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ABSTRACT OF THE DISSERTATION

Intravitreal Therapeutic Nanoparticles for the Treatment of Posterior Segment

Ocular Diseases
by
Joel F. Grondek
Doctor of Philosophy in Chemistry

University of California, San Diego, 2022

Professor Michael J. Sailor, Chair

Ocular therapeutic delivery affords challenges as unique as the diseases themselves. The
human eye is anatomically compartmentalized, both within the organ itself and from the
systemic vasculature typically used for drug delivery. Recent pharmaceutical developments
have revolutionized the prognosis for ocular diseases, yet many therapies treating the posterior
segment of the eye remain invasive and require frequent administration to maintain remission.

Herein, we review the application of nanocarriers as intravitreally injected therapeutic delivery

Xiv



vehicles working toward enhanced retinal uptake to further improve current therapeutic
outcomes and for the development future therapies and we present a novel approach to the

treatment of diabetic retinopathy and diabetic macular edema.

Chapter one provides introductory overview of the complex anatomy of the eye, routes
of therapeutic administration, and current nanoparticle formulations designed to treat

posterior segment diseases by intravitreal injection.

Chapter two demonstrates a novel application of fusogenic porous silicon nanoparticles
for intravitreal delivery of vascular endothelial growth factor siRNA using a rabbit model for

diabetic retinopathy and diabetic macular edema.

Chapter three summaries prior work focused on peptide targeted magnetic resonance
imaging of myocardial infarction using a fibrin homing peptide. Here we demonstrate long
circulating iron oxide nanoparticle chains call “nanoworms” can effectively target early fibrin

associated with myocardial injury using a rat ischemia/reperfusion model.
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Chapter 1

Introduction



1.1 Abstract

Diabetic retinopathy and age-related macular degeneration are two of the leading
causes of blindness having a combined global prevalence surpassing 300 million people 2. In
addition, glaucoma, retinitis pigmentosa, branch and central retinal artery and vein occlusions
are just a subset of ocular diseases that can be treated but have no cure. While many of the
recent advances in the treatment of ocular diseases have come from the development of novel
therapeutics, it also apparent the development of alternative methods for therapeutic delivery
will be a key component to widespread positive prognostic outcomes. The human eye is
anatomically complex and offers a unique opportunity for the application of novel therapeutic
delivery vehicles. Because the eye has barriers to systemic circulation similar to blood brain
barrier direct injection is required to treat most posterior segment diseases. Intravitreal
injection is the most common route of administration, yet most therapies are short lived and
require repeat injections to maintain efficacy. This invokes the inherent risks associated with
multiple, frequent intravitreal injections and of large therapeutic doses to offset the short
intravitreal half-lives. Below we review the application of a wide variety of nanocarriers as
intravitreally injected therapeutic delivery vehicles developed with the primary goals of

enhancing retinal uptake and extending therapeutic windows.

1.2 Ocular Anatomy and Therapeutic Administration



1.2.1 Ocular Anatomy

To better understand intraocular therapeutic delivery it is useful to review the anatomy
of the eye and the benefits and shortcomings of different routes of administration 3. The eye
can be viewed, for the most part, as an isolated system within the body. On a macroscopic scale
the eye consists of two chambers (Figure 1.1). The posterior chamber, which extends from the
choroid through the vitreous humor up to the lens, represents 80% of the eye’s volume. The
region from the lens to the cornea is called the anterior chamber. The reason for this distinction
is two-fold. First, the anterior chamber contains the agueous humor which is maintained by the
vasculature of the ciliary process. The posterior chamber contains the vitreous humor and is
maintained both the ciliary process and the retinal capillaries. Secondly, while there is nominal
transfer of fluid from the vitreous to the aqueous, there is little to no propagation of anterior

chamber aqueous fluid to the vitreous .

The eye is further isolated from systemic circulation by the blood-aqueous barrier and
the blood retinal barrier > ©. These barrier act in a similar manner to blood brain barrier by
tightly regulating and protecting the intraocular systems. The ciliary epithelium of the blood-
aqueous barrier is fenestrated for the movement of ions, small molecules and fluid but
prevents the movement of large molecules between the choroidal vasculature and the aqueous
humor. The ciliary body also functions to support the flux of fluid and waste from the vitreous
and is primarily responsible for vitreous turnover. The posterior region of the vitreous is
separated from the retina by the inner limiting membrane. Only water and molecules < 150kD

can permeate from the vitreous through the inner limiting membrane by paracellular



movement °. The blood retinal barrier consists of two barriers. First, the inner blood retinal
barrier (iBRB), formed by tight junctions between the retinal endothelial cells. The iBRB
responsible for neural homeostasis and acts as an additional barrier between the vitreous
humor and the retina. The second is the outer blood retinal barrier (0BRB) which made up by
the retinal pigment epithelium (RPE) and Bruch’s membrane . The oBRB isolates the retina
from the choroid vasculature and acts as a bidirectional transport. The oBRB brings glucose and
other nutrients in form the choroid to support photo receptor function, modulates the release
of water and electrolytes to maintain osmotic equilibrium, and aids in the removal of cellular

waste.

1.2.2 Retina Structure

Understanding the basics of retina structure with help to appreciate its complexities.
The retina itself can be subdivided into 10 layers (Figure 1.2) &. The RPE is considered the first
layer. In addition to functions listed above, RPE absorbs scattered light which aids in visual
acuity. The second layer is photoreceptor layer, which contains the rod and cone cells
responsible for turning photons that have passed from the iris through the entire retina into
electrical signals. Third is the external limiting membrane, semipermeable barrier made up the
terminus of the Miiller glial cells and of nerve fibers. The external limiting membrane helps to
maintain the structural integrity of the retina and subdivides the neuronal photoreceptor layer
from the outer nuclear layer which contains the photoreceptor nuclear body and is considered
the fourth layer. The fifth layer is the outer plexiform layer and constitutes the region where

the axons of the photoreceptor neurons contact the dendrites of the bipolar cells. The sixth



layer is the inner nuclear layer and contains the cell bodies of the bipolar neurons. The seventh
layer is the inner plexiform where the axons of the bipolar cells contact the dendrites of the
ganglion cells. The eight layer is the ganglion cell layer which houses the body of the ganglion
neurons. The ninth is the nerve fiber layer. It contains the unmyelinated axons of the ganglion
cells that act as the final neural output of visual information. Finally, the tenth layer is inner
limiting membrane, which is made up of the basement membrane of Miiller cells. Miller cells
span from the external limiting membrane to the internal limiting membrane regulate neuronal
activity through ion and neurotransmitter homeostasis. Additionally, there are two cell types
not included above. First are the horizontal cells which transmit neural signals in between axons
of the photoreceptors to the dendrites of the bipolar cells as a way concentrating signals.
Second are the amacrine cells which play an indirect role in the connections between bipolar

cells, ganglion cells, and other amacrine cells.

1.2.3 Routes of Ocular Therapeutic Administration

There are three common ocular therapeutic delivery routes: topical, systemic, and
intravitreal, and several less-common routes discussed in brief below (Figure 1.3). Topical
administration is the least invasive form of therapeutic delivery to the eye and is typically used
to treat conditions in the anterior chamber, such as inflammation and infection °. For topical
administration to be effective therapeutics must permeate the cornea to the aqueous humor,
and thus are primary reserved for anterior segment delivery. This is limited to lipophilic
therapeutic formulations, as proteins and hydrophilic molecules show little to no trans-corneal

absorption. Topical administration results in the bioavailability of only 1-4% due to rapid



removal from the corneal surface by the lacrimal fluid, tear ducts, and absorption by the
conjunctiva. Hydrophilic drugs have been successfully shown to penetrate the conjunctiva and
reach the posterior segment by periocular movement, utilizing the fluid surrounding the
exterior of the eye. These drugs can then diffuse through the sclera and have the potential to

reach the choroid and retina, however the resulting therapeutic dose is generally <10%.

The second method is systemic. Administration is either oral or by injection
(intravenous, intramuscular, subcutaneous) and used to deliver antibiotics to treat infection or
small molecule inhibitors to treat elevated intraocular pressure. The therapeutics enter through
the ocular artery to reach the choroidal capillaries. The intraocular penetration is limited by
both the BRB, in the case of the retina, or the BAB for the anterior and posterior chambers, as
previously discussed. This restricts systemic delivery to hydrophilic small molecular

therapeutics.

The third method is by direct injection into the vitreous humor. The vitreous is an
acellular structure and makes up ~80% of the volume of the eye. The vitreous is thought to give
this internal cavity structural support and aid in homeostasis. Intravitreal injection (IVI) involves
piercing the pars plana, a thin 4 mm band of the ciliary process between the iris and beginning
sclera. The major benefit of this method is direct delivery of the therapeutic to the vitreous
chamber while avoiding damage to the iris, lens, and retina for treatment of posterior segment
disease. VI allows for therapeutic injection by applying only topical anesthesia and is used for

both small molecule and antibody drug delivery, and for drug eluting implants 2011,



Other injection sites are used as a method to reach the posterior chamber, choroid, and
RPE that bypass the clearance from the lacrimal fluid on cornea that plagues topical
administration. Extraocular injections consist of sub-conjunctiva, sub-Tenons, and retrobulbar.
These injection sites are the most invasive but are clinically relevant and have been the focus
drug delivery implant studies and can be used for extended drug release of hydrophilic small
molecule drugs. Additionally, there are injections between the sclera and the choroid,
suprachoroidal, and between the RPE and the photoreceptors, subretinal. Subretinal is the
preferred method for studying gene therapy, as many inherited retinal diseases affect the

photoreceptors and other delivery routes have been found to be ineffective.

13 Intravitreal Therapeutic Nanoparticles

Intraocular treatments require excessive therapeutic doses and continued repeat
intravitreal injections to maintain remission which run the risk of intraocular inflammation,
infection, and ocular hemorrhage 2. Encapsulating drugs inside of nanoparticles can both
extend the half-life and improve retinal penetration, reducing the required dose for disease
remission. Herein, we explore vitreous nanoparticle formulations grouped by synthesis material

(Figure 1.4) and discuss half-life, retinal up take and efficacy.

1.3.1 Vitreous Diffusion Studies

First we consider the structure of the vitreous and how it relates to particle size,
composition and surface potential 3. The vitreous is made up of >99% water; where collagen,

hyaluronic acid, and peptidoglycans make up about 0.2% * 15, In the vitreous, the



glycosaminoglycan hyaluronic acid, or hyaluronan, is highly cross-linked to itself and to
collagen, where the highest density is found near the lens and lowest is adjacent to the retina.
Type Il collagen fibers, the most abundant subtype within the vitreous, are oriented conically
anterior to posterior, where the posterior fibers anchor to the internal limiting membrane.
There is also a high density of collagen fibers along the inner surface near the retina. The
distance between collagen fibrils is on average ~ 2 mm, therefore the fibers themselves have
little effect on molecular diffusion. It has been found that despite the viscous nature of the
vitreous humor, diffusion rates of small molecules are on the order of free molecules in
solution. Barza et al. looked at nano and microparticles dynamics in both the vitreous and
retina . They synthesized liposomes containing *?°I-p-hydroxybenzamidine-
dihexadecylphosphatidylethanolamine (*>°I-BPE) hydrated with >1Cr-EDTA with and without
cholesterol. They achieved monodispersed particles with diameters of 60 nm, 60 nm with
cholesterol, 400 nm, or 600 nm with cholesterol and they found liposomes with cholesterol
resulted in >1Cr-EDTA payloads being detected in the vitreous for 24 and 29 days, for 60 nm and
600 nm respectively, verses 4 and 8 days for the 60 nm and 400 nm cholesterol free particles in
normal rabbit eyes. They also found 2°I-BPE lipids could be detected for ~2-fold longer than
>1Cr-EDTA and eyes with larger liposome retained 2°I-BPE twice long both with and without
cholesterol, suggesting smaller particles were eliminated at a faster rate. Finally, they found all
particles injected into bacterial endophthalmitis induced eyes were eliminated at almost a 4-
fold faster rate; suggesting the disease/disease model plays a pivotal role in nanoparticle
pharmacokinetics. Sakurai et al. studied the half-life and biodistribution of intravitreal injected

fluorescein loaded polystyrene spheres with diameters of 2 um, 200 nm and 50 nm in healthy



rabbit eyes /. By measuring fluorescence intensity, they found the vitreous t(1/2) to be 5.4 + 0.8
days for 2 um, 8.6 + 0.7 days for 200 nm, and 10.1 + 1.8 days for 50 nm. For reference free
sodium fluorescein had a t(1/2) of 7.8 £ 0.7 h. Fundus images of the retina showed a discrete
deposit of 2 um particles in the vitreous post-injection and a homogenous haze of 200 nm
particles. The 200 nm polystyrene spheres could be detected in the retina one month after
injection, however, 2 um particles were no longer observed, suggesting an upper size limit on
retinal uptake. Peeters et al. expanded on this study by testing several nanoparticle materials
and diameters for diffusion in bovine vitreous ex vivo 8. The particles were measure for
differences diffusion by fluorescence recovery after photobleaching (FRAP). The naked
polystyrene particles appeared to adhere to the collagen fibers and did not freely diffuse. Their
zeta potential ranged from -42 to -54 mV, and it was hypothesized that a negative surface
potential would allow for free diffusion due to the hyaluronic acid within the vitreous. It was
hypothesized the polystyrene particles were attracted to the collagen via hydrophobic
interactions. When coated with polyethylene glycol (PEG) these same particles were found to
freely diffuse for all diameters < 500 nm, with zeta potentials of -8 to -17 mV. Another
significant finding was a minimum of 16.7 mol% 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE)-PEG was required for stability and free diffusion, where 9.1% or
less was insufficient. Another group looked at amphipathic nanoparticles consisting of
polyethyleneimine (PEl), glycol chitosan (GC), hyaluronic acid (HA), and human serum albumin
(HAS), and three hybrid particles consisting of PEI/GC, GC/HAS, and HSA/HA, with discrete sizes
ranging between 230 nm and 350 nm *°. Interestingly, all particles showed some level of

accumulation on the inner limiting membrane of naive rat eyes, where PEl showed the least



amount of movement. However, only particles with a negative zeta-potential (HA and/or HSA)
were able to pass through the inner limiting membrane, independent of their hydrodynamic
radius, and were found to permeate throughout the retina. These results were later
corroborated by Xu et al ?°. They confirmed PEG coated polystyrene particles of 500 nm or less
will freely diffuse through the bovine vitreous ex vivo. PEG coated polystyrene particles of 1190
nm also would not diffuse, nor would polystyrene particles coated in primary amines. Using

these data, the authors estimated the mesh size of the bovine vitreous to be ~550 + 50 nm.

These studies indicate the upper size limit to free intravitreal diffusion of ~600 nm.
Particles with large negative surface potentials and particles with positive potentials
surrounded by PEG can freely diffuse. Particles larger than 1 um and/or particles with positive
potentials will remain localized within the vitreous, unless PEGylated. Finally, as illustrated by
the work of Barza et al. discussed above, it is important to consider the effects of the disease,
or disease model, itself with regard to in vivo nanoparticle half-life and efficacy. However, in
studies discussed below, researchers have found particles with zeta potentials ranging from +15
to +35 mV also have high retinal uptake, even in absence of PEG, yet the size limitation appears
to prevail. It is accepted that nanoparticles need a positive surface potential to fuse with the
negatively charged cell membranes. This nanoparticle surface potential dichotomy suggests

vitreous diffusion and retinal uptake might be more complex than previously assumed.

1.4 Liposomes

The first nanoparticle formulation we will discuss are liposomes as they are perhaps the

most extensively studied and in turn, they represent the largest fraction of U.S. Food and Drug

10



Administration (FDA) approvals for nanoparticle therapeutic vehicles 2%. Liposomes have been
widely investigated for the last half century for their potential as drug delivery vehicles 2123,
Most recently liposome utility has realized as the delivery vehicle for two of the SARS-COVID-2
vaccines. Liposomes are phospholipid vesicles that self-assemble into a spherical bilayer in an
aqueous environment, analogous to cell membranes, though unilamellar and multilamellar
vesicles are also possible. Many methods have been developed for liposome synthesis and the
most common of these in practice is thin-film hydration. Here, the desired lipid formulation is
combined in a volatile solvent, typically chloroform, followed by evaporation to create a thinly
layered film. An aqueous phase, frequently containing the therapeutic agent of interest, is then
added and liposomes spontaneously form from rehydration of the film layers. The final
liposome diameter can be controlled by mechanical means such as sonication, extrusion,
lyophilization, freeze fracture, or combination thereof. The physical characteristics of liposomes
can be modulated by selection of individual constituent parts and varying their respective mol
ratios. Some variations include: the length, composition and number of hydrocarbon chains; the
charge ratios of the polar head groups, as charge optimization can enhance both stability and
cell uptake; the addition of cholesterol to hydrophobic inner region of the bilayer to aid in lipid
packing and enhance stability; the incorporation of pegylated lipids which have been shown to
improve biocompatibility; and finally the incorporation of lipids that contain a chemical
functional group for ease of conjugation to fluorophores or biomolecules. While cholesterol is
important for stability, excluding cholesterol and optimizing both surface potential and lipid
composition, liposomes can be designed to fuse with cell membranes thereby avoiding the

issue of endosomal escape or lysosomal degradation. Currently, there are 20 FDA approved
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liposome formulated therapeutics including the recent COVID-19 vaccine. Although at present
there are no approved liposome formulations for intraocular delivery, in 2002 Visudyne®, an
intravenously injected phospholipid formulation for verteporfin delivery, was FDA approved for

photodynamic therapy to treat choroidal neovascularization (CNV).

Early studies of intravitreal liposome drug delivery began by encapsulating antibiotics to
extend their window of efficacy to treat endophthalmitis, which is intraocular inflammation.
Clindamycin 2* and ciprofloxacin 2° intravitreal half-lives were extended from a few hours to a
few days after liposomal coating in healthy rabbits. Later the focus turned to liposomal delivery
of antiviral drugs to combat cytomegalovirus (CMV). Bourlais et al. demonstrated a combined
therapy of free ganciclovir and liposome encapsulated ganciclovir, with an encapsulation
efficiency (EE) of 41%. This approach extend the therapeutic window from ~2.5 days to 30-45
days 2°. Cheng et al. reported liposomes developed for intravitreal injection (IVI) 2. The authors
synthesized a lipid conjugated form of ganciclovir (HDP-ganciclovir) that were incorporated into
liposomes. This formulation was tested in vitro against herpes simplex virus type-1 and human
cytomegalovirus infected cells, which resulted in an ICso of 0.02 and 0.6 uM, respectively. An
ICso between 1-10 uM is considered worthy of advancement in early drug screening 28. Using
an in vivo rabbit model, the HDP-ganciclovir liposome showed no toxicity by IVI at 10x the
treatment concentration of 0.2 uM and resulted in protection of the retina up to 6 weeks post-
treatment against IVI herpes simplex virus type 1. Claro et al. evaluated foscarnet, an anti-viral
CMV inhibitor 2°. Lecithin is a naturally occurring mixture of phosphoglycerides including

phosphatidyl-choline, -ethanolamine, -inositol, and -serine. The foscarnet liposome EE was 64 +
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1.0%. The particles were tested in healthy rabbit eyes and foscarnet levels in the vitreous and

retina were found to be 2.5x and 5x higher, respectively, than free drug at 72 hr.

