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Chapter 1

Introduction



Introduction

Our eyes are our windows to the world. Therefore, for most people vision is their highest health
priority [1] and they are less afraid of death from cancer, stroke or heart attack than of losing their
vision [2]. But pathological neovascularizations severely threaten our sense of sight. In the
following, the anatomy of the retina, its blood supply and the pathogenesis of retinal and choroidal

neovascular diseases are reviewed.

1.1  Anatomy of the retina

1.1.1 Theretina

The retina is a multi-layer neuronal tissue inside the posterior eye globe. In humans, it has a
thickness of 0.4 mm at the border of the optic nerve head and is thinning toward the periphery with

approximately 0.14 mm at the ora serrata and in the area of the foveola with 0.18 mm [3].

The different layers and cell types of the retina are shown in Figure 1. The outermost layer of the
neural retina is built by the outer and inner segments of the photoreceptors (rods and cones). The
photoreceptor nuclei are located in the outer nuclear layer (ONL) and the outer plexiform layer
(OPL) is mainly formed by the axons of the photoreceptor cells and their synapses with bipolar
cells. The inner nuclear layer (INL) is composed of the nuclear bodies of Miller cells and the major
classes of interneurons: bipolar cells, amacrine cells and horizontal cells [3,4]. These interneurons
and their microcircuits act as image processor, regulating photoreceptor sensitivity, analyzing
various facets of their signals and modulating their signal transduction. The neuronal impulses are
forwarded to ganglion cells, which transmit them to the lateral geniculate nucleus in the brain [2].
The axons of the bipolar and amacrine cells and their connection to the dendrites of ganglion cells
constitute the inner plexiform layer (IPL). The nuclei of ganglion cells are located in the ganglion
cell layer (GCL) and their axons traverse the nerve fiber layer (NFL) to the optic disk from where
they leave the eye. The NFL is lined by the inner limiting membrane, a basement membrane

structure formed by the footpads of Miller cells, that adjoins the vitreous body [3].

On the outer part of the neural retina, the photoreceptor layer is separated from the vessels of the
choriocapillaris by the retinal pigment epithelium (RPE) and Bruch’s membrane. The RPE is a
monolayer of highly pigmented cuboidal cells that, on the one hand, form a tight barrier between
the retina and the choroid, but on the other hand facilitate the diffusion and selective transport of

nutrients and signal molecules from the choroid to the retina and the removal of waste from the
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photoreceptor layer toward the choroid. The basolateral membrane of the RPE constitutes the inner
layer of Bruch’s membrane. The remainder is composed of two collagenous zones, an elastin layer

in between them, and the basement membrane of the choriocapillaris [3,5].
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Figure 1: The anatomy of the eye with focus on the retinal layers and cell types. The light enters the eye
globe through the lens and initiates neuronal impulses in the photoreceptors. The signals are
forwarded via the interneurons to the ganglion cells, which finally transmit the information to the
brain.



Introduction

Besides the different types of neuronal cells, glia represent another cell population that is crucial
for retinal function. Microglia are the primary resident innate immune cells of the retina acting as
defense against pathogens and initiators of inflammation, but they also exhibit neuroprotective
effects and promote tissue repair. Miller cells and astrocytes constitute the group of macroglia.
They play an important role in the transport of nutrients, waste products, ions, water and other
molecules between vessels and neurons. Muller cells span the entire thickness of the neuroretina
while their nuclei are located in the inner nuclear layer [6]. They also function as scaffold for the
retina and support the inner segments of photoreceptors [3]. Astroglia are mainly found in the NFL
and the ganglion cell layer [6] and play a crucial role in the developmental vascularization of the
retina [6-8].

1.1.1 Retinal blood supply

During fetal development, the retina is mostly supplied by the hyaloid, an arterial network which
originates from the hyaloid artery in the optic nerve, spanning the vitreous and leaving the eye
through an annular collection vessel at the front of the eye to the venous choroidal net. The choroid
and the hyaloid develop early in the gestation, while the retinal vessel development starts later
around the 15" week of gestation. The retinal vasculature starts to form around the optic nerve
head, spreads in a primary plexus along the NFL towards the outer parts of the retina, before the
vessels sprout deeper into the retina to form a secondary plexus. In humans, retinal vessels replace
the hyaloid vasculature around mid-gestation, in mice in contrast, this switch takes place only
around birth [8,9]. After the vascular development is completed, the inner two thirds of the retina
are nourished by intra-retinal vessels, while the photoreceptors in the avascular outer one third are

supplied by the choriocapillaris [10,11].

The central retinal artery branches off the ophthalmic artery and, at the optic disk, divides into four
arteriole branches, which run through the NFL right below the internal limiting membrane [3].
These arterioles belong to the superficial vascular complex (SVC), which also contains venules
and capillaries and is located in the NFL and GCL [10]. Another vascular complex, which is
sometimes assigned to the superficial vascular complex [12,13], is the radial peripapillary capillary
plexus (RPCP), which can be found in the NFL in a small rim around the optic nerve head [10,13].
The intermediate capillary plexus (ICP) is located at the boundary between the IPL and the INL
and the deep capillary plexus perfuses the region between the INL and the OPL. The ICP and the
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DCP can be summarized to the deep vascular complex (DVC) and merge into one network in the
periphery of the retina, where the INL is too thin to separate them [13]. They are predominantly
formed by capillary-sized vessels. The vascular plexuses run in parallel laminar planes in most of
the retina, but are interconnected vertically with each other [10,13]. The choroidal and retinal

vessels are schematically shown in Figure 2.
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Figure 2: Schematic depiction of the vascular layers in the posterior eye. While the photoreceptors are
supplied by the fenestrated vessels of the choroid, the inner layers of the retina are nourished by
the intraretinal vessels of the nerve fiber layer plexus (NFLP), ganglion cell layer plexus (GCLP),
intermediate capillary plexus (ICP) and deep capillary plexus (DCP). The horizontal vascular
layers in the retina are connected by vertically orientated vessels.

Situated around the foveola is a capillary-free area with about 400 um diameter [3]. This enables
an unobstructed passage of light to the photoreceptors within this region of best visual acuity [10].
In the foveola, the retina is completely supplied by the choroidal circulation, which is possible due

to the thinness of the retina in this area [10].
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The retinal vessels are lined by continuous endothelium with tight junctional complexes forming
the inner blood retinal barrier (iBRB). Intramural pericytes are found almost in a one to one ratio
with endothelial cells and share a common basal lamina with them. Pericytes together with smooth
muscle cells provide structural support for the vessels and play an important role in the
autoregulation of retinal blood flow [14]. The iBRB is impermeable to even small molecules like

glucose or amino acids so that transport systems are required for them to cross the endothelium [5].

The outer blood retina barrier (0BRB) is formed by the RPE and Bruch’s membrane together with
the endothelium of choriocapillaris [10]. A high gradient of oxygen tension is required to uphold a
sufficient diffusion through this barrier for the supply of photoreceptors. This gradient is
maintained by the extraordinarily high blood flow in the choroid, which is probably the highest of
any tissue in the body in relation to the tissue weight [5]. The choroid exerts multiple tasks besides
supplying oxygen and nutrients to the retina. It removes phototoxic metabolic waste products
[5,10], drains aqueous humor from the anterior chamber, regulates the temperature of the retina
and it even helps to bring the photoreceptors into the plane of focus by active thickening and
thinning [5]. The choriocapillaris is highly anastomosed and, in contrast to retinal capillaries,
fenestrated. The fenestrations are mainly located at the side facing the RPE and enable a high
permeability to proteins. This results in a high oncotic pressure in the extravascular stroma
enhancing the movement of fluids from the retina to the choroid. The choriocapillaris has a
thickness of 10 um at the fovea and 7 um in the periphery. Below the capillaries lie the medium
and small arteries and arterioles of Sattler’s layer over the larger vessels of Haller’s layer. The
thickness of the whole choroid is about 200 um in young adult humans, but decreases to about
80 um by the age of 90 [5].

1.2  Neovascular diseases of the posterior eye

Age-related macular degeneration (AMD), diabetic retinopathy (DR) and retinopathy of
prematurity (ROP) all are among the leading causes of blindness worldwide. In all three disorders
the so called ‘wet’ forms coming along with neovascularizations (NV) are ranked among the most

severe disease manifestations and bear a substantial risk of vision loss [15-18].
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1.2.1 Age-related macular degeneration

Worldwide, AMD is the major cause of irreversible blindness in elderly patients and around 70%
of blindness in general are caused by this disease [19,20]. In the early stages of AMD, deposits are
formed mostly between the basement membrane of the RPE and the inner collagenous layer of
Bruch’s membrane. These deposits are called drusen and consist mainly of lipids, proteins, zinc
and iron ions. Another type of drusen occurs between the basement membrane of the RPE and its

plasma membrane and consists of basement membrane proteins and collagen [21].

Additionally, RPE abnormalities are sometimes already found early in the disease progression,
although in the early stage of AMD, only minor visual symptoms are observed. Late AMD can
manifest either as a dry or a wet form. The dry form, termed geographic atrophy, is characterized
by a massive loss of RPE cells, overlying photoreceptors and underlying choroidal capillaries in a
sharply defined area mostly starting in the perifoveal region. Histological studies suggest that RPE
atrophy takes place first, followed by the choriocapillaris [21], but it is still a matter of discussion
whether the loss of RPE leads to dysfunctional choroidal vasculature or vice versa [5,22,23].
Various important risk factors that have been reported for AMD, like age, smoking, alcohol
consumption, diet, and obesity, are linked to oxidative stress, so it seems obvious that oxidative
stress might play a key role in AMD pathogenesis. An alternate pathological model postulates that
innate immunity and autoimmune components, like complement factors, cytokines, macrophages,
and microglia are involved in AMD [24] and that an aggressive inflammatory response to drusen
formation in genetically predisposed individuals causes secondary damage to the retinal pigment
epithelium [25].

In wet AMD, choriocapillaris degeneration initially occurs in the presence of a viable RPE [5]. It
is hypothesized that the RPE responds to oxidative stress by producing vascular endothelial growth
factor (VEGF), triggering choroidal neovascularizations (CNV; Figure 3A). Depending on the
degree of invasion of the newly formed vessels into the retina, neovascular AMD is classified in
three subtypes. In type 1, the CNV are located below the RPE, in type 2, they penetrate the
subretinal space and in type 3, they reach into the retina and anastomosis between retinal and
choroidal capillaries can occur. The newly formed vessels are typically leaky and can cause edema
and hemorrhage [21,26-28]. Neovascular AMD accounts for only 10 — 20% of total AMD cases,
but often results in a sudden and severe vision loss. In contrast, the visual impairment in geographic

atrophy usually progresses gradually and is less severe [29,17,16].
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Today, neovascular AMD is mainly treated by the intravitreal injection of anti-VEGF drugs [30].
Other options are photodynamic therapy, for which the photosensitizing dye verteporfin is
administered intravenously prior to treatment with a photo-activating laser applied through the
eye [31], or laser photocoagulation (LPC). Although LPC can reduce the risk of CNV progression
and vision loss, it causes damage to the overlying retina, bears the risk of iatrogenic scotoma, and
is therefore not recommended in current guidelines for the treatment of AMD [32,33]. In
photodynamic therapy, the photo-activated verteporfin emits free radicals that seal the blood
vessels without affecting the retina, which makes this procedure less destructive. Due to the
availability of the more effective anti-VEGF therapies, PDT became less important as monotherapy

for AMD but is still used in combination regimens [31].

The discovery of VEGF as key player in neovascularization and vessel hyper-permeability in
the 1990s [34-36] paved the way for the development of today’s anti-VEGF therapies for
proliferative eye diseases. The first anti-VEGF drug to be used for neovascular AMD was
pegaptanib (Macugen®), an aptamer that binds VEGFies [37]. Later, the success of ranibizumab
(Lucentis®), an antibody fragment binding all VEGF-A isoforms [37], in clinical trials [38] led to
its approval and widespread use for the treatment of neovascular AMD. The antibody bevacizumab
(Avastin®), which is approved for the treatment of metastatic colon cancer [39], has been shown
to be equally effective as ranibizumab [40] and is often used off-label due to its much lower costs.
In contrast to ranibizumab and bevacizumab, aflibercept (Eylea®) is not an antibody. The
recombinant fusion protein acts as soluble VEGF receptor scavenging all VEGF-A isoforms and
VEGF-B. It additionally blocks placental growth factor [37], which is a synergistic amplifier of
VEGF-driven angiogenesis [41]. The latest anti-VEGF agent is brolucizumab (Beovu®), a very
small single-chain antibody fragment [42]. Its low molecular weight allows a high drug
concentration in the solution for injection [32] and brolucizumab has proven noninferiority to
aflibercept in two phase 3 studies [43]. The development of anti-VEGF agents allowed for the first
time a visual improvement in patients with neovascular AMD, whereas PDT and LPC were only

able to reduce the degree of vision loss [32,40].

Corticosteroids, like dexamethasone or triamcinolone acetonide play a minor role in AMD
treatment and are only used in conjunction with anti-VEGF agents and PDT in refractory patients.
As elderly people, who account for the majority of AMD patients, are more prone to adverse effects

of anti-inflammatory agents, safety and toxicity must be taken into consideration [24].
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Figure 3: Different origins of pathological neovascularizations in the posterior eye. Choroidal
neovascularizations sprouting from the subretinal space through the RPE (A) are characteristic
for proliferative AMD, while in diabetic retinopathy and retinopathy of prematurity,
neovascularizations typically emanate from intraretinal vessels (B) and may intrude into the
vitreous body.

1.2.2 Diabetic retinopathy

It is estimated that about 460 million people worldwide have diabetes [44] and more than 20% of
these patients develop some degree of DR [44—46]. Today, DR is the leading cause of vision loss
in working-age adults and the number of vision-threatening DR has been estimated to rise further
to 56.3 million by 2030 [47,48].

In early stages of DR, high blood glucose levels, an increased formation of advanced glycation end
products (AGE) and the production of reactive oxygen species lead to retinal hypoperfusion and a
loss of pericytes. Current research suggests that, additional to microvascular changes, also
inflammatory processes and neurodegeneration play an important role in the progression of
DR [46,49-51]. As a reaction to hypoperfusion, increased levels of VEGF are secreted. VEGF
exhibits protective effects on various cells of the retina [52-54], but overshooting VEGF levels
impair the barrier function of the endothelium by downregulating tight junctional proteins [14] and
can stimulate the pathological vessel growth observed in proliferative DR [10]. In contrast to AMD,
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the neovascularizations in DR are usually originating from intraretinal blood vessels, as depicted
in Figure 3B. The newly formed vessels are typically leaky, can cause edema, retinal and vitreous

hemorrhage, and can lead to tractional retinal detachment [55-57].

The main treatment options are intravitreal injections with VEGF inhibitors and LPC. In the last
decades, great developments in laser therapies have emerged. An example are non-
photocoagulating subthreshold lasers, which rather act via the stimulation of outer retinal tissues,
primarily the RPE, than by the destruction of neovascular areas. But nevertheless, today laser
therapy is playing a minor role besides anti-VEGF drugs, mostly in VEGF non-responders, patients
with poor visit compliance or during pregnancy. Surgical vitrectomy, in which a part of the vitreous
body is removed, is a pivotal treatment option for non-clearing vitreous hemorrhage or in patients
with evidence of vitreomacular traction [58]. As inflammation is assumed to be a major driving
force behind DR, the use of anti-inflammatory drugs like corticosteroids seems obvious. However,
although corticosteroids provide benefits in diabetic macular edema, those advantages are often
counterbalanced by side effects including an increased intraocular pressure and the risk of cataract

development or progression [58,59].

1.2.3 Retinopathy of prematurity

A similar succession of hypoperfusion, release of growth factors and neovascularization as
observed in DR characterizes the pathomechanism of retinopathy of prematurity (ROP). ROP is
one of the major reasons for avoidable blindness in children globally, especially in developing
countries [60]. In 2010, approximately 170,000 preterm babies worldwide developed some degree
of ROP [61].

In humans, the retinal vasculature reaches maturity at 36 — 40 weeks’ gestation and is therefore not
yet completely developed at birth in preterm babies. A high and variable oxygen exposure after
birth, mainly due to incubators, can inhibit normal vessel growth and lead to vaso-
obliteration [60,62]. When the infant is transferred from high supplemental oxygen to room air, the
avascular retina becomes hypoxic and reacts with the secretion of proangiogenic factors [63]
including VEGF [64,65]. The overproduction of VEGF leads to aberrant vasoproliferation, similar
to that observed in DR [56]. ROP is categorized in three phases: Phase | is the stage of vaso-

obliteration with an insufficient retinal vascularization, phase II is characterized by ‘plus disease’
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with vasoproliferation, dilatation and hemorrhage, and in phase 111, the most severe manifestation,

fibrovascular changes with retinal detachment are observed [60].

Until the 1990s, cryotherapy was the only treatment with proven effects for ROP, but today it has
been largely replaced by LPC and anti-VEGF therapy due to better outcomes, less inflammatory
response and lower rates of myopia [62]. Despite the treatment options are similar in DR and ROP,
LPC plays a bigger role in the management of ROP and remains the standard of care for most ROP
cases, although anti-VEGF therapy gains importance [62,66,67]. Clinical trials showed no
differences in visual and safety outcomes between LPC and intravitreal anti-VEGF injections.
Compared to anti-VEGF therapy, LPC had a lower likelihood of requiring additional treatment,
while anti-VEGF injections were associated with a longer interval from treatment to retreatment or
recurrence, reduced risk of surgical intervention and a lower risk of myopia, so both options have
advantages [68]. Analogous to DR, vitrectomy can be considered to remove vitreoretinal tractional

components and subsequently prevent retinal detachment [60].

1.2.4 Drawbacks of anti-VEGF therapies

The innovation of VEGF inhibitors revolutionized the therapy of neovascular eye diseases and
widely replaced destructive physical treatment options [40,58,67]. For the first time, it was possible
to not only delay disease progression but finally improve visual acuity [32,40] and the incidence

of disease-related blindness has fallen dramatically [21].

But despite the outstanding success of anti-VEGF treatment, real-world data indicate that
undertreatment due to suboptimal injection frequency is very common [21,69]. The unfavorable
administration route by intraocular injections is certainly a leading cause for this issue. Apart from
the procedure itself being uncomfortable, intravitreal injections often lead to increased intraocular
pressure and bear the risk of intraocular injuries, endophthalmitis or uveitis, although these severe

side effects are fortunately rare [70].

Systemic side effects of VEGF blockage are mainly of concern in ROP management, were infants
at an early stage of life are treated. VEGF antibodies have been shown to leak into systemic
circulation and to reduce systemic VEGF concentrations [71,72]. Therefore, potential side effects
on organ development have to be considered and need to be further investigated in clinical trials
and practice [62]. Systemic side effects after the intravitreal application of VEGF antibodies have

also been observed in adults. The RISE/RIDE studies found an increased incidence of stroke in the
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group treated with a higher ranibizumab dose [73], although other studies did not show increased

non-ocular side effects of intravitreal anti-VEGF therapy [74].

Moreover, a rigorous and continuous VEGF inhibition can also compromise retinal cells and
normal ocular vascularization. Although overshooting VEGF production is clearly associated with
pathological vessel permeability and growth, the secretion of VEGF is a physiological reaction to
hypoxia and oxidative stress to protect the affected tissues. Studies have shown that selective
stimulation of VEGFR-1 even prevents oxygen-induced retinal vascular degeneration in
retinopathy of prematurity [75] and that VEGF is a survival factor for fenestrated endothelium [76].
But the protective effects of VEGF are not limited to endothelial cells. VEGF receptors are
expressed on a number of other cell types in the retina, such as Miller cells, astrocytes,
photoreceptors or RPE cells [52,53,77]. In vitro, VEGF neutralization increased RPE cell apoptosis
and reduced the microvilli by which they interact with photoreceptors [54]. Apoptosis was also
detrimentally increased in Miller cells when their autocrine VEGF production was reduced with
siRNA [53]. In vivo, reduced VEGF-signaling was associated with remarkable damage in the RPE

cell layer and the choroid [54] as well as with massive neural cell death [53].

Clinically, a rigorous suppression of VEGF levels has been associated to a decrease in choroid
thickness [78], and in epidemiologic studies long-term anti-VEGF therapy was described to
enhance the risk of geographic atrophy accompanied by local cell death of RPE cells and
photoreceptors [79-81]. A severe vision-threatening complication of anti-VEGF therapy is the
development of tractional retinal detachment in patients with proliferative DR and pre-existing
tractional membranes. When VEGF signaling is inhibited in these patients, the homeostasis
between VEGF-associated neovascularization and connective tissue growth factor (CTGF)-
associated fibrosis comes out of equilibrium, promoting cell apoptosis, fibrosis and resulting

traction on the retina lying underneath the formed membranes [82—-85].

