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1. Introduction 

Cell membrane mainly acts as a selective barrier that control movement of substances 
between its external and internal environment. Moreover, membrane plays also important role 
in signal transduction, cell-cell communications and energy transformation [1]. Thus, when 
considering area of drug delivery, lipid membrane appears to be a significant obstacle on the 
route to deliver drug/gene into the site of its therapeutic action.                  

Application of nucleic acids in gene delivery is promising strategy for the treatment of 
various incurable diseases including cancer. The concept of this method consists in replacing 
defective genes, substituting missing genes or silencing unwanted gene expression. In this 
context, plasmid DNA (pDNA) or short RNA sequences such as small interfering RNA 
(siRNA) are usually used [2]. Hence, in order to be pDNA and siRNA efficiently transported 
into the cells, the suitable carriers called vectors are required.Within this group, the most 
extensively studied are lipid and polymer-based vectors [3, 4]. The negative charge coming up 
from phosphodiester backbones of both double-stranded pDNA and siRNA allows 
electrostatic interactions with cationic polymers to form so called polyplexes or in the case of 
lipids so called lipoplexes, both with nanometric sizes.  

After the assembly of nucleic acids into the stable nanoparticles of appropriate size, 
several anatomical barriers need to be overcome on the route to reach target cells. 
Immediately after systemic administration, surface interaction with plasma proteins such as 
opsonins and recognition by immune cells in the bloodstream (monocytes, leukocytes, 
dendritic cells) and in tissues (resident phagocytes) make some nanoparticles susceptible to 
elimination. Penetration through the endothelium followed by the entrance to extracellular 
matrix (ECM) can be achieved by the enhanced permeability and retention effect (EPR) in 
tumors [5] or can be mediated by conjugation of nanoparticles with active targeting ligands in 
more intact microvasculature. When nanoparticles escape the ECM and reach the target cell, 
cellular binding may lead to the endocytosis. Once the drug or gene is internalized, its 
intracellular processing begins in endosomes, which are acidified. Subsequently, the 
endosomal content may fuse with lysosomes, which are further acidified and contain various 
degrading nucleases To avoid lysosomal degradation cargo must be protected or escape into 
the cytosol. The siRNA transport ends in cytoplasm, whereas for successful gene expression 
from pDNA, nuclear import of the pDNA and its availability for transcription in the nucleus 
are essential [2, 4].    

 

2. Current state of the art 

2.1 The interaction of ligands with model membranes containing calixarenes 

Cellular processing of nanoparticles can by studied in vitro using cell culturing 
procedures. Apart from this method, biomimetic membrane models can be also employed into 
the study and may be useful especially when looking at the membrane interactions at a 
molecular level [1, 6]. 

Currently, research in the field of membrane modeling is focusing on the synthesis and 
use of artificial receptors. Among various host molecules (cucurbiturils, cyclodextrins, crown 
ethers), calixarenes gain an attention due to their sensitivity and selectivity to low or high 
molecular weight ligands such as proteins or catecholamines [7, 8].  

Calix[n]arenes (CX) are macrocyclic aromatic molecules based on a 
hydrozyalkylation product of phenols and aldehydes. The index [n] refers to the number of 
phenol aromatic cycles in the molecule. Hydrophobic cavity formed by phenol subunits offers 
space for selective binding of a wide range of compounds and can be served as potential 
protein surface binders [9]. In 2005, Oshima et al. [10] reported that a calix[6]arene 
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carboxylic acid derivative (Oct[6]CH2COOH) exhibits one of the highest degrees of 
entrapping biological important amino compounds. Calix[6]arene exhibited high affinity for 
cationic proteins such as cytochrome c by promoting its extraction into apolar solvents. 
Authors assume that the association of the protein and calixarenes involves lysine ammonium 
and carboxylate ion pairing (Figure 2.1). 

 

 

 

 

Figure 2.1: Schematic representation of a general concept of cytochrome c recognition by 
calix[6]arene molecule. A) Complementary surface areas with hydrophobic core (green) and 
oppositely charged surroundings (black and red) [11] B) Model of cytochrome c molecule 
[12] and molecular structure of calix[6]arene [8]. 

 
Cytochrome c (Cyt c) plays a dual role in living system. It participates in electron 

transport and is responsible for the activation of the apoptotic pathway through releasing from 
mitochondria into the cytosol [13]. At the same time, the detection of endogenous 
concentration of cytochrome c is of high importance for diagnosis of possible pathological 
processes in the organism. In our laboratory, an extensive work with the calixarenes as 
constituents for construction of biosensing devices, for Cyt c detection has been performed 
[14].  

In this study we are attempting to incorporate cytochrome c specific calix[6]arene 
carboxylic acid derivative into the lipid vesicles and examine its complexation ability with 
cytochrome c (Cyt c) in a water phase. The selective extraction of Cyt c with this calixarene 
has been studied and described so far only in bulk liquid phase [8, 10]. Furthermore, 
complexation of calixarene with dendrimers will be also investigated and compared to those 
of heme-protein. 

2.2 The interaction of dendrimers with models of lipid membranes 

Dendrimers are highly branched macromolecules that provide a high degree of 
functionality and versatility. They can serve as unique carriers in various medical applications 
including drug delivery and tumor therapy. When considering the structure and nanoscaled 
dimensions of dendrimers, these macromolecules can be also viewed and used as a globular 
protein mimics [15]. From the first publication on polyamidoamine (PAMAM) dendrimers 
presented by Tomalia et al.in 1985 [16], a more than hundred families and thousands of 
surface modifications have been reported [17, 18]. PAMAM dendrimers are the most 
extensively characterized and the first commercialized dendrimer family (Figure 2.2). 

Dendrimer-lipid membrane interactions are intensively studied experimentally and by 
molecular dynamics simulations. These interactions differ with the respect to the dendrimer 
generation. The charge of dendrimers as well as membrane phase or structural state and 
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composition play important role [19]. In our work, we are attempting to study the interaction 
of G4 PAMAM with the lipid membrane modified by artificial receptors-calixarenes. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: The comparison of hydrodynamic diameter of PAMAM dendrimers with that of 
proteins and with typical dimensions of lipid bilayers and DNA. Adapted from [15]. 

2.3 The interaction of chitosan with membrane models and cell cultures 

 Chitosan is naturally derived cationic polysaccharide that is nontoxic, biocompatible 
and biodegradable. These properties make chitosan highly attractive candidate for the 
development of drug and gene delivery systems [4]. Chemically, chitosan is a linear 
copolymer of β-1-4 glycosidic bond linked N-acetyl-D-glucosamine (GlcNAc) and D-
glucosamine (GlcN). Chitosan is then obtained by alkaline de-N-acetylation, of chitin.      
Chitin is water insoluble and the solubility of chitosan at neutral pH-values increases at higher 
fraction of acetylated units (FA). Chitosan is a weak polybase with an intrinsic pKa 
approaching 6.6, making the molecule only slightly positively charged at pH values around 
7.2-7.4 [4]. 

 To overcome the limitations connected with the low charge density at physiological 
pH such as low solubility, aggregation and poor stability of chitosan-based formulations, a 
variety of chitosan derivatives with improved functional properties have been synthetized.    
At the Department of Biotechnology (NTNU, Trondheim), a several chitosan derivatives have 
been developed in recent years [20]. This comprises the production of fully de-N-acetylated 
chitosan oligomers of conventional linear structure (LCO) and the preparation of self-
branched chitosans (SB). Furthermore, the substitution of LCO and SB with the trisaccharid 
2-acetamido-2-deoxy-D-glucopyranosyl-β-(1-4)-2-acetamido-2-deoxy-D-glucopyranosyl-β-
(1-4)-2,5-anhydro-D-mannofuranose (AAM) have resulted in trimer substituted (TCO) and 
self-branched trimer substituted chitosan oligomers (SBTCO), respectively (Figure 2.3).  

