in random coil content. Circular dichroism (CD) studies were performed
to investigate the role of phosphate addition on secondary structure. The peptides and
phosphopeptides were re-suspended in a hydrophobic aqueous solution that mimicked the lipid

bilayer and the CD spectrum was recorded from 187.5 nm to 300 nm.

Significant differences in secondary structures were observed between the
phosphorylated and non-phosphorylated fusion peptides. FP, FP-T, and FP-Y had alpha-helical
secondary structures as has been previously reported [129, 130]. Spectra for FP, FP-T, and FP-Y
were predominantly alpha helical with a double negative peak: one at 220 nm and another at 208
nm (Figure 2.13a). Phosphorylated peptides, FP-2PT and FP-2PY, had altered secondary
structures (Figure 2.13b). The spectra of FP-2PT and FP-2PY had reduced alpha helical content,
with local minima at 220 nm, and a predominant random coil structure dominated by a negative
peak at 195 nm. The effect of polar substitutions on secondary structure was further assessed with
a sulfonated peptide. The CD spectra of FP-2Sul also had a high content of random coil structure.
The data indicates that polar substitutions within the fusion peptide result in a loss of helical
content and an increase in random coil content. Although membrane insertion can be modulated
by changing the hydrophilicity of the fusion peptide with phosphate groups, conformational
changes in the peptide structure can also impact fusion. Thus, the decreased activity of the
phosphopeptide can be partially attributed to its altered secondary structure. Figure 2.13 depicts

the spectra of the fusion peptides.
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2.3.4 Triggering of Phosphorylated Fusion Peptides by Phosphatase

Phosphatases are known to catalyze the dephosphorylation of phosphate containing
proteins and peptides [83, 93]. Thus, it was hypothesized that fusogenic phosphopeptides could
serve as substrate for phosphatases. Moreover, phosphatase catalyzed dephosphorylation would
lead to a polarity reversal that exposes the hydrophobic segments of the fusion peptide and re-
establishes lysis and fusion. This in turn leads to triggered release and/or lipid mixing. To study
the effect of phosphatase triggering, fluorescence leakage and lipid mixing assays were
performed in a FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) as described

before in section 2.3.2.

Leakage assays in the presence of alkaline phosphatase (AP) (Calf Intestinal Alkaline
Phosphatase (CIP), New England Biolabs, Ipswich, MA) restored lysis potential of all
phosphopeptides and demonstrated that phosphopeptides are substrates for phosphatases (Figure
2.14). Triggering of FP-2PY with AP resulted in nearly identical leakage profiles to FP-Y (P-
value>0.05; 0.85). Triggering of FP-1PT and FP-2PT with AP resulted in statistically similar
leakage profiles to FP-T (P-value>0.05; 0.93, P-value>0.05; 0.476 respectively). However, a
reduced leakage rate as compared to FP-T was observed for FP-2PT with increasing peptide
concentration. This can be attributed in part to the lower catalytic activity of alkaline
phosphatases towards serine/threonine residues [93]. A temperature dependent effect of triggered
CF-release was observed when the reaction was run at 25 °C as compared to 37 °C. This can be
attributed to the increase in membrane fluidity and enhanced catalytic activity of alkaline

phosphatase at 37 °C as illustrated in Figure 2.15.

Lipid mixing assays also confirmed the phosphatase dependent triggering, as illustrated
in Figure 2.16. Phosphopeptides had minimal lipid mixing activity in the absence of phosphatase
as discussed in section 2.3.2, even at high peptide concentrations where the maximum lipid

mixing observed was 2.2% at a 2:1 lipid to peptide (L/P) ratio. Addition of phosphatase restored
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lipid mixing (Figure 2.16b), with FP-2PT having a 10-fold increase in lipid mixing (Figure
2.16c). Sulfonated peptides, which cannot be activated by phosphatases, induced minimal leakage
and lipid mixing even in the presence of phosphatase. This supports the notion that the
phosphatases are responsible for triggering the phosphorylated fusion peptides and restoring their

membrane destabilizing properties.
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Figure 2.14: Effect of Phosphatase Triggering on Lysis Potential of Fusion Peptides. A) At a
10:1 L/P ratio, addition of alkaline phosphatase triggered FP-1PT causing enhanced leakage of
POPC liposomes loaded with CF. Nevertheless, the activation effect is small compared to doubly
phosphorylated peptides. B) At a 10:1 L/P ratio, addition of alkaline phosphatase triggered FP-
2PT and FP-2PY and induced significant content leakage. Triggering is not observed in
sulfonated peptides as they are not substrates for alkaline phosphatase. C) Triggering is observed
across all phosphorylated peptides over the entire range of L/P ratios tested. Results are
representative of the average of at least three runs. All runs were performed at 37 °C in a Hepes
buffered solution (145 mM NaCl, 5 mM Hepes, pH 7.4).
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Figure 2.15: Effect of Temperature on Phosphatase Induced Triggered Leakage of POPC-
CF Vesicles. Leakage traces shown are representative of triggered leakage of POPC-CF
liposomes by 5 uM FP-2PT at 25 °C and 37 °C. FP-2PT triggering is enhanced at 37 °C. All runs
were performed in a Hepes buffered solution (145 mM NaCl, 5 mM Hepes, pH 7.4).

46



1.0

2 — 20uM
= — 10uM
2 — 5uM
°
= — 2uM
- 0.5
o — 1uM
N — OuM
T
IS
—
(=}
pd

0.0 T T T T 1

500 550 600 650 700
wavelength (nm)
B

1.0
2 — 20uM
= — 10uM
2 — 5uM
°
= — 2uM
- 0.51
= — 1uM
N — OuM
T
IS
—
(=}
pd

0.0 T T T T 1

500 550 600 650 700
wavelength (nm)
C

0.5 -~ FP-T
=X - FP-2PTAP
2 041 -0~ FP-2PT
=
o
'S 0.3
3 (J
e}
& 021
<
£ 0.11
j-
o
Z

0.0+

1 10 100
L/P

Figure 2.16: Triggered Lipid Mixing of FP-2PT by Alkaline Phosphatase. A) Spectra of
POPC liposomes containing 1% mol of NBD-PE and Rho-PE in the presence of FP-2PT.
Increasing the concentration of FP-2PT in the medium did not have a significant effect on lipid
mixing. B) Spectra of POPC liposomes containing 1% mol of NBD-PE and Rho-PE in the
presence of FP-2PT and alkaline phosphatase. Lipid mixing is observed in the presence of
alkaline phosphatase. Increasing the concentration of phosphopeptide led to an increase in lipid
mixing. The increase in NBD fluorescence is observed at 520 nm. C) FP-2PT is fairly inactive
over a broad range of lipid/peptide (L/P) ratios. Addition of phosphatase restored lipid mixing
activity. Results are representative of the average of at least three runs. All runs were performed
at 37 °C in a Hepes buffered solution (145 mM NaCl, 5 mM Hepes, pH 7.4).
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2.4 Conclusion

In this chapter, the engineering of triggerable phosphopeptides was demonstrated through
the use of substrate masking. The addition of polar hydrophilic phosphate groups to the gp41l
fusion peptide resulted in a reduction of its membrane destabilizing properties. The degree of
inactivation of the phosphopeptide was dependent on the number of phosphates added to the
membrane inserting and flanking regions. Interestingly, the addition of phosphates altered the
secondary structure of the fusion peptides by reducing helicity and increasing random coil
content. Phosphatase catalyzed dephosphorylation of the phosphopeptides was effective at
restoring both fusion and lysis potential. These findings suggest that phosphorylated fusion
peptides could be used as design components for phosphatase triggerable liposomes. The results
in this chapter have practical applications for the fields of peptide design, membrane biophysics,

virology, and drug delivery.

2.5 Materials and Methods
2.5.1 Reagents

1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PE), and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine ~ rhodamine B sulfonyl)
(ammonium salt) (Rho-PE) were obtained from Avanti Polar Lipids Inc. (Alabaster, Alabama).
Amino acid building blocks, resins, and coupling agents were obtained from Novabiochem
(Darmstadt, Germany), Anaspec (San Jose, CA), or ChemPep (Miami, FL). 5-FAM
(carboxyfluorescein) was obtained from Anaspec (San Jose, CA). 3B-Hydroxy-5-cholestene
(CHOL), 3B-Hydroxy-5-cholestene 3-hemisuccinate (CHEMS), N-hydroxysuccinimide (NHS),

and dicyclohexylcarbodiimide (DCC) Sigma-Aldrich (St. Louis, MO). All reagents and solvents
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used were of analytical or HPLC grade. All buffers were made with MilliQ water and

subsequently filtered through 0.1 UM filters.

2.5.2 Peptide Synthesis

Peptides were synthesized on Rink Amide MBHA resin using automated solid phase
synthesizers (ABI 433A, Applied Biosystems, Foster City, CA or Prelude 6 Channel Peptide
Synthesizer, Protein Technologies, Tucson, AZ) with standard FMOC/HBTU/HOBT
(Fluorenylmethyloxycarbonyl/o -benzotriazole- N,N,N,N- tetramethyl -uronium -hexafluoro-
phosphate/n-hydroxybenzotriazole) protocols. Phosphopeptides and sulfopeptides were
synthesized on NovaPeg resin. An orthogonally protected lysine (Fmoc-Lys(1-(4,4-dimethyl-2,6-
dioxo-cyclohexylidene)-3-methyl-butyl)-OH; Fmoc-Lys(ivDde)-OH) was incorporated at the C-
terminus. All synthesized peptides were acetylated at the N-terminus using acetic anhydride.
Following acetylation, the resin was washed with dimethylformamide (DMF) and

dichloromethane (DCM), dried under vacuum, and stored under argon at -20 °C.

Prior to resin cleavage, the ivDde group was removed by 3 x 20 minutes treatments of the
peptidyl resin with 2% hydrazine hydrate in DMF (10 mL per g resin). The removal of ivDde was
monitored spectrophotometrically by absorption of the resulting indazole at 300 nm. The resin
was then washed in DMF (3 x 10 mL) and DCM (3 x 10 mL) and dried under vacuum. Peptides
were cleaved from the resin by treatment with a trifluoroacetic acid (TFA) cleavage solution
containing 94% TFA, 2.5% water, 2.5% ethanedithiol, and 1% triisopropylsilane for 4 hours
under argon. Phosphopeptides and sulfopeptides were cleaved from the resin using similar acidic
conditions, but with a reduced incubation time of 2 hours. Cleaved peptides were separated from
the resin by filtration and precipitated into cold ethyl ether. The precipitate was pelleted by

centrifugation at 3000 rpm (CR412, Jouan, Winchester, VA) and washed once with cold ethyl
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ether. The ether was decanted and the pellet was re-dissolved in trifluoroethanol (TFE),

transferred to a flask, and dried by rotary evaporation under reduced pressure and high vacuum.

Purification was carried out by reverse phase HPLC on a Dionex HPLC equipped with a
Dynamax Cig column. Peptides, phosphopeptides, and sulfopeptides were eluted with a linear
gradient of acetonitrile containing 0.1% trifluoroacetic acid and collected using an automated
fraction collector. The addition of phosphate groups to the fusion peptides resulted in earlier
elution times. Depending on the number of phosphates or sulfates, peptides eluted between 45-
55% acetonitrile, with doubly phosphorylated peptides eluting earlier at 45%. Peptide fractions
were identified by MALDI-MS in 2,5-dihydroxybenzoic acid matrix, pooled, lyophilized, and

stored under argon at -20 °C. Peptide properties are summarized in Table 2.2.
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2.5.3 Circular Dichroism

CD spectra were measured on an OLIS DMS10 spectrometer (Olis, Bogart, GA)
equipped with a Peltier temperature control stage and flushed with nitrogen gas to enable
measurements of CD spectra below 200 nm. Peptide solutions (20 uM) were prepared in an 80:20
mixture of TFE and 5 mM Hepes buffer (pH 7.4). Hepes buffer was necessary to hydrate the
phosphates and solubilize the phospho and sulfo peptides. The monochromator was set to record
from 187.5 nm to 300 nm (1200 lines/mm), with an integration time of 5 seconds and the
temperature set to 37 °C. Spectra were recorded using a cell with an optical path length of 1 mm.
Recorded spectra were averaged by a minimum of 3 runs in Matlab, baseline subtracted, and

processed using a Savitsky-Golay smoothing algorithm [134].

2.5.4 Vesicle Preparation for Leakage and Lipid Mixing

Lipid stock solutions were prepared in chloroform (CHCI3). Prior to use, glassware was
rinsed in methanol (MeOH) and CHCI; and dried. Liposomes were prepared by combining
chloroform solutions of POPC in borosilicate glass tubes and drying them under reduced pressure
using rotary evaporation. Residual solvent was removed overnight under high vacuum. Lipid
films were hydrated in buffer, containing 145 mM NaCl and 5 mM Hepes (pH 7.4), by
intermittent vortexing and sonicated for 10 minutes under argon. Defined diameter liposomes
were then formed by extruding 10 times through 100 nm polycarbonate membranes using a hand-
held extruder (Avestin, Ottawa, Canada). Labeled liposomes for lipid mixing contained 1 mol %
of NBD-PE and Rho-PE and were also prepared in buffer 145 mM NaCl, 5 mM Hepes, pH 7.4.
Liposomes containing CF were prepared as previously described [135]. Lipid formulations of
POPC were dried from chloroform stock solutions in a test tube to form a thin film. The thin film
was rehydrated in a 100 mM CF solution containing 5 mM Tris-HCI buffer, pH 7.4. The solution

was then sonicated for 10 minutes under argon, and the liposomes were extruded through
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polycarbonate membranes with 100 nm pores. Free CF was removed by size exclusion
chromatography (PD-10 sephadex column; GE Healthcare, Piscataway, New Jersey). The mobile
phase for separation consisted of a 5 mM Hepes buffer with 145 mM NaCl (pH 7.4). The
encapsulated CF liposomes were capped with argon following separation. All liposome
preparations were sized using a Malvern dynamic light scattering (Zetasizer NanoZS, Malvern

Instruments, Worcestershire, UK).

2.5.5 Fluorescence Measurements

Fluorescence assays of lipid mixing and leakage were performed in a FluoroLog-3
spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) equipped with a temperature controlled
stage (LFI1-3751) and a magnetic stirrer. A 450-W xenon light source was used for all recordings.
Data acquisition was done through FluorEssence software (Horiba Scientific, Kyoto, Japan) and
analyzed using MATLAB. In general, small aliquots of peptides were added to stirred
suspensions of 100 uM lipid to begin each experiment, unless otherwise stated. Leakage was
monitored for 20 minutes with data collected in intervals of 0.1 seconds. Lipid mixing spectrums

were collected in triplicates with detergent added to record maximum lipid mixing.

2.5.6 FRET Lipid Mixing

Membrane fusion was measured by changes in fluorescence intensity resulting from
fluorescence resonance energy transfer between the head group labeled probes NBD-PE and Rho-
PE as previously described [136] using a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon,
Edison, NJ). Liposomes were prepared as follows: unlabelled POPC liposomes and labeled POPC
liposomes with 1 mol% NBD-PE and Rho-PE. A mixture of unlabeled and labeled liposomes at a

9:1 molar ratio of 100 uM lipids were suspended in 2 mL buffer containing 145 mM NaCl, 5 mM
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Hepes, and 1 mM MgCl, (pH 7.4). For peptide-induced lipid mixing, small aliquots of peptides
were added to the stirred suspensions in the presence or absence of phosphatases. Samples were
incubated at 37 °C and fluorescence intensities of the samples were measured. Emission spectra
were obtained from 490 nm to 700 nm using an excitation wavelength of 467 nm. Intensity
changes were monitored at 520 nm (near the emission maximum of NBD-PE) and at 590 nm
(near the emission maximum of Rho-PE). Lipid mixing was evidenced by an increase in
fluorescence intensity at 520 nm, due to relief of energy transfer, and a decrease in 590 nm
intensity. Changes in the fluorescence intensity ratio of NBD to Rho were normalized and

guantified as follows:

NBDintensity(V) — background (V)

Livid Mixing (V) =
ipid Mixing (V) detergent(V) — background (V)

where V represents emission wavelength

Background fluorescence from vesicles containing 1 mol % of NBD-PE and Rho-PE in a
1:9 mixture with non-probe-containing vesicles was set to 0% lipid mixing and the maximum
intensity recorded from detergent lysis was set to 100% lipid mixing. The addition of peptide did

not alter the fluorescence of the probes.