Last but not least it has to be mentioned that despite the great improvement in disease prognosis
due to the implementation of anti-VEGF therapy, not all patients have a long-term benefit from
this approach. In AMD, 10 - 45% of all patients are non-responders [86-88] and also in DR
progression can often not be stopped [45]. In ROP, the recurrence rates after anti-VEGF-treatment
remain high with an incidence of up to one third in clinical trials [60,67,89]. One reason for the
inadequate response to anti-VEGF may be that other molecular pathways involved in the

pathogenesis of these diseases, like inflammatory response, are not targeted [24,58].
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Taken together, there is a high demand for more treatment options for patients with poor response
to VEGF inhibition and for approaches that do not come along with intravitreal injections or the
disadvantages of an unspecific knockdown of physiological VEGF signaling. Although VEGF
inhibitors have been an important milestone in the fight against neovascular eye diseases, they

should not be the end of the road.
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Chapter 2: Goals of the thesis

Over the last decades, nanoparticles have widely been investigated for their great potential to
deliver drugs preferentially to their site of action and thereby avoid side effects on off-target tissues.
Especially in cancer therapy, this approach has already successfully found its way into clinical
practice [1]. Two major principles lead to an enhanced distribution of nanoparticles into tumor
tissues. One is the passive accumulation in tissues with high blood flow, endothelial fenestrations,
and leaky vasculature. The other is active targeting with modifications on the particle surface that
allow for the recognition of receptors that are overexpressed in pathological conditions. These

principles can also be transferred to the nanotherapy of ocular neovascularization.

This thesis was focused on the development of an endothelial-cell specific therapy for neovascular
ocular diseases. The goal of this strategy was to effectively block pathological neovascularization
while avoiding the severe complications associated with an unspecific inhibition of VEGF
signaling (Chapter 1). This was realized by the combination of lipid nanocapsules (LNC) as
nanoparticulate vehicle, a surface modification for the specific binding to proliferating endothelium

and a promising drug combination as cargo to inhibit overshooting angiogenesis.

LNC are nanoparticles with a liquid lipid core and a shell consisting of poly(ethylene glycol)
(PEG)-containing surfactants and lecithin [2]. As nanoparticle size and surface charge are crucial
factors for the biodistribution and passive accumulation of nanoparticles in tissues, it was first
evaluated how the size of LNC can be adjusted by the balance of lipid and surfactant in the particle
composition (Chapter 3). An aminated PEG2o-cetyl/stearyl ether was synthesized and used to shift
the surface charge of LNC to positive values, and the influence of this modification on the
biocompatibility of LNC was investigated. Cyclosporin A (CsA) and itraconazole (Itra) were used
as active cargo in the LNC. The combination of these drugs exerts synergistic antiangiogenic
effects in vitro [3], and additionally, CsA might inhibit the inflammation that augments
angiogenesis, vasopermeability and tissue damage in proliferative eye diseases [4—6]. Therefore, a
method to load LNC with this highly promising combination was developed, and the efficiency

and extent of drug loading was quantified by high pressure liquid chromatography (HPLC).

The next step was the modification of the nanoparticle surface. Peptides containing the amino acid
sequence arginine-glycine-aspartic acid (RGD) bind to the avfs3-integrin [7,8], which is upregulated
by endothelial cells during active angiogenesis [9]. For this reason, RGD-peptides are widely
investigated as targeting motifs for nanoparticles. RGD-decorated quantum dots have already been

shown to accumulate in capillaries even in the healthy retina [10] and RGD-LNC have been found
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in avP3-overexressing tumors after intravenous administration. For the modification of LNC with
RGD, the peptide is conjugated to a PEGylated phospholipid which is then post-inserted into the
LNC shell at increased temperatures [11]. In Chapter 4, the surface modification of LNC with
cyclo(arginine-glycine-aspartic-acid-D-phenylalanine-cysteine) (c(RGDfC)) was tested with and
without previous chemical reduction of the thiol group and the amount of successfully grafted
RGD-peptide on the LNC surface was quantified by a colorimetric assay with
phenanthrenequinone. The stability of post-insertion was tested making use of the fluorescence
resonance energy transfer between one dye encapsulated inside the particles and a second dye
which was tethered to the post-inserted PEGylated phospholipid. The binding of RGD-LNC to
endothelial cells and the effect of serum proteins on this interaction was investigated and

quantified.

In Chapter 5, drug-loading and surface modification were combined. LNC loaded with CsA and
Itra were post-inserted with RGD-conjugated PEG-phospholipids. In vitro assays covering
different steps of angiogenesis, like cell proliferation, angiogenesis-associated signaling, and tube

formation, were employed to investigate the effect of this formulation on endothelial cells.

The biodistribution of RGD-grafted LNC was investigated in vivo by the means of fluometry and
fluorescence microscopy. The mouse model of oxygen-induced retinopathy is widely used to study
the pathological mechanisms of proliferative eye diseases as well as new therapeutic options. For
this model, newborn mice with immature retinal vascularization are exposed to increased oxygen
levels for several days. Afterwards, they are transferred to room air again. These mice develop
retinopathies comparable to retinopathy of prematurity (ROP) [12]. In Chapter 6 the therapeutic
potential of integrin-targeted lipid nanocapsules loaded with CsA and Itra was challenged in vivo

in this animal model.
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Abstract

Size and surface charge are crucial factors for the pharmacokinetics, cellular interaction and
biocompatibility of nanoparticles. Therefore, it is highly desirable to have nanocarriers which can
be precisely adjusted regarding these attributes to meet the requirements for different applications
and target tissues. Lipid nanocapsules (LNC) are promising candidates as vehicles for lipophilic
drugs. They consist of a medium-chain triglyceride core surrounded by a shell of poly(ethylene
glycol)-containing surfactants and lecithin. It has already been shown in literature that LNC can be
prepared in different sizes and with versatile surface modifications. In this work the precise
correlation between LNC composition and size was investigated to enable their pinpointed
preparation with a predefined diameter. In addition to dynamic light scattering, nanoparticle
tracking analysis and cryo-TEM were used to confirm the diameter, shape and size distribution of
the obtained nanoparticles. A new approach to surface charge modification of LNC was evaluated.
Therefore, different proportions of PEG-hydroxy stearate, which is typically used for LNC
preparation, were replaced by an aminated PEG-cetyl/stearyl alcohol. The effect on the particle
surface charge was investigated by electrophoretic light scattering measurements. Last but not
least, LNC were loaded with cyclosporin A and itraconazole as promising cargo candidates for an
extension of their therapeutic applications by nanotechnology. Their complete encapsulation was

confirmed by HPLC.
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Introduction

3.1 Introduction

The rules dictating the pharmacokinetics of nanoparticles are different from those for small
molecular drugs [1]. Size and surface properties are main factors which govern the way a
nanoparticle takes in the body after oral or parenteral administration [2—7]. For example, particles
with a diameter below 10 nm might be eliminated rapidly by the kidneys but on the other hand
particles bigger than 150 nm can activate the compliment system and accumulate in liver and
spleen [7]. The highest uptake rates into nonphagocytic cells are often achieved with particles
between 10 and 60 nm [7,8]. Therefore, the precise adjustment of nanoparticle size is pivotal for

their therapeutic use.

Lipid nanocapsules (LNC) are colloidal particles with a liquid core consisting of medium-chain
triglycerides, and a shell of poly(ethylene glycol) (PEG)-containing surfactants and lecithin. LNC
can be produced in a phase-inversion process developed by Heurtault et al. without the use of
organic solvents [9,10]. Other publications have already shown that LNC size can be influenced
by the proportions of their components [10,11]. In this work it was evaluated how exactly the ratio
between PEG-hydroxy stearate and MCT in the formulation affects the particle diameter. The
resulting correlation function can be used for the preparation of LNC with exactly predefined sizes.
LNC with sizes between 22 and 139 nm could be obtained here. As different analytical methods
might lead to different results in the determination of particle size [12—14], LNC were investigated
by dynamic light scattering as well as by cryogenic transmission electron microscopy and

nanoparticle tracking analysis.

Additionally, different amounts of amine-terminated PEG-cetyl/stearyl ether prepared by a method
previously described by Mongondry et al. [15] were incorporated in the LNC shell to influence the
particle surface charge. By this approach, zeta-potentials between -5 and +26 mV were achieved.
Besides biodistribution, another aspect for which surface charge is crucial is toxicology. Positively
charged particles are known to have easier access into cells, but also to have higher toxicological
potency [8,16]. Therefore, the ability to adjust the surface charge of nanoparticles can play a key

role for their further application.

As LNC with their lipid core are highly attractive as carriers for lipophilic agents, the encapsulation
of two drug candidates was investigated. Nanoparticles have the potential to boost the effect of

drugs with an otherwise unfavorable distribution profile. The formulation in colloidal systems can
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change the pharmacokinetics of therapeutic agents tremendously [17,18]. Besides their established
fields of application, cyclosporin A and itraconazole show promising synergistic effects on the
VEGF-dependent proliferation of vascular endothelial cells in vitro [19-22]. The successful
encapsulation in nanoparticles might open the door to new therapeutic applications in diseases with

pathological neovascularization for these substances.

3.2 Materials

Miglyol®812 (medium-chain triglycerides (MCT)) was purchased from Caesar&Loretz, Hilden,
Germany. Solutol®HS 15 (Poly(ethylene glycol (PEG))15-12-hydroxy-stearate with about 30%
free PEG) and Lipoid S75-3 (soy lecithin with 70% phosphatidylcholine) were kindly provided by
BASF, Ludwigshafen, Germany and Lipoid, Ludwigshafen, Germany, respectively. Sympatens
ACS/200 G (PEGao-cetyl/stearyl ether) was supplied by Kolb, Hedingen, Switzerland.
1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) and
3,3‘-dioctadecyloxacarbocyanine perchlorate (DiO) were purchased from Thermo Fisher Scientific
(life technologies), Waltham, USA (MA). Cyclosporin A (CsA) was a kind gift of Pharma Stulln,
Stulln, Germany. Itraconazole (Itra) was purchased from Fagron, Barsbiittel, Germany. MeOH and
MeCN (both HPLC grade) were purchased from Merck, Darmstadt, Germany. Endothelial Cell
Growth Medium MV (growth medium) was purchased from PromoCell, Heidelberg, Germany.
Leibovitz’s L-15 medium was obtained from Life Technologies, Carlsbad, USA (CA). All other
chemicals were purchased from Sigma Aldrich, Taufkirchen, Germany. Ultrapure water was
obtained from a Milli-Q water purification system from Millipore, Billerica, USA (MA). Binding
buffer contained 20 mM Tris(hydroxymethyl)aminomethane (TRIS), 150 mM NacCl, 2 mM CaCl,,
1 mM MnCl; and MgCl, each, and 0.10% bovine serum albumin (BSA), according to Pollinger et
al. [29]. The pH was adjusted to 7.4 with hydrochloric acid.

3.3 Methods

3.3.1 Synthesis of Sympatensamine

For the amine-modification of the PEG-chain of Sympatens, a method previously described by
Mongondry et al. [15] was applied with slight modifications. Briefly, 4 mmol of the dried surfactant

and 6 mmol of phthalimide and triphenylphosphine were dissolved in 25 ml
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tetrahydrofuran (THF). 6 mmol diisopropyl azodicarboxylate were dissolved in THF and added
dropwisely to the reaction mixture. After stirring for 48 h at room temperature, the solvent was
evaporated. The product was dissolved in dichloromethane (DCM), diluted in the 10-fold volume
of diethyl ether (DEE) and crystallized at -80°C. The precipitate was collected by filtration and
washed with ice cold DEE. Subsequently, the received phthalimido-Sympatens was dried over
night. It was dissolved in 50 ml ethanol and 800 pl hydrazine hydrate were added. The mixture was
heated to 85°C wunder reflux for 5h. The hydrazinolysis of phthalimido-Sympatens to
Sympatensamine (SA) and phthalhydrazide is shown in Figure 1. After cooling to room
temperature, the formed precipitate was removed by filtration and the pH of the solution was
adjusted to 2-3 with hydrochloric acid. The solvent was evaporated, and the residue was dissolved
in 25 ml water. The precipitate was again filtered off. The pH of the solution was adjusted to 9 - 10
with sodium hydroxide and the raw product was extracted with DCM. The organic phase was dried
over anhydrous sodium sulfate and concentrated to 10 ml under reduced pressure. It was diluted
with 100 ml DEE and crystallized at -80°C. The precipitate was collected by filtration and washed
with ice cold DEE. The SA yield was calculated from the weight of the dried product and the

conversion rate determined by '"H-NMR in deuterated chloroform.
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Figure 1: Hydrazinolysis of Sympatens phthalimide to Sympatensamine and phthalhydrazide.

3.1.1 Preparation of LNC

The LNC were prepared in a phase inversion process which was developed by Heurtault et al. [9].
Briefly, 1.5% Lipoid S75-3 and 38.5% of Solutol HS®15 and MCT in eight different ratios
between 0.25 and 2.80 (Solutol/MCT) were mixed with 60% NaCl-solution 1% in water. The
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mixture was subjected to a heating and cooling cycle in which the phase inversion temperature was
passed in each step for three times. In the last cycle the mixture was cooled down in the phase
inversion zone with the 2.5-fold amount of water at room temperature to obtain stable LNC. The
resulting preparations were filtered through a 0.22 um poly(ether sulfone) syringe filter prior to
further use. The correlation between size and Solutol/MCT ratio was analyzed with SigmaPlot 12.0
using one-phase exponential decay curve fitting. If not stated otherwise, LNC with a Solutol/MCT

ratio of 0.82 and a resulting diameter of approximately 50 nm were used for further investigations.

Iltraconazole

in MeOH\

o
- solvent evaporation
- phase inversion proces
Cyclosporin A - dilution 5 i
in MCT - -
55 Itra and CsA
v encapsulated in LNC
water —

+ surfactants

Figure 2: Loading of LNC with cyclosporin A or itraconazole. Cyclosporin was directly dissolved in
MCT before LNC preparation. Itraconazole was dissolved in MeOH before it was mixed with
the other LNC components. MeOH was evaporated before the phase inversion process.

For the preparation of fluorescently labeled LNC, 3.9 mg DiO per g MCT were added to the
mixture prior to the heating and cooling cycles. For Dil-labeled LNC, Dil was dissolved in acetone
and mixed with the other LNC ingredients, namely Lipoid, Solutol and MCT (1 - 4 mg Dil per g
MCT). Acetone was evaporated before the addition of NaCl-solution for the subsequent heating

and cooling cycles.

Positively charged LNC were prepared by replacement of 5 or 10% of the Solutol by SA. As

control, unmodified Sympatens was used instead of SA.

CsA-loaded LNC were prepared by dissolving CsA in MCT at a concentration of 4.25 mg CsA
per g MCT. LNC preparation was conducted as described above. For itraconazole-loaded LNC,
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itraconazole was first dissolved in methanol. The solution together with the LNC ingredients
Solutol, MCT and Lipoid was kept at 75°C for 30 min to evaporate the methanol. Subsequently,
the NaCl 1% solution was added and LNC were prepared in the phase-inversion process described

above (Figure 2).

Non-purified LNC for the determination of drug encapsulation were not filtered after preparation.
For purified LNC, potentially remaining free drug was removed by the following steps: The particle
stock solutions were filtered through a 0.22 um syringe filter. They were further purified by size
exclusion chromatography using a Sephadex G-25 resin in a PD-10 column (GE Healthcare,
Munich, Germany) with Dulbecco’s phosphate buffered saline (DPBS) as the eluent followed by
three ultrafiltration steps with Amicon Ultra-4 centrifugal filter units (MWCO: 100 kDa; Sigma
Aldrich, Taufkirchen, Germany) at 3,000 g for 10 min. The LNC concentration was determined by
the UV absorption at 370 nm with an Omega FLUOstar plate reader (BMG Labtech, Ortenberg,
Germany) and samples of purified and non-purified LNC were diluted to the same concentration

with DPBS before high pressure liquid chromatography (HPLC) analysis.

3.1.2 Calculation of LNC concentration

The mass concentration cm of LNC was calculated from the mass of the LNC ingredients MCT,
Lipoid, Solutol and, if applicable, SA and fluorescence dye, and the volume of the resulting LNC
dispersion after preparation. As Solutol contains about 30% free PEG, which was not assumed to
be incorporated in the structure of the LNC [23], only 70% of the Solutol mass was included in the
calculation. The number of LNC per ml particle dispersion was calculated from the known volume
of MCT in the preparation and the volume of an LNC-core. The LNC core volume was estimated
from the LNC diameter determined by dynamic light scattering (DLS) under the assumption, that
the LNC shell thickness is approximately 4.5 nm [24,25]. The particle concentration c, was

calculated according to equation (1):

mmcr (1)

4 dLNc—ZXd
g.n.(fﬂle”p pomcrV

Cn =

where mmcr 1s the mass of MCT, pmcr is the density of MCT with 945 mg/ml, according to the
manufacturer, dinc is the diameter (Z-Av) determined by DLS, dshen is the thickness of one shell
layer with 4.5 nm and V is the total volume of the LNC preparation. The molar LNC concentration

was calculated by dividing ca by the Avogadro constant Na=6.022x10% mol™.
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3.1.3 Nanoparticle tracking analysis (NTA)

For further investigations on particle size and concentration, an LNC sample of Dil-labeled LNC
with 10% SA was analyzed by NTA with a NanoSight NS300 device (Malvern Instruments,
Herrenberg, Germany) with NTA 3.0 software. To this purpose the sample was diluted 1:10 with

water. The camera level was set to 11 with a threshold of 2.

3.1.4 Dynamic Light Scattering (DLS)

Z-Average (Z-Av), polydispersity indices (PDIs) and zeta-potentials were determined with a
Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany), equipped with a He-Ne-Laser at
a wavelength of 633 nm and a fixed angle of 173°. If not stated otherwise, the samples were diluted

1:40 with water and the sample temperature was equilibrated to 25°C prior to each measurement.

3.1.5 Cryogenic Transmission Electron Microscopy (cryo-TEM)

LNC were diluted to a concentration of 3 mg/ml. The specimens were prepared by vitrification of
a thin liquid film on a 600 mesh copper grid (Science Services, Munich, Germany) in liquid ethane
and transferred to a Zeiss EM922 EFTEM (Zeiss NTS GmbH, Oberkochen, Germany). Images
were taken with an Ultrascan 1000 CCD digital camera (Gatan, Pleasanton, USA (CA)) and
analyzed using a GMS 1.8 software (Gatan, Pleasanton, USA (CA)). On four images showing an
area of 9 um? each, the projected area of all particles was measured with the Image-J software
(NIH, Bethesda, USA (MD), http://imagej.nih.gov/ij). Particle diameters were calculated from the

particle areas.

3.1.6 Stability

The stability of LNC in four different media was tested over 90 min at 37°C. The media tested
were DPBS, binding buffer, Leibovitz” medium and growth medium. DiO-labeled LNC were
diluted 1:50 with the respective medium. Z-Av and PDI were determined by DLS directly after the
dilution and after 90 min of incubation at 37°C. For DLS measurements, samples were equilibrated

to 25°C.
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3.1.7 High pressure liquid chromatography (HPLC)

For the quantification of encapsulated CsA and Itra, 500 ul isopropanol and 500 pl methanol were
added to 1 ml of each LNC sample. The mixture was ultrasonicated for 15 min to destroy the LNC
structure and dissolve the incorporated drugs. The samples were filtered through a 0.2 pm-filter

before chromatography. External standard solutions of CsA and Itra were prepared in MeOH.

The chromatographic equipment (Shimadzu Deutschland, Duisburg, Germany) consisted of an
SCL-10AVP controller, an LC-10ATVP pump operated, an SIL-10ADVP auto injector, a CTO-
10ASVP oven and an SPD-10AVP UV detector. A reversed phase octadecyl column Luna 3p
C18(2) 100A with 100 x 4.6 mm (Phenomenex, Aschaffenburg, Germany) was used as solid phase.

Isocratic elution with MeCN/H20 with 0.1% trifluoroacetic acid was carried out at a flow rate of
0.75 ml/min. The MeCN/H>O ratio was 75/25 for CsA and 40/60 for Itra. The oven temperature,
detection wavelength and run duration were 75°C, 220 nm and 20 min for CsA and 40°C, 258 nm

and 25 min for Itra.

