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Abstract 

PLGA (poly(lactic-co-glycolic acid))-based nanoparticles (NPs) are promising drug 

carrier systems because of their excellent biocompatibility. However, it is not well 

understood how the kinetics of such drug delivery system depends on its cargo. To 

answer this question, I analyzed the distribution of NP drug carrier systems after 

intravenous injection with in vivo and ex vivo fluorescent imaging of the rat retina. In 

my first project (Study I) I investigated PLGA NPs loaded with fluorescent lipophilic 

carbocyanine perchlorate (DiI) or hydrophilic Rhodamine 123 (Rho123) and revealed 

that DiI was partially retained within the NPs circulating in the retinal blood vessels 

and the released DiI accumulated in the blood vessel walls. In contrast, negligible 

Rho123 stayed associated with NPs and the dye almost completely disappeared from 

blood circulation within minutes.  

As drug delivery systems will be used for the treatment of diseases, I further 

investigated the kinetics of PLGA NPs with the lipophilic fluorescent model drug 

coumarin 6 (Cou6) as cargo in the injured retina after optic nerve crush (ONC). Retina 

imaging revealed that Cou6 was rapidly released from NPs and penetrated the inner 

BRB within 15 min. Ex vivo microscopy of retinal flat mounts indicated that Cou6 

accumulated predominantly in the extracellular space, and to a lesser extent in neurons. 

Seven days after ONC the area of distribution of Cou6 in ganglion cell layer 

parenchyma was increased and the elimination of the empty PLGA carrier was 

accelerated as compared to healthy controls.  

In Study III, I adapted a statistical learning method which uses key physiochemical 

parameters of compounds to predict blood-brain barrier (BBB; similar to blood-retina 

barrier) passage and applied it to the model drugs DiI, Rho123 and Cou6. This in silico 

approach confirmed that Cou6 passes the BBB, whereas DiI does not. Therefore, the in 

silico approach is suitable to predict some aspects of the drug delivery process.  
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In conclusion, the temporal and spatial release pattern and distribution of nano carrier 

systems are significantly influenced by the properties of loaded compounds, the blood 

milieu and normal vs pathological conditions. These results emphasize the need for an 

individual in vivo profiling of NPs delivery systems depending on their cargo. 
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Zusammenfassung 

Nanopartikels (NPs) basierend auf PLGA (poly(lactic-co-glycolic acid)) sind aufgrund 

ihrer hervorragenden Biokompatibilität vielversprechende Wirkstoffträgersysteme. 

Bisher weiß man jedoch noch nicht, wie die Kinetik einer solchen Darreichungsform 

vom Wirkstoff abhängt. Um diese Frage zu beantworten, analysierte ich die Verteilung 

von NP-Wirkstoffträgersystemen nach intravenöser Injektion mit fluoreszierender 

Bildgebung an in vivo und ex vivo Präparationen der Netzhaut der Ratte. In meinem 

ersten Projekt (Studie I) untersuchte ich PLGA-NPs, die mit einer fluoreszierenden 

lipophilen Carbocyaninperchlorat-Verbindung (DiI) oder einer hydrophilen Rhodamin-

Verbindung (Rhodamin 123 (Rho123)) beladen waren. Dabei konnte ich zeigen, dass 

DiI teilweise in den NPs verblieb, die in den Netzhautblutgefäßen zirkulierten, und dass 

das freigesetzte DiI in den Blutgefäßwänden akkumulierte. Im Gegensatz dazu blieb 

nur verschwindend wenig Rho123 mit NPs assoziiert, und der Farbstoff verschwand 

innerhalb von Minuten fast vollständig aus dem Blutkreislauf.  

Da Darreichungsformen zur Arzneimittelfreisetzung für die Behandlung von 

Krankheiten eingesetzt werden, untersuchte ich sodann die Kinetik von PLGA NPs, die 

mit lipophilem, fluoreszierenden Cumarin 6 (Cou6) als Arzneimittelsurrogat beladen 

waren, in der nach Sehnerv Quetschung (optic nerve crush; ONC) verletzten Netzhaut. 

Die Retina-Bildgebung ergab, dass Cou6 schnell aus NPs freigesetzt wurde und 

innerhalb von 15 Minuten die Gefäßwände der retinalen Blutadern überwand. Ex-vivo-

Mikroskopie von retinalen Flachpräparaten zeigte, dass Cou6 vorwiegend im 

extrazellulären Raum des Retinagewebes und in geringerem Maße in Neuronen 

akkumulierte. Sieben Tage nach ONC war der Verteilungsbereich von Cou6 in der 

Ganglienzellenschicht vergrößert und die Eliminierung des leeren PLGA-Trägers im 

Blut im Vergleich zu gesunden Kontrollen beschleunigt.  

In Studie III habe ich einen statistischen Lernalgorithmus angepasst, der anhand 

wichtiger physiochemischer Parameter von chemischen Verbindungen die Passage 
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über die Blut-Hirn-Schranke (BHS; ähnlich der Blut-Netzhaut-Schranke) vorhersagt. 

Diesen Algrorithmus habe ich bei den Modellsubstanzen DiI, Rho123 und Cou6 

angewendet. Dieser In-Silico-Ansatz bestätigte, dass Cou6 die BHS überwinden kann, 

DiI jedoch nicht. Dieser Ansatz ist daher geeignet, einige Aspekte der 

Arzneimittelverteilung vorherzusagen.  

Zusammenfassend lässt sich sagen, dass das zeitliche und räumliche 

Freisetzungsmuster und die Verteilung von Nanoträgersystemen maßgeblich von den 

Eigenschaften transportierten Wirkstoffe, dem Blutmilieu und normalen vs. 

pathologischen Bedingungen beeinflusst werden. Diese Ergebnisse unterstreichen die 

Notwendigkeit einer individuellen In-vivo-Charakterisierung von NP-

Darreichungsformen in Abhängigkeit von dem transportierten Wirkstoff. 
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1. General Introduction 

The basic aim of my work was to understand how nanoparticles (NPs) deliver their 

cargoes in the healthy and diseased central nervous system tissue. Therefore, I studied 

several areas of research, ranging from neuropathology to nanoparticle engineering. 

This chapter will give an introduction into the retina model and nanoparticles used, the 

anatomical, physiological and pathological details which are important for 

understanding the distribution of the nanosystems in the different compartments, and 

the reason why the study of biological environments in life or organisms is important. 

They will provide insight into the basics and applicability of nanoparticle chemistry 

and engineering.  

1.1 Retina and optic nerve injury 

It is well known that the human eye is one of most significant sensory system and most 

sensitive organ, as it collects the most information from the external environment (Irsch 

and Guyton, 2009). The eye includes two part: the anterior segment (cornea, iris, pupil, 

and crystalline lens etc.) and the posterior segment (vitreous chamber, vitreous body, 

retina, and choroid etc.). Most of the prevalent eye diseases happen at the posterior eye, 

especially at the retina (Thrimawithana et al., 2011). The retina is part of the central 

nervous system (CNS), located in the back of eye, and it is easily approachable 

(Dowling, 1987). It is a thin layer of light-sensitive tissue which has a highly ordered 

anatomical organization and contains five types of neurons: photoreceptors, bipolar 

cells, retinal ganglion cells, horizontal cells and amacrine cells, which are wired 

together by cell circuit (Holmes, 2018).  

Many eye diseases can induce optic nerve injury which will further lead to retrograde 

degeneration of retinal ganglion cells (RGCs) in the retina and subsequent vision loss 

which significantly impairs the quality of life of patients (Sabel et al., 2019). In the case 

of glaucoma, some scientists think that the elevated inner ocular pressure (IOP) can 
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distort the lamina cribrosa, which subsequently produces shear force and compressive 

force on the axons of ganglion cells, while others believe that this increased pressure 

will affect the capillaries, which will alter the blood supply to the optic nerve head and 

axon damage can happen (Findl et al., 1997; Pillunat et al., 1997; Morgan et al., 1998; 

Weber et al., 2008). In addition, when IOP is elevated, the optic nerve head glia may 

release factor such as nitric oxide and tumor necrosis factor  which are neurotoxic and 

damage the optic nerve (Neufeld et al., 1997; Weber et al., 2008). Along with raised 

IOP, the rapid rotation and lateral translation of the globe can also cause the optic nerve 

injury from a blunt object trauma, which is implied by a computer model study (Cirovic 

et al., 2006). Traumatic optic neuropathy (TON) which refers to the injury to the optic 

nerve following trauma (1.5% to 4% secondary to the head trauma), is another 

important cause of vision loss (Guy et al., 2014). After the optic nerve is injured 

secondary to the trauma, the optic nerve will become more swollen which can induce 

further damage (Yu-Wai-Man and Griffiths, 2013). In a study on the optic nerve lesions, 

changes in blood flow to the optic nerve and permeability of micro vessels in 

streptozotocin induced diabetic rats showed that these rats had atrophic optic nerve 

fibers, reduced blood flow to the optic nerve and increased microvascular permeability 

(Zhao et al., 2010). Over the last few decades, the importance of developing efficient 

treatments against RGCs degeneration that follows an injury to the optic nerve and 

improve visual recovery has been increasingly recognized.  

1.2 Retinal drug delivery 

In the ophthalmic field, the retinal drug delivery to treat eye diseases involving optic 

nerve injury is important but challenging for pharmaceutical scientists. Although visual 

impairments are mostly caused by disorders affecting the retina and, like 

abovementioned affects the patient’s life quality, the current treatment options for the 

posterior segments, typically, the retina are not sufficient (Toda et al., 2011). As shown 

in Figure 1.1, there are four main routes to deliver drugs to the anterior and posterior 

segments: the topical route, intravitreal route, periocular route, and systemic route 
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(Bisht et al., 2018). Drugs delivered by the periocular route firstly have to cross the 

sclera, choroid, and retinal pigment epithelial in order to arrive at the retina (Raghava 

et al., 2004). Current treatments of eye diseases largely focus on eye drops, which is 

very efficient to treat the anterior segments of eye. However, when it comes to diseases 

of the posterior eye segments, delivery of compounds is most restricted because of the 

corneal, conjunctival barrier, and drainage and tear fluid turnover, and drugs cannot 

reach the posterior segments sufficiently (Urtti et al., 1990; Toda et al., 2011). 

Intravitreal injection can overcome these problems achieving high concentrations of 

drugs in the vitreous and retina. However, this requires repetitive injections which may 

cause adverse side-effects such as cataracts and endophthalmitis (Raghava et al., 2004; 

Bisht et al., 2018). Intravenous drug administration is another alternative for the 

treatment of retinal disorders. Recently, with the development of NPs, a number of 

NPs-based drug delivery systems have been reported and investigated. However, to be 

efficient for systemic delivery, the nature of the NPs has to be comprehensively 

considered: their biodegradability and biocompatibility, their physicochemical 

properties (e.g., surface charge, size, shape), the existence of complex fluid force, blood 

components, and structure and function of the inner BRB, which strictly regulates the 

transportation of NPs from the blood circulation to the target retina.  

 

Figure 1.1 Schematic illustration of routes of ocular drug delivery.  

(1) Corneal barrier, (2) blood-aqueous barrier, and (3) blood- retinal barrier. (Adapted from 

Bisht et al., 2018). 
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1.3 PLGA nanoparticles  

NP-based drug delivery systems have the potential to improve bioavailability, enhance 

drug solubility and show excellent transportation of different drugs including genes, 

proteins, peptides, and vaccines. It has been reported that NPs show higher intracellular 

uptake than microparticles due to their reduced size and improved mobility (Desai et 

al., 1997). An in vitro study has shown that the cell uptake of 100 nm nanoparticles is 

2.5-fold greater than that of 1 μm microparticles, and 6-fold greater than the uptake of 

10 μm microparticles in a Caco-2-cell line (Desai et al., 1997). Other studies report that 

NPs with size of 10-150 nm are favorable for systemic drug delivery (Davis, 2008). 

Polymeric NPs are colloidal particles with a size which can be in the range of 10 -1000 

nm. The cargo can be either homogenously distributed among the matrix or 

encapsulated inside the polymers. Examples of such polymers used for NPs include 

polylactic acid (PLA), poly-(lactide-co-glycolic acid) (PLGA), polyanhydrides, poly-

ε-caprolactone (PCL) and poly-alkyl- cyanoacrylates (PACA) (Kumar et al., 2012). 

Among them, one of the most successfully developed polymers is PLGA, which has 

been approved by the Federal Drugs Administration (FDA) and European Medicine 

Agency (EMA), due to the good biodegradability and biocompatibility (Danhier et al, 

2012).  

The biodegradable nature of PLGA was first discovered by its application for surgical 

sutures in the 1960s (Jain, 2000; Hines and Kaplan, 2013). Since then, a wide range of 

PLGA derived materials has been designed and fabricated. To date, the PLGA NPs 

have been largely established for delivery of all kinds of compounds, including 

hormones, antibiotics, cytokines, and vaccines (Danhier et al, 2012). Preparation of 

PLGA NPs is usually based on emulsification-solvent diffusion technique (Quintanar-

Guerrero et al., 1997). As shown in Figure 1.2, at first, the drugs and polymer are 

dissolved in organic solvent and then mixed with aqueous phase under high energy 

emulsification, and then, water is added to form the nanospheres when the solvent is 

evaporated, this leads to the colloidal suspension (Holmkvist et al., 2016). Under 
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physiological condition, PLGA will be finally hydrolyzed to two original monomers: 

lactic acid and glycolic acid (Figure 1.3). Lactic acid will enter into the tricarboxylic 

acid circle and then be metabolized, and glycolic acid will be metabolized in the same 

way and eliminated through the kidney (Hines and Kaplan, 2013). 

 

Figure 1.2 Production of PLGA NPs.  

(A) The general process to prepare PLGA nanoparticles by the emulsification-solvent 

diffusion technique. (B) Proposed structure of the nanoparticles loaded with drug. 

(Adapted from Holmkvist et al., 2016). 

 

Figure 1.3 Chemical structure of PLGA and its biodegradation by hydrolysis in the 

body.  

Adapted from Choi et al., 2012. 

Given this advantage, PLGA has also been developed for ocular applications. Singh et 

al. demonstrated that by functionalization of PLGA NPs with arginine-glycine-aspartic 

acid (RGD) peptide and transferrin, PLGA NPs can be intravenously injected for 

targeted delivery of anti-vascular endothelial growth factor (VEGF) interceptor plasmid 

to inhibit choroidal neovascularization to prevent vision loss of age-related macular 

degeneration (AMD) (Singh et al., 2009). In addition, Luo et al. found that 

intravenously injectable PLGA NPs can deliver recombinant plasmid expressing Flt23k 
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to neovascular lesions of the retina and suppresses subretinal fibrosis, with 40% 

restoration from AMD was observed in murine models (Luo et al., 2013). However, 

these studies concentrate more on the effects of treatments and the kinetic and integrity 

of PLGA NPs in the blood circulation is only poorly explored.  

1.4 Blood circulation 

The blood circulation is the first biological environment that PLGA NPs will meet 

following intravenous (i.v.) administration. It can transport the vital nutrients, oxygen, 

ions and other molecules to the cells and meanwhile, take away the waste products from 

them. As a fluid, blood flow shares similarity with global fluid, however, as a biological 

network system, the blood components within it make the whole surrounding 

environment unsteady and complicated, making it difficult to predict of the dynamics 

of PLGA NPs. Therefore, traditional nano-bio interaction studies under static 

conditions such as incubation of NPs with blood serum can only have limited meaning. 

1.4.1 The complex fluid patterns of the blood flow 

The diameter of vascular system spans from capillary width of around 8 μm to artery 

width with approximate 4 mm, i.e., the size scale is not consistent throughout the body 

(Daly and Leahy, 2013). Furthermore, given other complex geometries such as non-

linear curves, uneven cross section and existence of branches of blood vessels, the 

forces in the blood flow change correspondingly. The flow patterns can be predicted by 

Reynolds number (Re): 

𝑅𝑒 =
𝜌𝑣̅𝐷𝐻

𝜂
 

where 𝑣̅  is the mean velocity, 𝐷𝐻  the hydraulic diameter, and  𝜂  the dynamic 

viscosity of the fluid. Generally, if Re < 2400, the viscous forces will be dominant and 

the laminar flow will be formed, which is characterized by parallel flow layers, reduced 

velocity toward the vessel wall, and the increased velocity toward the center of blood 

flow (Barral and Croibier, 2011). If Re > 4000, turbulent flow will start, as inertial 
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forces will be the leading one (LaNasa and Upp, 2014). Under normal physiological 

conditions, the main flow pattern in both capillary and artery is laminar, as the Re value 

for capillaries is 0.001 (Yoganathan et al., 1988; Ku, 1997; Fullstone et al., 2015) and 

those of artery, arteriole, venule and vein is 450, 0.5, 0.01 and 125, respectively (Daly 

and Leahy, 2013). However, for the flow in the heart, the Re number at the peak of 

systole can reach 4000 (Ku, 1997). Under pathological condition such as stenosis, 

turbulence patterns and reduced flow can appear (Ku, 1997). Meanwhile, there are 

different forces acting on the blood vessels (Figure 1.4) and blood flow patterns also 

change at the vascular intersections, curves, and branches. By combining the transgenic 

zebrafish embryo model and computational fluid dynamics method, Gomez-Garcia et 

al illustrated the shear stress and flow pattern in the zebrafish ventral vein, showing that 

the time-average wall shear stress is lowest at the branches of vessels and downstream 

of curvature area, where the flow disturbance is highest, and the accumulation of NPs 

is also high in these areas (Gomez-Garcia et al., 2018).  

Additionally, Brownian motion is another force which needs to be considered. Liu et 

al. developed a multiscale method for NPs transportation in the cellular blood flow by 

coupling the lattice-Boltzmann method and Langevin dynamics and found that 

Brownian motion plays an important role for NPs distribution in 20 μm venules (Liu et 

al. 2018). The Brownian force at the blood vessel wall can increase due to the 

glycocalyx, a gel like layer at the cell wall, enhancing the contact time between 

substrates and the blood vessel wall (van den Berg et al., 1992; Fullstone et al., 2015). 

The complexity of blood environment is further increased, considering the cyclic nature 

of the heart pump which induces a pulsatile pressure and blood flow (Caro et al., 1978) 

Furthermore, the blood flow near the vessel wall is retarded due to the existence of 

shear stress generated by the endothelium cells, and the blood vessel wall is elastic 

(Daly and Leahy, 2013). This makes analysis of NPs’ behavior within the blood 

circulation rather challenging.  
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Figure 1.4 Forces on the blood vessels. 

Shear stress, which is induced by the blood flow. Normal stress, which is caused by 

hydrostatic pressure. Tensile stress, which is generated from stretch of the vessel wall. 

(Adapted from Hsieh et al., 2014).  

1.4.2 Blood components 

NPs delivery cannot be simply evaluated by Newtonian flow. Blood, unlike the global 

fluid, is filled densely with cells including red blood cells (RBCs), white blood cells 

(WBCs) and platelets (Figure.1.5). About 54% of the volume are made up of plasma 

including different proteins, ions, hormones, etc., and 1% of the volume are composed 

of WBCs with ~10 μm in diameter and platelets with 2-3 μm in diameter (Ji et al., 2008; 

Thon and Italiano, 2012). RBCs, whose resting form is a biconcave disk with average 

7.8 μm in diameter and deformable, constitute 45% of the blood volume (Strohm et al., 

2013), offering non-Newtonian properties to the fluid. In capillaries, the diameter can 

be comparable to the size of the red blood cells (McWhirter et al., 2011). 
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Figure 1.5 Blood components. 

It includes red blood cells, white blood cells, platelets, and plasma. RBCs, red blood cells. 

WBC, white blood cells.  

The presence of RBCs tumbling motion can enhance the NPs dispersion from the center 

of blood flow to the blood vessel wall. More NPs are found in regions near blood vessel 

walls with haematocrit of 38%, because it redistributes along the RBCs tumbling 

motion under the shear flow, and the improvement of dispersion rate of 100 nm NPs is 

more than that of 10 nm NPs (Tan et al., 2012). The study by Fullstone and colleagues 

demonstrated that the average dispersion factor in the capillary model increased at the 

intermediate haematocrit level, and this factor will be decreased since two separate 

phases (cellular phase and cell-free phase) can be formed at the higher haematocrit level 

due to the small space between the RBCs (Fullstone et al., 2015). This suggests that 

only the NPs in the region near the blood vessel wall can have a chance to bind to the 

blood vessel wall, when the diffusion factor is low. Therefore, the RBCs properties and 

their dynamic effects exert influence on the blood fluid property which will further 

influence the motion of NPs in the vicinity of a blood vessel wall and their binding time 

with endothelial cells and subsequent transportation across the wall. 

Apart from the hydrodynamic forces, NPs in the blood circulation are also involved in 

multivalent interactions with bio-surfaces. In the blood plasma there are more than 3700 

identified proteins (Cedervall et al., 2007). These proteins themselves such as LDL, 
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HDL (8-10 nm) are biological nanoparticles (Kontush et al., 2015). The interaction of 

NPs surface with proteins, either through specific or unspecific adsorption, can change 

the NPs residency in the blood, and the way by which cell components in the blood will 

interact with and process NPs. When proteins are adsorbed to some NPs, a protein 

corona will be formed which provides the NPs with a new identity (Lynch et al., 2009). 

According to a study on the plasma proteins adsorbed onto the copolymer NPs, the 

generation of protein coronas is not a static process, but a dynamic one: the proteins 

with high proportion in the plasma such as human serum albumin (HSA) and fibrinogen 

will occupy the surface of the NPs and then they will dissociate quickly from the NPs 

and are replaced by proteins with high affinity like apolipoproteins (Cedervall et al., 

2007a). The protein adsorption could be dependent on the surface charge of NPs. Alexis 

et al. found that low level of plasma protein adsorption was observed on the neutral or 

negatively charged surfaces of NPs (Alexis et al., 2008). Another study from Gessner 

et al. using two-dimensional electrophoresis gel testified that the increased surface 

charge density will increase the protein adsorption (Gessner et al., 2002). In addition, 

the hydrophobicity of NPs surface also plays a role in the protein binding to the NPs, 

in that few proteins were retrieved from the less hydrophobic copolymer NPs, for 

example, more hydrophobic particles of 200 nm have surface coverage of 116 ± 37% 

whereas the surface coverage for more hydrophilic particles of 200 nm is 21 ± 15% 

(Cedervall et al., 2007b).  

