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1 Introduction

1.1 Relevance

The application of nanotechnology to medicine and introduction of nanomaterials in
drug formulation strategies (defined as nanomedicine') became sources of major
innovations in drug delivery over the last decade,!! dedicated to achieve maximal
effectiveness against the existing disease and as minimal side effects (effects on non-
targeted tissues) as possible, and are considered to be highly useful for personalizing
nanomedicine-based (chemo-) therapeutic interventions.”) The premiere advantage of
nanocarriers is their potential for multi-functionality, which enables accommodation of
diagnostic and therapeutic materials such as drugs, affinity ligands, and imaging moieties
within a single nanoparticle vector to achieve targeted and traceable drug delivery. Any
colloidal object (organic and inorganic particles, vesicles, liposomes, micelles and
soluble macromolecules) of size from several nanometres to few micrometres could be
used as a nanocarrier. Recently, there has been an explosion in the development of
nanocarrier vehicles composed of lipids, polymers, carbon materials, inorganic
nanocrystals, and even hybrid combinations of those materials®® tailored towards not
only dramatically improving pharmacologic properties of existing therapeutics,™ but
also enabling delivery of new classes of potent anti-cancer drugs for gene therapy and
immunotherapy.™

Nanoparticle-based drug delivery (NDD) has emerged as a promising approach to
improve the efficacy of existing drugs and enable the development of new therapies.
Proof-of-concept studies have demonstrated the potential for NDD systems to
simultaneously achieve reduced drug toxicity, improved bio-availability, increased
circulation times, controlled drug release, and targeting. However, clinical translation of
NDD vehicles with the goal of treating particularly challenging diseases, such as cancer,
will require a thorough understanding of how nanoparticle physicochemical properties
influence their fate in biological systems, in vitro and in vivo. Consequently, a model

system for systematic evaluation of all stages of NDD with high sensitivity, high

!Nanomedicine aims at ensuring the comprehensive monitoring, control, construction, repair, defence and improvement of all
human biological systems, working from the molecular level using engineered devices and nanostructures, ultimately to achieve

medical benefit.



resolution, enabling functionalization and low cost is highly desirable. In theory, this
system should maintain the properties and behaviour of the original NDD vehicle, while
providing mechanisms for monitoring intracellular and systemic nanocarrier distribution,
degradation, drug release, and clearance. For such a model system, semiconductor
nanocrystals — quantum dots (QDs), due to their unique physical, chemical and optical
properties, offer great potential™ for research how to control the properties of designed
nanocarriers. QDs provide a perspective towards the notable potential application of
their use as therapeutic and diagnostic tools in nanomedicine,!"! for example site-specific
medical imaging and drug delivery, or in cancer treatment.’® Together with the main
benefits, such as localization of QDs within cells at subcellular resolution, sensitivity to
microenvironment, a narrow emission profile and a large Stokes shift, which are actual
for QDs optical imaging, QDs feature a small size and versatile surface chemistry and
offer superb optical properties — high brightness and high photostability, — for real-time
monitoring of NDD vehicle transport and drug release at both cellular and systemic
levels.”! Though the nanocrystals of QDs are commonly composed of toxic materials
(such as cadmium, Cd), QDs with the surface coating and passivation do not induce
acute toxicity invitro and in vivo.?®1 The properties of QDs enabled them to be
extensively used as a nanocarrier model for the study of many steps of the nanoparticle-
based drug delivery, including critical mechanisms of intracellular uptake and trafficking
as well as overall in vivo biodistribution, in order to define a set of design parameters
that could lead further engineering efforts in NDD. In the long-term, the QDs core can be
replaced with other nanoparticle of interest (such as gold and magnetic nanoparticles,
potentially providing additional therapeutic functionalities) without interference with
predefined fate in biological systems.[*?

Current progress in the synthesis of biocompatible QDs has made it possible to
produce a large variety of semiconductor nanocrystals in terms of size, surface
functionality, bioconjugation and targeting. For all types of nanoparticles, the features of
the nanoparticle surface, such as its size, shape, charge and chemical functionality
(coating/design), are still considered to be extremely important to its biological
interactions because changes in its surface properties significantly alter its uptake,
localization and fate.l*>™! Therefore, it is essential to confirm the feasibility of cellular

uptake and to understand and quantitate the internalization rate and the intracellular fate
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of nanoparticles, as these issues are the key factors that determine the clinical efficacy of
NDD.™! Many studies aiming to correlate the above mentioned properties of QDs with
biomolecular signalling, biological kinetics, transportation and toxicity have been
performed on cell cultures and experimental animals.t” ***8 However, it is difficult to
compare and draw an unambiguous conclusion from the reports on studies available to
date because they included a variety of QDs, cell lines and analytical methods.
Moreover, many of the conclusions drawn about cellular uptake of nanoparticles need to
be re-evaluated in light of the present knowledge of endocytic mechanisms and their
influence on the fate of nanoparticles.*® Therefore, expanding of the understanding
about nanoparticle uptake, intracellular localization and transportation consistency would
enable the more precise interpretation of in vitro research results and would facilitate the

development of in vivo applications for nanoparticles.
1.2 Objectives of the study

The overall aim of the study is to identify the general rules for intracellular uptake and
localisation of non-targeted nanoparticles by employing colloid quantum dots as a model
of biocompatible nanoparticle-based drug carriers.

The following specific objectives were formulated:

1. To determine the accumulation dynamics of quantum dots in normal and
cancer cell lines by means of spectroscopic methods.

2. To investigate the intracellular localisation of quantum dots by using the
confocal fluorescence microscopy and fluorescence lifetime imaging
microscopy methods.

3. To determine the uptake pathways of the quantum dos and the influence factors
for the pathways.

4. To evaluate the influence of quantum dots on the cells when being applied as

diagnostic particles for combined therapy.
1.3 Statements to be defended

1. The uptake process of non-targeted negatively charged quantum dots can be
divided into three time related accumulation stages: | — a plateau stage, Il — a

growth stage and Il — a saturation stage, which are characteristic for all
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investigated cell lines, but the stages were of different timing for each of the
cell line. The accumulation of quantum dots can be divided according to the
intracellular distribution and the types of formed vesicles by four phases: phase
1 — adherence to the cell membrane; phase 2 — formation of granulated clusters
spread in the cytoplasm; phase 3- localization of granulated clusters in a
perinuclear region; and phase 4 — formation of multi-vesicular bodies and their
redistribution in the cytoplasm.

2. QD-filled endosomes mature in time with increasing inner heterogeneity,
which characterised by growing down photoluminescence lifetime of
accumulated QDs.

3. Quantum dots do not penetrate the plasma and inner membranes of cells
through passive diffusion.

4. Quantum dots, incubated with fibroblast cells (NIH3T3) in a serum-free
medium, enter the cells through the only caveolin-dependent endocytic
pathway, which could be suppressed and restored afterwards.

5. The intracellular accumulation of quantum dots potentially has effect on uptake

of drug substances and on increment of cell drug-resistance.
1.4 Scientific novelty

During this study the consistent studies of the intracellular uptake of purposely non-
targeted negatively charged quantum dots (QDs) were carried out. The accumulation and
the intracellular distribution of QDs were investigated, the structure of QDs-filled
intracellular vesicles were analysed and the uptake mechanism of QDs was determined.

The time related intracellular accumulation stages of QDs: | — a plateau stage
(tinc <0,5N); Il — growth (ti,c 0,5-6) h and Il — a saturation stage (tj,. > 6 h) and the
intracellular localisation phases: 1 — adherence to the cell membrane (i, 0.5-1 h); 2 —
formation of granulated clusters spread in the cytoplasm (ti,c 0.5-6 h); 3— localization of
granulated clusters in a perinuclear region (tj,. 6-24 h); and phase 4 — formation of multi-
vesicular body-like structures and their redistribution in the cytoplasm were investigated
in the long-term and described for the first time. Moreover, the possibility to identify the
maturity of endosomes filled with quantum dots and to image their sub-structure by

using fluorescence lifetime imaging microscopy technique was firstly demonstrated.
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The microinjection of the suspension of QDs into the live cells, imitating the passive
diffusion through the plasma membrane has been performed. After comparative analysis
of QDs accumulation in cells transfected with enhanced green fluorescent protein
plasmid (EGFP) it was demonstrated that the passive transfer of QDs through the plasma
and inner membranes of cells is restricted.

It was determined that the uptake of the purposely non-targeted negatively charged
QDs into NIH3T3 cells occurs via caveolin depended endocytic pathway. For the first
time it was demonstrated that the saturating accumulation of QDs affects the intracellular
localisation of caveolin-1, the molecule required for invagination of plasma membrane
and formation of caveolae, its distribution and accumulation in QDs-filled vesicles.

Moreover, the increased resistance of the cells pre-incubated with the QDs to the
chemotoxicity of cisplatina has been demonstrated. That result should be taken into
account in the future development of QDs and other nanoparticles as diagnostic and

therapy probes.
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2 Materials and methods

2.1 Cell cultures

An immortalized mouse embryonic fibroblast cell line NIH3T3, a human breast
adenocarcinoma cell line MCF-7 and a human hepatocellular carcinoma-derived cell line
HepG2 have been cultured in the presence of CO, (5% v/v) at 37°C in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, USA) supplemented with fetal bovine serum
(10 % v/v), 0.1 % antibiotics (stock: 1000 U/ml Penicillin, 1000 pg/ml Streptomycin) to
get ~60 % of confluence.

To evaluate the uptake dynamics and intracellular localization of the QDs, cells were
seeded at a density of 40% confluence in DME medium, in either 24-well plates for PL
spectroscopy or 8-well chambered cover-slips (Nunc, USA) for microscopy, and allowed
to grow for 24 h until they reached ~70% confluence. Prior to all experiments, the cells
were rinsed three times with DME medium and left for 2 h in serum-free DME medium
at 37 °C.