2.5.7 Carboxyfluorescein Release (CF)

100 nanomoles of POPC-CF liposomes were re-suspended in 2 mL buffer containing 145
mM NaCl, 5 mM Hepes, and 1 mM MgCl, (pH 7.4), and stirred at 37 °C in the presence or
absence of phosphatase. For peptide-induced CF release, small aliquots of peptides were added to
the stirred suspensions. The release of CF from the liposomes was monitored by the increase in
fluorescence intensity as measured by excitation and emission wavelengths of 492 nm and 517
nm, respectively. CF release was monitored for 20 minutes with data collected in intervals of 0.1

seconds. The assays were carried out in a FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon,
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Edison, NJ) equipped with a temperature controlled stage (LFI-3751) and a magnetic stirrer. A
450-W xenon light source was used for all recordings. Data acquisition was done through
FluorEssence software (Horiba Scientific, Kyoto, Japan) and analyzed using MATLAB. Each
peptide concentration was done in triplicates and the results are representative of the mean. The
release of CF from the liposomes was monitored, with the excitation and emission wavelengths
set to 485 nm and 520 nm respectively. Data analysis was performed in Matlab. For all
experiments, percent CF leakage values were calculated by measuring the total CF released, and
normalized to the maximum intensity after the liposomes were lysed with C;,E;, surfactant, and
adjusted for background fluorescence as follows:

CFintensity(V)—background (V)
detergent(V)—background (V)

CF(V) =

where V represents emission wavelength.
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Chapter 3: The Engineering of FTP:
Fusogenic & Triggerable
Phosphopeptide Displaying Liposomes

3.1 Abstract

A fusogenic and triggerable liposome (FTP(s)) can be designed by displaying
phosphopeptides on the surface of liposomes. The concept is that phosphatase catalyzed
dephosphorylation activates the fusogenic phosphopeptides on the surface of FTP, and leads to
membrane fusion with adjacent bilayers. To test this idea, a doubly phosphorylated fusogenic
lipopeptide (FP-2PT-Chems) was prepared by conjugating cholesteryl hemisuccinate (CHEMS)
to the C-terminus of FP-2PT. Anchoring of 5 mol% of FP-2PT-Chems in liposomes resulted in a
FTP with enhanced membrane destabilizing properties compared to the non-lipidated peptide.
FTP containing 2 mol% FP-2PT-Chems had improved cellular uptake as compared to control
liposomes and mediated cytosolic delivery of low molecular weights fluorophores and
macromolecules in cultured mammalian cells. Phosphatase inhibitors reduced the cellular uptake
and cytoplasmic delivery efficiency of FTP. Liposomes modified with sulfonated lipopeptides
exhibited reduced uptake and cytosolic delivery as compared to FTP, which indicates that FTP
mediates cytosolic delivery through the dephosphorylation of the displayed phosphopeptides.
FTP are a prime example of the utility of phosphate groups to mask the hydrophobicity of surface
displayed fusion peptides, and provides proof-of-principle that phosphate substrate masking can
be used for engineering triggerable liposomes. In this chapter, the biophysical and cellular data

supporting the trigger mechanism of FTP is reported.
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3.2 Introduction

Triggerable systems are usually stable under physiological conditions and release their
contents or fuse with membranes upon stimuli [72]. Triggerable nanocarriers have been designed
to react to changes in redox potential and pH, and to external stimuli such as light, ultrasound,
and magnetic fields [8, 21, 25-27, 72, 74, 88, 137]. Although these systems have validated the
utility of triggers as a method for site-activated content release, many are unable to transport
drugs through cell membranes and into cells [72]. Enzymatic systems that trigger membrane

fusion offer a unique strategy to overcome these barriers.

Enzyme-activated systems have been developed for triggered drug release [72]. One
approach involves the design of nanoparticles activated by secreted enzymes in tumor
microenvironments. This strategy has generated several trigger systems that react to
phospholipases (SPLA,) [74-77], matrix metalloproteinases (MMP) [71, 78-81], or elastases [82].
These examples are activated in the extracellular matrix and are thus impractical for intracellular

delivery of macromolecules.

Phosphatases, which are over expressed in certain tumor microenvironments [73], are an
attractive enzyme family since they can facilitate triggering at cellular membranes or intracellular
compartments. Phosphatases are responsible for catalyzing the hydrolysis of phosphoric acid
monoesters and show selectivity for phosphorylated proteins, peptides, nucleotides, alkaloids,
phospholipids, and lipopolysaccharides [83-88]. Although an ubiquitous and promiscuous
enzyme, phosphatases confer a high degree of specificity, selectivity, and regulation on their

biological substrates [83].

A number of diseases are characterized by an over expression of phosphatase. Acid
phosphatases are a biomarker for prostate cancer [138], with the highest level of acid

phosphatases found in metastasized prostate tumors. Moreover, high levels of alkaline
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phosphatase are correlated with the spread of prostate cancer into bones [73]. Acid phosphatases
are also over expressed in cervical cancer and serve as a serum biomarker for the disease [139].
High levels of phosphatase expression have also been implicated in Alzheimer’s [140], heart

failure [141], and arthritis [142].

Phosphatases have been used for decades as a trigger mechanism for the local activation
of pro-drugs since attachment of a phosphate to a drug increases its water solubility [96, 143]. In
addition, nanocarriers have also been designed with phosphate moieties that are substrates for
phosphatases [88, 102]. Of particular interest are liposomes composed of cholesteryl phosphate
derivatives, since they set the precedence for this work [88]. One of the intrinsic limitations of
the cholesteryl phosphate liposomes is their high anionic surface charge that results in their
aggregation at physiological levels of calcium and/or other divalent cations. Strategies that can
reduce the number of phosphate groups on the surface of liposomes and still induce triggering

could greatly improve the use of phosphatases as triggers for multivalent drug carriers.

The engineering and optimization of phosphatase triggerable liposomes (FTP) displaying
phosphorylated fusion peptides is described in this chapter. FTP were designed to be substrates
for acid, alkaline, and protein phosphatases and were engineered to fuse membranes upon
phosphatase triggering as illustrated in Figure 3.1. The design of FTP reduces the density of
phosphate groups on the surface of liposomes. This prevents aggregation effects from calcium
and other divalent cations, which was a limitation of the earlier phosphatase activated liposomes

[88].
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3.3 Results and Discussion
3.3.1 Effect of Lipopeptide Density on the Diameter and Zeta Potential of FTP

FTP were engineered using the phosphorylated fusion peptides designed in Chapter 2.
Lipopeptides, FP-2PT-Chems and FP-2Sul-Chems, were synthesized via C-terminus lysine
conjugation of NHS-Chems and then incorporated into liposomes by brief sonication of the lipid
mixture followed by extrusion through polycarbonate membranes with 100 nm pores.
Interestingly, vesicle formation was not possible if unphosphorylated fusogenic lipopeptides were
used instead. This supports the notion that phosphate groups prevent the lipopeptide from

inserting into the FTP membrane.

The sonication and extrusion process produced consistent FTP with an average
hydrodynamic diameter of 100 nm (94.1 + 6.7 nm), and an average PDI of 0.233. No significant
change in particle diameter was observed by increasing the surface density of lipopeptides. FTP
were slightly anionic, but had significantly reduced zeta potential as compared to phosphate-
containing lipids [63, 88]. For instance, FTP containing 2 mol% FP-2PT-Chems had a zeta
potential of -17 £ 3 mV at physiological pH, whereas the inverse phosphocholine DOCP, which
has a phosphate extending into the aqueous phase, has a zeta potential of -60 mV [63]. The zeta
potential could be easily modulated by changing the phosphopeptide surface density. Decreasing
the density to 0.5 mol% of FP-2PT-Chems reduced the zeta potential to neutral. Thus, changes in
the surface density of the lipopeptide correlated well with changes in zeta potential. An increase
in zeta potential was also observed upon dephosphorylation. Incubation of FTP containing 2
mol% FP-2PT-Chems with phosphatase led to an increase in zeta potential, with FTP having a

zeta potential of -7.5+ 1 mV.
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3.3.2 Effect of Membrane Anchoring on the Secondary Structure of Phosphorylated
Fusion Peptides

Anchoring of gp41 peptide epitopes to liposomes enhanced their secondary structure
[144]. Therefore, it was hypothesized that lipidation and anchoring of fusogenic phosphopeptides
to FTP should partially restore secondary structure and decrease random coil content. To test this
idea, circular dichroism measurements were undertaken to examine the effect of lipidation and
membrane anchoring on the secondary structure of phosphopeptides displayed on FTP. Spectras
for FTP containing 2 mol% FP-2PT-Chems were scanned at wavelengths of 180 nm to 300 nm
and were background adjusted by subtracting the spectrum of peptide-free FTP. When formulated
in FTP, the secondary structure of the phosphorylated lipopeptide was greatly altered (Figure
3.2a). The recorded spectrum had a minimum at 220 nm, characteristic of a beta-sheet, and a
reduced content of a random coil. The decrease in random coil content and increase in secondary
structure can be attributed to the C-terminus lipidation of the phosphopeptide and its

incorporation into FTP.

3.3.3 Phosphatase Specificity of Phosphopeptides Displayed on FTP

An increase in secondary structure could greatly benefit the fusion potential of FTP only
if the displayed phosphopeptide is still a substrate for phosphatase. To determine this,
phosphatase catalyzed dephosphorylation of FTP was monitored using a highly sensitive
phosphate-binding fluorescent protein sensor that can measure nanomolar phosphate
concentrations [145] (Phosphate Sensor, Life Technologies, Carlsbad, CA). The sensor is a
purified form of a recombinant E. coli phosphate binding protein that has been modified with the
coumarin fluorophores N-[2-(1-maleimidyl)ethyl]-7-(diethylamino) coumarin-3-carboxamide

(MDCC). The binding of phosphate is rapid and tight (Kd ~ 0.1 puM) and results in increased

61



fluorescence that can be readily measured in a FluoroLog-3 spectrofluorometer (Horiba Jobin

Yvon, Edison, NJ).

Exposure of FTP to alkaline phosphatase resulted in rapid dephosphorylation of the
phosphopeptides, with 72+15% of the phosphates cleaved in a period of 10 minutes. The
enzymatic progress curve is characterized by an initial lag phase followed by a linear phase
(Figure 3.2b). Interestingly, dephosphorylation plateaus after 10 minutes with an estimated 30%
of the phosphate groups uncleaved. This can be explained by a number of factors. For instance,
the phosphorylated lipopeptide is incorporated into FTP by sonication and extrusion, rather than
by micelle transfer techniques. As a result, a percentage of the phosphopeptides end up facing the
enclosed aqueous compartment and are inaccessible to the phosphatases. Also, as the FTP are
dephosphorylated they can undergo fusion with neighboring liposomes, which reduces the
fraction of phosphate groups accessible to the phosphatase. Nevertheless, the substantial
dephosphorylation measured by the assay suggests that the phosphopeptides displayed on FTP are

substrates for phosphatases.
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Formulation Z-ave (nm)  Std. PDI Std. Zeta(mV) Std.
FP-2PT-Chems 5 mol% 86.0 10.1 0.3 0.1 n.d. n.d.
FP-2PT-Chems 2 mol% 96.0 14.1 0.2 0.1 -17.4 2.9
FP-2PT-Chems 0.5 mol% 104.8 13.2 0.2 0.1 -5.0 25
FP-2Sul-Chems 2 mol% 96.7 8.1 0.2 0.1 -9.2 15
FP-2Sul-Chems 0.5 mol% 91.9 6.1 0.2 0.1 n.d. n.d.

Table 3.1: Diameter and Zeta Potential of FTP Formulations. The surface density of
phosphopeptide did not affect the diameter of FTP. A negative surface charge is observed for
most FTP formulations, and is correlated to the phosphopeptide surface density. The zeta

potential could be modulated by the surface density of the phosphopeptides.
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Figure 3.2: Secondary Structure and Dephosphorylation Time Course of Phosphopeptides
Displayed on FTP. A) Circular Dichroism spectra of 2 mol% FP-2PT-Chems on the surface of
FTP exhibits reduced random coil content. B) The dephosphorylation of phosphorylated
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lipopeptides displayed on FTP proceeds through a lag phase followed by a linear phase.
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3.3.4 Effect of Phosphatase on the Leakage and Lipid Mixing Properties of FTP

FTP are engineered to destabilize membranes and induce membrane fusion upon
dephosphorylation by phosphatases. It was hypothesized that dephosphorylation of the surface
displayed phosphopeptides would lead to enhanced lipid mixing and content release of adjacent
membranes. In order to investigate this mechanism, content release and lipid mixing assays with

target membranes were performed.

Content release assays were performed by monitoring the release of CF from peptide-free
POPC liposomes upon exposure to FTP. POPC-CF liposomes were mixed with FTP containing 2
mol% FP-2PT-Chems in a 1:1 ratio and incubated at 37 °C in the presence or absence of
phosphatase. The release of CF was then followed by measuring the changes in fluorescence
intensity. Upon dephosphorylation by alkaline phosphatase, FTP containing 2 mol% FP-2PT-
Chems induced significant content release (60+£10%) of POPC liposomes encapsulating CF as
compared to the 20+5% release rate observed in the absence of phosphatase (Figure 3.3a). As
expected, an accelerated rate of release was observed when FTP were triggered by highly specific
serine/threonine phosphatases. Exposure of FTP to ser/thr protein phosphatases (PP1) resulted in

nearly complete content release (85+10%) of POPC liposomes encapsulating CF (Figure 3.3b).

Anchoring of the phosphopeptide to the bilayer also led to efficient lipid mixing with
neighboring liposomes. Lipid mixing was measured by changes in fluorescence intensity resulting
from fluorescence resonance energy transfer between the head group labeled probes NBD-PE and
Rho-PE as previously described [136]. Two set of liposomes were prepared: unlabeled FTP with
FP-2PT-Chems liposomes and labeled POPC liposomes with 1 mol% NBD-PE and Rho-PE. A
mixture of unlabeled FTP to labeled liposomes at a 9:1 molar ratio of 100 UM total lipids was
prepared in 2 mL buffer containing 145 mM NaCl, 5 mM Hepes and 1 mM MgCl, (pH 7.4).
Samples were incubated at 37 °C and fluorescence intensities of the samples were measured.

Phosphatase triggering of FTP containing 2 mol% of FP-2PT-Chems induced 30+10% lipid
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mixing as compared to 5% lipid mixing for the free peptide (Figure 3.3c). Increasing the surface
density of phosphopeptide to 5% resulted in enhanced triggered lipid mixing (50£15%) (Figure
3.3d). This suggested that the surface density of the phosphopeptide influences the degree of lipid

mixing.

Although triggered lipid mixing and content release was greatly enhanced in FTP, the
basal leakage and lipid mixing in the absence of phosphatases was surprisingly higher than
expected. The increase in basal activity can be attributed to a higher local concentration of
peptides as a result of membrane anchoring [65]. Perhaps increasing the number of phosphate
groups could further reduce the observed basal activity and results in a more stable system. The
original design of FTP called for a phosphopeptide with four phosphates. We synthesized and
tested this peptide for lipid mixing and content release. Although the phosphopeptide had
minimal leakage and lipid mixing, phosphatases failed to regenerate its activity. This was
surprising but it exposed the limitation of the gp4l fusion peptide as a platform for trigger
phosphopeptide design. Thus, selecting or designing a fusion peptide that allows for a greater
number of phosphate modifications would be important when designing a third generation of

FTP.
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Figure 3.3 Triggered Content Release and Lipid Mixing of FTP by Alkaline Phosphatase.
A) FTP containing 2 mol% FP-2PT-Chems induced content release of POPC-CF liposomes in the
presence of alkaline phosphatase. B) FTP containing 2 mol% FP-2PT-Chems liposomes had
accelerated content release when triggered with a phosphatase (ser/thr protein phosphatase PP1)
that is more specific to its substrate. C) FTP containing 2 mol% FP-2PT-Chems exhibited modest
lipid mixing with POPC liposomes containing 1 mol% NBD-PE and Rho-PE upon phosphatase
triggering. D) Increasing the surface density of phosphopeptides led to an increase in triggered
lipid mixing as was observed in FTP containing 5 mol% FP-2PT-Chems.
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3.3.5 Cytotoxic Effects of FTP

To be effective drug carriers, FTP must be biocompatible and have acceptable toxicity.
MTT assays were performed over a broad range of lipid concentrations to test the cytotoxicity of
FTP formulations (Figure 3.6¢). No significant difference in cell toxicity, as compared to POPC,
was observed with FP-2Sul-Chems and FP-2PT-Chems liposomes at concentrations (10 uM)
relevant for cellular uptake studies. Increasing the concentrations by 10-fold reduced the cell
viability by 30£5% in cells treated with FP-2PT-Chems liposomes as compared to 18+5%
reduction for cells treated with FP-2Sul-Chems and 12+5% for POPC liposomes. The lower
viability of cells treated with FP-2PT-Chems liposomes can be attributed to the surfactant-like

membrane disturbing properties of the displayed fusogenic phosphopeptides.

3.3.6 Uptake of FTP and Control Liposomes in Cultured Cells

The cellular association of FTP was measured in phosphatase expressing cells. The
metastatic B16F10 cell line was selected for the assay because of their phosphatase expression
and their previous use to evaluate the cytotoxic effects of phosphate pro-drugs [146-148]. B16F10
cells (0.5 x 10°) were seeded in glass bottom dishes and grown to 70% confluency. Fluorescently-
labeled FTP, containing 1 mol% Rho-PE, were incubated with B16F10 cells for 0.5, 1, 2, 4, 6,
and 12 hours and the cell association was monitored by fluorescence microscopy. Cellular
association was observed within the first hour for FTP containing 2 mol% FP-2PT-Chems, with a
high percentage of FTP localized to the cell membrane (Figure 3.4 and 3.5). Cellular
accumulation and internalization was greatly enhanced at later time points (Figure 3.4b-c and
3.5e-f). Lower uptake and internalization was observed in cells treated with controlled liposomes
containing 2 mol% FP-2Sul-Chems (Figure 3.4d-f). This suggests that the anchored
phosphopeptide on the FTP was dephosphorylated, which resulted in greater cellular
accumulation. Furthermore, the significant reduction in uptake and accumulation of liposomes
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containing FP-2Sul-Chems provides further evidence that dephosphorylation is a requirement for

FTP internalization (Figure 3.4d-f).

