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Main Part





Chapter 1

General Introduction



1.1. VISION AND THE HUMAN EYE

1.1 Vision and the Human Eye

Vision is a complex interplay of a multitude of highly specialized cells. Ba-
sically, the eye captures optical stimuli and translates them into biochemical
signals. These signals are conducted via the optic nerve fibres to dedicated
areas in the brain, where the images are assembled.

The human eye is able to detect electromagnatic radiation within a wave-
length of approximately 400 to 700 nm. This is the range of visble light. The
gross anatomy of a human eye is illustrated in figure 1.1. The diameter of an
adult human eyeball is not ideally spheric. Its dimensions are approximately
24.2 mm (horizontal), 23.7 mm (vertical) and 22.0 mm to 24.8 mm (axial) [1].

1.1.1 Following the Pathway of Light

Incoming light passes the transparent and avascular cornea (refer to a in fig-
ure 1.1) first. Thereby light encounters the multilayered corneal epithelium,
BOWMAN’s layer (a basal membrane), the corneal stroma, the DESCEMENT’s
membrane (another basal membrane) and the monolayered corneal endothe-
lium [2]. At about 90 % of its thickness, the stroma is the main part of the
cornea. It comprises keratocytes as the major apparent cell type, embedded
in lamellar, highly uniform collagen fibrils and a complex extracellular ma-
trix (proteoglucans) [3]. These components are precisely organized in order
to maintain the corneal transparency. The collagen fibrils have a diameter of
approximately 32 nm and a center-to-center interfibrillar spacing of 62 nm [4],
so that ligth scattering effects are negligible. However, the cornea blocks most
of the harmful ultraviolet radiation in order to protect the retina (refer to j in
figure 1.1) [5].
Subsequently, remaining light passes the anterior chamber (refer to b in figure
1.1) until they reach the lens (refer to g in figure 1.1). Thereby, the amount of
entering light is regulated by the iris (refer to c in figure 1.1). The iris carries
pigmented cells blocking excessive incoming light like a shutter. The pupil is
the central opening of the iris. Its size can by adjusted by dilation or restriction
of the iris, so that the amount of incoming light is finally regulated [5]. The
lens has a remarkable refractive index and focusses the incoming light onto
the retina. In the lens only a monolayer of epithelial cells show proliferative
activity. These cells migrate over the lens equator and differentiate into lens
fiber cells. The fiber cells build the dense layer-like lens structure [6]. They ac-
cumulate proteins called crystallins, which are responsible for the remarkable
high refractive index [7]. Their dense and organized packaging is the origin of
the transparency of the lens similarly to the transparancy of the cornea [5]. The
lens is a polar structure. Its growth is precisely balanced by a complex interplay
with retinal and corneal cells. Soluble factors like the fibroblast growth factor
migrate across the vitreous (refer to h in figure 1.1) and the aqueous humor
(anterior and posterior chamber - b and d in figure 1.1). While the epithelial
cells are exposed to the aqueous humor, the fiber cells are in contact with the
vitreous humor. Inhere the lens equator is the border [6]. Consequently, the
lens is not comparable to a rigid glass lens of optical instruments.
The ciliary zonule (refer to f in figure 1.1) build the lens suspension. They are
originating at the ciliary body (refer to e in figure 1.1) and hold the lens in place.
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1.1. VISION AND THE HUMAN EYE

Figure 1.1: Gross anatomy of the human eyeball: Cornea (a), Anterior cham-
ber (b), Iris (c), Posterior chamber (d), Ciliary body (e), Ciliary zonule (f),
Lens (g), Vitreous humor (h), Residual hyaloid canal (i), Retina (j), Choroid (k),
Sclera (l), Fovea (m), Optical disc (n) and Optic nerve (o).

The ciliary body consists of a double-layer epithelium, ciliary muscles and the
already mentioned ciliary zonule. The outer epithelium cell layer of the ciliary
body is a prolongation of neuronal retinal cells, while the subordinated layer
is the direct prolongation of the retinal pigment epithelium (RPE) cells. The
contraction of the ciliary muscles occurs coincidentally with a diminution of
the zonular fibre tension, changing the flatten lens shape into a bulbar lens
shape. So light originating from objects below a distance of 6 m can be focused
onto the retina [5]. This process is called accomodation. It adjusts the degree
of refraction and enables sharp vision for different object distances.

1.1.2 Ocular Fundus

As already mentioned above, incoming light is cleared of the harmful, ultra-
violet share, regulated with respect to its intensity and focussed on the fovea.
The fovea is a small avascular pit (refer to m in figure 1.1) in the centre of the
macula lutea. The macula lutea is the location of the sharpest vision within the
retina (refer to j in figure 1.1). Within the retinal tissue incoming light is trans-
lated into biochemical signals. These signals are transmitted via ganglion cells
and the optical nerve (refer to o in figure 1.1) to the brain. The retina comprises
a unique and complex cytoarchitecture that is schematically depicted in figure
1.2 (left side).
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1.1. VISION AND THE HUMAN EYE
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Figure 1.2: Left: Schematic drawing of the ocular fundus. Right: Cross-
section through the retinal fundus of an adult murine eye. [Vitreous hu-
mor(VH), Nerve fiber layer (NFL), Ganglion cell layer (GCL), Inner plexiform
layer (IPL), Inner nuclear layer (INL), Outer plexiform layer (OPL), Outer nu-
clear layer (ONL), Interphotoreceptor layer (IPM), Retinal pigment epithelium
(RPE), Choroid (Ch), Sclera (Sc), Inner limiting membrane (ILM), Astrocyte
(Ast), Vasculature (vas), Ganglion cell (Gg), Microglial cell (MIG), Amacrine
cell (Am), Bipolar cell (Bp), Horizontal cell (Hz), Endothelial cell (EC), Peri-
cyte (PC), Mueller cell (ML), Rod (Rd), Cone (Co), Outer limiting membrane
(OLM), Inner segment (InS), Outer segment (OuS), BRUCH’s membrane (BM)
and Choriocapillaris (ChC)
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1.1. VISION AND THE HUMAN EYE

Retinal Pigment Epithelium

The outer distal layer of the human retina is built by RPE cells, appearing
with a hexagonal tile-shape (plan view). They are densely packed form-
ing a tight monolayer. The cell density is decreasing from the foveal area
(4220± 727 cells /mm2) to the periphery (1600± 411 cells /mm2) [8]. This
means that the size of RPE cells increases to the periphery as well. An adult
eyeball comprises approximately 3.5× 106 RPE cells [8]. At the retina’s pe-
riphery the RPE cells merge directly into the subordinated epithelium cell
layer of the ciliary body. RPE cells absorb light via melanin that is enriched
in melanosomes [9]. These pigments capture scattered light and protect the
photoreceptors from excessive light exposure. On the apical side, RPE cells
form long microvilli surrounding the light sensitive outer segment of the
photoreceptors as it is illustrated in figure 1.2. This increases the cell sur-
face tremendously and enables the exchange of nutrients, water, ions, oxygen,
retinol and any other essential biomolecule. Moreover, RPE cells have a unique
barrier function, which is discussed in section 1.3.

Retinal Neurons

There are two types of photoreceptors, that are embedded into the RPE mi-
crovilli:

• rods and

• cones.

The retina of a human eye hosts round about 120× 106 rods and 10× 106

cones [5]. Rods are extremely sensitive to light and enable light-dark vision.
On the contrary, cones are mainly situated in the central retina. There are three
types of cones responding to different wavelength ranges and facilitating the
color vision. However, cones need a higher light amount, so that the color
vision is better working during day time. For both types of photoreceptors
the vitamin-A-derivative 11-cis-retinal translates incoming photons into bio-
chemical signals. 11-cis-retinal is associated to a heptahelical, transmembrane
G-protein called opsin. Once a photon hits a 11-cis-retinal molecule, the trans-
ferred energy can cause the transformation to all-trans-retinal and initiates a
signalling cascade [10]. Subsequently, there is a couple of intermediates until
light-sensitive 11-cis-retinal is recovered. RPE cells are indispensible in this
regeneration (retinoid cycle). Opsin is a generic term covering a family of pro-
teins. For instance rhodopsin is an opsin that is present in rods, while cones
host photopsins (S-, M- or L-photopsin). Opsins respond to different wave-
length ranges, they are located in the membrane of stacked discs inside the
photoreceptors. Since the mentioned regeneration cycle requires the interplay
with RPE cells, the stacked discs are basically situated in the distal photore-
ceptor part (outer segment of the photoreceptors). The corresponding retinal
layer is termed interphotoreceptor layer. It is clearly segregated by the outer
limiting membrane (refer to figure 1.2).

The overlying layer is the outer nuclear layer that is dominated by the pho-
toreceptors’ nuclei. This is very characteristic and can be easily recognized in

7



1.2. SUPPLY OF RETINAL TISSUE

a microscopic image as it is depicted in figure 1.1 (right side). The generated
signals are vertically transmitted through bipolar cells in the inner nuclear
layer to the ganglion cells (refer to figure 1.2). The ganglion cells generate
action potentials that are conducted via the nerve fibers. Eventually, the nerve
fibers merge to form the optic nerve when they exit the eye and conduct the
action potentials to the brain. In the region where outer nuclear layer and
inner nuclear layer as well as inner nuclear layer and ganglion cell layer are
approximating, their synaptic connections arise. These connective regions are
the plexiform layers, namely outer and inner plexiform layer. Aside, the verti-
cal signal transduction, amacrine cells and horizontal cells mediate a horizonal
signal transduction. The role of these cells is not absolutely unveiled, but they
are modifying the generated signals. For instance, it is known that horizontal
cells give a negative feedback to photoreceptors, while amacrine cells are ad-
justing the retinal light sensitivity during the circadian cycle [11, 12]. Hence,
the horizontal signal transduction is similarly important as the vertical one.

Retinal Glia

Beyond retinal neurons, there are a multitude of glial cells taking supporting
and protecting functions. The principal glial cells are the Mueller cells. Their
nuclei are situated in the inner nuclear layer while their dendrites span almost
all retinal layers (refer to figure 1.2). Mueller cells form the core of radial orga-
nizational units comprising photoreceptors and retinal neurons [13]. They en-
compass photoreceptors tightly to control the supply of nutrients and the elim-
ination of waste products. Mueller cells regulate the electrolyt homeostasis in
the extracellular fluid and support the synaptic activity by recycling of neuro-
transmitters [14–17]. Furthermore, researchers report additional functions like
light-guiding properties, mechanical strength, viscoelasticity, autocrine func-
tions and regenerative potentials [18–21].
Astrocytes are preferentially located around retinal blood vessels [22]. They
support the development of retinal vasculature and even emerge in species
possessing retinal angiogenesis [23]. Moreover, astrocytes control the trans-
port of biomolecules from the retinal capillaries to the retinal neurons and
clear metabolites in turn [13]. Mueller cells and astrocytes correspond to the
macroglia.

Apart from that, microglial cells are distributed in the human retina be-
tween the nerve fiber layer and the outer nuclear layer. They originate form
hematopoetic progenitor cells and migrate into the retina during early em-
bryonic phases. Microglial cells are macrophage-like cells defending against
pathogens and degrading apoptotic neurons as well as cellular debris. Fur-
thermore, microglial cells support the sculpturing of neuronal and vascular
architecture. Inhere the synaptic refinement is particularly important [24–26].

1.2 Supply of Retinal Tissue

In general, the human retina is supplied by the choroidal and the retinal vas-
culature. The choroidal vessels are situated beneath the retina in the choroid

8



1.2. SUPPLY OF RETINAL TISSUE

as it is indicated in figure 1.1 k. The choroid supplies the outer retina. On
the contrary, retinal vessels grow through the hyaloid of the optic nerv, enter
the vitrous body and migrate alongside the inner limiting membrane to the
periphery. Thereof, they sprout vertically to reach and supply the inner retina.
Retinal vessels do not sprout beyond the outer plexiform layer under physi-
ological conditions [27]. The retinal vessel density is raised in specific layers
and form several plexuses as it is depicted in figure 1.3.

1.2.1 Choroidal Vasculature

Choroidal vessels form a network of capillaries closely beneath the retina. This
is the choriocapillaris, predominantly delivering outer retina with essential
biomolecules (e.g. oxygen, water, ions, nutrients and retinol). Furthermore,
waste products and metabolites are cleared through the choriocapillaris into
the systemic circuit. The innerphotoreceptor layer is an avascular area, that is
separated from the choriocapillaris by the outer blood-retinal barrier (oBRB).
The oBRB controls the exchange of every biomolecule or metabolite passing
this barrier. It is extensively discussed in section 1.3. The tissue-weighted
blood perfusion in the choriocapillaris accounts 14 000 ml min−1 kg−1 [9]. This
is 3.5 times the blood perfusion of the kidneys [30]. Such an outstanding high
blood perfusion indicates the extreme metabolic rate in the photoreceptors
that follows the rapid aging of strongly light exposed tissue. Furthermore,
the high blood perfusion is necessary to cool the retinal tissue and maintain
the homeostasis. Interestingly, the oxygen saturation in the choriocapillaris is
90 %, whereas it accounts only 45 % in the retinal vasculature [9]. This means
that the oxygen consumption is cleary higher in the retinal vasculature.

1.2.2 Retinal Vasculature

Retinal vessels appear with a completely different architecture. Retinal vessels
originate from the optical nerve disc, where vascular endothelial cells (ECs)
migrate to the retinal periphery. Nowadays, it is known that ECs are not pas-
sive gatekeepers, but tissue-specific conductors playing a key role in the tissue
regeneration and the homeostasis. Capillary ECs secrete and respond to a mul-
titude of angiocrine factors [31]. Vascular endothelial growth factor (VEGF) is
the most prominent one. Through the migration towards the retinal periphery,
ECs form the primary plexus. The primary plexus is running between the inner
limiting membrane and the nerve fiber layer [23]. The migration of vascular
ECs follows a complex signalling cascade. Retinal ganglion cells sense hypoxia
and start secreting platelet derived growth factor alpha (PDGFα), that attracts
astrocytes. Astrocytes in turn secrete VEGF inducing vascular EC migration.
The ECs sprout alongside the astrocyte template, since astrocytes produce ex-
tracellular matrix (ECM) biomolecules (e.g. fibronectin and heparan sulfate)
guiding endothelial tip cells. Furthermore, endothelial tip cells are able to
sense and follow VEGF gradients. Therefore astrocytes are essential for the
sprouting of vessels into the retina. In turn, the astrocytes respond to the vas-
cular ECs, downregulate VEGF secretion and stop EC migration. This negative
feedback is amplified by the raising supply of oxygen through the developing

9



1.2. SUPPLY OF RETINAL TISSUE

Figure 1.3: Localisation of the retinal vasculature [28, 29]. Top: Frontal view
onto the ocular fundus. The retinal vasculature enters the eyeball through the
optical disc (solid black sphere), which is sourrounded by the peripalillar re-
gion (dotted circle). The fovea is located in the centre of the ocular fundus
(purple) and surrounded by the macular region (blue sphere). Bottom: Illus-
tration of the vertical blood supply (red) in the inner retina at essential reti-
nal regions alongside the maculopapillary axis. 1: peripapillar - four vascular
plexuses; 2: macular - three vascular plexuses; 3: peripheral - two vascular
plexuses. [Retinal plexuses: radial peripapillary capillary plexus (rpCP), su-
perficial vascular plexus (sVP), intermediate capillary plexus (iCP) and deep
capillary plexus (dCP); Retinal layers: Nerve fiber layer (NFL), Ganglion cell
layer (GCL), Inner plexiform layer (IPL), Inner nuclear layer (INL), Outer plex-
iform layer (OPL), Outer nuclear layer (ONL), Interphotoreceptor layer (IPM)
and Retinal pigment epithelium (RPE)]
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1.2. SUPPLY OF RETINAL TISSUE

vessels [23]. Originating from the developed primary plexus, vascular ECs are
migrating into the inner retina. It is not suprising that VEGF again plays a key
role, but transforming growth factor beta (TGF-β) and Norrin are assumed to
guide the vessels’ branches [23, 32]. These factors are secreted by Mueller cells
[33], so that they guide vertical angiogenesis in the retina [28]. The cytokine
Norrin is a protein that activates the β-catenin signaling cascade. Therefore, a
complex interplay of the target receptor Frizzled-4, the co-receptor low-den-
sity lipoprotein receptor-related protein 5 and the co-activator tetraspanin 12 is
necessary [34–38]. Subsequently, β-catenin accumulates in the cytoplasma and
connects the cytosceleton with membrane-presented proteins like claudin 5,
cadherins and plasmalemma vesicle-associated protein. The latter proteins
are essential for the formation of tight cell-cell contacts as it is the case in the
blood-retinal barrier (BRB) [39–41].

Nascent vessles are labile. Either they differentiate into stable, mature vessels
or they are pruning by EC regression. Blood perfusion and shear stress control
the lateral EC migration. This was evidenced in the work of Chen et. al. [42].
They used micro-beads to reduce the blood flow in certain vessels and demon-
strated their pruning. On the contrary, the noradrenergic elevation of blood
flow impeaded pruning.
Campbell et. al. investigated the ocular blood perfusion in nine healthy hu-
mans (mean age 30.2± 7.4 years) by projection-resolved optical coherence to-
mography (OCT) [29], which is a refinement development of the OCT method.
Projection-resolved OCT enables a 3D-in vivo-visualization of the choroidal
and retinal vessel density with an axial resolution of a few micrometers. They
presented cross-sectional images along the maculopapillary axis at different
regions (peripapillary, parafoveal, perifoveal and peripheral) and determined
the capillary density for each region in regard to the retinal layers. Therewithin,
they identified four retinal plexuses[29]:

(1) Radial peripapillary capillary plexus

(2) Superficial vascular plexus

(3) Intermediate capillary plexus

(4) Deep capillary plexus

In general, the retinal vasculature pervades the entire inner retina. Whereas
capillary density peaks mainly occur in three regions: the outer ganglion cell
layer, the interphase between inner plexiform layer and inner nuclear layer
as well as the interphase between the inner nuclear layer and the outer plexi-
form layer. These maxima are termed superficial vascular plexus, intermediate
capillary plexus and deep capillary plexus [29]. In addition, there is another
locally limited capillary plexus, the radial peripapillary capillary plexus. As
indicated by the name ”peripapillary”, it is predominantly situated in the sur-
rounding area of the optical disc and running above the superficial vascular
plexus. But the radial peripapillary capillary plexus nearly disappears beyond
a lateral reach of approximately 3 mm [29]. For better understanding, the vas-
cular architecture of the human retina is illustrated in figure 1.3. In essence,
the central, avascular fovea is widely surrounded by retinal regions, develop-
ing three vascular plexuses (superficial vascular plexus, intermediate capillary
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1.2. SUPPLY OF RETINAL TISSUE

plexus and deep capillary plexus).

This complex retinal vasculature pervades and supplies the entire inner retina.
However, biomolecules and metabolites are not freely exchanged between the
retinal neurons and the retinal vasculature. Every exchange is strictly con-
trolled by the inner blood-retinal barrier (iBRB), which is outlined in section
1.3.

1.2.3 Pericytes - the Vascular Companions

Pericytes (PCs) are individual globular cells periodically situated abluminal
of vascular ECs, wrapping capillaries and microvessels in a finger-like struc-
ture [43]. PCs and ECs are closely interconnected and even share the same
basement membrane (BSM) [44, 45]. Gap junctions enable direct exchange of
biomolecules, while adhesion plaques, integrins and N-cadherin underpin the
tight connection [44, 46]. PCs can be found in a multitude of organs like pan-
greas, lung, skeletal muscle, gut, bone marrow and many more [47]. However,
PCs are also present in the central nervous system (CNS) and the retina. In
these priveledged sites, PCs possess an outstanding importance, since their
dysfunction leads to a decline of fundamental barriers like the blood-brain
barrier (BBB) as well as the BRB. In the CNS the EC/PC ratio is 1:1-3:1, indi-
cating a higher PC density with regard to the human skeletal muscle (where
EC/PC ratio was assumed between 10:1 and 100:1) [44, 48]. In general, it can
be deduced that the PC coverage is higher around vascular ECs with barrier
properties.
Earlier, PCs were only associated with blood flow regulation properties, since
they can reduce the cross-sectional vessel lumen by contraction and therefore
enhance the blood flow. Kureli et. al. found F-actin and alpha smooth muscle
actin (α-SMA) in retinal PCs demonstrating the relation to smooth muscle cells
(occurring in arteries) [49].
Nowadays, PCs are getting more and more attention, since they are crucially
involved in physiological and pathophysiological angiogenesis [46, 47, 50, 51].
In the previous section 1.2.2 the growth of retinal vasculature during prenatal
and early development was discussed. The mentioned stabilization of imma-
ture vessels is supported by PCs. PCs express platelet derived growth factor
receptor beta (PDGF-Rβ) (another similarity to smooth muscle cells), so that
they are attracted by EC-secreted platelet derived growth factor beta (PDGFβ)
[43, 45, 50]. Park et. al. determined the highest PDGFβ expression in the vas-
cular front region, recruting PCs to the vascular ECs [52]. Subsequently, PCs
are essential for the development of the BRB [53]. An inadequate PC coverage
leads to hemorhages, disrupted plexus formation, inflammation, increased EC
apoptosis and extreme hypoxia [52]. Therefore, PCs are also essential for the
development, maturation and stabilzation of retinal capillaries [53]. On the
contrary, PCs are dispensable for the maintenance of iBRB integrity during
adulthood. After the complete establishment of the iBRB, they seem to loose
their importance. But this is definitely not the case. Human vasculature is
further subjected to a continuous remodelling depending on the tissue-specific
oxygenation. This angiogenisis remodelling is incredibly complex in privi-
leged sites like the brain and the retina since the BBB respectively the BRB
must be continuously sustained. If a stabilized retinal capillary is needed to
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sprout in a certain direction, PCs must be detached from the vascular EC first.
Therefore, VEGF and matrix metalloproteasess (MMPs) induce the degrada-
tion of the BSM, so that PCs can detach in a locally restricted vessel section.
Subsequently, PCs secrete angiopoetin 1 that activates EC-presented Tie-2 re-
ceptor mediating the proliferation of the effected EC (tip cell). In that way, ECs
start sprouting and build a nascent vessel (stalk cells). These nascent ECs in
turn secrete angiopoetin 2 that is a partial antagonist for EC-presented Tie-2.
As long as PCs secrete angiopoetin 1, angiopoetin 2 acts as an antagonist and
reduces vascular sprouting. Tie-2 is also weakly expressed by PCs. The regula-
tion details are not absolutely clear so far, but the angiopoetin/Tie-2 signalling
and the angiopoetin 1/angiopoetin 2 balance are crucial for the vascular re-
modelling [45, 54]. Then the ECs of nascent vessels again attract PCs by the
expression of PDGFβ, that are necessary to become a mature vessel [50].

Additionally, it becomes more and more evident that PCs own regenerative
properties like parenchymal stem cells [44, 46, 50]. So they express several stem
cell markers primarily CD34 and CD133 [50, 55]. For example, Stebbins et. al.
generated PC-like cells from human pluripotent stem cells in order to induce
BBB-properties in brain microvascular endothelial cells [56]. Vice versa there
are first achievements in reprogramming. So Karow et. al. successfully con-
verted brain PCs into neurons [57]. On this basis, PCs have the ability to repair
or renew cells that are activated due to an injury. A representative example
therefore, is the PC-mediated tissue repair after ischemic stroke [58] or the
crucial role of PCs in myofibroblast wound healing [59]. These are only a few
examples why PCs are focussed in current research. Since PCs are involved
in neuronal disorders like diabetic retinopathy (DR) [60], Alzheimer’s disease
[61], multiple sclerosis [62] and CADASIL [63], they are becoming a promising
target for new therapeutic approaches of various diseases [64].

Eventually, PCs fulfill very important functions not only in the retina: (1) regu-
lation of the capillary blood flow, (2) stabilization and maturation of capillaries
and microvessels, (3) contribution to the construction of physiological barriers
like the BRB, (4) control of capillary angiogenesis and (5) tissue regeneration.
They seem to play a key role in physiologial vasculature homoestasis while
their imbalance can trigger or at least contribute to pathological states. A re-
ally prominent example therefore is the decline of the iBRB following DR (refer
to section 1.3 and 1.4.2).

1.3 Blood-Retinal Barrier

The human blood circuit is a complex network of blood vessls spanning the
whole body. With an increasing distance to the heart, the vessels are massively
branching to reach all peripheral tissue. Leaky capillaries enable the exchange
of nutritients and metabolites. In privileged areas, this exchange is strongly
regulated by a cellular barrier. Such barriers are constructed by a densely
packed cell layer demarcating the privileged area and the vasculature. The
most prominent example is the blood-brain barrier (BBB), protecting the CNS.
Since the retina is an outgrow of the neuroectoderm of the diencephalon [65],
the retinal neurons correspond to such a priviledged area as well. The retinal
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neurons are demarcated by the BRB. It is splitted into two parts:

• the oBRB and

• the iBRB.

Both parts are essential for the retinal neurons. They are discussed in the fol-
lowing subsections.

1.3.1 Outer Blood-Retinal Barrier

The choriocapillaris is a fenestrated capillary network supplying the photore-
ceptors in the outer retina. Both tissues are segregated by RPE cells and the
BRUCH’s membrane (BM) (refer to figure 1.2). They control any metabolic
exchange and form the oBRB. Hence, the oBRB is the physiological barrier
between the choroidal vasculature and the outer retina.

The BM is a stable pentalamellar acellular sheet of the ECM. It is 2 µm to 4 µm
thick [66], while its thickness raises during ageing by a few micrometres [67].
BM is maintained from both adjacent tissues - the RPE cells and the fenestrated
capillary ECs of the choriocapillaris. The structure and the lead components of
the BM are already known [65, 68–70]. The five layers and the comprising
biomacromolecules are outlined in histological order in table 1.1.

Table 1.1: Structure and components of pentalamellar BM [65, 68–70].

Layer Structure

BSM(1) RPE synthesized proteins (collagen type IV) and glycoproteins
(laminin and fibronectin),
as well as proteoglycans of heparan-, chondroitin- and dermatan
sulphate

ICL(2) Collagen grid (collagen type I, III and V) embedded into gly-
cosaminoglycan matrix (comprising hyaluronic acid, chondroitin-
and dermatan sulphate)

EL(3) Elastin fibres embedded in collagen type VI and fibronectin
OCL(4) Widely similar to ICL
BSM(5) Interrupted BSM composed of proteins (collagen type IV, V and

VI), glycoproteins (laminin) and proteoglycans predominantly of
heparan sulfate

(1) Basement membrane of RPE cells (2) Inner collagen layer (3) Elastin layer
(4) Outer collagen layer (5) Basement membrane of choriocapillaris

The BM acts like a molecular sieve allowing the passing of biomolecules like
nutrients, pigment precursors, vitamin A and antioxidants to the photorecep-
tors. The removal of metamolites like oxidized lipids and oxidized cholesterol
works reversely [9, 65, 71]. Lee et. al. determined a molecular weight (MW)
exclusion limit of 150± 40 kDa [66]. Moreover, BM restricts choroidal as well
as retinal cell migration. Already years ago, this cell migration restriction was
associated with collagen type IV [65, 72, 73]. Nowadays it becomes apparent,
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that collagen type IV and laminins cause the high stiffness of 250 to 500 GPa
that impedes cell migration [74]. Collagen type IV is a lead component in the
BSMs of the human eye and essential for its structural stability [75, 76].

After passing the BM, biomolecules reach the RPE cells. The RPE is a contin-
uous monolayer, whose hexagonal cells are densly packed and connected via
tight junctions. Hence, a diffusion through the paracellular space is strongly
impeded. That’s why a couple of specialized transport mechanisms control the
exchanges of biomolecules. Rizzolo et. al. catagorized these transport mecha-
nisms into five pathways[77]:

(1) Para-cellular Diffusion
(2) Facilitated Diffusion
(3) Active Transport
(4) Transcytosis
(5) Solute Modification

As already mentioned above, para-cellular diffusion is strongly limited by tight
junctions. Furthermore, this barrier is indispensable for the manifestation of
RPE polarity and the establishment of concentration gradients [71, 77, 78].
Facilitated diffusion covers passive diffusion via specialized transporters along
the concentration gradient. For instance, this is the case for the transport of
glucose via GLUT-1 transporters [79, 80].
Active transport predominantly includes the pumping of ions through the ba-
solateral and/or apical plasma membrane against a concentration gradient.
The process is energy driven meaning that it consumes adenosine triphosphate
(ATP) [71].
Transcytosis is absolutely indispensible for the functionality of photoreceptors.
Light passes the approximately 800 to 2000 discs per photoreceptor[81] and the
opsins collect the majority of the incidient photons. The discs are permanently
exposed to light in a high oxygen environment, so that they are aging very
rapidly and must be renewed continuously. The disc formation is a complex
process. There is more and more evidence that the discs evolve from ciliary
ectosome release [81, 82]. The discs are produced at the proximal photorecep-
tor base of the outer segment and shedded at their distal tip [81]. The shed is
subsequently phagocytosed by RPE cells, transferring and releasing the shed
metabolites at the basaolateral plasmamembrane [83, 84]. RPE cells maintain
the degradation of the shed during its journey from the apical to the basolat-
eral [85, 86]. Therefore the shedding of photoreceptors’ outer segment illus-
trates exemplary, that engulfed cargo can be transported through the oBRB via
transcytosis.
Lastly, solute modification is another prominent transport mechanism. RPE cells
receive exhausted light-insensitive all-trans-retinal, transfer it enzymatically
into 11-cis-retinal (isomerization) and re-deliver it to the photoreceptors [9, 10,
87]. This is one part of the retinoid cycle, where the solute all-trans-retinal,
delivered from the apical direction, is enzymatically modified and re-directed
to the photoreceptors. Retinol (vitamin A) is also delivered by the choroidal
capillaries. After enzymatic modification to 11-cis-retinal in the RPE cells it
enters the retinoid cycle as well [9, 87]. Another example is the elimination
of carbondioxide through the RPE that is converted into hydrogencarbonate.
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Inhere carbondioxide is also modified and transferred through the RPE [88].

In addition to the above mentioned five pathways, Fields et. al. introduced a
sixth pathway [78]:

(6) Exosomes

Exosomes are extracellular nanovesicles that are released by most cell types.
The RPE cells receive lipoprotein particles from the choroidal capillaries (ba-
solateral) and release exosomes filled with lipids and proteins on the apical
side. Klingeborn et. al. identified a few hundreds of proteins in total, that are
delivered by RPE cells in both directions (apical as well as basolateral) [89].

Summing up, BM and RPE cells possess a couple of highly specialized features
and transfer mechanisms to control the cargo exchange. Furthermore, they are
specialized for the recycling and removal of retinal metabolites. Consequently,
the functionality of the oBRB is absolutly essential for vision.

1.3.2 Inner Blood-Retinal Barrier

While the oBRB demarcates the choroidal vasculature and the outer retina, the
inner blood-retinal barrier (iBRB) is analogously the physiological barrier be-
tween the retinal vasculature and the inner retina. Basically, the iBRB offers a
similar concept for the protection of retinal tissue. In both barriers highly spe-
cialized transport mechanisms control the inflow and outflow of biomolecules
and metabolites. Nevertheless, the cellular architecture is completely different.
In the iBRB, the vascular EC are tighly connected by tight junctions impeding
para-cellular diffusion. In comparison the vascular ECs in the oBRB are fenes-
trated and the actual barrier is built by the BM and the RPE cells. Accordingly,
the specialized transport mechanisms are located in the RPE cells and not in
the choroidal ECs. For the iBRB these specialized transport mechanisms are
located in the ECs of the retinal vessels itself. The tightness of the ECs plays
a key role for the iBRB integrity. The ECs accompanying PCs are maintain-
ing this tightness and regulate the iBRB. PCs and retinal ECs are embedded
in the same BSM as it is extensively discussed in section 1.2.3. Additionally,
astrocytes, Mueller cells and microglial cells are in contact with the BSM of
the PC-EC-unit. Collectively this cell assemly is termed the neovascular unit
[90, 91]. In the neovascular unit, astrocytes maintain the homeostatic regula-
tion and especially support the development of tight junction. Mueller cells
give structural stability and enable the communication between vasculature
and neurons [92]. Microglial cells represent the retina-resident macrophages
facillitating the main immunological response after injuries or in pathological
circumstances. The interplay within the neovascular unit is absolutely essen-
tial for the integrity of the iBRB [91, 93].

However, the mentioned specialized transport mechanisms of the ECs in the
retinal vasculature are the key feature of the iBRB. Hereinafter, the classification
of Diaz-Coránguez et. al. [27] was harmonized with regard to the classification
of Rizzolo et. al. [77]:

(1) Para-cellular Diffusion
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(2) Passive Diffusion
(3) Facilitated Diffusion/ Carrier-mediated Transporters
(4) Active Transport
(5) Transcytosis

Para-cellular diffusion is strongly limited, since tight junctions between the vas-
cular ECs are maintaining an effective sealing. This is necessary to control bio-
molecule exchange and the establishment of concentration gradients as well
as an polarization of the barrier. A prominent tight junction representative
is Claudin-5. It is a highly important protein to maintain the iBRB. Deficien-
cies in claudin-5 expression raises the iBRB permeability [27]. Furthermore,
some claudins connect vascular ECs and enable the selective horizontal trans-
fer of different ions at once. However, there are numerous further proteins
involved in the maintainence of the barrier function. Occludin is therefore an-
other important example. Low levels of occludin go along with an increased
permeability as well. Liu et. al. identified the occludin S490 phosphorylation
as a trigger for VEGF-induced neovascularization [94]. They gave evidence
that the substitution of S490 with an alanin completely inhibited the VEGF-in-
duced neovascularization. Further important proteins are JAM (junctional ad-
hesion molecule) and adherens junctions predominantly built of VE-cadherins
connected to β-catenins (already mentioned in section 1.2.2). All these tight
connections of vascular ECs are essential for the integrity of the iBRB.
Passive diffusion is the gradient-driven diffusion of lipophilic small molecules
through the iBRB without energy consumption.
Facillitated diffusion covers highly specialized transmembrane proteins selec-
tively transporting certain substrates along a concentration gradient. This is
the case for hydrophilic substances that cannot directly pass the iBRB. The most
prominant example inhere is the GLUT1-transporter, facilitating the supply of
retinal tissue with glucose as it was previously reported for the oBRB. In ad-
dition several further carriers for dehydroascorbic acid, different aminoacids,
choline, adenosine, sucrose or mannitol are reported [95].
Active transport covers the energy-driven transport of substrates against a con-
centration gradient. In order to perpetuate the homeostasis and the cellu-
lar functionality, for example transporters are pumping ions like sodium and
potassium against a concentration gradient under the consumption of ATP.
Another example are efflux pumps like the very prominent P-glycoprotein (P-
gp). If a substrate for P-gp enters the EC it is actively cleared to the luminal
direction, so that it can not pass the iBRB. This is really useful for the protec-
tion of retinal tissue, but in can also hinder the delivery of therapeutic drugs
[95–98]. P-gp corresponds to the adenosin triphosphate binding cassette su-
perfamily covering further well-known efflux pumps like multidrug resistance
protein and breast cancer resistance protein.
Transcytosis describes the transport of biomolecules through a cell via plas-
mamembrane invaginations. Thereto, some cargo binds to surface presented
receptors that mediate the recruitment of proteins to the plasmamembrane
(receptor-mediated transport). The recruited proteins induce a membrane cur-
vature until the cargo is fully invaginated. Then the vesicle can pinch off
the plasmamembrane, travel through the cell und fuse with the opposite
plasmamembrane in order to release their cargo. Transcytosis is especially
downregulated in cells maintaining a barrier-function. A prominent exam-
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ple is the caveolin mediated endocytosis pathway [99], that is also expressed
in the BBB [100]. It is named after caveolin-1, which is a membrane-bound
protein facilitating the plasmamembrane curvature. Examples for caveolin
mediated endocytosis transported cargo are transferrin, insulin, albumin, high
density lipoprotein (HDL) particles and low density lipoprotein (LDL) parti-
cles, interleukin-1, platelet derived growth factor (PDGF), VEGF and TGF-β
[27]. Apart from the receptor-mediated transport there are also pinocytic vessels
especially transporting plasma proteins. This meachanism does not involve
specialized receptors selecting for the intended cargo. In general, transcytosis
is strongly regulated in cellular barriers like the iBRB. This especially becomes
apparent in pathophysiological states, where transcytosis is upregulated and
the permeability raises dramatically as it is the case in DR [99, 101–103].

1.4 Ocular Diseases

The World Health Organization (WHO) estimated in their World Report on
Vision that approximately 2.2 billion people suffered from vision impairment
in 2019 [104]. The contributing ocular diseases are listed in table 1.2.

Table 1.2: Global magnitude of vision impairment in 2019 [104].

Ocular Disease Sufferers
(millions)

Presbyopia 1.800
Unaddressed refractive error 124

Cataract 65
AMD 10

Glaucoma 6
DR 3

Trachoma 2
Others 37

Unknown 189

While presbyopia, refractive errors and cataract can be effectively treated us-
ing spectacles, contact lenses or surgery, the other listed diseases mostly need
a pharmacological intervention. Trachoma is a bacterial infection and can
usually curatively be treated with antibiotics. The treatment of age-related
macular degeneration (AMD), glaucoma and DR is widely intended to inhibit
progression and prevent blindness. Currently there is no curative therapy
available, so that further research is needed.

AMD and DR are ranking among the leading causes of blindness. In 2020, glob-
ally at least 33.6 million adults aged 50 years and older suffered from blindness,
solely 1.8 millions (5.6 %) are caused by AMD and 0.9 millions (2.5 %) by DR.
In comparison to the year 1990, this is a decline of almost 30 % of AMD-caused
cases, while the DR-caused cases raised clearly (e.g. 138.3 % for the southern
sub-Saharan Africa and more than 90 % for high-income North-America) [105].
The impairment of vision up to the total loss of vision (blindness) is a burden

18



1.4. OCULAR DISEASES

for every patient. This work is primarily dealing with the proliferative sub-
types of AMD and DR. These proliferative subtypes are preliminary stages of
blindness that are attributed to the decline of the BRB. Their pathogenesis and
current therapeutics will be discussed subsequently. Since the pathogenesis of
other main causes of blindness like glaucoma and cataract vary fundamentally,
they are not focussed in this work.

1.4.1 Age-related Macular Degeneration

Epidemiology

The global prevalence of people aged 45 to 85 years suffering from any AMD
is approximately 8.7 %, whereas the prevalence of early-stage AMD is 8.0 %
[106]. Worldwide 196 million were estimated to suffer from any AMD in 2020,
while 288 millions were projected for 2040 [106, 107]. Thereby, the clearest rise
(early-stage and late-stage AMD) was predicted for Asia and Africa [107].
Apart from that, Li et. al. focussed on the situation in Europe. They reported
a prevalence of 27.7 % [108], that is substantially higher than the European
prevalence of 18.3 % reported by Wong et. al. [107]. The annual incidence for
late-stage AMD in Europe is also remarkable. It accounts 1.4 per 1.000 individ-
uals, that corresponded to about 700.000 new late-stage AMD cases per year
[108].

Despite the increase of people diseased with any type of AMD, it must be
admitted that the percentage of AMD-caused blindness cases decreased in the
last decades [104]. This was allocated with therapeutic efforts in the treatment
of wet AMD [109]. But wet AMD effects only about 10 % of the individuals
suffering from an late-stage AMD, so that further therapeutic improvements
are absolutely needed [110].

Pathogenesis

AMD is an ocular disease preferentially affecting the central macular region
of the retina. It can be differentiated between early-stage AMD and late-stage
AMD. Clinical signs of the early-stage AMD are drusen and abnormalities of
the RPE that are recognizable via ocular fundus imaging techniques. Late-stage
AMD can be further subdivided into the ’wet’ or ’neovascular’ and the ’dry’
or ’atrophic’ (non-neovascular) AMD. The visable changes in an advanced dry
AMD are termed geographic atrophy (GA). Both subtypes are associated with
vision impairment and can progress until total vision loss [111]. The major risk
factors are age and smoking [112].

Early-stage AMD - The basic diagnosis criterion for an early-stage AMD is
the occurance of drusen larger than 125 µm or pigmentary abnormalities [113,
114]. With increasing age neutral lipids are accumulating in the ECM (e.g.
BM) and can impair their functionality. The term neutral lipids covers triglyc-
erides, esterified cholesterol and fatty acids. The human fat metabolism is
complex. Roughly summarized, dietry lipids are absorbed from the intestine
and transported to the peripheral tissue via chylomicrons. Through enzymatic
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degradation (lipolysis) the fatty acids are released and can be further consumed
via β-oxidation. The remains of chylomicrons (chylomicron remnants) are trans-
ported to the liver, that is crucially involved in the human lipid logistics. The
liver processes especially cholesterol ensuring its provision to and collection
from peripheral tissue as well as its excretion as bile salts. In the context of
AMD pathogenesis it is worth focusing on the lipoprotein particles which are
transporting water-insoluble lipids through the lymphatic as well as the sys-
temic circulation. Lipoprotein particles (VLDL, LDL, IDL and HDL) comprise a
neutral lipid core surrounded by unesterified cholesterol, proteins (apolipopro-
teins) and phospholipids with varying amounts [115]. Their size cover a wide
range of 8 nm to 600 nm (HDL<LDL<IDL<VLDL<<chylomicron) [112, 115,
116]. HDL and LDL deliver lipophilic substances like xantophylls (lutin and
zeoxanthin), β-carotinoids (provitamin A) and vitamin A to the retina. There-
fore, HDL particles bind to RPE cells via the scavenger receptor class B1 and
LDL via the low density lipoprotein receptor (LDL-R) [117]. Xantophylls are
enriched in the macular lutea, facilitating their yellow colorization. Xanto-
phylls filter excessive light and protect the retina as an antioxidant [117]. Vita-
min A is the precursor for 11-cis-retinal (retinoid cycle) and therefore essential
for vision (refer to section 1.1.2). For the exchange of the latter substances,
lipoprotein particles have to travel from the choriocapillaris to the RPE cells
and vice versa. On their way they need to pass the BM. This means that the BM
pore size is large enough for the passage of particles between 8 nm to 15 nm
(HDL) and 18 nm to 24 nm (LDL) [116]. With increasing age lipoprotein parti-
cles stick to the pores and occlude the BM step by step. This was demonstrated
by Curcio et. al. in a very descriptive way via electron microscopic images
[112]. The accumulation occurs during the outward travelling from RPE cells
to the choriocapillaris [118]. The deposit is subdivided with regard to the de-
posit location. It is termed basal laminar deposit (BlamD) if it is located between
the RPE and its BSM, while it is termed basal linear deposit (BlinD) if it is located
between the RPE’s BSM and the inner collagen layer. Both changes are typi-
cal for AMD-diseased eyes. BlinD is commonly known as lipid wall. Further
accumulation of lipoprotein particles in the lipid wall provokes locally limited
protrusion that are termed druses. The composition is similar to the lipid wall,
but due to their size they can be recognized in ocular fundus imaging. The
lead compound of soft druses is esterified cholesterol [119], which could not be
detected in eyes from donors under the age of 22 years [112]. This emphasizes
the age-related pathogenesis of AMD and elucidate the commonly known BM
thickening due to protein and lipid deposition [119].