The final 10 nM concentration of QDs was used in the incubation medium for all

experiments.
2.2 Quantum dots and other chemicals

The carboxyl-functionalized quantum dots (QDs) used in this study (eFluor™ 625NC
and 545NC) were purchased from eBioscience™ (USA). These QDs show
photoluminescence (PL) peaks at 625 nm (QD625) and 545 nm (QD545), have an
identical structure (a CdSe core passivated with a ZnS shell) and are capped with a
micelle-like coating of amphiphilic 1,2- distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy(polyethylene glycol)-2000], i.e., DSPE-PEG2000 functionalized with
carboxyl groups.

AlexaFluor®488-conjugated transferrin  (Trf), BODIPY Cs-lactosylceramide/BSA
(LacCer) and DextranCascade Blue (DexB) were purchased from Invitrogen (USA). The
photosensitizer chlorin e6 (Ces) was purchased from Frontier Scientific Inc. (USA).
Cisplatin was purchased from Teva Pharma B. V. (Holland) and used at 0.075 pg/mL or
0.5 pg/mL for 24 h. The expression vector pEGFP-C1-Caveolin-1 (dog Caveolin-1 fused

to enhanced green fluorescent protein) was a gift from Lisette Leyton.”!
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2.3 Photoluminescence spectroscopy

The cells were seeded in 24-well plates for 24 h in FBS-free medium and then
incubated with carboxylated QDs in FBS-free medium over a time course ranging from
15 min to 48 h (37 °C, 5% CO,). After the indicated time of incubation, the cells were
rinsed three times with PBS and detached from the plates with trypsin. Then, the cells
were collected and re-suspended in PBS to a final volume of 1.5 mL. The cell number
was counted with a hemocytometer. Quantitative analysis of the intracellular uptake of
the QDs into living cells was performed with a steady-state and fluorescence lifetime
spectrometer (FLS920; Edinburgh Instruments, UK), recording the mean PL signal of
the accumulated QDs, which was normalized per cell. Each cell suspension was placed
in a 1-cm-pathlength plastic cuvette (Hellma Optics, Germany).The temperature of the
sample was maintained at 37 °C while the cell suspension was constantly stirred to
sustain its homogeneity. The PL excitation wavelength was set to 405 nm, and the
excitation and emission slits were kept at 5 nm. The PL spectra of the QDs and the
fluorescence spectra of the endocytosis reporters and dyes in each sample were
repeatedly measured three times. The autofluorescence of the cell suspension was also
measured in control samples and considered in the data analysis. NIH3T3 cells were
pretreated for 24 h with either 10 nM QD545 to study the subsequent internalization of
QD625, DexB and Ceg, or with 10 nM QD625 to study the uptake of LacCer and Trf at
different incubation times ranging from 1 h to 24 h. Prior to the secondary incubation,
the cells were rinsed three times with FBS-free medium to prevent co-incubation of the
QDs and the agents under investigation.

To determine the duration of the suppression of QD uptake, the cells were pretreated
with QD625 for 24 h, rinsed three times and kept in FBS-free medium without QDs for
2, 5 or 7 h. After the indicated time, a new dose of QDs was infused into the medium,
and the cells were further incubated for 1h. Then, the cells were prepared for
determination of their PL signal using the procedures described above. Two PL
experiments were performed in parallel: one batch of pretreated and rinsed cells was kept
in DME medium without QDs and the other batch was kept in medium supplemented
with the same QD625.

14



Data are presented as the mean values of at least three independent experiments + SE.
Statistical analysis was performed using one-way ANOVA, and differences were

considered significant at p<0.05.
2.4 Confocal microscopy

Living cells were incubated in serum-free media for different periods and then imaged
with a confocal microscope (Nikon Eclipse TE2000-S, C1 plus) by sequential scanning
with a beam of an Argon ion laser (488 nm), at 600X total magnification using a
60X NA 1.4 objective (Plan Apo VC, Nikon, Japan). For standard images the three-
channel RGB detector (band-pass filters: 515/30 and 605/75 for green and red channel,
respectively) was used. Image processing was performed using the “Nikon EZ-C1
Bronze version 3.80” and “Imagel 1.41” software. The QDs imaging in a red (R)
spectral range (578-632 nm) was done retaining the same parameters for all fluorescence

images. All cell lines were rinsed 3 times with a warm DME medium before imaging.
2.5 Fluorescence lifetime imaging microscopy

Fluorescence lifetime images were acquired using Lifetime and FCS Upgrade for
Nikon Clsi (PicoQuant GmbH, Germany). The system consisted of a 405 nm pulsed
diode laser with a pulse width of 39 ps and a repetition rate of 10 MHz, which allowed
using a measurement time interval of 100 ns. Detected photons were counted by a time
correlated single-photon counter PicoHarp 300 (PicoQuant GmbH, Germany).
Initialization, scanning, and acquisition were controlled by the same Nikon C1si
microscope system. PL lifetime signal of QDs in living cells was detected with a single
channel unit of single photon counting avalanche photodiodes (SPADs) at a spectral
range of 578 £ 52.5 nm. Each lifetime image was obtained by collecting 1000 counts at
the peak value, and the image resolution was fixed at 512x512 pixels. Fluorescence
lifetime imaging microscopy (FLIM) images were reconstructed using a three-
exponential fitting model (SymPhoTime software, PicoQuant GmbH, Germany), in
which an average lifetime of QDs is displayed for every given pixel. Histograms for all
average lifetimes (for all pixels) of QDs were plotted using the SymPhoTime v.5.2

(PicoQuant GmbH, Berlin, Germany) software.
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2.6 Microinjection

The injection solution was prepared diluting 0.5 ul of QDs from a stock solution in
9.5 ul of PBS. A microinjector (Eppendorf FemtoJet and CellTram Air; Hamburg,
Germany) was used for direct injection of QDs into the cytoplasm (the injection pressure
— 200 hPa; the rate — 500 um/s). The confocal fluorescence images of the cells were
taken immediately after the injection and after incubation for 24 h (37°C, 5% CO,).

2.7 Transfection with Green Fluorescent Protein plasmid

Temporal transfection of NIH3T3 with a EGFP plasmid followed the standard
protocol for transfection of adherent cells. The following solutions were prepared
separately: Solution A: the eGFP plasmid in 50 ul of DME medium; Solution B: 1.5 pg
of MetafectenePRO (Biontex) in 50 ul of DME medium free of antibiotics. Mixed
solutions were kept at room temperature for 20 min. The formed plasmid-
MerafectenePRO complexes were added to the plates with NIH3T3 cells. After 6 h the
transfection mixture was removed and replaced with the fresh DME medium
supplemented with a fetal bovine serum (10 % v/v), 0.1 % antibiotics (stock: 1000 U/ml
Penicillin, 1000 pg/ml Streptomycin) and the plates were returned to the CO, incubator
and were kept until the time of experiments.

Transient transfection of NIH3T3 cells with EGFP-C1-Caveolin-1 plasmid was
performed using TurboFect transfection reagent according to manufacturer’s
recommendations (Thermo Fisher Scientific Inc., Lithuania). Briefly, the cells were
grown in complete DME medium (37 °C, 5% CO, up to ~50% confluence) and then
transfected for 24-48 h using TurboFect transfection reagent with the corresponding

plasmid followed by subsequent analysis as indicated.
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3 Results and discussion

3.1 Intracellular accumulation and distribution of quantum dots

The uptake kinetics drawn on the basis of the changes of the red photoluminescence
(PL) intensity revealed a “S”-shaped (a plateau stage, a growth stage and a saturation
stage) time dependence for the accumulation of carboxyl-QDs in different cell lines
(NIH3T3, HepG2 and MCF-7) during incubation at 37°C: (Figure 1, A), but the stages
were of different timing for each of the cell lines (Figure 1, B). The PL intensity of
carboxyl-coated QDs incubated with NIH3T3 and MCF-7 cells increased with time and
started to saturate after 6 h. The PL intensity in the case of HepG2 cells remained very
weak and started to grow only after 30 h. The confocal fluorescence images taken
instantly, 0.5 h, 1 h, 6 h, 24 h and 48 h after the incubation of cells with QDs (Figure 1,
C-F) showed the evolution of the distribution pattern and the transport vesicles of
carboxyl-coated QDs in the cells: phase 1 — adherence to the cell membrane (t;,c 0.5-1 h)
(Figure 1, C); phase 2 — formation of granulated clusters spread in the cytoplasm (tinc
0.5-6 h) (Figure 1, D); phase 3- localization of granulated clusters in a perinuclear
region (ti,c 6-24 h) (Figure 1, E); and phase 4 — formation of multi-vesicular body-like
structures and their redistribution in the cytoplasm (ti,. >24 h) (Figure 1, F). The
granulated pattern of the red PL of QDs present inside the NIH3T3 cells (assigned to the
phase 2, Figure 1, D), indicated that QDs were trapped in vesicular structures. The QDs
remained inside vesicles during a whole period of observation, only the number of
vesicles per cell increased during the phases 3 and 4 (Figure 1 E, F and Figure 1 B-D), as

did their size and PL intensity.
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Figure 1: A, B —internalization dynamics of carboxy-QDs into NIH3T3, HpG2, MCF-7 cells at 37°C
with indicated stages of accumulation presented in different scale range, accompanied with confocal
fluorescence images of NIH3T3 cells illustrating the observed accumulation phases (C — phase 1:
adherence to cell membrane; D — phase 2: formation of vesicular structures spread in the cytoplasm; E —
phase 3: vesicle fusion and localization in the perinuclear region; F — phase 4: formation of the multi-
vesicular bodies- like structures and their redistribution in the cytoplasm).Serum-free medium, scale bar

20 pm

Diverse vesicles ranging from ~0.5 um to 8 um in diameter (Figure 2) have been
observed on close inspection. The fluorescence images of the smallest vesicles with a
diameter up to 0.5 um were detected during the phase 2 (Figure 2, A). Two different
vesicle types of the same size (~1 pum in diameter) were observed during the phase 3:
those fully filled with QDs (Figure 2, B) and the ring-like vesicles with QDs being
attached to the inner surface without distribution throughout the volume (Figure 2, C).

