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Abstract
This thesis covers a field of nanoparticles (NPs) utilization in medicine, with an
emphasis on their applications in cancer and HIV/AIDS therapy. The purpose of the thesis
was to study the interaction between complexes formed by HIV-derived peptides and
positively charged carbosilane (CBD) and phosphorus (CPD) dendrimers with model lipid
membranes. These dendrimer/peptide complexes (dendriplexes) were considered as a
possible platform for dendritic cell-based (DC) HIV immunotherapy. In our experiments, the
lipid membranes represented the model of the plasma membrane of the cell. The
thermodynamics and mechanical properties of the lipid membranes were examined by
ultrasonic spectroscopy and precise densitometry. The dendriplex-membrane interaction was
followed using fluorescence spectroscopy, Langmuir-Blodgett and Brewster angle
microscopy (BAM) techniques. Obtained results showed that the water-soluble cationic
dendrimers could be considered as potential vehicles for delivery of HIV peptides to DCs.
Besides dendriplex/membrane interaction, the thesis addressed also the toxicity of
polymeric nanoparticles (PNPs) encapsulating cytostatic drug in HeLa cell lines through in
vitro assays. Those multimodal PNP platforms made of biodegradable poly(but yl
cyanoacrylate) (PBCA) were developed by SINTEF Materials and Chemistry (Trondheim,
Norway). The effect of drug-free PNPs on the morphology of model lipid films was studied as
well. The study revealed that PBCA NPs are promising tools for successful delivery of
anticancer drugs to target cells.
Keywords: HIV-1 derived peptides, cationic dendrimers, model lipid membranes, polymeric
nanoparticles, anticancer drugs.

Abstrakt
Predkladaná práca sa zaoberá možnosťou použitia nanočastíc v medicíne,
s dôrazom na ich aplikácie v terapii HIV/AIDS a rakoviny. Cieľom tejto práce bolo štúdium
interakcie medzi modelovými lipidovými membránami a katiónovymi komplexami peptidov
odvodených od HIV s karbosilanovými dendrimérmi a dendrimérmi obsahujúcimi fosfát. Tieto
komplexy peptidov s dendrimérmi (dendriplexy), boli považované za potenciálnu platformu
pre HIV imunoterapiu na báze dendritických buniek. V našich experimentoch lipidové
membrány reprezentovali model plazmatickej membrány bunky. Termodynamické a
mechanické vlastnosti lipidových membrán boli skúmané pomocou ultrazvukovej
spektroskopie a densitometrie. Interakcia dendriplexov s membránami bola sledovaná
pomocou fluorescenčnej spektroskopie, Brewsterovej mikroskopie a Langmuir-Blodgettovou
metódou. Získané výsledky poukazujú na potenciál katiónovych dendrimérov rozpustných vo
vode ako transportných systémov pre cielený transport HIV peptidov do dendritických
buniek.
Okrem interakcií medzi membránami a dendrimérmi, sme sa v práci zaoberali aj
stanovením toxicity biodegradovateľných polymérnych nanočastíc obsahujúcich cytostatické
lieky na bunkovej línií HeLa pomocou in vitro testov. Tieto multimodálne polymérne
nanočastice vyrobené z biodegradovateľného poly (butyl kyanoakrylátu) boli vyvinuté
spoločnosťou SINTEF Materials and Chemistry (Trondheim, Nórsko). Taktiež bol
študovaný vplyv polymérnych nanočastíc na morfológiu modelových lipidových monovrstiev.
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Z nášho štúdia vyplynulo, že poly(butylkyanoakrylátové) nanočastice sú potenciálnymi
kandidátmi na cielený transport protinádorových liečiv k rakovinovým bunkám.
Kľúčové slová: peptidy odvodené od HIV-1, katiónové dendriméry, modelové lipidové
membrány, polymérne nanočastice, protinádorové látky.