All of these properties make it difficult to obtain a blood flow model. Even though lots 

of models have been established and some studies used microfluidic based blood vessel 

mimicking devices, which has been successful in the study of NPs distribution, most of 

the studies only focused on one aspect of blood environment. For example, some 

studies emphasized the effect of plasma protein on the NPs by incubation of NPs in the 

blood sample without considering the fluid force effect on the NPs surface. Therefore, 

a good understanding of the blood circulation milieu is still missing. 
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1.5 Blood flow in the retina 

The choroidal vessels and central retinal artery which originate from the ophthalmic 

arteries supply the blood for the eye. The central retinal arteries are the only blood 

supply arteries to the inner retina. They enter the eye through the optic foramen and 

divide into two distinct vascular plexuses: superficial vascular plexus in the ganglion 

cell layer of retina and the deep vascular plexus in the inner nuclear layer of the retina, 

where they further divide into capillaries with smaller diameters reaching to the 

peripheral retina by dichotomously branching or branching at right angles to the former 

vessels (Anand-Apte and Hollyfield, 2010) (Figure.1.6).  

 

Figure 1.6 Blood vessels of the retina.  

Two major blood vessels are shown here: choriocappillaris which support the retinal 

pigment epithelium and the photoreceptors, and the vascular plexuses in which the 

superficial ones supplying the nerve fibers and ganglion cells, and the deep ones supplying 

the inner nuclear layer and outer plexiform layers. NFL, nerve fiber layer; GCL, ganglion 

cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; 

ONL, outer nuclear layer; IS, inner segment layer; OS, outer segment layer; RPE, retinal 

pigment epithelium. (Adapted from Danesh-Meyer et al. 2015). 
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Studies on the normal human eye found that retinal blood flow rate is significantly 

correlated with the vessel diameter with a coefficient of r = 0.89 (P < 0.001) using the 

canon laser blood flowmeter (Garcia Jr. et al., 2002). In the pathological situations, the 

change in diameter of the retinal blood vessels can be observed. A study of the effect 

of increased inner ocular pressure (IOP) on the retinal perfusion showed that when the 

IOP was elevated (10 mmHg to 80 mmHg), both the density of capillaries and diameter 

of larger vessels declined and retinal blood flow was also reduced linearly (Zhi et al., 

2012). The blood flow might be associated with the degree of eye disease damage. For 

example, advanced glaucomatous damage can lead to the decreased flow in lamina 

cribrosa and rim area, but no significant difference of the blood flow in the peripapillary 

retina was observed (Harju and Vesti, 2001). Grunwald et al. found that the mean optic 

nerve head relative blood flow from 5 measurement sites in glaucoma patients is 

decreased by around 24% compared to the control subjects (Grunwald et al., 1998). The 

abnormal optic nerve head autoregulation is commonly seen in the primary open angle 

glaucoma patients (Bata et al., 2019). In addition, the difference of local blood supply 

to the retina induced by acute high IOP might be associated with the selective loss of 

RGCs (Tong et al., 2010). However, it seems hard to say if the abnormal circulation of 

optic nerve head, retina and choroid is the cause or the result of glaucoma. But the 

abnormal blood flow and eye disease such as glaucoma are closely related. Therefore, 

the abnormal circulation in the retina further aggravates the difficulty to analyze the 

NPs as retinal drug delivery system under pathological condition.  

1.6 Inner blood-retinal barrier 

1.6.1 The cellular basis of the inner BRB transport: transcellular pathway and 

paracellular pathway 

The BRB is composed of outer BRB which is located between the choriocapillaris and 

retina, and the inner BRB which regulates the transport of blood borne molecules from 

the luminal side to the abluminal side (Díaz-Coránguez et al., 2017). The retina 

capillary wall consists of the endothelial cells that are not fenestrated and linked with 
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tight junctions between them, basement membrane and intramural pericytes (Anand-

Apte and Hollyfield, 2010). These endothelial cells together with Müller cells and 

astrocytes form the inner BRB which prevents large molecules such as proteins, cells 

and also ions from permeating out of the blood circulation (Anand-Apte and Hollyfield, 

2010). However, CNS barriers do not block all the molecules’ transport through the 

barrier. There are still some pathways that allow the specific molecules to cross the 

barrier. As shown in Figure 1.7, small lipophilic molecules can cross the inner BRB 

mainly by diffusion through the endothelial cells, other relatively large lipophilic and 

hydrophilic substances can be transported by an ATP-dependent process under the aid 

of receptor mediated transport, by pinocytic vesicles, carrier-mediated transporters, and 

ion transporters (Díaz-Coránguez et al., 2017). However, the expression of these 

transporters, vesicles and receptors are quite low at this unique inner BRB (Sagaties et 

al., 1987).  

 

Figure 1.7 Transcellular transport across retinal endothelial cells.  

Adapted from Díaz-Coránguez et al., 2017. 

In addition to transcellular transport, paracellular transport is another possible way for 

substances to cross the BRB (Figure 1.8). Tight junctions, which are formed by fusion 

of adjacent endothelial cell membranes at several points, namely “kissing points”, along 

the paracellular space, serve as gates and fences which restrict the molecules passing 

through the paracellular space and maintain the cell polarity by preventing the diffusion 
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of proteins or lipids between the apical and basolateral membrane (Reese and 

Karnovsky, 1967; Díaz-Coránguez et al., 2017). There are 40 proteins (transmembrane 

proteins, scaffolding proteins and effector proteins), including the three integral 

membrane proteins: claudin, occludin and junctional adhesion molecules (JAM) from 

immunoglobulin superfamily, which constitute the tight junctions and interact with 

cytoskeletal scaffolding proteins such as ZO proteins, which are members of the 

membrane associated guanylate-kinase protein family (Greene and Campbell, 2016). 

Therefore, modulation of tight junction to enhance BBB and BRB penetration through 

the paracellular pathway is a possible way to enable drugs to target cells in retina and 

brain.  

 

Figure 1.8 Paracellular transport across retinal endothelial cells.  

In the BRB, molecules can move from the blood (luminal) into the retinal (abluminal) side 

via the paracellular space, which is located in between two adjacent cells (blue line). Some 

of the molecules central to control of paracellular transport of the BRB are indicated. 

(Adapted from Díaz-Coránguez et al., 2017). 

1.6.2 Comparison of inner BRB and BBB 

The blood brain barrier (BBB) and blood retina barrier (BRB) are barriers of the CNS 

(Engelhardt and Coisne, 2011). Although the inner BRB and BBB have a similar 

anatomy, there are studies suggesting that drugs show different abilities to permeate the 

BRB and BBB. For example, lipophilic substances exhibited high permeabilities across 

both of these two barriers, but their retinal uptake index is 4-fold higher compared to 
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the brain uptake index (Toda et al., 2011). By measuring the transfer of a vascular tracer, 

namely 14C--amino-isobutyric acid (I4C-AIB), Stewart and Tuor found that this 

compound was nearly 4 times higher in the retina than in the brain (Figure 1.9), possible 

reasons are that the density of endothelial vesicles and junctions in retina is higher than 

in brain vessels, and 4 times more pericytes are found in the retina compared to the 

brain which could explain the enhanced leakage (Stewart and Tuor, 1994). The study 

on the relationship of lipophilicity of compounds and their BRB permeability and 

comparing them with BBB permeability showed that they are correlated, and lipophilic 

compounds have higher permeability through paracellular transportation in BRB than 

in BBB (Hosoya et al., 2010). In addition, it was shown that higher concentration of P-

glycoprotein has a higher impact on the permeation of some drugs like quinidine and 

verapamil in the BBB as compared to the BRB (Fujii et al., 2014).  

 

Figure 1.9 Comparison of transfer constant for I4C-AIB in ciliary body, iris, and 

retina with brain. 

The possible permeability routes include paracellular routes, by which the molecules pass 

through the junctions, e.g., in ciliary body or iris, and transcellular routes, by which the 
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molecules pass through fenestrations, e.g., in ciliary body, and probably through 

endothelial vesicles. (Adapted from Stewart and Tuor, 1994). 

1.7 Lipinski rules on barrier permeability of drugs 

Regarding the strong barrier effect of BRB and BBB, searching for appropriate 

physicochemical properties of potential barrier permeable drug or released drug from 

the formulation is important. Over the decades, many physicochemical properties are 

widely studied (Li et al., 2005; Geldenhuys et al., 2015). The physicochemical property 

of a drug is one of the factors, important for the absorption, distribution, metabolism, 

and excretion (ADME) of drugs in the human body (Hurst et al., 2007). In 1997, 

Lipinski and his colleagues proposed that the drugs with good absorption and 

permeability are those with molecular mass less than 500 Daltons, less than 5 hydrogen 

bonds donors, no more than 10 hydrogen bond acceptors, and partition coefficient (log 

P) less than 5 (Lipinski et al., 1997). For example, by using this rule combining the 

DNA binding studies, one form of thiazoles was selected as a potential antibacterial 

molecule which showed good ADME profile and displayed inhibitory effect on the 

DNA gyrase (Santosh et al., 2018). The rules were further developed to identify the 

drugs with good central nervous system (CNS) and gastrointestinal absorption, in 

which the molecular weight was further lowered to 400 Daltons, the hydrogen bond 

acceptors declined to less than 7, and hydrogen bond donors were reduced to less than 

3 (Fernandes et al., 2016). However, for the newly produced drugs lying outside the 

parameter cutoffs, it is believed that the Lipinski’s rule is limited (Nagpal et al., 2013). 

Müller et al. selected one compound among the natural or semi-synthetic ecdysteroids 

by using the comprehensive physicochemical parameters, such as lipophilicity, 

topological polar surface area (TPSA), brain to plasma ratio (clog BB), and in vitro 

permeability (Müller et al., 2017). 

1.8 Current study models of BBB and inner BRB  

Various models are available to study the BBB and BRB. Franke et al. in 1999 

developed primary cultivation techniques of porcine brain capillary endothelial cells, 
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which shows comparable BBB permeability of the selected drugs as in vivo experiment 

(Franke et al., 1999). Until today, monocultures of primary porcine brain capillary 

endothelial cells still remained as an efficient in vitro model for neuropharmaceutical 

research targeting BBB (Galla, 2018). Another type of model is using co-culture 

methods. Wisniewska-Kruk et al. demonstrated an in vitro BRB model using the co-

culture of the bovine retinal endothelial cells, bovine retinal pericytes, and rat glial cells, 

showing that the high trans-endothelial resistance and reduced permeability of the 

tracers are typical features of BRB (Wisniewska-Kruk et al., 2012). Another human-

based in vitro BRB model was reported using the co-culture of the retinal pericytes, 

retinal astrocytes, and retinal endothelial cells to study the level of junction proteins 

ZO-1 and VE-cadherin in diabetic retinopathy (Fresta et al., 2020). In addition, co-

culture systems of human microvascular endothelial cells, retinal pericytes and Müller 

cells are developed to study the impact of thiamine and fenofibrate on the diabetic 

retinopathy (Mazzeo et al., 2020). Moreover, the transgenic zebrafish line is one of the 

examples that has been studied to establish an in vivo BBB and inner BRB model, which 

can express the fusion protein of vitamin D binding protein and enhanced green 

fluorescent protein in the blood plasma (Xie et al., 2010). However, although these 

models are beneficial for the molecular mechanism studies such as forward or reverse 

genetic screens, they are not sufficient for the kinetic study of NPs as drug delivery 

system in the blood circulation.  

The in vivo confocal neuroimaging (ICON) technique was first reported in 1997 and 

used the eye as a “window of brain” to noninvasively visualize the retina in the living 

animals with high resolution. The technique was based on confocal laser-scanning 

microscopy with adjusted optics by an eye contact lens (Sabel et al 1997). Given these 

advantages, ICON was subsequently used to record, for example, the morphology 

changes of RGCs as a cellular response to optic nerve injury and calcium activation 

dynamic between surviving and dying RGCs (Figure 1.10) (Prilloff et al., 2010a). 

Therefore, it was considered an ideal method to observe the kinetics of NPs in the 

retinal blood circulation and passage of NPs through the blood retinal barrier. 
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Figure 1.10 Example of ICON set up.  

Anaesthetized rat placed under a scanning laser microscope. The inset image shows that a 

contact lens was placed on the eye. ICON, in vivo confocal neuroimaging. (Adapted from 

Prilloff et al., 2010a). 

1.9 Objectives 

My interest in the PLGA NPs delivery systems has prompted me to explore the 

dynamics of the distribution of PLGA NPs within the blood circulation and their 

potential to permeate the inner BRB. By using in vivo real time monitoring, ex vivo 

localization and classification method, I illustrate the influence of the in vivo biological 

environment on the interaction between the model drugs as cargoes and PLGA NPs as 

carriers and the role of physicochemical properties of drug candidates on the 

interactions between model drugs and inner BRB. Furthermore, I used the optic nerve 

crush model to evaluate if the kinetics of PLGA NPs delivery system will change under 

the optic nerve injured condition and if this pathological condition induces any changes 

on the delivery of NPs to the retina. While my work covered the biological approaches 

to understand the relationship between the basic properties of model drugs and their 

BRB permeability, classification of studied model drugs with Lipinski rules, and size 

study of the NPs incubated in serum or PBS by dynamic light scattering, the NPs used 

for my study were provided by our cooperation partners from the group of Dr. Svetlana 

Gelperina (D. Mendeleev University of Chemical Technology of Russia, Moscow, 

Russia). 
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The specific objectives of this thesis are the following:  

Study I: Can model drugs be released from PLGA NPs during the blood circulation in 

the retinal blood vessels? How are the kinetics of PLGA drug delivery systems under 

real-life conditions and real-time at biological barriers? Is there any difference between 

the kinetics of lipophilic model drug as cargo and hydrophilic model drug as cargo? Is 

a mutual interaction of model drugs and PLGA NPs influencing the kinetic? 

Study II: How is the distribution of PLGA NP systems when encapsulating poorly 

water-soluble model drug? Is the poorly water-soluble model drug released from PLGA 

NPs during the blood circulation in the retinal blood vessels of healthy and optic nerved 

injured retina? Do pathological changes in the retina influence the kinetics of PLGA 

nano-carriers as compared to the normal retina?  

Study III: Do molecular structure descriptors from Lipinski rules correlate with the 

permeability of poorly water-soluble model drugs in the Study I and Study II to inner 

BRB and BBB? How efficient and what is accuracy to predict the BBB or BRB 

permeability by combining the machine learning method and Lipinski rules? 

Understanding the nano-bio interactions in the blood circulation in normal or 

pathological condition will provide the possibility to help design safe and applicable 

NPs for diverse eye or CNS disease in the field of nanomedicine. 
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2. Study I: Release kinetics of fluorescent dyes as model drugs from 

PLGA nanoparticles in retinal blood vessels1 

2.1 Introduction to Study I 

Nanoparticles may be of value to serve as drug delivery systems and as imaging or 

diagnostic agents (Duncan, 2005). However, despite much effort, only few nanoparticle 

systems could be translated to clinical applications (Lü et al., 2009). Polyesters, 

including polylactic acid (PLA) and poly (lactic-co-glycolic acid) (PLGA), which are 

FDA and EMA approved polymers (Makadia and Siegel，2011; Cheredd et al., 2016), 

are generally well tolerated by biological systems and such nanoparticles (NPs) are 

therefore the most broadly studied class of biodegradable drug delivery systems. PLA 

or PLGA NPs have several advantages: (i) they protect drugs from degradation; (ii) 

show good bioavailability of therapeutic compounds (Thomas et al., 2014.) and help to 

achieve sustained release (Makadia and Siegel,2011); (iii) well described methods are 

available for their preparation with various types of drugs (Lü et al., 2009); (iv) they 

have favorable physicochemical and surface properties in the nanometer range, 

facilitating cellular uptake of the drug to specific tissues and cells (He et al., 2010); and 

(v) they have good safety profile (Semete et al., 2010). Moreover, due to their small 

size, PLGA NPs can penetrate specific tissues via fenestrations present in the 

endothelium of cancerous and inflamed tissue or via receptors overexpressed by target 

cells (Malam et al., 2009). As a consequence, these NPs are effective for the sustained 

delivery of lipophilic and hydrophilic drugs and can be administrated by multiple ways 

                         
1. This work was published: Zhang, E., Zhukova, V., Semyonkin, A., Osipova, N., 

Malinovskaya, Y., Maksimenko, O., Chernikov, V., Sokolov, M., Grigartzik, L., Sabel, B.A., 

Gelperina, S., Henrich-Noack, P., (2020). Release kinetics of fluorescent dyes from PLGA 

nanoparticles in retinal blood vessels: In vivo monitoring and ex vivo localization. Eur. J. Pharm. 

Biopharm. 150, 131–142. DOI: 10.1016/j.ejpb.2020.03.006 
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such as peroral, subcutaneous injection or intravenous injection (i.v.) (Barichello et al., 

1999; Danhier et al., 2012). 

Despite this pronounced potential of PLGA NPs as delivery system, little attention was 

payed to their real-time kinetic profile or correlation between PLGA carriers and 

cargoes in the blood circulation of the retina. Generally, protocols for in vivo 

pharmacokinetics studies include collecting the blood samples at different time points, 

separating the plasma, and then detecting the nanoparticles of interest in the blood (Win 

and Feng, 2006; Kalaria et al., 2009; Booysen et al., 2013). No doubt that by the 

analyses using wide array of precise instruments, such as spectrophotometers, high 

performance liquid chromatography, capillary zone electrophoresis systems etc., 

scientists can quantify the concentration of NPs in the blood precisely and efficiently. 

However, these methods are limited, when the integrity of particle loaded with cargoes 

and interaction between them has to be considered under the complex retinal blood 

circulation in vivo. Furthermore, most of the existing in vivo studies on the treatment of 

different diseases with NPs are restricted to one single substance as a model drug, 

loaded in NPs and focusing on its distribution in tissue section or homogenate 

postmortem (Semete et al., 2010; Song et al., 2011; Rafiei and Haddadi, 2017). Other 

reports concentrate on the design of novel carrier system in vitro (Fonseca et al., 2002; 

Budhian et al., 2008). However, when it comes to clinical translation, especially 

through the most often used intravenous injection, the complex in vivo environment of 

the retinal blood circulation was not studied, though it is expected to influence the 

integrity of NPs and the release of the loaded drug. Such factors included the serum 

composition, blood pressure, and high blood flow velocity, shear forces and other 

parameters.  

To overcome these limitations, the aim of the present study was to evaluate the kinetics 

of PLGA NPs in the retinal blood circulation in vivo using eye as a convenient imaging 

model. To this end, NPs were loaded with fluorescent dyes, either lipophilic DiI (1,1'-

dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate) or water-soluble 
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Rho123 (Rhodamine 123). These two dyes were widely encapsulated into the NPs, as 

model fluorescent probes. Whereas Rho123 is a substrate of the P-glycoprotein (P-gp) 

(Castro et al., 1989; Masereeuw et al., 1997; Liang et al., 2005), DiI is a cell membrane 

stain which has strong fluorescence and slow fading feature (Schlessinger et al., 1977; 

Li et al., 2008; Chang et al., 2009). These NPs were then injected intravenously in vivo 

and the biodistribution and kinetics of these cargoes were studied in the retina by 

visualizing fluorescent signal in the retinal blood vessels with in vivo Confocal 

Neuroimaging (ICON) system (Sabel et al., 1997; Prilloff et al., 2010). Subsequently, 

preparations of whole mounted retinae were analyzed for the distribution of NPs at 

higher resolution. 

In addition, as the cargo release kinetics need to be taken into account, detecting the 

location of the fluorescence signal from cargoes alone may not fully reveal the location 

of the NPs. Therefore, to evaluate the integrity of NPs in the retina, Cyanine5.5 amine 

(Cy5.5) was chemically linked to the carrier-polymer PLGA and then I analyzed 

colocalization of the Cy5.5 and cargo signals. 

This study demonstrated for the first time, that the integrity of carrier-cargo systems in 

the blood circulation in vivo in the retina changes according to the encapsulated cargoes 

(drug or diagnostic markers). In this way, it is necessary to develop and individually 

examine carefully designed PLGA delivery systems with respect to target and route of 

administration. 
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Figure 2.1 Scheme of Study I 

 

2.2 Material and methods of Study I 

2.2.1 Chemicals 

Cy5.5®, analogue amino-derivative for 

conjugation 

Lumiprobe Life Science solutions, 

USA 

Poly(lactic-co-glycolic acid) (PLGA, 

Resomer® RG 502H) 

Evonik Röhm GmbH, Germany 

Kolliphor P188®, poloxamer 188 BASF, Germany 

F-12K medium Life Technologies Europe BV, 

Netherlands 

Fetal bovine serum ATCC, USA 

Horse serum ATCC, USA 

Newborn calf serum ATCC, USA 

Penicillin/streptomycin Biochrom AG, Berlin, Germany 

Ketamine (100 mg/ml) Arzneimittelvertrieb GmbH, 

Ascheberg, Germany 

Medetomidine hydrochloride (1 mg/ml) Vetoquinol GmbH, Ravensburg, 

Germany 

Neosynephrine-POS 5% Ursapharm GmbH, Saarbrücken, 

Germany 

Vidisic® optical gel Bausch & Lomb, Berlin, Germany 
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Saline (0.9%) Fresenius Kabi Deutschland 

GmbH, Bad Homburg, Germany 

Hoechst 33342 Cayman Chemicals, Hamburg, 

Germany 

1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate 

(DiI) and other chemicals 

Sigma-Aldrich 

 

2.2.2 Fluorescence dye loaded PLGA NPs 

The particles were provided by group of Dr. Svetlana Gelperina (D. Mendeleev 

University of Chemical Technology of Russia, Moscow, Russia). See publication 

(Zhang et al., 2020). Briefly, DiI-loaded PLGA NPs (PLGA-DiI) and Rhodamine123-

loaded PLGA NPs (PLGA-Rho123) were produced by a high pressure o/w and w/o/w 

emulsion solvent evaporation technique, respectively. Free DiI was removed from the 

nanosuspension by centrifugation, and free Rho123 was removed from the 

nanosuspension by gel filtration chromatography using a Sephadex G-25 column. Then 

the NPs were freeze-dried. Cy5.5-PLGA NPs were prepared by covalently binding 

Cyanine5.5 amine to a carboxylic terminal group of PLGA (Resomer® RG 502H) via 

a carbodiimide coupling reaction (Malinovskaya et al., 2017). Then, Cy5.5-PLGA NPs 

labeled either with DiI (Cy5.5-PLGA-DiI NPs) or with Rho123 (Cy5.5-PLGA-Rho123 

NPs) were prepared again by either o/w (DiI) or w/o/w (Rho123) emulsification 

technique. 