The largest vesicles (~5-8 um) that were observed during the phase 4 revealed to be
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multi-vesicular bodies®! being formed of many small vesicles that were fully filled with

QDs and were packed into a single large vesicle (Figure 2, D).

A B

Figure 2: Confocal fluorescence images of types of vesicular structures formed in NIH3T3 cells
during phase 2 (A), phase 3 (B, C) and phase 4 (D) of incubation with QDs. X — ring like images of
vesicles with QDs attached to the inner surface of vesicle without distribution throughout the volume; Y

— large vesicles, multi-vesicular bodies-like structures. Scale bar 10 um

The QDs uptake process begins with their adherence to receptors on cell surface that
are present in plasma membrane. Following the energy dependent internalization during
the phase 1 this complex then enters the cells in the form of cargo located inside
receptor-coated vesicles called endocytic vesicles. At the phase 2, endocytosed cargo is
usually delivered to the early endosomes.!?? This process is followed by their controlled

migration (against a concentration gradient), fusion and localization in the perinuclear
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region (phase 3), close to the Golgi complex and microtubule organizing centre./*!
According to observed sizes and structure the QD-containing vesicles could be
categorized into three groups: (i) vesicles up to 1 um in diameter, formation time 15 min
— 1 h, which could be assigned to endocytic vesicles that merge into larger vesicles by
homotypic fusion;?¥ (ii) vesicles up to 5 um in diameter, formation time beyond 1 h,
referred as early endosomes, which are mainly spherical®® and (iii) vesicles more than
5 um with the presence of intraluminal vesicles, referred as late endosomes / multi-
vesicular bodies.”*®! Despite of time-related differences, the distribution of non-targeted
QDs followed the similar accumulation stages and phases in different cell lines
(NIH3T3, HepG2 and MCF-7). We would like to mention that the phases of
accumulation of QDs were not equally clearly expressed in the studied cell lines. The
main reasons could be the different physiology of cell lines and cell type—specific
surface receptors.””! The observed variations in uptake timing between the cell lines
(Figure 1, A-B) may also be influenced by the cell-related differences in internalization
mechanisms of QDs. It should be noted that similar distribution of QDs in the cells,
which is we have attributed to phases 1 and 2, were presented earlier in studies of A.
Hoshino et al.,”® M.J.D. Clift et al.”? and W. Jiang et al.B” T.A. Kelf et al.®¥ Y.
Williams et al.*? and F. Corsi et al.*® have shown the formation of vesicular structures
spread in the cytoplasm corresponding to the phase 2. The phase 3 — the localization of
vesicular structures in the perinuclear region — was described by L.W. Zhang et al.,** Y.
Xiao et al.®® and reviewed by W.J. Parak®® The phase 4 resembles the data about the
formation of multi-vesicular body-like structures and their redistribution in cytoplasm,
presented by Y. Yuan et al.** and W. Jiang et al.®® However, there the accumulation
phases of QDs was not introduced and there was no presentation of an overall picture
illustrating the time-dependent manner of natural uptake and distribution of non-targeted
negatively charged QDs in living cells.

Fluorescence lifetime imaging microscopy (FLIM) images taken at three defined
time-gates enabled to register the spatial heterogeneity of the intracellular vesicles. The
differences in fluorescence lifetimes were employed to monitor the intracellular
trafficking of QDs in detail through all previously demonstrated stages of intracellular
accumulation (Figure 3). After 1 h to 3 h of incubation (when QDs are either adherent to

the membrane, or are in the small — up to 1 um in diameter — endocytic vesicles
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distributed in cytoplasm) the photoluminescence (PL) lifetimes are mainly in the range
of 16-22 ns. After longer (<6 h) incubation, when larger endosomes (~2-3 um in
diameter) with QD are concentrated in a perinuclear region — an additional range of
shorter PL lifetimes (10-15 ns) was registered. And for the cells being in the saturation
stage — after incubation of 24 h, when the multi-vesicular bodies (~3-8 pum) are formed
and distributed in the cytoplasm — the increased input of even shorter (5-9 ns) PL
lifetimes was detected.

Cell membrane Endocytic vesicle Early endosome Late endosome MVB
(0.5h) 1h) (3h) (6 h) (24 h)
E

Figure 3: Overlaid phase contrast and confocal fluorescence images of NIH3T3 cells at different

<D|

30ns

times of incubation with QDs revealing their intracellular distribution: A — QDs adherent to the
membrane, B and C — endocytotic vesicles and early endosomes distributed in the cytoplasm, D — late
endosomes are concentrated in a perinuclear region, E — multi-vesicular body-like structures distributed
in the cytoplasm; scale bar: 10 um. Confocal fluorescence images and fluorescence lifetime images of
areas and vesicles marked with white circles in A-E: membrane (F, K), endocytotic vesicle (G, L), early
endosome (H, M), late endosome (I, N) and MVB™®! (J, 0); scale bar: 1 pm. The lumen of early
recycling endosomes has a pH value of 6.5-6.4 (as compared to pH 7.2 in the cytosol), that of late
multivesicular endosomes has a pH of 6.0-5.0 and, after fusing with lysosomes, a pH of 5.0-4.5 is

reached™
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At the first phase, when QDs adhere to the plasma membrane (Figure 3 A, F), the
QDs mean PL lifetimes are the longest (Figure 3 K). When QDs are internalized into
NIH3T3 cells, and the endocytic vesicles fully-filled with QDs are formed, the shorter
mean PL lifetimes appear in the inner volume of the vesicle, which is still surrounded by
the external structure exhibiting the longest PL lifetimes like those of QDs interacted
with plasma membrane (Figure 3 B, G). An early endosome containing QDs had a quite
homogenous structure (Figure 3 C, H), possessing only the shorter lifetimes. The
vesicles bearing more complex structures appeared after the fusion of early endosomes
with late endosomes. FLIM images revealed random distribution of different lifetimes in
the outer area and even shorter lifetimes in the inner volume of the vesicles. The
heterogeneous structure of multivesicular bodies was uncovered on the image when three
time-gates were applied, and the shortest average lifetimes were detected in the central
area (Figure 30O, shown in blue). The green area seen in the middle most likely
corresponds to a mixture of invaginated membranes and small intraluminous vesicles.
The accumulation of internal membranes in vesicles starts at the stage of an early
endosome and is thought to continue as it ‘matures’ to a late endosome.’?® The lipid
composition of late endosomes differs from that of earlier endocytic compartments,
being enriched in triglycerides, cholesterol esters and selected phospholipids. Compared
to the limiting membrane, the internal membranes of late endosomes/MVBs are heavily
enriched in highly hydrophobic, cone shaped phospholipids dedicated to bend
membranes for formation of MVBs.!*]

One of important environmental factors affecting PL lifetime of intracellular QDs is
the medium pH. By studying pH dependence of the PL of QDs in living cells it was
found that cellular environment of low pH quenches QD photoluminescence,” and that
mean PL lifetimes being measured in membrane, cytoplasm or endosomes were shorter
in more acidic pH.[4°] However, other studies noted that the lifetime of QDs in the acidic
lysosomes (pH 4.5-5.0) was even shorter than that in a more acidic aqueous solution
with a pH value of 2.20 thus demonstrating that the acidic environment is not the only
cause for the shortening of the PL lifetimes of intracellular QDs. The photophysical
properties of semiconductor QDs are sensitive to the processes taking place on their
surface. The interaction between external biomolecules and those of QDs coating may

enhance non-radiative decay and lead to the shortening of the mean PL lifetimes. The
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analysis of PL decays of QDs in PBS (pH 7.4) containing different amino acids or
proteins indicated that the higher concentration of amino acids resulted in a shorter PL
lifetime.[*! Moreover, the reduction of PL lifetimes was also observed for negatively
charged QDs, which interact with positively charged intracellular proteins.[*? One more
assumption concerning the appearance of the shortest lifetimes detected at the last stage
of QDs accumulation can be made on the grounds that QDs are more tightly packed in
the mature endosomes and, therefore, can undergo a reduction in lifetime as a result of
the energy transfer between QDs of different sizes in the ensemble of nanoparticles.!”
Since the outer stabilizing layer (coating) of studied QDs is made of PEG with ionizable
carboxylic acid groups, the interaction capacity of QDs also becomes pH-sensitive.
Under low pH conditions the fraction of protonated COOH groups increases, which
facilitates the formation of hydrogen bonds between the QDs coating and the
biomolecules,* also facilitating closer interaction between QDs.

It is clearly shown that the mean PL lifetimes of the intracellular carboxylated
CdSe/ZnS QDs varied greatly depending on the intracellular localisation and related
changes of intracellular microenvironment,*! which are related to both the QDs
incubation time and their location within the cell. The changes in mean PL lifetimes of
QD observed during their accumulation most likely are caused by the variations in
biomolecular composition and acidity of the intracellular microenvironment altering
molecular interactions of the QDs coating, which can affect the intrinsic

photoluminescence characteristics of nanoparticles.