 

 

 

Figure 2.3: Schematic depiction of structural derivatives of chitosan for nucleic acid delivery. 
Adapted from [4] and [21]. 
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 Chitosan-lipid membrane interaction is of electrostatic, H-bonding and hydrophobic 
origin. The phospholipid packing density as well pH are responsible for modulation of 
interaction behavior, as it was shown by studies performed on biomimetic membranes [22]. 
Furthermore, the type of cell line together with functional properties of chitosan-based vectors 
play an important role in the internalization process followed by the various level of 
fransfection efficacy. Strand et al [20] studied gene transfer efficacy of SBTCO, fully soluble 
at physiological pH and complexed with pDNA in HEK239 as well as in HepG2 cells. The 
gene expression levels were up to 10 and 4 times higher than those obtained with 
unsubstituted and substituted linear chitosan oligomers, respectively. SBTCO possessed 
higher gene transfer efficacy also when compared with 22 kDa linear PEI-based transfection 
reagent. In addition, SBTCO revealed significantly lower cytotoxicity and improved serum 
compatibility. 
          The mechanism for the enhanced transfection efficacy for SBTCO polyplexes is not 
completely clear. We assume that the difference in transfection efficacies could be attributed 
to different endocytic pathways and different intracellular fates of the polyplexes. In this 
study, we were analyzing the transport mechanism of SBTCO and LCO polyplexes in HeLa 
cells with the focus on the role of clathrin- and caveolae-mediated endocytic pathways 

2.4 Nanoparticle modification by polyethylene glycol and their interaction with 
model membranes and cell cultures 

Modification of nanoparticles by polyethylene glycol (PEG) provides tool for 
excellent shielding and forming covalent linked hydrophilic corona. This is of importance 
when considering pharmacokinetics and biodistribution of intravenously administered 
nanoparticles.  

PEG is coiled polymer of repeating ethylene ether units. A polyether backbone is 
chemically inert in contrary to the terminal groups that can be activated for conjugation to 
different polymers and drugs [23]. The term PEGylation can be then referred to the decoration 
of a particle surface by the covalently grafting, entrapping or adsorbing of PEG chains.              

PEG attached to the nanoparticle surface can adopt two regimes depending on their 
grafting density. If the density is low, polymer is present at mushroom regime. The higher 
grafting density induces so called brush regime.Conformation of PEG can be described in 
terms of Flory radius (푅 ) and distance between grafting points (퐷)[24]. The number of PEG 
molecules required for transition from mushroom to brush arrangements depends highly on 
the PEG and particle type. When considering nanoemulsions as a nanoparticle platform, these 
represent heterogeneous dispersions of two immiscible liquids - oil phase and water phase in 
combination with amphiphilic surface-active molecules (surfactants).These translucent and 
kinetically stable droplets have size in the nanometric scale, typically 20 – 200 nm, depending 
on the method of preparation [25]. Emulsions having water as a continuous phase and oil as a 
dispersed phase are referred as ´oil in water´ (O/W) emulsions. For O/W emulsions, the 
surfactant is generally soluble in aqueous phase. Nanoemulsions with central oil core are 
attractive for delivery of poorly water-soluble drugs [26]. 

 

 

 
 

Figure 2.4 Schematic depiction of fluorescently labeled nanoemulsion with A) low and B) 
higher PEG surface density [27]. 
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PEG grafting density on the nanoparticle surface has been shown to be critical factor 
able to modulate both circulation time and non-specific cellular uptake. Although 
macrophages do not phagocytize the sterically shielded nanoparticles, the grafted PEG 
decreases the uptake also to the cells of potential therapeutic interest. In addition, PEGylation 
also inhibits endosomal escape which in turn decreases transfection efficiency and ultimate 
delivery of therapeutic agent [28].  

In this work, we were investigated the effect of PEG grafting density over 
nanoparticles on the prostate cancer cell line. The nanoparticle platform used in this study is 
based on recently introduced multimodal nanoemulsions [29]. The one of the major 
advantages of this platform is possibility to judiciously vary surface PEG-density up to high 
level without affecting their morphology [27]. 
 

3. Objectives 

In the term of drug delivery, the overall aim of this thesis has been to study the 
mechanisms of interaction of various nanoparticles with the biomimetic membranes and 
carcinoma cells. This includes the study of the mechanisms of interaction dendrimers and    
Cyt c with model membranes containing artificial receptor Calix[6]arene. The focus has been 
also on the study of the interaction of chitosan-DNA complexes with the cell cultures.     
Finaly we concentrated our effort also on the preparation of nanoemulsions containing PEG 
and studied the mechanisms of their interaction with prostate cancer cells. More specifically 
the aims of the thesis can be summarized as follows:  

 

a) To prepare lipid vesicles modified by Calix[6]arene and examine its complexation 
ability with Cyt c in a water phase followed by the comparison to the complexation 
ability with (polyamidomine) PAMAM dendrimers of fourth generation. This study 
will be performed by size and zeta potential measurements, fluorescence anisotropy 
method will be also employed. 
 

b) To prepare chitosan-DNA complexes of two types – linear chitosan (LCO), 
trisaccharide substituted chitosan oligomers (SBTCO) and analyze their transport 
mechanism in human cervical carcinoma cells with the focus on the role of clathrin- 
and caveolae-mediated endocytic pathways. This study will be performed by flow 
cytometry. Discrimination between surface associated and internalized complexes will 
be determined by means of trypan blue treatment and the endocytic pathways will be 
evaluated using endocytic inhibitors namely chlorpromazine, genistein and dynasore. 
 

c) To prepare nanoemulsion with varying PEG density (5 - 50 mol%), characterize 
physical properties of these particles and examine study on their cellular uptake by 
prostate cancer cells. Intracellular distribution of PEGylated and non-PEGylated lipids 
will be analyzed together with cell viability. In this study, flow cytometry and 
confocal laser scanning microscopy will be employed. Cell viability will be 
determined by alamar blue assay. 
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4. Material and methods 

4.1 Chemicals 

1,2-sn-glycero dimyristoylphosphatidylcholine (DMPC), L-α-Phosphatidic acid 
sodium salt (PA); (Avanti Polar Lipids Inc, USA), cytochrome c (Cyt c), dendrimer 
[NH2(CH2)2NH2]:(G=4) PAMAM(NH2), N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl) 
phenylammonium p-toulenesulfonate (TMA-DPH), 1,6-diphenyl-1,3,5-hexatriene (DPH); 
(Sigma Aldrich, USA). Calix[6]arene carboxyl acid derivative (t[6]CH2COOH) (CX) was a 
gift from Dr. T. Oshima (University of Myazaki, Japan) and synthesized according to the 
procedure described elsewhere [10]. Phosphate Buffered Saline (PBS, pH=7.4) was prepared 
from tablets (Sigma Aldrich) using deionized water (Elix 5, Milipore).  

Phosphate buffer saline for cell culture applications (PBS; Invitrogen), Dulbecco´s 
modified eagle medium (DMEM; Invitrogen, Gibco), fetal bovine serum (FBS; Invitrogen, 
Gibco), non-essential amino acids (Invitrogen, Gibco), L-glutamine (Sigma Aldrich), 
penicillin and streptomycin (Sigma Aldrich), reporter plasmids gWiz™ Luc and gWiz™ 
GFP, which contain a cytomegalovirus promoter, and either the firefly luciferase (Luc) or 
green fluorescent protein (GFP) genes (Aldevron, Fargo). The plasmid DNA (pDNA) was 
approximately 6.7 kbp.  

LCO with a number average degree of polymerization (DPn) of 42 was prepared by 
nitrous acid degradation of completely  de-N-acetylated chitosan (FA < 0.002) as previously 
described [30]. SBTCO was prepared from LCO by simultaneous self-branching and 
substitution with the trimer 2-acetamido-2-deoxy-d-glucopyranosyl-β-(1-4)-2-acetamido-2-
deoxy-dglucopyranosyl-β-(1-4)-2,5-anhydro-d mannofuranose (AAM) [20].  

Sterile MilliQ grade water (Millipore), OptiMEM (Invitrogen, Gibco), mannitol 
(Sigma Aldrich), HEPES (Invitrogen, Gibco), YOYO-1 (Invitrogen, Molecular Probes), 
Hanks Buffered Salt Solution (HBSS; Invitrogen, Gibco), Alexa Fluor 488-labeled transferrin 
(Invitrogen, Molecular Probes), Alexa Fluor 488-labeled cholera toxin B (Invitrogen, 
Molecular Probes), chlorpromazine, dynasore, genistein; (Sigma Aldrich), trypan blue (TB; 
Invitrogen).  

1,2-disteraoyl-sn-glycerol-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-
2000] (PEG2000–DSPE), cholesterol, 1,2-disteraoyl-sn-glycero-3-phosphocholine (DSPC), 
soybean  oil, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B 
sulfonyl ammonium salt (Rhodamine-PE); Avanti Polar Lipids, Nir664–PEG2000–DSPE 
(SyMo-Chem), Alamar Blue (AB; Invitrogen DAL1025), Hepes Buffered Saline (HBS, 
pH=7.4), paraformaldehyde (PFA; Sigma Aldrich), Vectashield antifading reagent (Vector 
Lab). 