Table 2.1 Physicochemical characteristics of PLGA NPs. 

Sample 

Content of dye, 

μg/ mg PLGA 

 

Encapsulation 

efficiency, 

% 

Average 

diameter, nm 
PDI 

ζ-

potential, 

mV 

PLGA-DiI 11.8 83 130 ± 2 0.156 ± 0.009 -23.8 ± 9.1 

PLGA-

Rho123 
5.0 96.4 132 ± 1 0.148 ± 0.022 -29.7 ± 0.4 

Cy5.5-PLGA-

DiI 

DiI: 6.2 

Cy5.5: 1.37 
100 137± 1 0.136 ± 0.022 -18.0 ± 0.7 

Сy5.5-PLGA-

Rho123 

Rho123: 8.7 

Cy5.5: 0.45 
94.9 133 ± 2 0.175 ± 0.024 -23.0 ± 4.3 
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PLGA NPs were prepared using PLGA (50/50, Resomer® 502H) and 1% PVA (9-10 kDa) 

solution as an external medium for o/w emulsion. (n=3, mean  SD) 

 

Figure 2.2 Morphology of NPs under electron microscopy.  

SEM image of PLGA-DiI NPs (A) and PLGA NPs covalently linked with Cy5.5 (Cy5.5-

PLGA /PLGA = 1:1, w/w) (B). TEM image of PLGA-DiI NPs (C) and PLGA-Rho123 

NPs (D). Scale bar 0.5 m.  

Dye release studies in vitro (were assisted by the group of Dr. Svetlana Gelperina, D. 

Mendeleev University of Chemical Technology of Russia, Moscow, Russia)  

The release of the dyes from PLGA NPs was evaluated in 1% (m/v %) solution of the 

poloxamer 188 in 0.15 M PBS at pH 7.4. The NPs were resuspended in release medium, 

and the resulting suspension was diluted 25-fold with 1% poloxamer 188 solution and 

then incubated at 37ºC under continuous shaking (orbital shaker-incubator ES-20, 

Biosan, Latvia). At regular intervals (24 h, 48 h and 7 d), the 1.5 ml aliquots of the 

suspension were sampled and centrifuged at 48380 g, 18ºC for 30 min (Avanti JXN-

30, Beckman, USA). The amount of the released dye in NPs was determined 

spectrophotometrically in supernatants in the presence of 50% ethanol. For Rho123 

PLGA NPs, their stability was also estimated in 0.15 M PBS medium (pH 7.4) 

following a similar procedure. The experiments were performed in triplicates.  
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2.2.3 Estimation of stability of PLGA NPs in serum 

Stability of the NPs in serum was evaluated based on their size distribution after 

incubation in phosphate buffered saline (PBS, pH 7.4) containing 0%, 10%, or 50% of 

fetal bovine serum (FBS). The PLGA-DiI NPs or PLGA-Rho123 NPs coated with 1% 

poloxamer 188 were dispersed in the FBS to the concentration of 5 mg/ml; the 

suspensions were incubated for predetermined periods (10, 30, 60, 90 min) and 

analyzed by a dynamic light scattering method. 

2.2.4 Cell viability test 

To analyze the effect of the NPs coated with poloxamer (P188) (PLGA-DiI/P188 NPs 

and PLGA-Rho123/P188 NPs) on the viability of HEK-293 cells, the MTT assay was 

used. Cells were propagated in DMEM medium supplemented with 10% newborn calf 

serum and 1% penicillin. HEK-293 cells were seeded in 96-well plates, 1×104 cells/well 

in 100 l medium. After attachment of cells, 200 l of the fresh medium with either 

PLGA-DiI/P188 NPs or PLGA-Rho123/P188 NPs was added. The final concentrations 

of NPs were 0, 0.1, 0.2, 0.4, 0.8, 1.6 mg/ml. After incubation for 24 h, cells were gently 

washed with PBS for three times to remove the residue of NPs. Then 10 l of 5 mg/ml 

MTT assay solution was added to each well. The culture medium was discarded and 

100 l dimethyl sulfoxide (DMSO) was added to solubilize the intracellular formazan 

crystals for 4 h of incubation at 37°C in 5% CO2. The Formazan produced by 

mitochondrial reduction of thiazolyl blue tetrazolium bromide was quantified by 

measuring the absorbance at 490 nm. The plate was shaken for 10 minutes (5-6 rpm) 

before measurement, and absorbance was detected by a microplate reader (Dynex 

Technology, Germany). The percentage of surviving cells was estimated by dividing 

the absorbance values of the cells by average values from the control cells (medium 

without NPs) (6 replicates for each group).  
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2.2.5 Animals 

All procedures were performed under ethical approval according to the requirement of 

the German National Act on the use of experimental animals (Ethic committee Referat 

Verbraucherschutz, Veterinärangelegenheiten; Landesverwaltungsamt Sachsen-

Anhalt, Halle). 

Adult male Lister hooded rats (Crl: LIS strain; Charles River) with an average body 

weight of 315 ± 23 g were housed on a 12 h light/12 h dark cycle under standard 

environment conditions at ambient temperature of 22°C at 50-60% humidity. Animals 

had access to food and water ad libitum, except on the day before induction of narcosis, 

where food was removed. Animals were kept at least 1 week for adaption in group 

cages and were handled before starting the experiment to reduce the stress. 

2.2.6 In vivo confocal neuroimaging  

Freshly prepared suspensions of different NPs loaded with fluorescent dyes were 

administrated intravenously. For PLGA NPs group coated with poloxamer 188 (P188), 

NPs were dispersed in 0.5 ml of a sterile 1% poloxamer 188 solution in deionized 

distilled water (dd water); for non-coated PLGA NPs group, PLGA NPs were 

resuspended in 0.5 ml sterilized dd water. For free dye groups, 1 mg/ml stock solutions 

of DiI (in ethanol) and Rho123 (in sterilized dd water) were prepared and then diluted 

with saline for injection, by reference to previous reports (Aston and Cullumbine, 1959; 

Peng et al.,1970; Doerge et al., 2010). Dosage of all PLGA NPs samples was adjusted 

to DiI concentration of 0.2 mg/ml and Rho123 concentration of 0.16 mg/ml. Double 

stained Cy5.5-PLGA NPs were resuspended in 0.5 ml 1% poloxamer 188 and injected 

according to the DiI/ Rho123 concentration. All samples were vortexed gently and left 

for 30 min at ambient temperature before use. The animals were anesthetized with an 

intraperitoneal injection of Ketamine (75 mg/kg) and Medetomidine (0.5 mg/kg). The 

eyes of anaesthetized rats were treated with Neosynephrine-POS 5% to relax the iris, 

and Vidisic® eye gel was applied to protect the eye from drying out and used as 
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immersion medium for the contact lens as well. Then, the rats were fixed under a 

confocal scanning microscope with the eye positioned in working distance underneath 

the objective lens and a cannula was inserted into the tail vein. After the 0.5 ml 

intravenous injection, the fluorescence of the NPs was observed in the retina, and the 

images were captured at different time points 0 (baseline), 1, 3, 5, 15, 30, 60, 90 min. 

The rats were kept on the heating plate during all the in vivo imaging process. All the 

images were obtained from the same resolutions (×5 magnification and same image 

size).  

2.2.7 Visualization of PLGA NPs in the blood vessels of flat mount retina 

After in vivo real-time imaging, rats were euthanized with an overdose of 

aforementioned anesthetic and the eyeballs were enucleated and placed into cooled 

HEPES buffered solution (135 mM NaCl, 5 mM NaOH, 2.5 mM KCl, 7 mM MgCl2, 

10 mM HEPES, 10 mM glucose; pH 7.4). The anterior segment of eye and vitreous 

body were removed. The whole retina was then carefully separated from the sclera, 

flatted on the modified culture plate, and the whole mounts were then incubated with 

0.1 mg/ml Hoechst 33342 (Hoechst) in HEPES solution for 20 minutes for nuclei 

staining. Flat mount retina was fixed with 4% paraformaldehyde solution for 20 

minutes and washed afterwards with HEPES solution. The images were captured 

immediately after preparation of retinal flat mount with a Zeiss microscope (Jena, 

Germany). 

2.2.8 Statistical analysis 

The quantification analysis of fluorescence signal in the retina and threshold overlap 

score at the highest intensity (TOSh), Pearson correlation coefficient (PCC), 

Spearman’s rank correlation coefficient (SRCC), were performed and evaluated by 

means of MATLAB (MathWorks, Inc., Natick, MA, USA), Image J (US National 

institutes of Health, Bethesda, USA) software and EzColocalization ImageJ plugin 

(Stauffer et al., 2018). Data were fitted with double exponential function.  
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2.3 Results of Study I 

2.3.1 Nanoparticle characterization in vitro  

2.3.1.1 Physicochemical properties of NPs 

Fluorescent PLGA NPs were prepared using an emulsification-solvent evaporation 

method and then washed from the free dye either by centrifugation (DiI) or gel 

permeation chromatography (Rho123). An additional Cy5.5 label was introduced by 

covalently binding to the polymer in order to distinguish the distribution of the carrier 

per se and the fluorescent cargo. The physicochemical parameters of the fluorescently 

labeled PLGA NPs, i.e. PLGA-DiI, PLGA-Rho123, and double-stained Cy5.5-PLGA-

DiI, Cy5.5-PLGA-Rho123 NPs are shown in Table 2.1. All NPs exhibited similar 

average sizes of ~130 nm and a relatively narrow size distribution (PDI < 0.2). The 

encapsulation efficiency was in the range of 83-100% in the case of DiI and up to 96.4% 

in the case of Rhodamine 123. Covalent attachment of Cy5.5 to the polymer did not 

significantly alter the sizes of NPs. The zeta potentials of all nanoparticles were 

negative. As shown in the SEM and TEM images, the NPs had spherical shapes and 

smooth surfaces (Figure 2.2A-D). 

2.3.1.2 Dye release studies in vitro  

The kinetics of the dye release from the NPs was evaluated under the simulated 

physiological conditions (PBS, pH 7.4, 37°C) with addition of 1% poloxamer 188 as a 

solubilizing agent for poorly soluble fluorescent dyes. As shown in Table 2.2, both 

PLGA-DiI and Cy5.5-PLGA-DiI NPs exhibited minimal release of DiI (8.5 %) up to 

24 h. In contrast, Rho123 quickly diffused into the medium during the first 24 h (54%), 

but thereafter only slow additional release was observed (approximately 10 % during 

the next 7 days). No release of conjugated Cy5.5 was observed during the period of up 

to 7 days, which was also confirmed by thin layer chromatography TLC (data not 

shown) indicating the stable covalent bond. 
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Table 2.2 In vitro release of fluorescent dyes DiI and Rho123 from PLGA NPs. 

Type of NPs 
Amount of released dye, % 

24 h 48 h 7 days 

PLGA-DiI  8.2 ± 0.4 11.95 ± 0.4 17.3 ± 1.4 

Cy5.5-PLGA-DiI 8.5 ± 3.0 11.9 ± 0.9 13.2 ± 0.3 

PLGA-Rho123 54.0 ± 1.1 58.8 ± 0.9 65.5 ± 0.8 

Cy5.5-PLGA-Rho123 50.5 ± 2.6 55.0 ± 1.8 NA 

In vitro release of fluorescent dyes DiI and Rho123 from PLGA NPs in a solution of 1% 

poloxamer 188 in 0.15 M PBS (pH 7.4, 37°C, n = 3, mean  SD). 

2.3.1.3 In vitro interaction of PLGA NPs with FBS and cell viability assay 

The sizes of the PLGA NPs coated with poloxamer 188 upon incubation with PBS, 10% 

FBS, and 50% FBS were also evaluated (Figure 2.3A). The size distribution profiles of 

the PLGA-DiI/P188 NPs incubated in 10% or 50% serum were similar. Similarly, the 

peak of the PLGA-Rho123/P188 NPs size distribution showed no obvious changes in 

10% serum and 50% serum after 90 min incubation. No time dependent flocculation 

could be detected over a time period of at least 90 minutes, indicating a sufficient 

stability for further NPs in vitro evaluation. 

To evaluate the toxicity of PLGA-DiI/P188 NPs and PLGA-Rho123/P188 NPs, MTT 

test was performed after 24 hours incubation of HEK-293 cells with the particles. 

Although the cell viability gradually declined as the concentration of NPs increased 

from 0.1 to 1.6 mg/ml, cells tolerated both NPs well. As shown in Figure 2.3B even 

with increasing NP concentrations up to 1.6 mg/ml, the cell viability decreased only to 

~70% for PLGA-DiI/P188 and ~68% for PLGA-Rho123/P188. 
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Figure 2.3 In vitro interaction of PLGA NPs with FBS and cell viability assay.  

A, Examples of particle size distribution of PLGA-Rho123/P188 NPs (upper panel) in PBS 

and PLGA-DiI/P188 NPs (lower panel) in PBS and FBS (10% and 50%) after 90 min of 

incubation (n=3). B, Cell viability of HEK-293 cells after incubation with PLGA-DiI/P188 

NPs or PLGA-Rho123/P188 NPs for 24 h (n=6, error bars represent mean  SEM). 

2.3.2 Comparison of kinetics and location between lipophilic and hydrophilic 

cargoes from PLGA NPs in blood vessels 

2.3.2.1 In vivo real-time study of cargoes DiI or Rho123 loaded in PLGA NPs in 

retinal blood vessels by ICON 

To trace the distribution of cargoes (DiI/Rho123) loaded in the NPs within the relevant 

timespan (0-90 min) in the retinal blood vessels, in vivo real-time imaging was used to 

analyze the fate of these cargoes in the retina (Figure 2.4). After the i.v. injection of 

PLGA-DiI NPs, the fluorescence signal from both poloxamer 188-coated and non-

coated particles, reached the maximum within first minute (Figure 2.4A-B). Strong 
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decrease of the fluorescence signal (DiI) in the retinal blood vessels was observed 

throughout first 30 min, presumably reflecting clearance of NPs from the blood 

circulation in the retina. The residual staining which remained relatively stable up to 90 

min (Figure 2.4D) could be explained by either that NPs persisted in the blood or 

stained the blood vessel wall (or both) (Figure 2.4A-B).  

Additional experiment indicated that this DiI signal from PLGA-DiI/P188 NPs 

sustained in the blood vessels for more than 2.5 hours. However, injection of free dye 

showed different kinetics (Figure 2.4C), with fluorescence increasing strongly within 

first few minutes, reaching the maximum at 30 min and starting slow decay after 1 h 

(Figure 2.4C-D). Unsurprisingly, in the presence of poloxamer 188, the PLGA-DiI NPs 

were more homogeneously distributed than the uncoated NPs, because more 

coalescence (spots) of the NPs in the blood vessels were visible, when uncoated NPs 

were injected, as shown in Figure 2.4B. When imaging the Rho123-loaded NPs, the 

fluorescence signal (Rho123) also reached the maximum within 1 min after injection 

(Figure 2.4E-F), however, unlike the DiI-loaded NPs, this signal (Rho123) dramatically 

decreased within 5 min, and virtually disappeared after 15 minutes. Free Rhodamine 

123 was found to be eliminated already after 5 min (Figure 2.4G).  
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Figure 2.4 In vivo real-time signal monitoring and quantification of fluorescence 

signal in the retinal blood vessels after intravenous injection of PLGA NPs or free 

fluorescent dye.  

PLGA-DiI NPs coated with poloxamer 188 (A), uncoated PLGA-DiI NPs (B), and free 

DiI (C) and the corresponding normalized DiI fluorescence intensity in D. PLGA-Rho123 

NPs coated with poloxamer 188 (E), uncoated PLGA-Rho123 NPs (F), and free Rho123 

(G) and the corresponding normalized DiI fluorescence intensity in H. Images were 

captured before i.v. injection (0 min) and at defined intervals, as indicated, until 90 min 

post injection by ICON technique. Scale bar in all images 200 m. The signal value at 
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given point was normalized to the maximum fluorescence in respective group. n=3-

5/group, error bars represent mean  SEM. 

2.3.2.2 Final location of cargoes from PLGA NPs in retinal flat mounts 

A clearly different distribution regarding the PLGA-DiI/P188 NPs and the PLGA-

Rho123/P188 NPs was observed in the retinal flat mounts (Figure 2.5). The PLGA-

DiI/P188 NPs (spots) were located mainly in the lumen of the blood vessels in which 

DiI signal was also found on the blood vessel wall. It can be assumed that DiI diffused 

out of NPs and stained the blood vessel walls. Other researchers have already 

demonstrated that an aqueous DiI solution formulated to avoid precipitation of this dye 

can penetrate into endothelial cell membranes upon contact and then directly label 

blood vessels after cardiac perfusion within 1 h (Li et al., 2008). In this study, DiI 

incorporated into the PLGA NPs with narrow distribution (PDI 0.156 ± 0.009, Table 

2.1) also illustrates the ability of DiI to label blood vessels in the retinal flat mount 

(Figure 2.5A-E). In agreement with in vivo data shown in Figure 2.4, at 2 h post 

injection of PLGA-Rho123/P188 NPs (Figure 2.5F and 2.5G), no Rho 123 fluorescence 

signal was detected. This observation suggests that it has been eliminated from the 

blood circulation in the retina.  
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Figure 2.5 Retinal flat mounts 

after in vivo real-time imaging 

analysis at 2 h time point post 

injection.  

After injection of PLGA-

DiI/P188 NPs, DiI fluorescence 

(orange) is seen in the branches of 

blood vessels (A-E). C and D: 

green square area from B. In E, 

arrowhead: blood cell, arrow: NPs 

accumulations. Rho123 signal 

(yellow) was not detected in the 

flat mount prepared at the 2 h time 

point after PLGA-Rho123/P188 

NPs injection (F, G). Blue: nuclei 

Hoechst staining. Images were 

taken with 5× magnification (A, F) 

and 50× magnification images (B, 

E, and G). Scale bar: 200 m (A, 

F), 20 m (B, E, and G). 

2.3.3 Correlation of cargoes and carrier in blood vessels of the retina 

2.3.3.1 In vivo real-time monitoring fluorescent cargoes DiI or Rho123 and Cy5.5-

PLGA carriers in retinal blood vessels by ICON 

Detection of the fluorescence signal from cargoes could be misleading in estimation of 

the NPs, as it may reflect released dye and not the localization of the NPs per se. To be 

able to distinguish between released and encapsulated dye, PLGA covalently linked 

with Cy5.5 (Cy5.5-PLGA) was used. After the first set of experiments with DiI, it was 

investigated that whether lesser amounts of Cy5.5 could be used, while still yielding a 
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sufficient signal. It was found that brightness of nanoparticles did not change 

significantly while the Cy5.5-PLGA fraction used in the preparation increases up until 

a threshold of about 60% (by weight): 0.74×106 M-1·cm-1/mg and 1.04×106 M-1·cm-

1/mg at the Cy5.5-PLGA/PLGA ratios (100 mg:500 mg and 100 mg:100 mg, 

respectively). Given that alterations to the NPs compositions should be minimal when 

labeling them for visualization, the (100 mg: 500 mg) of polymers in further 

experiments with Rho123 was used. 

The spatial and temporal monitoring of Cy5.5-PLGA and their cargoes are conducted 

and shown in Figure 2.6A and 2.6B. Difference in DiI and Rho123 kinetic was similar 

to previous experiment i.e. slow decay in DiI and fast disappearance of Rho123 (Figure 

2.4). There was bright signal of Cy5.5 and this signal slowly declined to approximately 

67% from maximum at the end of experiment of Cy5.5-PLGA-DiI. DiI fluorescence 

was changed in parallel with Cy5.5 signal. In contrast, in Cy5.5-PLGA-Rho123, 

Rho123 signal disappeared in 15 min, although Cy5.5 was still present (>90 min). The 

quantified profile of fluorescence of Cy5.5 covalently bound to the NPs and that of the 

cargoes DiI or Rho123 are displayed in Figure 2.6C and D, respectively. The t1/2 of 

normalized fluorescence for Cy5.5 (177.9 min) in the retinal blood vessels was longer 

than that of the DiI (80.8 min), when Cy5.5-PLGA-DiI/P188 were injected. In Cy5.5-

PLGA-Rho123/P188 NPs group, both NPs and Rho123 cargoes showed a rather quick 

elimination from the blood vessels: t1/2 values of normalized fluorescence in the retinal 

blood vessels were 28.9 min and 6.6 min, for Cy5.5 and Rho123, respectively. Cy5.5 

sustained longer in the group treated with the Cy5.5-PLGA-DiI/P188 NPs as compared 

to the Cy5.5-PLGA-Rho123/P188 NPs. 
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Figure 2.6 In vivo real-time 

signal monitoring of PLGA 

carriers covalently labeled 

with Cy5.5 and loaded cargoes 

DiI or Rho123 in retinal blood 

vessels.  