Dry AMD - Drusen, ageing and other factors (e.g. smoking and blue light
exposure) enhance the secretion of inflammatoric factors that lead to the in-
crease of reactive oxygen species (ROS) from mitochondria [120]. The raising
oxidative stress overstrains and damages mitochondria so that resulting mi-
tochondrial desoxyribonucleic acid (mtDNA) fragments further induces the
inflammation via factors like nuclear factor kappa-light-chain-enhancer of ac-
tivated B-cells (NF-κB) [120–123]. However, the inflammation reaction also
activates peroxisome proliferator-activated receptor gamma coactivator 1-al-
pha (PGC-1α), a protein interacting with transcription factors that regulate the
energy production. PGC-1α is a protective protein reducing the concentra-
tion of mitochondrial ROS [120, 123]. Nevertheless, continuously increasing
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oxdative stress, whether related to lifestyle or normal ageing, overcomes the
protective capacity at some time. Blasiak et. al. mentioned that impaired au-
tophagy plays an essential role in the regeneration of mitochondria and the
rise of oxidative stress [120]. Desoxyribonucleic acid (DNA) damages and mi-
tochondrial decline arrest the cell cycle and cause the shift into senescent RPE
cells. Senescence further induces oxidative stress, impairs the autophagy and
increases the concentration of oxidized lipoprotein particles. Ultimately this
cascade results in the death of the reflected RPE cells [122, 124]. The death of
RPE cells is a hallmark in the AMD pathogenesis and characterizes a late-stage
dry AMD. Hereinafter, the total cell load (e.g. oxidized lipoprotein particles)
is released and enhance the BM deposits (BlamD, BlinD and druses). Initially,
RPE gaps can be filled with surrounding RPE cells, but the regeneration capac-
ity is continuously declining.
In addition, the complement system was identified as another important player
in the AMD pathogenesis [125, 126]. The complement system is attributed to
the innitiate immune system. They contribute to inflammatoric processes and
opsonization, support unspecific defences against microbes, but also assist the
elimination of cell debris from the host. For instance, activated C3 fragments
mark cell debris (opsonization) and attract phagocytic cells, so that they can
eliminate the cell debris [125]. Basically, this is a physiological process, protect-
ing ocular tissue. Another example is the complement factor H, a regulatory
complement control protein. It binds to various oxidized lipids in order to
facilitate their elimination [126, 127]. There is a couple of variants known,
lacking the protective properties of native complement factor H. Therefore,
anomalies in the gen encoding for complement factor H is reported as a dry
AMD risk factor [110, 128]. Interestingly, patients with dry AMD (central GA
and inactive choroidal neovascularization) show stronger complement activa-
tion than healthy humans and patients with early-stage AMD [126].
However, concurrently to pro-inflammatoric processes and raising oxidative
stress there is a turnover in the protective function of the complement system.
C3a and C3b activate immune cells and trigger inflammation. C5b, C6, C7, C8
and C9 fuse to the membrane attacking complex that build pores in microbes
or cells [126]. Oxidized lipids and hydrogen peroxide accumulate and continue
to impair the BM. Therefore, the complement system changes from a protec-
tive role to a pro-inflammatoric factor and progresses AMD pathogenesis. The
death of RPE cells entails the loss of choriocapillaris fenestration, so that the
supply of the photoreceptors is impaired and trigger their decline as well [129,
130].

Wet AMD - The main hallmark of a late-stage wet AMD is choroidal neovascu-
larization. Therewithin, sprouting vessels originate from the choriocapillaris
and penetrate through the BM into the outer retina. The growth factor VEGF
plays a central role in choroidal neovacularization [131]. It is the target of
the actual medicinal gold standard - the anti-VEGF therapeutics. Apart from
that, VEGF is primarily an essential signalling protein mediating the fetal and
early development of the ocular vasculature (refer to section 1.2). VEGF is
physiologically released from RPE cells to maintain the choriocapillaris and
its fenestration [132–134]. Accordingly, Shimomura et. al. demonstrated that
the anti-VEGF therapeutics also reduce the fenestration of the choriocapillaris
[135].
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McLeod et. al. imaged the relative RPE area in comparison to the relative
choroidal area of human donor eyes diagnosed with wet AMD [129]. They
realized that the RPE area over the entire choroid was unaltered, while the
choroidal area was extremely decreased to approximately 20 % in the fan-like
choroidal neovascularization frontier region [129]. This work demonstrates
impressively that in the wet AMD, an ablation of choroidal vessels occurs first.
This causes a deficit in the regional supply of the outer retina alongside with an
hypoxia. Hypoxia facilitates the release of hypoxia induced factor (HIF), that in
turn triggers RPE cells to secrete growth factors like VEGF on their basolateral
side [130]. VEGF passes the BM and stimulates ECs to proliferate and migrate
towards the outer retina. Vascular ECs and macrophages secrete MMPs to de-
grade ECM and break through the BM [136]. In addition, HIF induces further
growth factors like angiopoetin 2 and PDGF that facilitate the choroidal neo-
vascularization [137]. Moreover, the Renin-Angiotensin-Aldosterone System
(RAAS) was also reported to play a role in the choroidal neovascularization. So
the expression of angiotensin II receptor type 1 (AT1R), angiotensin II receptor
type 2 (AT2R) as well as angiotensin II (Ang II) was proven and especially the
inhibition of AT1R decelerated choroidal neovascularization [138]. Yeo et. al.
reported that vascular ECs for the newly formed vessles orginate from tissue-
resident endothelial progenitor cells as well as bone-marrow derived circulat-
ing hematopoietic stem cells and endothelial colony-forming cells [130].

Apart from that, TGF-β is another signalling peptide involved in the choroidal
neovascularization. It is expressed by Mueller cells, microglial cells, RPE cells
and in photoreceptors. TGF-β suppresses inflammatoric actions of microglial
cells and supports the survival of RPE. But with the penetration of choroidal
vessels through the oBRB, RPE cells lose their polarity and TGF-β enhances the
transformation of RPE cells into an mesenchymal phenotype [139]. Further-
more, TGF-β induces the proliferation and migration of ECs via the activation
of ALK1 [139]. Rapidely growing vessels are immature and leaky, so that
ruptures lead to the leakage of blood or plasma proteins. Vessel leakage is
harmful for photoreceptors and trigger their decline [110]. Ultimatively, vision
impairment until blindness can accur.

Condensation - AMD is a multifactorial ocular disease that arose from an com-
plex interplay of genetic predisposition, lifestyle (e.g. smoking) and regular
ageing (e.g. chemical changes in ECM). In a typical AMD progression several
pathological processes are crucially involved: (1) damaged vasculature, (2) ac-
cumulating lipids in the ECM (BM), (3) mitochondrial dysfunction, (4) mis-
leading complement system, (5) overstressed RPE and (6) chronic inflamma-
tion. Although the mechanism of the pathogensis is not completely clarified,
the hallmarks are known. The pathological processes of late-stage AMD sub-
types (dry AMD/ GA and wet AMD) are fundamentally different. Neverthe-
less, both subtypes can ultimatively lead to vision impairment and up to total
blindness.

Therapeutics

To this day, there is no treatment for dry AMD available, solely preventive
measures can be taken. So the Age Related Eye Disease Study (AREDS)

22



1.4. OCULAR DISEASES

demonstrated that the oral supplementation of a mixture containing vita-
min C, vitamin E, β-carotene and zinc slow down AMD progession [140]. The
AREDS2 investigated an additional supplementation with lutein, zeaxanthine
and/ or ω3-fatty acids for further reduction of AMD progression. Finally no
progress has been made, but the authors recommended to replace β-carotene
with lutein, zeaxanthine and ω3-fatty acids. Because this reduces the risk of
lung cancer in smokers [141, 142]. Moreover, there are recommendations for
the supplementation of vitamin B12, vitamin D and folate [128].

The gold standard for the treatment of wet AMD is the anti-VEGF therapy.
This treatment covers the introcular injection of drugs inhibiting the VEGF sig-
nalling [143]. The most important drugs are:

(1) pegaptanib,
(2) ranibizumab,
(3) bevacizumab and
(4) aflibercept.

Pegaptanib (Macugen®, EyeTech Pharmaceuticals/ Pfizer) is a PEGylated, mod-
ified RNA-aptamer against VEGF isoform 165 [144]. A preclinical study in
monkeys revealed that the half life of pegaptanib in vitreous humour is 94 h
(3.9 days) [145]. The absorption of pegaptanib into the plasma is very slow,
so that the application regime defined a 6-week interval between the ocular
injections [146]. The main elimination route is renal [144]. Pegaptanib was
approved in December 2004 (United States Food and Drug Administration
(FDA)) respectively in January 2006 (European Medicines Agency (EMA))
[147]. With the further development of anti-VEGF drugs it lost its clinical rele-
vance.
Ranibizumab (Lucentis®, Genentech/ Novartis) is a monoclonal antibody frag-
ment (MW 46 kDa) against VEGF-A, which was approved in June 2006 (FDA)
respectively in January 2007 (EMA). Animal studies revealed half-life in vit-
reous humour in the range of 2.6 to 2.8 days [148]. Ranibizumab penetrates
directly from the vitreous humour into all retinal layers including RPE cells
and even the choriocapillaris [149]. Only less than 0.01 % of the administered
dose were found to enter the systemic circulation in an animal model [149].
And in this way systemic side effects could be minimized. A serum half-life
of 5.8 days was detected and no accumulation after multi-dose administration
could be found [148].
Bevacizumab (Avastin®, Genentech/ Roche) is an full monoclonal antibody
against VEGF-A. Bevacizumab was developed as an oncologic drug and was
approved in this context in February 2004 (FDA) respectively January 2005
(EMA). Bevacizumab is also used off-label for wet AMD due to the lower costs
per dose, but this is the subject of ongoing debates [150]. Animal studies re-
vealed half-life in vitreous humour in the range of 3.6 to 6.6 days. The serum
half-life (humans) was 11.3 days [148].
Aflibercept (Eylea®, Regeneron/ Bayer) is a recombinant fusion protein
(115 kDa) containing domains of vascular endothelial growth factor recep-
tors (VEGF-Rs) (VEGF-R1 and VEGF-R2) fused to the fraction crystallization
domain (Fc) of a human immunoglobulin G (IgG) [151]. The equillibrium dis-
sociation constant of the ligand-receptor complex (Kd) for VEGF isoform 165 is
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lower than 1 pM [151, 152]. It was approved in November 2011 (FDA) respec-
tively November 2012 (EMA). Animal studies revealed a half-life in vitreous
humour of 4.9 days. Furthermore, in the administration regime of aflibercept it
is possible to extend the injection interval to 12 weeks [152]. Aflibercept differs
from the other anti-VEGF-drugs since it is additionally able to bind the placen-
tal growth factor (PlGF). The plasma half-life was determined in humans and
accounted approximately 1.5 days [148].

The introduction of anti-VEGF therapeutics was a benchmark in the treat-
ment of wet AMD. It stops progression and even alleviate vision impair-
ment for years [153]. This was a true healthcare innovation that reduced the
cases of AMD-related blindness clearly [104]. Currently, there are new can-
didates under investigation in order to reduce the administration frequency
(e.g. brolucizumab - antibody fragment with increased half-life, ranibizumab
port delivery system) or the advance of the spectrum of addressed growth
factors (e.g. facrimab - antibody binding VEGF-A and angiopoetin 2) [152].
Moreover, alternative application routes and several advanced formulation
developments (e.g. hydrogels, implants and particulate systems) are under
investigation [154]. This is due to the fact that multiple intravitreal injections
pose a considerable risk for complications. For one thing, there is the risk of
drug-associated side effects like noninfectious uveitis [155, 156]. On the other
hand, endohthalmitis (severe complication, incidence: 0.016 % [157]), postin-
jection intraocular pressure, retinal detachment, subconjunctival or vitreous
hemorrhage, lens injury or traumatic cataract are among the rarely observed
complications [156, 158–160]. These complications potentially originate from
the used devices (e.g. clogging or benting [161], silicone oel droplets [156,
162]), the injection technique (e.g. injury of the lens, application of bubbles
[161]) or the application environment [163, 164]. However, the benefit of the
anti-VEGF therapy overcomes the rare complication risk.

Nowadays there are a plethora of new therapeutics in the pipeline[143]:

(1) Inhibitors of the complement system,
(2) Gene therapeutics,
(3) RPE transplantaion.

The participation of the complement system in the AMD pathogenesis was
outlined previously. That’s why the complement system is a promising tar-
get and a plethora of substances is the subject of current studies. These in-
clude APL-2 from Apellis a peptide targeting C3 (Phase III - NCT03525600,
NCT0352613) and ARC1905 from IVERIC bio a aptamer-based inhibitor tar-
geting C5 (Phase III - NCT04435366) [126]. Both substances are intended for the
dry AMD first. However, there are many other substances under investigation.

Another very interesting approach for the reduction of anti-VEGF administra-
tion frequency utilizes gen therapy tools. Reid et. al. introduced the develop-
ment of recombinant anti-VEGF therapeutics [165]. They used a recombinant
adeno-associated virus to apply genes that facilitate the long-term expression
of anti-VEGF therapeutics without subsequent intravitreal injections [143, 166].
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Since the damage of RPE cells has crucially been involved in the pathogene-
sis of AMD (especially dry AMD), the transplantation of healthy RPE cells is
quite promising. Mandai et. al. used patient material to obtain autologous in-
duced pluripotent stem cell, which were differentiated into RPE cells and trans-
planted [167]. This is a promising approach because it did not show tumori-
genicity in a two years follow up. Nevertheless, it has been an experimental ap-
proach so far. But there are even further achievements reported, so that this ap-
proach becomes more and more serious [168]. In addition, researchers proved
alternative approaches like macular translocation, autologous RPE-choroidal
transplantaion or RPE cell suspension injection [143]. But these approaches
remain truly challenging with several drawbacks. The outcomes of realated
studies are eagerly awaited.

1.4.2 Diabetic Retinopathy

Epidemiology

In 2019, 351.7 million people of working age (20-64 years) suffered from di-
abetes. The International Diabetes Foundation estimates an increase to 417.3
million until 2030 [169]. The prevalence is especially high in middle-income
and high-income countries. Among diabetic patients, DR is a major compli-
cation that can lead to a complete vision loss. The global prevalence (among
diabetic patients) accounted 35.4 % for DR and 7.5 % for the proliferative dia-
betic retinopathy (PDR) between 1980 and 2008 [170]. The prevalence is higher
in those with diabetes mellitus type 1 (T1DM) (DR: 77.3 %, PDR: 32.4 %) than in
those with diabetes mellitus type 2 (T2DM) (DR: 25.2 %, PDR: 3.0 %) [170]. This
can be explained by the duration of diabetes. Patients with T1DM are getting
sick predominantly in childhood or at a younger age, so that they suffer from
diabetes for longer periods. This also raises the probability for the occurrence
of complications like a DR [90, 171].

Since the life expectancy and the medical care including preventive measures
as well as screening methods have constantly been improved, not only the
prevalence should be considered but also the incidence. Sabanayagam et. al.
systematically reviewed the literature from January 1980 to January 2018 and
determined an annual DR incidence ranging between 2.2 % and 22.3 % [172].
The corresponding data pool included 14 population studies worldwide. How-
ever, the authors identified a tendential decrease in the annual DR incidence
over the reviewed period. Furthermore, they reported that the annual inci-
dence of PDR accounted 0.03 % to 0.72 % [172]. What these annual numbers ac-
tually mean for an individual diabetes patient, can be deduced from the work
of Klein et. al. They followed 955 insulin-taking T1DM patients, diagnosed be-
fore reaching the age of 30 for a period of up to 25 years. Overall 97 % got a DR
and even 42 % suffered from a progession to the PDR [171]. These data indicate
that the disease duration is an intrinsic risk factor that truly influences the DR
severity.
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Pathogenesis

Diabetic retinopathy (DR) is a severe complication in the course of a diabetes
mellitus disease. In general, diabetes mellitus is associated with a long-term,
raised blood-glucose level (hyperglycemia). The underlying causes are man-
ifold and complex, so that diabetes mellitus was categorized into different
types:
(1) T1DM (2) T2DM (3) Gestational diabetes (4) Others. T1DM is associated
with an insufficient or total loss of insulin secretion by the pangreas. It predom-
inantly arises in childhood and can be treated through the administration of
insulin. T2DM is the most common form of diabetes. Inhere the somatic cells
lose their sensitivity to insulin causing an insufficient uptake of blood-sup-
plied glucose. Gestational diabetes occurs during pregnancy and owns some
similarities to T2DM. The reason is not completely clarified, but an insulin re-
sistance following placenta-secreted hormons is assumed. Furthermore, there
is a multitude of other reasons that can cause diabetes mellitus. For instance
it can be associated with genetic defects, pancreatic diseases, endocrinological
defects, infections or drug therapy.

All of these diabetes types is a long-term, elevated blood-glucose level in com-
mon. This can subsequently lead to micro- and macroangiopathies. DRs con-
tribute to the microangiopathies located in ocular tissue [93]. With an increas-
ing duration of high blood-glucose levels the probability for the occurrence of
DR complications raises dramatically [171] and can finally lead to the loss of vi-
sion. Already to the turn of the millenium several pathological pathways were
identified [173]. This consideration is still valid and has been investigated up
to the present day [174–176]:

(1) polyol pathway,
(2) hexosamine pathway,
(3) increased levels of advanced glycosylation endproducts (AGE) and
(4) activation of protein kinase C (PKC).

The Polyol pathway is known for the NADPH-dependent reduction of carbonyl
compounds catalyzed by the enzyme aldose reductase. The affinity of glucose
to this enzyme is low, so that glucose is normally metabolized to sorbitol in
negligible quantities. However, the metabolic rate increases in intracellular
hyperglycemic situations raising the intracellular sorbitol concentration as
well [176]. The accumulation of sorbitol causes a hyperosmolarity resulting in
damage of retinal vascular ECs, the loss of PCs and the thickening of BSM [60].
Furthermore, it enhances water influx [177]. In adaption to the hyperosmo-
larity mitochondial, transcriptional and translational dysfunction occur until
cells devolve apoptosis [177, 178]. Moreover, this process claims the aldose
redctase and additionally consumes NADPH. As a result the detoxification of
reactive aldehyds is interrupted and the concentration of ROS increases [173].
Moreover, sorbitol can be further metabolized to 3-desoxyglucosone that facil-
itates the production of AGE [177].

Through the Hexosamine pathway cells are able to synthesize amino sugars
which are the precursors for glycoproteins, glycolipids, proteoglycans and
glucosaminoglycans. For one thing the ECM (e.g. BM or the BSM wrapping

26



1.4. OCULAR DISEASES

ECs and PCs in the retinal vasculature) comprises such substances. Under
euglycemic conditions, glucose is metabolized to ATP (energy carrier) and
pyruvate. This pathway is commonly known as glycolysis. Fructose-6-phos-
phate is an intermediate in the glycolysis and concurrently the first substrate
in the hexosamine pathway. Fructose-6-phosphate is slowly converted by the
fructose-6-phosphate-amido transferase (GFAT) that is the first enzyme in the
hexosamine pathway [175]. Therefore, the production of amino sugars is low
under euglycemic conditions. However, under hyperglycemic conditions the
concentration of Fructose-6-phosphate increases and raises the production of
amino sugars accordingly. This results in an excess protein glycosylation dis-
rupting gene expression and cellular functions in the retina. Amongst others it
induces the apoptosis of retinal PCs [175].

AGEs originate from the reaction of glucose-derived dicarbonyls like glyoxal,
methylglyoxal and 3-deoxyglucosone with amino groups of intracellular and
extracellular proteins [179–182]. AGEs can impair intracellular proteins, ECM
components (e.g. collagens and laminins) or ECM proteins (e.g. integrins)
as well as plasma proteins [173, 183]. With the modification of BSM the con-
nection between PCs and EC is getting lost and ECM-based barriers like BM
lose their functionality. Furthermore, AGE-modified plasma proteins like
N-carboxymethyl-lysine (CML) are able to activate transcription factors like
NF-κB via receptors for advanced glycosylation endproducts (RAGE). This
process induces the expression of pathological genes leading to the secretion
of signalling proteins like VEGF and tumor necrosis factor alpha (TNF-α) that
subsequently promote the apoptosis of retinal PCs [60, 183–185]. Additionally,
the raising amount of AGE claims the aldose reductase (polyol pathway) fur-
ther and increases the amount of ROS.

PKC is a collective term for a family of serine/threonine kinases that are in-
volved in versatile signalling pathways. Following oxidative stress, the Poly-
ADP-ribose polymerase 1 (PARP1) is upregulated under hyperglycemic condi-
tions. PARP1 is an enzyme catalyzing the metabolization of glycerin-aldehyde-
3-phosphate (another glycolysis intermediate). This reaction is an alternative
pathway yielding in the production of diacyl glycerol (DAG). DAG is a di-
ester of glycerol and two fatty acids that upregulates the PKC signalling [60,
174]. The PKC pathway further activates the production of ROS-generating
enzymes and enhance the oxidative stress progressively. The PKC isoforms
PKC-β and PKC-δ are known for their involvement in the pathogenesis of DR.
PKC-β induces the release of nitric oxide (NO) and VEGF in ECs, that in turn
increase vascular permeability in the retina, decreases the blood flow and lead
to macular edema. PKC-δ stimulates the synthesis of ROS and induces NF-κB
that inhibits PDGF. This signalling cascade ultimatively leads to PC-loss and
microaneurysms [60, 174].

Beyond these four proven pathogenetic pathways another pathway was mov-
ing into focus:

(5) ocular RAAS

The RAAS is known to regulate the systemic blood flow. The main signalling
axis comprises angiotensinogen, angiotensin I (Ang I) and Ang II. Liver-dis-
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tributed angiotensinogen can be converted via the kidney-secreted endopepti-
dase renin into the decapetide Ang I. Then, the angiotensin converting enzyme
(ACE) is able to remove two further aminoacids to yield the octapeptide Ang II.
Ang II in turn is able to activate the AT1R that mediates a plethora of signalling
pathways that enhance the blood pressure [186, 187]. The RAAS has already
been studied exhaustively, so that this main axis was considerably extended
and several local RAASs were identified. Local RAAS are able to produce all
substances autonomously. A systemic supply is not needed. So there exists an
ocular RAAS, too, and it was found to be crucially involved in the develop-
ment of ocular diseases especially in DR progression [188–190]. Danser et. al.
provided evidence that neither systemic supplied angiotensionogen, Ang I nor
Ang II is able to enter the eye for the first time [191]. They concluded that all
substances must be produced locally. Until today, all substances were verified
in several retinal tissues [190, 192, 193]. It is known that ocular Ang II activates
inositole-1,4,5-phosphate (IP3) as well as DAG/ PKC signalling cascades. This
leads to the secretion of growth and transcription factors like VEGF, TGF-β
and NF-κB. Furthermore, it induces the concentration of AGEs. As a result the
activation of the ocular RAAS triggers angiogenesis, vascular inflammation,
neuronal dysfunction, matrix accumulation, cell proliferation and apoptosis
[190]. Moreover, the RAAS can be upregulated by the hexosamine pathway
[194].

These pathways decribe different molecular mechanisms, how hyperglycemia
impairs ocular vasculature and triggers the development of a DR. However,
they cannot be seen as isolated pathways but rather as entagled pathological
processes. The DR can be separated into two different stages (1) non-prolifera-
tive diabetic retinopathy (NPDR) and (2) PDR. A NPDR becomes clinically sig-
nificant with the appereance of microaneurysms and intraretinal hemorrhage
in ocular fundus imaging. In the further progess cotton wool spots and dia-
betic macular edema (DME) can be recognized. The oxidative stress, cell death
and the hyperglycamic dysregulation of the signalling pathways trigger astro-
cytes and Mueller cells to secrete inflammatory cytokines, innitiate an immune
response and facilitate retinal angiogenesis [93, 178, 194, 195]. The milestone
in the progression of a NPDR is the occurance of vascular neovascularization.
Neovascularization denotes the progression into a PDR that is associated with
vitreous hemorrhage, retinal detachment, iris neovascularization, intraocular
pressure elevation (neovascular glaucoma) und ultimately with the loss of vi-
sion. A hallmark in a DR-progress is the loss of PC around the retinal vascula-
ture and the neovascular breaking through the BRB [60, 174]. PCs are maintain-
ing the iBRB. Their loss disrupts adherens junctions, induces the permeability
and triggers the secretion of growth factors like VEGF [53, 90]. The decline
of retinal neurons and glial cells through hyperglycemia-induced changes and
local hemorrhages impair the blood supply and induce the expression of HIF
that in turn triggers the secretion of VEGF and speeds up the harmful neovas-
cularization [196].
The complex interplay of neuronal, glial, immune and vascular cells is essential
to maintain the multitude of biochemical processes that are indispensible for
vision. With arising deeper understanding of this complex interplay the term
neurovascular unit (NVU) was created. It implies the importance of the regu-
lated interplay between retinal tissue. Any dysregulation or impairment of the
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neurovascular unit (NVU) participants contribute to pathological processes as
it was outlined in context of the DR.

Therapeutics

The first-line therapy for the treatment of DME is the aforementioned anti-
VEGF medication. It again covers the intravitreal injection of ranibizumab,
bevacizumab and aflibercept [174]. All substances seem to improve vision im-
pairment and reduce mean retinal thickness after a two-year treatment [197].
Furthermore, it was reported that aflibercept slightly superior potentially due
to its additional inhibition of PlGF [197–199]. However, the long-term effec-
tiveness is still under evaluation [200].
An intravitreal anti-VEGF medication is also recommended for the treatment
of a PDR and furthermore there are studies evaluating the effectiveness in
NPDR [201]. However, there is no evidence that this therapy is better than
pan-retinal photocoagulation therapy so far, although there are several advan-
tages like improved visual acuity and reduced complications [202, 203].

Another therapeutic option for the treatment of DME is the intravitreal appli-
cation of steroids [174]. Dexamethasone, fluocinolone and triamcinolone (off-
label) are among the frequently administered drugs. They reduce pro-inflam-
matoric processes, reduce the thickness of the retina and improve the visual
sharpness as well. Additionally, there are application regimes combining anti-
VEGF and long-term steroids to improve the therapy of DME [204]. However,
the data basis need to be extended. Moreover, it bears the rare risk of compli-
cations associated with an intravitreal administration in general. Whereas, the
availability of steroid implants reduce the frequency of intravitreal injection
clearly [204]. Beyond that, intravitreal steroids also increase the risk of cataract
and increase intraocular pressure [174, 205]. All in all, intravitreal steroid ap-
plication is actually not the first-line therapy, but it is a valuable therapeutic
option [206].

Apart from the approved therapeutics for DME and PDR there are many
drugs in the pipeline [206, 207]. The concepts range from molecular mod-
ifications in order to increase the intravitreal half-life (e.g. brolucizumab -
single chain antibody fragment against VEGF-A - NCT03481634 OR abicipar
pegol - PEGylated protein binding VEGF-A - NCT02186119), sustained-release
anti-VEGF devices (ranibizumab Port Delivery System - NCT04108156) to the
development of drugs affecting further pathogenic targets (e.g. faricimab -
monoclonal antibody addressing VEGF-A and angiopoetin 2 - NCT03622593/
NCT03622580 OR ALG-1001 - integrin receptor antagonist - NCT02348918 OR
THR-317 - antibody targeting PlGF - NCT03499223). The ongoing studies will
reaveal if these plausible pharmacological interventions are effective for the
treatment of DR.
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Figure 1.4: Origin of the neovascular sprouts in the course of wet AMD (CNV
- choroidal neovacularization) and PDR (RNV - retinal neovascularization)
modified from the literature [130, 208, 209] (left) in comparison to the phys-
iological situation (right). [Nerve fiber layer (NFL), Ganglion cell layer (GCL),
Retinal pigment epithelium (RPE), BRUCH’s membrane (BM), Choroid (Ch)
and Sclera (Sc)]

1.5 The Need for an Adaptable Platform Technol-
ogy

In the previous sections the pathogenisis and the therapeutical options for
AMD and DR were discussed in detail. This work focusses on the neovas-
cular forms of AMD (wet AMD) and DR (PDR). The pathological processes
are complex and not completely understood so far. But both equally develop
a hypoxia-driven neovascularization that involves growth factors like VEGF.
Varying are the intial disease triggers and the neovascularization location. As
it is illustrated in figure 1.4, in the course of wet AMD vessels sprout from the
choroid through the oBRB into the interphotoreceptor layer (choroidal neo-
vascularization) while in the course of PDR vessel sprouts originate from the
retinal vasculature (retinal neovascularization).
That’s why the introduction of the anti-VEGF therapy was an unquestionable
breakthrough. Eventually, this can be recognized by the reduction of AMD
caused blindness. So the age-standardized prevalence globally decreased
about 28.7 % from 1990 to 2020 [105]. Nevertheless, not every patient can be
treated with anti-VEGF therapeutics and additionally not every treated patient
responds. Most likely, there are further pathological signalling pathways that
are involved. This is in line with the previous achievements and current inves-
tigational approaches. So the development started from a highly specialized
aptamer (pegaptanib) against a single VEGF isoform through antibodies bind-
ing all VEGF-A isoforms (bevacizumab and ranibizumab) to a fusion protein
binding to all VEGF-A isoforms as well as PlGF (aflibercept) [152]. Nowadays,
the focus of research is shifting to other pathways. For example, the comple-
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ment system is such a target, where promising candidates are already in the
pipeline [126].
With respect to this anti-VEGF evolution a novel therapeutic system is sup-
posed to be highly convertable and easily be addressed more than a single
target, so that slight modifications allow for the addressing of upcoming tar-
gets as well. But in doing so, the pharmacokinetics should not be changed
fundamentally, which is certainly challenging.

On closer examination, the approved anti-VEGF therapeutics also show an
increase in the mean residence time in the vitreous humor. The researchers
aimed to achieve a drug depot in order to extend intravitreal injection inter-
vals. This reduces the frequency of intravitreal injections as well. However,
this strategy is limited, so that release systems for a controlled drug release
(implants or refillable reservoir [154]) as well as gene therapy options for a
permenant local production of anti-VEGF proteins (recombinant adeno-as-
sociated viral approach [165]) are under investigation. This is relevant since
intravitral injections bear the risk for rarely but severe complications like en-
dopthalmits [159]. In addition intravitreal injections must be performed by a
health care professional and it is not convenient for the patient. Therfore, an
alternative application route (systemic administraiton) would be prefeable for
a novel therapeutic system.

After all, there is a considerable need for an higly versatile platform technol-
ogy, that can be tailored for the targeting of various pathogenetic signalling
cascades. Multivalent nanoparticles (NPs) are a great tool for this purpose. It
is the aim of this work to forward a promising technique on the road to a true
therapeutic option.
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[48] Inês Sá-Pereira, Dora Brites, and Maria Alexandra Brito. “Neurovascu-
lar Unit: A Focus on Pericytes”. In: Molecular Neurobiology 45.2 (2012),
pp. 327–347. DOI: 10.1007/s12035-012-8244-2.

34

https://doi.org/10.1073/pnas.1813217115
https://doi.org/10.1073/pnas.1821122116
https://doi.org/10.7554/eLife.45542
https://doi.org/10.3892/etm.2016.3557
https://doi.org/10.3892/etm.2016.3557
https://doi.org/10.1161/ATVBAHA.119.312749
https://doi.org/10.7554/eLife.43257
https://doi.org/10.1371/journal.pbio.1001374
https://doi.org/10.1007/978-3-030-11093-2-1
https://doi.org/10.1007/978-3-030-11093-2-1
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1016/j.pharmthera.2016.10.001
https://doi.org/10.1016/j.cjtee.2020.02.006
https://doi.org/10.1007/s12035-012-8244-2


1.6. REFERENCES

[49] Gulce Kureli et al. “F-Actin Polymerization Contributes to Pericyte
Contractility in Retinal Capillaries”. In: Experimental Neurology 332
(2020). DOI: 10.1016/j.expneurol.2020.113392.

[50] Andrea Trost et al. “Brain and Retinal Pericytes: Origin, Function and
Role”. In: Frontiers in Cellular Neuroscience 10 (2016). DOI: 10 . 3389 /
fncel.2016.00020.

[51] Alexander Birbrair, ed. Pericyte Biology in Disease. Vol. 1147. Advances
in Experimental Medicine and Biology. Cham (Switzerland): Springer
International Publishing, 2019.

[52] Do Young Park et al. “Plastic Roles of Pericytes in the Blood-Retinal Bar-
rier”. In: Nature Communications 8 (2017). DOI: 10.1038/ncomms15296.

[53] G. S. P. Santos et al. “Role of Pericytes in the Retina”. In: Eye 32.3 (2018),
pp. 483–486. DOI: 10.1038/eye.2017.220.

[54] Martin Teichert et al. “Pericyte-Expressed Tie2 Controls Angiogenesis
and Vessel Maturation”. In: Nature Communications 8 (2017). DOI: 10.
1038/ncomms16106.

[55] Midori Greenwood-Goodwin et al. “A Novel Lineage Restricted,
Pericyte-like Cell Line Isolated from Human Embryonic Stem Cells”.
In: Scientific Reports 6 (2016). DOI: 10.1038/srep24403.

[56] Matthew J. Stebbins et al. “Human Pluripotent Stem Cell-Derived Brain
Pericyte-like Cells Induce Blood-Brain Barrier Properties”. In: Science
Advances 5.3 (2019). DOI: 10.1126/sciadv.aau7375.

[57] Marisa Karow et al. “Direct Pericyte-to-Neuron Reprogramming via
Unfolding of a Neural Stem Cell-Like Program”. In: Nature Neuroscience
21.7 (2018), pp. 932–940. DOI: 10.1038/s41593-018-0168-3.

[58] Tomoya Shibahara et al. “Pericyte-Mediated Tissue Repair through
PDGFRβ Promotes Peri-Infarct Astrogliosis, Oligodendrogenesis, and
Functional Recovery after Acute Ischemic Stroke”. In: eNeuro 7.2 (2020).
DOI: 10.1523/ENEURO.0474-19.2020.

[59] Hong Huang, Kai Yin, and Huifang Tang. “Macrophage Amphiregulin-
Pericyte TGF-β Axis: A Novel Mechanism of the Immune System that
Contributes to Wound Repair”. In: Acta Biochimica et Biophysica Sinica
52.4 (2020), pp. 463–465. DOI: 10.1093/abbs/gmaa001.

[60] Randa S. Eshaq et al. “Diabetic Retinopathy: Breaking the Barrier”. In:
Pathophysiology 24.4 (2017), pp. 229–241. DOI: 10.1016/j.pathophys.
2017.07.001.

[61] Melanie D. Sweeney, Abhay P. Sagare, and Berislav V. Zlokovic.
“Blood–Brain Barrier Breakdown in Alzheimer Disease and Other Neu-
rodegenerative Disorders”. In: Nature Reviews Neurology 14.3 (2018),
pp. 133–150. DOI: 10.1038/nrneurol.2017.188.

[62] Francisco J. Rivera, Bryan Hinrichsen, and Maria Elena Silva. “Pericytes
in Multiple Sclerosis”. In: Pericyte Biology in Disease. Ed. by Alexander
Birbrair. Advances in Experimental Medicine and Biology. Cham (Swit-
zerland): Springer International Publishing, 2019, pp. 167–187. DOI: 10.
1007/978-3-030-16908-4{\textunderscore}8.

35

https://doi.org/10.1016/j.expneurol.2020.113392
https://doi.org/10.3389/fncel.2016.00020
https://doi.org/10.3389/fncel.2016.00020
https://doi.org/10.1038/ncomms15296
https://doi.org/10.1038/eye.2017.220
https://doi.org/10.1038/ncomms16106
https://doi.org/10.1038/ncomms16106
https://doi.org/10.1038/srep24403
https://doi.org/10.1126/sciadv.aau7375
https://doi.org/10.1038/s41593-018-0168-3
https://doi.org/10.1523/ENEURO.0474-19.2020
https://doi.org/10.1093/abbs/gmaa001
https://doi.org/10.1016/j.pathophys.2017.07.001
https://doi.org/10.1016/j.pathophys.2017.07.001
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1007/978-3-030-16908-4{\textunderscore }8
https://doi.org/10.1007/978-3-030-16908-4{\textunderscore }8


1.6. REFERENCES

[63] Mitrajit Ghosh et al. “Pericytes are Involved in the Pathogenesis of Cere-
bral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy”. In: Annals of Neurology 78.6 (2015), pp. 887–900.
DOI: 10.1002/ana.24512.

[64] Abderahim Gaceb et al. “The Pericyte Secretome: Potential Impact on
Regeneration”. In: Biochimie 155 (2018), pp. 16–25. DOI: 10.1016/j.
biochi.2018.04.015.

[65] J. C. Booij et al. “The Dynamic Nature of Bruch’s Membrane”. In: Prog-
ress in Retinal and Eye Research 29.1 (2010), pp. 1–18. DOI: 10.1016/j.
preteyeres.2009.08.003.

[66] Christina J. Lee et al. “Determination of Human Lens Capsule Perme-
ability and its Feasibility as a Replacement for Bruch’s Membrane”. In:
Biomaterials 27.8 (2006), pp. 1670–1678. DOI: 10.1016/j.biomaterials.
2005.09.008.

[67] M. C. Killingsworth. “Age-Related Components of Bruch’s Membrane
in the Human Eye”. In: Graefe’s Archive for Clinical and Experimental Oph-
thalmology 225.6 (1987), pp. 406–412. DOI: 10.1007/BF02334166.

[68] Daniel Pauleikhoff et al. “Correlation Between Biochemical Composi-
tion and Fluorescein Binding of Deposits in Bruch’s Membrane”. In:
Ophthalmology 99.10 (1992), pp. 1548–1553. DOI: 10 . 1016 / S0161 -

6420(92)31768-3.

[69] R. Guymer, P. Luthert, and A. Bird. “Changes in Bruch’s Membrane and
Related Structures with Age”. In: Progress in Retinal and Eye Research 18.1
(1999), pp. 59–90. DOI: 10.1016/S1350-9462(98)00012-3.

[70] Sabine Aisenbrey et al. “Retinal Pigment Epithelial Cells Synthesize
Laminins, Including Laminin 5, and Adhere to Them through α3- and
α6-Containing Integrins”. In: Investigative Ophthalmology & Visual Sci-
ence 47.12 (2006), pp. 5537–5544. DOI: 10.1167/iovs.05-1590.

[71] Nadine Reichhart and Olaf Strauss. “Ion Channels and Transporters
of the Retinal Pigment Epithelium”. In: Experimental Eye Research 126
(2014), pp. 27–37. DOI: 10.1016/j.exer.2014.05.005.

[72] J. M. Roberts and J. V. Forrester. “Factors Affecting the Migration and
Growth of Endothelial Cells from Microvessels of Bovine Retina”. In:
Experimental Eye Research 50.2 (1990), pp. 165–172. DOI: 10.1016/0014-
4835(90)90227-L.

[73] Katarina Wolf et al. “Collagen-Based Cell Migration Models In Vitro
and In Vivo”. In: Seminars in Cell & Developmental Biology 20.8 (2009),
pp. 931–941. DOI: 10.1016/j.semcdb.2009.08.005.

[74] Sjoerd van Helvert, Cornelis Storm, and Peter Friedl. “Mechanore-
ciprocity in Cell Migration”. In: Nature Cell Biology 20.1 (2018), pp. 8–
20. DOI: 10.1038/s41556-017-0012-0.
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2.1. CONCEPT

2.1 Concept

2.1.1 Considerations about a Nanoparticulate Platform

The major objective of this work was the establishment of a highly flexible
nanoparticulate platform technology with the potential to become a thera-
peutic alternative for the treatment of wet age-related macular degeneration
(AMD), proliferative diabetic retinopathy (PDR) and even other ocular dis-
eases. Such a technology must fulfill the following criteria:

(1) Biocompatibility and biodegradability
(2) Adjustability of physicochemical properties (size, surface charge, etc.)
(3) Active drug targeting
(4) Carrier for a therapeutic drug
(5) Long-term stability
(6) GCP and GMP-compliant manufacturing techniques

An available nanopaticulate system, that is highly promising to fulfill all of
these criteria, was established by Abstiens et. al. [1, 2]. Their core-shell-
nanoparticles (NPs) consisted of polyethylene glycol (PEG)/ polylactic acid
(PLA) block-co-polymers and poly(lactic-co-glycolic) acid (PLGA). These sub-
stances have already been approved and are available in market-authorized
formulations. PLA as well as PLGA are among the synthetic biodegradeable
polymers with a long-administration history [3–5]. Both are FDA-approved
for an in vivo application [6]. The coating of drugs and drug delivery systems
with hydophilic polymers like PEG is a common technique to enhance the cir-
culation period after systemic application [7–9]. Although the postulated non-
immunognic properties are getting challenged [10–13], PEGylation is widely
accepted as gold standard to provide long-term circulation of drug conjugates
and drug delivery systems. Currently a couple of market products take advan-
tage of the PEGylation technique [11] and the safety profile was assessed by
the United States Food and Drug Administration (FDA) [14]. (Criterion 1)
Abstiens et. al. already demonstrated the tailoring of the NP properties [1]. The
block-co-polymer synthesis strategy enabeled the independent regulation of
PEG as well as PLA length. Therefore the physicochemical properties like size
or PEG surface configuration can be tuned precisely. Furthermore, different
functional endgroups can be introduced, so that diverse NP surface charges
can be easily achieved. (Criterion 2)
Beyond the introduction of different charges versatile endgroups offer the pos-
sibility to decorate these NPs with various ligands in order to address different
targets. (Criterion 3)
Furthermore, it is possible to attach different surface bound ligands. This
means that not only targeting ligands, but also therapeutic ligands can be at-
tached. Besides the NPs can be loaded with therapeutic drugs. For instance
Maslanka et. al. prepared pirfenidone-loaded core-shell-NPs [15]. (Criterion
4)
The long-term stability has not been not investigated so far. Since PLA and
PLGA degrade via hydrolysis, a limited shelf-life is expected. The removal of
water is a plausible approach to dramatically enhance the long-term stability,
because it is the reaction partner for the degradation. Therefore, freeze-drying

50



2.1. CONCEPT

seems to be an eligible method. (Criterion 5)

Moreover, the manufacturing procedure on a laboratory scale is truly trival
(nanoprecipitation technique) and there is the possibility for a scale-up using
a microfluidic system [16]. A microfluidic manufacturing process also has the
potential to become a GCP and GMP-complient process. Although this was
not part of this work. (Criterion 6)

2.1.2 Pre-Clinical Testing

Beyond the mentioned criteria, the core-shell NPs were highly suitable for
experiments on the laboratory scale. They can be labeled with fluorescent dyes
[1], ultra-small gold NPs [2] or radioactive indium ions (refer to chapter 8).
This offers excellent tracing opportunities and provides access to a multitude
of analytical methods.

