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ABSTRACT

MULTI-LIGAND NANOPARTICLES FOR TARGETED DRUG

DELIVERY TO THE INJURED VASCULAR WALL

Soujanya Kona, PhD

The University of Texas at Arlington, 2010

Supervising Professor: Kytai T. Nguyen

Pathological conditions like coronary artery disease, acute myocardial
infarction, stroke, and peripheral artery diseases as well as cardiovascular interventions
used in the treatment of coronary artery diseases such as angioplasty and stenting
damage/injure the blood vessel wall, leading to inflamed or activated endothelial cells
that have been implicated in events leading to thrombosis, inflammation, and restenosis.
Oral administration of anti-coagulant and anti-inflammatory drugs causes systemic
toxicity, bleeding, patient incompliance, and inadequate amounts of drugs at the injured
area. Though drug-eluting stents have shown therapeutic benefits, complications such as
in-stent restenosis and late thrombosis still remain and are a cause for concern. Rapid

growth in the field of nanotechnology and nanoscience in recent years has paved the
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way for new targeted and controlled drug delivery strategies. In this perspective, the
development of biodegradable nanoparticles for targeted intracellular drug delivery to
the inflamed endothelial cells may offer an improved avenue for treatment of

cardiovascular diseases.

The major objective of this research was to develop “novel multi-ligand
nanoparticles,” as drug carriers that can efficiently target and deliver therapeutic agents
to the injured/inflamed vascular cells under dynamic flow conditions. Our approach
mimics the natural binding ability of platelets to injured/activated endothelial cells
through glycoprotein Ib (GPIb) bound to P-selectin expressed on inflamed endothelial
cells and to the subendothelium through GPIb binding to von Willebrand factor (vWF)
deposited onto the injured vascular wall. Our design also exploits the natural cell
membrane translocation ability of the internalizing cell peptide - trans-activating
transcriptor (TAT) to enhance the nanoparticle uptake by the targeted cells. Our
hypothesis is that these multi-ligand nanoparticles would show an increased
accumulation at the injury site since GPIb specially binds to both P-selectin expressed
on damaged endothelial cells and vWF deposited on injured subendothelium while the
cell penetrating peptide — TAT would facilitate enhanced uptake of these nanoparticles

by the damaged vascular cells.

To test this hypothesis, fluorescent drug loaded poly (D, L-lactic-co-glycolic

acid) (PLGA)-polyethylene glycol (PEG) nanoparticles (PLGA-PEG NPs) were
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formulated using a standard double emulsion method. We further conjugated GPIb and
TAT via carbodiimide and avidin-biotin chemistry to the PLGA-PEG nanoparticles.
Characterization of these nanoparticles indicated the average size to be about 200nm.
Endothelial cell uptake studies indicated an optimal nanoparticle incubation time of one
hour and optimal dose of 400 pg/ml. Biocompatibility results showed these particles to
be non-toxic to endothelial cells. Moreover, dexamethasone release profiles from the
nanoparticles demonstrated their ability to provide a sustained drug release over four
weeks. Static and dynamic uptake studies of control, GPIb-conjugated, and GPIb-TAT-
conjugated PLGA-PEG nanoparticles on activated endothelial cells exhibited an
increased adhesion and uptake of GPIb-TAT conjugated PLGA-PEG nanoparticles
compared to control nanoparticles. A similar trend of significantly higher adhesion of
GPIb-TAT conjugated PLGA-PEG nanoparticles to the injured vessel wall was also
observed in preliminary ex-vivo studies using the rat carotid injury model. These results
suggest that “our novel multi-ligand NPs” would provide a unique active targeting
strategy. This system would rapidly target and deliver therapeutic agents to the injured
vascular wall under flow conditions. It could also serve as an effective therapeutic

delivery system to treat the complications associated with cardiovascular diseases.
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CHAPTER 1

INTRODUCTION

1.1 Cardiovascular Diseases

According to the Center for Disease Control and Prevention (CDC),
cardiovascular diseases (CVD) still remain the leading cause of death across the globe.
In 2006 alone, more than half a million Americans died of CVD." A recent study
estimates the cost of CVD in 2010 in the United States would be $316.4 billion.” Risk
factors for CVD include high cholesterol, high blood pressure, diabetes, smoking,
alcohol, obesity, poor diet, and physical inactivity due to sedentary lifestyle in the
current technological society. Most of these risks can be eliminated or minimized by

changes in diet and current life-style as well as in health awareness.

1.1.1 Existing Treatment Options

Various pathological conditions like acute myocardial infarction, stroke,
peripheral artery diseases, and coronary artery disease (CAD) trigger events that lead to
thrombosis, inflammation, and stenosis. S 0of these, CAD has been implicated the most
in triggering these adverse events and in 2005 alone, about 400 thousand people died of

CAD.*® CAD is caused by the build up of plaque in the coronary arteries that restricts



the blood flow to the heart muscle. This causes the heart to be deprived of oxygen,
leading to symptoms ranging from mild chest pain to fatal heart attack.” This build-up
of plaque is known as atherosclerosis. Depending on the amount of plaque built up and
patient diagnosis, current treatments for CAD include drug therapy and/or surgical
interventions like coronary artery bypass graft (CABG) or percutaneous transluminal
angioplasty (PTCA). In order to provide symptomatic relief and to directly address the
causes of the disease, pharmacotherapy is adopted as the first step for CAD treatment.
Pharmacological therapies for treating cardiovascular diseases include drug-based
therapies consisting of anticoagulant and antiplatelet agents such as aspirin, beta-
blockers, angiotensin-converting enzyme inhibitors, vasodilators, calcium-channel
blockers, statins, cyclooxygenase inhibitors, peroxisome proliferator-activated

1011 These medications are used to treat

receptors’ agonists, and lipid-lowering drugs.
patients of cardiovascular diseases along with changes in diet and lifestyle. However, if

drug therapy is not effective, interventional therapy is required.

The extent of arterial occlusion determines the interventional procedure: use of
either coronary artery bypass graft (CABG) or angioplasty and/or stents. CABG is a
highly invasive procedure where the occluded artery is bypassed by grafting an
autologous conduit taken from the healthy saphenous vein or internal mammary artery.
CABG is often the preferred treatment option for severely occluded arteries that have a
12, 13

high degree of plaque buildup or in cases of multivessel coronary artery disease.

Alternatively, percutaneous coronary intervention (PCI), a much less invasive



procedure, is routinely used for treatment of CAD with lesser plaque buildup. In case of
angioplasty, a balloon catheter is inserted and guided through the artery to the site of

9, 14-16
’ In

occlusion where it is then expanded by hydraulic pressure to open up the artery.
the past decade, angioplasty has been accompanied by the deployment of metallic stents

made of stainless steel or nickel-titanium to provide support to the expanded artery.

1.1.2 Limitations of Current Treatments for Cardiovascular Disease

Even though current treatments for CAD and CVD are effective in reducing the
risks of major cardiac failure, many limitations still exist that need to be overcome. A
major concern of PCI involves the risk of neointimal hyperplasia and subsequent
restenosis — the re-narrowing of the treated artery as well as inflammation and

thrombosis.'” '

The sequence of events leading to restenosis is attributed to the
damage of the arterial wall caused by interventions. This damage includes dysfunction,
disruption, or inflammation of endothelial cells (ECs) that stimulates platelet deposition
and promotes the migration and proliferation of smooth muscle cells (SMCs) from the
subendothelium to the injured vessel wall, leading to subsequent neointimal
hyperplasia. The injury is also heightened by deposition of platelets, migration of
SMCs, macrophages, and neutrophils at the injury site, where they release
chemokines.'”** This encourages further migration and proliferation of SMCs and
remodeling of the extracellular matrix, leading to restenosis.*’ In addition, it also

generates elastic recoil of the vessel and vessel remodeling.” ?’ Thus, in most instances,

patients may have to undergo further coronary intervention due to in-stent restenosis



within six months of surgery.***' To prevent platelet adhesion and SMC ingrowth, oral
administration of anticoagulants and anti-inflammatory drugs have been used.” **
However, problems associated with oral administration include systemic toxicity,
patient incompliance, bleeding complications, and insufficient drug levels at the
targeted artery for sufficient time periods to inhibit migration and proliferation of

SMCs.

Over the years, use of drug eluting stents has shown great promise in reducing
the incidence of restenosis following PCL** Drug eluting stents are of two types — stents
that are directly coated with drugs, and stents, which have a drug loaded polymeric
coating. Various drugs, such as paclitaxel, rapamycin, sirolimus, dexamethasone, and
curcumin, have been either directly coated on stents or incorporated into polymer
coating of metallic stents to treat vascular thrombosis and restenosis.>** These drug
eluting stents have been shown to drastically reduce the chances of restenosis by
delivering the drug over an extended period of time. Even though such stents show
important benefits, there are concerns about complications associated with their use
such as loss of endothelialization, delayed healing, hypersensitivity reactions, and
higher incidences of late thrombosis partially due to impaired endothelial functions.*
Significant research has shown that patients implanted with drug eluting stents (DES)
have a higher risk of fatal occlusions and myocardial infarctions compared to those
having bare metal stents (BMS).*>**" For instance, one study compared the risk of late

stent thrombosis (>30 days) in DES to BMS and found that the risk of late stent



thrombosis was significant (50% DESs vs 14% BMSs) when antiplatelet therapy was
discontinued. In addition, 25% of patients on aspirin monotherapy and 25% of patients
on dual antiplatelet therapy exhibited late angiographic stent thrombosis, while none
were observed in patients with BMS.* In light of these concerns, it is important to

develop an alternative therapy to overcome these limitations.

1.2 Drug Delivery Particulate Systems

1.2.1 Characteristics of an Ideal Targeted Drug Delivery System

In order to accomplish site-specific drug delivery, an ideal targeted drug
delivery system (DDS) relies on the interaction between specific physiological receptors
and physical attachment of the DDS system to the desired or targeted site.*’ In addition,
the targeted DDS should be able to deliver a sufficient dose of the drug at the
interested/diseased site and be able to maintain the therapeutic amount for a required
period of time.”” Moreover, an ideal DDS should be able to escape detection and
clearance by the immune system while in circulation.’’ It is also beneficial if the

material used for DDS is bioresorbable so that it can be cleared by the body naturally.

1.2.2 Nanoparticles for Drug Delivery

In the past few years, the rapid growth of nanotechnology and nanoscience has
greatly expanded the clinical opportunities for new therapies. Recently, nanoparticles

(1-1000 nm) have been developed for use as potential therapeutic transporter of drugs



for treatment of various diseases — from CVD to cancer. The drugs can either be
encapsulated inside these nanocarriers or covalently coupled to the surfaces of these
nanocarriers. It is essential that the nanoparticles, especially degradable nanocarriers,
and their degradation products, do not elicit any unfavorable immunogenic responses
when administrated in vivo. Thus, the selection of materials for formulation of
nanoparticles plays a vital role in the properties and characteristics of nanoparticles, and
should be considered strictly before designing any nanoparticle-based DDS. Based on
the application, the materials used to prepare nanoparticles can be biodegradable or
non-biodegradable; however, biodegradable materials are preferred for drug delivery

applications.

1.2.3 Polymers Used to Formulate Nanoparticles

Polymers used in the preparation of nanoparticles can be either natural or
synthetic. Natural polymers exhibit properties similar to the body matter, and thereby
cause less toxicity compared to synthetic materials. However, these polymers are
difficult to handle and mould owing to their complex structure.”” They are also easily
degraded by various factors like proteases, temperature, and pH changes, to name a few.
Some examples of natural materials used in the formulation of nanoparticles include
collage, gelatin, and chitosan. On the other hand, synthetic polymer materials are
favorable due to their ability to be manipulated so that they can be fabricated to have
varying mechanical and biocompatible properties as well as degradability.” In addition,

material properties of synthetic polymers are well-defined and can be modified and



controlled for different applications.>* However, the synthetic polymers trigger immune
responses due to the body’s innate reaction towards foreign substances. The most
common polymers used in the formulation of nanoparticles are polyesters such as poly
(lactic acid) (PLA), poly (glycolic acid) (PGA), and their copolymers poly (lactic-co-
glycolic acid) (PLGA). These polymers exhibit high mechanical strength and non-toxic

54, 55

degradative properties. These polymers have been approved by the FDA for

26:37 Polymers

applications such as biodegradable sutures, bone pins and dental implants.
used for nanoparticle formulation can be either biodegradable or non-biodegradable.
Biodegradable polymers are preferred due to their ability to be broken down and
subsequently eliminated from the body over a period of time. For example, PLGA
undergoes a hydrolytic scission of the ester bonds in the polymer chains and degrades
into its constituent components of lactic acid and glycolic acid, which are the by-

products of various metabolic pathways in the body, and the body effectively clears the

. .. . . 55
two monomers with minimal systemic toxocity.

1.2.4 Methods for Formulation of Biodegradable Nanoparticles

Various techniques are used in the formulation of biodegradable nanoparticles.
Of these, two methods that are commonly used are emulsion-solvent evaporation and

e 58-60
nanoprecipitation.