4.2 Preparation of lipid vesicles modified by calixarenes 

Large unilamellar vesicles (LUVs) were prepared by extrusion technique described in 
[31]. Either DMPC or its mixture with CX (1, 3, 10 mol %) dissolved in chloroform was 
added into the round bottom flask and gently evaporated under the stream of nitrogen in order 
to obtain thin film on the wall. Subsequently, dry lipid was hydrated with PBS buffer. This 
procedure yields multilamellar vesicles. The final concentration of the vesicles was 4 mg/ml 
for size measurements and 0.4 mg/ml for zeta potential and fluorescence anisotropy 
measurements. The solutions were extruded (Avanti Polar Lipids Extruder)25 times through 
polycarbonate membrane of 100 nm pore size at 30°C, which was well above the main phase 
transition temperature of DMPC. 
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4.3 Preparation of nanoparticles 

Preparation of chitosan polyplexes 

DNA–chitosan polyplexes were formed by adding chitosan to pDNA in sterile MilliQ 
water during intense stirring. The polyplexes were prepared with a constant pDNA 
concentration of 13.3 μg/ml and an amino: phosphate ratio (A/P) of 5:1 and were incubated 
for 30 min at room temperature. Prior to transfection, polyplexes formed in MilliQ water were 
diluted 1:2 with OptiMEM that was supplemented with 270 mM mannitol and 20 mM HEPES 
to adjust the osmolarity to 300 mOsm/kg and the pH to 7.2. To study cellular uptake, the 
pDNA was labeled with YOYO-1 before polyplex formation with chitosan. One dye molecule 
per 50 bp of pDNA was used. Some characteristics of the polyplexes which have been 
published previously are summarized in [32].  

Preparation of polyethylene glycol modified nanoemulsions 

 Stock solutions were prepared by dissolving all components in chloroform. Typically 
a total of 8 µmol of the amphiphilic DSPC lipids, cholesterol,  PEG2000–DSPE were mixed at 
molar ratio as denoted in Table 4.1. The amount of soybean oil was defined as milligram per 
micromole of amphiphilic lipid mixture. For fluorescence measurements 0.1 mol% of 
Nir664–PEG2000–DSPE and/or Rhodamine-PE were used. Subsequently, the lipids were 
added drop by drop into the 3 ml of HBS buffer (pH 7.4) under vigorous stirring (1100 rpm) 
and heated (75°C) in order to evaporate chloroform. The obtained crude solution was then 
sonicated for 20 min (Heat System Ultrasonics, W-225R, duty cycle 35%, 30 W and 20 kHz) 
in a water bath keeping the ambient temperature of emulsion. 

Table 4.1: Composition of nanoemulsions with 5 - 50mol% polyethylene glycol surface 
density (referred to as P5 - P50) 

     P5 P10                       P30                                 P50 
DSPC (mol %)     62  57                          37                   17 
Cholesterol (mol %)     33  33 33                    33 
PEG-2000-DSPE (mol %)      5  10                          30                    50 
Soybean oil (mg/µmol lipid)   2.7 3.2                          4                 5.4 

4.4 Preparation of cell cultures 

Human cervical carcinoma cell line 

The human cervical carcinoma cell line (HeLa) was grown in monolayer in DMEM 
supplemented with 10% FBS, 1 mM non-essential amino acids, 1 mM L-glutamine and 
100 U/ml penicillin and streptomycin. The cell cultures were grown at 37 °C and 5% CO2. 

Prostate cancer cell line 

The prostate cancer cell line (PC3) was grown in monolayer in the presence of DMEM 
supplemented with 10% FBS at 37°C and 5% CO2. 

4.5 Cellular uptake and transfection of nanoparticles 

Determination of cellular pathways by using the inhibitors of endocytosis 

Endocytosis represents vesicular uptake of extracellular macromolecules.This process 
has been established as the main mechanism for the internalization of nonviral vectors into the 
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cells [33]. Endocytosis can be classified into two broad categories; phagocytosis and 
pinocytosis. Phagocytosis is typically restricted to specialized mammalian cells including 
macrophages, monocytes that function to clear large particles. Pinocytosis occurs in all 
mammalian cells and is characterized with at least four distinct pathways: clathrin-mediated 
pathway, caveolae-mediated pathway, macropinocytosis and clathrin/caveolae independent 
endocytosis. 

Determination of endocytic pathways can be performed by certain treatments that aid 
to inhibit internalization. Generally, endocytic uptake is an energy-dependent mechanism. For 
this reason, endocytosis can be inhibited by lowering the temperature or by the use of 
metabolic inhibitors to deplete the ATP pool. Some treatments including chemical inhibitors 
can more/less specifically inhibit a certain endocytic pathways [33, 34].  

Clathrin mediated pathway can be inhibited by treatments such as potassium depletion, 
hypertonicity, cytosol acidification or the use of chlorpromazine. Chlorpromazine is a cationic 
amphiphilic drug thought to inhibit clathrin coated pit formation by a reversible translocation 
of clathrin and its adapter proteins from the plasma membrane to intracellular vesicles. 
Genistein is a tyrosine-kinase inhibitor that causes local disruption of the actin network at the 
site of endocytosis and inhibits the recruitment of dynamin II; two events that are known to be 
indispensable for caveolae-mediated uptake [34].  

In addition to these two inhibitors, dynasore was used in our study as well. Dynasore 
is a non-competitive inhibitor that blocks dynamin-dependent endocytosis by preventing the 
closing of the membrane invagination to form free vesicles, thus inhibiting both clathrin- and 
caveolae-mediated endocytosis. Moreover, this GTPase participates in actin comet formation 
and the transport of macropinosomes, most likely by interacting with actin-binding proteins 
[35, 36]. 

Cellular uptake and transfection of chitosan polyplexes 

To study cellular uptake of chitosan polyplexes, HeLa cells were seeded in 24-well 
plates (Corning) at a density of 105 cells per well and allowed to adhere overnight.The next 
day, the cells were washed with HBSS and incubated with 300 μl of polyplex formulation 
containing YOYO-1-labeled gWiz™ Luc that was complexed with LCO or SBTCO. After 3 h 
of incubation at 37 °C, the cells were washed in PBS and incubated in fresh growth medium 
for 30 min and prepared for flow cytometric analysis. The cells were washed twice in PBS, 
trypsinized, resuspended in ice-cold PBS supplemented with 4% fetal bovine serum, spun 
down, resuspended in ice-cold HBSS, filtered through 40 μm nylon mesh and kept on ice until 
time of analysis. For cellular uptake measurements, the cells were analyzed before and 
immediately after resuspension in trypan blue (400 μg/ml). Trypan blue is known to quench 
the fluorescence of extracellular surface-associated complexes [37]. 

Before studying the effect of inhibitors on cellular uptake, Alexa Fluor 488-labeled 
transferrin and Alexa Fluor 488-labeled cholera toxin B, which are markers for clathrin- and 
caveolae-mediated endocytosis respectively, were used to determine the non-toxic 
concentrations of the inhibitors that also showed considerable inhibition. The following 
optimal concentrations were found: 10 μg/ml chlorpromazine, 30 μg/ml dynasore and 
70 μg/ml genistein. The uptake experiments in the presence of inhibitors were performed as 
described above, but the HeLa cells were preincubated with the endocytic inhibitors in 
OptiMEM for 30 min prior to addition of polyplexes. The preincubation solution was then 
removed, and YOYO1-labeled polyplexes supplemented with the inhibitor were added to the 
cells. 

In the case of transfection study, HeLa cells were seeded in 24-well plates and allowed 
to adhere overnight to obtain 70–80% confluency on the day of transfection. The transfection 
protocol was similar to the uptake protocol described above. Briefly, the cells were washed 
with HBSS, preincubated with inhibitors in OptiMEM and transfected with polyplexes 
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containing the reporter plasmid gWiz™ GFP in the presence of inhibitor. After 4–5 h of 
incubation, the polyplexes were removed and fresh culture medium was added. Twenty-four 
hours later, the cells were analyzed by flow cytometry to determine the degree of GFP 
expression. 