DiI and Cy5.5 signals were 

quantified in the branches of 

retinal blood vessels after 

intravenous injection of Cy5.5-

PLGA-DiI/P188 NPs (A) or 

Cy5.5-PLGA-Rho123/P188 NPs 

(B). Images were captured 

before injection (0 min) and until 

90 min at defined time points by 

ICON technique. Scale bar 100 

m. C, experimental data of 

normalized fluorescence 

intensity of Cy5.5, DiI and 

corresponding fitting curve (line) 

(n=3, error bars represent mean  

SEM). D, experimental data of 

normalized fluorescence 

intensity of Cy5.5, Rho 123 and 

corresponding fitting curve (line) 

(n=4, error bars represent mean  

SEM). 
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2.3.3.2 Ex vivo localization of cargoes DiI, Rho123 and Cy5.5-PLGA carriers in 

retinal blood vessels 

Figure 2.7A shows the distribution of Cy5.5-PLGA carriers in the retinal blood vessels 

at 2 h after injection of Cy5.5-PLGA-DiI /P188 NPs as sparkling spots that overlap 

with DiI signals. However, a pronounced, diffuse of DiI signal was also found on the 

blood vessel wall, which is consistent with results shown in Figure 2.5A-E. In Cy5.5-

PLGA-Rho123/P188 NPs group, signal from Cy5.5-PLGA vehicles still existed after 2 

h; on the contrary, Rho123 signals were too weak to be detected at this time point 

(Figure 2.7B). Therefore, to further evaluate the dynamic of PLGA-Rho123/P188 NPs 

in the retinal blood vessels, retinal flat mounts at 5 min after injection of PLGA-

Rho123/P188 NPs were analyzed. Here, both Cy5.5 signal from PLGA polymer and 

the Rho123 cargo showed strong fluorescence at the same location (Figure 2.7C). Plot 

profile of Cy5.5-PLGA NPs, DiI signal and Hoechst are shown in Figure 2.7D, 

demonstrating that some of the Cy5.5 signals colocalized with DiI signal in the blood 

vessels (BV). However, DiI was also visible beyond the NPs spots as indicated in both 

Figure 2.7A and the green curve from BV on the right side of Figure 2.7D. This suggests 

that DiI had diffused out of the NPs and stained the blood vessel wall within 2 h. To 

further quantify the relationship of signals from Cy5.5-PLGA NPs, cargo DiI and 

Hoechst (cell nuclei), overlap score at different threshold (TOS) metric matrix from 

two signals were also presented (Stauffer et al., 2018). The matrix showed negative 

values between Cy5.5 and Hoechst. This can be interpreted as antilocalization (Figure 

2.7E), indicating that the PLGA NPs are not colocalized with nuclei of cells in retina 

tissue at 2 h after injection. Conversely, TOS metric matrix in Figure 2.7F showed 

colocalized values between Cy5.5 and DiI, confirming the visual evidence from Figure 

2.7A. Specifically, in the Cy5.5-PLGA-Rho123/P188 group, the Cy5.5 signal from 

PLGA NPs at 2 h (Figure 2.7G) was strong and clearly detectable, whereas the Rho123 

signal was virtually completely gone. In contrast, at the 5 min time point after injection 

both Cy5.5 signal from PLGA polymer with Rho123 cargo showed high intensity 

(Figure 2.7J). All TOS matrix showed that Cy5.5 have similar antilocalization or non-
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colocalization with Hoechst (Figure 2.7H and K). Nevertheless, Cy5.5 has low 

colocalization with Rho123 at 2 h after injection (Figure 2.7I) and high colocalization 

with Rho123 at 5 min (Figure 2.7L). This is consistent with results shown in Figure 

2.6B, that both signals, i.e. Cy5.5 from NPs and Rho123 as cargo, were observed at 5 

min, however, at 90 min, only Cy5.5 signals from NPs were detectable. Localization 

was also furtherly confirmed and evaluated using three correlation coefficients: TOSh, 

PCC and SRCC. TOSh represents threshold overlap score at highest intensity which can 

better illustrate the correlation between two on-target signals (Stauffer et al., 2018). In 

the Cy5.5-PLGA-DiI/P188 group, the values for TOSh, PCC, and SRCC were used to 

evaluate the relationship between Cy5.5 and DiI which were 0.412 ± 0.020, 0.603 ± 

0.018, and 0.407 ± 0.036, respectively, at 2 h (Figure 2.7M). This indicates the partial 

colocalization between PLGA vehicles and DiI cargoes, which is consistent with Figure 

2.7A and D; values for TOSh, PCC, and SRCC between Cy5.5 and Hoechst were -0.535 

± 0.095, -0.109 ± 0.023, and -0.177 ± 0.036 suggesting antilocalization between PLGA 

vehicles and cell nuclei (Figure 2.7M). Since the TOSh score was highest score at the 

sites where Cy5.5 and Hoechst have the highest intensity signal representing the value 

of maximal on-target signals, it can be assumed that Cy5.5 is not colocalized with nuclei. 

When NPs were intravenously injected and measured after 2 h in the Cy5.5-PLGA-

Rho123/P188 group, values for TOSh, PCC, and SRCC between Cy5.5 and Rho123 

were 0.069 ± 0.010, 0.125 ± 0.020, and 0.104 ± 0.040, which revealed a non-

colocalization relationship (Figure 2.7N); however, at 5 min after injection, these values 

were 0.445 ± 0.053, 0.589 ± 0.061, and 0.472 ± 0.065 (Figure 2.7O) suggesting partial 

colocalization of PLGA vehicles and cargoes Rho123. Values for TOSh, PCC, and 

SRCC between Cy5.5 and Hoechst were -0.656 ± 0.094, -0.109 ± 0.015, and -0.290 ± 

0.056 at 2 h, and -0.846 ± 0.050, -0.130 ± 0.024, -0.328 ± 0.055 at 5 min also confirming 

the antilocalization of PLGA vehicles and cell nuclei. 
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Figure 2.7 Localization of PLGA NPs (carriers) covalently linked with Cy5.5 and 

cargoes DiI or Rho123 in blood vessels in retinal flat mounts.  

This graph shows the signals of DiI and Cy5.5 in the branches after intravenous injection 

of Cy5.5-PLGA-DiI/P188 NPs at 2 h (A), Cy5.5-PLGA-Rho123/P188 NPs at 2 h (B), and 

Cy5.5-PLGA-Rho123/ P188 NPs at 5 min (C). Scale bar 20 m. A profile of fluorescence 
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intensity peaks from Cy5.5-PLGA, cargoes DiI, and Hoechst in the retinal flat mount (D), 

representative TOS matrix analysis for Cy5.5 and Hoechst at different thresholds (E) and 

representative TOS matrix analysis for Cy5.5 and DiI at different thresholds (F) in Cy5.5-

PLGA-DiI/P188 2 h group. Similarly, a profile of fluorescence intensity peaks in the 

retinal flat mount for Cy5.5-PLGA, cargoes Rho123 and Hoechst (G), representative TOS 

matrix analysis for Cy5.5 and Hoechst at different threshold (H) and representative TOS 

matrix analysis for Cy5.5 and Rho123 at different threshold (I) in Cy5.5-PLGA-

Rho123/P188 2 h group. A profile of fluorescence intensity peaks from Cy5.5-PLGA, 

Rho123, and Hoechst in the retinal flat mount (J), representative TOS matrix analysis for 

Cy5.5 and Hoechst at different threshold (K) and Rho123 at different threshold (L) in 

Cy5.5-PLGA-Rho123/P188 5 min group. TOSh, PCC, SRCC values are evaluated from 8 

blood vessels in the Cy5.5-PLGA-DiI/P188 2 h group (M), 9 blood vessels in the Cy5.5-

PLGA-Rho123/P188 2 h group (N), and 10 blood vessels in the Cy5.5-PLGA-

Rho123/P188 5 min group (O). Error bars represent mean  SEM. BV, blood vessels. BC, 

blood cells. FT=the top percentage of pixels at different threshold in the channel. 

TOSh=Threshold overlap score at highest intensity. PCC=Pearson correlation coefficient. 

SRCC=Spearman’s rank correlation coefficient. Values, -1=complete antilocalization; 0= 

non-colocalization; 1=complete colocalization. 

2.4 Discussion of Study I 

PLGA NPs have gained a lot of attention as promising drug delivery systems and they 

are excellent candidates for the delivery of pharmacological treatment strategies. 

However, knowledge about the delivery system efficacy under real-life conditions is 

mandatory. In order to understand the kinetic profiles of nanoparticle systems in the 

retina, PLGA NPs were loaded with lipophilic DiI or hydrophilic Rho123. These dyes 

are widely used as fluorescent markers for PLGA NPs in different in vitro and in vivo 

experiments to estimate the biodistribution or cellular trafficking (Nakano et al., 2007; 

Chang et al., 2009; Simon and Sabliov, 2014). And they can be studied in vivo with 

real-time monitoring of the fluorescence signal in the retina using the ICON technique, 

the results of which can be confirmed by microscopy of flat mounted retina explants.   
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Importantly, to understand mechanisms of action, it is necessary to discern the cargo 

(here: the fluorescent dyes) and the carrier, i.e. the PLGA NP, and evaluate the cargoes 

which are not chemically linked to the nanocarrier so to estimate stability of the carrier-

cargo system in the blood circulation in vivo. Therefore, to be able to differentiate 

between cargo and carrier, PLGA NPs were covalently linked with Cy5.5 to study the 

general principles of how nanoparticulate carrier-cargo-systems behave in the retinal 

blood circulation using the method of in vivo and ex vivo neuroimaging of the retina. 

2.4.1 Different kinetic profiles of cargoes in blood vessels of the retina between 

hydrophilic Rho123 and lipophilic DiI (free or loaded in PLGA NPs) 

Using the retinal model enabled us to compare in vivo real-time kinetic profiles of 

fluorescence dye in free form with that being loaded in PLGA NPs in the blood 

circulation of the retina. In this manner, a clear difference in the kinetics of free Rho 

and DiI was observed. Within 15 min after injection, Rho123 signal disappeared. The 

free DiI, however, showed a delayed staining phenomenon: fluorescence intensity 

increased within the first 15 min, and remained on this level for more than 1 h (Figure 

2.4C). This effect could result from the physical property of DiI, which has a mild 

fluorescence in aqueous suspension but becomes quite bright once bound to cell 

membrane (http://products.invitrogen.com/ivgn/product/D282), reflecting binding of 

DiI to the vessel wall. In the case of the PLGA-DiI NPs, at the beginning, the bright 

signal of DiI loaded in PLGA NPs circulating in the vessels can be seen. Further, some 

amount of the dye was released from the NPs and stained the blood vessel wall, but 

most of the dye remained bound to the NPs and was eliminated from the blood flow. 

According to in vitro release profile (Table 2.2), only a small release during a rather 

long time (17.3 ± 1.4% and 13.2 ± 0.3% in 7 days) was found from PLGA-DiI NPs and 

Cy5.5-PLGA-DiI NPs. Given the high colocalization between the PLGA and cargo DiI 

at 2 h in retinal blood vessel (Figure 2.7F), it can be assumed that PLGA-DiI NPs or 

Cy5.5-PLGA-DiI NPs are stable during the experiment. When Rho123 was loaded in 

NPs, it showed similar kinetic as free Rho123, i.e., within 15 min, the Rho123 signal 
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disappeared from the blood vessels. At the same time Rho123 traces were found in the 

urine (Figure S1), and the Rho123 signal was virtually absent in the whole mount retina. 

When taken together, these findings can suggest a fast release of this hydrophilic dye 

from the NPs and further elimination from the blood via the kidney, which is consistent 

with the results reported by others (Mao et al., 2007; Voigt et al., 2014). The DiI signal 

from PLGA-DiI NPs had kinetic which were clearly distinct from free DiI. This 

fluorescence intensity decayed exponentially, but unlike the Rho123, it could be 

detected even after 2 h in the retina vessels. In general, the decrease of the signal from 

the cargo, loaded in NPs, can be due to elimination of NPs from blood flow or release 

of the cargo from NPs. The persisting DiI signal can be explained by a combination of 

fluorescence from the NPs and DiI released and bound to the vessel wall. In summary, 

it is not sufficient to limit the characterization of PLGA based drug delivery systems to 

the particles themselves, such as particle size, particle shape, and surface properties, 

but attention should also be paid to the properties of the individual cargo and the in vivo 

(blood circulation) environment. 

2.4.2 Nano-carriers and cargoes have individual kinetic profiles 

In the literature, the life cycle of NPs injected intravenously for drug delivery are in 

general described as follows: NPs encounter the target cell from blood circulation, its 

ligands or surfactant interact with the receptor of target cells, leading eventually to firm 

particle arrest. Next, the NPs are internalized into the target cells, and finally the drug 

is released from the NPs within the target cell (Singh et al., 2009). In this model, 

successful drug delivery is provided by tight integration of the carrier and cargo during 

in vivo blood circulation for the whole time. However, by covalently linking Cy5.5 to 

the polymer PLGA in this study, the in vivo real-time biodistribution kinetics at 15 min 

showed that the normalized fluorescence of Rho123 dramatically dropped to 

approximately 10% from maximum, conversely, normalized fluorescence of PLGA 

carrier decreased only by 30% (Figure 2.6B). This result indicates that at a later time 

point, i.e. >15 min, the Rho123 has diffused out of the particles and was eliminated 
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from the circulation, while the PLGA carrier continued circulation in the in vivo retinal 

blood vessels. This was confirmed by the ex vivo colocalization study showing absence 

of signal overlapping and negligible correlation between Rho123 and Cy5.5-PLGA at 

2 h (Figure 2.7, TOSh, PCC, and SRCC were 0.069, 0.125, and 0.104, respectively). 

Since Figure 2.6 C and J-L showed at 5 min time point post injection that the signal 

from cargo Rho123 is well colocalized with signal from Cy5.5 covalently linked carrier 

PLGA NPs, it can be assumed that the injected nanoparticles are stable at the beginning 

of the real-time monitoring. Though in vivo experiments with Cy5.5-PLGA-DiI NPs 

demonstrated a relatively strong signal at 90 min from both DiI and Cy5.5-PLGA, ex 

vivo colocalization measurement revealed the separation of the DiI signal and its PLGA 

carrier (Cy5.5), although to a lesser extent, (Figure 2.7, coefficient TOSh = 0.412, PCC 

= 0.603, and SRCC = 0.407, respectively). Based on this observation, the integrity of 

nanoparticulate carrier-cargo systems and the efficacy of carrier-mediated delivery 

during in vivo circulation in the retina should be determined for each individual nano-

carrier system when the cargoes are not covalently linked to the carriers. 

2.4.3 Complex biological circulation in the retina in vivo changes nano-cargo-

carrier system’s behavior as compared to in vitro. 

Blood flow is a complex biological system, with a number of parameters, which cannot 

be fully reproduced in vitro. Biological environments can greatly influence 

agglomeration, phase transformations, dissolution, degradation, protein adsorption, and 

surface reactivity of NPs, concomitantly, physicochemical properties of NPs change 

dynamically in vivo which makes the metabolism of NPs complex and difficult to 

predict (Wang et al, 2013). As the data of in vitro NPs characterization showed, 

approximately 50% of Rho123 and 90% of DiI is retained in the NPs after 24 h. 

Therefore, it could be expected that during the ICON experiment substantial fraction of 

the dye would be stored within NPs. However, both real-time kinetic profiles of PLGA 

NPs (Figure 2.6) and non-colocalization relationship between PLGA and Rho123 in 

Figure 2.7 present the merely negligible Rho123 contained within NPs in the blood 
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circulation of retina at 2 h. As mentioned above, it can be hypothesized that the fast 

disappearance of the Rho123 signal from the blood vessels is due to a faster release of 

this hydrophilic dye from the NPs and further elimination from blood circulation in the 

retina. In addition, the colocalization measurement suggests, that large fractions of DiI 

is also released from NPs (Figure 2.7). Presumably, multiple factors such as blood 

pressure, blood constituents (albumin, fibrinogen, immunoglobulin-G, etc.) and diverse 

fluid-particle interaction force (buoyancy force, local fluid acceleration force, etc.) 

(Green et al., 1999; Wajer et al., 2000; Jamshidi and Mazzei, 2018) are possible causes 

of faster cargo release from NPs and thus contribute to the difference between the in 

vitro and in vivo results. 

2.5 Conclusion 

It can be concluded that PLGA NPs’ in vivo kinetic as imaged in the retina is a 

complicated process influenced by the chemical/physical properties of the blood and 

the individual properties of loaded compounds, which can significantly change the 

properties of PLGA NPs. Thus, developing efficient carrier-cargo systems requires 

careful design and individual examination of PLGA delivery systems. 

In addition, real-time in vivo experiments, where the multiple factors of the biological 

milieu can interact and influence, provide valuable information regarding kinetics and 

distribution of NPs in the retina, which cannot be provided by in vitro assays. Although 

I have not yet been able to predict all the behaviors of different cargoes in PLGA NPs, 

these observations contribute to a better understanding of the relationship between 

design of nanoparticulate carrier-cargo systems and their kinetics in the blood 

circulation of retina. In any event, it seems unlikely that a single, universal nanoparticle 

formulation can be identified that is both safe and effective for the delivery of different 

compounds. 
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3. Study II: Exploring the systemic delivery of a poorly water-soluble 

model drug to the healthy or injured retina using PLGA 

nanoparticles2 

3.1 Introduction to Study II 

For many brain and eye diseases, only few causal drug treatments are available. Hence, 

there is a great need to discover new drugs alongside with the means to facilitate their 

delivery. Currently, the use of combinatorial chemistry and high throughput screening 

(HTS) allows identification of the new pharmaceutical compounds easier and faster 

than ever. However, formulation difficulties of drugs encountered in conventional 

approaches are among the major challenges in current drug development (Lipinski et 

al., 2000 and 2002). Especially, the delivery of poorly water-soluble compounds to 

target tissues is still a major challenge, as organic solvents are often associated with 

side effects (Broadwell et al., 1982; Galvao et al., 2014). An attractive strategy to 

broaden the application range of such compounds is to use nanoparticles (NPs) as a 

drug delivery method (Mersko-Liversidge and Liversidge, 2008). Over the decades 

many types of NPs have been developed, one of which is the highly biocompatible 

poly(lactic-co-glycolic acid) (PLGA) nanoformulation. The PLGA NPs have been 

widely studied and provide a successful approach for delivering drugs and various 

macromolecules such as proteins, nucleic acids and peptides (Makadia and Siegel, 2011; 

Danhier et al., 2012). Moreover, some PLGA-based applications have been approved 

already by the FDA for medical use (Qi et al., 2013; Wang et al., 2016; Bobo et al., 

2016).  

                         
2 . This work was published: Zhang, E., Osipova, N., Sokolov, M., Maksimenko, O., 

Semyonkin, A., Wang, M., Grigartzik, L., Gelperina, S., Sabel, B.A., Henrich-Noack, P., 

(2021). Exploring the systemic delivery of a poorly water-soluble model drug to the retina using 

PLGA nanoparticles. Eur. J. Pharm. Sci. 164, 105905. DOI: 10.1016/j.ejps.2021.105905 
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One potential application of PLGA NPs is the treatment of eye diseases. The loss or 

impairment of vision significantly reduces the quality of life, and some diseases, such 

as glaucoma, retinal ischemia, or mechanical optic nerve trauma, lead to impaired blood 

flow and vascular dysregulation (Flammer and Konieczka, 2017), and subsequently to 

insufficient nutrient and oxygen supply (Bien et al., 1999; Osborne et al., 2004; 

Mozaffarieh et al., 2008; Karande et al., 2020). Direct or indirect optic nerve injury also 

induces a decline of trophic factor concentration, some of which can be caused by an 

impaired retrograde axonal transport to the retinal ganglion cells (RGCs) from the target 

neurons in the visual thalamus (Cohen et al., 1994; Kostyk et al., 1994; Nickells, 1996; 

Chen and Weber, 2001; Weber et al., 2008). In addition, oxidative stress or increased 

glutamatergic stimulation could play a role in RGCs’ death (Eltzschig and Eckle, 2011; 

Andreeva et al., 2015). These and other factors can contribute to RGCs pathology, 

degeneration and retinal function impairment. To protect RGCs, experimental drugs are 

being studied, and methods are needed to be explored, so that they can reach the 

posterior eye segment. However, when such neuroprotective drugs are applied 

systemically, the inner blood-retinal barrier (BRB) will be an obstacle. Its normal 

function is to protect neuronal cells and to regulate the microenvironment of the retina, 

but - at the same time - the BRB is also a barrier for most drugs or NP carrier systems 

which are unable to cross this barrier (Cunha-Vaz, 2004; Diebold and Calonge, 2010; 

Tomi and Hosoya, 2010; Hosoya et al., 2011; Kubo et al., 2014).  

To overcome these drug delivery problems to the retina, pharmaceutical formulations 

will be needed. To better understand the complex spatial-temporal pattern of the release 

and the nano-carrier and cargo distribution in the intricate in vivo system, I explored a 

PLGA NPs based formulation of the model drug coumarin 6 (Cou6) for intravenous 

injection. Cou6 is a highly lipophilic fluorescent probe, which can be easily detected in 

the tissue and cells (Inokuchi et al., 2010; Rivolta et al., 2011). After intravenous 

injection of these Cou6 loaded NPs, the experiments were done to monitor Cou6 fate 

in real-time using in vivo Confocal Neuroimaging (ICON) which permitted non-

invasive visualization of the retina in anesthetized animals (Sabel et al., 1997; Prilloff 
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et al., 2010; Zhang et al., 2020). To be able to distinguish the distribution kinetics of 

the Cou6 as a cargo and the NP as a carrier, PLGA NPs were then covalently linked 

with Cy5.5. Furthermore, to study the kinetics under pathological conditions, a rat optic 

nerve crush (ONC) model was used. ONC is a well-established experimental model to 

study traumatic optic nerve injury and to mimic the neuropathology of glaucoma, which 

is characterized by progressive optic nerve degeneration and loss of retinal ganglion 

cells (Tang et al., 2011), and which is associated with inner blood-retina barrier (BRB) 

breakdown (Cunha-Vaz; 1976). Moreover, we also wanted to evaluate if this optic 

nerve injury-induced retinal ganglion cell degeneration would have secondary effects 

on the blood compartment and the BRB. For example, Sato et al. found that the 

concentrations of 30 metabolites were changed after ONC in mice (Sato et al., 2018). 

In addition, during the traumatic and degenerative central nervous system (CNS) 

diseases the immune response can be dominated by resident and blood-borne 

macrophages (Cui et al., 2009; Schroeter and Jander, 2005). Joly et al. found that blood-

borne macrophages can enter the eye through the optic nerve and ciliary body and 

migrate into the injured retinal area (Joly et al., 2009). These in vivo results were then 

compared to observations in flat mounted retinae to localize the Cou6 model drug and 

PLGA NPs on a cellular level.  

The combined ex vivo and in vivo approach allowed us to systematically characterize 

the distribution kinetics of a poorly water-soluble model drug as a cargo and NPs in 

both healthy and damaged retina. To the best of our knowledge, it is the first time to 

directly visualize the kinetics of poorly water-soluble substances in the normal and 

damaged retina in real-time and propose that this kind of experimental approach can 

significantly increases our knowledge on systemic delivery of poorly water-soluble 

drugs via NPs across the inner BRB as a potential treatment of retinal diseases. 
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3.2 Materials and methods of Study II 

3.2.1 Chemicals 

Kolliphor P188®, poloxamer 188 BASF, Germany 

Ketamine (100 mg/ml) Medistar Arzneimittelvertrieb 

GmbH, Ascheberg, Germany 

Medetomidine hydrochloride (1 mg/ml) ORION Pharma GmbH, Hamburg, 

Germany. 