The evaporative emulsion method of nanoparticle formulation
involves the use of a single or double emulsion process.”” The single emulsion process

is used for making hydrophobic drug—loaded nanoparticles while the double emulsion

process is used to encapsulate aqueous soluble drugs. In the evaporative emulsion



method, the polymer and water-insoluble drugs are dissolved in an organic solvent like
acetone, ethyl acetate, chloroform or dichloromethane to make an oil phase (o). This oil
phase is added to an aqueous surfactant phase and sonicated to form the primary oil-in-
water emulsion (o/w), ensuing nanoparticle formation. To formulate nanoparticles using
the double emulsion method, the water-soluble drugs/proteins are mixed in water (water
phase, w) while the polymer is dissolved in the oil phase (0). These two different phases
are then emulsified using external ultrasonic energy (sonication). This forms the
primary emulsion which is then added to an aqueous phase containing a stabilizer or
surfactant, and is further sonicated to give the secondary water-in-oil-in-water emulsion
(w/o/w), resulting in the formation of nanoparticles. Any remaining organic solvent is
allowed to evaporate before recovering the nanoparticles through ultracentrifugation or

filtration.®" ©

A second popular method for preparing nanoparticles is nanoprecipitation,
which uses aqueous miscible organic solvents to drive spontaneous nanoparticle
formation. In this process both the polymer and the drug are dissolved in the
amphiphilic solvent and then mixed into a continuous aqueous phase that has the
surfactant. This causes the dissolved polymer in the water-miscible organic phase to
spontaneously diffuse into the aqueous phase leading to the rapid formation of dispersed
nanodroplets within an aqueous matrix. These precipitated nanoparticles are then
solidified through solvent evaporation under reduced pressure, and particles are

58, 63

recovered by centrifugation or filtration. The key criteria in determining the suitable



method for formulating nanoparticles and the effectiveness of formulation techniques
are particle size and distribution, toxicity of materials used, reproducibility, surface
morphology, surface chemistry, surface charge, drug encapsulation efficiency, drug

30. 64 yiewed from this

release kinetics, and hemodynamic properties of the particle.
perspective, the emulsion-solvent evaporation method fits the norm for an effective
nanoparticle formulation method. The technique offers great flexibility in the choice of
solvents and surfactants with lower concentrations required to form the emulsions.”®
The nanoparticles formed using this process have a narrow size distribution and the
process has been shown to be consistent and reproducible.”® ** Another advantage of
this method over other methods is its ability to encapsulate a wide spectrum of
materials. Since nanoprecipitation relies heavily on gradient driven diffusion to form the

nanoparticles, the loading of the drug or other substance into the particles is dependent

on its affinity to the aqueous phase.”®

1.2.5 Other Drug Delivery Particulate Systems

Recent spurt in the field of nanotechnology has seen the development of many
systems that can have potential applications in the field of DDS. Examples of such DDS

. . . - . 56, 65-71
include liposomes, micelles, and microparticles, to name a few.™

Liposomes are
colloidal formations with properties similar to the membranes in cells. They have a lipid
bilayer that encapsulates an aqueous core into which water soluble drugs or proteins can

be loaded.®® Recently, liposomes have been formulated using pH-sensitive lipids,

cationic lipids, and other surface modifications in order to improve the efficacy of these



carriers.”” Micelles contain a single lipid layer with a hydrophobic core and hydrophilic

73, 74

heads near the surface. Microparticles (1-1000 pm) are larger in size compared to

nanoparticles. This allows for a higher drug loading capacity per particle in the

microparticles.”> "7

However, of all these particulate DDS, nanoparticles continue to be the
preferred option for intracellular drug delivery. The major advantage of nanoparticles as
compared to microparticles is their size which enables them to remain in circulation for
a longer duration of time.”® ” Added to this is their ability to accumulate at diseased
tissues like tumors resulting in augmented drug delivery.*® Microparticles (due to their
large size), polymeric liposomes, and micelles (with surface properties comparable to
those of the lipid bilayer), are rapidly cleared from circulation through the reticular
endothelial system (RES), reducing their effectiveness as drug carriers.®" ¥ Various
studies have shown the advantages of nanoparticles over microparticles. For instance,

. . . 53,81, 83, 84
NPs cause little or no local inflammation’ °" °

and pose a reduced risk of arterial
occlusion because of their small size.” In vitro studies on different cell types (vascular
smooth muscle cells (VSMC), human colon adenocarcinoma cell line (Caco-2), and
endothelial cells (ECs)) have shown that cellular uptake by these cells is better with

- . 59,85,86
particles of smaller size.”” "™
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1.2.6 Targeting Nanoparticles

Nanoparticles can be targeted to the area of interest by either active or passive
means. Active targeting involves attaching antibodies or other targeting moieties
including peptides or proteins, to the nanoparticle surface. As ligands are more stable
under experimental conditions and less prone to batch-to-batch variations that are often
observed in antibodies, in addition to being minimally immunogenic, they are the

. 51, 64, 87, 88
preferred choice.”" * *7

Various methods can be used for conjugating molecules to
the nanoparticles. However, the most successful method engages carbodiimide
chemistry and/or avidin-biotin affinity. As the carbodiimide chemistry is often used for
covalent binding of carboxylic acid groups and amine groups, this method is especially
useful for conjugating ligands to PLGA nanoparticles. Due to its high water solubility
and ability to activate carboxyl groups to form bonds with different functional groups,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is a popular choice for use in

bioconjugation. EDC binds directly to the ligand via an amide linkage (Figure 1.1) by a

zero-length crosslinking procedure.*

Another method for incorporating ligands on nanoparticles makes use of the
avidin-biotin affinity. Avidin (egg white), a tetramer protein having four identical
subunits, has a high-affinity binding site for biotin, with a dissociation constant of 10"
M.” In this reaction process, biotin (vitamin H) is used to modify the targeting ligand
through its carboxylic group with a NHS ester. This biotinylated ligand is then allowed

to associate with avidin, resulting in four biotinylated conjugates per avidin. This highly

11



selective type of carbodiimide and avidin/biotin chemistry can also be used for

formulating targeted nanoparticles.
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Figure 1.1 Mechanism of EDC Action.”! EDC activates the carboxyl group on the
nanoparticle and forms an amine-reactive O-acylisourea intermediate that is stabilized
by sulfo-NHS. The amine reactive NHS-ester then reacts with the amine group of the

ligand to form a stable amide bond conjugating the ligand to the nanoparticle.

1.2.7 Drawbacks with Using Nanoparticles for Drug Delivery

The use of nanoparticles for targeted sustained drug delivery has shown
promising results in vitro. However, nanoparticle drug delivery to cardiovascular
systems has the major limitation that NPs do not arrest on the vascular wall efficiently
when exposed to the high shear stresses of blood flow that are usually seen in vivo. In
fact, studies demonstrate that increasing the shear stress rate above 300 s causes a

92, 93 ..
*7” Preliminary

significant decrease in the adhesion of particles onto the endothelium.
studies conducted in our lab also confirmed this observation.” Therefore, adherence to

the targeted surface under high shear forces is a vital step that needs to be addressed

12



while developing an effective nanoparticle-based therapeutic delivery system for

targeting of the vascular system.

One potential approach towards addressing this limitation is to mimic blood
components such as red blood cells, leukocytes, and platelets. For instance,
nanoparticles that mimic the main structural and functional features of the red blood
cells have been recently investigated.”” In addition to having the ability to carry oxygen,
these RBC-mimicking particles can encapsulate drugs and imaging agents. Other
studies have focused on developing particles that can imitate circulating leukocytes.”®*’
Another potential strategy would be to mimic nature, specifically the function of
platelets that adhere to the damaged vessel wall very efficiently even in regions of high

wall shear stress.”s 1%

1.3 Endothelium and Strategies to Target the Injured Endothelium

Endothelium is a thin layer of cells that line the inner lumen of the blood vessels
forming a non-thrombogenic barrier between the circulating blood cells and the arterial
wall of the blood vessel. This non-thrombogenic function of endothelium can be
attributed to heparin sulphate that acts as a cofactor for antithrombin III — a protease

%1 Along with

enzyme that acts to cleave several factors in the coagulation cascade.
other vascular and blood cells, endothelial cells (ECs) are also involved in various

vascular functions such as vasodilation and vasoconstriction, hemostasis, inflammation,

13



and thrombosis. Regular endothelial functions are regulated by release of various
endothelium-derived factors such as prostacyclin, nitric oxide, thromboxane A2, and
growth factors.'”"'® An impaired endothelium can cause CVD like atherosclerosis,
inflammation and increased adhesion of platelets and other blood components to the

activated endothelium.'”""*

When ECs get injured or activated, they cause an increased expression of
endothelial cell adhesion molecules (ECAMs) on the cell surface.'' "> Appearance
of these ECAMs triggers a cascade of events that stimulate the adhesion of blood cells

120123 The increased

such as platelets and leukocytes onto the injured endothelium.
expression of ECAMs can be triggered by exposure to histamine, thrombin, or by PCI,
and this augmented expression can cause increased platelet adhesion through ECAM-

. 122, 124
mediated processes. “~ " P-

selectins are one type of ECAMs that are over—expressed
when ECs become activated. P-selectins are stored in intracellular bodies inside the
cells and are transported from these storage bodies to the plasma membranes within a

125-128
few seconds,

where they interact with blood platelets and leukocytes through
glycoprotein (GP) Iba and P-selectin glycoprotein ligand-1 (PSGL-1), respectively.
This results in the rolling adhesion of the platelets and leukocytes on to the activated

. 56,125
endothelium.”™

A targeted approach to delivering drugs is the new paradigm of DDS to treat

CVD, and this has been studied extensively in recent years for targeting therapeutics to

14



the inflamed endothelium. The research has focused mainly on targeting the ECAMs in
diseased endothelium. For instance, one approach used immunoliposomes conjugated
with AbH18y7, an antibody for E-selectin, to deliver the drugs.”” This study made use
of the increased expression of E-selectin in activated ECs to target the drug and found
that liposomes conjugated with AbH18y7 exhibited a 275 fold increase in cellular
adhesion to activated ECs compared to unactivated ECs.”> When the liposomes were
loaded with the cytotoxic agent doxorubicin, they showed a significant decrease in cell
survival of activated ECs but showed minimal effect on survival of unactivated ECs.”
A different approach to targeting inflamed endothelium made use of ligands or
humanized monoclonal antibodies (mAbs) against P-selectin and E-selectin for

. . . . 56, 65,76, 77, 92, 129-132
conjugation to microparticles.” 76,7792

The ligands used in the selectin studies
were Sialyl-Lewis™ (sLe") - a carbohydrate found on neutrophils and PSGL-1, present
on leukocytes surface.’® 7 '** SLe*-conjugated microparticles were shown to mimic the
rolling behavior of leukocytes on surfaces coated with purified P-selectin, and this
rolling adhesion was found to be dependent on the ligand surface density.’® An in vivo
study on mice using PSGL-1 coated microparticles found an increased adhesion of the

microparticles by P-selectin expressed on activated endothelium.'*?

Also, conjugation
of recombinant PSGL-1 to PEGylated biodegradable microparticles and nanoparticles
also showed the selective adhesion of these particles to cytokine-activated endothelium
in vitro and in animal models.®> '*° The promising results of using “leukocyte-inspired

particles” for targeted drug delivery initiate new strategies for improving site-specific

drug therapy. Even though platelets show a better adherence to activated ECs under
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high shear conditions than leukocytes,"*® currently there is no targeting strategy that
takes advantage of this property or mimics the platelet binding to target the injured

vascular wall for drug delivery.

1.4 Role of GPIba in Platelet Adhesion

Platelets play a critical role in the early stages of inflammation — a key factor in
CVD. Under healthy circumstances, platelets, leukocytes and blood components flow
within the lumen of the blood vessels without adhering to the ECs lining the lumen of
these vessels. However, when ECs become activated or inflamed upon injury caused to
the vessel during angioplasty and/or stenting or due to atherosclerotic plaque rupture,”
there is an increase in the adhesion of platelets and leukocytes to the ECs due to an
increased ECAM expression on the ECs. Atherosclerotic plaque rupture leads to the
exposure of the underlying extracellular matrix (ECM) leading to platelet adhesion
mediated by von Willebrand Factor (vWF) and collagen."* **> Occlusion of the artery
due to thrombus formation can also cause platelet deposition on the artery wall through
plasma vWF, and this can be attributed to the shear forces created by blood flow in the
blocked vessel.'"** On attachment to activated or injured ECs, platelets express and
release proinflammatory cytokines that cause further interactions between ECs and

136-139
leukocytes.
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Platelets adhere to activated endothelium or the subendothelium through various
binding proteins that are present on its surface. The adhered platelets then release
chemicals like adenosine diphosphate (ADP), thromboxane A2, and others, which lead
to platelet activation followed by further platelet aggregation. Activation of platelets is
caused by conformational changes in its structure causing them to become sticky and
allowing them to aggregate by interacting with blood plasma proteins.'*® This process
also leads to accumulation of circulating leukocytes to the injury site setting off the

inflammatory cascade.

Of the various proteins present on the platelet surface, GPIb-IX-V complex is
the primary platelet adhesion molecule that aids in their binding to the P-selectin of the
injured ECs or the vWF deposited on the subendothelium.'** GPIb-IX-V complex is
made up of four glycoproteins — GPIba, GPIbB, GP-IX and GP-V.""""'*  Of these,
GPIbo has binding regions for P-selectin and vWF.”* '*! The complex is also
responsible for attachment of the platelets to the injured endothelium under high shear
conditions.'*> '** The expression of ECAMs like P-selectin, E-selectin, VCAM-1 and
ICAM-1 by activated ECs mediate the adhesion of platelets through GPIba.'* '*® Thus,
GPIba ligand of platelets can bind to both P-selectin expressed by activated ECs as well

as VWF deposited on the subendothelium (Figure 1.2).
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Figure 1.2 Interactions of platelet GPIba with P-selectin, vVWF and P-selectin-bound
vWF to injured endothelium'**

The N-terminal domain of GPIba, consists of approximately 300 amino acids
which include the binding regions responsible for adhesion to vVWF and P-selectin.
Under normal physiological flow conditions, where shear stress in arterial tree averages
1520 dynes/cm?,'*""'* platelets can adhere to blood vessel walls at shear stresses of
upto 60 dyne/cm”. Under pathological conditions such as blood vessel injury, adhesion
can take place even at shear forces of 100 dyne/cm®.* '*° This indicates that GPIba
ligand is highly effective in adhering platelets to endothelial and subendothelial
regions.150 Hence, targeting therapeutic nanoparticles to activated endothelium by
mimicking platelet (GPIba) binding affinity to both P-selectin and vWF would provide
a better targeting option than mimicking leukocytes. This strategy can be used to

develop a controlled nanoparticle DDS to injured vasculature as well as to the leaky

endothelium observed in tumors.
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1.5 Cell-Penetrating Peptides

The cell membrane exhibits poor permeability to various drugs and DNA which
in turn translates into low therapeutic efficacy. This barrier can be overcome by use of
cell-penetrating peptides (CPPs), which have shown considerable success in the
transport of biologically active molecules into the cells.””" > CPPs are typically short
cationic sequences of amino acids and can be made from natural or synthetic sources.'”
Studies have shown that CPPs can efficiently improve the intracellular delivery of

154, 155

proteins, nuclear materials like plasmid DNA, oligonucleotides, siRNA (short

156-158

interfering RNA) and PNA (peptide nucleic acid), as well as liposome

159-161

nanoparticles into cells both in vivo and in vitro. The choice of CPPs is determined

by the application and the common peptides under investigation include trans-activating

transcriptor (TAT), polyarginine, penetratin, and transportan.'>’

Cellular uptake studies on different cell types such as SK-BR-3 cells, HeLa
cells, IMR-90 cells, U937 cells, and H9 cells, using the HIV-1 TAT peptide which has 9
to 16 amino acids, have shown that these peptides are readily taken up by the studied
cells with a cytotoxic effect being observed at concentrations greater than 5 pM,

depending on cell type and incubation time.'®

TAT peptide can pass through biological
membranes by a mechanism that is independent of transporters and receptor-mediated

endocytosis.'® '** Additionally, uptake studies of cell-penetrating peptide — TAT47-57-

streptavidin (TAT-SA, 60 kD) in living cells with various fluorescent endocytic markers
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and inhibiting agents suggest that TAT-SA is internalized into cells efficiently, using
both clathrin-mediated endocytosis and lipid-raft-mediated macropinocytosis.'®
Furthermore, PLA nanoparticles conjugated to TAT peptide bypass the efflux action of
P-glycoprotein and increase the availability of the encapsulated protease inhibitor in the
central nervous system, while maintaining therapeutic drug levels in the brain for a

. . 1164
sustained period.