3.1.8 Cytotoxicity assay

Mouse fibroblast L-929 cells were seeded into a 96-well plate at a density of 10,000 cells per well
in Eagle’s Minimum essential Medium (EMEM) with 10% fetal calf serum (FCS). The cells were
allowed to adhere for 24 h. Samples of Dil-labeled standard LNC and LNC in which 10% of the
Solutol was replaced by Sympatens (10%S LNC) were prepared in EMEM with 10% FCS in
concentrations between 30 and 10* pg/ml. As control for complete cell death 0.1% sodium dodecyl
sulfate in EMEM with 10% FCS was used. Cell culture medium alone served as 100% viability
control. All solutions were preheated to 37°C before they were added to cells. After 4 h of
incubation at 37°C, samples were aspirated gently from the wells. 200 pl of a 0.6 mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) solution in serum-containing
EMEM were added. Cells were incubated at 37°C for further 4 h. The MTT-solution was discarded
carefully and 80 pl of 10% SDS-solution were added to each well to solubilize the formed formazan
crystals over night. The absorbance of each well was measured at 570 nm and 690 nm with a plate
reader (Omega FLUOstar, BMG Labtech, Ortenberg, Germany) and the difference (A570-A690)
was used to calculate cell viability related to the 100% viability control. All samples were tested in
six replicates. The IC50 value was calculated with SigmaPlot 12.0 using sigmoidal dose-response

curve fitting with a variable slope.
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3.1.9 Statistical analysis

If not stated otherwise, data are expressed as mean + standard deviation. Statistical significance
was assessed by two-tailed t-test for comparison of two groups or by One-way ANOV A with post-

hoc Tukey test to compare more than two groups. Data were analyzed with SigmaPlot 12.0.

3.4 Results and discussion

3.4.1 Correlation between LNC size and composition

The different Solutol/MCT ratios resulted in particle sizes between 22 nm (ratio 2.80) and 139 nm
(ratio 0.25). Very low PDIs, mostly lower than 0.05, were determined in all DLS measurements,
which indicated monodispersity for all samples [14]. Heurtault et al. have already shown a strong
decrease in particle size with increasing proportions of Solutol, although only sizes up to 95 nm
could be obtained in this publication [10]. As the amount of Lipoid in the formulation has only
minor effects on LNC size according to literature [10] it was kept constant here. The size of LNC
determined by DLS decreased exponentially with higher Solutol/MCT ratios (see Figure 3). A
previous publication of Hoarau et al. in contrast observed a linear decrease of LNC size between
Solutol/MCT ratios from 0.6 to 1.0. But only ratios between 0.55 and 1.00 were tested by them,
what might have led to the impression of a rather linear correlation [11].The broader range of
formulations tested here enabled an exponential curve fitting with an R? of 0.995. The obtained
fitting equation (2) can be used to calculate the Solutol/MCT ratio (w) needed to get LNC with a

predefined target size dinc:
dLNC = 24.5 + 209.8 - e_Z'S'W (2)

This knowledge enables the well-directed preparation of LNC with distinct sizes for specific

investigations on the influence of particle size in in-vitro and in-vitro experiments.

Furthermore, not only the mean particle size, but also size distribution is important for the particle
characterization. To confirm the results from DLS the size of 10%SA LNC was also determined
by NTA. Both methods are based on the Stokes-Einstein equation to calculate the particle diameter
from its correlation with Brownian motion, which is indirectly observed via light scattering. But
while in DLS fluctuations in the intensity of scattered light over time are used for the correlation,

NTA is capturing the scattered light from individual particles to follow their movement [14,26].
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Figure 3: Influence of the Solutol/MCT ratio on particle size. The diameter of LNC decreases
exponentially with higher Solutol/MCT ratios.

In DLS, the Z-Average of 10%SA LNC was 51.6 nm with a PDI of 0.05. In NTA the mean particle
size was 58.24+2.2 nm with a modal size of 46.2+0.4 nm. It is typical that mean sizes obtained from
DLS are smaller than those from NTA as the detection limit in DLS is lower. Therefore, smaller

particles, especially below 30 nm, might not be detectable by NTA but decrease the average size
in DLS [26].

As both, DLS and NTA, only reveal the hydrodynamic diameter of particles, which can vary with
the amount and type of ions in the surrounding media, also cryo-TEM microscopy was performed
to confirm the size and shape of LNC. The particle diameter of the sample for cryo-TEM imaging
was 55 nm (Z-Av) determined by DLS (PDI = 0.03). Cryo-TEM images confirmed the spherical
shape of LNC. The diameter of 277 particles was calculated from their projected area in the images.
With a diameter of 42 + 9 nm in average, the particles seemed about 13 nm smaller than in DLS
measurements. This difference can be attributed to the hydration shell according to the literature,
where a hydration shell thickness of 10 — 20 nm is stated for soft colloidal particles [27]. The size
distribution of LNC seemed broader in cryo-TEM than in DLS with one size population with

45 — 50 nm and a smaller one with 18 - 30 nm (Figure 4). As especially smaller melting ice crystals,
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resulting from condensed and frozen air humidity, were hard to distinguish from LNC, it is possible

that they also contributed to the smaller peak.
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Figure 4: Cryo-TEM images enabled the visualization of LNC in their hydrated state (A). The spherical
shape was confirmed. Besides the main particle population with a diameter of 45 to 50 nm a
second population with about 18-30 nm was observed. The area of 277 particles in the images
was measured to calculate their diameter and obtain size distribution data from the cryo-TEM
images (B).

3.1.1 Calculation of LNC concentration

The calculated concentration of 50 nm LNC in the obtained dispersions with a total volume of
6.5 ml was 107 mg/ml with 1.9 x 10" particles/ml, corresponding to a 3 uM concentration. The
concentration was also determined by NTA. Taking into account the dilution factor of the NTA
sample, a concentration of 9.5 x10' particles/ml (1.6 uM) was obtained for the LNC stock
solution. This value is in the same order of magnitude as the calculated concentration, confirming
these results. The difference might be caused by smaller LNC being below the detection limit of
NTA.

As the Solutol content is higher in smaller LNC and only 70% of Solutol is contributing to the
actual particle mass, their mass concentration in the initial dispersions is slightly lower than for
bigger LNC. Therefore, the calculated concentration is 99 mg/ml for 25 nm LNC, 107 mg/ml for
50 nm LNC, 110 mg/ml for 75 nm LNC and 113 mg/ml for 100 nm LNC. In contrast, the molar

concentration of LNC in the initial dispersion decreases for rising particle diameters, as described
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in Equation (1). The calculated concentration is 28 uM for 25 nm LNC, 3 uM for 50 nm LNC,
0.9 uM for 75 nm LNC and 0.4 uM for 100 nm LNC.

For this reason it is very important to consider whether the same mass or molar concentrations are

compared in experiments, if nanoparticles with different sizes are tested against each other.

3.1.2 Variation of surface charge by the introduction of Sympatensamine

Perrier et al. have already described the modification of the LNC surface with amine groups by
post-insertion of a functionalized phospholipid [28]. The modification of Sympatens and the
subsequent use in the formulation in contrast enables the functionalization of LNC directly during
the preparation process without further post-insertion steps. This functional groups can be used
either for the conjugation of targeting molecules to the nanoparticles or to influence the surface

charge, which is a crucial factor for the interaction with cells and biodistribution [5,8].

Sympatens was converted to SA with a rate of 91.2% determined by 'H-NMR. The partial
replacement of Solutol by SA in the LNC formulation resulted in a positive zeta-potential of the
particles, which increased with higher amounts of SA in the LNC composition (Figure 5). The
mean particle size (Z-Av) determined by DLS was 52 — 54 nm for all compositions and was not
influenced by Sympatens or SA. The zeta-potential was slightly negative for standard LNC
with -4.9 + 1.0 mV and was not changed by the addition of unmodified Sympatens (-5.1 mV for
5%S and 4.9 = 1.1 mV for 10%S LNC). The addition of SA to the LNC formulation resulted in a
positive surface charge 17.6 mV for 5%SA LNC and 24.9 + 1.7 mV for 10%SA LNC. 5%S and
5%SA LNC were only evaluated in singular determination, so no standard deviations are given for

those samples. The PDI stayed below 0.05 for all LNC preparations.

Positive surface charge often leads to a higher cellular uptake of nanoparticles, which is very
important if they have an intracellular target. But this advantage often comes along with faster
clearance from systemic circulation and higher toxicity [5,8,16]. For that reason, a precise

adjustment of zeta-potential is pivotal to optimize nanoparticles for clinical use.
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Figure 5: Influence of different proportions of Sympatens (S) and Sympatensamine (SA) in the LNC. The
percentage expresses the amount of Solutol replaced by Sympatens. Particle size was not
influenced by the amount of Sympatens. LNC without functional groups on their surface (0% and
S-LNC) had a slightly negative surface charge. The introduction of amine groups led to a positive
zeta-potential. Statistically significant difference compared to 0%S LNC is indicated with (¥*).
Data for 5%S and 5%SA LNC were only evaluated in singular determination.

3.1.3 Stability of LNC in different media

It is crucial for all in-vitro investigations and especially for in-vivo application that nanoparticles
are stable under physiological conditions. To proof that LNC do not aggregate or change their
properties at 37°C and in the presence of electrolytes, the nanoparticles were incubated for 90 min
in four different media and the effect on size and PDI was assessed by DLS. The media tested were
DPBS, Leibovitz’ medium, binding buffer and growth medium to cover media with different
buffers and protein content. Directly after preparation LNC had a mean particle size (Z-Av) of
52.3 nm and a PDI of 0.03 measured after 1:40 dilution in water. Regardless of the incubation
medium, the particle diameter did not change directly after dilution or after 90 min at 37°C (53-

54 nm). The PDI stayed < 0.05, proofing that no aggregation occurred (Figure 6).
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Figure 6: Stability of LNC over 90 min at 37°C in different media. The size (columns) and PDI (dots) of
LNC was not changed regardless of the medium.

3.1.4 Encapsulation of CsA and Itra in LNC

If LNC should be used as vehicles to optimize the biodistribution of therapeutics, it is important to
make sure that those are actually encapsulated inside the particles and not dissolved in the
surrounding media. For the quantification of drug encapsulation different samples were prepared:
LNC stock solutions without further purification, where CsA or Itra might still be present in the
dispersant and samples of the stock solution which were subjected to various purification steps to
remove any CsA and Itra not encapsulated in LNC. The encapsulation efficiency was defined as
the proportion of drug actually incorporated into the particles and calculated from drug content in
purified LNC in relation to the unpurified stock solution. The results show that CsA as well as Itra
were completely encapsulated into LNC with 100 + 6% and 102 + 6% encapsulation efficiency,
respectively (Figure 7). LNC size and PDI were not changed by the purification steps (49 nm for
Itra-loaded and 50 nm for CsA-loaded LNC with a PDI < 0.05 for both). To be sure that no drug
was lost during the filtration for HPLC and the quantification method was valid, the drug recovery
was calculated. For this purpose, the absolute drug content in LNC quantified by HPLC was
compared to the calculated drug content of LNC according to the amounts used for preparation.

The recovery rates were 95 + 7% (CsA) and 93 + 4% (Itra), showing that no significant drug losses
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were caused by the sample preparation and that the quantification method was reliable. The
successful encapsulation of Itra and CsA encourages further investigations on the intracellular

targeting with these drug candidates for antiangiogenic therapies.
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Figure 7: Encapsulation efficiencies determined by HPLC were about 100% for both, Itra and CsA. Drugs
were completely encapsulated in LNC. Recoveries were 95+7% (CsA) and 93+£4% (Itra) of the
calculated drug content. The chromatogram baselines were shifted for better visibility.

3.1.5 Cytotoxicity assay

It is already described in literature that LNC toxicity is mainly mediated by the surfactants in the
LNC formulation [29]. Therefore, the effects of standard LNC consisting of Solutol, Lipoid and
MCT and LNC in which 10% of Solutol was replaced by Sympatens on cell viability were tested

against each other.

It was shown that 10%S LNC were significantly more toxic than standard LNC (p < 0.05). The
IC50 values, specified as the particle concentrations which lead to a 50% reduction of cell viability
after the incubation time of 4 h, were 1.30 + 0.28 mg/ml for LNC and 0.21 &+ 0.047 mg/ml for
10%S LNC. The IC50 value determined for LNC is also in accordance with findings of Hirsjérvi
et al. who found a reduction of the metabolic activity of U87 MG cells to about 50 — 70% after
1.5 h of incubation with 1.15 mg/ml LNC [30]. The about one order of magnitude higher toxicity
of 10%S LNC does not necessarily have to be an exclusion criterion for the application of such

particles. On the one hand, due to the high loading capacity for lipophilic substances and the good
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possibilities of surface modification, the concentrations needed for therapeutic use might be much

lower than the levels for toxicity. On the other hand, further modifications of the particle surface

might again change their biocompatibility.
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Figure 8: Cell viability after incubation of L-929 cells with different concentrations of LNC formulations
with and without Sympatens for 4 h. Viability was determined by the colorimetric MTT-assay.
LNC with Sympatens were significantly more toxic than standard LNC with IC50 values of
0.21 £ 0.05 mg/ml and 1.30 & 0.28 mg/ml, respectively (p < 0.05).

3.5 Conclusion

Through the mathematical description of the relationship between particle diameter and the ratio

of surfactant to lipid core material it is possible to precisely adjust the LNC size by their

composition. The two model drugs itraconazole and cyclosporine A were completely encapsulated

inside the particles without any leakage during purification steps. Despite the narrow size

distribution of LNC observed in DLS and NTA, cryo-TEM revealed a second size population that

was not detectable by the other measurement techniques. That again proved how important it is not

to rely only on a single method for nanoparticle size analysis. The LNC were stable in different

media even at increased temperatures. With the amine modification of Sympatens and its use in

43



Chapter 3: New approaches for the fine tuning of size and surface charge of lipid nanocapsules

LNC preparation, a new method for surface functionalization without the need for time-consuming
post-insertion processes was established. This can be used either for the adjustment of surface
charge as shown by electrophoretic light scattering or for further conjugational steps. Nevertheless,
it has to be considered that changes in the surfactant composition of LNC do also affect
biocompatibility. With their versatile opportunities for drug loading, size adjustment and surface
modification, lipid nanocapsules bare great potential for therapeutic applications in the emerging

field of nanomedicines.
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Abstract

Targeted therapy with nanoparticles with the ability to transport therapeutic agents specifically to
a selected tissue is a highly promising vision. Therefore, particles are grafted with recognition
motifs guiding them to their destination. The peptide sequence RGD is such a targeting moiety.
Especially cyclic RGD-peptides bind specifically to integrin receptors which are overexpressed in
newly formed blood vessels. Nanocarriers modified with integrin ligands have already been
demonstrated to accumulate in tumor tissues with proliferative vasculature. This rises hope that
such particles might also be a therapeutic option for other proliferative diseases like the wet forms
of diabetic retinopathy and age-related macular degeneration. In this work the peptide was
conjugated to lipid nanocapsules (LNC), as these nanoparticles are potential carriers, especially for
lipophilic drugs. In order to attach the targeting peptide to their surface, it was conjugated to a
PEGylated phospholipid via maleimide-thiol reaction. Subsequently the phospholipid was
incubated with LNC at increased temperatures to enable its incorporation into the shell of the
nanoparticles. The integrity of nanoparticles and the increase in size due to the longer PEG-chains
was confirmed by DLS. The successfully bound peptide was quantified photometrically after a
reaction with phenanthrenequinone. Proof of concept for the receptor-mediated binding of RGD-
conjugated LNC was provided by uptake experiments with microvascular endothelial cells. RGD-
modification resulted in significantly elevated cellular uptake, while the tolerability of the modified

particles for cells was even higher than for blank LNC.
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3.1 Introduction

When it comes to pharmacotherapy, even the most potent drug has no effect, if it is not able to
reach its target. One option to influence the pharmacokinetics of drugs with an unfavorable
biodistribution profile is to use nanocarriers as a vehicle. PEG-coronas are often used to shield
these nanocarriers from protein adsorption and subsequent clearance by the mononuclear
phagocyte system (MPS) [1,2]. Such shielding can prolong the half-life time of nanoparticles in
the blood tremendously and therefore increases the chance for accumulation in the target tissue by
specific interactions. This opens the way for cellular targeting, where specific recognition motifs
are bound to the nanoparticle surface to guide them to tissues or cells of interest. RGD-peptides are
such molecules. They are used to target the avfs-integrin [3,4], which plays a pivotal role in cell
migration and angiogenesis [5,6]. The expression of the awps-receptor is upregulated by endothelial
cells in proliferating vasculature for example during tumor growth [7]. Cyclic RGD-pentapeptides
show a 20-100 fold higher affinity compared to linear peptides while being much more specific for
the awvPs-receptor [4,8]. Therefore, the use of cyclic RGD-peptides as targeting molecules for tumor
therapy seems obvious and has been investigated extensively [1,7,9]. But there are also other
pathological conditions, where proliferation of blood vessels plays a key role. In the wet forms of
diabetic retinopathy and age-related macular degeneration [10-12], newly formed leaky vessels
can damage the surrounding tissue and can lead to retinal detachment due to tensile forces. Today
these diseases of the posterior eye are mostly treated by laser coagulation and intravitreal injection
of anti-VEGF therapeutics [13,14]. Pollinger et al. have already shown that even in the healthy
retina, RGD-modified nanoparticles are able to accumulate [15]. The nanoparticles used in this
work were quantum dots, which are perfect model particles due to their strong fluorescence,
uniformity and commercial availability. Despite these positive attributes, quantum dots are not
suitable for therapeutic applications, as they cannot be loaded with therapeutic agents and contain
toxic heavy metals [16]. In contrast, lipid nanocapsules consist exclusively of non-toxic materials
and are suitable as carriers especially for lipophilic drugs [17-21]. The surface of LNC can be
modified by incorporation of amphiphilic molecules into their shell either during the process of
LNC preparation [22] or afterwards by a method named post-insertion [23—25]. For post-insertion
the nanocapsules are incubated with PEGylated phospholipids at increased temperatures, typically
for 1.5 to 4 hours [23]. In this work, we obtained integrin-targeted nanoparticles by coupling

cyclo(-Arg-Gly-Asp-D-Phe-Cys) (c(RGDfC)) to  PEGylated  distearoyl-sn-glycero-
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phosphoethanolamine via maleimide-thiol reaction and subsequent post-insertion in LNC. After
purification, the RGD-peptide on the particle surface was quantified by a colorimetric assay with
phenanthrenequinone. Particle integrity and size increase after post-insertion were confirmed by
dynamic light scattering (DLS). The stability of post-inserted LNC was investigated by FRET-
measurements for which the LNC were loaded with an acceptor dye and the PEGylated
phospholipid was coupled to a donator dye instead of an RGD-peptide. As model cells to show the
integrin-mediated uptake of RGD-LNC human dermal microvascular endothelial cells (HDMEC)
were used. The availability of the owPs-integrin on the cell surface was confirmed by
immunostaining with Alexa Flour 488 anti-human CD51/61. The binding of LNC with and without
RGD-modification to HDMEC was quantified by flow cytometry. Further investigation by
confocal laser scanning microscopy (CLSM) showed that the nanoparticles are distributed in
clusters inside the cell, indicating that they are taken up into cellular vesicles. To make sure that
the enhanced cellular interaction of RGD-modified LNC does not go along with toxic effects,
HDMEC were incubated with the nanoparticles for 24 hours and their viability was measured by

an MTT assay.

3.2 Materials

Miglyol®812 (medium-chain triglycerides (MCT)) was purchased from Caesar&Loretz, Hilden,
Germany. Solutol®HS 15 (Poly(ethylene glycol (PEG))is-12-hydroxy-stearate with about 30 %
free PEG) and Lipoid S75-3 (soy lecithin with 70% phosphatidylcholine) were kindly provided by
BASF, Ludwigshafen, Germany and Lipoid, Ludwigshafen, Germany, respectively. Sympatens
(PEGao-cetyl/stearyl ether) was supplied by Kolb, Hedingen, Switzerland. 1,1'-Dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine  perchlorate (Dil), 3,3‘-dioctadecyl-oxacarbocyanine
perchlorate (DiO), 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD oil)
and 5-((2-(and-3)-S-(acetylmercapto) succinoyl) amino) Fluorescein (SAMSA-fluorescein) were
purchased from Thermo Fisher Scientific Inc. (life technologies), Waltham, USA (MA). 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-PEG-2000] (DSPE-mPEG)
ammonium salt and DSPE-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG-Mal)
ammonium salt were purchased from Avanti Polar Lipids, Alabaster, USA (AL). Cyclo-(Arg-Gly-
Asp-D-Phe-Cys) acetate salt c((RGDfC) was purchased from Bachem Distribution Service, Weil a.

Rhein, Germany. All other chemicals were purchased from Sigma Aldrich, Taufkirchen, Germany.
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Ultrapure water was obtained from a Milli-Q water purification system from Millipore, Billerica,

USA (MA).