Over the last few decades there has also been great interest in the intravitreal delivery
plasmid DNA (pDNA) for gene therapy. Free plasmids have difficultly penetrated the inner
limiting membrane and viral capsids, e.g. adeno-associated virus (AAV), can induce intravitreal
inflammation 3. Toward this end, Kawakami et al. loaded luciferase pDNA into liposomes and
optimized the charge ratios of pDNA electrostatically bound to cationic lipids to measure
transfection efficacy in naive rabbit eyes 31. Peak luminescence was measured at day 3 with 85
mg plasmid loaded onto 1,2-di-O-octadecenyl-3-trimethylammonium propane
(DOTMA)/cholesterol particles. Elevated luminescence was measured in the agueous humor,
ciliary body, lens, vitreous and retina. The authors calculated relative charge ratio of plasmid to
cationic liposome and found 1.0:2.0 (- : +) to have the highest level of luciferase activity. Charge
ratios of both 1.0:1.5 and 1.0:2.5 plasmid to cationic liposome resulted in lower levels of
transfection. Algawlaq et al. designed and tested liposome-based nanoparticles incorporating
pH responsive polymers for optimal endosomal release 3% 33, Different liposome formulations
were assessed for in vivo distribution based on surface charge for the delivery of pCMV-td-
Tomato DNA 33. The surface charge was modulated with the addition of different ratios of 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). All formulations resulted in particles 150-
220 nm with a surface charge exceeding +30 mV. The transfection results showed the
formulations with higher concentrations of positively charged DOPE had higher transfections

efficiencies, with the optimum formulations resulting in ~50% of the efficiency the
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lipofectamine control, p < 0.05. Using healthy mice, the particles were shown to accumulate
from the inner limiting membrane through the ganglion cell layer of the retina, supporting the

potential for intraretinal pDNA delivery.

Fattat et al. conducted one of the first studies looking at intravitreal liposomal RNA
interference (RNAI) delivery having loaded isotopically labeled 16-mer oligo-thymidylate (33P-
pdT16) as a model phosphodiester oligonucleotide construct. The authors tested for
biocompatibility, biodistribution and release after intravitreal injection in a naive rabbit model
34 The liposomes were formed by thin-film hydration, extrusion to 0.2 um filters, followed by
repeated free-thaw loading of the oligo under liquid nitrogen. The liposomes were measured to
be 150 nm in diameter and had an EE of 18%. In vivo pharmacokinetic studies showed a t () of 7
days for the liposomes, as compared to < 6 hours for free oligo, with intact oligos found 14 days
after administration. Liu et al. later evaluated VEGF receptor-1 (VEGFR1) siRNA in a hybrid of HA
and protamine (small nuclear proteins with abundant arginine), that was applied to a liposome
formulation containing PEG2000 3. The resulting nanoparticles appear polydisperse by TEM
with a DLS size of 131.9 nm and zeta potential of +19.73 mV. The EE, however, was found to be
> 95%. The nanoparticles were then injected one day after laser-induced choroidal
neovascularization (L-CNV) in rats and found to reduce the area of CNV as compared to saline
control at day 14, p < 0.001. Histology showed uptake of particles into the ganglion cell layer at
6 hr and predominately in the photoreceptor layer at 24 hr. Another group looked at the charge
effects on Intravitreal injected liposome siRNA nanoparticles 3¢. The authors also evaluated

PEG2000 conjugated particles with zeta potentials ranging from +45 mV to -30 mV and a
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hydrodynamic size of ~70 nm. They also found particles with +35 mV or +45 mV resided within
the eye the longest having ~10% and ~35% remaining at 24 hr in healthy mice, while the
particles with more negative surface potentials were >90% absent at 6 hours. Histology of the
eyes injected with +35 mV particles showed at 6 hours most particles at the retinal inner
limiting membrane and within the ganglion cell layer, and smaller fraction penetrating up the
photoreceptor layer. At 24 hr the particles could only be detected a low level within the
photoreceptor layer. In a recent study the authors tested a similar liposome formulation as
describe above for siRNA knockdown of RNA-binding protein with multiple splicing (RBPMS) in
the retina or RPE65 siRNA in the RPE/choroid in naive mice 3. After enucleation, separation of
the retina from the RPE/choroid the authors found particles with +31 mV had the highest
suppression RBPMS, ~25% in vivo. They did not see significant knockdown of RPE65, suggesting
the nanoparticles do not reach the RPE, but reside mostly in the ganglion cell layer, confirmed

by Cy5-siRNA histology.

Intravitreal liposomes have also been tested for the treatment of uveitis, inflammation
of uvea, the region containing the choroid in the posterior segment, and the iris and ciliary body
of the anterior segment. The immunosuppressive factor vasoactive intestinal peptide (VIP) was
loaded into liposomes and studied in rat model of subcutaneous lipopolysaccharide endotoxin
induced uveitis (EIU) 38. The liposomes had diameters between 300 and 600 nm with an EE of
37%. Intravitreal release of VIP from liposomes in healthy rat eyes showed a burst release,
however VIP was 15-fold higher at 24 hours in the liposome injected eyes verses free VIP, p =

0.03. In addition, no inflammation was observed from the empty liposomes. 24 hr after
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injection a 2-fold reduction of EIU clinical score for inflammation was observed in the EIU rat
eyes with VIP liposomes, p = 0.0002, whereas the free VIP control had no effect. This research
group also examined rhodamine-conjugated liposomes loaded with VIP for biodistribution in
healthy rats 3°. The resulting particle had the same size distribution with a zeta potential of -0.9
mV. The biodistribution was characterized at 24 hours and 14 days after injection. At 24 hours
post injection majority of nanoparticles were found in the vitreous, taken up by resident ocular
macrophages, and within Muller glial cells, resulting in a retinal distribution constrained to the
inner limiting membrane. No uptake was found in the anterior segment. These data suggest the
IVI VIP liposome nanoparticles may be an effective way to treat uveitis. A rat model of
experimental autoimmune uveitis (EAU) was used to test liposome loaded tacrolimus, an
immunosuppressive bacterial isolate *°. The liposomes were synthesized using supercritical
reverse phase evaporation (SCRPE) 4%, Although the specific phospholipid used was not
provided, an optimal mol ratio of 10:1, lipid to cholesterol, was given liposomes, and the
resulting liposomes were 202 + 3 nm “°. The particles had a tacrolimus EE of 27%. Rhodamine
conjugated liposomes were shown to diffuse from the vitreous through the inner limiting
membrane to the outer nuclear layer within 24 hr and remained detectable for 21 days,
demonstrating prolonged retention within the retina. Vitreous levels of tacrolimus were
reduced by 90% within 24 hr but remained above 50 ng/mL for 14 days, as compared to only 24
hours for free tacrolimus. Clinical scores of EAU showed effective suppression of ocular
inflammation with greater efficacy of the nanoparticle formulation over free tacrolimus. Finally,
HA-modified liposome coated red fluorescein (RITC)-chitosan nanoparticles were studied for

retinal distribution after IVI 42. HA has a natural affinity to cell surface adhesion receptor CD44
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and has been used for targeting tumors. The chitosan nanoparticles were synthesized by first
dissolving chitosan 0.15% (w/v) in 1% acetic acid and conjugating to RITC to its primary amines.
Liposomes were rehydrated with the RITC-chitosan solution and with were covalently linked
with HA NHS and EDC %3. The resulting particles (HA-LCS) had a diameter of 320 nm and a
surface charge -25 mV %2, Chitosan (CS) only particles and liposome chitosan (LCS) particles had
diameters of ~190 nm and zeta potentials of +36 mV and -11 mV respectively. Intravitreal
injection experimental autoimmune uveitis (EAU) rats showed that the CS particles remained
within the vitreous, where the LCS particles penetrated the inner limiting membrane, but
resided mostly in the ganglion cell layer, while the HA-LCS particle could be see dispersed
throughout the retina to the RPE cell layer at 12 hours. Histology further demonstrated a
colocalization of HA-LCS particles with CD44 receptors on the RPE cells. After 7 days HA-LCS
retained a RITC fluorescence intensity of ~75% in the RPE/Choroid layer, suggested the

potential for sustained drug release.

Choroidal neovascularization (CNV) occurs in diseases such as wet age-related macular
degeneration (AMD), where newly forming choroidal blood vessels can penetrate the RPE layer
and damage the photoreceptor layer. Doxorubicin (DOX), used to suppress neo vessel growth,
was encapsulated within a liposome and targeted the tyrosine kinase receptor EphA2 shown to
be expressed on tumor neovascular cells as a potential treatment for CNV 44. YSA is a 12—amino
acid peptide consisting of YSAYPDSVPMMS that has been shown to selectively bind EphA2. The
resulting particles were ~110 nm in diameter size and yielded an EE > 95% for DOX. The

particles were tested by IVI in a rat model of L-CNV and were shown at week 2 to have a
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reduced area of CNV as compared to non-targeted DOX particles, p < 0.001, and saline control,
p < 0.001. Lee at al. investigated liposomes optimized for retinal penetration by looking at
different phospholipid mol ratios #°. The diameters ranged from 116 nm to 135 nm and surface
charge from -1.1 mV to +46.8 mV. Here the authors found the formulation LDP20 with a final
diameter of 118.4 nm and zeta potential +19.7 mV resulted in the highest level of retinal
uptake. Hydrophobic Dil fluorophore labeled LDP20 were found to persist in naive mouse
retina at 5 days, with most of the fluorescence originating from the inner limiting membrane to
the outer plexiform layer at day 3. Hydrophilic carboxyfluorescein (CF) loaded particles had
limited retinal uptake, however when CF covalently linked to lipids a similar level of retinal
penetration at 3 days as Dil describe above, where the fluorescence resided mostly in the RPE
at day 7. Finally, fluorescently labeled ranibizumab, an anti-vascular endothelial growth factor
(VEGF) antibody, was lipid conjugated, incorporated into the LDP20 formulation, and tested in a
mouse model of L-CNV. The liposome delivered ranibizumab was present in the retinal for two
week and had higher retention than free fluorophore labeled ranibizumab, p < 0.001, though
no efficacy data was mentioned. The authors conclude their liposomes do not remain intact,
rather they dissociate at the inner limiting membrane and permeate through the retina likely by

lipid-endogenous cell membrane interactions and/or transport.

1.5 Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are a broader class of lipid-based particles where the
core is predominately a hydrophobic lipid matrix and is surrounded by an ionic lipid or

surfactant coating *®4’. A major strength of SLN synthesis methods is that they allow for the
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incorporation of many different biologically derived lipids resulting in innate biocompatibility.
Advantages of having a relatively solid matrix core, when compared to common liposomes, are
increased core stability, extended therapeutic release, and the potential for higher payload
from hydrophobic drug stacking. Typical methods for synthesis include solvent emulsification-
evaporation, homogenization by sonication, high shear, or high pressure, and microemulsions.
Solvent emulsification-evaporation is one of the more widely used synthesis methods, where
lipids are dissolved in an organic solvent that is immiscible in water. This mixture is then
emulsified in an aqueous phase. The solvent is then evaporated, and nanoparticles precipitate
out of solution. The second common method is melt-emulsification which requires heating the
lipids at or above their melting temperature followed by emulsification in an agueous phase by
high shear or sonication. A sub-class of SLNs called niosomes which are non-ionic surfactant-
based ‘liposomes’ where the phospholipids head groups are substituted by neutrally charged
synthetic groups or saccharide moieties 8. SLNs as a whole are attractive to industry due to the
relative ease of manufacture and scaleup, however the major disadvantages are low
hydrophilic drug loading capacities, polydispersity in both size and colloidal structure, and the

possibility of undesirable lipid phase transitions that can lead to instability 4% 47

Apaolaza et al. evaluated SLNs as DNA delivery vehicle for gene therapy of X-linked
juvenile retinoschisis (XLRS) from a mutation in the RS1 gene encoding retinoschisin #°.
Protamine and dextran (DX), or hyaluronic acid (HA) were used to complex a plasmid containing
the RS1 gene prior to SLP encapsulation by solvent emulsification-evaporation *° and tested for

transfection efficiency and therapeutic efficacy in Rs1h deficient mice #°. The particle diameters
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were 230 + 21 nm for DX and 223 + 20 nm for HA, with zeta potentials of +43.0 + 0.4 mV and
+31.5 + 1.1 mV, respectively. The SLPs using HA induced a higher transfection level than DX for
both a GFP and retinoschisin expressing plasmids in vivo in Rs1h deficient mice at two weeks
measured by fluorescence histology. HA particles also resulted in a significant higher increase in
the thickness of both retina and outer nuclear layer as compared to wildtype and untreated

Rs1h-deficient controls, p < 0.05 for each.

Abrishami et al. tested SLNs for the intraocular delivery of diclofenac sodium, an
analgesic and anti-inflammatory drug °1. Using a melt-emulsification method resulted SLN size a
172.7 £ 6.3 nm with a zeta potential of -0.9 + 2.0 and a diclofenac EE of 95%. The particles were
injected into naive rabbit eyes and the drug concentration was measured over 48 hours. The
drug concentration in the particle injected eyes was significantly higher than the free drug eyes

at 4 hours, p < 0.05. At 12 hours the drug concentration in both eyes had dropped >90%..

Two types of nanoparticles were evaluated for vitreous compatibility and release of the
antiangiogenic receptor tyrosine kinase inhibitor sunitinib, SLNs and polymeric nano-capsules
(NCs) 2. The SLNs were prepared by microemulsion followed by emulsification-evaporation.
The resulting particles were injected into healthy rabbits at 1 and 10 mg/mL concentrations of
sunitinib and assessed 26 days after injection. It was found that the NCs induced retinal
damage, as measured by a decrease in amplitude by electroretinogram (ERG), the animals had
posterior lens opacification, and observed intraretinal edema. For the SLNs, both the ERG and
histology were comparable with the control eyes, supporting the SLN formulation as a viable

sunitinib intraocular delivery vehicle.
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The chemotherapy drug etoposide was loaded into SLNs with a formulation optimized
by computer modeling with Box-Behnken design of the constituents to generate the chemical
ratio using the variables of particle size, polydispersity index (PDI), and EE °3. First several
reagents were prescreened for etoposide solubility and stability, and after modeling it was
determined that a lipid mixture at 4% w/v of Gelucire 44/14 and Compritol ATO 888 in the ratio
of 3:1 was ideal. Using melt-emulsification and ultrasonication technique they obtained a
diameter of 239.43 nm, PDI of 0.261 and EE of 80.96%. The particle formulation was tested in
vivo by injecting 100 uL of etoposide alone or nanoparticle loaded etoposide by IVI into healthy
rat eyes, however because the high end of the vitreous volume of a rat eye is close to 20 L, it is

difficult to draw conclusions from their data using this approach.

Qin et al. evaluated niosomes optimized for plasmid delivery and tested the particles in
vivo gene expression >4 The niosomes were synthesized by solvent emulsification—evaporation
and pCMS-EGFP, similar to green fluorescent protein (GFP), was added to each particle
formulation for electrostatic loading. Interestingly the plasmid-HA-niosomes, which had a ~290
nm diameter, 0.545 PDI, and —41 mV zeta potential, exhibited the highest transfection
efficiency both in ARPE-19 cell culture and by intravitreal injection into naive rats. Puras et al.
also studied niosomes as intraocular transfection delivery vehicles synthesized by solvent
emulsification—evaporation 8. The resulting particles had diameters ranging from 151 nm to
280 nm and zeta potential from +42 mV to +53 mV depending on composition. pPCMS-EGFP was
then electrostatically attached to the particle surface. In vitro transfection efficiency increased

with increasing number of cationic lipids in both HEK-293 and ARPE-19 cells, with comparable
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transfection efficiency to lipofectamine in ARPE-19 cells with the highest ratio of cationic lipids
to DNA at (15:1 w/w). Particles with this same ratio were then tested by intravitreal injection
into healthy rats. EGFP expression was found in the ganglion cell layer, inner plexiform layer,
and inner nuclear layer and attributed to Miiller cell uptake by histology. No expression was
seen from the injection of free plasmid. This same group then looked at the effects of using
protamine to aid in plasmid loading °°. They tested different ratios and found that 1:1:5
protamine, plasmid, niosome gave the optimum formulation for plasmid binding and release by
electrophoresis. This ratio resulted in particles of ¥150 nm in diameter and +40 mV. These
particles were tested against the previously described particles without protamine and having a
plasmid to niosome ratio of 1:15 in ARPE-19 cells for in vitro expression of GFP. The protamine
particles resulted in slightly better uptake by cell number, but almost 2-fold higher fluorescence

per cell, suggesting better nuclear delivery with protamine.

1.6 Synthetic Polymer Nanoparticles

1.6.1 PLGA

Poly(lactic-co-glycolic acid) (PLGA) is one of the most widely studied polymers for
therapeutic applications and has been approved for used by the FDA since 1989 °, and the
intraocular dexamethasone implant Ozurdex© was FDA approved in 2009. PLGA is attractive
because its hydrolysis leads to monomers of lactic acid and glycolic acid which are
intermediates in the tricarboxylic acid, or Krebs cycle, thus making the polymer highly
biocompatible. PLGA nanoparticle synthesis methods can be designed to incorporate either

hydrophobic or hydrophilic therapeutics. The most common method for loading hydrophobic
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drugs is emulsification-solvent evaporation. Both PLGA and the drug of interest are dissolved in
an organic solvent, e.g., dichloromethane or methylene chloride. The drug/polymer mixture is
then added to solution containing a surfactant and water, followed by homogenization or
sonication, and solvent evaporation. An extension of this technique is called the double
emulsion method and allows for encapsulation of hydrophilic drugs. Here the drug is mixed
with a surfactant in an aqueous phase and is then mixed by homogenization or sonication with
an organic phase containing PLGA, followed by the addition to an aqueous phase containing
polyvinyl alcohol (PVA). Limitations of PLGA based nanoparticle systems tend to burst release,
have multiphasic drug release profiles, and aggregation. These problems complicate
therapeutic biodistribution. Secondly, there have been issues with manufacturing of generic
PLGA based drugs due to the complexities and proprietary nature of the formulation and
synthesis processes. Over the last 10 years the FDA has been developing programs and
provided funding specifically to address this, and to better understand and characterize the
properties of PLGA *’. Despite these shortcomings there is still considerable interest in the use

of PLGA hybrid nanoparticle systems for intravitreal drug delivery.

