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Using fluorescence microspectoscopy and FRET-labeling of various nano-scale carriers
(NCs) the efficiency and kinetics of NCs/dye molecules complexes accumulation in living
cells and dye release have been studied. Organic liposome vesicles and inorganic nanopar-
ticles (CeO, and GdYVO4:Eu3+) were used as NCs. NCs/dyes complexes formed in aqueous
solutions have been characterized. It has been shown that NCs based on GdYVO4:Eu3+
nanoparticles exhibit the most effective accumulation in cells and provide very fast release
of the lipophilic cargo (dyes molecules). Lipophilic compound (cholesterol) embedded into
the NCs/dyes complexes decreases noticeably the rate of lipophilic dyes release and reduces
the affinity of the complex interaction with hepatocytes. GrdYVO4:Eu3+ NPs could be used
as a nano-scale platform for controlled intracellular delivering of hydrophobic agents.

Keywords: nano-scale carriers, Forster Resonance Energy Transfer, dye release, choles-
terol, living cells.

HUcnonssys meron duryopecrienTHolt MukpocnekTpockonuu 1 FRET-meuenne pasHbIX THIIOB
HanokouTteiinepoB (HK) mayuena s(h(peKTHBHOCTL W KUHETUKA AKKYMYJIAIUM KOMILIEKCOB
HEK/momekyabl KpacuTeseil, a TakyKe KUHETUKA BBICBOOOKIECHUS KpacuUTeell B KUBBIE KJETKU.
B kauectee HK wmcmosbzoBasm opraHMuecKUe JUTIOCOMATLHBIE BESUKYJILI M HEOPTraHWUecKIe
"HanouacTuikl (CeO2 u GdYVO4:Eu3+). OxapakrepusoBannl Kommekesl HK/Kpacurenu, momy-
YyeHHBle B BOAHBIX pacTtBopax. Ilokasano, uto HK ma ocuoBe GdYVO4:Eu3d+ manmouactur (HY)
obectieunBaioT Hamnbosiee dPOEKTUBHYI0 AKKYMYJIANINIO B KJIeTKAX M OUeHb OBLICTPOE BBHICBOBOK-
JeHve JUTO(MUILHOTO COAEeP:KMMOro (MOJieKysn Kpacureneit). OmHako mobaBieHMe B CUCTEMY
JIOTIOTHUTEILHOTO JTUTIOMMIBHOTO KOMIIOHEHTA (XOJIECTepUHA) TPUBOAUT K YMEHBIIEHUIO CKOPOCTH
BBICBOOOK/IEHMA KpacuTesell 1 K CHIKeHUO S(ODeKTUBHOCTY B3aNMOJAEHCTBUA KOMILJIEKCOB C Tera-
Toruramu. [lokazano, uto H9 GdYVO4:Eu3+ MoryT ObITH MCHIOMB30BAaHLI B KAUECTBe HaHOpasMep-
HOI TIaTGOPMEL I KOHTPOJINPYEMOI BHYTPUKJIETOUHOH JOCTABKY TUAPOGMOOHBIX COeTUHEHTTI.

Busuennsa akymyaanii kommaercise HK/6apeuukn i KiHeTnkn BuayuyeHHs GapBHHKIB y
KIiTHHAX TemaTronuTiB mypiB B exkcuepumenrtax in vitro. C.JI.€gimosa, T.M.Trauosa,
H.C.Kasox, B.K.Knourkos, A.B.CopokiH.

Buropucropyroun meton ¢uyopecrenTHol MmixkpocrnekTpockomii i FRET-miuenusa pisaumx
Tunis wHamoxoHTeliHepiB (HK) Busueno ederrtusBHicTs i KimeTmKy arkymyadanii KoMmILieKcis
HE/monerynu 6apBHUKIB, 8 TAKOK KiHETHUKY BUJIYUYeHHA OapBHUKIB y sKuBi KiaituHu. B arxocrti
HE sBuxopucranmo opramiumi jinocomanbHi Besuxyam i Heopramiumi HamouactmaiEu (CeO2 i
GdYVO4:Eu3+). Oxapaxkrepusopano Komiuiekcu HK/GapBHUKY, 1110 OTPUMAHI Y BOZHUX PO3UH-
Hax. [Tokasano, o HK ma ocroBi GAdYVO4:Eu3+ nanouacrunor (HY) saGesmeuyroTs HAKGLIBII
e()eKTUBHY aKyMYJIAI[I0 ¥ KIiTHHAX 1 ZysKe MIBUIKE BUJIYUYEHHS JinodiapHOro BanTaxKy (MoJe-
Kya 6apsuukie). IIpore qomaBamHsa y KOMILIEKC DOJATKOBOIO JIimoMiIbHOrO KOMIIOHEHTa (XoJec-
TEPUHY) IPUSBOJATL A0 3MEHINEHHSA MIBUAKOCTI BHIIyYeHHS OapBHUKIB 1 sHMMKeHHA e(deKTUB-
HocTi Baaemomil KoMmIIeKciB 3 remarouuramu. Busasiaeno, mo HUY GdYVO4:Eu3+ momxyTs Gy
BUKOPHCTAHI B IKOCTI HAHOPO3MipHOI miaaTdopMuy i KOHTPOJILOBAHOI BHYTPIIIHBOKJIITHHHOL
IOCTaBKU TigpoOoOHUX CIIOJYK.