3.3 Methods

3.3.1 Preparation of LNC

The LNC were prepared in a phase inversion process which was developed by Heurtault et al. [26].
Briefly, a mixture of 60% NaCl-solution 1% in water, 1.5% Lipoid S75-3 and 17.8% Solutol
HS®15 and 20.7% Miglyol®812 was subjected to a heating and cooling cycle in which the phase
inversion temperature was passed in each step for three times. In the last cycle the mixture was
cooled down in the phase inversion zone with the 2.5-fold amount of water at room temperature to
obtain stable LNC. The resulting preparations were filtered through a 0.22 um poly(ether sulfone)
syringe filter prior to further use. For the preparation of fluorescently labeled LNC 3.9 mg DiO or
3.6 mg DiD per g MCT were added to the mixture prior to the heating and cooling cycles. For Dil-
labeled LNC, Dil was dissolved in acetone and mixed with the other LNC ingredients, namely
Lipoid, Solutol and MCT (4 mg Dil per g MCT). Acetone was evaporated before the addition of
NacCl-solution for the subsequent heating and cooling cycles. The calculated concentration of LNCs

in the obtained dispersions was 107 mg/ml.

4.1.1 Dynamic Light Scattering (DLS)

Z-Average, polydispersity indices (PDIs) and zeta potentials were determined with a Zetasizer
Nano ZS (Malvern Instruments, Herrenberg, Germany), equipped with a He-Ne-Laser at a
wavelength of 633 nm and a fixed angle of 173°. The samples were diluted 1:40 with water and

the sample temperature was equilibrated to 25°C prior to each measurement.

4.1.2 Coupling of DSPE-PEG-Mal with c(RGDfC) and post-insertion into LNC

The modification of LNC with ¢(RGDfC) was conducted with and without the addition of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) as reducing agent. In order to reduce disulfide
bonds in ¢c(RGDfC), TCEP (15 mg/ml in Dulbecco’s phosphate buffered saline (DPBS)) was added
to 0.3 mg/ml ¢(RGDfC) in 30 mM borate buffer (pH 8.5) at a resulting concentration of 15 mM
and shaken for 30 min. Reduced or untreated ¢(RGDfC) was mixed with DSPE-PEG-Mal
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(12 mg/ml in DPBS) in a molar ratio of 2:1 and shaken for 2 h protected from light. Fluorescently
labeled LNC were incubated with the mixture in a mass ratio of 1:40 (c(RGDfC):LNC) for 3 h at
37°C and subsequently cooled down in an ice water bath for 5 min. For the preparation of control-
LNC without RGD-peptide, DSPE-mPEG was incubated with LNC instead of RGD-conjugated
DSPE-PEG-Mal (Figure 1).
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Figure 1: Schematic representation of the surface modification of LNC by post-insertion with DSPE-
mPEG or DSPE-PEG-RGD.

Modified LNC were purified two times by ultrafiltration with Amicon Ultra-4 centrifugal filter
units (MWCO: 100 kDa; Sigma Aldrich, Taufkirchen, Germany) at 4000 g for 15 min and dialysed
against water in Float-A-Lyzer dialysis cassettes (MWCO: 300 kDa; Spectrum Europe BV, Breda,
Netherlands) over night. The dialysis medium was changed to DPBS the next day for another 1 h

of dialysis. LNC were concentrated by ultrafiltration with Amicon filter units (as specified above).

For cell culture experiments, the particles were sterile-filtered under aseptic conditions. The
particle concentration was determined by fluorescence measurement with an Omega FLUOstar

plate reader (BMG Labtech, Ortenberg, Germany).
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4.1.3 Quantification of c(RGDfC)-modification with phenanthrenequinone

The c(RGDfC)-peptide on the particle surface was quantified by a colorimetric assay with 9,10-
phenanthrenequinone as described previously [27,28]. For this assay, the dispersion medium for
LNC was changed to water in the last ultrafiltration step after post-insertion. Cyclo(RGDfN(Me)V)
(Merck, Darmstadt, Germany) was used as standard for the calibration. The phenanthrenequinone
solution (150 uM in EtOH) was mixed in a ratio of 6:1 with 2 M NaOH. 175 pl of the resulting
reagent solution were pipetted into each vial. 50 ul LNC-sample or standard solution were added
and vortexed. All samples were incubated for 3 h at 50°C. 125 ul from each vial and 125 ul 1 M
HCI were pipetted into the wells of a 96-well plate and incubated for 1 h at room temperature
protected from light. Fluorescence at 395 nm was measured with an LS 55 fluorimeter (Perkin
Elmer LAS, Rodgau-Jiigesheim, Germany) with an excitation wavelength of 312 nm. To take the
potentially higher background fluorescence of LNC samples into account, mPEG-LNC were
treated analogously to the other LNC samples and their fluorescence at 395 nm was subtracted as

blank value.

4.1.4 Stability testing with fluorescence resonance energy transfer (FRET)

In order to investigate the stability of post-inserted LNC via the FRET-effect, DSPE-PEG-Mal was
coupled to SAMSA-fluorescein before the insertion into Dil-labeled LNC. Therefore, SAMSA-
fluorescein was dissolved in 0.1 M NaOH (1 mg/ml) and incubated for 15 min at ambient
temperature to remove the acetyl protecting group. Afterwards the solution was neutralized with
3 M HCI and mixed with 400 mM phosphate buffer (pH 7.2). The resulting solution had a
concentration of 6.8 mg thiol-containing SAMSA-fluorescein per ml and was buffered with 90 mM
phosphate. Activated SAMSA-fluorescein was diluted with DPBS, mixed with DSPE-PEG-Mal in
a molar ratio of 2:1 (0.5 mM SAMSA-fluorescein in DPBS) and shaken for 2 h protected from
light.

The post-insertion of Dil-LNC with DSPE-PEG-SAMSA-fluorescein and the following
purification steps were conducted analogously to the post-insertion of LNC with DSPE-PEG-RGD.

For FRET-measurements the LNC were diluted 1:30 with DPBS in a well-plate and fluorescence
emission spectra were recorded from 495 — 665 nm with an excitation wavelength of 440 nm and

an emission cut-off at 480 nm. Fluorescence measurements with an LS 55 fluorimeter were
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conducted daily starting directly after post-insertion (d0) until d13. The samples were stored at
2 - 8°C protected from light.

Additionally, samples of SAMSA-fluorescein modified LNC (FRET-LNC) were subjected to
different stress tests before the fluorescence measurement. One sample was heated until boiling for
5 min, one sample was diluted with isopropanol (two parts LNC and one part isopropanol) and one
was subjected to five cycles of freezing and thawing. As a control (noPI control) LNC were mixed
with free SAMSA-fluorescein in the same ratio that was assumed in the FRET-samples when

calculated with complete DSPE-PEG-Mal coupling and post-insertion.

4.1.5 Cell culture

Human dermal microvascular endothelial cells (HDMEC) and Endothelial Cell Growth Medium
MYV (growth medium), Endothelial Cell Basal Medium MV (basal medium) and phenol red-free
basal medium were purchased from PromoCell, Heidelberg, Germany. Cells were cultured in
growth medium and used in passages below p6 for all experiments. RGD-binding buffer contained
20 mM Tris(hydroxymethyl)aminomethane (TRIS), 150 mM NaCl, 2 mM CaClz, 1 mM MnCl»
and MgClz each, and 0.10% bovine serum albumin (BSA), according to Pollinger et al. [29]. The
pH was adjusted to 7.4 with hydrochloric acid.

4.1.6 Immunostaining of a,f33- integrin on the cell surface

HDMEC were grown in a cell culture flask to 80-90% confluency. After trypsinization, cells were
aliquoted to 500T cells, washed with DPBS and resuspended in in 100 pul ice cold FACS-buffer
(0.1% NaN3 and 1% BSA in DPBS). The cells were kept on ice for all further steps. Alexa
Fluor 488 anti-human CD51/61 (400 pg/ml) and Alexa Fluor 488 Mouse 1gG1, K Isotype Ctrl
(200 pg/ml), both purchased from BioLegend, San Diego, USA (CA), were diluted with FACS
buffer to 50 pg/ml. Cells were incubated for 20 min with three different antibody or isotype control
concentrations, respectively: 250, 500 and 1000 ng/Mio cells. After the staining, cells were washed
two times and resuspended in FACS-buffer. The cell-bound antibody and isotype control were
quantified with a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, USA (NJ)).
Fluorescence was excited at 488 nm and the emission was detected using a 530/30 nm bandpass
filter and 10,000 events per sample were recorded. FACS data were analyzed using the Flowing

Software 2 developed by the Turku Centre for Biotechnology, Turku, Finland.
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4.1.7 Quantification of nanoparticle binding by flow cytometry

24 h before nanoparticle treatment, HDMEC were seeded at a density of 120,000 cells per well into
a 24-well plate. Cells were washed with DPBS. LNC-samples were diluted with RGD-binding
buffer to 600 ng/ml. The cells were incubated with 300 pl of the respective LNC-samples for
45 min at 37°C. For the confirmation of receptor mediated binding, free c(RGDfC)-peptide was
added at a concentration of 200 uM. To investigate the influence of serum on the nanoparticle
uptake 0, 5 or 10% FCS were added to the LNC-samples or LNC were diluted with basal medium
instead of RGD-binding buffer prior to incubation with cells. After the incubation, cells were
washed with DPBS to remove excess nanoparticles. Afterwards the cells were trypsinized, placed
on ice, and washed twice with cold DPBS. After suspending in 100 ul DPBS, dead cells were
stained by adding 0.25 pl propidium iodide to each sample. The cell-associated nanoparticle
fluorescence was quantified at an excitation wavelength of 488 nm and an emission filter with
530/30 nm using a FACSCalibur flow cytometer. Propidium iodide fluorescence was detected with
a 670 nm longpass filter. 10,000 events per sample were recorded and FACS data were analyzed

using the Flowing Software 2.

4.1.8 Investigation of LNC uptake by confocal laser scanning microscopy

For the microscopic evaluation of nanoparticle uptake into cells, 20,000 cells per well were seeded
into an ibidi chamber p-slide and let adhere for 24 h. Cells were incubated with DiD-labeled LNC-
samples at a concentration of 600 pg/ml in basal medium at 37°C for 45 min. After the incubation,
cells were washed twice with phenol red-free basal medium to remove excess nanoparticles. Then
they were covered with this medium and examined by confocal laser scanning microscopy (CLSM)
with a Zeiss Axiovert 200 microscope combined with an LSM 510 laser-scanning device using a
40x Plan-Neofluar (NA 1.3) oil immersion objective (Zeiss, Jena, Germany). Nanoparticle
fluorescence was excitated at 633 nm and recorded using a long-pass emission filter at 650 nm.
The focal plane was adjusted to 1.1 um. For image acquisition and processing AIM 4.2. (Zeiss,

Jena, Germany) was used.

4.1.9 Cell toxicity assay

Dil-LNC were modified with ¢c(RGDfC) by post-insertion with the addition of TCEP for disulfide
bond reduction as described above. HDMEC were seeded into a 96-well plate at a density of
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8,000 cells per well. The cells were allowed to adhere for 24 h. RGD-LNC samples with
concentrations between 400 and 800 pg/ml, as well as samples of mPEG-LNC and blank LNC
with 800 pg/ml were prepared in a mixture of DPBS and growth medium. As control, 0.1% sodium
dodecyl sulfate in DPBS/growth medium and DPBS/growth medium alone were used. The
proportion of growth medium was 46% for all LNC samples as well as for the controls. All
solutions were preheated to 37°C before they were added to the cells. After 24 h of incubation at
37°C, all samples were aspirated gently from the wells. 100 pl 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) solution, prepared by dissolving 6.3 mg MTT in 2.5 ml
DPBS and subsequent addition of 7.5 ml growth medium, were added. Cells were incubated for
further 2.5 h at 37°C. The MTT-solution was discarded carefully, and cells were lysed with 120 pl
10% SDS-solution per well over night. The absorption of each well was measured at 570 nm and
690 nm with a plate reader (Omega FLUOstar, BMG Labtech, Ortenberg, Germany) and the

difference (As70-As90) was used to calculate cell viability. All samples were tested in six replicates.

4.1.10 Statistical analysis

If not stated otherwise, experiments were performed in triplicate and data are expressed as mean +
standard deviation. Statistical significance was assessed by two-tailed t-test for comparison of two
groups or by One-way ANOV A with post-hoc Tukey test to compare more than two groups. Data
were analyzed with SigmaPlot 12.0.

4.2 Results and discussion

4.2.1 Surface modification of LNC with c(RGDfC)

A variety of approaches for the surface modification of nanoparticles can be found in literature.
The maleimide-sulthydryl reaction is widely used, as it is highly efficient and the formed thioether
bond is stable under physiological conditions [30,31].

For preparation of endothelial-cell targeting LNC, the thiol group of ¢(RGDfC) was used as
reaction partner for the maleimide-functionalized phospholipid DSPE-PEG(2k)-Mal. The resulting
product was post-inserted into the LNC by incubation at 37°C for 3 hours in accordance with

Hirsjérvi et al. [24].
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Figure 2: Size and polydispersity indices of LNC before and after post-insertion with DSPE-PEG(2k)-
RGD. The change in size is statistically significant (n=4; p <0.05). PDI does not change
significantly and indicates monodispersity.

The PDI of LNC measured by DLS was below 0.05 for all samples, indicating monodispersity [32].
As no significant change in PDI was observed after particle functionalization, no aggregation was
detectable. It is assumed, that during the post-insertion process the phospholipids are integrated
into the shell of the LNC with the lipid part protruding into the core and the PEG-chain oriented to
the aqueous medium by which the particles are surrounded [23]. Therefore, the longer PEG-chains
on the surface lead to an increase in particle size, which was also confirmed by DLS. The mean
particle size increased significantly by approximately 6 nm (Figure 2). According to the literature
[33,34], the thickness of a polymer layer of PEG4s in brush confirmation is 5.6 nm. As the surface
of LNC is already covered with PEGis-chains from Solutol, for which the polymer layer thickness
is about 1.1 nm, the maximum increase in size would have been 2 x (5.6 — 1.1) nm = 9 nm. The
size of ¢(RGD1C) is neglected. As the increase in size determined by DLS is lower than expected
from these calculations, the protruding ends of the PEG(2k)-chains are likely to be not completely
extended. By DLS only the hydrodynamic diameter can be measured and therefore also changes in
the hydration shell, which are likely to occur with the RGD-peptide present on the surface, might

have an influence on the results.

TCEP is widely used to reduce disulfide bonds which form during storage of thiol-containing

molecules over time and therefore to enable an efficient coupling for example with maleimide
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groups [24]. As TCEP is not particularly stable in phosphate buffers [35], the TCEP-solution was
freshly prepared before use and the reduction step was performed in borate buffer instead of DPBS.
It is assumed that TCEP, in contrast to dithiothreitol (DTT), does not impair the reaction of the
thiol and the maleimide group and therefore does not have to be removed before the coupling [36].
In a user manual for TCEP*HCI of Thermo Scientific a concentration of 5-50 mM is recommended
for the working solution and it is stated that concentrations below 10-20 mM are usually compatible
with maleimide conjugation chemistry [37]. Nevertheless, other publications showed a significant
decrease in the reaction efficiency in the presence of TCEP [38]. To investigate whether the
coupling reaction is more effective with or without the addition of TCEP, both approaches were
followed and the quantity of RGD on the LNC surface after the particle modification was
determined. Therefore, a quantification method according to Graf et al. [27] was used. In this
colorimetric assay 9,10-phenanthrenequinone reacts with arginine residues to a strongly

fluorescent product (Aex = 312 nm/Aem= 395 nm).

RGD-peptide concentration [ug/mg LNC]

0

T T
RGD-LNC RGD-LNC
(TCEP)

Figure 3: RGD-concentration on lipid nanocapsules determined by phenanthrenequinone assay. The
addition of TCEP as reducing agent for ¢c(RGDfC) prior to maleimide coupling led to a
tremendous decrease of grafting efficiency. Statistical significance is indicated as (*) p < 0.05.

When TCEP was used for ¢(RGDfC)-reduction before the coupling to DSPE-PEG-Mal, only a
marginal amount of RGD was quantified on the LNC (0.4 £+ 0.1 pg/mg LNC) This peptide-grafting
corresponds to approx. 25 ligands per particle. When the LNC modification was conducted without

TCEP, 5.6 £0.4 ung ¢(RGDfC) per mg LNC were bound to the particle surface (Figure 3),
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corresponding to approx. 350 ligands per nanoparticle. The surface area of a spherical particle with
50 nm diameter is approx. 7850 nm?. Therefore, the calculated ligand density is 0.04 ligands/nm?.
Montet et al. have shown strong multivalent nanoparticle-cell interactions even for much lower
RGD-grafting densities [39] although Li et al. observed an increase in the uptake of 40 nm
nanoparticles with 250 - 5000 RGD-ligands with rising RGD-density [40].

The labelling efficiency was 28% based on a calculated maximum c(RGDfC)-modification of
19.8 ng/mg LNC where c(RGDfC) is completely coupled to DSPE-PEG-Mal and post-inserted
into the LNC shell. As the influence of TCEP on the maleimide labelling efficiency is depending
on the concentration used, lower TCEP-concentrations might lead to better results. For example,
Gretz et al. described a twofold reduction in labelling efficiency with 1 mM TCEP compared to a

0.1 mM concentration [38].

4.1.1 Stability of post-inserted LNC observed by FRET-measurements

Fluorescence resonance energy transfer is the nonradiative transfer of energy from one
chromophore to another. This effect is only observable, if the two chromophores are in close
proximity to each other, namely about 1-10 nm. In this work LNC which contained an acceptor
chromophore (Dil) were post-inserted with a PEGylated phospholipid which was labeled with the
donator chromophore (fluorescein) on the end of the PEG-chain. For the quantification of the
FRET-effect, fluorescein (495/520) was excited with 440 nm and the emission spectrum was
recorded between 495 and 655 nm to record the emission maxima of SAMSA-fluorescein (approx.
520 nm) and Dil (approx. 575 nm). The excitation wavelength was lower than the excitation
maximum of fluorescein to avoid recording the excitation light in the emission spectra. When
fluorescein and Dil are in close proximity, the FRET-effect is higher and the ratio between the
second and the first emission maximum (emmax2/€mmax1) increases (Figure 4A). Therefore, a high
eMmax2/€Mmaxi-ratio indicates that the fluorescein is bound to the nanoparticles whereas the ratio

decreases if free fluorescein is in the surrounding media.

The emmax2/€mmaxi-ratio was 0.70 (£ 0.037) in the noPI control and 1.13 (£ 0.018) on d0, directly
after the post-insertion and subsequent purification (Figure 4B). The ratio remained stable over the
following 13 days indicating that the labeled DSPE-PEG-chains were still anchored in the LNC

shell (Figure 4C). Also boiling for 5 min had no effect on the emmax2/€Mmaxi-ratio.
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Figure 4: Fluorescence spectra of DiI-LNC with added free SAMSA-fluorescein (noPI control), FRET-
LNC directly after preparation and after different stress tests (A) and corresponding FRET-ratios
(B). The FRET-ratio emmax2/€mmax1 did not decrease over two weeks after LNC preparation,
indicating a stable surface modification (C). Statistically significant decrease (p < 0.05)
compared to FRET-LNC on d0 is indicated by (*).

On the contrary, dilution with isopropanol as well as several cycles of freezing and thawing
decreased the ratio to 0.88 (£0.016) and 0.92 (£0.006), respectively. That indicated, that fluorescein
molecules were detached from the LNC surface. Isopropanol in the concentration which was finally
present after the 1:30 dilution with DPBS had no effect on the fluorescence or the corresponding
FRET-ratio, as the ratio was still at 1.12 +£0.012, when isopropanol was added in the respective

concentration to DPBS before the addition of LNC (Figure 4B). This proofed that the reduced
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FRET-ratio was not resulting from isopropanol interfering with fluorescence measurements but

was an effect of the destruction of nanoparticles by isopropanol before further dilution.

I Anti CD51/61
10 4 | 1 Isotype Control

Fluorescence (geometric mean) [a.u.]
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Figure 5: Fluorescence intensity of HDMEC after immunostaining with different antibody concentrations
determined by flow cytometry. The cell-associated fluorescence increases with rising
concentrations of Alexa Flour 488-labelled CD51/61-antibody indicating that the receptor was
available on the cell surface. In contrast, the concentration of the isotype control-antibody had no
influence. This proofs that the unspecific antibody binding to cells does not increase with higher
concentrations.