Bejjani et al. sought to evaluate the use of PLGA nanoparticles as vectors for gene
delivery in ARPE-19 cells and healthy rats 8. The plasmids pIRES-EC-GFP or pDs-Red2-Nuc were
loaded in to PLGA by double emulsion. The final particles with a diameter of 643 + 74. Gene
expression was observed in vitro for both plasmids after 48 hours and lasting up to 10 days.

pDs-Red2-Nuc expression was observed within the RPE cells as soon as 4 days after intravitreal
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injection and was predominately localized within the RPE cell layer at 7 days, with fluorescence

intensity highest within the nuclei.

The anti-inflammatory corticosteroid drug dexamethasone (DEX) was encapsulated with
PLGA, 50% w/w, by emulsification-evaporation °°. Injection into a rat model of L-CNV
demonstrated a dose dependent effect on reducing disease severity measured after 14 days by
fluorescein fundus examination. The particles exhibited an initial burst release of DEX followed
by a sustained 2 to 4 mg/L release form days 7 to 28, with no detectable retinal toxicity. Zhang
et al. found similar pharmacokinetics in healthy rabbit vitreous that showed sustained release

of DEX for 7 weeks, maintaining a concentration of 3.85 mg/L for the >30 days ©°.

Zhang et al. studied the delivery of DNA plasmids coding for the co-expression of a short
hairpin RNA, shown to inhibit hypoxia-inducible factor 1a (HIF-1a), and GFP as a transfection
reporter ®1. The particles were 303.7 + 38.5 nm with a zeta potential of -8.91 + 3.2 mV. The
particles were then tested for efficacy using a rat model for L-CNV. GFP expression was shown
to predominate in the RPE and persisted for 4 weeks. The areas of CNV leakage were smaller in
the nanoparticle group as compared to naked pDNA, p < 0.01, and the thickness of CNV was
less as determined by histology, p < 0.01, with no signs of toxicity. These data show the
potential for PLGA particles as intravitreal transfection agents and the efficacy of the HIF-1a

inhibitory hairpin RNA in reducing angiogenesis in this model of CNV.

The epidermal growth factor receptor tyrosine kinase inhibitor 4-(3-chloroanilino)-6,7-
dimethoxyquinazoline (AG1478) was loaded into PLGA nano- and microparticles and studied by

intravitreal injection in a rat model for optic nerve crush injury 2. The particles were
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synthesized by single emulsion solvent evaporation 3. The nanospheres had a mean diameter
of 359 + 54 nm and microspheres were 2.56 + 1.90 um. The EE of AG1478 in was 79% for
nanospheres and 67% for microspheres. The nanospheres exhibited an in vitro burst release
followed by a zero-order release over 150 days and the microspheres showed a burst release
followed by a lag phase, and then a zero-order release extending from 25 days to over 250
days. The nanosphere showed a longer residence within the rat vitreous, up to 4 weeks as
compared to 2weeks for the microspheres and the nanospheres had increased efficacy in
inducing nerve fiber growth. The author mention difficultly with the injection of microspheres
might have influenced these comparative results. However, these data support the potential for

intravitreal drug delivery for optic nerve regeneration.

Connexin43 mimetic peptide (Cx43) has been shown to be a neural connexin antagonist
that can reduce connexin induced vascular leakage and ganglion cell death after retinal
ischemia 4. Intravitreally injected PLGA encapsulated Cx43 nano- and microparticles were
tested for ganglion cell protection in a retinal ischemia-reperfusion rat model . The resulting
particles were ~113 nm and ~9 um, with Cx43 EEs of 70% and 97%, respectively. In vitro Cx43
release showed a triphasic profile over a period of up to four months. The nanoparticles and
free Cx43 both showed a significant preservation in retinal ganglion cell density for 28 days
when compared to the no ischemia, and ischemia only controls, p < 0.05. The microparticles
showed no significant benefit when compared to the ischemia only cell densities. The
nanoparticle group also resulted in a significant reduction of Cx43 upregulation at 28 days, p <

0.05.
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Zhang et al. encapsulated bevacizumab in PLGA by double emulsion to study the
potential for sustained release ®®. The final particles had a hydrodynamic radius of ~133 nm, EE
of 80% and loading efficiency of 6.8% (w/w). The PLGA-bevacizumab particles had a maximum
bevacizumab concentration at day 6, as compared to day 1 for free bevacizumab. The particles
were also shown to reduce neovascularization in a mouse model of oxygen-induced retinopathy

as compared to both the control and the free bevacizumab animals.

A connexin43 mimetic peptide was encapsulated in PLGA nanoparticle by double
emulsion ®’. No particle size data was given. The resulting particles were tested by IVl as a
therapy for light induced damage using a rat model. The nanoparticles, free peptide, or saline
control were injected at 2 hr after the onset of light damage and the animals were monitored
by ERG, optical coherence tomography (OCT), and postmortem histology. The nanoparticle
animals retained higher ERG amplitudes and maintained thicker outer nuclear layer and choroid
for up to 2 weeks post treatment. Histology sections presented show FITC fluorescence at 30
min post injection within the choroid that authors attribute to FITC labeled particles. They also
show particles within the ganglion cell layer near the inner limiting membrane, which are more

representative of retinal nanoparticle uptake within this time frame.

PEG-PLGA conjugated to the cyclic RGD integrin targeting peptide were combined with
additional PLGA and dissolved DEX 8. This solution was then emulsified into nanoparticles in
the presence of PEl in 1% PVA, followed by solvent evaporation %, The anti-VEGF antibody
bevacizumab was then electrostatically loaded onto the particle surface 6. The hybrid particle

was ~214 nm in diameter and a neutral zeta potential. The particles were intravitreally injected
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into a rabbit model of L-CNV 4 weeks after disease induction. The disease progression was then
imaged 4 weeks later by fluorescein fundus angiography. Particles containing only DEX showed
a fluorescence leakage level of 62.53 + 9.66%, where DEX + bevacizumab particles were 27.17 +
8.82%, and cRGD + DEX + bevacizumab 12.58 + 3.12% as compared to no-particle, but with
disease control animals. These data demonstrate the combination therapy is better than DEX

alone, and cRGD targeting further increases efficacy

1.6.2 Dendrimers

Dendrimers were first discovered in 1978 and named in Greek for their dendron, “tree”
or “branch”, morphology % 7°. They consist of highly branched, globular polymers. Dendrimers
are typically given the prefix G for “generation” followed by a number. This equates to the
rounds of synthesis used in the formulation of the dendrimer, with each generation marking a
branching point for the subsequent generation. The specificity of the synthesis process lends to
monodispersed nanoparticles. The synthesis methods and polymers used are very diverse, and
by in large beyond the scope of this review. However, one of the most frequently used
dendrimers, poly(amidoamine) (PAMAM), and synthesis method will be discussed in brief.
PAMAM is synthesized by the divergent method starting from ammonia or ethylenediamine
initiator. Each generation of the divergent method involves the activation of a functional group
on the surface, followed by the addition of branching monomer subunit. Here there are
subsequent additions of methyl acrylate onto a primary amine (and subsequently secondary
amine), followed by the addition of ethylenediamine to each surface ester. This process is

continued until the desired nanoparticle dendrimer size is obtained. One major advantage of
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the divergent process is the final surface layer can be modified with an alternative functional
group for further conjugation chemistry. One of the major disadvantages of dendrimers is in
vivo toxicity. PAMAM, for example, is cytotoxic and can cause hemolysis due to the terminal
amine groups, however work has been done to study effects of size, generation and to further

functionalized these groups to mitigate this toxicity 7.

PAMAM (G3.5) and PAMAM (G4.5) were covalently linked with DEX and Alexa Fluor 488
and studied in healthy rats 72. The particle synthesis resulted nanoparticles with hydrodynamic
diameter of 131.8 + 4.1 nm for G3.5 and 145.1 + 9.2 nm for G4.5 with zeta potentials of -54.9
mV and -57.8 mV, respectively. Intravitreal injection of both formulations showed a decrease in
fluorescence of ~50% at 4 hours in the vitreous and ~80% at 4 hours in for the retina, but with

~8 fold greater uptake of G3.5 into the retina, and retention for ~24 hours.

PAMAM (G6) was electrostatically complexed with neurotrophin 4 (NT4), a 55 kDa
growth factor demonstrated to aid in photoreceptor rescue 73. The NT4-PAMAM particles were
determined to be 18 + 5 nm. In vitro PBS NT4 release showed a constant release ~135 pg/L for
32 days after an initial burst release of 20%. The authors then studied the diffusion of NT4—
PAMAM after intravitreal injection in a retroorbital sodium iodate mouse model of retinal
injury. NT4 was a detected by ELISA in the vitreous for 28 days and within the retina for 14
days. The dendrimer was present in the vitreous, but not the retina, after 7 days, and no

dendrimer was observed at 28 days.

PAMAM (G5) was reacted with 4-(bromomethyl)phenylboronic acid to make a boronic

acid-rich dendrimer (BARD) and used to electrostatically bind FITC-conjugated superoxide
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dismutase (SOD) 7. SOD is an enzyme that catalyzes two superoxide molecules into elemental
oxygen and hydrogen peroxide. These particles were tested in a rat model of retinal vein
ischemia/reperfusion (I/R) achieved by a temporary increase in intraocular pressure with
canulated saline. The goal of this work was to intravitreally deliver SOD and protect retinal
ganglion cells from oxidative stress. The particles ranged 100-200 nm in sized depending on
polymer/protein ratio with an average loading capacity 60% (w/w). The particle and controls
injected 22 hours after ischemic injury and incubated for 6 hours. ERG demonstrated I/R eye
retinal function after particle injection to be on par with healthy controls, where untreated and
free SOD injected eyes showed the same high level of impaired retinal function. These data
were confirmed by histology by TUNEL, a marker for apoptotic cells, showing a higher level of
apoptosis within the ganglion cell layer in I/R and I/R + SOD eyes as compared to the healthy
control and particle injected eyes. No evidence of particle induced intraocular inflammation

was observed.

1.6.3 Alternative Synthetic Polymer Nanoparticles

Alternative synthetic polymer nanoparticles encompasses both new and previously
describe polymers, or combinations thereof, and synthesis approaches that span one or more

of the methods discussed above.

Polylactic acid (PLA), polymethyl methacrylate (PMMA), methacrylic acid (MA) PLA
PMMA-co-MA encapsulated rhodamine-6G (Rho-6G) or PLA PVA encapsulated Nile red (Nr)
were studied for biodistribution and toxicity after intravitreal injection 7. The nanoparticles

were synthesized by nanoprecipitation 6. The resulting particles were 140 + 20 nm in diameter
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and a surface charge of -60 mV for Rho-6G particles and 310 + 40 nm and -6 mV for the Nr
particles. In vitro nanoparticle release showed rapid release of Rho-6G from the nanoparticle
matrix and much slower release of Nr over 8 days, plateauing for up to 30 days. The particles
were then intravitreally injected into healthy rats. The in vivo distribution kinetics of both
particle types were found to be very similar showing little influence from their relative size and
surface charge. The Rho-6G particles were shown to penetrate the retinal inner limiting
membrane within 1 hour and were found at the RPE cells within 4 hours and persisted for up to
4 months. A mild inflammatory response was observed 6 hours after injection at the ciliary
body and a few inflammatory cells could be seen at 18 to 24 hours in vitreous and retina but

decreased by 48 hours.

PLA/PLA-PEO, where PEO is polyethylene oxide, was used to encapsulate the integrin
antagonist peptide DFKLFAVYIKYR (C16Y) 7. The particles had a diameter of 302 + 85.1 nm. On
day 12 after disease induction, 7 days after therapeutic injection, the nanoparticles effectively
reduced the progression of L-CNV rat model when compared to peptide alone, p < 0.05.
Fluorophore encapsulated particles were found to localize at the RPE, suggesting these particles

could deliver therapeutics to treat CNV related diseases.

DEX-y-PGA-L-phenylalanine nanoparticles were synthesized by grafting phenylalanine-
ethylester to polyglycolic acid (PGA) using EDC chemistry, and then electrostatic attaching
dexamethasone or Texas Red Ovalbumin (TR-OVA) to the surface 78. The phenylalanine acts as a
hydrophobic core and PGA the hydrophilic outer layer for the amphiphilic nanoparticle

synthesis. The resulting particles were 220 + 65 and 180 + 45 nm, respectively, with a zeta
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potential of -25 mV. TR-OVA particles were shown to accumulate in the microglia in a rat
model of N-methyl-D-aspartate (NMDA)-induced glial cell excitotoxicity and after induced
retinal detachment. DEX particles were then shown to suppress NMDA-induced retinal glial cell
death as compared to no-DEX control particles, p = 0.0209, and retinal detachment induced

photoreceptor degradation, p = 0.0065.

Tamoxifen, a non-steroidal estrogen receptor modulator, was tested for efficacy in an
rat model of EAU 7°. The co-polymer poly[methoxy poly(ethylene glycol) cyanoacrylate-co-
hexadecyl cyanoacrylate] (1:4) was used to encapsulate tamoxifen, forming nanosized particles
using a biphasic nanoprecipitation method 7°-8. The particles were injected intravitreally into
rat eyes prior to disease onset and were shown to reduce EAU. However, when the
nanoparticles were co-injected with the 17B-estradiol, no effect on disease progression was
observed. This result indicates tamoxifen is an antagonist with estradiol. Moreover, injection
free tamoxifen was unable to mitigate EAU, suggesting the encapsulation plays a role in
efficacy. It was also shown that these particles lead to the downregulation of several

inflammatory cytokines attributing to their efficacy.

Doxorubicin (DXR), an inhibitor of hypoxia-inducible factor-1 (HIF-1), was conjugated to
poly[(sebacic acid)-co-(polyethylene glycol)s] (PSA-3PEG) nanoparticles as a method for
sustained release to treat choroidal and retinal neovascularization 2. The particles measured
650 nm in diameter with 23% DXR (w/w) and were tested in mouse models for laser induced
CNV and OIR. CNV was significantly less in eyes injected with DXR-PSA-PEG3 nanoparticles with

DXR content of 10, 1.0, or 0.1 pg, where free DXR showed CNV reduction only in 10 pg,
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p<0.001, however free DXR at bolus concentrations as 1 pg induced retinal damage at 14 days,
not seen in the DXR nanoparticle conjugates. In mice having undergone oxygen-induced
retinopathy, DXR-PSA-PEG3 particles, totaling 1ug DXR, showed a significant reduction in retinal
NV at postnatal day 12 (P12) compared to PBS injected control eyes, p < 0.001. Using a
Rho/VEGF transgenic mouse model of rhodopsin promoter driven VEGF expression, particles
showed a reduction in area of NV for up to 5 weeks. Intravitreal injection of particles into

healthy rabbit eyes showed the presence of DXR for up to 3 months.

Huu et al. developed a unique ultraviolet light (UV) responsive polymer nanoparticle
formulation as a method for controlled drug release 3. A quinone-methide based polymer with
a diamine spacer was loaded with antiangiogenic small molecule drug ninedanib by
emulsification where release was triggered by diamine cyclization of the polymer subunits upon
UV irradiation 84 This nanoparticle system was tested by injection in a rat model of L-CNV 10
weeks prior to disease induction. The particle was found to reduce the size of CNV upon UV
induced drug release comparable to a free ninedanib demonstrating extended nanoparticle and

drug stability.

Wou et al. developed nanoparticles to improve the water solubility and retinal
bioavailability of the immunosuppressant rapamycin . The particle formulation consisted of
rapamycin incorporated with mPEG- poly(e-caprolactone) in acetone, followed by evaporation
and rehydration. The resulting particles were filtered to 0.22 um and were tested for efficacy in
an experimental rat model for EAU. The particles had a diameter of 40 nm and zeta potential of

-0.89 mV. After intravitreal injection, the rapamycin concentrations were shown to remain

32



elevated in the retina over free drug for at least 14 days. The 9 ug rapamycin containing
particles showed better slit lamp EAU clinical scores than 9 ug free drug over the course of the
20-day study, p < 0.05, with no effects on the systemic immune system as compared to the

control animals.

1.7 Naturally Occurring Polymers and Protein Nanoparticles

Naturally occurring polymer nanoparticles consist principally of polysaccharide chains
that vary in saccharide structure and branching linkages. They are advantageous in nanoparticle
development because they are biocompatible, nontoxic, nonimmunogenic, and biodegradable.
Chitosan is B-(1-4)-D-glucosamine and N-acetyl-D-glucosamine polymer that is a deacetylated
form of chitin sourced from the crustacean shells 8. It has a positive surface potential at
physiologic pH and has been used in a wide variety of nanoparticle formulations 8. Dextran is a
lactobacillus derived poly-a-D-glucoside polymer with a-(1-6) linkages and a-(1-3) or a-(1-4)
branch points &. Dextran has most notably been used as a blood volume expander and widely
studied as a potential iron carrier for severe anemia. Hyaluronic acid (HA) consists of B-(1->3)-
D-glucuronic acid B-(1->4) N-acetyl-D-glucosamine as is prevalent throughout the human body
and is a major component of the vitreous 88, HA has an intrinsic affinity for CD44, which is
overexpressed in tumors, making it appealing for targeted chemotherapeutic delivery. HA is
also a constituent of the extracellular matrix, making it amendable to tissue engineering and
other biological scaffolds. HA used in nanoparticle synthesis is usually complexed with other
polymers or modified for crosslinking or other functionalization. There poly-L-lysine has been

exists two forms, a and € #. The a-poly-L-lysine is a polymer with traditional amino carboxylic
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acid linkages, where € -poly-L-lysine links to the amine on the lysine side chain to the carboxylic
acid. The free amine groups on either type of polymer can readily complex with the negatively
charged backbone of nucleic acids, making poly-L-lysine a logical tool for condensing pDNA. The
residual amine groups can also enhance cell penetration and are amicable to further
conjugation chemistries. Finally, there are several nanoparticle syntheses routes that
monopolize on naturally occurring proteins °°. Human serum albumin (HSA) is the most
common protein used due to the abundance in systemic circulation. Typically, drugs are
chemically crosslinked or electrostatically bound to the surface of HSA or several HSA proteins
complexed. Other proteins utilized are bovine serum albumin (BSA) and collagen, both
mentioned below, lipoproteins, ferritin, and gelatin, to name a few. Each of the above
mentioned naturally occurring polymers and proteins also have the added advantage of being
environmentally friendly, if harvested ethically and sustainably, and are biodegradable

depending on what polymers they are complexed with.

1.7.1 Chitosan

NOVAFECT 015 (N-015) is an ultrapure 5.7 kDa chitosan historically marketed for gene
delivery 9. Puras et al. complexed N-O15 with 5.5 kb GFP plasmid pCMS-EGFP (P) at different
charge ratios, from 10:1 up to 60:1, N-O15:GFP, to measure effects on particle size, zeta
potential and transfection efficiency. Ratios of 10:1, 20:1 and 30:1 exhibited sizes < 250nm to
150 nm with zeta potentials from +6 to +10 mV, respectively. These particles were then
evaluated for GFP expression in vitro using HEK-293 cells and showed an increase in GFP

fluorescence corresponding to an increase in ratio. This trend reversed with ARPE-19 cells with
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the greatest expression with a 10:1 ratio. When the 10:1 ratio was injected into rat eyes IVl and
sub-retinal to observe GFP expression. Sub-retinal yielded expression predominately in the RPE
and localized to the injection site. IVl resulted in expression within Muller cells and could be
seen throughout the retina by flat mount. The 30:1 ratio shown no evidence of expression by

either route of administration.