1.6 Overview of Research Project

1.6.1 Goals/Objectives

The overall goal of this project was to develop novel multi-ligand nanoparticles
that can be targeted to the injured vascular wall and exhibit better adhesion onto the
injured vessel wall under physiological flow conditions as well as to stimulate the
cellular uptake of the nanoparticles by the injured endothelial cells and/or the sub-
endothelium for drug delivery. Based on observations of platelet interactions and
physiology, we selected GPIb as the ligand for conjugating to the drug-encapsulated
biodegradable nanoparticles to increase their binding to the vascular wall under high
shear. GPIba would also aid in the specific binding of the nanoparticles to the P-selectin
expressed on activated ECs and vWF deposited on the subendothelium. Additionally,
the cell internalizing peptide TAT would enhance the nanoparticle uptake by the
targeted cells. A schematic representation of our proposed design is shown in Figure

1.3. We chose dexamethasone (DEX) as our model drug since it has been proven to be
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an immune suppressant that decreases the development of the intimal hyperplasia'®® and
has been shown to consist of well-known potent anti-inflammatory and antiproliferative
properties.'®” '® By delivering DEX intracellularly, the activity of eNOS is inhibited
leading to excessive vasoconstriction'® and this also blocks the function of the adhesion
molecules.'®

Multi-Ligand

Nanoparticle
Gplb-a

Dexamathasone

TAT-1
PEG

Injured or Activated Endothelium with
Increased expression of ECAMs (e.g. P-
Selectin) and vWF

Figure 1.3 Schematic Representation of Multi-Ligand Nanoparticles Targeting Injured
Vascular Wall for Drug Delivery

Our design of multi-ligand nanoparticles that efficiently target the injured vessel

wall and adhere better under physiological flow conditions, in addition to being

internalized by the vascular cells in increased amounts, is based on the following

observations:
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1.6.2

Aim 1.

After vascular injury due to plaque rupture, cardiovascular interventions or

other pathophysiological cardiac conditions, significant P-selectin expression is

106, 130, 131, 168, 170-173

observed on the damaged endothelium and excess VWF

deposition on the luminal surface of the injured blood vessel were seen

134,174, 1
compared to the normal vessel wall.'>* 717>

GPIb serves as an attachment molecule of platelets to the injured vessel wall
(either through P-selectin expressed on activated ECs or through vWF

deposited on the damaged vessel wall) under physiological flow conditions,

especially those of high wall shear stresses.'>* 14 176179

The HIV-1 trans-activating transcriptor (TAT) peptide can pass through

biological membranes by a mechanism that is independent of transporters and

: . 164,180
receptor-mediated endocytosis.

Drugs that stimulate endothelium (antioxidant vitamins — C & E, eNOS

181-183

substrate, L-arginine or its co-factor), anti-platelet/anti-thrombotic drugs

184

(Prasugrel, Clopidogrel or Aspirin), = or anti-inflammatory/anti-proliferative

agents (Paclitaxel, Estradiol, Sirolimus or glucocorticiods like dexamethasone,

185-190

Prednisolone, etc.) can be loaded in nanoparticles.

Specific Aims

To achieve our goal, the following specific aims will be undertaken.
Formulate and investigate the efficacy of drug-loaded biodegradable GPIb-

nanoparticles in vitro.
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Aim 2. Prepare novel drug-loaded multi-ligand nanoparticles and investigate selective
binding and effectiveness of these novel nanoparticles in vitro.
Aim 3. Preliminary ex vivo studies to determine the effectiveness of these novel

nanoparticles, using rats as the animal model.

1.6.3 Innovative Aspects

The innovative aspect of this proposal is to design multiple-ligand targeted
nanoparticles that mimic the platelet adhesive properties to recruit these particles
selectively to the site of damaged vasculature under physiological flow conditions
(multi-ligand nanoparticles, Figure 1.3). The major advantage of using multi-ligand
nanoparticles for targeting drug delivery, compared to current targeting strategies
including anti-P-selectin antibodies, is that GPIb specially binds to both P-selectin
expressed on damaged ECs and vWF deposited on injured subendothelium under flow
conditions, thereby accumulating more nanoparticles as drug carriers to the injured
arterial site for drug delivery. Also, while GPIb anchors the nanoparticles to the cell
wall, the cell internalizing peptide — TAT — facilitates enhanced uptake of nanoparticles
by the targeted cells for intracellular drug delivery. In this sequentially triggered and
synergistic strategy, GPIb acts as a catch-bond enabling the nanoparticles to be
anchored specifically to the injured vascular wall under high flow conditions similar to
the adherence properties of platelets onto the injured artery, and the penetrating peptide
aids as a facilitator to increase intracellular nanoparticle uptake into the injured cells

similar to the penetration properties of HIV-1 virus into the immune cells.
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1.6.4 Successful OQutcome of the Project

A successful outcome of this study will provide a means to efficiently deliver
therapeutic agents to the injured vessel wall in order to either reduce the inflammation
of ECs and deposition of platelets, to stimulate endothelial healing, and/or prevent the
migration and proliferation of smooth muscle cells (SMCs). Nanoparticles developed in
this project can also be used as models to investigate the mechanisms of the platelet-
endothelial cell interactions. In addition, results from this work will also provide new
knowledge about the combined use of targeting and penetrating peptides for

intracellular drug delivery applications. The clinical relevance of this research is that

targeted nanoparticles could provide an alternative to systematic drug delivery, via oral

and injection routes, to the injured vascular wall and/or complement drug eluting stents.
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CHAPTER 2
FORMULATION AND CHARACTERIZATION OF IN VITRO PERFORMANCE OF

DRUG-LOADED BIODEGRADABLE GPIb-NANOPARTICLES

2.1 Introduction

Recently, various nanoparticles have been developed for targeted and controlled
drug delivery to treat coronary artery diseases. For example, E-selectin
immunoliposomes loaded with doxorubicin significantly decreased cell survival in
activated ECs, but had no effect on inactivated ECs.”* Sialyl-Lewis* (SLex)-conjugated
microparticles were able to roll successfully on P-selectin coated surfaces similar to
leukocytes.”™ '*''”* Recombinant PSGL-1 conjugated to PEGylated biodegradable
microparticles and NPs exhibited selective adhesion to cytokine-activated endothelium

130, 170

in vitro and in animal models. However, targeting strategies to the vasculature via

nanoparticles are limited in that the nanoparticles do not arrest efficiently to the

vascular wall under blood flow.”> '

In this chapter we present a targeted drug delivery
system that mimics the platelet GPIb binding to the P-selectin and vWF of the injured
vessel wall under high shear conditions.”®'® Our hypothesis is that these GPIb-

conjugated nanoparticles would exclusively attach to the injured vascular wall under

high shear conditions (Figure 2.1).
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In this study,

Platelet Mimicking
Nanoparticles

Gplb-a

Dexamethasone

/
Injured or Activated Endothelium with
Increased expression of ECAMSs (P-Selectin),
vWF and proliferating SMCs

Figure 2.1 Schematic illustration of GPIb conjugated nanoparticles mimicking the
binding characteristics of platelets to target the injured endothelium

dexamethasone-loaded biodegradable poly (D, L-lactic-co-glycolic acid) (PLGA)
nanoparticles. For our studies, we chose dexamethasone (DEX) as the model drug since
it has been proven to be an immune suppressant that decreases the development of the
intimal hyperplasia.'®® Cellular uptake of the nanoparticles was investigated on human
aortic endothelial cells (HAECs). The cellular uptake of these particles was determined
by both fluorescent measurements and confocal microscopy imaging. Furthermore,
GPIba conjugated PLGA NPs were investigated for their effectiveness in adhering to P-
selectin and vWF coated surfaces and for their cellular uptake by HAECs under

physiological flow conditions using the parallel plate flow chamber. GPlba —
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conjugated, drug loaded NPs were also examined for their ability to reduce

inflammation of activated HAECs.

2.2 Materials and Methods

2.2.1 Materials

Poly (D, L-lactic-co-glycolic acid) (PLGA) (inherent viscosity — 0.4dl/g,
copolymer ratio 50:50) with carboxyl end groups, was purchased from Lakeshore
Biomaterials (Birmingham, AL). Chemicals, if not specified, were purchased from
Sigma-Aldrich (St. Louis, MO). Low serum growth supplement (LSGS, 2 % fetal
bovine serum, hydrocortisone (1 pg/ml), human epidermal growth factor (10 ng/ml),
basic fibroblast growth factor (3 ng/ml), and heparin (10 pg/ml)) was purchased from
Invitrogen (Carlsbad, CA). HAECs were purchased from PromoCell GmbH, Germany.
Cell culture media, buffers, and supplements including trypsin-EDTA, Medium 199
(M199), fetal bovine serum (FBS) and penicillin-streptomycin were acquired from
Invitrogen Corporation (Carlsbad, CA). Glycocalicin (the external fraction of platelet
GPIba), provided by our collaborator at Baylor College of Medicine, Dr. Jing-Fei

Dong, was isolated from human blood as described previously.'*> '

2.2.2 Formulation of Nanoparticles

PLGA NPs were formulated using a double emulsion—solvent evaporation

method. In brief, 3% aqueous DEX solution (30mg of DEX in 300pul of DI water) was
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emulsified in 3% PLGA solution (90 mg of PLGA in 3 ml chloroform containing 100 pl
of 0.005 mg/ml of 6-coumarin solution) using a probe sonicator (Misonix Inc., 3000,
Farmingdale, NY) to form a primary emulsion. This primary emulsion was then added
to an aqueous solution of 5% PVA (0.24g PVA in 12ml DI water) to create the double
emulsion which was allowed to stir overnight at room temperature allowing organic
solvent evaporation. NPs were recovered by ultracentrifugation at 30,000 rpm
(Beckman Coulter, Inc., Fullerton, CA) followed by washing to remove residual PVA
and non-trapped drug and then lyophilized. NPs without DEX and 6-coumarin dye were
formulated in a similar way. 500nm and 1 micron sized NPs were formulated in a

similar manner using 1% and 0.5% of PV A, respectively.

2.2.3 Characterization and In Vitro stability of PLGA NPs

We characterized the formulated NPs for their morphology, particle size,
polydispersity, and surface charge (zeta potential) using scanning electron microscopy
(SEM, Hitachi S-3000N), transmission electron microscopy (TEM, JEOL 1200 EX
Electron Microscope) and ZetaPALS dynamic light scattering (DLS) detector
(Brookhaven Instruments, Holtsville, NY) at room temperature. In addition, we also
performed in vitro studies of long-term stability and protein binding on our formulated
NPs. For studying the stability of NPs in PBS, the NPs were suspended in PBS and
incubated at 37°C for 5 days with particle size measured every 24 hours. In addition,

NPs were suspended in 100 % fetal bovine serum (FBS) and 10 % (v/v) human plasma
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solution for 120 hours at 37°C to determine the stability and protein binding of our NPs

in serum and human plasma. Particle sizes were measured every 24 hours using DLS.

2.2.4 Drug loading and In vitro Drug Release Studies

To determine the loading efficiency of drugs in the NPs, 1 mg of the freeze-
dried particles were dissolved in mixture of chloroform and DI water which allowed the
drug to escape the PLGA NPs into the aqueous phase. This solution was then used to
determine the amount of drug in the solution and the value obtained was compared to
the total amount of DEX used in the nanoparticle formulation to determine the loading

efficiency of the NPs.

For in vitro drug release studies, stock solutions of drug-loaded NPs were
prepared in 0.1 M PBS. 1 ml of stock solution was placed inside dialysis bags
(Spectrum Laboratories Inc.) with molecular weight cut—off of 1,000 (since the
molecular weight of dexamethasone is 392.5 Dalton) and dialyzed against PBS at 37°C
for 21 days. At predetermined intervals, 1 ml of dialysate was collected from each
sample and replaced with 1 ml of fresh PBS. The collected dialysate was stored at -20°C
for analysis. To determine the amount of DEX released, absorbance of the samples was
read at 242 nm. The amount of released drug was determined against a standard DEX
curve and correlated to the loading amount to determine the cumulative percentage drug

release.
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2.2.5 Culture of Human Aortic Endothelial Cells

HAECs were cultured in M199 supplemented with 10% FBS, 1% penicillin-
streptomycin and LSGS (complete M199). Upon reaching confluence, cells were either
passaged or used for experiments. Cells up to passage 9 were used for the cellular
studies. Since prior research has shown that the use of high serum (greater than 1%)

197, 198

media increased the rate of endocytosis and exocytosis of PLGA NPs, we used

low serum (1% serum) M 199 for all the nanoparticle cellular studies.

2.2.6 Preparing P-selectin and vWF Coated Slides as well as Activated HAECs

To prepare P-selectin coated surfaces, 35mm non-treated culture dishes were
incubated with 500 pl of 20 pg/ml P-selectin (R&D Systems) overnight at 4°C while
VWF coated surfaces were incubated with 500 pl of 5 pg/ml vWF (Calbiochem) under
the same conditions. This was followed by 1 hour incubation with a 1% BSA solution to
block nonspecific binding. Two-thirds of the culture dishes were then washed gently
with a PBS solution to remove any unbound P-selectin and vWF and used immediately
for experiments. The remaining one third of the culture dishes were further incubated
with the respective antibodies against either P-selectin or vWF for one hour at room
temperature, in order to serve as a negative control, and then washed prior to use in the
experiment. To prepare activated HAECs, cells were seeded on glass slides as described
earlier and then treated with 25 mM histamine for 12 minutes at physiological
temperature (37°C) to stimulate the expression of P-selectin by HAECs. These activated

cells were then used immediately for experiments.
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Coated culture dishes (either P-selectin or VWF for surface studies) were
assembled in a circular flow chamber (GlycoTech, Gaithersburg, MD) while pre-etched
glass slides with activated HAEC monolayer for cell studies, were assembled into the
parallel plate flow systems for cellular studies. We used circular flow chamber for non-
cellular surface flow studies as opposed to parallel plate flow system to minimize the
cost as well as the amount of protein required for coating. However, for cellular studies
we used the parallel plate flow chamber as this system not only provides sufficient

surface for the cells to grow but also provides enough cells for bioassays.

2.2.7 Cellular Studies of PLGA NPs by HAECs

To determine the biocompatibility of our formulated NPs on HAECs, we
incubated HAECs with various NP concentrations (0-1000 pg/ml). Following 24 hours
of exposure to the NPs, cell viability was assessed using the MTS assay (Promega

Corp.) following the manufacturer’s instructions.

To determine cellular uptake of NPs, HAECs were seeded onto 24-well plates at
a seeding density of 30,000 cells/well and allowed to grow for 2 days. Complete media
was replaced with low serum media at least overnight prior to the experiments to
quiescent the cells. The first study was conducted to determine the effect of particle
sizes on cellular particle uptake by HAECs. Particles ranging from 200-1000 nm in size
were suspended in low serum growth medium at the concentration of 200 pg/ml. Media

from the 24-well plate was replaced with the particle suspensions, and HAECs were
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incubated for one hour. A second study was done to optimize the NP concentration. For
this as well as all other studies, NPs in the size range of 100 nm—200 nm were used. NP
solutions (0-300 pg/ml) were prepared in low serum growth medium and incubated
with HAECs for one hour. The third study evaluated the effect of incubation time on
cellular uptake of NPs. HAECs were incubated with 100 pg/ml NPs solution for

different periods of time (0—6 hours).