4.1.2 Proof for receptor availability on cell surface

The expression of integrins and their availability on the cell surface is depending on several factors
like cell proliferation, passage and mechanical stress [5,41-43]. In this this work HDMEC in
passage < 5 were used as model cells. To confirm that the avB3-receptor (CD51/61) is available for
targeting on the surface of these cells, immunostaining with a fluorescently labeled anti-CD51/61
antibody was performed with HDMEC in p5. Figure 5 shows the geometric mean of cell
fluorescence after immunostaining determined by flow cytometry. While the fluorescence of cells
incubated with different concentrations of the control antibody is constantly low, the cell
fluorescence increases with rising concentrations of Alexa Fluor 488 anti-CD51/61 antibody.
There was no saturation observed with the antibody concentration recommended by the
manufacturer. This indicates that the antibody can bind to the integrin and, therefore, the receptor

1s available on the cell surface.
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Figure 6: Nanoparticle binding to HDMEC quantified by flow cytometry after 45 min of incubation.
RGD-modified LNC show a high interaction with cells which can be inhibited by the addition of
free RGD-peptide. If DSPE-PEG-RGD for LNC-functionalization is prepared in the presence of
TCEP, the resulting nanoparticles show a lower binding to HDMEC: Statistical significance
compared to the fluorescence of untreated control cells is indicated as * (p < 0.05).

4.1.3 Quantification of RGD-LNC uptake into endothelial cells by flow cytometry

For the assessment of LNC-uptake into HDMEC the cell-associated particle fluorescence was
quantified by FACS (Figure 6). After incubation with LNC which were post-inserted with DSPE-
mPEG (mPEG-LNC) the fluorescence of cells was only slightly higher than the fluorescence of
untreated cells (control). The presence of RGD on the particle surface (RGD-LNC) led to a 6-fold
increase of the cellular binding compared to mPEG-LNC. This is comparable to the binding
improvement Hirsjirvi et al. observed for RGD-LNC after incubation with US7MG cells [24]. The
interaction was inhibited by the addition of free RGD-peptide, proofing that the binding of RGD-
LNC to cells was in fact receptor-mediated. The inhibition was not complete though, which could
be explained either by an insufficient amount of free RGD-peptide or by additional non-receptor-
mediated interaction of the RGD-decorated particles with the cellular surface. In accordance with
the results from the RGD-quantification on the particle surface with phenanthrenequinone, LNC
which were modified with RGD-peptide under addition of TCEP (RGD-LNC (TCEP)) showed
only slightly increased cellular binding compared to mPEG-LNC.
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In this experiment, nanoparticles were incubated with cells in the absence of serum. Under
physiological conditions nanoparticles are in contact with serum and therefore, formation of a
protein corona might affect the particle-cell interaction [44]. To take that into account, the influence
of BSA and FCS on cellular binding was tested (Figure 7). It could be shown that the uptake in
binding buffer (0.1% BSA) was higher than in basal medium (no serum protein). Binding of RGD-
LNC was further increased in the presence of 5% FCS and was even higher with 10% FCS. This
contradicts a publication of Su et al. in which a significantly decreased targeting efficiency of RGD-

functionalized gold nanoparticles was observed in the presence of serum [45].
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Figure 7: Binding of LNC to HDMEC in different media quantified by FACS. The interaction of RGD-
LNC significantly increased in the presence of serum proteins. The influence of the medium on
the uptake of mPEG-LNC was not significant. Statistical significance compared to control is
indicated as (*) p < 0.05.

For the interaction of mPEG-LNC with cells no influence of BSA or FCS was found (Figure 7).
Serum concentration and components, like growth factors, influence the expression of different
receptors on the cell surface [7,46,47]. Therefore, it might be possible that serum proteins enhance
the uptake of nanoparticles due to an increased avB3-integrin expression or activity. HDMEC were
cultured in medium with a low serum content before the experiments. The higher concentration of

serum proteins during the incubation with LNC are therefore likely to change cellular properties.
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Another explanation for the increased uptake might be found in the protein corona building up on
LNC. Caracciolo et al. showed that nanoparticles can acquire a capability of selective targeting
through adsorption of the glycoprotein vitronectin to their surface [48]. Also some bacteria use this
mechanism for their internalization into cells [49]. Vitronectin also contains the RGD-motif and
binds to the ovPs-integrin [50]. One explanation for the increased uptake of RGD-LNC at higher
FCS-concentrations compared to mPEG-LNC might be a different adsorption-profile for serum
proteins. As mentioned before, the RGD-labelling efficiency was about 28%. Therefore, unreacted
maleimide residues might have been present as potential reaction partners for serum proteins. In
the publication of Su et al. the RGD-density on the nanoparticle surface was comparably high
(0.22 - 0.94 ligands/nm?) and no maleimide was used for the conjugation [45], possibly explaining

the conflicting results.

Further experiments like the analysis of the protein corona on RGD-LNC versus mPEG-LNC and
the quantification of the avfs-integrin expression on HDMEC at different FCS-concentrations are
necessary to fully understand the influence of FCS on the LNC-cell-interaction. Nevertheless, it is
promising for the in-vivo application of RGD-LNC that the presence of serum is even enhancing

their interaction with cells instead of blocking it.

4.1.4 Investigation of RGD-mediated nanoparticle uptake by CLSM

Although FACS enables the quantification of the interaction of nanoparticles with cells, it does not
allow the differentiation between binding to the cell surface and uptake into the cells. Therefore,

the nanoparticle-cell interaction was also investigated by CLSM.

Nanoparticle fluorescence could only be observed, if cells were incubated with RGD-LNC, not
with mPEG-LNC. The RGD-LNC were accumulated in vesicle-like structures. The nucleus was
free from particle fluorescence, indicating an uptake of the RGD-LNC into vesicles in the
cytoplasm of endothelial cells (Figure 8). In general, avB3-integrins can be internalized cholesterol-
and caveolin 1-dependent as well as in clathrin-coated pits [43]. The uptake of RGD-decorated

nanoparticles has been shown to be mostly clathrin-mediated in other publications [51].

Because cells reacted with detachment and clustering to medium changes during the experiments,
the incubation with nanoparticles was conducted in basal medium instead of RGD-binding buffer

for CLSM. As shown by flowcytometry, the uptake in basal medium is relatively low compared
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RGD-binding buffer. Nevertheless, the uptake of RGD-LNC and the difference to mPEG-LNC

could be clearly observed.

RGD-LNC

mPEG-LNC

Figure 8: LNC binding to cells observed by confocal microscopy. Nanoparticle fluorescence is displayed
in red. RGD-LNC accumulate in the cells in vesicle-like structures. The nucleus is free of
nanoparticle fluorescence (white arrows), indicating that the nanoparticle-containing vesicles are
located in the cytoplasm. There was no nanoparticle fluorescence observed in cells after
incubation with mPEG-LNC.

4.1.5 Tolerability of RGD-functionalized LNC

Because a higher interaction between cells and nanoparticles might probably come along with
increased toxicity, the effects of RGD-functionalization of LNC on cell viability was investigated.
The MTT-assay was used for the quantification of the metabolic activity of cells. In this assay MTT
is converted to an insoluble purple formazan by living cells which can be quantified by its

absorbance at 570 nm after solubilization with sodium dodecyl sulfate.
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Figure 9: HDMEC viability after 24 h of incubation with different LNC samples quantified by MTT-
assay. Treatment with blank LNC was significantly more toxic than every other treatment. RGD-
LNC in a concentration of 800 pg/ml decreased cell viability significantly, although the
difference to lower concentrations and mPEG-LNC was not significant. Statistical significance
is indicated as follows: (**) indicates significant difference to all other groups, (*) indicates
significant difference between two groups (p < 0.05).

The survival of HDMEC was quantified after 24 h of exposure to LNC (Figure 9). Blank LNC
reduced the viability of cells to 25 + 5%. Paillard et al. also showed a strongly reduced cell viability
of less than 10% after 24 h of incubation with LNC with 20 nm, but no such effect for 100 nm LNC
(1 mg/ml, F98-cells) [52]. The blank LNC in this experiment were about 50 nm in size and,
therefore, the results are consistent with those of Paillard. In contrast, mPEG-LNC had no toxic
effects on cells (96 + 19% viability). This difference can be explained by the shielding effect of the
longer PEG-chains and the resulting reduced cellular interaction [2]. RGD-LNC slightly reduced
the mean viability of cells in all concentrations, although only the effect of the highest
concentration tested was significant compared to control cells. The calculated viabilities were

75 £ 18% for 400 pg/ml, 78 = 16% for 600 ug/ml and 73 + 22% for 800 pg/ml RGD-LNC.

It is possible that RGD-LNC have a higher toxicity due to the enhanced cellular uptake. But also
the targeting motif itself might show inhibitory effects. RGD-peptides have been reported to induce
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apoptosis in proliferative endothelial cells due to their avps-antagonism [53,54]. In the treatment of
pathological angiogenesis, this “side effect” of RGD as targeting motif might even be useful. For
example, Chavakis et al. were able to inhibit the formation of new vessels in a mouse model of

hypoxia-induced retinopathy by the injection of a cyclic RGD-pentapeptide [12].

4.2 Conclusion

The successful functionalization of lipid nanocapsules was proven by the direct quantification of
RGD on the LNC surface. No reducing agent was needed for RGD-grafting and the addition of
TCEP even impaired maleimide-thiol reaction. Stability tests demonstrated that PEG-chains were
firmly anchored in the LNC shell and do not detach from the particle core over two weeks. RGD-
LNC displayed strongly enhanced uptake into HDMEC which was further increased in the presence
of serum protein. The nanoparticles were well tolerated by cells over 24 h of incubation. These
results confirm the high potential of RGD-grafted LNC as vehicles for the targeted treatment of
pathological angiogenesis, which rises hope for future tumor therapies as well as for proliferative

diseases of the eye.
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Abstract

Today’s anti-VEGF therapy for the proliferative forms of age-related macular degeneration and
diabetic retinopathy comes along with periodic intraocular injections and might lead to an increased
risk of geographic atrophy due to side effects on off-target cell types. As a new approach, lipid
nanocapsules were designed for an endothelial-cell specific antiangiogenic therapy. A cyclic RGD-
peptide was anchored in the nanocapsule surface to enhance the accumulation in proliferative cells
by targeting the oy ps-integrin. The nanoparticles were loaded with cyclosporin A and itraconazole.
These two drugs have already been shown to exhibit a synergistic antiproliferative and
antiangiogenic effect by interfering with intracellular VEGF-signaling, VEGF-receptor 2
trafficking and by the anti-inflammatory effect of cyclosporin A. The antiangiogenic effect of this
new nanoparticle formulation was assessed in human dermal microvascular cells. The inhibition of
VEGF-stimulated cell proliferation was quantified, and tube formation assays were performed to
assess the influence of nanoparticles on VEGF-induced angiogenesis. The expression of pro- and
antiangiogenic markers was quantified by reverse transcription qPCR. Drug-loaded RGD-LNC
showed promising therapeutic potential, but there is still need for improvement in the nanoparticle

formulation as well as in the assays used for the assessment of their antiangiogenic potential.
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Introduction

5.1 Introduction

Age-related macular degeneration (AMD) and diabetic retinopathy (DR) are among the leading
causes of blindness and visual impairment, especially in high-income countries [1-4].
Approximately 30 - 50 million and more than 90 million people worldwide, respectively, are
affected by AMD and DR and these numbers are still expected to increase [4,5]. There are
proliferative or ‘wet’ forms of both diseases, which are characterized by pathological
neovascularizations. In AMD, the newly formed vessels are typically originating from the choroid
and can sprout across the retinal pigment epithelium (RPE) into the subretinal or intraretinal space
[6-8]. In DR, the neovascularizations are usually originating from the intraretinal blood vessels
and can lead to tractional retinal detachment [9—11]. In both diseases, the new vasculature is

generally leaky and can cause edema and hemorrhage [11,12].

The discovery of increased levels of vascular endothelial growth factor (VEGF) as a key player in
the development of pathological neovascularization [13,14] provided the rationale for today’s
therapy by intravitreal injections with the anti-VEGF antibodies ranibizumab or bevacizumab [15—
18] or the fusion protein aflibercept [19]. This therapeutic approach was extremely successful
[15,17] and is currently standard of care for neovascular AMD [16]. Nevertheless, real-world data
suggest a lower effect of anti-VEGF treatment than in the setting of controlled clinical trials, mostly
because the injection frequencies tend to be lower in every-day clinical practice [20]. Besides the
unfavorable administration route by intraocular injections, a continuous and unspecific inhibition
of VEGF-signaling is by far not free of adverse effects. VEGF also exhibits physiological effects
on the endothelium [21,21,22], as well as on other cell types like Miiller cells, astrocytes,
photoreceptors or RPE cells [23-25]. In cell culture, VEGF deprivation reduced the microvilli in
RPE cells by which they interact with photoreceptors [26]. A rigorous suppression of VEGF levels
has been associated to a decrease in choroid thickness [27], and long-term anti-VEGF therapy was
described to enhance the risk of geographic atrophy, which is accompanied by a massive local cell

death of RPE cells and photoreceptors [28—30].

Therefore, more selective therapeutic concepts are needed. A promising way to achieve a more
targeted therapy are intravenously administered nanoparticles. As they are coming from the blood
side, they can bring their cargo directly to endothelial cells without affecting other cell types of the
eye. Because endothelial cells are lining the vascular system in the whole body, surface

modification of the nanoparticles is needed to enhance accumulation selectively in proliferating
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vessels. To this purpose, a cyclic peptide with an arginine-glycine-aspartic acid (RGD)-motif was
anchored in the particle corona. Such peptides bind to the oyfs-integrin [31,32], which is
overexpressed in endothelial cells with active proliferation [33]. RGD-modified nanoparticles have
already been shown to accumulate in tumors [34,35] and retinal and choroidal capillaries [36,37].
The nanoparticles used in this work are lipid nanocapsules (LNC), which are composed of non-
toxic ingredients only, and can be used as vehicle to transport therapeutic substances to intracellular

targets [38,39].

Cyclosporin A (CsA) and itraconazole (Itra) were chosen as therapeutic cargo for the nanoparticles,
as both drugs show highly promising antiangiogenic effects according to the literature. CsA is
capable of interfering with intracellular VEGF-signaling [40] and was shown to inhibit endothelial
cell sprouting and proliferation in vitro [41,42]. The antiangiogenic effect of CsA is linked to an
up-regulation of the transcription factor HEY-1, also referred to as hairy/enhancer of split-related
protein 1 (HESR-1) [43]. Additionally, the anti-inflammatory effect of CsA was found to restore
the blood-retina-barrier in rats with streptozotocin-induced diabetes [44]. Itra inhibits glycosylation
and intracellular trafficking of VEGF-receptor type 2 (VEGFR-2) [45] and, like CsA, endothelial
cell proliferation [46]. Expression of the angiogenesis associated migratory cell protein (AAMP),
which is increased during angiogenesis, can be reduced by over 50% with Itra treatment [47]. Both
drugs exert synergistic effects [42] and their intracellular targets make them ideal candidates for

the delivery by RGD-modified LNC.

In this work the potential of RGD-LNC loaded with CsA and Itra was investigated in vitro in human
dermal microvascular endothelial cells (HDMEC). These cells mimic the behavior of the
microvascular cells in the eye better than macrovascular cells [48], which are most commonly used
for angiogenesis assays [49-52]. The expression levels of HEY-1 and AAMP in HDMEC were
quantified after VEGF stimulation with or without preincubation with LNC to examine the role of
these markers in the antiangiogenic effect of the particles. The influence of the nanoparticles on
cell proliferation was quantified in a straight-forward colorimetric assay for a first assessment of
the treatment effect. Angiogenesis is a complex process which not only includes proliferation, but
also several other steps like cell migration and arrangement to new vessels. Therefore, a tube
formation assay on a basement membrane extract was conducted to cover a range of angiogenesis

steps for further drug effect assessment.
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Not least due to an insufficient stimulating effect of VEGF in the conducted assays, the impact of
the tested nanoparticles was not completely convincing. Nevertheless, RGD-LNC with and without
drug-loading showed promising antiproliferative effects. The test systems as well as the

nanoparticles should be optimized and investigated further in the future.

5.2 Materials

Miglyol®812 (medium-chain triglycerides (MCT)) was purchased from Caesar&Loretz, Hilden,
Germany. Solutol®HS 15 (Poly(ethylene glycol (PEG))15-12-hydroxy-stearate with about 30 %
free PEG) and Lipoid S75-3 (soy lecithin with 70% phosphatidylcholine) were kindly provided by
BASF, Ludwigshafen, Germany, and Lipoid, Ludwigshafen, Germany, respectively.
1,1'-Dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine perchlorate (Dil) and 1,1'-dioctadecyl-
3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD oil) were purchased from Thermo Fisher
Scientific Inc. (life technologies), Waltham, USA (MA). 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(PEG)-2000] (DSPE-mPEG) ammonium salt and DSPE-N-
[maleimide(polyethylene glycol)-2000] (DSPE-PEG-Mal) ammonium salt were purchased from
Avanti Polar Lipids, Alabaster, USA (AL). Cyclo-(Arg-Gly-Asp-D-Phe-Cys) acetate salt
c¢(RGDfC) was purchased from Bachem Distribution Service, Weil a. Rhein, Germany.
Cyclosporin A (CsA) was a kind gift of Pharma Stulln, Stulln, Germany. Itraconazole (Itra) was
purchased from Fagron, Barsbiittel, Germany. All other chemicals were purchased from Sigma
Aldrich, Taufkirchen, Germany. Ultrapure water was obtained from a Milli-Q water purification
system from  Millipore, Billerica, USA (MA). TE-buffer contained 10 mM
tris(hydroxymethyl)aminomethane (TRIS) and 0.1 mM ethylenediaminetetraacetic acid (EDTA)
disodium salt dihydrate and was adjusted to pH 8.0 with NaOH.

5.3 Methods

5.3.1 Preparation of LNC

LNC were prepared in a phase inversion process developed by Heurtault et al. [38] with slight
modifications. Therefore, Dil was dissolved in acetone and mixed with 30 mg Lipoid, 1420 mg
Solutol and 415 mg MCT (ca. 4 mg Dil per g MCT). Acetone was evaporated and a solution of
1% NaCl in water was added to obtain a mixture of 60% NaCl solution, 1.5% Lipoid,

79



Chapter 5: Antiproliferative effect of cyclosporin A and itraconazole loaded LNC in-vitro

17.8% Solutol and 20.7% MCT. The mixture was subjected to three heating and cooling cycles in
which the phase inversion temperature was passed in each step. In the last cycle the mixture was
cooled down in the phase inversion zone with the 2.5-fold amount of water at room temperature to
obtain stable LNC. For tube formation experiments, DiD was used for LNC labelling instead of
Dil. To this purpose, 1 mg DiD was added to the LNC mixture before the heating and cooling
cycles. The resulting particle preparations were filtered through a 0.22 pm poly(ether sulfone)
syringe filter prior to further use. The calculated concentration of LNC in the obtained dispersions

was 106 - 107 mg/ml.

5.1.1 Loading of LNC with cyclosporin A and itraconazole

CsA-loaded LNC were obtained by dissolving CsA in MCT at a concentration of 4.25 mg CsA per
gram MCT. The preparation process was conducted as described above. For Itra-loaded LNC, Itra
was first dissolved in methanol. The solution together with the LNC ingredients, Solutol, MCT and
Lipoid, and fluorescence dye, was held at 75°C for 30 min to evaporate the methanol. In a second
step, NaCl 1% solution was added and the LNC were prepared in the phase-inversion process

described above. LNC were filtered through a 0.22 um syringe filter before further use.

5.1.2 Coupling of DSPE-PEG-Mal with c(RGDfC) and post-insertion into LNC

The modification of LNC with ¢(RGDfC) was conducted with or without the addition of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) as reducing agent, as specified in the corresponding
sections. TCEP was dissolved in Dulbecco’s phosphate buffered saline (DPBS), added to
0.3 mg/ml ¢(RGDfC) in 30 mM borate buffer (pH 8.5) in a resulting concentration of 15 mM and
shaken for 30 min. Reduced or untreated ¢(RGDfC) was mixed with DSPE-PEG-Mal (12 mg/ml
in DPBS) in a molar ratio of 2:1 and shaken for 2 h protected from light. Fluorescently labeled
LNC were incubated with the mixture in a mass ratio of 1:40 (¢(RGDfC):LNC) for 3 h at 37°C and
subsequently cooled down in an ice water bath for 5 min. For the preparation of control-LNC
without RGD-peptide, DSPE-mPEG was incubated with LNC instead of RGD-conjugated DSPE-
PEG-Mal.

The LNC used for the experiments had a diameter of about 50 to 55 nm (Z-Average) before surface
modification, measured by dynamic light scattering with a Zetasizer Nano ZS (Malvern

Instruments, Herrenberg, Germany). Their size increased in the single digit nanometer range due
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to post-insertion. Their poly dispersity index stayed below 0.05, indicating that no aggregation

occurred.

