
 

 

 

Targeted Lipid Nanoparticles 

 for Retinal Drug Delivery 

 

 

Dissertation to obtain the Degree of Doctor of Natural Sciences 

(Dr. rer. nat.) 

From the Faculty of Chemistry and Pharmacy 

University of Regensburg 

 

 

 

Presented by 

Marilena Bohley 

from Coburg (Germany) 

 

August 2021 

  



 

 

 
 

 

Marilena Bohley 

 

Targeted Lipid Nanoparticles  

for Retinal Drug Delivery 
 



 

 

  



 

 

 

Targeted Lipid Nanoparticles 

 for Retinal Drug Delivery 

 

 

Dissertation to obtain the Degree of Doctor of Natural Sciences 

(Dr. rer. nat.) 

From the Faculty of Chemistry and Pharmacy 

University of Regensburg 

 

 

 

Presented by 

Marilena Bohley 

from Coburg (Germany) 

 

August 2021 

  



 

 

This work was carried out from July 2017 until July 2021 at the Department of 

Pharmaceutical Technology at the University Regensburg. 

 

The thesis was prepared under supervision of Prof. Dr. Achim Göpferich. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Doctoral application submitted on:  05.08.2021 

Date of examination:   14.10.2021 

Examination board: 

 Chairman:    Prof. Dr. Sigurd Elz 

 1st Expert:    Prof. Dr. Achim Göpferich 

 2nd Expert:    Prof. Dr. Ernst Tamm 

 3rd Examiner:   Prof. Dr. Joachim Wegener 



 

 

 

 

To my dear ones 

  



 

 

 

 

 

 

 

 

‘be less curious about people and more curious about ideas’ 

Marie Curie  



 

 

Table of contents 

 

 

Chapter 1 Introduction 

  The retinal pigment epithelium: An emerging therapeutic target 9 

 

Chapter 2 Goals of the Thesis 43 

 

Chapter 3 Intracellular availability of poorly soluble drugs from lipid nanocapsules 51 

 

Chapter 4 Design of dye and superparamagnetic iron oxide nanoparticle 

loaded lipid nanocapsules with dual detectability in vitro and in vivo 85 

 

Chapter 5 Targeted Lipid Nanoparticles for the Treatment of  

Neovascular Ocular Diseases 115 

 

Chapter 6 Summary and Conclusion 156 

 

Appendix Abbreviations  165 

  Curriculum Vitae 169 

  List of Publications 170 

  Acknowledgements 171 

  Statement in Lieu of an Oath 173 

  



 

 

 

 



 

 
 

 

 

 

 

 

 

 

Chapter 1 

 

The retinal pigment epithelium: 

An emerging therapeutic target 

  



 

 
 

 



 

 
11 

 

Abstract 

The major culprit for the initiation and progression of various sight threatening diseases are 

malfunctions of the retinal pigment epithelium (RPE). In this review, we shed light on the 

underestimated cell monolayer in terms of its role in health and disease and explain why a 

paradigm shift towards targeted RPE therapy is needed to overcome drawbacks and limitations 

of current treatment options. A comprehensive overview is given of the possible routes to reach 

the RPE and challenges faced by drug delivery to the RPE are discussed. More so, we highlight 

different successful nanoparticle approaches, and further provide insights for rational 

nanoparticle design principles for targeted RPE drug delivery.
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1 The RPE’s importance for vision 

Besides cancer, blindness is the most dreaded disease worldwide (1). More than 50% of the 

ocular diseases causing partial or complete blindness, including retinitis pigmentosa, posterior 

uveitis, proliferative vitreoretinopathy, posterior uveitis, age-related macular degeneration, 

diabetic retinopathy and retinopathy of prematurity are associated with inherited or acquired 

malfunctions of the retinal pigment epithelium (RPE) (2). The RPE is not only involved in 

almost all pathologic events and thus an extraordinary contributor to the induction and 

progression of these diseases, but crucial for normal retinal and visual function. The 

importance of the RPE, however, contrasts sharply with the inconspicuousness of the simple 

cell monolayer that is interposed between the choriocapillaris and the neurosensory retina 

(Fig. 1) (3).  

 

 

Figure 1. The anterior segment of the eye, consisting of the cornea, iris and trabecular 

meshwork, is separated from the posterior segment by the lens. The posterior segment 

consists primarily of the vitreous, retina, retinal pigment epithelium (RPE), Bruch’s 

Membrane and choriocapillaris. The RPE is localized in the posterior eye at the interface 

between the neural retina and choriocapillaris. 

 

By virtue of its location and in its quest for optimal retinal function, the RPE exhibits a 

polarized structure with the cuboidal RPE cells being structurally and functionally asymmetric 

(Fig. 2). On the photoreceptor facing, apical side, the RPE emits long microvilli for the 

interaction with photoreceptor outer segments and interphotoreceptor extracellular matrix 

(4). On the basal side, the RPE faces Bruch’s Membrane (BM), a multilayered extracellular 

matrix structure that separates the RPE from the fenestrated choroid, therefore building an 
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interface for nutrient and signaling molecule exchange between retina and blood stream. For 

efficient adsorption and secretion from and to the blood stream, the basal membrane of RPE 

cells is embellished with numerous infoldings which increase the overall surface area (Fig. 2) 

(3–5). The polarized structure of the RPE is preserved by tight junctions, leading to the 

formation of a tight epithelium, and therefore creating a barrier for the free passage of 

molecules and ions into and out of the retina (6).  

 

 

Figure 2. RPE cell polarity and structure. On the apical side RPE cells emit microvilli facing 

the photoreceptor outer segments and interphotoreceptor extracellular matrix. On the basal 

side, RPE cells exhibit infoldings towards the Bruch’s Membrane that separated RPE from 

the fenestrated endothelium of the choriocapillaris. Tight junctions between neighboring RPE 

cells preserve the polarized structure of the RPE and enable the strict control of nutrients and 

fluids into the retina. 

 

As photoreceptors lack direct blood supply, RPE cells must manage and control the bi-

directional transport of ions and molecules to and from the photoreceptor layer (Fig. 3). 

Specialized transport proteins in the apical and basal RPE cell membrane enable the supply of 

nutrients to the highly metabolic active photoreceptors as well as the removal of waste products 

and water. With an asymmetric distribution and regulation of these mechanisms, RPE cells 

control the passage of ions like Cl-, K+, Na+ and HCO3
- to and from the retina and thus regulate 

cell membrane polarization and hyperpolarization, fluid transport and pH (Fig. 3). By being 

responsible for maintaining the volume and chemical composition of the subretinal space, the 

RPE exhibits a function crucial for phototransduction (7). In addition to the transcellular 

transport of ions and water, RPE cells absorb and transport various nutrients from the blood 

to the photoreceptors using membrane transporters present on both the apical and basolateral 
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surface. To nourish the photoreceptors, RPE cells absorb, glucose, different amino acids 

including taurine, alanine, glutamine and leucine, and fatty acids like docosahexaenoic acid 

from the blood stream and deliver it to the photoreceptors (Fig. 3) (3).  

Together, the trans-RPE transport is coordinated by a variety of asymmetrically distributed 

channels and transporters regulating the retinal microenvironment and further providing the 

overall framework for a functioning retinal system (2).  

 

 

Figure 3. By virtue of their location and function as retinal caretakers, RPE cells: 1) Manage 

the transport of nutrients, ions, water and waste products from the blood to the retina and 

vice versa. 2) Control the release, processing, transport and uptake of retinal (visual cycle). 

3) Phagocytose and recycle shed photoreceptor outer segments. 4) Protecting the retina 

against ROS and oxidative damage. 5) Preserve retinal cell function and homeostasis as well 

as immune privilege of the eye by producing and secreting various growth factors, cytokines 

and complements. 

 

Another key function of the RPE is the release, transport, processing, and uptake of vitamin A 

(all-trans retinal), known as visual cycle (Fig. 3) (8). The first step in the process of vision is 

absorption of light energy by photoreceptor visual pigments (rhodopsin in rods and cone-

opsins in cones). Subsequently, the activation of visual pigment induces a change in the 

conformation of the chromophore: from 11-cis retinal to all-trans retinal. Since photoreceptors 

are unable to convert all-trans retinal back to 11-cis retinal, it is transferred to RPE cells for 

recycling. RPE cells internalize the all-trans retinal, reconvert it into its 11-cis isomer and 

deliver it back to the photoreceptors (9). This metabolic process of continuous visual pigment 

regeneration after light activation is key to maintain light sensitivity. In addition to vitamin A 

transport and recycling, RPE cells preserve intraretinal vitamin A levels by using specific 

retinol-binding proteins to take it up from the blood stream (10, 11).  

The process of vision, that requires continuous light exposure of photosensitive molecules, is 

accompanied by photo-oxidative damage of proteins and lipids in the photoreceptor outer 

segments. Hence, to maintain excitability of photoreceptors and ensure proper visual function, 
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photoreceptor outer segments undergo a constant renewal process. In humans, photoreceptor 

outer segments are completely renewed every 11 days (5). In this regeneration process, new 

photoreceptor outer segments are constantly assembled from the connecting cilium, while the 

old segments are shed and subsequently phagocytosed by the RPE (Fig. 3). Mechanistically, 

the phagocytotic processes of RPE cells resemble the recognition and elimination of apoptotic 

cells by macrophages (12). However, even though a vast number of putative receptor molecules 

have been identified, including mannose-6-phosphate receptor, melatonin receptors MT1 and 

MT2, megalin receptor, scavenger receptor CD36, αvβ5 integrin, MerTK, a transmembrane 

tyrosine kinase receptor and a number of glycoproteins expressed on the RPE surface, 

signaling mechanisms for segment binding and ingestion are still not fully understood (13). 

Upon receptor mediated ingestion, the phagosome merges with a lysosome, where numerous 

lysosomal enzymes digest proteins, polysaccharides, lipids, and nucleic acids. The resulting 

end products are afterwards either recycled or disposed into the blood stream via the choroid 

(8). Since the segments are rich in lipids, the transport and recycling of docosahexaenoic acid 

(DHA) and cholesterol are particularly important. While the transport mechanism of DHA 

back to the photoreceptors is still unclear, cholesterol is disposed either apically or basally via 

ABCA1 transporters and therefore fosters the formation of basolateral and apical cholesterol 

depositions (drusen) (5, 14). 

The combination of constant light exposure, high oxygen levels caused by the choroids’ 

extraordinary high blood perfusion (15), and high levels of metabolic activity provoke creation 

of reactive oxygen species (ROS) and processes of photo-oxidation. Subsequently leading to 

oxidative damage of proteins, DNA and lipids (2). In order to protect the retina against ROS 

and to minimize oxidative damage, the RPE provides three staggered defense strategies. The 

first is the absorption and filtering of light by pigments like melanin. The second relies on the 

on-demand neutralization of ROS by enzymatic (superoxide dismutase and catalase) and non-

enzymatic antioxidants (glutathione, ascorbate, a-tocopherol, carotenoids, melanin). Finally, 

the third line of defense is the repair or replacement of damaged DNA, lipids, and proteins, in 

case that oxidative damage was inevitable (3, 8). With these defense lines, the RPE preserves 

not only itself, but the integrity and function of neighboring cells. 

Additionally, as retinal caretaker, the RPE provides numerous growth factors and cytokines 

that are essential for the functional integrity of the retina and the choroid (Fig. 3) (16, 17). 

These include pigment epithelium-derived factor (PEDF), vascular endothelial growth factor 

(VEGF), fibroblast growth factors (FGF-1, FGF-2, and FGF-5), insulin-like growth factor-I 

(IGF-I), ciliary neurotrophic factor (CNTF), platelet-derived growth factor (PDGF), lens 

epithelium-derived growth factor (LEDGF), tumor necrosis factor α (TNF-α), transforming 

growth factor-β (TGF-β), and various interleukins (IL) (8). While PEDF is a neuroprotective 

and antiangiogenic factor, that protects neurons against hypoxia induced apoptosis, inhibits



The RPE’s importance for vision 
 

 
17 

 

endothelial cell proliferation and stabilizes the choroid (18, 19), VEGF is an angiogenic factor 

and prevents endothelial cell apoptosis, leads to the stabilization of endothelial fenestrations 

and is essential for the integrity of the choroid. Additionally, VEGF acts as a survival factor for 

various retinal cells, including Müller cells, astrocytes, ganglion cells, glial cells and RPE cells 

themselves (20). Another angiogenic factor is the growth promoting factor FGF, that induces 

proliferation and differentiation of endothelial cells, fibroblasts, epithelial cells and smooth 

muscle cells (8). However, even though, many of these peptides are constitutively expressed 

and it is known that changes in their expression play crucial roles in all retinal diseases, the 

sensitive interactions between growth factor expression and retinal homeostasis are still not 

fully understood (2).  

Furthermore, the RPE is essential for establishing and maintaining the immune privilege of 

the eye by being part of the blood-retinal barrier separating the retina from the bloodstream. 

As an immune privileged tissue, circulating immune cells are under normal physiological 

conditions not able to enter the retina in order to deal with endogenous insults. Nevertheless, 

the retina exhibits a unique immune defense system against exogenous and endogenous insults 

consisting of retinal immune cells (microglia, perivascular macrophages, and dendritic cells) 

and the complement system. The complement system, an important part of the innate immune 

system, comprises over 30 proteins and protein fragments that complement antibodies and 

phagocytes aiming to inactivate pathogens. Even though it is constantly active at a low-level, 

activation via either the classical or alternative pathway is needed to obtain substantial 

immune responses (21, 22). By producing anti-inflammatory and pro-inflammatory cytokines 

that play an important role in the development of immune and inflammatory responses, RPE 

cells are able to activate immune cells and stimulate inflammatory responses (16, 22). 

Moreover, RPE cells appear, besides retinal microglia, to be the major sources of retinal 

complement, thus, controlling both parts of the ocular defense system (22). 

On the pro-inflammatory site, IL-1 is one of the most potent multifunctional cell activators, 

stimulating immune cells and other cell types, subsequently activating immune and 

inflammatory responses. IL-6 has similar activities as IL-1 and both can have synergistic 

effects. While TNF-α exclusively exhibits potent pro-inflammatory potential, the properties of 

TGF-β, whether inflammatory or immunosuppressive are concentration dependent (23). 

Finally, it is noteworthy to mention that, in case of IL-1, IL-6, IL-15, TNF-α, TGF-β, FGF, IGF-

1, VEGF and PDGF, RPE cells do not only express the ligand but the corresponding receptor, 

indicating autocrine regulation. In addition to the autocrine effects, RPE-derived cytokines 

affect various other cells in the posterior eye, including vascular endothelial cells and Müller 

cells and further influence complement production by the RPE (3, 8, 13, 23).
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2 The RPE changes with age  

Since the RPE is a non-regenerative tissue, a number of irreversible structural and functional 

changes occur as it ages, affecting RPE cell function as well as adjacent cells and tissues like 

the BM (Fig. 4) (24).  

 

 

Figure 4. The RPE of a young child has a homogenous distribution of melanin granules, a 

Bruch’s Membrane without deposits, and preserved retinal function. With age, RPE cell 

pigmentation changes by simultaneously loosing melanin granules while accumulating 

phototoxic A2E containing lipofuscin granules. Increased levels of ROS and oxidative stress 

lead to the formation of advanced glycosylation end products (AGEs), subsequently 

damaging DNA and cell membranes and causing inflammation, RPE cell dysfunction and 

degeneration. In addition to age-related changes of RPE cells, Drusen (extracellular matrix 

depositions containing lipids, AGEs and complement components) between the RPE and BM 

emerge and the accumulation of drusen and debris within the BM further induces BM 

thickening. 

 

One of the main changes with age is the significant change in RPE cell pigmentation due to the 

loss of electron dense melanin granules and the accumulation of lipofuscin granules within 

lysosomal compartments (residual bodies) (Fig. 4) (2). As the accumulation of residual bodies 

is part of normal lysosomal aging (25) and the RPE has an highly active lysosomal system, 

aging RPE cells accumulate vast numbers of residual bodies, filling up almost the entire 

cytoplasm by the 5th decade of life (Fig. 4) (26). The problem with that is not only the clogging 

of the RPE cell cytoplasm, but the massive amounts of lipofuscin, particularly A2E (pyridinium 

bis-retinoid N-retinylidene-N-retinylethanolamine), as A2E is highly phototoxic. 
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By generating ROS and inducing oxidative changes, lipofuscin compromises lysosomal 

function, DNA integrity, causes lipid peroxidation and finally, in combination with the 

congestion of the cytoplasm, results in RPE dysfunction (27). Another reason for elevated 

levels of oxidative stress and the resulting accumulation of oxidative damages is the age-

associated decline of enzymatic and non-enzymatic antioxidants, like catalase, a H2O2 

degrading enzyme, and the antioxidants a-tocopherol, lutein and zeaxanthin (28). As the RPE-

photoreceptor complex is continuously exposed to high oxygen levels and energy and therefore 

generally prone to oxidative damages, these changes have tremendous impact on the 

impairment of RPE function over time (8). The consequence of continuous oxidative stress and 

the decline in oxidative damage defense efficacy is the occurrence and accumulation of AGEs 

(Fig. 4). AGEs, mainly located within the BM and in lipofuscin granules, are capable to 

covalently react with other biomolecules, leading to the formation of aggregates and further 

compromising lysosomal enzyme activity and function (29). Furthermore, AGEs effect growth 

factor levels by elevating PDGF production in RPE cells, VEGF production in RPE as well as 

endothelial cells and therefore induce proliferation of the latter (30–32). Thus, accumulation 

of AGEs in the RPE and BM may not only contribute to age-related RPE dysfunction but to the 

initiation and progression of pathologic mechanisms (33). 

In addition to direct structural and functional alterations of RPE cells, the area around the RPE 

also changes with age. One of the most prominent changes is the formation of drusen, above 

or beneath the RPE, on or within the BM (Fig. 4). Drusen are depositions of extracellular 

materials, comprising a mixture of various lipids, including apolipoprotein B and E, esterified 

and unesterified cholesterol, polysaccharides, glycosaminoglycans and proteins (34, 35). 

Moreover, drusen contain several proteins associated with inflammation and/or the 

complement system including C-reactive protein, immunoglobulin G, vitronectin, clusterin 

and complement components (C) C3, C5, C9 (13). Over time, the accumulation of drusen and 

debris within the BM, which is accompanied by increased levels of phospholipids, triglycerides, 

fatty acids, and free cholesterol, changes the BM structure significantly (Fig. 4) (36). These 

compositional changes do not only hamper the diffusion permeability of ions and molecules 

across the membrane but induce immune responses by complement pathway activation and 

further impair RPE cell adhesion. Therefore, they contribute to RPE and photoreceptors 

dysfunction and are complicit in the onset and progression of age-related ocular diseases (37–

39).  

However, while the interdependency of aging and age-related ocular diseases is inevitable, the 

precise dissociation between normal age-relate and pathological changes is complex. For 

though many risk factors and pathologic characteristics emerge from age-related changes of 

the RPE and BM, ageing is a highly variable process based on a combination of both genetic 

and environmental factors, predisposing only certain individuals to develop age-related ocular 
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diseases. Thus, age-related changes of the RPE may lead to RPE dysfunction and visual 

impairment, but not necessarily to pathologic conditions (2, 24).  

 

3 The RPE’s role in retinal diseases 

Due to its importance in retinal functions, disturbance of the physiologic function of the RPE 

(Fig. 3), whether through genetic disorders, chronic dysfunction or age-related decline, are 

associated with visual impairment and vision loss (40). Hence, depending on the type and 

extent of malfunction, etiologically different retinal diseases emerge, affecting RPE, 

photoreceptor, and endothelial cells. 

Malfunctioning of the visual cycle causes several types of photoreceptor and RPE degeneration, 

clinically ranging from moderate visual impairment to severe blindness. The primary causes 

of visual cycle impairment are RPE gene defects reducing the function of enzymes involved in 

the visual cycle reaction cascade and thereby hampering or interrupting the recycling of 11-cis 

retinal (7). One of the gene defects leading to severe retinopathy are mutations that impair the 

function of the key regulatory protein RPE65 (Fig. 3). The impairment of RPE65 function 

causes a lack of chromophore and at the same time elevated levels of phosphorylated opsin, 

resulting in photoreceptor dysfunction and degradation (41). Therefore, RPE65 mutations 

provide an example for RPE associated gene defects affecting both RPE and photoreceptor 

function and further highlight the importance of the functional interplay of RPE and 

photoreceptors (13). This interdependency is also reflected by the fact that the inability of the 

RPE to phagocytose the shed photoreceptors segments causes photoreceptor degeneration and 

alterations of RPE (3). Hereditary diseases affecting the visual cycle or photoreceptor 

phagocytosis are referred to as retinitis pigmentosa. Today, there are no approved therapeutic 

approaches available able to stop the pathogenesis and restore vision. As retinitis pigmentosa 

is a mechanistically, genetically, and clinically very heterogenous disease, there can’t be “one 

fits all” standard therapeutic approach. However, increasing knowledge of causal genes and 

associated impairment of biochemical mechanisms led to the identification of targets and the 

development of novel drugs, which now only need to be delivered to the affected RPE or 

photoreceptor cells (42). 

Besides ensuring proper photoreceptor function, the ability of the RPE to secrete growth 

factors ensures choriocapillaris integrity and further protects various other retinal cells, 

including Müller cells, astrocytes, and ganglion cells. However, dysregulation of growth factor 

secretion, therefore, is a driving force of the pathogenesis of retinal diseases (8). The major 

culprit for causing pathologic endothelial cell proliferation is VEGF, which is primarily 

expressed by RPE cells. However, while RPE cells produce and secrete physiologic VEGF levels 

in order to preserve normal retinal cell function, various extracellular stimuli induce VEGF 

secretion, resulting in pathologic VEGF levels. 
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These stimuli include growth factors like IGF-1, TNF-α, the integrin ligand vitronectin, 

hypoxia, hyperglycemia and AGEs. It is furthermore noteworthy to mention, that exaggerated 

VEGF production and secretion do not only affect endothelial cells, but due to autocrine 

mechanisms, RPE cells and can even induce RPE cell proliferation. VEGF effects on endothelial 

and RPE cells are further enforced by the equilibrium shift of VEGF and PEDF, as PEDF is not 

only a key coordinator of retinal neuronal and vascular function, but the physiologic 

counterpart of VEGF. Besides VEGF and PEDF, another growth factor with major influence on 

RPE and endothelial cells is TGF-β. Even though, the multitude of effects are concentration 

dependent and yet not fully understood, the dysregulation of TGF-β expression can cause cell 

proliferation and has additionally been shown to induce immune responses (8). 

In addition to growth factors, RPE cells secrete cytokines, FasL, adhesion molecules, major 

histocompatibility complex (MHC) molecules and many if not all components and regulators 

of the complement cascade (23). To date, it is also known that under physiologic conditions, 

retinal innate immune cells (including microglia, perivascular macrophages, and a small 

population of dendritic cells) and the complement system undergo a low-grade activation, 

named parainflammation, which is crucial to maintain retinal homeostasis. In contrast, under 

pathologic conditions, the parainflammatory response is dysregulated and develops into 

detrimental chronic inflammation. Thus, complement activation in the retina, attributed to 

RPE cells, is a pivotal part of chronic inflammation and further contributes significantly to the 

pathology of all retinal diseases associated with inflammation. Although, the initial triggers of 

these retinal diseases may differ, the following retinal immune response is based on the same 

mechanisms (43). With the complement factors H, I and B rapidly activating the alternative 

pathway and C2, C3 and C5 activating the classical pathway, both inducing inflammation and 

immune responses (22). 

Therefore, malfunctions and dysregulation of the secretory function of the RPE are implicated 

in all retinal disease, often causing multifactorial pathogenesis associated with exuberant cell 

proliferation, inflammation, and immune system activation. 

 

3.1 Posterior uveitis 

Posterior uveitis is a chronic inflammatory condition that affects the choroid and the retina 

and causes devastating vision loss if left untreated. Being triggered by autoimmune disorders, 

the pathogenesis is mainly driven by complement activation. Current treatment of 

uveoretinitis is based on the unspecific reduction of inflammation and infections through local 

or systemic administration of immunosuppressants and corticosteroids which are often 

associated with severe adverse effects such as cataract and glaucoma. Thus, there is an urgent 

need to develop cell specific approaches that counteract the destructive inflammation in an 

more effective and safer manner (44). 
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3.2 Proliferative vitreoretinopathy 

Proliferative vitreoretinopathy (PVR) is a severe complication of retinal detachment and the 

primary cause of retinal reattachment surgery failure. Under normal circumstances, RPE cells 

do not undergo mitosis, however, under some pathologic conditions like retinal detachment 

und retinitis pigmentosa, RPE cells proliferate and migrate. Triggered by the detachment of 

the neural retina and the breakdown of the blood-retinal-barrier (BRB), RPE cells cannot be 

kept in place, dislocate and convert into proliferating fibroblast-like cells (13). These cells 

generate peri-retinal fibrotic membranes with contractile properties, subsequently causing 

retinal wrinkling, detachment, and blindness. Even though the exact pathomechanism of PVR 

remains unclear, RPE cells are generally regarded as the major culprit for both the initiation 

and progression of the disease, as it is known that cytokines and growth factors, most notably 

TGF-β, PDGF, VEGF, IL-1, IL-6, IL-8 and IL-10 stimulate the proliferation and migration of 

RPE cells (45). To date, the only treatment option for advanced PVR is surgery. However, as 

the treatment can be accompanied by irreversible damage, poor prognosis of visual acuity and 

is repeatedly required, there is an urgent need for less invasive treatment options allowing 

earlier intervention or even prophylaxis (46). Currently, there a several clinical trials ongoing 

including oral and intravitreal use of approved drugs like isotretinoin, colchicine for oral 

administration and intravitreal methotrexate, 5-fluorouracil, low molecular weight heparin, 

Avastin, and decorin. However, even though the cellular culprit is known and effective drugs 

are available, yet there is no RPE specific approach (47). 