Bevacizumab-chitosan nanoparticles were prepared by an emulsification evaporation
method where bevacizumab is electrostatically attached to chitosan, resulting in particles 88.9
+106.7 nm in diameter with a zeta potential of +21.63 + 2.4 mV °2. The particles were injected
intravitreally into 3-month-old Sprague-Dawley diabetic rat model. No specifics were given
about the method for disease induction. Histology of control animals showed retinal pathology
consistent with diabetic retina over the course of the treatment window of 8 weeks. RT-qPCR
data for VEGF mRNA showed a ~50% decrease in the upregulation of VEGF expression for both
free bevacizumab and bevacizumab-chitosan at 1 week and ~80% decrease at 4 weeks when
compared to the saline injected control. At 8 weeks free bevacizumab showed a 55% reduction
and bevacizumab-chitosan showed an 80% reduction, suggesting sustained release effects

beyond free drug, and a potential therapeutic benefit from the nanoparticle formulation.

Chitosan-thiolate nanoparticles were synthesized and loaded with topotecan, a
chemotherapeutic topoisomerase 1 inhibitor, and characterized as a potential treatment for
retinoblastoma 3. The particles were 25 + 2 nm and had an EE of 85%. The particles were

tested for efficacy by intravitreal administration in a xenograft rat model by intraocular
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injection of Y79 retinoblastoma cells. The particles demonstrated a significant difference

reduction in tumor size between the tumor control and treated group, p < 0.035.

Chitosan-PLGA nanoparticles were used for the intravitreal delivery of a DNA plasmid
expressing the 80-amino acid proteolytic plasminogen fragment Kringle 5 (K5) previously
demonstrated to have antiangiogenic properties and to inhibit the expression of VEGF °* %>, The
particles were tested in an oxygen-induced retinopathy (OIR) rat model and exhibited a high
level of K5 expression along with reduced vascular leakage for 6 days after injection **. A
reduction in both VEGF and intracellular adhesion molecule-1 (ICAM-1) overexpression and
reduced vascular leakage was seen 4 weeks after particle injection in the retina of
streptozotocin induced diabetic rats °. These same particles were injected into a L-CNV rat
model and K5 expression was detected in the retina at 2 weeks °>. Both the total area of CNV
and the level of VEGF expression was reduced in the K5 nanoparticle treated eyes when
compared to nanoparticle control ®. These studies demonstrate an alternative method to
adenoviruses for compact delivery of plasmids into retinal cells for viral vector-based

therapeutics.

1.7.2 Dextran

Cholesteryl dextran (CDEX) nanoparticles with 5 mol % cholesterol, resulting in 77 kDa
CDEX, were conjugated with PEG-peptides having an L-Arg content ranging incrementally from
1 to 4 amino acids °¢. The goal of this work was to test the effects of the increasing positive
charge from L-Arg on diffusion of these particles through the negatively charged HA within the

vitreous. The surface formulations were as follow: amino-PEG12-carboxyamido-lle-Thr-Arg-Trp-
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amide (1-Arg), amino-PEG8-Gly-Val-lle-Thr-Arg-lle-Arg-amide (2-Arg), amino-PEG12-
carboxyamido-Arg-Arg-Ser-Arg-amide (3-Arg), and amino-PEG12-carboxyamido-Arg-Arg-Ser-
Arg-Arg-amide (4-Arg). It was found ex vivo in rat vitreous that the lowest number of L-Arg
diffused the fastest, with rates decreasing with increasing numbers of L-Arg. It was also shown
by fluorescence fundus imaging that particles containing 1-Arg per peptide were not detectable
in the rat vitreous in vivo after 8 days, 2-Arg persisted up to 60 days, and 3-Arg showed little
change in diffusion or fluorescence at 180 days, with no evidence of inflammation in all animals

tested as determined by histology.

CDEX nanoparticles consisting of 70 kDa dextran and 4 mol % cholesterol were
conjugated with the fluorophore Cyanine 7-amine (Cy7) and either pyrrolidine-3-carboxyamido-
PEG8-carboxyamido-Tyr-Arg-Val-Arg-Ser-amide (2-Arg), pyrrolidine-3-carboxyamido-PEGS8-
carboxyamido-Arg-Arg-Tyr-Arg-Leu-amide (3-Arg), or no peptide PEG control (0-Arg) °. The
resulting particles were 85 £ 15 nm with +3.9 £ 0.9 mV for 2-Arg, 82 + 7 nm with +6.3 £ 1.3 mV
for 3-Arg, and 150 £ 2 nm with -0.6 £ 1 mV for 0-Arg. The particles were injected into healthy
rabbit eyes and imaged in vivo for Cy7 fluorescence over 6 weeks. The half-lives of the particles
were measured by fluorescence and found to be 6.9 days for 2-Arg, 16.9 days for 3-Arg, and 5.1
days for 0-Arg, suggesting a correlation between an increase in positive surface charge and an
increase in ocular nanoparticle retention. Histology showed no evidence of inflammation,

supporting the used of these particles for sustained interocular drug delivery.
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1.7.3 Hyaluronic Acid

Nanoparticles were formed from branched PEI complexed with chains VEGF-A siRNAs
linked by disulfide bonds from 5’ siRNA thiol groups, called poly-siRNA, and further coated with
HA %8, The nanoparticles were 260.7 + 43.27 nm in size with a -4.98 + 0.47 mV zeta potential.
They demonstrated Cy3 labeled nanoparticle uptake in ARPE-19 cells and showed knockdown
of gene expression using B16F10 murine carcinoma cells. They also showed a reduction in L-
CNV area with nanoparticle treatment when compared to control non-injected mice, p < 0.05.
This same group applied rolling circle replication using complementary DNA plasmids to
produce siRNA strands targeted at mouse VEGF %°. The as synthesized RNA was washed and
formed into nanoparticles first by incubating with branched PEIl under sonication, and then by
HA addition. The resulting particles were 259.82 + 33.35 nm with a -41.2 £ 2.8 mV zeta
potential. The particles were injected intravitreally into a mouse model of laser induced CNV.
At 2 weeks post injection the eyes were enucleated and flat mounted for imaging of vasculature
or used for RT-gPCR analysis of VEGF expression. The area of reduction in choroidal
neovascularization was determined to be ~26% and the reduction of VEGF mRNA was found to
be 41% in the choroid, demonstrating the particles were able to reach the choroid via
intravitreal injection and influence CNV by suppressing VEGF expression in this animal model.
This study also demonstrated the particle could reduce the area of retinal angiogenesis and
vascular branching in a neonatal mouse model of elevated oxygen-induced retinopathy (OIR),

suggesting the potential application for the treatment of PDR.
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1.7.4 Poly-L-lysine

Nanoparticles consisting of branched poly-L-lysine linked to a C12H25 hydrocarbon were
synthesized and loaded with an RNAi anti-VEGF oligonucleotide 1%, After intravitreal injection
in a rat model of L-CNV it was shown the dendrimer plus the oligo particles significantly
inhibited vascular leakage for 2-4 months when compared to oligo alone, as measured by
fluorescein leakage density with fundus photography, p < 0.05. At 6 months no significant
difference was observed. Particles with oligo-6FAM were seen distributed throughout the
retina at 2 months and persisted at a lower density through 4 months as compared to almost
no fluorescence observed from oligo-6FAM alone at 2 months. These data indicate the
nanoparticle formulation functions for sustained oligo release as a potential therapeutic

vehicle.

A 30-mer poly-L-lysine polymer with a terminal cystine was conjugated to 10K PEG,
(CK30PEG10K) and used to condense a DNA plasmid containing a sequence for the potential
anti-angiogenic factor MiR200-b to form nanoparticles for in vivo gene delivery 101, Intravitreal
injection showed the down regulation of VEGFR 2 and suppressed angiogenesis in a transgenic
mouse model for late-onset diabetic retinopathy, demonstrating the ability of this polymer to

compact and deliver large DNA plasmids as an alternative to synthetic viral delivery.

Polyion-complex (PIC) nanoparticles were formulated with fluorescein isothiocyanate-
labeled poly-L-lysine (FITC-P(Lys)) in a 1:1 amino acid mol ratio with polyethylene glycol-block-
poly-a,B-aspartic acid 1°2. The particles had a mean diameter of 50.7 nm and were tested in a

rat model of L-CNV. The PIC nanoparticles accumulated within the choroidal lesions at 1 hour
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and remained detectable for 14 days, however the FITC-P(Lys) control was found to be highly

toxic suggesting the potential for toxic side effects upon particle degradation.

1.7.5 Protein Nanoparticles

Ganciclovir was loaded into bovine serum albumin (BSA) nanoparticles to test for
toxicity and release characteristics as a potential treatment for cytomegalovirus retinitis 193, The
nanoparticles were prepared by crosslinking BSA with glutaraldehyde and resulting in diameters
of 290 nm with a -28mV zeta potential and 26.2 % (w/w) loading. The particles were tested in
naive rats and were found to retained on the retinal surface and in the ciliary body for 2 weeks

and were not found to induce an autoimmune or inflammatory response.

Mo et al. evaluated using crosslinked HSA nanoparticles for the intraocular delivery of a
plasmid containing the Cu, Zn superoxide dismutase (SOD1) gene 1°4. HSA was incubated with
the SOD1 plasmid in Tris-EDTA buffer, followed by dropwise addition of this solution to ethanol
stirring and immediate addition of different concentrations of glutaraldehyde to crosslink and
stabilize the resulting particles 1% 1% |ncreasing the glutaraldehyde content from 0.002 to 0.1
mg mg* condensed the particles from 160 to 120 nm and decreased the zeta potential from -20
to -44 mV 194, The higher crosslinking also decreased the in vitro plasmid release from 2 days at
low crosslinking to 6 days at high crosslinking. The particles resulted in a higher transfection
efficiency in vitro RPE cells when compared to the control, p < 0.01, and a higher efficiency
when compared to plasmid transfection with lipofectamine. After injection in healthy mice

SOD1 was detected by western blot at day 2, but not in the free SOD1-plasmid injected animals.
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However, no SOD1 was detected in either animal at 7 days, suggesting further optimization is

needed.

Basic fibroblast growth factor (bFGF)-impregnated gelatin nanoparticles were tested for
efficacy using Royal College of Surgeons (RCS) rats with inherited retinal degeneration 1°7.
Freeze dried crosslinked bovine collagen gelatin nanoparticles were synthesized and infused
with bFGF by agueous swelling. The resulting in particles had an average diameter of 585 nm.
The gelatin was radioiodinated using Na'?| for in vivo studies. The particles were shown to be
rapidly cleared to ~40% during day 1, followed by a steady decline up to 30 days measured by
1251, Rhodamine labeled particles were shown to reside in the retina for up to 8 weeks.
Intravitreal injected nanoparticle injected RCS rats showed a greater number of photo
receptors as compared to free bFGF injected eyes as compared to the empty nanoparticle, p <
0.05, and non-injected control eyes at 8 weeks. Also, treated eyes demonstrated enhanced ERG
signals as compared free drug, p < 0.05, and control groups suggesting the preservation of
retinal function at 8 weeks. In a later study, the same group looked at neurotrophic pigment
epithelium-derived factor (PEDF) which has been shown to rescue photoreceptors against
degradation but likely requires sustained release for therapeutic efficacy 8. Crosslinked gelatin
particles were synthesized as describe above. In this study PEDF, rather than the gelatin
particles, was radioiodinated using Na'?°| for in vivo studies. The nanoparticles exhibited
sustained release of PEDF for 30 days in healthy Wistar rats. RCS rats were then injected
intravitreally with PBS, blank nanoparticles, free PEDF or PEDF nanoparticles. The mean number

of photoreceptors were counted in each group. All the control groups showed approximately
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the same number photoreceptors and the PEDF nanoparticle group showed a ~2.5-fold increase
at 4 weeks. At 8 weeks all groups showed a significant decrease int the numbers of
photoreceptors by >50%, however the nanoparticle group remained ~2 fold higher than the
control groups. ERG data showed the preservation of retinal function from the PEDF
nanoparticle over the free PEDF at 8 weeks, p = 0.0339. Histology data showed a significant
retention of cell function for the nanoparticle group at 4 weeks, p = 0.0007. These data show
PEDF nanoparticles effectively delay photoreceptor degeneration in RCS rats due to sustained

release.

Bevacizumab loaded albumin-PLGA nanoparticles were synthesized using a double
emulsion method and monitored for extended release by intravitreal injection into healthy
rabbits 1. The intravitreal levels of bevacizumab were found to persist above 500 ng/mL for 8
weeks 1%° the minimal concentration required to suppress VEGF induced endothelial cell
migration in vitro 1°, and found to retain in an active antibody structure as determined by

ELISA.

HSA nanoparticles were synthesized by glutaraldehyde cross linking and tested for the
effects of surface charge on intravitreal and retinal distribution 1. The HAS particles were
tested either as synthesized -33.3 £ -6.1 mV zeta potential or were cationized by covalent
coupling of hexamethylenediamine on the particle surface, +11.7 £ +7.2 mV. The particles were
conjugated to Alexa Fluor 555 for postmortem histological imaging. The resulting particles were
injected intravitreally into both normal and L-CNV rat models. At 5 hours post rabbit intravitreal

injection the positively changed nanoparticles were found to remain in the vitreous, while the
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negatively charged particles diffused throughout the retina, with immunohistochemical

evidence suggesting retinal uptake by muller glial cells.

Brimonidine (Br), az-adrenergic receptor agonist with neuroprotective effects against
retinal ganglion cell death, was combined with HSA, and added to glutaraldehyde in solution for
nanoparticle formation 2. The HSA-Br particles had a diameter of 152.8 + 51.1 nm and a zeta
potential of -29.7 + 7.5 mV. The particles were tested for prophylactic efficacy using a rat optic
nerve crush model where the ganglion cell density was measured by histology at 5 days and 14
days after injury onset. The cell density in the HAS-Br particle injected animals was higher than
BSS controls, p < 0.001, demonstrating the benefits of the nanoparticle sustained release. Also
noteworthy, the HSA-only particles exhibited significant neuroprotective effects, p = 0.002, ~1.6
fold greater than free Br at day 14, but still ~20% less cell density than the HAS-Br treated eyes.
The authors attribute the benefits of the HSA-only particles to HSA's innate ability to sequester
amyloid-B peptide 113, and confirmed the presence of amyloid-B by immunohistochemistry on
optic nerve crush histological sections with a reduction in amyloid-B in the HAS-only optic nerve

crush animals.

Bevacizumab was loaded into HSA-PLGA particles by double-emulsion and tested in
healthy rabbits 1%°, The resulting particles were measured to be 190 + 29 nm with a PDI of 0.17
+ 0.05 and zeta potential of -24.5 £ 3.1. The calculated EE was 84.1% + 4.2% and the loading
capacity was 7.4% + 0.4%. The authors were able to detect bevacizumab in the vitreous at
concentrations above 500 ng mL! for ~8 weeks. Moreover, fluorescence from cumarin-6 HSA-

PLGA particles was detected in the posterior segment for up to 56 days.
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Apatinib, a chemotherapeutic receptor tyrosine kinase inhibitor that selectively targets
VEGFR 2, was loaded into HAS-PEG nanoparticles and tested for efficacy in a mouse model of
streptozotocin-induced diabetes 4. The final particle diameter was 267.5 + 0.97 nm with an EE
of 77.1% and a loading capacity of 5.4% (w/w). To test the efficacy of the nanoparticle
formulation mice were injected with VEGF to induce neovascularization and leakage. Mice
injected with both VEGF and particles significantly reduced vascular leakage over VEGF only
mice, p < 0.05. It was then shown that apatinib nanoparticles resulted in a concentration
dependent reduction of vascular leakage in the diabetic mouse model as compared to the
contralateral control eyes, p < 0.01, demonstrating the therapeutic potential of apatinib HSA-

PEG nanoparticles as a drug delivery vehicle.

Hyaluronic acid (HA) coated HSA glutaraldehyde crosslinked particles incorporating the
neural connexin antagonist Connexin43 (Cx43) were synthesized in attempt to increase in vivo
peptide stability and bioavailability 1*°. The particles were injected in a rat elevated intraocular
pressure model for retinal ischemic injury immediately after reperfusion. Cx43-particles
diffused throughout the retina within 24 hours and were decreasing, but present for at least 7
days. The Cx43-particles also demonstrated the highest level of retinal protection of free Cx43
or 1:1 (free Cx43:Cx43-particles), when compared saline control, by fundus imaging of changes

in blood vessel diameter, p = 0.0001, changes to INL thickness with OCT, p = 0.0001.

1.8 Metals, Metal Oxides, and Metalloids

Metallic, metal oxide, metalloid nanoparticles have been extensively studied as in vivo

imaging contrast agents and for their theranostic potential 116 117 118 Their application to
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intravitreal drug delivery has been somewhat limited. Below are a few select articles

highlighting some of their unique properties.

1.8.1 Gold

Kim et al. delivered 20 nm gold nanoparticles IVl that were shown to inhibit vascular
angiogenesis in a mouse model of oxygen-induced retinopathy and it was demonstrated in vitro
that the reduction of neo-vessels was likely due, at least in part, to the gold nanoparticles

suppressing the phosphorylation of VEGFR 2 %°,

IVI 160 nm gold nanodisks were also shown to inhibit neovascularization of oxygen-
induced retinopathy in mice in a dose dependent manner 12°, The gold nanodisks were
synthesized by nanoimprint lithography of nano-sized disks followed by gold deposition and
liftoff. The nanodisks were designed to resonate at the near infrared to be detectable by OCT in
vivo. The particles could be seen on mouse OCT scans with intraviral 0.5 pL injections of 1 pM
gold. Control, 1 pM and 3 pM of gold nanodisks were injected into oxygen-induced retinopathy
mice at postnatal day 14 (P14, the eyes were enucleated at P17 and evaluated for NV tufts after
staining with glial cell specific isolectin-B4. A 50% reduction in tufts was observed with 1 pM
gold nanodisks and ~75% reduction for 3 pM, with p < 0.01 and p < 0.001, respectively, with no
evidence of toxicity in heathy eyes at 5 weeks. The nanodisks were shown to bind VEGF in vitro
and to inhibit VEGF-induce migration of endothelial cells, leading the authors to conclude that

the reduction in NV tufts is likely do to nanodisks sequestering free VEGF in vivo.
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1.8.2 Cerium oxide

Cerium oxide nanoparticles, called nanoceria, have been shown to be effective in
scavenging reactive oxygen species (ROS) 1%L, Zhou et al. employed this material in attempt to
reverse angiogenesis in very low-density lipoprotein receptor knockout (v/dir-/-) mice, shown to
exhibit abnormal retinal blood vessel growth from anterior ganglion region toward the choroid
122 \VEGF expression in postnatal day 7 (P7) nanoceria injected mice was markedly reduced up
to day P28, as were the number of neovascular lesions when compared to saline injection
control. These results suggest a correlation between ROS and the development of the vidIr-/-
pathology. In a later study this same group injected of nanoceria in P28 v/dIr-/- mice and
showed sustained regression neovessels for 6 weeks (P70) when compared to both saline and
non-injected control, p < 0.0001 °2. RT-gPCR of nanoceria injected eyes showed an increase rod-
and cone-opsin expression levels, a reduction of caspase 3 gene expression, a protein involved
in apoptosis, and reduced photoreceptor death. They also show a down-regulation of genes
associated with the ASK1-P38/JNK-NF-kB apoptosis signaling pathway induced by nanoceria

ROS scavenging.