3.3.7 FACS analysis of FTP Uptake in Cultured Cells

To quantify the extent of uptake between FTP and control liposomes, flow cytometry
studies were performed on a FACSarray system (Becton Dickinson, CA). B16F10 cells were
incubated with fluorescently labeled FTP for fixed periods of time, as described above. After
removal of unbound liposomes, the cells were detached from cell culture plates using calcium and
magnesium free HBSS media and analyzed by FACS analysis. Cells were gated on FSC/SCC
(forward scatter/ side scatter) to remove debris. The fluorescence from FTP containing Rho-PE
was then measured using the mCherry emission channel. FACS analysis confirmed the time-
dependent uptake of FTP (Figure 3.6a), as well as their enhanced cellular association relative to
control liposomes. A gradual increase in fluorescence was observed over time, with a five-fold
higher uptake of FTP compared to control liposomes at 6 hours. Uptake of liposomes containing
FP-2Sul-Chems was at background level, and no statistically significant difference was observed

between the control liposomes.

To quantify the extent of cell-associated FTP as a function of lipopeptide surface density,
B16F10 cells were incubated with FTP modified with various surface densities of
phosphopeptides. After a 4 hour incubation period, the uptake was quantified by FACS as
described above. FACS analysis confirmed the effect of the phosphopeptide surface density on
the uptake of FTP. FTP containing 2 mol% FP-2PT-Chems displayed a 3-fold increase in uptake
as compared to FTP containing 0.2 mol% FP-2PT-Chems (Figure 3.6b). However, increasing the
surface density to 5 mol% did not increase cell association. These results were further confirmed

by fluorescence microscopy studies (Figure 3.7). The cell association of control liposomes
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modified with FP-2Sul-Chems was low and did not increase when the surface density was

increased (Figure 3.6a-b).

3.3.8 Effect of Phosphatase Inhibitors on FTP uptake

Uptake studies were performed in the presence of inhibitors and under energy depletion
conditions to further test the hypothesis that active phosphatases are necessary for uptake.
Inhibition of phosphatase activity by phosphatase inhibitors (1 pM okadaic acid, a
serine/threonine phosphatase inhibitor and/or 0.1 mM sodium orthovanadate, a tyrosine
phosphatase inhibitor [92, 149]) resulted in differences in uptake. Uptake was marginally affected
by inhibition of tyrosine phosphatases, but greatly reduced by inhibition of threonine
phosphatases as expected. Cells treated with an inhibitor cocktail of both inhibitors exhibited no
significant uptake. Incubation of fusogenic phospholiposomes under energy depletion conditions
(4°C, serum-free medium) exhibited significantly reduced uptake and internalization of FTP,
implying that uptake is a temperature and energy dependent process [150]. These findings support
the hypothesis that the uptake of FTP is mediated by active phosphatases that catalyze the

dephosphorylation and membrane insertion of the fusogenic phosphopeptides.
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Figure 3.6: Quantification of Uptake and Cell Toxicity of FTP in Cultured Cells. A) FACS
analysis showed that FTP with 2 mol% FP-2PT-Chems liposomes had greater time-dependent
uptake than peptide-free liposomes or liposomes with 2 mol% FP-2Sul-Chems. B) At 6 hours,
FTP containing FP-2PT-Chems exhibited enhanced uptake relative to control liposomes.
Increasing the surface density of FP-2PT-Chems from 0.5% to 5% led to a higher cellular uptake
of FTP. C) FP-2PT-Chems FTP showed concentration dependent cytotoxicity as revealed by
MTT assay.
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3.3.9 FTP Delivery of Low-Molecular Weight Fluorophores and Fluorescent
Macromolecules into the Cytosol of Cultured Cells

To be effective drug carriers, FTP must be able to encapsulate and retain a cargo, and
mediate cytosolic delivery. To test this, FTP encapsulating carboxyfluorescein (CF), FITC-
Dextran, or propidium iodide (PPI) were prepared by sonication and extrusion, followed by size
exclusion chromatography. The encapsulation process did not have a significant effect on the

hydrodynamic diameter of FTP, with loaded FTP having an average size of 100 nm.

FTP were efficient at delivering fluorophores to the cytosol of B16F10 cells. Cytosolic
delivery of either CF or PPI was visible in over 50% of the cells. Delivery of CF was confirmed
within 2 hours (Figure 3.8a-c). Confocal images indicated cytoplasmic delivery of CF, as well as
co-localization of FTP containing Rho-PE probes near the perinuclear space of B16F10 cells
(Figure 3.8b). The delivery of PPI also resulted in time-dependent delivery of the fluorophore, as

well as in perinuclear accumulation of FTP (Figure 3.8d-f).

When propidium iodide is delivered into the cytosol it must diffuse through the cytosol
and into the nucleus where it can intercalate between the bases of DNA. This leads to a 20-30
fold increase in fluorescence that can be used as a surrogate marker for cytosolic delivery.
B16F10 cells incubated with FTP loaded with PPl showed cytosolic delivery within 4 hours,
indicative that PPI was able to diffuse through the cytosol and into the nucleus and bind to DNA
(Figure 3.8d). In some instances, the cells also showed a diffused red fluorescence, which occurs

when PPI complexes with RNA in the cytosol.

The cytosolic delivery of macromolecules was also possible but to a lesser extent. When
FITC-Dextran is delivered to the cytosol, a diffuse fluorescence is observed throughout the
cytoplasm of the cell. The fluorescence can be easily differentiated from staining of membranes

or intracellular compartments such as vacuoles [67]. Incubation of FTP encapsulating FITC-
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Dextran demonstrated cytosolic delivery within 4 hours. Significant particle accumulation around
the perinuclear space was also observed (Figure 3.8g-i). However, compared to low molecular
weight fluorophores, the degree of delivery was reduced. Only 30% of the cells exhibited distinct
cytoplasmic fluorescence at 4 hours (Figure 3.8h) even though significant FTP accumulation was
observed in all cells. Control liposomes containing FP-2Sul-Chems were unable to mediate

cytosolic delivery of the fluorophores (Figure 3.9).

Inefficiencies in the passive encapsulation of FITC-Dextran can account for the reduced
cytoplasmic delivery observed. Also, FTP could be triggered extracellularly and lose substantial
amounts of cargo prior to being internalized. Thus, further optimization of the formulations is

required to improve the cytosolic delivery of macromolecules by FTP.
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Figure 3.8: Cytosolic Delivery of Low-Molecular Weight Fluorophores and Fluorescent
Macromolecules in Cultured Cells by FTP Modified with FP-2PT-Chems. Confocal images
show uptake of FTP and cytoplasmic delivery of small molecules (carboxyfluorescein),
intercalating agents (propidium iodide) and macromolecules (FITC-Dextran). (A-C) B16F10 cells
were incubated for 2 hours with FTP encapsulating 100 mM of carboxyfluorescein. (D-F)
B16F10 cells were incubated for 2 hours with FTP encapsulating 1 mM of propidium iodide. (G-
1) B16F10 cells were incubated for 4 hours with FTP encapsulating 1 mM FITC-Dextran (10kd).
After 2 hours, FTP formulations were visible in the perinuclear space of the cells (A, D, G). All
formulations exhibited both a punctuate staining and a more uniform staining of the cell interior
indicative of cytoplasmic delivery of the encapsulated fluorophores. FTP formulations were
prepared with 2 mol% FP-2PT-Chems and contained the fluorescent lipids Rho-PE (A, G) or
NBD-PE (F). Dapi was used to stain the nuclei of the cells (C, E, F, I).
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Figure 3.9: Low Uptake and Cytosolic Delivery of Low-Molecular Weight Fluorophores
and Fluorescent Macromolecules in Cultured Cells by Control Liposomes Modified with
FP-2Sul-Chems. Low uptake of FP-2Sul-Chems modified liposomes was observed after 2 hours
in cells treated with FP-2Sul-Chems modified liposomes (A, D, G). Cytosolic delivery, however,
was not observed. No cytosolic delivery of CF was observed after 2 hours in B16F10 cells treated
with liposomes encapsulating 100 mM of CF (A-C). No cytosolic delivery of PPl was observed
after 2 hours in B16F10 cells treated with liposomes encapsulating 1 mM of propidium iodide (D-
F). No cytosolic delivery of FITC-Dextran was observed in B16F10 cells treated with liposomes
encapsulating 1 mM FITC-Dextran (10kd) (G-I). FTP formulations were prepared with 2 mol%
FP-2Sul-Chems and contained the fluorescent lipids Rho-PE (A, G) or NBD-PE (F). Dapi was
used to stain the nuclei of the cells (C, E, F, I).
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3.4 Conclusion

Triggerable fusogenic liposomes can be engineered to bind to cells and deliver their
contents by means of phosphorylated fusion lipopeptides anchored to the bilayer. Phosphorylated
lipopeptides on FTP remained active substrates for phosphatases, and mediated triggered
membrane fusion efficiently. The membrane destabilizing potential of FTP could be readily
modulated by changing the surface density of the lipopeptide, as well as by the type of

phosphatase catalyzing dephosphorylation.

These findings have implications for the design of triggered release systems. First, the
engineering of FTP provides a blueprint for designing phosphatase triggerable systems. Substrate
masking by hydrophilic phosphate groups was proven to be a valuable technique for displaying
and controlling the membrane destabilizing properties of fusion peptides. The use of
phosphopeptides as trigger moieties also enables the design of phosphatase triggerable liposomes
with reduced negative surface charge. This is a direct result of the enthalpic gain that fusion

peptides provide upon membrane insertion into adjacent bilayers.

Since a low percentage of phosphorylated lipopeptides are required for membrane fusion,
a low negative surface charge can be achieved. This enables the use of FTP as triggerable
liposomes and circumvents the cation-induced aggregation effect that plagued earlier phosphatase
triggerable liposomes [88]. Finally, it is important to note that phosphatase triggerable systems
such as FTP can be substrates for different types of phosphatases. The in vivo consequences can
be profound, since phosphatases are expressed in many parts of the body during disease. In
prostate cancer, for instance, over expression of phosphatase in the tumor tissue also leads to an
over expression of phosphatase in circulation [138]. This is problematic since a high percentage
of FTP could be triggered in circulation before reaching the tumor site. It is possible that
premature triggered release can be overcome by the use of sterically protective polymers that

limit substrate accessibility, as has been reported for other enzymatically active systems [71].
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However, the use of protective polymers could shield the fusion peptide and limit the
functionality of FTP. Perhaps advanced protective polymers with trigger functionality, such as
pH-sensitivity [151] or enzymatic cleavable groups [79], could serve as complementary
components of third generation FTP. We must also not overlook the potential immunogenic
response that FTP modified with gp41 fusion phosphopeptides could elicit in circulation, since
liposomes displaying peptide sequences from the membrane proximal region of gp41 are known
to elicit an immune response [144]. Nevertheless, the potential of FTP to mediate cytosolic
release of cell impermeable molecules, proteins, and nucleic acid is apparent and could lead the
way for new drugs and therapeutics against cancer and other disorders in which phosphatases are

over expressed.

3.5 Materials and Methods
3.5.1 Reagents

1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PE), and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine ~ rhodamine B sulfonyl)
(ammonium salt) (Rho-PE) were obtained from Avanti Polar Lipids Inc. (Alabaster, Alabama).
Amino acid building blocks, resins, and coupling agents were obtained from Novabiochem
(Darmstadt, Germany), Anaspec (San Jose, CA), or ChemPep (Miami, FL). 5-FAM
(carboxyfluorescein) was obtained from Anaspec (San Jose, CA). 3B-Hydroxy-5-cholestene
(CHOL), 3B-Hydroxy-5-cholestene 3-hemisuccinate (CHEMS), fluorescein isothiocyanate-
dextran (FITC-Dextran, MW 10,000), N-hydroxysuccinimide (NHS), dicyclohexylcarbodiimide
(DCC), sodium orthovanadate, okadaic acid, and propidium iodide were obtained from Sigma-
Aldrich (St. Louis, MO). All reagents and solvents used were of analytical or HPLC grade. All
buffers were made with MilliQ water and subsequently filtered through 0.1 pM filters.
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3.5.2 Lipopeptide Synthesis

Lipopeptide samples were synthesized via conjugation of NHS-Chems to a C-terminal
positioned lysine. NHS-Chems was synthesized as previously described [152]. Briefly, 2.5 mmol
of NHS was dissolved in 25 mL of DCM and 10 mL of ethyl acetate and was left stirring for 5
minutes. 2.5 mmol of Chems was then added to the reaction followed by 2.5 mmol of DCC in 10
mL of DCM. The reaction was left stirring at room temperature for 4 hours. The product was then
filtered, flask dried by rotary evaporation under pressure, and placed overnight under high

vacuum. The final product was then purified by methanol recrystallization.

NHS-Chems was then reacted with pure peptide in a 1.2:1 molar ratio under neat
conditions in a 2:1 mixture of DMSO:DCM. The reaction was left stirring overnight at 30 °C. The
product was then precipitated in cold ethyl ether. The precipitate was pelleted by centrifugation at
3000 rpm (CR412, Jouan, Winchester, VA), the supernatant containing excess unreacted
cholesterol was decanted, and the pellet was washed again with cold ethyl ether. After a second
centrifugation, the solvents were decanted and the pellet was re-suspended in TFE, transferred to
a flask and dried by rotary evaporation under reduced pressure and high vacuum. Reaction yield
was 80-85% product. Quantification was determined as the percent of peptide to cholesterol in
the purified sample. Peptide concentration was determined using a Nanodrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE), and cholesterol concentration
was quantified with ferric acid chloride as previously described [153]. The final products were
confirmed by MALDI-MS (FP-2PT-Chems Expected Molecular Weight: 2722.05, Observed
Molecular Weight: 2721.88; FP-2Sul-Chems Expected Molecular Weight: 2662.47, Observed:
2662.79). Lipopeptides were lyophilized and stored under argon in -20 °C. FP-2PT-Chems and
FP-2Sul-Chems lipopeptide stock solutions were prepared in trifluoroethanol (TFE) and used for

formulating liposomes.
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3.5.3 Circular Dichroism

CD spectra were measured on an OLIS DMS10 spectrometer (Olis, Bogart, GA)
equipped with a Peltier temperature control stage and a nitrogen flush system. 100 uM solutions
of POPC liposomes containing 2 mol% FP-2PT-Chems were prepared in a buffered solution
consisting of 145 mM NaCl and 5 mM Hepes (pH 7.4). The monochromator was setup to record
from 187.5 nm to 300 nm (1200 lines/mm), with an integration time of 5 seconds and the
temperature set to 37 °C. Spectra were recorded using a cell with an optical path length of 1 mm.
The spectra of POPC liposomes containing 2 mol% cholesterol was also recorded for background
subtraction. Recorded spectra were averaged by a minimum of 3 runs. The secondary structure of
the peptide was then determined by subtracting the spectra of POPC liposomes containing 2

mol% cholesterol.

3.5.4 Fluorescence Measurements

Fluorescence assays of lipid mixing and dephosphorylation were performed in a
FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) equipped with a temperature
controlled stage (LFI-3751) and a magnetic stirrer. A 450-W xenon light source was used for all
recordings. Data acquisition was done through FluorEssence software (Horiba Scientific, Kyoto,

Japan) and analyzed using MATLAB.

3.5.5 Quantification of FTP Dephosphorylation by Phosphate Sensor

Phosphatase catalyzed dephosphorylation of FTP was monitored using a highly sensitive
phosphate-binding fluorescent protein sensor that can measure nanomolar phosphate
concentrations [145] (Phosphate Sensor, Life Technologies, Carlsbad, CA). FTP containing 2

mol% FP-2PT-Chems was incubated with 10 nanomoles of phosphate sensor in the presence of
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alkaline phosphatase (CIP). The release of phosphate from the liposomes was monitored using a
FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ), with the excitation and
emission wavelengths set to 430 nm and 450 nm respectively. The assay was run at 37 °C in a
buffered solution containing 145 mM NaCl, 5 mM Hepes and 1 mM MgCI, (pH 7.4). Runs were
done in triplicate and data was analyzed in Matlab. For all experiments, percent of
dephosphorylation were calculated by measuring the total phosphate released, and normalized to
the maximum intensity after the liposomes were lysed with C,,E;, surfactant, and adjusted for

background fluorescence.

3.5.6 FTP Content Release Assay

For FTP induced CF release, POPC-CF liposomes were mixed at with FTP containing 2
mol% FP-2PT-Chems in a 1:1 ratio and incubated at 37 °C in the presence or absence of
phosphatase (CIP or Protein Phosphatase | (PPI)) in buffer containing 145 mM NaCl, 5 mM
Hepes and 1 mM MgCI, (pH 7.4). The release of CF from the liposomes was monitored, with the
excitation and emission wavelengths set to 485 nm and 520 nm respectively. Runs were done in
triplicate and data was analyzed in Matlab. For all experiments, percent CF leakage values were
calculated by measuring the total CF released, and normalized to the maximum intensity after the

liposomes were lysed with C,E;, surfactant and adjusted for background fluorescence as follows:

CFintensity(V)—background (V)
detergent(V)—background (V)

CF(V) =

where V represents emission wavelength.
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3.5.6 FTP Lipid Mixing

Membrane fusion was measured by changes in fluorescence intensity resulting from
fluorescence resonance energy transfer between the head group labeled probes NBD-PE and Rho-
PE as previously described [136] using a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon,
Edison, NJ). Two set of liposomes were prepared: unlabelled FTP with FP-2PT-Chems liposomes
and labeled POPC liposomes with 1 mol% NBD-PE and Rho-PE. A mixture of unlabeled FTP to
labeled liposomes at a 9:1 molar ratio of 100 uM total lipid concentration were suspended in 2
mL buffer containing 145 mM NaCl, 5 mM MgCl, (pH 7.4). Samples were incubated at 37 °C
and fluorescence intensities of the samples were measured. Emission spectra were obtained from
490 nm to 700 nm using an excitation wavelength of 467 nm. Intensity changes were monitored
at 520 nm (near the emission maximum of NBD-PE) and at 590 nm (near the emission maximum
of Rho-PE. Lipid mixing was evidenced by an increase in fluorescence intensity at 520 nm due to
relief of energy transfer, and a decrease in 590 nm intensity. Changes in the fluorescence intensity

ratio of NBD to Rho were normalized and quantified as follows:

NBDintensity(V) — background (V)
detergent(V) — background (V)

Lipid Mixing (V) = where V represents emission wavelength

Background fluorescence from vesicles containing 1 mol% of NBD-PE and Rho-PE in a
1:9 mixture with non-probe-containing vesicles was set to 0% lipid mixing and 100% lipid

mixing was set to 100% lipid mixing.