Cellular uptake of polyethylene glycol modified nanoemulsions and intracellular 
nanoemulsion distribution of Nir664-PEG2000-DSPE and Rhodamine-PE         

To study cellular uptake of PEGylated  nanoemulsions, PC3 cells were seeded in 12-
well plates (Corning) at a density of 120 000 cells in 800 µl DMEM and allowed to adhere 
overnight. The next day, DMEM was removed and cells were incubated for 2h and 4h with 
400 µl of either DMEM with nanoemulsions (1mM lipid) or as a control only with DMEM. 
After incubation, formulations were removed and cells were prepared for flow cytometry 
analysis. The cells were washed 3 x with PBS (1 ml), trypsinized (300 µl), resuspended in ice 
cold PBS supplemented with 10% FBS (700 µl) and kept on ice until flow cytometry analysis. 

When studying the intracellular nanoemulsion distribution of Rhodamine-PE and 
Nir664-PEG2000-DSPE lipids, PC3 cells were seeded on Lab-Tek 8-well detachable chamber 
slides (VWR International) at a density of 25 000 cells in 300 µl and allow to adhere 
overnight. After 24h, DMEM was removed and cells were incubated with 200 µl DMEM 
containing double labeled (with both Nir664-PEG2000-DSPE and Rhodamine-PE) 
nanoemulsions (1 mM lipid) for 2 h. After incubation, nanoemulsions were removed and cells 
washed 3 x with DMEM (400 µl). The cells were subsequently fixed on ice with 4% PFA 
(400 µl). After 30 min, the fixation medium was removed and cells washed 2 x with PBS 
(400 µl). The samples were mounted with Vectashield antifading reagent and cover glasses 
were sealed with nail polish. Imaging of the samples followed by the colocalization of two 
fluorophores was then assessed using confocal laser scanning microscopy (CLSM). 

4.6 Cell viability assay 

To measure cell viability, Alamar Blue (AB) assay was employed. In this assay cells 
are incubated with non-fluorescent resazurin, which is metabolized to fluorescent resorufin by 
viable cells [38]. PC3 cells were seeded in 96-well (Corning, black bottom) plate at a density 
10 000 cell/well in 200µl DMEM. After 24 h, cells were exposed to nanoemulsions at 
0.1 mM, 0.3 mM, 0.5 mM, 1 mM, 1.5 mM, 2 mM lipid concentration and incubated for 2h at 
37°C. Cells were then washed with phenol red free DMEM containing penicillin (100 U/ml) 
to avoid microbial contaminants. Subsequently, AB was added (10 µl into 100 µl DMEM) 
and incubated for 2 h, and the resorufin fluorescence was measured using microplate 
fluorometer in bottom-reading mode with excitation at 530 nm and detection at 590 nm.  

4.7 Experimental methods 

Size and zeta potential measurements 

The hydrodynamic size and zeta potential of nanoparticles were examined using 
Zetasizer Nano (Malvern, UK) according to the Stokes-Einstein relationship and Henry 
equation, respectively [39]. The hydrodynamic diameter of liposomes was measured in 
cuvette (DTS0012, Malvern), into which 1ml of 4mg/ml LUV solution was added.             
Zeta potential was measured in capillary cell (DTS1060, Malvern) using 0.4 mg/ml LUV 
solutions. Cyt c or PAMAM G4 were stepwisely added  into the cell in the form of 
concentrated stock solution in PBS to reach the final concentrations of 0.03 µM, 0.3 µM,        
1 µM, 60 µM. 

The hydrodynamic size of nanoemulsions was measured and zeta potential determined 
according to protocol described previously [27].    
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Fluorescence anisotropy measurements 

Fluorescence anisotropy (r) can be then evaluated according to the equation 4.3 [40],                   
In order to analyze membrane fluidity in whole bilayer, two fluorescent probes have been 
used in this study; DPH and TMA-DPH. DPH is an apolar molecule incorporated in the 
hydrophobic core of lipid bilayer. On the other hand, TMA-DPH with its polar region is 
anchored at the lipid-water interface, while the hydrocarbon moiety enters the lipid part of the 
membrane and is approximately equivalent to that of a 10-carbon aliphatic chain  [41]. 

Fluorescence anisotropy measurements utilizing TMA-DPH and DPH probes were 
carried out with a LS-50B (Perkin-Elmer, UK) spectrofluorimeter. The probes (4 µl, 1 mM 
stock solution) were added into the suspension of 1ml liposomes (4 mg/ml) and incubated for 
20 - 30 min. The cuvette holder was temperature controlled at 30 °C.The excitation and 
emission wavelengths were 348 nm and 443 nm, respectively [17].                                       

Flow cytometry 

Flow cytometry measurements were performed on Gallios (Beckman Coulter).  Flow 
cytometer was used to analyze both cellular uptake of YOYO-1-labeled pDNA and 
transfection measuring GFP-expressing cells as well as cellular uptake of Nir664-labeled 
nanoemulsions. 

For each sample, 10.000 events were counted, and a dot plot of the forward light 
scatter signal against the side scatter signal was used to establish a collection gate that 
excluded cell debris, dead cells and aggregates. The light scatter signal was used to estimate 
the fraction of dead cells. To distinguish between autofluorescence and fluorescently labeled 
cells, unstained cells were analyzed as a negative control.The YOYO-1-positive cells and 
GFP-positive cells were excited at 488 nm, and fluorescence was detected using a 515 –
 545 nm band pass filter. The cellular uptake of the polyplexes was calculated both as the 
percentage of YOYO-1-labeled HeLa cells, and as the amount of internalized pDNA which 
was estimated from the median fluorescence intensity of the YOYO-1-positive population of 
cells treated with trypan blue. Transfection efficacy was determined as the percentage of cells 
expressing GFP. 

To excite the Nir664 flourochrome, 633 laser line was used. Fluorescence was 
detected using a 650 - 670 bandpass filter. The cellular uptake of nanoemulsions was 
measured both as percentage of PC3 cells with higher fluorescence intensity than cellular 
autofluorescence as well as the level of internalized nanoemulsion, which was estimated as 
the median fluorescence intensity divided by median of the autofluorescence and normalized 
to the observed maximum cellular uptake. 

Confocal laser scanning microscopy 

Fixed cells were imaged by Zeiss LSM 510 Meta (Carl Zeiss Jena GmbH) equipped 
with a Plan Apochromat 63x/1.4 oil immersion objective. Rhodamine-PE was excited by    
543 nm laser line and fluorescence was detected using a meta detector at 569 – 623 nm.  
Nir664-PEG2000-DSPE was excited at 633 nm; the fluorescence detected using a meta detector        
655 -719 nm. The collection of 8-bit double labeled z-stack images, which were of 652 x 652 
pixels with a pixel size 0.110 μm, were taken. The thickness of each optical slice was             
∼ 0.9 μm and the optimal interval between slices  ∼ 0.45 μm. Scan zoom of 2 and image 
averaging of 4 were suitable for obtaining the image in desired resolution without 
photobleaching. Detector gain and laser powers were optimized in order to get full range of 
pixel intensities with a minimum saturation. Quantitative z-stacks analysis of colocalization 
between Rhodamine-PE and Nir664-PEG2000-DSPE was performed in ImageJ (NIH) using the 
plug-in Intensity correlation analysis (ICA; Tony Collins). The cells were analyzed separately. 
After the subtraction of background, the region of interest was drawn around the membrane of 
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each cell, thus only the fluorescence from internalized nanoemulsions was taken into the 
account.  
Intensity correlation analysis (ICA) plots, colour scatter plots, Pearson´s correlation 
coefficient (Rr), Mander´s colocalization coefficient (M) and intensity correlation quocient 
(ICQ) were determined [42].  

5. Results and discussion 

5.1 Complexation of cytochrome c and dendrimers with calixarenes incorporated 
into the lipid vesicles 

Physical properties of lipid vesicles with incorporated calix[6]arene 

In first series of experiments we studied the effect of calixarenes (CX) on the fluidity 
of lipid bilayers by means of measurement fluorescence anisotropy using fluorescence probes 
TMA-DPH and DPH localised in polar and hydrophobic part of lipid bilayers of DMPC 
vesicles, respectively. 
The steady-state fluorescence anisotropy value (r) of pure DMPC vesicles incubating with 
TMA-DPH equals 0.151 (±0.004) and 0.053 (±0.003) for DPH containing vesicles. These 
values increased with increasing molar concentration of CX in vesicles as it can be seen from 
Figure 5.1. For vesicles containing 10 mol% CX, the value (r) reached 0.182 (±0.002) and 
0.092 (±0.007) for TMA-DPH and DPH, respectively (Figure 5.1). Thus, the fluorescence 
anisotropy of vesicles containing CX is higher than those of unmodified vesicles.  
These data then suggest decreased ability of probes to rotate and are evidence on decreased 
fluidity of the membrane caused by CX. The increase in fluorescence anisotropy has been 
observed for both probes used in the experiments. This suggests that incorporation of CX into 
the membrane caused decrease of the fluidity both in polar and hydrophobic region of the 
lipid bilayer. 