1.8.3 Iron oxide

Iron oxide nanoparticles were tested for intraocular toxicity using a healthy rat model
123 Two particle formulations were purchased and tested, 50 nm dextran coated and 4 um
polystyrene coated at ~1.7 mg each. Neither particle formulation was found to induce toxicity

by measuring intraocular pressure, ERG, and histology at different time points from 1 hour to 5
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months post-injection. Iron deposits were shown on the inner limiting membrane resulting

from the 4 um particles at 1 week and out to 5 months, and with no toxic side effects.

Iron oxide nanoparticles of different diameters were purchased, ranging from 252 nm to
17 nm, and different surface charges, -28 mV to +30 mV, and were tested for biodistribution by
intravitreal injection in xenopus embryos 124, In all cases the particles were found only within
the RPE cell layer within 24 hours from time of injection, by histology and Persian Blue staining,
with no systemic distribution. The particles localized as ~4 um aggregates that the authors
attributed to magnetic clustering during RPE cell uptake. Iron oxide nanoparticles reached the
RPE in as little as 6 minutes and were still detectable 20 days after injection. These results were
also repeated by the same group in zebrafish embryos, thus showing RPE cell localization of
these particles is not specific to xenopus embryos, and that they may have utility as drug
delivery vehicles specific to the RPE. To further investigate their utility, 61 nm carboxylic acid
coated iron oxide nanoparticles were conjugated to recombinant VEGF (rVEGF) or poly-Lys by
EDC chemistry and tested for activity and biodistribution in zebrafish embryos 12°. They
hypothesized VEGF will act in a choroid targeting capacity sending the particles beyond the RPE.
They found that rVEGF particles induce a pro-angiogenic phenotype after two days as
compared to a bevacizumab co-injected rVEGF nanoparticle control, demonstrating that the
rVEGF retains a functional form. They then showed 50% of rVEGF particles in the choroid as
compared to ~5% for poly-Lys coated particles and ~10% for carboxylic acid coated particles,
where >50% of the control particles remain in the RPE, supporting their hypothesis for the

choroidal targeting capacity of VEGF proteins.

47



1.8.4 Silica

Silicate nanoparticles were shown to inhibit vascular angiogenesis in a mouse model of
oxygen-induced retinopathy, and it was demonstrated in vitro that the reduction of neo-vessels
attributed to the nanoparticles suppressing the phosphorylation of VEGFR 2 %6, Similar results

were shown by this group using gold nanoparticles mentioned above °,

The anti-VEGF antibody therapeutic bevacizumab was adsorbed to the surface of (3-
aminopropyl)triethoxysilane (APTES) functionalized mesoporous silica nanoparticles and tested
for efficacy in a mouse oxygen-induced retinopathy model 2. The particle diameter was
determined to be 140 + 18 nm as measured by TEM. The mice were intravitreally injected on
postnatal day 13 (P13) and euthanized on day P17. The retinal whole mounts were stained with
angiogenic blood vessel binding glycoprotein isolectin B4 and imaged by a fluorescent
microscope to analyze the retinal vasculature. The particles were shown to inhibit retinal
angiogenesis as compared the PBS injected control, and to further reduce the neovessels as

compared to free bevacizumab, p < 0.05.

Mesoporous silica nanoparticles were synthesized by the traditional route of TEOS
condensation in the presence of the surfactant CTAB 128, The particles were then aminated with
APTES. The immunosuppressant tacrolimus was adsorbed onto the particle surface resulting in
a final diameter of 103 + 14. 2 nm as measured by SEM and 225 + 10 nm by DLS, with a zeta
potential of +33 mV. The particles were evaluated in healthy rat eyes and did not exhibit
toxicity or inflammation for 15 days post injection by color fundus exam or have a negative

impact on retinal function as determined by ERG.
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1.9 Conclusions and Perspectives

While many of the above nanoparticle formulations demonstrated a therapeutic
advantage over intraocular injection of free drug, these differences may not significant enough
to warrant translation into the clinic. One reason is several of the polymers mentioned above
have a history of toxic side effect, either form the polymers themselves or from residual the
organic solvent used in their production. Polymers that have a high number of primary amines,
e.g. PAMAM 12°, PE| 130, poly-L-lysine 131, etc., have been shown to destabilize cell membranes
and lead to apoptosis and inflammation. There are, however, many options discussed above
that have been thoroughly vetted for biocompatibility, e.g., liposomes, PLGA, etc., and only
with the combination of the correct drug and disease will translation be possible. Moving
forward, nanoparticle intraocular therapeutics will likely capitalize on recent innovations, e.g.,
gene therapy, RNA interference and gene editing. Nanoparticles have the capacity of loading
larger DNA constructs than the more conventional AAV capsid and their use will expand
therapeutic potential and improve efficacy of gene therapies. Also, nano formulations can aid in
protecting siRNA, antisense oligos, and other nucleic acid payloads from degradation. When
combined with cell specific targeted aptamers or peptides with the ability to deliver
therapeutics directly to the diseased cells, nanoparticles could reduce both off target effects
and the required therapeutic dose, and further bridge the gaps between research and the

clinic.
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Chapter 2

Treatment of Retinal Neovascularization with Fusogenic Porous Silicon Nanoparticles
Containing Vascular Endothelial Growth Factor siRNA
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2.1 Abstract

The purpose of this study was to evaluate an intravitreally injected nanoparticle
platform that delivers siRNA targeting vascular endothelial growth factor (VEGF) for its ability to
inhibit neovascular leakage in a rabbit model. Porous silicon nanoparticles loaded with rabbit
VEGF-A siRNA were coated with a fusogenic lipid composition (F-pSiNPs) which incorporated
the targeting and internalization peptide iRGD that homes to angiogenic retina integrins. The F-
pSiNPs were evaluated by intravitreal injection (IVI) for toxicity and pharmacodynamics in
healthy rabbit eyes, and for efficacy in DL-a-aminoadipic acid rabbit model of retinal
neovascularization. Efficacy was measured by a reduction of leakage using fluorescein
angiography (FA) as compared to sham injection controls and confirmed with VEGF-A ELISA of
the vitreous and histology. A statistically significant reduction in rabbit ocular FA leakage was
observed for treated diseased eyes as compared to the control sham eyes p = 0.00137, which
persisted for 12 weeks. A corresponding reduction in concentration of vitreous VEGF-A protein
was observed for 12 weeks post treatment. No toxicity or inflammation was observed in the
healthy F-pSiNP-injected eyes and normal function was observed with ERG. Histological
sections from 72 hr post-injection revealed penetration of the F-pSiNPs throughout the inner
retina and up to the retinal pigment epithelium. The siRNA-loaded F-pSiNP constructs were able
to provide a persistent knockdown of VEGF gene expression and reduce leakage in a rabbit

model of retinal neovascularization as a potential new intraocular therapeutic.
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2.2 Introduction

Diabetic retinopathy is a leading cause of blindness in the industrialized world with a
global prevalence of an estimated 95 million people 1. Administration of anti-vascular
endothelial growth factor (anti-VEGF) therapies is the standard of care for the treatment of
proliferative diabetic retinopathy (PDR) and diabetic macular edema (DME) % 3. In 2015, there
were over 2.6 million anti-VEGF injections in the United States #, with a conservative estimate
of 3.5 million annual injections by 2022. The chronic pathology of the disease requires a
protracted level of therapeutic intervention to maintain remission. Due to the high turnover of
anti-VEGF in the vitreous, repeated monthly injections are required >°. In the Horizon study of
community based anti-VEGF injections in wet age-related macular degeneration (AMD), the
vision gain attained from repeated 4-week injections of the anti-VEGF drug ranibizumab was
lost once the patients transitioned to an as-needed regimen °. This result was also seen in the
Seven-Year Outcomes follow up study of ranibizumab 1. However, continued repeat
intravitreal injections run the risk of intraocular inflammation, infection, and ocular
hemorrhage *2. Repeated high concentration injections of anti-VEGF can result in retinal
geographic atrophy 2 and can result in adverse reactions from systemic circulation 4. There are
similar issues in PDR where premature discontinuation of anti-VEGF may result in resurgence of
disease . To treat or prevent PDR, it has been suggested that anti-VEGF drugs be used
chronically and that this likely produces less retinal damage than panretinal photocoagulation

therapy 6. Monthly injections however are not practical for many and a more permanent or
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long-acting treatment is desired. An alternative approach is to use RNA interference (RNAI) to

silence VEGF mRNA expression.

Small interfering RNA (siRNA) therapeutics have a catalytic advantage over their
antibody-based counterparts. Once the siRNA-RNA induced silencing complex is formed it can
cleave multiple VEGF messenger RNAs, as opposed to anti-VEGF which stoichiometrically
sequesters a single VEGF protein 7. Approximately ten years ago, phase 3 clinical trials tested
the free drug VEGF-siRNA bevasiranib in combination with the anti-VEGF drug ranibizumab to
treat neovascularization-linked AMD 2, The results of this study suggested that free siRNA is
efficacious in inhibiting neovascularization, however the combination therapy did not
outperform ranibizumab alone 8. In addition, while bevasiranib was being evaluated for clinical
use, other researchers demonstrated that extracellular VEGF-siRNA can indiscriminately arrest
AMD neovascularization by binding the extracellular toll-like receptor 3 (TLR3), in lieu of its
intracellular target VEGF mRNA, and can induce apoptosis ** 20, Subsequent years have seen
many advances in development of siRNA as a therapeutic. There are currently three U.S. Food
and Drug Administration (FDA)-approved siRNA therapeutics, 9 in phase 3 clinical trials and 13
in phase 2 clinical trials (clinicaltrials.gov). One key factor leading to the surge of recent clinical
activity is the substantially greater stability of the latest siRNA constructs. This enhanced
stability is provided by a number of specific modifications on individual ribose sugars, which
reduce the susceptibility to nuclease cleavage and enhance gene knockdown 2. While these
modifications have increased the in vivo half-life of siRNAs by over three orders of magnitude

22 an obstacle for intraocular applications of siRNA therapy remains: how to effectively deliver
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functional siRNA through the vitreous and inner limiting membrane and target the diseased
retinal cells. We hypothesized that these obstacles could be overcome by utilizing recent
advances in nanomedicine, in particular: (1) nanoparticles with the ability to carry high
guantities of siRNA; (2) peptides capable of selectively targeting and penetrating cells; and (3)

fusogenic coatings that avoid endosomal uptake to enhance cytosolic delivery.

The nanoparticle system chosen for this study was composed of mesoporous silicon, a
material that has been shown to be well tolerated by tissues of the eye 23?7 and that can
protect the siRNA payload from RNase degradation 2. Nucleic acid therapeutics such as siRNA
possess a high negative charge due to their phosphate backbone, and generally this charge
must be neutralized in order to load sufficient quantities into a nanoparticle. While surface
modification with a positively charged species such as a cationic lipids or polymers is a common
solution that has also been used for silicon nanoparticles 2°-33, for this work a biocompatible
calcium-silicate condenser chemistry was used. When applied to porous silicon nanoparticles
(pSiNPs), this chemistry has been shown to yield mass loadings of nucleic acid in excess of 20%
34,35 and to prolong delivery of the siRNA payload 34, while retaining the ability of nanophase
silicon to dissolve into harmless byproducts in vivo 3°. In order to bypass endosomal
uptake/degradation, the pSiNPs were coated with a fusogenic lipid coating 3> 3738, We chose to
target retinal angiogenesis using the tumor-homing and internalization peptide iRGD that has
been widely studied and shown to penetrate deep into tumor vasculature 342, Like its

progenitor, the RGD peptide, iRGD targets cell-surface av integrins via the RGD peptide

sequence. The i-prefix on iRGD indicates “internalizing” and this relates to the affinity of the
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RGDK sequence in iRGD for the cell surface receptor neuropilin-1, which enables cellular
internalization 3°#2. Both av integrins and neuropilin-1 are known to be expressed on the
surface of cells associated with choroidal neovascularization %> 44, although their upregulation
in retinal angiogenesis is not known. This study sought to test the ability of this targeted

nanocarrier system to deliver VEGF-siRNA within the retina.

The in vivo rabbit model chosen for PDR and DME exhibits retinal neovascularization
and vascular leakage indicative of pathologic vessel growth associated with these diseases. The
Miller cell toxin DL-a-aminoadipic acid (DL-AAA) is injected intravitreally and has been shown
to induce the pathology of the model within 2 weeks of injection 4°-#’. Miller glial cells are
specific to the retina and are responsible for protecting neurons, maintaining homeostasis and
neuronal metabolic support %8, They have been shown to undergo gliosis in PDR and in doing so
contribute to the progression of the disease by the release of angiogenic cytokines such as
VEGF #& 4%, VEGF in turn promotes neovascular growth and induces vascular leakage % 3. A single
injection of DL-AAA exhibited a retinal neovascular pathology in rabbits from 2 to 65 weeks
post-injection #> 4, This DL-AAA rabbit model of retinal neovascularization presents vascular
leakage that can be readily monitored by fluorescein angiography (FA), and its relevance to the
disease pathology has been validated by demonstration of attenuation of FA leakage upon

injection of the anti-VEGF drug aflibercept > 4,

In this study we loaded pSiNPs with rabbit VEGF-siRNA using the above calcium silicate
condensation chemistry, then applied the fusogenic lipid coating (F-pSiNP) and conjugated iRGD

to the exterior of the nanoparticle via a 2 kDa poly(ethylene glycol)-maleimide linker. To test
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the efficacy of the resulting VEGF-siRNA F-pSiNPs by single intravitreal injection, we monitored
the DL-AAA rabbit model over a 12-week period by FA, VEGF assays of vitreous eye taps, and
histology. To our knowledge this is the first demonstration of targeted intravitreal delivery of

siRNA utilizing iRGD to successfully treat an animal model of retinal neovascularization.

2.3 Methods

Materials: Highly boron-doped p++ type silicon wafers,~1 mQ cm resistivity, polished on
the (100) face (Sil’tronix, Inc., Archamps, France); hydrofluoric acid, 48% aqueous, ACS grade
(Thermo Fisher Scientific Inc., Waltham, MA); anhydrous calcium chloride, (Spectrum
Chemicals, New Brunswick, NJ); 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), and 1,2-distearoylsn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethyleneglycol)-2000] (DSPE-PEG-maleimide), (Avanti
Polar Lipids); 1,1'-dioctadecyl-3,3,3’,3" -tetramethylindocarbocyanine perchlorate (Dil), and
Lipofectamine 2000, (Thermo Fisher Scientific Inc.); iRGD peptide: 5-FAM-C[X]CRGDKGPDC-
NH2, from (AnaSpec, Freemont, CA), where (X) = 6-amino hexanoic acid; s-s bonds between C3
and C11; rabbit VEGF-A siRNA *° was modified with the addition of 2’ methoxy to the first two
5' nucleosides of the antisense strand: 5'mA.mU.G.U.C.C.A.C.C.A.A.G.G.U.C.U.C.G.A.dT.dT3';
sense: 5'U.C.G.A.G.A.C.C.U.U.G.G.U.G.G.A.C.A.U.dT.dT3'; . (Horizon-Dharmacon Inc., Chicago,
IL); human ARPE-19 cells, (American Type Culture Collection, ATCC.org); rabbit primary retinal
microvasculature endothelial cells, endothelial cell growth supplement (500X), gelatin-based

coating solution (Cell Biologics Inc., Chicago, IL); New Zealand Pigmented rabbits (males and
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females), 3-4 months old (Western Oregon Rabbitry, Philomath, OR); balanced salt solution
(BSS), DL-a-aminoadipic acid (DL-AAA), (MilliporeSigma, Burlington, MA); RNeasy Mini Kit
(Qiagen, Germantown, MD); ToxinSensor Chromogenic LAL Endotoxin Assay Kit, (GenScript,

Piscataway, NJ).

Preparation of Fusogenic Porous Silicon Nanoparticles: The fusogenic porous silicon
nanoparticles (F-pSiNPs) were synthesized as previously described 3’.Porous silicon was
produced by electrochemical anodization of highly boron-doped p++ type silicon wafers
(exposed area ~ 9 cm?) using a square waveform consisting of a current density of 50 mA cm™
applied for 0.6 s followed by a current density 400 mA cm for 0.36 seconds, repeated for 500
cycles in an electrolyte consisting of 3:1 aqueous 48% HF:absolute ethanol (CAUTION: HF is
highly toxic and proper care should be exerted to avoid contact with skin or lungs). The
resulting porous layer was removed from the crystalline silicon substrate by application of a
current density pulse of 3.7 mA cm for 250 s in an electrolyte consisting of 1:20 aqueous 48%
HF:absolute ethanol. The porous layer was washed with ethanol and ultrasonicated in a 50T
ultrasonic bath (Avantor VWR, Radnor, PA) in 2 mL of ethanol for 16 hr to generate pSiNPs by
ultrasonic fracture. The particles were centrifuged at 3200 x g for 5 min and the supernatant,
containing the nano-sized particles, was adjusted to 2 mg mL* by dried mass and stored in
ethanol at room temperature. 24 hr before use the particles were centrifuged at 20,000 x g for
30 min to pellet, transferred to RNAse-free water, and dispersed in the liquid by
ultrasonication. This process was repeated one time and the particles were adjusted to a final

concentration of 1 mg mL*! and maintained at room temperature until further use. The siRNA
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was loaded into the pSiNPs as previously described 3*. All procedures were performed in a
biosafety hood using sterile technique wherever possible. siRNA was resuspended in RNAse-
free water to a final concentration of 150 nM by shaking gently at room temperature for 20
min. All reagents were stored on water ice. 150 pL of 1 mg mL? pSiNPs was mixed with 150 pL
of 150 nM siRNA on ice. This mixture was placed in an ultrasonic bath at ~4-6 °C. While being
subjected to ultrasonication, 700 uL of 2M calcium chloride was added and gently mixed and
the mixture was ultrasonicated for an additional 15 min. The resulting particles were pelleted at
5000 x g in a centrifuge at 4 C for 10 min. The supernatant was removed and assayed by
absorbance for siRNA loading. The particles were resuspended in 1 mL of BSS, briefly
ultrasonicated into solution, and immediately transferred for lipid coating. The fusogenic
coating was prepared by adding DOTAP:DMPC:DSPE-PEG2000-Malemide at a mole ratio of
20:76:4 respectively. The lipids were mixed by adding 19.6 uL DOTAP, 72.6 uL DMPC and 15.2
uL DSPE-PEG2000-Malemide from 10 mg mL? stock solutions in chloroform and dried overnight
at room temperature, (20 pL of the membrane dye Dil, 1.25 mg mL? in ethanol, was added to
the lipid mixture before drying for the histology and in vitro imaging studies). The siRNA-loaded
pSiNPs were added to the dried lipid mixture, briefly ultrasonicated, and heated to an extrusion
temperature of 40-45 °C while stirring. The particles were extruded through a 0.2 um
membrane 20 times. 100 pL of the iRGD or control peptide at 1 mg mL* was then added and
the mixture was stored at 4 °C for 16 hr to effect coupling of free thiol on the peptide to the
maleimide on the DSPE-PEG2000-Malemide lipid component. The resulting particles (siRNA-
loaded, F-pSiNPs) were then washed with BSS using 30 kDa molecular weight cutoff Amicon

Ultracel centrifuge filter (MilliporeSigma) at 4500 x g for 30 min repeated 3 times to a final
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volume less than 200 uL. The flowthrough was saved and assayed by absorbance for siRNA
loading using a NanoDrop (Thermo Fisher Scientific). The final particle volume was adjusted to
equal 500 pg mL* siRNA based on encapsulation efficiency. Particle morphology and charge
was analyzed with dynamic light scattering (DLS) using a Zetasizer (Malvern Panalytical,

Malvern, UK) and transmission electron microscopy (TEM).