Neosynephrine-POS 5% Ursapharm GmbH, Saarbrücken, 

Germany 

Vidisic® optical gel Bausch & Lomb, Berlin, Germany 

Saline (0.9%) Fresenius Kabi Deutschland 

GmbH, Bad Homburg, Germany 

Fluorescent Microspheres Red Invitrogen detection technologies, 

Germany 

Carprosol CP-Pharma Handelsgesellschaft 

GmbH, Burgdorf, Germany 

Liquifilm® eye drops Allergan GmbH, Frankfurt am 

Main, Germany 

Floxal® Baush&Lomb, Germany 

Hoechst 33342 Cayman Chemicals, Hamburg, 

Germany 

Coumarin 6  Sigma-Aldrich, USA 

other chemicals Sigma-Aldrich 

 

3.2.2 Poorly water-soluble PLGA NPs  

The particles were provided by team of Dr. Svetlana Gelperina (D. Mendeleev 

University of Chemical Technology of Russia, Moscow, Russia). See publication 

(Zhang et al., 2021). Briefly, The PLGA-Cou6 NPs were produced by a high-pressure 

o/w emulsion solvent evaporation technique. Cy5.5-PLGA was produced by covalently 

linking Cy5.5 to the PLGA (Cy5.5-PLGA) via a carbodiimide coupling reaction 
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(Malinovskaya et al., 2017). The absence of free dye was verified by TLC on silica gel-

coated plates. 

Table 3.1 Physicochemical characteristics of PLGA-Cou6 NPs and Cy5.5-PLGA-

Cou6 NPs  

ZP: zeta potential; PDI: polydispersity index; EE: encapsulation efficiency. n=3, mean ± 

SD. 

Evaluation of Cou6 release from PLGA-Cou6 NPs in vitro (were assisted by team of 

Dr. Svetlana Gelperina, D. Mendeleev University of Chemical Technology of Russia, 

Moscow, Russia)  

The release of Cou6 from PLGA-Cou6 NPs was evaluated in 0.15 M PBS (pH 7.4) 

with the addition of 1% human serum albumin (HSA) for solubilization of Cou6 which 

was unencapsulated or released into an acceptor medium. The freeze-dried PLGA-

Cou6 NPs were resuspended in the release media (25 ml), so that the total concentration 

for Cou6 was 16-17 μg/ml, and for the NPs – 0.73-0.77 mg/ml. Then the resulting 

suspension was incubated at 37 ºC under continuous shaking (orbital shaker-incubator 

ES-20, Biosan, Latvia). At chosen intervals, 1.0 ml aliquots of the suspensions were 

sampled, and the NPs were separated by centrifugation at 15000 g for 30 min at 18 ºC 

(Eppendorf, Germany). The amount of dye bound to NPs was determined after 

dissolution of the precipitate in DMSO spectrophotometrically. The experiment was 

performed in triplicates. The percentage of released/free dye was calculated by the 

sample 

Content of 

dye, g/mg 

PLGA 

EE 

Before incubation in 1% P188 After incubation in 1% P188 

Average 

size, nm 
PDI ZP, mV 

Average 

size, nm 
PDI ZP, mV 

PLGA-

Cou6 
22.0 92.5 

128.6 ± 

3.1 

0.227 ± 

0.075 
30.7 ± 9.6 143.1 ± 4.1 

0.308 ± 

0.066 

11.0 ± 

0.5 

Cy5.5-

PLGA-

Cou6 

Cou6: 16.5 

Cy5.5: 0.7 

90.0 
129.2 ± 

2.7 

0.168 ± 

0.025 
32.4 ± 3.5 134.2 ± 0.9 

0.166 ± 

0.029 

12.7 ± 

1.7 
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difference between the total content of the dye in the medium and that loaded in NPs 

related to the total content of the dye. 

3.2.3 Animals and anesthesia 

Adult male Lister hooded rats (Crl: LIS strain; Charles River), weighing 374 ± 39 g 

were kept on a 12 h light/12 h dark cycle at ambient temperature of 22 °C with humidity 

of 50-60%, and food and water ad libitum. Animals were handled for at least one week 

before experiment. The food was withheld before induction of narcosis. All 

manipulations on animals were performed under anesthesia with an intraperitoneal 

injection of ketamine and medetomidine (75 mg/kg and 0.5 mg/kg, respectively). All 

animals were treated in accordance with the requirement of the German National Act 

on the use of experimental animals (Ethic committee Referat Verbraucherschutz, 

Veterinärangelegenheiten; Landesverwaltungsamt Sachsen-Anhalt, Halle). 

3.2.4 Retrograde labeling of the optic ganglion cells in the retina  

Retrograde labeling was adapted as previous studies (Prilloff et al., 2007; Prilloff et al., 

2010b; Henrich-Noack et al., 2013). The rats were anesthetized and placed on the 

stereotaxic apparatus after the fur was shaved from the head. The operation area was 

cleaned with 70% ethanol and locally anesthetized with proparacaine-POS 0.5 %. 

Thereafter, the skull was exposed with a midline incision, and for intracerebral injection, 

two small holes were drilled at 6.9 mm posterior to the bregma, 1.2 mm lateral from 

midline suture. Subsequently, 2 µl of Fluorescent Microspheres Red were gradually 

injected into the superior colliculus, 4.0, 3.5, 3.0 and 2.5 mm (each for 0.5 µl) below 

dura, using a 10 µl Hamilton syringe, over the course of 3 min on each side. The holes 

in the skull were closed by bone wax, and Floxal® was applied on the wound area before 

suturing the incision. Before the surgery, Carprosol was injected subcutaneously at a 

dose of 4 mg/kg. Vidisic® eye gel was applied to protect the eye from drying out, and 

eye patches were used to protect eyes from light during the whole procedure. 
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3.2.5 Optic nerve crush (ONC) model 

Retrograde labeling was adapted as previous studies (Prilloff et al., 2007; Prilloff et al., 

2010b; Henrich-Noack et al., 2013). The proparacaine-POS 0.5 % ophthalmic drops 

were applied to the surgical eye of anesthetized rats, while Liquifilm® eye drops were 

applied to another eye to prevent corneas from drying out during the operation. A small 

incision was made in the superior conjunctiva to allow gently outward retraction of the 

globe with fine forceps. The optic nerve was exposed and crushed at 2 mm away from 

eyeball with self-closing forceps for 30 s. Floxal® was used on the wound area to 

prevent infection. 

3.2.6 In vivo real-time monitoring PLGA-Cou6 NPs or Cy5.5-PLGA-Cou6 NPs in 

retina 

The distribution of PLGA-Cou6 NPs or Cy5.5-PLGA-Cou6 NPs were monitored by 

the in vivo confocal neuroimaging (ICON) system as described elsewhere (Sabel et al., 

1997; Prilloff et al., 2010; Zhang et al., 2020). Shortly, a cannula was inserted into the 

tail vein of the anesthetized animals. Neosynephrine-POS 5% was used to relax the iris 

and Vidisic® eye gel was applied to protect the eye from drying out. Afterwards, the 

rats were fixed on the table of an ICON system with the eye positioned underneath the 

microscope objective. A contact lens was placed on the eye of interest. NPs in 

lyophilized form were dispersed in 0.5 ml sterile 1% poloxamer 188 (P188) solution, 

vortexed gently and left for 30 min at ambient temperature. 0.5 ml of suspension of 

PLGA-Cou6 NPs (Cou6: 0.74 mg/kg) were administrated intravenously via tail vein to 

the control group (rats without optic nerve crush) and ONC-1h (rats post optic nerve 

crush by hour 1) to check the influence of acute optic nerve injury on the kinetics of 

PLGA-Cou6 NPs. In addition, as shown in the previous study in the retinal blood 

circulation (Zhang et al., 2020), detection of the fluorescence signal from cargo did not 

reflect well the NPs location per se but rather the released dye. To be able to distinguish 

between the released Cou6 and the PLGA NPs, PLGA covalently linked with Cy5.5 

(Cy5.5-PLGA) NPs were used, and the kinetics of Cy5.5-PLGA-Cou6 NPs (Cou6: 0.13 
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mg/kg) in the retina were investigated not only in the control group, but also in the 

ONC-1h group and the ONC-7d group (rats post optic nerve crush by day 7) as well. 

The images were captured at different time points within 90 min post injection. The 

image taken before i.v. injection represented the baseline (in text referred as time point 

0 min). During the whole in vivo imaging process, the rats were kept on the heating 

plate.  

3.2.7 Microscopy of PLGA-Cou6 NPs or Cy5.5-PLGA-Cou6 NPs in retinal flat 

mount 

Animals were euthanized by triple overdose of narcosis inducing drugs. Eyes were 

immediately enucleated and placed in the HEPES buffered solution (135 mM NaCl, 5 

mM NaOH, 2.5 mM KCl, 7 mM MgCl2, 10 mM HEPES, 10 mM glucose; pH 7.4). The 

anterior segment of eye and vitreous were removed, the retina was then carefully 

separated, and mounted on modified culture plate with the ganglion cell layer (GCL) 

facing up. For nuclei staining, the whole mounts were then incubated with 0.1 mg/ml 

Hoechst 33342 (Hoechst) in HEPES solution for 20 min. 4% paraformaldehyde 

solution was dropped on the flat retina mount, left for 20 minutes and gently rinsed 

afterwards with HEPES solution. The eye which received no crush was used as the 

control in retinal flat mount experiment.  

3.2.8 Tissue biodistribution of Cou6 encapsulated in PLGA NPs 

Post intravenous injection of PLGA-Cou6 NPs at 2 h, rats were then sacrificed, and the 

heart, lung, liver, spleen, kidney, and brain were dissected and washed with saline for 

3 times. Representative tissue samples were diluted 5-fold with an ice-cold saline 

solution (1 g tissue in 5 mL saline), homogenized by a homogenizer (Leuven, Belgium) 

and further dispersed by ultrasonic for 15 min. Tissue homogenates were centrifuged 

(5000 r/min, 10 min, 4 °C), and the 1 mL supernatant was diluted with 2-fold methanol 

for the second centrifugation to extract fluorescent dye from homogenate (8000 r/min, 

10 min, 4 °C). The final 2 ml of homogenate extraction were used for fluorescent 
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detection. For the serum collection, blood was drawn from the abdominal aorta before 

sacrifice and centrifuged at 4 °C, 8000 r/min for 10 min. The resulting 500 µl sample 

was analyzed by fluorescence spectrophotometer (Agilent Technologies, Santa Clara, 

CA, USA). 

3.2.9 Statistical analysis 

The fluorescence signals from ICON in retina were quantified by Image J (US National 

institutes of Health, Bethesda, USA). By quantification, it is referred to as semi-

quantification in the latter description. To reduce the influence from the Cou6 

fluorescence in the neighboring retinal tissue on the retinal blood vessel, gamma 

correction (Song et al., 2008; Psiuk-Maksymowicz et al., 2014; Almada, et al., 2019) 

was applied before reading the Cou6 fluorescence in in vivo imaging. In the real-time 

kinetic study, the signal value at given point was normalized to the fluorescence in 

blood vessel post i.v. injection of NPs at 1 min. The normalized signal values in the 

retinal blood vessel were fitted with built-in mono or bi-exponential function by 

MATLAB (MathWorks, Inc., Natick, MA, USA). The time points when the normalized 

fluorescence declined to half value from maximum (i.e. 0.5) were evaluated based on 

the fitted curve. Independent sample median test or one-way ANOVA was used to 

compare the difference among multiple groups by SPSS (IBM Corporation, NY). A 

value of P < 0.05 was considered statistically significant. The colocalization of 

fluorescence signals was evaluated by estimating overlap score at different thresholds 

(TOS) with the EzColocalization ImageJ plugin (Stauffer et al., 2018). Briefly, the 

thresholds were chosen stepwise as the percentile (FT) of pixels for signal intensity to 

systematically measure colocalization, and a threshold overlap score was calculated and 

defined within a range between -1 and 1, (-1, antilocalization, 0 = no colocalization; 

1 = full colocalization). Plots and charts were made by Graphpad Prism or Excel. 
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3.3 Results of Study II 

3.3.1 Nanoparticle characterization 

The physicochemical parameters of the PLGA-Cou6 NPs and Cy5.5-PLGA-Cou6 NPs 

are shown in Table 3.1. Both NP types had a similar hydrodynamic diameter of 

approximately 130 nm and exhibited high encapsulation efficiency of Cou 6 reaching 

circa 90%. Due to surface modification with PDMAEMA, the NPs had a positive 

surface charge of approximately +30 mV. After coating with P188, a slight increase in 

size of NPs (5-14 nm) and reduction of the zeta-potential (Table 3.1) indicated 

indirectly the adsorption of P188 onto the surface of nanoparticles. It was previously 

reported that the adsorbed polymer macromolecules of poloxamer are responsible for 

the decrease of the zeta potential connected with the shift of the slipping plane from the 

solid surface (Ostolska and Wiśniewska, 2014). Additionally, the influence of the P188 

coating on the physicochemical parameters of the PLGA-NPs was also observed in 

other studies, where this reflected an increase of their hydrodynamic diameters and 

some alteration of the zeta-potential (where the extent of these changes depended on 

the NP composition and experimental settings) (Santander-Ortega et al., 2007; Jain et 

al., 2013). To prevent sedimentation of poorly soluble Cou6 in aqueous media, the in 

vitro release assay of Cou6 from the PLGA-Cou6 NPs was performed in 0.15 M PBS 

(pH 7.4) with the addition of 1% HSA, since it is the most abundant plasma protein in 

the blood, which may also act as a solubilizer (Albumedix Ltd., 2020). Approximately 

36.2% Cou6 quickly diffused from PLGA NPs into the medium during the first 2 h, but 

no obvious additional release was observed up to 24 h (Figure 3.1A). In addition, an 

incubation of the PLGA-Cou6 NPs coated with P188 in PBS for up to 90 min did not 

have obvious influence on their size (Figure 3.1B). 
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Figure 3.1 Nanoparticle characterization. 

(A) The release profile of Cou6 from PLGA-Cou6 NPs in 1% HSA in 0.15 M PBS (pH 

7.4). (B) Examples of particle size distribution of PLGA-Cou6 NPs coated with P188 in 

PBS after 10 min, 30 min, 60 min, and 90 min, respectively. Blue line, incubation for 10 

min; red line, incubation for 30 min; black line, incubation for 60 min; green line, 

incubation for 90 min.  

3.3.2 In vivo real-time monitoring the distribution of PLGA-Cou6 NPs or Cy5.5-

PLGA-Cou6 NPs in the healthy or optic nerve injured retina  

After i.v. injection of PLGA-Cou6 NPs, the Cou6 fluorescence signal reached its 

maximum at the beginning of the first minute in the retinal blood vessels, then the bright 

Cou6 signal on the blood vessel wall was observed at 3 min in the control group (Figure 

3.2A), as well as in the group with ONC by hour 1 (Figure 3.2B). The results showed 

that at the subsequent time span of 15-90 min, the Cou6 signal was mainly detected in 

the retina tissue in both groups. The kinetics of Cou6 signal in the retinal blood vessels 

and that in the tissue in each group were also compared by quantifying the observed 

signals (Figure 3.2C and 3.2D). As shown in Figure 3.2C, the signal of Cou6 in the 

control group decreased dramatically within the first 5 min in the retinal blood vessels; 

conversely, in the retinal tissue, the signal gradually increased in this time span, 

continued to rise until 30 min post injection, and maintained the high level within the 

observation time from 30 min to 90 min. In the group post ONC by hour 1, similar 

kinetic profiles were found in the two compartments as they are in the control group 

(Figure 3.2D). The kinetic profiles in the blood vessels and in the retinal tissue in both 
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groups suggest that at least a fraction of the fluorescent probe Cou6 as a lipophilic 

model drug crossed the inner BRB. 

 

Figure 3.2 In vivo retina imaging of Cou6 in the healthy retina and acute optic 

nerve injured retina.  

(A-B) After i.v. injection of the PLGA-Cou6 NPs coated with P188, the signal of Cou6 

was captured in control group and ONC-1h group. (C-D) kinetics of Cou6 signal in retinal 

blood vessels and retinal tissue in each group are shown, respectively. n =5-6 (mean ± 
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SEM). The Cou6 signal was captured before injection (0 min) and until 90 min at defined 

time points by the ICON technique. Scale bar 400 m. BV: blood vessels. ONC, optic 

nerve crush. NPs were coated with P188. 

Subsequently, whilst the spatial and temporal distribution of Cy5.5-PLGA NPs and the 

cargo Cou6 in control group (Figure 3.3A) and post ONC by 1 h (Figure 3.3B) were 

observed until 90 min as well, this distribution was further detected in rats 7 days post-

ONC (Figure 3.3C). As shown in Figure 3.3A-3.3C, the Cou6 signal also declined in 

the retina blood vessels vigorously, while it increased in the retinal tissue gradually in 

all groups. The observed signals were also quantified. As shown in Figure 3.3D, the 

kinetic profile in the retinal blood vessels post i.v. injection of Cy5.5-PLGA-Cou6 NPs 

showed that the Cou6 signal on average decreased considerably fast: the time points 

when the normalized Cou6 fluorescence declined to 0.5 in control group, ONC-1h 

group and ONC-7d group were at 4.7 min, 3.8 min, and 3.1 min, respectively. The 

parallel increase of the signal in the retina tissue was observed until the end of 90 min 

in all groups, and there was no obvious difference between these groups (Figure 3.3E). 

Surprisingly, the Cy5.5-PLGA signal in retinal blood vessels slowly decreased until the 

end of the experiment in both control group and ONC group by hour 1; however, this 

decline was faster in the ONC group by day 7 compared to the former two groups 

(Figure 3.3F). The time points when the normalized Cy5.5 fluorescence declined to 0.5 

in control group, ONC-1h group and ONC-7d group, were at 81.5 min, 75.2 min, and 

28.9 min, respectively. The Cy5.5-PLGA signal in the retina tissue remained at a low 

level during the whole experiment; no obvious increment was found in all three groups 

(Figure 3.3G).  
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Figure 3.3 In vivo retina imaging of Cy5.5-PLGA-Cou6 NPs in the retina of healthy 

rats and rats with ONC.  

NPs were coated with P188. (A-C) Observation of Cy5.5 and Cou6 signal in control group, 

group post ONC by 1 h, and group post ONC by day 7. Green: Cou6. Magenta: Cy5.5. 

Images were captured before injection (0 min) and until 90 min at defined time points by 
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ICON technique. (D-E) kinetics of Cou6 signals in the retinal blood vessels and those in 

retina tissue from all the groups. (F-G) kinetics of Cy5.5 covalently labeled PLGA NPs 

signals in the retinal blood vessels and those in the retina tissue from all the groups. n = 3-

7 (mean ± SEM). Corresponding fitting curve of kinetics in retinal blood vessel in D 

(biexponential) and F (monoexponential) is shown in gray. ONC, optic nerve crush.  

3.3.3 Ex vivo imaging of poorly water-soluble model drug Cou6 in retinal flat 

mount  

After the in vivo real-time signal monitoring of Cy5.5-PLGA-Cou6 NPs in the retina 

(depicted in Figure 3.4A), the flat mount was further prepared to localize both Cy5.5 

covalently linked PLGA NPs and poorly water-soluble model drug Cou6 on the cellular 

level. Figure 3.4B displayed that the Cou6 signal was mainly concentrated in the retinal 

tissue and it had relatively higher fluorescence intensity on the axon fibers. Microscopy 

under high magnification exhibited that the Cy5.5-PLGA NPs were mainly confined 

within the retinal blood vessels, whereas the fluorescent probe Cou6 was well defined 

around the cells and retinal blood vessel wall (Figure 3.4C). To further quantify the 

disposition of the Cou6, the colocalization was evaluated by overlap score at different 

threshold (TOS). TOS metric matrix in Figure 3.4D showed that the most of scores at 

different intensities were negative indicating the antilocalization between the Cou6 and 

Cy5.5-PLGA NPs post i.v. injection of Cy5.5-PLGA-Cou6 NPs. Likewise, the negative 

values of TOS metric presented in Figure 3.4E also showed that most of Cou6 signals 

were antilocalized with nuclei, indicating that the poorly water-soluble model drug 

Cou6 did not enter the nuclei. The TOS value at highest intensity representing the 

correlation of on-target signals, were -0.584 (between Cy5.5 and Cou6) and -0.852 

(between Cou6 and Hoechst), respectively. These outcomes implied that Cou6 diffused 

out of PLGA NPs during the retinal blood circulation and successfully crossed the inner 

BRB.  
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Figure 3.4 Ex vivo imaging of Cy5.5-PLGA NPs and Cou6 fluorescence in retinal 

flat mount.  

(A) Schematic illustration of study design. (B) The Cou6 signal was mainly distributed in 

the retina tissue beyond the retinal blood vessels. (C) Localization of PLGA NPs 

covalently linked with Cy5.5 and cargo Cou6 in retinal flat mounts. (D-E) Colocalization 

between Cy5.5 and Cou6, and colocalization between Cou6 and Hoechst at different 

thresholds by TOS matrix analysis. FT = the percentage of pixels at different thresholds in 

the channel. Yellow rectangle: overlap score at each highest intensity. Values, -1 = 

complete antilocalization; 0 = non-colocalization; 1 = complete colocalization. Images 

were taken with 5 × magnification (B) and 50 × magnification (C). Scale bar: 400 m (B), 

20 m (C). NPs were coated with P188. 

I next tested whether the fluorescent probe Cou6 as poorly water-soluble model drug 

released out of the PLGA NPs entered the RGCs. To this end, RGCs were retrogradely 

labeled by intracerebral injection of Fluorescent Microspheres Red into superior 
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colliculus (as depicted in Figure 3.5A) 7 days before i.v. injection of PLGA-Cou6 NPs 

and retinal flat mount preparation. Figure 3.5B demonstrated the successfully labeled 

RGCs illustrated as bright spots in the retina of anaesthetized rats under the ICON 

system. The image at high magnification showed that this fluorescent marker was 

mainly distributed in the cytoplasm of RGCs, but not in cell nuclei (Figure 3.5D). 