1. Introduction
Nanotechnology is a relatively new science of use and manipulation of matter at a tiny
scale, it encompasses systems whose size is above molecular dimensions and below
macroscopic ones. Those systems with overall dimensions in the nanoscale are called
nanoparticles (NPs). The nano-size regime is associated with intriguing phenomena in both
living systems and artificial devices. In particular, the fundamental building blocks of life fall
within this range, including biological macromolecules and cells. In recent years, these
materials have emerged as important players in modern medicine, with clinical applications
ranging from contrast agents in imaging to carriers for drug and gene delivery into tumors
(Murthy, 2007; Pal et al., 2011; Wong et al., 2013).
Numerous efforts have focused on the development of drug carrier systems able to
enhance the therapeutic efficacy of drugs. Successful drug carriers should be able to
improve their water solubility, decrease their toxicity, increase their permeability and
metabolism, protect them from possible enzymatic degradation or hydrolysis, and/or increase
the site-specific delivery of drugs (Najlah and D’Emanuele, 2006; Wrobel et al., 2012).
Nowadays polymeric nanoparticles (PNPs) are widely used as drug and targeted nonviral gene delivery platforms, they contain a therapeutic agent either dispersed in a polymer
carrier matrix, encapsulated within a polymer shell, covalently attached or adsorbed to the
particle surface, or encapsulated within a structure. PNPs have opened new areas for cancer
therapy based on active and passive targeting approaches and made a tremendous impact
in the treatment of various types of cancer. NPs have recently emerged as
promising/attractive adjuvants for novel prophylactic and therapeutic vaccines as well,
peptide loaded nanoparticles were found to effectively immunize against pathogens such as
Human immunodeficiency virus type 1 (HIV-1) (Boraschi and Italiani, 2015; Güney et al.,
2011; Murthy, 2007). Vaccine efficacy depends on efficient delivery of HIV-1 peptide loaded
NPs to professional antigen (Ag) presenting cells in the human immune system such as
Dendritic cells (DCs), which are postulated to be the first cells to contact virus and play a
major role in establishing infection (Ciepluch et al., 2014).
The cell membrane presents a barrier for the entry of NP/drug complexes into the
target cell. Thus, understanding of the interaction of NPs with cell plasma membrane is of
great importance.
The aim of this work was to evaluate therapeutic properties of NPs based on
dendrimers and PNPs in terms of their toxicity and ability to successfully incorporate and
transport therapeutic drugs to the target cells. Namely, we have studied the interaction of
dendrimers loaded with HIV-1 peptides with lipid monolayer and vesicles composed of
zwitterionic, negatively charged non-PEGylated or PEGylated lipids, via measurements of
surface pressure, fluorescence anisotropy and Brewster angle microscopy (BAM) methods.
In our experiments, the lipid monolayers and vesicles represented the model of the plasma
membrane of the cell. Further, we have investigated proliferation activity of HeLa cell lines
(cervix cancer cells) after treatment with cytostatic drug encapsulated within polymeric
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poly(butyl cyanoacrylate) (PBCA) NPs. We have also tested the effect of PBCA NPs on the
morphology of Langmuir-Blodgett lipid films. Those experiments were performed at the lower
initial surface pressure (20 mN/m) of monolayers, mimicking tumor cells.
We believe that the obtained results will help us to better understand the nature and
mechanisms of NP-lipid membrane interactions and will contribute to the development of
more effective NP-based therapeutic nanodevices against stubborn and fatal diseases like
AIDS and cancer.
2. Objectives
The aim of this thesis was: to study interaction of carbosilane (CBDs) and
phosphorus-containing dendrimers (CPDs) complexed with HIV-derived peptides
(dendriplexes) and lipid monolayers and vesicles that modeled plasma membrane of
dendritic cells (DCs); to evaluate the cytotoxic effect of polymeric poly(butyl cyanoacrylate)
(PBCA) NPs loaded with cytostatic drug Cabazitaxel, as well as of drug itself on HeLa cell
lines (cervix cancer cells). The model membranes were composed of zwitterionic
dimyristoylphosphatidylcholine
(DMPC)
and
negatively
charged
dipalmitoylphosphatidylglycerol
(DPPG)
or
1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[Methoxy (polyethylene glycol) – 2000] ammonium salt (DSPEPEG2000). Three HIV-derived peptides: Gp160, Nef and P24 and two CBDs of second
generation: BDBR0011 (CBD-CS) and NN16 (CBD-OS), as well as CPDs of generation three
and four, were used for dedriplexes formation. Finally, we have focused on the visualization
of interaction between PNPs and monolayers mimicking tumor cell membranes.
The thesis addressed the following central questions:
 What are the atomistic causes and effects of dendriplexes binding to lipid
membranes?
 How does the variation in dendriplexes concentration, generation, formulation and
lipid charge and composition affect binding?
 How do HeLa cell lines respond to treatment with cabazitaxel encapsulated in PBCA
NPs at different time points of drug exposure?
 How does the presence of PBCA NPs in the lipid monolayer subphase affect the
topology of model lipid systems?
The PhD research was divided into 4 stages:
 Monitoring of possible changes in membrane fluidity in the presence of increased
concentration of dendriplexes, via steady-state fluorescence anisotropy of the probes
embedded at different depths within the lipid bilayer of vesicles.
 Estimation of possible changes in the surface pressure of monolayers upon the
addition of dendriplexes into the lipid monolayer subphase. The surface pressure was
measured using Wilhelmy method.
 Visualization of lipid monolayer morphology on buffer subphase by using Brewster
angle microscopy (BAM) in the presence and absence of dendriplexes and PBCA
NPs.
 Evaluation of the phase transition temperature and density of PEGylated and nonPEGylated liposomes. Ultrasonic spectroscopy and densitometry were applied for
determining these values.
 Assessment of in vitro cytotoxicity of the chemotherapeutic agent, cabazitaxel,
encapsulated in PNPs via Almar Blue assay.
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3. Materials and Methods
3.1 Materials
All materials used were of the highest purity:
1. Lipids: 1,2-dimyristoyl-sn-glycero-3-phosphocholine (Mw = 678 g/mol) and 1,2dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (Mw = 741.9 g/mol) were
purchased from Sigma-Aldrich (USA), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N[Methoxy (polyethylene glycol) - 2000] ammonium salt (Mw = 2805.54 g/mol) was purchased
from Avanti Polar Lipids Inc. (USA).
2. Peptides: Peptide derived from envelope Gp160 sequence, HIV-HXB2 location Gp160
(634e648): NH-EIDNYTNTIYTLLEE-COOH, length 15 amino-acids, charged (-4); peptide
derived from
Gag-P24 sequence,
HIV-HXB2 location P24 (71e80):
NHDTINEEAAEWCOOH, length 10 amino-acids, charged (-4) and peptide derived from Nef
sequence, HIV-HXB2 location Nef (172-191): NHGMDDPEREVLEWRFDSRLAF-COOH,
length 20 amino-acids, charged (-3) were synthesized in Eurogentec Company (Belgium).
Since these peptides were only part of proteins, names of complete proteins were used to
distinguish peptides used in experiments as P24 (Mw = 1535.5 g/mol), GP160 (Mw = 2189.3
g/mol) NEF (Mw = 2720 g/mol).
3. Dendrimers: Two water-soluble second generation carbosilane dendrimers NN16
(C128H316 I16N1 6O8Si13+1 6, Mw = 4603.56 g/mol) and BDBR0011 (C 144H348 I1 6N1 6Si13+16, Mw =
4 699.99 g/mol) were synthesized in the Departamento de Quimica Inorganica, Universidad
de Alcala, Spain (Fig.1) (Bermejo et al., 2007; Ortega et al. 2006). The third and fourth
generation of phosphorus dendrimers (CPDs) with surface cationic end groups CPD G3
(C624H1104 N18 3Cl48O42P45S42+48, MW = 16280 g/mol; diameter = 4.1 nm) and CPDs G4
(C1296H225 6N3 75Cl96O90P93S90 +96, MW = 33702 g/mol; diameter = 5 nm) were kindly provided by
the Laboratoire Chimie de Coordination du CNRS by the group of Prof. J.P. Majoral. The
main characteristics and synthesis of CPDs had been described earlier (Fig.2) (Caminade
and Majoral, 2005).
4. Polymeric nanoparticles: All polymeric poly(butyl cyanoacrylate) (PBCA) NPs loaded
with Cabazitaxel, as well as unloaded PBCA NPs used in experiments have been
synthesized and characterized by colleagues at SINTEF Materials and Chemistry
(Trondheim, Norway) (see Tab.1).
5. Fluorescent dyes: 1,6-diphenyl-1,3,5-hexatriene (DPH) and N,N,N-trimethyl-4-(6-phenyl1,3,5-hexatriene-1-yl) phenylammonium p-toluenesulfonate (TMA-DPH) fluorescent dyes
were purchased from Sigma-Aldrich (USA).
6. Buffer: 10mM Na-phosphate buffer pH=7.4 was prepared from Na2HPO4, NaH2PO4
components at T=25°C.

Figure 1. Structure of the carbosilane dendri mers of 2 nd generati on with Si-C bonds - CB D-CS
(BDB R0011); with Si-O bonds - CB D-OS (NN16) (Ionov et al., 2013).
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Figure 2. Structure of pol ycationic phosphorus dendri mers of generation 3 (A) an d comparison between
generation 3 (B) and generation 4 (C) (Ciepluch et al., 2014).
NP

Monomer

PEGylation

Diameter
(nm)

PDI

Zeta potential
(mV)

Cabazitaxel
(%)

BBB-30

BCA

Kolliphor HS 15 and
Pluronic F68

165

0.16

-5

5,0

BBB-33

BCA

Kolliphor HS 15 and
Pluronic F68

158

0.15

-4

-

Targ 212

BCA

Jeffamine M-2070

118

0.26

-3

-

Table 1. The main characteristics of PB CA NPs.

3.2 Formation of Dendrimer/Peptide Complexes (Dendriplexes)
Complexes were formed in Na-phosphate buffer, pH 7.4, by the addition of
dendrimers into peptides solutions at 3:1 (dendrimer/peptide) molar ratio. The mixture was
vortexed and incubated for 10 min at room temperature (approx. 22°C). Studies on the
formation, morphology, time- and temperature-stability of dendriplexes have been reported
previously (Ciepluch et al. 2014; Ionov et al., 2013).
3.3 Preparation of Liposomes
DMPC, DMPC/DSPE-PEG2000 (molar ratio 10:1) and DMPC/DPPG (9:1 w/w) mixtures
were prepared by extrusion method (MacDonald et al. 1991). First, the phospholipids were
dissolved in chloroform and placed into the round glass flask and a thin lipid film was formed
by slow removal of the solvent under nitrogen atmosphere. The resulting dry lipid film was
hydrated with 10 mM Na-phosphate buffer, pH 7.4, to obtain lipid concentration 5 mg/ml and
continuously shaked. This procedure yields multilamellar vesicles. After the flask with
solution was placed in water bath and allowed to equilibrate for 30 min at 50°C (far above the
gel-liquid crystal transition temperature of the lipid mixture). The solutions were subsequently
extruded 23 times through Millipore polycarbonate filters (100 nm diameter pore size) using
extruder (Avanti Polar Lipids) to get large unilamellar vesicles (LUVs). This procedure yields
to uniform vesicles with the average diameter of 100 nm.
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3.4 Cell Culture
Human cervix cancer cells (American Type Culture Collection, USA) were cultured in
Dulbecco's Modified Eagle Medium (Life Technologies Corporation, USA) containing 10%
fetal bovine serum, 0.5% L-glutamine, 1% non-essential amino acids (Life Technologies
Corporation, USA) and penicillin. Cells were maintained in 75 cm 2 Falcon culture flasks
under standard culture conditions of 5% CO 2 in air at 37°C with medium renewal every 2
days.