5.1.3 Cell culture

HDMEC and Endothelial Cell Growth Medium MV (growth medium), Endothelial Cell Basal
Medium MV (basal medium) and phenol red-free basal medium were purchased from PromoCell,
Heidelberg, Germany. Cells were cultured in growth medium and used in passages below p6, if not

stated otherwise. Recombinant Human VEGF-165 was purchased from BioLegend, San Diego,

USA (CA).

5.1.4 Immunostaining of VEGFR-2 on the cell surface

HDMEC (p5 and p6) were grown in a cell culture flask to 80-90% confluency. After
trypsinization, cells were aliquoted to 500,000 cells, washed with DPBS and resuspended in 100 pl
ice cold FACS-buffer (0.1% NaN3 and 1% BSA in DPBS). The cells were kept on ice for all further
steps. APC anti-human CD309 (VEGFR-2; 200 pg/ml) and APC Mouse IgGl, K Isotype Ctrl
(200 pg/ml), purchased from BioLegend, San Diego, USA (CA), were diluted with FACS-buffer
to 50 ug/ml. Cells in p5 were incubated for 20 min with three different antibody or isotype control
concentrations (250, 500 and 1000 ng/million cells), respectively. Cells in p6 were only treated
with the highest concentration. After staining, cells were washed two times and resuspended in
FACS-buffer. The cell-bound antibody and isotype control were quantified with a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, USA (NJ)). Fluorescence was excited at
635 nm and the emission was detected using a 661/8 nm bandpass filter. 10,000 events per sample
were recorded. Data were analyzed using the Flowing Software 2 developed by the Turku Centre

for Biotechnology, Turku, Finland.

5.1.5 Polymerase chain reaction (PCR)

Cells were lysed and RNA was isolated with the peqGOLD total RNA Kit (Peqlab, Erlangen,
Germany), including a DNA removal step with a peqGOLD DNase I Digest Kit (Peqlab, Erlangen,
Germany). The concentration and quality of RNA was determined with a NanoDrop ND-1000
spectrophotometer (Peqlab, Erlangen, Germany) with the ND-1000 V3.8.1 software. Single-strand
DNA was obtained by reverse transcription with the cDNA-Synthesis Kit H Minus (Peqlab,
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Erlangen, Germany) and a LifeEco thermocycler (Biozym, Hessisch Oldendorf, Germany). A

mixture of 85% oligo(dT) primer and 15% random hexamer primer was used for the reaction.

Primers, according to Table 1, were purchased from Eurofins Genomics, Ebersberg, Germany, in
high purity salt free quality. The primers were dissolved to a concentration of 100 pmol/ul in
RNase-free 10 mM tris(hydroxymethyl)aminomethane (TRIS-)buffer (pH 8.0) containing 0.1 mM
ethylenediamine-tetraacetate (EDTA) disodium salt dihydrate and diluted 1:10 with RNase-free

water.

Qualitative PCR was conducted to test the suitability of the primers and to confirm the expression
of VEGFR-2 in HDMEC. Therefore, RNA was isolated from HDMEC cultured in a T-75 flask to
about 80% confluency and reverse transcription was performed with 0.7 pug isolated RNA as
described above. PCR was conducted with a peqGOLD Taq-DNA-Polymerase all inclusive kit
(Peqlab, Erlangen, Germany) according to manufacturer’s instructions with 10 pmol of forward
and reverse primer and an equivalent of 3.5 ng reversely transcribed RNA. After 2 min of enzyme
activation at 94°C, a three-step cycling protocol was applied with 35 amplification cycles including
denaturation at 94°C, annealing at 50°C and extension at 72°C for 30 s each. At the end, 72°C were
held for 5 min. The PCR products were analyzed by gel electrophoresis in a 2% agarose gel (Life
Technologies, Carlsbad, USA (CA)) containing 0.2 pg/ml ethidium bromide. The electrophoresis
was run in TRIS-Acetate-EDTA buffer with 80 V for 70 minutes. The peqGold 50 bp DNA ladder
and ultra-low range DNA ladder I (Peqlab, Erlangen, Germany) were used as size standards. The
bands on the gel were visualized with a Fisherbrand FT-20/312 UV transilluminator 312 (Fisher
Scientific, Schwerte, Germany) and pictures were taken with a Kodak DC290 camera and Kodak

1D Image Analysis Software (Kodak, Stuttgart, Germany).

For the assessment of the effect of drug-loaded LNC on the expression of cellular angiogenesis
markers, HDMEC were grown in 6-well plates with 60,000 cells per well in growth medium. 900 pl
LNC samples (surface modification with TCEP) in a concentration of 0.6 mg/ml or corresponding
concentrations of free CsA and Itra were added to the cells. After 24 h, the samples were removed,
and cells were stimulated with 50 ng/ml VEGF in basal medium for further 24 h. RNA was isolated
and reverse transcription was performed with 0.3 ug RNA each as described above. For the
quantitative determination of HEY-1 and AAMP expression, real-time reverse transcription
(RT-)PCR was performed using a LightCycler Instrument (Roche Diagnostics, Rotkreuz,
Switzerland) and a KAPA SYBR Fast Universal Kit (Peqlab, Erlangen, Germany). A three-step
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cycling protocol was applied with 3 min of enzyme activation at 95°C and 50 amplification cycles
with 15 s of denaturation at 95°C, 20 s at 60°C for annealing and further 20 s at 72°C for extension
and data collection. At the end, the samples were heated to 95°C for 5 s, cooled down to 55°C and
then heated continuously to 95°C over 1 min for melting curve recording. The LightCycler 480
Software Version 1.5 was used for data acquisition and analysis. The expression of HEY-1 and
AAMP was related to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH).

Table 1: Primers for qualitative and quantitative PCR.

Target Sequence (F = forward, R = reverse; 5' to 3") Melting point Product length Reference
HEY-1 F: GTCTCATTTGGAGTGTTGGT 55.2°C 112 bp [43]
R: GAATTTGAGATCCGTGTGAT 57.3°C
AAMP F: CTTTGCATTGCACTCAGCAT 55.2°C 366 bp [47]
R: CAGTCACCATTCGGGACTTT 57.3°C
VEGFR-2 F: GTGACCAACATGGAGTCGTG 59.4°C 660 bp [53]
R: CCAGAGATTCCATGCCACTT 57.3°C
GAPDH F: GAAGGTGAAGGTCGGAGTC 57.2°C 226 bp [37]
R: GAAGATGGTGATGGGATTTC 53.7°C

5.1.6 Cell proliferation assay

HDMEC were seeded into a 96-well plate at a density of 4,000 cells per well. The cells were
allowed to adhere for 24 h. Two different experimental approaches were tested in a cell

proliferation assay.

In the first approach, LNC were modified with RGD reduced with TCEP. Stock solutions of CsA
(304 pg/ml) and Itra (18 pg/ml) were prepared in DMSO. The samples were diluted in a mixture
of DPBS and basal medium to a final concentration of 0.6 mg/ml LNC or corresponding
concentrations of CsA and Itra (Cslt). The proportion of basal medium was 51% for all samples.
All solutions were preheated to 37°C before they were added to the cells. The cells were
preincubated with LNC or free Cslt at 37°C for 24 h, then all samples were aspirated gently from
the wells. Cells were stimulated with 50 ng/ml VEGF in basal medium with 2% FCS for
further 24 h.
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For the second approach, LNC were modified with RGD without the addition of TCEP and cells
were incubated with LNC or corresponding controls simultaneously to stimulation with VEGF for

24 h. In this experiment, all samples contained 50% basal medium, 2% FCS and 10 ng/ml VEGF.

For both protocols, cell proliferation was quantified by a colorimetric assay in which 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) is converted to an insoluble purple
formazan by living cells. Therefore, the VEGF-containing solutions were aspirated from cells and
100 pl MTT solution, prepared by dissolving 6.3 mg MTT in 2.5 ml DPBS and subsequent addition
of 7.5 ml growth medium, were added. Cells were incubated for further 2.5 h at 37°C. The MTT-
solution was discarded carefully, and cells were lysed with 120 ul 10% SDS-solution per well over
night. The absorption of each well was measured at 570 nm and 690 nm with an Omega FLUOstar
plate reader (BMG Labtech, Ortenberg, Germany) and the difference (A570-A690) was used to

calculate the metabolic activity of cells. All samples were tested in six replicates.

5.1.7 Tube formation assay

For the evaluation of the optimal experimental parameters for the tube formation assay, different
seeding densities and incubation times were tested. A 96-well plate was coated with growth-factor
reduced, phenol-red free Matrigel (VWR international, Ismaning, Germany) and preheated to 37°C
overnight. Cells were stained with 2.0 pg/ml Calcein AM in phenol-red free basal medium for
30 min and seeded in densities between 5,000 and 40,000 cells per well with and without
supplementation of 50 or 100 ng/ml VEGF. The cells were incubated at 37°C and tube formation
was observed after different incubation times between 4 and 26 h with a Zeiss Axiovert 200
microscope combined with an LSM 510 laser-scanning device using a Plan-Neofluar 5x/0.15 Ph1
objective (Zeiss, Jena, Germany). Calcein fluorescence was excitated at 488 nm and recorded using
a long-pass emission filter at 505 nm. AIM 4.2. (Zeiss, Jena, Germany) was used for image
acquisition and processing. Different tube formation parameters, like tube length, number of
meshes and nodes and the area covered by cells, were quantified with the Angiogenesis Analyzer

tool for ImagelJ (available online at https://imagej.nih.gov/ij/macros/toolsets/) [54].

For the investigation of the effect of LNC on tube formation, cells were seeded in a 6-well plate
with 60,000 cells per well and allowed to adhere for 24 h. They were pre-incubated with different
samples of LNC (modification without TCEP; 0.6 mg/ml) or controls in basal medium for 24 h

before the tube formation assay. Cells were stained with 2.0 pg/ml Calcein AM in basal medium
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for 30 min. They were trypsinized carefully and resuspended in phenol-red free basal medium to
80,000 cells per milliliter. VEGF was added to the cell suspensions in a concentration of 190 ng/ml
and 8,000 cells per well were seeded into a Matrigel-coated 96-well plate. Tube formation was

investigated by laser scanning microscopy as described above.

5.1.8 Statistical analysis

If not stated otherwise, experiments were performed in triplicate and data are expressed as
mean + standard deviation. Statistical significance was assessed by two-tailed t-test for comparison
of two groups or by One-way ANOV A with post-hoc Tukey test to compare more than two groups.
Data were analyzed with SigmaPlot 12.0.

5.2 Results and discussion

5.2.1 Expression and availability of VEGFR-2 in HDMEC

Because VEGF stimulation was an important part of the conducted tests for cell proliferation, tube
formation and expression of angiogenesis markers, the expression and availability of the VEGFR-2

was examined before HDMEC were used for these experiments.

The expression of VEGFR-2 on mRNA-level was investigated by qualitative PCR and subsequent
gel electrophoresis. The band with the PCR product (660 bp) was clearly visible (Figure 1A), so

the receptor expression in HDMEC was confirmed.

Because the expression alone does not proof the availability of a receptor on the cellular surface,
immunostaining of VEGFR-2 was conducted in addition to PCR. Figure I shows the mean
fluorescence of HDMEC quantified by flow cytometry after incubation with fluorescently labelled
anti-human CD309 (VEGFR-2) antibody and the corresponding isotype control. While the
fluorescence stayed at a low level at all three concentrations of the isotype control, it was about
eight times higher after incubation with anti-CD309 antibody. This proves that the receptor is
accessible on the cells. With 250 ng antibody per million cells no complete staining was achieved
(21.6 = 0.5 a.u.), whereas there was no difference in fluorescence between 500 and 1000 ng/million

cells (23.4 £ 0.9 and 23.6 + 0.8 a.u.), indicating a saturation of the receptor with antibody.
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Figure 1: Confirmation of the VEGFR-2 expression in HDMEC on RNA-level by qualitative PCR and
subsequent gel electrophoresis (A) and on the cellular surface by immunostaining of HDMEC
(p5) with an APC-labelled VEGFR-2 antibody in different concentrations (B). Fluorescence is
expressed in arbitrary units (a.u.).

Cryoconservation of cells in higher passages allows to obtain more cells from one batch, what can
be useful, especially as the batch to batch variability might be high in primary cells. Nevertheless,
the expression of cell-line specific markers might be reduced during cultivation [55-57]. Therefore,
it was tested, whether cryoconservation in p5 (staining in p6) was disadvantageous regarding the
availability of the VEGFR-2 on the cellular surface compared to cryoconservation in p3 (staining
in p5). As maximum staining was achieved with 1,000 ng antibody per million cells, cells in p6
were stained with this concentration as well to see if the extent of receptor availability was lower
when cells were frozen and used in higher passages. No significant difference was observed
between the two cell batches. The geometric means of fluorescence after deduction of the

corresponding isotype control fluorescence were 20.5 = 0.7 (p5) a.u. and 19.1 = 0.4 a.u. (p6).

5.1.1 Expression of angiogenesis markers

The primers for AAMP and HEY-1 were first tested in a qualitative reverse transcription PCR with
subsequent gel electrophoresis to confirm their suitability. Both bands (AAMP with 366 bp and
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HEY-1 with 112 bp) were clearly visible (Figure 2A), so both markers were expressed and the

primers and conditions for PCR led to sufficient product amplification.

For the analysis of quantitative RT-PCR, the expression levels of the target genes were correlated
to the respective GAPDH expression to correct for different template DNA amounts or variations
in the PCR efficiency between runs. The corrected values were then correlated to the gene
expression in control cells which were incubated with 50 ng/ml VEGF in basal medium
(dd Cp-method). According to the literature, CsA induces a highly elevated HEY-1 expression,
which is attributed to the drug’s inhibition of angiogenesis. Shah et al. observed a 44-fold increase
in HEY-1 expression after treatment with 2 pg/ml CsA [43]. Upregulation of HEY-1 is associated
with reduced VEGFR-2 expression [43,58] and the transcription factor has been described to play
an important role in vascular development [59]. As shown in Figure 2B, only treatment with free
Cslt led to a significant increase (2.4-fold = 0.3) of HEY-1 expression. After treatment with RGD-
Cslt-LNC, the HEY-1 RNA-levels were 1.6 = 0.5 times higher than for control cells, but this
difference was not significant. The CsA concentration in the free Cslt control as well as in the
RGD-CsIt-LNC sample was 1.5 pug/ml and, therefore, in a similar range as in the experiments of
Shah et al.. The elevation of HEY-1 they observed was partially attributed to Cremophor, which
was used as solubilizer for CsA (8.8-fold increase in HEY-1 expression with Cremophor alone).

No such effect was observed for DMSO [43].

The fluctuation of the PCR results for AAMP expression was very high in all samples, even for
control cells. The results are presented in Figure 2B as individual data points instead of columns,
as the data were not normally distributed and this presentation allows a deeper insight into the
actual values. The crossing points at which fluorescence was detectable in the real-time PCR
occurred at high cycle numbers (>20 cycles). This indicates that too small amounts of isolated
template RNA or insufficient PCR efficiency might be responsible for the poor reproducibility.
Due to the high scattering of the results, no significant changes in AAMP expression were
observable after treatment with LNC or free Cslt. According to Del Carratore et al., expression of
AAMP, which is increased during angiogenesis, can be reduced by over 50% with 1.4 or 2.8 pg/ml
Itra [47]. The concentration of Itra in the LNC samples was 90 ng/ml and, therefore, about 16 to
31-fold lower than the concentration used by Del Carratore et al. [47]. In another publication,
0.56 pg/ml Itra in combination with 10 pg/ml CsA were used to synergistically and significantly

inhibit proliferation, sprouting and tube formation of endothelial cells [42]. The CsA-Itra-ratio used
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in LNC was similar, but due to the poor solubility of Itra in the formulation, lower concentrations
had to be used to obtain stable LNC without precipitation. Another reason for lower efficacies
compared to free drugs might be an insufficient release from LNC after internalization into

cells [60].
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Figure 2: Test of AAMP and HEY-1 primers by qualitative PCR and subsequent gel electrophoresis (A)
and change of HEY-1 (grey bars) and AAMP (black dots) expression after treatment with
different LNC formulations or corresponding concentrations of free CsA and Itra (Cslt) (B).
Statistically significant (p < 0.05) difference in HEY-1 expression compared to the control is
indicated with (*).

Nevertheless, it is important to say that HEY-1 and AAMP are not the only factors responsible
for the antiangiogenic and antiproliferative properties of CsA and Itra, respectively. Both drugs
are described to inhibit angiogenesis via multiple mechanisms [40,41,47]. For example, CsA
blocks the VEGF-induced translocation of the nuclear factor of activated T-cells (NFAT) and
activates the p44/42 MAPK [40], and Itra is an inhibitor of cholesterol biosynthesis [46] and
mTOR and ERK 1/2 phosphorylation [47]. Therefore, low effects on HEY-1 and AAMP might

not necessarily come along with insufficient antiangiogenic potential.
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5.1.1 Inhibition of VEGF-induced cell proliferation by RGD-LNC and RGD-Cslt-LNC

Angiogenesis as formation of new blood vessels from existing ones is a multi-step process. During
this process, the endothelial cells have to disrupt the basement membrane, migrate in the direction
of a pro-angiogenic stimulus, proliferate and form new tubular structures. There are multiple
in-vitro tests mimicking these steps [49]. The MTT proliferation assay is a fast and straight-forward
method to get a first impression of the inhibitory effect of drug-loading and surface modification
of LNC and for the evaluation of different experimental conditions and cell stimulation protocols.
In this work, cell proliferation was quantified after pretreatment of cells with the LNC formulations
before incubation with 50 ng/ml VEGF (successive treatment) as well as after co-incubation with
LNC and 10 ng/ml VEGF. Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks was
used to compare the results for different treatments, as the data were not normally distributed. The
results are shown in Figure 3. The successive stimulation with 50 ng/ml VEGF led to a 25 + 7%
increased proliferation compared to unstimulated cells. Nevertheless, this increase was not
statistically significant. In the simultaneous stimulation, only 10 ng/ml VEGF were added to the
cells. Although the increase in proliferation was lower in this setting than with 50 ng/ml VEGF
(19 + 3%, the difference was significant here due to lower scattering. A setting, where the effect
on cell proliferation of VEGF itself is not significant, is not suitable to find a significant inhibition
of VEGF stimulation by other treatments. In general, the standard deviations in the measured
absorption were higher after successive treatment, which might be a result of the additional medium
change in this protocol. Especially the high standard deviations in cells which were treated with
RGD-modified LNC might be caused by cell detachment and loss during the change to the VEGF-
containing medium, due to the ovfs-antagonism of RGD peptides [61,62].

Additionally, surface modification of RGD-LNC and RGD-CsIt-LNC was conducted with TCEP
as reducing agent. As described in chapter 4, the use of TCEP leads to significantly reduced RGD
coupling to the particle surface and might, therefore, lead to lower particle internalization into the

target cells.
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Figure 3: Cell proliferation assay with MTT. For successive stimulation (black bars), cells were incubated
with different nanoparticle formulations, free CsA and Itra (Cslt) or the respective DMSO-
concentration for 24 h and subsequently stimulated with 50 ng/ml VEGF for further 24 h. For
simultaneous stimulation (grey bars), cells were co-incubated with the nanoparticle, Cslt or
DMSO samples and 10 ng/ml VEGF for 24 h. In both cases, the metabolic activity of cells was
then quantified with the colorimetric MTT-assay. The cell density was normalized to
unstimulated cells (Control -VEGF). Statistically significant (p < 0.05) difference compared to
the respective stimulated control cells (+ VEGF), determined by Kruskal-Wallis ANOVA on
ranks, is indicated with (¥).

For the above-mentioned reasons, the data from the simultaneous treatment with LNC and VEGF
led to more reliable results, which are also presented in Figure 3 (light grey columns). In this
experiment the presence of RGD-LNC, Cslt-loaded RGD-LNC as well as free Cslt led to a
complete inhibition of the VEGF-induced cell proliferation. LNC without RGD-grafting did not
show a significant effect, regardless of their drug loading. It was also excluded that DMSO itself,
which was used for drug solubilization for free Cslt, had an inhibitory effect on cell proliferation.
Due to the small difference in cell growth with and without VEGF, it was not possible to detect
any differences between the effects of drug-loaded and unloaded RGD-LNC or free Cslt in this

assay. Nevertheless, the complete inhibition of the VEGF-induced cell proliferation to levels
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without VEGF stimulation in this setting suggests great therapeutic potential of RGD-CslIt-LNC

without any signs for toxic effects.