2.1.3 EXP3174 - A Promising Pharmacon

Hennig et. al. reported that losartan carboxylic acid (EXP3174)-decorated
NPs targeted the retinal and the choroidal vasculatrue [17]. They used inor-
ganic quantum dots, that were not suitable for a therapeutic administration
in humans. Therefore it was the focus of this thesis to transfer their achieve-
ments to a therapeutic nanoparticulate system for the treatment of ocular
diseases. Core-shell NPs were identified as promising candidates, when they
are decorated with losartan carboxylic acid (EXP3174). EXP3174 is the active
metabolite of losartan [18], carrying a carboxylic group that was used for the
covalent linkage to PEG-PLA-block-co-polymers (refer to chapter 3). Losartan
was developed as an anti-hypertensive drug and received the market autho-
rization already in 1995 (FDA) [19]. Approximately 10 % of orally administered
losartan is metabolized to EXP3174, that is a potent non-peptide angiotensin II
receptor type 1 (AT1R) antagonist with a 10-fold higher affinity than losartan
itself [20]. EXP3174 ranks among the so-called insurmountable AT1R-antag-
onists, because its binding domain is deeper in the AT1R. Its carbonyl group
facilitates a conformational change in the binding pocket, that hinders its dis-
sociation tremendously [20].
Another aspect that encourages the use of EXP3174 is the involvement of the
Renin-Angiotensin-Aldosterone System (RAAS) in the ocular neovasculariza-
tion as it is extensively outlined in section 1.4.2. Therefore the inhibition of
the AT1R was expected to prevent the secretion of vascular endothelial growth
factor (VEGF) on an earlier stage, block other relevant pathogenetical path-
ways and furthermore follow a systemic application route. This means that an
intravitreal administion will no longer be needed. All these aspects account
for the use of EXP3174.
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2.2 Goals of the Thesis

This work combines the outlined physicochemical properties of core-shell-
NPs with the pharmacological potential of the AT1R-antagonist EXP3174. As
it is already known, the covalent linkage of EXP3174 to a single PEG chain
reduces its affinity to the AT1R tremenduously [21]. However, NPs carry a
multitude of EXP3174 ligands, so that an individual NP is able to block more
than one AT1R. Such a multivalent binding overcomes the individual affinity
loss upon PEGylation [21]. Therefore the aggregate of all individual ligand
affinities is termed the NP’s avidity. The hypothesis is that multivalent NPs
occupy membrane cavites like clathrin-coated pits enabling several ligands to
reach AT1Rs, despite the extreme surface curvature of a NP. The anticipated
binding behavior is illustrated in figure 2.1 .

Figure 2.1: Two different binding states of a ligand carrying NP. Ligand (green)
- receptor (pink) - complexes retain the NP at the target cell’s membrane
(brown). Left: NP is situated in a clathrin-coated pit. Right: The same NP
is attached to a plane, uncurved cell membrane element.

In the following chapters all aspects from the polymer sythesis to the in vivo
fate of the designed core-shell NPs are outlined:

Chapter 3 introduces the synthesis and analytics of the customized poly-
mers. The block-co-polymers were built up from a commercially available
PEG macroinitiator that was synthetically modified via ring-opening polymer-
ization to yield tailored PEG-PLA block-co-polymers. Furthermore, EXP3174
was synthesized, analyzed and covalently attached to an amino-terminated
PEG-PLA-block-co-polymer. It was especially focussed on the absence of free
EXP3174 in the manufactured NP dispersions, since this would distort the
subsequent binding assays. Apart from that, a commercially available PLGA
was coupled to a fluorescent dye or ultra-small gold NPs in order to label the
NPs for different experiments.

Chapter 4 describes the manufacturing of core-shell NPs on the laboratory
scale. It was focussed on an extensive characterization of the NP properties.
Since the determination of the particle number concentration (PNC) was cru-
cial for further investigations, a PNC calculation method was established and
validated against a direct PNC measurement technique. Additionally, the
conformation of the PEG shell was predicted and the ligand density was de-
termined.
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Chapter 5 deals with the long-term stability of the prepared core-shell-NPs
in an aqueous dispersion. It was demonstrated that an adequate formulation
technique is indispensible. Therefore, a lyophilization method was developed
and the recovery of unaffected, EXP3174 decorated core-shell NPs was proven.

Chapter 6 illustrates the outstanding binding properties of the designed core-
shell-NPs to AT1R carrying cells. It was found that the designed NPs even
overcome the affinity of naive EXP3174 molecules. A key element was the
introduction of prolonged EXP3174 carrying polymers, that enhanced the NP
avidity by orders of magnitude. Besides the binding pattern was visualized
with the support of suitable imaging techniques. Furthermore, the avidity
to model cells with an increased AT1R-density was investigated. This was
intented to imitate a upregulated receptor density under pathological circum-
stances.

Chapter 7 dealt with the issue of how many EXP3174 ligands per NP ultima-
tively bind to the target cells. It was unvealed that only a couple of ligands
actually bind. The findings were squared with the attachment of viruses as
highly specialized, natural NPs targeting their host cells.

Chapter 8 follows the fate of the designed core-shell NPs in vivo. Therefore, the
NP stability was additionally evaluated in human plasma. Then, the NP dis-
persions were systemically administered to healthy mice in order to investigate
the pharmocokinetics and the biodistribution.
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The Building Blocks for the
Nanoparticle Manufacturing*
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3.1. INTRODUCTION

Graphical Abstract

Abstract

Commercially available polyethylene glycol (PEG) macroinitiators were modi-
fied via ring-opening polymerization to yield PEG-polylactic acid (PLA) block-
co-polymers. This synthesis strategy offers several advantages: (1) controlling
of PLA blocks’ molecular weight (MW), (2) providing polymers with an out-
standing narrow polydispersity index (PDI) and (3) introducing several func-
tional endgroups. Furthermore, commercially available poly(lactic-co-glycolic)
acid (PLGA) was tagged with ultra-small gold particles or a fluorescent dye.
These compontents were needed to manufacture core-shell nanoparticles (NPs)
that can be traced via a multitude of analysis technologies. Losartan car-
boxylic acid (EXP3174) was chosen to target and silence angiotensin II receptor
type 1 (AT1R). Therefore EXP3174-PEG-PLA was synthesized to receive tar-
geted core-shell NPs.

3.1 Introduction

The core-shell NPs were composed of: (1) a mixture of customized PEG-PLA
block-co-polymers and (2) a commercial PLGA. This means that PEG, PLA
and PLGA were the basic building blocks from a chemist’s perspective. These
substances are already used as excipients in numerous United States Food and
Drug Administration (FDA)-approved pharmaceutics including parenteral
formulations [1]. Consequently, they own a positive risk and safety profile and
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can be considered for the development of a therapeutic system.

PEG has already been applied as drug or excipient in versatile pharmaceutics
[2]. Since the 1950s PEG has been part of pharmaceutic formulations like sup-
positories, parenterals, tablets and pills [2]. Already in 1977, Abuchowski et. al.
introduced a technique to hide proteins from the immune response. Therefore
they conjugated PEG with albumine and provided evidence for an enhanced
circulation time [3]. Nowadays, this phenomenon is better known as stealth ef-
fect. Especially nanomaterials and proteins are conjugated to PEG (commonly
named PEGylation). PEG mediates a steric shielding and prevents the adsorb-
tion of plasma proteins (opsonins) that tag xenobiotics for the immune system
[4–7]. On the contrary, there is a growing evidence for an immune response
against PEG units after multiple administration [8–11]. Hence, there is a need
for further investigation. Nevertheless, PEG is the gold standard for the en-
hancement of blood circulation time and active drug targeting so far. There-
fore, it was also used for the manufacturing of these core-shell NPs.
Mono-functionalized PEG macroinitiators were purchased from a commer-
cial producer with an outstanding narrow PDI (refer to figure 3.2). The PLA
block was covalently attached to the macroinitiator via ring-opening polymer-
ization. Therefore the PEG macroinitiator was reacted with 3,6-dimethyl-1,4-
dioxane-2,5-dione (lactide) under the catalysis of 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU). This sythesis strategy was already described in the literature
[12]. Additionally, there is a deeper understanding of the reaction meachnism
and the controlling parameters, so that a monomodal MW distribution with a
narrow PDI and a minimum of side products can be obtained [13]. The MW of
the attached PLA can be regulated via the initial PEG-to-lactide ratio. Finally,
PEG-PLA block-co-polymers with different functionalities were prepared:
(1) methoxy, (2) carboxy or (3) amino endgroup. The methoxy-terminated
block-co-polymer provided an inert and uncharged endgroup, while carboxy-
and amino-terminated block-co-polymers were intended to introduce nega-
tive or positve surface charges. Furthermore, the amino-terminated block-co-
polymer was utilized to attach EXP3174 covalently. EXP3174 is an antagonist
for the AT1R. It served as the targeting ligand and mediated the pharmacolog-
ical effect. The carboxylic group of EXP3174 was activated via standard N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)/ N-hydroxysuccinimide
(NHS) chemistry and covalently coupled to NH2-PEG-PLA. In particular, it
was focussed on the absence of free EXP3174 in the manufactured NP disper-
sion, since this substance would distort the binding studies.

PLGA was purchased from a commercial producer as well. It is a lipophilic
polymer, that is used to stabilize the NP’s core. Beyond this stabilizing func-
tion, PLGA possesses a pivotal role during the early development stage. So
PLGA was used to immobilize either fluorescent dyes or ultra-small gold par-
ticles in the NP’s core. This enabled the detectability via various analysis tech-
niques without changing the core-shell NP’s properties fundamentally.
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3.2 Material and Methods

3.2.1 Material

All chemicals were purchased from Sigma-Aldrich (Taufkirchen/ Germany),
if not stated otherwise. For synthesis purpose at least synthetical-grade was
used. For analytical purpose analytical-grade or better were used. All solvents
used for high-performance liquid chromatography (HPLC) had HPLC-grade,
while solvents used for mass spectrometry (MS) measurements had LC-MS
grade.
Ultrapure water was freshly prepared using a Milli-Q water purification sys-
tem (Millipore/ Schwabach/ Germany). It is subsequently termed water.

3.2.2 Synthesis of Block-co-Polymers

To synthesize the differently functionalized block-co-polymers, ring-opening
polymerisation was adapted from the literature [12, 14]. PEG macroini-
tiators tBoc-NH-PEG-OH and HOOC-CH2-PEG-OH were purchased from
JenKem (Allen/ TX/ USA). MeO-PEG-OH macroinitiators were purchased
from Sigma-Aldrich (Taufkirchen/ Germany).
The particular PEG-macroinitiator was reacted with lactide under the catal-
ysis of DBU (DCM, RT). The molar ratio of macroinitiator to lactide was
calculated in order to yield the proposed PLA block length. In case of tert-
butyloxycarbonyl (tBoc)-protected macroinitiators, the protecting group was
removed by the addition of trifluoroacetic acid (TFA). All synthesized PEG-
PLA block-co-polymers were stored in the freezer protected from light and
moisture.

3.2.3 Analytics of Block-co-polymers

Nuclear Magnetic Resonance Spectroscopy

10 mg product were dissolved in 0.8 mL deuterated chloroform (CDCl3). 1H-
nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance
300 operating at 300 MHz or on a Bruker Avance III HD 400 operating at
400 MHz.

Gel Permeation Chromatography

Purity and polydispersity of synthesized PEG-PLA block-co-polymers were
checked with an OmniSEC Resolve and Reveal System (Malvern Panalytical/
United Kingdom) equipped with two LC4000L (300x8 mm) columns, (Malvern
Pananalytical/ Malvern/ United Kingdom) in line. The mobile phase was
chloroform (CHCl3) and the flow rate was adjusted to 1.0 ml min−1. The sam-
ples were dissolved in CHCl3 to a final concentration between 5.0 mg ml−1 to
10.0 mg ml−1. The injection volume accounted 100 µl. All components and the
solvent were equilibrated at 35 °C.
The system enables the detection of the refractive index, viscosity and scattered
light simultaniously (triple detection), providing the intrinsic viscosity of the
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sample. So the MW was determined by the universal calibration as it was de-
scribed by the group of Benoit in 1967 [15]. Calibration was carried out with a
PMMA 50 kDa standard (Malvern Panalytical/ United Kingdom).

3.2.4 Synthesis of Losartan Carboxylic Acid

An icecold, aqueous solution (0.2 M) of potassium permanganate (EMSUREr/
Merck/ Darmstadt/ Germany) was added dropwise to an icecold alkaline so-
lution of losartan potassium (Santa Cruz/ Heidelberg/ Germany) and reacted
for 4 h. Finally there was a 2-fold molar excess of permanganate to losartan.
Afterwards the reaction product was precipitated using 1 M hydrochloric acid
(HCl). The precipitate was washed with water twice (10 000 xg, 4 °C, 15 min).
Subsequently, the precipitate was dissolved by careful addition of 1 M sodium
hydroxide (NaOH) to adjust moderate alkaline conditions. The remaining
sediment (manganese dioxide) was removed by centrifugation (10 000 xg, 4 °C,
15 min). Supernatant was acidified again using 1 M HCl to precipitate the
product. The pH must not fall below three. The precipitate was extracted
with ethyl acetate, evaporated and once again dissolved in ethanol. Finally the
product was precipitated in an excess of water and freeze-dried to obtain a dry
powder. Identity and purity of EXP3174 was checked by means of 1H-NMR,
MS and reversed-phase (RP) HPLC.

3.2.5 Analytics of Losartan Carboxylic Acid

Nuclear Magnetic Resonance Spectroscopy
1H-NMR spectra were recorded on a Bruker Avance III HD 400 operating
at 400 MHz. 10 mg product were dissolved in 0.8 mL deuterated dimethyl
sulphoxide (DMSO-d4). Frequency axis was calibrated using an internal
tetramethylsilane (TMS) standard.

Mass Spectrometry

MW of synthesized EXP3174 was determined via MS. Therefore the ultra high
performance liquid chromatography (UHPLC) system 1290 Infinity II (Agi-
lent Technologies/ Waldbronn/ Germany) coupled with the Agilent 6540 Ul-
tra High Definition Accurate-Mass quadrupol time-of-flight mass spectrometer
(Q-TOF) detector (Agilent Technologies/ Waldbronn/ Germany) was utilized.
The synthesis product was dissolved in methanol and injected onto a Luna
Omega C18 (1.6 µm, 100 Å, 50x2.1 mm) column (Phenomenex/ Aschaffen-
burg/ Germany). Injection volume accounted 0.20 µl. The system was oper-
ated in gradient mode. Solvent A was ultrapure water acidified with formic
acid (0.1 %) and solvent B was acetonitrile (ACN) acidified with formic acid
(0.1 %). At the beginning of the analysis the mobile phase consisted of A: 98 %
and B: 2 % for 4 min. Then B was raised continuously to 98 % in 1 min. The
flow rate was kept at 0.600 ml min−1 during the complete run.
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Liquid Chromatography

Additionally, identity and purity of synthesized EXP3174 was checked with
RP-HPLC. The analytics was performed on an Agilent 1260 Infinity II system
(Agilent/ Waldbronn/ Germany), that consisted of the binary pump G7112B,
the autosampler G7129A, the column oven G7130A, the diode-array detector
(DAD) G7115A and the fluorescence detector (FLD) G7121B. The system was
equipped with a Poroshell EC-C18 (2.7 µm, 120 Å, 50x3.0 mm) column (Agi-
lent). Analysis method was adapted from monograph 2232 losartan potassium
of the European Pharmacopoeia [16, pp. 4319–4322]. The solvents were water
acidified with phosphoric acid (0.085 %) (A) and ACN 95 % (B). Eluation was
performed in gradient mode at 40 °C and at a constant flow rate of 1.0 ml min−1.
Mobile phase comprised 75 % A for 3 min. Then A was reduced to 10 % in a
period of 17 min. These conditions were kept for addtional 6 min. Absorbance
was detected at 220 nm with DAD. For fluorescence detection, analyts were
excited at 250 nm and emitted light was detected at 370 nm.

Synthesis product was dissolved in methanol and diluted to a final concen-
tration of 3.0 mg ml−1 and 30 mg ml−1. Reference solutions were prepared
from losartan potassium (Santa Cruz/ Heidelberg/ Germany) and losartan
carboxylic acid (Santa Cruz/ Heidelberg/ Germany). They were diluted to a
final concentration of 3.0 mg ml−1 and 30 mg ml−1. Injection volume accounted
5 µl.

3.2.6 Coupling of EXP3174 to Block-Co-Polymer

EXP3174 and the coupling reagents DCC/ NHS were dissolved in dimethylfor-
mamide (DMF) and moderately stirred at room temperature (RT) for 2 h. The
successful activation of EXP3174’s carboxylic group was indicated by the pre-
cipitation of DCU. The precipitate was removed by centrifugation (10 000 xg,
4 °C, 5 min) and the subsequent filtration through a PTFE filter (I). Separately,
amino-PEG5k-PLA20k (200 mg ml−1) was dissolved in DMF and alkalized with
DIPEA (II). Afterwards II was added dropwise to moderately stirred I. The
reactants were allowed to react for 20 h at RT. EXP3174 and the coupling
reagents were in a molar excess of 3.5x and 3.3x relative to the NH2-PEG5k-
PLA20k amount.
Subsequently, an icecold mixture of methanol and ether 1/15 %(v/v) was
poured into a DMF solution to precipitate the reaction product. The reac-
tion vessel was placed on ice for 10 min. The supernatant was removed by
centrifugation (5000 xg, 4 °C). The remaining precipitate was dissolved in
dichloromethane (DCM) and the remaining contaminants, especially uncou-
pled EXP3174, were extracted from the DCM layer using borate buffer (50 mM,
pH 8.5) at least three times. To accelerate the phase separation a Brine solution
was utilized. Next, the DCM layer was shaked out against a HCl dilution
(0.1 M) to prevent the formation of poorly soluble block-co-polymer salts. Fi-
nally, the DCM layer was dried using anhydruous sodium sulfate, filtered with
a glass frit and DCM was carefully evaporated. In order to obtain a nice pow-
der, the reaction product was dissolved in a low volume of ACN, precipitated
in pure water and freeze-dried.

62



3.2. MATERIAL AND METHODS

3.2.7 Analytics of EXP3174-PEG-PLA

To analyse the coupling efficiency polymer micelles were prepared. Following
the general NP manufacturing method 4.2.2, EXP3174-PEG5k-PLA20k was dis-
solved in ACN to obtain an organic phase with a final polymer concentration
of 10 mg ml−1. The organic phase was dropped into vigorously stirred water
(aqueous phase). ACN was evaporated for at least 3 h at atmospheric pres-
sure (atm). The centrifugation step was skipped to prevent distortion of the
analysis. This resulted in the formation of EXP3174-micelles, allowing analysis
methods in an aqueous environment. Apart from EXP3174-micelles, methoxy-
micelles and amino-micelles were prepared by the equal procedure.

Iodine Assay

The PEG amount was determined via an iodine assay according to Childs
[17]. This is a complexation assay, where PEG forms a coloured complex with
barium and iodine, that can be detected at 535 nm. MeO-PEG5k-OH (Sigma
Aldrich/ Taufkirchen/ Germany) was diluted in water (3, 6, 9, 12, 15, 18 and
21 µg ml−1) and served as calibration standard. The detection reagent was
freshly prepared by mixing 5 %(w/v) barium chloride in 1 M HCl solution (2/3)
and 0.05 M iodine/ potassium iodide dilution (AVS Titrinorm/ VWR/ Isman-
ing/ Germany) (1/3). NP dilutions and calibration standards were rendered
in 96-well-plate (140 µl). Then the detection reagent was added (60 µl). After
1 min incubation at RT, absorbance at 535 nm was measured with a FluoStar
Omega fluorescence microplate reader (BMG Labtech/ Ortenberg/ Germany).

Quantification of Losartan Carboxylic Acid

EXP3174 was quantified utilizing a fluorescence assay as it is described in sec-
tion 4.2.7. In derogation from that method, EXP3174-micelles (sample) as well
as Methoxy-micelles and amino-micelles (both negative controls) were diluted
at least 1:20 in 0.2 M acetic acid. Equally a series of acidified EXP3174-dilutions
served as calibration standard. Measurements were executed in triplicates.

Fluram Assay

With the help of an Fluram Assay, it is possible to detect primary amino groups.
Therefore 160 µl borate buffer (500 mM, pH 8.5) was rendered in a white F-
bottom polystyrene (PS) 96-well plate (Greiner Bio One/ Frickenhausen/ Ger-
many). All sample dispersions in the same experiment sequence were adjusted
to an equal PEG concentration. The PEG concentration was determined with
the iodine assay. Then 20 µL of the sample dilution were added to the rendered
borate buffer and carefully mixed. Finally 20 µl of a freshly prepared, ace-
tonic 4-phenylspiro-[furan-2(3H),1-phthalan]-3,3’-dione, fluoresceamine (flu-
ram) dilution (0.3 mg ml−1) were added. Samples were excited at 390 nm and
checked for fluorescence at 475 nm using a Synergy Neo2 (BioTek) plate reader.
Measurements were executed in triplicates.
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3.2.8 Purity of Nanoparticle Dispersions

In order to ensure the absence of any contamination with free EXP3174 core-
shell NPs were manufactured via nanoprecipitation. The manufacturing tech-
nique is described in section 4.2.2 (refer to EXP3174 decorated NP90 (EXP-
NP90)).

Liquid Chromatography of Core-Shell Nanoparticles

Chromatographic separation was performed on an Agilent 1260 Infinity II
system (Agilent/ Waldbronn/ Germany) that consisted of the binary pump
G7112B, the autosampler G7129A, the column oven G7130A and the FLD
G7121B. It was equipped with a PLRP-S (8 µm, 4000 Å, 150x4.6 mm) column
(Agilent). Analysis method was adapted from monograph 2232 losartan potas-
sium of the European Pharmacopoeia [16, pp. 4319–4322]. The solvents were
water acidified with TFA (0.1 %) (A) and ACN 95 % acidified with TFA (0.1 %)
(B). Eluation was performed in gradient mode at 60 °C and a constant flow
rate of 1.2 ml min−1. The mobile phase consisted of 75 % A for 5 min. Then A
was reduced to 10 % in 25 min and these conditions were kept for addtional
5 min. 50 µl of a EXP-NP90 dispersion (1.0 mg ml−1) was analyzed. Dilutions
of EXP3174 and EXP3174-PEG5k served as references.

3.2.9 Labeling of PLGA

Fluorochromes

Fluorescence labeling of PLGA was adapted from Abstiens et. al [14]. Acid
terminated PLGA (Resomer®RG502H) was dissolved in anhydous DMF and
moderately stirred at RT. 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmor-
pholinum chloride (DMTMM) was dissolved in anhydrous DMF separately
and dropwise added to the PLGA solution. The mixture was stirred moder-
ately at RT for 2 h(A). Successful activation was indicated by the precipitation
of 4-methylmorpholinum chloride.
Meanwhile fluorescent dye suitable for labeling of carboxylic groups like
CF™647 amine was dissolved in anhydrous DMF (B) and was added drop-
wise to dispersion A. The mixture was reacted overnight at RT, protected
from light and moisture. Afterwards, the dispersion was precipitated into
water and dialyzed with a Spectra/Por®3 RC membrane (SpectrumLabs/
Rancho Dominguez/ CA/ United States) against water. Then the dispersion
was freeze-dried. Remaining powder was additionally dried in an evacuated
desiccator over silica gel drying bed and stored under inert gas in the freezer.

Gold Tag

Gold labeling procedure was done according to Abstiens et. al. [18]. In brief,
monoamino gold NPs with an average size of 2.2 nm were received from
Nanopartz (Loveland/ CO/ USA) and covalently coupled to acid terminated
PLGA (Resomer®RG502H) using EDC/ NHS chemistry. Dispersion was pre-
cipitated in water, purified via centrifugation and freeze-dried. The brown
powder was stored protected from light and moisture.
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3.3 Results and Discussion

3.3.1 Block-co-Polymers

Block-co-polymers were the key elements for the manufacturing of the core-
shell-NPs. Like a huge toolbox, they built the basis to tailor the NP prop-
erties. The block-co-polymers consisted of two blocks: the hydrophilic PEG
block and the lipophilic PLA block. They were covalently linked via an ester
bond. Ring-opening polymerisation offered the opportunity to tune the MW
of each block almost independently. Furthermore, different end groups were
utilized at the PEG block. In general, the block-co-polymers were terminated
by methoxy endgroups. They were inert and uncharged. Amino-terminated
block-co-polymers were used to couple the targeting ligand EXP3174 cova-
lently to the NP. Additionally, it can be used to introduce a positive surface
charge. Carboxy-terminated block-co-polymers were used to introduce nega-
tive surface charges.

Here 2 kDa or 5 kDa PEG macroinitiators were chosen. Afterwards lactide
equivalents were added to receive a 20 kDa PLA block. The synthesized block-
co-polymer and there calculated MWs are listed in table 3.1.

Table 3.1: List of synthesized block-co-polymers (MW targets).

block-co-polymer MW protecting
group

(macro-
initiator)

end
group

PEG
length

PLA
length

MeO-PEG5k-PLA20k 25 kDa - MeO 5 kDa 20 kDa
MeO-PEG2k-PLA20k 22 kDa - MeO 2 kDa 20 kDa
HOOC-PEG2k-PLA20k 22 kDa - COOH 2 kDa 20 kDa
NH2-PEG5k-PLA20k 25 kDa tBoc NH2 5 kDa 20 kDa

Yield

MeO-PEG-PLA and HOOC-PEG-PLA were synthesized with an overall yield
above 90 %. NH2-PEG-PLA block-co-polymers were synthesized with an over-
all yield above 55 %.

Molecular Weight
1H-NMR spectra revealed three main peaks, as depicted in figure 3.1. The
1H-NMR spectrum of MeO-PEG2k-PLA20k is depicted as an representative ex-
ample. The singulet at δ 3.6 corresponds to the methylene protons of the PEG
block. The overlapping quartetts at δ 5.2 and the overlapping doublets at δ 1.6
correspond to the methine and the methyl protons of the PLA block [19]. All
signals were identified for the synthesized PEG-PLA-block-co-polymers, con-
firming the successful polymerisation reaction.
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Figure 3.1: 1H -NMR spectrum of MeO-PEG2k-PLA20k in CDCl3 at RT.

The MW was calculated from the integrals of PLA protons in relation to the
integral of the PEG protons [12]. The MWs of the PEG blocks were taken from
the manufacturers Certificate of Analysis (CoA). The data is listed in table 3.1.
The calculated MWs (refer to table 3.2 Total) were in excellent accordance to
the aimed MWs listed in table 3.2.

Additionally, synthesized block-co-polymers were checked using gel perme-
ation chromatography (GPC). Since block-co-polymers show another coiling
behavior than homopolymers like the poly(methyl methacrylat) (PMMA) cal-
ibration standard, it is challenging to detemine the exact MW of PEG-PLA
block-co-polymers. However, simultanious detection with refractive index
(RI), viscometer and light scattering detector (triple detector) is the most pre-
cise way to determine its MW with this method. Absolute values (refer to
table 3.2 GPC) largely confirm the NMR data. But it indicates an outstanding
narrow PDI, as it was already reported by Quian et. al. [12].

The GPC chromatograms of each block-co-polymer are individually plotted in
figure 3.2. Each chromatogram is complemented with the signal of the corre-
sponding macroinitiator. It can be recognized, that the MW was raised dur-
ing polymerisation, while the PDI increased only slightly. The elution pro-
file for the MW of the PEG-PLA-block-co-polymer is shown on the secondary
axis (solid red line). Furthermore, the weight fraction distribution is added to
each chromatogram (shaded insert). The number-average MW and the weight-
average MW are highlighted (blue vertical line). It confirmed a successful and
homogenous polymerisation reaction.
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Figure 3.2: GPC chromatograms of synthesized block-co-polymers. Primary
axis: RI detector response of block-co-polymer (solid black line) and PEG
macroinitiator (dashed grey line). Secondary axis: MW elution profile (solid
red line). Insert: weight fraction distribution with highlighted number-average
MW and weight-average MW (blue vertical lines). A: MeO-PEG2k-PLA20k, B:
HOOC-PEG2k-PLA20k, C: MeO-PEG5k-PLA20k and D: NH2-PEG5k-PLA20k.

67



3.3. RESULTS AND DISCUSSION

Table 3.2: List of MWs of synthesized block-co-polymer.

block-co-polymer MW (number-average) PDI(5)

PEG(1) PLA(2) Total(3) GPC(4)

[kDa] [kDa] [kDa] [kDa]
MeO-PEG2k-PLA20k 2.0 19.2 21.2 17.2 1.61
MeO-PEG5k-PLA20k 4.8 17.2 22.0 27.3 1.60
HOOC-CH2-PEG2k-PLA20k 2.1 19.6 21.7 17.2 1.61
NH2-PEG5k-PLA20k 5.0 19.1 24.1 25.6 2.28
(1) macroinitiator MW taken from manufacturers analysis certificate (2) 1 H-NMR data
(3) MW(PEG) + MW(PLA) (4) universial calibration (5) GPC data

3.3.2 Losartan Carboxylic Acid

Losartan potassium was one of the first substances in a series of drugs intro-
duced for the treatment of hypertension [20]. It is a potent, nonpeptide AT1R
antagonist. The half maximal inhibitory concentration (IC50) value is in a low
nano-molar range [21]. But losartan lacks a suitable functional group for the
coupling to the amino-terminated block-co-polymers (refer to figure 3.3A).
However, its active metabolite losartan carboxylic acid (EXP3174) carries a
carboxylic group, that is highly suitable for that purpose (refer to figure 3.3B).
The oxidation of losartan to EXP3174 in the human liver is catalyzed by cy-
tochrome enzymes CYP3A4 and CYP2C9 [22].

Here potassium permanganate was used as an oxidizing agent. The procedure
is described in section 3.2.4. The overall yield accounted 65 %. The identity
of EXP3174 was confirmed by 1H-NMR and MS. 1H-NMR analytics revealed
the following signals: δ 7.7 to 6.9 (m, 8H, Ar-H), δ 5.59 (s, 2H), δ 2.57 (t, 2H,
J=7.6 Hz), δ 1.50 (quint, 2H, J=7.6 Hz), δ 1.25 (sext, 2H, J=7.4 Hz) and δ 0.81 (t,
3H, J=7.6 Hz), that could be matched with EXP3174 [23].
LC-MS measurements found an exact mass of 437 (MH+) which corresponds
exactly to EXP3174 [24].

The purity of EXP3174 was checked via RP-HPLC. The chromatograms are
depicted in figure 3.4. The synthesis educt losartan (blue line) was com-
pletely converted, which was confirmed by the absence of losartan in the chro-
matogram of the synthesis product (black line). Since the retention time of the
synthesis product and the reference substance coincide, the synthesis product
was identified as EXP3174. Figure 3.4A shows the DAD response at 220 nm.
The purity of the synthesis product was over 90 %, that’s why further purifica-
tion was waived. Additionally, the FLD signal was recorded. Analyts were ex-
cited at 250 nm and emitted light was collected at 370 nm. The chromatograms
are depicted in figure 3.4B. They confirm the previous results. The detected flu-
orescence is typical for this group of substances. The obtained retention times
are listed in table 3.3.
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Figure 3.3: Chemical structure of losartan (A) and its active metabolite losartan
carboxylic acid (EXP3174) (B)

Figure 3.4: HPLC chromatograms for the synthesis product (EXP3174) (black
line), the reference substance (EXP3174) (pink line) and the synthesis educt
(losartan) (blue line). A: DAD response (absorbance at 220 nm). B: FLD re-
sponse (Ex=250 nm; Em=370 nm).
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Table 3.3: HPLC analysis of synthesized EXP3174. List of retention times tr.

Analyt Detector signal Substance
DAD FLD

tr tr
[min] [min]

Synthesis educt 3.308± 0.001 3.340± 0.005 Losartan
Synthesis product 7.321± 0.003 7.351± 0.001 EXP3174
Reference substance 7.327± 0.001 7.357± 0.008 EXP3174

3.3.3 EXP3174-PEG-PLA Block-co-Polymer

EXP3174 was chosen as targeting ligand of the core-shell-NPs. As an AT1R
antagonist, EXP3174 also facilitates a pharmacological effect. There are two
different coupling strategies: (1) EXP3174 is linked to the manufactured NP
or (2) EXP3174 was covalently linked to the block-co-polymer prior NP man-
ufacturing. Strategy (2) was favored, since it is easier to adjust the EXP3174-
density. Furthermore, the polymer quality can be assessed prior to the NP
manufacturing and the manufactured NPs can be used without additional la-
borious purification steps. The absence of free EXP3174 is absolutely needed,
because it would challenge any binding study with the targeted core-shell NPs.
The synthesis strategy encompassed the activation of the carboxylic group of
EXP3174 that was carefully added to an alkalized NH2-PEG-PLA dilution. The
reaction was handled in a water-free environment to prevent polymer hydrol-
ysis. EXP3174 was added in an 3.3-fold molar excess, so that naive EXP3174
must be removed via solvent extraction (refer to section 3.2.6). The absence of
primary amino groups and the EXP3174-to-PEG-ratio were checked. Ideally,
there are no remaining primary amino groups, since they vanish by a quanti-
tative coupling reaction.
The performed analysis methods started from an aqueous sample. That’s
why pure micelles of EXP3174-PEG5k-PLA20k (sample), NH2-PEG5k-PLA20k
(positive control) and MeO-PEG5k-PLA20k (negative control) were prepared
according to section 3.2.7. The results are plotted in figure 3.5, indicating a
successful coupling reaction (coupling efficiency: 61.1 %). These results were
directly compared to PLA 10 kDa block-co-polymer micelles (data not shown),
where the coupling efficiency accounted 91.1 %. The coiling behavior of poly-
mers with a longer PLA block potentially reduce the availability of the amino
endgroups, so that the coupling efficiency decrases. Nevertheless, this cou-
pling efficiency is acceptable at this development stage.

Furthermore, the EXP3174-to-PEG-ratio was determined as another quality
attribute. An quantitative coupling of EXP3174 to the block-co-polymers was
expected, since an excess of EXP3174 was added during the synthesis. The
EXP3174 content and the PEG content were determined separately via two
different methods. The PEG content was measured with an iodine assay,
while the EXP3174 concentration was measured via a fluorescence assay. The
EXP3174-to-PEG-ratio accounted 1.8. This result argues for the presence of free
uncoupled EXP3174. But it must be considered that the calculation is based on
the number-averaged MW, so that this is just an approximiation.
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Figure 3.5: Fluram assay for the determination of primary amino groups.
1: pure dispersant (double blank); 2: methoxy-micelles (negative control), 3:
EXP3174-micelles (sample) and 4: amino-micelles (positive control).

Moreover, the NP manufacturing technique includes a further purification step
(ultra-centrifugation) in comparison to the preparation of polymer micelles.
Therefore impurities with a MW clearly below 100 kDa are removed effectively.
However, a dispersion with EXP3174-decorated core-shell NP was manufac-
tured and checked for impurities via HPLC. The manufacturing procedure in-
cluded the mentioned purification step (ultra-centrifugation molecular weight
cut off (MWCO): 100 kDa). It is not trivial to separate small molecules from
high-MW analyts like polymer micelles and intact NPs. Therefore, a PLRP-S
column with a huge pore size (4000 Å) was chosen to retain the intact NPs.
The PLRP-S column is built by pure unmodified polystyrene particles that
were additionally able to retain lipophilic substances like EXP3174. The chro-
matograms are depicted in figure 3.6. Free EXP3174 and PEGylated EXP3174
served as references. The identified substances are highlighted by an arrow-
head. The retention times are listed in table 3.4. It could be concluded that
manufactured core-shell-NPs were not contaminated with free EXP3174. How-
ever, another impurity was still detected. It corresponds roughly to EXP3174-
PEG5k. It was assumed that this impurity is a hydrolysis product of a EXP3174-
PEG-PLA. Since the substance was detected with the FLD, it probably contains
EXP3174. Contrasting the degradation of PEG and PLA in an aqueous envi-
ronment, an ester hydrolysis is much more plausible. Therefore it is expected
that this impurity was an EXP3174-PEG5k-PLA derivative. But this aspect was
not further investigated, since PEGylated EXP3174 suffers from a tremendous
affinity loss for the AT1R [25].
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Figure 3.6: HPLC chromatograms of a core-shell NP dispersion (EXP-NP90)
(A), the reference substance EXP3174-PEG5k (B) and naive EXP3174 (C). Iden-
tified peaks are indicated by an arrowhead. The retention times are listed in
table 3.4.

Table 3.4: HPLC analysis of core-shell NPs (EXP-NP90). List of retention times
tr.

Analyt Detector signal Substance
FLD

tr
[min]

NP dispersion 15.087 unknown
31.340 EXP-NP90

Reference 15.365 EXP3174-PEG5k
Reference 11.380 EXP3174

72



3.4. CONCLUSION

3.3.4 PLGA

PLGA is another essential component for the manufacturing of the core-shell
NPs. As a water-insoluble polymer, it is preferentially located in the core of
core-shell NPs. For an upcoming therapeutic formulation it would be possi-
ble to use ester-terminated or hydroxy-terminated PLGA, whereas the ester-
terminated polymer is more lipophilic. PLGA can be tagged with different
fluorescent dyes or even ultra-small gold particles, so that the core-shell-NPs
can be analyzed in its almost naive configuration via a multitude of analytical
techniques.

Here carboxy-terminated PLGA was covalently linked to CF™647 amine using
the DMTMM crosslinker. CF™647 labeled NPs could be excited via a red laser
(λ=635 nm). This labeling procedure is adaptable for a wide range of fluores-
cent dyes with similar reactivities.
Besides, PLGA was linked to ultra-small monoamino gold NPs using EDC/
NHS chemistry. This labeling technique offered the oppurtunity to prepare
gold-tagged NPs, that could be detected via inductively coupled plasma (ICP)-
MS. ICP-MS is a ultra-sensitive analysis method enaballing the tracing of ultra-
low gold amounts.
These labeling techniques give access to a plethora of analysis technique that
can be used during the investigational phase.

3.4 Conclusion

Finally, four different block-co-polymers with a target MW of 22 kDa and
25 kDa were synthesized via ring-opening polymerization. They carried the
endgroup functionalities methoxy, carboxy or amino, so that the surface charge
of subsequently manufactered core-shell NPs can be tailored. Carboxy-termi-
nated polymers introduced negative charges, while amino-terminated poly-
mers introduced positive charges. The synthesized block-co-polymer were an-
alyzed via 1H-NMR and GPC in order to check the MW, the PDI and the pu-
rity. The block-co-polymers have an outstanding narrow PDI. The length of the
PLA block can be tuned via the applied quantity of lactide (moles lactide per
mol macroinitiator). Therefore, further customized PEG-PLA-block-co-poly-
mers are easily accessible. The synthesized products were stored in a freezer,
protected from light, oxygen (inert gas) and moisture in order to ensure their
stability.
Beyond the possibility to introduce a positive suface charges, NH2-PEG-PLA
was used to obtain a EXP3174 decorated block-co-polymer. EXP3174 was
covalently coupled to NH2-PEG-PLA via EDC/ NHS chemistry. Therefore,
losartan was purchased from a commercial supplier and oxidized with potas-
sium permanganate to yield EXP3174. The identity of the synthesis product
was verified via 1H-NMR, MS and HPLC, whereas the HPLC chromatograms
also indicated a purity of more than 90 %. Special attention was paid to the
purity of EXP3174-PEG-PLA block-co-polymer, since the coupling reaction
was facilitated with an molar access of activated EXP3174. The coupling effi-
ciency was 61.1 %. It was calculated from an fluram assay, that is a fluorescence
based analysis method detecting primary amino groups. It was discussed, if
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the 20 kDa-PLA block reduces the availability of the primary amino groups
during the coupling reaction. Controversially, the EXP3174-to-PEG ratio ac-
counted 1.8, arguing for the presence of free EXP3174. However, it must be
considered that the calculation is based on the number-averaged MW obtained
from the 1H-NMR. In addition, it is possible that not the whole PEG amount
could be detetected via the iodine assay, since it is not completely available on
the polymer-micelles surface. This hypothesis is also encouraged by the de-
termined coupling efficiency and the reduced availability of the amino groups
for the coupling reaction. All in all, these data gave evidence for a successful
coupling reaction, although the coupling efficiency can be further improved.
Nevertheless, it is absolutely suitable for the current development stage. It was
focussed on the absence of free EXP3174 in the manufactured NP dispersion.
That’s why a HPLC method for the tracing of free EXP3174 in a core-shell NP
disperion was established. The absence of free EXP3174 was proven.

Last but not least, a commercially available PLGA was tagged with a fluores-
cent dye or ultra-small gold particles. These reactions were the basis for the
subsequent detectability of the manufactured core-shell-NPs via various anal-
ysis techniques. Beyond that, the labeling procedure is also adaptable for a
wide range of fluorescent dyes with similar reactivities and solubility proper-
ties. The gold tag gives access to further imaging techniques like transmission
electron microscopy (TEM) or highly sensitive analysis methods like ICP-MS.
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Chapter 4

Nanoparticle Manufacturing
and Analytical Methods with
special Focus on the Particle
Number Concentration



4.1. INTRODUCTION

Abstract

Core-shell nanoparticles (NPs) were identified as a highly flexible platform
technology to design a novel therapeutic agent for the treatment of prolifer-
ative ocular diseases. Two promising candidates with different sizes and an
outstanding narrow polydispersity index (PDI) were manufactured via nano-
precipitation: (1) larger, methoxy-terminated EXP-NP90 (105± 13 nm, PDI
0.10± 0.01) and (2) smaller, carboxy-terminated EXP-NP60- (68± 6 nm, PDI
0.09± 0.02). This work established a simple strategy to determine the par-
ticle number concentration (PNC) from the total polymer content (TPC) and
the hydrodynamic diameter (dh). The polyethylene glycol (PEG) shell took an
intermediate brush-like conformation. Both candidates were decorated with
the angiotensin II receptor type 1 (AT1R) antagonist losartan carboxylic acid
(EXP3174). The EXP3174 density was 10.4± 4.5 molecules per 100nm2 (EXP-
NP90) and 7.0± 3.0 molecules per 100nm2 (EXP-NP90). Viruses served as the
blueprint for the NP design, since they carry 0.01 (human immunodeficiency
virus (HIV)) to 1.73 spikes per 100nm2.