3.5 Cytotoxicity Assay
When confluent, cells were trypsinized by adding 3 ml of trypsin solution to 75 cm 2
Falcon flasks with confluent cells followed by 2-4 min incubation at 37oC with regular gentle
shaking. The trypsin reaction was stopped by adding 10 ml of growth medium. Cells were
counted by adding cell suspension to counting chamber. The cell suspension was then
centrifuged at 1500 rpm for 5 min. The Old medium was removed with a Pasteur pipette and
fresh medium was added to a concentration 1 million cell per ml and thoroughly mixed by
repeated pipetting. 2 million cells were added to a new medium cell culture flask and
remaining cell suspension was diluted and seeded in 3 pieces of 96-well plates at 5000 cells
per well. Twenty-four hours later, following cell seeding, the medium was removed from the
well and the cells were treated with different concentrations of cabazitaxel and PBCA NPs
loaded by cabazitaxel. Control groups were untreated cells in medium. The plates were
incubated for a further 24, 48 and 72 hours, and then the medium was removed from the
well, and 110 μL of another new medium containing 10% of Alamar Blue assay (Thermo
Fisher Scientific, USA) was added to each well. The plates were incubated for another 3
hours, and the fluorescence intensity was recorded using a fluorescence microplate reader
Tecan infinite 200Pro (Tecan Group Ltd., Germany) for excitation at 550 nm and emission at
590 nm. The fluorescence intensity of Alamar Blue for each dilution were plotted versus
concentration of NP-drug complexes.
3.6 Statistical Analysis
Origin 8 software (Microcal Software Inc., Northampton, MA, USA) was used for
experimental curve-fitting and statistical analysis. Data were obtained from a minimum 3
independent experiments and presented as mean ± SD (standard deviation) or mean ± SE
(standard error).
3.7 Fluorescence Anisotropy Measurements
Steady-state fluorescence anisotropy measurements were carried out with a LS-50B
(Perkin-Elmer, UK) spectrofluorimeter. To monitor membrane fluidity in a whole bilayer, two
fluorescent probes were used. One of them, DPH, an apolar molecule, was incorporated into
the hydrophobic region of the liposome bilayer, whereas TMA-DPH was anchored on the
surface of the liposome bilayer and was exposed to hydrophilic environment due to its
positively charged amino groups. The molar ratio of the phospholipid to the fluorescent probe
was 100:1. The excitation and emission wavelengths used to analyze the degree of the
probe mobility in the bilayer were 348 nm and 426 nm for DPH, 358 nm and 428 nm for
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TMA-DPH probes. For both probes the slits widths used were 5 nm and 3 nm for excitation
and emission monochromators, respectively. Change in fluorescence anisotropy of
fluorescent dyes were measured upon sequential addition of various concentrations of
dendriplexes to the solution containing labeled liposomes in Na-phosphate buffer 10 m M, pH
7.4 at a room temperature (approx. 22°C). Steady-state fluorescence anisotropy values (r)
were calculated using Perkin-Elmer software from Jablonski's equation:

3.8 Monolayer Measurements
A Langmuir-Blodgett method was applied for monolayer experiments. A small Teflon
cell of a circular shape (volume 10 ml) was filled with 10 mM Na-phosphate buffer, pH 7.4.
Appropriate amounts of lipid dissolved in chloroform were spread on buffer, to achieve a
surface pressure close to 30 mN/m, that corresponds to the condensed state of the
monolayer. The waiting time for the spreading solvent (chloroform) evaporation and for the
film to reach equilibrium varied from 15 to 30 min depending on the volume spread and lipid
composition. Wilhelmy method has been used to measure surface pressure by means of
PS4 sensor (NIMA Technology, UK). When the surface pressure reached 30 mN/m and
stabilized, dendriplex solution was added to the Na-phosphate subphase using a Hamilton
syringe through a special channel resulting in a final dendriplex concentration in the range of
3 nM to 250 nM and the changes in lipid film pressure were recorded. The data were
analyzed using Nima software.

3.9 BAM Measurements
Brewster angle microscopy images of the monolayer were obtained using a micro
BAM 3 (NIMA Technology, UK). The BAM was equipped with a HeNe laser emitting ppolarized light with a wavelength of 659 nm which was reflected off at the air/buffer interface
at the Brewster angle (53.1˚). The reflected light passed through a focal lens, into an
analyzer and finally to a CCD camera. The collection of this reflected radiation with a video
camera allowed in situ, real time, visualization of the Langmuir monolayer at the air /buffer
interface in the presence and absence of dendriplexes. The lateral resolution of the
microscope was 10 μm. All experiments were performed at room temperature (22˚C).

3.10 Density measurements
For precise density measurements the vibrating tube principle was used to determine
the density of liposomes, employing the densimeter system DMA 60 with DMA 602M (Anton
Paar KG, Graz, Austria). In order to obtain a higher resolution, the measurements were
performed with two sample cells DMA 602M. One contained the liposome suspension and
the other one – the reference buffer. The cells for density measurements were thermostated
with a Lauda RK 8 CS ultrathermostat with accuracy of 0.02˚C. Specific partial volumes φ V
have been calculated from the density data using the equation (Rybar et al., 2007):
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where

denotes the concentration increment of density. The determination of the

specific volume, along with the sound-velocity concentration increment, allowed the
evaluation of the specific adiabatic compressibility φ k /β0 of the vesicles, which is based on
the following equation (Rybar et al., 2007):

whereby β 0 is the coefficient of adiabatic compressibility and [u] is sound velocity increment.
The value of φ K/β0 indicates changes of the volume compressibility of the vesicles relative to
the buffer.

3.11 Ultrasonic Spectroscopy Measurements
The relative changes in ultrasound velocity and attenuation propagating through
liposome suspension were determined by using high-resolution ultrasonic spectrometer (HRUS102, Sonas Technologies, Ireland) consisting of two acoustic cavity resonators (cells)
operated at three selected resonance frequencies f0 - 2.7, 7.8 and 14.3 MHz. One resonator
contained 5 mg/ml liposome suspension while the other was filled with the solvent - 10 mM
phosphate buffer (pH 7.4) - as a reference. Ultrasonic measurements in the temperature
ramp regime were performed for analysis of phase transitions in LUVs. Both resonator cells
of HR-US were thermostated with Haake Phoenix II P1 (Thermo Electron, Germany). The
temperature scan was performed at the rate 0.2°C/min at a temperature range from 15°C to
45°C. The relative changes of sound velocity were determined using the relation:

whereby f and u are resonance frequency and velocity of a sample, respectively, and the
subscript “0” refers to the solvent (Na-phosphate buffer). Ultrasonic spectroscopy
measurements allowed the determination of the sound velocity concentration increments, [u],
as defined by the equation:

In Eq. (5), c denotes the solute concentration in g/ml and the subscript “0” again refers to the
solvent (Rybar et al., 2007).
Ultrasonic attenuation, α, describes the decayed of the amplitude of the ultrasonic wave that
traveled over distance x:
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where A0 is the amplitude of the ultrasonic wave entering the sample and A is the amplitude
of the wave traveled distance x through the sample.
4. Results and Discussion
4.1 Interaction of Carbosilane Dendrimers Complexed with HIV-1 Peptides with
Liposomes and Lipid Monolayers.
4.1.1 Fluorescence Anisotropy
Liposomes of different lipid composition, DMPC and DMPC/DPPG (9:1 w/w) were
used in order to model the interactions between HIV-1 dendrimer/peptide complexes
(dendriplexes) with cell membrane. The 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC) was chosen as synthetic analog of lecithin, the main component of lipid membrane
matrix of living cells. The dipalmitoylphosphatidylglycerol (DPPG) was used to prepare
negatively charged membrane which can simulate the charge of living cell. The effect of
dendriplexes on model lipid bilayers was measured by fluorescence anisotropy using DPH
and TMA-DPH fluorescent probes. This gave data on membrane fluidity that reflected the
effect of the proteins or dendriplexes on the order of the lipids in the bilayer's hydrophobic
and polar part, respectively.
Fig. 3 shows the effect of peptides or dendrimer/peptide complexes on the
fluorescence anisotropy of liposomes formed with DMPC or DMPC/DPPG (9:1 w/w)
phospholipids labeled with TMA-DPH (A) or DPH (B) probes. An increased concentration of
dendriplexes significantly increased TMA-DPH anisotropy for negatively charged liposomes
(DMPC/DPPG). The effect was stronger for CBD-CS based dendriplexes in comparison with
CBD-OS. However, the fluorescent anisotropy of zwitterionic DMPC liposomes was not
significantly changed by dendriplexes. The naked peptides did not affect membrane
fluorescence anisotropy either for neutral or negatively charged liposomes. Increase in
anisotropy in the presence of dendriplexes was attributed to a decrease in membrane fluidity,
which may be due to some chelation as a result of interaction of positive ly charged
dendriplexes with negatively charged membranes. Negatively charged peptides are repulsed
from the negatively charged surface of DMPC/DMPG liposomes, or weakly interact with
zwitterionic DMPC liposomes; thus they do not affect the TMA-DPH fluorescence anisotropy
(Fig. 3A).
The effect of peptides and dendriplexes on DPH fluorescence anisotropy is not
uniform. There was a small decrease in anisotropy for both DMPC and DMPC/DPPG
liposomes for some peptides, as well as a decrease of fluorescence anisotropy for
dendriplexes composed of CBD-CS dendrimers for negatively charged lipids. Little or no
increase of anisotropy was seen with zwitterionic DMPC liposomes. The data suggest a
weaker effect of dendriplexes on the hydrophobic domain of the membrane (Fig. 3B).
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Figure 3. Fl uorescent anisotropy of TMA-DPH or DPH probes in li posomal membranes containing
DMPC or DMPC/ DPPG (9:1 w/ w) phos pholi pi ds at 22°C. Mol ar ratio of probe to li pi d = 1 :100. (A) - DPH
fluorescence anisotropy estimates membrane flui dity i n the membr ane interface region; (B) - TMA-DPH
fluorescence anisotropy estimates membrane flui dity i n the hydrophobic interior region of the membrane.
All data were expressed as mean± S.D. n=3.

4.1.2 Monolayer Measurements
To explore the mechanisms of interactions between lipid membrane and
dendrimer/HIV-peptide complexes, the monolayer technique was used. We prepared
monolayers composed of a DMPC or DMPC/DPPG mixture (9:1 w/w) at the air-water
interface. Na-phosphate buffer (10 mM, pH 7.4) was used as a subphase. The surface
pressure of monolayers was set at 30 mN/m to correspond with the condensed state of the
membrane. Changes in surface pressure with or without dendrimer/peptide complexes and
peptides are shown in Fig. 4. A significant increase in surface pressure occurred in all cases
of lipid formulations treated with dendriplexes, but not with peptides. Dendriplexes formed
using CBD-OS dendrimers induced more visible changes in surface pressure than
dendriplexes with CBD-CS dendrimers (Fig. 4). Dendriplexes with CBD-OS interacted more
strongly with uncharged than negative monolayers. These results indicate that analyzed
dendriplexes interact with DMPC and DMPC/DPPG lipid monolayers. Most probably the
dendriplexes become incorporated into the polar domain of the monolayer and caused its
additional condensation, which is the main reason for an increase surface pressure. This is
supported by data from fluorescence anisotropy. Uncomplexed peptides interacted weakly
with lipid monolayers, which agrees with the weak fluidity changes in the fluorescence
measurements.
By means of steady-state fluorescence anisotropy method we showed that interaction
of both CBDs with neutral and negatively charged phospholipids resulted in an increase of
fluorescence anisotropy of the probes localized in hydrophobic and polar parts of the bilayer.
This has been explained by dendrimer-induced ordering of the lipid bilayer. However, CBDCS interacted more strongly with hydrophobic part and weaker with hydrophilic part of
bilayers, while opposite tendency was observed for CBD-OS dendrimers. Both dendrimers
interacted more strongly with negatively charged liposomes in comparison with neutral ones.
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Figure 4. The relati ve changes of surface pressure of monolayers formed by DMPC and DMPC/DPPG
lipi d systems in the presence of pepti des or dendri mer/ pepti de complexes at 0.25 μM in the Na-phos phate
buffer (10 mM, pH 7 .4) at room temperature. The mol ar ratio of CBD-CS/ pepti de and CBD-OS/pepti de
dendri plexes was 3:1. The initial surface pressure of monolayers was 30 mN/m. All data were expressed as
mean± S.D. n=3.

These data correlated well with experiments on lipid monolayers. CBD-OS dendrimers
increased more strongly surface pressure of monolayers in comparison with CBD-CS. It has
been suggested that cationic CBDs can penetrate into lipid monolayers or create ordered
domains at the surface of lipid layer. The possibility of penetration of CBD-CS inside the
bilayer has been supported also by NMR data, which revealed interaction of CBD-CS with
acyl chains of phospholipids. It has been suggested that dendrimer core can also be involved
in these interactions. The mechanisms of CBD–membrane interactions are, however, not
fully understood yet (Wrobel et al., 2012).
The results presented in this part have been published in Ionov et al. (2015).
4.2 Effect of Polyethylene Glycol-Modified Lipids on the Interaction of HIV-1 Derived
Peptide-Dendrimer Complexes with Lipid Monolayers
4.2.1 Ultrasonic Spectroscopy and Densitometry Study of the Effect of PEGylated
Lipids on the Thermodynamic and Mechanical Properties of Vesicles
In these series of experiments, we have investigated the ultrasound velocity (u) and
attenuation (α), partial specific volume (φV) and specific adiabatic compressibility (φK/β0) of
DMPC and DMPC/DSPE-PEG2000 (10:1) lipid vesicles, as the function of temperature. A
characteristic property of plot of the changes of ultrasound velocity Δu versus T is its
minimum at the phase transition temperature (Fig. 5), whereas the plot of the changes of
attenuation Δα versus T reaches it’s maximum at the phase transition temperature (Fig. 6).
As it can be seen in the Fig. 5 at temperatures, below the Tm , the changes of the values of
ultrasound velocity decrease sharply with increasing temperatures, while a slight decrease of
velocities is observed for higher temperature regions above the T m . This typical shape of the
plot of Δu versus temperature and the nature of the minimum of the Δu value, were
described in a number of publications dealing with ultrasound velocimetry studies of

13

temperature-induced phase transitions in vesicle suspensions composed of saturated
phosphatidylcholines (PCs) (see e.g. (Halstenberg et al., 1988)). The anomalous dip of the
u value around Tm is connected with increase of the relaxation time, while more rapid change
of u at Tm is due to a first order phase transitions (Mitaku et al., 1978).

Figure 5. Plot of the changes in ultrasound velocity (Δu = u-u0 , where u is the velocity in vesicle suspension
and u0 those in the buffer, respecti vely) versus temperature for DMPC (A) and DMPC/ DSPE-PEG2000
(B) vesicles at di fferent resonant frequencies of ul trasonic wave: 1 - 2.7 MHz, 2 - 7.8 MHz, 3 - 14.3 MHz.
The concentrati on of li pi ds was 5 mg/ ml. Temperature scan rate: 0.2 ° C/ min. Melti ng temperature is
shown by arrow.