 

3.3 Age-related macular degeneration  

Age-related macular degeneration (AMD) is a complex and multifactorial disease leading to 

progressive degeneration of the macula. AMD is the most common cause of irreversible 

blindness in developed countries, currently affecting over 196 million people and predicted to 

rise to 288 million by 2040 (48). According to the disease progression, AMD can be divided 

into two stages: early and late stage AMD. The early stage AMD is characterized by the 

appearance of drusen formed between RPE and BM (Fig. 4), clinically accompanied by mild 

and asymptomatic visual impairment. The disease then progresses into one of the late stages, 

dry AMD (also named geographic atrophy) or wet AMD (also named neovascular AMD). Dry 

AMD is characterized by RPE cell degeneration, subsequently leading to the impairment of 

photoreceptor and RPE function as well as photoreceptor degradation. As of now, there is no 

treatment for dry AMD.  

Accounting for two thirds of all late stages, wet AMD is characterized by choroidal 

neovascularization, the abnormal blood vessel growth of the choriocapillaris. The newly 

formed, leaky blood vessels sprout and invade the neutral retina, destructing retinal tissue, the 

BRB and therefore causing sudden or gradual vision loss (49). Today’s standard therapy for
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wet AMD relies on the treatment of pathologic neovascularization using intravitreal anti-VEGF 

agents. However, even though the anti-VEGF treatment has shown great success in reducing 

abnormal vessel growth and leakage and therefore alleviating vision loss, the therapy is 

accompanied by severe side effects and serious drawbacks. Recently, a long-term study 

revealed that patients eventually lose the vision gained from previous anti-VEGF therapy as 

they struggle in sustaining frequent invasive and costly intravitreal injections. More so, the 

invasive intervention increases the risks of severe complications, including inflammation, 

vitreous hemorrhage, glaucoma, retinal detachment, and retinal degeneration, especially with 

repeated uses over time (50, 51). However, as the therapy only relies on symptomatic 

suppression of choroidal neovascularization without taking the multifactorial, RPE-related 

pathomechanism into account, clinical success is limited and long-term effects of rigorous 

VEGF suppression in the retina are still not fully assessed (52).  

Even though reasons for retinal damage and vision loss differ fundamentally between wet and 

dry AMD, it is now known that inflammation and immune response, particularly the 

complement system play crucial roles in the pathogenesis of both forms (22). Recent studies 

suggest that the complement system, and in particular the alternative pathway may be 

dysregulation in all AMD patients (53). Moreover, current experimental studies have 

demonstrated that that inhibition of complement activation via either systemic or local routes 

can suppress laser-induced choroidal neovascularization (22). These findings underpin not 

only the contribution but the significance of inflammation and immune responses to the 

pathology of AMD and more so, pave the way for radically new approaches for the treatment 

of AMD.  

 

3.4 Diabetic retinopathy 

Diabetic retinopathy (DR) is the most frequently occurring complication of diabetes mellitus 

and year after year ranking among the leading causes of blindness. Since diabetes is currently 

affecting over 463 million people and being predicted to affect 700 million people by 2045, the 

prevalence of DR will expand as well (54). DR is a chronic, progressive disease affecting retinal 

vessels and the neural retina. The disease can be classified into two stages, the early, 

nonproliferative DR and progressed, proliferative DR. Clinically, early stages are characterized 

by microaneurysms, hard exudates, hemorrhages, and cotton-wool spots in the fundus region 

of the retina. The progression of DR is driven by ischemic conditions and growth factor 

dysregulation which subsequently induce endothelial cell proliferation and thus retinal 

neovascularization (55). These newly formed vessels may leak fluid causing diabetic macular 

oedema and/or severe hemorrhages, ultimately leading to retinal detachment and destruction 

of the neural retina. In addition to vascular damage, there is growing evidence that 

inflammation and immune responses play crucial roles in the pathogenesis, especially in the
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onset and early disease stages. Even though the exact underling mechanisms causing retinal 

cell degeneration are yet not fully understood, oxidative stress and inflammation are known to 

be detrimental key factors and even may represent the inciting factors leading to the complex 

pathology of DR (56). Since the role of the complement system in DR pathogenesis and 

especially how the complement system is activated in the diabetic eye, is still not fully 

understood, the clinical predictive or therapeutic value of targeting the complement system 

remains to be elucidated (22).  

In general, there are different treatment options for the different stages of DR, ranging from 

maintaining blood glucose, blood pressure and blood lipid levels to laser therapy and 

intravitreal anti-VEGF treatments. However, especially the treatment of late stage 

(proliferative) DR remains a major challenge as current therapies have significant drawbacks 

and lack therapeutic efficacy. Laser therapy is accompanied by severe side effects like visual 

impairment (visual field constriction, night blindness, color vision changes) up to sudden 

blindness, inadvertent laser burn, macular edema exacerbation, acute glaucoma, and retinal 

detachment. Anti-VEGF therapy indeed demonstrated remarkable clinical benefits in DR 

patients regarding the inhibition of vessel proliferation, however, the majority of patients failed 

to achieve significant visual improvement and intravitreal injections further bear the risk of 

serious side effects and complications (see Age-related macular degeneration) (57). 

Therefore, there is an urgent need for the development of RPE specific therapeutic approaches, 

that include the multifactorial pathology and allow to counteract inflammation and immune 

response.  

 

3.5 Retinopathy of prematurity 

Retinopathy of prematurity (ROP) is a multifactorial retinal disease affecting premature 

infants. ROP is characterized by exaggerated and uncontrolled retinal vessel growth, 

inflammation, and retinal cell degeneration of the immature retina. Mechanistically, the 

suppression of growth factors due to hyperoxia and loss of the maternal-fetal interaction stop 

physiologic retinal vessel development. Subsequently, the increasingly metabolically active, yet 

poorly vascularized retina becomes hypoxic and therefore triggers growth factor and cytokine 

secretion (VEGF, IGF-1, FGF-2, IL-1β, TNF-α, and IL-6). While abnormal neovascularization 

results in severe retinal detachment and permanent visual loss, inflammation is considered a 

key contributor to the overall pathogenesis of ROP, including choroidal, photoreceptor and 

RPE degeneration (58, 59). In contrast to the crucial role of neovascularization and 

inflammation, the influence of the complement system on the pathogenesis is still not fully 

elucidated. However, as it is known that deficiencies in complement components and 

complement receptors can induce pathological angiogenesis and further provoke macrophages
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and RPE cells to express high amounts of growth factors and cytokines, the complement system 

is very likely involved (22). 

Although precise control of oxygen administration to preterm infants can reduce the risk for 

developing ROP, ROP is still one of the leading causes of childhood blindness worldwide. 

Reasons for this are increased survival rates of infants with extremely low gestational ages 

and/or birthweights and the increased unmonitored treatment of preterm infants with 100% 

oxygen in developing countries (58). Once ROP has developed, laser or intravitreal anti-VEGF 

therapy can be used to counteract retinal neovascularization. While laser ablation may itself 

reduce visual field, induce myopia, and only is indicated for the treatment of very advanced 

forms of ROP, anti-VEGF therapy, has been shown success in reducing neovascularization and 

halting the progression of ROP. However, treating preterm infants with anti-VEGF agents 

poses serious risks, including endophthalmitis, pulmonary hypoplasia, and stroke, as well as 

hemorrhage, cataract and retinal detachments which may occur up to a year after initial 

injection (60). Rigorous suppression of VEGF in the eye further affects the physiologic 

functions of non-vascular cells including photoreceptors, neurons, Müller, ciliary body and 

RPE cells, therefore risking off-target cell dysfunction, degradation and apoptosis (58). More 

so, since the VEGF blockage alone cannot eliminate pathological angiogenesis completely, 

thereby underscoring the multifactorial nature of the disease, novel less destructive and more 

causal approaches are needed. 

 

Taken together, the RPE is vital for sight and disorders or dysfunctions of the inconspicuous 

cell monolayer are involved in a vast number of ocular diseases, all causing visual impairment 

and vision loss (3). By continuously increasing the knowledge about the RPEs’ contribution to 

the maintenance of retinal homeostasis and its implication in the pathogenesis and 

pathomechanisms of retinal diseases, the RPE emerges as a tremendously attractive target for 

the treatment of various ocular diseases. 

 

4 Drug delivery to the RPE 

The extensive research on degenerative retinal diseases led to a fundamental knowledge of 

pathologic processes and interdependencies. This thorough understanding in turn, furthered 

the identification of new drug targets and paved the way for the development of new 

therapeutic entities. More so, the identification of the RPE as a major culprit/key player in the 

pathogenesis of various ocular diseases led to the development of drugs designed to specifically 

interfere with the RPE, chemically ranging from small molecules to nucleic acids (61). 

However, the development of active compounds alone is not enough, as it must also be 

considered how to deliver them to the RPE. Since sufficient drug delivery to the posterior eye
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remains a significant challenge, drug delivery to the RPE is the real bottleneck for the 

development of efficient RPE therapeutics. 

 

4.1 Barriers on the way to the RPE 

 
Figure 5. Layers of the neural retina: outer nuclear layer, outer plexiform layer, inner 

nuclear layer, inner plexiform layer, and ganglion cell layer. Blood-retinal barrier (BRB): 

while outer BRB is formed by RPE cells, inner BRB is built by retinal endothelial cells, 

pericytes and Müller cells. Layers that may restrict movement of molecules and 

nanoparticles are the outer limiting membrane (OLM), phagocytosing Müller cells and the 

inner limiting membrane (ILM). 

 
Drug delivery to the posterior eye is a very challenging task as the retina is protected by the 

BRB. The BRB consists of two different parts (Fig. 5): The outer and inner BRB. While the 

outer BRB is built by endothelial cells of the choroid (fenestrated with diaphragms) and the
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adjacent RPE with its tight junctions. The inner BRB is formed by endothelial cells of non-

fenestrated retinal vessels which are additionally surrounded by pericytes and Müller cells (6). 

Besides contributing to the inner BRB, Müller cells play a major role in the formation of the 

outer and inner limiting membrane and therefore shield the neuroretina from the vitreous 

towards the RPE (Fig. 5) (61, 62). The inner limiting membrane (ILM), is built up by the end 

feet of Müller cells and an extracellular matrix of collagen and glycosaminoglycans, forming a 

negatively charged barrier. While small molecular drugs can diffuse freely through the ILM, 

the ILM can hinder the transport of macromolecules, biologics, and nanoparticles. However, 

the qualitative and quantitative barrier function, including cut-off sizes are still unknown and 

variations of the ILM due to age or diseases like diabetes do further complicate permeability 

predictions (63). The same also applies to the outer limiting membrane (OLM) formed by 

adherent and tight junctions between Müller cells and the inner segments of photoreceptor 

cells (64). To date, the size limit and barrier role of the OLM are not fully elucidated and there 

are only few studies investigating the permeation of small molecules, macromolecules and 

nanoparticles through the OLM (65).  

Since there are two different ways to address the RPE either from the basal or the apical side, 

a molecule or nanoparticle must overcome at least one of the challenging barriers to 

successfully reach the RPE. While upon intravitreal administration, ILM, OLM and Müller 

cells are the biggest obstacles, upon systemic administration, only the choroid and BM hinder 

reaching the RPE.  

Systemic administrations, especially via intravenous (i.v.) and oral routes can therefore be 

used to transport drugs and nanoparticles to the RPE, if those are able to extravasate from the 

fenestrated choroidal vessels and cross the BM. Since the roles of choroid and BM as barriers 

to small molecules and neutral macromolecules are negligible (66), the distribution of a drug 

from the blood stream to the RPE mainly depends on the free drug concentration in plasma 

and distribution between systemic circulation and the eye (67). In addition to factors generally 

influencing drug distribution, the drug may reveal enhanced accumulation in the RPE, way 

higher than expected or calculated (67), due to melanin binding (68). Even though there is 

evidence that preferably lipophilic and basic substances bind to melanin, melanin binding is 

very difficult to predict. However, melanin binding can significantly influence 

pharmacokinetics and further increase drug accumulation in RPE. More so, melanin binding 

can even prolong drug effects, especially when the drug is released gradually from the melanin 

depot (68, 69). Although systemic administration is beneficial in terms of simplicity and 

patient compliance it can be associated with systemic side effects and toxicity, limiting the 

practical application. Therefore, very high doses are needed to achieve therapeutic drug levels 

in the posterior eye, even though bioavailability of the drug is high. Thus, only few drugs with 

wide therapeutic indices, such as antibiotics, antivirals, and cytostatics are used in clinical
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practice, while most other drugs result in sub-therapeutic drug levels or lead to severe systemic 

side effects (70, 71).  

To overcome the challenge of sub-therapeutic drug levels, systemic side effects and toxicity, 

drugs can be administered directly into the vitreous. Today, intravitreal drug injections are the 

method of choice in retinal drug delivery and extensively used for both clinical and scientific 

treatment of retinal diseases (72). In contrast to systemic delivery, intravitreal injections bear 

the advantages of relatively low drug doses, reasonable bioavailability, and reduced systemic 

adverse effects (73). Mechanistically, immediately following injection, drugs distribute into the 

vitreous and to the surrounding ocular tissues, while at the same time the elimination of the 

drugs starts. Drug elimination takes place via drug transport over the BRB and drug removal 

via the aqueous humor outflow, both handing the drug over to systemic circulation (74). 

Because of the fast and highly efficient elimination processes, half-lives of small molecules in 

the vitreous are typically very short (1 - 10 h). On the contrary, due to the inability of larger 

molecules to cross the BRB, half-lives of macromolecules and proteins are drastically 

prolonged. Thus, drug elimination is molecular weight-dependent: the higher the molecular 

weight, the slower the elimination (75). However, as the molecular weight of most drugs is 

under 500 Da, predicted half-lives are rarely longer than 30 h (76). In clinically settings, 

acceptable treatment intervals can therefore only be achieved because strong fluctuations in 

the drug levels are accepted. Thus, in the case of anti-VEGF proteins (bevacizumab, 

ranibizumab, aflibercept), the treatment intervals of 4 - 8 weeks are only feasible because these 

antibodies and soluble receptors have intravitreal half-lives of several days, are highly potent 

compounds showing sufficient effects even at very low concentrations and are tolerated at 

relatively high doses. In fact, the vitreal anti-VEGF drug concentrations show about 100-fold 

changes during one treatment. As the half-lives of small molecules and many other protein 

drugs are much shorter and their therapeutic indices are narrower, their dosing intervals 

would be way too short to be practicable (47).  

Taken together, both systemic and intravitreal delivery of drugs to the RPE bear a high 

potential for the treatment of RPE associated diseases. However, suffering from serious 

drawbacks that question the applicability, especially in the context of treating chronic, 

progressive diseases.  

 

5 Nanoparticles for enhanced drug delivery to the RPE 

Due to the specific short comings of drug delivery to the RPE, regardless of the administration 

route, the use of nanotechnology obviously offers tremendous potential for drug delivery to the 

RPE. Nanoparticles can improve the solubility of poorly water-soluble drugs and protect the 

drug from degradation, that is especially valuable for the transport of very sensitive cargos 

being negatively affected by environmental conditions, such as DNA and RNA. 
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Additionally, nanoparticles can be designed to cross biological barriers, increase the 

bioavailability, residence time, and cellular uptake of the drug. Ideally, nanoparticles would 

allow for efficient, RPE-specific drug delivery, followed by a sustained release of the cargo (77). 

In recent years, even though tremendous effort was made to tackle the challenges of drug 

delivery to the posterior eye (47), yet no far-reaching successes have been achieved, 

particularly not with regard to RPE specific drug delivery. To that end, this review will focus 

on biological and pharmacological facts that must be considered for the development of either 

intravitreal or systemic nanotherapeutics and further highlight the most promising 

approaches.  

 

5.1 Intravitreal Nanoparticle Approaches 

By virtue of maximizing drug delivery efficacy and with lessons learned from general poor 

delivery efficacy to the target using systemic administration, intravitreal administration 

seemed to be the most obvious and easiest solution to tackle drug delivery problems (73). In 

practice, however, it is not as straight forward as it seems, as upon intravitreal administration, 

nanoparticles must not only diffuse though the vitreous but move through the whole sensory 

retina to finally reach the RPE.  

Upon intravitreal injection, nanoparticle distribution in the vitreous is mainly driven by 

diffusion, as the vitreous is composed of approximately 99% water and 1% collagen and 

hyaluronan. The collagen fibers and hyaluronan molecules form an extensive meshwork in the 

vitreous, with pore sizes around 550 nm (65). Therefore, owing to the negative charge carried 

by hyaluronan, only negatively or neutrally charged particles with sizes below 500 nm diffuse 

freely in vitreous. After successful passage through the vitreous, nanoparticles face the ILM, 

OLM and the adjacent Müller cells. Since most nanoparticles exceed estimated ILM and OLM 

pore sizes of 10 - 20 nm (74, 78) and there are controversial studies showing both, the retention 

of nanoparticles on these barriers as well as nanoparticles with sizes far above 10 nm being 

able to overcome the barriers (79), ILM and OLM should not be underestimated and should be 

addressed in the nanoparticles design (65). Besides limiting membranes, another obstacle on 

the nanoparticles’ way to the RPE are Müller cells. Müller cells, spanning all retinal layers from 

the vitreal border to the photoreceptors, are phagocytosing glial cells. Under physiologic 

conditions, Müller cells are responsible for the homeostatic and metabolic support of retinal 

neurons, the composition of the extracellular space fluid, provide trophic and anti-oxidative 

support for photoreceptors and neurons and further regulate the tightness of the BRB (80). By 

virtue of their function as contributors to the defense against endogenous and exogenous 

insults, they can eliminate nanoparticles via receptor mediated endocytosis and phagocytosis. 

Upon internalization of foreign materials, Müller cells can produce and secrete 

proinflammatory cytokines, especially when intrinsically activated by damages or pathogens
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associated with retinal disease. Additionally, Müller cells can allow the entry of plasma 

proteins, recruit plasma immune system components, therefore induce inflammation and 

overrule the immune privilege of the eye (81). As a consequence, intravitreal nanoparticles for 

the therapy of retinal diseases not only bear the risk of being taken up by Müller cells as part 

of the normal reaction to foreign objects and being internalized and eliminated by invading 

macrophages but triggering additional immune responses (65). However, even though 

nanoparticles can be designed to show low immunogenicity, as for example PEG coated lipid 

nanoparticles, they can reveal high accumulation and Müller glia cells and finally fail to reach 

the RPE (82). 

By virtue of their physiological functions, Müller cells ingest and degrade nanoparticles, even 

stealthy nanoparticles, coated with hyaluronic acid or albumin, and thereby present a major 

obstacle for to reach the RPE (74). Considering the function and importance of Müller cells, 

off-target accumulation is very common phenomenon and can have serious consequences and 

should therefore be evaluated critically. Besides Müller cells, various other retinal cells are able 

to internalize nanoparticles, including ganglion cells, bipolar cells and photoreceptor cells. 

Therefore, most intravitreal nanoparticle approaches lack RPE cell specific (65, 83, 84). The 

apparent preference for RPE cells, however, mainly relies on the phagocytic nature of the RPE 

which easily takes up both endogenous material such as photoreceptor outer segments as well 

as exogenous material (78, 85). Currently, there are no intravitreal approaches available 

specifically targeting RPE cells. However, there are resent approaches trying to solve this 

problem. Using RPE specific targeting moieties (86) or cleavable linkers (87) could potentially 

enhance RPE cell specific nanoparticle uptake or specific drug release and therefore reduce off-

target effects of nanotherapeutics. 

  

Table 1. Intravitreal nanoparticle approaches for drug delivery to the RPE.  

NP Material Size* 
[nm]  

ZP 
[mV] 

Cargo NP 
Accumulati
on 

Ref. Obser
vation 
Period 

DNA-
NP 

10 kDa 
polyethylene 
glycol-
substituted 
polylysine 
(CK30PEG) 

Rods; 
Diameter 
8 – 11 
Length 
~200 

-1 
± 2 

pscCBA-
GFP;  
pEPI-
S/MAR; 
pEPI-
S/MAR 

RPE, 
photorecepto
rs and other 
retinal cells 

(78) 15 d 

HAS-
NP 

human 
serum 
albumin 
(±hexamethy
lenediamine) 

Anionic: 
~114  
Cationic: 
~175 nm 

-23.73  
± 3.03 
 
+11.7  
± 7.2 

- Müller cells, 
RPE cells, 
other retinal 
cells around 
retinal 
vascular 
structures 

(79) 5 h 
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PLA-
NP 

polylactide 120 - 160  -60 Rh-6G 
(Rh); Nile 
red (Nr) 

RPE cells, 
other retinal 
cells 

(85) 28 d 

CeO2-
NPs 
(nano
-
ceria) 

cerium oxide 
nanoparticles 

- - - Photorecepto
rs, RPE cells, 
Müller cells, 
bipolar cells, 
ganglion cells 

(88) 
(89) 
(90) 

- 
90 d 
60 d 

PEG-
LPH-
NP 

PEGylated 
liposome-
protamine-
hyaluronic 
acid 
nanoparticles 

~132 +20 siRNA Ganglion 
cells, bipolar 
cells, Müller 
cells, 
photorecepto
rs, RPE cells 

(91) 24 h 

AuNP gold 
nanoparticles 

20 - - all retinal 
cells, 
endothelial 
cells 

(92) - 

Oligo-
chitos
an-
DNA 
polypl
ex 

oligochitosan
/pCMS-
EGFP 
polyplexes 

200 - 
312 

+10 - Ganglion 
cells, Müller 
cells, RPE, 
other retinal 
cells 

(93) 72 h 

MNP-
rVEG
F 

Carboxylic 
acid-
stabilised 
iron oxide 
nanoparticles
/ 
recombinant 
VEGF 

~130 -34.7 
± 2.21 

- RPE,  
Choroid, 
other retinal 
cells 

(86, 
94) 

72 h 

PLA/
PLA-
PEO-
NP 

polylactic 
acid/polylacti
c acid-
polyethylene 
oxide 
nanoparticles 

302 - 
367 

-38.26 
± 1.42 

integrin-
antagonist 
peptide: 
C16Y 

ganglion 
cells, Müller 
cells 
photorecepto
r, RPE cells, 
other retinal 
cells 

(95) 3 d 

HA-
LCS-
NP 

hyaluronan-
modified 
core-shell 
liponanoparti
cles 

~320 -25 - RPE, 
ganglion 
cells, Müller 
cells, other 
retinal cells 

(96) 7 d 

PEG-
b-PCL 
micell
es 

poly(ethylene 
glycol)-block-
poly(ɛ-
caprolactone) 
micelles 

~55 -1.39 
± 0.23 

Desatinib RPE, other 
retinal cells 

(97) 28 d 

DNA–
SLN 

dextran–
protamine–
DNA - 
solid lipid 
nanoparticles 

200 - 
270 

+3 pCMS-
EGFP 
plasmid; 
pCEP4-
RS1 
plasmid 

Müller cells, 
ganglion 
cells, RPE 
cells 

(98) 72 h 

NP: nanoparticle; ZP: Zeta potential; *spherical unless otherwise stated
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Even if nanoparticles reach the RPE, however, the drug delivery and availability in RPE cells 

is not guaranteed, as another crucial point is the discrepancy of nanoparticle vs. drug presence. 

Although there are multiple studies revealing the presence of nanoparticles in the vitreous or 

retina for days or even weeks after intraocular administration, the drug fate remains to be 

unknown (74). There are still too few studies investigating the distribution and kinetics of both 

drug and drug carrier, the few, however, revealed a significant difference in drug vs. particle 

presence and elimination. Since drug release from the nanoparticle can be much faster than 

particle elimination from the vitreous and clearance of small molecules from the inner eye is 

extremely fast, drawn conclusions might be incorrect and of limited informative value (74, 85, 

99). Thus, not only nanoparticle accumulation, including retinal off-target distribution, but 

drug content in the target tissue should be assessed to finally evaluate the success of the drug 

delivery system. However, even though intravitreal delivery of nanoparticles is a common and 

highly promising approach for drug delivery to the RPE, there are more considerable 

challenges than might initially appear. Since, even though nanoparticles manage to cross the 

two limiting membranes on their way to the RPE, they often lack cell specific accumulating in 

the retina and can therefore initiate inflammatory responses and reveal serious off-target 

effects. However, by crossing theses membranes, they usually reach the RPE and due to the 

tissues’ phagocytic nature, accumulate in the target cells. For the design of successful, efficient, 

and safe intravitreal nanoparticles approaches, it therefore is mandatory to successively 

address the challenges presented by limiting membranes, Müller cells and consider 

elimination processes. 