4.1 Introduction

Hennig et. al. demonstrated the targeting of retinal and choroidal vasculature
using multivalent NPs [1]. Therefore they used quantum dots that were com-
posed of a nanocrystal core (cadmium selenid) surrounded by a hydrophilic
shell (PEG coating) [2]. Hennig et. al. decorated those quantum dots with
EXP3174 molecules as targeting ligands. Due to the intense fluorescent prop-
erties and the heavy metal content they were able to image and quantify the
targeted Quantum Dots in vivo [1]. On the contrary, the heavy metal content
is the reason why a therapeutic application of such NPs is not possible. Ab-
stiens et. al. introduced a highly promising nanoparticulate system, allowing
for the manufacturing of tailored NPs [3, 4]. The physicochemical as well as
the targeting properties can be precisely tailored. These so-called core-shell
NPs comprise only biocompatible and biodegradable building blocks. Conse-
quently they can be considered for therapeutic applications. Beyond that, this
work suggest different labeling techniques, providing access to a plethora of
analysis techniques. This means that, they can be used for pre-clinical investi-
gation and also for therapeutic applications.

Core-shell NPs can be manufactured via nanoprecipitation. Already in 1986,
Fessi et. al. patented a NP preparation technique [5]. Just a few years later they
refined their method and described the preparation of indomethacin loaded
nanocapsules [6]. This was the foundation of an outstanding NP manufactur-
ing technique which has not lost its importance up to the present day. They
solved polylactic acid (PLA) and phospholipids in acetone (organic phase)
and poured it into a moderately stirred aqueous poloxamer dilution (aqueous
phase). Immediately, the dispersion showed a distinct opalescence, indicating
the formation of nanocapsules, that were confirmed by transmission electron
microscopy (TEM) images. Later this phenomenon became known as Ouzo
effect [7, 8]. It was transferred to various at least ternary systems (solute/ sol-
vent/ water) and today it is better known as nanoprecipitation. Nanoprecipita-
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tion is a common strategy to manufacture polymer-based NPs. There are just a
few prerequisites:

• Proportion of solute/ solvent/ water must be in the Ouzo-region[9]

• Solvent must be totally miscible with water

• Solute is insoluble in water

Lepeltier et. al. were dealing with the manufacturing of biodegradable,
polymer-based NPs as drug delivery devices and described the formation
steps in detail [9]. As it is depicted in their shematic ternary phase diagram,
there is only a tiny Quzo-region where nanoprecipitation occurs. Dropping
of the solute/solvent mixture (organic phase) into the stirred water phase
(aqueous phase) leads to solvent droplets first. Rapidly water diffuses into
the solvent droplets and reduces the solubilisation capacity of the solvent.
The saturation concentration decreases with the increasing water content and
generates a supersaturation of the solute in the equillibrium solvent/ water
mixture. This is a highly instable thermodynamical situation and favors the
formation of nuclei. The nucleation stops when the saturation concentration
is reached. Afterwards, the primary nuclei can grow via Ostwald ripining as
well as aggregation. In order to get NPs for an in vitro and in vivo testing, the
solvent residues must be removed by evaporation. The samples can be puri-
fied and concentrated using ultra-centrifugation. Nowadays, researchers are
focused on the encapsulation of potent drugs that can be precisely delivered to
their target using NPs as carriers [10–12].

In this work block-co-polymers and poly(lactic-co-glycolic) acid (PLGA) where
diluted in acetonitrile (ACN) to receive the organic phase. Afterwards the or-
ganic phase was carefully dropped into the vigorously stirred aqueouse phase.
Both phases immediately blended into a homogenous opalescent dispersion.
Since the polymers of the organic phase are not soluble in the ACN-water-
mixture they precipitate and built NPs. This technique was adapted from Ab-
stiens et. al. [3]. The structure of the manufactured NPs is illustrated in figure
4.1.
The PLA blocks anchor the hydrophilic PEG-chains in the NP core. The core is
stabilized with PLGA that can be tagged with a fluorescent dye or ultra-small
gold particles. Therefore this NPs can be detected by a plethora of analysis
techniques.
Beyond the manufacturing technique the NP properties were investigated in
deep. This work introduces a straightforward strategy to determine the PNC
from the TPC and the hydrodynamic diameter. This calculation method was
confirmed by nanoparticle tracking analysis (NTA) measurements. In addi-
tion, it was focussed on the configuration of the PEG-shell. A dense PEG shell
is very important for the NP stability in vivo [13, 14]. PEG can take a mushroom
or a brush conformation [15]. Another really important parameter for the tar-
geting effect is the ligand density. Here the AT1R antagonist EXP3174 served
as targeting ligand, but also mediated a pharmacological effect. The number of
surface presented ligands is crucial for the NP’s target avidity. Therefore the li-
gand density was adjusted with respect to the spike density of viruses. Viruses
use spike proteins to identify and to attach their host cells [16–19].
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Figure 4.1: Schematic drawing of a manufactured core-shell NP. The PLA tail
of the block-co-polymers anchors the hydrophilic PEG block in the NP core.
The core is stabilzed with PLGA. The PEG chains cover the lipophilic core and
build the shell. The PEG shell was composed of longer and shorter PEG-chains.
EXP3174 molecules (ligands) were linked to the longer PEG-chains.

4.2 Material and Methods

4.2.1 Material

The synthesis and analysis of PEG-PLA-block-co-polymers is described in
chapter 3. PLGA13.4k (Resomer®RG 502 H) was purchased from Sigma Aldrich
(Taufkirchen/ Germany) All other chemicals were purchased from Sigma-
Aldrich (Taufkirchen/ Germany), if not stated otherwise. A Milli-Q purifi-
cation system (Millipore/ Schwalbach/ Germany) was used to prepare fresh
ultrapure water. It is hereinafter termed water.

4.2.2 Manufacturing of Nanoparticles

Initially, the particular block-co-polymer or PLGA was dissolved in HPLC-
grade ACN (Merck/ Darmstadt/ Germany) to a concentration of 40 mg ml−1

(stock dilution). Every stock dilution was individually and freshly prepared
for each polymer.
Subsequently stock dilutions were mixed in the desired proportions so that an
organic dilution with 10 mg ml−1 was received (organic phase). The organic
phase always consists of 70 % and 30 % PLGA. The 70:30 ratio turned out to
provide the best particle size characteristics and manufacturing robustness [3,
20]. The organic phase was carefully dropped into vigorously stirred diluted
Dulbecco’s Phosphate Buffered Saline (x0.1) (DPBSx0.1) (aqueous phase), so
that the equillibrium solvent content never exceeded 10 % ACN. The disper-
sion was evaporated for at least 3 h at room temperature (RT) and atmospheric
pressure. Afterwards, dispersions were transferred into 100 k MWCO spin fil-
ters (Pall corporation). The NP dispersions were purified and upconcentrated
via centrifugation and washed with DPBSx0.1 at 1200 xg.

An NP batch consisted of 500 µl organic phase, which was dropped into 5 ml
aqueous phase. The NP formulations are listed in table 4.1.
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Table 4.1: Basic formula for the manufacturing of a NP batch.

NP90 EXP-NP90 NP60- EXP-NP60-

Stock dil.
of [µl] [µl] [µl] [µl]

O
rg

an
ic

ph
as

e EXP3174-PEG5k-PLA20k - 18 - 18
MeO-PEG5k-PLA20k 18 - 18 -
MeO-PEG2k-PLA20k 62 62 - -

HOOC-PEG2k-PLA20k - - 62 62
PLGA13.4k 37 37 37 37

ACN 383 383 383 383

[ml] [ml] [ml] [ml]

A
qu

eo
us

ph
as

e

DPBSx0.1 5.0 5.0 5.0 5.0

4.2.3 Dynamic Light Scattering

The hydrodynamic diameter of NPs was determined using a Zetasizer nano ZS
(Malvern Instruments/ Herrenberg/ Germany). The concentrated NP disper-
sion was diluted 1:50 with 0.22 µm-filtrated DPBSx0.1 and transferred into a
single-use cuvette UV Micro (z = 8.5 mm) (Carl Roth/ Karlsruhe/ Germany).
The sample was illuminated with a He-Ne-laser (633 nm). Additionally the
device was equipped with a narrow band filter in front of the detector. This
prevented the detection of emitted light from fluorescently labeled NPs. The
samples were equillibrated at 25 °C. Overall, three measurements were exe-
cuted in the automatic mode. Finally the dh and the PDI were reported.

Furthermore, the same Zetasizer nano ZS was used to determine the NP’s
zeta-potential. As recommended by the manufacturer, a disposable folded
capillary cell (Malvern Instruments/ Herrenberg/ Germany) was filled ac-
cording to the diffusion barrier technique [21]. Therefore 0.22 µm filtered
DPBSx0.1 was loaded first and the sample (5 mg ml−1) was just added to the
bottom of the capillary cell. This avoids the contact of the sample with the
electrodes, ensuring a reliable and reproducable measurement. Due to the
moderate conductivity of the dispersant the voltage was restricted to 100 V.
The sample was equillibrated at 25 °C. Overall, six measurements with twenty
runs each were executed to realize changes of the samples. Finally the mean
zeta-potential (ζ-potential) was reported.

Raw data were analyzed and processed using the Zetasizer software version
7.12 (Malvern Instruments/ UK).
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4.2.4 Nano Tracking Analysis

To measure the PNC directly a NanoSight NS300 (Malvern Instruments/ UK)
was used. The samples were illuminated by a red laser (642 nm) and the scat-
tered light was detected by a sCMOS camera. Three batches of EXP-NP90 as
well as one batch of methoxy-terminated nanoparticle (NP90) with the iden-
tical TPC were manufactured. Samples were diluted 1:1000 with 0.22 µm
filtered double destilled water. This resulted in a PNC of approximately
60 particles/frame, as it is recommanded for a high quality measurement. Here
the frame describes the field of view, that is recorded by the sCMOS camera. It
corresponds to an exactly defined unit (100 µm x 80 µm x 10 µm) in the sample
chamber. To acchieve a precise result every batch was individualley diluted
three times. Overall five segments of each dilution were measured after an
equilibration at 25 °C for 30 s.
Raw records were analyzed by the NTA 3.1 software.

4.2.5 Determination of Total Polymer Content

Apart from NTA, the NP concentration was determined as the total polymer
content. Therefore the PEG concentration was spectroscopically measured and
converted to the total polymer content as it is described by Abstiens et. al. [3].
In brief, always three batches of NP90 and carboxy-terminated nanoparticle
(NP60-) were manufactured according to 4.2.2 with one exception. Pure water
was applied as the aqueous phase instead of DPBSx0.1. This was necessary to
weigh out total polymer mass after freeze-drying. Purification and concentra-
tion procedure remained unchanged.

Three parts of each NP dispersion were splitted onto plastic tubes and freeze-
dried, to remove water comlpletely and weigh out the remaining polymer
mass exactly. Therefore NP dispersions were freezed overnight at −40 °C in
a single chamber benchtop freeze dryer Alpha 2-4 LSCplus, manufactured by
the company Martin Christ (Osterode a. Harz/ Germany). Afterwards the
chamber was evacuated (0.1 mbar) and the shelf temperature was raised to
−30 °C for 24 h. Subsequently the shelf temperature was raised stepwise to
20 °C, while the pressure was reduced to 0.01 mbar. The whole process was
finished after 90 h. Finally samples were situated in an evacuated desiccator at
RT until the weight remained constant.

Concurrently the fourth part of each NP dispersion was used to perform
an iodine assay according to Childs [22]. It is a complexation assay, where
PEG forms a coloured complex with barium and iodine, that can be detected at
535 nm. MeO-PEG2k-OH was diluted in water (3, 6, 9, 12, 15, 18 and 21 µg ml−1)
and served as the calibration standard. The detection reagent was freshly
prepared by mixing 5 %(w/v) barium chloride in 1 M HCl solution (2/3) and
0.05 M iodine/ potassium iodide dilution (AVS Titrinorm/ VWR/ Ismaning/
Germany) (1/3). NP dilutions and calibration standards were rendered in 96-
well-plate (140 µl). Then the detection reagent was added (60 µl). After 1 min
incubation at RT, absorbance at 535 nm was measured with a FluoStar Omega
fluorescence microplate reader (BMG Labtech/ Ortenberg/ Germany).
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Finally the gravimetrically determined total polymer mass was correlated
with the PEG amount, measured by the iodine assay. Under the assumtion
that all further NP batches provide identical NPs, the TPC can be calculated
afterwards, based on an iodine assay and the obtained correlation curves.

4.2.6 TEM Images and Size Analysis

NPs were manufactured according to 4.2.2 and diluted to 300 pM. Several mi-
crolitres were applied to a carbon-coat copper grid (Plano®Formavar, mesh
400) for 5 min. Afterwards dilution was removed carefully and the copper-grid
was exposed for 20 s to an aqueous dilution of uranyl acetate (1 %). Several im-
ages at different positions were captured using a LIBRA®120 TEM (Carl Zeiss/
Jena/ Germany). The acceleration voltage was adjusted to 90 kV.
The size of at least hundred NPs was analyzed using the ImageJ software ver-
sion 1.52p. The results were plotted in a histogram and completed a distribu-
tion curve and a cumulative histogram (refer figure 4.5). Arithmetic mean and
standard deviation (SD) are specified.

4.2.7 Quantification of EXP3174

To quantify EXP3174 a fluorescence assay based on the procedure described by
Hennig et. al. [23] was established. Samples were diluted at least 1:20 in 0.2 M
acetic acid. EXP3174 (Santa Cruz/ Heidelberg/ Germany) was also diluted in
0.2 M acetic acid and served as the calibration standard (1, 3, 6, 9, 12, 15, 18
and 21 µM). Samples and standards were transferred into a white F-bottom
polystyrene (PS) 96-well-plate (Greiner Bio One/ Frickenhausen/ Germany)
and measured using the microplate reader Synergy Neo2 (BioTek). EXP3174
was excited at 250 nm and emitted light was detected at 370 nm. As already
shown, linking of EXP3174 to PEG-chains did not change fluorescence proper-
ties [23].

4.3 Results and Discussion

Overall, two NP formulations turned out to be the most promising candidates.
The basic composition is illustrated in figure 4.1. It should be emphasized that
the targeting ligands were linked to the longer PEG chains. The NPs are in-
tented to selectively silence AT1Rs in the ocular vasculature and inhibit patho-
logical neovascularization. Therefore both candidates were decorated with
the AT1R antagonist losartan carboxylic acid (EXP3174). EXP3174 is the NPs
targeting ligand and concurrently mediates the pharmacological effect. This
means that it was not necessary to encapsulate an additional drug - the NP
was the pharmacon itself. The two candidates were (1) methoxy-terminated
EXP-NP90 and (2) carboxy-terminated EXP-NP60-. They only differed in
the functional endgroup of the shorter PEG block-co-polymer (MeO-PEG2k-
PLA20k vs. HOOC-PEG2k-PLA20k). The complete formulations are listed in
table 4.1. The most charcteristic difference between both candidates is the NP
size (105± 13 nm vs. 68± 6 nm).
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4.3.1 Nanoparticle Analysis

Apart from the targeted EXP3174-decorated candidates, also naive non-tar-
geted NP90 and NP60- were manufactured. The formulations were equivalent,
but EXP3174-PEG5k-PLA20k was supplemented with MeO-PEG5k-PLA20k. The
complete formulations are listed in table 4.1. Finally, the following core-shell
NP compositions were manufactured:

1 NP90

2 EXP3174 decorated NP90 (EXP-NP90)

3 NP60-

4 EXP3174 decorated NP60- (EXP-NP60-)

The corresponding structures are depicted in figure 4.2A. The central blue
sphere illustrates the NP core that is surrounded by the PEG shell. The short
PEG-chains had a molecular weight (MW) of 2 kDa, while the longer PEG-
chains had a MW of 5 kDa. PEG-chains depicted in black were methoxy-
terminated, while light blue PEG-chains were carboxy-terminated and intro-
duced negative charges into the inner shell. The pink triangles stand for the
targeting ligand EXP3174.

The graphs of figure 4.2B show the NP size as hydrodynamic diameter,
the polydispersity (PDI) and the surface charge (ζ-potential). NP90 were
97± 11 nm in size (N=20) with a narrow PDI of 0.09± 0.02 and a ζ-potential
of −5.8± 0.3 mV. Their EXP3174-decorated equivalents (EXP-NP90) were
105± 13 nm in size (N=20) with a narrow PDI of 0.10± 0.01 and a ζ-potential
of −9.2± 0.2 mV. So EXP-NP90s were slightly larger than NP90s. The ζ-
potential is moderately negative. The reason therefore could be the use of
acid-terminated PLGA. While the main PLGA chain is situated in the core,
potentially the negatively charged carboxylic group orientates to the shell/
dispersant interface. Apart from that, the reason for the moderately negative
ζ-potential could be found in the degradation process of the NPs. During the
manufacturing process the NPs were getting in touch with the aqueous dis-
persant. This could already start the degradation process. Clevage of the ester-
bonds generates negatively charged carboxylic groups. Both hypotheses are
plausible explanations.

NP60- were 69± 8 nm in size (N=16) with a narrow PDI of 0.08± 0.04 and
a ζ-potential of −13.2± 0.6 mV. Their EXP3174-decorated equivalents (EXP-
NP60-) were 68± 6 nm in size (N=16) with a narrow PDI of 0.09± 0.02 and a
ζ-potential of −12.6± 0.6 mV. Consequently, it was possible to decrease the NP
size clearly, by the exchange of uncharged MeO-PEG2k-PLA20k with negatively
charged HOOC-PEG2k-PLA20k. Obviously the hydrophilicity of the polymers
dictated the NP size. Besides, the introduction of the negatively charged sur-
face groups lowered the ζ-potential further.
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Figure 4.2: A: Schematic drawing of designed EXP3174-decorated methoxy-ter-
minated - (2) and carboxy-terminated core-shell-NPs (4) as well as their non-
ligand-carrying equivalents (1 and 3). B: Size (presented as hydrodynamic di-
ameter dh), PDI (blue dashes) and ζ-potential of the NPs. Statistical significance
was testet using a two-sided t-test. (*) p=0.05; n.s. not significant
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4.3.2 Nanoparticle Concentration

Total Polymer Content

It is quite challenging to determine the particle number concentration (PNC)
exactly. That’s why it is a popular method to report the NP concentration
as total polymer content (TPC). Therefore the dispersant must be removed
quantitatively, so that the TPC could be simply weight out. Usually NPs were
prepared in pure water, freeze-dried and the remaining polymer mass was
weighed out. However, this is a very time consuming process, so that this pro-
cedure was linked with a colorimetrical quantification method, that is termed
iodine assay. It allows the quantification of the PEG content and correlates with
the number of NPs in the dispersion (PNC).
Initially, three individual batches of NP90 and NP60- were produced according
to 4.2.2. However, pure water was used as the aqueouse phase, since buffer
salts would have been remained during freeze-drying. Therefore the effect
of the aqueous phases DPBSx0.1 and pure water was proven. No significant
changes in the NP size or the polidispersity were recognized (refer to figure
4.3A). Consequnetly it was possible to transfer the calibration.
The absorbance and the PEG concentration correlated over a wide concentra-
tion range (refer figure 4.3B). PEG builds a complex with barium ions and io-
dine that can be detected at 535 nm [22]. The correlation is linear (R2 = 0.9990).
The determined PEG concentration was related to the weighed TPC to obtain
calibration curves for both candidates (refer figures 4.3C and 4.3D). A linear
relation was recognized (R2 = 0.9986 and R2 = 0.9989).

This means that the TPC could be calculated from the following funcitons:

Calibration curve for NP90:

TPC = 16.526× [PEG] + 0.085 (4.1)

Calibration curve for NP60-:

TPC = 17.800× [PEG]− 6.262 (4.2)

Here [PEG] is the PEG concentration in µg ml−1 obtained from an iodine assay
according to 4.2.5. So TPC in µg ml−1 was calculated for NP90 and EXP-NP90
using equation 4.1 as well as for NP60- and EXP-NP60- using equation 4.2.

Particle Number Concentration

The gravimetrical determination of the TPC is widely accepted. It offers a fun-
damental quantification method for polymeric NPs and the standardization of
experiments. Nevertheless, it cannot report the absolute number of NPs (PNC).
The comparability of experiments with NPs of different sizes was not possible.
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Figure 4.3: A: Effect of different aqueous phases (DPBSx0.1 vs. pure water)
on the NP size and polydispersity (refer NP nanoprecipitation method 4.2.2.
(n.s. not significant) B: Absorbance of PEG standards (iodine assy 4.2.5). C:
Correlation of PEG content and NP90 TPC. D: Correlation of PEG content and
NP60- TPC.
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Figure 4.4: For the calculation of the PNC, NPs can be considered as an ideal
sphere (grey). The mass of a single NP (mNP) can be calculated from its density
(ρNP) and its volume (VNP). To calculate VNP the general formula for the vol-
ume of a sphere can be used. Therefore just the size is needed. Here the size is
taken from the hydrodynamic diameter (dh).

This is also true for the candidates EXP-NP90 and EXP-NP60-. Hence, there
was a major need for the determination of the PNC.
This issue is well-known and there are already existing basic considerations
[24]. The PNC is a function of the TPC and the mass of a single NP (mNP):

PNC =
mtotal

mNP ×VDis
=

TPC
mNP

(4.3)

Here mtotal is the remaining polymer mass after freeze-drying of the NP dis-
persion. The absence of any other additives like buffer salts is essential. That’s
why NPs must be manufactured in pure water, as it is already outlined above.
VDis is the initial volume of the NP disperion before freeze-drying. mNP can be
calculated from the NP density ρNP and its volume VNP.

mNP = ρNP ×VNP (4.4)

Considering the polymer NPs as an ideal sphere, VNP can be calculated using
the general formula for the volume of a sphere. The volume of a sphere is equal
to 4/3 π (d/2)3. The diameter of the sphere (d) was taken from the measured hy-
drodynamic diameter (dh). For a better understanding all values are illustrated
in figure 4.4.

mNP = ρNP ×
4
3

π

(
dH
2

)3

(4.5)
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Combining equation 4.5 and equation 4.3 results in the following function that
can be further simplified:

PNC =
TPC

ρNP × 4
3 π
(

dH
2

)3 =
TPC

ρNP × 1
6 π (dH)

3 (4.6)

The unit of the resulting PNC is the number of particles per volume. The result
can be converted with the Avogadro constant (NA) to report molar values as it
is common for the avidity of NPs:

PNC =
TPC

ρNP × 1
6 π (dH)

3 × NA
(4.7)

Equation 4.7 enables the calculation of the molar PNC. It is necessary to de-
termine the TPC via an iodine assay the hydrodynamic diameter via dynamic
light scattering (DLS). ρNP was taken from the literature. Rabanel et. al. pub-
lished a ρNP of 1.25 g cm−3 for PEG-PLA NPs [25].

Error Propagation

The PNC calculation function had an immense importance for this work. But
it was also necessary to be aware of their confidence range. This is the reason
why the Gaussian error propagation was utilized. To this end, equation 4.7
was reduced to the error containing variables first:

PNC = K× TPC

(dH)
3 by K =

6
ρNP × π × NA

(4.8)

According to the Gaussian error propagation the error s of PNC is given by the
following function:

SDPNC =

√(
∂PNC
∂TPC

× SDTPC

)2
+

(
∂PNC
∂dH

× SDdH

)2
(4.9)

A partial derivation of both parameters resulted in:

SDPNC =

√√√√( K

(dH)
3

)2

× (SDTPC)
2 +

(
−3× K× TPC

(dH)
4

)2

×
(
SDdH

)2 (4.10)
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Finally, equation 4.10 was further simplified and converted to receive the rela-
tive standard deviation (RSD) of each parameter:

SDPNC
PNC

=

√(
SDTPC

TPC

)2
+ 9×

(
SDdH

dH

)2

RSDPNC =

√
(RSDTPC)

2 + 9×
(

RSDdH

)2 (4.11)

This means that, the error of the PNC calculation function 4.7 can be estimated
with equation 4.11. It is obvious that the impact on the hydrodynamic diame-
ter on the calculation accuarcy is tremendous.

Error Quantification

The hydrodynamic diameter was determined via DLS and the TPC was de-
termined according to 4.2.5. Both methods influence the accuracy of the PNC
calculation method directly, while the hydrodynamic diameter was the critical
parameter (refer to equation 4.11).

The hydrodynamic diameter (dh) is the diameter of an ideal sphere having the
same diffusion coefficient according to the Stokes-Einstein equation like the
observed NP itself. Thus, it includes its hydrate shell resulting in an over-
estimation of NP size. For a better estimation of the true NP size and the
quantification of the calculation error of equation 4.7, the NP size was addi-
tionally determined from TEM images. Therefore samples were prepared and
analyzed according to 4.2.6. Such microscopically size analysis techniques
observe the 2D projection of single NPs. The maximum Feret diameter of all
recognizable NPs was measured and the arithmetic mean specified as dTEM.
Additionally, the results were illustrated in figure 4.5. Particle size distri-
butions were evaluated by means of a histogram, a distribution curve and
a cumulative histogram. The size of NP90 was 84± 24 nm (figure 4.5A) and
84± 28 nm for the EXP3174-decorated equivaltent EXP-NP90 (figure 4.5B). The
distribution curve and the SD indicates a narrower particle size distribution
for the non-ligand carrying NP90. The size of NP60- was 59± 19 nm (figure
4.5C) and 46± 18 nm for the EXP3174-decorated equivalent EXP-NP60- (figure
4.5D).

The inserts in figure 4.5 show single core-shell NPs. Uranyl acetate is known
for its affinity to negative charges of nucleic acids or carboxylic groups.[26]
These core-shell NPs possessed negative surface charges (refer to figure 4.2B)
that originated from ester-terminated PLGA and HOOC-PEG-PLA. The con-
trasting agent uranyl acetate did not migrate into the inner NP, so that the core
appeared clearly brighter.
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Figure 4.5: Particle size distribution and a typical TEM image (insert) of NP90
(A), EXP-NP90 (B), NP60-(C) and EXP-NP60- (D).
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Figure 4.6: Thoughts for the derivation of the maximum size deviation (Max.
Error, green) for the PNC calculation according to equation 4.7. The approach
is referred to the dh, because it is used for the mentioned PNC calculation. Max.
Error is limited by dTEM minus SD. The absolute values are listed in table 4.2.

In fact, the evaluation of the TEM images indicated smaller NP sizes than the
DLS measurements. The values are listed in table 4.2. However, both tech-
niques had their limitations. For one thing, DLS measurements overestimated
the NP size due to the considered hydrate shell. On the other hand, PEG
is a neutral polymer that cannot be stained by uranyl acetate and remains
invisible in TEM images [27]. This means that the TEM-based NP size was un-
derestimated. Consequently, the true NP size lies between the hydrodynamic
diameter and the diameter based on transmission electron microscopy images
(dTEM). These aspects are visualized in figure 4.6. The difference between both
size values is termed spread. It is the maximum deviation of the NP size.

Table 4.2 lists the spread for each type of core-shell NP. In order to assess equa-
tion 4.11, the values were transformed into the RSD. Therefore the spread was
normalized to dh and listed as RSD in the last column of table 4.2. These values
illustrate the maximum error in an worst-case approach. It can be assumed
that the actual RSD is truely smaller.

Table 4.2: List of hydrodynamic diameter (dh) and
TEM-based NP diameter dTEM.

dTEM dh Spread(1) RSD(2)

nm nm nm %
NP90 84± 24 109± 1 25 23
EXP-NP90 84± 28 118± 1 34 29
NP60- 59± 19 90± 1 31 34
EXP-NP60- 46± 18 71± 1 25 35
(1) difference between dh and dTEM

(2) spread normalized to dh

In order to determine the confidence range of the TPC quantification method
4.3.2, their standard deviation SDxO was estimated according to DIN 32645
[28].
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SDxO =
SDy,x

b
(4.12)

Here SDy,x is the residual standard deviation for the calibration function and b
is the slope of the linear correlation function. To determine SDy,x equation 4.13
was used.

SDy,x =

√√√√√ n
∑

i=1
(ŷi − yi)2

n− 2
by ŷi = a + bxi (4.13)

Here ŷ is the estimated value for yi, a is the y-intercept of the linear correlation
function, n is the number of calibration samples and i is the runnning number
of each calibration sample. Thus the sum of squared deviations from the esti-
mated yi-values are the basis for the calculation of the standard deviation for
the procedure SDxO. It owns the same unit like the y-values. It is therefore
an absolute SD. For the determination of the PNC calculation error according
to equation 4.11 the RSD for TPC was needed. That’s why the coefficient of
variation of the procedure vxO is finally calculated according to equation 4.14.

vxO =
SDxO

x̄
(4.14)

Here SDxO is normalized to the mean of the x-values (x̄). The coefficient of
variation was 3.5 % for the methoxy-terminated NPs NP90 and EXP-NP90 as
well as 2.8 % for the carboxy-terminated NPs NP60- and EXP-NP60-.

Based on these considerations, it was possible to specify the accuracy of the
PNC calculation method (equation 4.7). The values are listed in table 4.3.
The accuracy of the PNC calculation was estimated in a worst-case scenario.
The NP size is the critical parameter. Since the TEM imaging does not consider
the PEG-shell a clearly higher accuracy can be expected.

Calculation Verification

The PNC can be calculated using equation 4.7. Apart from that there is another
strategy to measure the PNC directly. For this purpose nanoparticle tracking
analysis (NTA) is a suitable technique. Here strongly diluted dispersions were
illuminated by a laser and the scattered light was visualized with a special
microscope. Individual NPs appeared as fast moving spheres. The observed
particle movements are caused by the Brownian motion. Tracking each motion
path automatically provided a motion speed that was retraced to a hydrody-
namic diameter (dh) via the Stokes-Einstein equation. This means that NTA
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Table 4.3: Accuracy of PNC calculation method for the
core-shell NPs.

NP type
(

SDTPC
TPC

)
(1)

(
SDdH

dH

)
(2)

(
SDPNC

PNC

)
(3)

% % %
NP90 3.5 23 69
EXP-NP90 3.5 29 87
NP60- 2.8 34 102
EXP-NP60- 2.8 35 105
(1) RSD of TPC determination obtained from equation 4.14
(2) RSD of hydrodynamic diameter taken from table 4.2
(3) Accuracy of PNC calculation based on equation 4.11

Figure 4.7: Number-weighted NP size distribution of NP90 (A) and EXP-NP90
(B) obtained from NTA measurements. Errors are indicated in red.

and DLS both rely on the light scattering properties of NPs. But DLS measure-
ments do not resolve individual particles. The technique relies on intensity
fluctuation of scattered light originating from all NPs passing the laser beam.
Thus it is more difficult to resolve minor particle populations. The NTA based
particle size distributions are plotted in figure 4.7. The hydrodynamic diameter
obtained from DLS and NTA measurements are compared in table 4.4. There
the discrepancy between intensity-weighted dh and number-weighted dh is
recognizeable. It is remarkable that the mode of NTA measured NP size fits
very well the dh of DLS measruements. This emphasizes the underestimation
of small particle size populations in DLS measurements and explains the small
difference between the two determination methods.

However, the recorded frames corresponded to an accurately defined op-
tical unit. Therefore the number of NPs could have been related to the
volume of the sample chamber and directly provided the PNC. Here the
size and the PNC were determined for NP90 and EXP-NP90 using NTA to
finally verify the aforementioned PNC calculation method (equation 4.7).
Since the NTA software tracked single NPs it was necessary to strongly di-
lute the NP dispersions. High quality measurements required approximately
60 nanoparticles per frame, meaning that the NP disperions must be diluted
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extremely. Every stock disperion was diluted in triplicates. Then each sample
disperion was measured in quintuplicates. The procedure was extremely time-
consuming, which limits its usability as a routinely quality control method.

The PNC for selected NP batches was determined with both strategies. The
results are listed in table 4.4. For one thing, the PNC was calculated accord-
ing to equation 4.7 that relied on DLS measurements (Strategy A). On the con-
trary, PNC was directly measured using NTA measurements (Strategy B). Both
methods provided PNCs in the same order of magnitude. This means that the
outlined calculation method (equation 4.7) was suitable to determine the PNC
of core-shell NPs with a sufficient accuracy.

Table 4.4: List of calculated PNC according to equation 4.7 (Strategy
A) and directly measured PNC (Strategy B).

Strategy A Strategy B
-calculated- -measured-

dh PNC(1) mode dh PNC
nm nM nm nm nM

NP90 100± 1 8.90± 6.14 104 119± 3 2.18± 0.15
EXP-NP90 108± 4 7.46± 6.49 106 126± 8 2.08± 0.37
(1) PNC was calculated by equation 4.7. SD originates from the RSD for NP90 and
EXP-NP90 listed in table 4.3

4.3.3 Further Consideration to the PEG Shell

The candidates EXP-NP90 and EXP-NP60- were designed for a therapeutic ap-
plication. There is a plethora of requirements reported, that an NP formulation
must fulfil, to have already the chance for a successful in vivo administration.
Apart from NP size and ζ-potential, the structure of the PEG shell as well
as the ligand availability are often focused. Hence, this section gives further
understanding for the composition of the investigated NPs.

PEG is a synthetic polymer, graftet from ethylene glycol units -(CH2-CH2-O)-.
Each unit has a MW of 44 g mol−1 [29]. PEG polymers are soluble in water up
to high MWs. Its hydrophilic character is exploited from a huge number of
different NP types. The PEG chains cover the lipophilic NP core. They prevent
agglomeration due to sterical shielding and ensure the stability of the NP dis-
persions. Furthermore, PEG is biocompartible and enhances blood circulation
via the well-known stealth effect. In general the PEG-chains can arrange in a
bulky, compact (mushroom) or in a stretched out conformation (brush) (refer to
figure 4.9). There are many different parameters for the characterization of a
NP’s PEG shell:[30]

• weight coverage-density (Γ, [g cm−2]) PEG mass per surface unit

• surface chain coverage density (σ, [PEG/nm2]) number of PEG-chains per
surface unit
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• surface coverage/ coating efficiency ([%]) percentage of surface covered by
PEG

• PEG coating efficiency ([%]) percentage of surface bound PEG normalized
to the total PEG amount per NP

• PEG footprint (Sn, [nm2]) projected area that is occupied by a single PEG
chain

• chain distance (D, [nm]) average distance between two PEG chains

• thickness (t, [nm]) thickness of the PEG layer, surrounding the NP core

Especially, D and t in relation to the Flory radius (RF) of a naive PEG chain
with an equal MW. RF is illustrated in figure 4.8 and can be calculated from
equation 4.15 [15, 29, 31, 32].

RF = αN3/5 (4.15)

Here α is the length of an ethylene glycol unit (α =3.5 Å [29]) and N is the
number of ethylene glycol units per PEG polymer chain. For a 2 kDa PEG the
RF is 3.44 nm. For a 5 kDa PEG the RF is calculated to be 5.98 nm.
If D is larger than RF the PEG shell takes a mushroom conformation, while a
D smaller than RF would favor a brush conformation.

Figure 4.8: Illustration of the Flory radius RF from a random coiled PEG chain.

Damodaran et. al. refined that allocation by adding the thickness t as another
criteron. Moreover, they defined an intermediate state:[15]

A: Mushroom D > RF and t ≤ RF

B: Intermediate RF < t < 2RF

C: Brush D < RF and t > 2RF

PEG Footprint

Gref et. al. reported the following procedure for the determination of the PEG
footprint (Sn) [33]. They reduced each NP to an ideal sphere with the surface
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Figure 4.9: Detailed considerations about the PEG-shell of the introduced
block-co-polymers NPs. Left: Single NP depicted as an ideal sphere. The sur-
face of the sphere S is segmented into n identical area elements. Right: Con-
formational arrangement of PEG chains on the NP. D is the average distance
between two PEG chains. The hexagon at the PEG-chains surface is a single
surface area element Sn. t is the thickness of the PEG shell.

S. S can be easily accessed by π (d)2. Here the diameter is given by dh, so S can
be calculated from equation 4.16.

S = π (dh)
2 (4.16)

Then surface S was segmented into n identical area elements. This approach
is visualized in figure 4.9. Each area element Sn is represented by a hexagon.
The area beneath each hexagon is occupied by a single PEG-chain (red areas,
figure 4.9). n is the number of hexagons per NP and concurrently the number
of PEG-chains covering every NP. Sn is given by equation 4.17 [30, 31, 33]:

Sn =
π (dh)

2

n
(4.17)

whereas n was estimated by 4.18 [33]:

n =
mNP × f × NA

MWPEG
(4.18)

Here mNP is the mass of a single NP. mNP was calculated by equation 4.5,
whereas ρNP was again taken from the literature (1.25 g cm−3 [25]). f is the
mass fraction of surface-presented PEG or rather the ratio of [PEG] and TPC.
Both values were determined from an iodine assay (refer to section 4.3.2). NA
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is the Avogadro constant. Since the NPs were composed of a hybrid PEG
shell a notional value of 2609 Da was estimated for MWPEG. Therefore it was
assumed that the molar ratio of 25 kDa to 22 kDa PEG-PLA polymers in the
organic phase prior manufacturing (refer to table 4.1) and in the finished core-
shell-NP were identical.

Combining equations 4.17 and 4.18 lead to the following function:

Sn =
6×MWPEG × TPC

dh × NA × [PEG]× ρNP
(4.19)

Equation 4.19 was eventually used to calculate the characteristic surface pa-
rameter Sn for NP90, EXP-NP90, NP60- and EXP-NP60-. The results are listed
in table 4.5.

PEG Chain Distance

The average distance between two PEG chains D can be calculated by equation
4.20, published by Rabane et. al. [30]. The equation is valid for a circular PEG
footprint area that is equal to the surface area of a hexagon Sn.

D = 2

√
Sn

π
(4.20)

Thickness of PEG

The tickness of the PEG shell t as it is illustrated in figure 4.9 was calculated
using equation 4.21. This equation is commonly used for the estimation of t
[30, 34].

t = α× N
( α

D

)2/3
(4.21)

Conformation of the PEG shell

The results of the aforementioned considerations are listed in table 4.5. As al-
ready described elsewhere, a notional value of 2609 Da was entered into equa-
tion 4.19 as MWPEG since the NPs are composed of a hybrid PEG shell. The RF
of a 2609 Da PEG is 4.04 nm.

Table 4.5: Parameters for characterization of the PEG shell.

NP90 EXP-NP90 NP60- EXP-NP60-

Sn
(1) [nm2] 3.58± 0.37 3.33± 0.45 5.25± 0.55 5.33± 0.43

D (2) [nm] 2.13± 0.11 2.06± 0.14 2.58± 0.14 2.60± 0.11
t (3) [nm] 6.19± 0.22 6.35± 0.27 5.45± 0.21 5.41± 0.16
(1) equation 4.19 (2) equation 4.20 (3) equation 4.21
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For the larger methoxy-terminated NP90 and EXP-NP90 D was clearly smaller
than RF indicating a brush conformation. But t is between RF and 2RF. This
means that the PEG shell of NP90 and EXP-NP90 probably took an intermediate
conformation.
The same conformation of the PEG shell was indicated for the smaller carboxy-
terminated NP60- and EXP-NP60-. They probably appeared with an interme-
diate PEG conformation as well. Hence, both NP types do not have a true
brush-like PEG shell, that would be beneficial regarding an in vivo application.
It is striking that Sn of NP60- and EXP-NP60- is larger than Sn of NP90 and
EXP-NP90. So the PEG chains of NP60- and EXP-NP60- need to occupy a larger
area. Consequently the average distance between two PEG chains D is higher
and the thickness of the PEG shell t is smaller. The difference in the composi-
tion of both NP types is just the functional end group of 2 kDa PEG. Potentially,
the differences originate from the negative charge and the surrounding bulky
hydrate shell.
Gref et.al. investigated adsorbtion of plasma proteins onto PEG-PLA NPs.
They found a maximum protein reduction for blends with Sn = 2.1 nm2 and
D = 1.4 nm [33]. Both types of NPs are characterized by a greater Sn and D
than these limits. Jeon and Andrade developed a mathematical model for the
interaction of globular proteins and a PEG-coated surface. They predicted an
upper D limit of 1 nm for the adsorbtion of small proteins (40 Å in diameter)
and a upper D limit of 1.5 nm for the adsorbtion of large proteins (120 Å to
160 Å in diameter) [35]. The calculated D values for NP90, EXP-NP90, NP60-

and EXP-NP60- all exceed these limits as well.

Summing up, the PEG shell of the manufactured NPs tends to a brush-
like conformation. But it was probably not a dense brush. According to
Damodaran et. al., it can be categorized into the intermediate state, since the
PEG shell thickness t does not exceed 2RF [15]. Furthermore the Sn as well
as D exceed the upper limits that were known to prevent the adsorbtion of
plasma proteins.

4.3.4 Ligand Density

EXP-NP90 and EXP-NP60- were decorated with EXP3174 molecules as tar-
geting ligands and concurrently mediating the pharmacological response. To
quantify the ligand density and to estimate the average distance between to
EXP3174 ligands, it was relied on a fluorescence assay described in section
4.2.7. EXP3174 was covalently coupled to the PEG-PLA block-co-polymers.
The absence of free EXP3174 was proven using high-performance liquid chro-
matography (HPLC) (refer to chapter 3). Moreover, manufactured NPs were
purified via ultra-centrifuagtion with a very high molecular weight cut off
(MWCO) of 100 kDa. This purification step was another level of security to
ensure the absence of naive EXP3174 (< 1 kDa) and guarantee the validity of
the 0fluorescence assay.
Following the approach for the estimation of the conformation of the NP’s PEG
shell (refer subsection 4.3.3) the average distance between EXP3174 ligands
was calculated. Equally to equation 4.17 the NP surface was divided into l
segments. l was the number of ligands (EXP3174 molecules) on the surface of
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a single NP.

Sl =
π (dh)

2

l
(4.22)

with l =
cEXP
PNC

(4.23)

Here Sl is the surface area available for a single EXP3174 molecule. l is the num-
ber of EXP3174 molecules per NP. cEXP is the molar concentration of EXP3174.
PNC as calculated from equation 4.7. The average distance between EXP3174
ligands DL was calculated with equation 4.20:

DL = 2

√
Sl
π

(4.24)

To facilitate comparability to the number of ligands (spikes) per virus, l was
additionally related do the NP’s surface S:

Ψ =
l
S

(4.25)

Here Ψ is the number of ligands (EXP3174 molecules) per surface area. The
calculated values are listed in table 4.6.