The changes of attenuation Δα as a function of temperature for vesicle composed of
DMPC and DMPC/DSPE-PEG2000 are shown on Fig. 6. It can be seen that attenuation has
maximum at phase transition temperature (Tm ). The obtained experimental curves were fitted
by Gaussian equation, in order to determine T m values and the transition half-widths (∆Tm ).
Those values for three operating frequencies are given in the Table 2. The obtained value for
transition temperature of DMPC vesicles was 24.78 ± 0.03, which is in good agreement with
the previously published data (Rybar et al., 2007). The Addition of PEGylated lipids to DMPC
LUVs induced shift of Tm toward higher temperatures and broadening of the transition peak.
The broadening of transition peak suggests that phase transition is less cooperative for
vesicles containing PEGylated phospholipids. This can be also seen on Fig. 7, where the
comparison of the changes of ultrasound velocity and attenuation are plotted as a function of
temperature for both DMPC and DMPC vesicles containing PEGylated lipids at one resonant
frequency (f0 = 14.3 MHz). The obtained results suggest that PEGylated LUVs possess
higher lipid order and are less fluid when compared to DMPC vesicles. We confirmed this by
determination of specific volume and adiabatic compressibility of vesicles (see below). For
DMPC vesicles we did not observe significant changes of the thermodynamic parameters
with the resonant frequency. However, for vesicles contained PEGylated lipids this
dependence exists. As it can be seen from the Fig. 6 as well as from the Table 2, the
increase in resonant frequency resulted in narrowed attenuation peak, which is evidence in
the increasing of the cooperativity in the system caused by faster relaxation processes. The
increase in the phase transition temperature for vesicles contained PEGylated lipids can be
due to the presence of longer saturated chains of stearic acids, which is characterized by
higher phase transition temperature in comparison with myristic acid. Certain contribution
can be also due to the interaction between PEG at the polar part of the vesicles.
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Vesicles
composition/f0
DMPC
DMPC/DSPEPEG2000

2.7 MHz
T m (°C)
24.5±0.1
26.5±0.4

∆ T m (°C)
5.67
12.30

7.8 MHz
T m (°C)
24.78±0.03
26.6±0.1

∆ T m (°C)
4.70
10.71

14.3 MHz
T m (°C)
24.72±0.05
26.36±0.16

∆ T m (°C)
7.73
4.06

Table 2. Thermodynamics properties of DMPC and DMPC/ DSPE-PEG2000 lipi d vesicles. Tm - phase
transition temperature , ∆ Tm - the transition half-wi dth. fo – the operating resonant frequencies.

Figure 6. Plot of the changes in ultrasonic attenuati on (Gaussian fitting) (Δα = α -α0, α is attenuation in
liposome soluti on and α0 those in a buffer, res pecti vel y) versus temperature for DMPC (A) and
DMPC/DSPE-PEG2000 (B) vesicles at different resonant frequencies of ultrasonic wave: 1 - 2.7 MHz, 2 7.8 MHz, 3 - 14.3 MHz. The concentration of li pi ds was 5 mg/ml. Temperature scan rate: 0.2°C/mi n.
Melting temperature is shown by arrow.

In this study, we further investigated packing properties of DMPC and DMPC/DSPEPEG2000 LUVs with regard to volume changes. Specifically, we used precise densitometry
and ultrasonic velocimetry to determine partial specific volume and partial adiabatic
compressibility of vesicles in the temperature range 15-45°C. Precise measurements of the
density, enables us to calculate the partial specific volume of the LUVs (Eq. 2).

Figure 7. The comparison of the changes of ultrasonic velocity (Δu) (A) and attenuati on (Δα) (B) for
DMPC (1) and DMPC/DSPE-PEG2000 (2) vesicles at a resonant frequency of ultrasonic wave 14.3 MHz.
Temperature scan rate: 0.2°C/ min.

Calculated φ V values plotted as a function of temperature for LUVs studied are presented on
the Fig. 8A. It can be seen that φ V increases with temperature for unmodified vesicles as well
as for the PEGylated ones. Although the overall shapes of the φ V versus temperature plots
are similar, the specific volume of pure DMPC is higher than those for PEGylated vesicles for
both in the gel and liquid-crystalline states and is characterized with more rapid increase in
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specific volume over the temperature interval near the Tm . The lower specific volume of
PEGylated vesicles indicates a more compact structure of lipid bilayer in comparison with
pure DMPC membranes. The obtained dependences of φV vs. temperature allow us to derive
thermodynamics parameters displayed in the Table 3, namely the temperature of the main
phase transition, Tm , and its transition half-width, ∆Tm , and to compare them with previously
obtained values of lipid membranes by means of ultrasonic spectroscopy method (Table 2).
Even though a slight difference is observed between these values; it is clear that, the
tendencies are similar. In particular, the transition temperature corresponding to PEGylated
liposomes is shifted toward higher values and the transition peak is broadened.
The plot of the partial adiabatic compressibility of LUVs, φK/β0, as function of
temperature for DMPC and DMPC/DSPE-PEG2000 vesicles is presented on Figure 8B. The
value of [u] and correspondingly also φ K/β0, has been determined at resonant frequency f 0 =
7.8 MHz. We can see that the adiabatic compressibility values increase sharply with
increasing temperature for all vesicles studied, reaching a maximum at T m , and increase
only slightly at the temperature range T>T m . The increase of the partial adiabatic
compressibility reflects the increased disorder of the lipid bilayer of the vesicles and of an
increase of the compressibility of the hydrated shell with increasing temperature. The
compressibility of DMPC LUVs is higher when compared with DMPC/DSPE-PEG2000 LUVs.
This behavior suggests a higher ordering of the lipid bilayer in the presence of PEG chains.

Figure 8. Plot of the partial s pecific volume (A) and s pecific adiabatic compressibility (B ) versus
temperature for DMPC (Curve 1 ) and DMPC/DSPE-PEG2000 (mol ar ratio 10:1) (Curve 2) li posomes in 10
mM Na-phos phate buffer (pH = 7.4). All data were expressed as mean ± S.E. n = 3.

There are at least two effects that can contribute into the value of adiabatic
compressibility: 1. compressibility of the hydrophobic part of the membrane and 2.
compressibility of polar membrane part containing hydrated shell (Rybar et al., 2007). The
compressibility of hydrated shell is low at the temperatures below 37°C, while above this
temperature the hydrated shell is more compressible. If the effect of compressibility of
hydrated shell will be dominant, then the differences between adiabatic compressibility of
DMPC and PEG contained liposomes should be more expressed in lower temperatures.
However, as it can be seen from Fig. 8 B this is not the case. We can therefore, speculate
that both the compressibility of hydrophobic part of the membrane and membrane hydration
contribute to the overall compressibility of vesicles.
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Vesicles composition
DMPC
DMPC/DSPE-PEG2000

T m (0C)
23.52±0.1
25.45±0.24

∆T m (0C)
4.05
6.79

Table 3. Thermodynamics properties of DMPC and DMPC/ DSPE-PEG2000 lipid vesicles determined based
on the densitometry experiments. Tm - phase transition temperature, ∆Tm - the transition half-wi dth.