Cryogenic electron microscopy: Titan Krios G3 microscope with an X-Feg electron
source, a Gatan K2 Summit with Bio-Quantum energy filter using a slit with of 20eV. Samples
were prepared on 2/1 quantifoil grids with the surface prepared using the Solarus plasma
cleaner. 3.5 pL of sample was aliquoted onto the grid and plunge frozen in the Vitrobot Mark
IV. High resolution imaging was performed at a nominal magnification of 33,000x with a

calibrated pixel size of 4.33 Angstrom.

In vitro release studies: In vitro release was performed by incubating the siRNA-loaded
F-pSiNPs in 500 pL PBS (pH 7.4) at 500 ug mL™* or 1 mg mL* at 37 °C in an orbital shaker
(Gyromax 737 shaker/incubator, Amerex instruments). The particles were transferred to a 30
kDa molecular weight cutoff Amicon Ultracel centrifuge filter and centrifuged at 4500 x g for 30
min. The flowthrough was measured for both volume by mass (assuming 1 g =1 mL) and for
siRNA absorbance using a NanoDrop (Thermo Fisher Scientific). The remaining particles were

resuspended with PBS buffer and returned to 37 °C shaking until the next timepoint.

In vitro cell studies: Human retinal pigmented epithelial cells (ARPE-19) were grown to
75% confluency in DMEM-F12, 10% fetal bovine serum, 1% penicillin/streptomycin media to a

density of 300k cells mL™* in a 6 well plate at 37 °C, 5% CO>. The media was replaced with media
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containing 100 uM CoCl; and incubated for 16 hr to induce hypoxia °*. The cells were washed
one time with fresh media followed by the addition of media containing nanoparticles or
controls at concentrations specified in the text. After 24 hr of incubation the cells were trypsin
digested and prepared for RT-qPCR as described below. Rabbit primary retinal microvasculature
endothelial cells were treated as described above except the media contained 1x endothelial
cell growth supplement and the plates were coated with gelatin-based coating solution prior to
use. Sections were imaged using a Nikon A1R Confocal STORM super-resolution system (Nikon

Instruments Inc., Melville, NY).

Animal studies: All animal studies were performed using New Zealand pigmented
rabbits, which were treated in accordance with the University of California, San Diego, IACUC
standards of practice and the ARVO statement for the use of animals in ophthalmic and vision
research. Intraocular injections, aqueous taps, and fluorescein angiography (FA) were
performed under 25-30 mg/kg ketamine and 5mg/kg xylazine administered by subcutaneous
injection. For intraocular injections the eye was surgically prepped with ophthalmic betadine,
then sterilely irrigated with BSS. 1-2 drops of proparacaine were administered to numb the
cornea. All intraocular injections were performed under an Alcon ophthalmic operating

microscope (Alcon, Fort Worth, TX).

In vivo toxicity: Fusogenic pSiNP toxicity and inflammation was tested by injecting 50 uL
of siRNA-loaded F-pSiNPs into one healthy rabbit eye with the contralateral injected with
balanced salt solution (BSS) as control. Both eyes were assessed by fundus exam, imaged, and

measured for function by electroretinography (ERG) prior to injection, and on days 0, 14, and
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28 post injection. After sacrificing the animals, globes were enucleated and processed for

histology.

DL-AAA model: 80 pL of an 80 mM DL-a-aminoadipic acid (DL-AAA) solution was
injected in one eye of a rabbit to initiate the retinal neovascularization model, as previously
described (9, 10). The contralateral eye was injected with 80 uL BSS as control. The DL-AAA
solution was prepared on the day of use under sterile conditions by dissolving 128.9 mg of DL-
AAA in 1 mL 1M HCI, diluted with BSS to a final volume of 10 mL, pH adjusted to 7.4 with 2M
NaOH and filtered with 0.22 um syringe filter. DL-AAA eyes that resulted in partial retinal
detachment at two weeks post disease induction were excluded from the FA study because the
leakage could no longer be assessed with FA imaging (~¥50% of animals injected). These animals
were used for analyzing nanoparticle efficacy by measuring VEGF-A from both the vitreous and
aqueous humor taps were analyzed by ELISA for both treated and sham n =4 each at time
points of 1-, 4 -, and 12-weeks post-treatment. Three animals were excluded because disease

did not develop, and one animal was excluded due to an occlusion that prevented FA perfusion.

Nanoparticle efficacy measured by fluorescein angiography (FA) image analysis: The
progression of the pathology was evaluated by optical coherence tomography (OCT) (data not
shown) and fluorescein angiography (FA) at the early (0—3 minutes), mid (4-6 minutes), and late
(10-13 minutes) phases. 50 uL of F-pSiNPs-iRGD containing a total of 25 ug of VEGF-A siRNA or
a BSS-only sham was then injected into the disease model DL-AAA eye of a rabbit. The
contralateral eye was left untreated. FA imaging and 50 uL aqueous taps were preformed every

two weeks until 14 weeks post disease induction and stored at -80 °C for ELISA VEGF-A analysis.
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The FA images were montaged using the “mid” timepoint, described above, to include the optic
never, nasal and temporal medullary rays using Heidelberg Eye Explorer imaging software. The
FA images were then exported as TIFF files and analyzed using ImagelJ °? by masked
ophthalmologists at each time point to determine the pathologically observable effects of
neovascularization: leakage area and intensity, vessel tortuosity and intraretinal microvascular
anomalies (IRMA). The area of leakage was circled and measured for area and mean pixel
intensity. This mean pixel intensity was corrected for gain, i.e., exposure, by using the mean
pixel intensity within the optic nerve contained by that image. The resulting corrected intensity
was multiplied by the pixel area of leakage circled to give a quantitative measure for leakage.
These recorded measurements were collected from each ophthalmologist and averaged. For
the final analysis, the leakage measured on the day of treatment, prior to treatment, was used
as baseline for all subsequent leakage assessments following the relationship: [(leakage
timepoint - baseline leakage)/(baseline leakage) +1] x 100% = percentage of leakage increase.
Retinal vessel tortuosity was graded 0 to 3 (0 = not tortuous, 1 = vessels reach visual streak, 2 =
vessels exceed visual streak, and 3 = 2 plus neo-vessel development). Intraretinal microvascular
abnormalities (IRMAs) were graded 1 to 3 (1 = 0-25 lesions, 2 = 25-50 lesions, and 3 = >50

lesions).

ELISA: Rabbit VEGF-A aqueous and/or vitreous concentrations were determined by
rabbit-specific 96 well VEGF-A ELISA (MyBiosource, San Diego, CA). Aqueous samples were

tested directly, and vitreous samples were centrifuged at 10000 x g for 10 min at 4 °C and the
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supernatant was tested. The absorbance was read at 450 nm on a SpectraMax iD5 plate reader

(Molecular Devices, Downingtown, PA).

Histology: Enucleated eyes were punched at 3 and 9 o’clock locations with a 1 mm
diameter biopsy punch, at a distance 1 mm from the limbus. The eyes were placed in 25 mL
10% formalin for 72 hr at 4 °C, then placed in 10%, 20% and 30% sucrose at 4 °C for ~24 hr each
in order of increasing concentration. Finally, the eyes were bisected in the sagittal plane with a
razor blade and mounted in Neg-50 Frozen Section Medium (Thermo Fisher Scientific) in an
isobutane/dry ice bath. The eyes were sectioned at a maximum thickness of 10 um and either
mounted with Pro-long Gold with DAPI (Thermo Fisher Scientific) or stained with hematoxylin

and eosin. Sections were imaged using Nikon A1R Confocal STORM super-resolution system.

Statistical Analysis: FA leakage data was analyzed using SAS (SAS Institute Inc.), using

GLM repeated measures analysis of variance. ELISA data was analyzed by one-way ANOVA.

2.4 Results

The pSiNPs were prepared by electrochemical etch of silicon wafers (Figure 2.1A) >3. The
porosity, the average mesopore size, and the average nanoparticle size are precisely controlled
by the electrochemical waveform used in the synthesis >*. This provides a systematic means to
tailor the material for a specific drug molecular size, loading capacity and/or final particle
diameter. To effectively protect and deliver siRNA in vivo, the siRNA drug payload was
condensed within the pores of the nanoparticles using a calcium silicate sealant chemistry 34,

This condensation chemistry capitalizes on the unique ability of calcium ion to both stabilize
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siRNA via ion pairing and to form a precipitate with silicic acid 3*. The silicic acid species,
primarily in the form Si(OH)4, is locally generated at the surface of the oxidized porous silicon
nanoparticles via aqueous dissolution; reaction with excess calcium ion creates an insoluble
calcium silicate phase (idealized as dicalcium orthosilicate, Ca,SiO4) effectively trapping the

siRNA within the pores of the nanoparticle 3* (Figure 2.1B).

The necessity of the silicic acid species to effect the sealing of the pores limits the
reaction proximity to the silicon surface. Once formed, the insoluble calcium silicate sealant
slows degradation of the porous silicon particles, and thus the release of siRNA. To avoid
engaging the endocytosis pathway, which inhibits the effectiveness of siRNA, the siRNA-loaded
pSiNPs were coated with a fusogenic lipid coating (F-pSiNP) as previously described 3> 37, and
conjugated to a 5FAM-labeled iRGD targeting peptide (Figure 2.1B). This combination of
targeting peptide and fusogenic coating has been shown to act by first engaging the
nanoparticle with the cellular surface and then fusing with the cellular membrane, at which
point the lipid coating is shed and the nanoparticle with its siRNA payload is released directly
into the cytosol 3’. For the siRNA payload, rabbit VEGF-A-siRNA was used. The antisense
sequence was: 5'mAmMUGUCCACCAAGGU- CUCGAdTAT3' 0, where the 2’ methoxy groups at the
5’ end were introduced to protect the siRNA against exonucleolytic digestion. The iRGD
targeting peptide construct consisted of 5-FAM-C(X)CRGDKGPDC, where 5-carboxyfluorescein
(5-FAM) was conjugated to the N-terminus, followed by a free cysteine for nanoparticle
conjugation, a hexanoic acid linker (X), and the nine amino acid iRGD cyclized with a disulfide

bond between C3 and C11. As a control, a scrambled peptide consisting of 5-FAM-
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C(X)CRGEDGPKC was used; here the aspartic acid from the integrin-targeting sequence RGD
was substituted with glutamic acid, previously shown to inhibit targeting, and the adjacent
lysine, required for neuropilin-1 internalization, was substituted with aspartic acid *? (Figure
2.2). The F-pSiNPs had a core of diameter 68.6 +/- 10.0 nm consisting of the pSiNPs loaded with
VEGF-A-siRNA and sealed with calcium silicate, and the average final diameter after lipid
coating/extrusion and peptide conjugation was 145 +/- 6.6 nm, with a polydispersity index of
0.12 +/- 0.05 and positive zeta potential of +17.8 +/- 1.2 mV measured by dynamic light
scattering (Figure 2.3A). The F-pSiNPs had an average siRNA encapsulation efficiency of 20.3 +/-
6.4%, which corresponds to a mean mass loading of 28.8 wt.%, defined as mass of siRNA
divided by the total mass of pSiNP + siRNA combined, and efficiency of conjugation of peptide
to the particles was 17.3 +/- 4.3%, based on 5-FAM absorbance (Figure 2.3B). The particle
morphology was confirmed by cryogenic electron microscopy (cryo-EM) (Figure 2.3C) and
measured by Image) to have diameter of 113.9 +/- 23.8 nm. Endotoxin level in the final F-pSiNP
formulation was 0.365 +/- 0.04 EU mL?, below the threshold for detectable ocular
inflammation in rabbit vitreous of 1.0 EU mL* °>. The particles were tested for in vitro release of
siRNA by incubating samples containing 0.5 mg mL™* and 1.0 mg mL™ siRNA in PBS (pH 7.4) at 37
°C, in an orbital shaker. These concentrations are equivalent to 1x and 2x of the intended in vivo
injection concentration based on the average volume of a rabbit eye of 1.5 mL. The results
showed a day 1 siRNA burst release of 42% +/- 15% for 8 pug (1x) and 56% +/- 6% for 16 ug (2x),
n = 4 each (Figure 2.3D) and essentially 100% of siRNA was released after 13 days for both

concentrations tested (Figure 2.3E).
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To test in vitro uptake, the F-pSiNPs were incubated with human retinal pigment
epithelial cells (ARPE-19) and primary rabbit retinal microvascular endothelial cells, and uptake
was assessed by confocal microscopy (Figure 2.4A-B). The fusogenic properties of the
nanoparticles are apparent in the confocal images, as the transfer of the Dil lipid stain (from the
lipid coating of the nanoparticle) and the 5FAM label (attached to the iRGD targeting peptide)
to the cell membranes was observed after 20 min incubation at 37 °C. Some evidence of whole

particle uptake was also observed (Figure 2.4A-B).

For in vivo tolerability studies, 50 pL of nanoparticles at two concentrations, 0.5 mg mL*
siRNA and a 1:10 dilution in balanced salt solution (BSS), were injected into the right eye of New
Zealand pigmented rabbits and tested for inflammation and toxicity. The left contralateral eye
was injected with 50 pL of BSS as a control. Color fundus images of the eyes were obtained
before injection, at 1 week, 2 weeks and 6 weeks, followed by enucleation and histology. No
evidence of ocular inflammation or toxicity was observed. Treated eyes displayed comparable
electroretinogram (ERG) flicker B-amplitude values compared to fellow (control) eyes at each
time point. Diffusion and uptake of the intravitreally injected iRGD-F-pSiNPs were evaluated at
24 and 72 hr post-injection, in DL-AAA rabbit eyes using F-pSiNPs that included Dil or sham
injection controls (Figure 2.5A-C). At 24 hr most of the particles resided in the vitreous (data
not shown), whereas at 72hr particles were observed to have been taken up by Miiller cells and

had migrated toward the outer nuclear layer (Figure 2.5C-D).

Finally, efficacy of the iRGD-F-pSiNP formulation was tested in the DL-AAA retinal

angiogenesis rabbit model, and leakage was measured by fluorescein angiography (FA) imaging
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at two weeks post injection to obtain a baseline (Figure 2.6A). Only one eye of each animal was
injected with DL-AAA (80 uL 80 mM DL-AAA, pH 7.4) and the contralateral eye of each animal
was injected with BSS as an injection control. By week 2, the formation of tortuous vessels and
substantial vascular leakage was evident (Figure 2.7), characteristic of the disease model as
previously described %> 46, At week 2, 50 pL of the F-pSiNP treatment (or BSS control) was
injected, equivalent to 10 pg kgt VEGF-siRNA, into the DL-AAA disease model eyes. A dose of 10
ug kg siRNA was selected, based on the bevasiranib siRNA concentration used in the age-
related macular degeneration clinical trial °® which equates to 25 pg in a 50 pL injection volume
for a 2.5 kg rabbit. The treatment and control animals were imaged by FA every two weeks
thereafter to monitor changes in vascular leakage. A substantial reduction in leakage was
observed (Figure 2.6B). The animals were followed for 12 weeks post-treatment (Figure 2.6D).
The images were montaged, masked, and measured using Imagel for leakage area and intensity
at each time point by two ophthalmologists. The identities of the montaged images were
masked from the ophthalmologists to avoid bias. The relative intensity of each image was
corrected to the intensity of the optic nerve and compared to baseline using the equations in
Figure 2.6C. The results showed a statistically significant difference in fluorescein leakage over
time for treated verses control animals (p = 0.0137, n = 5 treated and n = 4 sham, Figure 2.6D).
Both degree of tortuosity and number of intraretinal microvascular abnormalities (IRMAs) were
evaluated, and while both tortuosity and IRMAs were observed in both the BSS and treated
eyes, no statistically significant change was seen over the course of the 12-week treatment
(data not shown). The effect of the F-pSiNP treatment on VEGF-A expression was assessed by

VEGF-A ELISA performed on the aqueous humor and the vitreous humor 1, 4 and 12 weeks

86



after treatment (Figure 2.6E). Significant reduction in the concentration of VEGF-A was
observed in the vitreous fluid of treated eyes at 1-, 4- and 12-weeks post-treatment (p = 0.0348,
p =0.0014, and p =0.0262, respectively, n = 3 or 4), compared to each animal’s untreated,
naive fellow eye. This animal model has been shown to produce elevated levels of VEGF-A in
both the vitreous and aqueous compartments ¢, However, the VEGF-A concentrations
measured in the aqueous humor were at or near the limit of detection of the ELISA assay (data
not shown), so no comment can be made on the difference in VEGF-A expression in the

aqueous compartment for treated vs untreated eyes.

2.5 Discussion

The goal of this project was to demonstrate the possibility of transforming the current
standard of care in treatment of proliferative diabetic retinopathy (PDR) and diabetic macular
edema (DME) by using a targeted VEGF-siRNA nanoparticle therapy that might be able to inhibit
retinal neovascularization for substantially longer periods of time than is achieved with the
current standard of care. By shutting down VEGF production, rather than binding it after
secretion, this approach offers the potential for more complete inhibition of disease
progression. Other groups have recently demonstrated similar approaches to intravitreal
injected nanoparticle siRNA therapeutics. Huang and Chau evaluated liposome nanoparticles
containing non-specific FAM-siRNA for differences in retinal uptake associated with lipid surface
charge and found nanoparticles with +35 mV zeta potential showed the optimal uptake in the

mouse retina >’. Nanoparticles containing VEGF receptor-1 siRNA complexed with hyaluronic
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acid and protamine, followed by lipid coating, were found to protect against choroidal
neovascularization in a laser-induced choroidal neovascularization (L-CNV) rat model 8.
Another group linked several VEGF-A siRNA strands together using 5’ terminal disulfide bonds
and condensed the poly-siRNA constructs into nanoparticles using polyethylene amine (PEI) *°.
Their work demonstrated a reduction in CNV size using a mouse model of L-CNV >°, While the
above “soft” delivery systems based on liposomal or polymeric constituents have shown great
promise, the present work evaluated if a delivery system based on a solid nanoparticle
component might be engineered to more effectively enhance intracellular delivery and extend

the duration of action of the siRNA therapeutic.