 

5.2 Intravenous Nanoparticle Approaches  

The other option to target the RPE is from the basal side via the choroidal vasculature using 

systemically applied nanoparticles. Although to date there are only very few nanoparticle 

approaches using this route to the RPE (72), it has several advantages over intravitreal 

injections. Besides the simplicity and non-invasive character of systemic administration, the 

feasibility is given by the physiology of the eye, as the choroidal blood flow is one of the highest 

in the human body and the choroid being in immediate proximity to the RPE (99). However, 

even though choroidal vessels are leaky, provide rapid transport of solutes and small molecules 

and have fenestrations with pore sizes of 60 – 80 nm diameter, it is a common misconception 

that there is free transport of nanoparticles and macromolecules to the RPE (100). In fact, 

fenestrations are spanned by diaphragms with pore sizes of approx. 6 nm, restricting the 

transport of macromolecules to the RPE. However, as the RPE-photoreceptor complex 

depends on nutrient supply from the blood stream, transport occurs either via diffusion 

through the fenestrations or transcellularly, mediated by caveolae or coated pits (100). Upon 

extravasation from the choroidal blood stream, nanoparticles must only diffuse through the
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extracellular matrix of the BM to finally reach the target cells. Thus, nanoparticles do not need 

to distinguish between the different cell types in the retina and do not need to escape 

phagocytoses by Müller cells. More so, since RPE cells have a high phagocytosis activity, they 

are prone to efficiently recognize and subsequently internalize nanoparticles. Therefore, the 

accessibility of the RPE depends mainly on the fact that nanoparticles extravasate from the 

choroidal blood stream. While, for instance, inorganic RGD-(arginine–glycine–aspartic acid)-

modified nanoparticles revealed accumulation in the choroid but no enrichment in the RPE 

after systemic administration (101), RGD-modified lipid nanoparticles, liposomes as well as 

poly-(lactide-co-glycolide) (PLGA) nanoparticles where shown to efficiently extravasate from 

the choroid and accumulate in the RPE (102). Thus, indicating that nanocarrier composition 

plays a crucial role for targeting the RPE by affecting blood extravasation. Furthermore, 

indicating that choroidal extravasation must necessarily be considered and addressed during 

nanoparticles design. In addition to nanoparticle composition, another crucial parameter is 

size. Since very small dendrimers, as well as inorganic gold nanoparticles were not only shown 

to extravasate from the choroid and reach the RPE but pass through the BRB and are therefore 

able to reach various cells in the neural retina (103, 104).  

 

Table 2. Intravenous nanoparticle approaches for drug delivery to the RPE.  

NP Material Size* 
[nm]  

ZP 
[mV] 

Cargo NP 
Accumulatio
n 

Ref. Obser
vation 
Period 

AuNP gold 
nanoparticles 

50 
20 

- 
- 

- 
- 

all retinal 
layers, 
including 
neurons, 
endothelial 
cells, glial 
cells, RPE cells 

(105) 
(103) 

21 d 
1 d 

BSA-
A647 / 
BSA-
GNP 

Alexa647 
conjugated to 
Bovine serum 
albumin / 
Bovine serum 
albumin 
conjugated to 
gold 
nanoparticles  

2.3 
12.1 

-12.1  
-18.0 

- RPE cells, 
photoreceptors  

(100) 4 h 

D-Cy5 generation-4 
hydroxyl 
poly-
amidoamine 
(D-Cy5) 
dendrimers 

4.87 
±0.20 

6.63 
±0.24 

- Müller cells 
microglia 
macrophages 
RPE cells 

(104) 21 d 
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RGD-
Tf-
Flt23K-
PLGA-
NP 

Transferrin-
RGD 
(arginine–
glycine–
aspartic acid) 
functionalized 
poly-(lactide-
co-glycolide) 
nanoparticle 

419.
2 
±6.3 

−11.
2 
±1.1
5 

Flt23K 
plasmid 

Photoreceptors
RPE cells 
endothelial 
cells 

(102) 48 h 

8D3-
PIL 

monoclonal 
antibody 
(mAb) to the 
transferrin 
receptor (TfR) 
functionalized 
pegylated 
immune-
liposomes 
(PIL)  

- - pSV-β-
galactosidas
e;pGfa-lacZ 

Ganglion cells 
Müller cells 
RPE cells 

(106) 48 h 

NP: nanoparticle; ZP: Zeta potential; *spherical unless otherwise stated 

 

However, for most nanoparticles that have shown to reach the RPE, the exact transport 

mechanism remains to be elucidated and further research is needed to fully understand the 

processes of choroidal blood extravasation and extracellular matrix crossing in order to 

progressively address and leverage these mechanisms. 

Due to the heterogeneity of particle composition, size, charge, and targeting ligands, 

unfortunately, no general conclusions can be drawn for the design of nanoparticles for targeted 

drug delivery to the RPE. However, besides considering blood extravasation and BM-crossing, 

addressing, and mimicking nutrient pathways seem to be utterly beneficial. As RPE cells are 

responsible for the transport of various nutrients and waste products from the blood to the 

photoreceptors and vice versa, they exhibit a multitude of transporters and receptors, usually 

localized either on the apical or basal side. Depending on the route of administration, diverse 

receptors can be targeted in order to facilitate intracellular and cell specific nanoparticle 

enrichment. As addressing transporters and receptors dramatically influences drug delivery 

and bioavailability and thus therapeutic efficacy, active targeting bears the potential to 

facilitate RPE accumulation independent from the chosen administration route (3). For 

example, functionalization of the nanoparticle surface with transferrin, RGD or both increased 

RPE delivery of nanoparticles when compared to nonfunctionalized nanoparticles. 

Additionally, liposomes and PLGA nanoparticles functionalized with either transferrin or 

transferrin and RGD were shown to efficiently transfect RPE cells after systemic 

administration in mice (102, 107). And LDL-mimicking CsA loaded RGD-modified lipid 

nanoparticles accumulated in the RPE and revealed comprehensive therapeutic effects in a 

mouse model of retinopathy of prematurity after one single intravenous injection (Chapter 5). 

These approaches indicate the enormous therapeutic potential of systemically administered 
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nanoparticles for the efficient, safe and patient friendly treatment of diseases with RPE 

association, irrespective of the chosen drug, including small molecules, antibodies, 

oligonucleotides, genes, and growth factors.  

 

6 Concluding remarks 

With the constantly increasing understanding of RPE biology the role of the RPE as retinal 

caretaker and key player in various retinal diseases is gaining more and more attention. The 

resulting emerging appreciation of the RPE as attractive target for drug therapy facilitates the 

development of novel drugs and drug delivery systems. Thus, during the last few years some 

initial developments have been made opening unprecedented possibilities for targeted RPE 

drug delivery. However, drug delivery to the neuroretina, and even more so, the RPE, still bears 

major challenges, including efficacy and cell specificity. Hence, future research is needed to 

gain a better understanding of the limitations and obstacles for drug delivery to the RPE in 

order to subsequently design drug delivery systems that comprehensively address these 

challenges. If researchers mange to overcome these limitations and successfully delivery 

therapeutics to the RPE, targeted RPE therapy has the potential to revolutionize the current 

treatment landscape of retinal diseases.
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Positive patient outcomes rely heavily on the ability to direct drugs to a specific site. 

Conventional drug therapy often results in subtherapeutic concentrations at the target site as 

most drugs distribute broadly through the patient. To overcome limitations presented by 

conventional drug therapy, nanoparticle-based drug delivery systems emerged as suitable 

vehicles to enhance on-site drug availability. More so, nanoparticles have been proven to be 

advantageous at solubilizing therapeutic cargos, prolonging the circulation lifetimes of drugs, 

and altering their biodistribution. Consequently, nanotherapeutics offer tremendous potential 

for improving targeted delivery of therapeutics ranging from small molecules to complex 

modalities such as RNA and DNA (1, 2). However, despite a century of perpetual discovery and 

development, nanotherapeutics still lack therapeutic efficacy in a broad range of indications 

including oncologic, inflammatory and ocular diseases. One major challenge that has been 

discussed repeatedly in the field (3, 4) is the incapability of nanoparticles to enrich en masse 

at the site of interest: The inability to reach target sites has been associated with a lack of 

clinical efficacy and safety, therefore leaving the therapeutic potential of various highly 

promising drugs untapped (5). 

Therefore, the goal of this work was to develop nanotherapeutics targeting the retina to 

ultimately unleash the full potential of various drugs in ocular diseases. 

As basic nanoparticulate drug carrier, lipid nanocapsules (LNCs) were used in this study. LNCs 

are important drug delivery systems given their biocompatibility, capability to encapsulate a 

broad range of drugs, and ease of preparation with favorable particle characteristics like 

precise control of particle size and narrow size distribution (6). Importantly, the encapsulation 

of lipophilic drugs can overcome physicochemical constraints limiting the therapeutic efficacy, 

such as low aqueous solubility and high plasma protein binding (7). Enhancing solubility by 

encapsulation into nanoparticles, however, does not automatically entail enhancement of 

intracellular drug availability. Fundamental reasons for the failure of site-specific drug release 

from the drug delivery system, are either the ‘loss’ of significant amounts of cargo already on 

the way to the target or limited intracellular release of the drug from the carrier (8). Therefore, 

to elucidate the relationship between intracellular availability and biological efficacy, lipophilic 

drugs were encapsulated into LNCs and in vitro effects of the nanotherapeutic were evaluated, 

accordingly (Chapter 3). Cyclosporin A (CsA) and Itraconazole (It), were used as model 

compounds given their therapeutic potential for the treatment of retinal diseases. To optimize 

cellular uptake of nanoparticles and further enable intracellular drug delivery, drug loaded 

LNCs were modified with an αvβ3 integrin-specific ligand cyclo(-Arg-Gly-Asp-D-Phe-Cys) 

(RGD), facilitating the internalization into endothelial and RPE cells (9, 10). The nanoparticle 

formulations were characterized for their physicochemical characteristics including size, 

polydispersity index, zeta potential and drug load. Additionally, their ability to be taken up and 

transport drugs into the target cells was investigated through flow cytometry and confocal laser
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scanning microscopy. Subsequently, the therapeutic efficacy of the nanoparticles compared to 

free drugs and untreated control was elucidated by investigating inhibitory effects on 

endothelial cell proliferation, vascular endothelial growth factor expression, and tube 

formation.  

As LNCs generally lack detectability in biological environments, labeling of LNCs is necessary 

for assessing their in vitro and in vivo performance. It is for this reason that fluorescent tags 

are usually introduced to the LNC core. This allows quick and easy quantification of the 

nanoparticles and enable visualization, localization and tracking of LNCs after in vivo or in 

vitro application (11). In order to additionally gain high resolution visualization via 

transmission electron microscopy (TEM) and further enable quantification using inductively 

coupled plasma optical emission spectroscopy (ICP-OES) (12), LNCs loaded simultaneously 

with fluorescent dye and superparamagnetic iron oxide nanoparticles (SPIONs) (13) were 

designed (Chapter 4). These dually labelled LNCs (Dual LNCs) were designed to be 

concomitantly visualizable via fluorescence and transmitted light imaging after either the 

internalization by cells in vitro or in vivo administration. Dual LNCs were analyzed and 

compared with fluorescent dye labeled LNCs (Dye LNCs) and SPION loaded LNCs (SPION 

LNCs) regarding physicochemical properties, colloidal stability, particle integrity and 

biocompatibility. Additionally, SPION content of Dual LNCs was determined using ICP-OES 

analysis. Furthermore, as special focus was laid on the enhancement of in vivo detectability, 

visibility of Dual LNCs in tissues after systemic administration to mice was examined using 

both optical microscopy and TEM.  

Nanoparticle formulations are generally optimized based on in vitro performance and 

characteristics. Poor in vivo - in vitro correlation, however, can result in paradox outcomes 

and formulations often fail to successfully deliver drugs to the target site in vivo (1, 3). In 

Chapter 5 it was investigated whether systemically administered, drug-loaded RGD-LNCs 

overcome the obstacles of limited and unspecific target tissue enrichment, enhance on-site 

bioavailability and exhibit therapeutic efficacy for the treatment of retinal diseases. First, the 

ability of RGD-LNCs to reach and enrich in retinal pigment epithelial (RPE) and retinal 

endothelial cells was determined in healthy mice through quantitative and qualitative 

biodistribution studies. Additionally, cell specific nanoparticle enrichment and cellular 

residence time was assessed through fluorescence microcopy. Furthermore, to elucidate the 

mechanism underlying target cell enrichment and further shed light on the route RGD-LNCs 

take to reach RPE cells, TEM imaging was used. After investigating target cell specific 

enrichment in the retina of healthy mice, the therapeutic potential of CsA loaded RGD-LNCs 

compared to free CsA was assessed using a mouse model of retinopathy of prematurity (14). 

Effects of the intravenous CsA RGD-LNC therapy on pathologic neovascularization and 

inflammation were determined through immunohistochemistry, ELISA, real-time RT-qPCR
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and fluorescence microscopy methods. Anti-angiogenic efficacy was assessed by determining 

suppression of retinal neovascularization, vascular endothelial growth factor (VEGF) and 

VEGF receptor expression in either the retina or RPE-choroid complex. Additionally, anti-

inflammatory potential was investigated by examining glia cell reactivity and pro-

inflammatory cytokine expression. 

 

In summary, the overall goal of this work was to develop a nanotherapeutic able to overcome 

limitations presented by insufficient and unspecific target tissue enrichment to ultimately 

enhance on-site bioavailability and exhibit therapeutic efficacy for the treatment of retinal 

diseases.
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Abstract 

Lipid nanocapsules (LNCs) are extensively used as drug carrier systems, due to their small size 

distribution, biocompatibility, and ease of preparation. They are especially useful for lipophilic 

drugs to overcome physicochemical constraints that limit their efficacy, such as low solubility 

in aqueous media. The aim of this work was to investigate the relationship between the 

intracellular availability of poorly soluble drugs delivered via LNCs and their biological efficacy 

in cells in vitro. Cyclosporin A (CsA) with a logPOct = 4.3 and Itraconazole (It) with a logPOct = 

6.2 served as model lipophilic compounds, as they are highly promising candidates for the 

treatment of neovascular ocular diseases. Due to their lipophilic properties and the resulting 

preference for the oily core of LNCs, high encapsulation efficiencies were achieved. Drug-

loaded LNCs with particle sizes around 50 nm were grafted with an αvβ3 integrin ligand (RGD) 

to optimize cellular uptake by human dermal microvascular endothelial cells. Even though 

RGD-LNCs showed excellent internalization, they exhibited insufficient inhibitory effects in 

vitro regarding endothelial cell proliferation, vascular endothelial growth factor expression, 

and tube formation in contrast to free drugs. This loss of efficacy could be explained by 

negligible intracellular availability of the poorly soluble drugs from LNCs. 
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1 Introduction 

Lipid nanocapsules (LNCs) are widely used as delivery systems, especially for poorly soluble 

drugs. This extensive use can be explained by their narrow size distributions with achievable 

sizes between 25 and 100 nm, biocompatible nature, simplicity of preparation, and capacity to 

encapsulate a broad range of drugs with various solubility characteristics (1). LNCs usually 

consist of an oily core made of medium-chain triglycerides, surrounded by a mixture of lecithin 

and a PEGylated surfactant. Their formulation is commonly based on the phase-inversion 

temperature phenomenon of emulsions leading to LNC formation with good mono-dispersity 

(2). In light of these advantages, we have chosen LNCs as a delivery system for lipophilic 

antiangiogenic drugs for the treatment of neovascular ocular diseases. 

Neovascular ocular diseases, in particular exudative age-related macular degeneration (wet 

AMD) and proliferative diabetic retinopathy (DR), are associated with pronounced choroidal 

or intraretinal neovascularization, during which the blood vessels become leaky and begin to 

sprout (3). With the observation that blood vessel proliferation and hyperpermeability are the 

major underlying pathomechanisms (4, 5), vascular endothelial growth factor (VEGF) was 

identified as a key regulator of these processes (6, 7). Currently, VEGF is well known to be of 

paramount significance for the regulation of angiogenesis (8), blood vessel permeability, and 

the creation of endothelial cell fenestrations (9, 10). As a consequence, today’s standard 

therapy for the treatment of neovascular ocular diseases are intravitreal anti-VEGF antibody 

injections (11). Even though this therapeutic concept has shown great success, there are 

numerous drawbacks and side effects that accompany continuous anti-VEGF therapy. 

Blocking the VEGF signaling pathway completely results in blocking all the positive VEGF 

effects as well (12). The biological VEGF effects in the retina are not limited to endothelial cells, 

where the effects are undesired, because VEGF receptors are expressed on a number of other 

cell types such as Müller cells, astrocytes, photoreceptors, and retinal pigment epithelial cells 

(13, 14). Clinically, rigorous suppression of omnipresent VEGF levels manifests in a decrease 

of choroid thickness (15). Epidemiologically, the risk of contracting geographic atrophy 

increases under long-term anti-VEGF antibody therapy and is accompanied by massive local 

cell death of retinal pigment epithelium cells and photoreceptors (16). 

With AMD and DR being two of the leading causes of blindness globally (17, 18) and the 

limitations of continuous and rigorous VEGF knockdown in the retina, there is an urgent need 

for the development of a new therapeutic concept. Therefore, we developed antiangiogenic 

drug-loaded LNCs that allow for choroidal endothelium-specific anti-VEGF therapy. Ideally, 

this therapy would spare all cell types in the retina that suffer from general VEGF deprivation. 

Therefore, αvβ3 integrins were chosen as a promising target for selective nanoparticle delivery 

because their expression is limited to very few cell types and they are significantly over-
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expressed during neovascularization (19). In the case of αvβ3 integrin, it is preferentially 

expressed by proliferating endothelial cells (20–22). Additionally, integrins stand out due to 

their high rates of receptor-mediated endocytosis, which could facilitate the intracellular 

delivery of targeted nanoparticles (23, 24). 

Therefore, the highly potent and αvβ3 integrin-specific ligand cyclo(-Arg-Gly-Asp-D-Phe-Cys) 

(RGD) was attached to the LNC surface to target proliferating endothelial cells (25, 26). For 

intracellular anti-VEGF therapy, two highly appealing drugs were chosen: Cyclosporin A (CsA) 

and Itraconazole (It). They are already well known and widely used as an immunosuppressant 

and an antifungal drug, respectively. Besides their current scope of application, both interfere 

with the VEGF signaling pathway at different intracellular sites. 

CsA is able to suppress the intracellular VEGF signaling pathway (27) and alleviates endothelial 

cell sprouting and proliferation in vitro (28, 29). Additionally, CsA counteracts the TGFβ-

related increase of VEGF production in retinal pigment epithelial cells (30), which is the main 

source of VEGF in the retina (31). Furthermore, CsA possesses anti-inflammatory potential 

and decreases interleukin-1β levels. In addition, CsA repairs damage to the blood-retina-

barrier in an animal model of diabetes (32). VEGF receptor type 2 (VEGF-R2) glycosylation 

and intracellular trafficking is not only inhibited by CsA, but also by It (33), and the same 

applies to endothelial cell proliferation (34). According to Nacev, et al., the drugs exert 

synergistic effects (28). 

CsA has been shown to significantly, but moderately alleviate progression of diabetic 

retinopathy after oral administration to transplantation patients, demonstrating its high 

therapeutic potential but suffer from an insufficient availability in the ocular vasculature (35–

37). 

We have designed targeting nanocarriers loaded with CsA and a combination of CsA and It to 

overcome this lack of intracellular availability and concomitantly reduce side effects. The aim 

of this work was to elucidate whether an appropriate intracellular availability of CsA and It 

could be achieved by using LNCs as carrier systems for the poorly soluble drugs. The 

intracellular availability was investigated by comparing the inhibitory efficacy of CsA and a 

combination of CsA and It encapsulated in LNCs or as free drugs, on endothelial cell 

proliferation, VEGF-receptor expression, and tube formation.
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2 Materials and Methods 

 

2.1 Materials 

Cyclosporin A (CsA) was obtained from Pharma Stulln GmbH (Stulln, Germany). Itraconazole 

(It) was purchased from Fagron GmbH (Barsbüttel, Germany). Kolliphor® HS15 was obtained 

from BASF. Lipoid® S75-3 was obtained from Lipoid GmbH (Ludwigshafen, Germany). 

Miglyol® 812 (MCT) was purchased from Caesar & Loretz GmbH (Hilden, Germany). NaCl 

was obtained from Merck (Darmstadt, Germany). 3,3'-Dioctadecyloxacarbocyanine-

perchlorate (DiO) and 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine-perchlorate 

(DiI) were purchased from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). Purified 

water was obtained from a MilliQ System from Millipore (Schwalbach, Germany). Dulbecco’s 

Phosphate Buffered Saline (DPBS) was obtained from Gibco® Life Technologies (Thermo 

Fisher Scientific, Waltham, MA, USA). Cyclosporine D (CsD) was a generous gift from Prof. 

Dr. F. Kees (University of Regensburg, Germany). Methanol and dichloromethane, analytical 

standard, were purchased from Merck (Darmstadt, Germany). 1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N[maleimide(polyethyleneglycol)-2000] (ammonium salt) (DSPE-

PEG2000-maleimide) and 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG2000) were purchased 

from Avanti Polar Lipids Inc. (Alabaster, AL, USA) and cyclo(-Arg-Gly-Asp-D-Phe-Cys) acetate 

salt (RGD) from Bachem Distribution Service GmbH (Weil a. Rhein, Germany).  

Fetal Calf Serum (FCS) was purchased from Biowest (Nuaillé, France). Recombinant Human 

Vascular Endothelial Growth Factor (VEGF)-165, APC anti-human CD309 (VEGF-R2) 

Antibody and APC Mouse IgG1, κ Isotype Ctrl Antibody were obtained from BioLegend UK 

Ltd. (London, UK). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) and Sodium dodecyl sulfate (SDS) were purchased from AppliChem (Darmstadt, 

Germany). Leibovitz’s L-15, Trypsin-EDTA (0.25%) and Calcein-AM were obtained from Life 

Technologies (Thermo Fisher Scientific, Waltham, MA, USA). Propidium iodide was 

purchased from Sigma-Aldrich (Taufkirchen, Germany). Matrigel® Matrix was obtained from 

Corning (Amsterdam, Netherlands). 

 

2.2 Cell Culture 

Human Dermal Microvascular Endothelial Cells (HDMECs) were purchased from PromoCell 

GmbH (Heidelberg, Germany) and cultured in Endothelial Cell Growth Medium MV (GM) and 

Endothelial Cell Basal Medium MV (BM), purchased from PromoCell GmbH (Heidelberg, 

Germany). HDMECs were exclusively used in low passage numbers ranging from 4 to 6. 

Furthermore, it was ensured that confluence levels were below 80% in every experiment.
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2.3 Preparation of Lipid Nanocapsules 

LNCs were prepared according to a modified protocol originally based on the work of Heurtault 

et al. (2). In short, 887.5 mg Kolliphor® HS15, 30 mg Lipoid® S75-3, 415 mg MCT, 12 mg 

NaCl and 655.8 mg water were subjected to three cycles of progressive heating and cooling 

between 90 and 60°C. To quantify particles after modification and purification, fluorescent 

dyes (DiI or DiO 1.5% (w/w)) were added to the initial mixture. During the last cycle, an 

irreversible shock was induced by dilution with 5 ml water at the phase inversion temperature, 

leading to the formation of stable LNCs. Afterwards, additional magnetic stirring was applied 

for 5 min at room temperature. The final dispersion was filtered through a 0.22 µm regenerated 

cellulose (RC) membrane for sterilization and stored at room temperature in the dark. 

To prepare drug-loaded LNCs, 35.3 mg CsA were dissolved in MCT and particles were prepared 

as described above. For It encapsulation, 0.1 mg was dissolved in dichloromethane and added 

to the mixture of MCT, Kolliphor, Lipoid, and NaCl. Dichloromethane was then evaporated at 

75°C for 30 min. Afterwards, the water was added, and the first heating cycle was initiated. 

 

2.4 Drug Loading Studies 

Free non-encapsulated drug was separated from the LNCs by ultrafiltration using an Amicon® 

Ultra-4 MWCO 10 kDa centrifugal filter (Merck, Germany), as described by others (38, 39). 2 

g of freshly prepared LNC dispersion were centrifuged for 30 min at 4000 g. The resulting 

filtrate was weighed, and the retentate weight adjusted to 2 g with water. After that, 20 µl of 

sample was diluted 5000-fold with methanol and ultrasonicated for 30 min to disrupt the 

particles and extract the drug, which was quantified by UHPLC-MS, as previously described 

(40). Briefly, CsD was used as an internal standard, and a calibration curve was made with CsA 

in blank LNC methanol solution, prepared as described above. Samples were analyzed in 

triplicate and the mean ± SD was calculated (mg of CsA per g of LNC dispersion). The 

encapsulation efficiency was determined (experimental drug payload/theoretical drug 

payload). 

 

2.5 RGD-Peptide grafting on LNCs 

First, peptides were coupled to the amphiphilic DSPE-PEG2000-maleimide using conjugation 

chemistry between the thiol group present on the cyclic structure of the peptide and the 

maleimide (41). Next, the conjugate or DSPE-mPEG2000 was inserted in the shell of the LNCs 

by post-insertion method (42). Modified LNCs were dialyzed against DPBS overnight using 

Spectra/Por® Float-A-Lyzer® G2 MWCO 300 kDa (Sigma-Aldrich, Germany) and 

subsequently centrifuged twice (15 min, 4000 g) using an Amicon® Ultra-4 MWCO 100 kDa 

centrifugal filter (Merck, Germany) for further purification.
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2.6 Characterization of LNCs 

Dynamic light scattering (DLS) was used to determine the Z-average particle diameter and the 

polydispersity index (PDI) of LNCs using a Zetasizer®Nano ZEN 3600 (Malvern Instruments, 

Worcestershire, UK). All batches were diluted in 10% DPBS and were analyzed in triplicate. 