4.2.2 The Study of the Interaction of Dendriplexes with Lipid Monolayers Containing
PEGylated Lipids
In this part, we will present the results of the study of the interaction of dendriplexes
with lipid monolayers using surface pressure measurement. The effect of dendrimer/peptide
complexes on the surface pressure of lipid monolayers composed of neutral DMPC,
negatively charged DSPE-PEG2000 and DMPC and DSPE-PEG2000 lipids mixture at three
different molar ratios (10:1; 3:1; 1:1) was studied. Lipid monolayers were considered as a
model of the plasma membrane of the cell. The initial surface pressure of monolayer was
adjusted to 30 mN/m, which corresponds to the condensed state of the monolayer and model
the surface pressure in the bilayer lipid membrane (Huster et al., 1999; Tiriveedhi et al.,
2011). DMPC was chosen as synthetic analog of lecithin, the main component of lipid
membrane of living cells. Moreover, the addition of anionic PEGylated lipid simulated
glycocalyx and negative charge of a cell membrane.
Changes in surface pressure in the presence of CBD-CS-Nef complexes are shown in
the Fig. 9. Dendriplexes-induced changes in surface pressure for lipid monolayers of all lipid
compositions. An increase in surface pressure indicates penetration of the dendriplexes from
the aqueous subphase into the lipid monolayer (Tiriveedhi et al., 2011; Wrobel et al., 2012).
The increase in surface pressure of neutral DMPC lipid monolayer was more pronounced
compared to changes of surface pressure in monolayers bearing the negative charge and
containing PEGylated lipids, suggesting that cationic dendriplexes bind stronger to neutral
lipid films. The higher was the molar ratio of PEGylated lipids in monolayer, the weaker was
the interaction. This opposite behavior was rather unexpected. It is likely that not only the
electrostatic force that drives cationic dendriplexes into the monolayer, but also the ordering
of the monolayers has the impact on dendriplex-monolayer interaction. At the room
temperature, films containing PEGylated lipids are more rigid, which creating barrier for
dendriplexes to insert into the polar domain of membranes. The data correlated well with
experiments studying the interaction between low-generation cationic (G1 and G4) PAMAM
dendrimers and model lipid membranes. It was found that two parameters, namely the
physical state of membrane and membrane surface pressure affected dendrimers binding to
the lipid vesicles. It was shown, that dendrimers bind stronger to membranes with high
fluidity and lower surface pressure (Tiriveedhi et al., 2011). PAMAM dendrimers have similar
properties to CBDs so that the mechanism of interaction with lipid membrane should be
similar.
The initial surface pressure of films for all lipid formations increased with increasing
concentration of dendriplexes. This confirms that dendriplexes were absorbed to the surface
or were incorporated into the monolayers in the dose-dependent manner, causing further
condensation of monolayer. The monolayers formed at buffer-air interface were saturated
with dendriplexes, as the curves reaching plateau r egion at 0.12-0.25 μM of dendriplexes,
depending on the monolayer lipid composition. The adsorption of the dendrimer/peptide
complexes on the lipid surface can be considered as a first order reaction. The process of
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adsorption/desorption of dendripelxes on lipid films can be expressed by Langmuir equation
(Barnes and Gentle, 2011):

0,20
DMPC:DSPE-PEG2000
1:0
10:1
3:1
1:1
0:1

/0

0,15
0,10
0,05
0,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30
Dendriplex (M)

Figure 9. The relati ve increase in surface pressure of monol ayers formed by pure DMPC (1:0), pure
DSPE-PEG 2000 (0:1) and their various molar ratios (DMPC: DSPE-PEG 2000 = 10:1, 3:1, 1:1) in the
presence of dendrimer/ pepti de complexes (CB D-CS-Nef) of di fferent concentrations in 10 mM Naphosphate buffer (pH = 7.4). The initial surface pressure of monolayer was 30 mN/ m. All data were
expressed as mean ± S.E. n = 3. T = 22°C.

where Δπ = π - π 0 is the change in the surface pressure; π0 - is initial surface pressure; c - is
the concentration of dendriplexes and K D is equilibrium dissociation constant. The K D values
and maximal values for relative increase in surface pressure, (Δπ/π0)max , for dendriplexes
adsorbed to the lipid surface of different composition were determined by fitting the
experimental curves by Eq. (7) and are shown in Table 4. The statistically significant higher
value of (Δπ/ π0)max has been obtained for the interaction of dendrimer/peptide complexes
with DMPC lipid monolayer. KD value was minimal for the dendriplex-DMPC monolayer
complex, suggesting a higher stability of dendriplex-DMPC in comparison with the other lipid
compositions of monolayers. Monolayers with higher content of DMPC lipids were
characterized with higher (Δπ/ π0)max and lower KD values.
DMPC:
DSPE-PEG 2000
1:0
10:1
3:1
1:1
0:1

(Δπ/π0)max

KD (nM)

0.192±0.011
0.170 ±0.015
0.179±0.019
0.120 ±0.023
0.056 ±0.010

15.0±6.0
28.0±10.0
41.0±15.0
74.0±39.0
46.0 ±28.0

Table 4. Maxi mal changes of surface pressure and KD for li pi d monol ayers of DMPC, DSPE-PEG2000 and
of their vari ous molar rati os.

4.2.3 Brewster Angle Microscopy of Lipid Monolayers at Presence of Dendriplexes
BAM images of DMPC/DSPE-PEG2000 mixed monolayers with different molar ratio at
temperature of 22°C are shown in Fig. 10. BAM pictures were taken before (left panel) and
after (right panel) the treatment of monolayers with CBD-CS-Nef complexes in a
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concentration of 0.25 μM. BAM image corresponding to DMPC monolayer (1A) illustrates
liquid condensed state of monolayer, where bright circular spots corresponding to the lipid
clusters. After adding the dendriplexes into the subphase containing DMPC lipids, the
morphological and topographic characteristics of monolayer changed. The image 1B show
the existence of aggregates of collapsed monolayer (low optical density structure), separated
from DMPC monolayer. The homogeneous images were obtained for DSPE-PEG2000 and
DMPC/DSPE-PEG2000 mixed monolayers (2A, 3A, 4A, 5A) without dendriplexes. These
images demonstrated that those monolayers are in liquid condensed state, without phase
separation or domain formation. In the presence of dendriplexes images show the existence
of brighter zones of high intermolecular organizations. Those regions are typically referred as
domains (2B, 3B, 4B, 5B). Brewster angle microscopy measurements demonstrated that
dendrimer/peptide complexes cause significant alterations in lipid films morphology. Lipid
domains of large structural variations, with different shape and morphology were formed. The
results indicate that the analyzed CBD-CS-Nef dendriplexes interact with monolayers
causing their additional condensation and large domains formation. These findings confirm
the data obtained by Langmuir-Blodgett technique provide further evidence for stronger
binding of dendriplexes to DMPC films, resulting in denser lipid packing and collapsed
aggregates of monolayers.

Figure 10. Brewster angle microscopy images of DMPC, DMPC/ DSPE-PEG2000 (molar ratio: 10:1, 3:1,
1:1) and DSPE-PEG2000 monolayers in the presence (A) and absence (B) of dendri mer/ pepti de complexes
at concentrati on of 0.25 μM.

In the section 4.1, we have reported the study of the interaction of carbosilane
dendrimers modified by HIV-derived peptides with model lipid membranes composed of
DMPC or a mixture of DMPC and DPPG lipids. All denderiplexes independent of the type of
peptide interacted with model lipid membranes, and it was accompanied by an increase in
surface pressure of the lipid monolayers and increase in fluidity of both hydrophilic and
hydrophobic parts of lipid bilayer. These results have clearly demonstrated of the importance
of electrostatic interaction between polymer/peptide complexes and lipid systems, which was
not seen in case of mixture of DMPC and PEGylated DSPE lipids.
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4.3 Interaction of Phosphorus Dendrimers Complexed with HIV-1 Peptides with
Liposomes and Lipid Monolayers
4.3.1 Fluorescence Anisotropy
In order to analyze possible effect of CPD/peptide complexes on polar and
hydrophobic part of LUVs, we applied fluorescence spectroscopy method. Two fluorescence
probes: TMA-DPH and DPH were used to demonstrate the effect of dendriplexes on the
model membrane fluidity. The measurements were made at temperatures below the main
transition point of lipids (approximately 22°C). The effect of phosphorus dendrimer/peptide
complexes on the fluorescence anisotropy of liposomes is presented in Fig. 11. The results
are presented as a ratio of the fluorescence anisotropy of samples to the fluorescence
anisotropy of control (liposomes). For DMPC/DPPG liposomes, the values of TMA-DPH
fluorescence anisotropy in the presence of CPD-G3/P24 and CPD-G3/Gp160 complexes
significantly increased in comparison to the control, suggesting that liposome bilayer
becomes more rigid, as a result of the binding of dendriplexes to the external region of
membrane. In the case of DMPC liposomes, there were no statistically significant changes in
TMA-DPH fluorescence anisotropy, which indicates that dendriplexes did not change the
membrane fluidity in the polar head-region.
No significant changes in DPH fluorescence anisotropy were observed in DMPC
liposomes exposed to CPD-G4/P24 complexes, but for the other dendriplexes the values of
DPH fluorescence anisotropy increased. Also, all studied dendriplexes increased the
fluorescence anisotropy in DMPC/DPPG LUVs.
We can conclude that dendriplexes containing phosphorus dendrimers G3 and
peptides affect the lipid order packing of a negative lipid bilayer in hydrophilic region.
Moreover, all studied dendriplexes (except CPD-G4 /P24) stiffen the hydrophobic interior of
both model membranes used.
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Figure 11. Fluorescence anisotropy of TMA-DPH (A) or DPH (B) probes in li posomal membranes
containing DMPC or DMPC/DPPG (9 :1 w/ w) phospholipi ds in the presence of cationic phos phorus
dendri mers/ HIVpepti des complexes at 22°C. The molar rati o of the probe to the li pi d=1:100. All data
were expressed as mean± S.D. n=3.