 

 

Figure 5.1: Steady-state fluorescence anisotropy value for lipid vesicles containing various 
molar concentrations of CX in the presence of TMA-DPH (A) or DPH (B). The data are 
presented as the mean (±SD) from three independent measurements. 

The average diameter and zeta potential of LUVs were determined using Zeta sizer Nano. 
The average diameter was studied at temperature below (20 °C) and above (28 °C) the main 
phase transition temperature of DMPC from gel to liquid-crystalline state (phase transition 
temperature of the lipid bilayer composed of this phospholipid is approx. 24 °C). The average 
diameter of pure DMPC in gel state was 96 (± 1.7 nm) and in a liquid crystalline state equals 
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105.1 (± 1.3 nm) (Figure 5.2A). The increase of vesicle diameter at higher temperature is 
mostly due to increase of the mean molecular area of phospholipids in a liquid crystalline 
state of the bilayer. This is in agreement with the results obtained on lipid monolayers [43]. 
Figure 5.2A also shows dependence of average diameter of vesicles as a function of molar 
concentration of CX. It can be seen that with increasing the content of CX, the average 
diameter increases significantly. This phenomenon is most probably due to an increase of the 
mean molecular area of the molecules of the bilayers and agrees well with the results obtained 
on the monolayers that allowed to determine the mean molecular area of CX 
(3.30 ± 0.04 nm2) [44], whilst mean molecular area of DMPC is much lower (approx. 0.5 nm2 
in a gel state) [45].  
The plot of the zeta potential as a function of molar concentration of CX in DMPC LUV 
measured at 20°C is presented in Figure 5.2B. The zeta potential of pure DMPC is only 
slightly negative -1.6 (± 1.1 mV) which reflects the zwitterionic nature of DMPC polar 
headgroups. It can be seen from this figure that with increasing of the molar concentration of 
CX, the zeta potential became more negative and at 10 mol% it reached -19.4 (± 2.0 mV). 
This effect is due to negatively charged six carboxyl groups at the polar part of the CX. 

          

Figure 5.2: The plots of diameter, d (A) and zeta potential, ζ (B) of DMPC LUVs as a 
function of molar content CX. Each point represents the mean (±SD) obtained from three 
independent measurements.  

The study of the complexation of CX with cytochrome c and dendrimers  

The interaction of Cyt c and PAMAM G4 dendrimers with LUV composed of DMPC 
without and with 10 mol% CX was analyzed by measurements of size and zeta potential. We 
have shown that Cyt c did not affect both the average diameter and zeta potential of pure 
DMPC liposomes. At the highest used Cyt c concentration (60 µM), the average diameter was 
95.28 nm (± 1.2 nm) and zeta potential equals to 0.43 mV (± 0.9 mV) (Figure 5.3A). For 
vesicles containing 10 mol% of CX, the diameter of control sample (without Cyt c) was 
139.6 nm (± 2.4 nm); that at presence of 60 µM Cyt c equals 142.5 nm (± 0.6 nm). The zeta 
potential was correspondingly -20.8 mV (± 0.7 mV) and -12.15 mV (± 0.2 mV) (Figure 5.3B). 
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Figure 5.3: The plot of diameter, d and zeta potential, ζ of pure DMPC LUVs (A) and that 
containing 10 mol% CX (B) as a function of Cyt c concentration. Each point represents mean 
(±SD) obtained from three measurements, T=20°C 

PAMAM G4 in a concentration range 0.03 – 60 µM did not change the size of pure 
DMPC (without CX). The hydrodynamic diameter of vesicles incubating with 60 µM 
PAMAM G4 was practically same as diameter of non-treated vesicles and equals                  
105 (± 5.2 mV). 
 

  

Figure 5.4: The plot of diameter, d and zeta potential, ζ of pure DMPC LUVs (A) and that 
containing 10 mol% CX (B) as a function of PAMAM G4 concentration. Each point 
represents the average value (±SD) obtained from three measurements, T=20°C. 

The zeta potential was affected slightly by dendrimers. The highest concentration of 
PAMAM induced the changes of zeta potential by 2.4 mV towards the positive values    
(Figure 5.4A). However, the size and zeta potential of DMPC vesicles containing 10 mol% 
CX changed substantially upon addition of PAMAM G4. At PAMAM G4 concentration          
c > 0.3 µM the average diameter substantially increased reaching the value 266.8 nm 
(± 36 nm) at the highest dendrimer concentration. This suggests aggregation of vesicles. 
Negative zeta potential of CX-containing LUVs was in the presence of G4 reduced and 
moved towards the positive values reaching of 9.4 (± 2.7) mV at the highest G4 concentration 
(Figure 5.4B).  
The fact, that PAMAM G4 did not affect the size and zeta potential of pure DMPC liposomes 
can be attributed to the zwitterionic nature and physical state of the membrane as well as to 
the size and shape of dendrimers.  
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It is likely that main driving force of interaction Cyt c and PAMAM G4 with CX containing 
vesicles is negative charge of CX carboxyl groups. Cyt c interacts with CX by means of 
amino group of lysine that is incorporated into the cavity of CX. Interestingly; Cyt c, 
ribonuclease A and lysozyme are similar in molecular weight but different in number of 
lysine residues; 19 for Cyt c, 10 for ribonuclease A and 6 for lysozyme. In spite of similarities 
between these lysine-rich proteins, Rybonuclease A and lysozyme were not extracted by 
calixarene molecules [8]. The size of PAMAM G4 is approximately 4.5 nm, meeting the size 
of Cyt c. However, dendrimer possess on the surface 64 amino groups, which is much higher 
in comparison with Cyt c. Most probably this is the main reason why the interaction of 
PAMAM G4 with DMPC vesicles containing 10 mol% CX was stronger than those observed 
for Cyt c. 
In order to compare the effect of negatively charged components of lipid bilayer on the 
properties of LUVs, we also measured the mean diameter and zeta potential of vesicles 
composed of DMPC and phosphatidic acid (PA) together with the effect of Cyt c on this lipid 
mixture. As it is evident from the data presented in Figure 5.5A, with increasing the PA 
concentration, the vesicle diameter slightly increases, but the variation is not higher than 10%. 
This may be connected with higher molecular area of anionic lipids in comparison with 
zwitterionic ones. However, PA substantially affects the zeta potential that become more 
negative with increasing the concentration of anionic compound. Figure 5.5B shows, that Cyt 
c significantly affected the zeta potential only at higher molar concentration of PA (30 mol%), 
whilst less pronounced changes occurred at 10 mol%. 
 

    

Figure 5.5: The plot of diameter, d and zeta potential, ζ of LUVs composed of DMPC as a 
function of molar content of PA (A) and  zeta potential of these vesicles as a function of Cyt c 
concentration (B). Each point represents mean (±SD) obtained from three measurements, 
T=20°C. 