 

2.7 Cellular Uptake Studies 

Flow Cytometry studies were performed on 24-well plates using DiO-labeled LNCs. 50,000 

cells/well were seeded and incubated overnight in GM. GM was then aspirated, the cells were 

washed with DPBS and afterwards incubated with different LNC dispersions (0.6 mg/ml) for 

45 min at 37°C. The cells were then washed with DPBS, detached from the well surfaces, 

washed again and re-dispersed in DPBS. Immediately prior to the measurement they were 

stained with propidium iodide to exclude damaged cells during analysis. The cells were 

analyzed using a BD FACS Calibur™ fluorescent-activated flow cytometer with BD CellQuest™ 

software (BDBiosciences, Heidelberg, Germany). Fluorescence was excited at 488 nm and 

recorded with a FL1 530/30 (DiO-LNCs) bandpass filter and a FL3 670 nm (PI) long pass filter. 

10,000 cells were measured in each sample and untreated cells were used as internal control. 

Data was analyzed with Flowing Software (Turku Centre of Biotechnology, Finland). The 

population of viable cells was gated, and the mean fluorescence intensity was analyzed. 

For Confocal Laser Scanning Microscopy, 20,000 cells/well were seeded in 8-well µ-slides 

(ibidi, Planegg, Germany) and incubated overnight. Cells were washed with DPBS, LNC 

samples (0.6 mg/ml) were added and incubated for 45 min at 37°C. Afterwards, cells were 

washed twice, covered with Leibovitz’s Medium supplemented with 10% FCS and examined 

with a confocal microscope LSM 510 Meta (Zeiss, Oberkochen, Germany), using a Plan-

Apochromat 63x/1.4 oil objective. Fluorescence was excited at 488 nm with an argon laser, and 

emission was recorded with a 505 nm long pass filter. Images were captured and analyzed 

using ZEN (Zeiss, Oberkochen, Germany). 

 

2.8 MTT Assay 

To determine cellular proliferation and viability, the MTT assay after Mosmann and Buttke, et 

al. (43, 44) was adapted. In short, 4,000 cells/well were seeded in 96-well plates and incubated 

overnight to allow the cells to adhere. Then the GM was replaced by various dilutions of VEGF 

(5 – 100 ng/ml), CsA (1.0 – 25 µg/ml), It (0.1 – 2.5 µg/ml), CsA/It in a ratio of 10:1 (1.0/0.1 – 

25/2.5 µg/ml), CsA RGD-LNC, CsA+It RGD-LNC, or RGD-LNC (0.6 g/ml) in BM 

supplemented with 2% FCS. The cells were incubated at 37°C for 24 h, and then drug-

containing medium was removed, and the cells were washed with DPBS. 0.63 mg/ml MTT 

solution (in 75% GM and 25% DPBS) was added to each well with a subsequent incubation 

over 4 h. Afterwards, MTT solution was aspirated carefully and 10% SDS solution was added. 
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The cells were further incubated overnight in the dark at room temperature. Lastly, the degree 

of proliferation was ascertained by measuring the absorbance at 570 nm on a microplate reader 

(FLUOstar Omega, BMG Labtech). Absorbance values were used to calculate the proliferation 

rate by referring to untreated control cells with a proliferation value of 100%. 

 

2.9 Cell Cycle Analysis 

Cell Cycle Analysis by flow cytometry was performed as previously described (45–48), to 

determine the percentage of cells in the G0/1-, S- and G2- Phases after DNA staining with 

propidium iodide. In short, 1 million cells were seeded in T75 culture flasks and incubated in 

GM overnight. Afterwards the GM was aspirated, the cells were washed with DPBS and 

samples (25 µg/ml CsA, 1.0/0.1 µg/ml CsA/It and 0.6 mg/ml CsA RGD-LNCs or CsA/It RGD-

LNCs) in BM with 10 ng/ml VEGF were added. After an incubation period of 24 h, the samples 

were aspirated, the cells were washed, pelletized and washed twice again. 1 million cells per 

sample were transferred to a falcon tube, centrifuged again, resuspended in DPBS, and stored 

on ice for 5 min. Next, methanol was added under continuous stirring to dilute samples to 70% 

methanol and the cells were fixed for a minimum of 12 h. After the fixation process, the cells 

were washed with DPBS again and resuspended in 425 µl DPBS. 50 µl RNAse (Qiagen, Venio, 

Netherlands) (1 mg/ml) were added and incubated at 37°C for 20 min. Thereafter 25 µl 

propidium iodide (1 mg/ml) were added and samples were measured by flow cytometry with 

50,000 counts/sample. Fluorescence was excited at 488 nm with an argon laser and emission 

was recorded with a FL3 670 nm (PI) long pass filter. Analysis and quantification were 

performed using ModFit LT (Verity Software House, Maine, USA). 

 

2.10 VEGF-Receptor-2 Expression 

To investigate the effect of drug-loaded LNCs and free drugs on VEGF-R2 expression, flow 

cytometry was used. For that 50,000 cells/well were seeded in a 24-well plate and grown in 

GM overnight. Thereafter, the cells were washed with DPBS and samples (25 µg/ml CsA, 

1.0/0.1 µg/ml CsA/It and 0.6 mg/ml CsA RGD-LNCs or CsA/It RGD-LNCs) in BM containing 

10 ng/ml VEGF were added and incubated for 24 h. Then, they were washed again, pelletized, 

and resuspended in cell staining buffer (DPBS supplemented with 5% FCS). APC anti-human 

CD309 (VEGF-R2) Antibody and APC Mouse IgG1, κ Isotype Ctrl Antibody were added to 

untreated and treated cells. After an incubation of 20 min on ice in the dark, the cells were 

pelletized again and washed twice with cell staining buffer before analysis. 10,000 events per 

sample were measured using flow cytometry. Fluorescence was excited at 635 nm, and 

emission was recorded with a FL4 661/8 nm (APC) bandpass filter. Data was analyzed by using 

mean fluorescence intensity, excluding mean fluorescence values obtained by isotype control, 

using Flowing Software (Turku Centre of Biotechnology, Finland).
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2.11 Tube Formation Assay 

Tube Formation Assays were performed to test antiangiogenic potency (49) of LNCs and free 

drugs on HDMECs, according to previously published methods (50). Briefly, a 96-well plate 

was coated with 50 µl Matrigel® per well. HDMECs were stained with Calcein-AM and 

adjusted to 1 million cells/ml. 1 ml of cell dispersion per sample was pelletized in Eppendorf 

tubes, resuspended in 25 µg/ml CsA, 1.0/0.1 µg/ml CsA/It and 0.6 mg/ml CsA RGD-LNCs or 

CsA/It RGD-LNCs and 10,000 cells/well were seeded gently on Matrigel®. The cells were 

examined after 2, 4, 6, 8, 10, and 24 h for tube formation using an inverted microscope LSM 

510 Meta (Zeiss, Oberkochen, Germany) with a 5x objective, 488 nm laser, Ph1 (phase 

contrast). Quantification of tube networks was performed by using Angiogenesis Analyzer for 

ImageJ (51). As quantification parameters, the percentage reduction of nodes and the total 

tube length were used. 

 

2.12 Statistical Analysis 

All data are indicated as means ± SD of at least three independent experiments. The statistical 

analysis was performed using GraphPad Prism 6 and by using one-way ANOVA (unless 

otherwise stated). Significant differences were indicated as: *(P < 0.05), **(P < 0.01), *** (P < 

0.001) and **** (P < 0.0001) related to control unless otherwise stated. 

 

3 Results 

 

3.1 Drug Loading studies 

The poorly water-soluble drug CsA was dissolved in the oil phase prior to preparation. High 

encapsulation efficiencies were achieved with values of 67% and a drug payload of 34.1 mg/g 

LNC (Table 1). Similar behavior can be expected for It, due to its even lower water solubility 

compared to CsA (52, 53). 

 

 

 

 

 

Table 1. Zeta potential [mV], drug payload [mg/g LNC dispersion] and encapsulation 

efficiency [%] with standard deviation of three independent batches. Drug payload and 

encapsulation efficiency characterized by HPLC-MS with a correlation coefficient r² = 0.995. 

 

No significant differences could be detected in terms of drug payload and encapsulation 

efficiency between the batches, indicating that the manufacturing process of drug-loaded LNCs 

 Drug payload  

[mg/g LNC] 

Encapsulation efficiency 

[%] 

Zeta Potential 

[mV] 

CsA LNCs 34.1 ± 0.7 66.8 ± 1.2 - 2.26 ± 0.73 
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is very reproducible. Nevertheless, there is a considerable amount of non-encapsulated CsA 

that presumably does not appear in a free state in the aqueous phase because there were no 

detectable amounts of free CsA in the filtrate after purification (data not shown). 

 

3.2 Particle characterization 

 

Figure 1. Size (bars) and size distribution (polydispersity, black squares) measured in 10% 

DPBS at 25°C. 

 

It is well known that particle size is a key factor in cellular uptake of nanoparticles and that 

uptake increases with decreasing particle diameter up to an optimal point. In general, for 

nanoparticles with diameters below 100 nm, good cellular uptake has been shown, while the 

optimal size for cellular internalization seems to be 50 nm (54). Although, the size is only one 

factor that affects cellular internalization of nanocarriers (55). Another important 

physicochemical property regarding cellular uptake is the surface charge. Increased cellular 

internalization can be achieved by an enhancement of surface charge, either positive or 

negative, while extensive charges might lead to lysosomal escape or lysosome co-localization 

(56). Based on this knowledge, we prepared LNCs with a diameter of approximately 50 nm and 

a slightly negative zeta potential. 

Size and polydispersity index (PDI) of blank LNCs as well as peptide-grafted LNCs are 

presented in Figure 1. Encapsulation of drugs or dyes did not change these characteristics (data 

not shown), as described by others (57). On the contrary, DSPE-mPEG or DSPE-PEG-RGD 

inserted after encapsulation increased the size of LNCs by an average of 10 nm, while PDI 

remained relatively low, indicating effective attachment of the peptides. For all formulations, 

the polydispersity index was < 0.07, which demonstrates narrow size distributions of all 

preparations.
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3.3 Cellular Uptake Studies 

 

Figure 2. Mean fluorescence intensity of cells incubated with 0.6 mg/ml of modified, DiO 

loaded LNCs for 45 min incubation time at 37°C. 

 

Internalization of modified and unmodified LNCs was evaluated in vitro by using flow 

cytometry (FACS) (Fig. 2) and confocal microscopy (Supplements S1). The FACS analysis 

revealed excellent cellular uptake of RGD-LNCs, whereas uptake of unmodified LNCs or 

mPEG-LNCs was negligible. The significantly higher internalization of RGD-LNCs confirmed 

the interaction between the RGD peptide and αvβ3 integrins on the cell surface of endothelial 

cells, as previously reported (58). This is additionally supported by the fact that there is a 

significant decrease of the fluorescent values when free RGD is added and αvβ3 integrins are 

saturated with free ligand. This clearly demonstrates active uptake of RGD-LNCs via αvβ3 

integrin receptors and reveals that a targeting ligand on the shell of LNCs is needed to achieve 

satisfactory internalization. 

Confocal laser scanning microscopy (CLSM) was used to confirm the excellent cellular uptake 

revealed by FACS analysis and to determine whether the LNCs were cell-surface bound or 

internalized. The CLSM pictures confirmed the results from the flow cytometry experiments 

(Supplements S1). Like the untreated cells (A), cells treated with LNCs (B) or mPEG-LNCs (D) 

showed no measurable fluorescence. Dense, bright fluorescence can be observed in the 

cytosolic region of the cells treated with RGD-LNCs (excluding the nucleus which showed less 

fluorescence) (C). This suggests that the RGD-LNCs were internalized rather than bound to the 

cell membrane. The internalization of RGD-LNCs was inhibited by the addition of free RGD 

during the incubation, indicating specific receptor-mediated uptake (E). 

With both standard methods for the investigation of cellular uptake, we found that RGD-LNCs 

can interfere functionally with the αvβ3 integrin in vitro. This indicates that the coupling and 
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post-insertion process was successful and resulted in efficient recognition of the integrin 

receptors on the cell surface. Additionally, the results show that a targeting ligand is essential 

for achieving a sufficient uptake of LNCs, as non-modified LNCs were not taken up into the 

cells. Furthermore, the results reflect the great potential of RGD-LNCs for effectively and 

specifically delivering drugs into endothelial cells. Contrary to previous findings in the 

literature, we could not detect that LNCs or mPEG-LNCs were actively or passively internalized 

by cells with the experimental conditions we used (59, 60). 

 

3.4 Evaluation of cell proliferation 

Firstly, an MTT assay was used to determine the ability of CsA and It to hamper cell 

proliferation in vitro both in the presence and absence of VEGF. VEGF is a growth factor with 

high angiogenic potential due to its stimulation of endothelial cell proliferation and its 

inhibition of endothelial cell apoptosis (61). Therefore, the effect of different concentrations of 

free drugs (CsA, It, It+CsA) with and without addition of VEGF on HDMECs was investigated. 

Performing the same experiment with and without growth factor revealed whether the 

inhibitory effects of CsA and It are VEGF-dependent.  

To determine the optimum VEGF concentration for HDMECs, different concentrations were 

used (Supplements S2). We found that 10 ng/ml was the most effective VEGF concentration 

for cell proliferation, which is in accordance with previous findings (62). This concentration 

was subsequently used in all other in vitro experiments.  

Interestingly, we saw that freshly prepared, drug free, unmodified LNCs showed major toxic 

effects on HDMECs (Supplements S3). This toxicity could be avoided by using the same 

purification processes used after post-insertion of the targeting peptide, indicating that toxicity 

was probably due to free components from the manufacturing process, which could be 

removed by dialysis and centrifugation. 

The ratio of CsA to It was kept at 10:1, as it has been shown to be the ratio with the highest 

synergistic effect according to Nacev, et al. (28).
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Figure 3.  MTT assay showing the proliferation rate (%) relative to untreated cells as control. 

All experiments were carried out with HDMECs that were incubated for a 24 h period. Drugs 

were dissolved in DMSO, which was used as a control in the experiments. Cells were incubated 

with 1.0, 10, 25 µg/ml CsA, 0.1, 1.0, 2.5 µg/ml It, and It 0.1 + CsA 1.0, It 1.0 + CsA 10, It 2.5 + 

CsA 25 µg/ml. All experiments were performed with and without addition of 10 ng/ml VEGF. 

 

All treatment groups showed dose dependent inhibition profiles (Fig. 3). Especially in the case 

of free CsA the inhibitory effect on cell proliferation is greater in the presence of VEGF, 

indicating, that there is a massive VEGF-dependency of the CsA efficacy.
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CsA 25 (25 µg/ml) represents the greatest possible loading that can be reached in LNCs 

containing MCT as the oily core when using LNC concentrations of 0.6 mg/ml for in vitro 

experiments. With these conditions, it is excellent to see that there is such a strong reduction 

in proliferation, especially when VEGF is present. In the case of free It, our observations were 

similar. There is dose dependence, and the inhibitory effects on cell proliferation are also 

greater in the presence of VEGF, so it can be assumed that It acts in a VEGF-dependent manner 

as well. However, only 0.1 mg It could be encapsulated in the LNCs, resulting in a concentration 

of approx. 0.1 µg/ml It when using 0.6 mg/ml LNC dispersion. Still, we investigated the effects 

of 1.0 µg/ml It and 2.5 µg/ml It on cell proliferation as well, to determine if higher loading 

would reveal in higher efficacy. Nevertheless, in the presence of VEGF, 1.0 µg/ml It showed a 

statistically significant inhibitory effect on the proliferation rate.  

Statistically significant inhibitory effects and dose dependency could also be seen for the 

combination of both drugs. Paradoxically, the observed extent of inhibition is, in the case of 

combining both drugs, stronger when there is no VEGF present. Unfortunately, the previously 

described (28) synergistic effect of combined CsA and It did not beat the efficacy of higher 

concentrations of CsA used alone. With these results, CsA 25 was selected as the most 

promising concentration, which was used in comparison with CsA 1.0 / It 0.1. This 

combination of the two drugs in a 10:1 ratio represents the highest possible concentration 

achievable. 

Having confirmed that free CsA and CsA combined with It inhibit HDMEC proliferation and 

that these cells take up RGD-LNCs, we loaded these drugs into LNCs and tested them for their 

inhibitory effects on cell proliferation (Fig. 4).  

 

Figure 4.  MTT assay showing the proliferation rate (%) relative to untreated cells as control. 

HDMECs were incubated for a 24 h period with either 0.6 mg/ml of targeted RGD-modified 

LNCs (RGD-LNCs), CsA-loaded RGD-LNCs (CsA RGD-LNC), or It- and CsA-loaded RGD-

LNCs (It+CsA RGD-LNCs).
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The MTT assay was performed using the same protocol as that used to evaluate the inhibitory 

potential of free CsA and It but yielded different results. CsA RGD-LNCs and It+CsA RGD-

LNCs induced significant decreases in proliferation rate compared to the untreated control, 

but to smaller extends than free drug. Free CsA decreased the proliferation rate by 50%, while 

CsA RGD-LNCs only achieved a reduction of 20%. The degree of inhibition caused by It+CsA 

RGD-LNCs was minor, with no statistically significant differences from RGD-LNCs or CsA 

RGD-LNC. In contrast, the inhibitory efficiency of CsA RGD-LNCs was significant compared 

to RGD-LNCs. Drug-free RGD-LNCs showed no effect on the proliferation rate, confirming the 

cytocompatibility of the particles, as observed previously (supplemental information S3). 

Unexpectedly, free CsA had a highly efficient inhibitory effect on the proliferation rate of 

HDMECs but loading it into RGD-LNCs caused a loss of efficiency. The same trend could be 

seen for the combination of both drugs, despite the effects of free combined drugs being lower 

anyway. 

To confirm the results of the MTT assay with another independent method, cell cycle analysis 

was performed to determine the inhibitory effect on cell proliferation of drug-loaded RGD-

LNCs. To this end, flow cytometry was used to monitor the nuclear content of a cell and its 

changes during proliferation (48). The goal was to determine whether RGD-LNCs loaded with 

CsA or the combination of It+CsA were able to decrease the number of cells in the S-phase, 

when DNA is replicated, and trap these cells in the G0/1-phase (63). Accordingly, HDMECs 

were incubated with free drugs or drug-loaded RGD-LNCs as in the MTT assays.  

 

Figure 5A. Cell cycle distribution for HDMECs using 25 µl propidium iodide (1 mg/ml) and 

50 µl RNAse (1 mg/ml) for DNA-staining. HDMECs were treated with 10 ng/ml VEGF with 

addition of free CsA (25 µg/ml), free CsA + It (1.0 + 0.1 µg/ml), 0.6 mg/ml CsA-loaded RGD-

LNCs (CsA RGD-LNC), or 0.6 mg/ml CsA- and It-loaded RGD-LNCs (CsA+It RGD-LNCs) for 

24 h at 37°C. Free drugs were dissolved in DMSO, which was used as a control in the 

experiments.
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Figure 5B. Further Analysis of the average S-phase fraction, referring to Fig. 5A.  

 

Figure 5A shows the overlay graphs of all phases of the cell cycle. There was a slight increase 

in the number of cells in the G0/1-phase for CsA and It loaded RGD-LNCs. Free CsA showed the 

highest increase of cells in the G0/1-phase. There were no significant differences among samples 

regarding the G2/M-phase. Figure 5B gives more detailed insight into the S-phase, as the 

proportion of cells in this phase gives the most relevant readout. CsA-loaded RGD-LNCs had a 

statistically significant effect on cell cycle distribution, although they did not reach the efficacy 

of free CsA. 

These results match the results obtained from the MTT assay, indicating that the efficacy of 

drug-loaded RGD-LNCs lags behind that of free drugs, despite RGD-LNCs having excellent 

targeting to and internalization in HDMECs (see Fig. 2 and Supplements S1). An explanation 

for this phenomenon could be poor intracellular bioavailability of the drugs from the LNCs, 

due to their high lipophilicity and solubility in the oily core. It cannot be due to the drugs, 

because they revealed excellent biological effects when dissolved in DMSO.
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3.5 VEGF-Receptor-2 Expression 

 

Figure 6. Expression of VEGF-R2 in HDMECs, stained with anti-human CD309 (VEGF-R2) 

antibody. Effects of free CsA (25 µg/ml), free CsA + It (1.0 + 0.1 µg/ml) and 0.6 mg/ml drug-

free RGD-LNCs, 0.6 mg/ml CsA-loaded RGD-LNCs (CsA RGD-LNC) or 0.6 mg/ml CsA- and 

It-loaded RGD-LNCs (CsA+It RGD-LNCs) on surface expression of VEGF-R2 after an 

incubation period of 24 h relative to control (untreated cells). Cells were additionally treated 

with 10 ng/ml VEGF. 

 

VEGF-Receptor 2 (VEGF-R2) mediates the biological effects of VEGF, which is well known as 

a key regulator of pathological angiogenesis (64). Reduction on the expression levels of VEGF-

R2 has been discovered for both CsA and It (27, 34). To determine if free drugs or drug-loaded 

RGD-LNCs can reduce VEGF-R2 expression, we made in vitro evaluations with HDMECs and 

anti-human CD309 (VEGF-R2) antibody. Nonspecific binding of the CD309 antibody was 

investigated by using mouse IgG1 antibody as the isotype control. Fluorescence values 

resulting from non-specific binding were subtracted from all samples, including untreated 

cells. 

Figure 6 displays that unloaded RGD-LNCs did not change VEGF-R2 expression values, as 

would be expected. Free CsA again reveals great efficacy, as it is able to eliminate expression 

almost completely. On the contrary, expression levels seemed to increase after treatment with 

drug-loaded RGD-LNCs, but not significantly compared to control. 

This shows once again that CsA at the chosen concentration is a highly promising drug 

candidate for the treatment of neovascular diseases and that CsA encapsulation in LNCs leads 

to a massive loss of efficacy. For the combination of both drugs, similar observations could not 

be made. This is probably due to the low concentrations (0.1 µg/ml It and 1.0 µg/ml CsA) used, 

as even the free drugs showed no statistically relevant effect on VEGF-R2 expression.



Chapter 3: Intracellular availability of poorly soluble drugs from LNCs  
 

 
70 

 

3.6 Tube Formation Assay 

Besides cell proliferation and VEGF-receptor expression, in vitro angiogenesis can be assessed 

by the tube formation assay (27). This assay has the highest explanatory power regarding the 

process of angiogenesis besides in vivo experiments. The tube formation assay involves not 

only one parameter like proliferation rate or receptor expression, but the complex interaction 

of different processes within cells while building new structures, including cell adhesion, 

migration, protease activity, and tubule formation (65). When HDMECs were seeded on a 

matrix, they built capillary-like structures (tubes) within a time frame of 24 h, with a maximum 

reached after 8 h of incubation (Fig. 7). 

 

 

Figure 7. Confocal Image (with a 5x objective, excited at 488 nm with an argon laser, emission 

recorded at 505 nm with a long pass filter) of Calcein-AM stained HDMECs, treated with BM 

(control) after an incubation period of 8 h at 37°C.
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Figure 8. Quantification of tube formation by HDMECs after treatment with free CsA (25 

µg/ml), free CsA + It (1.0 + 0.1 µg/ml) or 0.6 mg/ml of RGD-LNCs, CsA-loaded RGD-LNCs 

(CsA RGD-LNC) or CsA- and It-loaded RGD-LNCs (It+CsA RGD-LNCs) in presence of 10 

ng/ml VEGF, relative to control (untreated cells). Number of nodes and total tube length 

relative to control (untreated cells) was determined after an incubation period of 8 h. 

Free CsA exhibited marked inhibitory effects on the formation of tube-like structures by 

HDMECs, visible by significant reduction of the number of nodes and total tube length 

compared to untreated cells (Fig. 8). Drug-free RGD-LNCs showed no influence on the tube 

formation, as expected. Contrary to what would be expected, drug-loaded RGD-LNCs (CsA 

RGD-LNC and It+CsA RGD-LNC) had no effect on the tube formation. The combination of 

both free drugs revealed a slight effect on the number of nodes, whereas there was no 

detectable effect on the total tube length. 

These results displayed a lack of inhibitory potential of drug-loaded RGD-LNCs on tube 

formation of HDMECs. This correlates with our previous experiments and shows that the anti-

angiogenic potential of free drugs is lost once they are incorporated into this nanoparticle 

system. We hypothesize that the high lipophilicity of both drugs and their dissolution in the 

lipophilic core of the nanoparticle lead to poor intracellular availability and concomitant loss 

of biological efficacy. 

 

4 Discussion 

In this study, anti-angiogenic effects of CsA- or CsA+It-loaded in RGD-grafted LNCs were 

assessed in vitro using proliferating microvascular endothelial cells. We could demonstrate 

that targeted RGD-LNCs showed optimal physicochemical properties regarding size, PDI, and 

encapsulation efficiency, as well as excellent cellular uptake upon binding to the αvβ3 integrin 

expressed by endothelial cells. However, we saw no anti-angiogenic effects for CsA- or CsA+It-

loaded LNCs, contrary to the effects displayed by the free drugs, especially CsA. 
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We hypothesize that this is due to the low intracellular escape of the poorly water-soluble drugs 

from the LNCs. 