4.3.2 Monolayer Measurements
The mechanisms of interactions between the lipid membrane and phosphorus
dendrimer/HIV-peptide complexes were studied by the monolayer technique. The
monolayers were composed of DMPC/DPPG mixture (9:1 w/w) at the air/water interface. The
Na-phosphate buffer (10 m M, pH 7.4) was used as a subphase. The surface pressure of
monolayers was set at 30 mN/m. The measurements were made at temperatures below the
main transition point of lipids (approximately 22°C). We already found out that changes in the
surface pressure of monolayers composed of DMPC and DMPC/DPPG under the influence
of HIV-derived peptides are not significant (see the section 4.1.2). Furthermore, our results
indicated that analyzed dendriplexes based on carbosilane dendrimers are able to strongly
interact with DMPC/DPPG lipid monolayers. Changes in surface pressure of monolayers
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formed by DMPC/DPPG in the presence of dendriplexes are shown in Fig. 12. Dendriplexes
formed using CPD-G3 dendrimer and P24 or Gp160 peptides induced more pronounced
changes in the surface pressure than dendriplexes with CPD-G4 dendrimers, suggesting that
CPD-G3/peptide nanoplexes bind stronger to lipid monolayer membranes. In contrast, for
dendrimers with Nef, higher changes were observed for CPD-G4 complexes.
Previously, we have demonstrated that carbosilane dendrimers complexed with HIVderived peptides could be used in therapies against HIV infection. However, the long lifetime
of such complexes might not be good due to toxicity of dendrimers (Ciepluch et al., 2014).
Another perspective drug carrier can be designed based on cationic phosphorus dendrimers.
CPDs possess a hydrophilic surface and a hydrophobic backbone, which allows for efficient
membrane penetration (Loup et al., 1999). The results obtained in earlier research have
demonstrated that polycationic phosphorus dendrimers could be used in therapies against
HIV infection (Caminade et al., 2005) and as transporters of drugs and genetic material
(Loup et al., 1999; Maksimenko et al., 2003).
We have studied the interaction of dendriplexes containing HIV-derived peptides and
CPDs of third (G3) and fourth (G4) generation with model lipid membranes consisting of
DMPC and DPPG lipids via fluorescence anisotropy and monolayer technique. We analyzed
how these dendriplexes interact with model lipid membranes in comparison with smaller and
less positively charged CBDs. The study revealed that dendriplexes can interact with both
hydrophobic and hydrophilic parts of lipid bilayers in a generation-dependent manner. The
interaction of dendriplexes with neutral liposomes is probably due to disturbances in the
hydrophobic domain of the membrane, while interaction with negative liposomes and
monolayers is primarily of electrostatic nature due to the positive charge of dendriplexes and
the negative charge of the membrane. These results confirm and compliment recently
published studies (Ionov et al., 2012; Wrobel et al., 2011).
The results obtained in this work can be helpful in creating a new strategy for
immunotherapy of HIV-1 infection using dendritic cells loaded with synthetic HIV-derived
peptides.

Figure 12. The relati ve changes of surface pressure of monol ayers formed by DMPC/DPPG li pi d systems
in the presence of pepti de/ dendri mer complexes at 0.25 μM in the Na-phos phate buffer (10 mM, pH 7.4) at
room temperature. The molar ratio of CB D-CS/pepti de and CB D-OS/ pepti de dendri plexes was 3:1. The
initial surface pressure of monolayers was 30 mN/ m. All data were expressed as mean ± S.D. n=3.
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4.4 In vitro Antitumor Activity of PBCA NPs and their Interaction with Model Lipid
Monolayers
4.4.1 Effect of Incubation Time and Concentration of NPs on Cell Viability
Cabazitaxel is a new semi-synthetic taxane approved by the Food and Drug
Administration (FDA) as a metastatic castration-resistant prostate cancer therapy. Preclinical trials suggest that cabazitaxel could be an effective therapy in central nervous system
(CNS) and pediatric tumors (Sémiond et al., 2013), as well as in ovarian cancer c ells (Kunos
et al., 2013). However, its clinical application is restricted due to its high hydrophobicity and
severe side effects (Abidi, 2013). Moreover, conventional treatment of solid tumor based on
the systematic administration of cytotoxic drug such as cabazitaxel to patients with cancer is
not cancer specific, and the drugs also have toxic effects on healthy cells (Eggen et al.,
2014). To overcome this problem nanoscale materials - poly(butyl cyanoacrylate) (PBCA)
NPs loading cabazitaxel for cancer therapy (for the main characteristics of PBCA NPs,
(please check the section 3.1) was developed by our colleges from SINTEF (Trondheim,
Norway).
Further, we studied the cytotoxic effect of polymeric PBCA NPs loaded with cytostatic
drug Cabazitaxel, as well as of drug itself on HeLa cell lines (cervix cancer cells). HeLa cell
viability was determined by Alamar Blue assay. Alamar Blue cell viability reagent functions as
a cell health indicator by using the reducing power of living cells to quantitatively measure the
proliferation of various human and animal cell lines. Assay is based on phenomenon of
viable cells to continuously convert resazurin, the active and non-fluorescent ingredient of
alamarBlue reagent into fluorescent resorufin. Thus, Alamar Blue both fluoresces and
changes color in response to chemical reduction, and the extent of the conversion is a
reflection of cell viability (Pettit et al., 2005).
The toxic effect of NP/drug complexes were estimated at the different time points –
after 24, 48, 72 hours of drug exposure. NPs containing drug Cabazitaxel have clearly
demonstrated dose-dependent and time-dependent cytotoxic profiles (see Fig. 13-15). The
studied HeLa cell lines responded to treatment with NP/Cabazitaxel complexes at various
concentrations in a dose-responsive manner. The highest cytotoxic effect has been reached
after 72 hours of exposure to Cabazitaxel encapsulated in NPs (Fig. 15), whereas the
negligible toxicity was observed after 24 hours of exposure (Fig. 13). As for uncomplexed
drug, it has revealed significantly stronger cytotoxic activity when compared to PBCA NPs
loaded with Cabazitaxel. This effect was only observed for 24 hours of drug treatment,
suggesting that drugs are released from nanoparticles between 24-48 hours. Unloaded
nanoparticles at concentration 100 ng/ml have been tested for toxicity as well (Results not
shown). It was demonstrated that they don’t have notable impact on cell viability and
proliferation.
The obtained results indicate that the cytotoxicity of cabazitaxel is not inhibited by
being encapsulated in PBCA NPs. Thus, polymeric NPs can be used as possible platform
vehicles to encapsulate cytotoxic drugs and might be relevant for future clinical
implementation.
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Figure 13. Reduction of Alamar Blue fluorescence intensity wi th the i ncreasing concentrations of drugs
and NPs loaded with drugs after 24 hours of exposure. Data are presented as means ± SD. n=3.

Figure 14. Reduction of Alamar Blue fluorescence intensity wi th the i ncreasing concentrations of drugs
and NPs loaded with drugs after 48 hours of exposure (left panel). Graphical illustration of sigmoi dal
dose-responsi ve curve correspondi ng to treated HeLa cell lines. The x-axis dis plays increasing drug
concentration on a l ogarithmic scale (right panel). Data are presented as means ± SD. n=3. Stars indicate
significance at P < 0.01 (t-student test).