Fluorescence anisotropy measurements were performed at the Department of General 
Biophysics, University of Lodz, Poland and the experiments on Zeta Sizer Nano were 
performed at the Department of Nucelar physics and Biophysics FMFI UK.  The results 
presented in this part have been published in [46]  

5.2 Cellular uptake of DNA-chitosan nanoparticles: The Role of clathrin- and 
caveolae-mediated pathways 

Discrimination between surface associated and internalized polyplexes 

Treatment of the cells with trypan blue has been reported to quench the fluorescence 
of extracellular surface-associated complexes [37, 47]. Trypan blue is a vital dye incapable of 
penetrating intact cell membranes, widely used to distinguish internalized from surface-
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adherent particles. Therefore, we have applied this approach in order to eliminate the surface-
associated fluorescence from YOYO-1 labeled DNA-chitosan complexes. Almost all cells 
incubated with the YOYO-1 labeled polyplexes showed strong fluorescence, even after 
extensive washing. Trypan blue reduced the amount of fluorescence for cells incubated with 
the LCO polyplexes considerably, but not for the SBTCO polyplexes (Figure 5.6A and B). 
While the fluorescence intensity for the LCO polyplexes was reduced by approximately 9-
fold (p < 0.05), the percentage of fluorescent cells was insignificantly reduced (Figure 5.6C 
and D). In comparison to effectively quenched fluorescence of cell-associated LCO 
polyplexes, trypan blue treatment had negligible effect on cells incubated with SBTCO 
polyplexes. This finding suggests that LCO strongly binds to and remains associated with the 
cell surface. The higher affinity of the LCO polyplexes for the cellular surface is probably 
related to aggregation of the LCO polyplexes [3, 20], which increases the sedimentation rate 
of the polyplexes on the cell surface as compared to SBTCO.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Effect of trypan blue on fluorescence quenching of extracellularly bound 
chitosan–DNA–YOYO-1 labeled polyplexes. Flow cytometric logarithmic fluorescence 
histograms of cells incubated with LCO (A) and SBTCO polyplexes (B) without (black) and 
with trypan blue (TB) (blue). Autofluorescence is shown in red. From the histograms, median 
fluorescence intensity of cells expressing YOYO-1 fluorescence (C) and % cells expressing 
YOYO-1 fluorescence (D) were determined. The results are not Gaussian distributed and are 
presented as box plots indicating median value together with minimum–lower quartile–upper 
quartile–maximum value of nine measurements from three triplicates in three independent 
experiments. Significant reduction is indicated by*.  
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Cellular uptake of polyplexes and the effect of endocytosis inhibitors 

After the trypan blue treatment, cellular uptake of internalized polyplexes was studied.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Effect of endocytosis inhibitors on cellular uptake of chitosan–DNA–YOYO-1 
labeled polyplexes. Flow cytometric logarithmic fluorescence histograms of cells incubated 
with LCO (A) and SBTCO polyplexes (D) and treated with chlorpromazine (yellow/light 
grey), genistein (red, dark grey), dynasore (green/grey) or no inhibitors (black). Surface-
associated fluorescence was quenched by trypan blue. From the histograms, median 
fluorescence intensity (B, E) and % cells expressing YOYO-1 fluorescence (C, F) were 
determined. The results are not Gaussian distributed and presented as box plots indicating 
median value together with minimum–lower quartile–upper quartile–maximum value of nine 
measurements from three triplicates in three independent experiments. Significant reduction is 
indicated by* (*p < 0.05, **p < 0.01, ***p < 0.001). 
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The process of internalization was investigated by means of selective inhibition of the 
different endocytic pathways. Both LCO and SBTCO polyplexes were taken up by the 
majority of the cells, but the level of uptake varied considerably. The LCO and SBTCO 
formulations were taken up by 67% and 99% of the cells, respectively, and the cells with 
SBTCO polyplexes showed approximately 40-fold higher fluorescence intensity as compared 
to the cells with LCO polyplexes (Figure 5.7B and E). This increase is based on the median 
values. Using the mean values the increase in uptake is 10-fold. All three inhibitors reduced 
the cellular uptake of both types of polyplexes. In the case of the LCO polyplexes, the median 
fluorescent intensities were reduced approximately 1.5-fold (p < 0.05), 4.5-fold (p < 0.01) and 
5.2-fold (p < 0.001), in the presence of chlorpromazine, dynasore and genistein, respectively 
(Figure 5.7B). The percentages of fluorescent cells were reduced to 54%, 62% and 40% in the 
presence of chlorpromazine, dynasore and genistein, respectively; however, the reductions 
were only statistically significant for chlorpromazine (p < 0.05) and genistein (p < 0.001) 
(Figure 5.7C). Dynasore and genistein had a much greater effects on the uptake of SBTCO 
polyplexes. While chlorpromazine showed a 50% reduction in cell-associated fluorescence 
(p > 0.05), the fluorescence intensity was less than 0.8% in cells treated with dynasore and 
genistein (p < 0.001) (Figure 5.7E). Chlorpromazine reduced the percentage of fluorescent 
cells to 96% (p < 0.05), dynasore to 47% (p < 0.001), and genistein diminished it to 15% 
(p < 0.001) (Figure 5.7F). 

The effect of endocytosis inhibitors on transfection 

To study the influence of the endocytosis inhibitors on transfection, we used GFP as a 
reporter gene. In agreement with previously published results [3], less than 5% of the HeLa 
cells were transfected using the LCO polyplexes. The SBTCO polyplexes demonstrated a 
significantly higher transfection efficacy than LCO and reached 30% GFP-expressing cells 
(Figure 5.8), which has also been found previously [3]. The effect of the endocytosis 
inhibitors on transfection efficacy was investigated only for the SBTCO polyplexes because 
the LCO polyplexes had low transfection efficacy. Interestingly, the addition of 
chlorpromazine did not reduce the GFP expression in HeLa cells; rather a small increase was 
observed. In contrast, genistein and dynasore significantly reduced the transfection efficacy to 
2–3% (Figure 5.8) (p < 0.05). 

 

 

 

 

 

 

Figure 5.8: GFP expression mediated by SBTCO polyplexes without and in the presence of 
endocytosis inhibitors. The data is the mean of three independent experiments ± standard 
deviations. Significant reduction is indicated by*. 

The effect of the three inhibitors on SBTCO polyplex transfection correlated with the 
inhibition of cellular uptake. Genistein and dynasore almost completely inhibited both cellular 
uptake and transfection. Chlorpromazine, which showed limited effect on SBTCO polyplex 
internalization, actually increased the level of transfection to a small extent. Such an increase 
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has also been demonstrated by others [48], and has been explained as the result of the 
upregulation of other endocytic pathways [49]. 
LCO polyplexes showed cellular uptake through both clathrin-dependent and clathrin-
independent endocytosis and a very low level of transfection. This may indicate that LCO 
polyplexes are degraded along the endosomal-lysosomal pathway. In accordance with this, 
photochemical PCI treatment which destroys membranes of endocytic vesicles, increased the 
transfection by LCO polyplexes considerably [32]. Consequently, endosomal escape is 
apparently a limiting factor for successful transfection by LCO polyplexes. 
The clathrin-independent pathways are less well understood. The caveolae-mediated 
endocytosis is often highlighted in relation to gene delivery, and it has been suggested that 
viruses internalized by this pathway may avoid lysosomal degradation [50]. Caveosomes 
characterized as distinct pH neutral intracellular compartments, have been associated with 
caveolae-mediated endocytosis. However, recently the authors that first suggested the 
existence of caveosome claimed that it is an artifact [51]. Rather the caveolae are immobile 
structures at the plasma membrane. The fate of the caveolin coated invagination structures or 
“caveosomes” is unclear, but most evidence points to a fusion with early endosomes, while a 
few reports suggest that “caveosomes” proceed to the Golgi apparatus or follow another path 
[50, 51]. The intracellular path is probably dependent on the cargo [52, 53]. 
The difference in transfection between the two polyplexes cannot be attributed to different 
intracellular fate alone. It should be emphasized that the uptake of LCO was approximately 10 
times lower than that of the SBTCO polyplexes. The low transfection efficacy obtained by 
LCO polyplexes is probably due to both low cellular uptake as well as lysosomal degradation 
of the gene. 

The experiments presented in this section were performed at the Department of 
Physics, The Norwegian University of Science and Technology in Trondheim, Norway in 
framework of joint project funded by EEA financial mechanisms, Norwegian financial 
mechanism and Slovak government by means of fond NIL for promotion of collaboration in 
the field of education (Project No. NIL-I-006) and has been published in [32].  

5.3 The effect of polyethylene glycol (PEG) coated nanoemulsions on prostate cancer 
cells: The role of PEG grafting density 
 

Physical properties of PEG-modified nanoemulsions 

In order to distinguish mushroom and brush regime of polymer chain, several 
parameters characterizing conformation of PEG at the surface of nanoemulsions were 
determined (Table 5.1). Flory radius (Rf), mean distance between grafting points (D) and 
extension length (L) were calculated following the model postulated by deGennes [24, 54].  