In the literature, very few studies can be found regarding the in vitro release or bioavailability 

of drugs from LNCs. LNCs are commonly used to overcome the poor water solubility of drugs 

like Ibuprofen (66), Quercetin, (-)-Epigallocatechin gallate (57), lipophilic radionuclides (67), 

methotrexate (68), ivermectin (69), Paclitaxel (70), Amiodarone (71), and antipsychotic drugs 

like promazine, chlorpromazine, thioridazine, trifluoperazine, triflupromazine, and 

chlorprothixene (38). In one of the few studies that report drug release kinetics for LNCs, in 

vitro release was only observed for promazine and chlorpromazine, while very lipophilic drugs 

like thioridazine, trifluoperazine, triflupromazine, and chlorprothixene were not discharged 

from LNCs (38). In the case of amiodarone, satisfactory release characteristics could only be 

achieved by pH adjustment and the addition of blank LNCs to the release medium as an 

acceptor phase (71). In another study, in which ibuprofen was taken as a model drug and 

encapsulated in LNCs, first order release kinetics were observed (66). A problem with this 

result is the low logPOct value for ibuprofen of 1.2 (72) that hardly reflects a lipophilic drug. 

In contrast to drug delivery applications where release is desired, the firm immobilization of 

lipophilic compounds in LNCs may be an advantage in some cases such as when dyes or 

radiolabels are used for diagnostic purposes. Highly lipophilic indocarbocyanines like DiD, DiI 

and DiO, for example, did not leach from the particles even when oil was used as a lipophilic 

acceptor phase (73). Lipophilic 99mTc-oxine incorporated in the lipid core of LNCs remained 

inside the particles even when submitted to aggressive release conditions such as dialysis. This 

made the labeled nanoparticles an ideal tool to evaluate LNC biodistribution in vivo (74). 

In summary, these results raise doubts as to whether it is possible to improve the intracellular 

bioavailability of poorly soluble drugs by the encapsulation into lipid nanoparticles. A definite 

advantage of the technology is that the drug can be dissolved in the lipid phase of a particle, 

allowing for perfect dispersion in an aqueous medium. That such particles can be taken up by 

cells has been proven in numerous studies (75). However, what seems to be an advantage for 

the production of drug-loaded LNCs might be a handicap when it comes to intracellular drug 

release. Thus, it cannot be taken for granted that the encapsulated amount of drug corresponds 

to the amount of drug that is readily available inside cells. The active, available amount of drug 

seems to be dependent mainly on the drug-lipid interaction and the partitioning of the drug 

between the oily core of LNCs and the surrounding aqueous phase (38). We should, however, 

not forget that dissolution is a time dependent process, and that the kinetics of intracellular 

release must be considered as well. In our experiments, the time scale of observation was 

approximately 24 h which does not rule out the possibility that the drug might become 

available when observing release over longer time periods. Whether such slow kinetics would 
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be able to elicit the desired biological effects, however, needs to be scrutinized on a case-by-

case basis. 

 

5 Conclusion 

CsA- and CsA+It-loaded, RGD-grafted LNCs were prepared successfully. Even though RGD-

LNCs showed excellent cell internalization properties, we were not able to achieve satisfactory 

biological effects with drug-loaded RGD-LNCs in vitro compared to free drug. This observed 

lack of efficacy can be explained by the poor intracellular availability of lipophilic drugs from 

LNCs. If this observation holds true for our drug-particle combination only or if it is a more 

general trend remains to be seen. As a result, the intracellular release of drugs from LNCs 

should be investigated more carefully in future studies. Such studies could clarify if the ease of 

drug encapsulation in LNCs comes at the expense of limited biological drug efficacy.
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Supplemental Figure 1 

 
Figure S1. Confocal laser scanning microscope images of HDMECs after incubation for 45 

min at 37°C with (A) medium (untreated control), (B) 0.6 mg/ml LNCs, (C) 0.6 mg/ml RGD-

LNCs, (D) 0.6 mg/ml mPEG-LNCs and (E) 0.6 mg/ml RGD-LNCs + 500 µM free RGD (scale 

bar: 20 µm, left: fluorescence channel, right: brightfield channel). 

Confocal laser scanning microscopy (CLSM) was used to confirm the excellent cellular uptake 

revealed by FACS analysis and to determine whether the LNCs were cell-surface bound or 

internalized.
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Supplemental Figure 2 

 

Figure S2. Dose dependent effect of vascular endothelial growth factor (VEGF) on the 

proliferation rate of human dermal microvascular endothelium cells (HDMEC). Cells were 

incubated for a 24 h period with different VEGF concentrations ranging from 5 – 200 ng/ml 

in basal medium. MTT assay showing the proliferation rate (%) normalized on cells treated 

with basal medium. This result defines 10 ng/ml as the most effective VEGF concentration to 

promote cell proliferation of HDMECs. Consequentially, this VEGF concentration was used in 

all in vitro experiments. 
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Supplemental Figure 3 

 

Figure S3. MTT assay showing the proliferation rate (%) normalized to untreated cells as 

control. HDMECs were incubated for a 24 h period with either 0.6 mg/ml of unpurified LNCs 

(LNC untreated), LNCs after dialysis and filtration by ultracentrifugation (LNC treated), 

mPEG-grafted LNCs and RGD-grafted LNCs, both purified as well. 

This analysis revealed that interestingly, freshly prepared, drug-free, unmodified LNCs showed 

major toxic effects on proliferating HDMECs. This toxicity could be avoided by using the same 

purification processes as were used after the peptide grafting, indicating that toxicity was 

probably due to free components of the initial mixture, which could be removed by dialysis and 

centrifugation. All further experiments were conducted with purified LNCs, to preclude false-

positive results.



 

 
 

 



 

 
 

 

 

 

 

 

 

 

Chapter 4 

 

Design of dye and superparamagnetic iron oxide 

nanoparticle loaded lipid nanocapsules with dual 

detectability in vitro and in vivo 

 

Published in  

International journal of pharmaceutics 

2020, 585, 119433 

 

 

 

 

 

This chapter was published as: M. S. Bohley, E. Birch, F. J. Baumann, A. E. Dillinger, E. R. 
Tamm, A. M. Goepferich, Design of dye and superparamagnetic iron oxide nanoparticle 
loaded lipid nanocapsules with dual detectability in vitro and in vivo. International journal 
of pharmaceutics 585, 119433 (2020)



 

 
 

 
 



 

 

87 

Abstract 

Lipid nanocapsules are treasured nanoparticulate systems, although they lack detectability in 

biological environments. To overcome this, we designed LNCs loaded simultaneously with 

fluorescent dye and superparamagnetic iron oxide nanoparticles (Dual LNCs). The 

introduction of both labels did not alter nanoparticle characteristics such as size (50 nm), size 

distribution (polydispersity index < 0.1) or surface modifications, including the effectiveness 

of targeting ligands. Furthermore, the colloidal stability, particle integrity and biocompatibility 

of the nanoparticles were not negatively affected by label incorporation. These Dual LNCs are 

concomitantly visualizable via fluorescence and transmitted light imaging after either the 

internalization by cells or systemic administration to mice. Importantly, they are detectable in 

liver sections of mice using transmission electron microscopy without additional 

enhancement. The iron content of 0.24% (m/m) is sufficiently high for precise quantification 

of nanoparticle concentrations via inductively coupled plasma optical emission spectroscopy. 

Dual LNCs are precious tools for the investigation of in vitro and in vivo performances of lipid 

nanocapsule formulations, since they allow for the use of complementary imaging methods for 

broad range detectability. 
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1 Introduction 

Lipid nanocapsules (LNCs) are valuable drug delivery systems, as they offer the capacity to 

encapsulate a broad range of drugs and the potential to modify their surfaces with various 

ligands for targeting or therapeutic purposes. Furthermore, they are biocompatible, and their 

preparation is simple, generating narrow size distributions with achievable sizes between 25 

and 100 nm (1). Labeling of the nanocapsules is necessary for assessment of their in vitro and 

in vivo performance. For this reason fluorescent tags are usually introduced to the LNC core 

or shell, which allow for quick and easy quantification of the particles and enable visualization, 

localization and tracking of LNCs after in vivo or in vitro application (2). Despite their 

advantages, fluorescent tags can show chemical instabilities or leakage of dyes and suffer from 

the typical limited resolution and scope of fluorescence microscopy (2, 3). In order to gain high 

resolution visualization via transmission electron microscopy (TEM), superparamagnetic iron 

oxide nanoparticles (SPIONs) are an ideal choice for use as labels (4, 5). Besides high-

resolution imaging, in vitro or in vivo samples containing SPIONs could then be accurately 

quantified using inductively coupled plasma optical emission spectroscopy (ICP-OES) (6). 

Since it is also possible to use SPIONs for magnetic resonance imaging (MRI), this method 

could be further used to provide a detailed impression of the LNC biodistribution (7). 

Combining the advantages of both labels by dually labeling LNCs with fluorescent dye and 

SPIONs would therefore allow for complementary broad range imaging and quantification.  

Since nanoparticle composition, including size, zeta potential and attached ligands, are crucial 

for the biological effects of LNCs, labeling should not affect any of these properties (8). 

Therefore, the aim of this study was to design dually labeled LNCs (Dual LNCs) for enhanced 

detectability without altering any nanoparticle characteristics. Dual LNCs were analyzed and 

compared with fluorescent dye labeled LNCs (Dye LNCs) and SPION loaded LNCs (SPION 

LNCs) regarding physicochemical properties, colloidal stability, particle integrity, 

biocompatibility, cellular uptake, and in vitro and in vivo detectability. For investigations of 

cellular uptake Dual LNCs and Dye LNCs were surface grafted with an αvβ3 integrin-specific 

ligand cyclo-(Arg-Gly-Asp-D-Phe-Cys) (RGD) to facilitate internalization (9, 10). As a special 

focus was on the enhancement of in vivo detectability, visibility of Dual LNCs in liver tissues 

after systemic administration was examined using both optical and transmission electron 

microscopy. 
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2 Materials and Methods 

2.1 Materials 

Sodium oleate was purchased from TCI Europe (Zwijindrecht, Belgium). Kolliphor® HS15 was 

obtained from BASF and Lipoid® S75-3 was acquired from Lipoid GmbH (Ludwigshafen, 

Germany). Miglyol® 812 (medium chain triglycerides (MCT)) was purchased from Caesar & 

Loretz GmbH (Hilden, Germany). 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine 

perchlorate (DiI), 3,3′-Dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD) were purchased from Invitrogen 

(Thermo Fisher Scientific, Waltham, MA, USA). 1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N[maleimide(polyethyleneglycol)-2000] (ammonium salt) (DSPE-

PEG2000-maleimide) was purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). 

Cyclo-(Arg-Gly-Asp-D-Phe-Cys) acetate salt (RGD) was purchased from Bachem Distribution 

Service GmbH (Weil a. Rhein, Germany). Dulbecco’s phosphate buffered saline (DPBS) was 

acquired from Gibco® Life Technologies (Thermo Fisher Scientific, Waltham, MA, USA). Fetal 

Calf Serum (FCS) was purchased from Biowest (Nuaillé, France). 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and sodium dodecyl sulfate (SDS) 

were purchased from AppliChem (Darmstadt, Germany). Leibovitz’s L-15 and Trypsin-EDTA 

(0.5%) were purchased from Life Technologies (Thermo Fisher Scientific, Waltham, MA, 

USA). All other chemicals were obtained from Merck (Darmstadt, Germany) at synthesis grade 

or higher. Ultrapure water was obtained using a MilliQ System from Millipore (Schwalbach, 

Germany). 

 

2.2 Cell culture 

Human Dermal Microvascular Endothelial Cells (HDMECs) were cultured in Endothelial Cell 

Growth Medium MV (GM) and Endothelial Cell Basal Medium MV (BM), all purchased from 

PromoCell GmbH (Heidelberg, Germany). HDMECs were used in low passage numbers 

ranging from 4 to 7. Mouse fibroblast L-929 cells were cultured in Eagle's Minimal Essential 

Medium (EMEM) with 10% FCS. 

 

2.3 SPION synthesis 

Iron oleate was freshly prepared before SPION synthesis, according to a previously described 

protocol (11). In short: 40 mL ethanol, 30 mL ultrapure water and 70 mL hexane were mixed, 

then 20 mmol of iron(III)chloride hexahydrate and 60 mmol sodium oleate were added. This 

mixture was heated to 70°C for 4 h before cooling to room temperature. The upper organic 

layer containing the iron oleate complex was separated and washed 3 times with ultrapure 

water. 
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The hexane was evaporated, and the remaining oily-brown mixture was dried for 12 h under 

vacuum at 30°C. For encapsulation into LNCs, the synthesized SPIONs must be hydrophobic, 

uniform and extremely small and so a previously described protocol was followed (7). In short: 

2 mmol of iron-oleate complex and 12 mmol oleyl alcohol were mixed into 59 mmol of diphenyl 

ether. This mixture was degassed under vacuum at 90°C for 2 h, then heated to 200°C at a rate 

of roughly 10°C/min and kept at 200°C for 30 mins in an argon atmosphere. Afterwards, the 

solution was rapidly cooled to room temperature. Acetone was added to precipitate the 

nanoparticles by ultracentrifugation (5 min, 1000 g) in a ratio of 1 to 2.5 nanoparticle 

solution:acetone. The remaining SPIONs were with a vortex dispersed in MCT for use as 

required. 

 

2.4 LNC preparation 

LNCs were made in accordance with a protocol previously described (12). To incorporate the 

SPIONs, MCT with dispersed SPIONs from the synthesis described above were used. For the 

preparation of 50 nm LNCs 887.5 mg Kolliphor® HS15 40% (w/w), 30 mg Lipoid® S75-3, 415 

mg MCT (with SPIONs if required), 12 mg NaCl, 655.8 µL water and fluorescent dyes (DiD, DiI 

and/or DiO 1.5% (w/w)) were heated in a phase inversion process of 3 cycles between 90°C 

and 60°C. In the third cycle, water was added at the phase inversion temperature leading to 

stable LNC formation (13). 25 nm LNCs were synthesized following the same method as above 

but with different volumes of the reagents: 1414 mg Kolliphor® HS15 40% (w/w), 30 mg 

Lipoid® S75-3, 204 mg MCT (with SPIONs if required), 12 mg NaCl and 315 µL water. The final 

dispersions were filtered through a 0.22 µm regenerated cellulose (RC) membrane for 

sterilization and stored at room temperature in the dark. 

 

2.5 Physicochemical characterization 

Spectral properties of LNCs were analyzed on a Cary Eclipse fluorescence spectrophotometer 

(Agilent, Santa Clara, USA). Size and morphology of Dual LNCs were evaluated on a Zeiss Libra 

120 electron microscope (Zeiss, Oberkochen, Germany) without additional contrasting or 

enhancement. For this, LNCs were mounted on plasma cleaned, carbon-coated nickel grids 

(300 mesh; Plano, Wetzler, Germany) and incubated for 1 min. Sample grids were dried before 

use. Dynamic light scattering (DLS) was used to determine the Z-average particle diameter, 

the polydispersity index (PDI) and the zeta potential of SPIONs and LNCs using a Zetasizer 

Nano ZEN 3600 (Malvern Instruments, Worcestershire, UK). Batches were diluted in MCT or 

10% DPBS, respectively, and were analyzed at 25°C in triplicate. Data were collected and 

analyzed using the Malvern Zetasizer software.
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2.6 Iron content quantification 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to quantify the 

iron content of Dual LNCs. 120 µL of the LNC suspension was added to aqua regia and heated 

to 100°C for one hour. After heating, 1 M nitric acid was added to adjust the aqua regia 

concentration to 32%. The iron content of the samples (n = 3) was then determined using a 

SpectroBlue TI/EOP (Analytical Instruments GmbH, Kleve, Germany). Data was calculated 

using a calibration of iron(III)chloride in 32% aqua regia 0 - 250 µM. 

 

2.7 Biocompatibility 

Cytotoxicity of the labeled LNCs was determined using the MTT reduction assay according to 

the ISO guideline (10993-5:2009) for in vitro cytotoxicity testing (14). In short, either 10 000 

cells/well of L-929 or HDME cells were seeded in 96-well plates and incubated for 36 h to allow 

the cells to adhere. Then, the medium was replaced with dilutions of DiO LNCs or Dual LNCs 

in a concentration range of 0.001 - 5 mg/mL in EMEM or BM supplemented with 4% FCS. SDS 

(0.1%) and pure medium served as controls (n = 6). The cells were incubated at 37°C for 24 h, 

then the particles were removed, and the cells washed with DPBS. 0.63 mg/mL MTT solution 

was added to each well and the plates were further incubated for 4 h. Afterwards, the MTT 

solution was aspirated and 10% SDS solution was added. The cells were incubated overnight 

in the dark at room temperature. The absorbance was measured at 570 and 690 nm using a 

FluoStar Omega Microplate Reader (BMG LABTECH GmbH, Ortenberg, Germany). 

Absorbance values were used to calculate the viability of cells. Results were normalized to the 

control (untreated cells). To determine the morphology of cells, microscope images were 

recorded with a Nikon SD-U1 camera (Nikon, Düsseldorf, Germany) connected to a Leica DM 

IRB microscope (Leica, Wetzlar, Germany). 

 

2.8 Colloidal stability 

To determine if incorporation of SPIONs had any effect on the colloidal stability of LNCs, 

stability tests were conducted for the 50 nm LNCs over a 7-day time period. To this end n = 3 

samples of SPION LNCs, Dual LNCs and Dye LNCs were incubated at either 20°C or 37°C. Size 

and PDI were determined at defined intervals using DLS. 

 

2.9 LNC integrity 

A fluorescence resonance energy transfer (FRET) experiment was performed to evaluate the 

integrity of LNCs. Therefore, LNCs and SPION LNCs with encapsulated DiO and DiI were 

made. DiO and DiI labelled LNCs were diluted with either DPBS or 10% FCS to a final 

concentration of 10 mg/mL. 
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Samples (n = 3) were incubated at 37°C or 20°C respectively. DiO fluorescence was excited at 

460 nm and fluorescence emission spectra were recorded between 485 and 710 nm at defined 

time points (0 h - 7 d) on a Cary Eclipse fluorescence spectrophotometer (Agilent, Santa Clara, 

USA). FRET ratios were calculated as previously described (15). 

 

2.10 RGD peptide grafting 

For uptake experiments, the RGD peptide was grafted onto LNCs. Initially, RGD peptides were 

coupled to DSPE-PEG2000-maleimide using conjugation between the thiol of the peptide and 

the maleimide (16). Then, using the post-insertion method, this was inserted into the shell of 

the LNCs (17). Modified LNCs were dialyzed against DPBS overnight using Spectra/Por® Float-

A-Lyzer® G2 MWCO 300 kDa (Sigma-Aldrich, Germany) and subsequently centrifuged twice 

(15 min, 4000 g) using an Amicon® Ultra-4 MWCO 100 kDa centrifugal filter (Merck, 

Germany) for further purification. 

 

2.11 In vitro imaging 

300 000 HDMECs cells/well were seeded on coverslips in a 6-well plate and incubated for 36 

h to allow the cells to adhere. Then, the medium was aspirated, cells were washed with DPBS 

and dilutions of the RGD-grafted DiO LNCs and RGD-grafted Dual LNCs at a concentration of 

0.1 mg/mL in Leibovitz’s solution were added and incubated for 45 min at 37°C. Then, samples 

were removed, cells were washed with DPBS, fixated with 4% PFA solution and washed again. 

The coverslips were then extracted from the plate and embedded using Mowiol® with DAPI 

stain onto microscope slides. The slides were examined using a Zeiss Axio Imager fluorescence 

microscope (Carl Zeiss AG, Göttingen, Germany) and a 40× Plan-Neofluar (NA 1.3) (Zeiss) 

objective. Particle uptake was evaluated by recording the fluorescence image for detection of 

the incorporated DiO and of the additionally applied DAPI staining, to localize cell nuclei. DiO 

and DAPI fluorescence was excited with a LED-module at 475 and 360 nm and emission was 

recorded using an 450 - 488 and 410 - 440 nm emission filter. Complementary transmitted 

light images were recorded to detect SPIONs.  

 

2.12 In vivo imaging 

Female, 4-week-old 129SV mice were used as animal models. Mice were bred in-house at the 

animal laboratories of the University of Regensburg and housed under standardized conditions 

62% air humidity and 21°C room temperature. Before the experiments, mice were anesthetized 

by isoflurane inhalation and then 100 µL of Dual RGD-LNC solution with a concentration of 

10 mg/mL was injected systemically (n = 3). After 1 h of circulation, mice were anesthetized 

with a mixture of ketamine and xylazine, perfused with 4% (w/v) paraformaldehyde (PFA) 

solution and livers were removed. 
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All animal experiments were carried out according to the national and institutional guidelines 

and were approved by the local authority (Regierung der Oberpfalz, Bavaria, Germany, 

reference no. 55.2-2532-2-363). 

Immediately after removal, one part of the liver was fixed in a solution of 4% PFA for 12 h at 

4°C for the preparation of cryosections. The livers were then exposed to a sucrose gradient 

(10%, 20% and 30%) for 12 h each, washed with DPBS, embedded in Tissue Tek O.C.T. 

Compound (Sakura Finetek) and finally frozen in the gas phase of liquid nitrogen. Thereafter, 

specimens were cut into 12 µm sections using an HM 500 OM microtome (Microm 

International), transferred onto microscope slides and mounted with Mowiol® supplemented 

with DAPI, to counterstain nuclear DNA. For the preparation of semi-thin and ultra-thin 

sections, livers were placed for 24 h in Karnovsky fixative, and embedded either in Epon or 

London Resin white (L.R. white) (Serva, Garden City Park, NY) as described elsewhere (18, 

19). Semi-thin sections (1.0 µm thick) were cut and examined using a Zeiss Axio Imager 

fluorescence microscope (Carl Zeiss AG, Göttingen, Germany). The objective used was a 40× 

Plan-Neofluar (NA 1.3) (Carl Zeiss). DiI and DAPI fluorescence was excited with a LED-module 

at 555 and 360 nm and emission was recorded using a 579 - 604 and 410 - 440 nm emission 

filter. Additionally, Epon or L.R. white ultra-thin sections (70 - 80 nm thick) were processed 

according to protocols published previously (20, 21). Epon sections were contrasted with 

uranyl acetate and lead citrate. All sections were analyzed using a Zeiss Libra 120 electron 

microscope (Zeiss, Oberkochen, Germany). 

 

2.13 Statistical analysis 

All data are indicated as means ± SD of at least three independent experiments. Statistical 

analysis was performed using GraphPad Prism 6 with one-way ANOVA and significant 

differences were indicated as: *(P < 0.05), **(P < 0.01), ***(P < 0.001) and ****(P < 0.0001) 

related to the control (unless otherwise stated).
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3 Results and Discussion 

3.1 Synthesis, Characterization and Biocompatibility of Dual LNCs 

For the manufacturing of Dual LNCs, SPIONs were prepared with a simple one-pot reaction 

and dispersed in the oily core component of the LNCs (7). DLS measurements of freshly 

prepared SPIONs revealed a hydrodynamic diameter of approximately 6 - 8 nm (Supporting 

Information Figure S1). TEM images showed aggregates, as well as single SPIONs of different 

sizes, whereby the larger SPIONs were in a size range of 4 - 8 nm, in accordance with the results 

gained from DLS measurements. In the second step, Dual LNCs with incorporated SPIONs and 

lipophilic fluorescent dye were manufactured, using our usual LNC manufacturing protocol 

(12). 

To determine whether SPIONs were actually located in the core of LNCs and whether the 

structure of the LNCs was affected by this, TEM imaging was performed (Figure 1A). TEM 

images revealed that SPIONs were successfully incorporated, resulting intact, spherical and 

electron dense Dual LNCs. 

Since it is known that size, PDI and surface characteristics of nanoparticles are of paramount 

importance for the interaction of a nanomaterial with its biological environment, the 

introduction of labels must not result in alterations to those properties (8). It has already been 

shown that the introduction of fluorescent dyes into the LNC core had not lead to any changes 

(22). To determine whether this also applies for the incorporation of SPIONs, 50 nm LNCs 

with either SPIONs alone (SPION LNCs) or dye and SPIONs (Dual LNCs) were prepared and 

analyzed regarding particle size, PDI and zeta potential and compared to Dye LNCs. Figure 1B 

revealed that neither the incorporation of SPIONs, nor the incorporation of dye and SPIONs 

together had any significant effect on the hydrodynamic diameter or the PDI of the LNCs. 

Additionally, the zeta potential of Dye LNCs did not significantly differ due to the incorporation 

on SPIONs (data not shown). 

It was also possible to synthesize very small Dual LNCs with a hydrodynamic diameter of below 

25 nm, again with no alterations in the particle size or PDI compared to Dye LNCs (Supporting 

Information S2). This showed that it is possible to synthesize Dual LNCs with different 

diameters for use in alternative biomedical applications, simply by varying initial quantities of 

reagents used for the synthesis (13). 

With the evidence of detectability of Dual LNCs via TEM, the fluorescence detectability was 

investigated. To this end, 50 nm Dye LNCs and Dual LNCs with different fluorescence dyes 

were prepared and emission spectra were recorded (Fig. 1B - 1D).
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Figure 1. Dual LNC characteristics. (A) TEM image of Dual LNCs revealing intact, spherical 

and electron dense nanoparticles. (B-D) Characterization of different Dye LNCs (B: DiI, C: DiO, 

D: DiD) in comparison with SPION LNCs and Dual LNCs regarding hydrodynamic diameter 

(bars), PDI (squares) and fluorescence properties (spectra). 