To study the temperature dependent uptake of different size nanoparticles,
HAECs were seeded in 24—well plates at a seeding density of 30,000 cells/well and
were allowed to grow for two days. For the experiment, cells were first pre-incubated
for one hour at three different temperatures, 4°C, 37°C, and 42°C, and then incubated
with 200 pg/ml of 200-1000 nm sized particles for an additional one hour at the

respective temperatures.

To examine the effects of shear stress on uptake of NPs by HAECs, we seeded
the cells on pre-ctched glass slides at a density of 10°cells/cm” and allowed to reach
confluence. Then HAECs on glass slides were exposed to varying (0-20 dyne/cm?)
shear stresses (since the average wall shear stress of coronary arteries in coronary artery
disease or after coronary stent deployment has been reported to be in the range of 12-15
dyne/sq. cm'”?"") of media containing PLGA NPs (200 nm) at a concentration of 200
pg/ml for 30 minutes using the parallel plate flow chamber system (Figure 2.2) as

described previously.”* Cells in a static condition served as the controls.
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We chose the parallel plate flow chamber due to its ability to generate constant
levels of shear stress. In brief, the parallel plate flow chamber consisted of a
polycarbonate rectangular slab, with a silicon gasket. Glass cover slides were placed on
top of the gasket (Figure 2.2). The system was held together by the aid of a vacuum
pump (Gast Manufacturing, Inc., Benton Harbor, MI), and shear stress was generated
using a continuous flow syringe pump (Harvard Systems, Holliston, MA). Wall shear

stress () for the flow chamber was calculated from the following equation:
7= 6Qu/bh’

where Q is the volumetric flow rate, u is the fluid viscosity, b is the channel

width, and h is the channel height.

Vacuum

Outlet Inlet
Port Port

Figure 2.2 Scheme of the Parallel Plate Flow Chamber. The chamber has a
polycarbonate slab (A), silicone gasket (B) and glass slides (C). The system was held in
place by vacuum generated by the vacuum pump connected to the vacuum port. The
continuous flow syringe pump was connected to the inlet port to create the required
shear stress. This system was used for cellular studies while a similar set-up for coated
surfaces used the circular flow chamber.
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After experiments, cells were washed carefully 3 times with cold PBS to remove
any adhering NPs. The cells were then incubated with 1% Triton® X-100 for one hour
in order to lyse them. The cell lysate was then used to determine cell number via the
Pierce BCA protein assay (Fisher Scientific, Hampton, NH), following manufacturer’s
instructions and a standard curve was generated using known number of cells. In order
to quantify NPs uptaken by HAECs, the fluorescent intensity of NPs in cell lysates as
well as the nanoparticle standards was measured at EX 480 nm/EM 510 nm using the
microplate reader (Infinite M200, Tecan USA, Inc.). The NPs uptaken by HAECs was
calculated by normalizing the particle concentration with the cell number of each cell

lysis sample. The determined optimal time and dosage were used for all further studies.

Intracellular localization of the NPs was visualized using confocal microscopy.
For confocal experiments, cells were incubated with 200 pg/ml of NP solutions for one
hour. Cover slips were then washed with cold PBS, followed by the addition of cold
FM® 4-64 FX (5 pg/ml, Invitrogen) in PBS for 5 minutes to stain cell membranes in
red. Cells were then fixed with paraformaldehyde and imaged using confocal laser
scanning microscope (Leica) equipped with FITC (Ex(X) 488 nm/Em(A) 525 nm) and
TRIC filters (Ex(A) 565 nm/Em(A) 744 nm). Slice thickness was set at 0.1 um, with an
average of 32 slices taken per cell image. The images were analyzed using Imagel

software (NIH, ImageJ 1.40).
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2.2.8 PLGA Nanoparticle Conjugation with Glycocalicin (GPIb)

NPs were conjugated with glycocalicin, the external fraction of platelet GPIba,

using carbodiimide chemistry and avidin-biotin affinity (Figure 2.3).

co

COOH Avidin co 1di
Avidin L /
S > Biotin Biatin
EDC+NHS Biotinylated GPIb | |

PLGA NP with

—COOH end group MES Buffer

Figure 2.3 Schematic of the chemical reactions used to attach GPIb (glycocalicin) to
carboxylated PLGA NPs

Initially, glycocalicin was biotinylated using the Biotin-X-NHS kit (EMD
Biosciences, Inc., San Diego, CA), following the manufacturer’s instructions. Next, the
PLGA NPs were added to EDC solution (prepared in 0.1 M MES buffer, pH 4.75) and
incubated at room temperature for five hours to ensure activation of carboxyl groups.
This was followed by addition of avidin (EMD Biosciences, Inc.) to the NP solution and
overnight interaction. Biotinylated glycocalicin prepared previously was added to the
avidin-conjugated NPs and reacted at room temperature under gentle agitation, for
another two hours. Conjugated—NPs were then purified by ultracentrifugation. Extreme
care was taken to avoid exposure of the NPs to light throughout the entire procedure. In
order to confirm the conjugation of glycocalicin onto the NPs, 100 pl of 30 ug/ml

primary mouse antibody monoclonal against glycocalicin (HIP1, BioLegend) was
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incubated with glycocalicin-conjugated NPs in PBS for one hour. After washing, Texas-
Red”™ conjugated secondary antibody (anti-mouse IgG1, BioLegend) was added to the
NPs solution and incubated for one hour, followed by extensive washing. The NPs were
then imaged using Zeiss cytoviva microscope. In addition, we also characterized these
GPIb-conjugated NPs for their stability and protein binding using PBS, 100 % FBS, and

10 % human plasma, as described above.

2.2.9 Adhesion and Cellular Uptake of GPIb-conjugated NPs under physiological
flow conditions

Coated culture dishes (either P-selectin or vWF) were assembled in a circular
flow chamber (GlycoTech, Gaithersburg, MD) for surface studies, while pre-etched
glass slides with activated HAECs monolayer were assembled into the parallel plate
flow systems for cellular studies. For surface flow studies, we used the circular flow
chamber as this required very small amounts of protein for coating the surface, thereby
reducing the experimental cost. However, the parallel plate system was used for cellular
studies to provide the cells with ample surface to grow and to also ensure that adequate

amount of cells are available for carrying out bioassays.

We compared the adhesion of different sizes of conjugated particles (200 nm -
1000 nm) to P-selectin and vWF—coated surfaces under varying shear stress conditions
(0-25 dyne/cm?). In addition, we performed a comparative non-cellular flow study,

where the flow chamber was set to produce 5 dyne/cm” of shear stress, and two groups
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of NPs were used, namely control NPs and GPIb-conjugated NPs. After the flow
experiments, the amount of NPs bound to the surfaces were measured using a

spectrofluorophotometer.

We also performed comparative cellular uptake studies of control NPs and GPIb
conjugated PLGA NPs under static and flow conditions to evaluate the effectiveness of
our GPIb-conjugated NPs. HAEC, seeded in a 24—well plate were incubated with 200
ng/ml of respective nanoparticle solution for four hours at 37°C. Cells incubated with
low serum media alone served as controls. To study the targeting efficacy of our
conjugated NPs to cells under flow conditions, the shear stress was varied between 0-25
dyne/cm”. The NP solutions were diluted to 100pg/ml concentration in low serum
media. Activated HAECs seeded on the glass slides were exposed to low serum media
with either non-conjugated (control) or GPIb-conjugated NPs under various levels of
shear stress. Samples in the static condition served as controls. Following flow
experiments, cells were washed with PBS, lysed, and analyzed for cellular uptake of the
NPs as described earlier. For confocal imaging, after the completion of the experiments,

cells were prepared as described before.

2.2.10 In Vitro Anti-Inflammatory Study

To compare the anti-inflammatory property of GPIb-conjugated-DEX
encapsulated NPs, DEX-encapsulated control NPs and free DEX in media, we

performed an in vitro anti-inflammatory study. HAECs were seeded in 6—well plates at
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a density of 50,000 cells/well for two days, after which cells were quiescent. Cells were
then activated with 25 mM histamine. Solutions of control NPs and GPIb-conjugated
NPs at 200 pg/ml and free DEX at 25 pg/ml were prepared in low serum growth media.
HAECs incubated with low serum media served as controls, while other groups were
incubated with solutions consisting of free DEX, control NPs, or GPIb-conjugated NPs.
After experiments, the cells were detached using EDTA and washed. The cells were
then incubated with APC-conjugated monoclonal primary mouse antibodies (BD
Pharmingen, San Jose, California) against P-selectin for one hour and then washed. The
mean fluorescence intensity of the cells was measured by flow cytometry. Since over-
expressed ECAMs like P-selectin '*> %% have been implicated for their role in
inflammation of vascular endothelium, we chose P-selectin as the marker for studying

the anti-inflammatory effects of our NPs.

2.2.11 Statistical Analysis

Results were analyzed using one way ANOVA and t-tests with p < 0.05
(StatView 5.0 software, SAS Institute). Post-hoc comparisons were made using the
Fisher’s least significant differences (LSD). All the results are represented as mean +

standard deviation (SD).
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2.3 Results

2.3.1 Characterization and In Vitro Stability of PLGA NPs

After formulation, we characterized the NPs for their size and surface charge
and also performed studies to determine their stability in different physiological fluids.
The mean hydrodynamic diameter of the NPs was measured to be 187.3+2.2 nm using
ZetaPALS, with a polydispersity index of 0.032+ 0.006. The surface charge of the NPs
was found to be -30.02+0.53 mV. SEM (Figure 2.4A) and TEM (Figure 2.4B) images

of these particles also confirm the average distribution and size of the particles.

200 nm

Size (nm) 187.3 + 2.2
Polydispersity 0.032 = 0.006
Zeta Potential (mV) -30.02 + 0.53

Figure 2.4 Characterization of PLGA NPs (A) Scanning Electron Microscopy (SEM)
Image (B) Transmission Electron Microscopy (TEM) Image

The DLS size measurements of both control NPs and GPIb-conjugated NPs in

PBS over a five-day period demonstrated that the NPs remained stable over the period
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with no significant changes in size and polydispersities (Figure 2.5). In addition, the
protein binding and long term stability of control NPs and GPIb-conjugated NPS in
both FBS (Figure 2.5) and dilute human plasma (results not shown) showed that the
NPs maintained their shape and stability over the 5 days period after an initial 10-20 nm

increase in size.

1 NPs in PBS
300 - 33 NPs in 100% FBS

B GPIb-conjugated NPs in PBS
GPIb-conjugated NPs in 100% FBS
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Figure 2.5 In vitro stability of the NPs over 5 days. Control NPs and GPIb—conjugated
NPs either in PBS or in 100% FBS, were incubated at 37°C over five day period. NP
suspensions were collected to measure NPs size using ZetaPALS dynamic light
scattering. Values represent mean + standard deviation (n=3)
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2.3.2 Drug Release Profile

To determine the efficacy of the drug-loaded NPs as a sustained drug delivery
carrier, we performed an in vitro drug release study. The amount of DEX released from
the NPs at different times was measured and correlated to the initial loading to get the
cumulative drug release. Results indicated a triphasic drug release with the NPs
showing the ability for a sustained drug release for up to 3 weeks (Figure 2.6). The

loading efficiency of DEX into the PLGA NPs was calculated to be about 66.5%.
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Figure 2.6 In vitro Release Profile of Dexamethasone from the drug loaded PLGA NPs
at 37°C. Values represent mean + standard deviation (n=4)

2.3.3 Characteristics of cellular studies of NPs by HAECs

We evaluated the cellular viability of our drug-free NPs after 24 hours
incubation of HAECs with the NPs using the MTS assay. As seen from the results
(Figure 2.7), about 90% cell viability (relative to the control cells, 100% cell viability)

was observed for cells exposed to concentrations of upto 500 pg/ml and around 70%
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viability at high concentrations of NPs (1000 pg/ml). These results suggest that our NPs

are relatively biocompatible.
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Figure 2.7 Nanoparticle biocompatibility study. Cells were exposed to the nanoparticles
for 24 hours and cells not exposed to nanoparticles served as controls (100% cell
viability). ** indicates significant differences compared to the control samples (p<
0.001). All values are represented as mean = SD (n=4)

To characterize the cellular uptake of PLGA particles, we investigated the
effects of particle size, concentration, incubation time, and levels of shear stress on the
particle uptake of HAECs. To determine the effects of particle size on cellular uptake

by HAECs, we performed experiments using NPs of different sizes (200-1000 nm).

Results displayed a clear trend of decreased cellular uptake with an increase in particle

42



size. The 1000 nm particles showed the least uptake while the 200 nm NPs exhibited the

highest uptake by HAECs (Figure 2.8).
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Figure 2.8 Effects of particle size on uptake by HAECs. Values were obtained after one
hour of incubation with NP solutions. * indicates significant differences compared to
200 nm NPs samples (p<0.05).

In addition, cellular uptake of NPs displayed a dependence on both
concentration and incubation time. HAEC cellular uptake attained saturation at NP
concentrations of 300 pg/ml (Figure 2.9) while a saturation of NP uptake was observed

after 4 hours of incubation (Figure 2.9).
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Figure 2.9 Effects of NP concentration and time on cellular uptake. Values were
obtained after incubating with NP solutions either for one hour or with 100 pg/ml.

We employed confocal microscopy to confirm cellular uptake and intracellular
localization of the NPs (Figure 2.10). Images at the middle point of the cell confirmed

that the fluorescent PLGA NPs were localized inside cells.
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20pm

Figure 2.10 Color overlay of Z-stack of NP uptake by HAECs. Plasma membranes
were labeled with FM® 4-64 FX and imaged using TRIC filter (Ex(A) 565 nm/Em().)
744 nm). Fluorescent NPs were imaged with FITC filter (Ex(A) 488 nm/Em()\) 525 nm).
Scale bar= 20 um.

Our studies on the temperature effects on cellular uptake of different sized
particles by HAECs showed the uptake to be temperature dependent, as evident from
the decrease in the cellular uptake at lower and higher temperatures of incubation
(Figure 2.11). However, the 200 nm and 500 nm particles showed nearly same uptake at
42°C and at 4°C the 500 nm and Imicron particle showed a slightly higher uptake
compared to the 200 nm size particles. From these results we can infer that the uptake
of the nanoparticles is an active process that requires the expenditure of energy by the

cells, and this is supported by our findings of decreased cellular uptake at both low

(4°C) and high (42°C) temperature of incubation.
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Figure 2.11 Effect of temperature on uptake of different sized particles by HAECs.
Values were obtained after one hour pre-incubation at respective temperatures followed
by NP incubation. Results are represented as mean + SD (n=4). * indicates significant
difference of 200 nm particles compared to 37°C samples (p< 0.05); # indicates
significant difference of 500 nm particles compared against 37°C samples (p< 0.05); #
indicates significant difference of 1000 nm particles versus 37°C samples (p< 0.05).