5.1.1 Tube formation assay with LNC-treated cells

The MTT-assay can detect an increase or decrease in the number of metabolically active cells and,
therefore, allows conclusions on the extent of cell proliferation, when cells were seeded in the same
density before the treatments. As already mentioned above, this is a fast and easy method, but the
results are very unspecific. Another test which is widely used in the investigation of angiogenesis
is the tube formation assay on a basement membrane extract. This assay covers multiple steps of
angiogenesis like the interaction with the surrounding matrix, migration, alignment and the
formation of tubular structures [49,50,63]. For this reason, the tube formation assay perfectly

complements the MTT-assay in the screening of antiangiogenic treatments.

For the assay, the wells were coated with Matrigel, a basement membrane extract derived from the
Engelbreth-Holm-Swarm tumor [52]. Pretests were performed to find the right seeding density and
incubation time, as these factors are crucial for successful tube formation [52,63]. The pretests
(results in the supporting information) revealed poor reproducibility of tube formation in the assay,
especially for different cell batches. The batches had highly different proliferation rates and effects
of VEGF were only seen at distinct time points, when cells were not too dense to form defined

tubes but close enough to interact with each other (see supporting information, Figure 5).

For the assessment of the antiangiogenic effect of LNC, cells were pretreated with different LNC
samples or free Cslt before they were seeded on Matrigel. As the proliferation experiments
described above showed a stronger stimulating effect for increased VEGF levels, and addition of
100 ng/ml VEGF had no significant effect on the used cell batch in the pretests (supporting
information, Figure 6), the VEGF concentration was raised further to 190 ng/ml for this assay.
Images taken after 10 and 26 hours of incubation (Figure 4) show that cells did not adhere well to
the Matrigel surface. Only few tube-like structures were visible after 26 h of incubation for control
cells (with and without VEGF) and no tube formation at all was observable for cells treated with
LNC or drugs. A possible explanation is that the VEGF concentration might have been too high.
In the literature, concentrations between 10 and 100 ng/ml are typically used to stimulate cell
proliferation and tube formation [42,43,45]. Concentrations up to 200 ng/ml are used less

frequently [64,65].
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Figure 4: Tube formation assay after 10 and 26 h of incubation with different samples of LNC or free
cyclosporin A and itraconazole. The images are showing an area of 2.5 x 2.5 mm each. Cells did
not adhere well to the Matrigel surface and minimal tube formation, indicated with red arrows,
was only observable for control cells (VEGF and noVEGF) which were not treated with LNC or
drugs.
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Shah et al. observed a lower stimulation of endothelial cell migration and stress fiber assembly
with 50 ng/ml VEGF than with 1 - 10 ng/ml [43]. Due to the limited availability of cells from one
batch, dose-response experiments for the evaluation of the optimal VEGF concentrations were not
part of the pretests. For future experiments, more cell batches should be pooled and VEGF-
concentration should be included in the optimization of the experimental conditions. Another
aspect which might be a reason for the reduced tube formation compared to the pretests might be
the increased stress on cells due to the treatment with LNC or corresponding controls. The
pre-incubation comes along with additional cell detachment and seeding before and after the
treatment with the samples of interest, as well as with the involved media changes. This stress

might hamper the capability of cells to interact with the Matrigel matrix and form tubes.

5.2 Conclusion

LNC loaded with CsA and Itra have great potential for an endothelial-cell specific antiangiogenic
therapy. The surface decoration with ¢(RGDfC) enables the internalization into cells and might
itself exert antiproliferative effects [61,62,66]. The nanoparticles used in the assays for the
quantification of angiogenic markers on RNA level and the proliferation assay with successive
treatment were conjugated to c(RGDfC) after the addition of TCEP as reducing agent for disulfide
bonds in the peptide. As the surface modification without TCEP has been shown to lead to better
grafting efficiencies (see chapter 4), internalization and therapeutic effects are expected to be

higher when no TCEP is used.

Nevertheless, data from both proliferation assays showed that RGD-LNC were able to completely
inhibit VEGF-induced endothelial cell proliferation. Treatment with LNC before VEGF
stimulation seemed to have a bigger impact, although the standard deviations were high due to the
experimental setting. This implicates that an early therapeutic intervention might be favorable.
Still, drug-loading of LNC did not lead to a further enhancement of antiproliferative effects. On
the one hand, it is possible that the encapsulated drugs are not able to leave the LNC after
internalization and, therefore, cannot bind to their intracellular targets [60]. On the other hand, the
experimental conditions might just not have been suitable to show smaller differences in the

antiproliferative potential due to an insufficient VEGF effect.
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The upregulation of HEY-1 expression was also smaller with RGD-CslIt-LNC than with free Cslt,
possibly due to poor drug release from the carriers. A significant alteration of AAMP expression
could not be detected with any treatment. As HEY-1 and AAMP are only two of multiple targets
influenced by CsA ant Itra, and they do not reflect the additional pharmacological effects of the
RGD-decoration, these findings do not necessarily exclude the therapeutic potential of RGD-Cslt-
LNC.

Also, the results from the tube formation assay are not indicative for the antiangiogenic potential
of RGD-CsIt-LNC. Despite tubes were formed under similar conditions in the pretests, almost no
tube-like structures were observed in the actual experiment, even for untreated control cells.
Therefore, the experimental conditions need to be optimized to obtain more valuable results.
Especially, dose-response relations for the VEGF concentration and the corresponding stimulation
of cell proliferation and tube formation need to be evaluated, as the VEGF effect was limiting for
the significance of most experiments. Generally, in-vitro tests are certainly an important tool for
the screening for new antiangiogenic therapeutics, but they hardly reflect the complex

pathophysiology of ocular neovascularization.
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Supporting information

Pretests without LNC treatment were performed to determine the optimal experimental conditions
for tube formation assays with HDMEC. Therefore, 10,000 to 50,000 cells per well were seeded
on Matrigel and images were taken after 12, 16, 20 and 24 h of incubation with 50 ng/ml VEGF
(Figure 5A). Different tube formation parameters, like the number of junctions and meshes and the
total length of formed tubes, were analyzed. As all parameters had similar tendencies for the tested
seeding densities and time points, total tube length was used for further analysis. For 10,000
cells/well no tube formation occurred. 20,000 and 30,000 cells/well led to well-defined tube
networks for which the automatic analysis with the tube formation analyzer tool for Imagel
produced reliable results. With higher seeding densities of 40,000 or 50,000 cells/well, cells grew
in a confluent layer instead of forming defined tubes. The automatic analysis was not accurate for
10,000, 40,000 and 50,000 cells/well, as tubes and meshes were assumed in areas were no tube

formation was visible or cells were confluent.

In the next step, 20,000 and 30,000 cells/well were used to test which duration of VEGF stimulation
(50 ng/ml) had the highest effect on tube formation (Figure 5B and C). In both seeding densities,
cells started to build a confluent cell layer in the beginning. The holes in this layer grew over time,
resulting in an increasingly defined tube network (Figure 5C). For 30,000 cells/well, the cell layer
was still too dense to show actual tubes after 12 h of incubation. In contrast, cells started to form
tubes after 6 to 8 h, when only 20,000 cells were seeded per well. The biggest difference between
VEGF-stimulated and unstimulated cells was observed after 8-10h of incubation for

20,000 cells/well.

When the experiment was repeated with a new cell batch with 10,000 and 15,000 cells per well,
cells were too dense for tube formation analysis and no effect of VEGF was observable (Figure 6A
and B). Therefore, 5,000 and 8,000 cells of the new cell batch were tested and 100 ng/ml VEGF
were added to stimulate tube formation. With these seeding densities, more defined tubes were
achieved, but tube formation was not as pronounced as with the first batch and no difference was

measurable between VEGF-stimulated and unstimulated cells (Figure 6C and D).
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Figure 5: Pretests to find the optimal experimental conditions for further tube formation assays. Tube
formation with 10,000 to 50,000 cells/well (with 50 ng/ml VEGF) was observed 12, 16, 20 and
24 h after seeding. 20,000 and 30,000 cells/well led to the most defined tube networks and tube
formation was decreasing over time (A). A second tube formation assay with 20,000 and
30,000 cells/well and without VEGF stimulation (50 ng/ml) was conducted. The highest impact
of VEGF was observed with 20,000 cells/well after 8 — 10 h of incubation (B and C). The images
are showing an area of 2.5 x 2.5 mm each.
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Figure 6: Tube formation pretests with second batch of HDMEC. Cells from this batch grew much faster,
resulting in confluent cell layers with 10,000 and 15,000 cells/well with and without the presence
of 50 ng/ml VEGF (A). The automatic analysis of the total tube length was not accurate, as cells
were too dense (B). With 5,000 and 8,000 cells/well, more defined tubes were achieved (C) but
no effect of stimulation with 100 ng/ml VEGF was measurable (D). The images are showing an
area of 2.5 x 2.5 mm each.
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Abstract

Pathological retinal neovascularization is characteristic for the proliferative form of diabetic
retinopathy, as well as for retinopathy of prematurity. The current standard of care for these
diseases are retinal ablative therapy with laser photocoagulation, or the intravitreal injection of
anti-VEGF agents, like bevacizumab, ranibizumab or aflibercept. However, both therapies are
associated with potential severe adverse effects, often cannot stop disease progression or, especially
in case of retinopathy of prematurity, come along with high recurrence rates. Therefore, an
innovative nanoparticle formulation was designed for the therapy of neovascular eye diseases. For
this purpose, lipid nanocapsules were loaded with cyclosporin A and itraconazole, which have
formerly been shown to exhibit synergistic antiproliferative effects. A cyclic RGD-peptide was
used as surface modification to enhance the accumulation of nanoparticles in endothelial cells of
the proliferative vasculature. The nanocapsules were administered to mice intravenously via
injection into the retrobulbar venous plexus. The systemic availability was confirmed with
fluorescently labelled nanocapsules, and the detectability in blood, liver and retinal vessels was
investigated. In a second step, the effect of drug-loaded lipid nanocapsules was tested in a mouse
model of oxygen-induced retinopathy. A significant reduction of pathological neovascularizations
was achieved after a single injection with these nanoparticles, proofing their great therapeutic

potential.
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6.1 Introduction

While diabetic retinopathy (DR) is the leading cause of vision loss in working-age adults [1,2],
retinopathy of prematurity (ROP) is one of the major reasons for avoidable blindness in children
globally. In 2010, approximately 170,000 preterm babies worldwide developed some degree of
ROP [3] and the number of vision-threatening DR has been estimated to rise to 56.3 million by
2030 [1,2]. In both diseases, neovascularizations sprouting from the retinal vasculature are pivotal
driving forces for disease progression. The newly formed vessels are typically leaky, causing
edema and vitreous hemorrhage, they can induce retinal detachment due to tractional stress and,

therefore, lead to vision impairment and blindness [4—6].

DR as well as ROP are commonly treated with laser photocoagulation or the intravitreal injection
of anti-VEGF agents, like the VEGF-antibodies bevacizumab and ranibizumab or the soluble
VEGF-receptor aflibercept [7-12]. However, these treatment options can cause severe adverse
effects, like cataract, hemorrhage, constriction of the visual field or myopia [13—15]. Additionally,
DR progression can often not be stopped [8] and the recurrence rates in ROP remain high [11,16].
Against this background, there is a high demand for new therapeutic options. Over the last three
decades, a variety of nanoparticulate formulations has found its way into clinical application,
especially in cancer therapy [17]. As there are physiological parallels between the proliferative
vasculature in tumors and in retinopathies [18], nanoparticles might also open the door to new
therapies in this field. Our group has already demonstrated, that accumulation of nanoparticles in
healthy retinal vessels is achievable with RGD-peptides as targeting moieties [19]. These peptides
bind to the ayf3-integrin, which is highly upregulated in proliferative endothelial cells [20-22].
Therefore, it can be reasonably assumed that the particle accumulation is further increased in eyes
with pathological neovascularization. Also the enhanced vascular permeability of the newly formed

vessels might further promote nanoparticle deposition [23,24].

We chose cyclosporin A (CsA) and itraconazole as antiangiogenic cargo for our nanoparticles.
Both drugs have been shown to exert synergistic effects [25] and their intracellular targets make
them ideal candidates for a cell-specific delivery by integrin-binding nanocarriers. Additionally,
CsA could thwart the inflammation that essentially contributes to the angiogenesis and increased

vasopermeability in DR [26] as well as in ROP [27].
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In a first step, it was demonstrated that RGD-decorated nanoparticles significantly accumulate in
the retinal vasculature after systemic application. The therapeutic effect of the drug-loaded
nanocapsules was then investigated in a mouse model of oxygen-induced retinopathy (OIR). After
a single injection of RGD-nanoparticles loaded with CsA and itraconazole, the formation of
pathological blood vessels was significantly reduced. These results suggest that this novel
therapeutic approach might be a valuable option for the treatment or even the prevention of
neovascular diseases of the eye in the future and could, therefore, be a promising tool for the global

fight against vision loss.

6.2 Materials

Miglyol®812 (medium-chain triglycerides (MCT)) was purchased from Caesar&Loretz, Hilden,
Germany. Solutol®HS 15 (Poly(ethylene glycol (PEG))15-12-hydroxy-stearate with about 30%
free PEG) and Lipoid S75-3 (soy lecithin with 70% phosphatidylcholine) were kindly provided by
BASF, Ludwigshafen, Germany, and Lipoid, Ludwigshafen, Germany, respectively. 1,1'-
Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD oil) was obtained from
Thermo Fisher Scientific (life technologies), Waltham, USA (MA). 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide-PEG-2000] (DSPE-PEG-Mal) ammonium salt was
purchased from Avanti Polar Lipids, Alabaster, USA (AL). Cyclo-(Arg-Gly-Asp-D-Phe-Cys)
acetate salt (c(RGDfC)) was obtained from Bachem Distribution Service, Weil am Rhein,
Germany. Cyclosporin A (CsA) was a kind gift of Pharma Stulln, Stulln, Germany. Itraconazole
was purchased from Fagron, Barsbiittel, Germany. Fluorescein isothiocyanate (FITC)-dextran
(2000 kDa) was obtained from TdB Labs, Uppsala, Sweden. All other chemicals were purchased
from Sigma Aldrich, Taufkirchen, Germany. Ultrapure water was obtained from a Milli-Q water

purification system from Millipore, Billerica, USA (MA).

6.3 Methods

6.3.1 Preparation of LNC

The preparation of LNC was conducted in accordance with Heurtault et al. [28] with slight
modifications. Therefore, a mixture of 60% NaCl solution (1% in water), 1.5% Lipoid,

17.8% Solutol and 20.7% MCT was subjected to three heating and cooling cycles in which the

108



Methods

phase inversion temperature was passed in each step. In the last cycle, the 2.5-fold amount of water
at room temperature was added during the phase inversion to obtain stable LNC. For fluorescence
labelling, 1.4 (OIR-experiments) or 2.8 mg DiD per 100 mg LNC were added to the mixture before
the phase inversion process. The resulting preparations were filtered through a 0.22 um poly(ether
sulfone) syringe filter prior to further use. The concentration of LNC in the preparations was

calculated to be 106 - 107 mg/ml.

6.1.1 Loading of LNC with cyclosporin A and itraconazole

For drug-loaded LNC (CsIt-LNC), CsA was first dissolved in MCT at a concentration of 4.25 mg
CsA per gram MCT. Itraconazole was dissolved in methanol and added to the LNC ingredients
Solutol, MCT with CsA, Lipoid and fluorescence dye. The mixture was kept at 75°C for 30 min to
evaporate the methanol. Afterwards, NaCl 1% solution was added and the LNC were prepared in
the phase-inversion process described above. The concentration of drugs in the final preparation

was 0.14 ng itraconazole and 2.3 pg CsA per mg LNC.

6.1.2 Coupling of DSPE-PEG-Mal with c(RGDfC) and post-insertion into LNC

A 1 mg/ml solution of ¢(RGDfC) in Dulbecco’s phosphate buffered saline (DPBS) was added to
DSPE-PEG-Mal (12 mg/ml in DPBS) in a molar ratio of 2:1 and shaken for 2 h protected from
light. For post-insertion of the modified phospholipid into the LNC shell, the nanoparticles were
added in a ratio of 1:40 (c(RGDfC):LNC) and the mixture was incubated for 3 h at 37°C.
Subsequently, the post-inserted LNC (RGD-LNC or RGD-Cslt-LNC) were cooled down in an ice

water bath for 5 min.

The nanocapsules had a diameter of about 50 nm (Z-Average) before surface modification,
measured by dynamic light scattering with a Zetasizer Nano ZS (Malvern Instruments, Herrenberg,
Germany). Their diameter increased in the single digit nanometer range due to post-insertion. Their

poly dispersity index stayed below 0.05, indicating that no aggregation occurred.

6.1.3 Animal experiments

The mice used for the experiments described below were bred in-house in the animal facility of the
University of Regensburg. Animal experiments were carried out in accordance with the national

and institutional guidelines and were approved by the local authority (Regierung von Unterfranken,
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reference number: 55.2-2532-2-363) and the Animal Care and Use Committee

(Tierschutzausschuss) of the University of Regensburg.

6.1.4 Detection of LNC in tissue homogenates

Three adult mice were killed by cervical dislocation and their livers were removed. Half of each
liver served as control for background fluorescence. The other part was injected with LNC without
further modifications. The livers were cut in parts of 80 to 100 mg and homogenized together with
1 ml DPBS per 100 mg tissue using an Ultra-Turrax homogenizer (IKA Labortechnik, Staufen,
Germany). Homogenate samples of 150 ul were transferred into a well-plate with a direct
displacement pipette, and fluorescence spectra at an excitation wavelength of 635 nm were

recorded with an LS 55 fluorimeter (Perkin Elmer LAS, Rodgau-Jiigesheim, Germany).

6.1.5 Retrobulbar injection of LNC in mice

The systemic availability and accumulation of RGD-LNC in the retina was investigated 1 h and
24 h after intravenous application. Therefore, eight mice at postnatal day 14 (P14) were
anesthetized with inhalatory isoflurane and 10 ul fluorescent RGD-LNC were injected into the
retrobulbar venous plexus of each eye (0.3 mg total dose per mouse). Six mice were killed 1 h and
three mice were killed 24 h after the injection by cervical dislocation, and blood was collected. The
eyes were enucleated, fixed in 4% paraformaldehyde (PFA) for 2 h and washed with DPBS, before
retinal whole mounts were prepared. Therefore, the eye cups were dissected, the anterior part was
removed, and four radial cuts were made in the retinae to allow flatmounting with Mowiol
mounting medium (Carl Roth, Karlsruhe, Germany). The specimens were examined by laser
scanning microscopy with a Zeiss Axiovert 200 microscope combined with an LSM 510 laser-
scanning device using a 40x Plan-Neofluar (NA 1.3) oil immersion objective (Zeiss, Jena,
Germany). Nanoparticle fluorescence was excited at 633 nm and recorded using a long-pass
emission filter at 650 nm. Tissue autofluorescence was excited with a 488 nm laser and detected
by using a 505 to 530 nm bandpass filter. For image acquisition and processing AIM 4.2. (Zeiss,
Jena, Germany) was used. LNC fluorescence was displayed in red. Liver homogenates were
prepared as described above. LNC fluorescence in blood and liver homogenates was excited at
640 nm and recorded at 680 nm with an Omega FLUOstar plate reader (BMG Labtech, Ortenberg,
Germany). Nine uninjected mice served as control and their liver and blood were used as blanks

for the respective fluorescence measurements.
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Figure 1: Schematic illustration of the retinal development and interventions in the OIR model (modified
from [29]). During the first 6 days, mouse pups were kept in normal room air, enabling a
physiological vascular development. From P7 until P12, the litters were exposed to 75% oxygen.
This leads to the suppression of angiogenic factors, like VEGF, and results in a loss of retinal
vessels. The pups were put back into normal atmosphere on P12 and LNC were injected in the
treatment groups. As a result of oxygen deficiency and induced overexpression of angiogenic
factors, pathological neovascularizations with leaky and tufting vessels are formed over the next
days. Mice were sacrificed at P17 for subsequent analysis of retinal flatmounts.