3.2 Uptake mechanism of quantum dots

3.2.1 Evaluation of QDs’ passive diffusion through the cell membrane

The comparative study on the fate of QDs entering the cells via imitation of the
passive diffusion has been performed, using the direct delivery approach. The strikingly
contrasting distribution pattern of QDs photoluminescence was observed in cells after
the intracellular microinjection (Figure 4, A, B in comparison with Figure 2). The
injected QDs were instantly well dispersed across the entire cytoplasm. No formation of
granular structures and no visible signs of aggregation were seen (Figure 4, A). The
formation of QDs-containing vesicular structures was not observed afterwards as well

(Figure 4, B). The observed time-dependent restructuration of QDs-containing vesicles
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during the natural uptake and accumulation (changes in the size of the vesicles and
formation of the multi-vesicular body-like structures) prompted us to investigate the
intracellular migration of QDs, the possible fusion of QDs-containing vesicles and also
the chances of QDs entrapped inside the vesicles to escape into the cytosol. EGFP
transfected cells have been used to clarify those processes. The transfection itself had no
influence on the phases of QDs accumulation in cells as well as on the formation and
reshaping of red-luminescing endosomes (Figure 4, C). The dark and red-luminescing
endosomes were detected on the background of the green fluorescence in EGFP
transfected cells at 24 h after keeping them in a growth medium with QDs. The carefull
inspection of formed vesicles revealed small (~0.5 um) vesicles inside larger (~1.5 pm)
dark endosomes (Figure 4, D) implying the possible fusion of endosomes containing
QDs with endosomes without QDs. However, no trace of the red PL of QDs dispersed
across the entire cytosol was detected (Figure 4, C, D), as it was in case of the
microinjection of QDs (Figure 4, A, B), and no appearance of yellow colour caused by
the co-localization of red QDs with green EGFP was found. The presence or absence of

protein in growth medium was found to have no influence on these observations.
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Figure 4: Confocal fluorescence images of NIH3T3 cells taken instantly after injection of QDs (A),
24 h after injection (B) and 24 h after incubation with QDs. X — injection site; white rectangles marks the
zoomed parts which are shown in the inserts. Confocal fluorescence images of EGFP transfected
NIH3T3 cells 24 h after incubation with QDs (C); D is zoomed part of B, showed with white rectangle.
Scale bar 10 um

The direct delivery of QDs into cells is very limited in its throughput and is not suited
for the manipulation of tens to hundreds of cells at a time, but is very valuable for
achievement of the new research insights. This technique allows delivery of very small
sample volumes (usually femtoliters) directly into the cytoplasm of individual cells
avoiding the reaction with plasma membrane, which is the main barrier and the cause of
intracellular vesicle formation during the natural uptake. In contrast to natural uptake,

the microinjected QDs underwent no changes and remained uniformly distributed in

25



cytosol during the observation period (at least 24 h). Moreover, experiments with EGFP
transfected cells confirmed the suggestion that QDs entrapped inside the vesicles during
endocytosis could not escape to the cytosol. The vesicle fusion, which was evident in the
phase 4 (Figure 2, D) and in the experiments on EGFP transfected cells (Figure 4, D)
demonstrates that the natural uptake of QDs is impossible without endocytosis.
Moreover, the transfer of QDs from endocytotic vesicles into cytosol or vice versa is

restricted.

3.2.2 Suppression of quantum dots’ uptake

To examine the role of saturation in the mechanism of QDs intracellular uptake,
combined studies were conducted using primary and secondary QDs. The pretreatment of
cells with primary QDs with PL peak at 545 nm (QD545) until the saturation phase (QD-
saturated cells) resulted in a dramatically lower uptake rate of secondary QDs with PL
peak at 625 nm (QD625) in cells. As shown in Figure 5, A, the accumulation of QD545
(used for the pretreatment of cells for 24 h) resulted in a granular distribution of green
PL throughout the cytoplasm, while after 3 h of secondary treatment, QD625 were
attached only to the cytoplasmic membrane of the pretreated cells. Moreover, no overlap
of the red and green PL spots was observed, suggesting that the pretreatment with the
primary QDs hindered the internalization of the secondary QDs in the cells. A different
pattern was observed when secondary QDs were added to the medium of the pretreated
cells at the growth stage. Evidence of co-localization of internalized primary QD545
(used for 1 h of pretreatment) and secondary QD625 was observed as yellow spots in
confocal microscopy images in which the green and red channels were combined. These

dots were distributed on the plasma membrane and in the cytoplasm (Figure 5, B).
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A

Figure 5: (A) A confocal fluorescence image obtained by combining the red and green channels to
show the intracellular localization of quantum dots (QDs) with PL peak at 625 nm (QD625, red) after 3 h
of incubation and QDs with PL peak at 545 nm (QD545, green), which was used for 24 h of
pretreatment; (B) a confocal fluorescence image of NIH3T3 cells that were pretreated with QD545 for
1 h and then incubated with QD625 for 1 h. Scale bar = 20 um

The duration of pretreatment revealed the gradually reduced capacity of cells to
accumulate secondary QDs with increasing times of pretreatment with primary QDs: a
strong reduction in the PL intensity of secondary QDs was reported even after 3 or 6 h of
pretreatment, and the internalization capacity of the pretreated cells was almost totally
suppressed after 24 h. Confocal microscopy imaging revealed that under such conditions,
secondary QD625 was present on the plasma membrane of the pretreated cells (Figure 5,
A); however, adherence to the plasma membrane was not sufficient for the uptake of

QD625, as no secondary QDs were detected inside the cells, even after 3 h of incubation.

3.2.3 Reinitiation of guantum dots’ uptake

The pretreated cells were further studied to determine the duration of the suppression
stage of QD uptake until its expected reinitiation. This time, after 24 h of pretreatment
with QD625, the relative PL intensities of the accumulated QDs, which were normalized
per cell, were monitored in two experiments (Figure 6, A). First, the PL intensity of the
QDs continually diminished in cells that were rinsed and subsequently incubated in
medium without QDs (Figure 6, A, empty squares). This reduction in intensity per cell
can be explained by cell division, as the total PL intensity calculated per cell of the QDs
present in divided cells does not change (Figure 6, B). In the second case, the pretreated

cells were first incubated in medium without QDs for different time intervals and then a
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new dose of QD625 (arrows in Figure 6, A) was added to the medium for an additional
1 h of incubation prior to the measurements. The mean intensities of the overall PL from
the accumulated QDs, which were measured at 24+3 h and 24+6 h (Figure 6, A, black
squares), followed the same tendency as that observed for the cells incubated in medium
without QDs (Figure 6, A, empty squares), indicating that the uptake of the QDs was still
not restored. However, as detected after 24+8 h, the mean PL per cell almost reached the

initial level of intensity that is typical for saturation in cells incubated with QDs for 24 h.
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Figure 6: (A) Reinitiation of QD uptake. The arrows mark the times of QD addition into the medium.
(B) Overlay of phase contrast and fluorescence images of a dividing cell with internalized QD625 after
24 h of incubation. Scale bar = 10 um

The imaging of the cells by means of the phase contrast and confocal fluorescence
microscopy demonstrated that when the cells were dividing, the internalized QDs were
redistributed among the daughter cells, reducing the total amount of QDs per cell (Figure
6, B). Some studies, in which the dependence of internalization of nanoparticles on the
cell cycle phase was investigated, also showed that cell division dilutes the intracellular
concentration of nanoparticles.”**! The addition of QDs into the incubation medium of
pretreated cells at 2 or 5 h had no effect on the subsequently (1 h later) measured mean PL
intensities (Figure 6, A, black squares). However, the PL signal that was measured 1 h
after the addition of QDs at 7 h revealed restored PL intensity values, implying the
reinitiation of QD uptake by the cells. The observed delay in this reinitiation may be

related to the natural replenishment of substances that participate in endocytosis in newly

28



divided cells. This apparent capacity of cells to suppress and resume the uptake of non-

targeted QDs supports the idea that the uptake occurs via single endocytotic mechanism.

3.2.4 Uptake mechanism of quantum dots

Transferrin (Trf) was selected to examine the suppressive effect induced by carboxyl-
coated QDs on the uptake mediated by clathrin-dependent endocytosis. The mean values
of the Trf fluorescence intensities, which were measured spectroscopically at various
times of simultaneous incubation with QDs in control cells (empty squares) and in QD-
saturated cells (full squares) were the same within the margin of error Figure 7, A. The
confocal fluorescence microscopy image of Trf in the control cells (green channel,
Figure 7, B) illustrates that after 1 h of incubation Trf was localized on the plasma
membrane and also formed a granular pattern in the cytoplasm. The images of the cells,
which were incubated with QDs (seen in red vesicles in the cytoplasm) for 24 h until the
saturation stage and then incubated for 1h with Trf, demonstrated the similar
intracellular distribution of Trf. (Figure 7, C). Some of the observed vesicles were
yellow in colour, implying the co-localization of Trf within the vesicles containing QDs.

An insignificant suppressive effect of accumulated QD625 was also observed on the
uptake of dextran (DexB), a marker of macropinocytosis'* (Figure 7, D-F). Comparable
mean intensity values for blue fluorescence of DexB were detected in all of the cell
suspensions independent of the pretreatment of the cells with QDs for almost all of the

examined incubation times (Figure 7, D).
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Figure 7: Effect of incubation of NIH3T3 cells with QD625 until the saturation stage on the clathrin-

dependent (A-C), macropinocytosis (D-F) and lipid raft/caveolin-dependent (G-I) pathways of

endocytosis. (A) Dynamics of the intracellular uptake of Trf by untreated (control) cells and cells that

were incubated with QD625 for 24 h, assessed by fluorescence spectrometry. Confocal fluorescence

microscopy images of the intracellular localization of Trf (green) after 1 h in control cells (B) and cells

that were incubated with QD625 (C, red). Scale bar = 20 um. (D) Dynamics of the intracellular uptake of

DexB by control cells and cells that were incubated with QD625 for 24 h, assessed by PL spectrometry.