To investigate the effects of shear stress on cellular uptake of NPs by HAECsS,
we used the parallel plate flow system to produce various shear stress levels. We
observed a decrease in the cellular uptake of NPs with an increasing magnitude of shear

stress (Figure 2.12), indicating that an inverse correlation exists between nanoparticle

uptake and shear stress levels.
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Figure 2.12 Effect of shear stress on cellular uptake by HAECs. Values were obtained
after 30 minutes of flow with 200 nm NP solutions and are represented as mean + SD
(n=4). * indicates significant differences compared to static samples (p< 0.05)

2.3.4 GPIb conjugated NPs improved adhesion on coated surfaces and cellular uptake
by HAECs under physiological flow conditions

We used the imaging method as opposed to flow cytometry to confirm the
conjugation of glycocalicin to our NPs because the size of our NPs is much below the
detection limit of the available flow cytometry. Cytoviva images (Figure 2.13) showed
the presence of red fluorescence around the NPs which can be attributed to the presence
of Texas Red” fluorescent secondary antibodies against GPIb antibodies. This indicated

that we successfully conjugated glycocalicin onto our NPs.
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Figure 2.13 Glycocalicin conjugation onto PLGA NPs (A) Fluorescent NPs imaged
using the green filter via Cytoviva microscope (B) Cytoviva image obtained using both
green and red filters.

We examined the adhesion of different sized GPIb-conjugated NPs on P-selectin
and VWF coated surfaces under different flow rates and found that the 200nm sized NPs
adhered better at different shear stresses compared to 500nm and Imicron sized
particles (Figure 2.14 A and B) on both surfaces. However, for the same sized particles

a decrease in adhesion of the particles to the coated surfaces was seen at higher shear

stresses (Figure 2.14 A and B).
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Figure 2.14 GPIb-conjugated particle adhesion to (A) P-selectin and (B) vWF coated
surfaces using different size particle samples. Values represent mean = SD (n=4). **
denotes the significant differences with respect to the same particle group of static
samples (p< 0.001)
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We further analyzed the specific interaction of the control and GPIb conjugated
NPs on P-selectin and vWF—coated surfaces under flow conditions (Figure 2.15).
Nearly a two fold increase in the adhesion of GPIb-conjugated NPs to P-selectin— and
vWF- coated surfaces was observed compared to the control NPs. Using antibodies
against GPIb with GPIb-conjugated NPs showed that the NP adhesion to P-selectin and
VWEF coated surfaces was comparable to those of the control NPs, indicating the

importance of GPIb binding to P-selectin and vWF under physiological flow conditions.
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Figure 2.15 Adhesion of control and GPIb-conjugated NPs onto P-selectin and vWF
coated surfaces at a shear stress of 5 dyne/sq. cm for 15 minutes. Values are represented
as mean + SD (n=4). * indicates the significant difference compared to the control NPs

samples (p< 0.05)
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Investigation of effects of shear stresses on cellular uptake and binding of
control (non-conjugated) and GPIb-conjugated NPs by activated HAECs exhibited
significant cellular uptake of GPIb-conjugated NPs, while lesser cellular uptake of

control NPs was observed (Figure 2.16).
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Figure 2.16 Adhesion and Uptake of GPIb-conjugated and control NPs by activated
HAECs under shear stresses. Cells were activated with 25mM histamine just before
flow. Measurements were made after 30 minutes of flow. Values represent mean + SD
(n=3). * indicates the significant differences compared to the same nanoparticle group
of static samples (p< 0.05). # denotes the significant difference between GPIb-
conjugated NPs with control NPs (p< 0.05).
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In addition, confocal images showed that unconjugated NPs were mostly
detected in extracellular spaces, with minimal NPs within the cells (Figure 2.17A). In
contrast, NPs conjugated with GPIb showed higher uptake as detected within cells, with
a very low concentration of NPs present in extracellular spaces (Figure 2.17B). Samples
were observed at the middle point of each cell using the stack imaging option, with slice
thickness set at 1 um. These observations confirm that GPIb adhesion to P-selectin of

activated HAEC: is essential for uptake by HAECs under flow shear stress.
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Figure 2.17 (A) Z-stack Confocal Image of cellular uptake of control NPs (B) Z-stack
Confocal Image of cellular uptake of GPIb-conjugated NPs. Fluorescent NPs were
imaged using a FITC filter, while plasma membranes were stained with FM® 4-64 FX
red membrane dye and imaged using TRIC filter. Images on the far right represent the

color overlay of FITC and TRIC filters. Scale Bar = 20 pum.

2.3.5 InVitro Anti-inflammation Study

From the results of in vitro anti-inflammatory study, it is clearly observed that

the cells incubated with GPIb-conjugated NPs showed a significantly lower expression
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of P-selectin (marker used to study inflammation, as described previously) compared to
the control cells (Figure 2.18). After 24 hours incubation with histamine containing
media, control cells showed about 6 times and cells incubated with free DEX in solution
showed approximately 4 times higher expression of P-selectin, compared to cells that
were incubated with GPIb-conjugated NPs (Figure 2.18). These results may be
explained by the fact that the drug encapsulated NPs release the encapsulated DEX
slowly from the NPs even after removal of the NPs from the media, as opposed to free
drug, which shows minimal effect on the cells after its removal from the media. These

results indicate the promise of our GPIb-conjugated NPs as therapeutic delivery system.
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Figure 2.18 In vitro anti-inflammatory study comparing control, free DEX, DEX
encapsulated PLGA NPs and GPIb-conjugated - DEX encapsulated PLGA NPs. Values
represent mean =+ standard deviation (n=4). * indicates significant differences of GPIb-

conjugated NPs compared to control NP samples (p< 0.05)
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2.4 Discussion

The intent of this research was to examine a novel strategy of targeted drug
delivery of nanoparticles to enhance cellular uptake by inflamed/activated HAECs. The
formulated PLGA NPs were characterized for their size, surface charge and
morphology. The NPs showed a sustained drug release for upto 21 days, were stable in
different physiological fluids, and showed minimal cytotoxicity in HAECs.
Furthermore, cellular uptake studies showed that a reduction in particle size increased
cellular uptake. Additionally, the optimal nanoparticle dosage was determined to be 300
pg/ml while optimal incubation time was found to be 4 hours, under static conditions.
Our results also indicated that when the NPs were conjugated with GPIb, they
considerably increased their adhesion to P-selectin and vWF coated surfaces. Moreover,
cellular uptake studies performed under fluid shear stress also showed an increased
uptake and targeting capacity of GPIb-conjugated NPs when HAECs were activated
with histamine to express P-selectin. The GPIb-conjugated NPs also exhibited a better
anti-inflammatory effect compared to control NPs. Results from these cellular uptake
and targeting characterization studies imply that conjugation of GPIb onto our NPs can
increase nanoparticle targeting capability and endothelial cellular uptake under

physiological flow conditions.

The release of the drug from our NPs showed evidence of a triphasic release —

an initial burst release (about 36% in 24 hours) owing to drug desorption from the NP
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surface, followed by a plateau due to drug diffusion and finally a stable sustained
release attributable to both diffusion of the drug and surface erosion of the NPs. This
interpretation of the results is consistent with the findings reported by several other

62.207. 208 These results suggest that our PLGA nanoparticles can be loaded with

authors.
any therapeutic reagent including anti-proliferative agents and hold promise as a viable
sustained drug delivery system. To be used as a drug delivery system, the NPs must also
be stable in physiological fluids. The stability of the NPs can be ascribed to the steric
repulsion caused by hydrodynamic diameter of the PLGA and residual PVA chains as
well as from the electrostatic repulsion of the negatively charged — COOH end groups

of the PLGA chains, similar to the results observed from other studies.””2"!

Similar to previous uptake studies using polystyrene particles (100nm to 1pm)
on HAECs,”* we saw a decreased uptake of the particles NPs by HAECs with an
increase in the NPs size (Figure 2.8). Furthermore, previous cellular studies using NPs
in our size range have shown that NPs below 200 nm are internalized by Caco-2 cells®
and HUVEC cells.*'* In addition, cellular uptake of nanoparticles at various sizes by the
HAEC: is energy—dependent. We believe that maximum cellular uptake with minimum
energy consumption is observed at 37°C and this assumption is confirmed by the results
from studies that used a range of fluorescent latex beads of defined sizes (50-1000 nm)
on B16 non-phagocytic cells.”'* Thus, results from our and previous studies confirm the
advantages of NPs for intracellular drug delivery with added benefits of minimal to no

. . . . . 53214
local inflammation and a lower risk of arterial occlusion.”™
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In addition to particle size-dependence, NPs uptake by HAECs was also found
to be dose (300 pg/ml) and incubation time (4 hours) dependent. These results were
similar to the PLGA NPs cellular uptake outcomes in previous studies using HUVECs
where uptake saturated at 300 pg/ml.> But contrary to our studies, uptake by HUVECs
saturated after two hours of exposure to NPs > and Caco-2 showed saturated uptake in
2 hours and at a dose of 500 pg/ml.* This disparity in dose and incubation time can be
attributed to the variations in the NP size and cell types used for these studies. Thus, our
result, in combination with previous findings suggests that encapsulated drugs can be
delivered using NP concentration-based dosages. Indeed, studies via catheter-based
infusion demonstrated that increasing the concentration of NPs significantly increases
arterial uptake of drug-loaded NPs, leading to enhanced drug levels at the arterial wall

. . 84,215,216
in acute animal models.”™ =

Understanding the method of cellular NP uptake is important for intracellular
trafficking of the NPs for enhancing the effectiveness of any internalized drug.'®® 7%
Confocal microscopy confirmed the intracellular localization of our NPs. We attribute
this localization to endocytosis of the NPs by various cellular mechanisms and believe
that the drug loaded NPs escape the endo-lysosome complex by surface charge reversal
of the NPs. This is supported by well-documented studies on the mechanism of
intracellular uptake of PLGA nanoparticles such as their trafficking and sorting into

different intracellular compartments like early and recycling endosomes, late

endosomes, lysosomes, and cell cytoplasm.”™ *2'*** All these findings indicate that by
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optimizing the NP concentration and time, we can minimize the drug side effects and

enhance NP delivery.

Other factors like surface properties of NPs, high concentrations of serum, and
varying shear stress levels can also influence the NP uptake by endothelial cells. For
example, excessive cell exocytosis of NPs was seen when media with high serum

1% This was attributed to the energy dependent nature of

quantity was used for studies.
the exocytosis process.'” Additionally, the amount of shear stress can also affect NP
adhesion and uptake by endothelial cells. Similar to our results, other researchers have
also found that adhesion of NPs on surfaces and/or endothelial cells is inversely related

92,94, 225
to shear stress levels.”” 7™

To improve the adhesion of NPs to endothelial cells under physiological flow
conditions, other researchers have used leukocyte-imitating particles'? '3!- 170 191193 3pd
endothelial targeting particles coated with humanized antibodies against E- and P-

92, 225

selectins. Particles (both nano and micro) conjugated with either sialyl Lewis®

(sLe¥)'?% 131 191193, 226 1 with antibodies against P-selectin® ** and/or LFA-1%* were
observed to adhere to P-selectin—, E-selectin— and ICAM-1 — coated surfaces as well as
to activated endothelial cells. Just like these studies, our “platelet-mimicking
endothelial-targeting NPs” adhered better to both P-selectin— and vWF- coated surfaces

under physiological flow conditions by imitating the binding of platelets onto activated

ECs. Our NPs adhere better to both P-selectin— and vWF— coated surfaces as well as to
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activated HAECs owing to the higher binding strength of platelet ligands under high
shear stress situations.”” > 3% 22 Additionally, GPIb-conjugated NPs were
significantly better compared to control NPs in terms of adhesion, uptake, and
efficiency of the released anti-inflammatory drugs. Other researchers have also found
that incorporating anti-inflammatory agents into nanoparticles improved their

efficacy.”” >

For example, lipid nanoparticles loaded with prostaglandin E1 improved
its anti-inflammatory effects in RAW264.7, HUVEC, and MDA-MB-468 cells*® while

encapsulation of thymoquinone into PLGA nanoparticles enhanced its anti-

inflammatory, anti-proliferative, and chemosensitizing properties.230

2.5 Limitations

Current study did not look into the correlation between bond forces upon GPIb-
vWF in the presence of soluble VWF and the competitive binding of our NPs with
platelets. In addition, the increase in the adhesion and uptake of our GPIb-conjugated
NPs under higher shear conditions was also less compared to the static and low shear
uptake. Additionally, for the flow studies, we presumed that the flow velocities of the
nanoparticle solution in the flow chamber are the same all through. This may however
not be the case. Future work on this project will include studies to overcome above
limitations and in vivo studies via animal models. To increase the stealth properties of
these NPs for in vivo application, we will also study the PEGylated formulations of

these NPs.
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CHAPTER 3

GPIb-TAT CONJUGATED NANOPARTICLES FOR TARGETED DRUG

DELIVERY TO VASCULATURE

3.1 Introduction

In the previous chapter, we successfully developed the GPIb-conjugated PLGA
NPs that exhibited enhanced shear regulated uptake and decreased inflammation of the
activated endothelial cells. The conjugated NPs also showed significantly increased
adhesion to P-selectin and vWF coated surfaces over control nanoparticles. However, a
vital downside of this strategy was that the increase in the adhesion and uptake of the
NPs under higher shear conditions of 25 dyne/cm” for 30 minutes was only around 50%

compared to the static samples.

Recently, studies using cell penetrating peptides have shown excellent results in
being able to translocate spontaneously through the plasma membrane.””' Various
biological molecules and therapeutic substances like proteins, small peptides, DNA,
siRNA, vaccines, and drugs have been delivered into cellular compartments

successfully in vitro via these penetrating peptides.”***

Therefore, to overcome the
limitation of the previous aim, we propose to conjugate a cell penetrating peptide along
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with GPIb to the PLGA NPs. Since it is proposed to use these NPs in vivo, we will also
be conjugating polyethylene glycol (PEG) to the PLGA NPs to increase the blood

236-238
Th

circulation time and to prevent clearance by the reticulo-endothelial system. e

scheme of our nanoparticles is shown in Figure 1.3.

In this chapter, we first evaluated five different cell penetrating peptides (CPPs)
and determined TAT to be the most optimal peptide for our application. We then
formulated and characterized the drug (dexamethasone)-loaded PLGA-PEG
nanoparticles. We determined the optimal cellular uptake concentration and incubation
time by fluorescent measurements. Furthermore, after conjugation of TAT and GPIb to
the PLGA-PEG NPs, these nanoparticles were investigated for their anti-inflammation
property, adhesion to P-selectin— and vWF- coated surfaces, and effectiveness of
cellular uptake under high shear stress conditions. We further performed a preliminary
ex vivo assessment of the targeting efficacy of the conjugated NPs using balloon injury

rat models.