Table 4.6: Ligand density of EXP-NP90 and EXP-NP60-. (# EXP3174 molecules)

EXP-NP90 EXP-NP60-

Mean ± SD CI 95 % Mean ± SD CI 95 %
l (1) [#/NP] 3500± 1499 [4213 ; 2788] 1017± 382 [1211 ; 824]
DL

(2) [nm] 3.75± 0.84 4.54± 0.98
Ψ (3) [#/100nm2] 10.37± 4.52 7.03± 2.97
(1) equation 4.23 (2) equation 4.24 (3) equation 4.25

The average distance between PEG chains D was approximately half of the av-
erage distance between ligands DL. This means that the ligand density is high.
The EXP3174 ligands were intended for the targeting of AT1Rs. Maslanka et. al.
estimated the diameter of the AT1R with approximately 4.6 nm [36]. Therefore
they used Erickson’s calculation method and reduced the AT1R to a protein
with globular shape and an average specific volume of 0.73 g cm−3 [37]. De-
spite these simplifications, it can be recognized that the distance between the
ligands was in the range of the targeting receptors size.
Additionally the results can be compared to viruses, that are a kind of natural
NPs. For viruses the surface located targeting sites are called spikes instead of
ligands. For example, the HIV, the Influenza A virus and the hepatitis C virus
(HCV) represent the full spectrum of spike density for viruses. With 0.01, 1
and 1.73 spikes /100nm2 they are ranked from low to high spike density [38–
40]. So the ligand density of EXP-NP90 and EXP-NP60- is clearly higher than
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the spike density of viruses, that are a kind of natural blueprint for NPs. Alkil-
nay et. al. also recognized that many of the synthesized NPs are composed
that way [41]. Currently it is not known, if a higher ligand density is beneficial.
But it is known that the infectivity of HIV is quite low, due to the low spike
density [41]. So the higher ligand density can be an advantage, but the spatial
considerations suggest that the ligand density was rather close to a maximum
value.

4.4 Conclusion

This chapter introduces two destinct NP formulations that were promising
candidates for an in vivo administration. It was the aim to design a biocom-
partible NP formulation with the ability to target retinal and choroidal vessels
as it was shown for the model NPs of Henni et. al. [1]. For this purpose it
was relied on a manufacturing technique that was reported by Abstiens et. al.
[3, 4]. It led to core-shell NPs that can be precisely tailored. Chapter 3 al-
ready introduced the chemistry behind the implemented block-co-polymers.
In analogy to Hennig’s model NPs, EXP-NP90 and EXP-NP60- possessed a
PEG shell, that was decorated with EXP3174 molecules. However, the mix of
longer, ligand-decorated and shorter naive PEG chains as it is illustrated in
figure 4.1 was crucial for the NP design. Already the exchange of the shorter
PEG’s methoxy endgroup with a carboxylic endgroup reduced the absoute
size from 105± 13 nm (EXP-NP90) to 68± 6 nm (EXP-NP60-). This means that,
increasing the hydrophilicity of the block-co-polymers, decreases the size of
resulting NPs tremendously. Thus, a larger and a smaller NP formulation were
available for the in vitro and the in vivo testings.

Both NP species owned a negative ζ-potential, whereas a higher absolute value
was measured for EXP-NP60-. This can be easily explained by the introduced
negative carboxylic endgroups. A negative surface charge is certainly benefi-
cial, since there is a broad consensus, that positively charged particles in the
sub-micrometer range bind more unspecifically to non-target cells [42–49]. The
explanation therefore was thought to be found in the negatively charged cell
membrane, favoring electrostatic interactions between the particle and the cell.
However, there is newer literature available, pointing out the importance of
the protein corona that changes the surface properties in vivo [50–52]. For that
reason the NPs were designed with a brush-like PEG shell. But the determined
parameters PEG footprint, thickness and the chain distance (refer to table 4.5)
unveil the possibility for further improvement. There are several publications
endorsing an even denser PEG brush to effectively impede the absorbtion of
plasma proteins [33, 35]. This would be easily accessible via the reduction of
the PLA block to a MW of 10 kDa.

Moreover, this chapter introduced a plethora of methods to analyze and char-
acterize the NP formulations EXP-NP90 and EXP-NP60-. However, the out-
lined analysis strategies are elementarily adaptable for further NP formula-
tions following the blueprint of these core-shell NPs. Especially to be empha-
sised is the development of a straightforward strategy to determine the PNC
just from the TPC and the NP size. Since this relationship is an outstanding
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fundamental of this work, equation 4.7 is subsequently repeated:

PNC =
TPC

ρNP × 1
6 π (dh)

3 × NA

Their validity was verified with a direct NP counting technique (NTA), so that
this relationship is available to rapidly estimate the exact PNC. The proce-
dure enables the comparability especially of binding experiments between the
larger EXP-NP90 and the smaller EXP-NP60-.

Lastly, the ligand density was analyzed in order to optimize the targeting prop-
erties. It is possible to tailor the ligand density via the amount of EXP3174-
PEG5k-PLA20k in the organic phase prior the nanoprecipitation. The consider-
ations in section 4.3.4 gave evidence for the dense decoration of the NP surface
with targeting molecules. In relation to viruses as a kind of natural NPs, maybe
the ligand density could be further reduced without loosing the targeting ef-
fect.
Beyond this work, it must be emphasized that it is possible to situate more
than one ligand on the surface. So Fleischmann et. al. used this nanopartic-
ulate platform and augment the EXP3174-decorated NP with an oligopeptide
to enable sequential binding [53]. In addition, Maslanka et. al. performed first
experiments for the encapsulation of a therapeutic drug [54]. These examples
substantiate the potential of this nanoparticulate platform technolgy becoming
a real therapeutic option. Here fundamental methods were provided to proof
the quality of the NP formulations that is absolutely needed for any further
pre-clinical testings.
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5.1. INTRODUCTION
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Core-shell nanoparticles (NPs) are composed of biodegradable polyethy-
lene glycol (PEG)-polylactic acid (PLA) block-co-polymers and poly(lactic-
co-glycolic) acid (PLGA). These polymers are sensitive for hydrolysis, so that
the degradation already starts during the manufacturing process. For non-
targeted core-shell NPs a half-life of 180± 18 days (NP90; hydrodynamic
diameter 97± 11 nm) and 153± 29 days (carboxy-terminated nanoparticles
(NP60-s); hydrodynamic diameter 69± 8 nm) was determined. Therefore a
freeze-drying process to receive a stable pharmaceutical formulation was de-
veloped. It turned out that core-shell-NPs must be prepared in a buffer-free
dispersion and supplemented with Sucrose (D(+)-Saccharose) (Suc) as cry-
oprotector. The freeze-drying protocol also enabled the formulation of targeted
core-shell NPs. They retained their particle size distribution and furthermore
their sub-nanomolar traget avidity. This was an outstanding result, since an
avidity loss (potency loss) upon freeze-drying is commonly known for various
pharmaceutical market formulations.

5.1 Introduction

The core-shell NPs were composed of two types of polymers: (a) PEG-PLA-
block-co-polymers and (b) PLGA. The monomers of the PLA block as well
as PLGA are linked via ester bonds (refer to Chapter 3 for further details).
Ester bonds are sensitive to water (hydrolysis), so that even the dried poly-
mer substance must be stored in the freezer under inert gas. The degradation
kinetics depends on factors like polymerarchitecture (PEG/ PLA proportion),
molecular weight (MW), cristallinity, surface-to-volume-ratio and pH-value
of the surrounding dispersant [1, 2]. NPs are characterized by an especially
high surface-to-volume-ratio, causing a massive vulnerability for hydrolytic
degradation [3]. The interconnection of hydophilic building blocks like PEG
further increases this vulnerability [1]. Based on these considerations the NP
stability has been monitored for a period of three months.
Concurrently to the ongoing stability study it was searched for an suitable
stabilizing method. Since water is the reaction partner for the degradation
mechanism, the quantitative removal of water was pursued. In addition, hy-
drolysis is a temperature sensitive reaction [4–6] facilitating a decreasing pH
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(acidic reaction products) that further speeds up the degradation rate [5, 7].
Freeze-drying is a very gentle dehydration method at low temperatures. It
is a common technique in the pharmaceutical field to formulate therapeutical
proteins (for example vaccins, antibodies, fusion proteins or other Biologics)
[8–11]. Freeze-drying processes include three sequential phases: (1) Freezing,
(2) Primary Drying and (3) Secondary Drying [12]. The freezing phase involves
a lowering of the shelf temperature (at atmospheric pressure). Water molecules
crystallize below the dispersion’s freezing temperature, so that the concentra-
tion of the remaining components raise continuously. The upconcentrations
trigger a lot of stressors for the NPs including raise of osmotic pressure [13, 14],
shift of pH [15–17] and mechanical stress (ice crystals) [18, 19]. Hence, freez-
ing is the most critical step that was investigated via freeze-thaw experiments
first. The results raised the need for the addition of a cryoprotector. Therefore
especially the disaccharids Suc and D(+)-Trehalose (Tre) were identified as
prominent candidates to stabilze the core-shell NP formulation [20–23].

The preliminary studies were performed using non-targeted model nanoparti-
cles (mNPs) to design a basic freeze-drying process. Macroscopic appearance
and the particle size distribution were investigated since they represented the
critical quality attributes. Finally targeted core-shell NPs were freeze-dried
according to the designed protocol. Radioligand binding assays were addi-
tionally performed to investigate the target avidity of freeze-dried core-shell
NPs.

5.2 Material and Methods

5.2.1 Material

Sucrose (D(+)-Saccharose) (Suc) was purchased in molecular biology grade
from VWR Chemicals (Electran®/ VWR International/ Ismaning/ Germany).
D(+)-Trehalose (Tre) was purchased in biochemical grade from Carl Roth (Karl-
sruhe/ Germany). All other chemicals were purchased from Sigma-Aldrich
(Taufkirchen/ Germany), if not stated otherwise. A Milli-Q purification sys-
tem (Millipore/ Schwalbach/ Germany) was used to prepare fresh ultrapure
water. It is hereinafter just named water.

5.2.2 Manufacturing and Quality of Nanoparticle Dispersions

The core-shell NPs were manufactured via nanoprecipitation as it is described
in section 4.2.2. The pre-studies were performed using model nanoparticles
(mNPs) that were manufactured from a modified organic phase:

• 88 µl MeO-PEG5k-PLA20k (40 mg ml−1)
• 37 µl PLGA13.4k (40 mg ml−1)
• 375 µl acetonitrile (ACN).

This organic phase was injected into 5 ml of diluted Dulbecco’s Phosphate
Buffered Saline (x0.1) (DPBSx0.1) (mNPDPBSx0.1) or water (mNPH2O). This
means that the mNPs were exclusively composed of block-co-polymers with
5 kDa PEG. The overall molar ratio of block-co-polymer to PLGA was kept.
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The PEG content was determined via an iodine assay and correlated to the
total polymer content (TPC) as it is described in section 4.2.5. MeO-PEG5k-OH
served as reference standard.

The manufacturing procedure of targeted core-shell NPs (EXP3174 decorated
NP90 (EXP-NP90) and EXP3174 decorated NP60- (EXP-NP60-)) as well as
their non-targeted equivalents (methoxy-terminated nanoparticle (NP90) and
NP60-) is described in section 4.2.2. However pure water was used as aqueous
phase. This means that the NP dispersions were manufactured in a buffer-free
dispersant. The quality attributes were determined according to the methods
4.2.3, 4.2.5 and 4.2.7 prior to the addition of the cryoprotectors.

5.2.3 Nanoparticle Size Characterization

NP size was determined via dynamic light scattering (DLS). The method is
outlined in section 4.2.3. The actual hydrodynamic diameter was normalized
to the initial dh. This means that an increasing ratio indicated particle growth.
In addition, the polydispersity index (PDI) and the derived count rate (DCR)
were examined. The DCR correlates with the NP concentration.

A constant particle size distribution served as stability indicator. Viscosity cor-
rection has been waived, since the normalized parameters (ratios) were speci-
fied. The sublimated water was precisely supplemented after freeze-drying to
ensure the comparability.

5.2.4 Freeze-Thaw

Lyophilization vials were filled with 2.0 mL NP-dispersion each. The final
polymer concentration was 1.0 mg mL−1. Dispersions were supplemented
without any additives (buffer-free) but the cryoprotector (10 %, 15 % and 20 %
Tre or 2 %, 5 % and 10 % of Suc). Afterwards the samples were freezed accord-
ing to different protocols listed in table 5.1.

Table 5.1: List of the freezing protocols

Protocol Temperature Duration
G1 −20 °C freezer overnight
G2 −40 °C pre-cooled shelves overnight
G3 −80 °C ultra-freezer overnight
G4 −196 °C liquid nitrogen 6.0 min

Subsequently, NP-dispersions were thawed at room temperature (RT) and vi-
sually checked. Eventually, the stability of the NP dispersions was proven as
described above (refer to section 5.2.3).
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5.2.5 Lyophilzation Process

For the freeze-drying experiments the single-chamber bench-top freeze dryer
Alpha 2-4 LSCplus, manufactured by the company Martin Christ (Osterode am
Harz, Germany) was used. The freeze-drying protocol is listed in table 5.2.

Table 5.2: Freeze-drying protocol for core-shell NPs. T is the shelf temperature
and P is the chamber pressure.

Freezing Primary Drying Secondary Drying
Total hh:mm 10:45 11:45 13:15 61:15 63:15 81:15

Segment hh:mm 10:45 01:00 01:30 48:00 02:00 18:00
T °C −40 −40 - −25 - 20

∆T °C
min - - 1

6 - 3
8 -

P mbar atm - 0.05 0.05 0.05 0.05
∆P mbar

min - 16.67 - - - -

5.2.6 Radioligand Binding Studies

The avidity of targeted core-shell NPs was investigated via radioligand bind-
ing studies. Therefore, core-shell NPs (EXP-NP90 and EXP-NP60-) were dec-
orated with the angiotensin II receptor type 1 (AT1R) antagonist losartan car-
boxylic acid (EXP3174) and tested at AT1R-positive rat mesangial cells (rMCs).
The competition binding experiments were performed as it is described in sec-
tion 6.2.7. Cryoprotectors of the freeze-dried NP dispersions were quantita-
tively removed via ultra-centrifugation. This means that the radioligand bind-
ing studies were performed with aqueous NP disperions without any additives
like cryoprotectors or buffer salts. The particle number concentration (PNC)
was calculated with equation 4.7 in accordance with section 4.3.2.

5.3 Results and Discussion

5.3.1 Nanoparticle Stability

The core-shell NPs consised of biodegradable building blocks. Their ester
bonds could be cleaved in an aqueous environment autocatalytically or enzy-
matically [24]. For one thing, the biodegradability prohibts NP accumulation
after multiple administration. But the degradation already started in status
nascendi and limited the shelf life essentially. To illustrate the long-term stabil-
ity NPs size, PDI and DCR have been monitored over 100 days.
The results are plotted in figure 5.1. The hydrodynamic diameter (figure 5.1A)
and the PDI (figure 5.1B) increased only slightly during the incubation period.
Addionally, a second population in the particle size distribution was growing
and indicated particle agglomeration. Storage at 4 °C favours agglomeration,
due to the reduced NP mobility at lower temperatures. Moreover, the particle
size distribution (PDI) was broadening even after 30 days of incubation.
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Figure 5.1: Long-term stability of NP90 at 4 °C (1, black) and RT (1, red) as
well as NP60- at 4 °C (2, black) and RT (2, red). A: Ratio of the hydrodynamic
diameter (dh) at time point t and initial dh. B: PDI of NP dispersion. C: Ratio of
the DCR at time point t and the initial DCR. D: Semi-logarithmic of DCR-t-plot.
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DLS detects photons, that particles scatter after illumination with a laser. The
number of detected photons is given by the count rate (kilo counts per sec-
ond/ kcps), that correlates linearly with the PNC in a certain range [24, 25].
To obtain valid measurement results the software automatically adjusts the
count rate using light filters attenuating the emitted laser light. Each light
filter has an attenuation factor that enables the calculation of the DCR. The
DCR is the count rate that would be obtained at 100 % laser power. The DCR
ratios (DCRt/DCR0) are depicted in in figure 5.1C. The decline correlated with
the degradation of the NPs. Two substrates, the biodegradable polymer and
water are involved in the cleaving reaction. Water is the main compound of the
dispersant and present in a huge excess. Consequently, the PNC is decisive for
the degradation speed. Therefore the degradation process could be described
by first order kinetics (pseudo-first order kinetics):

−dC
dt

= k · C (5.1)

Ct = C0 · e−k·t (5.2)

ln(Ct) = ln(C0)− k · t (5.3)

T1/2 =
ln(2)

k
(5.4)

Equation 5.1 is the rate law for a first order kinetics, where dC
dt is the concen-

tration change of the substrate per time, k is the rate constant and C is the
concentration of the substrate. Integration of the rate law between 0 and t
leads to the rate equation 5.2 that can be linearized using the natural logarithm
(equation 5.3). To determine k, a semi-logarithmic DCR-t-plot was provided
(refer to figure 5.1D). The half-life was calculated using equation 5.4. Table 5.3
lists the determined half-life of NP90 and NP60- at 4 °C and RT.

Table 5.3: Half-life t1/2 of non-targeted core-shell NPs.

NP type Incubation
Temperature

k[h−1] t1/2[d]

NP90 4 °C −1.08 · 10−4 267± 58
NP90 RT −1.60 · 10−4 180± 18
NP60- 4 °C −0.81 · 10−4 355± 70
NP60- RT −1.89 · 10−4 153± 29

The degradation of the NPs slowed down, if NP dispersions were stored at
4 °C. That‘s why an intermediate storage in the fridge was recommended.
However, NP s reveal a very short shelf life. Even after 6 months at RT or
1 year at 4 °C more than 50 % were degraded.
However, the absolute values are of limited reliability, because the DCR is a
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strongly fluctuating parameter. It is influenced by the NP‘s size and surface
morphology [26]. Both parameters are influenced during the degradation pro-
cess. Zolnik and Burgess investigated the degradation of PLGA microspheres
at neutral and acidic conditions [27]. At neutral pH water diffuses into the
PLGA core - the particles are swelling and change their size. Due to the pres-
ence of water, ester bonds are progessively cleaved to lactic and glycolic acid.
The cleavage products lower the pH in the PLGA core, accelerating the degra-
dation process until the integrity of the particle is lost [26]. This degradation
mechanism was already reported for MeO-PEG-PLGA NPs. Avgoustakis et. al.
incubated MeO-PEG-PLGA NPs in phosphate buffered saline (pH=7.4). They
were able to detect degradation products like lactic acid after a few days al-
ready [28].
Since NP90 and NP60- were composed of PEG-PLA block-co-polymers and
PLGA, it was expected that the degradation process was quite similar. How-
ever, surface bound PEG was fixed via ester bonds and could be cleaved as
well. This means that the targeted core-shell NPs lost both, the sterical stabi-
lization and the surface bound ligands, resulting in agglomeration and the lost
of the targeting effect. This was another instability that could not be detected
via DLS. Consequently, an even shorter shelf life must be hypothesized.

The results clearly indicated the need of developing a gentle method to re-
move the entire water from the NP dispersion and extend the shelf life. Freeze-
drying is an excellent method for that purpose. Additionally, there is a plethora
of literature concerning freeze-drying of polymer-based NPs offering excellent
starting points for the development of a freeze-drying formulation [20, 22].

5.3.2 Freeze-Thaw

Pure Nanoparticle Dispersions

The freezing step is pivotal to ensure NP integrity during freeze-drying [29,
30]. It effects NPs stability rather more than the following drying steps [31].
That’s why NP dispersions were frozen according to different freezing pro-
tocols G1 - G4 (refer to table 5.1). Higher freezing temperatures result in
a moderate freezing rate, slight supercooling and less crystallisation nuclei.
Ostwald ripening builds up larger crystals, leaving larger pores after sublima-
tion so that the lyophilization process is much faster. However, the described
processes went along with a tremendous upconcentration of the components
in the unfrozen phase [8, 12]. This concerns both buffer salts as well as NPs
itself and favors agglomeration. Quench-freezing in liquid nitrogen (G4) can
limit this upconcentration and is known to be beneficial for freeze-drying of
polymer-based NPs in certain cases [30, 32].
Taking these considerations into account, mNPs were manufactured in pure
water (mNPH2O) and DPBSx0.1 (mNPDPBSx0.1). Both mNP species were char-
acterized by a monomodal super narrow particle size distribution, as shown
in figure 5.2. The hydrodynamic diameter of mNPH2O was 63± 1 nm and
the PDI was 0.086± 0.034. For mNPDPBSx0.1 hydrodynamic diameter (dh) was
62± 1 nm and the PDI was 0.103± 0.022. This means that the chosen aqueous
phase did not alter the particle size properties of mNP.
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Figure 5.2: Intensity-weighted particle size distributions of mNPH2O (1, black)
and mNPDPBSx0.1 (2, red).

Then, mNPH2O and mNPDPBSx0.1 were frozen according to the different freez-
ing protocols (G1 - G4) (refer to table 5.1) and afterwards thawed at RT. In
figure 5.3 the intensity-weighted particle size distributions for the mNPH2O
(A) and the mNPDPBSx0.1 (B) are depicted. The change in mNP’s size after
freezing and thawing is clearly visible by the stacked lines (red: G1, blue: G2,
green: G3 and purple: G4) in reference to the corresponding mNP dispersion
before freezing (black). The maxima shifted to larger values, the particle size
distribution showed broadening or a second population.
This means that the mechanism of particle enlargement was different. For
buffer-free dispersions (mNPH2O) a second population was growing with de-
creasing freezing temperature (refer to figure 5.3A). After freezing in liquid
nitrogen (10G4) the initial population was completely vanished. The observed
trend indicated an agglomeration of mNPs. The macroscopic evaluation con-
firmed the DLS measurements. Prior freezing the mNP dispersion was clear
up to slightly opalescent. After thawing all dispersions went turbid. Addition-
ally, large flakes occured at lower freezing temperatures.
The buffer containing dispersions (mNPDPBSx0.1) showed a broadening of par-
ticle size distribution from 20G1 to 20G4 (refer to in figure 5.3B). 20G1 showed
a monomodal particle size distribution as well. However, the hydrodynamic
diameter and the PDI were raising from 63± 1 nm (20) to 69± 1 nm and from
0.078± 0.012 to 0.135± 0.021. The broadening suggests that particles coalesce
instead of agglomerate. Besides these dispersions went turbid after thawing
as well.

During the freezing process pure ice crystals occur initially. Hence, the concen-
tration of the components in the remaining liquid phase raised continuously.
This favored the agglomeration or coalescence of NPs. Stronger freezing rates
caused deeper supercooling and a higher amount of ice nuclei [18, 19]. These
ice crystals exerted mechanical stress to the NPs and may be one reason for
the rise in size at lower freezing temperatures. Besides, the upconcentration
of buffer salts caused a tremendous raise of the osmotic pressure. For exam-
ple, the concentration of isotonic salin solutions undergo an up to 20-fold in-
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Figure 5.3: Intensity-weighted particle size distributions of mNPH2O (A) and
mNPDPBSx0.1 (B): Before freezing as a reference (black) and after freezing ac-
cording to G1 (red), G2 (blue), G3 (green) and G4 (purple).

crease during freezing [13]. Rabanel et. al. determined the critical coagulation
concentration of PEG-PLA NPs [14]. Their results illustrate the sensitivity to
osmotic pressure. Apart from that, buffer salts can precipitate separately, due
to unequal solubilty. Depending on the particular buffer salt, this results in a
considerable pH shift. A prominent example is phosphate buffer. Their pH of
a neutral solution dropped under 4 while freezing [15–17]. Since mNP as well
NP90 and NP60- consist of ester-based polymers, they are sensitve to pH shifts.
Summing up, there existed several plausible explanations for the instability of
mNPH2O and mNPDPBSx0.1. It was not the aim of this work to understand the
instability mechanism in detail. In fact, this study showed the need of cryopro-
tectors to ensure NP’s integrity.

Disaccharids as Cryoprotectors

To avoid instabilities a cryprotector must be added to mNPH2O and mNPDPBSx0.1
dispersions . A plethora of suitable cryoprotectors are described in literature.
For NPs with a PEG shell, disaccharides like Suc and Tre are most popular
[20]. Hence, mNPH2O and mNPDPBSx0.1 were supplemented with Suc or Tre in
common concentrations.

The results are plotted in figure 5.4. In general, neither Suc nor Tre were able
to conserve the size of mNPDPBSx0.1 during freezing. At a maximum the mean
NP’s size increased 18-fold. The size properties were substantially better for
the Suc supplemented mNPDPBSx0.1 dispersions. But they were also unstable,
except for the two samples frozen at −80 °C (2S5G3 and 2S10G3).
However, the buffer-free mNPH2O dispersions were stable, apart from samples
supplemented with only 2 % Suc and some samples with high sugar concen-
tration, freezed at only −20 °C (1S10G1, 1T15G1 and 1T20G1).
Summing up, mNPs must be prepared buffer-free, supplemented with 5 % to
10 % Suc or 10 % to 20 % Tre to survive freezing at not more than −40 °C.
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Figure 5.4: Ratios of hydrodynamic diameter (dh(t)/dh(0)). A size ratio of 1.00
indicated no size changes. The results for mNPH2O are plotted on the left side
(’water’) and for the mNPDPBSx0.1 on the right side (’DPBSx0.1’). Both mNPs
were supplemented with Suc (2 %, 5 % and 10 %) or Tre (10 %, 15 % and 20 %).
The same bar colour highlights the same excipient in the same concentration.
Each testing group was separately treated according to the freezing protocols
G1-G4 (refer to table 5.1). Asterix (*) indicates a second popualtion in the par-
ticle size distibution.
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A deeper understanding of these results is given by binary Suc-water and Tre-
water mixtures. The addition of disaccharids decreases the freezing temper-
ature (Tf ) and raises the glass tansition temperature (Tg) compared to pure
water [33]. During freezing of unsaturated Suc- and Tre-dilutions, pure water
crystals appear first. The remaining liquid phase concentrates until it reaches
the concentration of the maximal freeze-concentrated dispersion (w′). Further
freezing leads to the complete solidification of the dispersion that is charac-
terized by the glass transition temperature of the maximal freeze-concentrated
dispersion (T′g). For binary Suc-water mixtures w′ is −85 %(w/w) and T′g is
−32 °C [12]. It is a absolutely necessary to keep the product temperature be-
low T′g for the whole primary drying of a lyophilization process to keep the
dispersion in a glassy state. In the context of these freeze-thaw experiments
it explaines why a Tf of −20 °C (G1) usually leaded to instabilities. Besides
it means that these dispersions were not completely frozen. So some samples
could appear to be stable in this experiments without being completely frozen
so far. Consequently, freezing the mNP dispersions on the pre-cooled shelves
at −40 °C is the most recommended way for the following lyophilzation pro-
cess.

5.3.3 Freeze-Drying of Model Nanoparticles

Combining literature values [34] and the results of section 5.3.2 a lyophiliza-
tion protocol was designed. The mNP dispersions were frozen on the pre-
cooled shelves of the freeze dryer at −40 °C. Additional lavish preconditioning
like freezing in an external freezer or in liquid nitrogen was not necessary.
For further formulation development, it was focused on buffer-free mNPH2O
dispersions that were supplemented with Suc (5 % or 10 %) or Tre (10 %, 15 %
or 20 %).
However, in this study the effect of different NP concentrations was in-
vestigated. Each experimental group contained 0.1 mg ml−1, 0.5 mg ml−1,
1.0 mg ml−1, 2.5 mg ml−1 or 5.0 mg ml−1 of mNPs. In the top box of figure
5.5 photographs of the whole 10 % Suc sample series are depicted. They are
arranged in five colums, representing the increasing mNP concentration. As-
sessing the mNP dispersions immediately before the freezing step (first row -
Initial), the increasing turbidity was obvious. The higher the NP concentration
the more intense is scattered light. After freeze-drying the remaining cake of
all samples showed shrinkage (second row - Lyophilized). Finally, the subli-
mated water was exactly supplemented (third row - Redispersed) and the cake
vanished completely. The degree of turbity for each sample was similar to the
initial dispersion. But after redispersing bubbles up to a clear foam was left
and its volume raised by increasing mNP concentration. The core-shell NPs
were surface-active and occupied the interface like a surfactant.
This effect was only moderately visible for the 10 % Suc test dispersions, but
more intense for the Tre samples (refer to the bottom box of figure 5.5). Addi-
tionally, the turbidity of the dispersions with ≥1.0 mg ml−1 increased dramat-
ically. The raise of turbidity indicated a clear instability that was observed for
most of the Tre samples.

Apart from the macroscopic appearance the particle size distributions were
checked via DLS. The results are plotted in figure 5.6. Changes of the hydro-
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Figure 5.5: Photographs of the mNP dispersions in different process stages.
The photographs are sorted in increasing NP concentration. In the top box the
full set of 10 % Suc samples are depicted: mNP dispersions prior freeze-drying
(’Initial’), remaining cakes after freeze-drying (’Lyophilized’) and redispersed
samples (’Redispersed’). The Tre samples showed a much more intense foam-
ing. In the bottom box the redispersed 10 % Tre samples are depicted.

119



5.3. RESULTS AND DISCUSSION

dynamic diameter (A) and the PDI (B) are indicated by a ratio divergent from
1.0. If the ratio exceed 1.0, mNPs raised in size or PDI. Bars, highlighted by
an asterix (*), indicate a second population in the particle-size distribution that
was larger than the initial mNPs population. Tre was not suitable to stabilize
the mNPs during freeze-drying. As already mentioned above, Tre samples
underwent macroscopic changes. This observation was confirmed by the DLS
measurements. An increasing size ratio, a second larger NP population and/
or an increasing PDI ratio were observed for all tested dispersions. Conse-
quently, pure Tre was not suitable as cryoprotector.

However, Suc turned out to be a much better candidate for cryoprotection.
Even though mNP dispersions supplemented with 5 % Suc still showed a weak
second population and a raise in the PDI ratio for the lower mNP concentra-
tions (1S5-01, 1S5-05 and 1S5-10), it has already been able to conserve the size
properties of concentrated mNP dispersions 1D5-25 and 1S-50. Nevertheless
10 % Suc provided the best results. All examined parameters remained un-
changed during the freeze-drying process across the investigated NP concen-
tration range (1S10-01 up to 1S10-50). That’s why 10 % Suc were chosen for
the further freeze-drying studies. Photographs of this entire sample series are
plotted in the top box of figure 5.5.

5.3.4 Freeze-Drying of Targeted Core-Shell Nanoparticles

The freeze-drying process was transferred to the targeted EXP3174-decorated
EXP-NP90 and EXP-NP60-. There is a plethora of literature available, dealing
with freeze-drying of various types of NPs, including polymer [22, 35, 36],
lipid [37, 38] or inorganic [39, 40] NPs. But the majority is just focused on the
NPs size characteristics. It is popular to encapsulate an active pharmaceutical
ingredient (e.g. small molecules and biologicals) and monitor its biological
activity. Here EXP3174 was the surface-presented targeting ligand. Therefore,
the particle-size distribution and the avidity to AT1R-positive rMCs prior and
after freeze-drying was investigated. In a worst-case scenario the targeting
molecules could vanish irreversible in the PEG shell or the inner NP. In this
case the targeted core-shell NPs may lose their targeting effect upon freeze-
drying. Consequently, the targeting effect was proven via radioligand binding
studies in addition to the conventional particle size analytics.

The results are summarized in figure 5.7. Besides the targeted EXP-NP90 (2)
and EXP-NP60- (4) as well as their non-targeted equivalents NP90 (1) and
NP60- (3) were studied. The top box shows photographs of the targeted NP
dispersions (refer to figure 5.7A). The first photograph per triplicate is the ini-
tial dispersion supplemented with 10 % Suc, prior the freeze-drying process (2a
and 4a). As already recognized in figure 5.5 these dispersions were slightly tur-
bid, due to the light scattering effect of the NPs. In the centric photographs the
remaining cake after freeze-drying is depicted. Here again a weak shrinkage
was recognizable. However, the further results demonstrated that this was just
a cosmetic issue without any impact on the NP stability. The last photographs
of each triplet showed the redispersed NP samples (2b and 4b). They were
again characterized by a slight turbidity, similar to the inital dispersions. Here
again a slight foaming was visible on the dispersions surface. The particle size
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Figure 5.6: Changes of mNPs size parameters after freeze-drying (5.2.5): hydro-
dynamic diameter ratios (A) and PDI ratios (B). The actual value after freeze-
drying was normalized to the initial value. Hence, a ratio of 1.0 indicated un-
altered size parameters, while a ratio >1.0 indicated an increase. MNPs were
supplemented with Suc (5 % and 10 %) or Tre (10 %, 15 % and 20 %). Similar bar
colours highlight the identical excipient concentration. Asterix (*) highlights a
second population in the particle-size distibutions.

121



5.4. CONCLUSION

properties are plotted in figure 5.7B. There are three graphs displaying NPs size
ratios, the polydispersity (PDI) and the DCR ratios. Each ratio was calculated
by normalizing the value after freeze-drying to the initial value. Consequently
a ratio of 1.0 indicates stable size parameters. All quality attributes remained
completely unchanged. Thus, Suc as the exclusive excipient was able to sta-
blilize EXP3174-decorated NPs. Competitive radioligand binding assays are
plotted in figure 5.7 C. The assays were performed for targeted (EXP-NP90 and
EXP-NP60-) and non-targeted core-shell NPs (NP90 and NP60-) prior and after
freeze-drying. Non-targeted core-shell NPs were not able to replace the radioli-
gand. They served as a negative controls and were not shown in figure 5.7. The
graphs display the dose response curves of EXP-NP90 and EXP-NP60- each be-
fore (2a, 4a) and after freeze-drying (2b, 4b). The dose response curves were
congruent and there was no avidity loss detectable. The determined half max-
imal inhibitory concentration (IC50) and negative decimal logarithm of IC50
(pIC50) values are listed in table 5.4.

Table 5.4: IC50 values of polymer NPs before and after freeze-drying. (n.q. -
not quantifiable)

Before lyophilization After lyophilization
NP type N= IC50 pIC50 IC50 pIC50

[pM] [pM]
NP90 3 n.q. n.q. n.q. n.q.

EXP-NP90 3 47± 8 10.33± 0.07 51± 7 10.30± 0.06
NP60- 3 n.q. n.q. n.q. n.q.

EXP-NP60- 3 84± 24 10.09± 0.13 135± 10 9.87± 0.03

Both EXP-NP90 and EXP-NP60- retained their full avidity during freeze-
drying. Apart from an unchanged size characteristics, this is critical for a
successful formulation development. In comparison to other freeze-dried
market formulation, these findings were outstanding. For example, there are
vaccines containing attenuated or inactivated viruses. Mostly they are on the
market as a liquid formulation, but there are freezed or freeze-dried formula-
tions as well [41]. The biological activity (for vaccines usually named potency)
is equally a critical quality attribute for the long-term stability of vaccines. It is
generally accepted that freeze-drying lead to a potency loss of several vaccines
[42, 43]. In case of the measules virus this could account three decades [41].
It is assumed, that agglomeration of individual virus particles are responsible
for the tremendous potency loss [43]. In this light the obtained results were
outstanding and highly promising for further development.

5.4 Conclusion

The degradation kinetics of core-shell NPs was studied using DLS. The half-
life of non-targeted NP90 and NP60- was 180± 18 days and 153± 29 days.
Storing in a fridge slowed down the degradation process clearly. Nevertheless,
the shelf life of an aqueous core-shell NP dispersion was too short for a market
formulation. Furthermore, they must be prepared freshly for any experiment.
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2a 2b 4b4a

A

B

C

Figure 5.7: Summary of critical quality attributes of freeze-dried core-shell-
NPs: macroscopic appearance (A), particle size characteristics (B) and target
avidity (C). EXP3174-decorated EXP-NP90 (2) and EXP-NP60- (4) as well as
their non-targeted controls NP90 (1) and NP60- (3) were investigated. Selected
photographs of the NP disperions prior freeze-drying (2a, 4a), the remaining
cake after freeze-drying and the redispersed samples (2b, 4b) are depicted. In
the centric box the ratios of the size (hydrodynamic diameter), the polydisper-
sity (PDI) and the NP number (DCR) are plotted in bar diagrams. A ratio of 1.0
indicates stable NPs without any changes of the size properties. Graphs of the
competitive radioligand binding assays are displayed in th bottom box. IC50
values are listed in table 5.4.
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These results emphasized the need for a conservation method. Here it was
relied on freeze-drying as a technique that carefully removes water completely
from the NP dispersion. This is beneficial since water was the reaction partner
during the degradation (hydrolysis).

Initially, freeze-thaw experiments were utilized to study the freezing behavior
and identify suitable cryoprotectors. On this basis, promising excipients and
the formulation range were investigated. Targeted core-shell NPs EXP-NP90
and EXP-NP60- were freeze-dried according to the developed process. To en-
sure the quality after redispergation the critical quality attributes macroscopic
appearance, particle size distribution and target avidity were assessed. Thus,
the development of a pre-clinical formulation was successfully completed. The
subsequent process parameters turned out to be critical for the freeze-drying
protocol:

1 Formulation must be free of buffer salts
2 Broad formulation range (0.1 mg ml−1 to 5.0 mg ml−1)
3 Addition of a cryoprotector is obligatory (recommanded: 10 %(w/v) Suc)
4 Freezing at −40 °C

The developed formulation process is a powerful method to extend the shelf
life of the core-shell NPs substantially. They conserve their size properties as
well as their targeting effect. At this stage of development the formulation is
suitable for further pre-clinical experiments.

However, for a market formulation the (a) foaming after redispersion and the
(b) cake appearance can be optimized. As anti-foaming agent Layre et. al. rec-
ommended the addition of tensides [44]. They can occupy the interfaces and
reduce their interaction with the NPs consequently. But it must be considered
that PEG containing tensides are not eligible, since they would interfere with
the iodine assay, which is the basis for the NP quantification.
As depicted in figure 5.5 and 5.7, cake shrinkage and rarely peripheral cracks
were apparent issues. But these issues do not limit the NP stability, they were
only of cosmetic concern. Currently the impact of the cake appearance on the
product quality and patient safety is intensively discussed [45, 46]. Patel et. al.
were dealing with the cake appearance to solve the question ’What is Accept-
able?’ [47]. They sytematically listed and illustrated the common irregularities
of lyophilization cakes, descibed their origin (if known) as well as the impli-
cations for product quality and patient safety. Additionally they concluded
that cake shrinkage and cracked cakes do not mitigate the product quality.
Furthermore, they conducted interviews of lyophilization professionals from
the pharmaceutical industries. The acceptability of different irregular cakes
must be examined by means of photographs of lyophilized market products.
All respondents consider shrinkage and cracking as completely acceptable.
The reason for that clear statements can be found in the origin of shrinkage
and cracking. These irregularities are typical for disaccharides like Tre and
Suc. During freezing pure ice crystals grow first. The remaining liquid phase
concentrates until w′ is reached. Further freezing lead to the complete solidifi-
cation of the dispersion. In the case of amorphous exipients like Suc and Tre it
is a vitrification. So-called ’unfrozen’ water is embedded in the highly viscuous
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glas. Unfrozen water molecules are interacting with the glas components very
strongly and can be removed only by the secondary drying [12]. The removal
of unfrozen water leads to tensions in the cake structure that could be relaxed
by shrinkage or cracking. The higher w′ the more apparently shrinkage or
cracking occurs [48]. w′ accounts 35.9 % for Suc and only 16.7 % for Tre [49].
Consequently, shrinkage of Suc cakes are particularly clear and account 17 % of
the initial cake volume regardless of the drying conditions [50]. So shrinkage
and cracking are both impacts of tension relaxation in the cake during second-
ary drying. They are in an inverse relationship [48]. Ullrich et. al. found out
that low Tre concentrations favor shrinkage, while higher Tre concentrations
favor cracking [48]. These facts challenge the need of further investigations
with the goal to optimize the cake appearance.
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Chapter 6

Design of Antagonistic
Nanoparticles with
Sub-Nanomolar Avidity



6.1. INTRODUCTION

Abstract

Two promising candidates of biocompartible core-shell nanoparticles (NPs)
were investigated for their avidity to angiotensin II receptor type 1 (AT1R)-
positive rat mesangial cells (rMCs): (a) larger, methoxy-terminated EXP-NP90
(105± 13 nm) and (b) smaller, carboxy-terminated EXP-NP60- (68± 6 nm).
Both candidates were decorated with losartan carboxylic acid (EXP3174), that
is an antagonist for AT1Rs. EXP3174 molecules were attached as targeting
ligands to longer polyethylene glycol (PEG)-chains, so that they stand out of
the PEG-shell like spikes of a virus. This architecture was crucial to receive
core-shell NP with a sub-nanomolar avdidity to target cells. Larger EXP-NP90
had an pIC50 of 9.60± 0.11 (calcium mobilization assay (CaA)) respectively
10.04± 0.23 (radioligand binding experiment (RL-A)). Whereas smaller EXP-
NP60- only reached 9.27± 0.11 (CaA) respectively 9.34± 0.07 (RL-A). Both
candidates remained on the surface of target cells, since antagonistic EXP3174
decorated NPs do not induce endocytosis as it was observed for the agonis-
tic NPs of Maslanka et. al. [1]. Additionally, the avidity of EXP-NP90 and
EXP-NP60- was tested to rMCs with an increased AT1R density (HRD-rMC) to
mimic pathological circumstances [2, 3]. But an avidity gain could not be seen
in this experiments.

6.1 Introduction

Hennig et. al. demonstrated that ligand-decorated model nanoparticle (mNP)
targeted the retinal and choroidal vasculature [4]. They decorated PEG-coated
Quantum Dots with the AT1R antagonist EXP3174. However, their Quan-
tum Dots were composed of a cadmium selenid core and consequently not
suitable for a therapeutic administration. This work is focussed on the devel-
opment of a NP formulation with similar targeting properties but suitable for
a clinical application. In this context the core-shell NPs, that were established
by Abstiens et. al. [5], offered a tremendous tool box to design therapeutic
NPs with tailored properties. Two NP formulations turned out as promising
candidates for this purpose: (a) EXP-NP90 and (b) EXP-NP60-. Both candi-
dates were decorated with the targeting ligand EXP3174. EXP-NP90 carried a
shell with methoxy terminated PEG chains, while EXP-NP60- had negatively
charged, carboxy terminated PEG chains. Even just this small endgroup mod-
ification generated a giant size difference. The EXP-NP90 had a diameter of
105± 13 nm, while the smaller EXP-NP60- had a diameter of only 68± 6 nm.
Furthermore, the non-ligand carrying equivalents NP90 and NP60- were man-
ufactured as controls for various experiments. The manufacturing procedure
(nanoprecipitation) and the characterization methods are described in chapter
4.