Functional materials, 22, 2, 2015 199



S.LYefimova et al. / In vitro study of NCs/dyes ...

1. Introduction

Nanotechnology is a modern technology
that deals with nano-mater size objects on
several levels: materials, devices and sys-
tems [1]. One of the most research area of
nanotechnology is nanomedicine, tissue- and
cell-specific drug delivery in particular [1-
8]. Nanomedicine focuses on formulation of
therapeutic agents in biocompatible nano-
carriers (NCs), such as lipid vesicles, micel-
lar systems, mnanocapsules, dendrimers,
biopolymers and inorganic nanoparticles
(NPs). These nano-scale carriers improve
the solubility of poorly water-soluble drugs,
prolong the half-life of drug systemic circu-
lation, and can provide controlled drug re-
lease [3—8]. In the last two decades, a num-
ber of nanocarrier-based therapeutic and di-
agnostic agents have been developed for the
treatment of cancer, diabetes, pain, asthma,
allergy, infections, and so on [3—-8]. More-
over, one of the major advantages that
nanotechnology offers is targeted drug de-
livery to the site of disease either through
passive or active targeting of drugs to the
site of disease to minimize systemic side
effect and lower therapeutic toxicity [3, 6].

Despite the rather wide applications of
inorganic NPs as therapeutic, diagnostic
and imaging agents, their application as a
nano-scale platform for nanodrug develop-
ment is still under study [3-5, 9, 10]. In
recent years some NPs, i.e. nanocrystalline
ceria and rare-earth doped orthovanadate
NPs have revealed high biological activity
(oxidative stress prevention, anti-inflamma-
tion and neuroprotective activity, antitumor
effect) that attracts a lot of interest to
these objects as a platform for design of
multi-functional drug with the synergetic
effect [11-14]. Furthermore, the particle
surface can be seen as a platform where
multiple functionalization and targeting
groups can be easily grafted [7, 10]. It was
shown that NPs interact with organic mole-
cules via electrostatic and van-der-Waals
forces that leads to the adsorption of or-
ganic molecules on the NPs surface and for-
mation hybrid complexes NPs/organic mole-
cules, where the latter could be arranged in
the form of ordered aggregates [13, 15]. De-
spite the attractive prospects of NPs appli-
cation as an emerging nanoplatform for
drug delivery, pathways and dynamics of
NPs entering into cells and kinetics of ac-
tive compound release from such hybrid
complexes should be considered to archive
high delivery efficiency and controlled drug
release.
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In the present paper, we report in vitro
study of the efficiency and dynamics of
various NCs/dye molecules complexes accu-
mulation in living cells and dye release ki-
netics using fluorescence microspectroscopic
techniques. As NCs we use organic liposome
vesicles and inorganic NPs (CeO, and
GdYVO,:Eud*). The dyes used as mimic hy-
drophobic drug molecules. To study the dye
release in dynamics, we use a pair of dyes,
so-called FRET-pair (Forster Resonance En-
ergy Transfer [16]), DiO and Dil dye mole-
cules, encapsulated in or adsorbed on NCs
and A-ratiometry method of fluorescence de-
tection based on fluorescence recording at
two wavelengths [17-19].

2. Materials and methods

2.1. Chemicals

Fluorescent hydrophobic dyes 38,3’-dioc-
tadecyloxacarbocyanine perchlorate (DiO),
1,1’-dioctadecyl-3,8,3’,3’-tetramethylindoca
rbocyanine perchlorate (Dil), L-a-phospha-
tidylcholine (PC) from egg yolk were pur-
chased from Sigma-Aldrich (USA) and used
without purification. Chloroform (Sigma-
Aldrich) used to prepare lipid and dye stock
solutions was a spectroscopic grade product.
Isopropyl alcohol (Sigma-Aldrich) was also
of spectroscopic grade. EDTA, HEPES buff-
ered saline solution (HBSS), Bovine Serum
Albumin (BSA) and Eagle’s medium for cell
treatment were purchased from Sigma-
Aldrich. To prepare aqueous solutions of
the dyes with NCs, double distilled water
was used.