Overlaid fluorescence microscopy and phase contrast images of the intracellular localization of DexB
(blue) at 3 h in control cells (E) and cells that were incubated with QD625 for 24 h (F, pink). (G)

Dynamics of the intracellular uptake of LacCer by untreated (control) NIH3T3 cells and cells that were

incubated with QD625 for 24 h, assessed by PL spectrometry. Confocal fluorescence microscopy images

of the intracellular localization of LacCer (green) after 1 h in control cells (H) and cells that were
incubated with QD625 (I, red). Scale bar = 10 um



In contrast, the uptake of lactosylceramide (LacCer), a well-known caveolae ligand
that is selectively internalized via caveolae in mammalian cells,*” was almost
completely prevented in QD-saturated cells, resulting in obvious differences in the PL
spectroscopy data (Figure 7, G-l1). The suppression of LacCer uptake was further
confirmed by comparing the confocal microscopy images of control and treated cells
after 1 h of incubation (Figure 7, H and I, respectively). The LacCer fluorescence pattern
(green channel) in the control cells was very similar to the typical intracellular PL
pattern of QDs. At the same time, only scarce green-fluorescing spots were observed
among the prevailing red fluorescence in the treated cells.

Deeper insight into the QD uptake mechanism was gained by transiently transfecting
NIH3T3 cells with the plasmid EGFP-C1-Caveolin-1 to visualize the intracellular
distribution of caveolin-1 (member of caveolin gene family), a scaffolding molecule that
is essential for driving membrane curvature and the formation of caveolae
structures.’®** The impact of incubation with QD625 for 3 h or 24 h on the distribution

of caveolin-1 is shown in Figure 8.

pEGFP Caveolin-1 control QD625: 3h / pEGFP QD625: 24h / pEGFP
Caveolin-1 Caveolin-1

(green)

A

Figure 8: Confocal fluorescence images of the intracellular distribution of Caveolin-1 (green) in
control cells (A) and cells that were treated with QD625 (red) for 3 h (B) or24 h (C). Scale bar = 10 pm

The expression of pEGFP-Caveolin-1 vyielded differently sized (0.5-3.5um in
diameter) green-fluorescing vesicular structures in the cytoplasm and even in the plasma
membrane (Figure 8, A). The co-localization of QDs and EGFP-Caveolin-1 after 3 h of
incubation was observed as yellow spots in confocal microscopy images, in which the

green and the red channels were combined. These spots were distributed on the plasma
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membrane and in the cytoplasm (Figure 8, B). The number of vesicles (~1 um in
diameter) considerably increased, and the green staining of the cell membrane was no

longer observed when the QD accumulation reached the saturation stage (Figure 8, C).

3.3 Overview of the process and mechanism of quantum dots’ intracellular

uptake

To summarize the presented results and discussed references, a scheme is suggested to
illustrate both the potential mechanism for the intracellular uptake of non-targeted,
negatively charged quantum dots via caveolin-mediated endocytosis and its suppression
(Figure 9).
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Figure 9: Scheme of the intracellular uptake of QDs via caveolin-dependent endocytosis and the
influence of a saturating accumulation of QDs (red arrows). The membrane trafficking of caveolin
via exocytosis and endocytosis under normal conditions is based on the findings of R.G. Parton et

al. (green arrows), and the hybrid organelle was previously described by J.P. Luzio et al.*” and A.
Hayer et al.®™™ The pathway for Trf via clathrin-dependent endocytosis is marked with grey arrows,
and that for DexB via macropinocytosis is marked with blue arrows. The still unclear routes are

marked with dashed lines.
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During internalization into early endosomes (Steps I to I11), receptors can be sorted for
recycling and then travel back to the cell surface. The overall rate of endocytic
internalization of the plasma membrane is quite high; cultured fibroblasts regularly
internalize 50% of their cell surface proteins and phospholipids each hour. Most cell
surface receptors that undergo endocytosis repeatedly deposit their ligands within the
cell and then return them to the plasma membrane to, once again, mediate the
internalization of ligand molecules. For instance, the low-density lipoprotein (LDL)
receptor makes one round trip into and out of the cell every 10 to 20 minutes, for a total
of several hundred trips in its 20-hour life span before the receptor—ligand complex is
degraded in lysosomes, reducing the number of cell surface receptors.”? Some
endocytosed ligands dissociate from their receptors in the acidic lumen of early
endosomes and are delivered to lysosomes for degradation. This process also allows for
the subsequent recycling of the empty receptors to the cell surface. Other ligands remain
bound to their receptors (which are ubiquitinated), and after endocytosis, the receptor—
ligand complexes are internalized from the endosomal surface into luminal vesicles. Late
endosomes (LEs) containing these luminal vesicles fuse with lysosomes.®” The latter
pathway (Step IV) is intended for the receptors associated with caveolae, which are
directed into the intraluminal vesicles of multivesicular bodies, resulting in slower
receptor turnover and signal termination.”®! Because the disassembly of the highly
stable, long-lived caveolae and the degradation of caveolin can only occur in late
endosomes/lysosomes (LE/LYSs)PY or hybrid organelles®™ and because MVBs
containing QDs are still observed after 96 h, the saturation and suppression effects of
caveolin-mediated endocytosis can be induced. Accordingly, the reinitiation of QD
internalization detected after ~8 h (Figure 6, A) could be the result of the restored
turnover of the receptor and caveolin, which presumably involves biosynthetic processes
that are initiated after cell division. Then, the newly divided cells are able to proceed
with the internalization of QDs as long as nanoparticles are present in the medium.
Caveolin-1 is an integral membrane protein.®" Detailed morphological and biochemical
studies of fibroblasts® have shown that under normal conditions, caveolin-1 in
caveolae-derived vesicles constitutively cycles between the cell membrane and Golgi
apparatus (where it is incorporated into lipid domains that sort molecules for shipment to

the cell surface), spending part of its time as a luminal protein of the endoplasmic
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reticulum. The preferred location of caveolin at the cell surface is the caveola.™
Caveolae are long-lived, plasma membrane microdomains that are composed of
caveolins, cavins and a cholesterol-rich membrane. Studies on caveolae disassembly and
the degradation of their coat components have shown that caveolin-1 is degraded very
slowly, but turnover can be accelerated by compromising caveolae assembly. Normally,
caveolae-derived vesicles follow the endocytic trafficking route to lysosomes.® The
formed caveolae fuse with early endosomes, where efficient sorting occurs. Caveolin-1
can be trafficked into and from early endosomes. Recycling endosomes mediate caveolin
trafficking back to the surface. Upon early endosomal maturation, caveolin-1 is detected
in the intraluminal vesicles of LEs and found to be degraded in modified LE/LYSs.
However, our results showed that in the case of QD uptake, when QDs are
internalized through the caveolin-dependent pathway, the normal cycling of caveolin-1 is
interrupted due to some interaction between the QDs and caveolin-1 and its relocation
from the cell membrane to the vesicles. Two possible options can be considered here.
Such an interaction could lead to an irreversible interruption, meaning that the trapped
caveolin-1 is not recycled to the surface of the membrane through the common cycling
route. The reinitiation of uptake becomes possible only due to the synthesis of new
caveolin. Alternatively, it is recycled, albeit very slowly. Presumably, caveolin-1 may be
recycled and trafficked to the endoplasmic reticulum (via Step V) or degraded (via Step
VI), although the routes mediating such recycling and degradation remain unclear

(dashed lines in Figure 9).
3.4 Precautions for the combined application of QDs and biomedical agents

The observed discriminating suppressive effect of carboxyl-coated QDs on the uptake
of certain agents prompted us to examine the possibility of combining these
nanoparticles with certain anticancer agents, as such a combination would allow for
diagnostic visualization and potential theranostic effects. in vitro experiments revealed
that pretreatment of NIH3T3 cells with QD545 did not suppress the uptake of the
photosensitizer chlorine6 (Ceg) (Figure 10, A), which is commonly used in
photodynamic therapy.*® Ceq is an amphiphilic molecule that binds to the plasma
membrane and either passively penetrates through it®? or is taken up by bulk

endocytosis and is trafficked through the endocytosis pathway mediated by the LDL
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receptor.[58] A diffuse distribution of red Ceg fluorescence was detected in the confocal
fluorescence microscopy images of QD-saturated cells (Figure 10, A), together with
green intravesicular photoluminescence from the QDs. There were no yellow spots
(indicating the co-localization of Ceg fluorescence and QD photoluminescence) after 2 h
of incubation with Ceg. On the other hand, the same incubation with QD545 had an
impact on the chemotoxicity of cisplatin, a widely used anticancer drug®® that crosses
the plasma membrane through several specific transporters.*” The experiments of
treatment with cisplatin showed that QD-saturated cells had a higher resistance (Figure
10, B). The viability of the cells treated with 0.5 pg/mL of cisplatin increased from 50%
in control cells to almost 80% in QD-saturated cells. No cytotoxic effects of QDs alone
were observed on cell viability or proliferation at the tested concentrations during the

experimental incubation times.
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Figure 10: Fluorescence confocal microscopy image of the intracellular localization of Ce6 (red) after
2 h of incubation in cells that were incubated with QD545 (green) for 24 h (A). Scale bar = 10 um. (B)
Increased resistance of NIH3T3 cells to cisplatin, induced by incubation with QD545 for 24 h

A lower chemotoxic effect in the QD-saturated cells than in the control cells could
have been caused, for instance, by the reduced accumulation of cisplatin — if the
internalization of this particular drug was also suppressed by incubation with QDs.
However, the cellular internalization channel used for uptake of nanoparticles depends

on the surface charge and is selective for either positively or negatively charged QDs.!®