Table 5.1: Parameters characterizing regime of polyethylene glycol on the surface of 
nanoemulsions according to its various grafting density 

Parameter                     P5                    P10                 P30             P50 
D (nm) 3.6 2.6 1.5               1.2 
L  (nm) 3.4 4.2 5.9         7.0 
Ap (nm2) 10.3 5.2 1.8         1.1 
regime mushroom  brush   brush dense brush 
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The size and zeta potential of nanoemulsions were also analyzed (Table 5.2).             
The hydrodynamic diameter of prepared nanoemulsions with various PEG content was 
approximately 100 nm with similar polydispersity index (PDI) 0.1.  

Table 5.2: Size and zeta potential of nanoemulsions 

 

Cellular uptake of nanoemulsions 

After the preparation and characterization of PEG-modified nanoemulsions, their 
cellular uptake by prostate cancer cells was studied. Nanoemulsions owning mushroom 
conformation were taken by majority of PC3 cells. The uptake of P5 nanoemulsions was 
76 (±12) % and 93 (±7) % for 2 h and 4 h incubation time, respectively (Figure 5.9).         
   

 

 

 

 

 

 

 

 

Figure 5.9: Effect of various grafting density of PEG2000-DSPE present at the surface of 
nanoemulsions on the uptake by PC3 cells. Flow cytometric logarithmic fluorescence 
histograms of cells incubated with nanoemulsions for 2 h (A) and 4 h (B). From the 
histograms, percentage (D) and median fluorescence intensity (C) of cells expressing Nir664 
fluorescence were determined. The results are presented as an average together with their 
standard deviation obtained from 2-3 independent measurements performed in duplicate. 
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The percentage of Nir664 positive cells decreased with increasing the molar content of 
PEG. P50 nanoemulsions were internalized only by 20 (± 8) % cells after 2 h exposure and 
reached maximum 34 (± 14) % following the 4 h incubation time (Figure 5.9C). Median of 
fluorescence intensity of cells incubated 2 h with P5 nanoemulsions was 3.95 (± 0.98);  in the 
case of P50 it was slightly lower 2.36 (± 1.11). As a consequence of 4 h incubation time, the 
median of fluorescence intensity for P5 increased and reached the values 5.37 (± 2.27), 
whereas for P50 the change was almost negligible, median of fluorescence intensity was 2.4 
(± 1.05) (Figure 5.9D). 

Zeta potential, which is more negative for the higher PEG surface densities, can 
partially explained decreased cellular uptake with increasing PEG2000-DSPE content. 
Negatively charged cell membrane can induce electrostatic repulsion towards the anionic 
nanoparticles. However, negatively charged particles can cross the lipid membrane and reach 
intracellular region [55]. Since endocytosis entry of nanoemulsions was observed in previous 
study [27], the uptake of nanoemulsions is presumably mediated by certain proteins in spite of 
their negative charge. Non-specific adsorption of proteins on the surface of nanoemulsions 
from cell culture medium can induce the uptake of nanoparticles via receptor-mediated cell 
endocytosis [55, 56]. The gaps present between individual mushrooms offer more binding 
sites for non-specific protein adsorption in comparison with densely grafted PEG brushes, 
thus making the cellular uptake more effective for low grafting PEG densities. 

Intracellular distribution of Rhodamine-PE and Nir664-PEG2000-DSPE lipids 

Cellular localization of nanoemulsions (P5, P30) together with their intracellular 
behavior inspection by means of redistribution of pegylated (PEG2000-DSPE) and non-
pegylated lipids (PE) were analyzed using confocal laser scanning microscopy. The molecules 
were visualized when examining images according to two fluorescent channels (red and 
green) generated by corresponding fluorophores (Nir664 and Rhodamine) and observing the 
same specimen region. After digitization, images were imported to ImageJ software for 
colocalization analysis.  

Qualitative analysis was performed by visual investigation of overlaid two-
dimensional microscopic images collected from red – Nir644 channel (Figure 5.10A, E) and 
green - Rhodamine channel (Figure 5.10B, F). Colocalization of Nir664 and Rhodamine 
probes can by subjectively identify by the appearance of yellow color (Figure 5.10C, D, G, H) 
reflecting the combining contribution from each probe.  
Quantitative analysis was performed using three-dimensional z-stacks and several 
colocalization parameters were determined using the ImageJ44 plug-in Intensity correlation 
analysis (ICA).  

ICA results are presented in two ICA plots, where the voxel intensities in the two 
channels are plotted along the Y-axis as a function of the product of differences from the 
mean (PDM) values along the X-axis (Figure 5.11A, B, E, F). It can be observed, that 
majority of the voxels have a positive PDM value indicating dependent fluorescence intensity 
in the two channels for both P5 and P30.  

The ICQ values for P5 and P30 nanoemulsions were 0.31 (±0.04) and 0.30 (±0.05), 
respectively (Figure 5.11D, H). This points to very similar partial covariance of Rhodamine-
PE and Nir664-PEG2000-DSPE for both P5 and P30 nanoemulsions.  

Figures 5.11 C, G display a cloud with the tendency of a positive correlation between 
the intensities in two channels for both P5 and P30. Pearson´s correlation coefficient Rr was 
for P5 0.45 (±0.19) and for P30 0.52 (±0.22) (Figure 5.11 D, H). In terms of absolute 
colocalization, these values are difficult to interpret. However, they indicate partial 
disintegration with the extend to be similar for P5 and P30. 

 
 



23 
 

 

Figure 5.10: CLSM images of PC3 cells incubating with either P5 (A-D) or P30 (E-H) 
nanoemulsions.  A bar in the left corner represent 5 µm. Red channel corresponds to Nir664 
fluorescence of PEG2000-DSPE lipid (A, E). Green channel corresponds to Rhodamine 
fluorescence of PE lipid (B, F). Merged signals from both fluorochromes (C,D,G,H).   

 

 

 

 

 

 

 

 

 

 

  

Figure 5.11: Qualitative analysis of intracellular distribution of P5 (A-D) and P30 (E-H) 
nanoemulsions containing Rhodamine-PE and Nir664-PEG2000-DSPE lipids. The ICA plots 
(ABC, EFG) are displayed as representative for one single cell. Colocalization parameters (D, 
H) were obtained by analysis of z-stack set for 29 cells. 

 
The Mander´s coefficient MChA, describing the fraction of Nir664-PEG2000-DSPE 

colocalized with Rhodamine-PE for P5 was 0.60 (±0.18) and 0.69 (±0.18) for P30 
nanoemulsions. The MChB describing the fraction of Rhodamine-PE colocalized with Nir664-
PEG2000-DSPE in the case of P5 equals 0.5 (±0.15); for P30 it was 0.46 (±0.19) 
(Figure 5.11 D, H). These results points to similar intracellular disintegration for P5 and P30. 
It should be note, that our colocalization analysis was not absolutely quantitative as 
deconvolution and chromatic shift correction were not performed [42]. However, as no 
differences were found between P5 and P30, we did not consider this necessary.  
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Cell viability of prostate cancer cells upon the treatment with nanoemulsions 

Cell viability was evaluated by alamar blue toxicity assay. Alamar blue is a water 
soluble dye, extremely stable and non-toxic; widely used to quantify in vitro viability of 
various cells [38]. Assay is based on the fact, that metabolically active cells convert the non-
fluorescent resazurin to fluorescent resorufin. The amount of produced fluorescence is then 
proportional to the percentage of viable cells.  

 

Figure 5.12: Cell viability of prostate cancer cells after 2 h exposure to nanoemulsions coated 
by 5 mol% (P5), 30 mol% (P30), 50 mol% (P50) of PEG2000-DSPE. The results are presented 
as the mean together with their standard deviation obtained from 2 independent measurements 
performed in fourplicates. 

Lipid-based particles such as liposomes and emulsions are considered to be 
biocompatible and non-toxic mainly due to their constituents that are similar to those of cells 
(phospholipids, cholesterol). However, there are reports observing cytotoxicity in some extent 
mostly for cationic lipid vesicles [57]. For this reason, the PEG moiety is usually introduced 
in order to reduce surface charge density of cationic lipid. Although, it has been also reported, 
that with increasing the PEG molecular weight, cytotoxicity of PEGylated nanoparticles also 
increases [58]. In our study, we observed (Figure 5.12) that viability of PC3 cells upon the 
treatment with nanoemulsions decreased in dose concentration manner, reaching the value 
slightly below 80% at the highest concentration without no significant difference between 
each group of nanoemulsions. 