The design of the PEG shell was absolutely crucial. The EXP3174 molecules
were attached to PEG chains with a molecular weight (MW) of 5 kDa, while all
other PEG chains had a MW of only 2 kDa. Therefore, the EXP3174 molecule
received the flexibility to reach their target receptors (AT1R). This NP architec-
ture was adopted from viruses that are a kind of natural targeting NPs [6, 7].
Viruses use surface presented spike proteins to target their host cells. These
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targeting proteins stick out like spines, so that they are called spike proteins.
In addition to the targeting effect, EXP3174 molecules are also able to silence
AT1Rs and consequently mediate a pharmacological effect. The targeting and
the silencing effect of EXP3174-decorated core-shell NPs was quantified in vitro
using an AT1Rs-positive cell line (rMCs) [1].

The candidates are intended to be applied against proliferative ocular diseases
like proliferative diabetic retinopathy (PDR) and wet age-related macular de-
generation (AMD). Silencing of ocular AT1Rs is expected to downregulate oc-
ular neovacularization (refer to chaper 1). During pathological circumstances
the density of ocular AT1Rs increases [2, 3]. It is known that the avidity of
multivalent NPs increases for target cells with an upregulated target receptor
density [8]. That’s why it was expected that EXP3174 decorated core-shell NPs
show an increased avidity to cell lines with an upregulated AT1R density. This
hypothesis was proven at a high-AT1R-density cell line (HRD-rMC), so that
pathophysiological circumstances could be simulated .

Here the terms affinity and avidity are used coexistently. For one thing, the
ligand-related affinities were specified to compare different types of NPs like
the EXP3174-decorated methoxy terminated nanoparticles with a 5 kDa PEG
shell (EXP-NP5k) with the candidates EXP-NP90 and EXP-NP60-. Basically, it
was quite easier to access the ligand concentration directly using a fluorescence
assay. The calculation of the NP’s avidity required the laborious determination
of the particle number concentration (PNC) as it is described in chapter 4. This
time-consuming procedure was waived during the pre-studies. Afterwards
the avidity was consistently specified for both candidates (EXP-NP90 and EXP-
NP60-).

6.2 Material and Methods

6.2.1 Material

The synthesis and analysis of EXP3174 is described in chapter 3. All other
chemicals were purchased from Sigma-Aldrich (Taufkirchen/ Germany) in an-
alytical or cell culture grade , if not stated otherwise. A Milli-Q purification
system (Millipore/ Schwalbach/ Germany) was used to prepare fresh ultra-
pure water. It is hereinafter just named water.

6.2.2 Manufacturing and Characterization of Nanoparticles

The manufacturing procedure of non-ligand carrying methoxy-terminated
nanoparticle (NP90) and carboxy-terminated nanoparticle (NP60-) as well as
their targeted equivalents EXP3174 decorated NP90 (EXP-NP90) and EXP3174
decorated NP60- (EXP-NP60-) is described in section 4.2.2. In order to perform
flow cytometry and confocal laser scanning microscopy (CLSM) experiments
a fluorescence label was attached. Therefore acid terminated poly(lactic-co-
glycolic) acid (PLGA) was supplemented with fluorescent PLGA-CF™647.
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The coupling protocol is described in section 3.2.9.

The NP size (refer to section 4.2.3), the total polymer content (TPC) (refer to sec-
tion 4.2.5) and the EXP3174 content (refer to section 4.2.7) were determined for
every NP batch. The PNC was calculated from equation 4.7, which is repeated
below:

PNC =
TPC

ρNP × 1
6 π (dh)

3 × NA

This function is the basis for the determination of the NP avidity. The mathe-
matical derivation is explained in section 4.3.2.

6.2.3 Cell Culture

The cell lines were cultured in TC-treated flasks 75 cm2 or 175 cm2 (Eppendorf/
Hamburg/ Germany) in a water-saturated carbon dioxide enriched (5 % CO2)
atmosphere at 37 °C. Therefore a CellXpert® 170 (Eppendorf/ Hamburg/ Ger-
many) was used.
Rat mesangial cells (rMCs) were a kind gift from Prof. Armin Kurtz (Insti-
tute of Physiology/ University of Regensburg/ Germany). The cells were cul-
tered in RPMI 1640 medium supplemented with 10 % fetal bovine serum (FBS)
(Biowest/ Nuaillé/ France), insulin-transferrin-selenium (ITS) (Invitrogen™)
and 100 nM hydrocortisone. RMCs were chosen due to their stable AT1R ex-
pression over numerous passages. AT1R expression was previously shown by
Maslanka et. al. [1].
The culture medium for the transfected high-receptor density rat mesangial
cellFs (HRD-rMCs) was additionally supplemented with 600 µg ml−1 geneticin.

6.2.4 Transfection of Rat Mesangial Cells

RMCs were transfected with the pCXN2-HA-AT1R-YFP plasmid encoding for
a fluorescently tagged AT1R. The rMCs were treated by Maslanka et. al. [9].
For the transfection they used lipofectamine 2000 according to the manufac-
turer’s instructions. Transfected rMCs are subsequently named HRD-rMC.
The plasmid pCXN2-HA-AT1R-YFP was a gift from Yusuke Ohba (Addgene
plasmid #101659; http://n2t.net/addgene:101659; RRID:Addgene 101659)
[10].

6.2.5 Flow Cytometry

RMCs were seeded into TC-treated 24-well plates (Eppendorf/ Hamburg/
Germany) at a density of 40 000 cells /well and cultivated for 2 days. At the
day of the experiment rMCs reached a confluency of at least 90 %.
After removing the culture medium, living rMCs were washed with 500 µl
Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco™/Life Technologies/
Paisly/ UK), twice. Afterwards rMCs were covered with 200 µl incubation
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buffer. The incubation buffer was composed of Leibovitz L-15 medium with-
out phenol red (Gibco™/ Life Technologies/ Grand Island/ USA) and bovine
serum albumin (BSA) (0.1 %).

At the beginning of the experiment (designated 0 h) always 25 µl of the
EXP3174 stock dilution (5 µM) or incubation buffer were added. The plates
were gently shaken on a tumbling device for 30 min at room temperature (RT).
Afterwards 25 µl NP stock dilution (5.0 mg ml−1) were added. Plates were
gently shaken for additional 45 min at RT. So the final working volume ac-
counted 250 µl. During the experiment the TPC of NPs was 0.5 mg ml−1, while
the EXP3174 concentration was 500 nM. After the incubation period NP con-
taining supernatant was removed by suction and the cells were washed with
500 µl DPBS twice. For the cell detachment 300 µl pre-warmed trypsin-EDTA
0.25 % (Gibco™/ Life Technologies/ Paisley/ UK) were used. Trypsin was
stopped with 500 µl FBS-containing cell culture medium, centrifuged (200xg,
5 min, 4 °C) and resuspended in 400 µl DPBS. Samples were placed on ice and
kept in the dark until the measurement was performed.

RMCs were measured on a FACS Calibur flow cytometer (Becton Dickinson/
Franklin Lakes/ NJ/ USA). CF™647-tagged NPs were excited from the red
laser (633 nm). The fluorescent cells were detected at 661 nm (bandpass filter
16 nm).
The geometric mean of the fluorescence intensity was reported. Raw data were
normalized to the mean fluorescence of EXP-NP90 respectively EXP-NP60-.
Significance level was estimated based on one-sided student t-test (N=9).

6.2.6 Calcium Mobilization Assay

CaAs were utilized to investigate the avidity of EXP3174-decorated NPs. The
ratiometric procedure was established by Grynkiewicz et. al. [11]. It relies
on a fluorescent calcium chelator, indicating calcium influx into the cytosol.
The protocol was adapted from Hennig et. al. [12]. In brief, suspension of
rMCs was centrifuged (200xg, 5 min) and the supernatant was removed. Then,
the cells were resuspended in loading buffer, composed of Leibovitz L-15
medium (without phenol red) (Gibco™/ Life Technologies/ Grand Island/
USA) supplemented with the cell permeant calcium-sensitive dye Fura-2 AM
(Invitrogen™/ Life Technologies/ Carlsbad/ CA/ USA) (5.0 µM), Pluronic
F-127 (0.05 %) and Probenecid (2.5 mM). After 1 h of light-protected incubation
at RT, the loading buffer was removed und the cells were washed with incu-
bation buffer twice. The incubation buffer was composed of Leibovitz L-15
medium (without phenol red) supplemented with Probenecid (2.5 mM). The
cell suspension was adjusted to 2.0× 106 cells /ml.
For the experiment a dilution series of naive EXP3174, PEGylated EXP3174 or
the NPs dispersion was prepared (sample dilution). 10 µl of each sample dilu-
tion was rendered in a white polystyrene (PS) half-area 96-well-plate (Greiner
Bio One/ Frickenhausen/ Germany). Then 45 µl of the cell suspension were
added, carefully homogenized and incubated for 30 min at RT. Immediately
before the measurement 45 µl stimulation buffer was injected automatically
using a FluoStar Omega fluorescence microplate reader (BMG Labtech/ Orten-
berg/ Germany) equipped with two built-in reagent injectors. The stimulation
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buffer was composed of Leibovitz L-15 medium (without phenol red) supple-
mented with angiotensin II (Ang II) (Bachem/ Bubendorf/ Switzerland).

During the measurement 9× 105 rMCs were stimulated with the AT1R-agonist
Ang II (final concentration 135 nM = EC80). The EC80 was determined for Fura-
2 loaded rMCs in a separate experiment (refer to figure S1). Immediately after
the injection of the stimulation buffer the samples were alternately excited at
340/20 nm and 380/20 nm. Emitted light was recorded at 510/20 nm for 30 s.
To determine the maximum calcium signal, Fura-2 loaded rMCs were dis-
solved with 0.1 % Triton™-X 100 to release the complete cellular calcium stock
(Rmax). To determine the background noise the Fura-2 loaded rMCs were dis-
solved in the presence of EGTA (Rmin). EGTA is a strong calcium chelating
agent, stronger than Fura-2 itself.

Subsequently, the intracellular calcium concentration was calculated from the
maximum fluorescence ratios using the equation published by Grynkiewicz
et. al. [11]. Kd for the Fura-2-calcium-complex was taken from the litera-
ture (225 nM) [11]. The data were plotted semi-logarithmic and analyzed using
the Origin 2020 SR1 software (OriginLab/ Northampton/ MA/ USA). Dose-
response curves were fitted with the sigmoidal fitting function:

y = A1 +
A2− A1

1 + 10(lg IC50−x)p
(6.1)

Here A2 is the top plateu and A1 is the bottom plateau. lg IC50 is the centre
of the dose-response curve and p is the slope. The intracellular calcium con-
centration was normalized to A2 and specified as calcium response in percent.
EC50, EC80 and IC50 values are indicated as mean± SEM.

6.2.7 Radioligand Binding Experiment

The tritium labeled angiotensin II derivative radioligand ([3H]UR-MK292)
[13] was kindly provided by Dr. Max Keller (Pharmaceutical Chemistry/ Uni-
versity of Regensburg/ Regensburg/ Germany). UR-MK292 had a specific
activity of 1.407 TBq mmol−1. It was used for both, the saturation binding and
the competitive binding experiments.
Futhermore, the binding buffer and the lysis buffer were freshly prepared
for the RL-As. The binding buffer was composed of Leibovitz L-15 medium
(without phenol red) (Gibco™/ Life Technologies/ Grand Island/ USA)), BSA
(0.1 %) and bacitracin (100 µg ml−1). The lysis buffer was composed of urea
(Merck/ Darmstadt/ Germany) (8 M), Triton™X-100 (1 %) and glacial acetic
acid (Merck/ Darmstadt/ Germany) (3 M).
EXP3174 was soluted in cell-culture grade dimethyl sulphoxide (DMSO)
(50 mM) and further diluted with binding buffer to receive the EXP3174 con-
centrates.

Since the AT1R-density of HRD-rMC was significantly higher than the AT1R-
density of rMC (refer table 6.2), the experimental setup was different:

RMC were seeded into TC-treated PS 24-well-plates (Eppendorf/ Hamburg/
Germany) at a seeding density of 4× 104 cells /well. During the experiment
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the working volume was 250 µl. After completion of the experiment, cell
lysates were transferred into scintillation vials pre-filled with 2.5 ml liquid
scintillator (Rotiszint eco plus/ Carl Roth/ Karlsruhe/ Germany). The sam-
ples were homogenized, kept in the dark for 30 min and counted by the liquid
scintillation counter LS 6500 (Beckmann-Coulter/ Munich/ Germany) for
5.0 min each.

HRD-rMC were seeded into flat clear-bottom white TC-treated PS 96-well-
plates (Corning® Incorporated Life Sciences/ Tewksbury/ MA/ USA) at a
seeding density of 1× 104 cells /well. During the experiment the working vol-
ume was 200 µl. After completion of the experiment, cell lysates remained in
the 96-well-plates and liquid scintillator (Optiphase Supermix/ PerkinElmer)
was added. The plates were sealed with a transparent sealing tape and the liq-
uids were carefully mixed by inversion for several times. The plates were kept
in the dark for at least 30 min and radioactivity was measured with a Micro-
Beta2 plate counter (PerkinElmer).

Saturation Binding

Prior to the experiment, seeded cells were cultured for 2 d. On the day of the
experiment confluency was at least 90 %. After removing the culture medium,
living cells were washed with DPBS (Gibco™/ Life Technologies/ Paisly/ UK)
twice. Afterwards, the cells were covered with binding buffer (80 % of the
working volume).
At the beginning of the experiment (designated 0 min), EXP3174 concentrates
and radioligand stock dilutions (unspecific binding) or binding buffer and ra-
dioligand stock dilutions (total binding) were added. Therewith, the working
volume was achieved and the incubation interval started immediately.
During the saturation binding experiments the cells were exposed to a series
of radioligand concentrations (total binding). Apart from that, EXP3174 was
added in a 500-fold excess to block AT1Rs (unsecific binding). The plates were
gently shaken at RT for 120 min. Afterwards, supernatants were removed by
suction, cells were washed with ice-cold DPBS twice and the lysis buffer was
added for additional 30 min. Depending on the cell type (rMC or HRD-rMC),
the lysates were prepared as mentioned above and their radioactivity was de-
tected.
The data were analyzed using the Origin 2020 SR1 software (OriginLab/
Northampton/ MA/ USA). Radioligand concentration cRL (x-axis) and bound
radioactivity (y-axis) were plotted. Unspecific binding was substracted from
total binding to obtain the specific binding. Specific binding was fitted with the
Michaelis-Menten function:

y =
Bmax x
Kd + x

(6.2)

Here Bmax is the maximal number of binding sites and Kd is the equillibrium
dissociation constant of the ligand-receptor complex. Unspecific binding was
fitted with linear regression. The receptor density was calculated from Bmax.
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Competition Binding

Prior to the experiment, seeded cells were cultured for two days. On the day
of the experiment the confluency was at least 90 %. After removing the culture
medium, living cells were washed with DPBS (Gibco™/ Life Technologies/
Paisly/ UK), twice. Afterwards the cells were covered with binding buffer
(80 % of the working volume).
At the beginning of the experiment (designated 0 min), EXP3174 concentrate
(unspecific binding), binding buffer (total binding) or the sample dilutions
were added. The applied volume accounted 10 % of the working volume. The
cells were gently shaken on a tumbling device and pre-incubated at RT for
30 min. The samples were naive EXP3174, PEGylated EXP3174 and the man-
ufactured NP dispersions (NP90, EXP-NP90, NP60- and EXP-NP60-). Then
the radioligand stock dilution was added and the final working volume was
achieved.
During the competition binding experiments the radioligand concentration
was 1 nM, that met the equillibrium dissociation constant of the ligand-re-
ceptor complex (Kd) of rMC and HRD-rMC (refer to the figures S2 and S3).
To determine the unspecific binding EXP3174 was added in a 500-fold excess
(500 nM) to block AT1Rs quantitatively. The plates were gently shaken at RT
for further 90 min. Afterwards, supernatants were removed by suction, cells
were washed with ice-cold DPBS twice and the lysis buffer was added for ad-
ditional 30 min. Depending on the cell type (rMC or HRD-rMC), the lysates
were handled as previously described.
The data were analyzed using the Origin 2020 SR1 software (OriginLab/
Northampton/ MA/ USA). Decadic logarithm of the sample concentration
(x-axis) and bound radioactivity (y-axis) were plotted (dose-response curve).
Unspecific binding was substracted from the sample radioactivity to receive
the bound radioactivity. Dose-response curves were fitted with the sigmoidal
fitting function:

y = A1 +
A2− A1

1 + 10(lg IC50−x)p
(6.3)

Here A2 is the top plateu y-value and A1 is the bottom plateau y-value. lg IC50
is the centre of the dose-response curve and p is the slope.
The bound radioactivity was normalized to the total binding in order to receive
the percentage of bound radioactivity. IC50 values are indicated as mean ±
SEM.

6.2.8 Confocal Laser Scanning Microscopy

To identify the cells during CLSM, their cytosol was stained with a fluores-
cent dye. Therefore, rMCs were captured in FBS-free culture medium sup-
plemented with 25 µM CellTracker™Green (Invitrogen™) and incubated at
37 °C for 30 min. Afterwards, medium was removed by centrifugation (200xg,
RT, 5 min), cells were resuspended in culture medium and seeded into eight-
well plastic bottom µ-slides (Ibidi/ Graefelfing/ Germany) at a density of
6× 103 cells/well.
RMC were grown for two days. On the day of the experiment, medium was
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removed and adherent cells were washed with DPBS (Gibco™/ Life Technolo-
gies/ Paisly/ UK) twice. Then the cells were covered with 225 µl association
buffer, that was composed of Leibovitz L-15 medium (without phenol red)
(Gibco™/ Life Technologies/ Grand Island/ USA) and BSA (0.1 %). Subse-
quently, 25 µl of the CF™647-labeled NP dispersion (NP90, EXP-NP90, NP60-

or EXP-NP60-) was added. After the incubation interval (30 min, 37 °C) the as-
sociation buffer was removed, the cells were washed with ice-cold DPBS and
fixed with 300 µl paraformaldehyde (PFA) 4 % in DPBS for 15 min. Lastly PFA
was removed, the cells were washed, covered with DPBS and analyzed with
the laser-scanning microscope LSM 710 (Carl Zeiss/ Jena/ Germany) using the
objective C-Apochromat 63x/1.20 W autocorr M27.
CellTracker™Green was excited at 488 nm and emitted light was detected
with a 493 nm to 552 nm bandpass filter. The cell fluorescence is color-coded
in green. The γ value was set to 0.45. CF™647-labeled NPs were excited at
633 nm and emitted light was detected with a 638 nm to 747 nm bandpass filter.
NP fluorescence is color-coded on a red-to-white scale. The gamma value was
set to 2.0.

6.3 Results and Discussion

Both EXP3174-decorated candidates EXP-NP90 ana d EXP-NP60- were inves-
tigated for their in vitro binding performance at AT1R-positive rMCs. The fol-
lowing aspects were inverstiganted:

• Targeting of AT1Rs
• Silenceing of AT1R signalling
• Localization during binding

Therefore, a series of experiments was performed. That included RL-As, func-
tional CaAs, flow cytometry experiments and CLSM.

6.3.1 Milestone in Nanoparticle Development

EXP3174 is a very potent AT1R antagonist with an extremely low dissociation
rate. Since EXP3174 induces a conformational change in the binding pocket of
the AT1R, it is an insurmountable antagonist [14, 15]. So it is very difficult to
replace binding EXP3174 from an AT1R. This is an excellent property to hold
the NP close to the membrane and to enable multivalent binding of further
EXP3174 ligands. However, covalent attachment of EXP3174 to a PEG-chain
(PEGylation) causes a clear affinity loss [12]. The carboxyl group is engaged
in a salt bridge with an arginin residue in the binding pocket of the AT1R
[15]. Consequently, the IC50 values were determined using a competitive CaA.
Thereby, the calcium influx into the cytosol was induced through the injection
of Ang II. The final concentration fo Ang II was adjusted to the EC80. The
maximum calcium influx was defined as 100 % calcium response. By the ad-
ministration of different doses of native EXP3174 or PEGylated EXP3174 the
calcium influx was inhibited. The results are plotted in figure 6.1. For EXP3174
an IC50 of 0.5± 0.1 nM (pIC50=9.3± 0.1) was determined. This was in good
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Figure 6.1: Competitive CaA for EXP3174 (stars) and PEGylated EXP3174 (cir-
cles).

agreement with the literature. Hennig et. al. found an IC50 of 1.1 nM for rMCs
[12], while Sachinidis et. al. determined 5 nM for vascular smooth muscle cells
[16].
For PEGylated EXP3174 an IC50 of 22.9± 2.1 nM (pIC50=7.6 ± < 0.1) was
determined. This means that PEGylation caused an affinity loss due to steric
hindrance in the binding pocket. But PEGylated EXP3174 was still potent
enough to bind the AT1Rs. Subsequently both substances served as references
to rank the NP’s affinities.

During the NP development process one structural feature turned out to be
crucial. For this purpose differently composed core-shell NPs were manufac-
tured:

1 EXP-NP5k, depicted in figure 6.2 (red frame)
2 EXP-NP90, depicted in figure 6.2 (blue frame)

The difference between these core-shell NPs can be found in the structure of the
PEG shell. For both samples the targeting ligand EXP3174 was connected to a
5 kDa PEG chain (EXP3174-PEG5k-polylactic acid (PLA)). But not the entire
PEG shell was built of EXP3174 carrying PEG-PLA block-co-polymers. The
shell was filled by methoxy-terminated PEG-PLA block-co-polymers (filling
PEG).
The filling PEG had a MW of 5 kDa for the EXP-NP5k and was reduced to
2 kDa for the EXP-NP90. Their IC50 values were determined using a compet-
itive CaA. The IC50 of EXP-NP5k accounted 225 µM (pIC50=3.6). The IC50 of
EXP-NP90 accounted only 235 nM (pIC50=6.6). This means that reducing the
length of the filling PEG resulted in a tremenduous affinity gain of three orders
of magnitude. The EXP3174 molecules must be able to reach out of the PEG-
shell to bind AT1Rs. The spike proteins of viruses are arranged in the same
way [17–19].
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Figure 6.2: Competitive CaAs of EXP-NP90 (blue) and EXP3174-decorated NP
with full 5k PEG shell (red). The fits of native EXP3174 (black) and PEGylated
EXP3174 (grey) from figure 6.1 are plotted as a reference.

6.3.2 Ligand-Decorated Nanoparticles with a Sub-Nanomolar
Avidity

The architecture of the PEG shell was essential for the affinity to target cells (re-
fer to figure 6.2). However, 2 kDa MeO-PEG-PLA block-co-polymers increased
the lipophilic proportion in the core-shell NPs. As a result the NP size was
raised dramtically. So the hydrodynamic diameter of EXP-NP5k accounted
41± 1 nm, while EXP-NP90 had a hydrodynamic diameter of 105± 13 nm.
This was a 2.5-fold increase. The polydispersity index (PDI) was identical
(0.10± 0.01).
It was assumed that NPs must fit into clathrin-coated pits to enable multi-
valent binding, as it is illustrated in figure 6.3. Clathrin is a protein coating
the intracellular plasma membrane (PM). It builds a cage-like structure and
induces cavaties, namely clathrin-coated pits. Naive clathrin-coated pits have
a size of 50 nm to 80 nm [20]. Different adapter proteins connect clathrin triske-
lions and the PM. Additionally, there are different cargo receptors discerning
the proper cargo, for example NPs. Complexes of cargo and cargo receptors
are mounted into the clathrin-coated pits via specific adapter proteins. The
trapped cargo is subsequently totally wrapped by the clathrin-coated mem-
brane until a clathrin-coated vesicles pinches off the PM (refer to figure 6.3)
[21, 22].

Following this concept, EXP-NP90 were too large to fit into naive clathrin-
coated pits. That’s why MeO-PEG2k-PLA20k was completely substituted with
HOOC-PEG2k-PLA20k to increase the hydrophilicity of the block-co-polymer.
The substitution induced negative surface charges. The resulting EXP-NP60-

had a hydrodynamic diameter of 68± 6 nm (refer to figure 4.2) that was excel-
lently fitting into clathrin-coated pits. But it must be admitted that clathrin-
coated vesicles can grow up to 200 nm [20, 23] depending on the cargo prop-
erties. McMahon and Boucrot demonstrated the flexible pit size with electron
micrographs for different organisms [23]. This means that, the larger EXP-
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Figure 6.3: Formation of a clathrin-coated pit (CCP) and its maturation to a
clathrin-coated vesicle (CCV). The size depends on the size of the trapped
cargo [20, 23]. Specialized cargo receptors (CR) selectively bind their cargo
and navigate them into clathrin-coated vesicles. In doing so, adapter proteins
(AP) connect cargo receptors with the clathrin triskelions (CT) and induce a
plasma membrane (PM) curvature until the cargo is fully wrapped [21, 22].

NP90 were still a promising candidate, since their larger surface area enables
more targeting ligands to reach a target receptor.

Since the AT1R is a G-protein coupled receptor (GPCR) or rather a Gq-coupled
GPCR, its activation leads to a calcium influx into the cytoplasma. Ang II is
the physiological agonist for AT1Rs [14]. Its activation starts a signalling cas-
cade, that mediates inter alia the secretion of vascular endothelial growth factor
(VEGF). VEGF plays a key role in the pathogenisis of ocular diseases like AMD
and diabetic retinopathy (DR) (refer to chapter 1). Consequently, promising
pharmaceutics have to interrupt the signalling cascade to prevent the secretion
of VEGF. There are different tools to proof the specificity of EXP3174-decorated
NPs for the AT1R-positive rMCs:

1 Displacement studies using flow cytometry
2 Indirect competition binding (CaA)
3 Competition binding (RL-A)

Non-targeted NP90 and NP served as controls for their EXP3174-decorated
equivalents EXP-NP90 and NP60-. Their architecture is illustrated in figure
6.4A.
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Figure 6.4: Overview of the binding experiments of EXP-NP90 and EXP-NP60-.
(A): Architecture of investigated core-shell NPs. (B): Flow cytometry based dis-
placement studies. (C-F): Competition binding assays ranked by the references
naive EXP3174 (black line) and PEGylated EXP3174 (grey line).
In detail: CaA for EXP-NP90 (blue diamonds) and the non-targeted control
NP90) (black asterisk) (C). CaA for EXP-NP60- (green triangles) and the non-
targeted control NP60- (black asterisk) (D). RL-A for EXP-NP90 (blue dia-
monds) and the non-targeted control NP90 (blue diamonds) (E). RL-A for EXP-
NP60- (green triangles) and the non-targeted control NP60- (black asterisk) (F).
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Displacement Studies

Flow cytometry is an analytical technique that enables the measurement of
individual cells. The core-shell NPs were tagged with the fluorescent dye
CF™647. After the incubation and a thorough washing procedure rMCs were
separated and analyzed. If the NPs were binding to the PM or taken up, emit-
ted light in the deep red area could be detected. The results are plotted in figure
6.4B. The average fluorescence intensity of the incubated rMCs is illustrated in
a bar chart.
NP90 obtained a fluorescence intensity of 64.1± 7.3 %, that was a significantly
lower amount compared to the targeted EXP-NP90 100.0± 7.4 % (p = 0.0001).
This was expected because NP60- cannot specifically bind to the rMCs. Addi-
tionally the rMCs were pre-incubated with an excess of naive EXP3174 to block
AT1Rs completely. Thus EXP-NP90 were no longer able to access the AT1Rs.
The fluorescence intensity dropped down to 67.3± 11.7 %, that was the niveau
of the control. This provides evidence for an AT1R-mediated binding of EXP-
NP90 to rMCs.
The outlined experiments were performed for the EXP-NP60-s with the iden-
tical procedure. RMCs incubated with ligand-free NP60- obtained a mean
fluorescence intensity of 57.4± 13.4 % normalized to the targeted EXP-NP60-

with 100.0± 6.7 %. The fluorescence intensity of rMCs pre-incubated with an
excess of naive EXP3174 again indicated a drop down. But a diminution to
78.2± 8.6 % was not the niveau of the corresponding control. Nevertheless,
both differences were statistically significant (p = 0.001). So the binding of
EXP-NP60- was mediated by AT1Rs, too.

The results also reveal the high unspecific uptake of control NPs. The reason
was not conclusively clarified. But the explanation could potentially found by
the different routes of NPs into cells. There are many influencing parameters
like physical properties (size, shape, rigidity), interaction with serum proteins
(opsonization) and the NP architecture (polymeric, gold, silica, liposomes and
much more) [24]. Since the difference between the targeted NPs and their cor-
responding controls is just the decoration with EXP3174 molecules, it must be
assumed, that the targeted NPs follow other pathways into the cell than their
controls.
In general, particles enter cells via energy-dependent processes, which could
be subsumed under the term endocytosis, including:

• Pinocytosis

– Macropinocytosis

– Receptor-mediated endocytosis

* Clathrin-mediated endocytosis

* Caveolin-mediated endocytosis

* Other specific receptors

• Phagocytosis

After activation of AT1Rs with its biological agonist Ang II, the GPCR un-
dergoes a conformational change, starting the signalling cascade. Besides it
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enables the formation of a complex with adapter protein 2, β-arrestin and other
proteins [25–27]. Adapter protein 2 owns a binding side for clathrin triskelion
[25]. It guides the AT1R into clathrin-coated pits and initiates an internaliza-
tion via clathrin-mediated endocytosis [28]. This pathway was confirmed by
different groups, who inhibited clathrin mediated endocytosis with Sucrose
(D(+)-Saccharose) (Suc) or pitstop-2 and found a profound decline in the up-
take of radiolabeled Ang II [28, 29].

But EXP3174 is an AT1R-antagonist, it cannot induce the mentioned confor-
mational change [14]. In good accordance, Conchon et. al. found a strong
decline to less than 30 % for the uptake of non-peptidic AT1R antagonist losar-
tan [29]. But this was still 1/3. Besides, this amount was further reduced to
less than 15 % after inhibition of the clathrin mediated endocytosis pathway
by incubating the cells with Suc [29]. Last but not least the peptidic antago-
nist [Sar1-Ile8]-Ang II induced an uptake of more than 75 %, that is practically
identical to the peptidic agonist [Sar1]-Ang II [29].
Fierens et. al. investigated the internalization of candesartan, that is another
insurmountable AT1R-antagonist [30]. They determined a very tight long-
lasting binding to AT1Rs and found a high fraction of acid-resistent candesar-
tan binding [30]. To remove surface bound molecules from the extracellular
PM, cells were often incubated with moderate acidic solutions. Thus a high
candesartan fraction after incubation at moderate acidic conditions pleads for
a high uptake of candesartan. But the authors were sceptical, if surface bound
candesartan could be removed under acidic conditions and propagated the
residence of candesartan-AT1R complexes on the cell surface [30].

This data show the controversy of the topic. Insurmountable AT1R antago-
nists like EXP3174 or candesartan seem to remain on the PM without being
endocytosed. This is due to the lack of interaction between the antagonist-
receptor complex and the clathrin triskelion. Apart from that EXP3174-deco-
rated NPs may behave differently. NP-related effects potentially change the
uptake mechanism. But the strong attraction of EXP3174-decorated NPs and
AT1Rs on the PM clearly plead for a receptor-mediated endocytosis pathway.
From a thermodynamic perspective, multivalent NPs are able to address more
receptors on a curved PM as it is the case in clathrin-coated pits than the same
multivalent NP on the plane uncurved PM.

Summing up, EXP3174-decorated NPs most likely use a receptor mediated
endocytosis pathway. It was expected that EXP3174-decorated NPs reside in
clathrin-coated pits and remain on the cell surface. On the other hand side, the
naive control NPs cannot take receptor-mediated endocytotic pathways, due
to the lacking targeting ligands. They could potentially bind to the rMCs via
macropinocytosis or if they were opsonized via phagocytosis. Maslanka et. al.
manufactured similar core-shell NPs that were decorated with either angioten-
sin I (Ang I) [1] or Ang I plus EXP3174 [31]. The Ang I pro-ligands were en-
zymatically activated to Ang II, triggering the cellular uptake. Maslanka et. al.
also used naive MeO-terminated NPs as a control in their flow cytometry stud-
ies [1]. The difference between the control and the targeted Ang I NPs was
clearer. Their findings complement these results excellently. EXP-NP90 and
EXP-NP60- lack of an endocytosis triggering ligand. That’s why they remain
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on the cell surface, that is quickly saturated with NPs during the incubation
interval. Without NP endocytosis there is no uptake and no enrichment of NPs
in the cells, so that the measured fluorescence signal is less intensive.
It can be concluded that EXP3174-decorated NPs reside on the extracellular PM
and do not trigger an urged uptake.

Calcium Mobilisation Assays

The activation of Gq-coupled GPCRs initiates the influx of calcium ions into the
cytoplasma. The average EC50 value was 60.8± 16.8 nM (pEC50=7.27± 0.10).
This was in good accordance to the literature. Hennig et. al. determined an
EC50 of 70.1± 1.8 nM [12].

For the indirect competition assays rMCs were consistently stimulated with
Ang II (EC80). Through the addition of different concentrations of naive
EXP3174, PEGylated EXP3174 (EXP3174-PEG5k) or the different types of
NPs their ability to supress the calcium response was measured. The re-
sults are plotted in figure 6.4C-D. The references naive EXP3174 (black line)
and EXP3174-PEG5k (grey line) are plotted. Figure 6.4C shows the results
for NP90 (control) (black asterisk) and EXP-NP90 (blue diamonds). Whereas
the results for NP60- (control) (black asterisk) and EXP-NP60- are depicted
in figure 6.4D. Both controls (NP90 and NP60-) were not decorated with
EXP3174 molecules and could not suppress the calcium response. How-
ever, the EXP3174-decorated NPs (EXP-NP90 and EXP-NP60-) inhibited the
calcium response completely. This means that EXP3174-decorated core-shell
NPs were able to target and silence the target receptor AT1R. Since the log-
arithmic PNC was plotted, the avidity for all NP types was obtained. While
NP90 and NP60- had no avidity to the AT1Rs, EXP-NP90 had an IC50 value
of 293± 65 pM (pIC50=9.60± 0.11) and EXP-NP60- had an IC50 value of
591± 145 pM (pIC50=9.27± 0.11).
Thus, both candidates had an sub-nanomolar avidity for AT1R-carrying rMCs.
The larger EXP-NP90 even with a sligthly higher avidity, since their larger
surface area facilitated to reach more target receptors.

Radioligand Binding Assays

Keller et. al. kindly provided the tritium labeled angiotensin II derivative ra-
dioligand ([3H]UR-MK292) [13]. RMCs were incubated with different concen-
trations of the radioligand [3H]UR-MK292 (saturation binding) to determine
the Kd and the average number of AT1Rs per cell. The Kd was 1.2± 0.1 nM
and the rMCs carried 73 258± 18 643 AT1R per cell. These parameters were
determined from independent saturation binding experiments. The binding
curves are plotted in figure S2.

Furthermore, competitive RL-As were performed. RMCs were again pre-
incubated with different concentrations of naive EXP3174, PEGylated EXP3174
or dilutions of the core-shell NP candidates. [3H]UR-MK292 was added and
the rMC-associated radioactivity was measured after the incubation time.
The results are plotted in figure 6.4E-F. Naive EXP3174 (black line) and
PEGylated EXP3174 (grey line) served as references. For naive EXP3174 an
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Table 6.1: Overview of the binding performance of the EXP3174-decorated
core -shell NPs EXP-NP90 and EXP-NP60-. IC50 and pIC50 are specified as
particle-related avidity. (*) p=0.1; * p=0.05

EXP-NP90 EXP-NP60- Level of
significance

Displacement(1) Yes Yes

Competition(2) IC50 [pM] 293± 65 591± 145 (*)
pIC50 9.60± 0.11 9.27± 0.11

Competition(3) IC50 [pM] 98± 49 459± 49 *
pIC50 10.04± 0.23 9.34± 0.07

(1) flow cytometry experiments (2) CaA (3) RL-A using [3H]UR-MK292

IC50 of 0.65± 0.09 nM (pIC50=9.19± 0.06) and for PEGylated EXP3174 an IC50
of 30.5± 4.3 nM (pIC50=7.52± 0.04) was determined. Subfigure 6.4E shows
the binding curve for EXP-NP90 (blue diamonds) and their non-targeted con-
trol NP90 (black asterisk). EXP3174-free NP90 were not able to inhibit the
binding of [3H]UR-MK292. However, EXP-NP90 supressed the binding of
[3H]UR-MK292 completely and the IC50 (NP-related avidity) was 98± 49 pM
(pIC50=10.04± 0.23). The IC50 can also specified as ligand-related affinity, that
was 517± 305 nM.
Subfigure 6.4F shows the binding curves for EXP-NP60- (green triangles) and
their non-targeted control NP60- (black asterisk). EXP3174-free NP60- were not
able to inhibit the binding of [3H]UR-MK292, whereas EXP-NP60- suppressed
the binding completely with an IC50 (NP-related avidity) of 459± 69 pM
(pIC50=9.34± 0.07). The IC50 can also specified as ligand-related affinity, that
was 488± 46 nM.

Comparison of the Binding Performance

Both EXP3174-decorated candidates (EXP-NP90 and EXP-NP60-) bound
specifically to AT1Rs, which was confirmed by three independent techniques.
The results are summarized in table 6.1 and checked for statistical significance.
The competition binding assays (CaA and RL-A) coincidently indicated a sub-
nanomolar avidity. Furthermore, it was concluded that the larger EXP-NP90
had a statistical significant stronger avidity to the target cells (refer to table 6.1)
than the smaller EXP-NP60-. The reason therefore was the higher surface area
and the corresponding ability to reach more AT1Rs per NP.

6.3.3 Localization of Binding Nanoparticles

The candidates EXP-NP90 and EXP-NP60- were decorated with EXP3174
molecules. EXP3174 is an insurmountable AT1R antagonist and cannot in-
duce the conformational change [14] needed to expose the binding site for
the clathrin mediated endocytosis pathway [25, 26, 28, 32]. That’s why it
was assumed that the targeted NPs reside on the surface of the rMCs. This
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phenomenon was already described for naive candesartan, another insur-
mountable AT1R-antagonist [30].
To locate the NPs, adherent rMCs were incubated with CF™647-labeled NPs
and investigated with CLSM. The results are depicted in figure 6.5. RMCs
are color-coded in green and the NPs on a red-to-white scale. Subfigures A
show the binding of non-targeted NP90 (control) and the EXP3174-decorated
EXP-NP90, whereas subfigure B illustrates the binding of non-targeted NP60-

(control) and the EXP3174-decorated EXP-NP60-. Both subfigures indicated
that EXP3174-decorated NPs remained cell associated after thorough washing
steps. It can be recognized that these NPs are arranged in a sharp line bor-
dering the cell’s surface. The cell lumen was widely free of NP fluorescence.
These pictures visualized the residence of EXP3174-decorated NPs on the cell
surface. Maslanka et. al. designed Ang I-decorated core-NPs [33]. Ang I was
enzymatically activated to Ang II, so that they can be described as agonist-
decorated NPs. The authors also incubated adherent rMC with these agonistic
NPs. Maslanka et. al. located agonistic core-shell NPs clearly in the cell lumen
[33]. So the difference in the binding dynamics of agonistic- and antagonistic
NPs became obvious.
Moreover, the NP distribution in a couple of planes was recorded through the
z-axis. The corresponding z-stacks are depicted in figure 6.5C (EXP-NP90) and
D (EXP-NP60-). Both candidates were located in the cell planes. This again
confirmed the residence of the antagonistic EXP3174-decorated NPs on the cell
surface.

6.3.4 Nanoparticle Avidity to Cells with High Receptor Den-
sity

Inflammatory processes are able to trigger an upregulation of AT1Rs [2, 3].
That’s why the NP avidity was additionally determined with a high-receptor
density cell line. An increased avidity for high-receptor-density cells would
suggest reduced off-target effects under pathological circumcstances. There-
fore, rMCs were transfected with a plasmid encoding for a human AT1R to re-
ceive HRD-rMC. Again saturation binding experiments with [3H]UR-MK292
were performed to determine the Kd value and the AT1R density (refer to
figure S3 for details). The Kd of [3H]UR-MK292 for the transfected rMCs re-
mained unchanged (1.0± 0.2 nM for HRD-rMC vs. 1.2± 0.1 nM for untreated
rMC). The receptor density increased 5-fold (356 841± 13 877 AT1R/HRD-rMC
vs. 73 258± 18 643 AT1R/rMC).

The competitive RL-As were repeated with the HRD-rMCs. Again naive
EXP3174 and PEGylated EXP3174 served as references. The binding curves
are plotted in figure 6.6C. The obtained half maximal inhibitory concentra-
tions (IC50s) values for naive EXP3174 (black stars) and PEGylated EXP3174
(grey circles) accounted 4.8± 0.4 nM (pIC50=8.32± 0.04) and 190.1± 0.4 nM
(pIC50=6.72± < 0.01).
In figure 6.6A the binding curves of EXP3174-decorated EXP-NP90 (blue di-
amonds) and the non-targeted control NPs NP90 (black asterisk) are plotted.
EXP-NP90 had an IC50 value of 166.9± 38.1 pM (pIC50=9.79± 0.10). Since
they were lacking of EXP3174-ligands, the control NPs (NP90) were not able
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Figure 6.5: Images of CLSM experiments. The rMCs are color-coded in green
and the CF™647-labeled NPs in red-to-white. A: rMCs incubated with EXP-
NP90 or NP90 (control). B: rMCs incubated with EXP-NP60- or NP60- (con-
trol). C: Z-stacks of EXP-NP90 sample. D: Z-stacks of EXP-NP60- sample. Scale
bar corresponds to 50 µm.
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Figure 6.6: RL-A of EXP3174-decorated core-shell NPs using HRD-rMCs.
A:EXP3174-decorated EXP-NP90 (blue diamonds) and the non-targeted con-
trol NP90 (black asterisk) in relation to naive EXP3174 (black fitting curve)
and PEGylated EXP3174 (grey fitting curve). B: EXP3174-decoratedEXP-NP60-

(green triangles) and the non-targeted control NP60- (black asterisk) in relation
to naive EXP3174 (black fitting curve) and PEGylated EXP3174 (grey fitting
curve). C: Naive EXP3174 (black stars) and PEGylated EXP3174 (grey circles).
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to suppress the binding of the radioligand. Similarly, the binding curve of
EXP3174-decorated EXP-NP60- (green triangles) and the non-targeted control
NP60- (black asterisk) are plotted in figure 6.6B. EXP-NP60- had an IC50 value
of 606.6± 140.3 pM (pIC50=9.23± 0.10). NP60- were not able to suppress the
binding of the radioligand, due to the lacking EXP3174-ligands. The binding
parameters for rMC and HRD-rMC are summarized in table 6.2.