3.5.7 Cell Culture

B16F10 murine melanoma cell line was obtained from the UCSF Cell Culture Facility.
B16F10 cells were maintained in RPMI 1640 medium containing 10% (v/v) CultraPure fetal

bovine serum (Axenia Biologix, Dixon, CA), 25 mM Hepes, and 1% penicillin-streptomycin.
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Cells were cultured with complete medium at 37 °C in a humidified atmosphere of 5% CO, in air.
Media was filtered through a 0.1 pM filter prior to use. Experiments were performed with cells
harvested from subconfluent cultures using 0.05% trypsin and re-suspended in complete medium

prior to plating.

3.5.8 Microscopy

Fluorescence microscopy was performed using a Nikon Eclipse TS100 fluorescence
microscope (Nikon, Tokyo, Japan), using the following filters: FITC (Excitation: 460 nm,
Emission: 510 nm) and Texas Red (Excitation: 532 nm, Emission: 605 nm). Images were
captured with a Spot RT MonoChrome digital camera using a 20X objective. Spot software
(Diagnostic Instruments, Sterling Heights, MI) was used for data capture and Image J was used

for post processing overlays and pseudo coloring.

Spinning disk confocal images were acquired using a Zeiss Axiovert 200 M microscope
with a 40x/1.3 NA oil objective or a 63x/1.4 NA oil objective, Andor iXon 887 EMCCD Camera,
Prior Proscan Ill stage, Yokogawa CSU-10 spinning disk with 488 nm and 561 nm laser lines
modulated by a Neos AOTF (Solamere Technology Group, Salt Lake City, Utah). Cells were
kept at 37 °C using a Zeiss objective and sample heater. Metamorph (Molecular Devices,
Sunnyvale, CA) was used to control the microscope, as well as for image acquisition and
processing. Imaris (Bitplane Scientific Software, Zurich, Switzerland) was used for three

dimensional reconstruction and rendering.

3.5.9 FACS Analysis

Flow cytometric analysis (FACS analysis) for liposome fluorescence was performed

using a FACSArray BioAnalyzer system (Becton Dickinson, CA). B16F10 cells were incubated
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with fluorescently labeled FTP with 1 mol% Rho-PE for defined periods of time. Three washing
steps were performed to remove any unbound liposomes. The cells were then detached from cell
culture plates using calcium and magnesium free HBSS media and analyzed by FACS analysis.
Cells were gated on FSC/SCC (forward scatter/ side scatter) to remove debris. A minimum of
10,000 events were collected by list-mode data that consisted of side scatter, forward scatter and
fluorescence (green, yellow, mCherry, DsRed) emission. Data was analyzed using FlowJo
software (Ashland, OR). The fluorescence from the FTP containing 1 mol% Rho-PE was
measured using the mCherry emission channel. The geometric mean of mCherry emission was

used to quantify the amount of liposome uptake.

3.5.10 FTP Uptake in Cultured Cells

B16F10 cells (0.5 x 10°) were plated in Fluorodish glass bottom dishes (World Precision
Instruments, Sarasota, FL) and grown to 70% confluency at 37 °C and 5% CO, in medium
(RPMI 1640 with 10% (v/v) FBS). The cell monolayer was rinsed with FBS-free medium and
then medium containing 10 uM of liposomes was added. Cells were incubated for 0, 0.25, 0.5, 1,
2, 4, 6, and 12 hours at 37 °C and 5% CO,. At the end of the incubation, the medium was
removed and the cells were washed three times with 1 mL of Hank’s Buffered Saline Solution
(HBSS). To determine whether the uptake of FTP liposomes was energy-dependent or cell-
function dependent, B16F10 cells were incubated with FTP under cold conditions and in the
presence of phosphatase inhibitors. For energy-dependent studies, B16F10 were rinsed with cold
FBS-free medium and incubated at 4 °C for 1 hour prior to addition of liposomes. A 10 uM
solution of liposomes was added to the cells and the mixture was incubated for 1 hour at 4 °C.
After the incubation period, the medium was removed and the cells were washed three times with

cold HBSS and imaged by fluorescence microscopy.
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For uptake studies in the presence of inhibitors, B16F10 were rinsed with FBS-free
medium and pre-incubated for 1 hour with either 1 pM okadaic acid, 0.5 mM sodium
orthovanadate, or an inhibitor cocktail of 1 pM okadaic acid and 0.5 mM sodium orthovanadate.
Liposomes were then added to the cells and incubated for 2 hours, after which the cells were
rinsed three times with HBSS. Confocal and fluorescence microscopy as described above were

then used to image the wells.

3.5.11 Cytotoxicity Assay

Cytotoxicity of liposomes was determined by the MTT assay (Sigma, St. Louis, USA).
B16F10 cells were seeded into 96-well plates at a density of 9,000 cells per well and cultured for
24 hours. After 24 hours the cell culture medium was replaced and the cells were incubated with
increasing liposome concentration in 100 pL cell culture medium. After a 4 hours incubation, the
medium was replaced by RPMI1640 containing 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) (Sigma, St. Louis, USA). After 4 hours incubation at 37 °C,
the medium was aspirated and formazane crystals were dissolved in 200 uL DMSO per well.
Measurement was performed using a microplate reader at a wavelength of 570 nm, with a
background correction at 690 nm. Relative viability was calculated using 0% (wells without cells)
and 100% (wells with untreated cells) controls, and data is presented as an average of four

measurements.

3.5.12 FTP Cytosolic Delivery Assay
FP-2PT-Chems and FP-2Sul-Chems lipopeptide stocks solutions were prepared in
trifluoroethanol (TFE) and used for formulating liposomes. Liposomes were prepared by

combining chloroform solutions of POPC with 2% mol TFE solutions of FP-2PT-Chems or FP-
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2Sul-Chems peptide: lipid ratio. Lipids were dried by a combination of rotary evaporation and
high vacuum, and hydrated in buffer containing CF, propidium iodide, or FITC-Dextran by
intermitted vortexing. Liposomes encapsulating CF were prepared by thin film rehydration of a
100 mM CF solution containing 5 mM Tris-HCI (pH 7.4). Liposomes encapsulating propidium
iodide were rehydrated in 1 mL of 10 mg/mL solution of propidium iodide as previously
described [154]. Liposomes encapsulating FITC-Dextran were prepared as previously described
[67] and rehydrated in 1 mL of 50 mM solution of FITC-Dextran (10kd MW) containing 145mM
NaCl, 5mM Hepes (pH 7.4). All solutions were sonicated for 10 minutes under argon, and the
liposomes were extruded through polycarbonate membranes with 100 nm pores. Free CF and
propidium iodide were removed by size exclusion chromatography (Sephadex G25 column; PD-
10GE Healthcare, Piscataway, New Jersey). Free FITC-Dextran was removed by Sephadex G-75
(1 x 20 cm) gel filtration. The mobile phase for separation consisted of a 5 mM Hepes buffer with

145 mM NaCl (pH 7.4). The encapsulated liposomes were capped with argon and stored at 4 °C.

B16F10 cells (0.5 x 10°) were plated in Fluorodish glass bottom dishes (World Precision
Instruments, Sarasota, FL) and grown to 70% confluency at 37 °C and 5% CO, in medium
(RPMI 1640 with 10% (v/v) FBS). The cell monolayer was rinsed with FBS-free medium and
medium containing 10 uM of liposomes was added. Cells treated with liposomes containing CF,
propidium iodide and FITC-Dextran were incubated for 0.5, 1, 2, and 4 hours at 37 °C and 5%
CO,. At the end of the incubation, the medium was removed and the cells were washed three
times with 1 mL HBSS. The cells were then counterstained with DAPI. Confocal and

fluorescence microscopy was then used to image the wells.

3.5.13 Statistical Analysis
Statistical analysis was assessed by analysis of variance and two-tailed student’s t-test
using Prism 5. Significance was attributed to groups with p values less than 0.05.
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Chapter 4. The Engineering of Surface
Charge Converters (SCC). Charge
Conversion via Phosphatase Triggering

4.1 Abstract

Surface charge converters (SCC) were engineered as liposomes that convert their
negative surface charges into positive surface charges by the action of a phosphatase. SCC
exploit the chemical structure of dioleoylcholinephosphate (DOCP), which is a newly synthesized
lipid that has a quaternary amine at the hydrophobic interface and a phosphate extending into the
aqueous phase [63]. This lipid is a substrate for phosphatases. It was hypothesized that
dephosphorylation of the extended phosphate could trigger charge conversion at the membrane
interface, converting the anionic head group into a cationic head group. The surface charge
conversion in an appropriate lipid composition will modulate lipid packing changes in the bilayer.
In the presence of anionic membranes, the generation of a cationic surface charge would trigger
membrane mixing, content release, and cytosolic delivery. Phosphatase catalyzed
dephosphorylation transformed the anionic DOCP into a cationic lipid with a concomitant
dramatic increase in zeta potential. Surface charge converters formulated with
phosphatidylethanolamine and cholesterol induced significant lipid mixing and content release
upon exposure to phosphatase. Triggered content release was efficient in physiological pH, while
lipid mixing was enhanced in acidic conditions by acid phosphatases. Incorporation of PEG-lipids
into the liposome composition reduced the trigger effect of the phosphatase. This tactic provides a
substantial level of cytosolic delivery of the liposome cargo into cells in culture. This observation

provides encouragement that the SCC will have applications in drug delivery.
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4.2 Introduction

Surface charge converting liposomes, termed SCC, refer to liposomes composed of
inverted phosphocholine lipids, such as DOCP, whose surface charge can be dramatically altered
from negative to positive. DOCP is a lipid characterized by an inversion of the classical
zwitterionic head group structure, with the quaternary amine positioned next to the bilayer and
the phosphate group extended towards the aqueous phase (Figure 4.1) [63]. This geometric
inversion transforms some of the biophysical properties of the lipid, producing an anionic head
group whose electrical properties are governed by the protonation state of its extended phosphate.
The extended phosphate of DOCP is readily cleaved by phosphatases, and its dephosphorylation
leads to the generation of a cationic lipid. This lipid is analogous to the cationic lipid DORI,
which has been reported to be an effective mediator of gene delivery [155, 156]. Further
understanding the consequences of this charge conversion as well as the cellular and
physiological impact would help elucidate the requirements of phosphatase-active liposomes with

a relatively simple liposome composition.
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Figure 4.1 Structural Change in the DOCP Head Group as a Result of Dephosphorylation.
DOCP has a quaternary amine positioned next to the bilayer and a phosphate group extended

towards the aqueous phase. Phosphatase catalyzed dephosphorylation of DOCP generates a
cationic lipid.
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4.3 Results and Discussion

4.3.1 Charge Conversion Mediated by Phosphatase Triggering

The zwitterionic DOCP has a negative surface charge across a wide range of pH. This is
a result of the head group inversion that positions the phosphate into the aqueous phase [63]. The
charge on the phosphate is modulated by the pH of the aqueous environment and is affected by
ionic interactions at the bilayer interface. In a buffered solution of 25 mM NaCl and 5 mM Tris-
HCI (pH 8.5), DOCP liposomes have a negative surface charge of -60+10 mV. Hence, it is
slightly more negative than the anionic phosphatidylglycerol (PG) (Figure 4.2). The zeta potential
of DOCP is probably more negative than PG because it has a doubly negatively charged
phosphate group extending into the aqueous phase and a singly positively charged quaternary
amine, resulting in a head group that has a net charge of -1 Since DOCP is a substrate for
phosphatase [63], dephosphorylation of the extended phosphate would expose the quaternary
amine adjacent to the bilayer thereby transforming the lipid from anionic to cationic. This local

increase in surface potential, from -1 to +1, results in a charge conversion of +2.

Charge conversion assays were designed to assess the effect of phosphatase triggering on
charge conversion. Charge conversion was measured by two methods: (1) the time-dependent
change in zeta potential of DOCP SCC in the absence and presence of phosphatase (Antarctic
Phosphatase, New England Biolabs, Ipswich, MA), and (2) the time-dependent change in zeta
potential of DOCP SCC treated with phosphatase as measured after lipid extraction and liposomal
reconstitution. The extraction method was used to correct for the coating of the cationic liposome
surface by the binding of the negatively charged phosphatase (pl 4.5) at pH 7.4. A tris-buffered
saline solution (25 mM NaCl, 5 mM Tris, pH 7.4) without magnesium was used to minimize the
interaction of divalent cations with phosphate groups at the bilayer interface. Divalent cations

were present in the system only when alkaline phosphatase was added. To correct for this effect,
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the zeta potential of the DOCP SCC was recorded in the presence of 0.1 mM of MgCl, and 0.01

mM of ZnCl,, Under these conditions, no significant changes in zeta potential were measured.

Exposure of DOCP SCC to alkaline phosphatase resulted in a complete conversion of the
surface charge of the liposomes. Triggered charge conversion proceeded through three surface
charge states: anionic, neutral, and cationic (Figure 4.3), and followed first-order kinetics (Figure
4.4b). DOCP SCC started off with a negative zeta potential of -60 mV. Addition of phosphatase
resulted in an initial lag phase with minimal charge conversion. Shortly after, an exponential
increase in zeta potential was observed. This burst phase, in which the SCC transitioned from an
anionic to a cationic liposome, exhibited the greatest charge conversion. The change in zeta
potential was substantial, with vesicles prepared from extracted lipids having a net gain of 81+10
mV in 1 hour. The addition of a heat inactivated alkaline phosphatase produced no change in zeta
potential, which also indicates that charge conversion proceeds through the exposure of the

guaternary amine upon dephosphorylation of the exposed phosphate.

Charge conversion was also observed in the non-extracted DOCP SCC liposomes, but the
net charge gain was lower (608 mV). This discrepancy is explained by the presence of alkaline
phosphatase in the reaction mixture. As the surface of the SCC converts from negative to
positive, the phosphatase will absorb to the newly created cationic head group and shield its
charge. This hypothesis was confirmed upon addition of phosphatase to vesicles prepared from
extracted lipids. A 155 mV decrease in zeta potential was observed. Furthermore, a decrease in
zeta potential was also observed when alkaline phosphatase was added to cationic DOTAP
liposomes, with the zeta potential decreasing from 60£5 mV to 35+5 mV. These observations
indicate that the anionic phosphatase can interact with the newly formed cationic lipid. This

results in a shielding of its positive charge, thereby decreasing the measured zeta potential.
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The charge conversion properties of DOCP are analogous to a logic switch. In the
absence of phosphatase, represented as an input of ‘0°, the system does not undergo charge
conversion and has an output of ‘0’. This is also true if the input is an inactive phosphatase, or a
different enzyme such as phospholipase A,. In the presence of phosphatase, represented as an
input of ‘1°, the system undergoes full charge conversion and has an output of ‘1°. The intriguing
logic switch characteristics of DOCP SCC could be useful for designing novel drug delivery
carriers. In the subsequent sections, | focused on understanding the characteristics of liposomes
composed of the DOCP molecular switch and exploit their convertible potential to engineer

triggerable liposomes that can collapse upon switch activation.
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Figure 4.2 Zeta Potential of Cationic, Neutral and Anionic Formulations in Comparison to
DOCP. In a 25 mM NaCl, 5 mM Tris (pH 8.5) solution, DOCP is anionic and has a zeta potential
below -60+10 mV.
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Figure 4.3 Surface Charge Transition of DOCP SCC by Alkaline Phosphatase. 100
nanomoles of DOCP SCC liposomes were incubated with 25 units of alkaline phosphatase at
37°C for 1 hour. Three surface charge states were observed as a result of charge conversion:
anionic (1), neutral (2), and cationic (3). The zeta potential starts off negative (-60 mV). Within

30 minutes of phosphatase addition, the membrane converts first into a neutral membrane and
then into positive membrane.
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Figure 4.4.Charge Conversion Progress Curves of DOCP SCC by Alkaline Phosphatase. A)
100 nanomoles of DOCP SCC liposomes were incubated with 25 units of alkaline phosphatase at
37°C in a Tris-buffered solution (pH 7.4) containing 25 mM NaCl and 5 mM Tris. The charge
conversion progress curves show an initial lag phase, followed by a burst phase. The reaction
plateaus after 30 minutes. A positive zeta potential was measured at the end of the reaction. The
extraction method showed a greater charge conversion. B) The zeta potential change as a result of
charge conversion is plotted. The change in zeta potential was substantial, with reconstituted
membranes having a net gain of 81+10 mV in 1 hour. Charge conversion was also observed for
non-extracted DOCP SCC, but the net charge gain was lower (60£8 mV).
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4.3.2 Effect of Phosphatase Triggered Charge Conversion on Content Release

Since SCC display “switch-like behavior” due to their charge conversion, they are suited
for engineering systems that can take advantage of lamellar to hexagonal phase transitions to
trigger drug release. Changes in the lipid packing of the bilayer as a mechanism to induce
lamellar to hexagonal phase transition has been successfully exploited in a number of pH
triggered systems [8, 69, 88, 151, 157]. These systems make use of lipids such as
phosphatidylethanolamine [68] and cholesterol [68, 158] to promote hexagonal phase transitions
upon a pH-triggered structural transformation of the lipid head group. Drawing parallels from
these  well-studied pH systems, it was hypothesized that SCC containing
phosphatidylethanolamine or cholesterol could be designed for charge-conversion mediated

content release.