 

Although the fluorescence spectra of Dual LNCs did not correspond exactly to the spectra of 

Dye LNCs, all emission maxima at the defined wavelengths were present, indicating 

detectability and quantifiability of all Dual LNCs formulations. These results revealed that a 

wide range of lipophilic fluorescent dyes could be used, as required to avoid disturbance of 

other stains for simultaneous fluorescence imaging, for example in the case of antibody 

staining. 

Since the iron content can be used alongside the fluorescent properties for quantitative 

purposes, ICP-OES was used to determine the absolute iron content of Dual LNCs. For the 50 

nm Dual LNCs, the iron content was 0.24% (m/m), corresponding to approximately 1200 iron 

complexes per particle. As this easy and accurate method allows for a quick and simple iron 

quantification, ICP-OES can prospectively be used to determine Dual LNC concentrations in 

cells or tissues after in vivo application (23). 

For cell and in vivo experiments, the biocompatibility of Dual LNCs compared to Dye LNCs 

was investigated. Although LNCs are made out of fully biocompatible excipients and are not 

known to cause any cytotoxic effects, the incorporation of SPIONs could potentially alter the 

biocompatibility, given that the biocompatibility of SPIONs mainly depends on their surface 

composition and the used cell type (24–27). The assessment of cytotoxicity of Dual LNCs 

compared to Dye LNCs revealed no notable differences between them (Supporting Information 

S3A and S3B).
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3.2 Stability of Dual LNCs 

Colloidal stability was assessed via DLS measurements of hydrodynamic diameter and PDI as 

a function of incubation time (0 h - 7 d) at 37°C in DPBS (Supporting Information S5). This 

assessment demonstrated that all three LNC formulations displayed satisfactory colloidal 

stability, with none showing any changes in size or PDI up to one week at 37°C (Fig. 2A and 

2B). In addition to this, no significant changes in size or PDI were detected when incubated in 

the dark at room temperature (Supporting Information S4A and S4B) for a 28-day time period. 

 

Figure 2. Dual LNC stability and integrity. Assessment of percentage (A) diameter and (B) 

PDI change over 7 days at 37°C in DPBS revealing no significant changes in diameter or PDI of 

all LNC formulations. Determination of Dual LNC integrity by FRET measurements over a 7-

day time period in (C) DPBS and (D) 10% FCS at 37°C displayed an enhancement of 

nanoparticle integrity by SPION incorporation, particularly in the presence of 10% FCS. Data 

was normalized to t = 0 h. 

 

To investigate whether the incorporation of SPIONs into the core of LNCs had an impact on 

the nanoparticle integrity, FRET experiments were carried out. To this end, a lipophilic FRET 

pair (DiI and DiO) was loaded into the core of LNCs either with or without the addition of 

SPIONs.
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The release of one FRET partner due to leakage or disruption of the LNC is indicated by a 

decline in the FRET efficacy (28, 29). The normalized FRET ratios were determined as a 

function of time over a 7-day period. Nanoparticle integrity was determined under in vitro and 

in vivo mimicking conditions, by incubating Dye LNCs and Dual LNCs in either DPBS or 10% 

FCS at 37°C (Fig. 2C and 2D). As shown in Figure 2C, Dual LNCs revealed reasonable stability 

with regards to the nanoparticle integrity in DPBS at 37°C for one week, with a slight but 

significant advantage over Dye LNCs. These results are in accordance with the results 

generated at room temperature, where Dual LNCs and Dye LNCs showed almost no changes 

in the FRET ratio over the entire time period (Supporting Information S4C). Similar results 

were obtained with under in vivo mimicking conditions (Fig. 2D), whereby the supportive 

effect of incorporated SPIONs on the Dual LNC integrity was more pronounced. This positive 

effect could be due to physicochemical interactions of the SPION-oleate-chains with the MCT 

in the lipophilic core of the LNCs. This is very beneficial, as the presence of serum normally 

leads to the formation of a protein corona around the particles and this corona has been 

reported to favor particle disruption and cargo leakage (15, 30). 

In summary, the FRET experiments revealed no negative effects on colloidal stability or 

nanoparticle integrity by the incorporation of SPIONs into LNCs. In fact, Dual LNCs seemed 

to have a slight advantage over Dye LNCs with regards to nanoparticle integrity, especially 

under in vitro and in vivo mimicking conditions. 

 

3.3 In vitro imaging 

To evaluate the detectability of Dual LNCs in cell culture the in vitro detectability with optical 

microscopy was investigated. To that end, Dual LNCs and Dye LNCs were grafted with an αvβ3 

integrin-specific ligand, RGD, to facilitate cellular uptake by HDME cells (10). Cells incubated 

with either Dual RGD-LNCs or DiO RGD-LNCs displayed excellent cellular uptake of both 

RGD-LNC types (Fig. 3). As the coupled RGD-ligand favors receptor mediated endocytosis, 

both RGD-LNC types could be localized in endosomes, without showing any unspecific 

adhesion to the cellular membrane. This additionally indicated that the targeting ligand on the 

surface of the Dual RGD-LNCs is still intact and is able to serve its purpose, without showing 

any deviations due to SPION incorporation. Despite a reduction of fluorescence intensity in 

the case of Dual RGD-LNCs due to quenching of DiO by SPIONs (Fig. 1C), it was possible to 

satisfactorily image the internalized Dual RGD-LNCs. To quantitatively assess the cellular 

uptake of RGD-grafted LNCs, fluorescent activated cell sorting could further be used.
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Figure 3. In vitro imaging. Fluorescence microscope images of untreated HDMECs (control) 

and HDMECs treated with either Dye RGD-LNCs or Dual RGD-LNCs. Fluorescence was used 

to detect DAPI (staining of cell nuclei, blue) as well as the incorporated DiO (green), whereas 

transmitted light was used to visualize SPIONs. Red rectangle: magnified image of the 

brightfield channel of Dual LNCs, with arrows marking clusters of SPIONs. 

 

Additionally, the transmitted light images of cells incubated with Dual RGD-LNCs showed 

dark brown spots colocalized with the fluorescence signal, indicating that they stem from the 

encapsulated SPIONs in the Dual RGD-LNCs, further supported by the fact that these spots 

are not visible in the brightfield images of DiO RGD-LNC treated cells or the control cells. Since 

these dark spots seem to be organized in small groups, this could be groups of Dual RGD-LNCs 

gathered together in intracellular vesicles after being taken up via receptor-mediated 

endocytosis (31). 

This uptake experiment demonstrated the improved in vitro detectability of Dual LNCs, as 

they were visualized with fluorescence imaging and/or transmitted light imaging. 

Furthermore, the functionality of attached targeting ligands was not affected by loading of 

LNCs with SPIONs. 

 

3.4 In vivo imaging 

The in vivo detectability was assessed after the systemic administration of Dual RGD-LNCs to 

mice. Since the majority of every systemically applicated LNC ends up in the liver, the liver was 

chosen as model tissue (32). To investigate the biodistribution and localization of the 

nanoparticles after circulation in the blood, one option is the preparation of liver cryosections 

and the subsequent fluorescence microscopy. Since cryosections are relatively quick to make 

and allow
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for additional antibody staining, they are often the primary choice (19). Here, fluorescence 

imaging of liver cryosections gave a clear indication of the presence of Dual LNCs (Fig. 4A). 

To further investigate whether a combination of fluorescence imaging and transmitted light 

imaging could be used to detect not only the dye but also the SPIONs, semi-thin sections were 

prepared. Due to the reduced tissue sample thickness, semi-thin sections enabled the use of 

both transmitted light and fluorescence imaging. Figure 4B demonstrates Dual LNCs are 

simultaneously detectable via fluorescence and transmitted light (brightfield) imaging. 

Figure 4. Optical microscopy. Liver sections after the systemic application of Dual LNCs 

loaded with DiI (red) and SPIONs to mice and 1 h blood circulation time, additionally stained 

with DAPI (blue). A: Images of liver cryosections reveal an appropriate detectability of Dual 

LNCs via fluorescence. B: Images of liver semi-thin sections reveal simultaneous detectability 

of Dual LNCs via fluorescence and transmitted light (brightfield). Arrows marking clusters of 

Dual LNCs. 

 

Overall, in vivo experiments revealed the benefits of Dual LNCs compared to Dye LNCs, with 

regards to optical microscopy, since fluorescence and transmitted light can be used 

simultaneously. This allows rapid detection and rough localization of LNCs in different tissue 

samples. As TEM imaging provides higher resolution imaging and allows precise and exact 

localization of nanomaterials, visualization of LNCs with TEM in in vivo samples would be 

highly desirable. To investigate whether Dual LNCs are detectable using TEM after in vivo 

application, ultra-thin liver sections were made, and TEM images were taken. Figure 5 shows 

that the electron dense Dual LNCs were easily recognizable in Epon sections at first sight, due 

to their excellent contrast, without requiring any additional enhancement. They appeared as 

dark round structures located in a liver cell, differentiating from ribosomes and glycogen due 

to their contrast and their
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composition (Fig. 5A and 5B). Higher magnification revealed the inner structure of the Dual 

LNCs by showing even the single SPIONs that are located in the core of the Dual LNCs (Fig. 

5C). Moreover, the electron dense Dual LNCs were detectable in L.R. white sections, without 

using uranyl acetate or lead citrate contrasting (Supporting Information S6). 

The ability to visualize Dual LNCs using TEM allows us to not only track their cellular journey 

from endocytosis to exocytosis, but also allows us to fully investigate the biodistribution of 

LNCs after systemic administration. Additionally, MRI measurements and ICP-OES 

measurements could be used to visualize the fate of the particles after systemic administration 

and quantitatively investigate the LNC biodistribution. 

Figure 5. In vivo TEM imaging. Images of liver sections after the systemic application of Dual 

LNCs, with the right-hand image in each case being a magnified version of the square indicated 

to the left. Asterisks indicate areas with a multitude of particles where Dual LNCs can be 

visualized as dark, electron-dense spots in a liver cell. High magnification images revealing 

even single SPIONs inside the Dual LNCs, indicated by arrows.
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4 Conclusion 

We designed dually labeled LNCs, which are loaded simultaneously with fluorescent dye and 

electron dense SPIONs. The introduction of labels did not alter nanoparticle characteristics 

including size, PDI and zeta potential. Furthermore, colloidal stability, particle integrity and 

biocompatibility of LNCs were not negatively affected by SPION incorporation. After uptake 

into HDME cells or systemic application and accumulation in the liver of mice, Dual LNCs 

revealed excellent detectability using optical microscopy. In addition to optical microscopy, it 

is now possible to use TEM imaging to determine the very exact localization of LNCs in tissue 

samples and accurately quantify Dual LNCs using ICP-OES. Therefore, Dual LNCs are a 

valuable tool for the investigation of in vitro and in vivo performances of LNC formulations. 
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Figure S1. Characterization of SPIONs via (A) DLS volume-weighted size distribution with a 

peak mean size of 6.18 nm and (B) TEM imaging. Both methods reveal a diameter of SPIONs 

dispersed in MCT of 4 - 8 nm.
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Figure S2. Comparison of different 25 nm LNCs regarding hydrodynamic diameter (bars) and 

PDI (squares), with no detectable differences in either size or PDI values due to the 

encapsulation of SPIONs or SPIONs alongside with dye. 

 
 

 

Figure S3. Effects on cell viability and cell morphology of Dye and Dual LNCs on (A) L-929 

and (B) HDME cells. No changes in the morphology of cells could be detected in the presence 

of Dye LNCs or Dual LNCs in (A) L-929 cells and (B) HDME cells. The cell viability after 

treatment with different LNC concentrations (1 to 5000 µg/mL) was determined by using an 

MTT assay. Biocompatibility (cell viability over 70%) was given in a concentration range of 0 

to 250 µg/mL for both Dual LNCs and Dye LNCs.



Supporting Information  
 

 

111 

 

Figure S4. Dual LNC stability and nanoparticle integrity. Assessment of (A) Percentage 

diameter and (B) PDI over 28 d at room temperature in DPBS revealed excellent colloidal 

stability of all LNC formulations for the whole time period. Determination of Dual LNC particle 

integrity by FRET measurements over a 7-d time period in (C) DPBS at room temperature 

displayed consistently good FRET values over the whole week with a slight advantage of the 

Dual LNCs, becoming significant at an incubation time of 7 d. Data was normalized to t = 0 h.
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Figure S5. TEM imaging. Images of L.R. white liver sections after the systemic application of 

Dual LNCs. Dual LNCs can be visualized as dark, electron-dense spots without any additional 

staining or enhancement of the particles. 
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Abstract 

Every year diabetic retinopathy, wet age-related macular degeneration, and retinopathy of 

prematurity cause millions of cases of blindness and vision impairment. Their pathogenesis 

shares a complex triad of neovascularization, inflammation and immune system activation that 

is fueled by growth factors, cytokines, local complement and complement regulatory factors 

originating from the retinal pigment epithelium (RPE). However, despite the cell monolayer ‘s 

pivotal role there is no therapeutic tool to specifically deliver drugs to the RPE. Here, we show 

that lipid nanoparticles can be designed to transport drugs to the RPE following intravenous 

injection and address all three pathomechanisms. A single injection of Cyclosporin A loaded 

nanoparticles cured retinopathy of prematurity in a mouse model. By counteracting 

neovascularization, dampening inflammation and normalizing levels of growth factors, growth 

factor receptors and cytokines, our nanotherapeutic thus paves the way for the causal 

treatment of all neovascular ocular diseases. 
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1 Introduction 

Retinopathy of prematurity (ROP), diabetic retinopathy (DR), and wet age-related macular 

degeneration (wet AMD) are all among the leading causes of blindness (1, 2). While 

uncontrolled neovascularization is a late and apparent characteristic giving rise to their 

subsumption under neovascular ocular diseases, ample research efforts revealed that 

inflammation and immune response contribute substantially to the pathology of disease 

development (3–5). As main producer of angiogenic growth factors such as the vascular 

endothelial growth factor (VEGF), pro-inflammatory cytokines such as interleukin-1β (Il-1ß), 

local complement and complement regulatory proteins, the retinal pigment epithelium (RPE) 

plays a central role in the overall ocular homeostasis and drives the pathogenesis of all three 

diseases when deranged (6, 7).  

However, even though the pivotal pathophysiological role of the RPE has been described in 

abundance (6, 8, 9), the tissue escapes drug therapy (10). Simple means of systemic drug 

administration fail since dosing regimens that would build up relevant RPE levels would 

trigger severe side effects due to the unfavorable drug distribution in the organism. The 

alternative, local intraocular drug therapy, also suffers from a number of shortcomings (10–

13), the most prominent being the lack of RPE specificity. This is also the case with today’s 

standard clinical drug therapy for ROP (14–17), DR (18), and wet AMD (19, 20) that exclusively 

relies on suppressing neovascularization using anti-VEGF antibodies, aptamers and other 

biologics (21). Their high molecular weight endows them with intraocular half-lives in the 

order of several days (22) giving rise to their ability to neutralize VEGF for weeks (23–25). 

While the therapy is the best we have at the moment as it allows to efficiently dampen 

neovascularization (26, 27), constantly depriving the retina of VEGF comes at the price of side 

effects such as retinal degeneration caused by the progressive death of retinal cells (28, 29). 

While the clinical relevance of this is still a matter of debate (30), the treatment fails to reach 

out to the RPE to address the source of neovascularization, inflammation, and immune system 

activation. This makes it quite unsuited to serve as a preventive therapy, to hinder early disease 

development and protect millions of patients from visual impairment.
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Figure 1. Illustration of a nanotherapeutic targeting the RPE following systemic 

i.v. injection. 

(A) Schematic drawing that shows the localization of the finally intended nanoparticle 

accumulation in the RPE cell monolayer. (B-E) Individual steps of nanoparticle transport 

into the RPE along the route that natural lipoprotein particles (LDL and VLDL) take. (B) 

Nanoparticles immediately after injection interacting with endothelial cells of the choroid. 

(C) Nanoparticles extravasate form the blood and cross Bruch’s Membrane. (D) 

Nanoparticles are taken up by RPE cells. (E) Nanoparticles accumulate inside RPE cells and 

form a depot. 

 

To overcome this constraint, we explored if it was possible to design nanoparticles that enter 

the retina via the choroid and form a drug depot in the RPE (Fig. 1A). However, addressing 

nanoparticles from the central circulation to the posterior eye is challenging, since a drug 

transporter would need to permeate through the endothelial cell layer and the Bruch’s 

Membrane on its way from the choroid to the RPE (Fig. 1B to E) (10, 31). 
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To meet this challenge, we designed lipid nanocapsules (LNCs) that mimic 25 nm low-density 

lipoprotein (LDL) and 60 nm very low-density lipoprotein (VLDL) particles respectively. Both 

have the ability to cross the corresponding biological barriers and supply RPE cells with lipids 

(12, 32, 33). Like their natural counterparts our 50-60 nm LNCs consist of a triglyceride core 

and a phospholipid shell that binds to lipoprotein receptors like the scavenger receptor CD36 

on RPE cells and triggers particle uptake (Fig. 2A) (34, 35). To further increase RPE cell avidity, 

LNCs were outfitted with cyclo(-Arg-Gly-Asp-D-Phe-Cys) (cRGD) that was tethered to the 

particle corona via PEG chains (Fig. 2A and Fig. S1A and B). As a ligand with nanomolar affinity 

(36) for αvβ3 and αvβ5 integrins expressed by RPE cells (37), cRGD was intended to allow 

together with phospholipids for hetero-multivalent binding (38) to increase the specificity and 

avidity of particles for the target cells (39).  

While it was our primary goal to see if these nanoparticles would reach the RPE following 

intravenous (i.v.) injection in mice, we were also keen to explore if they would form a depot in 

the cell monolayer and allow a transported drug to interfere with the pathomechanisms 

outlined above. To this end, we loaded the particles with Cyclosporin A (CsA) (Fig. S1C and D) 

known for its pronounced antiangiogenic, anti-inflammatory, and immuno-modulatory 

potential (40–42). We assessed their therapeutic potential in oxygen induced retinopathy 

(OIR), a mouse model of ROP. Analyzing the levels of VEGF, VEGF receptor type 2 (VEGF-

R2), glial fibrillary acidic protein (GFAP) and IL-1β expression in the sensory retina and the 

RPE-choroid complex, we assessed if our nanotherapeutic truly addressed the pathological 

triad of neovascular ocular diseases. Overall, we wanted to find out if such drug loaded 

nanoparticles would prevent disease development.
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2 Results 

2.1 Nanoparticles address RPE and endothelial cells in vitro  

First, we investigated the interaction of the hetero-multivalent particles with the target cells 

and determined their cellular internalization in vitro. Alongside RPE cells we used endothelial 

cells to study the cellular uptake of nanoparticles. While the former are the ultimate target, the 

latter are part of the barrier that the nanoparticles need to overcome on their way from the 

blood to the retina. Similar results were obtained for both cell types (Fig. 2B). While the cellular 

uptake of control LNCs was only moderate, cRGD-modified nanoparticles (RGD-LNCs) were 

taken up excessively.  

 

 

Figure 2. LDL mimicking and integrin addressing lipid nanoparticles target 

RPE and endothelial cells. 

(A) Schematic illustration of the LDL-mimicking nanoparticle composition and the hetero-

multivalent targeting concept of RGD-LNCs. (B) Ligand-mediated cellular uptake of LNCs 

and RGD-LNCs in human retinal pigment epithelial (ARPE) cells and human dermal 

microvascular endothelial (HDME) cells, partially inhibited by free RGD. (C) Ligand-

mediated uptake kinetic of LNCs and RGD-LNCs in ARPE cells. (D) Cellular localization of 

LNCs and RGD-LNCs in HDME and ARPE cells. Scale bar: 20 μm. Data are mean ± SD of 

n = 3 biologically independent samples per group. Levels of statistical significance are 

indicated as **** P ≤ 0.0001 and n.s.: non‐significant. P values determined by two-way 

ANOVA (B) and one-way ANOVA (C). 
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This confirmed the benefits of the hetero-multivalent nanoparticle design. The two targeting 

moieties, cRGD and the phospholipid, were of significant advantage for RPE cell recognition 

and internalization. The significance of the integrin ligand was demonstrated further by the 

sharp decrease of cellular uptake of RGD-LNCs when αvβ3 and αvβ5 integrin receptors were 

blocked with free cRGD (Fig. 2B). On the other hand, the cell uptake of both, RGD-LNCs and 

LNCs, increased continuously with time (Fig. 2C), which can be attributed to the scavenger 

receptor CD36 that both particle species bind to. The true internalization of the nanoparticles 

into cells was confirmed using fluorescence microscopy (Fig. 2D). The images show that the 

nanoparticles are exclusively located in the cytosolic region of both cell types and that there is 

no unspecific adhesion to the cell surface.  

 

2.2 Nanoparticles accumulate in RPE cells in vivo 

To investigate the fate of RGD-LNCs following i.v. injection we first assessed their whole-body 

distribution relative to their ocular accumulation. One hour after injection, approximately 10% 

of the administered dose of RGD-LNCs reached the eye per gram of tissue which is comparable 

to the amounts found in the liver (Fig. 3A). Furthermore, it is equal to 2.0% of the total dose of 

RGD-LNCs that accumulates in the retina (Fig. 3B).  Given the low mass of the tissue this is an 

outstanding efficacy compared to other nanotherapeutics (43). The data also rigorously 

supports the advantage of the hetero-multivalent nanoparticle design since ocular 

accumulation is 8 times higher for RGD-LNCs compared to LNCs (Fig. 3A and B). 
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Figure 3. Targeted and cell specific intraocular nanoparticle enrichment after 

i.v. injection. 

(A) Tissue distribution of nanoparticles after systemic administration and 1 h of blood 

circulation in % initial dose (ID) per g tissue. (B) Absolute target tissue distribution in % ID 

of RGD-LNCs and LNCs in the retina. (C) Images of retinae of mice treated with 

nanoparticles 1 h after administration and detailed images (z-stacks) of RGD-LNCs in the 

different vascular layers. Scale bars: 100 μm (top) and 20 μm (bottom). (D, E and G) Cell 

specificity of nanoparticle accumulation in the posterior eye, (D and E) 1 h after 

administration, and (G) at different time points. Nanoparticle accumulation in the RPE 

indicated with white arrows. Blue: DAPI staining of cell nuclei; green: RPE65 (D) and CD31 

(E and G); lilac: nanoparticle-associated fluorescence. Squared out regions are shown as 

magnification. Scale bars: 20 μm. (F and H) Quantitative analysis of nanoparticle 

fluorescence 1 h after administration (F) and at different time points (H). Results are 

presented as mean ± SD of n = 6 (A) and (B) mice per treatment group, n = 5 (F) or at least 

n = 3 (H). Levels of statistical significance are indicated as * P ≤ 0.05, ** P ≤ 0.01, **** P ≤ 

0.0001 and n.s.: non‐significant. P values determined by two-way ANOVA (A), unpaired t-

test (B) and one-way ANOVA (F and H).



 Results 
  
 

 
125 

 

As previous in vivo experiments have shown that monovalent cRGD-grafted quantum dots 

bind exclusively to choroidal and intraretinal endothelial cells but not to RPE cells (44, 45), it 

was of utmost importance to investigate if the hetero-multivalent RGD-LNCs would overcome 

this limitation. As expected, retina whole mounts of mice following i.v. injection with RGD-

LNCs and LNCs revealed endothelial cell binding (Fig. 3C). As previously shown for cRGD-

grafted quantum dots [44], there is strong association of RGD-LNCs with the whole retinal 

vasculature and particles accumulate in all three layers of the retinal network: the superficial, 

the intermediate and the deep vascular plexus (Fig. 3C).  Especially with regard to the 

treatment of neovascular ocular diseases with retinal neovascularization such as ROP and DR, 

this can be very advantageous and provide another target for counteracting neovascularization. 

In addition to the localization in retinal endothelial cells, TEM imaging of retinal sections 

revealed the presence of RGD-LNCs in choroidal endothelial cells, Bruch’s Membrane and RPE 

cells, indicating that our particles might indeed follow the LDL/ VLDL route towards the RPE 

(Fig. S2A to C). Fluorescence microscope images showed excessive amounts of RGD-LNCs, but 

not LNCs, in the RPE one hour after i.v. injection (Fig. 3D and E). The quantification of 

nanoparticles in the RPE using fluorescence density measurements revealed that both LNCs 

and RGD-LNCs reached the RPE but only the hetero-multivalent particles led to a significant 

accumulation in the tissue (Fig. 3F). Moreover, neither RGD-LNCs nor LNCs were found in 

any other cell type in the eye, proving endothelial and mainly RPE cell specificity (Fig. 3D and 

E). 

As a final step, the residence time of RGD-LNCs in the RPE was evaluated by taking 

fluorescence images of the posterior eye one hour, 24 hours and 5 days after i.v. administration. 