Table 6.2: Binding performance of naive EXP3174, PEGylated EXP3174 and
EXP3174-decorated core-shell NPs to AT1R-carrying rMCs with different AT1R
densities.

rMC HRD-rMC

Receptor [AT1R/cell] 73 258 356 841
Density ±18 643 ±13 877

Naive IC50 [nM] 0.65± 0.09 4.8± 0.5
EXP3174 pIC50 9.19± 0.06 8.32± 0.05

PEGylated IC50 [nM] 30.5± 4.3 190.1± 0.5
EXP3174 pIC50 7.52± 0.04 6.72± < 0.01

EXP-NP90 IC50 [pM] 98± 49 167± 54
pIC50 10.04± 0.23 9.79± 0.14

EXP-NP60- IC50 [pM] 459± 69 607± 198
pIC50 9.34± 0.07 9.23± 0.14

The AT1R density of rMCs was raised 5-fold via transfection to receive HRD-
rMCs. HRD-rMC served as a model cell line to mimic pathological circum-
stances. However, an avidity gain had not been found, but even a slight avidity
loss. The reasons were not finally clarified in this work. Potentially, this was
an effect that arose from the transfection process. HRD-rMCs carried murine
and human AT1Rs that could explain that weak shift. However, these find-
ings did not indicate a preference of EXP-NP90 or EXP-NP60- for HRD-rMCs.
A plausible reason was found in the formation process of clathrin-coated pits.
Since cargo receptors like AT1Rs guide their cargo (for instance NPs) into the
pit (compare figure 6.3) and regulate their size [32], the morphology of the
NPs, especially the number of available ligands, was pivotal for their avidity.
Clathrin-coated pits are higly dynamic. Their initial sites pop up on the PM
randomly. If there is cargo, stabilzing the PM curvature and recruiting more
cargo receptors the assembly of the clathrin lattice is launched until the cargo
was fully wrapped [34]. Consequently, an increased receptor density of the tar-
get cells would not alter the NP’s avidity, since the cargo receptors are recruited
to the assembling pits after initial NP attachment. However, these experiments
were performed under static conditions. Fleischmann et. al. gave evidence
that the binding behavior differs for static and dynamic conditions [35]. An
injection of the NP dispersion into the bloodstream and the rapid distribution
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through the circuit belongs to dynamic conditions. There is just a narrow time
frame for the specific recognition of the target cells. That’s why, an increased
receptor density could still increase the likelihood for an initial binding and
reduce off-target effects in vivo.

6.4 Conclusion

The avidity of EXP3174-decorated core-shell NPs EXP-NP90 and EXP-NP60- to
an AT1R-positive model cell line was proven. Both candidates featured a sub-
nanomolar avidity, that was proven by a functional CaA and a direct RL-A (re-
fer to figure 6.4). These findings were outstanding, since it means that the NP’s
avidity overcome the affinity of the naive targeting molecule EXP3174 itself.
Consequently, both candidates showed a stronger avidity than the EXP3174-
decorated model NPs that were introduced by Hennig et. al. [12]. In addition,
these experiments substantiated the NP’s ability to target AT1Rs and concur-
rently to silence the receptor signalling. These properties are mandatory for
a therapeutical application. Further experiments gave valuable information
about the NP’s binding behavior. So the displacement studies confirmed the
receptor-mediated binding to target cells for another time. Besides the localiza-
tion of the NPs during binding fortified the antagonistic nature of the designed
NPs (refer to section 6.3.3).
Apart from that, an avidity gain for target cells with an increased target recep-
tor density was not substantiated. However, these static in vitro testings could
not mimic the dynamic conditions after an systemic application. During the
circulation in the bloodstream, targeting of pathologically changed cells could
still be favored due to the increased target receptor density. EXP-NP90 as well
as EXP-NP60- core-shell NPs were promising candidates for an in vivo appli-
cation. Based on these findings, both candidates should be tested in a mouse
model.
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Chapter 7

Number of Binding Ligands



7.1. INTRODUCTION

Abstract

Core-shell nanoparticles (NPs) decorated with the angiotensin II receptor
type 1 (AT1R) antagonist losartan carboxylic acid (EXP3174) had a sub-
nanomolar avidity for their target cells. The pIC50 of larger EXP-NP90 (size
105± 13 nm) was 10.04± 0.23 and 9.34± 0.07 for the smaller EXP-NP60- (size
68± 6 nm). The reason for this outstanding avidity was found in the multi-
valent binding. But how many EXP3174 molecules of a single core-shell NP
were needed to develop such an outstanding avidity? The experiments re-
vealed 9.2 EXP3174 molecules per EXP-NP90 particle and 7.7 per EXP-NP60-

particle. This means that less than 1 % of the available ligands had sound to
the plasma membrane (PM)-presented target receptors. The investigated core-
shell NPs were labeled with ultra-small gold particles, so that they were trace-
able via inductively coupled plasma (ICP)-mass spectrometry (MS). After the
disintegration in aqua regia the number of PM-attached core-shell NPs could be
determined.

7.1 Introduction

It is the intention of active drug targeting to navigate pharmacons to their
target site. As a result, side effects should be clearly reduced that is espe-
cially important for anti-cancer drugs [1]. In particular, active drug targeting
is utilized in the field of nanomedicine [2–4]. Therefore different kinds of
NPs are decorated with widely varying targeting molecules (ligands) [5, 6].
These molecules recognize receptors, so that the carrying NP binds to the cor-
responding cell. However, the collision between the receptor and the ligand
is basically needed for the formation of any ligand-receptor complex [7, 8].
Multivalent NPs carry a multitude of ligand molecules, so that the chance for
the formation of further ligand-receptor complexes rises dramatically after the
initial binding. But this raises the question how many ligands are needed to
design a NP with an outstanting avidity to its target cells?
For this purpose, two differently sized polymeric core-shell NPs were de-
signed: (a) large methoxy-terminated EXP-NP90 (105± 13 nm) and (b) small
carboxy-terminated EXP-NP60- (68± 6 nm). Both candidates were deco-
rated with EXP3174 molecules. They possessed a sub-nanomolar avid-
ity for AT1R-positive cells (pIC50(EXP-NP90)=10.04± 0.23 and pIC50(EXP-
NP60-)=9.44± 0.07, refer to chapter 6). The NP shell was composed of
polyethylene glycol (PEG) with a molecular weight (MW) of 2 kDa. However,
the EXP3174 ligands were attached via 5 kDa PEG chains. Thus the EXP3174
ligands were situated on the NP surface like spikes of a virus [9, 10]. Each
NP was decorated with 3500± 1499 (EXP-NP90) or 1017± 382 (EXP-NP60-)
EXP3174 molecules. Considering their different sizes, the average distance be-
tween two ligands was 3.75 nm and 4.54 nm (refer to chapter 4). The targeting
receptor (AT1R) consists of 359 amino acids [11]. Maslanka et. al. calculated
4.6 nm for the diameter of a single AT1R [12]. Consequently, the average dis-
tance between two ligands was smaller than the AT1R itself. This means that
those NPs carried more ligands than theoretically bind on mathematical terms.
It is hypothesized that binding NPs were situated in membrane cavaties like
clathrin-coated pits. So they were able to reach more AT1Rs than they could
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reach on a plane membrane element. These considerations are illustrated in
figure 7.2.
Here the core-shell NP candidates EXP-NP90 and EXP-NP60- were tagged
with ultra-small gold particles to determine the amount of cell associated NPs
during binding. It is the goal to receive further infomation about the ideal
design of core-shell NPs for active drug tageting.

7.2 Material and Methods

7.2.1 Material

EXP3174 was synthesized as previously described (refer to section 3.2.4). All
other chemicals were purchased from Sigma-Aldrich (Taufkirchen/ Germany),
if not stated otherwise. A Milli-Q purification system (Millipore/ Schwalbach/
Germany) was used to prepare fresh ultrapure water. It is hereinafter just
named water.

7.2.2 Manufacturing Gold-Tagged Nanoparticles

Core-shell NPs were manufactured via nanoprecipitation as it is described in
section 4.2.2. The manufacturing formula was adapted to receive the gold-
tagged NPs EXP3174 decorated NP90 (EXP-NP90)-Au and EXP3174 decorated
NP60- (EXP-NP60-)-Au. The poly(lactic-co-glycolic) acid (PLGA)-stock solu-
tion was partly replaced by a PLGA-Au solution. Monoamino gold NPs were
purchased from Nanopartz (Loveland/ CO/ USA) and covalently bound to
PLGA polymers. The coupling procedure is described in section 3.2.9. The
monoamino gold NPs had a size of 2.2 nm. Due to solubility aspects PLGA-
Au was soluted to a final concentration of 10 mg ml−1. The final formulation is
listed in table 7.1.

7.2.3 Analytics of the Nanoparticle Dispersions

The NP size and the particle size distribution were measured via dynamic light
scattering (DLS). To determine the particle number concentration (PNC) the
following function was used:

PNC =
TPC

ρNP × 1
6 π (dH)

3 × NA
(7.1)

TPC is the total polymer content, ρNP is the NP density, dh is the hydrody-
namic diameter and NA is the Avogadro constant. The derivation is described
in chapter 4. The EXP3174 content of the NP dispersions was quantified with
a fluorescence assay. The absence of naive EXP3174 contamination has already
been proven (refer to chapter 3).

Dynamic Light Scattering

The NP dispersions were analyzed with a Zetasizer nano ZS (Malvern Instru-
ments/ Malvern/ UK). Here, hydrodynamic diameter (dh) and polydispersity
index (PDI) were reported. The protocol is described in section 4.2.3.
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Table 7.1: Manufacturing formulation of a gold-tagged NP batch.

EXP-NP90-Au EXP-NP60--Au
Stock dil.

of [µl] [µl]

O
rg

an
ic

ph
as

e EXP3174-PEG5k-PLA20k 18 18
MeO-PEG2k-PLA20k 62 -

HOOC-PEG2k-PLA20k - 62
PLGA13.4k 32 32
PLGA-Au (1) 20 20

ACN 368 368

[ml] [ml]

A
qu

eo
us

ph
as

e

DPBSx0.1 5.0 5.0

(1) stock dilution with 10 mg ml−1

Particle Number Concentration

The total polymer content (TPC) was measured with an iodine assay using
the previously described calibration (refer to section 4.2.5). The hydrody-
namic diameter was determined via DLS and ρNP was taken from the literature
(1.25 g cm−3 for PEG-polylactic acid (PLA) NPs [13]).

EXP3174 Content

The content of EXP3174 ligands was quantified via fluorescence measure-
ments. The samples were excited at 250 nm and the emitted light was detected
at 350 nm. The protocol is described in section 4.2.7.

7.2.4 Cell Culture

Rat mesangial cells (rMCs) were a kind gift of Prof. Armin Kurtz (Insti-
tute of Physiology/ University of Regensburg/ Germany). The cells were
cultered in RPMI 1640 medium supplemented with 10 % fetal bovine serum
(FBS) (Biowest/ Nuaillé/ France), insulin-transferrin-selenium (ITS) (Invitro-
gen) and 100 nM hydrocortisone. They were grown in a water-saturated car-
bon dioxide enriched atmosphere (5 % CO2) at 37 °C. Therefore the incubator
CellXpert®170 (Eppendorf/ Hamburg/ Germany) was used.
Rat mesangial cells (rMCs) were chosen due to their stable AT1R expres-
sion over numerous passages. AT1R expression was previously shown by
Maslanka et. al. [14].
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7.2.5 Ligand-Receptor Complexes per Nanoparticle

For the determination of the average number of ligand-receptor complexes
that a single core-shell NP established, a complex experimental setup was
designed. The total number of available AT1Rs during the experiment were
measured with a saturation binding experiment using the tritium labeled an-
giotensin II derivative radioligand ([3H]UR-MK292) [15]. In order to measure
the number of target cell attached NPs, the complete cell layer and the at-
tached NPs were disintegrated in aqua regia. Since the core-shell NPs carried a
gold-tag, it was possible to measure the gold concentration via ICP-MS and to
calculate the number of cell-attached core-shell NPs. Moreover, the cell num-
ber during the experiment was counted with a Neubauer-improved counting
chamber to calculate the AT1R expression level.

3× 105 rMCs per well were seeded into TC-treated cell culture 12-well plates
(Eppendorf/ Hamburg/ Germany) from a homogeneous cell suspension. On
the day of the experiment confluency of the rMCs was at least 90 %.
After removing the culture medium, living rMCs were washed with 500 µl Dul-
becco’s Phosphate Buffered Saline (DPBS) (Gibco™/Life Technologies/ Pais-
ly/ UK) twice. Then the cell layers were covered with 600 µl binding buffer.
The binding buffer was composed of Leibovitz L-15 medium (without phenol
red) (Gibco™/ Life Technologies/ Grand Island/ USA)) and bovine serum al-
bumin (BSA) (0.1 %). For the saturation binding experiments the binding buffer
was additionally supplemented with bacitracin (100 µg ml−1).

Saturation Binding

At the beginning of the experiment (designated 0 h) always 75 µl of the
EXP3174 and the radioligand concentrates (x10) (=unspecific binding) OR
75 µl of the binding buffer and the radioligand concentrates (x10) (=total bind-
ing) were added. The final working volume accounted 750 µl. [3H]UR-MK292
was kindly provided by Dr. Max Keller (Pharmaceutical Chemistry/ Uni-
versity of Regensburg/ Regensburg/ Germany) [15]. The specific activity
was 1.407 TBq mmol−1. EXP3174 was soluted in cell-culture grade dimethyl
sulphoxide (DMSO) (50 mM) and further diluted with binding buffer.
During the experiment rMCs were exposed to a series of radioligand concen-
trations ranging from 0.08 nM to 10 nM (total binding). Separately, EXP3174
was additionally added in a 500-fold excess to block AT1Rs (unsecific bind-
ing). The plates were gently shaken during the incubation period of 2 h at
room temperature (RT). Afterwards the supernatants were removed by suc-
tion, rMCs were washed with ice-cold DPBS twice and 800 µl lysis buffer were
added. The lysis buffer was composed of urea (Merck/ Darmstadt/ Germany)
(8 M), Triton™X-100 (1 %) and glacial acetic acid (Merck/ Darmstadt/ Ger-
many) (3 M). After a further incubation period of 30 min the cell lysates were
transferred into scintillation vials filled with 2.5 ml liquid scintillator (Rotiszint
eco plus/ Carl Roth/ Karlsruhe/ Germany) and counted with the liquid scin-
tillation counter LS6500 (Beckmann-Coulter).

The data were analyzed using the Origin 2020 SR1 software (OriginLab/
Northampton/ MA/ USA). Unspecific binding was substracted from total
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binding to obtain the specific binding.

Cell Disintegration and ICP-MS Analytics

At the beginning of the experiment 75 µl EXP3174 stock dilution (x10) OR
binding buffer were added carefully and pre-incubated for 30 min at RT. Then
75 µl of the gold-tagged NP dispersions were added and incubated for 1.5 h
at RT. Afterwards the incubation media were removed by suction and the cell
layers were washed with ice-cold DPBS twice. Then the supernatants were
removed and 1.5 ml freshly prepared aqua regia (one part of 65 % nitric acid
(Fisher Scientific/ Loughborough/ UK) and three parts 37 % hydrochloric acid
(VWR International/ Fontenay-sous-Bois/ France) were used to disintegrate
the cells and the gold completely. The plates were situated in a water bath at
60 °C for at least 4 h. Afterwards the solution was transferred quantitatively
into volumetric flasks (nominal volume 5 ml), spiked with 10 µl scandium cal-
ibration solution (10 µg ml−1) (Perkin Elmer/ Shelton/ CT/ USA) as internal
standard and filled up with 1 M nitric acid.

Multi-element standard solution (PerkinElmer/ Shelton/ CT/ USA) contain-
ing 10 µg ml−1 gold was used to prepare calibration standards from 0.1 pbb to
60 pbb. Each calibration standard was supplemented with 10 µl of the men-
tioned scandium calibration solution.

The gold measurements were performed on an ICP-MS ELAN 9000 (Perkin
Elmer). The device was operated with the Elan software version 3.0. The re-
sults were normalized to the internal scandium standard.

Cell Counting

At the beginning of the experiment 75 µl binding buffer was added twice.
The cell plates were incubated for 2 h at RT. Afterwards the incubation me-
dia were removed by suction and the cell layers were washed with ice-cold
DPBS once. Then rMCs were quantitatively detached using trypsin-EDTA
0.25 % (Gibco™/Life Technologies/ Paisley/ UK), centrifuged (200xg, 5 min,
4 °C) and resuspended in DPBS. The cells were counted using a Neubauer
improved counting cell (Laboroptik/ Friedrichsdorf/ Germany) in duplicates.
The average cell number per well was determined for a complete plate.

7.3 Results and Discussion

7.3.1 Theoretical Background

The following approach was established to unveil how many ligands of a sin-
gle NP bind to a target cell. Basically, ligand-carrying NPs were incubated
with a model cell line, while the average number of ligand-receptor complexes
was quantified. Here the number of binding ligands (Nbound) was equal to the
number of EXP3174-occupied AT1Rs (Noc). Additionally, the absolute num-
ber of PM attached NPs (NLR) was needed to calculate Nbound. Consequently,
Nbound was calculated by the following function:
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Nbound =
Noc

NLR
(7.2)

These considerations supposed that NPs exclusively interacted via AT1Rs with
the rMCs. Noc and NLR were determined in separate experimental parts. The
protocols were almost identical, although the sample preparation and the final
read out differed. The cell culture plates were seeded from a unique homoge-
neous cell suspension and incubated simultaneously to ensure a homogeneous
testing environment.
Noc was investigated utilizing a saturation binding experiment with the tri-
tium labeled angiotensin II derivative radioligand ([3H]UR-MK292) [15]. NLR
was investigated using gold-tagged NPs that were quantified via ICP-MS
analysis. Therefore, an aqua regia based gold disintegration procedure was
developed.

Number of Occupied Receptors - Noc

The number of ligand-receptor complexes Noc was derived from the total num-
ber of available AT1R receptors (NAT1R). Two different approaches were con-
ceivable:

1 NPs were applied in an 50-fold excess with respect to their equillibrium
dissociation constant (Ki), so that practically all AT1Rs were occupied by
ligands:
Noc = NAT1R

or

2 NPs were equally applied to their Ki value, so that half of the total num-
ber of available AT1Rs (NAT1R) were occupied by ligands:
Noc = 0.5× NAT1R

Approach 1 required the preparation of a vigorously up-concentrated NP stock
dilution. This was not feasible due to stability aspects. Hence, the NPs were
applied exactly at their Ki (approach 2). Combining approach 2 and equation
7.2 gave the following function:

Nbound =
0.5× NAT1R

NLR
(7.3)

NAT1R was determined with the saturation binding experiment. Since the
investigated NPs were not radioactively labeled itself, Ki must be calculated
from their half maximal inhibitory concentration (IC50) value using the Cheng-
Prusoff correction: [16]

Ki =
IC50( [RL∗ ]

Kd
+ 1
) (7.4)
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Here [RL∗] is applied concentration of [3H]UR-MK292 during the competitive
binding assay ([RL∗] = 1.0 nM). The equillibrium dissociation constant of the
ligand-receptor complex (Kd) value of [3H]UR-MK292 was 1.2 nM (refer to fig-
ure S2). The IC50 values (ligand-related affinity) were taken from chapter 6.
The calculated Ki values are listed in table 7.2.

Table 7.2: Ligand-related Ki and IC50 values of EXP-NP90 and EXP-NP60-.

EXP-NP90 EXP-NP60-

IC50 [nM] 517 488
Ki [nM] 282 266

The concentration of core-shell NPs was adjusted to their individual Ki value.
Therefore half of the available AT1Rs were occupied with EXP3174 ligands.

7.3.2 Experimental

As already mentioned, Nbound can be calculated on the basis of equation 7.3.
NAT1R was determined with a straightforward saturation binding experiment,
while the determination of NLR was more complex. The cell layers and the
gold-tagged core-shell NPs were disintegrated using aqua regia (gold disin-
tegration) and quantified via ICP-MS. Both experiments are explained in the
following two sections.

Saturation Binding Experiment

To measure NAT1R, cells were incubated with different concentrations of the
radioligand UR-MK292 (total binding). Unspecific binding was determined
using a 500-fold excess of EXP3174 to block the AT1R. In figure 7.1 the specific
binding (circles) and the unspecific binding (diamonds) are plotted.
Specific binding was fitted with the non-linear function 7.5 (red line).

[RL∗R] =
[RL∗]× Bmax

[RL∗] + Kd
(7.5)

Here [RL∗R] is the concentration of radioligand receptor complexes (specific
binding). The maximal number of binding sites (Bmax) can be extracted from
the fitting parameters, since it is the critical value of the fit. Unspecific binding
was fitted with linear regression (black line).
Finally, Bmax was transformed using equation 7.6 to receive NAT1R. The specific
activity (a) of [3H]UR-MK292 was 1.407 TBq mmol−1.

NAT1R =
Bmax

a
× NA (7.6)

Based on the outlined saturation binding experiment 135 ± 9 ×109 AT1Rs per
well were detected. Since 870 625± 154 881 cells per well were counted, a sin-
gle rMC carried 154 884± 38 053 AT1Rs during the experiment.
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Figure 7.1: Saturation binding experiment. AT1R-positive rMCs were incu-
bated with a range of concentrations of of the radioligand UR-MK292.

Gold Disintegration

In order to measure NLR, NPs were tagged with ultra-small gold particles, en-
abling the detection via ICP-MS. RMCs were incubated with the gold-tagged
EXP-NP90 or EXP-NP60- until equilibrium was reached. After removing the
supernatant, cells were completely disintegrated together with the attached
gold-tagged NPs using aqua regia. Subsequently the gold amount in the solu-
tions was measured via ICP-MS and converted to NLR. The analysis results are
listed in table 7.3.

Table 7.3: Comparison between gold-tagged and untagged core-shell NPs
(#EXP3174 number of EXP3174 molecules per core-shell NP, XAu gold amount
per core-shell NP, mAu gold mass per core-shell NP and #Au number of ultra-
small gold particles per core-shell NP).

EXP-NP90 EXP-NP60-

Gold tag Yes No Yes No
N 1 20 1 16
dh [nm] 75 105± 13 62 68± 6
PDI 0.16 0.10± 0.01 0.09 0.09± 0.02
#EXP3174 4880 3500± 1499 2032 1017± 382
XAu [%] 0.13 - 0.13 -
mAu [10−18 g] 0.363 - 0.209 -
#Au 0.42 - 0.24 -

The size parameters of untagged core-shell NPs (refer to chapter 4) are listed
in table 7.3 for comparison only. Gold-tagged NPs showed a smaller hydrody-
namic diameter, but this result was not statistically verified. Again a narrow
particle size distribution (PDI < 0.20) was substantiated. The added amount
of ultra-small gold particles was kept as low as possible. EXP-NP90-Au and
EXP-NP60--Au contained 0.13 % of solid gold. This was an essentially lower
amount than Abstiens et. al. reported for their hybrid NPs (0.74 % to 0.76 %)
and cRGD-decorated polymeric NPs (0.49 % to 0.51 %) [17]. The gold-tagged
core-shell NPs EXP-NP90-Au and EXP-NP60--Au carried 0.42 and 0.24 ultra-
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small gold particles per NP. This means that less than every second NP was
tagged. Hence, the effect of the gold-tag was reduced to a mandatory mini-
mum.

7.3.3 Number of Binding Ligands

The saturation binding experiment provided the number of available AT1Rs
(NAT1R), while the gold disintegration provided the acutal number of PM-
attached, gold-tagged NPs (NLR) during the experiment. Both values were
needed to estimate Nbound on the basis of function 7.3. The calculation sequence
is listed in table 7.4.

Table 7.4: Calculation of Nbound using function 7.3

EXP-NP90-Au EXP-NP60--Au
NAT1R [×109 per well] 134.845± 9.141
NLR [×109 per well] 7.344± 1.590 8.776± 1.382
Nbound 9.2± 2.6 7.7± 1.7

7.4 Conclusion

This chapter provided a valuable approach to estimate how many ligands of
a single NP actually bind to a target cell. It was assumed that the core-shell
NPs must be situated in curved membrane cavities, because otherwise a single
NP would not be able to reach an average of 9.2 or 7.7 receptors of a target
cell. The membrane cavities may be clathrin-coated pits as it is illustrated in
figure 7.2. It is remarkable that only a very few EXP3174 ligands mediate such
a strong avidity gain that was evidenced in chapter 6. EXP-NP90 and EXP-
NP60- showed an avidity in the sub-nanomolar range. This was stronger than
the affinity of the naive ligand EXP3174 itself. Coincidently, the results gave
an explaination for the observation that the larger EXP-NP90 had a stronger
avidity to rMCs than the smaller EXP-NP60- (refer to table 6.1). The EXP3174
ligands of larger core-shell NPs were able to reach a larger surface area of the
PM and therefore a few ligands more had sound to a target receptor.
As already described, the gold amount was kept at a mandatory minimum.
It was calculated that less than every second NP already carried a gold NP.
Nevertheless, an influence of the gold-tag was recognized. Therefore it must
be considered to repeat these experiments with an alternative tagging method.
Such an alternative is provided by the radioactive tracer 111indium (111In), that
was successfully used for biodistribution studies (refer to chapter 8).

Nevertheless, this approach provided an approximation of how many ligands
of a single core-shell NP bound to their target cell. It revealed that the number
of surface bound EXP3174 molecules can be definitely reduced. Only 0.2 %
recpectively 0.4 % of the ligands were eventually needed. This is in accordance
to the architecture of natural viruses. For example, the severe acute respiratory
syndrome corona virus type 2 (SARS-CoV-2) carried 16 to 22 spikes per virion
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Figure 7.2: EXP-NP90 and EXP-NP60- trapped in clathrin-coated pits. Just a
very few EXP3174-ligands (green) were binding to their target AT1R (pink).
The estimated number of binding ligands Nbound is listed in below.
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[18] (size of the virus: 70 nm to 80 nm [19]) and human immunodeficiency virus
(HIV) 14 only [20]. Therefore the number of EXP3174 molecules per core-shell
NP can be distinctly reduced without fearing a decline in the NP’s avidity.
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Chapter 8

Nanoparticles to Target
Retinal Vessels*

* Radiolabeling of core-shell NPs and SPECT-CT based biodistribution study were performed
by Alain Blanc and Dr. Martin Behe (Paul Scherrer Institut/ Villingen/ Switzerland)



8.1. INTRODUCTION

Abstract

In this chapter differently sized core-shell nanoparticles (NPs) (a) EXP-NP90
(size 105± 13 nm) and (b) EXP-NP60- (size 68± 6 nm) were investigated for
their ability to target the ocular vasculature. Both candidates were decorated
with losartan carboxylic acid (EXP3174) molecules to target and silence the an-
giotensin II receptor type 1 (AT1R) in vivo. The core-shell NPs were tagged with
radioactive [111In]indium ions, so that they can be traced via single-photon
emission computed tomography (SPECT)/ computed tomography (CT) imag-
ing. Targeted EXP-NP60- resided for more than 48 h at the liver. An accumu-
lation in the kidneys and the spleen were determined, indeed this was not the
case for the ocular vasculature. In another in vivo experiment murine retinae
were scanned for fluorescently labeled EXP-NP90 and EXP-NP60-, but the re-
sults confirmed the biodistribution study. The NP size, the polyethylene glycol
(PEG) shell conformation and the NP stability were identified as plausible rea-
sons. Both candidates were rapidly eliminated via renal excretion. The half-
life of large EXP-NP90 was 1.90± 0.10 h and 2.16± 0.14 h for the smaller EXP-
NP60-.

8.1 Introduction

It was the major goal of this work to develop a therapeutic nanoparticulate for-
mulation that is able to target the ocular vasculature as it was reported by Hen-
nig et. al. for EXP3174-decorated anorganic NPs [1]. In this context EXP3174-
deocrated core-shell NPs with a sub-nanomolar avidity were designed. Here
two promising candidates were investigated for their in vivo performance to
reach the ocular vasculature: (a) large EXP-NP90 (size 105± 13 nm) with an
IC50 of 10.04± 0.23 and (b) smaller EXP-NP60- (size 68± 6 nm) with an IC50 of
9.34± 0.07 (refer to chapter 6). The sub-nanomolar avidity was obtained from a
multivalent binding of several targeting molecules: (a) 9.2 EXP3174 molecules
per EXP-NP90 and (b) 7.7 per EXP3174 decorated NP60- (EXP-NP60-) (refer
to chapter 7). Multivalent binding requires an intact NP. The core-shell NP
were composed of the biodegradable poly(lactic-co-glycolic) acid (PLGA) and
PEG-polylactic acid (PLA) block-co-polymers. For one thing, the degradability
prevents an accumulation. But a very rapid degradation would impair multi-
valent binding, so that the avidity would be lost. Therefore the non-targeted
equivalents of both candidates (NP90 and NP60-) were incubated in human
plasma to investigate their stability.
Beyond that, a SPECT-CT based biodistribution study with EXP-NP60- was
performed. The NP dispersions were systemically administered into healthy
mice. This experiment provided 3D images of the entire laboratory animals,
so that the distribution and the elimination were followed. Therefore the core-
shell NPs were tagged with radioactive [111In]indium ions. In addition, it was
focussed on the targeting effect for ocular vessels. Both candidates (large EXP-
NP90 and small EXP-NP60-) were systemically injected into healthy mice. Af-
terwards the retinae were scanned for the retention of EXP3174-decorated core-
shell NPs. Both studies revealed important achievements, but also evoked the
need of further investigation.
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8.2 Material and Methods

8.2.1 Material

Human serum was obtained from an autologous blood donation. Therefore
blood was collected using a couple of S-Monovettes® Serum with clot activator
(Cat. no. 01.1601) (Sarstedt/ Nümbrecht/ Germany). The blood was allowed
to clot at room temperature (RT). Clotted blood was centrifuged (3849xg; RT;
10 min). Afterwards the serum was collected, pooled, aliquoted and freezed
until usage.
The mounting medium was composed of glycerol (Merck/ Darmstadt/ Ger-
many), Mowiol 4-88 (Carl Roth/ Karlsruhe/ Germany), water, TRIS-buffer
(pH = 8.5) and DABCO (Carl Roth/ Karlsruhe/ Germany).

All other chemicals were purchased from Sigma Aldrich (Taufkirchen/ Ger-
many) at least in analytical grade, if not stated otherwise.
Ultrapure water was freshly prepared using a Milli-Q water purificaiton sys-
tem (Millipore/ Schwabach/ Germany). It is subsequently termed water.

8.2.2 Nanoparticle Stability Study

The stability study was performed with non-targeted core-shell NPs. NP90
and NP60- were manufactured via nanoprecipitation as previously described
(refer to section 4.2.2). NP size, polydispersity and total polymer content (TPC)
were also determined as previously described (refer to sections 4.2.3 and 4.2.5).
The particle number concentration (PNC) was calculated with the following
function:

PNC =
TPC

ρNP × 1
6 π (dH)

3 × NA
(8.1)

TPC is the total polymer content, ρNP is the NP density, dh is the hydrody-
namic diameter and NA is the Avogadro constant (refer to chapter 4 for further
details). The PNC was adjusted to 30 nM using diluted Dulbecco’s Phosphate
Buffered Saline (x0.1) (DPBSx0.1).
20 µl of pre-warmed serum or DPBSx0.1 were rendered in reaction tubes (Ep-
pendorf/ Hamburg/ Germany). Then 10 µl NP dispersion was added. The
mixture was carefully homogenized, sealed and incubated for 0.5 h, 1 h, 2 h,
4 h, 8 h, 24 h, 72 h and 168 h. During all the steps the reaction tubes were situ-
ated on tempered metal racks (37 °C) to ensure temperature compliance.
After the incubation period, 90 µl of ice-cold, pharma-grade ethanol absolute
(neoFROXX/ Einhausen/ Germany) was added to precipitate the serum pro-
teins. The samples were centrifuged (4 °C; 2000xg; 15 min) to remove the serum
proteins.
The pure supernatant was measured with a Zetasizer nano ZS (Malvern In-
struments/ Herrenberg/ Germany) using a single-use cuvette UV Micro (z =
8.5 mm) (Carl Roth/ Karlsruhe/ Germany). The samples were equillibrated at
25 °C and illuminated with a He-Ne-laser (633 nm) during the measurement.
Overall, three measurements were executed in the automatic mode. Finally
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the hydrodynamic diameter, the polydispersity index (PDI) and the derived
count rate (DCR) were reported, while hydrodynamic diameter and DCR were
normalized to the initial value (t = 0 h) and plotted as ratio.

8.2.3 Biodistribution Study

This study was performed in collaboration with the Center for Radiopharma-
ceutical Science (Paul Scherrer Institute/ Villingen/ Switzerland). The experi-
ments were approved by the Cantonal Committee of Animal Experimentation
(License No. 75700) and met the standards of the Swiss Animial Protection
Laws.

Nanoparticle Manufacturing

The NP dispersions were manufactured via nanoprecipitation as it is described
in section 4.2.2, but the aqueous phase was pure water. The TPC was deter-
mined as it is described in section 4.2.5 and adjusted using DPBSx0.1.

Radiolabeling

The NPs dispersions (1.0 mg ml−1) were incubated with radioactive [111In]InCl3
and subsequently analyzed via high-performance liquid chromatography
(HPLC).
50 µl NP dispersion were spiked with 10 µl radioactive [111In]InCl3 solution (5-
10 MBq) (Covidien Medtronic Deutschland/ Neustadt a. d. Donau/ Germany)
and incubated for 1 h at 37 °C (111In-NP). Then 111In-NP were diluted 1:10 us-
ing water and splitted. One part was directly injected into the HPLC (111In-
NP1:10), the other part was supplemented with an aqueous DTPA pentasodium
dilution (0.5 M) and again incubated for 15 min at 37 °C (111In-NP1:10+DTPA).
5 µl of 111In-NP1:10 and 111In-NP1:10+DTPA were successively injected on a
BioSEC-5 (2000 Å, 5 µm) HPLC column (Agilent Technologies). The column
was installed in Merck Hitachi Elite HPLC system, equipped with a L-2130
pump, a L-2200 autosampler, the diode-array detector (DAD) L-2455 and the
radiodetector Bioscan Flow counter A. Elution was done using an aqueous iso-
propanol mixture (10 %) at 30 °C. The flow rate was kept at 0.350 ml min−1. The
NPs were detected at 220 nm and the radioactivity was measured with the ra-
diodetector.
A [111In]InCl3 solution ([111In]In3+) and a solution of chelated [111In]indium
ions ([111In][In(DTPA)]2-) served as references.

Experimental Procedure

Female, six to eight week-old 129 mice (129S2/SvPasCrl) were purchased
from Charles River (Sulzfeld/ Gemany). 100 µl of 111In-carboxy-termi-
nated nanoparticle (NP60-) (control group) or 111In-EXP-NP60- (experimental
group) (15 mg ml−1 TPC, 4–6 MBq radioactivity) were injected into the lateral
tail vene. The mice were incubated for 1 h, 4 h, 24 h and 48 h.
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SPECT/CT Imaging

After the incubation interval was completed, the isoflurane anesthetized
mice were scanned. Therefore a 4-head multiplexing multi-pinhole camera
(NanoSPECT/CTplus/ Bioscan/ Poway/ CA/ USA) was used. It provided
a time-dependent 3D visualization of the 111In-NPs biodistribution. SPECT
images were acquired in 45 min each. The frame duration was 60 s.

Post mortem the dissected head of one mouse (24 h) of the control group and
the experimental group were scanned concurrently. Here the frame duration
was raised to 600 s.

8.2.4 Nanoparticle Tracing in Retinal Vasculature

This study was performed in collaboration with the research groups of Prof.
Tamm and Prof. Schweda (Institute of Physiology/ University of Regensburg).
The experiments were approved by the local authorities (Regierung von Un-
terfranken, reference number 55.-2532-2-329) and met the national and inter-
national standards for animal research.

Nanoparticle Manufacturing

The NP dispersions were manufactured via nanoprecipitation as it is described
in section 4.2.2. But PLGA was supplemented with fluorescent CF™647-PLGA.
The synthesis and analytics of CF™647-PLGA are described in chapter 3. The
TPC was detemined according to section 4.2.5 and adjusted using DPBSx0.1.

Experimental Procedure

Female, six to eight week-old 129 mice (129S2/SvPasCrl) were purchased from
Charles River (Sulzfeld/ Germany). The laboratory animals were anesthetized
with inhaled isoflurane and buprenorphine (0.1 mg/kgKG). Then, 100 µl of
fluorescently labeled NP dispersions (15 mg ml−1) were injected into the vena
jugularis. After 5 min, blood samples were collected via puntion of the facial
vein (t = 0), while mice were still anesthetized. From that moment the in-
cubation intervalls of 2 h, 4 h and 8 h started. All experiments were executed
in triplicates (N = 3). In order to reduce the number of laboratory animals,
the 4 h and 8 h intervalls were waived for the control group. After the incu-
bation intervalls mice were deeply anesthetized with a mixture of ketamine
(85 mg/kgKG) and Xylazin (6 mg/kgKG). Subsequently, mice were perfused
through the left ventricle. Therefore a 50 mg ml−1 solution of high molecular
weight (MW) (2.000 kDa) FITC-dextran (TdB Consultancy/ Uppsala/ Sweden)
and Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco™/ Life Technolo-
gies/ Paisly/ UK) was used.

Preparation of Retina Flatmounts

After the experiments the eyes of the perfused mice were carefully enucleated.
Beginning from that moment, the eyes were strictly handled under light pro-
tection. They were fixed in a DPBS solution containing 4 % paraformaldehyde
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Figure 8.1: Preparation of retina flatmounts. A: Cornea clipping. B: Cutting of
the retinal cup. C: Draped retina flatmount.

(PFA) for 1.5 h. If necessary they had an interim storage in 0.1 M phosphate
buffer (pH = 7.4) for a maximum of 1 h until further preparation. Then the
cornea was clipped (refer to figure 8.1A) and the lens as well as the retinal
cup were removed very cautiously. The cup-shaped retina was cut four to
five times (refer to figure 8.1B) in order to open the retinal cup and receive
retina flatmounts (refer to figure 8.1C). This sequence is illustrated in figure
8.1. Lastly, flatmounts were mounted with mounting medium and stored in
the fridge overnight.

Fluorescence Microscopy

The retinal flatmounts were investigated on an AxioImager Z1 fluorescence
microscope (Carl Zeiss/ Göttingen/ Germany) using the Axiovision software
version 4.8 (Carl Zeiss/ Germany). The system was equipped with an Apo-
tome and an Axiocam 503 camera. Mounted retina flatmounts were scanned in
dual-channel mode. In the first channel (Ch1) the flatmounts were illuminated
at 653 nm to detect the fluorescent NPs (emission wavelength 668 nm). The
second channel (Ch2) was illuminated at 488 nm to detect the retinal vascula-
ture (emission wavelength 509 nm). An overview of the whole retina flatmount
was recorded as a stitched tile image using a Plan-Apochromat objective with
20-fold magnification. Furthermore a z-stack of the ROI was recorded using
an EC Plan-Neofluar objective with 40-fold magnification and immersion oil.
Here it was focussed on the upper, intemediate and lower retinal plexus.

8.3 Results and Discussion

8.3.1 Nanoparticle Stability in Human Serum

The NP stability was checked in human serum at body temperature (37 °C). As
already outlined, the core-shell NPs were biodegradable. For one thing, this is
a really useful feature, because it prevents the accumulation in the organism.
On the other hand, NP integrity is absolutely needed for a multivalent binding
to the target cells.
Dynamic light scattering (DLS) was chosen to follow up the NP size distri-
bution during the incubation period. Human serum comprises an abundant
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amount of serum albumin and other proteins. Due to their size of severals
nanometers, these colloids scatter light that is overlapping the NP signal. Con-
sequently serum proteins must be removed prior to the DLS measurements.
The addition of strong acids (e.g. TCA and perchloric acid) or organic solvents
(e.g. ACN, acetone, ethanol or methanol) are most popular and initiate protein
precipitation [2]. These reagents are still in use for sample preparation prior to
several highly sensitive analysis techniques [3–5]. Nevertheless, most reagents
were not suitable for this kind of polymer NPs. Strong acids force the hydrol-
ysis of esterbonds, so that the NPs immediately disintegrate. Organic solvents
like acetonitrile (ACN) and acetone directly dissolve the NPs. For example,
ACN was the solvent for the organic phase of the nanoprecipitation procedure
(refer to section 4.2.2). Finally, pure ethanol turned out to be the most suitable
reagent for the deproteinization. According to Blanchard, a three-fold excess of
ethanol must be applied to precipitate more than 99 % of the plasma proteins
[2].

During this stability study, non-targeted large methoxy-terminated nanopar-
ticles (NP90s) and non-targeted, small NP60-s were investigated. The sample
dispersions were dispersed in DPBSx0.1 (control) and human serum. Inhere
a vigorous centrifugation step was implemented to remove the proteins af-
ter precipitaiton quantitatively. To survive this procedure the NPs needed an
intact PEG shell. The results are summarized in figure 8.2. The parameters
size (A and B), PDI (C and D) and DCR (E and F) were evaluated. The DCR
provided semiquantitative information about the PNC. Subfigures 8.2A, C and
E correspond to the larger NP90 (hollow squares), while B, D and E corre-
spond to the NP60- (hollow circles). For both NP types the size and the PDI
remained unchanged within 8 h. This was essential for the in vivo experiments.
Longer incubation indicated an increasing NP size and a broadening of the
size distribution (PDI). The size of serum incubated core-shell NPs inceased
earlier than the size of the DPBSx0.1-incubated core-shell NPs. This could be
triggered by opsonization with plasma proteins and subsequent degradation
reactions. It is striking that the size and the PDI of the control group increased
later and less intense. Monitoring of the DCR indicated a clear diminution of
the PNC that was beginning instantly at the incubation start. Even after 8 h
the DCR dropped about approximately 50 % for the NP90 and approximately
75 % for the NP60-. So the disintegration of the smaller NP60- is clearly faster.
Apart from that, the DCR of the control group remains stable over at least 24 h.
Afterwards the DCR was even rising. This may be caused by NP swelling,
agglomeration or changes in the surface roughness.