While this work illustrates a new use of iRGD targeting peptide technology for the
delivery of nanoparticles to retinal neovascular cells, it relies on key prior work that explored
the concept of directing nanoparticles to ocular tissues, either by intravitreal injection or by
topical administration. Cyclic-RGD, the predecessor of iRGD, was conjugated to PEG-
polyethylene glycol-poly(lactic-co-glycolic acid) (PLGA)-dexamethasone grafted with PEl and the
anti-VEGF antibody bevacizumab . These particles were tested by intravitreal injection in a
rabbit model of L-CNV and shown to be more efficacious than non-targeted particles °.
Doxorubicin (DOX) was encapsulated within a liposome and targeted to the tyrosine kinase
receptor EphA2 that is expressed on tumor neovascular cells as a potential treatment for CNV
61 That work employed the YSA peptide conjugated to the surface of the nanoparticle, and
intravitreal injection of the construct reduced neovascularization in a rat model of L-CNV 1. TAT

peptide-linked PLGA particles were used to deliver the anti-inflammatory drug flurbiprofen to a
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rabbit model of anterior chamber inflammation and demonstrated corneal penetration and
efficacy ®2. Chu et al. further demonstrated a topical corneal application of iRGD-TAT PLGA
nanoparticles had some success targeting choroidal neovascularization, most likely by
periocular absorption 3. These studies taken as a whole support the rationale for the focus of
the present work: to use iRGD-targeted nanoparticles to deliver siRNA targeting retinal

angiogenesis by intravitreal administration.

Cryo-EM showed that the F-pSiNPs take on a spherical liposome-like morphology (Figure
2.3C) with overall dimensions comparable to liposomes (100-200nm). The mass loading of
siRNA in the nanoparticles was higher than typical polymer or liposomal formulations due to
the beneficial electrostatics and aqueous chemistry of the calcium-silicate system 3/, and the
release kinetics in vitro resulted in an initial burst of approximately half of the siRNA payload,
followed by slow release for an additional 10-12 days (Figure 2.3D). For the ophthalmic
applications of interest, release over several weeks to months might be more appropriate, and
so extending release of these formulations over longer periods of time and tailoring the

temporal release profile are future goals.

Another avenue of pursuit for extending therapeutic action into timescales of several
months is in the design of the nucleic acid therapeutic. While an advantage of RNA-based gene
modification is that it provides a more reversible effect than DNA, restriction enzyme, or
genome editing-based approaches, the relatively transient nature of siRNA technology suggests
that it may not provide the long-term VEGF suppression desired for treatment of diseases such

as macular degeneration, proliferative diabetic retinopathy, or diabetic macular edema. Indeed,
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this likely was a contributor to the clinical failures of the early bevasiranib siRNA constructs
used to treat age-related macular degeneration 4. In subsequent years, RNAi companies have
developed chemically modified RNAs for their drugs, with modifications of multiple types (and
at multiple sites) along the RNA strand to minimize immune stimulation, reduce off-target
cleavage, and generally increase efficacy and duration of action. For example, the FDA-
approved GIVLAARI™ and OXLUMO™ of Alnylam Pharmaceuticals both contain 44 ribose and 6
phosphate backbone modifications each. These recent entries show that substantially increased
stability and longer residence times can be achieved by optimizing the backbone chemistry 2%;
sustained in vivo efficacy for as long as 6 months has been demonstrated 22. In the present
work, the first two 5' nucleosides of the antisense strand contained 2' methoxy modifications in
order to inhibit exonuclease cleavage and increase in vivo stability, which presumably
contributed to the relatively long-lived activity observed for the single injection. The
introduction of additional RNA modifications is an avenue for future work that might further

enhance stability and extend activity of the formulation.

Confocal microscopy demonstrated the rapid fusion of the F-pSiNPs with two target
cells of interest in vitro (Figure 2.5A-B). The fluorescent markers on the liposomal coating (Dil)
and on the iRGD targeting peptide (5FAM) indicated successful fusion with the outer cellular
membranes of both ARPE-19 cells and rabbit retinal microvascular endothelial cells; both the
Dil and the FAM labels were seen predominately localized in the cell membranes. This is
consistent with the established mechanism of uptake of this nanoparticle composition, wherein

the lipid coating on the nanoparticle fuses to the cell membrane and is shed from the exterior
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of the pSiNP, resulting in insertion of a mostly “bare” pSiNP into the cytosol 3’.Furthermore, 72
hr after intravitreal injection in rabbit eyes, evidence of the lipid dye can be seen at the inner
limiting membrane, at Mller glial cells and at the inner nuclear layer (Figure 2.5A-B),
suggesting that at least some of the components, and likely some of the intact lipid-coated

nanoparticles, are transported deeper into the retina.

The in vivo rabbit model used for PDR and DME exhibited retinal neovascularization and
vascular leakage indicative of pathologic vessel growth associated with these diseases. The
Muiller cell toxin DL-a-aminoadipic acid (DL-AAA) was injected intravitreally and has been shown
to induce the pathology of the model in the first 2 weeks %-*” which was supported by the
present findings (Figure 2.6A, Figure 2.7). Miiller glial cells are specific to the retina and are
responsible for protecting neurons, maintaining homeostasis and neuronal metabolic support
48 They have been shown to undergo gliosis in PDR and in doing so contribute to the
progression of the disease by the release of angiogenic cytokines such as VEGF & 4%, VEGF in
turn promotes neovascular growth and induces vascular leakage % 3. A single injection of DL-
AAA exhibited a retinal neovascular pathology in rabbits from 2 to 65 weeks post injection 4> 6,
Prior studies with this model have shown that injection of the anti-VEGF drug aflibercept
(Eyleal®, 0.5mg dose) was able to temporarily stop vascular leakage for 8 weeks, after which
time recurrence of vascular leakage was observed 4> 46, Those results demonstrated both the
association of VEGF-A with vascular leakage and the stability of the pathology. Our data
exhibited a comparable performance resulting in an inhibition of leakage up to 12 weeks

(Figure 2.6D). These data correlated well with postmortem VEGF-A vitreous ELISA analyses
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demonstrating a significant reduction in VEGF-A at both 1, 4 and 12 weeks after F-pSiNP
treatment relative to untreated DL-AAA animals at the same timepoints (Figure 2.6E) and
resulted in an 8.4-fold decrease in VEGF-A for the treated animals over sham control animals at

12 weeks, (p = 0.0262, n = 4 each).

It should be noted that the disease model, involving a dose of 80 uL of 80 mM DL-AAA,
resulted in substantial incidences of retinal detachment (>50%) in the animals, a sign of severe
disease that eliminates the utility of FA imaging. This incidence was substantially higher than
the previously reported percentage of animals (20%) that experienced these adverse events %°.
The VEGF-A molecular analysis was performed using these animals with severe disease (i.e.,
those with retinal detachments); thus, it is likely that the levels of VEGF-A reported in this work
are an upper estimate, and VEGF-A expression in the animals used to quantify leakage (FA
imaging) were likely lower. Animal welfare concerns precluded running of non-targeting
controls on this model. Future work will include evaluating the model at lower doses of DL-AAA
in order to minimize adverse retinal detachment events. While the present work showed that
iRGD-targeted F-pSiNPs are highly effective at suppressing vascular leakage, establishing the
overall feasibility of the approach, the questions of whether or not the iRGD targeting group is

essential, and which cells can (or should) be targeted were not addressed.

This study was a first attempt at utilizing iRGD technology for the delivery of
nanoparticles to retinal neovascular cells. The study established the feasibility of using a
combination of a solid, but resorbable nanoparticle with cellular targeting and penetration

innovations to overcome prior limitations of nucleic acid therapeutics for knocking down VEGF
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expression. The positive results on arresting neovascularization and reducing vascular leakage
in the rabbit model over a 3-month period indicates that this is a promising approach to treat
debilitating eye diseases such as macular degeneration, proliferative diabetic retinopathy, or

diabetic macular edema.
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Figure 2.1. Schematic representation of the synthesis of the fusogenic porous silicon
nanoparticles (F-pSiNPs) used in this work. A. Electrochemical anodization of a silicon
wafer selectively etches silicon to generate a nanostructured mesoporous layer which is
removed and subjected to ultrasonic fracture to produce the porous silicon
nanoparticles (pSiNPs). B. The empty pSiNPs are loaded with an siRNA payload by means
of a calcium ion-induced condensation reaction. The resulting siRNA-loaded pSiNPs are
added to a fusogenic lipid mixture that also contains a PEG-2000 maleimide linker
(“fusogenic lipids + PEG-maleimide”). Extrusion coats the solid pSiNP core with a
fusogenic lipid layer. The iRGD targeting peptide (or a control peptide) is then grafted to
the PEG-2000 linker via the pendant maleimide, generating the final ~200nm
nanoparticle construct (“F-pSiNP-iRGD").
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Figure 2.2. Schematic of the structure of iRGD-labeled, fusogenic porous silicon
nanoparticles and proposed mechanisms for their cellular uptake. The iRGD targeting
peptide is known to target avp integrins at the cell surface. Once bound to the cell
surface, the nanoparticle can either be directly inserted into the cytosol by fusogenic
uptake, or it can be taken up by macropinocytosis after enzymatic cleavage of the
peptide, which activates a neuropilin uptake pathway.
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Figure 2.3. Characterization of fusogenic porous silicon nanoparticles (F-pSiNPs). A.
Dynamic light scattering and Imagel measurements from Cryogenic electron
microscopy (Cryo-EM), and zeta potentials for F-pSiNPs. B. Absorbance spectra of F-
pSiNPs and the synthesis components. C. Cryo-EM images, scale bar = 500 nm and 200
nm, at 10k and 33k magnification, respectively. D-E. In vitro release study of F-pSiNPs in
PBS buffer (pH 7.4) at 37 °C under constant agitation. D. Temporal siRNA release curve,
measured by absorbance, from two FNP samples at 1x and 2x the concentration that
was used for in vivo injections. E. Same data from D, but converted to percentage of
siRNA released from each F-pSiNP formulation as a function of time.
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Figure 2.4. Confocal images of cells treated with iRGD-targeted fusogenic porous
silicon nanoparticles in vitro, demonstrating the fusogenic nature of the construct: A.
human retinal pigment epithelial cells (ARPE-19) and B. primary rabbit retinal
microvasculature endothelial cells. The lipophilic fluorophore Dil (red) was incorporated
into the fusogenic lipid coating, 5FAM (green) was covalently attached to the iRGD
targeting peptide. DAPI (blue) was used to stain the cell nuclei. All particles were
incubated with cells at confluency for 20 min at 37 °C followed by wash, 4% PFA and
DAPI staining, Image A. is 20X magnification, with 40X with exploded views and B. is
10X, with 40X exploded views. The scale bars represent 100 um.
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Figure 2.5. Confocal microscope images of rabbit eye histology sections 72 hr post-
treatment with iRGD-targeted fusogenic porous silicon nanoparticles. A-B. F-pSiNPs
loaded with the lipophilic fluorophore Dil (red), stained with DAPI nuclear stain (blue)
and tissue autofluorescence (green) and C. sham treatment. The white arrows indicate
particles taken up by Miiller cells. The orange arrows indicate particles transported to
the outer nuclear layer, scale bars = 20 um. Lower right image shows a representation
of the eye indicating the retinal layer.
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Figure 2.6. Mid-phase fluorescein angiography (FA) data for rabbit eyes injected with
DL-a aminoadipic acid and treated with fusogenic porous silicon nanoparticles (F-
pSiNPs) or sham treatment. A. Representative image of montaged FA leakage at two
weeks post-disease induction (baseline) and B. (n) weeks post-treatment. Leakage area
(LA) circled in yellow, intensity of leakage (IL) within the circle, and intensity of optic
nerve (ION) within the grey circle. C. Mathematical relationships used to quantify
leakage from FA images and analyzed with Imagel for the regions of interest as shown in
A and B, adjusted for gain using the region of the optic nerve within each montage,
resulting in gain corrected leakage (LGC). D. Plot of the increase in the mean percent of
corrected leakage from baseline vs. weeks post-treatment showing F-pSiNP-treated
animals (circles) and sham BSS-treated animals (triangles), n = 5 treated and n = 4 sham,
p = 0.0137 by repeated measurements. E. Postmortem ELISA of rabbit VEGF-A from
vitreous from sham- or F-pSiNP-treated animals, sacrificed at each time point of 1-, 4-
and 12-weeks post-treatment, * p = 0.0348, ** p = 0.0014, and *** p =0.0262, n=3 or
4 ea.
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Figure 2.7. Color fundus and fluorescein angiography (FA) images of DL-AAA-
injected right eye (OS) and FA image of balanced salt solution (BSS)-injected left
eye (0S). Images taken at 2 weeks after disease induction, prior to fusogenic
porous silicon nanoparticle treatment. The yellow arrows indicate the region of
tortuous vessel development, and the orange arrow indicates leakage, relative to
the OS control on the far right.
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Chapter 3

Targeted Iron Oxide Nanoworms for Contrast-Enhanced Magnetic Resonance Molecular
Imaging of Fibrin Networks within Infarcted Myocardium
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3.1 Abstract

The emergence of targeted nanoparticles applied to contrast-enhanced magnetic
resonance imaging (CE-MRI) affords a unique platform combining the safety associated with
MRI with the logical design of diagnostic tools for in vivo imaging at the molecular level. We
demonstrate long-circulating superparamagnetic iron oxide nanoworms (NWs) conjugated to
the pentapeptide CREKA can target fibrin associated with an acute myocardial infarction for use
as a T2-weighted cardiac magnetic resonance imaging (CMRI) contrast agent. We show that co-
administration of this actively targeted CREKA-NW T2 agent with a passively targeted T1 agent
(gadolinium-diethylenetriaminepentaacetic acid) can be used to highlight the region of fibrin

relative to the total infarct in a rat myocardial infarction model.

3.2 Introduction

Myocardial infarction (M) affects approximately a million people annually in the US 1.
Occlusion of the coronary arteries leads to hypoxia, nutrient depravation, and then reperfusion-
induced oxidative stress upon revascularization therapies such as angioplasty 2. The
physiopathology of Ml can be divided into three temporal stages: Inflammation, which occurs
the at the onset of occlusion, induces cellular necrosis and low levels of apoptosis, and
promotes fibrin-platelet clot formation; proliferation, which begins after approximately three
days and is indicated by neovascularization in response to hypoxia, and fibroblast and

myofibroblast remodeling of the extracellular matrix; and the final stage of maturation, which
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appears at roughly seven days post-infarction where fibroblasts begin to dissipate and a
collagen scar begins to form 2. Myocardium constitutively express tissue factor, the protein
mediator of the extrinsic clotting cascade, which results in fibrin deposition in infarcted
myocardium 3. These deposits begin to occur at the onset of ischemia (inflammation stage) and

have been linked to late-stage scar formation 3.

Contrast enhanced cardiovascular magnetic resonance imaging (CE-CMRI) is an
important emerging technique for imaging Ml because it provides images of high spatial
resolution in a relatively short period of time, with low risk to patient safety #°. Magnetic
resonance contrast agents generally come in two classes: T1-weighted, longitudinal (or spin-
lattice) agents, which result in bright signals and predominantly consist of gadolinium chelates;
and T2-weighted, transverse (or spin-spin), contrast agents which result in dark signals and are
usually composed of superparamagnetic iron oxide nanoparticles (SPIONs). Delayed
enhancement CMRI (DE-CMRI), also called late gadolinium enhancement, is a method for
cardiac perfusion imaging that is effective at discerning regions of infarcted myocardium from
healthy tissue because the agent is preferentially retained in the infarcted tissues (9). Among

610 one formulation resulted in a

the recent advances in synthesis methods for SPIONs
filamentous chain of SPIONs dubbed nanoworms (NWs) 1. NWs have been shown to elevate
the T2 relaxation rate equating to a higher degree of MR contrast sensitivity, with an increased

circulation half-life, lower immunogenicity, and a greater degree of targeted cellular uptake

when compared to SPION spheres 1114,
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Myocardial infarction (Ml) and cardiac remodeling have been the focus of several
studies utilizing targeted CE-CMRI imaging agents in murine models of ischemia reperfusion 1>
19 In the present study, we focused on the pentapeptide CREKA (Cys-Arg-Glu-Lys-Ala) as the
selective targeting agent. CREKA binds to fibrin, and while CREKA is better known as a tumor-
targeting peptide 132022 the formation of fibrin networks upon acute cardiac tissue damage
suggests CREKA could also be used to image fibrin formation induced by ischemic damage.
Nanoparticles with pendant CREKA peptides have been used to target fibrin linked to
atherosclerosis 2228 and thrombosis > 2% 30 and CREKA has been used to target drug-containing
nanoparticles 3! and stem cells to infarcted myocardium 32, Of most relevance to the present
study, CREKA has been conjugated to SPIONS for selective imaging of microthrombus formation
within the myocardial vasculature 24 h after ischemia reperfusion surgery 2°. While this latter
study demonstrated the ability of CREKA-SPIONSs to bind to fibrin in circulating microthrombi in
the vasculature, some questions remain. In particular, the specificity of binding relative to
scrambled peptide controls, and whether or not the peptide-targeted nanoparticles can detect
fibrin formation within the infarct, outside of the vasculature, are not known 2°. However, to
date, no studies have validated the use of CREKA to image fibrin in the infarct area, and
furthermore, no studies have conjugated CREKA to the nanoworm formulation of iron oxide
nanoparticles, which would allow attachment of multiple copies of the targeting peptide to
introduce multivalent interactions, which has been shown to increase the effective affinity of
the CREKA-nanoparticle assembly for the target tissues . The focus of this work was to
develop a long circulating, targeted MI contrast agent to image the biological changes occurring

in infarction, using fibrin networks as a proof of concept. We aimed to evaluate the potential of
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using both a Gd-based, passively targeted T1 agent in concert with the actively targeted CREKA-
NW T2 agent in order to capitalize on the benefits of both MR imaging modalities. As a
noninvasive method to image fibrin deposition relative to the total infarcted myocardium, this
approach has the potential to continuously monitor fibrin over the course of infarct remodeling
while at the same time providing a comprehensive picture of the infarction. We show a
statistically significant targeting of CREKA-NWs to infarct myocardium relative to a nontargeting
control peptide KAKEC-NWs, and we demonstrate the co-administration of CREKA-NWs and Gd-

DTPA for targeted T2 and passive T1 MR imaging of fibrin relative to the total area of infarction.