2.2. NPs synthesis

The aqueous colloidal solutions of
GdYVO,Eud* and CeO, have been synthe-
sized according to the method reported ear-
lier [13]. NPs were characterized using
Transmission Electron Microscopy (TEM-
125K electron microscope, Selmi, Ukraine)
and Dynamic Light Scattering method (Zeta-
PALS analyzer, Brookhaven Instruments
Corp., USA).

2.3. Preparation of lipid vesicles with

DiO and Dil dyes

Unilamellar PC lipid vesicles containing
DiO and Dil dyes were prepared by the ex-
trusion method [20]. Briefly, appropriate
amount of PC (40 mg/ml) and dyes (1073 M)
stock solutions in chloroform were mixed in
a flask and dried until complete chloroform
evaporation using a rotary evaporator (Ro-
tavapor R-3, Buchi). The thin lipid-dyes
film was then hydrated with 2 ml of double
distilled water. Final concentration of PC
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Fig. 1. Absorption (a) and fluorescence (b) spectra of the complexes: I — PC liposomes/dyes;
2 — GdYVO4:Eu3+/dyes; 3 — CeOQy/dyes; 4 — GdYVO4:Eu3+/dyes/cholesterol complexes. A, = 440 nm.

was 1-1073 M. The obtained lipid-dyes sus-
pension was finally extruded through
100 nm pore size polycarbonate filter using
a mini-extruder (Avanti Polar Lipids, Inc.,
USA). The concentrations of each dye in

liposomal suspension were 21075 M.

2.4. Preparation of NPs/dyes complexes

5 ml of water colloidal solutions of
GdYVO,:Eu3* or CeO, (0.83 g/l) NPs and
5 ml of DIO and Dil dyes (3.3-107% M) solu-
tions in isopropyl alcohol were mixed in a
flask using a magnetic stirrer and then
10 ml of double distilled water was added.
The mixture was carefully stirred using a
rotary evaporator during 1 h to a complete
evaporation of isopropyl alcohol. Final con-
centration of each dye was 2:107% M, con-
centration of GdYVO,Eu3* and CeO, NPs
was 0.5 g/1.

In complexes containing cholesterol, it
solution in isopropyl alcohol (0.1 M) was
added at the stage of mixture preparation.
Final concentration of cholesterol was
0.25 g/1.

2.5. Cell labeling procedure

Isolated rat hepatocytes from male Wis-
tar rats were obtained by the method de-
scribed by Wang after dissociation of the
liver with 2 mM EDTA [21]. Cell viability
was assessed via the trypan blue exclusion
test. The cell viability 95 % and yield
1.5:107 cells-g™! liver is in good agreement
with those of previously described [21]. To
study the efficiency of NCs accumulation in
hepatocytes, cells pellet (50 ul 107 cells/ml)
were incubated with suspension of NCs/dyes
complexes (50 ul) in 1 ml of Eagle’s me-
dium with 10 % fetal calf serum at 37°C
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for required time intervals. After each time
interval, non-bound NCs were removed by
centrifugation at 500 g and washing-out by
adding HBSS buffer (pH 7.4) with 0.1 %
BSA and cell fluorescence images were ana-
lyzed used fluorescence microscopy.

To study the kinetics of dye release from
NCs of different types to hepatocytes, cells
pellet (50 pl 107 cells/ml) were incubated
with suspension of NCs/dyes complexes
(450 ul) at the room temperature for 15
minutes. Afterwards non-bound liposomes
or NCs were removed by centrifugation at
500 g and washing-out by adding HBSS
buffer (pH 7.4) with 0.1 % BSA. Then
500 ul of HBSS buffer with 0.1 % BSA
were added to all complexes and incubated
at 37°C for required time intervals. Then
cell images were analyzed used fluorescent
microspectroscopy.

2.6. Cell imaging, spectroscopy and mi-
crospectroscopy

Fluorescence spectra of the solutions
were taken with a spectrofluorimeter Lu-
mina (Thermo Scientific, USA). Cell visuali-
zation was carried out using fluorescent mi-
croscope Olympus IX 71 supplied with digi-
tal camera Olympus C-5060 with the
magnification of x1000 in the conditions of
oil immersion. Fluorescence was excited by
a xenon lamp 75 W using BP 460-490 nm
filters. Microspectroscopy at the area of in-
terest was carried out using spectral detec-
tor USB 4000 (Ocean Optics) connected with
Olympus IXT71.