Figure 15. Reduction of Alamar Blue fluorescence intensity wi th the i ncreasing concentrations of drugs
and NPs loaded with drugs after 72 hours of exposure (left panel). Graphical illustration of sigmoi dal
dose-responsi ve curve correspondi ng to treated HeLa cell lines. The x-axis dis plays increasing drug
concentration on a l ogarithmic scale (right panel). Data are presented as means ± SD. n=3. Stars indicate
significance at P < 0.01 (t-student test).
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4.4.2 Effect of Polymeric NPs on Lipid Monolayers
The insights on the effect of the interaction of PBCA NPs (Targ 212) with
DMPC/DPPG monolayers (molar ratio: 10:1) were obtained from the analysis of the
interfacial texture using BAM. BAM images (see Fig. 16) show that for low surface pressures
(π0 = 20 mN/m), at the room temperature the mixed DMPC/DPPG monolayer spread at the
pure water/air interface is in a liquid-condensed state. The obtained monolayer is
homogenous and without any phase separation. In this series of experiments, the surface
pressure value was adjusted to 20 mN/m in order to mimic tumor cell membranes, which are
characterized by the lower surface pressure because of undergoing processes of rapid
mitotic division and turnover (Tiriveedhi et al., 2011). The addition of Targ 212 NPs to the
monolayer subphase was accompanied by the formation of bright micro-clusters with net-like
structures caused by the interaction of the NPs with the monolayer. Similar process of small,
condensed lipid domains formation was recently demonstrated on monolayers containing
1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) lipids in the presence of hydrophobic
alkylated gold nanoparticles (Tatur and Badia, 2012) and silica nanoparticles (Guzman et al.,
2015) net-like structures of Targ NPs. With the increasing concentration of NPs the size of
the domains increased as well, leading to formation of heterogeneous films with inclusions of
NPs distributed along the monolayer. Fig. 16 (4B) reveals the formation of the largest and
brightest domain in DMPC/DPPG matrix was achieved at 80 μg/ml NPs concentration. In
general, those brighter domains observed in the BAM images correspond to the more
reflective regions, populated by the NPs (Paczesny et al, 2012).
Summarizing the results, we can conclude that NPs alert the topology of lipid
monolayer by forming net-like patterns, micro-clusters or larger lipid domains depending on
the concentration of NPs used in study.

Figure 16. Brewster angle microscopy images of DMPC/DPPG (mol ar ratio: 10:1) monolayer before (A)
and after (1B-4B) the additi on of Targ 212 NPs at 20, 40, 60 and 80 µg/ ml, res pecti vely.

Conclusion
Over the last decades, NPs have gained much interest in nanomedicine as delivery
vehicles for imaging and therapeutic agents, e.g. small molecules, proteins, peptides, and
nucleic acids (Wolfram et al., 2014). The possibility of using NPs in medicine has raised a
motivation for our scientific investigations. We believe that the study conducted in the frame
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of dissertation thesis can suggest the new approach in application of nanoparticles in
medicine, especially dendrimer-based NPs and PNPs systems, which have become
interesting and promising molecules for pharmaceutical and technical aims. Dendrimer- and
PNP-based drug delivery vehicles have been extensively investigated for drug delivery to the
plasma membrane of the cell. The aim of this thesis was to investigate the mechanisms of
interaction of dendrimers and PBCA NPs with lipid membranes; to assess in vitro cytotoxicity
of PBCA NPs loaded with cytostatic drugs and therefore to improve the properties of
nanoparticle platforms incorporating functionalities, such as drugs and HIV-peptides delivery
to the target cells.
We tested dendrime/peptide complexes as the alternative approach for the
treatment of HIV/AIDS. We have demonstrated that HIV-peptides complexed with
carbosilane and phosphorus dendrimers interact with model lipid membranes. The results
give an example of the importance of electrostatic interactions between polymer/peptide
complexes and lipid systems. The stronger interaction of dendriplexes with negatively
charged lipid membranes was probably due to electrostatic interaction of positively charged
dendriplexes and negatively charged lipids, whereas interaction of dendriplexes with vesicles
composed of zwitterionic lipids was due to disturbances in the hydrophobic domain of the
membrane. Dendriplexes containing CBD-OS showed a higher binding affinity to lipid
monolayers, when compared to CBD-CS. Moreover, CBD-CS interacted more strongly with
hydrophobic part and weaker with hydrophilic part of bilayers, while opposite tendency was
observed for CBD-OS dendrimers. On the other hand, higher generation peptide modified
CPDs alerted the fluidity of model membranes in a generation-dependent manner. Because
changes noted for DPH (hydrophobic part of bilayer) in the presence of CPD/peptide
nanoplexes were the biggest from among tested probes, we speculate that those
dendriplexes are mainly embedded in the interior of liposomes.
Further, we studied how the presence of phospholipids modified by polyethylene
glycol (DSPE-PEG2000) chains affect the interaction of dendrimer/peptide complexes with lipid
membranes. The study of thermodynamics and mechanical properties of vesicles contained
of PEGylated lipids suggest that presence of PEG at polar part of the membrane resulted in
increase of the phase transition temperature, decrease of cooperativity of phase transition
and in decrease of compressibility of lipid bilayer as revealed from ultrasonic spectroscopy
and densitometry experiments. Thus, the lipid bilayer contained PEGylated lipids is more
rigid in comparison with those of conventional phospholipids (DMPC). By means of
experiments on the lipid monolayers composed of DMPC, DSPE-PEG2000, as well as their
mixtures we have demonstrated that dendriplexes have ability to insert into the lipid
monolayer, with the order of binding strength depending on the molar ratio of DMPC/DSPEPEG2000: DMPC > DMPC/DSPE-PEG2000 10:1 > DMPC/DSPE-PEG2000 3:1 > DMPC/DSPEPEG2000 1:1 > DSPE-PEG2000. The dendriplex-monolayer interactions are partially due to
electrostatic forces, but depend also on the ordering of lipid films and are acc ompanied by
change in morphology and topography of lipid membranes as revealed by Brewster angle
microscopy. At presence of dendriplexes the lipid domains of large structural variations, with
different shape and morphology were formed. The size of the aggregates enlarged with
increasing the content of PEGylated lipid. The data obtained on lipid monolayers can be
useful for optimization and potential use of dendriplexes as carriers of HIV-1 peptides to the
dendritic cells. At the same time the experiments performed by ultrasonic spectroscopy and
densitometry allowed to obtain important information on the thermodynamics and mechanical
properties of lipid membranes that is important for interpretation data of dendriplexmembrane interactions.
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Finally, in vitro toxicity of cytostatic drug cabazitaxel and cabazitaxel loading PBCA
NPs was investigated. The toxicity of drugs and nanoparticle/drug therapeutic systems of
different concentrations was assessed by cell-based experiments at different exposure time
points. The study revealed that PBCA NPs loaded with drugs, as well as drugs itself elicited
cell necrosis by suppressing microtubule dynamics in HeLa cells, the highest cytotoxic effect
was reached at concentrations 50-100ng/ml after 72 hours of drug exposure. The
degradation of PBCA NPs followed by drug release probably occurred between 24-48 hours
of drug exposure. Results indicated that the cytotoxicity of cabazitaxel is not affected by
being encapsulated in PBCA NPs. Furthermore, the effect of PBCA NPs on the topology of
model lipid monolayers was visualized by means of BAM. The addition of various
concentrations of NPs into the lipid subphase was accompanied by the formation of
increasingly denser bright clusters caused by the interaction of the NPs with the monolayer.
The experimental data collected from measurements on biomimetic, as well as from
in vitro systems, provide the basis for optimization and potential use of NPs as carriers of
therapeutic agents (HIV-1 peptides and cytostatic drugs) to the target cells. However, further
in vitro and in vivo experiments will be required before those therapeutic products will be
approved for clinical applications.
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