Microscopy of retinal flat mount displayed a slight Cou6 signal in the cytoplasm as 

observed following Fluorescent Microspheres Red retrograde labelling (Figure 3.5C 

and 3.5E). Plot profile of Cou6 signal in the GCL further confirmed that the signal was 

weak in the cytoplasm by comparison to the staining signal in the extracellular space 

(Figure 3.5F). The result of the colocalization between the RGCs labeling and Cou6 

signal by TOS metric (Figure 3.5G) suggested that the Cou6 signal partially correlated 

with RGCs labeling at relative low thresholds. However, the most on-target signal at 

the highest threshold from each of them exhibited the negative score with -0.399 on 

average. This confirms the observation of low Cou6 accumulation in the cytoplasm and 

high enrichment in the extracellular space as demonstrated in Figure 3.5C and 3.5E. 

Furthermore, the negative values of metric (Figure 3.5H) were consistent with the 

observation in Figure 3.5C and 3.5D that the retrograde labeling markers were located 

in the cytoplasm of RGCs without labelling in the nuclei. It could be possible that 

poorly water-soluble model drug Cou6 is released from PLGA NPs, crossed the retinal 

blood vessels and had distributed in the parenchyma and, to limited extent, entered the 

GCL cells. 
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Figure 3.5 Ex vivo identification of released Cou6 distribution relative to RGCs in 

retina.  

(A) Schematic illustration of study design that RGCs were retrogradely labeled 7 days in 

advance by intracranial injection of Fluorescent Microspheres Red into SC and the retinal 

flat mount were prepared post i.v. injection of PLGA-Cou6 NPs. NPs were coated with 

P188. (B) The retrograde labeled RGCs were observed in the eye of anesthetized rat by 

ICON technique. (C) Microscopy of Cou6 and RGCs signal in the retinal flat mount under 

50× magnification. (D) Magnification of retrogradely labeled RGCs and nuclei stained by 
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Hoechst. (E) Magnification of distribution of Cou6 relative to RGCs in the retinal flat 

mount. Scale bar: 400 m (B), 20 m (C) and 10 m (E). (F) Uneven Cou6 signal 

distribution in retina parenchyma. Arrows point to corresponding 1 and 2 in E. (G and H) 

Colocalization score between retrograde labeled RGCs and Cou6, and between retrograde 

labeled RGCs and Hoechst at different thresholds by TOS matrix analysis. RGC: retinal 

ganglion cell. SC: superior colliculus. Red circle in B: retrogradely labeled RGCs under 

ICON system. FT=the percentage of pixels at different thresholds in the channel. Yellow 

rectangle: overlap score at highest intensity. Values, -1=complete antilocalization; 0= non-

colocalization; 1=complete colocalization. NPs were coated with P188. 

3.3.4 Distribution of poorly water-soluble model drug Cou6 in optic nerve 

injured retina 

Compared to the retrograde labeled RGCs in control eyes (Figure 3.6A and 3.6C), 

several abnormal cells, well separated from each other, were observed in the eyes post 

optic nerve crush by day 7 (Figure 3.6B and 3.6C). To test whether the distribution area 

of Cou6 in the parenchyma of the GCL was statistically affected by optic nerve injury 

or not, the Cou6 signal projected in the 85 × 85 pixels selected area (Figure 3.6E) were 

analyzed, referring to a previous study (Nunan et al., 2015). It turned out that there was 

no significant difference between the distribution area of Cou6 in the retina parenchyma 

when comparing controls with ONC by hour 1 (Figure 3.6F). However, an obvious 

difference of that area was observed in the ONC group on postoperative day 7 (Figure 

3.6F). Meanwhile, signal intensity in a few areas of GCL were altered under the 

influence of optic nerve injury: as shown in Figure 3.6D, a less intense fluorescence 

field on axon fibers on seventh day post crush appeared (arrow), compared to the other 

field in the same retinal flat mount or the axon fibers in other two groups. Subsequently, 

the Cou6 signal cross through the axon fibers in each group was analyzed and no 

significant difference of Cou6 signal of fibers between control group and group at first 

postoperative hour was found, but the signal at some points on the fibers in the group 

post injury on day 7 was reduced significantly (Figure 3.6G).  
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Figure 3.6 Ex vivo evaluating distribution of released Cou6 in GCL post ONC.  

(A and B) The retrogradely labeled RGCs and Cou6 signal distribution in control eye and 

eye post ONC by day 7. (C) The representative morphology of RGCs in each group. (D) 

Representative Cou6 distribution on the axon fibers in control group, group post ONC by 

hour 1 and group post ONC by day 7. (E) Selection of Cou6 distribution in GCL in every 

85 × 85 pixels. (F) The comparison of Cou6 distribution in GCL in every 85 × 85 pixels 

area of control group, group post ONC by hour 1 and group post ONC by day 7. ** P < 

0.01, independent sample median test, n= 300, 263, and 300 areas (85 × 85 pixels). (G) 

The comparison of Cou6 on the axon fibers in each group (n = 31, 47, 56, error bars 

represent mean  SEM, * P < 0.05, ** P < 0.01, n.s. no significant difference, one way-
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ANOVA). Arrow in B and D, less Cou6 staining axon fibers post ONC by day 7. Scale 

bar: 20 m (A and B), 10 m (D). ONC, optic nerve crush. 

3.3.5 Cy5.5-PLGA NPs in the healthy or optic nerve injured retinal blood vessels 

PLGA NPs were well detectable in the relatively big retinal blood vessels in control 

eye for 2 hours (Figure 3.7A), while the NPs in the group by day 7 post ONC were 

hardly visible (Figure 3.7C). Plot profiles of these signals in the big retinal blood vessels 

confirmed the observation from the images that the NPs exhibited a high signal in 

control eye (Figure 3.7B), whereas in the vessels of group with ONC by day 7 (Figure 

3.7D), the signals were extremely weak. A similar phenomenon was also observed in 

the relatively small blood vessels (Figure 3.7E and 3.7F). Plot profiles in Figure 3.7G 

displayed the Cy5.5-PLGA NPs restricted in the small blood vessels in control eye. 

Although the signal of Cy5.5-PLGA declined in the retinal blood vessels, no significant 

increase outside of the vessels in the retina tissue was detected (Figure 3.7H). 

Presumably, the inner BRB was not so much damaged post ONC by day 7, at least, no 

significant leakage of the inner BRB resulting in the increase of the Cy5.5-PLGA NPs 

outside retinal blood vessels was observed. 
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Figure 3.7 Evaluation of Cy5.5-PLGA NPs in large and small retinal blood vessels.  

(A and B) The distribution of Cy5.5-PLGA NPs in the big retinal blood vessels (about 40-

50 m, diameter) in control eye and corresponding profile of fluorescence intensity peaks 

from Cy5.5-PLGA NPs. (C and D) The distribution of Cy5.5-PLGA NPs in the big retinal 

blood vessels in the eye post ONC by day 7 and corresponding profile of fluorescence 

intensity peaks from Cy5.5-PLGA NPs. (E and F) The distribution of Cy5.5-PLGA NPs 

in the small retinal blood vessels (less than 10 m, diameter) in control eye and eye post 

ONC by day 7. (G and H) Corresponding profile of fluorescence intensity peaks from 

Cy5.5-PLGA and Hoechst in control eye and eye post ONC by day 7. Scale bar: 20 m (A 

and C), 10 m (E and F). Gray background in B, D, G, and H: retinal blood vessel. ONC, 

optic nerve crush. 
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3.4. Discussion of Study II 

With the current experiments, two significant problems were addressed, concerning the 

drug treatment of retinal diseases and drug development in the pharmaceutical industry 

in general: (i) exploring the distribution of PLGA NPs which served as a carrier and a 

poorly water-soluble substance as cargo with in vivo and ex vivo fluorescent imaging 

in retina; (ii) whether pathophysiological conditions influence the distribution of the 

nano-carrier and its cargo. To this end, Cou6 was used as a poorly water-soluble model 

drug and its fluorescence was monitored to investigate the distribution in the retinal 

blood vessels and retinal tissue. Furthermore, to distinguish the kinetics of the PLGA 

NPs from the cargo, the PLGA polymer was covalently labeled with the fluorescent 

dye Cy5.5. In this way, whether the Cou6 cargo and the NPs-carrier were conjoined or 

whether the Cou6 was released from the carrier during the retinal blood circulation 

could be detected, as in the latter case their fluorescent signals would not overlap 

anymore.  

One reason to investigate the opportunities of PLGA NPs as drug carriers was that this 

delivery system was already approved by the FDA for medical application (Danhier et 

al., 2012). Moreover, the previous work demonstrated that our PLGA NPs production 

protocol provides suitable NPs with uniform size distribution and long shelf life (Zhang 

et al., 2020). The NPs were stable upon lyophilization, and the reconstituted 

nanosuspension maintained colloidal stability. This demonstrated that such NPs 

formulation could be successfully used for i.v. administration of poorly water-soluble 

compounds. In the current work, the NPs’ distribution in the rat retina was visualized 

by the ICON system. The advantages of observing the retina are that - being tissue of 

the CNS – its vessels have characteristics largely similar to the BBB and that although 

being part of the CNS (O'Brown et al., 2018), it is available for non-invasive in vivo 

microscopic imaging. Comparing the fluorescence of Cou6 in vessels and in retina 

tissue (Figure 3.2), a fast decrease of the signal in vessels and a sustained increase over 

the time of the experiment (90 min) in the retina tissue, was observed. This 
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demonstrated that the model drug Cou6 probably reached the retina parenchyma. 

However, these results did not provide yet an insight into the mechanism, i.e. whether 

Cou6 remained encapsulated or whether it was released from PLGA NPs during the 

retinal blood circulation when being detected in the tissue.  

To distinguish if Cou6 was encapsulated in, or released from, PLGA NPs, the kinetic 

of Cou6 was compared with the Cy5.5 signal; it was found that there was a clear 

difference in the dynamics of these two signals. While the Cou6 signal increased in the 

tissue, the Cy5.5 fluorescence was mainly retained in the blood vessels and was not 

significantly detectable in retina tissue, which was validated both in vivo and in whole 

mount retinae (Figure 3.3 and Figure 3.4). In addition, the colocalization analysis of 

PLGA NPs in the retinal flat mount also indicated that Cou6 had diffused out of the 

PLGA NPs in the retinal blood circulation (Figure 3.4D).  

The ideal scenario that one nanoparticle composition can be found, which could carry 

the different encapsulated cargos across the BRB or BBB as integrity, seems unrealistic 

at this time. The circumstances and factors influencing drug delivery are still too 

complicated to make this applicable in real life conditions. A study by Voigt et al. 

(Voigt et al., 2014), suggests that particle surface - rather than size or surface charge - 

is the key factor determining BBB passage. This conclusion was made using the 

poly(butyl cyanoacrylate) (PBCA) NPs when evaluating various parameters and a 

number of ionic and non-ionic surfactants for the NPs’ coating. There, NPs coating 

with non-ionic surfactants polysorbate 80 and P188 produced the most effective 

penetration into the rat retina (Voigt et al., 2014). However, in further study, when 

designing more variations of PBCA nanocarriers, it was showed that not only 

surfactants but, indeed, also size and surface charge determine their ability to cross the 

blood-retina barrier (BRB) (You et al., 2018). What’s more, even minor changes in 

these parameters substantially influenced particles’ biological distribution in vivo (You 

et al., 2018). In a parallel study, the successful brain delivery of doxorubicin by PLGA 

NPs coated with P188 was demonstrated (Maksimenko et al., 2019). These NPs could 
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penetrate into the intracranial rat glioblastoma and delivered doxorubicin to the tumor 

(observed by fluorescent microscopy in brain sections) producing a considerable anti-

tumor effect (Maksimenko et al., 2019). Together with the previous results obtained in 

the same tumor model (Gelperina et al., 2010; Wohlfart et al., 2011), these data 

indicated that the surfactant significantly facilitated delivery of doxorubicin into the 

brain of glioblastoma-bearing animals, whereas the particle size appeared to be less 

important. However, the results of the present study using PLGA NPs labeled with 

covalently bound Cy5.5 suggest that PLGA-NPs remained mainly in the blood vessels 

and did not prominently cross the BRB (Figure 3.3, 3.4 and 3.7). This observation 

correlates with the data of Khalin et al. who observed by fluorescence microscopy a 

similar continuous retention of the P188-coated poly(methyl methacrylate)-sulfonate 

NPs in the murine cerebral vessels whereas non-coated NPs were rapidly eliminated 

from the circulation (Khalin et al., 2020). This phenomenon can be attributed to the 

affinity of the P188-coated NPs to the endothelial cell membranes. Indeed, in a previous 

study coating of the PLGA NPs with P188 improved their internalization in the U87 

cells via clathrin-dependent endocytosis (Malinovskaya et al., 2017). 

Therefore, it seems the search for a “magic bullet”, a “one fits all” nano-carrier recipe 

does not look promising. Of course, efficacy of drug delivery depends on multiple 

factors as defined by a predetermined formula for coating of the NPs with surfactants 

along with the selection of the proper physicochemical parameters (e.g. NPs size and 

charge). However, the results of the present study provide another possibility, i.e. that 

such penetration is a complex event where the required parameters may not be 

translatable from one nanosystem to another and from one model system to another. In 

this respect, it can be assumed that the seeming contradiction with the aforementioned 

data (Maksimenko et al., 2019) regarding the P188-coated Dox-PLGA NPs observed 

in the brain tumor could be explained by their facilitated penetration across the BBB 

impairment which is typical for tumors. 
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Hypothetically, the fact that a significant signal of PLGA NPs in the retinal tissue was 

not detected, could be result from very fast nanoparticle degradation or accumulation 

of NPs in other organs and tissues. But the data do not support these hypotheses: more 

than 90 min post injection they are still clearly detectable inside vessels (Figure 3.3 and 

Figure 3.4). This finding suggested that Cou6 was quickly released from NPs and 

crossed the BRB, while the Cy5.5-PLGA was largely remaining in the blood. It can be 

assumed that, after being released, the Cou6’s passage across the BRB is based on its 

physicochemical characteristics; Cou6-like highly lipophilic compounds are capable to 

easily permeate through biological barriers such as BRB and BBB. These barriers 

represent very comprehensive structures (Engelhardt and Coisne, 2011) and for each 

drug, a combination of physicochemical properties determines its potential to cross 

such physiological borders. For example, when the polar surface area (PSA) of a 

molecule decreased to < 60-90 Å2, the barrier penetration can be expected (Kelder et 

al., 1999; Pajouhesh and Lenz, 2005). In this case, Cou6 has a topological polar surface 

area (TPSA), practically identical with the PSA with correlation coefficients of 0.99 

(Ertl et al., 2000), around 70.7 Å2 (PubChem Database, 2020), suggesting the ability of 

Cou6 to cross the BBB and BRB. Meanwhile, in general, the compounds should follow 

the Lipinski’s rule to be able to permeate the membrane barriers (Lipinski et al., 1997). 

The corresponding properties mentioned in this rule for Cou6 are (i) 0 hydrogen bound 

donors, (ii) 5 hydrogen bound acceptors, (iii) molecular weight with 350.4 g/mol, and 

(iv) XLogP with 4.9 (PubChem Database, 2020), which fit perfectly in the range 

required for blood-brain barrier permeation.  

In addition, it can also be hypothesized that the massive extravascular penetration of 

Cou6 across the BRB into the retina was assisted by the NPs that were associated with 

the vessel walls and thus could facilitate the dye entry into the endothelial cells in a 

kind of “kiss and run” fashion (Hofmann et al., 2014) i.e. similar to the concept which 

is established in physiology: it describes the process of vesicles docking transiently to 

the membrane, releasing its neurotransmitter and afterwards being detached (Fesce et 

al., 1994). This metaphorical analogy was used, and mechanism was studied already by 
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Hofmann et al. (Hofmann et al., 2014). In their study, it was found that poly-L-lactide 

based NPs can deliver a hydrophobic cargo within minutes and without entering the 

cell in a short contact way resulting in no necessity of NPs uptake (Hofmann et al., 

2014). Correspondingly, it can be assumed that the NPs may enhance the retention of 

model drug on the endothelial cells and thereby promote further distribution of the 

model drug in the tissue. In any case, the results demonstrate that the nanoparticle 

penetration across barriers is not always a prerequisite for effective drug delivery: if the 

properties of the NPs allow for their continuous interaction (adhesion or internalization) 

with the endothelial cells forming the barrier, then the released drug is given the 

opportunity to successfully distribute into the tissue behind this barrier.  

Also, under the current condition due to technique limitation, the level of the signal in 

the aqueous humor cannot be precisely evaluated. However, in this in vivo imaging 

study, from the preliminary 3D reconstruction of the Cou6 signal (Figure S2), it is 

highly likely that the Cou6 is mainly distributed in the retina. In addition, even though 

blood-aqueous humor barrier (BAB) is in general more permeable than blood-retina 

barrier (BRB), the specifics may depend on the compound used. For example, Toda et 

al. found that the permeability of low lipophilic compounds across the BAB is higher 

than across the BRB. Vice versa, however, the permeability of high lipophilic 

compounds across the BRB is higher than across the BAB (Toda et al, 2011). In this 

study, it was assumed that high lipophilic compound may not distribute in aqueous 

humor or be drained fast by aqueous flow (Toda et al, 2011). However, it does not rule 

out the possibility that there may be some signals in the anterior eye chamber. 

Another interesting result of the experiments is the specific distribution of Cou6 in the 

retina parenchyma. Although the model drug penetrated fast and massively across the 

BRB, the same did not seem to be true for cellular membranes. There was no overlap 

regarding the staining of the nucleus and the Cou6 fluorescence, and the TOS matrix 

analysis also revealed minor overlapping regarding the signals from the retrograde 

RGC soma labelling and the fluorescent model drug (Figure 3.4 and Figure 3.5). The 
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spatial distribution rather suggested that there was no massive Cou6 labelling of the 

cell soma, and that Cou6 was rather associated with compounds of the extracellular 

space and axonal bundles. On day 7 post ONC, the spatial distribution of the Cou6 

signal is increased (Figure 3.6) and at the same time the axon fiber staining is reduced, 

which may represent degeneration and reorganization processes of the tissue after 

neuronal death. Morphological distinction in the GCL appeared by day 7 post ONC 

also suggested the loss of connections between neighboring cells (Figure 3.6C). 

Therefore, development of the systems for drug delivery to the brain or retina requires 

consideration of not only the obstacles created by the barriers, such as the BRB or BBB, 

but also of the drug distribution in the parenchyma. Substances may, in fact, not 

accumulate in the sub-cellular target structure in which case there is no or only a 

diminished pharmacological effect.  

To check if the kinetic of Cou6 or PLGA NPs is dependent on pathological condition, 

the ONC model was used as a pathology model. While one hour after optic nerve injury 

there were no detectable changes in permeability, a much faster decline of Cy5.5 

fluorescence on day 7 post ONC in the retinal blood vessel was noted, even though 

Cou6 signal kinetic was similar to controls. This was rather surprising to us. The 

baseline fluorescence of retina post optic nerve crush group by day 7 under the Cy5.5 

measurement were slightly declined (Figure S3), which may result from increased 

number of infiltrated cells in the vitreous and anterior chamber under pathological 

conditions (Kiseleva et al., 2019), and this may somehow influence the opacity 

resulting in different level of measured fluorescence signal as shown with in vivo 

imaging. Another possible explanation of reduced baseline fluorescence may be that 

other endogenous fluorophores in the retina, like NADPH or FAD (Dysli et al., 2017) 

may have partially disappeared when significant cell death has occurred 7 days after 

the lesion. In our opinion, however, the influence of changes in autofluorescence may 

be relatively small on the kinetic study, since the normalized signals were used in order 

to reduce the individual difference. Here are some possible explanations for the effect 

of ONC on NP clearing. According to Kiernan (Kiernan, 1985), the signal of a 
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fluorescent tracer was detected in the connective tissue of the orbit and the connective 

tissue trabeculae of the optic nerve, rather than in the retinal tissue. Therefore, it is 

possible that in this study abnormal permeability of these tissues after ONC caused the 

quicker clearance of NPs from retinal blood vessels. Another explanation could be that 

7 days post ONC the NPs are degraded or removed faster from blood circulation. Indeed, 

after ONC an immune response is triggered within several days after the injury (Benhar 

et al., 2016), and it is possible that the emerging phagocytic cells (e.g. circulating 

monocytes) clear the NPs while reacting to cell death after optic nerve injury. In 

addition, there may be abnormal enzyme activity in the blood circulation after ONC 

which could accelerate the degradation of PLGA NPs. However, these are currently 

only working hypothesis and will need further investigations.  

Moreover, both systemic route and intravitreal route are widely used for the treatment 

of eye diseases at the posterior eye segments. However, each of these two routes have 

pros and cons. For example, intravitreal injection can provide high concentrations of 

drugs in the vitreous and retina. Nevertheless, repetitive injections sometimes can cause 

adverse side effect for eye health (Raghava et al., 2004; Bisht et al., 2018). Systemic 

delivery can be repetitively administrated, but higher doses are needed, and side effects 

can affect other organs after accumulation of drugs in the liver and spleen (Figure 3.8). 

Therefore, carefully choosing the administration routes and balancing their pros and 

cons should be considered, based on the properties of drugs or drug delivery system. 



Study II: Exploring the systemic delivery of a poorly water-soluble model drug to the healthy or injured retina 

using PLGA nanoparticles 

 
 75 

 

Figure 3.8 Determination of tissue biodistribution of Cou6 as cargoes encapsulated 

in PLGA NPs in i.v. injected rats.  

The Cou6 fluorescence in heart, lung, liver, spleen, kidney, and brain post intravenous 

injection of PLGA-Cou6 NPs at 2 h were compared with that of untreated rats. (t-test, *P 

< 0.05, **P < 0.01). 

Based on these considerations, it can be concluded that PLGA NPs are useful to deliver 

poorly water-soluble compounds with potential pharmaceutical efficacy by intravenous 

injection which makes them attractive candidates for further drug development. They 

might help overcome the limitation of traditional formulation methods. But PLGA NPs 

are no magic bullet for drug delivery but need individual formulation tailored to the 

properties of the respective compounds. 