However, there is a striking difference between the incubation in human serum
and buffer solution (DPBSx0.1). Human plasma comprises 90 % water, 8 %
proteins (mainly albumin and globulin) and other components (electrolytes,
glucose, vitamins, enzymes as well as urea, uric acid, creatinine and other
metabolites) [6]. There is a plethora of literature available, investigating the
degradation of biodegradable polymers like PLA and PLGA manufactured
in different dosage forms (e.g. NPs, microspheres, implants or films) [7–10].
Overall a hydrolytic mechanism is favored. In brief, water diffuses into the
polymer matrix and causes swelling. Then, esterbonds are cleaved, cutting the
polymer chains into shorter oligomers. Resulting carboxylic groups mediate
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Figure 8.2: Short-term stability of polymer NPs in human serum. NP90 (hollow
boxes in subfigures A, C and E) and NP60- (open diamonds in subfigures B, D
and F) were investigated. The grey line indicates the NPs incubated in the
regular storage medium DPBSx0.1 as a reference. A, B: Ratio of hydrodynamic
diameter at time point t and initial hydrodynamic diameter. C, D: PDI of NP
dispersion. E, F: Ratio of DCR at a time point t and the initial DCR.
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Figure 8.3: DCR-t-profile for NP90 (A) and NP60- (B) incubated in human
serum. Both profiles were fitted with an exponential function (dashed lines)
and revealed good fitting parameters (A: R2 = 0.881 and B: R2 = 0.940)

an acidification and speed up the autocatalytical ester hydrolysis. For larger
polymer matrices, the diffusion path of cleaved oligomers to the outside is sub-
stantially longer. Consequently, the acidifying oligomers reside much longer
inside the polymer matrix and speed up the degradation [7]. Furthermore, the
degradation speed depends on a multitude of physical and chemical parame-
ters [11]. The involvement of enzymes is also discussed occacionally [11–13].
However, the literature is usually focused on pure PLGA matrices, rarely on
PEG-PLA or PEG-PLGA based particles. Here, enzymes potentially play a key
role in the cleavage of the PEG-shell, that is essential for the sterical stabiliza-
tion and the targeting effect of these polymer NPs. There are many enzymes
possessing an esterase activity, that is essential for the metabolism of different
drugs [14]. It is also remarkable, that albumin itself shows an esterase activity
[15].

The Flory radius (RF) indicated an intermediate PEG-shell conformation (refer
to section 4.3.3). Furthermore, the average distance between the PEG chains
was greater than 1.4 nm (refer to section 4.3.3), which was found as critical
value to reduce the adsorption of plasma proteins to the surface of PEG-PLA
NPs [16]. This means that both candidates were vulnerable for opsonization
and enzymatic degradation. After cleaving a first PEG-chain from a PLA-
block there are numerous PEG chains in the direct neighbourhood, so that the
degradation accerlerates step by step.

The DCR-t-profiles are depicted in figure 8.3. An exponential function revealed
good fitting parameters and indicated a first-order kinetics. The semilogharit-
mic DCR-t-plot (figure 8.4) provided the degradation constants k for both NP
types. The values are listed in table 8.1.

Table 8.1: Half-life of Core-Shell NPs

NP type Incubation
Temperature

k[h−1] T1/2[h]

NP90 37 °C −2.11× 10−2 32.9± 14.1
NP60- 37 °C −1.78× 10−1 3.89± 0.27
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Figure 8.4: Semilogarithmic DCR-t-plot for NP90 (black hollow boxes) and
NP60- (red hollow rhombs) incubated in human serum. The determined degra-
dation constants k and the NP half-lifes are listed in table 8.1.

All in all, larger NP90 had a half-life of 32.9 h in human serum at body temper-
ature. This was clearly higher than the half-life of the smaller NP60- (3.89 h).
The degradation kinetics in subfigures 8.2E and F clearly indicated a differ-
ent degradation mechanism. The contact to plasma proteins speeds up the
degradation tremendously. Nevertheless, both NP types can survive in human
serum for several hours. This was the essential prerequisite for an multivalent
binding of targeted core-shell NPs and the subsequent in vivo studies.

8.3.2 Biodistribution of Core-Shell Nanoparticles

Radiolabel

Prior to the biodistribution study, the different NP dispersions were labeled
with radioactive [111In]indium cations. Therefore, it is in common to attach a
chelating agent like DTPA or DOTA covalently to the pharmacon, e.g. pep-
tides [17, 18], proteins [19], nucleic acids [20], antibodies [21] or NPs [22–24].
Following this tagging strategy, a DTPA-PEG-PLA polymer was synthesized
and added to the organic phase during the manufacturing process as it is de-
scribed in section 4.2.2. Due to solubility issues it was not possible to man-
ufacture core-shell NPs without further modifications. Consequently, the NP
dispersions were directly incubated with a diluted [111In]InCl3 solution. Any
other chemical modifications were waived. Nevertheless, the radiolabel was
stable enough for an in vivo application. This was proven via HPLC analysis.
The results are depicted in figures S4 (NP90 and EXP-NP90), S5 (NP60- and
EXP-NP60-) and S6 (references: pure [111In]In3+ and [111In]In-DTPA2-). Ra-
dioactive [111In]indium cations were matched with the signal of the core-NPs
(refer to subfigures S4a, S4c, S5a and S5c). In a separate analysis, a penta-
sodium DTPA dilution was added to the 111In-NPs dispersions to detect free
or loosely bound [111In]indium cations. It was not possible to trace [111In]In-
DTPA2-. These results verified the stability of the radiolabel (refer to subfigures
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S4b, S4d, S5b and S5d), although any chemical modifications were waived. Po-
tentially, the [111In]indium cations were chelated by carboxylic groups and/
or carbonyl groups. So the incorporated [111In]indium cations were not acces-
sible for complexing agents like pentasodium DTPA. The real mechanism has
remained unclear so far. Nevertheless, this radiolabeling method was suitable
for in vivo imaging purpose.

Biodistribution and SPECT/CT Imageing

In this study, the in vivo fate of EXP3174-decorated, smaller EXP-NP60- and the
non-targeted NP60- was investigated. The NP dispersions were injected into
the lateral tail vene of healthy female 129 mice. Gamma-emitting [111In]indium
cations were immobilized within the core-shell NPs, so that their time-depen-
dent biodistribution was studied. A scintillation camera system rotated 360°
around the scanned animal and provided 3D projections. Simultaneously, CTs
were performed to record the animal anatomy. The 3D scans were acquired af-
ter 1 h, 4 h, 24 h and 48 h. In figure 8.5 coronal and sagittal images are depicted
for each experimental group at different time points. The injection failed for
the laboratory animal that received NP60- and was intended to scan after an
incubation period of one hour.

The majority of the core-shell NPs was detected in the liver. It is commonly
known that the main part of a systemical administered NP dose accumulate
in the liver. Zhang et. al. reported a depostion of 30 % to 99 % of the admin-
istered dose [25]. The liver is crucial for the detoxification of the organism.
Its anatomy and physiology is highly specialized for the processing of foreign
substances and particulates.
Blood of the portal vein and the hepatical artery merge during flowing through
the hepatic sinusoids and end up in the caval vein. The liver parenchym is
mainly built by hepatocytes (60 % to 80 % [26]). In front of the hepatocytes
there is the space of Dissé, that is lined by a porous monolayer of liver sinu-
soidal endothelial cells. The pores range from approximately 60 nm to 200 nm
[27]. A basal membrane, which is typical for endothial cells, lacks. Hence,
plasma components (e.g. fluids, proteins and substances with low MW) can
diffuse almost freely into the space of Dissé and reach the hepatocytes for
further processing. Additionally, Kupffer cells, biliary cells, stellate cells and
intrahepatic lymphocytes are situated in the liver [26].

In general, NPs are eliminated from the blood flow by the hepatobiliary system
and the mononuclear phagocyte system (MPS) [25, 28]. The MPS comprises
both tissue-resident macrophages (e.g. Kupffer cells and liver sinusoidal en-
dothelial cells) and blood circulating macrophages (monocytes, granulocytes
and dendritic cells) [29]. Especially Kupffer cells are able to take up NPs in a
broad size range [30, 31]. Furthermore, non-phagocyted NPs can diffuse into
to space of Dissé and interact with hepatocytes. The phagocyting cells engulf
and process NPs further. This is the reason why the majority of a sytemically
administered NP dose is generally expected in the liver.
As expected, also the core-shell NPs accumulate mainly in the liver. This was
clearly concluded from the SPECT/CTs. After 48 h almost the complete dose
of non-targeted NP60- was eliminated. The right box within figure 8.5 shows
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Figure 8.5: SPECT imaging of 111In-NP60- and 111In-EXP-NP60- in healthy fe-
male 129 mice after 1 h, 4 h, 24 h and 48 h. Small white arrows highlight NP
accumulation apart from the liver. Additional post mortem SPECT images of
the mice heads after 24 h.
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several images with an adapted intensity scale. The two dashed circles in im-
age I highlight the kidneys. Radioactivity concentrated in the bladder (white
arrow), before it was almost completely eliminated.
The renal molecular weight cut off (MWCO) is approximately 48 kDa [32]. This
is much smaller than an intact core-shell NP, but larger than the initial MW of
the used block-co-polymers itself. Obviously the NP60- were degraded into
hydrophilic compounds (ester hydrolysis) and eliminated on a renal route.
Beyond that, pure [111In]indium ions are known to be chelated by transferrin
and transported into the bone marrow [33–36]. Transferrin is the physiological
transporter of iron(III)ions that is essential for the haematopoesis. It is con-
ceivable that during the NP degradation [111In]indium cations were released
or trans-chelated by transferrin and further distributed. In this context the two
hot spots at the lower extremities and the blue areas at the knees and shoulders
were interpreted as unspecific uptake.

However, the pharmacokinetics and the biodistribution of targeted 111In-EXP-
NP60- is widely different. As it is depicted in figure 8.5 the EXP-NP60-s
accumulate in the liver in a similar way, but an excretion within 48 h was not
observed. Additionally a radioactivity signal was also lacking in the bladder
after 24 h (refer to III in the right box of figure 8.5). Combining the remaining
signal in the liver and the lacking accumulation of degradation products in
the bladder means that the degradation of EXP-NP60- is much slower. With
respect to section 6.3.3, the targeted core-shell NPs were traced exlusively on
the plasma membrane (PM). This phenomenon was linked to the antagonistic
EXP3174 molecules that were inhibiting a cellular uptake and therefore sub-
sequent cellular degradation processes. This finding is also confirmed by the
fact, that Kupffer cells express AT1Rs [37].
AT1Rs were available especially in different tissues of the kidneys [38, 39].
Therefore it is plausible that the EXP-NP60-s bind to renal tissues as it is in-
dicated by figure 8.5 (refer to III in the right box). The lack of a radioactive
signal in the bladder as it was observed for the NP60- argues for a specific
binding and not for an accumulation of degradation products. Furthermore,
the targeting of mesangial cells within the kidney for EXP3174 and cycloRGD-
decorated core-shell NPs [40]. Beyond the accumulation in hepatic and renal
tissue, there was a clear radioactivity signal detected within the spleen (refer
to the white arrow in image III of the right box in figure 8.5). A binding to
splenic tissue was not observed for the non-targeted NP60-. Potentially the
binding was attributed to the reservoir of undifferenciated monocytes in the
spleen [41, 42]. The release of splenic monocytes is triggered by angiotensin II
(Ang II), so that monocytes also carry AT1R and angiotensin II receptor type 2
(AT2R) [43–45]. But this was not the focus of this work.

However, this study was focused on the targeting effect of EXP-NP60-s to oc-
ular tissue. That’s why the heads of several mice were scanned post mortem
with a substantially enhanced frame duration to enhance detection sensitivity.
A clear radioactivity signal in the area of the eyes or the orbital cavities was
not identified. This is especially recognizable in the sagittal images depicted
in figure 8.5 (post mortem images on the right). Since ocular vasculature is very
filigree, the sensitivity of the method was potentially not enough. In the follow
up study outlined in section 8.3.3, mice of the same strain received these kind
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Figure 8.6: Collected urine of a laboratory animal prior (left plastic tube) and
after (right plastic tube) the administration of CF™647-labeled core-shell NPs.

of core-shell NPs again. The retinae were removed and intensively scanned
via microscopic methods. It was focussed on the ocular vaculature and the
findings were re-evaluated taking these results into account.

8.3.3 Nanoparticle Tracing in Ocular Vasculature

Hennig et. al. showed that EXP3174-decorated, PEG-coated model nanopar-
ticles (mNPs) were able to target the choroidal and retinal vasculature [1].
They used in-house bred NMRI (nu/ nu) mice. In a first approach the NMRI
(Crl:NMRI(Han)) mice were purchased from Charles River (Sulzfeld/ Ger-
many) to investigate the targeting effect of the core-shell NPs EXP3174 dec-
orated NP90 (EXP-NP90) and EXP-NP60- in vivo. After the experiment both
eyes were enucleated and prepared for different analysis technologies. One
eye was fixed, pre-treated with sucrose dilutions, embedded and sliced with
a cryotome (the method is described elsewhere [46–48]) to analyze the cho-
roidal vasculature. The other eye was used to obtain retinal flatmounts. The
technique is illustrated in figure 8.1. The flatmounts enabled the scanning of
the retinal vasculature. Both techniques aimed to identify fluorescent core-
shell NPs in the ocular vasculature. However, it was not possible to sub-
stantiate a targeting effect in the choroidal or retinal vasculature (data not
shown). However, several laboratory animals showed degenerated retinae
and must be excluded from the evaluation (data not shown). For that reason
the mouse strain was changed and the experiments were repeated with 129
mice (129S2/SvPasCrl). 129 mice were also used for the biodistribution studies
(refer to section 8.3.2).

In the second approach it was solely focussed on the retinal vasculature, due
to the retinal degeneration of some NMRI mice. After the injection of the test
dispersions into the blood circulation blood was collected (t0) and analyzed.
Blood was additionally collected at the end of the incubation interval (2 h, 4 h
and 8 h). The plasmaprofiles are depicted in figure 8.7. The core-shell NPs
were rapidly eliminated from the blood circulation. Solely 5.5± 1.3 % of the
EXP-NP90-dose and 6.2± 2.4 % of the EXP-NP60--dose were determined after
the 2 h incubation interval. With respect to figure 8.5, the core-shell NPs accu-
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Figure 8.7: Plasmaprofile of core-shell NPs NP90, EXP-NP90, NP60- and EXP-
NP60- in 129 mice (A). Semilogarithmic plot of the plasmaprofile for targeted
EXP-NP90 and EXP-NP90 (B).

mulate in the liver. Furthermore, the coloration of the urine changed after the
administration of fluorescently labeled NP dispersions (refer to figure 8.6). The
urine appeared in a green coloration that was the overlapping of physiological
yellow coloration and the fluorescent dye CF™647. CF™647 was covalently
coupled to PLGA (refer to section 3.2.9). This observation again confirmed the
renal elimination pathway for the core-shell NPs as it was concluded from the
biodistribution studies (refer to 8.3.2). But it was not finally investigated if the
green coloration originated from degraded CF™647 or PLGA-CF™647. Nev-
ertheless, both cases were the result of core-shell NP degradation.
However, it can be concluded that the core-shell NPs circulated only for a very
short time interval. Especially a long circulation time is needed to reach the
target site effectively. In order to deduce the elimination constant β, the last
plasma concentrations were illustrated in a semilogarithmic plot (refer to fig-
ure 8.7). The slope of the linear fit provided the elimination constants.
The determined elimination constant β and the calculated plasma half-life are
listed in table 8.2.

Table 8.2: Plasma half-life of EXP-NP90 and EXP-NP60- determined in 129
mice.

NP type β [h−1] T1/2[h] R2

EXP-NP90 −3.65 · 10−1 1.90± 0.10 0.997
EXP-NP60- −2.68 · 10−1 2.16± 0.14 0.995

The plasma half-lifes of the core-shell NPs were widely similar.

After the completed incubation interval, mice were deeply anesthetized and
perfused with a fluorescent dextrane to visualize the vasculature. Again retina
flatmounts were prepared as it is depicted in figure 8.1. Retina flatmounts were
scanned with a fluorescence mircoscope. A full scale tile image of the reti-
nae was recorded, first. Channel 1 (Ch1) was the NP channel and channel 2
(Ch2) illustrates the vasculature. Several retinal ROIs were scanned as a z-
stack for focussing the upper, intermediate and lower plexus. As representa-
tive examples the scans of a single retina flatmount are depicted in figure 8.8
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Figure 8.8: Retina flatmounts of 129 mice injected with EXP-NP90 after 2 h
incubation interval. A: Tile image of complete retina flatmount (scale bar
1000 µm) plus 50-fold zoom-in sections. B: Selected images of a z-stack (scale
bar 50 µm).
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Figure 8.9: Retina flatmounts of 129 mice injected with EXP-NP60- after 2 h
incubation interval. A: Tile image of complete retina flatmount (scale bar
1000 µm) plus 50-fold zoom-in sections. B: Selected images of a z-stack (scale
bar 50 µm).

187



8.4. CONCLUSION AND OUTLOOK

and 8.9. There mice received EXP-NP90 or EXP-NP60- and were incuabted for
two hours. This was the shortest incubation interval. It was not possible to
identify a NP-related fluorescence signal. This result was consistent within the
whole experiment cohort and all incubation intervals. These data confirmed
the biodistribution studies, where a targeting effect for ocular vasculature was
not observed. Therefore an in vivo targeting effect could not be verified with
this experimental setup.

8.4 Conclusion and Outlook

These studies provided meaningful data to grasp the in vivo fate of the core-
shell NPs. It was shown that targeted NPs were able to bind and reside at
murine tissue. So the targeted core-shell NPs were determined in the spleen
and the kidneys. The targeting of renal tissue with EXP3174 decorated core-
shell NPs was already shown by Fleischmann et. al. [40]. They added also
cycloRGD-ligands to the NP shell to trigger celluar uptake, which was not
intented for this work. Futhermore the core-shell NPs resided within the liver,
arguing for a receptor mediated binding. Since EXP3174 is an antagonist for
AT1Rs [49], the targeted core-shell NPs were not directly taken up. This be-
havior was already observed in the in vitro studies (refer to section 6.3.3).
Furthermore, a renal elimination pathway was identified. That pathway was
plausible, since the building blocks of the core-shell NPs were biodegradable
polymers (refer to chapter 3). Lastly, the green coloration of the urine of the
laboratory animals confirmed that elimination pathway.

However, a targeting effect for the ocular vascular tissue as it was proven by
Hennig et. al. [1] could not be proven so far. The reasons therefore are multi-
factorial:

1 Particle size is the most striking difference between the mNPs of Hen-
nig et. al. [1] and the here introduced core-shell NPs. While Hen-
nig et. al. used anorganic Quantum Dots with a hydrodynamic diameter
of 15 nm to 21 nm (manufacturer information - prior linkage of EXP3174
ligands), the core-shell NPs were substantially greater (105± 13 nm and
68± 6 nm). However, an in vivo targeting effect of this kind of core-shell
NPs was already evidenced [40, 50]. Nevertheless it could be beneficial to
use an microfluidic manufacturing technique in order to further reduce
the NP size [51].

2 Another aspect was the stability of the core-shell NPs. Here the stabil-
ity in human plasma was investigated. The vigorous centrifugation step
was implemented to remove precipitated plasma proteins for a mean-
ingful DLS measurement. This centrifugation step generated immense
mechanical stress for the core-shell NPs. An intact PEG shell was abso-
lutely needed to survive. The NP dispersions were manufactured on the
day before the experiment and stored in the fridge. The dispersant was
DPBSx0.1. The stability study also indicated that a bufferd core-shell NP
dispersion was only stable for approximately 24 hours at body temper-
ature. Consequently it must be assumed that the PEG shell was already
impaired due to the storage until the start of the experiment. It is highly

188



8.5. REFERENCES

recommended to use freshly prepared or freeze-dried core-shell NP dis-
persions for upcoming experiments. A suitable freeze-drying protocol
was already designed (refer to chapter 5).

3 Last but not least, the design of the core-shell NPs needs further im-
provements. The analysis of the PEG shell revealed an intermediate
conformation and large average distances between the individual PEG
chains (refer to section 4.3.3). A dense brush reduces the opsonization
in vivo and raises the circulation half-life [52–56]. The enhancement of
the PEG brush density could be acchieved via reducing the MW of the
PLA-block to 10 kDa, which is easily controllable via the synthesis (re-
fer to chapter 3). This approach was already successfully implemented
by Maslanka et. al. [50] and Fleischmann et. al. [40]. The subsequent
addition of adhering shorter PEG-chains is another concept to cover free
valences for opsonization [57].

Summing up, EXP-NP90 and EXP-NP60- were not able to target ocular tissue.
But they already showed promising properties for an in vivo administration. It
is recommended to repeat the in vivo studies taking the latter considerations
into account. Active drug targeting initially needs a passive targeting effect
[58]. This means that the binding of EXP3174 ligands to the target receptors
require a spatial proximity to enable receptor-mediated binding. Therefore
a dense and intact PEG shell is absolutely needed to enhance the circulation
half-life and to refine the core-shell NPs so that they will become an effective
pharmacon.
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Chapter 9

Overall Summary



It was the major objective of this thesis to establish a nanoparticulate plat-
form technology with the potential to become a therapeutic option for the
treatment of wet age-related macular degeneration (AMD) and proliferative
diabetic retinopathy (PDR). The implementation of anti- vascular endothelial
growth factor (VEGF) therapeutics marked a milestone in the treatment of
these neovascular ocular diseases [1]. However, not every patient responds to
the anti-VEGF therapy and beyond that, the intravitreal injections bear the risk
for severe complications like endopthalmitis [2]. The pathological processes
are complex and offer a multitude of further targets for the development of
therapeutics (refer to chapter 1). Core-shell nanoparticles (NPs) provide the
needed flexibility to tailor their physicochemical properties (e.g. size, surface
charge, ligand density and shell architecture) and design specialized therapeu-
tics. Futhermore, a single core-shell NP can be decorated with different ligands
[3, 4] and also loaded with therapeutic agents [5].

This work was focussed on the investigation of two candidates: (a) EXP-NP90
and (b) EXP-NP60-. Both candidates were decorated with the angiotensin II
receptor type 1 (AT1R) antagonist losartan carboxylic acid (EXP3174). The
AT1R is an essential part of the ocular Renin-Angiotensin-Aldosterone Sys-
tem (RAAS) that triggers the secretion of growth and transcription factors like
VEGF, transforming growth factor beta (TGF-β) and nuclear factor kappa-
light-chain-enhancer of activated B-cells (NF-κB) [6]. This means that a selec-
tive blocking of ocular AT1Rs could inhibit the VEGF-mediated neovascular-
ization but also additional pathological processes like vascular inflammation
or neuronal dysfunction. Moreover, a systemic administration would not bear
the risk for endopthalmitis as it is the case for intravitreal injections [2].

Chapter 3 summarizes the synthesis and analytics of all building blocks
needed for the manufacturing of core-shell NPs. Polyethylene glycol (PEG)-
polylactic acid (PLA) block-co-polymers were the most essential components.
Ring-opening polymerization according to Qian et. al. [7] gave the oppurtu-
nity to add a PLA block to commercially available PEG-macroinitiators. The
resulting polymers had an outstanding narrow polydispersity index (PDI).
The following polymers were prepared:

Block-Co-Polymer End Group PEG
Length

PLA
Length

PDI

MeO-PEG5k-PLA20k Methoxy 4.8 kDa 17.2 kDa 1.60
MeO-PEG2k-PLA20k Methoxy 2.0 kDa 19.2 kDa 1.61
HOOC-PEG2k-PLA20k Carboxy 2.1 kDa 19.6 kDa 1.61
NH2-PEG5k-PLA20k NH2 5.0 kDa 19.1 kDa 2.28

In addition, losartan was oxidized with potassium permanganate to receive
losartan carboxylic acid (EXP3174). Then, EXP3174 was covalently coupled to
NH2-PEG-PLA to receive EXP3174-PEG-PLA. This modified block-co-polymer
gave the opportunity to tune the resulting ligand density with the manufac-
turing procedure precisely. Beyond the synthesis of block-co-polymers, acid-
terminated poly(lactic-co-glycolic) acid (PLGA) with a molecular weight (MW)
of 13.4 kDa was purchased. PLGA was used to stabilize the core-shell-NPs.
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Furthermore, PLGA was labeled with the fluorescent dye CF™647 as well as
ultra-small gold particles. Hence, the core-shell NPs can be easily tagged and
investigated with a multitude of analysis techniques like flow cytometry, con-
focal laser scanning microscopy (CLSM) or inductively coupled plasma (ICP)-
mass spectrometry (MS).

Chapter 4 described the manufacturing procedure and the physicochemical
properties of both candidates. Over all experiments, twenty batches of EXP-
NP90 and sixteen EXP-NP60- batches were manufactured. The core-shell
NPs were prepared via nanoprecipitation as it was basically developed by
Fessi et. al. [8]. The block-co-polymers were dissolved in acetonitrile (ACN)
(organic phase) and subsequently injected into a vigorously stirred aqueous
buffer solution (aqueous phase). The EXP3174 molecules were attached to a
5 kDa PEG chain, while blank PEG chains had a MW of 2 kDa (filling PEG).
This means that the targeting molecules stuck out of the NPs. This structural
feature caused an affinity gain of three orders of magnitude.
EXP-NP90 had a size of 105± 13 nm (PDI 0.10± 0.01). They were manufac-
tured using a methoxy-terminated PEG-PLA block-co-polymer. EXP-NP60-

had a size of 68± 6 nm (PDI 0.09± 0.02) only. They were manufactured us-
ing a carboxy-terminated PEG-PLA block-co-polymer. This means that both
candidates differ solely by the end group of inserted filling PEG, which is also
the reason for different ζ-potentials: −9.2± 0.2 mV versus −12.6± 0.6 mV.
A milestone of this work was the validation of particle number concentration
(PNC) calculation function against nanoparticle tracking analysis (NTA) mea-
surements. The function is:

PNC =
TPC

ρNP × 1
6 π (dH)

3 × NA
(9.1)

TPC is the total polymer content, ρNP is the NP density, dh is the hydrody-
namic diameter and NA is the Avogadro constant. The calculation of the PNC
was essential to determine the ligand density per NP. The larger EXP3174 dec-
orated NP90 (EXP-NP90) carried 3500± 1499 ligands, while smaller EXP3174
decorated NP60- (EXP-NP60-) carried only 1017± 382 ligands. Hence, the av-
erage number fo targeting ligands was a multiple of the average spike number
of viruses. As representative examples, 16 to 22 spikes per virion were deter-
mined for the severe acute respiratory syndrome corona virus type 2 (SARS-
CoV-2) [9] and 14 for the human immunodeficiency virus (HIV) [10] only.
Apart from that, the conformation of the PEG shell was analyzed. The model-
ing resulted in an intermediate state between a brush and a mushroom confor-
mation. The average distance between the PEG chains was 2.06± 0.14 (EXP-
NP90) and 2.60± 0.11 (EXP-NP60-). Therefore both candidates were moder-
ately vulnerable for protein adsorption and accelerated degradation in vivo
[11].

The storage stability of core-shell NPs was investigated in chapter 5. PLA as
well as PLGA are sensitive to hydrolytic degradation. That’s why a dynamic
light scattering (DLS)-based stability study was initiated. Even reduced tem-
perature storage (fridge) indicated a limited usability period. The half-life of
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large non-targeted NP90 was 267± 58 d and 355± 70 d for smaller non-tar-
geted NP60-. Consequently, a freeze-drying protocol was designed to remove
water quantitatively and prevent a hydrolytic degradation. Sucrose (final con-
centration 10 %) served as exclusive excipient to ensure NP stability. It is worth
to mention, that freezed-dried core-shell NPs were not only investigated for
the conservation of their size properties, but also for their targeting effect after
redispergation. The test dispersions maintained the full AT1R avidity. It is
strongly recommended to use freeze-dried core-shell NP for any following
experiment. This ensures the long-term stability and provides a suitable for-
mulation for clinical investigations as well as therapeutic application.

Chapter 6 investigated the in vitro binding performance of EXP3174-decorated
EXP-NP90 and EXP-NP60-. The AT1R-positive rat mesangial cells (rMCs) were
chosen for the experiments. It was shown that the mixing of longer EXP3174-
decorated PEG-chains (5 kDa) and shorter filling PEG-chains (2 kDa) resulted
in a tremenduous affinity gain. This means that the targeting ligands stuck
out of the NP like spikes of a virus. Such a NP architecture provided a sub-
nanomolar avidity, which was another milestone of this work. With respect to
Hennig et. al., PEGylation of EXP3174 resulted in an affinity loss that can be
counterbalanced by multivalent NPs [12]. But this architecture led to multiva-
lent NPs that even outperformed the affinity of naive EXP3174. The binding
performance was double checked with functional calcium mobilization assay
(CaA) and a radioligand based radioligand binding experiment (RL-A):

EXP-NP90 EXP-NP60-

CaA pIC50 9.60± 0.11 9.27± 0.11
RL-A pIC50 10.04± 0.23 9.34± 0.07

Therefore, both candidates were able to target and silence the AT1Rs signalling.
In addition, the avidity was determined for a rMCs with a 5-fold increased
AT1R density. This experiment was intended to mimic the upregulation of
AT1Rs under inflammatory circumstances [13, 14]. But the avidity of both can-
didates remained unchanged:

EXP-NP90 EXP-NP60-

RL-A pIC50 9.79± 0.14 9.23± 0.14

Moreover, the targeted core-shell NPs were found to reside on the cell surface.
They do not enter their target cells, which was interpreted as a feature of the
antagonistic EXP3174 properties. Naive EXP3174 does not trigger endocytosis
[15–19]. This observation was really important to interpret the biodistribution
study.

A deeper insight into the binding kinetics of core-shell NPs was gained in
chapter 7. It was emphasized that only 9.2 ligands of gold-tagged EXP-NP90
and 7.7 of gold-tagged EXP-NP60- bound to AT1Rs. This means that only less
than 1 % of the carried EXP3174 ligands mediated the NP binding and the
strong avidity gain. Keeping this in mind, it can be recommended to reduce
the amount of treasured EXP3174-PEG-PLA block-co-polymers in the manu-
facuring procedure.
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In chapter 8 both candidates were investigated for their in vivo binding per-
formance. Prior to the experiments, non-targeted NP90 and NP60- were in-
vestigated for their stability in human serum at body temperature. The half-
life of larger NP90 was 32.9± 14.1 h and only 3.89± 0.27 h for NP60-. The re-
sults gave evidence that core-shell NPs were able to survive for several hours
in human serum. This means that in vivo binding studies were possible, but
concurrently indicate a very fast degradation mechanism.
The core-shell NPs were tagged with radioactive [111In]Indium cations. Any
other chemical modifications were not needed. It is worth to mention that
this work took advantage of three different labeling techniques: (a) fluorescent
dyes (CF™647), (b) ultra-small gold particles and (c) radioactive [111In]indium
cations that provided access to a multitude of analysis techniques. Radioactive
EXP-NP60- were injected into healthy 129 mice. The majority of the dose was
found in the liver. This is typical for NPs, but the EXP3174 decorated core-shell
NPs resided there at least for 48 hours. In the same time interval non-targeted
NP60- were already completely eliminated. It was concluded that the targeted
NPs resided on the surface of AT1R-positive cells as it was observed in the in
vitro binding studies (refer to chapter 6). Beyond that, an accumulation in the
kidneys and the spleen was recognized, but this was not the case for ocular
tissue.
In another experiment fluorescently labeled EXP-NP90 and EXP-NP60- were
injected into healthy 129 mice. The elimination half-life was 1.90± 0.10 h and
2.16± 0.14 h. Thus both candidates circulated only for a few hours within the
bloodstream. An enhanced circulation time is an important prerequisite for
active drug targeting [20]. It was concluded that core-shell NPs were elimi-
nated via the renal pathway. Finally also an in-depth scanning of the retinal
vasculature did not substantiate the binding of EXP3174 decorated core-shell
NPs to the ocular vasculature. The NP size, the PEG shell design and stability
aspects were identified as plausible root causes.

All in all, it was shown that core-shell NPs are a highly flexible platform tech-
nology for the development of new therapeutic options in the treatment of
proliferative ocular diseases. The candidates EXP-NP90 and EXP-NP60- were
not able to verify their outstanding in vitro binding performance in vivo. Never-
theless, these experiments should be pursued considering the aforementioned
refinements.
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Part II

Supplement





(a) EC50=125.6 nM, EC80=295.3 nM (b) EC50=36.7 nM, EC80=59.9 nM

(c) EC50=56.4 nM, EC80=141.1 nM (d) EC50=52.3 nM, EC80=132.9 nM

(e) EC50=32.8 nM, EC80=52.6 nM

Figure S1: Summary of individual calcium mobilization assays (CaAs). Here
rat mesangial cells (rMCs) were incubated with different concentrations of
angiotensin II (Ang II) and induce calcium influx. Overall an EC50 of
60.8± 16.8 nM and an EC80 of 136.4± 43.7 nM were found.
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(a) Parameter: Bmax=1454 dpm, Kd=1.1 nM; Cell
number: 110.000 rMC/well; AT1R:
94.293 receptors /cell

(b) Parameter: Bmax=2104 dpm, Kd=1.3 nM; Cell
number: 225.000 rMC/well; AT1R:
66.707 receptors/cell

(c) Parameter: Bmax=879 dpm, Kd=1.3 nM; Cell
number: 106.667 rMC/well; AT1R:
58.774 receptors /cell

Figure S2: Independent saturation binding experiments of rMCs using the tri-
tium labeled angiotensin II derivative radioligand ([3H]UR-MK292). Unspe-
cific binding was determined by the addition of Ang II. The rMCs carried
73 258± 18 643 AT1R/cell. The Kd accounted 1.2± 0.1 nM.
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(a) Parameter: Bmax=1034 dpm, Kd=1.0 nM;
Cell number: 42.000 rMC/well; AT1R:
351.242 receptors /cell

(b) Parameter: Bmax=1097 dpm, Kd=1.2 nM;
Cell number: 42.000 rMC/well; AT1R:
372.643 receptors /cell

(c) Parameter: Bmax=246 dpm, Kd=0.9 nM; Cell
number: 20.250 rMC/well; AT1R:
346.638 receptors /cell; For this experiment
[3H]UR-MK292 was diluted (1/2) with cold
UR-MK292.

Figure S3: Independent saturation binding experiments of transfected
rMCs using the [3H]UR-MK292. Unspecific binding was determined by
the addition of losartan carboxylic acid (EXP3174). The rMCs carried
356 841± 13 877 AT1R/cell. The Kd accounted 1.0± 0.2 nM.
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(a) 111In-NP90 (tr = 4.0 min). (b) 111In-NP90 pre-incubated with DTPA
(tr = 4.0 min).

(c) 111In-EXP-NP90 (tr = 3.9 min) (d) 111In-EXP-NP90 pre-incubated with
DTPA (tr = 3.9 min).

Figure S4: High-performance liquid chromatography (HPLC) chromatograms
of 111In-EXP-NP90 and 111In-NP90 pre-incubated with and without DTPA.
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(a) 111In-NP60- (tr = 4.0 min) (b) 111In-NP60- pre-incubated with DTPA
(tr = 4.0 min).

(c) 111In-EXP-NP60- (tr = 4.0 min) (d) 111In-EXP-NP60- pre-incubated with
DTPA (tr = 4.0 min).

Figure S5: HPLC chromatograms of 111In-EXP-NP60- and 111In-NP60- pre-in-
cubated with and without DTPA.
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(a) [111In]InCl3 dilution (tr = 4.0 min). (b) [111In]InCl3 dilution pre-incubated with
DTPA (tr = 10.7 min).

Figure S6: HPLC chromatograms of references for radiolabeled core-shell NPs
(see figure S4 and figure S5).
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Abbreviations

ζ-potential zeta-potential
[3H]UR-MK292 tritium labeled angiotensin II derivative radi-

oligand
NA Avogadro constant
RF Flory radius
Tf freezing temperature
T′g glass transition temperature of the maximal

freeze-concentrated dispersion
Tg glass tansition temperature
dh hydrodynamic diameter
dTEM diameter based on transmission electron mi-

croscopy images
w′ concentration of the maximal freeze-

concentrated dispersion
111In 111indium

ACE angiotensin converting enzyme
ACN acetonitrile
AGE advanced glycosylation endproducts
AMD age-related macular degeneration
Ang I angiotensin I
Ang II angiotensin II
AREDS Age Related Eye Disease Study
AT1R angiotensin II receptor type 1
AT2R angiotensin II receptor type 2
atm atmospheric pressure
ATP adenosine triphosphate
Au aurum

Bmax maximal number of binding sites
BBB blood-brain barrier
BlamD basal laminar deposit
BlinD basal linear deposit
BM BRUCH’s membrane
BRB blood-retinal barrier
BSA bovine serum albumin
BSM basement membrane



Abbreviations

CaA calcium mobilization assay
CADASIL cerebral autosomal dominant arteriopa-

thy with subcortical infarcts and leukoen-
cephalopathy

CDCl3 deuterated chloroform
CHCl3 chloroform
CI confidence interval
CLSM confocal laser scanning microscopy
CML N-carboxymethyl-lysine
CNS central nervous system
CoA Certificate of Analysis
CT computed tomography

DABCO IUPAC name 1,4-diazabicyclo[2.2.2]octane
DAD diode-array detector
DAG diacyl glycerol
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCC N,N’-dicyclohexylcarbodiimide
DCM dichloromethane
DCR derived count rate
DCU dicyclohexylurea
DIPEA N,N-diisoprpylamine, Huenig’s base
DLS dynamic light scattering
DME diabetic macular edema
DMF dimethylformamide
DMSO dimethyl sulphoxide
DMSO-d4 deuterated dimethyl sulphoxide
DMTMM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-

morpholinum chloride
DNA desoxyribonucleic acid
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid
DPBS Dulbecco’s Phosphate Buffered Saline
DPBSx0.1 diluted Dulbecco’s Phosphate Buffered Saline

(x0.1)
DR diabetic retinopathy
DTPA diethylenetriaminepentaacetic acid

EC endothelial cell
EC50 half maximal effective concentration
EC80 concentration inducing 8/10 of the maximum

biological effect
ECM extracellular matrix
EDC N-(3-dimethylaminopropyl)-N’-ethylcarbodi-

imide
EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol-bis(2-aminoethylether)-

N,N,N’,N’-tetraacetic acid
EMA European Medicines Agency
EXP-NP60- EXP3174 decorated NP60-
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Abbreviations

EXP-NP90 EXP3174 decorated NP90
EXP-NP5k EXP3174-decorated methoxy terminated

nanoparticles with a 5 kDa PEG shell
EXP3174 losartan carboxylic acid

Fc fraction crystallization domain
FBS fetal bovine serum
FDA United States Food and Drug Administration
FITC fluorescein isothiocyanate
FLD fluorescence detector
fluram 4-phenylspiro-[furan-2(3H),1-phthalan]-3,3’-

dione, fluoresceamine

GA geographic atrophy
GCP Good Clinical Practice
GFAT fructose-6-phosphate-amido transferase
GMP Good Manufacturing Practice
GPC gel permeation chromatography
GPCR G-protein coupled receptor

HCl hydrochloric acid
HCV hepatitis C virus
HDL high density lipoprotein
HIF hypoxia induced factor
HIV human immunodeficiency virus
HPLC high-performance liquid chromatography
HRD-rMC high-receptor density rat mesangial cellF

iBRB inner blood-retinal barrier
IC50 half maximal inhibitory concentration
ICP inductively coupled plasma
IDL intermediate density lipoprotein
IgG immunoglobulin G
IP3 inositole-1,4,5-phosphate
ITS insulin-transferrin-selenium

Kd equillibrium dissociation constant of the
ligand-receptor complex

Ki equillibrium dissociation constant
KG body weight

lactide 3,6-dimethyl-1,4-dioxane-2,5-dione
LC liquid chromatography
LDL low density lipoprotein
LDL-R low density lipoprotein receptor

MMP matrix metalloproteases
mNP model nanoparticle
MPS mononuclear phagocyte system
MS mass spectrometry
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Abbreviations

mtDNA mitochondrial desoxyribonucleic acid
MW molecular weight
MWCO molecular weight cut off

NADPH IUPAC Nicotinamide adenine dinucleotide
phosphate

NaOH sodium hydroxide
NF-κB nuclear factor kappa-light-chain-enhancer of

activated B-cells
NHS N-hydroxysuccinimide
NMR nuclear magnetic resonance
NO nitric oxide
NP nanoparticle
NP60- carboxy-terminated nanoparticle
NP90 methoxy-terminated nanoparticle
NPDR non-proliferative diabetic retinopathy
NTA nanoparticle tracking analysis
NVU neurovascular unit

oBRB outer blood-retinal barrier
OCT optical coherence tomography

P-gp P-glycoprotein
PARP1 Poly-ADP-ribose polymerase 1
PC pericyte
PDGF platelet derived growth factor
PDGFα platelet derived growth factor alpha
PDGFβ platelet derived growth factor beta
PDGF-Rβ platelet derived growth factor receptor beta
PDI polydispersity index
PDR proliferative diabetic retinopathy
pEC50 negative decimal logarithm of EC50
PEG polyethylene glycol
PFA paraformaldehyde
PGC-1α peroxisome proliferator-activated receptor

gamma coactivator 1-alpha
pIC50 negative decimal logarithm of IC50
PKC protein kinase C
PLA polylactic acid
PLGA poly(lactic-co-glycolic) acid
PlGF placental growth factor
PM plasma membrane
PMMA poly(methyl methacrylat)
PNC particle number concentration
PS polystyrene
PTFE polytetrafluoroethylene

Q-TOF quadrupol time-of-flight mass spectrometer

RAAS Renin-Angiotensin-Aldosterone System
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Abbreviations

RAGE receptors for advanced glycosylation endprod-
ucts

RC regenerated cellulose
RI refractive index
RL-A radioligand binding experiment
rMC rat mesangial cell
RNA ribonucleic acid
ROI region of interest
ROS reactive oxygen species
RP reversed-phase
RPE retinal pigment epithelium
RSD relative standard deviation
RT room temperature

SARS-CoV-2 severe acute respiratory syndrome corona
virus type 2

SD standard deviation
SEM standard error of the mean
SPECT single-photon emission computed tomography
Suc Sucrose (D(+)-Saccharose)

T1DM diabetes mellitus type 1
T2DM diabetes mellitus type 2
tr retention time
tBoc tert-butyloxycarbonyl
TCA trichloroacetic acid
TEM transmission electron microscopy
TFA trifluoroacetic acid
TGF-β transforming growth factor beta
TMS tetramethylsilane
TNF-α tumor necrosis factor alpha
TPC total polymer content
Tre D(+)-Trehalose
TRIS tris(hydroxymethyl)aminomethane; IUPAC

name 2-amino-2-(hydroxymethyl) propane-1,3-
diol

UHPLC ultra high performance liquid chromatography

VEGF vascular endothelial growth factor
VEGF-R vascular endothelial growth factor receptor
VLDL very low density lipoprotein

WHO World Health Organization
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