 
The circulation lifetimes together with biodistribution profile of our nanoemulsions are 
currently under investigations. First results show that P5 nanoemulsions circulate in blood 
longer than P50, which also pointing out to the complexity of factors, that play role in the 
prolongation of circulation time. It is most possible that at 5 - 10 mol% of PEG2000, the 
optimum protection with PEG is reached and any additional increase in concentration and 
chain length would not further enhance the circulation time [59]. 

The presented experiments were performed at the Department of Physics, The Norwegian 
University of Science and Technology in Trondheim, Norway, in framework of ERASMUS 
programme. After the completion of in vivo part, an optimal surface PEG density for PC3 
tumor cell targeting will be determined and published in one of the international journal. 
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6. Conclusions 

According to the objectives that have been stated in Chapter 3, obtained results are following: 

a) In the study performed on the biomimetic membranes – large unilamellar vesicles  
(LUVs) modified by Calix[6]arene (CX), we have found out that: 

 CX affects the vesicle physical properties of lipid bilayer of LUVs. With increasing 
concentration of CX in DMPC vesicles, their diameter increases and the zeta potential 
become more negative. 

 Based on the fluorescence anisotropy study it can be concluded that CX affects the 
structural state of the lipid bilayer both in polar head group and in the hydrophobic 
chain regions making these more ordered.  

 Interaction of Cyt c with CX modified LUVs modified zeta potential of vesicles 
towards less negative values. The corresponding changes were more pronounced at the 
presence of  dendrimers. At PAMAM G4 concentration c > 0.3µM, Zeta potential 
crossed the positive values and the diameter substantially increased. 

The obtained results have been published in [46]. 
 

b) In the study performed on the human cervical carcinoma cells with the chitosan-DNA 
complexes, when investigating endocytosis of a new generation of self-branched 
glycosylated (trisacharide-substituted) chitosan oligomers (SBTCO) that demonstrate 
superior transfection efficacy compared to linear chitosan (LCO), we obtained 
following new information: 

 LCO polyplexes bind more strongly to the cell surface than SBTCO as revealed by 
trypan blue treatment. 

 LCO polyplexes are internalized to a less extent through several endocytic pathways 
as shown by the inhibition experiments. 

 SBTCO polyplexes are predominantly internalized through clathrin-independent 
endocytic pathways. 

 Both the amount of internalized polyplexes and the pathway of endocytosis may 
explain the differences in transfection efficiency for LCO and SBTCO polyplexes. 

The obtained results have been published in [32].  

c) In the study performed on the prostate cancer cells, when investigating the effect of 
nanoemulsion PEG surface density, we have found out that: 

 Cellular uptake of nanoemulsions decreased with increasing PEG surface density. 
 Surface PEG density does not seem to affect intracellular disintegration as shown by 

analysis of intracellular distribution of Rhodamine-PE and Nir664-PEG2000-DSPE      
(5 mol% and 30 mol%) fluorescently labeled lipids. 

 Cellular viability decreased slightly below 80% at the highest concentration for all 
types of nanoemulsions. 
 

These results will be collected and combined with those obtained from in vivo experiments. 
Afterwards, an optimal surface PEG density for PC3 tumor cell targeting will be determined 
and submitted for publication in the indexed international journal. 
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ABSTRACT 
 

This thesis is devoted to study the transport mechanisms of drug delivery systems 
across the lipid membrane using nanoparticles. The interaction of nanoscaled compounds with 
membrane was analyzed using both model and real biological systems. Among tested 
compounds were calixarene, cytochrome c (Cyt c), polyamidoamine dendrimers 
(PAMAM), chitosan-DNA complexes (polyplexes) and lipid nanoemulsions.  

We studied the interaction of Cyt c, PAMAM of fourth generation with large 
unilamellar lipid vesicles (LUVs, average diameter: 100 nm) containing the artificial receptor 
- calix[6]arene (CX) that recognize amino groups on PAMAM or Cyt c. The main driving 
force in the interaction seems to be a negative charge of CX carboxyl groups.  Zeta potential 
of CX modified LUVs was in the presence of Cyt c moved towards less negative values. The 
corresponding changes were more pronounced at the presence of dendrimers. At PAMAM G4 
concentration c > 0.3 µM, Zeta potential of vesicles crossed the positive values and 
hydrodynamic diameter substantially increased. No changes were observed for LUVs without 
CX. 

Chitosan polyplexes of two types - self-branched glycosylated (trisacharide-
substituted) chitosan oligomers (SBTCO) that demonstrate superior transfection efficacy 
compared to linear chitosan (LCO) were studied for cellular uptake by human cervical 
carcinoma cells. Using endocytic inhibitors, internalization of SBTCO and LCO was studied 
with the focus on the role of clathrin- and caveolae-mediated pathways and analyzed by flow 
cytometry. LCO polyplexes bind more strongly to the cell surface than SBTCO as revealed by 
trypan blue treatment and are internalized to a less extent through several endocytic pathways. 
SBTCO polyplexes are predominantly internalized through clathrin-independent endocytic 
pathways. 

Nanoemulsions prepared with 5-50 mol% polyethylene glycol (PEG) surface densities 
were studied for cellular uptake by prostate cancer cells. Nanoemulsions with  5 mol% of 
PEG were taken by majority of cells. Increase in PEG content led to decreased cellular 
uptake. Intracellular integrity of nanoemulsions (5 mol% and 30 mol% PEG) was studied with 
confocal microscopy and cell viability was analyzed. Surface PEG density does not seem to 
affect intracellular disintegration. Cellular viability decreased slightly below 80% at the 
highest concentration for all types of nanoemulsions. 
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ABSTRAKT 

Predkladaná práca sa venuje štúdiu mechanizmov prenosu terapeutických látok cez 
lipidovú membránu pomocou nanočastíc. Interakcia látok o rozmeroch niekoľkých 
nanometrov s membránami bola uskutočnená ako na modeloch, tak i na reálnych 
biologických systémoch. Medzi testovanými látkami boli: kalixarény, cytochrom c (Cyt c), 
polyamidoamínové dendriméry (PAMAM), chitosan-DNA komplexy (polyplexy) a 
lipidové nanoemulzie. 

Študovali sme interakciu Cyt c a PAMAM dendrimérov štvrtej generácie s veľkými 
unilamelárnymi lipidovými vezikulami (LUVs, priemerná veľkosť: 100 nm), ktoré obsahovali 
umelé receptory – molekuly calix[6]arenu (CX). CX dokáže rozpoznávať amino skupiny 
prítomné na PAMAM alebo Cyt c. Ako kľúčovým  sa v tomto smere javí byť prítomnosť 
negatívneho náboja pochádzajúceho z karboxylových skupín CX.    Zeta potenciál lipidových 
vezikúl modifikovaných s CX bol v prítomnosti Cyt c menej negatívny. V prípade štúdia 
interakcie s dendrimérmi boli tieto zmeny intenzívnejšie. Pri koncentrácii PAMAM G4 
c > 0.3 µM, Zeta potenciál vezikúl stúpal k pozitívnym hodnotám a hydrodynamický priemer 
podstatne narastal. V prípade LUVs bez CX sme obdobné zmeny nepozorovali. 

Polyplexy na báze chitosanu dvoch typov – rozvetvené, trisacharidom substituované 
chitosanové oligoméry (SBTCO), ktoré preukazujú vyššiu transfekčnú účinnosť v porovnaní s 
lineárnym chitosanom (LCO)  boli analyzované v zmysle štúdia ich prestupu do HeLa 
rakovinových buniek krčku maternice. Použitím endocytických inhibítorov sme preštudovali 
klatrínovú a caveolae endocytickú cestu. Efekt sme analyzovali prietokovou cytometriou. 
LCO polyplexy sú na povrchu buniek viazané intenzívnejšie než SBTCO a sú internalizované 
v menšej miere prostredníctvom niekoľkých endocytických ciest. SBTCO polyplexy sa do 
buniek dostávajú prevažne klatrín-nezávislou endocytózou. 

Nanoemulzie pripravené s 5 – 50 mol% polyetylénglykolom (PEG) na ich povrchu 
sme analyzovali v spojení s PC3 rakovinovými bunkami prostaty. Nanoemulzie s           
5 mol% PEG boli internalizované majoritne; avšak s vyššiou  povrchovou hustotou PEGu 
prestup nanoemulzií do buniek klesal. Povrchová hustota PEGu (5 mol% a 30 mol%) nemala 
vplyv na intracelulárnu dezintegráciu nanoemulzií. Viabilita buniek sa pohybovala na úrovni 
80% pre všetky typy nanoemulzií. 

 