To design stable SCC, we first had to determine if they could encapsulate small
molecules via self-assembly and passive encapsulation. We searched for formulations that had
minimal content leakage at room temperature and at 37 °C. SCC formulated with just DOCP were
found to be unsuitable for encapsulating small molecules like carboxyfluorescein (CF). The
formulation was unstable, as it lost most of its contents when purified on a size exclusion column.
This enhanced leakage effect can be partially attributed to the head group inversion of DOCP,
where the quaternary amine adjacent to the bilayer greatly affects the permeability of
encapsulated anionic solutions. In addition, DOCP is a racemic mixture of lipids, which can
influence chain packing and the stability of the liposomes [63]. The use of helper lipids such as
DOPE, POPE, and cholesterol is required to formulate stable SCC. SCC made from mixtures of
DOCP, POPE, DOPE, or cholesterol were stable and formed vesicles with average hydrodynamic

diameters of 85+10 nm.

To investigate if phosphatase triggering leads to triggered content release, SCC were

formulated encapsulating CF with different helper lipids compositions, which included
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DOCP:Chol (60:40 molar ratio), DOCP:POPE (60:40 molar ratio), and DOCP:POPE:Chol
(50:30:20 molar ratio). The SCC were tested for their ability to trigger content release by
monitoring the release of CF in the presence and absence of alkaline phosphatase (Calf Intestine
Phosphatase or Antarctic Phosphatase, New England Biolabs, Ipswich, MA). The effect of
phosphatase availability on SCC triggering was also investigated by varying the enzyme

concentration in solution.

Although a limited set of SCC formulations were tested, it was apparent that content
release could be modulated by the lipid composition as has been reported for many triggerable
systems [8, 67, 69, 88]. For instance, cholesterol is known to reduce the permeability of ions and
small polar molecules across bilayers and make liposomes less leaky [159]. Cholesterol also
produces a decrease in electrical conductance and an increase in the electrical resistance and
capacitance of phospholipid bilayers. This results in a “tighter” membrane and reduces the ability
of a number of proteins to penetrate and increase disorder within the bilayer [160, 161]. The
inclusion of cholesterol in SCC was expected to make this lipid composition more stable and less
prone to triggered content release as a result of charge conversion. SCC formulated with
cholesterol (DOCP:Chol SCC) were found to be least sensitive to phosphatase triggering as
illustrated in Figure 4.5a. Although DOCP:Chol SCC was responsive to changes in cholesterol,
the formulation exhibited the least content release. The leakage of DOCP:Chol SCC in the

presence of phosphatase (2 units/nanomole of lipid) was measured at 20+£2% after 2 hours.

SCC formulated with phosphatidylethanolamine were expected to have increased
triggered content release given the preference of phosphatidylethanolamine for the hexagonal
phase [68]. We hypothesized that the anionic DOCP would inhibit the hexagonal phase transition
of POPE. Upon phosphatase triggering, the increase in positive surface charge, as well as the
structural transformation of the head group into a more “cone-shape” structure would promote the

transition of POPE into the hexagonal phase and induce trigger content release. DOCP:POPE
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SCC had a 60% increase in content release relative to DOCP:Chol SCC (Figure 4.5b). After 2
hours, 55+5% of the content was released upon exposure to phosphatase (2 units/nanomole of
lipid). Formulating SCC with both helper lipids was hypothesized to provide enhanced triggered
content release since cholesterol is known to destabilize bilayer structures containing
phosphatidylethanolamine by promoting the formation of a hexagonal phase [69, 162, 163]. As
expected, DOCP:POPE:Chol SCC had the greatest trigger effect with over 68+10% of their

contents released (Figure 4.5c¢).

The extent of content release from SCC was dependent on the concentration of
phosphatase (Figures 4.5 and 4.6). The addition of phosphatase resulted in triggered leakage for
all concentrations tested. SCC triggered with 0.2 units of phosphatase per lipid had the least
leakage with SCC releasing less than 10% of their contents, which was not significant when
compared to the leakage of control liposomes. Increasing the concentration of phosphatase to 2
units per nanomole of lipid led to an eightfold increase in leakage across all formulations.
Interestingly, the concentration of phosphatase influenced both the leakage rate and the final
extent of contents, which suggests a product inhibition type of phenomena. The inorganic
phosphate produced as a result of dephosphorylation is known to inhibit alkaline phosphatases
[164] and can partially explain the inhibition phenomena observed. It is also possible that as the
system charge converts the phosphatases associate with patches of cationic lipids and is thereby
removed from the reaction. Further experimentation is needed to support these hypotheses.
Nevertheless, the fact that inactivated phosphatases did not trigger content release indicates that

the leakage effect is a result of phosphatase catalyzed dephosphorylation.

Although this data provides evidence that indicates that SCC can be designed for
phosphatase triggered release, further experimentation is needed to fully characterize the impact
of lipid composition and phosphatase concentration on the triggered release kinetics of SCC.

Factors that can influence SCC content release include: the rate of dephosphorylation, which is
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dependent on the type of phosphatase (alkaline, acidic, tyrosine protein phosphatase, ser/thr
protein phosphatase, etc.), the temperature of the media, the bilayer packing of SCC as a result of
the lipid chain lengths in the bilayer the ratio of helper lipids to inverse PC, the rate of lipid
aggregation rate as a result of divalent cations in solution, and the concentration of SCC
liposomes in solution. This last point is of critical importance since bilayer destabilization
requires inter-bilayer contact [68, 70]. Thus, studying the effect of liposome concentration on
content release of SCC can provide further explanation of the roles of lipid aggregation, SCC
destabilization, and membrane fusion. Finally, leakage of SCC under an osmotic gradient could
provide further insights into the elastic deformation and critical failure of SCC carriers [165,
166]. Understanding these effects will provide additional information to enable engineers to

optimize SCC formulations.
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Figure 4.5: Content Release of SCC Formulations Triggered by Alkaline Phosphatase. SCC
composed of DOCP:Chol (60:40 molar ratio), DOCP:POPE (60:40 molar ratio),
DOCP:POPE:Chol (50:30:20 molar ratio)) were tested for their ability to trigger content release.
Each SCC formulation encapsulated 100 mM CF. The release of CF from SCC was monitored in
the presence and absence of alkaline phosphatase. Heat inactivated alkaline phosphatase (AP
Inactive) was tested in all formulations and found to have no significant effect on triggering. The
concentration of phosphatase is given as enzyme units per nanomole of lipid (unit/nmol). Content
release experiments were performed at 37 °C in a Tris-buffered solution containing 145 mM
NaCl, 5 mM Tris, and 0.1 mM MgCl, (pH7.4).
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Figure 4.6 Effect of Lipid Composition on Triggered Release of SCC. SCC formulations
containing phosphatidylethanolamine had the greatest content release, with DOCP:POPE:Chol
SCC exhibiting the most leakage. The extent of content release from SCC upon phosphatase
addition was monitored over 2 hours. Content release experiments were performed at 37 °C in a
Tris-buffered solution containing 145 mM NacCl, 5 mM Tris, and 0.1 mM MgCl, (pH7.4).
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4.3.3 Effect of PEG Shielding on Triggered Content Release

Sterically protective polymers, such as PEG, are covalently incorporated onto the bilayer
to prolong the circulation time of liposomes [9, 32, 46] as they reduce the adhesion energy
between liposomes and cells. Several triggerable liposomes have been designed by incorporating
cleavable PEG lipids into the bilayer. These lipopolymers were reported to provide control for
triggering alterations by pH, redox potential, and protease activity [71, 75, 79, 167, 168].
Furthermore, sterically protective polymers have been reported to suppress the binding of
proteins on triggerable nanoparticles [71, 168]. However, there have also been reports of
nanoparticles that make use of sterically protective polymers to enhance the trigger effect of
enzymes like phospholipase [74, 75, 77, 169, 170]. It is thus of interest to understand what effect
PEG shielding would have on triggering of SCC. Since the triggering mechanism of SCC relies
on charge conversion at the bilayer interface, it was hypothesized that the incorporation into the
bilayer of sterically protective polymers, like PEG, would result in a reduction of triggered

content release.

To study this, DOCP:POPE (60:40 molar ratio) SCC encapsulating CF were formulated
with 0%, 1% , 5%, and 10% PEG-DSPE lipid and were tested for phosphatase triggered content
release, as described in section 4.3.2. It was observed that the effect of PEG inhibition is
dependent upon its surface concentration (Figure 4.7). In the absence of PEG, SCC showed
phosphatase dependent triggered release with SCC releasing 40% of their content in 1 hour
(Figure 4.7d). Increasing the PEG mole ratio in the liposome to 1% reduced the trigger response
by 50%, with SCC releasing 20% of their content in 1 hour. Increasing the PEG mole
concentration to 5% dramatically reduced the trigger effect with SCC releasing only 7% in 1
hour. The extent of content release in SCC modified with PEG was also affected by the
concentration of phosphatase. Increasing the concentration of phosphatase in the reaction mixture

led to an increase in content release for all formulations that contained less than 10 mol% PEG.
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Formulations with 10% PEG were found to be the most stable and were not affected by changes
in phosphatase concentration. This suggests that PEG can be used to effectively modulate the
triggered content release of SCC. Further experiments are required to determine if PEG also
inhibits dephosphorylation and charge conversion of SCC. This can be readily done by
guantifying the release of phosphates from pegylated SCC carriers when exposed to
phosphatases. It would also be interesting to determine whether the effect is consistent across
different types of phosphatases. The use of PEG as a modulator of phosphatase triggering is an
important result of this study and has important implications for the design of in vivo SCC

therapeutics for systemic administration.
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4.3.4 Effect of Phosphatase Triggered Charge Conversion on Lipid Mixing

Surface charge converters would be particularly useful if they can mediate lipid mixing
and endosomal or lysosomal escape. In order to do so, they must be effective at fusing with
anionic membranes. Because charge conversion occurs at the head group, it was hypothesized
that upon dephosphorylation the exposed cationic head group could mediate ion pairing with

anionic membranes, and trigger membrane fusion.

To investigate if SCC are capable of mediating fusion with anionic membranes,
fluorescence lipid mixing assays were performed in a FluoroLog-3 spectrofluorometer (Horiba
Jobin Yvon, Edison, NJ). Lipid mixing was measured by fluorescence energy transfer [131] using
a mixture of unlabeled (DOCP:DOPE in a 60:40 ratio) SCC and labeled anionic liposomes
(POPG:DORPE in a 60:40 ratio with 1 mol % of both NBD-PE and Rho-PE). The liposomes were
mixed at a 9:1 molar ratio and suspended in an acidic (pH 5.0) or a buffered solution (pH 6.8-
7.4). Phosphatase was then added to the medium and the rate of lipid mixing was monitored for
1500 seconds by measuring the intensity change of NBD at 520 nm. Fluorescence intensity

changes were normalized to the maximum fluorescence observed after surfactant lysis.

The rate of lipid mixing by SCC was greatest in acidic environments (pH 5.0), and in the
presence of acid phosphatases (Figure 4.8). Significantly reduced lipid mixing was observed at
physiological or alkaline pH. Both alkaline phosphatases tested, human alkaline phosphatase
(Alkaline Placental Phosphatase Type XXIV, Sigma-Aldrich, St. Louis, MO) and calf intestine
phosphatase (CIP, New England Biolabs, Ipswich, MA), had minimal effect on lipid mixing of
SCC (Figure 4.8b). CIP was unsuccessful at mediating lipid mixing. HAP was able to mediate
mixing to a greater extent than CIP, but the effect was small. Acid phosphatases (Sweet Potato
Acid Phosphatase, Sigma-Aldrich, St. Louis, MO) were effective at triggering SCC and
mediating lipid mixing. Triggering of SCC by acid phosphatase at pH 5 resulted in substantial

lipid mixing. The extent of lipid mixing was measured at 50+10% and occurred relatively fast
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(Figure 4.8a). Also, no significant lipid mixing was observed in the presence of heat-inactivated
phosphatases. The findings suggest that triggered fusion is modulated by charge conversion as a

result of phosphatase catalyzed dephosphorylation.

Further experimentation is needed to fully understand the effect of pH and phosphatase
type on fusion of SCC liposomes. It is possible that lipid mixing is limited at neutral pH by the
surface association of the negatively charged phosphatase with the newly formed cationic head
group. This would shield the cationic patches on the surface of the SCC and limit their ion pairing
with anionic vesicles. The isoelectric point of the phosphatases tested (pl 4.5-5) suggest that this
shielding effect would be more pronounced at neutral pH. It is also possible, however, that a
protein mediated fusion event is the cause for the accelerated rate of lipid mixing observed at
acidic pH. Further experiments are required to test this hypothesis. Nevertheless, the data
indicates that acid and alkaline phosphatases can mediate lipid mixing between SCC and anionic
membranes. Hence, SCC might be able to fuse with endosomes or lysosomes and mediate

cytosolic delivery of drugs.
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4.3.5 Cytotoxicity of SCC in cultured cells

The unique biophysical properties of DOCP raised the prospect that this lipid might be
useful for cytosolic delivery of SCC liposome contents. As a first toxicity screen, we examined
the effects of DOCP SCC on the metabolic activity of B16F10 and HeLa cells using the MTT
assay. No significant difference in cell toxicity, as compared to POPC, was observed at
concentrations lower than 100 uM (Figure 4.9). Moreover, SCC showed no detectable cytotoxic

effects at the highest concentration tested (200 uM) where the cell viability was 80+10%.

4.3.6 Cellular uptake of SCC in cultured cells

To quantify the extent of uptake between SCC and control liposomes, flow cytometry
studies were performed on a FACSarray system (Becton Dickinson, CA). Fluorescently labeled
DOCP SCC, cationic DOTAP, anionic POPG and zwitterionic POPC liposomes with 0.5 mol%
Rho-PE were prepared by sonication and extrusion methods. B16F10 cells (0.5 x 10°) were
seeded in glass bottom dishes and grown to 70% confluency. Liposomes were then added to cells
and incubated for 1, 2, 4, and 6 hours. After the incubation period, the unbound liposomes were
removed from the cells by washing three times with HBSS media. After removal of unbound
liposomes, the cells were detached from cell culture plates using calcium and magnesium free
HBSS media and analyzed by FACS analysis. Cells were gated on FSC/SCC (forward scatter/
side scatter) to remove debris. The fluorescence from SCC containing Rho-PE was then measured
using the mCherry emission channel. FACS analysis showed a time-dependent uptake for all
formulations (Figure 4.10a). SCC had an accelerated rate of cellular association in the first 2
hours, followed by a slow increase over time. Interestingly, SCC showed greater accumulation
than zwitterionic POPC at all time points, but reduced accumulation compared to anionic POPG
liposomes and cationic DOTAP liposomes. The quantitative difference in uptake measured using

FACS was confirmed by more qualitative measurements using fluorescence microscopy (Figure
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4.10b-e). Fluorescence microscopy was performed using a Nikon Eclipse TS100 fluorescence
microscope (Nikon, Tokyo, Japan), using the following filters: FITC (Excitation: 460 nm,
Emission: 510 nm) and Texas Red (Excitation: 532 nm, Emission: 605 nm). Images were
captured with a Spot RT MonoChrome digital camera using a 20X objective. DOTAP liposomes

exhibited the highest level of cell associated liposome signal (Figure 4.10g).

4.3.7 Cytosolic delivery of FITC-Dextran by SCC

The ability of the SCC to charge convert, and fuse with adjacent anionic membranes in
the presence of acidic phosphatases provides a valuable method for endosomal or lysosomal
escape. In addition, the susceptibility towards acid phosphatase provides an enzyme trigger in
diseases where phosphatases are upregulated such as prostate [138] and cervical cancer [139].
Hence, SCC could be useful carriers for siRNA or nucleic acid if they can effectively mediate
cytosolic delivery. In order to do so, SCC need to be formulated with lipids that can promote
lamellar to hexagonal phase transitions subsequent to the ion pairing of the newly generated
cationic lipid and anionic lipids in the endosome or lysosome [171]. It was hypothesized that
SCC formulated with DOCP, cholesterol, and phosphatidylethanolamine would be effective at
mediating cytosolic delivery of macromolecules since acid phosphatases in the endosome would
expose the cationic group needed for ion pairing with anionic phospholipids and the additional
lipids, cholesterol and phosphatidylethanolamine, would promote a lamellar to hexagonal phase

transition.

To test this hypothesis, FITC-Dextran was encapsulated in SCC. As a first screen, three
SCC formulations were tested: DOCP:Chol (60:40 molar ratio), DOCP:DOPE (60:40 molar ratio)
and DOCP:DOPE:Chol (40:30:30 molar ratio); all of which contained 0.5 mol% Rho-PE in the

bilayer. FITC-Dextran was encapsulated by the reverse-phase evaporation method [172] for
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achieving a high encapsulation efficiency and obtain a good payload for delivery. SCC containing
FITC-Dextran were removed from FITC-Dextran by Sephadex G-75 gel filtration. FITC-Dextran
SCC were then incubated with HeLa cells for various times and imaged for cytosolic delivery.
Non-associated liposomes were removed from cells by washing three times with HBSS prior to

imaging.