36



%31 Because cisplatin is positively charged at physiological pH (pKa = 6.56)!*Y and is
internalized by cells through copper and cation transporters,'® it seems that negatively
charged QDs shouldn’t have any influence on these receptors to suppress the uptake of
cisplatin. Moreover, these QDs also did not influence the uptake of the amphiphilic
photosensitizer chlorin e6. Thus, one can assume that a saturating accumulation of
negatively charged QDs directly affects only SRA and the receptors involved in
caveolin/lipid raft-related endocytosis, which is characteristic of negatively charged
molecules.[*® Therefore, it is more likely that QD internalization affects cisplatin via a
different mechanism, presumably inducing stress responses rather than releasing its core
metal ions.[®

It has been shown that carboxyl-coated PEG-QDs trigger the activation of NF-kB and
MAPK signalling (two major signalling cascades that participate in pro-inflammatory
responses) as well as the production of cytokines/chemokines in human skin cells and
primary monocytes, respectively.l®® There are also publications showing that the NF-xB
activation in fibroblasts drives the autophagic degradation of Caveolin-1°"! suggesting
that oxidative stress-induced autophagy is a defence/survival mechanism against the
cytotoxicity of QDs.®® Moreover, some studies have indicated that the cells
experiencing deficiency in Caveolin-1, become more resistant to oxidative stress-

induced cytotoxicity.[*”

Therefore, we assume that saturating accumulation of
carboxylated QDs, which were found to be internalized via the caveolin-mediated
endocytotic pathway, might induce Caveolin-1 deficiency related stress signals, such as
the triggering of autophagy, which consequently led to an increased resistance to
cisplatin.!®""

Non-targeted, carboxylated QDs bearing a negative charge are suitable tools for
modeling studies of non-specific nanoparticle uptake and intracellular trafficking.[""
Most studies to date have suggested that the generation of reactive oxygen species
(ROS), which can be either protective or harmful during biological interactions,/’? and
the resultant oxidative stress are frequently induced by many types of nanoparticles,
which vary in size, surface reactivity and dose-dependent toxicity,!”>" thus indicating
ROS as a key route of nanoparticle cytotoxicity.[”™ Nanoparticle-induced oxidative stress
responses are followed by the activation of associated stress-dependent cellular

signalling pathways and the occurrence of various pathophysiological effects, including
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genotoxicity, inflammation, apoptosis, lipid peroxidation and fibrosis.t"” The possible
relationship between the long-term accumulation of nanoparticles and the induced

cellular stress should be particularly considered for nanoparticles intended for cancer

[76] [77]

therapy, including gold,/"® polystyrene,l’” polymeric,® mesoporous silical™ and iron
oxidel” nanoparticles, paying attention to their properties, such as size, pegylation,
surface functionality, targeting ligands, charge and shape, which direct nanoparticles to
internalization through caveolin/lipid raft-mediated pathways. The complexity of the
outcomes for combined therapy is illustrated not only by our findings of the induced cell
resistance to cisplatin due to a saturating accumulation of QDs, but also by other studies
showing that the Caveolin-1 deficiency and autophagy triggered by oxidative stress in
cancer-associated fibroblasts fuels tumour growth, while autophagy in cancer cells
retards tumour growth.®™ It is, therefore, very important to functionalize the surface of
nanoparticles in such a way that would allow for the control or the prevention of
oxidative stress induction.®®”

Moreover, in vivo, all nanoparticles reach their target site (e.g., tumour) via passive
selectivity, and the attachment of affinity ligands to the particles does not increase the
amount that reaches the target but rather promotes the final step of intracellular
uptake.®"! Targeting efficiency is related to the density of the receptors on the cell
surface.® Therefore, in most cases, non-specific binding and uptake occurs due to the
insufficient affinity of the ligand, hindered internalization, low antigen density and/or
‘binding site’ barriers.®! Reducing both the non-specific binding of nanoparticles to
biomolecules and the uptake of nanoparticles by the reticuloendothelial system is a
major challenge for improving the sensitivity and specificity of biomarker-targeted
nanoparticles in vivo.[®¥ However, non-specific internalization is required for a substance
to be internalized as efficiently as possible Y and reduced adhesion to the cell
membrane results in decreased uptake by the targeted cells. The effective uptake of
nanoparticle could be achieved by combining several strategies. For example, the
potential to maximize the specific uptake into the targeted cells while minimizing non-
specific uptake lies in the formation of a double-charged, zwitterionic surface coating for
nanoparticles,®™ containing a negatively charged -PEG-carboxyl group and an optimal

density of positively charged, PEG-targeting ligands.
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4 Conclusions

1.

The investigation of intracellular uptake of non-targeted negatively charged
quantum dots with fluorescence spectroscopy method revealed three time-
related accumulation stages: | — a plateau stage, Il — a growth stage and Il — a
saturation stage, which are characteristic for all investigated cell lines, but the
stages were of different timing for each of the investigated cell line.

The confocal fluorescence microscopy imaging showed the intracellular
localisation phases of accumulated QDs based on type and localisation of
formed vesicles: 1 — adherence to the cell membrane; 2 — formation of
granulated clusters spread in the cytoplasm; 3 — localization of granulated
clusters in a perinuclear region; and phase 4 — formation of multi-vesicular
bodies and their redistribution in the cytoplasm.

The fluorescence lifetime imaging microscopy revealed the inner heterogeneity
of intracellular vesicles: the endosomes at particular stage of maturity can be
identified by different photoluminescence lifetimes of accumulated QDs: 16-
22 ns for endocytic vesicles, 10-15 ns for early endosomes and 5-9 ns for late
endosomes and multivesicular bodies.

Quantum dots do not penetrate the plasma membranes of cells through passive
diffusion, but enter a cell through endocytosis. Negatively charged quantum
dots without protein corona enter the cells through the single, caveolin-
dependent endocytic pathway.

Examination of the possibility to combine quantum dots, as model diagnostic
probes, with anticancer agent cisplatina in vitro revealed, that despite QDs alone
had no cytotoxic effects on cells viability and proliferation, they increased drug
resistance. Therefore, this effect needs profound further research before the

application of quantum dots in combined diagnosis and therapy in vivo.
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6 Santrauka

6.1 Aktualumas

Per pastargj; deSimtmet] nanotechnologijy taikymas medicinoje ir nanomedziagy
naudojimas vystant naujas vaisty formas (vienu Zodziu apibidinamas kaip
nanomedicina) tapo pagrindiniu inovacijy jkvépimo Saltiniu kuriant naujus vaisty
pernaSos biidus, skirtus pagerinti veiksmingumo ir toksiSkumo santykj bei jgalinti
suasmeninta medicing. Pagrindinis pernasai skirty nanodaleliy privalumas yra galimybé
realizuoti kelias funkcijas, vienoje nanodaleléje apjungiant diagnostikai ir terapijai
skirtus preparatus, t.y., vaistus, atpazinimo ligandus ir vaizdinimo Zymenis, taip jgalinant
tikslinj vaisty pristatyma bei Sio proceso stebéseng ir kontrolg. NanoneSikliu gali biti bet
koks koloidinis objektas (organinés ir neorganinés nanodalelés, pislelés, liposomos,
micelés ir tirpios atitinkamo dydZzio makromolekulés), kurio dydis yra nuo keliy
nanometry iki keliy mikrometry. Ypatingai daug tyrimy atlieckama kuriant nanonesiklius,
kuriuos sudaro lipidy, polimery molekulés, anglies, neorganiniai nanokristalai ir jvairios
kompozitinés medziagos, — ne tik tam, kad zenkliai pagerinti dabartiniy vaisty
farmakokinetines savybes, bet ir tam, kad pernesti organizme naujo tipo veiksmingus
prieSvézinius vaistus, naudojamus geny ir imunoterapijoje.

Nanodalelémis pagrjsta vaisty pernasa (NVP) — tai buidas, kuriuo siekiama pagerinti
esamy vaisty veiksmingumg bei sudaryti galimybes naujoms terapijos riusims atsirasti.
Daugelis atlikty moksliniy tyrimy parode, kad NVP sinergiSkai apjungia ir pagerina
tokias skirtingas vaisty veiksmingumg lemiancias savybes, kaip pvz., mazesnis Salutinis
poveikis, pailginta cirkuliacijos trukmé, kontroliuojamas dozavimas organizmo viduje
bei tikslinis pristatymas. Taciau tam, kad NVP bity galima panaudoti klinikiniams
taikymams, pvz., véziniy susirgimy gydymui, reikalingos fundamentalios Zinios ir
Jvairiapusis supratimas, kokj poveikj fizikocheminés nanodaleliy savybés daro vaisty
aktyvumui ir lem¢iai biologinése sistemose, in vitro ir in vivo.