3.5 Conclusion of Study II 

PLGA NPs offer a “second opportunity” for the delivery of poorly water-soluble drugs 

in vivo. Instead of being discarded from further drug development due to the 

hydrophobic nature of such compounds, NPs could provide a suitable and systemically 

injectable delivery system. Moreover, the combination of two data sets, in vivo real-

time monitoring and ex vivo microscopy of retina suggest that poorly water-soluble 

Cou6-like compounds could readily traverse the inner blood-retina barrier. This, in turn, 
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opens new perspectives for drug development for the treatment of eye disease and other 

neurodegenerative disorders of the brain. 
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4. Study III: Effect of Lipinski rule and polar surface area on the 

blood-retina barrier permeability of model drugs 

4.1 Introduction to Study III 

Treatment of the central nervous system (CNS) is always a challenge for 

neuropharmaceutical research. Many visual impairments are mainly caused by diseases 

of retina (part of CNS) in the posterior eye segment (Thrimawithana et al., 2011). 

Several neurodegeneration related CNS diseases are induced by intercellular 

perturbations such as dysfunctional crosstalk between neurons and other cells (Garden 

and La Spada, 2012). However, delivering the therapeutic drugs to the CNS has been a 

difficult task because 98% of molecules intended for therapeutic use in CNS cannot 

cross the blood-brain barrier (BBB) (Pardridge, 2007). The tight junctions between the 

endothelial cells are important molecular structures of the BBB and inner blood-retinal 

barrier (BRB), which are the physical barriers that seal the vascular lumen and prevent 

molecules from penetrating these barriers. Biodegradable nanoparticles (NPs) have 

been largely developed aiming at delivering therapeutic drugs specifically to diseased 

tissue.  

In study II regarding the delivery of poorly water-soluble model drug Cou6 to the retina 

by Poly(lactic-co-glycolic acid) (PLGA) nanoparticles, I demonstrated with in vivo 

imaging that Cou6 can penetrate the inner BRB after being released from PLGA NPs . 

In addition, analyzing the biodistribution of Cou6 in organs also confirmed that it can 

penetrate the BBB. By looking deeply into the physicochemical properties, I assumed 

that the Cou6 might represent large amounts of drugs, whose molecular descriptors are 

in agreement with the Lipinski rules, enabling them to pass the BBB (Lipinski et al., 

1997). These molecular descriptors include (i) number of hydrogen bound donors, (ii) 

number of hydrogen bound acceptors, too many of which will hinder permeability 

across a membrane bilayer (Abraham et al., 1994), (iii) molecular weight which is a 

rate limiting factor for BBB permeation (Kaliszan, 1996, , Kortagere et al., 2008), (iv) 
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number of rotatable bounds which are a deterrent for BBB permeation (Clark, 1999), 

and (v) logP which is one of hydropathic descriptors (Clark, 1999, Kortagere et al., 

2008). Furthermore, the topological polar surface area (TPSA) was also considered in 

that it is another hydropathic descriptor that spans both the hydrophilic and hydrophobic 

nature of the bilayers (Kortagere et al., 2008). 

In order to testify the effect of abovementioned molecular descriptors on the BBB and 

BRB penetration of Cou6 in more detailed way, I selected 162 chemical agents with 

known BBB permeability from a previous study (Li et al., 2005) in addition to the Cou6, 

and retrieved the value of corresponding descriptors from PubChem Database produced 

by National Center for Biotechnology Information (https://pubchem.ncbi.nlm.nih.gov). 

Furthermore, to better illustrate the BBB permeability of Cou6 as poorly water-soluble 

chemical and to better understand the influence of unique physicochemical properties 

of cargoes in drug delivery systems, I also studied another chemicals DiI as well as 

Rho123, which were investigated in the Study I, in the same way. Subsequently, 

datasets were classified using statistical learning method namely support vector 

machine (SVM). The SVM model was introduced for drug development, such as 

classification of toxicity effects of bio-transformed hepatic drugs (Tharwat et al., 2017) 

and the case studies of drug likeness, agrochemical likeness, and enzyme inhibition 

predictions (Xue et al., 2004). Subsequently, to visualize the classification results and 

show the category of Cou6, principal component analysis (PCA) was used for data 

preprocessing to be the inputs of the proposed SVM classification prediction models. 

PCA is an effective analysis method in reducing the dimensionality and fusing of 

relative features by evaluation of the cumulative contribution rate of each variable (Liu 

et al., 2016). Finally, I also compared the results with former in vivo studies. By doing 

so, my aim was to verify if the molecular descriptors of the Lipinski rule will match the 

BBB or BRB permeability of drugs similar to Cou6, DiI, or Rho123, after being 

released from NPs, which will further influence the design of nanoparticle drug delivery 

systems. 



Study III: Effect of Lipinski rule and polar surface area on the blood-retina barrier permeability of model drugs 

 
 79 

4.2 Methods of Study III 

4.2.1 Dataset and molecular descriptors 

In this work, a total of 162 agents with known BBB permeability (82 agents) and known 

non-BBB permeability (80 agents) from a previous study (Li et al., 2005), in addition 

to Cou6, DiI or Rho123 data were used as dataset. 80% of these agents were randomly 

chosen to be the training set and the other agents were used as testing set for conducting 

the cross validation. The topological polar surface area (TPSA) of agents and the 

descriptors mentioned in the Lipinski rule: hydrogen bound donors (HBD), hydrogen 

bound acceptors (HBA), molecular weight (MW), XLogP and rotatable bonds count 

(RBC) were used as simple molecular descriptors. These values of chemical and 

physical descriptors of the molecules were obtained from PubChem Database produced 

by National Center for Biotechnology Information (https://pubchem.ncbi.nlm.nih.gov, 

Kim et al., 2019). The dataset used for statistical learning is in the supplementary table 

of appendix. The description of Cou6 and DiI in Lipinski rule is shown in (Table 4.1) 

Table 4.1 The values of Lipinski rule’s descriptors and TPSA for Cou6, DiI and Rho123 

Name MW XLogP HBD HBA RBC TPSA 

Cou6 350.4 4.9 0 5 4 70.7 

DiI 933.9 19 0 5 36 80.5 

Rho123 380.8 1*(logP) 3 5 3 85.4 

The values of corresponding chemical and physical descriptors of the molecules (Cou6 

and DiI) in the table were obtained from PubChem Database produced by National Center 

for Biotechnology Information, 2020 (https://pubchem.ncbi.nlm.nih.gov, Kim et al., 2019). 

The values of corresponding chemical and physical descriptors of the molecules Rho123 

in the table were obtained from PubChem Database produced by National Center for 

Biotechnology Information, 2021. *, Value that is not available in PubChem Database is 

from reference (Duvvuri et al., 2004). 
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4.2.2 Data preprocessing 

Data preprocessing steps were adapted from a study by Liu et al. (Liu et al., 2016). The 

standardization of data in preprocessing is calculated as follows: 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑧𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 =
𝑥𝑖 − 𝑥𝑖̅

𝑆𝑖
 

where 𝑥𝑖  is the data, 𝑥𝑖̅ represent the mean value and 𝑆𝑖 is standard deviation values 

in 𝑥𝑖  respectively. 

To visualize the final results for the statistical learning, the principal component 

analysis (PCA) was used, as it is an effective statistical analysis method in 

multidimensional data compression and feature extraction (Baldi et al., 2000; Crivori 

et al., 2000; Liu et al., 2016). It can reduce the dimension of the data and preserve as 

much of the data’s variation as possible. The final output of PCA involved the 

coefficient matrix, score, and eigenvalues of the covariance matrix of data. Another 

matrix was then ranked according to cumulative contribution rate in descending order. 

In this study, the threshold of the cumulative contribution rate was set to 80%, so that 

if the cumulative contribution rate reached 80%, the corresponding top two principal 

components were selected to represent the original n dimensions. 

4.2.3 Statistical learning method 

The support vector machine (SVM) was selected in this study, since it was shown that 

the SVM seems to give a slightly higher prediction accuracy than other methods for 

predicting both BBB permeable agents and non-BBB permeable agents (Li et al., 2005). 

The type of validation partition Holdout was used for final visualization of testing and 

training results (Azam, 2020). The SVM in MATLAB implements a classification 

algorithm and provides three different kernel methods: a linear kernel, a polynomial 

kernel and a Gaussian kernel. In this work, the Gaussian kernel was selected 

(https://www.mathworks.com/help/stats/fitcsvm.html).  

https://www.mathworks.com/help/stats/fitcsvm.html


Study III: Effect of Lipinski rule and polar surface area on the blood-retina barrier permeability of model drugs 

 
 81 

𝐺(𝑥𝑗 , 𝑥𝑘) = exp (−‖𝑥𝑗 − 𝑥𝑘‖
2

) 

where 𝐺(𝑥𝑗 , 𝑥𝑘) is element (j, k) of the Gram matrix, 𝑥𝑗 and 𝑥𝑘  are p-dimensional 

vectors representing observations j and k.  

4.2.4 Prediction Accuracy 

Based on the previous study (Li et al., 2005), the performance of a statistical learning 

method can be evaluated by the quantity of true positives (TP), true negatives (TN), 

false positives (FP), and false negatives (FN). The accuracy, sensitivity, and precision 

of the SVM model was analyzed by confusionmatStats (Cheong, 2020) with following 

equations: 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝐹𝑃 + 𝐹𝑁 + 𝑇𝑁
 

 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
 

 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 

4.3 Results of Study III 

 

Figure 4.1 Variance extraction based on PCA. 
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The cumulative sum of variance versus the number of principle components was shown 

as curve in Figure 4.1, the threshold of the cumulative contribution rate was up to 

86.58%. Therefore, the corresponding top 2 principal components were selected to 

represent the original 6 dimensions. The results in Table 4.2 showed the BBB 

permeable and BBB non-permeable prediction accuracies of proposed SVM 

classification with kernel function of Gaussian using PCA. It was found the overall 

accuracy was 80.63 % and the precision of BBB permeable agents’ prediction (80.05 %) 

is comparable with BBB non-permeable precision with 81.85 %. In the study from 

Trotter et al., the BBB permeable accuracy (78.9%) is relatively higher than BBB non-

permeable accuracy (60.4%) and the overall accuracy was 76% (Trotter et al., 2001). It 

seems the current model with Lipinski rules improved the accuracy to some extent. 

Furthermore, 5-fold cross validation could slightly improve the BBB permeable 

precision from 81.85% to 88.42% and the overall accuracy from 80.63% to the 84.20%.  

Table 4.2 Predication accuracy of PCA + SVM classification  

BBB+: BBB permeable. BBB-: BBB nonpermeable. Values in parentheses are the 

standard deviations. 

I randomly selected 80% agents as training group and 20% agents in addition to Cou6 

or DiI as testing group. Both of the two groups were composed of one category of BBB 

permeable agents and another category of BBB non-permeable agents in the dataset. 

The classification visualization of the training results and the testing results for Cou6 

and DiI is shown in Figure 4.2 and Figure 4.3, respectively. In line with my last in vivo 

study (Table 4.3), that the Cou6 can penetrate the BRB and BBB, it can be seen that 

 5-fold cross validation Hold-out  

 BBB+ BBB- BBB+ BBB- 

Accuracy (%) 84.20 (1.28) 80.63 (6.01)

Precision (%) 80.96 (1.99) 88.42 (0.44) 80.05 (6.77) 81.85 (5.87)

Sensitivity (%) 89.99 (0.55) 78.25 (2.88) 84.13 (6.00) 76.66 (10.31)



Study III: Effect of Lipinski rule and polar surface area on the blood-retina barrier permeability of model drugs 

 
 83 

the Cou6 falls into the gray area (BBB permeable classification) predicted by the SVM 

with Gaussian kernel function (Figure 4.2). In contrast, the DiI is located out of the 

BBB permeable classification area (Figure 4.3). Figure 4.4 shows that the model drug 

Rho123 fell outside of the gray area, which is also in line with in vivo study (Table 4.3), 

therefore, this statistical learning suggested that the Lipinski rules and polar surface 

area can separate the BBB permeable compounds and BBB non-permeable compounds 

with good accuracy and can correctly classify Cou6 and DiI whose descriptors is in 

agreement with this rule as a BBB penetrating substance.  

 

Figure 4.2 Visualization of SVM classification to evaluate Cou6. 

Red circle: BBB-permeable agents. Green circle: non-BBB-permeable agents. Gray area: 

BBB-permeable area predicted by SVM model. Blue dot in testing results: Cou6 was 

labeled in blue in testing results. 
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Figure 4.3 Visualization of SVM classification to evaluate DiI.  

Red circle: BBB-permeable agents. Green circle: non-BBB-permeable agents. Gray area: 

BBB-permeable area predicted by SVM model. Blue dot in testing results: DiI was labeled 

in blue in testing results. 

 

Figure 4.4 Visualization of SVM classification to evaluate Rho123.  
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Red circle: BBB-permeable agents. Green circle: non-BBB-permeable agents. Gray area: 

BBB-permeable area predicted by SVM model. Blue dot in testing results: Rho123 was 

labeled in blue in testing results. 

Table 4.3 Comparison of in vivo results with classification results 

 

 

 

BBB+: BBB permeable. BBB-: BBB nonpermeable.  

4.4 Discussion of Study III 

The BBB in the brain and BRB in the retina can filter the passage of most compounds 

from bloodstream to tissue parenchyma by the tight junctions between the endothelial 

cells. A wide range of NPs have been investigated with the aim to allow a targeted 

administration to CNS and controlled drug delivery (Li and Sabliov, 2013). However, 

the interaction between the drugs released from the NPs during the blood circulation 

and the BBB and BRB are largely ignored. In my last two studies on the release kinetics 

of model drug Rho123 and DiI (Zhang et al., 2020), and poorly water-soluble model 

drug Cou6 in the retinal blood vessels, only Cou6 showed efficient BBB and BRB 

permeability after being released from PLGA NPs. This could be explained by the 

association of physicochemical properties of chemical agents with the BBB and BRB 

permeability, since such different properties can lead to the significant biological 

implications in the cellular uptake and biological processes, i.e. some molecules can be 

eliminated by active efflux transporters such as efflux transporters P-glycoprotein (Pgp) 

and multidrug resistance proteins (MRPs), whereas others can passively diffuse into the 

brain and retina by a transcellular route (Loscher and Potschka, 2005; Hitchcock and 

Pennington, 2006; Urquhart and Kim, 2009; Watanabe et al., 2012). Therefore, the 

 In vivo study (ICON) Classification (SVM) 

Cou6 BBB+  BBB+

DiI BBB- BBB- 

Rho123 BBB- BBB-
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representative physicochemical properties of Cou6 were further analyzed to 

characterize the relationship of these properties with BBB and BRB permeability. 

In this study, I used SVM classification method with Gaussian kernel function to 

distinguish the BBB permeable and BBB non-permeable chemical agents. The 

experiments demonstrated that overall accuracy of SVM with Hold-out is 80.63% on 

the 162 chemical agents and the SVM with 5-fold cross validation obtained 84.20% 

classification accuracy with slight improvement. This suggested that SVM with 

Lipinski rule’s descriptors and PSA can be the suitable model to correlate the 

physicochemical properties of agents with BBB permeability at a comparable accuracy 

with respect to other classification methods using larger amount descriptors, for 

example, the overall accuracy of k-nearest neighbor with 199 descriptors is 77.0% (Li 

et al., 2005). The testing results of SVM in Figure 4.2 displayed that the poorly water-

soluble model drug Cou6, whose value of molecular descriptor of Lipinski rules MW 

is 350.4, XLogP is 4.9, HBDC is 0, HBAC is 5, RBC is 4 and TPSA is 70.7, belongs 

to the BBB permeable category, which is consistent with the in vivo and ex vivo visual 

evidence of my study II, i.e the demonstration that the Cou6 can penetrate the BRB and 

BBB after being released from PLGA NPs. On the other hand, the DiI was not included 

into the BBB permeable category by the classification, which might be due to the large 

molecular weight and XlogP value, and 7-fold more rotatable bonds. Currently, the 

number of poorly water-soluble drug candidates increased sharply due to the repaid 

development in combinational chemistry and HTS. The low water solubility of drugs 

usually will result in the low bioavailability (Kumar et al., 2012). This study together 

with study II of my project suggests that the physicochemical properties of poorly 

water-soluble Cou6 like drug candidates, which are transported in nano-carrier 

formulations, can cross the BBB or BRB, even though they are released from the NPs 

in the blood circulation. 
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4.5 Conclusion of Study III 

The present study demonstrated that SVM classification method could predict the 

permeability of chemical agents with relatively reliable accuracy. The molecular 

descriptors of potential drug candidates from Lipinski rule and PSA have a close 

relationship to their BBB or BRB permeability by the SVM assessment. A better 

understanding of the interactions between these physicochemical properties and BBB 

permeability will hopefully in turn lead to the efficient design of poorly water-soluble 

compounds delivery systems targeting the brain and retina. More representative 

features and more agents need to be further explored in order to improve the prediction 

accuracy. 
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5. General Discussion 

5.1 Effect of blood flow on the kinetics of PLGA NPs 

In the blood vessel, especially where the size of blood cells is comparable to the 

diameter of the capillary, the blood cells will exert a main effect on the blood flow, and 

subsequently on the NPs’ kinetics in the blood circulation. As shown in Study I Figure 

2.5C, 2.5E and 2.7A, the PLGA NPs were found between the blood cells and vessel 

wall in the small blood vessels after circulating for 2 h, which is consistent with the 

study from Fullstone et al. which showed that in case of a high percentage of RBCs, 

the NPs will be dispersed to the region near the blood vessel wall (Fullstone et al., 2015). 

This can be considered to be a beneficial effect since it will improve the retention 

between the NPs and endothelial cells of the blood vessel wall and provide the 

opportunity for PLGA NPs and/or their cargo to cross the BRB. In addition, the uneven 

diameter of blood vessels followed by different flow pattern might also have an effect 

on the distribution of NPs in the blood circulation. Taking Cy5.5-PLGA-Cou6 NPs as 

an example, as shown in Study II Figure 3.7, the distribution of PLGA NPs in the big 

retinal blood vessels (40~ 50 m) looks like dots, which is different from the NPs in 

the small retinal blood vessels (<10 m) showing relatively homogenous distribution.  

The complex biological milieu of blood circulation increased the difficulty to predict 

the NPs’ kinetics. Unlike the fluids of usual in vitro environment, such as PBS, the 

blood flow shows non-Newtonian behavior in the branches and capillaries (Ku, 1997). 

By comparing the in vitro release of DiI and Rho123 in the solution of 1% poloxamer 

188 in 0.15 M PBS up to 24 h in Table 2.2 of Study I and in vivo kinetic of DiI and 

Rho123 from PLGA NPs in the Figure 2.6 and Figure 2.7, a quicker release of these 

model drugs from PLGA NPs in the retinal blood circulation can be found, especially 

Rho123, which diffused out of PLGA NPs and was eliminated within 30 min in vivo. 

Figure 3.1A in Study II also showed that 36.18% of Cou6 diffused out of PLGA NPs 
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in 1% HSA in 0.15 M PBS solution within 2 h, however, almost no Cou6 signal was 

found in PLGA NPs in vivo as shown in Figure 3.4. 

Another important feature induced by the complex biological environment is the short 

life span of NPs in the blood stream, which is probably due to rapid clearing by 

phagocytic cells or reticuloendothelial system (RES) (Hans and Lowman, 2002). The 

surface modification is one way to design the NPs to avoid the capture of RES and 

phagocytic removal after the intravenous injection. To this end, poloxamer, 

polyoxyethylene-based block copolymer, has been largely used as surface modification 

materials for NPs. It has also low toxicity and immunogenic response (Moghimi et al., 

2003; Liu et al., 2008) and can be absorbed on the particle surface by incubation due to 

the polarity of NPs such as PLA NPs (Redhead et al., 2001). In Study I, Figure 2.6 

showed that PLGA NPs coated with poloxamer 188 and either with lipophilic model 

drug DiI or model drug Rho123 incorporated, are present in the retinal blood vessels 

up to 90 min, independent of the different diffusion rates of these model drugs out of 

the PLGA NPs. Although studies indicated that modification with poloxamer will 

increase the half lifetime of NPs (Kulkarni and Feng, 2013), it is difficult to predict 

whether the cargoes will be influenced in the same way, especially when the integrity 

of NPs and cargoes in the blood circulation and diffusion of drug out of the NPs during 

the circulations are considered. As it can be seen from the Study I Figure 2.4, the 

clearances of signal of model drug Rho123 in the blood circulation are not significantly 

changed in NPs which are coated with poloxamer 188 and NPs which are not.  

5.2 Effect of pathological environment on the kinetics of PLGA NPs 

In general, some eye diseases are related to a pathological retinal blood circulation 

which should be considered in the design of drug delivery systems. In the process of 

ischemic microangiopathies, when retinal neural tissue or endothelium are impaired, 

the metabolic pathways will consequently be influenced, resulting in the disturbed 

blood flow regulation (Pournaras, 2008). However, even though the vascular deficits 

have been well studied, the understanding of relationship between theses deficits and 
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pathophysiology of eye disease still remains quite limited (Pechauer et al., 2015). 

Figure 3.2 from Study II showed that PLGA NPs in the group post ONC by day 7 

diminished more quickly than those in the non-ONC group and ONC-1h group. 

Nevertheless, by now it is still not clear if and how changed blood flow under 

pathological condition after optic nerve injury could influence the metabolism and 

circulation of these PLGA NPs. In addition, Joly et al. found that after retinae were 

injured by blue light, blood-borne macrophages will migrated to the site of retinal injury 

without breaking down BRB (Joly, 2009). It is conceivable that altered blood-borne 

components in the retinal blood vessel after injury might exert an influence on the 

circulation of PLGA NPs in the retinal blood vessels.  

Another possible reason for the declined PLGA NPs signal could be the disturbance of 

the biological blood barrier such as inner BRB or blood-optic nerve barrier followed by 

the optic nerve injury. However, the optic nerve crush or transection might not directly 

influence the retinal blood vessels function, as the central retinal artery enters the optic 

nerve closely behind the optic nerve disc in rats (Kiernan, 1985) and the crush site was 

more than 1 mm behind the eyeball. In addition, the results in Study II also did not 

show an obviously increased PLGA NPs signal in the retinal tissue following the 

decreased PLGA NPs signal in the retinal blood vessels. Therefore, it seems unlikely 

that the barrier effect of retinal blood vessels on the PLGA NPs was compromised by 

the injury. Blood-optic nerve barrier is another subject which should be considered in 

optic nerve or optic nerve head vascular disorders, as in both structures tight cell 

junction between endothelial cells exist (Hayreh, 2011). The injured optic nerve in the 

mammalians has been used as model to study the Wallerian degeneration and blood-

nerve barrier function (Kiernan, 1985). A study on the relationship between the barriers’ 

function and the presence of intact axons indicate that the vascular integrity does not 

need the axons, but the Wallerian degeneration will influence the barrier function 

(Latker et al., 1991). Although the subject of the study was a peripheral nerve (a sciatic 

nerve), a similar effect can also occur on the blood-nerve barrier. In addition, optic 
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nerve crush may cause occlusion or stenosis of the posterior ciliary artery (Sugiyama 

et al., 1999). 