3.3 Methods

Materials: Ferric chloride hexahydrate >99% pure (Sigma), ferrous chloride tetrahydrate
>99% pure (Sigma), dextran T20 (Pharmacosmos), sodium hydroxide (Sigma), epichlorohydrin
(Sigma), ammonium hydroxide (Sigma), Cyanine 7 N-succinimidyl ester (Cy7-NHS) (Lumiprobe),
5k MW N-succinimidyl ester-polyethylene glycol-maleimide (NHS-PEG-Mal) (Nanocs), PBS pH
7.4 1X (Fisher Scientific), Gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) (Sigma),
succinimidyl 3-(2-pyridyldithio) propionate (SPDP) (Fisher Scientific), dithiolthreitol (DTT) (Fisher
Scientific), G.E. MidiTrap G-25 columns (Sigma), Millipore Pellican Biomax-100 ultrafiltration
(Sigma) were purchased from the indicated vendors. All peptides were synthesized by
Biopeptides, Inc. Female Sprague-Dawley Rats with a mean weight of 220 g were purchased
through the UCSD animal care facility. Isoflurane (Sigma), Tissue-Plus O.C.T. (Fisher Scientific),

Heparin (Sigma), and Fatal-Plus were acquired through the UCSD controlled substances system.
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Nanoworm Synthesis: NWs were synthesized as previously described 132021 in
summary, all solutions were cooled to between 4-6 °C and maintained under nitrogen, 0.12 mol
ferric chloride hexahydrate in 0.5mL deionized H,0 (dH;0) was added to 0.17 mol of 20K MW
dextran in 9 mL dH>0, followed by the addition of 0.06mol ferrous chloride tetrahydrate in 0.5
mL dH;0, pH adjusted with 30% NH4OH to ~pH 8, heated slowly to 75 °C over 1 hr followed by
75°C for 75 min. The product was cooled to room temperature and filtered successively from
0.45 um, 0.22 um to 0.1 um with syringe filters, followed by purification with Millipore Pellicon
Biomax-100 ultrafiltration cassette using dH>0 until neutral pH was reached with a final volume
of 10mL. The particles were then added to 50 mL 5N NaOH with 0.25 mL epichlorohydrin for
crosslinking overnight, purified again with ultrafiltration to 10mL final volume, and aminated
with the slow addition of 0.2 mL concentrated ammonium hydroxide, stirring for 24 h. The
resulting particles were again purified with ultrafiltration to a 10mL final volume and filtered to
0.1 um with a syringe filter and purified with a Sephadex G-25 size exclusion column. This
resulted in a filamentous nanoparticle with a mean size distribution of ~100 nm. These particles
were conjugated simultaneously to n-succinimidyl ester (NHS) cyanine-7 (Cy-7) conjugate and a
heterobifunctional polyethylene glycol (NHS-PEG-maleimide) at 10X the iron concentration in a
mol ratio of 2:1, followed by purification and the attachment of a targeting or control peptide
via the terminal cysteine. The final peptide-Cy7-NWs were purified on a G-25 column in PBS at
pH 7.4. The iron concentrations were determined by inductively coupled plasma optical

emission spectroscopy (ICP-OES).
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In Vivo Testing of Cy7-CREKA-Nanoworms: All experiments in this study were
performed in accordance with the guidelines established by the Institutional Animal Care and
Use Committee at the University of California San Diego and the American Association for
Accreditation of Laboratory Animal Care. Myocardial infarction (MI) were induced by occlusion-
reperfusion surgery performed on female Sprague-Dawley rats 33 34, This is an established
technique where, in brief, the left coronary artery is sutured closed for 25 min after which the
suture is released, thus simulating an Ml followed by reperfusion (i.e. angioplasty/stent). The
animals were anaesthetized by nose cone isoflurane administration during all intravenous (1V)
injections. 48 h after surgery the rats were IV injected with NWs at 2.0 mg/kg Fe for fluorescent
imaging and 0.4 mg/kg Fe for MRI imaging through the tail vein, followed by 6 h of circulation.
The animals were sacrificed with an intraperitoneal (IP) injection of Fatal-Plus. For T2 with T1-
weighted MRI imaging the following series of injections were used: IV injection of NWs 0.4
mg/kg Fe with a 6 h circulation time, after which an IP injection of 200 pL of a 120mg/mL

solution of Gd-DPTA in PBS pH 7.4 immediately prior to euthanasia.

Imaging: All imaging was performed on organs ex vivo. To avoid any freeze/thaw or
prolonged storage effects all tissues were placed in PBS pH 7.4, stored on dry ice and imaged
within 4 h for fluorescence using a G.E. eXplore Optix fluorescence system with a power setting
of 800 and 1 mm resolution, using a Cy7 specific laser excitation wavelength and corresponding
emission filter. Directly after fluorescence imaging the hearts were either embedded in Tissue-
Plus optimum cutting temperature (O.C.T.) compound and fresh frozen or imaged with 7T MR

within 8 h of sacrifice, followed by embedding in O.C.T. MR imaging was performed using a 7T
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Bruker scanner at the UCSD Center for Functional MRI (fMRI). The following scan parameters
were used: rapid acquisition with relaxation enhancement (RARE), T2 :TE 16.8 ms, TR 3.0 s and
T1:TE 11.7 ms, TR 0.9 s. Transmission electron microscopy (TEM) was performed on a 120kV

FEI SPIRIT. Dynamic light scattering (DLS) was data collected with a Malvern Zetasizer Nano.

Histology: Hearts were cryosectioned into 10 um slices. Sections were hematoxylin and
eosin (H&E) stained to confirm the presence of Ml in each heart. Adjacent sections were
imaged using a Nikon upright fluorescent microscope with Cy7 filter cube, 750 nm excitation
filter and 773 nm emission filter, equipped with an infrared camera. DAPI stain was used to

visualize nuclei.

Hemocompatibility: Testing was performed by the UCSD Murine Hematology and
Coagulation Core Laboratory on a ST4 semi-automated mechanical coagulation instrument,
Diagnostica Stago, NJ, using established protocols. CREKA-NWs and NWs alone were diluted in
PBS pH 7.4 run at a final concentration of 0.026mg/mL, 0.052 mg/mL and 0.260 mg/mL against
PBS and human normal plasma controls. The testing concentrations were based on the
estimated blood pool concentration of NWs in vivo; 200 uL of 2.2 mg/mL Fe NWs and 17 mL

average blood volume for a 220 g female Sprague-Dawley rat 3°.

Statistical Analysis: Statistical analyses were performed using G*Power 3°. Data were

analyzed post hoc using a two tailed t-test difference between independent means.
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3.4 Results and Discussion.

The iron oxide NWs were synthesized and conjugated to the fibrin-targeting peptide
CREKA and the near IR fluorophore Cyanine 7 (Cy7) as outlined in Scheme 1. The NWs exhibited
a hydrodynamic diameter of 92.5 nm, with SD +/- 5.11 nm (n = 3) by dynamic light scattering,
and transmission electron microscopy confirmed the nanoworm morphology, (Figure 3.1A-B).
The CREKA-Cy7-NWs were initially tested for targeting ex vivo on heart tissue sections
harvested from rats euthanized 48 h post-ischemia reperfusion surgery (Figure 3.2C-D).
Fluorescence imaging confirmed that the CREKA-Cy7-NWs specifically targeted regions of
infarction, and this was verified by hematoxylin and eosin (H&E) staining; the infarction is
indicated in Figure 3.1C-D by dark red staining areas of fibrin deposition and high nuclei density

associated with acute inflammation.

To address the potential concern CREKA-NWs could induce clotting due to their fibrin
binding properties, NWs with and without CREKA were subjected to hemocompatibility testing,
(Table 3.1) 2> 37, Both the NWs alone and CREKA-NWs did not show significant procoagulant or
anticoagulant properties in human plasma when compared to PBS control at 1X, 2X and 10X the
concentration of 26 pug/mL Fe, Table S1. The range of Fe concentrations tested was determined
by estimation of the concentration that would result from injection of a rat (blood volume of 17
mL 3> ) with a 200 pL dose of NWs containing 2.2 mg/mL Fe. This dose corresponds to an

injection of 1.8 mg of NWs per kg of animal body mass.
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The efficacy of CREKA targeting was next evaluated in vivo in a rat Ml model. Here we
used the Cy7 fluorescent label, (Figure 3.2), to follow the fate of the nanoparticles in vivo. A 200
uL dose consisting of either CREKA-Cy7-NWs, KAKEC-Cy7-NWs control, or PBS control were
injected via the tail vein of rats 48 h after having undergone ischemia reperfusion surgery. The
total Fe content in the NW injections was 0.44mg. After six h of circulation the rats were
euthanized, and their organs were harvested and imaged with an eXplore Optix imaging system,
(Figure 3.3A-E). Cross-sections were H&E stained to confirm the presence of Ml in each heart
(Figure 2A-B). The PBS and KAKEC-Cy7-NWs controls showed little observable fluorescence
above tissue background whereas the CREKA-Cy7-NW hearts had high signal at the location of
M, confirming specific targeting of the CREKA species, (Figure 3.3A-D). CREKA-Cy7-NWs were
also injected into a non-infarct control rat to test for non-specific binding, resulting in no
significant fluorescence signal, (Figure 2C). The heart, spleen, kidneys, lungs and liver were
imaged for each animal, both to confirm the tail vein injections had properly delivered the dose
and to observe the biodistribution, (Figure 3.3E), where the tissue fluorescence presented in
the Figure is representative of all animals tested. The highest degree of fluorescence was
observed in the spleen and liver, as is typical for ~100 nm nanoparticles 38. Heart sections
imaged by fluorescence microscopy and compared to adjacent H&E-stained sections supported
the hypothesis that the CREKA-modified NWs selectively home to the infarcted tissues in vivo,
(Figure 3.3F). Cumulative data from ex vivo fluorescence imaging of excised hearts with CREKA-
Cy7-NWs (n = 13) or KAKEC-Cy7-NWs (n = 10) with background subtraction using PBS injection
controls showed significant targeting of CREKA (signal + SD =43.4 £ 5.7 vs 16.8 + 14.7 for CREKA

vs KAKEC, p = 0.001, (Figure 3.3G). These animals were randomly selected after infarct surgery
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to avoid infarct size bias. After ex vivo fluorescence imaging, the rat hearts were imaged with a
7 Tesla (7T) Bruker MRI system. The 7T magnetic field yields a higher resolution, when
compared to the 1.5T or 3T typically used for human imaging. Using a T2-weighted rapid
acquisition with relaxation enhancement (RARE) pulse sequence with relaxation time (TR) of 3s
and echo time (TE) of 16.8 ms, dark contrast was observed within hearts of the CREKA-Cy7-NW-
injected animals (Figure 3.4A). The contrast was seen through successive images, and it was co-
localized with infarct myocardium as confirmed by H&E staining (Figure 3.4A-B), and the
presence of fibrin (Figure 3.4C). No negative contrast was observed in the KAKEC-Cy7-NW non-
targeting peptide control animals (Figure 3.4D-F). These data confirm the in vivo targeting of

NWs to fibrin within the infarcted myocardium.

Finally, we sought to determine if MR imaging of both CREKA-Cy7-NWs and Gd-DPTA
could be used to enhance the ability to image fibrin in the context of a total infarct. For this set
of experiments, 0.2mmol kg ! Gd-DTPA was co-injected IP with heparin-pentobarbital 6h after
IV injection of peptide-Cy7-NWs. This allowed for the slow uptake of Gd-DTPA and blood
saturation at the time of death, where an IV injection would be cleared too rapidly from the
blood stream to be imaged post-mortem. T1-weighted imaging was performed using a RARE
sequence with a TE of 11.7 ms and TR of 0.9 s and T2-weighted imaging with the same
parameters as previously indicated. Within the hearts of the CREKA-Cy7-NW injected animals,
negative contrast can be seen with T2-weighted imaging and a region of positive contrast can
be seen corresponding to the total infarct region with T1-weighted imaging, as confirmed by

H&E staining (Figure 3.5A). The KAKEC-Cy7-NW control exhibited no negative contrast in the
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infarct region of the T2-weighted images and positive contrast in the T1-weighted images
corresponding to the infarct as confirmed by H&E staining (Figure 3.5B). The band of negative
contrast within the CREKA-Cy7-NWs co-localized with the band of fibrin, stained bright red in
the H&E sections, supporting the fibrin specificity for the CREKA-Cy7-NWs (Figure 3.5A). The
region of positive contrast visible in the infarct of the T2-weighted images is an artifact from the
presence of Gd-DTPA; the positive contrast is absent in CREKA-Cy7-NWs (-) Gd-DTPA control
heart (Figure 3.6). Thus, the combination of T1 and T2 imaging provides a temporal window

into fibrin formation within infarcted myocardium.

3.5 Conclusions

Magnetic resonance imaging of myocardial fibrin deposition in early stages of
ventricular remodeling by combining T2-responsive targeted nanoworms with T1-responsive
Gd-DTPA provides a complementary source of information in molecular imaging. The CREKA-
NW GD-DTPA MRI dual imaging system demonstrates the potential for simultaneous
monitoring of the changes in fibrin and total infarct volume over the course of the healing
process, and this concept may also be applicable to probing other molecular changes of

scientific or clinical interest.
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Figure 3.1. Chemistry used in this study to attach the Cy7 fluorophore and
targeting peptides to iron oxide nanoworms (NWs). A. Dextran-coated
superparamagnetic iron oxide nanoworms display a highly positive amine surface
chemistry after crosslinking with epichlorohydrin and subsequent amination with
ammonium hydroxide. To these surface amines, NHS ester chemistry is used to
simultaneously attach B. N-succinimidyl ester (NHS)-5K MW poly(ethylene
glycol)-maleimide and C. NHS-Cy7 fluorophore. D. The pendant maleimide on
the linker from B. is conjugated to the thiol on the N-terminal cysteine of the
CREKA peptide (or to the C-terminal cysteine on the KAKEC control peptide, not
shown). E. The resulting CREKA-Cy7 FeO NWs.
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Transmission Electron Microscope Images of
Iron Oxide Nanoworms (NWs)
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Figure 3.2. Transmission electron microscope (TEM) images of the iron oxide
nanoworms (NWs) used in this study: A. 25k X magnification and B. 60k X
magnification, and fluorescence microscopy data evaluating ex vivo targeting
of NWs conjugated with Cy7-CREKA and incubated on sections of infarcted rat
hearts. C. H&E staining of sectioned heart at 5 X magnification. Arrow
indicates region of fibrin which stains a darker red than the surrounding tissue.
D. Corresponding fluorescence images showing Cy7 fluorescence (red) and
DAPI (blue) at 5 X magnification.
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G. Fluorescence Intensity of
Ischemic Hearts After Injection
of Peptide Targeted Cy7-NWs
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Figure 3.3. Nanoworm (NW) targeting of myocardial infarction in rats. Ex vivo
fluorescence imaging of excised hearts with Cy7-NWs conjugated to A. CREKA, B.
KAKEC peptide control, C. CREKA (no infarction), and D. Saline control. A. and B.
show H&E staining of heart sections of the same hearts confirming infarction,
indicated by the black arrows in each inset. E. Representative major organ
biodistribution of the peptide-Cy7-NWs. The highest level of fluorescence was seen
in the spleen and liver. F. Fluorescence microscope images (Cy7 channel) of heart
sections adjacent to the H&E sections showing normal tissue autofluorescence
control at 5 X magnification and infarcted tissue with in vivo targeted CREKA-Cy7-
NWs at 5 X and 63 X magnification G. Ex vivo fluorescence imaging of excised
hearts with Cy7-NWs conjugated to CREKA (n = 13) or KAKEC peptide control (n =
10); Average intensity analysis from Imagel, the error bars represent standard
deviation; ***p =0.001
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Figure 3.4. Nanoworm (NW) targeting of myocardial infarction in rats. A. T2 RARE
MRI images of a heart with CREKA-NWSs, shown as negative contrast, with successive
images descending toward the apex, B. H&E staining of the heart from A. showing an
infarct pattern similar to the MRI negative contrast, and C. a magnified image of B.
showing the presence of fibrin (dark red) within the infarct region. D-F. show MRI
images and histology with KAKEC-NW control peptide.
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CREKA-Cy7-NWs + Gd-DTPA KAKEC-Cy7-NWs + Gd-DTPA
A. B. Non-targeting Control

H&E Staining
of Infarcted Heart

H&E Staining
of Infarcted Heart

Figure 3.5. /n vivo nanoworm (NW) targeting of myocardial infarction in rats with
Gd-DTPA enhancement. A. RARE T2 and T1 MRI images of a heart with CREKA-
NWs, shown as negative contrast in the T2 images and passive accumulation of Gd-
DTPA shown as positive contrast in the Tl image set with successive images
descending toward the apex; with H&E staining of the heart the adjacent heart
showing an infarct pattern similar to the MRI positive contrast. B. Control
experiment, similar to A., but using control KAKEC-NWSs. The circular insets are an
internal contrast control containing PBS.
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Table 3.1. Hemocompatibility of CREKA-Nanoworms (NWs). Clotting time, in
seconds, testing NWs with and without pendant CREKA using the intrinsic,
activated particle thromboplastin, and extrinsic, prothrombin, clotting cascades.
(*) Concentrations are based on the in vivo injection of 200uL of 2.2mg/mL Fe
divided by the estimated average 220g Sprague-Dawley rat blood volume of
17mL. Data collected using ST4 semi-automated mechanical coagulation
instrument.

Table $3.1. CREKA-Nanoworms Hemocompatibility Testing

Throm?::zt;aa;:i?l F(;aor:;:uation Prothrombin Coagulation
Time (sec) Time (sec)
aPTT PT

duplicates | mean duplicates | mean
Human Plasma| 31.0 30.7 30.9 1.7 12.0 11.9
PBS control 337 337 337 12.2 12.2 12.2

Fe* Relative

(ug/ml) Conc.

26 1X NWs 33.5 33.8 33.7 11.8 12.0 119
22 2X NWs 336 33.1 334 12.6 12.2 12.4
260 10X NWs 347 35.0 349 12.5 12.8 12.7
26 1X CREKA-NWs | 322 327 325 119 121 12.0
52 2X CREKA-NWs | 327 325 326 11.9 12.2 12.1
260 10X CREKA-NWs | 317 322 320 11.8 12.2 12.0
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MRI of In Vive Targeted Iron Oxide Nanoworms (NWs)
with and without Gadolinium Enhancement
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Figure 3.6. In vivo nanoworm (NW) targeting of myocardial infarction in Sprague-
Dawley rats. A. T2 RARE MRI images of heart with CREKA-Cy7-NWs or KAKEC-
Cy7-Control NWs shown as negative contrast and B. T1 RARE MRI images of
passive accumulation of Gd-DTPA shown as positive contrast representing the
total area of infarction. Successive images are descending toward the apex of
the hearts. The circular insets are an internal contrast control containing PBS and
run with each experiment.
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