Sisteminiams nanodalelémis pagrjstos vaisty pernaSos tyrimams reikalingos didelio
jautrio, jgalinancios didelg skiriamaja geba, kuo paprasCiau modifikuojamos bei
nebrangios modelinés priemonés. TeoriSkai, tokios priemoneés turi iSlaikyti originaliy
NVP nesikliy savybes ir elgseng biologingje aplinkoje, taciau jgalinti stebéti sisteminj ir

vidulgstelinj nanoneSiklio patekimg ] organizma, pasiskirstyma jame, degradacija,
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veikliyjy medziagy atpalaidavimg bei S$alinimg. Puslaidininkiniai nanokristalai —
kvantiniai taskai (KT) dél savo unikaliy fizikiniy, cheminiy ir optiniy savybiy, yra labai
tinkamas modelis ir eksperimentiné platforma NVP procesy tyrimams, siekiant iSmokti
kontroliuoti savybes, kuriomis turi pasiZyméti nanoneSikliai. KT vis daugiau démesio
susilaukia dél perspektyvy juos pritaikyti nanomedicinoje kaip diagnostikai ir gydymui
skirtas priemones, pavyzdziui, atliekant tikslinj lokaly transformuoty lgsteliy Zyméjima
vezio terapijoje. Be pagrindiniy privalumy, pvz., didelés skiriamosios gebos igalinimas,
jautris aplinkos pokyciams, plati spektrinio registravimo sritis, kurie atsiskleidzia
panaudojant KT optiniam vaizdinimui, KT pasiZzymi mazu dydZiu, universaliomis
pavirSiaus cheminémis bei iSskirtinémis optinémis savybémis — intensyvia FtL ir
fotostabilumu, kuriy déka galima realaus laiko reZimu stebéti ir registruoti jy elgseng
biologinése sistemose. Nepaisant to, kad KT daZniausiai yra sudaryti i§ toksiniy
medZiagy, pvz., kadmio, tinkama danga pasyvuoti KT nesukelia timaus toksinio
poveikio invitro ir invivo. KT savybés jgalino juos panaudoti modeliuojant jvairiy
nanodaleliy tikslinio nutaikymo, patekimo j lgsteles ir transporto Igstelése mechanizmus,
bei Siy tyrimy pagrindu sitlyti sprendimus, kaip reikéty optimizuoti fizikochemines
nanodaleliy savybes ir pavirSiaus junginiy funkcionalumg specifiniams taikymams,
ilgainiui kvantinj taska pakeiciant kita, dominancia nanodalele, pvz., aukso nanodalele
fototerminei terapijai, bet nedarant poveikio jau nustatytoms nanoneSiklio fizinéms
savybéms ir lemciai biologinése sistemose.

Technologiné  pazanga  sintetinant vandeninése terpése  suspenduojamus
puslaidininkinius nanokristalus jgalino gaminti besiskirian¢ius dydziu, pavirSiaus
aktyvumu, prijungiamomis prie pavirSiaus biologinémis molekulémis ir tiksline
paskirtimi biosuderinamus kvantinius taskus. Nanodaleliy dydis, kriivis, sudétis ir
cheminis aktyvumas (dangalo ir pavirSiaus aktyvios grupés) yra laikomos ypatingai
svarbiomis savybémis, salygojan¢iomis nanodaleliy sgveika su biomolekulémis ir
biologinj atsakg, nes Siy savybiy pokyciai Zenkliai pakei¢ia nanodaleliy patekimg i
lasteles, vidulasteling lokalizacija ir lemt;j. ISsiaiSkinus patekimo j lgsteles mechanizmus,
kiekybiSkai jvertinus nanodaleliy patekimo j lgsteles spartg bei nustacius jy lemtj 1gstelés
viduje, tapty jmanoma kontroliuoti pagrindinius veiksnius, apsprendziancius klinikinius
NVP naudojimo rezultatus. Yra atlikta daug ne vienoje apZzvalgoje apraSyty tyrimy

in vitro ir in vivo, kuriais siekiama atrasti sgsajas tarp Siy KT savybiy ir 1astelése stebimy
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biomolekuliniy signaly, vidulgstelinio transporto ir toksinio poveikio). Taciau, remiantis
dabartine mokslinéje literatiroje pateikiama informacija, yra sudétinga padaryti
apibendrinancias iSvadas apie optimalias biomedicininiu atzvilgiu nanodaleliy savybes,
nes tyrimy rezultatai aprépia labai jvairias nanodaleles, gauti tiriant jas skirtingose
lasteliy linijose ir taikant skirtingus metodus. Taip pat, dauguma skelbty pradiniy iS§vady
turi buti tikslinamos, remiantis naujomis Ziniomis apie nanodaleliy patekimo ] lasteles
mechanizmus ir nuo to priklausancig jy lemti. Todél nanodaleliy patekimo 1 lgsteles,
vidulgstelinio transporto ir pasiskirstymo désningumy iStyrimas leisty tiksliau
interpretuoti duomenis gaunamus invitro tyrimais ir pasitarnauty nanodaleliy

panaudojimo in vivo plétrai.
6.2 Tyrimuy tikslas ir uzdaviniai

Tyrimy tikslas — naudojant kvantinius taSkus, kaip tinkamy vaisty pernaSai
biosuderinamy nanodaleliy modelj, in vitro nustatyti bendrus tikslingai nemodifikuoty
nanodaleliy patekimo ] l1gsteles ir lokalizacijos jose désningumus.

Tikslui pasiekti buvo suformuluoti Sie tyrimy uzdaviniai:

1. Fluorescencinés spektroskopijos metodu iSmatuoti kvantiniy tasky kaupimosi

lastelése laiking dinamikg véziniy ir nevéZziniy lasteliy kultiirose.

2. Istirti vidulgstelinj kvantiniy taSky pasiskirstymg konfokalinés fluorescencinés
mikroskopijos ir fluorescencijos gyvavimo trukmés vaizdinimo mikroskopijos
metodais.

3. Nustatyti kvantiniy taSky patekimo ] lasteles biidus ir juos salygojancius
veiksnius.

4. Jvertinti kvantiniy tasky, kaip diagnostiniy priemoniy, poveik] lgsteléms
kombinuoto gydymo modelio atveju.

6.3 Ginamieji teiginiai

1. Tikslingai nemodifikuoty neigiamo apvalkalo kriivio kvantiniy tasky (KT)
patekimas ] visy tirtyjy linijy lasteles yra netiesinis procesas, vykstantis trimis,
nors ir skirtingos trukmés, etapais: 1 — létuoju, II — augimo ir 11l — soties, o KT
kaupimasi, atsizvelgiant j pasiskirstyma lastelése, galima suskirstyti | keturias

fazes: 1-0ji — KT prikibimas prie membranos; 2-0ji — vezikuliniy struktry su KT
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formavimas ir pasklidimas citoplazmoje; 3-0ji — vezikuliy su KT susiliejimas ir
lokalizacija aplink branduolj; 4-0ji — multivezikuliniy kiineliy su KT formavimas
ir pasiskirstymas citoplazmoije.

2. Kvantinius taskus sukaupusios endosomos patiria brandos pokyc¢ius, formuojantis
heterogeninéms vidinéms struktiiroms, kuriose KT fotoliuminescencijos
gyvavimo trukme trumpéja.

3. Kvantiniai taSkai per Igstelés iSoring ar vidines membranas difuzijos budu
neprasiskverbia.

4. Kvantiniai taskai aplinkoje be serumo baltymy j fibroblasty lasteles (NIH3T3)
patenka tik vienu, su kaveolinu susijusios endocitozés biidu, kurj patys slopina,
taciau stebimas nuslopinimas yra laikinas.

5. Kvantiniy taSky susikaupimas lgstelése gali paveikti tiek vaistiniy preparaty

patekimg ] lasteles, tiek ir 1gsteliy atsparuma jiems.
6.4 Naujumas

Sio mokslinio darbo metu buvo pirma karta atlikti ir nuosekliai aprasyti iSsamis
tikslingai nemodifikuoty neigiamg pavirSiaus kriivi turin€iy kvantiniy taSky (KT)
kaupimosi lgstelése tyrimai, apimantys KT kaupimosi etapus, paskirstyma lastelése,
susiformavusiy endosomy strukttros analize bei KT patekimo ] lgsteles mechanizmo
nustatyma.

Pirmg kartg ilgame laiko intervale buvo istirti ir nustatyti laikiniai netiksliniy KT
kaupimosi etapai (I — létasis (tix < 0,5 val.), Il — augimo (tj,x 0,5-6 val.) ir Il — soties
(tix> 6 val.)) bei KT pasiskirstymo Iastelése fazés (1-0ji fazé — prikibimas prie
membranos (i 0,5-1 val.), 2-0ji fazé — vezikuliniy struktiiry formavimas ir pasklidimas
citoplazmoje (tj 0,5-6 val.), 3-0ji fazé — vezikuliy susiliejimas ir lokalizacija aplink
branduolj (tj 6-24 val.) ir 4-o0ji fazé — multivezikuliniy kiineliy formavimas ir
pasiskirstymas citoplazmoje (tjx > 24 val.)). Pirma karta parodyta, kad naudojant
fluorescencijos gyvavimo trukmés vaizdinimo mikroskopijos (FLIM) metodika, galima
identifikuoti KT sukaupusias vezikules pagal jy brandg bei vizualizuoti vidines vezikuliy
struktiiras.

Pirmg kartg buvo atlikta KT suspensijos mikroinjekcija ] lgsteles, siekiant imituoti

galima nanodaleliy difuzija per iSoring Igstelés membrang. Atlikus palyginamuosius KT
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kaupimosi tyrimus lgstelése po laikinosios transfekcijos su zaliai fluorescuojancio
baltymo (EGFP) plazmide, buvo parodyta, kad KT difuziskai neprasiskverbia nei per
iSorine, nei per vidines Igstelés membranas.

Buvo nustatyta, kad tikslingai nemodifikuoti neigiamo pavirSiaus kravio KT j
NIH3T3 Iasteles patenka nuo kaveolino priklausanc¢iu endocitozés biidu, bei pirmg karta
parodyta, kad jsisotinantis KT kaupimasis sglygojo vidulastelinj kaveolino-1, kuris yra
pagrindin¢ molekulé, reikalinga membranos jlenkimui ir kaveolino struktiiry
formavimui, persiskirstymg ir susikaupima KT pripildytose vezikulése.

Taip pat buvo uzregistruotas padidéjes tirty Iasteliy atsparumas cisplatinos poveikiui
dél KT jsisotinanc¢io kaupimosi, o tai yra labai svarbu siekiant toliau plétoti KT

pritaikomuma diagnostikos ir kombinuotos terapijos poreikiams.
6.5 Pagrindiniai rezultatai

Siame darbe buvo atlikti nuosekliis, apimantys ilga laiko intervala (0 — 48 val.
ir 96 val.) kvantiniy tasky patekimo ] Iasteles tyrimai, kurie padéjo nustatyti lastelése
vykstancius KT kaupimosi ir vidulastelinio pasiskirstymo pokyc¢ius ir suformuluoti
bendrus tikslingai nemodifikuoty nanodaleliy patekimo | lgsteles ir lokalizacijos jose
désningumus.