6.1.6 Mouse model of oxygen-induced retinopathy

Figure 1 gives an overview over the changes in the retinal vasculature and the interventions in the
OIR model. The Mouse pups (129/SV) with their mothers were exposed to hyperoxia with 75%
oxygen from P7 to P12, to induce vaso-obliteration as first phase of OIR [29]. The animals were
then returned to room air, the pups were randomly allocated to the RGD-CsIt-LNC, RGD-LNC or
the control group. It was ensured that there was no significant difference in weight and weight gain
between the treatment groups before and after the oxygen treatment, as these factors are known to
influence the extent of oxygen-induced retinopathy [30,31]. In the nanoparticle treatment groups,
LNC were administered by retrobulbar injection of 10 ul LNC per eye in short-term anesthesia
using inhalatory isoflurane. The total dose of LNC was 0.1 mg for each mouse pup in the RGD-
LNC or RGD-Cslt-LNC group. On P17, mice were deeply anesthetized by intraperitoneal injection
of 20 - 30 pl of 7.5% Ketamin and 0.5% Xylazin and perfused through the left ventricle with 5%
FITC-dextran in Tris-buffered saline. The eyes were enucleated and fixed in 4% PFA for 1 h.
Retinal whole mounts were prepared as described above and fluorescence images were obtained

with an Axio Imager Z1 equipped with a Plan-Neofluar 10x/0.30 M27 objective (Carl Zeiss
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Microscopy, Jena, Germany). For quantitative analysis the total area of the flat-mounted retina, the
area of the avascular zone as well as the area of tufting and vascular tortuosity (tuft area) were

determined [29] using the Zen Software (Carl Zeiss Microscopy, Jena, Germany).

6.1.7 Statistical analysis

If not stated otherwise, data are expressed as mean =+ standard deviation. Graphical analysis and
outlier tests were performed with Origin 2016. Other statistical analysis was conducted with
SigmaPlot 12.0. In the animal experiments, n represents the number of animals. When both retinae
from one mouse were analyzed, the mean result was used for statistical analysis. The number of

retinae r included in the analysis is given in brackets after n (n = n(r)).

6.2 Results and discussion

6.2.1 Detection of LNC in tissue homogenates

The nanoparticles used in this work were labelled with lipophilic fluorescent dyes to enable
concentration determination after surface modification and to allow for detection in body tissues.
One of the applied detection methods was fluorescence microscopy, which gives an important
insight into the interaction of nanoparticles with cells and into their exact location in tissues. But,
on the other hand, it provides only little information about the actual concentration of particles in
different tissues and, only small tissue samples can be considered for the analysis instead of whole

organs [32].

There are numerous methods for the quantification of nanoparticles in body tissues, for example
the extraction of encapsulated drugs and the subsequent quantification by HPLC with a suitable
detection method [33] or the quantification of specific elements in inorganic nanoparticles by
inductively coupled plasma mass spectrometry [34]. The extraction of drugs for further
quantification is a process which has to be developed and validated carefully. On the one hand, the
substance of interest needs to be extracted as completely as possible and, on the other hand, other

compounds that might interfere with the detection need to be removed.

The quantification of fluorescence in tissue homogenates without previous extraction with solvents
is, therefore, very appealing, but it might be hindered by quenching effects or tissue

autofluorescence [32,35]. The excitation and emission maxima of DiD are located approximately

112



Results and discussion

at 644 and 665 nm, respectively. This long-wave emission can pass through tissues and, can

therefore be detected without prior extraction.
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Figure 2: Fluorescence spectra of liver homogenates spiked with different concentrations of LNC at an
excitation wavelength of 635 nm. The fluorescence of DiD (Aem = 665 nm) is clearly detectable
and there is no significant tissue autofluorescence that might interfere with DiD detection. The
fluorescence intensity at 665 nm corresponds linearly with the LNC concentration (inset).

To make sure that the detection is indeed not hampered by the surrounding matrix, liver as model
tissue was spiked with different doses of LNC. The fluorescence spectra of the spiked and control
liver homogenates are shown in Figure 2. No significant background fluorescence of the control
tissue was measured at the emission maximum of DiD (Aem = 665 nm) and there was a linear
correlation between the calculated LNC concentration per gram tissue and the measured
fluorescence intensity (inset in Figure 2). Therefore, the direct measurement of DiD fluorescence

in tissue homogenates was used for LNC quantification in the further experiments.

6.1.1 Accumulation of LNC in retinal vessels 24 h after retrobulbar injection

Retro-orbital injection into the retrobulbar venous plexus is an alternative to more common
injection sites, like the tail vein or the jugular vein, and is advantageous especially in young or

highly pigmented mouse pups. It can be conducted in inhalatory short-term anesthesia and without
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surgical procedure [36]. Because successful administration of nanoparticles was crucial for the
investigation of their therapeutic potential, the systemic availability after the retrobulbar injection
was tested. One hour after administration of 0.3 mg RGD-LNC, the concentration of LNC in the
collected blood samples was 101 + 39 pg/ml (n = 5). One mouse was excluded from the analysis,
as not enough blood could be collected. These data proof the systemic availability of LNC after
retrobulbar injection. The mouse pups had a mean weight of 6 g and the blood volume of adult
mice is assumed to be about 80 to 96 ml/kg [37,38]. Although these values might not apply exactly
to mouse pups at that age, their total blood volume can be roughly estimated from them to be about
0.5 to 0.6 ml. Therefore, approximately one fifth of the injected dose was remaining in the
circulation after one hour. This is comparable with the results of Hoarau et al. for PEGylated lipid

nanocapsules with a similar PEG-length and amount [39].

Control

Figure 3: Example images of retina specimens of a control mouse (no injection) versus animals 1 h and
24 h after injection of 0.3 mg fluorescent RGD-LNC. After 1 h of circulation, LNC are already
detectable in the retinal vessels. After 24 h LNC fluorescence in the retina has further increased,
despite the decreased LNC concentration in the systemic circulation. This shows that RGD-LNC
significantly accumulate in retinal vessels.

LNC were also detectable in the retinal whole mounts at this time point, but no pronounced
accumulation was observed here (Figure 3). As the blood was not removed from the organs before
microscopy, the presence of LNC in retinal vessels might also be attributed to the high LNC
concentration in the general circulation at this time point. A high blood half-life is advantageous
for a targeted therapy, as it gives the nanoparticles the chance for specific interaction with the
receptor of interest before they are cleared from the circulation. Therefore, it is a promising sign

that one hour after administration the nanoparticle concentration in the blood is still relatively high.
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After 24 hours from administration, an accumulation of RGD-LNC in the retinal vessels was
clearly observed (Figure 3). The LNC concentration in the blood had dropped to only 6 + 4 pg/ml
(n = 3) at this time point, so the LNC fluorescence observed in the retinal whole mounts was most
likely not originating from the blood remaining in the vessels. The LNC concentration in the liver
was determined to be 156 = 11 pg/g tissue. A high accumulation in the liver is typical for the
biodistribution of nanoparticles [40]. Nevertheless, the accumulation of RGD-modified LNC in the
retinal vessels as a pivotal requirement for their therapeutic application was clearly proven in this

experiment.

6.1.2 RGD-Cslt-LNC significantly reduce tufting in the mouse model of OIR

The exposure to increased oxygen levels in the phase from P7 to P12 suppresses the physiological
production of proangiogenic factors and consequently leads to a retinal vessel loss. As a result,
when mice are brought back to room air, there is a lack of oxygen in the retina and proangiogenic
factors are overexpressed. This leads to pathological vessel growth at the edge of the avascular
zone with dilatated, leaky vessels that are sprouting into the vitreous body (tufting). The extent of
pathological neovascularizations increases from P12 to P17 (Figure 1), before the tufting starts to
regress and the vasculature normalizes again [11,41,42]. The area of the avascular zone (AVZ) as
well as the area of tufting and vascular tortuosity (tufts) can be determined after perfusion with

FITC-dextran and can be assessed in relation to the total retinal area.

Seven pups were treated with RGD-Cslt-LNC, four mice were injected with RGD-LNC without
drug loading and eight mice were in the control group without treatment. Some of the retina
specimens had to be excluded from the analysis due to insufficient perfusion or because the central
area of retinae was damaged during preparation which hinders the correct measurement of the AVZ
area. One animal from the RGD-CsIt-LNC group was excluded from statistical analysis as a
significant outlier (Grubbs test, p < 0.05) but is represented in Figure 4D and E. In the RGD-LNC
group, only one mouse (two retinae) could be analyzed and, therefore, this group was not taken
into account for statistical analysis and two-tailed t-test was performed to compare the RGD-Cslt-

LNC with the control group.

Regarding the avascular area (Figure 4B and D), no significant difference between these two
groups was observed (p = 0.16). The AVZ proportion of the total area was 2.81% + 1.91% for the
control group (n=6(11)) and 1.42% £ 0.63% (n=6(12)) in the RGD-Cslt-LNC group. After
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RGD-LNC treatment, the AVZ proportion was 1.88% (n = 1(2)). According to this result, the
treatment had no effect on the revascularization of the retina. VEGF is an important physiological
factor for the development and recovery of retinal vessels [43] and although its inhibition can

reduce pathological neovascularization, this might come at the cost of a delayed reperfusion of
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Figure 4: Representative image of a retinal flatmount with FITC-dextrane perfused vasculature
(green) (A-C). The avascular zone (B) and the areas of pathological neovascularization with
dilatated and tufting vessels (C) were quantified in relation to the total retinal area (D, E). There
was no significant difference in the relative area of the avascular zone between RGD-CslIt-LNC-
treated mice and the untreated control group (D), but RGD-CsIt-LNC significantly reduced the
area of tufting (E). Statistical significance (*) in the difference between the RGD-CsIt-LNC group
and the control group was assessed by two-tailed t-test (p < 0.05). One data point (gray) was
excluded as significant outlier (Grubbs test, p < 0.05).
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avascular zones [44]. Keeping this in mind, it is promising that the LNC treatment had no such side
effects and the avascular area was not increased compared to control mice. In another study,
aflibercept did not accelerate the recovery of retinal vessels until P17, but the treated mice showed
a better vascularization on P25 than untreated controls [45]. A later time point of analysis might,
therefore, reveal more details about the influence of the nanoparticle treatment on the retinal

recovery.

The tuft area in contrast, as shown in Figure 4C and E, was significantly reduced from
0.76% £ 0.40% (n = 8(15)) in the control group to 0.28% + 0.22% by treatment with RGD-Cslt-
LNC (n=6(12); p-Value 0.033). The relative tuft area in the RGD-LNC-treated pups was
0.04% (n = 1(2)). These results show that RGD-Cslt-LNC are capable of reducing the pathological
neovascularization significantly. As no statistical comparison to the RGD-LNC treatment was
possible, it needs to be further evaluated whether the improvement of the vascular status is a result
solely of the cyclosporin A-itraconazole combination or also an effect of the integrin ligand
c¢(RGDfC). This RGD-peptide itself is known to exert antiproliferative effects [46—48] and might,

therefore, contribute to the inhibition of neovascularizations.

6.2 Conclusion

After the accumulation of RGD-modified quantum dots in retinal vessels has already been shown
by Pollinger et al., it could be proven in this work that also RGD-conjugated lipid nanocapsules
are capable of targeting the retinal vasculature. A high proportion of LNC, which carried the
c(RGD1C)-peptide on their surface, was still circulating in the systemic blood flow one hour after
the injection. The nanoparticles showed pronounced accumulation in the retinal vessels, but also
in the liver, 24 h after administration. It was demonstrated in a mouse model of oxygen-induced
retinopathy that a single injection of RGD-LNC loaded with cyclosporin A and itraconazole
significantly reduced the development of tufting and vasodilatation without hampering retinal
reperfusion. The respective contribution of the RGD-peptide, cyclosporin A, itraconazole and the
combination of both should be further investigated to optimize this therapy. The presented results
already rise hope that an effective therapy for proliferative DR and ROP without the need for

destructive laser ablation or intravitreal injections is possible.
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7.1 Summary

Non-physiological angiogenesis is a mutual complication of the proliferative forms of diabetic
retinopathy (DR), age-related macular degeneration (AMD) and retinopathy of prematurity
(ROP), and can lead to severe vision loss or even blindness. There is a great unmet need for more

efficient and at the same time less invasive therapies for these diseases (Chapter 1).

The focus of this thesis was on the development of a nanoparticulate system for the targeted
therapy of proliferative diseases of the posterior eye segment. This was realized with lipid
nanocapsules (LNC) as versatile carriers for lipophilic drugs and a cyclic RGD-peptide as
targeting motif to deliver cyclosporin A (CsA) and itraconazole (Itra) directly to their side of
action (Chapter 2). CsA and Itra show promising synergistic antiangiogenic properties in vitro,
but due to off-target side effects the free drugs are unlikely to make their way into the therapeutic
portfolio for proliferative DR, AMD or ROP. The specific transport to proliferating endothelial

cells by nanoparticles could help to overcome these obstacles.

LNC are highly appealing as nanocarriers, as they can be prepared in a solvent-free process with
various sizes and surface modifications. Size and surface charge are known to essentially
determine a nanoparticle’s fate in the body. In this context, it was an important step in the present
work to reveal the exact relation between LNC diameter and the ratio of surfactant and lipid
phase in the LNC composition. With this knowledge, particles with defined diameters between
approximately 20 and 100 nm could be precisely prepared. Additionally, it was shown that the
surface charge of LNC can be switched to positive values by the introduction of an aminated
poly(ethylene glycol) (PEG)-cetyl/stearyl alcohol. This might enhance the particle uptake into
cells but was shown to come at the cost of a higher toxicity and was, therefore, not used in the
further development of therapeutic LNC. A complete and stable encapsulation of CsA and Itra in
LNC was achieved (Chapter 3).

The endothelial-cell specific targeting with LNC was realized by the conjugation of
cyclo(RGD1C) to a PEGylated phospholipid and subsequent post-insertion into the LNC shell.
The extent of RGD-grafting under different reaction conditions was evaluated, and it was
demonstrated that previous chemical reduction of the peptide with tris(2-carboxyethyl)phosphine
is not necessary and can even hamper the reaction. Utilizing the effect of fluorescence resonance

energy transfer (FRET), it could be shown that once post-inserted, the phospholipid stays stably
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anchored in the LNC shell. This is crucial for the peptide to fulfill its targeting task after systemic
application. It was demonstrated in vitro that RGD-grafted LNC are massively taken up into
endothelial cells, especially in the presence of serum, and that this enhanced cellular interaction

does not adversely affect the tolerability of LNC (Chapter 4).

In the next step the effects of RGD-modified and drug-loaded lipid nanocapsules on endothelial
cells were investigated in-vitro. RGD-LNC were able to completely inhibit vascular endothelial
growth factor (VEGF)-induced proliferation even without encapsulated drugs, confirming that the
c¢(RGDfC)-peptide not only enables the internalization into the target cells, but also exerts a
therapeutic effect. Loading of LNC with Itra and CsA could not further enhance this effect on
cultured cells. Also, the influence on the expression of hairy/enhancer of split-related protein 1
(HEY-1) and the angiogenesis associated migratory cell protein (AAMP), two markers for the
intracellular effects of CsA and Itra, respectively, was unexpectedly low. One reason might be an
insufficient drug release from LNC. But it needs to be kept in mind that, although in-vitro models
are undoubtedly useful to gather information about the potential of a new therapeutic approach,
their outcome highly depends on the specific experimental conditions. Especially in the tube

formation model, a poor reproducibility obstructed significant results (Chapter 5).

Additionally, in-vitro models cannot fully represent the complex pathological mechanisms of
proliferative eye diseases and the role of nanoparticle biodistribution so far. For this reason, the
in-vivo distribution and therapeutic effect of LNC was further investigated in animal experiments.
It was demonstrated that RGD-LNC strongly accumulate in the retinal vessels after intravenous
administration. A mouse-model of oxygen-induced retinopathy was utilized to mimic the
pathological process of retinal neovascularization. In this model, a single injection of RGD-LNC
loaded with cyclosporin A and itraconazole significantly reduced the development of tufting and

vasodilatation without impeding retinal reperfusion (Chapter 6).
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7.2 Conclusion

This work underlines the potential of LNC as carrier platform for diverse therapies due to their
versatile possibilities for size and surface charge adjustment and functionalization. It was
confirmed that RGD-grafted LNC are a highly promising approach for the treatment of
proliferative ophthalmic diseases. The RGD-peptide enables a targeted accumulation in
proliferating endothelial cells and RGD-LNC have been demonstrated to be capable of blocking
VEGF-induced cell proliferation. They were shown to be massively taken up into endothelial
cells in vitro and to strongly accumulate even in healthy retinal vessels in vivo. This allows active
ingredients to be delivered selectively to pathological neovascularizations while avoiding side-
effects on off-target tissues. For the combination of CsA and Itra, this is highly appealing. The
drugs were successfully co-encapsulated in LNC. The downside of this stable encapsulation is
that the therapeutic effect of drug-loaded LNC might be hampered by an insufficient drug release.
Nevertheless, a single injection of drug-loaded RGD-LNC significantly reduced pathological
vessel growth in oxygen-induced retinopathy. These results underpin that RGD-modified

nanoparticles bear great potential as innovative therapy for neovascular ophthalmic diseases.
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Abbreviations

AAMP

AGE

AMD
ANOVA
AVZ

basal medium
BRB

BSA

¢(RGDfC)

CLSM
CNV
cryo-TEM
CsA

Cslt
CsIt-LNC
CTGF

cyclo(RGDfN(Me)V)

DCM
DCP
DEE
DiD
Dil

DiO
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angiogenesis associated migratory cell protein
advanced glycation end products

age-related macular degeneration

analysis of variance

avascular zone

Endothelial Cell Basal Medium MV

blood retina barrier

bovine serum albumin

cyclic arginine-glycine-aspartate-D-phenylalanine-cysteine
peptide

confocal laser scanning microscopy

choroidal neovascularization

cryogenic transmission electron microscopy

cyclosporin A

combination of cyclosporin A and itraconazole

lipid nanocapsules loaded with cyclosporin A and itraconazole
connective tissue growth factor

cyclic arginine-glycine-aspartate-D-phenylalanine-N-
methylvaline peptide

dichloromethane

deep capillary plexus

diethyl ether
1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine
1,1'-Dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine

3,3‘-dioctadecyloxacarbocyanine



Abbreviations

DLS
DMSO
DNA
DPBS
DR
DSPE

DSPE-mPEG

DSPE-PEG-Mal

DTT

EDTA

EMEM

FACS

FCS

FRET

GAPDH

GCL

GCLP

growth medium
HDMEC
HESR-1/HEY-1
HPLC

iBRB

IC50

ICP

dynamic light scattering

dimethyl sulfoxide

deoxyribonucleic acid

Dulbecco’s phosphate buffered saline
diabetic retinopathy
distearoyl-sn-glycero-phosphoethanolamine

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(PEG)-2000]

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol )-2000]

dithiothreitol

ethylenediamine-tetraacetate

Eagle’s Minimum essential Medium

flow cytometry (fluorescence-activated cell sorting)
fetal calf serum

fluorescence resonance energy transfer
glyceraldehyde 3-phosphate dehydrogenase
ganglion cell layer

ganglion cell layer plexus

Endothelial Cell Growth Medium MV

human dermal microvascular endothelial cells
hairy/enhancer of split-related protein 1

high pressure liquid chromatography

inner blood retina barrier

half-maximal inhibitory concentration

intermediate capillary plexus
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INL Inner nuclear layer

IPL inner plexiform layer

IS photoreceptor inner segments

Itra itraconazole

LPC laser photocoagulation

LNC lipid nanopcapsules

MCT medium-chain triglycerides
mPEG-LNC lipid nanocapsules post-inserted with DSPE-mPEG
MPS mononuclear phagocyte system
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
MWCO molecular weight cut off

NFAT nuclear factor of activated T-cells
NFL nerve fiber layer

NFLP nerve fiber layer plexus

NMR nuclear magnetic resonance

NTA nanoparticle tracking analysis
NV neovascularization

oBRB outer blood retina barrier

OIR oxygen-induced retinopathy
ONL outer nuclear layer

OPL outer plexiform layer

OS photoreceptor outer segments
PCR polymerase chain reaction

PDI polydispersity index

PDT photodynamic therapy
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PI
qPCR
RGD

RGD-CsIt-LNC

RGD-LNC
RNA

ROP
RPCP

RPE
RT-PCR

S

SA
SAMSA-fluorescein
SvC
TCEP
THF

TRIS

uv

VEGF
VEGFR-2

Z-Av

poly(ethylene glycol)

post insertion

quantitative polymerase chain reaction
arginine-glycine-aspartate peptide

lipid nanocapsules modified with RGD and loaded with
cyclosporin A and itraconazole

lipid nanocapsules with RGD-modification
ribonuleic acid

retinopathy of prematurity

radial peripapillary capillary plexus

retinal pigment epithelium

reverse transcription PCR

Sympatens

Sympatensamine
5-((2-(and-3)-S-(acetylmercapto) succinoyl) amino) fluorescein
superficial vascular complex
tris(2-carboxyethyl)phosphine
tetrahydrofuran
Tris(hydroxymethyl)aminomethane
ultraviolet

vascular endothelial growth factor

vascular endothelial growth factor receptor 2

Z-Average
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