3.2 Materials and Methods

3.2.1 Materials
Poly (D, L-lactic-co-glycolic acid) (PLGA) (inherent viscosity — 0.4dl/g,
copolymer ratio 50:50) with carboxyl end groups, was purchased from Lakeshore

Biomaterials (Birmingham, AL). Bi-functional polyethylene glycol (NH,-PEG-COOH)
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was procured from Laysan Bio (Arab, AL). All other chemicals, if not specified, were
purchased from Sigma-Aldrich (St. Louis, MO). Low serum growth supplement (LSGS,
2 % fetal bovine serum, hydrocortisone (1 pg/ml), human epidermal growth factor (10
ng/ml), basic fibroblast growth factor (3 ng/ml), and heparin (10 pg/ml)) was purchased
from Invitrogen (Carlsbad, CA). HAECs were purchased from PromoCell GmbH,
Germany. Cell culture media, buffers, and supplements including trypsin-EDTA,
Medium 199 (M199), fetal bovine serum (FBS), and penicillin-streptomycin were
acquired from Invitrogen Corporation (Carlsbad, CA). Glycocalicin was received from
our collaborator at the Baylor College of Medicine, Dr. Jing-Fei Dong. For the initial
experiments, the cell penetrating peptides were gifted by Dr. J.T. Hsieh of the
University of Texas Southwestern Medical Center at Dallas, Texas. Biotin-TAT cell

penetrating peptide was purchased from Anaspec (Fremont, CA).

3.2.2 Formulation of PLGA-PEG NPs

PLGA NPs were formulated using a double emulsion—solvent evaporation
method. As described in the previous chapter, a 3% aqueous DEX solution was
emulsified in 3% PLGA organic solution containing 6-coumarin to form the primary
emulsion. This primary emulsion was then added dropwise into a 5% aqueous PVA
solution to form the double emulsion. After overnight stirring to evaporate the organic
solvent, NPs were recovered by ultracentrifugation at 30,000 rpm and then washed

twice with DI water.
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To conjugate PEG to the drug-loaded PLGA NPs, carboxyl groups on the
surface of the PLGA NPs were activated using the standard carbodiimide chemistry
(Figure 3.1). The above formulated PLGA NPs were resuspended in isotonic 0.1M
MES buffer saline (pH 4.75) and allowed to react for two hours with 2.7% EDC and 4%
NHS. After washing twice with PBS, the activated NPs were allowed to react with 3%
NH,-PEG-COOH in PBS for four hours after which the NPs were washed twice and
freeze-dried. NPs without the drug and fluorescence dye were prepared in a similar
way. For in vivo studies, the NPs were formulated in a similar manner. However,
instead of the 6-coumarin fluorescent dye, we incorporated the near infrared fluorescent

dye - NIR-797 isothiocyanate (Sigma-Aldrich Corp., St. Louis, MO) in the NPs.

COOH CONH-PEG-COOH

NH,-PEG-COOH
EDC+NHS
PLGA NP with MES Buffer
—=COOH end group

Figure 3.1 Illustration showing the reaction for conjugation of PEG to PLGA NPs

3.2.3 Characterization and In Vitro Stability of PLGA-PEG NPs

The PLGA-PEG NPs were characterized using TEM and DLS for their
morphology and size. The size, polydispersity, and surface charge were measured using
ZetaPALS DLS. The conjugation of bi-functional PEG to PLGA NPs was confirmed
using Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet 6700 FT-IR

spectrometer, Thermo Fisher Scientific) at room temperature. Stability and protein
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binding of the NPs were conducted in vitro in PBS and FBS. The NPs were suspended
in PBS and 100% FBS for 120 hours at 37°C, and the change in particle sizes was

measured every 24 hours using DLS.

3.2.4 Drug Loading and In vitro Drug Release Studies

To determine the loading efficiency of dexamethasone in the PLGA-PEG NPs,
Img of the freeze-dried particles were suspended in mixture of chloroform and DI
water. This allowed the drug to escape from the polymer into the water phase. The
amount of drug was then quantified using a spectrophotometer and loading efficiency
was calculated based on the total amount of DEX used in the initial nanoparticle

formulation.

For in vitro drug release studies, 1ml of drug-loaded PLGA-PEG NPs were
suspended in PBS and placed in dialysis bags (Spectrum Laboratories Inc.) with
molecular weight cut-off of 1,000 (as the molecular weight of water soluble
dexamethasone is 392.5 Da) and dialyzed against PBS at 37°C for 28 days. At a
predetermined time, 1ml of dialysate was removed from each sample and replaced with
Iml of fresh PBS. The collected samples were stored at -20°C for later analysis. To
determine the amount of DEX released, absorbance of the samples was read at 242 nm.
The amount of released drugs was determined against a standard DEX curve and
correlated to the loading amount to determine the cumulative percent drug release. The

samples were prepared in quadruple.
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3.2.5 Culture of Human Aortic Endothelial Cells

HAECs were grown in M199 that was complemented with 10% FBS, 1%
penicillin-streptomycin, and LSGS (complete M199). Cells up to passage 10 were used
for all the cellular studies. We used low serum (1% serum) M199 for all the cellular
studies as previous research has revealed that using high serum (greater than 1%) media

amplifies the endocytosis and exocytosis processes of PLGA NPs. ' 1%

3.2.6 Determination of Suitable Cell Penetrating Peptide for Conjugation to NPs

To determine the suitable peptide for our application, we used the following
peptides: TAT (FITC-G-RKKRRQRRR), homopolyers of L-arginine R11 (FITC-G-
RRRRRRRRRRR) and L-lysine K11 (FITC-G-KKKKKKKKKKK), penetratin (PENE;
FITC-G-RQIKIWFQNRRMKWKK) and KALA (FITC-G-
KLALKLALKALKAALKLA). 10,000 HAECs per well were plated in 96—well plates
for the experiments. The following day, different concentrations of FITC-tagged CPPs
were incubated with the HAECs for one hour or indicated time. The cells were then
washed with PBS and lysed using 1X-Triton”. The fluorescence intensity was examined
by spectrophotometer (Ex-490nm, Em-525nm), and the uptake was normalized to the
cell number. Additionally, to determine the effect of these CPPs on cell viability, the
cells were seeded in 96—well plates at a density of 10* cells/well and incubated with the
respective CPPs for 24 hours. We then assessed the viability with the MTS cell

proliferation assay per the manufacturer’s instructions. Furthermore, we conjugated the
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CPPs to the NPs using EDC chemistry and analyzed the cellular uptake and cytotoxicity

of the CPP-conjugated NPs as described above.

3.2.7 Preparing P-selectin— and vWF— Coated Slides and Activation of HAECs

Coated surfaces for flow were prepared by incubating 500 pl of 20 pg/ml P-
selectin (R&D Systems) and 500 pl of 5 pg/ml vWF (Calbiochem) at 4°C overnight.
After washing, the surfaces were incubated with 1% BSA solution for one hour to
prevent nonspecific binding. After washing the surfaces with 0.9% NaCl solution to
remove any unbound ligands, the surfaces were used for experiments. To activate
HAECs, cells seeded on glass slides were incubated with 25 mM histamine for 12
minutes at 37°C to promote P-selectin expression. The activated cells were used for

experiments right away.

3.2.8 Cellular Studies of PLGA—PEG NPs using HAECs

The cell biocompatibility of the PLGA-PEG NPs on HAECs was assessed using
the MTS assay. HAECs were exposed to varying concentrations (0—1000 pg/ml) of
NPs, and after 24 hours of exposure, the viability was assessed by adding the MTS
reagent (Promega Corp.) following the manufacturer’s instructions. The absorbance was

measured at 490nm using the microplate reader (Infinite M200, Tecan USA, Inc.).

Dose- and time-dependent cellular uptake of PLGA-PEG NPs were determined

by plating and growing HAECs in 48-well plates at a seeding density of 20,000 cells per
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well. At least six hours before the experiments, the complete media was replaced with
low serum media to quiescent the cells. To study the dose-dependent NPs uptake,
HAECs were incubated with different concentrations of NP suspension (0—1000 pg/ml)
in low serum media for one hour. For the time-dependent NP uptake, HAECs were
incubated with NP suspension (300 pg/ml) in low serum media for different time

periods (0—6 hours).

To explore the uptake pathways of PLGA-PEG NPs by HAECs, endocytic
inhibitors were used. For this purpose, the HAECs cell cultures in 96-well plates were
initially pre-incubated for one hour at 37°C with chlorpromazine (10 pg/ml) to inhibit
clathrin vesicles formation, filipin III (1 pg/ml) to hinder caveolae, and/or with
amiloride (50 uM) to inhibit macropinocytosis. Following this, the cells were treated
with a suspension of PLGA-PEG NPs (300 pg/ml), which also had the respective

inhibitors at the same concentrations, for an additional hour.

After experiments, cells were washed three times with cold PBS and then lysed
by incubating them with 1% Triton® X-100 for 30 minutes at 37°C. The cell lysates
were then processed at EX 490 nm/EM 515 nm using the microplate reader (Infinite
M200, Tecan USA, Inc.). Results are expressed as pg of NPs normalized to the cell

number, as described earlier.
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3.2.9 Conjugation of Glycocalicin and TAT Peptide to PLGA-PEG NPs

Glycocalicin, the extracellular fraction of platelet GPIba and TAT peptide were
attached to the PLGA-PEG NPs using carbodiimide chemistry and avidin-biotin affinity

chemistry (Figure 3.2).

TAT
A
Bintin Biotin
CONH-PEG-COOH L \
CONH-PEG -CO — Awidin CONHPEC.C0 —— Avidin

‘ Avidin ‘ . ‘ - / \ N
— Lg Biatin Biotin
EDC +NHS Biotinylated GFIb | |

MES Euffer Biotinylated TAT v

Figure 3.2 Schematic of the conjugation of GPIb and TAT to the PLGA-PEG NPs

The first step in the process was attaching biotin to glycocalicin via the Biotin-
X-NHS kit (EMD Biosciences, Inc., San Diego, CA) using the manufacturer’s
instructions. In the next step, PLGA-PEG NPs were suspended in 0.1 M MES buffer
(pH 4.75) along with EDC to activate the carboxyl groups on the NPs. This solution
was incubated at room temperature for 5 hours after which avidin (EMD Biosciences,
Inc.) was added to the NP solution and the reaction was allowed to proceed overnight.
The following day equal quantities of biotinylated glycocalicin (prepared in the
previous step) and biotin TAT (Anaspec, Fremont, CA; used as received) were mixed
with the avidin-complexed NPs and reacted for two hours at room temperature under

gentle stirring. The NPs were washed and collected by ultracentrifugation.
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To confirm the conjugation of glycocalicin onto the NPs, NPs were incubated
with 100 pl of 30 pg/ml primary mouse antibody monoclonal against glycocalicin
(HIP1, BioLegend) in PBS for one hour, followed by washing. Texas-Red”™ conjugated
secondary antibodies (anti-mouse IgGl, BioLegend) were incubated with the NP
solution for one hour followed by washing. FITC conjugated TAT peptide was used for
verifying conjugation. The NPs were imaged using the Zeiss cytoviva microscope. In
addition, the GPIb-TAT conjugated NPs were characterized using DLS and TEM for
their size. The stability and protein binding of these nanoparticles in PBS and 100%

FBS were also studied, as explained above.

3.2.10 Comparative Studies of Adhesion and Cellular Uptake of Conjugated NPs

For adhesion and cellular uptake under physiological flow conditions, P-
selectin— and vVWF— coated culture dishes were assembled in a circular flow chamber
(GlycoTech, Gaithersburg, MD) for surface studies, where as glass slides with activated
HAECs were assembled in the parallel plate flow system for cellular studies (Figure
2.2). The wall shear stress (1) for the flow chamber was calculated using the equation

given below:
7= 6Qu/bh’

where Q is the volumetric flow rate, u is the fluid viscosity, b is the channel

width, and h is the channel height.
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We compared the adhesion of NPs to P-selectin— and vWF- coated surfaces at a
shear stress of 10 dyne/cm®. Three groups of NPs were used, namely control NPs,
GPIb-conjugated NPs, and GPIb-TAT-conjugated NPs. After the flow experiments, the

amount of NPs bound to the culture dishes were quantified using a spectrophotometer.

We also performed cytotoxicity and cellular uptake studies of control NPs,
GPIb-conjugated NPs, and GPIb-TAT-conjugated NPs under both static and flow
conditions to assess their biocompatibility and efficiency. HAECs seeded in a 24—well
plate were incubated with 300 pg/ml of respective nanoparticle solution for one hour
(static uptake studies) or 24 hours (cytotoxicity studies) at 37°C. To study the targeting
ability and uptake of the conjugated NPs by activated HAECs under flow, the shear
stress was varied between 0-25 dyne/cm”. The NPs at 300pg/ml concentration were
suspended in low serum media. The activated HAECs on glass slides were exposed to
the respective groups of NPs under varying shear stress. Static samples served as
controls. Following the experiments, cells were washed with PBS, lysed, and analyzed

for cellular uptake or cytotoxicity of the NPs as described above.

For confocal experiments, after the completion of the experiments, cells were
prepared by washing with cold PBS, followed by incubation with ice-cold FM® 4-64
FX (5 pg/ml, Invitrogen) in PBS for 5 minutes to stain cell membranes red. Cells were
then fixed with 4% paraformaldehyde and imaged using confocal laser scanning

microscope (Leica) outfitted with FITC (Ex(A) 488 nm/Em(A) 525 nm) and TRIC filters
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(Ex(}) 565 nm/Em()) 744 nm). An average of 32 slices per cell was taken with a slice
thickness of 0.1 um. The images were then analyzed using ImageJ software (NIH,

Imagel 1.42).