KT, dengty neigiamo pavirSinio kriivio karboksilo grupémis kaupimosi Igstelése eiga
galima suskirstyti j tris pagrindinius etapus: létajj, augimo ir soties. Atlikus KT
kaupimosi tyrimus skirtingy lasteliy linijose, buvo nustatyta, kad tirtose lgstelése KT
kaupimasis vyksta tais paciais etapais, nepriklausomai ar tirtosios lgstelés buvo vézinés,
taCiau kiekvienai lasteliy linijai etapy trukmé yra skirtinga. Analizuojant KT-ais
pripildyty vezikuliy vidulastelinio pasiskirstymo kitimg laike buvo nustatyta, kad
kiekviename 1§ kaupimosi etapy dominuoja skirtingos KT kaupimosi fazés: prikibimas
prie membranos; vezikuliniy struktiry formavimas ir pasklidimas citoplazmoje;
vezikuliy susiliejimas ir lokalizacija aplink branduolj; ir multivezikuliniy struktiiry
formavimas ir pasiskirstymas citoplazmoje. Nepaisant skirtingy KT kaupimosi etapy
trukmiy, tikslingai nemodifikuoty neigiamo kriivio apvalkalo KT kaupimosi fazés, nors
stebétos ir skirtingu inkubacijos metu, pagal susiformavusiy vezikuliy tipus ir

vidulastelinj vezikuliy paskirstymg yra panasios visose tirtose 1gsteliy linijose.
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Sie nuoseklis KT patekimo j lasteles tyrimai jgalino analizuoti ir palyginti
tarpusavyje skirtingy tyréjy pateikiamus rezultatus apie KT ir kitas nanodaleles 1gstelése.

Moksling¢je literatiroje yra aprasomi nanodaleliy patekimo ] lagsteles tyrimai ir
analizuojantys galimybe, kad nanodalelés lastelése kaupiasi ne per receptoriais valdomus
endocitozés ar fagocitozeés kelius, bet tiesioginés difuzijos per membrang biidu. D¢l to
buvo nuspresta atlikti palyginamajj KT patekimo j 1gsteles ir pasiskirstymo po jas tyrima,
imituojant pasyvia difuzija — t.y., tiesiogiai suleidziant KT j lasteles. Sio tyrimo metu
stebéta KT fotoliuminescencija lastelése buvo visiSkai kitokia, nei natiiraliai patekusiy
KT — po mikroinjekcijos suleistt KT iSkart tolygiai pasiskirsté per visg citoplazmg —
patvirtino, kad KT difuziSkai neprasiskverbia per Igstelés plazming membrang (nei i$
1Sorés 1 vidy, nei 18 vidaus ] iSor¢), bet patenka endocitozés biidu. Pastebétas vykstantis
KT uzpildyty vezikuliy persitvarkymas (vezikuliy dydzio pokyc¢iai, multivezikuliniy
kiineliy formavimasis) paskatino detaliau iStirti KT pernaSa Iastelése, KT uzpildyty
vezikuliy susiliejimg bei patikrinti galimybe, kad uZzdaryti vezikulése KT vis délto
iStriksta j citozolj. Tam buvo pasirinktos zaliai fluorescuojanciu baltymu transfekuotos
lasteles, kuriy pagalba buvo nustatyta, kad néra pasyvios KT pernaSos i§ citozolio i
endosomas, bei i$ endosomy j citozolj.

Siekiant atskleisti molekulini KT endocitozés mechanizmg, buvo tiriamas
jsisotinancio KT kaupimosi poveikis endocitozés mechanizmui bei skirtingy endocitozés
zymekliy patekimui ] lasteles. Tyrimai atskleide, kad soties etape KT patekimas ] lasteles
yra tuo labiau slopinamas, kuo daugiau KT jau yra susikaupusiy lgstelése, taciau ilgainiui
kaupimasis vél atsistato. Eksperimentai su zZymekliais parodé, kad KT neturi Zenklaus
slopinanc¢io poveikio transferino (nuo klatrino priklausancios endocitozés Zymeklio) ir
dekstrano (makropinocitozés substrato) patekimui j Igsteles. Taciau, laktozilceramido
(kaveolino ligando, j zinduoliy lasteles selektyviai patenkantis kaveolino reguliuojamu
keliu) kaupimasis buvo beveik pilnai sutrikdytas KT prisotintose lastelése. Taip pat buvo
nustatyta, kad kaupiantis KT, kai jie patenka j lasteles nuo kaveolino priklausanciu
endocitozés biidu, normali kaveolino-1 apykaita sutrikdoma dél sgveikos tarp KT ir
kaveolino ir tai saglygoja kaveolino-1 persiskirstymag nuo Igstelés iSorinés membranos j
endosomas.

Atlikti KT kaupimosi lgstelése tyrimai parodé¢, kad KT biomedicininiuose taikymuose

neturéty biiti laikomi paprastais zondais, Zymekliais ar neS¢jais, nes jie taip pat salygoja
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ir jvairius biologinius efektus. D¢l to, siekiant praplésti Zinias, kurios padéty jvertinti
naujy kombinuotos terapijos metody sukirimo ir teranostinio KT panaudojimo
galimybes, buvo atlikti in vitro tyrimai vertinant KT suderinamumg su Kitais terapijoje
naudojamais preparatais. Tyrimams buvo pasirinkti fotosensibilizatorius chlorinas €6,
pla¢iai taikomas fotodinamingje véziniy susirgimy terapijoje, ir cisplatina, kuri yra
placiai naudojama kaip priesvézinis vaistas. KT kaupimasis Igstelése neturéjo poveikio
chlorino e6 susikaupimui, ta¢iau salygojo didesnj lasteliy atsparuma cisplatinos
chemotoksiniam poveikiui. Sj KT poveikj lasteléms biitina jvertinti prie§ naudojant

kvantinius taSkus ir kitas nanodaleles kombinuotoje diagnostikoje ir terapijoje in vivo.
6.6 ISvados

1. Spektroskopiniais metodais iStyrus kvantiniy tasky patekimo ] lasteles laikine
dinamikg nustatyta, kad neigiamo kriivio apvalkalo kvantiniy tasky patekimo j
lgsteles procesg galima suskirstyti j tris etapus: | — létajj, II — augimo ir Il —
soties, kurie yra biidingi tirtoms véziniy MCF-7, HepG2 ir nevéziniy NIH3T3
lasteliy linijoms. Taciau Sie kaupimosi etapai skirtingose Igsteliy kultirose yra
nevienodos trukmes.

2. Konfokalinés fluorescencijos mikroskopijos metodu iStyrus neigiamo pavirSiaus
kriivio kvantiniy taSky patekimo ] lgsteles procesa, pagal vidulastelinj kvantiniy
tasky pasiskirstyma ir susiformavusiy pisleliy tipus, galima suskirstyti i keturias
fazes: 1-oji fazé — prikibimas prie membranos; 2-oji fazé — vezikuliniy struktiiry
formavimas ir pasklidimas citoplazmoje; 3-oji fazé — vezikuliy susiliejimas ir
lokalizacija aplink branduolj; 4-0ji fazé¢ — multivezikuliniy kiineliy formavimas ir
pasiskirstymas citoplazmoje.

3. Naudojant fluorescencijos gyvavimo trukmés vaizdinimo mikroskopijos metoda
uzregistruotas nuo endosomy brandos priklausantis vidulasteliniy vezikuliy
vidinés strukttiros heterogeniskumas. Skirtingos brandos endosomos gali biiti
apibiidinamos ir vaizdinamos remiantis jose sukaupty kvantiniy tasky savitomis
fotoliuminescencijos gyvavimo trukmémis (endocitotinés vezikulés — 16-22 ns,
ankstyvosios endosomos — 10-15ns, ir vélyvosios endosomos Dbei

multivezikuliniai kiinai — 5-9 ns).
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kvantiniai taskai per lgstelés membrang neprasiskverbia, bet 1 lasteles patenka
endocitozés biidu. Kvantiniy tasky patekimo kelig kei¢ia jy pavirSiuje
susiformuojantis baltymy vainikas. Nepadengti baltymais neigiamo pavirSiaus
kriivio kvantiniai taskai ] lasteles patenka tik vienu nuo kaveolino priklausanciu
endocitozes keliu.

. Kvantiniy tasky, kaip modeliniy diagnostiniy priemoniy, ir antivéZinio preparato
cisplatinos bendras panaudojimas invitro atskleidé, kad kvantiniai taskai,
nesukeldami toksinio poveikio lgsteliy gyvybingumui ir dalijimuisi, padidino
lasteliy atsparumg. Tokio pobiidzio sgveikas butina jvertinti prie§ naudojant
nanodaleles su vaistiniais preparatais kombinuotoje diagnostikoje ir terapijoje

in vivo.
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Material and Energy research in Lithuania. FP6 Support Action
project, Contract no.. 510366 (2004-2006, 8 partners from 4
countries, budget: 200 k€). Role: assistance in project management,
implementation of project tasks;

- More than 10 short, single partner projects dedicated to preparation

steps of innovative product development and commercialization.

Vilnius Innovation Forum 2013 "Innovation Drift" (Vilnius, Lithuania),
MANUFUTURE 2013 Conference (Vilnius, Lithuania), Conference on
Biomaterials Science — ISBC2013 (Tsukuba, Japan), Bio-Europe Spring
2013 (Barcelona, Spain), Biolnterface Conference 2012 (Dublin,

Ireland)

“Cost-Benefit Analysis for EU Projects” (European Academy for

Taxes, Economics & Law, 2009, Berlin)
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