While fluorescence imaging revealed the presence of RGD-LNCs in the RPE for all three time 

points (Fig. 3G), the quantitative evaluation showed that the maximal accumulation was 

reached one hour after i.v. injection (Fig. 3H). It remained on a constant level for at least 24 

hours. Surprisingly, after 5 days, substantial amounts of RGD-LNCs could still be detected in 

the tissue, which is highly beneficial with respect to any prospective therapy.
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2.3 Cyclosporin A-loaded nanoparticle treatment prevents ROP 

The accumulation of RGD-LNCs in RPE cells opened the door to investigate the therapeutic 

potential of CsA loaded RGD-LNCs (CsA RGD-LNCs) for the treatment of neovascular ocular 

disease. For our investigations we chose the mouse model of OIR since it is considered the 

standard animal model for ROP and proliferative DR (46). Moreover, it most closely reflects 

the pathogenesis of ROP where the transient oxygen administration to preterm infants triggers 

abnormal blood vessel growth (3). To induce the disease, we subjected newborn mice to oxygen 

treatment on postnatal day 7 (P7) which causes an initial loss of retinal vessels due to 

suppressed VEGF levels (Fig. 4A). Termination of oxygen treatment on P12 induces massive 

VEGF overexpression accompanied by inflammatory (47) and immune responses (48, 49) that 

both spur neovascularization. Considering this mechanism, we treated the animals on P12 with 

a single i.v. nanoparticle injection, right before neovascularization started (Fig. 4A). To assess 

the potential of the drug loaded nanoparticles comprehensively, the effects of CsA RGD-LNCs 

were compared to those obtained for a matching dose of intravenously applied CsA solution 

(free CsA) and the PBS control. 

First, we analyzed the inhibitory effect of CsA loaded nanoparticles on neovascularization as 

the most relevant metric for the therapeutic success (50). Fig. 4B shows the pathological 

changes in the retinal vasculature caused by OIR that contains large areas of newly formed, 

leaky vessels and neovascular tufts (Control OIR). In contrast, the retinae of CsA RGD-LNC 

treated mice show a dramatic decrease of neovascular zones, leaky vessels and neovascular 

tufts (Fig. 4B, CsA RGD-LNC).  

To assess the efficacy of CsA RGD-LNCs quantitatively, the areas of leakage, tufts and 

proliferating vessels were measured and normalized to the overall retinal area as extent of 

neovascularization. CsA RGD-LNCs were able to suppress neovascularization substantially by 

a factor of 6 while an identical dose of CsA injected as aqueous solution had no effect (Fig. 4C). 

Apparently, a single injection of CsA RGD-LNCs administered directly after the oxygen 

treatment delivers enough CsA to the RPE to effectively prevent ROP from developing. That 

the targeted delivery system is mandatory to deliver the drug was strongly supported by the 

drug content we found in the posterior eye on P17 (Fig. 4D). Five days after injection, CsA was 

still detectable in the retinae of mice suffering from OIR that received the nanoparticle 

formulation but not in animals that were treated with the drug solution. Overall, the results 

demonstrate that RGD-LNCs are a highly precious tool for transporting drugs to the RPE and 

make them available for several days.
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Figure 4. CsA loaded nanoparticle effectiveness on the progression of ROP. 

(A) Scheme depicting the pathogenesis and intervention regime in the mouse model of OIR. 

(B) Representative images of retina whole mounts showing the retinal vasculature at P17. 

Untreated control (without and OIR; Control no OIR and Control OIR) compared to free CsA 

and CsA RGD-LNCs treated mice. Green: FITC-Dextran. Scale bars: 500 μm. (C) 

Quantification of the relative neovascular area. (D) Absolute CsA content in the posterior eye 

of mice with OIR at P17 after injection of CsA RGD-LNCs or free CsA. n.q.: not quantifiable. 

Results are presented as mean ± SD of at least n = 8 (C) and n = 5 (D) mice per treatment 

group. Levels of statistical significance are indicated as * P ≤ 0.05, **** P ≤ 0.0001 and n.s.: 

non‐significant. P values determined by one-way ANOVA (C) and unpaired t-test (D). 

 

2.4 Cyclosporin A-loaded nanoparticles fight the pathophysiological triad 

Since our CsA loaded particles had tremendous effects on the inhibition of neovascularization 

we were intrigued to have a closer look at the underlying mechanisms. CsA exhibits its 

antiangiogenic potential by the inhibition of VEGF-R2 glycosylation and intracellular 

trafficking. It further interferences with the VEGF signaling pathway at various intracellular 

sites and counteracts TGFβ-related VEGF production in RPE cells (42, 51, 52). To this end, 

changes in VEGF-R2 and VEGF levels were quantitatively assessed. Immunohistochemical 

analysis revealed that the treatment with CsA RGD-LNCs decreased elevated VEGF-R2 levels 

in OIR mice down to the physiological values measured in healthy control animals (Fig. 5A). 

For VEGF, similar results were obtained with a reduction to physiological values in both the 

RPE-choroid complex (Fig. 5B) and the retina (Fig. 5C) upon CsA RGD-LNCs treatment, 

indicating the inhibition VEGF production in the RPE and the significant reduction of VEGF 

availability in the retina. Therefore, the results impressively demonstrate that CsA RGD-LNCs 

counteract the VEGF-driven neovascularization by restoring rather than suppressing 

physiological VEGF and VEGF-R2 levels. 
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Figure 5. Molecular angiogenic and inflammatory responses to nanoparticle 

therapy. 

(A) Quantitative analysis of VEGF-R2 fluorescence density from cryosections 

immunohistochemically stained with VEGF-R2 antibody.  (B and C) Assessment of VEGF 

protein levels in the RPE-choroid complex (B) or the retina (C) via ELISA. (D) Imaging of 

GFAP expression in the posterior eye. Blue: DAPI staining of cell nuclei; green: GFAP. (E) 

Quantitative analysis of GFAP fluorescence from sections shown in (D). (F) Representation 

of interleukin-1β (IL-1β) mRNA expression levels in RPE-choroid complex. Scale bars: 20 μm. 

Results are presented as mean ± SD of at least n = 5 (A, D, E, and F) and n = 6 (B and C) 

mice per treatment group. Levels of statistical significance are indicated as * P ≤ 0.05, ** P ≤ 

0.01, *** P ≤ 0.001, **** P ≤ 0.0001 and n.s.: non‐significant. P values determined by one-

way ANOVA (A to F).
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Since CsA additionally exhibits strong influence on immune responses and a high anti-

inflammatory potential by decreasing proinflammatory IL-1β levels, we next investigated the 

effects of CsA RGD-LNC therapy on inflammatory and immune response (53). While the 

former is considered a ‘key contributor’ to ROP (47) the latter is considered to spur 

inflammatory processes of neovascular ocular diseases (7, 54). Therefore, we first determined 

the levels of GFAP, because elevated GFAP levels indicate retinal inflammation and immune 

system activation (54, 55). Fig. 5D displays the excessive expression of GFAP by reactive Müller 

cells which reflects inflammation and exuberant immune response caused by OIR. The 

treatment with CsA RGD-LNCs leads to a significant decrease of the marker down to normal 

values (Fig. 5E). Together with significantly lower production of proinflammatory IL-1β mRNA 

in RPE cells (Fig. 5F) it proves the substantial anti-inflammatory efficacy of CsA RGD-LNCs. 

Overall, the investigation of the mechanisms of CsA RGD-LNC treatment revealed bright 

prospects for the comprehensive therapy of ROP and other neovascular ocular diseases. CsA 

RGD-LNCs normalize vascularization by restoring natural VEGF and VEGF-R2 expression 

levels and substantially reduce inflammation, most likely in combination with dampening 

adverse immune responses. 

 

2.5 Cyclosporin A-loaded nanoparticles as a prophylaxis for ROP 

Our investigations revealed that a single dose of CsA loaded nanoparticles suffices to bring the 

pathogenesis of ROP to a complete halt. This opens the door to use CsA RGD-LNCs for a 

preemptive treatment of preterm infants at risk of developing ROP after oxygen treatment. 

Therefore, we determined if there would be negative effects on the eyes of healthy mice that 

were injected with CsA RGD-LNCs (Fig. 6A). Investigation of the vessel status revealed no 

alteration and no disturbance of normal vessel development as a result of the treatment (Fig. 

6B and C, and Fig. S4A and B). Furthermore, the prophylactic intervention caused no 

significant changes in the VEGF and VEGF-R2 expression of heathy animals (Fig. 6D, F and 

H, and Fig. S3C to F). This reassured us that VEGF signaling, which is essential for 

physiological vessel development and overall ocular homeostasis and integrity, remained 

unaffected in healthy animals. Similar results were obtained for GFAP protein and IL-1β 

mRNA levels, that were unaffected as well (Fig. 6E, G and I, and Fig. S3G). 



Chapter 5: Targeted Lipid Nanoparticles 
  
 

 
130 

 

 

Figure 6. Clinical and molecular effects of nanoparticle therapy on healthy 

mice. 

(A) Scheme depicting the intervention regime for mice without OIR. (B) Representative 

images of retina whole mounts showing the retinal vasculature. Green: FITC-Dextran. Scale 

bars: 500 μm. (C) Quantification of the relative neovascular area. (D) Imaging of VEGF-R2 

expression in the eye. Blue: DAPI staining of cell nuclei; green: VEGF-R2. (E) Imaging of 

GFAP expression in the eye. Blue: DAPI staining of cell nuclei; green: GFAP. (F) Quantitative 

analysis of VEGF-R2 fluorescence from sections shown in (D). (G) Quantitative analysis of 

GFAP fluorescence from sections shown in (E). (H) Assessment of VEGF protein levels in the 

sensory retina or RPE-choroid complex. (I) Representation of IL-1β mRNA level fold change 

in either the sensory retina or RPE-choroid complex compared to control. Scale bars: 20 μm. 

Results are presented as mean ± SD of at least n = 5 (D, E, and I), n = 6 (H) and n = 10 (C) 

mice per treatment group. Levels of statistical significance are indicated as * P ≤ 0.05, ** P ≤ 

0.01, *** P ≤ 0.001, **** P ≤ 0.0001 and n.s.: non‐significant. P values determined by 

unpaired t-test (C, F, and G), multiple t-test (I) and two-way ANOVA (H).
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3 Discussion 

RGD-LNCs successfully mimicked LDL and VLDL particles and were able to accumulate in 

RPE cells following i.v. injection. As expected, they were not exclusively distributed to the 

posterior eye but, like other nanoparticles, in the whole organism (Fig. 3A). However, three 

aspects were highly remarkable. Only LNCs that carried cRGD as avß3 - and avß5-integrin ligand 

accumulated efficiently in the RPE, proving that hetero-multivalent targeting of RPE cells was 

essential (Fig. 3F). Furthermore, their ability to recognize target cells was highly efficient since 

RGD-LNCs accumulated massively in the RPE when compared with the liver tissue which is a 

part of the mononuclear phagocytic system and able to actively remove particles from the 

central circulation (Fig. 3A and B). Given the fact, that inside the eye, particles were found 

exclusively in retinal vessels and the RPE (Fig. 3D and E) will allow for cell specific drug 

delivery.  Finally, the RGD-modified particles had, compared to the control particles, elevated 

blood levels which could result from an interaction with circulating cells (56). This is highly 

beneficial since it shows that the availability of particles for distribution into the eye is 

unbroken after 1h and further supports the feasibility of lowering injected doses in future 

experiments. The targeted nanoparticles had a stunning residence time in the RPE with 

substantial particle amounts being present for 5 days after the injection (Fig. 3H). This 

nanoparticle depot formation in the RPE is a tremendous advantage for the delivery of drugs 

since their rapid tissue clearance would be counterbalanced by long-term drug release.  

A major goal was to explore if such a particle system would truly allow to address all three 

pathomechanisms that underly neovascular ocular diseases and if it would be of therapeutic 

value. To this end we decided to test drug loaded nanoparticles in a mouse model of ROP, since 

it is well established, robust and unanimously reflects the three relevant pathomechanisms in 

question (57). As the model drug we decided on CsA since it addresses all relevant arms of 

disease development. We found that the respective CsA loaded nanoparticles were remarkably 

successful in vivo. A single i.v. dose of CsA RGD-LNCs completely prevented disease 

development in terms of neovascularization. (Fig. 4C) This was perfectly in line with the 

downregulation of VEGF and VEGF-R2 levels. (Fig. 5A to C). In contrast to the contemporary 

clinical practice of anti-VEGF therapy that reduces VEGF levels to zero (30, 58), our 

nanotherapeutic rather normalized VEGF and VEGF-R2 expression to physiological levels. 

This is highly beneficial since physiological VEGF levels have been shown to be vital for the 

survival of a vast number of retinal cells including Müller cells, RPE cells, astrocytes, and 

ganglion cells (59–61). Further valuable information was obtained from two control 

experiments. When mice were treated with the dose of CsA in form of a simple aqueous 

injection, we did not observe any therapeutic effect (Fig. 4C). Furthermore, challenging healthy 

mice with the therapeutic nanoparticles did not elicit any negative effect on retinal vascular 

development (Fig. 6 B and C). Both experiments showed that the use of targeted nanoparticles 
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for delivering CsA is mandatory to obtain a therapeutic effect and that our nanotherapeutic 

could be used as prophylactic measure that would not interfere with ‘normal’ retinal blood 

vessel development. Besides showing the highly beneficial therapeutic effect of ‘normalizing’ 

vessel growth, our results shed light on the anti-inflammatory and immune modulating 

potential of CsA RGD-LNCs. Retinal GFAP levels that correlate with the degree of retinal 

damage and inflammatory processes were found to be significantly lowered. The anti-

inflammatory efficacy of our nanotherapeutic was further supported by the significant 

decrease of proinflammatory IL-1β mRNA expression. However, further research using 

appropriate disease models for DR and AMD is needed to fully understand the impact of 

counteracting inflammation and immune responses on the progression of neovascular diseases 

and its therapeutic potential. Therefore, we deem our nanoparticles the perfect tool to explore 

the effect of treating a pathophysiological deranged RPE in more depth in the future using 

AMD and DR models. 

Moreover, our findings pave the way for a highly innovative treatment of neovascular ocular 

diseases since we have proven that rebalancing RPE function and homeostasis is a feasible and 

very efficient way to counteract the underlying triad of pathophysiological events. Its concrete 

therapeutic rational, the simplicity of i.v. injection and the need for only a single application 

would make our nanotherapeutic a precious tool to fight ROP more efficiently, 

prophylactically, safer and at lower cost. This would be of paramount value particularly for 

middle- and low-income countries, where the prevalence of ROP is high and the diagnostic and 

therapeutic possibilities are low (62, 63). Even though, further research regarding nanoparticle 

toxicity, dosing, and long-term effects is needed to successfully translate the nanotherapeutic 

into clinics, we strongly believe this could represent a paradigm shift in neonatal care to a 

future in which a single i.v. injection of nanoparticles is a standard treatment for the millions 

of infants at risk for ROP.
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4 Materials and Methods 

4.1 Materials 

Kolliphor® HS15 was obtained from BASF and Lipoid® S75-3 was acquired from Lipoid 

GmbH (Ludwigshafen, Germany). Miglyol® 812 (medium chain triglycerides (MCT)) was 

purchased from Caesar & Loretz GmbH (Hilden, Germany). 1,1′-Dioctadecyl-3,3,3′,3′-

tetramethylindocarbocyanine perchlorate (DiI), 3,3′-Dioctadecyloxacarbocyanine perchlorate 

(DiO) and 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD) were 

purchased from Invitrogen (Waltham, USA). Sodium oleate was purchased from TCI Europe 

(Zwijindrecht, Belgium). Cyclosporin A (CsA) was obtained from Pharma Stulln GmbH (Stulln, 

Germany).  

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N[maleimide(polyethyleneglycol)-2000] 

(ammonium salt) (DSPE-PEG2000-maleimide) was purchased from Avanti Polar Lipids Inc. 

(Alabaster, USA). Cyclo-(Arg-Gly-Asp-D-Phe-Cys) acetate salt (RGD) was purchased from 

Bachem Distribution Service GmbH (Weil a. Rhein, Germany). Dulbecco’s phosphate buffered 

saline (DPBS) was acquired from Gibco® Life Technologies (Waltham, USA). Purified water 

was obtained from a MilliQ System from Millipore (Schwalbach, Germany). All other materials 

and reagents in analytical grade were obtained from Merck (Taufkirchen, Germany).   

 

4.2 Lipid Nanoparticle Preparation & Characterization 

LNC were prepared after Heurtault et. al (64) with slight modifications as previously described 

(65). In short, 887.5 mg Kolliphor® HS15 40% (w/w), 30 mg Lipoid® S75-3, 415 mg MCT, 12 

mg NaCl and 655.8 mg water were heated in a phase inversion process of 3 cycles between 

90°C and 60°C. In the third cycle, water was added at the phase inversion temperature leading 

to stable LNC formation. The final dispersion was filtered through a 0.22 µm regenerated 

cellulose (RC) membrane for sterilization and stored at room temperature in the dark. For 

particle detection, fluorescent dyes (DiO, DiI, DiD 1.5% (w/w)) and/or SPION 0.24% iron 

(w/w) were added to the initial mixture (66). For the preparation of CsA loaded LNC, MCT was 

replaced by 8.5% (w/w) CsA-MCT solution and particles were prepared as described above. 

For RGD peptide grafting, RGD was first coupled to DSPE-PEG2000-maleimide (2 h, RT, 500 

rpm). Next, the conjugates were inserted in the shell of the LNC by using the post-insertion 

method as previously described (3 h, 37°C, 500 rpm) (67). For purification and concentration, 

the modified LNC were dialyzed against DPBS overnight using Spectra/Por® Float-A-Lyzer® 

G2 MWCO 300 kDa and subsequently centrifuged twice (15 min, RT, 4000 g) using a 100 kDa 

molecular weight cutoff Amicon® Ultra-4 centrifugal device.
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Size and ξ‐potential of the resulting particles were measured in 10% DPBS (v/v) at a constant 

temperature of 25 °C using 2 mg/ml concentrations with a ZetaSizer Nano ZS (Malvern 

Instruments). To assess the CsA content and the encapsulation efficacy, CsA LNC were diluted 

with methanol and ultrasonicated (30 min) to disrupt the particles. Afterwards CsA was 

quantified by ultra-high-performance liquid chromatography in combination with mass 

spectrometry (UHPLC-MS), as previously described (65, 68). 

 

4.3 Cell Culture 

Human dermal microvascular endothelial (HDME) cells were cultured in endothelial cell 

growth medium MV (GM) and endothelial cell basal medium MV (BM), all purchased from 

PromoCell GmbH (Heidelberg, Germany). HDME cells were used exclusively in low passage 

numbers ranging from 4 to 7. Human retina pigment epithelial cells (ARPE-19), kindly gifted 

by Dr. Ulrike Friedrich (Institute of Human Genetics, University of Regensburg), were cultured 

in DMEM‐F12 (1:1) medium supplemented with 10% FBS obtained from Biowest (Nuaillé, 

France). 

 

4.4 Cellular Targeting 

Particle uptake through flow cytometry was performed as previously described (65). In short, 

either HDME or ARPE-19 cells were seeded in 24-well plates at a density of 50 000 cells per 

well and incubated in BM and DMEM‐F12 (1:1), respectively, for 24 h (37°C). Pre-warmed 

particle solutions (0.6 mg/ml in Leibovitz medium supplemented with 0.1% bovine serum 

albumin (BSA)) were added to the cells, after washing them with DPBS, and incubated for 1 h. 

To confirm the ligand specificity, cells were incubated with 1 mg/ml of RGD solution prior to 

particle addition. Afterwards, particle solutions were discarded, and the cells washed 

thoroughly with DPBS, trypsinated and centrifuged (200 × g, 5 min, 4°C). Nanoparticle 

associated cell fluorescence was analyzed in DPBS using a FACS Canto II cytometer (Becton 

Dickinson). Fluorescence was excited at 488 nm and recorded using a 530/30 nm bandpass 

filter. The population of viable cells was gated using Flowing software 2.5.1. (Turku Centre for 

Biotechnology) and the geometric mean of the nanoparticle associated fluorescence was 

analyzed. 

For the assessment of particle uptake kinetics, ARPE-19 cells were seeded in 24-well plates at 

a density of 50 000 cells per well and incubated in DMEM‐F12 (1:1) for 24 h (37°C). After 

washing the cells with DPBS, pre-warmed particle solutions (0.6 mg/ml in Leibovitz medium 

supplemented with 0.1% BSA) were added to the cells and incubated for 1 h, 2 h, 4 h, 6 h and 

8 h. Subsequent to every incubation period cells were processed and analyzed as described 

above. To determine the cellular distribution of the different particle formulations HDME and 

ARPE-19 cells were seeded in coverslip containing 6-well plates at a density of 300 000 cells 
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per well and incubated over 24 h. Then, cells were washed with DPBS and incubated with pre-

warmed particles solutions (0.6 mg/ml in Leibovitz medium supplemented with 0.1% BSA) for 

1 h. Afterward, the solutions were discarded, and prior to the fixation with 4% 

paraformaldehyde (PFA), cells were washed thoroughly with DPBS. The coverslips were then 

transferred onto Superfrost plus glass slides and cell nuclei were stained with DAPI (0.15 

µg/ml) prior to imaging using an Axio Imager fluorescence microscope with a Plan-Neofluar 

40x/1.30 Oil M27 objective (Carl Zeiss AG) and the Zen Software (Carl Zeiss Microscopy). 

 

4.5 In vivo Distribution and Targeting 

The in vivo distribution experiments were carried out according to the national and 

institutional guidelines and were approved by the local authority (Regierung von 

Unterfranken, reference number: 55.2‐2532‐2‐329). As animal models, 10‐week‐old female 

129SV‐mice (Charles River Laboratories, Sulzfeld, Germany) were used. The different 

nanoparticle solutions (10 mg/ml LNC or RGD-LNC in DPBS) were injected (100 µl) via the 

vena jugularis after anesthesia with isoflurane inhalation and buprenorphine (0.1 mg/kg). 

After 1 h of particle circulation mice were anaesthetized with ketamine (125 mg per kg 

bodyweight) and xylazine (80 mg per kg bodyweight), the blood sample was collected, and they 

were killed through perfusion with DPBS. Subsequently, eyes, liver, heart, and kidneys were 

harvested and the posterior part of one eye or 100 mg of each organ, respectively were 

homogenized in RIPA buffer using an Ultra-Turrax tissue homogenizer (IKA). Then, samples 

were centrifuged (4 min, 4°C, 2000 g), the supernatant was collected, and the nanoparticle 

concentration was determined using a FLUOstar Omega microplate reader (DiD; 640/20 nm 

excitation and 680/20 nm emission bandpass filters) and calculated using GraphPad Prism 

6.0. The second eye was placed in 4% PFA for 1 h directly after the perfusion with DBPS and 

then retina whole mounts were prepared. Finally, the retinae were transferred on microscope 

slides, and mounted with Mowiol 4-88 (Carl Roth, Karlsruhe, Germany). Images of the whole 

retina and detailed images of the retinal vessels were acquired using an Axio Imager 

fluorescence microscope with a Plan-Apochromat 20x/0.8 M27 objective and the Zen Software 

(Carl Zeiss Microscopy). For better visualization, the lookup table “Sun” was applied to the 

particle‐associated fluorescence. To investigate the intraocular distribution, mice were treated 

with LNC and RGD-LNC loaded simultaneously with fluorescent dye and superparamagnetic 

iron oxide nanoparticles (Dual LNC) as described above [66]. After either 1 h, 24 h or 5 d of 

particle circulation, mice were anaesthetized with ketamine (125 mg per kg bodyweight) and 

xylazine (80 mg per kg bodyweight), killed through perfusion with 4% PFA and eyes were 

enucleated. 
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Afterward, one eye was cryoprotected by incubation in phosphate buffer (0.1 m pH 7.4) 

supplemented with increasing sucrose concentrations (10%, 20% and 30%) for 12 h each. 

Then, cryoprotected eyes were embedded in Tissue Tek O.C.T. Compound (Sakura Finetek) 

and subsequently frozen in liquid nitrogen. Finally, they were cut into 12 µm sections using an 

HM 500 OM microtome (Microm International) and transferred onto Superfrost plus glass 

slides. For determining the colocalization of the nanoparticles with the RPE cells, cryosections 

were washed with phosphate buffer (0.1 m pH 7.4) prior to the 1 h-blockage with 2% BSA. 