3.2.11 In Vitro Anti-Inflammatory Study

To compare the anti-inflammatory property of the GPIb-TAT conjugated DEX
encapsulated NPs and free DEX in media, we carried out an in vitro anti-inflammatory
study. HAECs were seeded in T-25 culture flasks at a density of 10,000 cells per cm’
for two days followed by cell quiescence. Cells were first activated with 25 mM
histamine. HAECs were then incubated for one hour with respective NPs and free DEX
samples prepared in low serum growth media containing histamine, while HAECs
incubated with low serum media containing histamine and without DEX or NPs served
as control. After one hour, the cells were washed and further incubated with media
containing histamine for pre-determined time periods. After experiments, the cells were
detached using EDTA and washed. The cells were then incubated with APC-conjugated
monoclonal primary mouse antibodies (BD Pharmingen, San Jose, California) against
P-selectin for one hour, washed, and fixed in 4% paraformaldehyde. The mean
fluorescence intensity of the cells was measured by flow cytometry. As over-expressed
P-selectin '*> 2®>?% has been implicated in inflammation of vascular endothelium, we
preferred using P-selectin as the indicator for measuring the anti-inflammation property

of the dexamethasone-loaded GPIb-TAT-conjugated NPs.
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3.2.12 Exvivo localization and retention of the GPIb-TAT-conjugated NPs

All animal experiments were performed in accordance with the animal welfare
policy and IACUC approved protocols (Protocol Number: A07.005) of the University
of Texas at Arlington. For these studies, NIR-797 loaded NPs were used to determine
the localization and persistence of NPs in the injured blood vessel after a single local
infusion of NPs. Carotid balloon injury was induced in 10 male Sprague-Dawley rats
weighing between 300 to 600 g. For creating the balloon injury, general anesthesia was
induced with a mixture of ketamine (80 mg/kg) and xylazine (8 mg/kg) given
intraperitoneally. Then, through a midline neck incision, the common, external, and
internal carotid arteries were exposed by blunt dissection. This was followed by
introduction of a 2F Fogarty balloon catheter into the external carotid artery via an
arteriotomy and advanced to the origin of the left common carotid artery. The balloon
was then gradually inflated to 7atm to cause a balloon injury and then deflated. This
process was repeated thrice to consistently produce endothelial activation along the
length of the common carotid artery similar to a standard angioplasty procedure. After
removal of the balloon catheter, the injured artery was excised and the distal end of the
artery was clamped using vascular clamps. 50 pl of either 5 mg/ml of control NPs or
GPIb-TAT-conjugated NPs suspended in PBS was then infused over 3 minutes using a
I ml syringe. After the NPs were delivered, the apical end was also clamped with a
vascular clamp. This created a closed loop system that allowed the contact of the NPs
with the injured vessel wall. The NPs were allowed to interact with the injured wall for

30 minutes, after which the vascular clamps were removed and the nanoparticles
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solution was collected. The vessel was then washed with 500 pl of PBS over 3 minutes.
The amount of NPs adhering to the carotid vessel wall was quantified by indirect
measurement of the NPs fluorescence intensity (using TECAN microplate reader, EX —
760 nm/EM — 830 nm). The arteries were also imaged using the same wavelength by
means of the KODAK FX Pro imaging system (Carestream) before and after washing
with the buffer solution for 3 minutes. A total of six arteries per group were used for the

experiments.

3.2.13 Statistical Analysis

Analysis of results was done with StatView 5.0 software (SAS Institute) using one

way ANOVA and t-tests with p < 0.05. Post-hoc comparisons were made by means of

the Fisher’s least significant differences (LSD). Results are presented as mean + SD.

3.3 Results

3.3.1 Characterization and In Vitro stability of the NPs

After preparation of PLGA-PEG NPs, the attachment of PEG to PLGA was
confirmed by FTIR (Figure 3.3). The FT-IR spectra of both PLGA and PLGA-PEG NPs
showed sharp peaks at 1750 cm', which are characteristic of carbonyl groups of the
ester bond. Transmittance peak at around 3000 cm ' is attributed to stretching of amine
bound hydrogen in the PEG polymer alone, and this peak is absent in both PLGA and

PLGA-PEG NPs. Additionally, amide I and amide II vibrations were also observed at
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1670 cm ' and 1560 cm ™', respectively in PEG polymer and were noticeably absent in
the PLGA-PEG NPs spectrum. In addition, presence of twin peaks between 2215-2240
cm ' in the PLGA-PEG NPs spectra indicated the presence of C= —N stretching

vibration that points to the presence of a peptide bond.
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Figure 3.3 FTIR spectra of PLGA NPs, PEG polymer and PLGA-PEG NPs

Furthermore, the NPs were characterized for size and surface charge. In vitro
studies were used to establish the stability in various physiological fluids. The mean

hydrodynamic diameter along with the polydispersity and zeta potential of the NPs are
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listed in Table 3.1 while the TEM images (Figure 3.4) of the various formulated NPs

show the morphology and size range of the particles.

Table 3.1 Size, polydispersity and Zeta potential of various NP formulations

. S Zeta (D
Type Size (nm) Polydispersity P il (mV)
PLGA NPs 187.8+ 2.0 0.136 = 0.005 -26.27+0.51

PLGA-PEG NPs 197.7+ 1.6 0.150 +0.023 -12.08 + 0.62

GPIb conjugated

PLGA-PEG NPs 249.9+25.0 0.303 +0.016 -8.27+0.25
GPIb-TAT

conjugated 241.1+25.6 0.311 +0.012 -6.46 + 0.63
PLGA-PEG NPs

Figure 3.4 Nanoparticle Characterization using TEM (A) PLGA NPs (B) PLGA-PEG
NPs (C) GPIb-conjugated PLGA-PEG NPs (D) GPIb-TAT-conjugated PLGA-PEG NPs

Control and conjugated NPs suspended in PBS remained stable behaviour

during the 5-day study with no apparent change in size (Figure 3.5A). Furthermore,
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after an initial 20-30 nm increase in size, all the NPs maintained their stability in 100%

FBS, and no aggregates were formed (Figure 3.5B).
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Figure 3.5 Stability of formulated NPs over 5 days at 37°C (A) PBS and (B) 100%
FBS. Values represent mean + standard deviation (n=3)
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3.3.2 Drug Release Profile

The suitability of the drug — loaded PLGA-PEG NPs for sustained drug delivery
was ascertained by an in vitro drug release study. The amount of DEX released from the
NPs at pre-determined periods was quantified and correlated to the initial amount of the
drug loaded in the formulation to obtain the cumulative drug release. The drug release
showed three stages and the NPs maintained the release for 4 weeks (Figure 3.6). The

NPs had a loading efficiency of about 63.5%.
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Figure 3.6 In vitro Release Curve of Dexamethasone from PLGA-PEG NPs at 37°C.
Values represent mean =+ standard deviation (n=4)

3.3.3 Determination of suitable cell penetrating peptide for conjugation to NPs

We measured the zeta potential of the five CPPs used in the study, and the
results are tabulated in Table 3.2.
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Table 3.2 Zeta Potential of various cell penetrating peptides

CPP Name/Source Sequence Mean Zeta Potential
+ Std Error
TAT Trans-activating G-RKKRRQRRR 14.00 £3.16 mV
transcriptor derived
from HIV-1
R11 Polyarginine G-RRRRRRRRRRR 17.18 £2.10 mV
peptide

PENE  Derived from the G-ROQIKIWFQNRRMKWKK 5.65+1.96 mV

Antennapedia gene
of Drosphilia flies

K11  Polylysine peptide G-KKKKKKKKKKK 18.13 £2.50 mV

KALA  Synthetic cationic =G-KLALKLALKALKAALKLA 24.55+£2.96 mV
amphipathic peptide

To determine the most suitable peptide for our studies, cellular uptake efficiency
and intracellular cytotoxicity of five different CPPs, TAT, R11, K11, PENE and KALA,
were evaluated. TAT and R11 peptides showed the highest cellular uptake at 5 uM
(Figure 3.7); however, cell uptake of R11 peptides also revealed significant toxicity
compared to the control cells (Figure 3.8). All CPPs exhibited a dose dependent uptake

and cytotoxicity.
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Figure 3.7 Uptake of various CPPs in HAECs after incubation for one hour. FITC

intensity was determined by normalizing fluorescence intensity of each treatment with
its cell numbers. Values are represented as mean =+ standard deviation (n=4)
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Figure 3.8 Cytotoxicity of various CPPs in HAECs as determined by MTS assays after
incubation for 24 hours. Values are represented as mean * standard deviation (n=4)
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To test if the synergic effect of CPPs with NPs decreases the cytotoxicity of the
peptides, we conjugated the CPPs to PLGA NPs. We then examined the uptake and cell
viability of these NPs on HAECs. From the results it is seen that the TAT and K11
conjugated NPs had a higher uptake compared to the other three peptides (Figure 3.9).
Cells exposed to TAT and K11 conjugated NPs also showed slightly decreased cell
viability compared to the cells that were exposed to KALA (76% cell viability of the
control cells), PENE (showing ~ 80% cell viability of the control cells) and R11
conjugated NPs (less than 70% cell viability of the control cells) exhibited a much

higher level of toxicity compared to the control cells (Figure 3.10).
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Figure 3.9 Uptake of various CPP-conjugated PLGA NPs by HAECs after incubation
for one hour (200 pg/ml). Uptake was determined by normalizing FITC fluorescence
intensity with respective cell numbers. Values represent mean + standard deviation
(n=4). * indicates significant differences compared to the control samples (p< 0.05)
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Figure 3.10 Cytotoxicity of various CPP-conjugated PLGA NPs in HAECs after
incubation for 24 hours at a concentration of 200 pg/ml. Viability was assessed by MTS
assay. Values are represented as mean + standard deviation (n=4). * indicates
significant differences compared to the control samples (p< 0.05)

From the above results, we determined that the TAT peptide shows minimal
cytotoxicity even at higher concentrations and exhibited a higher uptake by the HAECs.
We further determined the dose and time dependent uptake of the free TAT peptide by

the HAECs and observed a dose and time dependent uptake with uptake peaking at

S5uM concentration and saturating at 30 minutes of incubation (Figure 3.11).

80



Time (minutes)

0 10 15 30 45 60
0.0020 l } t l I

0.0016

0.0012

0.0008

0.0004

Peptide Uptake (nM/10,000 cells)

0.0000

-0.0004

Concentration (uM/L)

Figure 3.11 Effect of dose and incubation time on cellular uptake of TAT peptide.
Values were obtained after incubating with TAT for either upto 1 hour or upto 5 uM
We exposed the HAECs to varying concentrations of the TAT peptide and found
the peptide to be biocompatible even at higher concentrations (10pM) when compared
to the control using MTS assay measurements (Figure 3.12). We also determined the
half-life of the TAT peptide to be 32.6 hrs by incubating HAECs with optimal

concentration of 5 uM/L of free fluorescent peptide for 72 hours (Figure 3.13).
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Figure 3.12 HAEC viability after exposure to TAT peptides for 24 hours at 37°C
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Figure 3.13 Half-life of TAT peptides in HAECs
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The internalization of the TAT peptide was confirmed by fluorescence

microscope image (Figure 3.14).

100 pm
o]

Figure 3.14 Fluorescence microscope image of cellular uptake of FITC-labeled TAT by
HAEC:s. Cells were incubated with 5 uM of peptide for 30 minutes. After fixation, cells
were counterstained with DAPI and the cellular distribution of peptide was visualized
with fluorescence microscope. Scale = 100 um

3.3.4 Characteristics of cellular studies of PLGA-PEG NPs by HAECs

We evaluated the cellular viability of PLGA-PEG NPs using the MTS assay.
Relative to the control cells, around 90% of cells remained viable even upto
concentrations of 1000 pg/ml (Figure 3.15), pointing to the virtual biocompatibility of

the PLGA-PEG NPs.
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Figure 3.15 PLGA-PEG NPs biocompatibility study. Cells not exposed to NPs act as
controls (100% cell viability). * indicates significant differences compared to the
control samples (p< 0.05). Values are expressed as mean = SD (n=4)

The results of cellular uptake of PLGA-PEG NPs exhibited both dose- and time-
dependence in uptake with cellular uptake saturating at 400 pg/ml. Significant uptake
was observed after 30 minutes of exposure to NPs and uptake saturated after one hour

of incubation (Figure 3.16).
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Figure 3.16 Effect of PLGA-PEG NP dose and incubation time on HAEC uptake.
Values were obtained after incubating with NPs solutions either for one hour or with
300 pg/ml of NPs

3.3.5 Comparative Studies with GPIb-TAT conjugated NPs under static and
physiological flow conditions

Conjugation of the two ligands, glycocalicin (GPIb) and TAT peptide was
verified by Cytoviva imaging. Cytoviva images (Figure 3.17) confirmed the presence of
green fluorescence in the region of the NPs, which is characteristic of the FITC TAT

peptide. Red fluorescence around the NPs attributable to the existence of Texas Red®
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fluorescent secondary antibodies against GPIb antibodies confirms the conjugation of

glycocalicin to the NPs.

A

Figure 3.17 Evidence of TAT peptide and GPIb conjugation to PLGA-PEG NPs using
Cytoviva imaging (A) PLGA-PEG NPs (B) Fluorescent NPs imaged using green filter
(C) Image obtained using both green and red filters

Stability of the ligands conjugated onto the NPs was studied over a week under
physiological conditions and only about 20% of the ligand detached from NPs surface

(Figure 3.18). This detachment was most likely due to NPs degradation. The total

amount of ligand conjugated on the NPs served as the control.
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Figure 3.18 Quantification of ligand detachment from the conjugated NPs over one
week. Values are presented as mean + SD (n=4). The total amount of protein bound to
the nanoparticles served as the control sample
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We also quantified the surface coating efficiency of both P-selectin and vWF

(Table 3.3) using protein assays.

Table 3.3 Coating Efficiency using Passive Coating Method

Coating Efficiency
Sample (% of Initial Amount)

P-Selectin 75.25 £ 14.45

VWF 68.52 £19.96

We further analyzed the adhesion of control, GPIb-conjugated NPs, and GPIb-
TAT-conjugated NPs on P-selectin— and vWF— coated surfaces under flow conditions
to verify that presence of TAT peptide does not interfere with the binding of GPIb to the
P-selectin— and vVWF— coated surfaces. As seen from Figure 3.19, both the single and
double ligands attached NPs exhibit similar binding behaviour compared to the control
NPs. These results suggest that presence of TAT peptide does not hinder the function of

GPIb.

87



300
B P-selectin
OvWF
E f %% X% %% **
s Z
< 2
v =
=
= O
23
e o 100 A
=2 &
[y
i
0 Y : —
Control PLGA-PEG  GPIb-conjugated GPIb-TAT-
NPs PLGA-PEG NDPs  conjugated PLGA-
PEG NPs

NPs Type

Figure 3.19 Adhesion of control, GPIb-conjugated NPs and GPIb-TAT conjugated NPs
on P-selectin and vWF coated surfaces at shear stress of 10 dyne/cm? for 30 minutes.
Values represent mean = SD (n=4). ** indicates the significant difference compared to
the control NPs samples (p< 0.001)

We also performed comparative uptake and cytotoxicity studies on HAECs
(control and activated cells) using PLGA-PEG NPs (as control NPs), PLGA-PEG-GPIb
(single conjugation) and PLGA-PEG-GPIb-TAT (double conjugation) under static
conditions. Results of these studies indicated that all three groups of NPs showed good
biocompatibility (Figure 3.20) with the double ligand NPs showing a significant

increase (%) of nanoparticle adhesion and uptake in both control and activated HAECs

compared to the control NPs (Figure 3.21).
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Figure 3.20 Comparison of cellular biocompatibility of control, GPIb-conjugated and
GPIb-TAT-conjugated NPs (NP concentration = 300 pg/ml) on control and activated
HAECs. Values are represented as mean + SD (n=4)
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Figure 3.21 Comparison of uptake of control, GPIb-conjugated, and GPIb-TAT—
conjugated NPs by either control or activated HAECs under static experimental
conditions Values represent mean = SD (n=4). * indicates the significant differences
compared to the control NPs of respective cell type
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Furthermore, the analysis of shear stress effects on activated HAEC uptake and
binding of control (PLGA-PEG NPs), GPIb-conjugated, and GPIb-TAT-conjugated
NPs under flow revealed that at 25 dyne/cm?, the perfusion of GPIb-TAT-conjugated
NPs had a significantly higher uptake (~ 4 times higher) compared to the control NPs

(Figure 3.22) indicating that the presence of TAT peptide aids in the cellular uptake.
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Figure 3.22 Shear stress regulated uptake of double-conjugation, single- conjugation
and control NPs by activated HAECs. 25 mM histamine was used to activate the cells
just before flow. After 30 minutes of flow, the NPs were quantified as described in
section 3.2.8. Values represent mean + SD (n=3). * indicates the significant differences
compared to the static control NP sample
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Additionally, the confocal images showed minimal control NPs inside the cells

while the GPIB-TAT-conjugated NPs exhibited a significantly higher accumulation

inside HAECs (Figure 3.23).