 

Figure 5.1 Medial to lateral view of the arterial supply to the optic nerve and retina.  

Adapted from Grory et al. 2020. 

In summary, the cause-effect relationships and mechanisms between the optic nerve 

injury and changed blood flow, altered blood components and declined number of NPs, 

or disturbed biological blood barrier and permeation of PLGA NPs in the retinal blood 

circulation still need to be elucidated in vivo in future studies. 

5.3 Effect of physicochemical property of drug candidates on the kinetics of 

PLGA NPs 

There is no doubt that the particle size, size distribution, surface charge, and surfactant 

are important factors for the NPs drug delivery system, because they influence the in 

vivo distribution, targeting delivery, accumulation, lifetime in the blood circulation, and 

toxicity of NPs in the body (Singh and Lillard Jr, 2009). Many studies have shown that 

the favorable size range for the systemic drug delivery is from 10 nm to 150 nm 

(Panyam and Labhasetwar, 2003; Kumar, 2012; Wang, 2008). In both Study I and 

Study II, all of the NPs utilized in the real-time kinetic study are around 130 nm (Table 

2.1 and Table 3.1). However, the model drugs’ distribution behaviors are different. As 
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shown in Figure 2.7, DiI was still incorporated in the PLGA NPs after the 2 h circulation 

and Rho123 had already been released out of the PLGA NPs and cleared. An individual 

behavior was also observed regarding the kinetics of PLGA NPs which encapsulated 

the poorly water-soluble model drug Cou6. In this case the model drug has already 

diffused out of the PLGA NPs, penetrated the BRB and distributed in the extracellular 

space and a little bit into the cytoplasm in less than 90 min (Figure 3.4). The drug release 

from NPs is affected by their size, as relatively large surface area of small NPs (compare 

to the microspheres) lead to the drug association on the NPs surface resulting in easy 

release from the NPs (Redhead et al., 2001). However, in case of the same range of 

size, the physicochemical properties of cargoes may also influence the kinetics of NPs 

as drug delivery system in the blood circulation. In addition, even though the PLGA 

NPs showed high drug loading capacity of DiI, Rho123, and Cou6 with more than 80% 

(Table 2.1 and Table 3.1), drug release in the blood circulation seems to be associated 

with entrapment efficiency according to their different physicochemical properties 

(molecular weight, functional groups, interaction between drugs and NPs etc.).  

PLGA based nanoparticulate systems showed great potential for the retinal or brain 

drug delivery. Circumventing the BRB or BBB is a prerequisite for transporting drugs 

in order to efficiently exert therapeutic effects at the target area. To this end, most 

studies focused on the surface modification of NPs, for example, they are coated with 

surfactants (Tween 80), proteins (transferrin, ApoE), and peptides (angiopep-2), most 

of which are substrates of receptors presented in the brain and pass through BBB by 

endocytosis and transcytosis. However, the physicochemical properties of poorly-water 

soluble drug candidates which are associated with BBB permeability are largely 

ignored. Both Study I and Study II reflected that the drugs could– at least partly – be 

released from the PLGA NPs during the blood circulation, regardless of significant drug 

loading efficiency. For example, in the Study I, hydrophilic Rho123 diffused out of the 

PLGA NPs and cleared in the blood circulation very quickly, whereas lipophilic DiI 

still was to some extent incorporated in the PLGA NPs up to 2 h, and the free DiI 

diffused out of NPs stained the retinal blood vessel wall. In the Study II, the release of 
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poorly-water soluble Cou6 from PLGA NPs is even quicker than that of Rho123 in the 

retinal blood circulation, however, unlike the Rho123, the released Cou6 can penetrate 

the BRB very fast.  

Therefore, in the case that the drug candidates released from NPs in the circulation per 

se permeate the BBB or BRB, but have extremely poor solubility in the physiological 

solvent such as saline or PBS for injection, improvement of solubility will be the 

priority in optimization of formulation in the drug design process. Moreover, 

optimization of drug candidates is as important as optimization of drug carriers in the 

drug design process and physicochemical properties of drugs should be carefully 

investigated. Lipinski’s ‘rule of five’ has been used in various experiments to select the 

drug candidates in this respect. In the Study III, the SVM classification method was 

used to evaluate if the molecular descriptors described in the rule of five plus the 

descriptor TPSA can guide the drug candidates in free form released from the PLGA 

NPs. The result confirmed that Cou6 belong to the BBB permeation class. Therefore, 

it can be assumed that even if the drug candidates were quickly released from the PLGA 

NPs, they still have high chance to penetrate the BBB or BRB, if their physicochemical 

properties are still in conformity with this rule. 

5.4 Extracellular/intercellular space as a path for retinal drug delivery 

One possible way of molecular uptake is through intercellular spaces. Intraluminal 

injection of NPs into the intestine of anesthetized Beagle dogs found that NPs 

distributed in the intercellular space and in larger defects of mucosa between 10 and 15 

min (Aprahamian et al., 1987). Dermal penetration of NPs (fullerene-substituted 

phenylalanine derivative of a nuclear localization peptide sequence) into the 

intercellular space of stratum granulosum in flexed skin was observed (Rouse et al., 

2007). Lojk et al. demonstrated that delivery of NPs to the cancer urothelial cells and 

intercellular space is more than that to the normal urothelial cells, and the cell junctions 

are significantly less developed and intercellular space is larger in those invasive 

urothelial neoplasm tissue (Lojk et al., 2018). In addition, the extracellular matrix which 
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is composed of structural proteins and glycosaminoglycans providing the scaffold for 

cells and contributing to the signaling (Yue, 2014), is another interesting target for drug 

delivery. It is therefore necessary to know the possible and relevant interactions 

between extracellular matrix and NPs or their cargo (Engin, 2017). Here, the Study II 

reflected that although the poor water-soluble model drug Cou6 diffused out of the NPs 

at an early time, the signal of Cou6 was largely found in the cell surface and 

extracellular space of GCL and only partially in the cytoplasm of RGCs. It was also 

found that the extracellular space illustrated by the Cou6 in the retina of ONC-7d group 

was larger as compared to the other two groups, i.e. control and ONC-1h group (Figure 

3.6). Extracellular or intercellular space is important for diffusion of particular 

substance to the cells in the retina; hence it is essential for retinal nutrition and the 

pathological condition might be associated with the change of the intercellular space 

(Cunha-Vaz, 2017). For example, some scientists found that the intercellular space was 

increased, the cell number was declined in the GCL and the inner nuclear layer was 

thinner in the diabetic rats (Li et al., 2014). In summary, extracellular or intercellular 

space opens a new way for the drug delivery into the CNS, and more research in this 

field may be beneficial for drug development.  
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6. General Conclusions and Outlook 

PLGA NPs are a potential drug delivery system which can enclose different drugs and 

has good biocompatibility and biodegradability. However, the integrity of PLGA NPs 

with cargoes has not been studied much so far, because more attention was paid to the 

modification of PLGA NPs. This study showed that the lipophilic and hydrophilic 

model drugs are released from PLGA NPs during the circulation in the retinal blood 

vessels. This release also showed different kinetics of PLGA drug delivery systems 

under the real-life conditions, as Rho123 released more quickly than DiI from PLGA 

NPs, and the released Rho123 was eliminated during the circulation, but the released 

DiI stained the retinal blood vessel wall. Regarding the aspect of delivering poorly 

water-soluble model drug Cou6, PLGA NPs had the ability to convert the poorly 

soluble drug into deliverable and injectable drug formulation. When the poorly water-

soluble model drug Cou6 released from PLGA NPs during the circulation, the special 

physicochemical properties enabled the model drug to permeate the inner BRB whereas 

PLGA NPs still circulated in the retinal blood vessels. Under the pathological condition 

of ONC-7d, the clearance of PLGA NPs is faster than under the normal condition. Ex 

vivo whole mount found that the model drug Cou6 mostly concentrated in the 

extracellular space of the retina and partially distributed in the cytoplasm. Using the 

SVM model and chemicals with known permeability of BBB, the results in the study 

III showed that the Cou6 with its simple molecular structure descriptors can penetrate 

the BRB and BBB.  

The future studies for retinal drug delivery should also consider the following points. 

(I) Although in vivo monitoring and ex vivo retinal whole mount are good methods to 

evaluate the nano-bio or cargo-bio interactions in the retina, a method aiming to detect 

these interactions between the drug candidates which doesn’t rely on fluorescence 

should be developed.  



General Conclusions 

 
 96 

(II) The PLGA NPs drug delivery system should be individually tailored regarding the 

transportation across BBB or BRB, since the physicochemical properties of drug 

candidates can influence the ability to pass through the BBB or BRB, and in this case, 

labour intensive and costly surface modification can be diminished. 

(III) How the pathological condition is related with changed blood flow is still not clear. 

And if this blood flow change will further impact the kinetics of PLGA NPs should be 

also studied in the future as well as the influence to alter the extracellular space’s on 

the drug distribution. 

(IV) In order to more efficiently screen the BBB or BRB permeable drug candidates, 

more accurate and effective chemical or physical features should be explored and 

extracted. By doing so, the accuracy of statistical learning method can be improved to 

a high level and drug delivery system will benefit from it. 

In general, pharmaceuticals science in the area of CNS disease treatment is now 

developing into a field in which chemists and chemical engineers are expected to 

discover novel and biodegradable materials, biologists to know about the potential 

mechanisms, kinetics and the pathways by which they interact with body, and the 

computer scientists to develop the algorithms and screen the chemical features to 

improve the drug development efficiency.  
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Appendix 

I. Supplementary Figures 

 

Figure S1 Rho123 was eliminated from rats at 90 min post injection showing hints 

on the paper. 

Urine: area enclosed with black line. Rho123: area enclosed with blue line. 

 

 

Figure S2 The possible distribution of Cou6 signal in 3D.  

The preliminary 3D reconstruction of Cou6 from in vivo imaging. Due to the individual 

difference, the limitation of different eye orientation after anesthesia, the signals are 

captured on limited diameter of retina. Numbers 1 to 5 represent that the reconstructed 3D 
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Cou6 signal was observed from 5 different directions and the corresponding images to 

each position. The bold arrows show the top plane and the bottom plane. 

 
 

Figure S3 The baseline fluorescence of retina post optic nerve crush group by day 7 

under the Cy5.5 measurement.  

Control: rat without optic nerve crush. ONC-7d, rat post optic nerve crush group by day 7.  
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II. Supplementary Table 

Table S1 Dataset used for statistical learning in Study III 

Agents MW XLogP HBDC HBAC RBC TPSA BBB# 

1-hydroxymidazolam 341.8 2.7 1 4 2 50.4 P 

2-Methylpentane 86.18 3.2 0 0 2 0 P 

Acebutolol 336.4 1.7 3 5 10 87.7 P 

Acetaminophen 151.16 0.5 2 2 1 49.3 P 

Aldosterone 360.4 1.1 2 5 3 91.7 N 

Aminopyrine 231.29 1 0 3 2 26.8 P 

Amitriptyline 277.4 5 0 1 3 3.2 P 

Amobarbital 226.27 2.1 2 3 4 75.3 P 

Amphetamine 135.21 1.8 1 1 2 26 P 

AmphotericinB 924.1 0 12 18 3 320 N 

Aspirin 180.16 1.2 1 4 3 63.6 P 

Astemizole 458.6 6 1 5 8 42.3 N 

Atenolol 266.34 0.2 3 4 8 84.6 N 

Atovaquone 366.8 5.2 1 3 2 54.4 N 

Azelaic acid 188.22 1.6 2 4 8 74.6 N 

Azithromycin 749 4 5 14 7 180 N 

Beloxepin 295.4 2.8 1 3 0 32.7 P 

Benzene 78.11 2.1 0 0 0 0 P 

Bethanechol 161.22 0 1 2 4 52.3 N 

Bretazenil 418.3 3.1 0 4 3 64.4 P 

Brl 52974 393.3 2.9 1 3 4 52.2 N 

Bromocriptine 654.6 3.8 3 6 5 118 N 

Bromperidol 420.3 3.3 1 4 6 40.5 P 

Caffeine 194.19 -0.1 0 3 0 58.4 P 

Carbamazepine 236.27 2.5 1 1 0 6.3 P 

Carbamazepineepoxide 252.27 1.3 1 2 0 58.9 P 

Carbidopa 226.23 -2.2 5 6 4 116 N 

Carebastine 499.6 3.6 1 5 11 66.8 N 

Cefradine 349.4 0.4 3 6 4 138 N 

Cetirizine 388.9 1.7 1 5 8 53 N 

Chlorothiazide 295.7 -0.2 2 6 1 135 N 

Cimetidine 252.34 0.4 3 4 7 114 N 

Ciprofloxacin 331.34 -1.1 2 7 3 72.9 N 

Clobazam 300.74 2.1 0 2 1 40.6 P 

Clofazimine 473.4 7.1 1 4 4 40 N 

Clonidine 230.09 1.6 2 1 2 36.4 P 

Codeine 299.4 1.1 1 4 1 41.9 P 

Colchicine 399.4 1 1 6 5 83.1 N 

Corticosterone 346.5 1.9 2 4 2 74.6 N 
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Cortisol 362.5 1.6 3 5 2 94.8 N 

CP 102 183.2 0.3 2 4 3 60.8 N 

Cyclohexane 84.16 3.4 0 0 0 0 P 

Daunorubicin 527.5 1.8 5 11 4 186 N 

Delavirdine 456.6 2.4 3 7 6 119 N 

Demeclocycline 464.9 0.7 6 9 2 182 N 

Desipramine 266.4 4.9 1 2 4 15.3 P 

Dexrazoxane 268.27 -1.4 2 6 3 98.8 N 

Diazepam 284.74 3 0 2 1 32.7 P 

Dichloromethane 84.93 1.5 0 0 0 0 p 

Didanosine 236.23 -1.2 2 5 2 88.7 N 

Diethylether 74.12 0.9 0 1 2 9.2 P 

Difloxacin 399.4 1.6 1 8 3 64.1 N 

Dihydroergotamine 583.7 2.4 3 6 4 118 N 

Domperidone 425.9 3.9 2 3 5 67.9 P 

Dopamine 153.18 -1 3 3 2 66.5 N 

Doxorubicin 543.5 1.3 6 12 5 206 N 

Ebastine 469.7 7.2 0 3 10 29.5 N 

Efavirenz 315.67 4 1 5 1 38.3 N 

Enalapril 376.4 -0.1 2 6 10 95.9 N 

Enflurane 184.49 2.1 0 6 3 9.2 P 

Enoxacin 320.32 -0.2 2 8 3 85.8 N 

Epinephrine 183.2 -1.4 4 4 3 72.7 N 

Ethanol 46.07 -0.1 1 1 0 20.2 P 

Ethylbenzene 106.16 3.1 0 0 1 0 P 

Etoposide 588.6 0.6 3 13 5 161 N 

Fleroxacin 369.34 -0.1 1 9 4 64.1 N 

Flumazenil 303.29 1 0 5 3 64.4 P 

Flunitrazepam 313.28 2.1 0 5 1 78.5 P 

Fluphenazine 437.5 4.4 1 8 6 55.2 P 

Furosemide 330.74 2 3 7 5 131 N 

Gabapentin 171.24 -1.1 2 3 3 63.3 P 

GR-94839 414.3 1.5 1 4 4 64.1 N 

Guanadrel 213.28 0 2 3 2 82.9 N 

Haloperidol 375.9 3.2 1 4 6 40.5 P 

Halothane 197.38 2.3 0 3 0 0 P 

Heptane 100.2 4.4 0 0 4 0 P 

Hexobarbital 236.27 1.5 1 3 1 66.5 P 

Hydrochlorothiazide 297.7 -0.1 3 7 1 135 N 

Hydroxyzine 374.9 3.7 1 4 8 35.9 P 

Ibuprofen 206.28 3.5 1 2 4 37.3 P 

Icotidine 379.5 2.6 2 5 9 88.5 N 

Imipramine 280.4 4.8 0 2 4 6.5 P 

Indometacin 357.8 4.3 1 4 4 68.5 N 
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Isoflurane 184.49 2.1 0 6 2 9.2 P 

Isoxicam 335.34 3 2 7 2 121 N 

Itraconazole 705.6 5.7 0 9 11 101 N 

Kanamycin 484.5 -6.9 11 15 6 283 N 

Ketorolac 255.27 1.9 1 3 3 59.3 N 

L-663581 357.8 2.4 0 5 2 77 N 

Lomefloxacin 351.35 -0.8 2 8 3 72.9 N 

Loperamide 477 5 1 3 7 43.8 N 

Loratadine 382.9 5.2 0 3 2 42.4 N 

Lupitidine 413.5 1.5 2 6 10 108 N 

Mannitol 182.17 -3.1 6 6 5 121 N 

Meloxicam 351.4 3 2 7 2 136 N 

Mepyramine 285.4 3.3 0 4 7 28.6 P 

Mesoridazine 386.6 4.5 0 5 4 68.1 P 

Metaraminol 167.2 -0.4 3 3 2 66.5 N 

Methohexital 262.3 2.3 1 3 3 66.5 P 

Methotrexate 454.4 -1.8 5 12 9 211 N 

Methoxyflurane 164.96 2.2 0 3 2 9.2 P 

Mianserin 264.4 3.4 0 2 0 6.5 P 

Midazolam 325.8 2.5 0 3 1 30.2 P 

Mifepristone 429.6 3.8 1 3 3 40.5 N 

Mirtazapine 265.35 3.3 0 3 0 19.4 P 

Morphine 285.34 0.8 2 4 0 52.9 P 

Nafcillin 414.5 2.9 2 6 5 121 N 

Nelfinavir 567.8 5.7 4 6 10 127 N 

Nevirapine 266.3 2 1 4 1 58.1 P 

Norfloxacin 319.33 -1 2 7 3 72.9 N 

Northioridazine 356.6 5.4 1 4 4 65.9 P 

Ofloxacin 361.4 -0.4 1 8 2 73.3 P 

Omeprazole 345.4 2.2 1 6 5 96.3 N 

Org 12962 265.66 2.5 1 6 1 28.2 P 

Org 30526 271.74 3.3 1 2 0 21.3 P 

ORG-13011 370.4 2.3 0 7 6 39.7 P 

Oxazepam 286.71 2.2 2 3 1 61.7 P 

Paraxanthine 180.16 -0.2 1 3 0 67.2 P 

Pefloxacin 333.36 0.3 1 7 3 64.1 N 

Pentobarbital 226.27 2.1 2 3 4 75.3 P 

Phenazopyridine 213.24 1.9 2 5 2 89.6 N 

Phenoxymethylpenicillin 350.4 2.1 2 6 5 121 N 

Phenserine 337.4 2.3 1 4 3 44.8 P 

Phenylbutazone 308.4 3.2 0 2 5 40.6 P 

Phenytoin 252.27 2.5 2 2 2 58.2 P 

Physostigmine 275.35 0.7 1 4 2 44.8 P 

Pirenzepine 351.4 0.1 1 5 2 68.8 P 
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Piroxicam 331.3 3.1 2 6 2 108 N 

Promazine 284.4 4.5 0 3 4 31.8 P 

Promethazine 284.4 4.8 0 3 3 31.8 P 

Propranolol 259.34 3 2 3 6 41.5 P 

Quinine 324.4 2.9 1 4 4 45.6 N 

Ranitidine 314.41 0.3 2 7 9 112 N 

Risperidone 410.5 2.7 0 6 4 61.9 P 

Ritonavir 720.9 6 4 9 18 202 N 

RO19-4603 319.4 1.9 0 5 3 92.7 P 

Rufloxacin 363.4 -0.3 1 8 2 89.4 N 

Salbutamol 239.31 0.3 4 4 5 72.7 N 

Saphris 401.8 3.9 2 6 2 87.1 P 

Saquinavir 670.8 4.2 5 7 13 167 N 

Sparfloxacin 392.4 0.1 3 9 3 98.9 N 

Streptomycin 581.6 -8 12 15 9 336 N 

Streptozotocin 265.22 -1.4 5 8 2 152 N 

Sulforidazine 402.6 4.6 0 5 4 74.3 P 

Teflurane 180.93 2.6 0 4 0 0 P 

Temelastine 442.4 3.7 2 4 8 79.3 N 

Tenoxicam 337.4 1.1 2 7 2 136 N 

Terfenadine 471.7 6.6 2 3 9 43.7 N 

Theobromine 180.16 -0.8 1 3 0 67.2 P 

Theophylline 180.16 0 1 3 0 69.3 P 

Thiopental 242.34 2.9 2 3 4 90.3 P 

Thioridazine 370.6 5.9 0 4 4 57.1 P 

Tibolone 312.4 2.4 1 2 1 37.3 P 

Triazolam 343.2 2.4 0 3 1 43.1 p 

Trichloroethylene 131.38 2.6 0 0 0 0 P 

Trichloromethane 119.37 2.3 0 0 0 0 P 

Trifluoperazine 407.5 5 0 7 4 35 P 

Trimetrexate 369.4 2.5 3 8 6 118 N 

Vancomycin 1449.2 -2.6 19 26 13 531 N 

Verapamil 454.6 3.8 0 6 13 64 P 

Zidovudine 267.24 0 2 6 3 93.2 P 

Zolantidine 381.5 5.4 1 5 8 65.6 P 

The values of corresponding chemical and physical descriptors of the molecules were 

obtained from PubChem Database produced by National Center for Biotechnology 

Information, 2020 (https://pubchem.ncbi.nlm.nih.gov; Kim et al., 2019). #: The 

permeabilities of selected agents were referred to a previous study (Li et al., 2005). (P: 

blood-brain barrier permeable agent; N: blood- brain barrier non-permeable agent).  
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