Cytosolic delivery of FITC-Dextran is assumed to have occurred if a diffuse and
widespread fluorescent signal is observed throughout the cell. Cytosolic delivery of FITC-
Dextran was observed in formulations containing phosphatidylethanolamine: DOCP:DOPE SCC
and DOCP:DOPE:Chol SCC. DOCP:Chol SCC were unable to generate the diffuse cytoplasmic
fluorescence. SCC formulations containing both DOPE and SCC showed the greatest cytoplasmic
delivery (Figure 4.11). The delivery of FITC-Dextran was observed to be time-dependent. A
minimum of 4 hours was required for a cytoplasmic delivery event to be observed. Earlier time
points were characterized by a punctate green fluorescence which was co-localized with the Rho-
PE probe of the SCC. This was evidence that the liposome and contents resided in intracellular
compartments. After 4 hours, the extent of cytosolic delivery increased and achieved a maximum

for overnight incubations (Figure 4.12).

At later time points, the fluorescently-labeled SCC preferentially accumulated in the
perinuclear space of cells (Figure 4.12). This suggests that the SCC were sorted to lysosomal
compartments. Moreover, the time lag prior to observing a strong diffuse FITC-Dextran signal in
the cell suggests that acid phosphatases in the lysosome might be responsible for the triggering
event that leads to cytoplasmic delivery. In addition, the extensive time delay between uptake and
cytosolic delivery suggests that the local concentration of phosphatases is lower than needed for
SCC to effectively charge convert. This is further supported by reports describing changes in the
expression level of acid phosphatases as a result of cell cycle. The expression of acid

phosphatases in HelLa cells appears to be greater during nuclear division than during interphase

109



[173]. Also, the lysosomal membrane becomes more permeable during cell division. Both of
these factors could be responsible for the enhanced cytosolic delivery of FITC-Dextran observed

at later time points. Further experiments are necessary to validate this hypothesis.

It is also a possibility that SCC might charge convert but the intracellular membrane may
not have the appropriate anionic membrane composition that is fusion competent until the
liposomes traffic to the perinuclear and presumably lysosomal location. Additional studies are
needed to more precisely identify the compartments in which delivery occurs. Nevertheless, the

potential of SCC as mediators of cytosolic delivery has been validated.

110



1001 !—l—!.!_i.i.? z — DOCP HelLa

] — POPC Hela

1 — DOCP B16F10
— POPC B16F10

Cell Viability (%)

10-—|—rrrnn|—l—rrrmr|—l—rrrrm|—l—rrrrm|—l—rrrrm|—l—rrrnn|
0.001 0.01 0.1 1 10 100 1000
Concentration [uM]

Figure 4.9 Cytotoxicity of DOCP SCC in Cultured Cells. DOCP SCC liposomes showed low
levels of cytotoxicity as reveled by the MTT assay. B16F10 and HeLa cells were seeded into 96-
well plates at a density of 9,000 cells per well and cultured for 24 hours. After 24 hours, the cell
culture medium was replaced and the cells were incubated with increasing liposome
concentration. Following a 24 hour incubation, the cells were analyzed for cytotoxicity using the
MTT assay. Relative viability was calculated using 0% (wells without cells) and 100% (wells
with untreated cells) controls. Data is presented as an average of four measurements.
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Figure 4.10: Cellular Association of DOCP SSC. A) B16F10 cells were incubated with 50
nanomoles of liposomes for 1, 2, 4, and 6 hours at 37°C and 5% CO,. Cell association was then
measured by FACS. A minimum of 10,000 events were collected by list-mode that consisted of
side scatter, forward scatter, and fluorescence (mCherry) emission. The time-dependent uptake of
fluorescently-labeled liposomes in B16F10 as measured by FACS is plotted. B-E) Fluorescence
images of uptake in B16F10 cells are shown. A qualitative difference in uptake was apparent by
fluorescence microscopy. Images of POPC (B), DOCP (C), POPG (D), and DOTAP (E) labeled
with 0.5 mol% of Rho-PE are shown after a 2 hour incubation.

112



Rho-PE FITC-Dextran Merged

Figure 4.11 Efficiency of Cytosolic Delivery of FITC-Dextran by SCC Formulations. HelLa
cells were incubated with 50 nanomoles of SCC for 4 hours at 37°C and 5% CO, SCC
encapsulating 1 mM FITC-Dextran were formulated with DOCP:Chol (60:40 molar ratio) (A-C),
DOCP:DOPE (60:40 molar ratio) (D-F), and DOCP:DOPE:Chol (40:30:30 molar ratio) (G-I).
The fluorescent lipid Rho-PE (0.5 mol%) was used as liposomal marker (A, D, G).
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Rho-PE FITC-Dextran DAPI Merged

Figure 4.12: Cytosolic Delivery of FITC-Dextran after 24 Hours. Confocal images show
uptake of SCC and cytoplasmic delivery of the macromolecule FITC-Dextran at 40x (A-D), 63x
(E-H), and 100x (I-L) magnification. HelLa cells were incubated with 50 nanomoles of
DOCP:DOPE:Chol (40:30:30 molar ratio) SCC encapsulating 1 mM FITC-Dextran (10kd) for 24
hours at 37°C and 5% CO,. SCC were labeled with fluorescent lipids Rho-PE (0.5 mol%). A
perinuclear localization is observed for SCC (A, E, I). Cytoplasmic delivery of FITC-Dextran is
observed in most imaged cells (B, F, J). Dapi was used to stain the nuclei of the cells (C, G, K).
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4.3.8 Towards the Design of Lipid-based Logic Gates

The molecular switch behavior of DOCP and the extended position of its phosphate
provide a template for rationale trigger design. Subsequent modifications to the phosphate group,
such as esterification, could provide greater trigger control of drug release, in addition to a second
“logic” component. This is illustrated for instance in DOCPe, which is structurally analogous to
DOCP but contains a phosphoester in place of the phosphate. DOCPe is a substrate for esterases
but not a good substrate for phosphatases. However, when the ethyl group is removed by an
esterase, the resulting DOCP becomes a substrate for a phosphatase. As a result, the system’s
dynamics of DOCPe mimics those of an “AND” gate, which is a logical conjunction that results

in a “true” or a “1” if both of its inputs are “true”, otherwise it results in a “false” or “0”.

Charge conversion experiments with DOCPe were performed to confirm this “AND”
gate behavior. At physiological pH and in a buffered solution of 25 mM NaCl and 5 mM Tris (pH
7.4), the lipid has a zeta potential of -25£7 mV [63]. Addition of esterase (Porcine Liver Esterase,
Sigma Aldrich, St. Louis, MO) hydrolyses the ester in the phosphate group, lowering the surface
charge to -60 mV, which is in accordance with the zeta potential of DOCP. Addition of
phosphatase hydrolyses the head group phosphate and results in a similar charge conversion
effect to DOCP as was illustrated in Figure 4.4. Thus, DOCPe SCC exhibit AND logic. If neither
or only one of its inputs, phosphatase or esterase, is present in the reaction no charge conversion
occurs and the system has an output of 0. However, if both of its inputs are present, then charge
conversion proceeds and a cationic head group is generated. Hence the system has an output of 1.
The potential for a double trigger is attractive since it could help overcome some of the
limitations that DOCP SCC liposomes would have upon systemic administration. For instance, in
prostate cancer, the high levels of prostatic acid phosphatase in circulation would induce
premature drug release from DOCP SCC. However, premature drug release could be overcome

with a system like DOCPe SCC which requires two inputs for triggering. This provides increased
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trigger control, as well as a greater opportunity for DOCPe SCC liposomes to extravasate from
circulation and accumulate in the tumor site. Thus, DOCPe SCC could be advantageous for
minimizing off target effects in brain drug delivery since both esterases and alkaline phosphatases
are over expressed in malignant brain tumors [174, 175]. Nevertheless, SCC are inherently

limited for applications in which both levels of enzymes are over expressed in circulation.

4.4 Conclusion

SCC liposomes can be engineered with inverse-phosphocholine lipids for triggered
charge conversion by phosphatases. The charge conversion properties of the system are
analogous to the behavior of a logic switch, and are thus suitable for switching bilayers from
lamellar to hexagonal phase when phosphatidylethanolamine lipids are present in the bilayer.
Furthermore, this switch-like behavior facilitates triggered release and membrane mixing from
SCC liposomes containing hexagonal phase competent lipids such as DOPE, POPE and Chol.
SCC liposomes were effective at mediating cytosolic delivery of FITC-Dextran. Their low
cytotoxicity and enhanced delivery properties make SCC liposomes a candidate for further in vivo

delivery of genes, proteins, and siRNA.

SCC liposomes can also exhibit “AND” logic. This was demonstrated by formulating
SCC with DOCPe, which requires the presence of both esterases and phosphatases for mediating
an anionic to cationic conversion. Surface charge converters capable of “AND” logic are an
attractive platform for designing carriers capable of sensing and distinguishing between different
cellular zip codes. Efforts to improve SCC should be focused on optimizing the carrier

composition and potentially incorporating additional stimulus responsive triggers into the bilayer.
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4.5 Materials and Methods
4.5.1 Reagents

1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine  (POPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
1-palmitoyl-2-oleyl-sn-glycero-3-phosphoglycerols (POPG), 1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt) (DOTAP), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-PE) were obtained from Avanti Polar
Lipids Inc. (Alabaster, Alabama). 5-FAM (carboxyfluorescein) was obtained from Anaspec (San
Jose, CA). 3B-Hydroxy-5-cholestene (CHOL), and fluorescein isothiocyanate-dextran (FITC-
Dextran, MW 10,000) were obtained from Sigma-Aldrich (St. Louis, MO). Solvents were
purchased from VWR Scientific. All other chemicals were purchased from Sigma Aldrich. All
reagents and solvents used were of analytical or HPLC grade. HPFC column purifications were
performed on a Reveleris Flash System (Grace Division Biosciences) with pre-packed
GraceResolv silica cartridges (67 A, 40.5 pm). All buffers were made with MilliQ water and

subsequently filtered through 0.1 uM filters.

4.5.2 Synthesis and Purification of DOCP

DOCP was synthesized by E. Perttu as previously described [63]. A 20 mM stock
solution was then prepared in chloroform from stock material. A yellow color was visible in the
solution suggesting trace amounts of iodine. As a result, the solution was extracted into
chloroform in the presence of 20 mM sodium bisulfate. Briefly, 1 mL of 20 mM stock solution in
chloroform was mixed with 1 mL of MeOH and 0.9 mL of 10 mM sodium bisulfate solution (pH
7.4). The solution was shaken and vortexed, and allowed to phase separate at -20 °C for 24 hours.
The agueous phase was removed and the organic phase was collected and dried by rotary
evaporation and placed under high vacuum. Finally, the lipid film was re-suspended in water and
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lyophilized. After lyophilization, a 20 mM stock solution was prepared and kept under argon at -

20 °C.

4.5.3 Vesicle Preparation for Charge Conversion, Leakage and Lipid Mixing

Lipid stock solutions were prepared in chloroform (CHCI;). Prior to use, glassware was
rinsed in methanol (MeOH) and CHCI; and then dried. Liposomes were prepared by combining
chloroform solutions of POPC in borosilicate glass tubes and drying them under reduced pressure
using rotary evaporation. Residual solvent was removed overnight under high vacuum. For
charge conversion assay, lipid films were rehydrated in buffer containing 25 mM NaCl and 5 mM
Tris (pH 7.4). For leakage and lipid mixing assays, lipid films were hydrated in buffer, containing
145 mM NaCl and 5 mM Tris (pH 7.4), by intermittent vortexing and sonicated for 10 minutes
under argon. Defined diameter liposomes were then formed by extruding 10 times through 100
nm polycarbonate membranes using a hand-held extruder (Avestin, Ottawa, Canada). Labeled
liposomes for lipid mixing contained 1 mol % of NBD-PE and Rho-PE and were also prepared in
buffer 145 mM NaCl and 5 mM Tris (pH 7.4). Liposomes containing CF were prepared as
previously described [135]. Lipid formulations of POPC were dried down from chloroform stock
solutions in a test tube to form a thin film. The thin film was rehydrated in a 100 mM CF solution
containing 5 mM Tris buffer (pH 7.4). The solution was then sonicated for 10 minutes under
argon, and the liposomes were extruded through 100 nm polycarbonate membranes. Free CF was
removed by size exclusion chromatography (PD-10 sephadex column; GE Healthcare,
Piscataway, New Jersey). The mobile phase for separation consisted of a 5 mM Tris buffer with
145 mM NaCl, pH 7.4. The encapsulated CF liposomes were capped with argon. All liposome

preparations were sized using dynamic light scattering.
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4.5.4 Triggered Charge Conversion Assay

Charge conversion was measured by two methods: (a) the time-dependent change in zeta
potential of DOCP liposomes in the absence and presence of phosphatase, and (b) the time-
dependent change in zeta potential of DOCP lipids treated with phosphatase as measured after
lipid extraction and liposomal reconstitution. The method for (a) is as follows: 1 mL 100 puM
DOCP liposome solutions were prepared in a 25 mM NaCl, 5 mM Tris buffer (pH 7.4) and
placed in a glass cuvette. The solution was then warmed to 37 °C and 5 pL of Antartic
Phosphatase (New England Biolabs, Ipswich, MA) was added to the solution. The reaction was
allowed to proceed for set periods of time. Zeta potential measurements were collected at 0, 1, 2,
5, 10, 15, 20, 30, 45, and 60 minutes. To control for enzyme effects on zeta potential, charge
conversion assays were run in the presence of denatured phosphatase. To do so, 5 pL of Antartic
Phosphatase was added to 1 mL of 25 mM NaCl, 5 mM Tris buffer (pH 7.4) and the solution was
heated in a glass vial for 20 minutes at 100 °C. The solution was then placed in a temperature
controlled incubator and allowed to cool over 10 minutes to 37 °C. DOCP liposomes were then

added to a final concentration of 100 uM and zeta potential was measured for each time point.

The method for (b) is as follows, 5 pL of Antartic Phosphatase was added to a 1 mL
solution of 100 uM DOCP SCC solution that was prewarmed to 37 °C. The reaction was allowed
to proceed for the given time intervals : 0, 1, 2, 5, 10, 15, 20, 30, 45, and 60 minutes. The
reaction was stopped by extracting the liposomes in an organic:aqueous solution consisting of 1.1
mL chloroform, 1.1 mL methanol, and 1 mL liposome solution. The extracted solution was
vortexed for 90 seconds and placed at -20 °C. The solution was allowed to phase separate, with
the lipids partitioning into chloroform. The aqueous phase was removed by pipetting and
transferred into a new vial. The solvent was then removed by rotary evaporation. The resulting

thin lipid film was rehydrated in 1 mL of 25 mM NaCl, 5 mM Tris buffer (pH 7.4). The lipid
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mixture was then sonicated for 10 minutes and the zeta potential for each time point was

measured.

Charge conversion was calculated as the change in zeta potential relative to the initial
zeta potential at the start of the incubation. Reported are the mean results of three separate lipid
extractions, with 10 zeta reads as minimum. All zeta potential measurements were done with a

zeta dip cell using a Zetasizer Nano-ZS (Malvern, Worcestershire, UK).

4.5.5 Phosphatase Triggered Content Release

100 nanomoles of SCC were re-suspended in 2 mL buffer containing 145 mM NaCl, 5
mM Tris and 0.1 mM MgCI2 (pH 7.4), and stirred at 37 °C in the presence or absence of
phosphatase. The assays were done in either a FluoroLog-3 spectrofluorometer (Horiba Jobin
Yvon, Edison, NJ) equipped with a temperature controlled stage (LFI-3751) and a 450-W xenon
light source and a magnetic stirrer or in a TECAN multi-plate reader with built-in shaker. For all
experiments, the temperature stage and buffers were warmed to 37 °C 10 minutes prior to the start
of the run. A baseline reading was first done to determine the emission minimum of the solution.
Then, alkaline phosphatase (Calf Intestine Phosphatase (CIP) or Antarctic Phosphatase (AP)) was
added in different amounts to the solution and the intensity change was recorded over time. The
release of CF from the liposomes was monitored, with the excitation and emission wavelengths
set to 485 nm and 520 nm, respectively. Runs were done in triplicate and data was analyzed in
Matlab. For all experiments, percent CF leakage values were calculated by measuring the total CF
released, and normalized to the maximum intensity after the liposomes were lysed with C12E10

surfactant and adjusted for background fluorescence as follows:

CFintensity(V)—background (V)

CF(V) = detergent(V)—background(V)

where V represents emission wavelength.
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4.5.6 Phosphatase Triggered FRET Lipid Mixing

Membrane fusion was measured by changes in fluorescence intensity resulting from
fluorescence resonance energy transfer between the head group labeled probes NBD-PE and Rho-
PE as previously described [136] using a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon,
Edison, NJ). Two sets of liposomes set were prepared: unlabelled DOCP:DOPE (60:40 ratio)
liposomes, and labeled POPG:DOPE (60:40) liposomes with 1% mol NBD-PE and Rho-PE. Two
buffers were primarily used during the assay and adjusted for the different pH: a Tris-buffered
solution containing 145 mM NaCl, 5 mM Tris (pH 7.4) and a Citrate-buffered solution containing
145 mM NaCl, 5 mM citrate (pH 5.5). A mixture of unlabeled and labeled liposomes at a 9:1
molar ratio of 100 pM total lipid concentration were re-suspended in 2 mL of buffer. The samples
were placed incubated at 37 °C for 10 minutes before the start of the run while stirring. The
baseline NBD emission was first recorded, and then alkaline (Calf Intestine Phosphatase (CIP),
New England Biolabs, Ipswich, MA and Human Alkaline Phosphatase Type XXIV, Sigma
Aldrich, St. Louis, MO) or acidic phosphatase (Acid Phosphatase from Sweet Potato, Sigma
Aldrich, St. Louis, MO) at a concentration of 2 units per nanomole of lipid was added to the
solution. The change in NBD emission intensity was then monitored with excitation wavelength
set to 467 nm and emission at 520 nm, with slits at 3 nm. Lipid mixing was then calculated by
measuring the change in NBD fluorescence intensity, and normalized to the maximum intensity
after the liposomes were lysed with Cy,E;, surfactant, and adjusted for background fluorescence

as follows:

NBDintensity(V) — background (V)

Lipid Mixing (V) =
ipid Mixing (V) detergent(V) — background (V)

where V represents emission wavelength

Background fluorescence from vesicles containing 1 mol % of NBD-PE and Rho-PE in a

1:9 mixture with non-probe-containing vesicles was set to 0% lipid mixing and 100% lipid
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mixing was set to 100% lipid mixing. The addition of phosphatase did not alter the fluorescence

of the probes.