A

Figure 3.23 Confocal Images of cellular uptake of (A) control NPs (B) GPIb-
conjugated NPs, and (C) GPIb-TAT—conjugated NPs. The fluorescent NPs were imaged
via a FITC filter, while the FM 4-64 FX ® stained plasma membranes were imaged with

a TRIC filter. Images represent the overlay of both the filters

3.3.6 In Vitro Anti-inflammation Study

Results from the in vitro anti-inflammatory study clearly showed that the cells
incubated with GPIb-TAT-conjugated NPs had a significantly lower P-selectin
expression (inflammation biomarker, as described previously) compared to the control
samples. After 24 hours of incubation with histamine containing media, control cells
had approximately eight times higher P-selectin expression while cells exposed to free
DEX in solution exhibited a three fold increased P-selectin expression compared to the
zero hour control samples (Figure 3.24). Incubation of cells with either free DEX or
GPIb-TAT-NPs containing DEx significantly reduced the P-selectin expression. These
results show the feasibility of the GPIb-TAT-conjugated NPs as targeted and sustained

drug delivery carriers to treat activated endothelial cells.
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Figure 3.24 In vitro anti-inflammatory study comparing control, free DEX, and GPIb-
TAT-conjugated DEX-encapsulated NPs. Values are represented as mean + standard
deviation (n=4). * indicates significant differences compared to 0 hour control NP
samples (p< 0.05)

3.3.7 Mechanisms of Nanoparticle Uptake

In an effort to identify the mechanisms of uptake that could be involved in the
cellular entry of PLGA-PEG NPs and GPIb-TAT-conjugated PLGA-PEG NPs, we used
several endocytic inhibitors, each of which is known to be explicit for a particular
endocytic pathway. When the formation of clathrin-coated pits was inhibited by use of
chlorpromazine, ~50% decrease in GPIb-TAT-conjugated NPs uptake was observed
(Figure 3.25). However, inhibition of caveola-coated pit endocytosis by use of filipin

did not have any effect on either of the NP uptake. In addition, when the HAECs were
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treated with amiloride — a known inhibitor of Na'/H™ exchange mechanism of
macropinocytosis, both groups of NPs exhibited a marked decline in the cellular uptake
compared to the control samples. Additionally, in the presence of both chlorpromazine
and amiloride, the cellular uptake of GPIb-TAT conjugated NPs showed more than 50%
reduction by HAECs (Figure 3.25), suggesting that the two endocytic processes,
clathrin-mediated endocytosis and macropinocytosis, play a significant role in the NP
cellular uptake. The various combinations of inhibitors (Inb.1+ Inb.2, Inb.1+ Inb.3 and
Inb.2+ Inb.3) were used to study the synergistic effect of the inhibitors on the cellular
uptake of the NPs.
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Figure 3.25 Effects of various inhibitory agents on cellular uptake of GPIb-TAT-
conjugated PLGA-PEG NPs. Inb.1 (chlorpromazine), Inb.2 (filipin) and Inb. 3
(amiloride). Positive control represents cells incubated with all three inhibitors while
negative controls were not exposed to any of the inhibitors. Values represent mean +
standard deviation (n=4). * indicates significant differences compared to the negative
control sample (p< 0.05)
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3.3.8 Ex Vivo Retention Study

Preliminary ex vivo adhesion studies using the rat carotid injury model showed a
significantly higher adhesion (13 fold retention) of the PLGA-PEG-GPIb-TAT NPs to
the injured vascular wall compared to the control NPs after washing for 3 minutes
(Figure 3.26). Images of the retention of PLGA-PEG, GPIb-conjugated NPs and GPIb-

TAT conjugated NPs after washing is shown in Figure 3.27.
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Figure 3.26 Retention of PLGA-PEG NPs and GPIb-TAT conjugated NPs in rat carotid
artery injury model. Values are correspond to mean + standard deviation (n=6). *
indicates significant differences compared to the control NPs sample (p< 0.05)
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Figure 3.27 Ex vivo images of rat carotid arteries using (A) Control NPs, (B) GPIb NPs
and (C) GPIb-TAT NPs imaged using the KODAK FX Pro imaging system, after
washing with PBS for 3 minutes

3.4 Discussion

Recent approaches for an effective site-specific drug delivery have moved
towards a local delivery system rather than systemic drug administration in an effort to
achieve and maintain high levels of the drug at the target site. In this work, our aim was
to develop and characterize a unique drug targeting strategy to the injured vascular wall
and/or the inflamed HAECs. The novel nanoparticle system used the binding ability of
GPIb to anchor the nanoparticles to the blood vessel under physiological flow
conditions while the cell penetrating peptide TAT aided as a facilitator to enhance the
intracellular nanoparticle uptake by the cells similar to the invasive properties of HIV-1
virus into the cell membrane. The formulated GPIb-TAT-conjugated PLGA-PEG NPs
were characterized for size and cellular behaviour in vitro. Compared to the control
NPs, our GPIb-TAT-conjugated PLGA-PEG NPs exhibited increased cellular uptake
under both static and dynamic conditions along with better anti-inflammatory effect.

These nanoparticles were internalized primarily by clathrin aided endocytosis and
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macropinocytosis. Preliminary in vivo results also indicated that the GPIb-TAT-
conjugated NPs have a considerably better retention to the vascular wall. Our data
suggests that attaching both GPIb ligand and TAT peptide to NPs can increase the

targeting capability and enhance particle uptake under fluid shear stress in vivo.

The release of the drug from the PLGA-PEG NPs showed three stages — a burst
release of around 34% in the first 24 hours. This burst release might be due to the
desorption of the drug from the NP surface. This stage is followed by a plateau that is
attributed to the drug diffusion. The third stage is a steady release attained from both
diffusion of the drug and surface erosion of the NPs. Our findings are consistent with
the results reported by several researchers using PLGA as the material for formulating

NPs for controlled drug delivery.”****!

Our results point towards the TAT peptide having the highest uptake with
minimal cytotoxicity in the HAECs. This result is in contrast to those reported by Zhou
et al.,*** and the difference could be due to the difference in the cell type used in our
studies (HAECs) and other studies (prostate cancer cells — LNCaP, C4-2, LAPC4, and
PC3 cells). Additionally, the lower cytotoxicity of the TAT peptide can be credited to
the fact that it contains only the basic region TAT (47-57), and this region does not
induce significant toxicity on cells, even when used at high concentrations of upto 100

. - 243,244
uM as shown by previous studies.”™
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The PLGA-PEG NP uptake by HAECs was found to be dose- and incubation
time-dependent. Our results were comparable to other cellular uptake studies of PLGA-
PEG NPs ** and of PLGA NPs.” However, contrary to these studies, uptake of our NPs
reached equilibrium after one hour of incubation. This difference in saturation time may
be due to the particle composition as well as different cell types used. These results
imply that the cellular uptake pathway of PLGA-PEG NPs for endothelial cells is more
active at lower incubation time and reaches the saturation limit more rapidly.
Additionally, our findings with TAT-conjugated NPs are supported by results from

. 246-250
other studies.

Moreover, the use of known endocytic inhibitors in blocking the
cellular uptake mechanisms showed a marked change in uptake. Chlorpromazine is a
chemical that dissociates clathrin from the membrane surface to inhibit the clathrin—
mediated endocytosis, filipin III is a selective inhibitor that prevents caveolae
formation, and amiloride is a potent inhibitor of macropinocytosis. Our observations
with these inhibitors suggest the existence of two distinct primary endocytic
mechanisms, namely clathrin-mediated endocytosis and macropinocytosis, that aid in
the NP cellular uptake. These findings indicate that the majority of our NPs are
internalized by non-destructive cellular means, and this is substantiated by other

L 53,220,221, 251-254
research findings.”™ ™~

Varying levels of shear stress can also influence the uptake of NPs by HAECs.
Comparable to our results, other research has also indicated that the adhesion of NPs on

ligand coated surface and uptake by endothelial cells shows an inverse correlation to
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shear stress.”” °* ?*° Similar to nanoparticle adhesion and cellular studies using
antibodies against P-selectins,”” **> our studies found that the GPIb-attached and GPIb-
TAT-conjugated NPs exhibited increased adhesion to P-selectin- and vWF- coated
surfaces and to activated HAECs. This could be due to the higher binding strength of
platelet ligands under high shear conditions.”® '** 3> 2% The inhibitory effects of GPIb-
TAT-conjugated drug loaded NPs on the expression of P-selectin was more pronounced
compared to control and GPIb-conjugated drug loaded NPs. Higher retention of GPIb-
TAT-conjugated PLGA-PEG NPs by local administration of the NPs in the injured
carotid artery of rats supports our hypothesis that modifying the NPs with platelet GPIb
and TAT peptides would enhance the arterial endothelial retention of drug-loaded

agents to treat restenosis.

3.5 Conclusions

We have developed a novel multi-ligand nanoparticle system to target the
endothelial cells and the subendothelium with the ability to deliver therapeutic agents
like the anti-inflammatory drug, dexamethasone, to the injured vascular wall and/or
activated endothelial cells. These multi-ligand nanoparticles also showed promising
results in arresting the nanoparticles to the activated cells in vitro under flow as well as
ex Vivo in injured arteries in animal studies. Pending additional qualification studies, it
is possible that this dual targeting nanoparticle system could serve as an efficient

therapeutic carrier, in particular for delivering drugs to the injured vascular wall.
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CHAPTER 4

CONCLUSIONS, LIMITATIONS AND FUTURE WORK

In summary, we successfully formulated and characterized the platelet-
mimicking multi-ligand drug-loaded, dual targeting nanoparticles for improved and
efficient therapeutic delivery. These nanoparticles have shown enhanced adhesion and
uptake by activated endothelial cells under high flow conditions. Preliminary ex vivo
studies using rat carotid injury model exhibited higher retention of these novel
nanoparticles. Other results involving formulation of multi-ligand nanoparticles have
shown that they possess positive qualities for a suitable drug delivery system. We could
successfully load and deliver the anti-inflammatory agent — dexamethasone, via the
nanoparticles with high efficiency. With the aid of in vitro experiments using endocytic
inhibitors, we demonstrated that in addition to diffusion, the internalization of the
nanoparticles can be mediated by two distinct uptake pathways — clathrin mediated-
endocytosis and macropinocytosis. All these results support our hypothesis of using
platelet GPIba for arresting the nanoparticles onto the injured endothelial cells under
flow along with TAT peptides to increase internalization of the nanoparticles by the

activated/injured endothelial cells.
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Given the favorable results including low toxicity, coupled with efficient
adhesion and uptake under flow as well as nondestructive endocytic pathways of
uptake, our multi-ligand nanoparticles could act as versatile carriers for targeted
intracellular delivery of therapeutic agents under physiological flow as well as lead to
the creation of novel drug delivery nanoparticles which can be used as alternative or as
complementary treatments to oral drugs and drug eluting stents to reduce thrombosis,

inflammation, and restenosis associated with injured vascular wall.

Though the novel platelet mimicking multi-ligand conjugated nanoparticles
developed in this project demonstrated a superior adhesion and uptake by activated
endothelial cells under physiological flow, the applicability of this targeting strategy

might have some limitations. Some of these limitations are listed below:

> The amount of targeting ligands bound to the nanoparticle surfaces may be
limited due to inadequate number of exposed free carboxyl groups on the
polymer surface (even though we use PLGA and PEG with carboxyl groups in
the formulation of the NPs). A possible alternative to this inadequacy would be
coating of monomers/polymers containing more carboxyl groups on the surfaces
of the polymeric NPs using a pulsed plasma polymerization process.

233259 5ur GPIb-TAT-conjugated nanoparticles may

> Just like other glycoproteins,
present unwanted effects elicited by interaction with blood cells like platelets

and inflammation cells. Experiments using human blood containing these

particles will be performed to see whether this is the case. An alternative
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strategy for this limitation would be the incorporation of the peptide (sequences
of GPIb) that is shear-stress regulated and binds only to the regions of P-selectin
expressed on the activated endothelium, instead of glycocalicin (the whole
extracellular fraction of GPIb) onto NPs.

Although we have estimated the delivery dose of NPs for in vivo studies based
on previous research and our preliminary in vitro studies, it is possible that the
optimal dose will not be achieved in animal studies within the studied range. If
this is the case, re-evaluation of doses and time points will be performed for our
drug delivery carriers using animal models.

We used dexamethasone as our model drug to test the efficacy of the targeted
and controlled drug delivery approach using GPIb-TAT-conjugated NPs.
Dexamethasone has shown in various studies to inhibit endothelial activation

. - 16 189, 190, 260-264
and in-stent restenosis.'®” 8% 19

However, drug—eluting stents using
dexamethasone did not show any significant clinical benefits.*>*’ If a potential
limitation of drug efficiency is encountered, other established therapeutic agents
such as anti-platelet/anti-thrombotic drugs like Cilostazol, Prasugrel,
Clopidogrel and Aspirin'®* as well as anti-inflammatory/anti-proliferative agents
like Cilostazol, Paclitaxel, Actinomycin-D, Mycophenolic acid, Estradiol and

5

Sirolimus and its analogues like Everolimus, Tacrolimus'® will be studied as

alternatives.
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Future work on this project will involve more in vitro and in vivo studies to

optimize the drug delivery formulations. Future studies will include:

o Variation of P-selectin and vWF coating densities and studying their effects on
the nanoparticle adhesion.

o Varying the amount of the conjugating ligand densities on the nanoparticle
surface and studying their effects on the nanoparticle cellular uptake.

. Flow cytometric analysis on the conjugated nanoparticles to determine ligand
surface densities.

o Investigation on the attachment and detachment kinetics of GPIb-TAT-
conjugated NPs on coated surfaces.

. Study of competitive binding of GPIb-TAT-conjugated NPs with soluble GPIb
protein and platelets.

. In vivo biodistribution and biocompatibility.

. Evaluation of the pharmacological efficiency of multi-ligand NPs using rat
injury models.

o Study of interactions of GPIb-TAT-conjugated NPs on blood cells such as

platelets and leukocytes, and on injured arteries.
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