Sections were then washed with phosphate buffer (3 x, 5 min each) and incubated overnight 

with the primary monoclonal mouse anti‐RPE-65 antibody (Abcam, Cambridge, UK) (1:100 in 

1:10 blockage buffer) at 4 °C. Then, they were washed again with phosphate buffer (3 x 5 min 

each) and incubated for 1 h with the Alexa 488 anti‐mouse secondary antibody (1:1000 in 1:10 

blockage buffer) (Invitrogen, Thermo Fisher Scientific, Waltham, USA). Finally, the sections 

were washed again and rinsed with ultrapure water prior to mounting with Mowiol 4-88 

supplemented with DAPI (0.15 µg/ml). To further assess the colocalization of the nanoparticles 

with vessels, cryosections were washed with phosphate buffer (0.1 m pH 7.4) prior to 1 h-

blockage with 2% BSA supplemented with 0.2% cold water fish gelatin (CWFG) and 0.1% 

Triton. Sections were then washed with phosphate buffer (3 x, 5 min each) and incubated 

overnight with the primary polyclonal goat anti‐CD31 antibody (R&D systems, Minneapolis, 

USA) (1:100 in 1:10 blockage buffer) at 4 °C. Then, they were washed again with phosphate 

buffer (3 x, 5 min each) and incubated for 1 h with the biotinylated anti‐goat secondary 

antibody (1:500 in 1:10 blockage buffer) (Vector Laboratories, Burlingame, USA). Before and 

after the incubation with streptavidin Alexa 488 (1:1000 in 1:10 blockage buffer) (Invitrogen, 

Thermo Fisher Scientific, Waltham, USA) for 1 h, sections were washed again and rinsed with 

ultrapure water prior to mounting with Mowiol 4-88 (Carl Roth, Karlsruhe, Germany) 

supplemented with DAPI (0.15 µg/ml). Images were generated using an Axio Imager 

fluorescence microscope with a Plan-Neofluar 40x/1.30 Oil M27 objective (Carl Zeiss AG) and 

the Zen Software (Carl Zeiss Microscopy). For the quantitative evaluation of nanoparticle 

fluorescence in the RPE, the fluorescence area was gated, and the integrated fluorescence 

density of each gated area was quantified using ImageJ version 1.52. The respective other eye 

was used for the preparation of ultra-thin sections for transmission electron microscopy 

(TEM). To that end, eyes were embedded in London Resin white (L.R. white) (Serva, Garden 

City Park, NY) and finally ultra-thin sections (90 nm) were processed according to protocols 

published previously (69). TEM imaging was performed, as previously described, using a Libra 

120 electron microscope (Carl Zeiss AG) (70).  
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4.6 Murine ROP Model 

The animal experiments regarding the assessment of nanoparticle efficacy were carried out 

according to the national and institutional guidelines and were approved by the local authority 

(Regierung von Unterfranken, reference number: 55.2‐2532‐2‐363). OIR was induced in 

mouse (129SV) pups according to a protocol previously established (48). In brief, at postnatal 

day 7 (P7), mouse pups and their nursing mothers were placed in a plexiglas incubator with an 

adjustable oxygen sensor and feedback system and exposed to hyperoxia (75 ± 1% oxygen) for 

5 days. On P12, the pups were returned to room-air conditions for another 5 days until P17. 

Mice were treated at P12 directly after returning to normoxia with either 20 µl nanoparticle 

solution (RGD-LNCs or CsA RGD-LNCs 20 mg/ml), CsA solution (Sandimmun 50 mg/ml, 

Novartis, Basel, Switzerland) diluted with isotonic saline solution to a final concentration of 

0.68 mg/ml or DPBS by injection via the vena jugularis after anesthesia with ketamine (125 

mg per kg bodyweight) and xylazine (80 mg per kg bodyweight). 

 

4.7 Assessment of ocular CsA content 

To quantify the CsA content in the eye at P17 after the treatment with either CsA RGD-LNCs 

or free CsA on day P12, mice were killed through cervical dislocation, eyes were enucleated and 

the anterior parts including cornea and lens were discarded. Afterwards, the posterior parts of 

the eye were weighed and homogenized in 0.5 ml methanol using Ultra-Turrax tissue 

homogenizer (IKA) and ultrasonicated for 2 h. Prior to the centrifugation (2000 x g, 30 min, 

20 °C), Cyclosporin D (CsD) was added as internal standard (0.02 µg/ml). Finally, the 

supernatant was analyzed and the CsA content determined using the same UHPLC-MS method 

as previously described (68). Data handling and processing were done using Microsoft Excel 

2019 and GraphPad Prism 6.0. 

 

4.8 Quantification of Neovascularization 

At P17, mice were weighed and underdeveloped mice (< 6 g) were excluded from further 

investigations. For the preparation of retina whole mounts, animals were anesthetized on day 

P17 with ketamine (125 mg per kg bodyweight) and xylazine (80 mg per kg bodyweight). The 

heart was exposed through the diaphragm and the left ventricle was injected with 1 ml of 

fluorescein isothiocyanate (FITC) dextran (TdB, Uppsala, Sweden) solution in DPBS (50 

mg/ml). Afterwards, eyes were enucleated and placed in 4% PFA for 1 h. Eye cups were 

dissected, and retinal flat mounts created and examined using fluorescence microscopy (Axio 

Imager, Plan-Apochromat 20x/0.8 M27 objective). For quantitative analysis the whole retinal 

area and the area of vascular tortuosity, tufting and leakiness was determined randomized and 

blinded using the Zen Software (Carl Zeiss Microscopy) (50).
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4.9 Immunohistochemistry & Immunofluorescence 

The immunofluorescent detection of VEGF-R2 and GFAP was performed using cryosections. 

For the preparation of cryosections, mice were anaesthetized at day P17 with ketamine (125 mg 

per kg bodyweight) and xylazine (80 mg per kg bodyweight) and killed through perfusion 

fixation with 4% PFA and afterwards, eyes were enucleated and processed as described above.  

For VEGF-R2 staining, cryosections were washed with phosphate buffer (0.1 m pH 7.4) prior 

to 1 h-blockage with 2% BSA supplemented with 0.2% CWFG. After the blockage, sections were 

washed (3 x, 5 min each) and incubated overnight with the primary polyclonal rabbit anti‐

VEGFR2 antibody (Cell Signaling Technology, Danvers, USA) (1:200 in 1:10 blockage buffer) 

at 4°C. Then they were washed (3 x, 5 min each) and incubated for 1 h with the biotinylated 

anti‐rabbit secondary antibody (1:500 in 1:10 blockage buffer) (Vector Laboratories, 

Burlingame, USA). Before and after the incubation with streptavidin Alexa 488 (1:1000 in 1:10 

blockage buffer) for 1 h, sections were washed again and rinsed with ultrapure water prior to 

mounting with Mowiol 4-88 supplemented with DAPI (0.15 µg/ml). For GFAP staining 

cryosections were washed with phosphate buffer (0.1 m pH 7.4) prior to the 1 h-blockage with 

2% BSA supplemented with 0.2% CWFG and 0.1% Triton. After the blockage, sections were 

washed (3 x, 5 min each) and incubated overnight with the primary polyclonal chicken anti‐

GFAP antibody (LSBio, Seattle, USA) (1:1000 in 1:10 blockage buffer) at 4 °C. Then, they were 

washed (3 x, 5 min each) and incubated for 1 h with the Alexa 488 anti‐chicken secondary 

antibody (1:1000 in 1:10 blockage buffer) (Abcam, Cambridge, UK). Finally, the sections were 

washed again and rinsed with ultrapure water prior to mounting with Mowiol 4-88 

supplemented with DAPI (0.15 µg/ml). Images were generated using an Axio Imager 

fluorescence microscope with a Plan-Neofluar 40x/1.30 Oil M27 objective (Carl Zeiss AG) and 

the Zen Software (Carl Zeiss Microscopy). For the quantitative evaluation of 

immunofluorescence in the whole posterior eye section, the ocular area was gated, and the 

integrated fluorescence density of each gated area was quantified using ImageJ version 1.52. 
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4.10 VEGF Quantification 

To assess the VEGF protein levels quantitatively, an Enzyme-linked Immunosorbent Assay 

(ELISA) for mouse VEGF (R&D systems, Minneapolis, USA) was used. For the generation of 

tissue samples, mice were killed through cervical dislocation, eyes were enucleated, and both 

the sensory retina and the RPE-choroid complex were collected. Samples were treated with 

500 µl TRIzol (Invitrogen, Waltham, USA) and for protein isolation, the manufacturer’s 

instructions were followed. Afterwards, 40 µl of sensory retina lysate or 100 µl RPE-choroid 

lysate respectively, were diluted with sample diluent provided by the manufacturer up to 200 

µl. VEGF measurements were then performed according to the provided protocol. 

Fluorescence was measured using a FLUOstar Omega microplate reader and data were 

calculated using GraphPad Prism 6.0.  

 

4.11 RT – qPCR 

RNA samples from both the sensory retina and the RPE-choroid complex were extracted using 

TRIzol (Invitrogen, Waltham, USA) following the manufacturer’s instructions for RNA 

isolation. After determining the RNA concentration using a NanoDrop spectrophotometer 

(Thermo Fisher Scientific, Waltham, USA), equal amounts of total RNA were reversed 

transcribed into first-strand cDNA using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, USA) 

according to manufacturers' instructions. Quantitative real-time RT-PCR analyses were 

performed using the iQ5 Real-Time PCR Detection System (Bio-Rad). RNA that was not 

reverse transcribed served as negative control for real-time RT-PCR and for relative 

quantification GNB2L was used. Quantification and analysis were performed using BioRad iQ5 

software (BioRad), data was processed using Microsoft Excel 2019 and GraphPad Prism 6.0. 

The primer sequences (Invitrogen, Waltham, USA) used were as follows: 

5′-TCTGCAAGTACACGGTCCAG-3′; Gnb2l forward  

5′-GAGACGATGATAGGGTTGCTG-3′; Gnb2l reverse 

5′-GAACAAAGCCAGAAAATCACTGTG-3′; Vegf-a-164 forward 

5′-CGAGTCTGTGTTTTTGCAGGAAC-3′; Vegf-a-164 reverse 

5′-CAGTGGTACTGGCAGCTAGAAG-3′; VegfR2 forward  

5′-ACAAGCATACGGGCTTGTTT-3′; VEGFR2 reverse 

5′-TCTTCCGCTTGCAAAACC-3′; Tgfbeta2 forward  

5′-GTGGGAGATGTTAAGTCTTTGGA-3′; Tgfbeta2 reverse 

5′-AGAAGCCGCATGAAGTCTG-3′; TgfbetaR2 forward  

5′-GGCAAACCGTCTCCAGAGTA-3′; TgfbetaR2 reverse 

5′-AGTTGACCGACCCCAAAAG-3′; Il-1beta forward  

5′-AGCTGCATGCTCTGATCAGG-3′; Il-1beta reverse 
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4.12 Morphological Examination 

To detect morphological changes in the retina of mice caused by the therapeutic intervention, 

mice were anaesthetized at day P17 with ketamine (125 mg per kg bodyweight) and xylazine 

(80 mg per kg bodyweight) and killed through perfusion with 4% PFA. Then, eyes were 

enucleated, fixed for 24 h in Ito's fixative and embedded in Epon as previously described (71). 

Semi-thin sections of 1.0 μm thickness were cut along the mid-horizontal (nasal-temporal) 

plane and stained by Richardson's stain. Afterwards, images were taken using light microscopy 

(Axio Imager, Plan-Neofluar 40x/1.30 Oil M27 objective; Carl Zeiss). For a quantitative 

assessment, the distance between ora serrata and optic nerve head was divided into tenths and 

the thickness of the outer nuclear layer (ONL) and inner nuclear layer (INL) was measured 

between each tenth using Zen Software (Carl Zeiss Microscopy) and ImageJ version 1.52. Data 

was further handled using Microsoft Excel 2019 and GraphPad Prism 6.0. 

 

4.13 Statistical analysis 

Data are expressed as mean ± SD. Statistical evaluation was performed using GraphPad Prism 

Software 6.0. Student’s t-test for unpaired data, one-way ANOVA and two‐way ANOVA with a 

Sidak's or Tukey’s multiple comparison test were employed to evaluate statistical significance. 

Levels of statistical significance and “n” numbers for each experiment are indicated in figure 

legends. No statistical methods were used to predetermine sample size.
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Figure S1. Nanoparticle characterization.  

(A) Hydrodynamic diameter and polydispersity index (PDI) of different LNC and RGD-LNC 

formulations. (B) ς ‐potential of LNCs and RGD-LNCs. (C) Schematic illustration of CsA 

loaded RGD-LNCs. (D) Absolute drug-load in mg CsA per g LNC dispersion and percentage 

encapsulation efficacy (experimental drug payload/theoretical drug payload). Results are 

presented as mean ± SD of n = 10 (A and B) and n = 3 (D) independent experiments. 
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Figure S2. TEM images of RGD-LNCs’ in vivo route to the RPE. 

TEM images of nanoparticle targeting in the posterior eye 1 h after administration. (A) RGD-

LNCs being associated with endothelial cells. (B) RGD-LNCs adjacent to and migrating in the 

Bruch’s Membrane. (C) RGD-LNCs in the RPE cell. Arrows indicating electron dense SPION 

and dye loaded Dual LNCs. From left to right squared out regions are shown as magnifications. 

Scale bars: 250 nm. Representative images of at least n = 5 biologically independent samples.
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Figure S3. Effects of free CsA and RGD-LNCs on mice without OIR. 

(A) Quantification of the relative neovascular area of mice without OIR at P17. (B) 

Representative images of retina whole mounts showing the retinal vasculature at P17. Green: 

FITC-Dextran. Scale bars: 500 μm. (C) Imaging of VEGF-R2 expression in the posterior eye. 

Scale bars: 20 μm. Blue: DAPI staining of cell nuclei; green: VEGF-R2. (D) Assessment of 

VEGF protein levels in the retina or RPE-choroid complex. (E and F) Representation of mRNA 

level fold change of VEGF, VEGF-R2, TGFb2, TGFb-R2 and IL-1β in either the retina or RPE-

choroid complex. (G) Imaging of GFAP expression in the posterior eye of mice without OIR. 

Scale bars: 20 μm. Blue: DAPI staining of cell nuclei; green: GFAP. Results are presented as 

mean ± SD of at least n = 10 (A), n = 6 (D) and n = 5 (E and F) mice per treatment group. 

Levels of statistical significance are indicated as * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P 

≤ 0.0001 and n.s.: non‐significant. P values determined by one-way ANOVA (A) and two-way 

ANOVA (D to F).
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Figure S4. Therapeutic intervention causes no morphological changes. 

Retinal topography of mice at P17. ONH: optic nerve head. (A) Outer nuclear layer (ONL) 

thickness measurements. ** Comparison of Control OIR and Free CsA OIR. (B) Inner nuclear 

layer (INL) thickness measurements. (C) Representative images of the morphologic 

appearance of photoreceptors and RPE in the central retina of mice at P17 with and without 

OIR treated with CsA RGD-LNCs, RGD-LNCs or free CsA at P12 compared to control. Level of 

statistical significance is indicated as ** P ≤ 0.01, P values determined by one-way ANOVA (A), 

Scale bars: 500 μm.
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Summary 

Research continuously improves our understanding of diseases and promising new 

pharmacological targets pave the way for novel drugs. Many highly promising drug candidates, 

however, show limited efficacy due to the inability to sufficiently reach the retina (1). While 

nanoparticle mediated drug delivery could enhance the bioavailability of a plethora of drugs, 

for various drug classes including small molecules and nucleic acids, targeted delivery to the 

retina remains challenging (2). One key reason is that the retina is a highly conserved tissue 

shielded from blood circulation by the retinal-blood barrier. To bypass the obstacle present by 

the retinal-blood barrier, most nanoparticle approaches aiming for retinal drug delivery rely 

on intravitreal administration of the nanotherapeutic (3). However, even though being 

favorable in terms of enhanced ocular bioavailability, limited off-target distribution and 

systemic side effects, nanoparticles must first diffuse through the vitreous, penetrate through 

limiting membranes of the retina, escape retinal immune cells and ultimately specifically 

address target cells (Chapter 1). Furthermore, intravitreal injections are invasive 

interventions and therefore often come along with serious side effects like intraocular 

infections, bleedings, and retinal detachment. More so, by being accompanied with patient 

discomfort, pain, and enormous therapeutic costs, intravitreal therapy often results in lack of 

patient compliance and are further not available or economically feasible in many parts of the 

world (4, 5). 

Since intravenous nanotherapy can improve compliance, safety and therapeutic efficacy, we 

developed a systemic nanotherapeutic for retinal delivery of Cyclosporin A (CsA), which has 

been suggested to be a promising drug candidate for ocular diseases (Chapter 3): CsA has 

been associated with an enormous potential for the treatment retinal diseases, due to its 

synergistic effects on neovascularization, inflammation, and immune system activation.  

Furthermore, CsA is able to inhibit vascular endothelial growth factor (VEGF) signaling 

pathways at different intracellular sites in both retinal pigment epithelial (RPE) cells and 

retinal endothelial cells, counteract transforming growth factor-β (TGF-β) mediated VEGF 

production in RPE cells and additionally suppress inflammatory and immune responses by 

interference with cytokine and complement expression (6–8). Therefore, endothelial and RPE 

cell specific CsA drug delivery would bear enormous potential for the treatment of 

multifactorial degenerative retinal diseases like retinopathy of prematurity (ROP), diabetic 

retinopathy (DR) and age-related macular degeneration (AMD). 
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Since enhanced on-site availability of the drug depends on successful internalization of the 

nanoparticle into target cells, we modified nanoparticles with the αvβ3 integrin-specific ligand 

cyclo(-Arg-Gly-Asp-D-Phe-Cys) (RGD), to facilitate receptor-mediated uptake into target cells. 

As intracellular availability of CsA is reflected by therapeutic efficacy of the drug, we 

investigated the in vitro anti-angiogenic efficiency regarding endothelial cell proliferation, 

growth factor expression and endothelial tube formation. However, even though free CsA 

revealed distinct anti-angiogenic effects, CsA loaded lipid nanoparticles lacked in vitro 

efficacy, presumable due to limited intracellular availability of the drug. This, however, does 

not render the nanotherapeutic ineffective, given low in vitro – in vivo correlation of 

nanoparticle formulations due to completely different framework conditions (9, 10). 

Since most nanoparticle formulations fail to significantly enrich at the target site, consequently 

lacking therapeutic efficacy, the capability of the designed targeted nanoparticles to efficiently 

reach the retina and target endothelial as well as RPE cells upon systemic injection was 

assessed. To further elucidate the route nanoparticles take to reach the RPE, LNCs were 

simultaneously loaded with fluorescent dye and superparamagnetic iron oxide nanoparticles 

(Dual LNCs) allowing for complementary broad range imaging and quantification (Chapter 

4). Dual LNCs were successfully prepared without altering substantial LNC characteristics like 

size, zeta potential, integrity, and cellular internalization. Therefore, allowing to visualize Dual 

LNCs in organic tissues after intravenous administration to mice using both fluorescence and 

transmission electron microscopy.  

Accumulation of RGD-LNCs in the eye as well as off-target tissues was assessed accordingly, 

revealing targeted accumulation of nanoparticles in ocular tissues. By use of fluorescence 

microscopy, cell specific enrichment in both RPE and retinal endothelial cells after systemic 

administration to healthy mice was observed (Chapter 5). More so, using transmission 

electron microscopy, it was possible to elucidate the transport mechanism leading to 

accumulation of RGD-LNCs in RPE cells. However, as LNCs generally mimic characteristics of 

natural lipoproteins like very low-density and low-density lipoprotein (VLDL and LDL), they 

follow the same route from the blood-circulation to the RPE (11, 12). Like their natural 

counterparts the 50 - 60 nm LNCs consist of a triglyceride core and a phospholipid shell that 

binds to lipoprotein receptors like the scavenger receptor CD36 on RPE cells triggering 

nanoparticle uptake (13, 14). Modified with a targeting ligand to facilitate uptake into 

endothelial cells, RGD-LNCs were able to extravasate from the choriocapillaris, diffuse 

through the extracellular matrix (Bruch’s Membrane) and are finally taken up into adjacent 

RPE cells. The tremendous potential of RGD-LNCs for retinal drug delivery was further 

demonstrated by exclusive and cell specific accumulation in RPE and retinal endothelial cells. 

More so, RGD-LNCs had a distinct residence time in the RPE with substantial nanoparticle 

amounts being present for at least 5 days after the intravenous injection.
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This nanoparticle depot formation in the RPE is another advantage for the delivery of drugs 

since rapid tissue clearance would be counterbalanced by long-term drug release and enhanced 

on-site availability. It is hypothesized that CsA loaded RGD-LNCs can be a highly promising 

tool for the treatment of various retinal diseases, including ROP, DR and AMD in particular 

given combinatory effects of versatile drug CsA and the drug delivery system able to efficiently 

target cells vital for pathogenesis.  

To investigate exactly this therapeutic potential an ROP mouse model was used (15). This 

model mimics not only the pathogenesis of human ROP, but also the multifactorial 

pathomechanism consisting of neovascularization, inflammation and immune system 

activation. In Chapter 5, it was shown that one intravenous injection of CsA RGD-LNCs was 

able to suppress neovascularization, while an identical dose of CsA injected as aqueous solution 

revealed no effects. A single injection of CsA RGD-LNCs administered directly after the oxygen 

treatment results in effective prevention of ROP initiation and progression and it was 

demonstrated that this can be attributed to targeting effects. More so, CsA RGD-LNC 

treatment significantly decreased elevated VEGF and VEGF receptor levels to physiological 

levels. Furthermore, CsA RGD-LNCs normalized exaggerated levels of pro-inflammatory 

cytokines and dampened retinal immune cell reactivity and activation.  

Thus, its concrete therapeutic rational, the simplicity of administration and the need of a single 

application would make this nanotherapeutic a precious tool to fight ROP more efficiently, 

prophylactically, safer and more costs efficient. This is particularly advantageous for middle- 

and low-income countries, where the prevalence of ROP is high and the diagnostic and 

therapeutic capabilities are rather low (16, 17). More so, as the nanotherapeutic exerts 

synergistic therapeutic effects on multiple mechanisms involved in ROP pathophysiology, 

these findings are further paving the way for comprehensive and causal treatment of various 

other retinal diseases, including the chronic and progressive DR and AMD.
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Conclusion 

This work has elucidated the potential of bio-inspired lipid nanoparticles for targeted retinal 

drug delivery. The functionalization of lipid nanocapsules (LNCs) with an αvβ3 integrin-

specific ligand endowed the particles with the ability to not only target retinal endothelial cells 

but evade from the systemic circulation and accumulate in RPE cells upon systemic 

administration. By loading these particles with CsA, therapeutic effects on neovascularization 

and inflammation were achieved in vivo, even though in vitro efficacy was lacking. Taken all 

together, the described findings demonstrate the distinct potential of bio-inspired lipid 

nanoparticles for retinal drug delivery, as the use of targeted nanoparticles was required to 

obtain therapeutic effects. It is believed that these findings have the potential to pave the way 

for the development of a single dose intravenous treatment for ROP. Even though, further 

research and development is needed to successfully translate the nanotherapeutic into clinics, 

the nanotherapeutic approach could represent a paradigm shift in neonatal care to a future in 

which a single intravenous injection of drug loaded nanoparticles is a standard treatment for 

millions of infants at risk for ROP and further points towards a future of comprehensive and 

causal therapies for a plethora of degenerative retinal diseases.
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Abbreviations 

A2E   Pyridinium bis-retinoid N-retinylidene-N-retinylethanolamine 

AGE   Advanced glycosylation end products  

AMD   Age-related macular degeneration  

ARPE-19  Human retina pigment epithelial cells  

BM   Bruch's membrane 

BM   Endothelial cell basal medium MV  

BRB   Blood-retinal-barrier  

BSA   Bovine serum albumin  

C   Complement component  

CLSM   Confocal laser scanning microscopy 

CNTF   Ciliary neurotrophic factor 

CsA   Cyclosporin A 

CsD   Cyclosporin D 

DAPI   4′,6-diamidino-2-phenylindole 

DHA   Docosahexaenoic acid  

DiD   1,1-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate 

DiI   1,1-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate  

DiO   3,3-Dioctadecyloxacarbocyanine perchlorate 

DLS   Dynamic light scattering 

DMSO   Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DPBS   Dulbecco’s phosphate buffered saline 

DR   Diabetic retinopathy  

ELISA   Enzyme-linked immunosorbent assay 
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EMEM   Eagle's minimal essential medium  

FACS   Fluorescent-activated flow cytometry 

FCS   Fetal calf serum 

FGF   Fibroblast growth factors 

FRET   Fluorescence resonance energy transfer 

GFAP   Glial fibrillary acidic protein  

GM   Endothelial cell growth medium MV  

HDMECs  Human dermal microvascular endothelial cells 

i.v.   intravenous 

ICP-OES  Inductively coupled plasma optical emission spectroscopy 

IGF   Insulin-like growth factor 

IL   Interleukin 

ILM   Inner limiting membrane  

It   Itraconazole 

L. R. white  London Resin white  

LDL   Low-density lipoprotein  

LEDGF  Lens epithelium-derived growth factor  

LNC   Lipid nanocapsule 

MCT   Miglyol® 812 (medium chain triglycerides) 

MHC   Major histocompatibility complex  

MRI   Magnetic resonance imaging  

MS   Mass spectrometry 

MTT   3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

NP   Nanoparticle 

OIR   Oxygen induced retinopathy  

OLM   Outer limiting membrane



 

 
167 

 

P   Postnatal day 

PBS   Phosphate buffered saline 

PDGF   Platelet-derived growth factor  

PEDF   Pigment epithelium-derived factor  

PFA   Paraformaldehyde 

PLGA   Poly-(lactide-co-glycolide) 

PVR   Proliferative vitreoretinopathy  

qdots   Quantum dots 

RC   Regenerated cellulose 

RGD   cyclo(-Arg-Gly-Asp-D-Phe-Cys) 

RNA   Ribonucleic acid 

ROP   Retinopathy of prematurity  

ROS   Reactive oxygen species  

RPE   Retinal pigment epithelium 

RT-qPCR  Real-time quantitative polymerase chain reaction 

SDS   Sodium dodecyl sulfate 

SPION   Superparamagnetic iron oxide nanoparticle 

TEM   Transmission electron microscopy 

TGF-β   Transforming growth factor-β 

TNF-α   Tumor necrosis factor-α  

UHPLC  Ultra high-performance liquid chromatography 

VEGF   Vascular endothelial growth factor  

VEGF-R2  Vascular endothelial growth factor receptor type 2  

VLDL   Very low-density lipoprotein  

ZP   Zeta potential
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