4.5.7 Cell Culture

B16F10 murine melanoma cell and HeLa cell line were obtained from the UCSF Cell
Culture Facility. B16F10 cells were maintained in RPMI 1640 medium containing 10% (v/v)
CultraPure fetal bovine serum (Axenia Biologix, Dixon, CA), 25 mM hepes and 1% penicillin-
streptomycin. HelLa cells were maintained in Eagle Modified media containing at least 10% (v/v)
CultraPure fetal bovine serum, 5 mM Hepes, and 1% penicillin-streptomycin. Cells were cultured
with complete medium at 37 °C in a humidified atmosphere of 5% CO, in air. Media was filtered
through a 0.1 uM filter prior to use. Experiments were performed with cells harvested from

subconfluent cultures using 0.05% trypsin and re-suspended in complete medium prior to plating.

4.5.8 Microscopy

Fluorescence microscopy was performed using a Nikon Eclipse TS100 fluorescence
microscope (Nikon, Tokyo, Japan), using the following filters: FITC (Excitation: 460 nm,
Emission: 510 nm) and Texas Red (Excitation: 532 nm, Emission: 605 nm). Images were
captured with a Spot RT MonoChrome digital camera using a 20X objective. Spot software
(Diagnostic Instruments, Sterling Heights, MI) was used for data capture and Image J was used

for post processing overlays and pseudocoloring.

Spinning disk confocal images were acquired using a Zeiss Axiovert 200 M microscope
with a 40x/1.3 NA oil objective, a 63x/1.4 NA oil objective, or a 100x/1.4 NA oil objective,
Andor iXon 887 EMCCD Camera, Prior Proscan Il stage, Yokogawa CSU-10 spinning disk with

488 nm and 561 nm laser lines modulated by a Neos AOTF (Solamere Technology Group, Salt
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Lake City, Utah). Cells were kept at 37 °C using a Zeiss objective and sample heater. Metamorph
(Molecular Devices, Sunnyvale, CA) was used to control the microscope, as well as for image

acquisition and processing.

4.5.9 Cytotoxicity Assay

Cytotoxicity of liposomes was determined by the MTT assay (Sigma, St. Louis, USA).
B16F10 and HelLa cells were seeded into 96-well plates at a density of 9,000 cells per well and
cultured for 24 hours. After 24 hours the cell culture medium was replaced and the cells were
incubated with increasing liposome concentration in 100 pL cell culture medium. After a 24 hour
incubation, the medium was replaced by RPMI 1640 containing 0.5 mg/mL MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (Sigma, St. Louis, USA). After 4 hours
incubation at 37 °C, the medium was aspirated and formazane crystals were dissolved in
200 puL. DMSO per well. Measurements were taken using a micro plate reader at a wavelength of
570 nm, with a background correction at 690 nm. Relative viability was calculated using 0%
(wells without cells) and 100% (wells with untreated cells) controls, and data is presented as an

average of four measurements.

4.5.10 Liposome Uptake Assay

B16F10 cells (0.5 x 10°) were plated separately in Fluorodish glass bottom dishes (World
Precision Instruments, Sarasota, FL) and grown to 70% confluency at 37 °C and 5% CO; in
medium (RPMI 1640 with 10% (v/v) FBS). The cell monolayer was rinsed with FBS-free
medium and then medium containing 50 nanomoles of fluorescently-labeled liposomes with 0.5
mol% Rho-PE was added. Cells were incubated for 1, 2, 4, and 6 hours at 37 °C and 5% CO,.

Fluorescence microscopy was then used to image the wells. Flow cytometric analysis (FACS
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analysis) for liposomes fluorescence was also performed using a FACSArray BioAnalyzer system
(Becton Dickinson, CA). A minimum of 10,000 events were collected by list-mode data that
consisted of side scatter, forward scatter and fluorescence (green, yellow, mCherry, DsRed)
emission. Data was analyzed using FlowJo software (Ashland, OR). The geometric mean of
mCherry emission was used to quantify the amount of liposomal uptake at different time points

and for the different lipopeptide surface densities.

4.5.11 FITC-Dextran Cytosolic Delivery Assay

DOCP, DOPE, POPE, and Chol stock solutions were prepared in chloroform and used for
liposome formulations. 0.5 mol% Rho-PE was added to all solutions. Lipids were dried by a
combination of rotary evaporation and high vacuum, and hydrated in buffer containing FITC-
Dextran by reverse phase evaporation method (REV) as previously described [67, 172]. Briefly,
lipid films were prepared from lipid stock solutions and dried down by rotary evaporation and
overnight vacuum treatment. The films were rehydrated in 1 mL of diethyl ether (distilled over
sodium bisulfate). The solution was sonicated for 60 seconds under argon, and vortexed. Then,
0.5 mL of a 50 mM solution of FITC-Dextran (10kd MW) containing 145mM NaCl, 5mM Tris
(pH 7.4) was added. The resulting emulsion was sonicated for 2 minutes, and vortexed. Then, the
emulsion was evaporated in a rotary evaporator at 37 °C under reduced pressure until a stable gel
formed. Upon gel formation, the solution was briefly vortexed and treated again by rotary
evaporation until a gel to liquid transition occurred. All liposomal formulations were extruded
through 200 nm pores. Free FITC-Dextran was then removed by Sephadex G-75 (1 x 20 cm) gel
filtration. The mobile phase for separation consisted of a 5 mM Tris buffer with 145 mM NaCl

(pH 7.4).
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For delivery assays, B16F10 cells (0.5 x 10°) or HelLa cells were plated in Fluorodish
glass bottom dishes (World Precision Instruments, Sarasota, FL) and grown to 70% confluency at
37 °C and 5% CO, in medium (RPMI 1640 with 10% (v/v) FBS). The cell monolayer was rinsed
with FBS-free medium and medium containing 50 nanomoles of liposomes was added. Cells
treated with liposomes encapsulating FITC-Dextran were incubated at 37 °C and 5% CO, up to 24
hours. At the end of the incubation, the medium was removed and the cells were washed three
times with ImL HBSS. The cells were then counterstained with DAPI. Confocal and fluorescence

microscopy was then used to image the wells.
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Chapter 5: Mathematical Insights for
Brain Drug Delivery by Local
Convection and Retro-Convection

5.1 Abstract

Delivery of drugs and macromolecules into the brain is a challenging problem, due in
part to the blood-brain barrier. In this chapter, we focus on the possibilities and limitations of two
infusion techniques devised to bypass the blood-brain barrier: convection enhanced delivery
(CED) and retro-convection enhanced delivery (R-CED). CED infuses fluid directly into the
interstitial space of brain or brain tumor; whereas R-CED removes fluid from the interstitial space
which results in the transfer of drugs from the vascular compartment into the brain or brain
tumor. Both techniques have shown promising results for the delivery of small and
macromolecules into large volumes of tissue. Theoretical approaches of varying complexity have
been developed to better understand and predict brain interstitial pressures and drug distribution
for these techniques. These theoretical models of flow and diffusion can only be solved explicitly
in simple geometries, and spherical symmetry is usually assumed for CED, while axial symmetry
has been assumed for R-CED. This chapter summarizes features of these models and provides
physical arguments and numerical simulations to support the notion that spherical symmetry is a
reasonable approximation for modeling CED and R-CED. We also explored the potential of
multi-catheter arrays for delivering and compartmentalizing drugs in the brain interstitial area

using CED and R-CED.
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5.2 Introduction

Primary malignant brain tumors are a significant therapeutic challenge in spite of
substantial advances in tumor imaging, neurosurgery, and radiation therapy. The efficacy of
potent chemotherapy drugs is limited by biochemical and physiological barriers, including: poor
drug delivery to the brain tumor mass and its peripheral regions [176-178], rapid clearance from
the brain extracellular space [179], high intratumor pressure [180], and toxicity to normal brain
tissue. More effective patterning of fluid movement through the tumor or diversion of fluid from

entering normal brain parenchyma could improve brain tumor therapy.

Over the past decade, convection enhanced delivery (CED), employing a positive
pressure infusion directly into the brain, has shown promising results in both animal models and
clinical trials [181-184]. CED distributes macromolecules, proteins, and particulate therapies into
large volumes of tissue [185-187]. Retro-convection enhanced delivery (R-CED), which removes
interstitial fluid through a microdialysis catheter [188], has been introduced to deliver drugs into
brain tumors [189]. Continuous flow of a high molecular weight hyperosmotic polymer solution
drives fluid flow from the interstitial space and out of the brain. This removal of interstitial fluid
induces a retro movement of fluid from the capillaries into the tissue enabling the extravasation of
drugs and nanoparticles into the brain, as illustrated in Figure 5.1. The availability of CED and R-
CED provides tools to pattern interstitial flow through the brain if these techniques are

simultaneously applied from different catheters.

Computational and mathematical modeling can be used to gain further insights into the
physiological complexities that these techniques face. Theoretical approaches of varying
complexity, ranging from analytical to finite element models, have been developed to better
understand and predict the interstitial distribution of material infused by CED [190-195]. These
models have also been used to predict features such as the interstitial fluid pressure, interstitial

fluid velocity, tissue swelling, and the transvascular fluid exchange rate during CED. Although
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these models do not recapitulate all aspects of fluid distribution in the brain following CED, they
are instructive regarding what might be achieved in fluid patterning by a multi-catheter infusion

protocol.

Recently, mathematical models of R-CED were developed to analyze the driving forces
behind R-CED [196]. The study showed that drug concentration near the catheter is enhanced
when drug cannot permeate through the catheter membrane, but such enhancement is marginal
when drug is permeable or semi permeable to the membrane. Removal of drug into the catheter
largely defeats the purpose of R-CED, which is to draw drug into brain or tumor tissue from the

capillaries.

Analytical models of flow and diffusion for both CED and R-CED can only be solved
explicitly in simple geometries, and spherical symmetry is usually assumed for CED, while axial
symmetry was assumed by Wang and Olbricht for R-CED [196]. Real systems are more
complicated. CED catheters typically deliver drug through the open end of a shaft, while R-CED

microdialysis membranes are tubes of finite extent.

In this chapter, we provide physical arguments and supporting numerical studies
indicating that spherical symmetry is a reasonable approximation in many cases. We also explore
the potential benefits of fluid delivery through multiple catheters. For example, drug-free fluid
flow out of one catheter can be used to divert drug-containing fluid delivered from another
catheter, offering protection to tissue surrounding the first catheter. Thus, drug delivered near

tumor/tissue interface might, in principle, be localized on the tumor side.
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5.3 Mathematical Modeling of CED and R-CED

This section describes the mathematical models and numerical simulation techniques
used to gain additional insight into the physiological complexities that CED and R-CED system
face in the brain. Fluid balance equations at the catheter tip interface, as well as mathematical

models for spherical symmetry approximations and non-spherical geometries are detailed.

5.3.1 Fluid Balanced Equations

The simplified mathematical model for extravascular flow assumes the tissue to be a rigid
homogenous porous medium that is uniformly perfused by capillaries [194]. Pores contain
interstitial fluid (ISF) and extracellular matrix (ECM). In the present section we consider flow
from or into catheter tips of defined geometries under CED or R-CED conditions, for catheters
embedded in a homogeneous tissue such as brain parenchyma or tumor. We consider relatively
short infusion times, during which infusion or removal of fluid dominates interstitial fluid flow
turnover processes. We also disregard tissue stress and strain fields developed near the CED and

R-CED catheters [192], and capillary compressibility.

Due to the strong suppression of fluid inertia by the highly reticulated tissue, with fluid
flowing through ECM, we utilize a simplified modeling approach in which fluid flow through

tissue is described by Darcy’s law,
U=-KVp (1)

and the continuity equation for fluid flow,

— Vel —gl S(P—Pg)=0 2)

where p is the interstitial hydraulic pressure at a given location, i is the local (vector) fluid
velocity, pe is the Starling pressure of the capillary bed calculated according to Starling’s law:
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Pg = P +o(z—7.)> where p. and 7 are the intercapillary hydraulic and osmotic pressures, 7

is the interstitial osmotic pressure, and o is the reflection coefficient of the capillary wall, ¢ is the
volume fraction of tissue available for interstitial flow, s is capillary surface are per unit volume
of tissue, K is the hydraulic conductivity of interstitial space, and L, is the hydraulic permeability

coefficient of the capillary walls.

The parameters pe, o, S, Kk, and L, are all assumed to be constant for a given tissue (e.g.

brain parenchyma, tumor). The velocity vector u is taken as a volume averaged field variable,
and volume averaging effects are introduced at the level of the Darcy coefficient, K. Combining
equations (1) and (2) yields the equation for the difference between interstitial and effective

Starling capillary pressure, p=p— Pe
V2B =x?p 3)
where x = [Lpcs/K has units of inverse distance.

Equation (3) is of the Helmholtz type. In the absence of fluid exchange between tissue
and capillaries ( ch =0), it reduces to Laplace’s equation: v2 p =0. More detailed treatments

also consider drug transport by diffusion and exchange across capillary walls. Since the focus is

fluid flow, these contributions to drug transport will not be considered.

5.3.2 CED and R-CED from a spherically symmetric catheter tip
We first assume that the flow of a drug solution through an ideal catheter with tip radius
R and center at the origin Q is spherically symmetric. Using spherical coordinates, its position

can be represented by:
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=0y, 2= yx2+y2+22 i =1

and its velocity field around the source by:
u= Uri_r r> Rm
By rearranging equations (3) and (1), the following differential equations are obtained:

2~
Q+§@=K25

5’2 ra r>R, (4)

m

u Z_K@ r>R (5)
ar

Fluid flow continuity at the tip/tissue interface prescribes the boundary condition:

Q=4afgur (R) = -4aRfgk 2
r=Rm ©)

Far from the tip, the interstitial and capillary fluids are in Starling equilibrium, i.e.

p(r)—>0, r—oo ©)

The solution to Eqgs. (4)-(7) is

—x(r-R
s
Az gKr 1+ xR

| _Q Lt |—x(r=Rm)| .o
! _szi{l%m Je ' } - ©

The terms in the square brackets refer to pressure and flow that would occur in the

absence of fluid exchange between tissue and capillaries, i.e. =0, (Laplace equation solution).
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The terms in the curly brackets quantifies the relative effects of fluid exchange compared to
interstitial flow. These terms rapidly decay to zero for r>>1/xand limit the region of influence of

a catheter to a few screening lengths.

Equations (8) and (9) are analogous to the Debye-Hiickel linearized theory of the
screened electrical potential and field around a charged spherical particle. Pursuing this analogy,
1/x is recognized as a “screening length” over which flow across capillary walls buffers
perturbations in pressure due to infusion. As the screening length increases, more fluid flow is
directed through the tissue and less is lost to capillaries, resulting in higher interstitial pressures

and velocities.
The model exhibits two length scales, R, and 1/« , affecting the shapes of pressure and
velocity profiles. Taking xas the scaling parameter, and defining the dimensionless variables

O=KT, pn=KkRy, P =4rpKp/q and Gy = 47zgoKRr%ur /q, Egs. (8) and (9) simplify to

~ e=Pm(p/pm-Y) @+ pm(p!pm )
(L+pm)om(p! pm) A+ pm)p (0! pm)?

plp,>1 (10)
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Figure 5.2: Plots of p and #, as a Function of o/pon(=r/Ry). The top plot shows a family of

pressure fields parameterized by p.. As pn increases both the velocity and the pressure are
significantly reduced.
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When tip radius is significantly smaller that the screening length, i.e. AR, <<1, Egs. (8)

and (9) simplify to P=0re™ /4zK (xr) and U, =[qx’ / drg(xr)*](L+&r)e™ | respectively, for
r>Rm- In this case, pressure and velocity at a point beyond the tip surface decay according to

the number of screening lengths the point lies away from the center of the tip.

To be more precise, we note that p, =xRn= Rn/(1/x) is the ratio of the catheter radius to
the pressure/velocity decay length. When this parameter is small (xR, <<1), Egs. (8) and (9),
simplify to p = (q/4 z¢Kr)e ™ . In a similar manner, let L, be the largest length parameter of the
catheter tip where outflow occurs, such as tip length or radius. We assert that when A=« <<1,
neither the shape of the catheter outlet nor the presence of the catheter shaft significantly affects

the pressure and velocity surrounding the catheter, except where r<L,.

To model R-CED, we must include the effects of the dialysis membrane, whose hydraulic

permeability will be denoted by L . We retain spherical symmetry in the model, and assume

that this simplification will not lead to great error. Taking the intercapillary Starling pressure as
reference, and assuming that the osmolyte (e.g. high MW dextran) cannot permeate through the
dialysis membrane but all other solutes can, the relevant pressure inside the catheter lumen is
p, = p, — 7, — p., Where the subscript | refers to the lumen. For R-CED, this pressure will be

negative. Flow continuity at the membrane/tissue interface warrants that

- . d
L,[p,-pPR,)] =—(/>Kd—p (11)

r= RIH

Replacing Eq. (6) with Eq. (11), the pressure and velocity fields surrounding a spherical R-CED

catheter become

- Rm _K(r_R ).... R 1+ xr - - -
=(1-0) — e m S =(l-gKkm 2TA-x(r-Rm) 12
p=@a-9) = Pl ur=(1-6)K 2 ey © B r>R,(12)
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where

1

O I LpmRm | oK@+ *Ry)

(13)

is the fraction of Starling pressure that is dissipated in the membrane. The cases 9=0and =1

correspond, respectively, to membrane and tissue control of R-CED flow. For KRm <1, Eq. (12)

simplifies to

p=(-0)Rm /M Ry (14)

Up = (1-O)K Ry /r2)@+xr)e” . (15)

5.3.3 Non-spherical catheter tips

Having derived equations for the idealized geometry, we now ask if tip geometry can
impact drug delivery at the catheter-tissue interface. For CED, delivery is through the open end
of a narrow shaft. For R-CED, tubular microdialysis membranes are used, and Wang and
Olbricht’s work assumed cylindrical geometry. Calculations based on this assumption are strictly
correct only for catheters with large axis to radius ratios, or when looking at tissue that is very
close to the catheter. We now argue that spherical symmetry often provides a useful and
reasonably accurate approximation for CED and R-CED. This observation has analogies in
colloid science: the precise shape of charged colloidal particles has little bearing on electrical

potentials far from particle surfaces [198, 199].

Let d be the largest length scale of the catheter tip, such as its radius or half its length.

Also, let the radial coordinate, r, be a suitably chosen centroid of the catheter tip. Then our
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hypothesis is that spherical symmetry will apply for r>d, and that Egs. (8), (9) and (12) are

reasonable approximations. For r<d, shape effects are more important.

To support this assertion, several cases were studied in the COMSOL 3.5a simulation
environment (COMSOL, Inc., Burlington MA). COMSOL was used to solve partial differential
equations, subject to appropriate boundary conditions, using the finite element method. This
method, despite its approximations, is preferred over analytic solutions. Even for the simple case
of two ideal spherical catheters delivering fluid at the same rate, superposition does not provide a
correct solution since each catheter’s presence perturbs the flow pattern generated by the other
catheter. In electrostatics, the analogy is that colloidal particles polarize each other, thus altering
the fields they each generate. Self consistent solutions in either case involve infinite series, which
are solved approximately by making added assumptions that permit cutoff after a small number of
terms [198]. Perturbative corrections should become less significant, and superposition solutions

should become more accurate, with increasing distance between catheters.

To solve PDE’s in COMSOL, a finite domain corresponding to tissue is prescribed, as is
the geometry of the catheter(s). The type of equation (usually Helmholtz in the present case) is
then selected, and boundary conditions are prescribed at the catheter surfaces and at the edges of
the domain. To minimize the effect of domain boundaries on the numerical solution, the domain
should be large compared to catheter radius or length and distance between the catheters tip. In
the present simulations, Dirichlet conditions (zero Starling pressure, similar to Eq. (7)) are
prescribed at the domain boundary. Neumann conditions (pertaining to pressure gradients) are
prescribed at catheter boundaries. Since we are only interested in patterns, no attempt was made

to introduce physiological parameters, flows magnitudes, or specific Starling pressures.

As a first example, Figure 5.3 shows that a cubic tip, with fluid flowing uniformly and

equally out of each face, is surrounded by a spherical pressure field, except at the edge of the tip
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where the shape influences the flow. Thus, the use of spherical approximation is justifiable. We
then wanted to test the effect of fluid flow when two catheters are placed side by side and
separated by a sufficient distance that their interaction is small, assuming that equal flow emerges
from the two tips. We observed that the two objects produce essentially identical pressure and
flow fields away from their surfaces, while fields near the surfaces depend on shape. Figure 5.4
shows simulations of delivery from a shaft, with unidirectional flow to the lumen, which opens at
its end into the tissue. The outer body of the shaft is impermeable to fluid flow. For simplicity,
flow inside the shaft is modeled as plug instead of Poisseiulle flow. This demonstrates that a
nearly spherically symmetric pressure/flow profile develops soon after fluid leaves the catheter
tip, even though the tip itself is circular and shaft’s wall blocks fluid flow. Intuitively, as one
moves farther away from the tip, the surface area of the isobar becomes larger compared to the
cross sectional area of the shaft. The shaft therefore becomes much less important in “shaping”
the front. Figure 5.5 displays the flow pattern into a cylinder, representing R-CED into a
microdialysis membrane. The axial/radial ratio is 8. Close to the membrane, the (negative)
pressure contours are nearly cylindrical, but they round out as one moves away from the tube.

With a smaller value of « (larger 1/x), more such contours would be discernable.
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Figure 5.3: Finite Element Analysis of Spherical and Cubic “Model” Catheter Tips. We
designed objects with equal diameter and set boundary conditions such that the flux emitting from
the cube and the sphere are the same, and xR,=0.25. Pressure variations are represented by color
changes and the arrows correspond to the direction of the velocity field with normalized
magnitudes.
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Figure 5.4: Finite Element analysis of a CED catheter tip fed by unidirectional plug flow.
xRy, =0.5 as in Figure 5.3. Pressure variations are represented by color changes.

140



b 01

b .02

1-03

1-04

Ly . , . 05

Figure 5.5: Finite Element Analysis of R-CED Flow. «R,=0.5 as in Figure 5.3 & 5.4. xd=4.
The shaft tips are to be impermeable, and the surrounding edges were modeled as model
membranes. Relative pressures are mostly negative close to the membrane where reverse flow is
being generated.
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5.3.4 Multiple Catheter Delivery

In the previous sections it was shown that catheter shape has little effect on pressure and
flow profiles once fluid moves a sufficient distance from the catheter tip. We now consider the
effects of flow from one catheter on flow from a second catheter. The simplest situation is two
identical catheters placed at a distance from each other in a medium (tissue) with uniform
properties. Suppose that one catheter delivers drug, while the other delivers a drug-free, blank
solution. If flows from the two catheters are equal, then the flows will collide at the “mirror”
plane perpendicular the two catheters, and proceed along that plane. This phenomenon is
illustrated by the flow arrows in Figure 5.3. Now suppose that flow from the “blank™ catheter is
stronger. Then, the fluids will collide along a surface that is closer to and bent around the drug-
delivering catheter. If the former and latter catheters are placed properly placed inside and
outside the tumor, and flows are properly selected, based on the tissue properties of tumor and
brain parenchyma, it seems possible to focus drug delivery within the tumor and substantially
reduce exposure in the parenchyma. Conversely, flow of a radio protective agent from outside
the tumor could be “steered away” from tumor tissue by flow of blank solution from a catheter

inside the tumor.

A second possible dual probe configuration would involve convective drug delivery from
one catheter and fluid removal by the other. Note that the latter catheter is not used in the same
way as has been previously considered for R-CED, since drug is not being pulled out of the
circulation through capillaries, but rather is supplied by the delivery catheter. In this case, flows
are predicted from the delivery catheter to the removal catheter, with a pattern resembling the
alignment of iron filings over two-pole magnet. For reasons already identified by Wang and
Olbricht, this technique seems less promising than dual CED, since it is more difficult to pull
osmotically than it is to push hydraulically, and since drug will be lost into the removal catheter,

unless that catheter is impermeable to drug.
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5.4 Conclusion

This chapter focused on the convective aspects of CED and R-CED in the brain. We
have argued that for many situations, both of these modalities can be modeled reasonably well
using simple spherically symmetric solutions to the Helmholtz equation which accounts for
pressure and flow fields around single catheters. While real catheters may have different shapes,
spherical fronts develop away from the catheter. Because the spherical shells grow as one moves
away from the central source, the pressure and flow fields for most of the affected tissue are
relatively insensitive to catheter shape, provided boundary conditions such as total flow are

properly set. This simplifies calculations.

We have also demonstrated the effect of dual catheters in shaping the flow fields, and
argued that by this means one might steer chemotherapy out of regions of the brain where toxic
side effects could occur. Of course, one might consider the effects of multiple catheters in

generating drug delivery patterns, subject to surgical constraints.

In addition to drug localization, drug patterning by multiple catheters could be useful
when drug should be distributed through an entire brain region while sparing critical tissues. This
could be accomplished by infusing a non-toxic saline solution into the critical area while

simultaneously infusing the drug into the larger regional space.

In order to enable such combination therapies, it will be necessary to know the tissue
properties in advance of pattern planning or to use real time imaging [184, 200] such that the

infusion flow rates could be altered based on the distribution of the ongoing infusion.

We conclude by suggesting further strategies which use CED and R-CED. In one
example, a rapidly eliminated blood brain barrier permeable drug could be administered
systemically and a saline solution could be infused into the tumor. The pressure of the saline

infusion would reduce drug extravasation into the tumor but would have no such effect in normal
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tissue. Potential applications, including the infusion of radio- or cryoprotectants [201], whereby
protectant would accumulate in normal tissue, but tumor would remain susceptible to radiation or

cryo therapies.

Parameters governing transport in the brain may be susceptible to manipulation, allowing
for alteration in drug distribution. For example, interstitial hydraulic conductivity might be
altered using enzymes such as hyaluronidase to degrade the extracellular matrix [202]. Capillary
permeability, on the other hand, might be altered by angiogenesis regulators such as VEGF. Such
alterations, in addition to changing the region of influence of a catheter, might alter the pressure

requirements on the catheter to establish a desired drug distribution.

5.5 Methods

5.5.1 Finite Element Analysis: COMSOL Modeling

R-CED and CED systems were modeled using the COMSOL Multiphysics package, 3.5a
release. The simulations were performed using the classical partial differential equation (PDE)
package. The Helmholtz Equation module was selected from the PDE package, which is designed
to support the numerical modeling of partial differential equations of space and pressure. As
illustrated in Figure 5.6, COMSOL simulations were setup within a three-dimensional

environment using a 6 x 6 cube as the boundary edges of the system.

R-CED and CED catheters were represented in the system with spheres and/or cubes
placed at specific distances within the environment to mimic catheter placement and generate
pressure and velocity plots. The objects created were 1/20™ the volume of the outer cube. The

diffusion, absorption and source coefficients of the subdomain setting:

—Ve(cVu)+au=f
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were modified accordingly to reflect the absorption and diffusion conditions of the system, and if
the outer cube boundaries were acting as a fluid source or drain. Each outer face was treated

assuming Dirichlet boundary condition:

hu=r

where h was set to 1 and u and r were set to 0. Each face of the inner cube or sphere was treated

assuming the Neumann boundary condition:

ne(cVu)+qeu=g

where g is set to 0 and g is set to 1 or -1 depending if the object is a source (CED) or a sink (R-
CED). The system was then simulated and plots, isosurfaces, and streamlines were generated for

all cases simulated using COMSOL postprocessing module.
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Figure 5.6: Three-Dimensional Representation of the COMSOL Modeling Environment.
The figure shows the 6x6 cube used to simulate CED and R-CED fluid flow. Pressure variations
are represented by color changes and streamlines (red) correspond to the direction of the flow
with normalized magnitudes.
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Chapter 6: Concluding Remarks

In this dissertation, a biophysical approach was used to engineer triggerable liposomal
systems capable of mediating cytosolic delivery of drugs. My intent was to extend the use of
phosphatases as enzymatic triggers for drug delivery systems. | was motivated by the fact that
very few drug delivery systems have been engineered for phosphatase triggering, even though
phosphatases are both widespread in the body, but also over expressed in a number of life-

threatening conditions.

Phosphatases can be thought of as polarity converters. They can effectively mediate the
removal of hydrophilic phosphate masks to expose hydrophobic substrates. This polarity
conversion can be exploited for engineering systems that make use of substrate masking as a
trigger technique. As proof of principle, | designed phosphatase triggerable liposomes that
mimicked the fusion machinery of viruses. These triggerable fusogenic liposomes (FTP) were
designed by displaying phosphorylated fusion peptides on the surface of liposomes. The exposure
of FTP to phosphatases triggered the system and induced a polarity reversal on the surface of the
liposomes. Dephosphorylation of the phosphopeptides resulted in a gain of fusion potential and
promoted their insertion into adjacent membranes. This elicited membrane fusion and content

release of drugs.

In order to design FTP, | first had to gain control over the membrane destabilizing
properties of fusion peptides. In Chapter 2, phosphorylated gp41 fusion peptides were designed to
assess the inhibitory effects of phosphate groups on the membrane destabilizing properties of
fusion peptides. | observed that two phosphates provided enough hydrophilicity and polarity to
inactivate the peptides. The phosphorylated fusion peptides exhibited altered secondary structures
and a reduced capacity to induce lipid mixing and liposomic disruption. However, they were
excellent substrates for phosphatases. Phosphatases catalyzed the dephosphorylation of the
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phosphopeptide, thereby regenerating the fusion sequence and exposing their membrane
destabilizing domains. This elicits content leakage and lipid mixing of adjacent bilayers. The
findings of Chapter 2 suggested that phosphorylated fusion peptides are suitable as triggerable

components for FTP.

In Chapter 3, FTP were designed by displaying phosphopeptides on the surface of
liposomes. It was hypothesized that phosphatase catalyzed dephosphorylation would activate the
displayed fusogenic phosphopeptides and promote efficient membrane fusion of FTP with
neighboring membranes. Surface displayed phosphopeptides were substrates for phosphatases.
Furthermore, the anchoring of the peptide to the membrane promoted a stable secondary
structure. An enhanced fusogenic potential was observed as a result of the localized concentration
of peptides anchored to the surface of the FTP. The substantial enthalpic gain resulting from the
displayed peptides partitioning into neighboring membranes resulted in efficient membrane
fusion and content release. The promising results motivated the study of FTP in mammalian cells.
FTP exhibited enhanced cellular accumulation and were effective at mediating cytosolic delivery.
Interestingly, the time difference between cellular accumulation and cytosolic delivery indicated
that the delivery occurred after internalization, and most likely in endosomes, rather than at the
cell membrane. The potential of FTP to mediate cytosolic delivery is apparent and validates the

utility of phosphates as substrates masks to engineer phosphatase triggerable liposomes.

Phosphatases can also be thought of as charge converters since dephosphorylation
promotes a local charge conversion at the substrate. A gain in surface charge is achieved from the
loss of the negative phosphate. This physico-electrical property can be used to design phosphate
shielded cationic lipids that when dephosphorylated promote charge conversion and induce a
“switch-like (on/off)”” behavior. Properly engineered liposomes can exploit this charge effect to
modulate lipid packing changes in the bilayer and induce membrane fusion and contents release

of neighboring membranes.
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In Chapter 4, proof-of-concept experiments were performed to elucidate the mechanism
of charge conversion by phosphatase triggering. Surface charge converters (SCC) were
engineered with inverse phosphocholine lipids, DOCP and DOCPe, and tested for their ability to
charge convert. DOCP SCC were found to be excellent substrates for phosphatases. Acid and
alkaline phosphatases readily acted on them, dephosphorylating their extended phosphate, and
promoting charge conversion at the membrane interface. This resulted in an anionic to cationic
conversion of the lipid head group. The net change in zeta potential as a result of
dephosphorylation was found to be +80 mV, which is an impressive charge conversion for an
enzymatically-active system. Furthermore, DOCP SCC formulated with
phosphatidylethanolamine and cholesterol exhibited lipid mixing and content release
characteristics. Triggered content release was observed in physiological conditions, whereas lipid
mixing was enhanced in acidic conditions. Furthermore, SCC were effective at mediating
endosomal escape and cytosolic delivery of macromolecules, validating their utility as delivery
carriers. In addition to their “switch-like” behavior, SCC can be designed to exhibit AND logic if
formulated with DOCPe. This is an interesting outcome of a head group substitution in which the
phosphate is replaced by a phosphoester, providing a double trigger substrate. Thus, both
esterases and phosphatase must act sequentially on the substrate in for charge conversion to

occur.

Drug delivery to the brain, however, is one of the most challenging problems in drug
delivery. Thus, theoretical models that can provide insights into the driving factors influencing
drug delivery are beneficial. In Chapter 5, mathematical insights into the use of infusion
techniques for brain delivery were provided. Furthermore, the effect of dual catheters and multi-
catheters arrays in shaping fluid flow was demonstrated. The findings suggest that infusion
techniques could be useful in selectively compartmentalizing drugs to regions of the brain

affected by disease while steering drug away from healthy tissue. Thus, infusion techniques that
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can selectively deliver phosphatase triggerable liposomes to affected areas of the brain could
provide an unprecedented level of selectivity and efficacy for treating brain tumors. The double
trigger feature of DOCPe SCC is highly attractive and could be advantageous for designing
therapies against brain tumors, where both esterases and phosphatases are localized and over

expressed.

In conclusion, the sine qua non for engineering triggerable phosphatase liposomes is to
ensure that the trigger moieties are accessible and not sterically hindered to the phosphatase. In
addition, triggering must elicit a local change in the physico-chemical or physico-electrical
properties of the substrate in order to elicit membrane fusion or drug release. The principles and
guidelines outlined throughout this thesis should serve as a guide for designing other
enzymatically-active triggerable systems. Finally, the potential for treating diseases such as brain,
prostate, and cervical cancer as well as heart failure and arthritis is truly appealing, and should be
a motivation for engineering novel drug delivery systems that can overcome the challenges

associated with the in vivo delivery of phosphatase triggerable liposomes.
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