The total brightness of the cell images
obtained at different time intervals was es-
timated using image bitmap analysis (Adobe
Photoshop CS3 software package).
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Fig. 2. Hydrodymanic diameters: 1 — PC

liposomes; 2 — PC liposomes/dyes complexes; 3
— GdYVO,Eu®*" NPs; 4 — GdYVO,:Eu®t/dyes
complexes; 5 — CeO, NPs; 6 — CeO,/dyes
complexes; 7 — GdYVO4:Eu3+/dyes/choles-
terol complexes.

3. Results and discussions

3.1. NCs/dyes complexes characterization

DiO and Dil dyes are well-known fluores-
cent lipophilic tracers and FRET pair as
well [22-25]. The dyes are weakly fluores-
cent in water (due to aggregation), while
highly fluorescent and quite photostable
when incorporated into cell membrane ex-
hibiting green and orange fluorescence
(emission maxima 505 and 575 nm), respec-
tively [22—25]. Being incorporated in lipid
bilayers of PC liposomes, the dyes show no
aggregation, whereas monomer absorption
with main maxima centered at 492 nm
(DiO) and 552 nm (Dil) and shoulders cen-
tered at 462 nm and 519 nm, respectively
(Fig. 1la, curve I). The main maxima are
assigned to the 0—0 vibronic transition be-
tween the electronic molecular ground state
and the first excited one in the dye mole-
cules, whereas the shoulders, to the 0—1
vibrational excitation of the ground to the
first excited state, respectively that is typi-
cal for polymethine dyes [26]. Loading of
PC liposomes with cationic polymethine
dyes does not provoke remarkable changes
in the liposome hydrodynamic diameter
(Fig. 2, curves I and 2). The dyes DiO and
Dil possess long hydrocarbon tails C4gHs7
and in lipid bilayers of PC liposomes the
dyes locate in such a way that their charged
chromosphere groups are in contact with
water, whereas long tails are embedded into
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Fig. 3. Schematic representation of the PC
liposomes/dyes (a) NPs/dyes (b) and
NPs/dyes/cholesterol complexes (c).

the lipid bilayer (Fig. 8a). Enhanced concen-
tration of the DIiO and Dil dyes in the lipid
bilayers of PC liposomes ensures the neces-
sary distance between the donor DiO and
acceptor Dil molecules for efficient FRET
between them at the excitation within the
donor absorption band that is confirmed by
the fluorescence spectrum (Fig. 1b, curve I).
As shows Fig. 1b, at the excitation at
440 nm, the efficiency of FRET is about
100 %, the donor DiO fluorescence with
Amax = 505 nm is not observed.

In water solutions GdYVO,Eu3* and
CeO, nanoparticles are stabilized by sodium
citrate that imparts a negative charge to a
particle surface [13]. Cationic dyes mole-
cules are attracted by the NPs surface due
to Coulomb interaction. That provokes a
close packing of dye molecules near the
charged surface, an increase of the dyes
local concentration followed by the dyes par-
tial aggregation (Fig. la, curves 2 and 3).
Furthermore, the NPs/dyes assemblies coa-
lesce to form larger complexes due to the
surface charge neutralization and hydropho-
bic interactions between the dye molecules
(Fig. 3b) [13]. This statement is confirmed
by the DLS data, which clearly show a sharp
increase in NPs hydrodynamic diameters in
solutions with the dyes from 17 nm up to
66 nm for GdYVO,Eu3* NPs and from
7 nm up to 125 nm for CeOy NPs, Fig. 2.
The dye concentration near the NPs surface
in formed complexes causes very effective
FRET between DiO and Dil dyes (Fig. 1b,
curves 2 and 3).

In NPs/dyes/cholesterol complexes, the
hydrophobic DIO and Dil dyes are concen-
trated in mnano-sized cholesterol drops,
which are stabilized by the GdYVO,Eu3*

Functional materials, 22, 2, 2015
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Fig. 4. (a) Total brightness changes in time for rat hepatocytes incubated with different nano-scale
carriers: 1 — GdYVO4:Eu3+/dyes; 2 — GdYVO4:Eu3+/dyes/cholesterol; 3 — CeOy/dyes; 4 — PC

liposomes/dyes complexes. Straight lines are fitting of the experimental data with B = Bo~e"‘/T

sat

law; (b) Time traces of FRET ratio I,;;/(Ip,0 + Ip;p) in red hepatocytes: I —GdYVO4:Eu3+/dyes; 2
— PC liposomes/dyes; 3 — CeQOy/dyes; 4 — GdYVO4:Eu3+/dyes/ch01esterol complexes. Straight lines

are fitting of the experimental data with Eq. (1).

NPs as shown schematically in Fig. 3c. The
concentration of the dyes molecules in cho-
lesterol conformed by the bathochromic
shift of the absorption and fluorescence
spectra (Figs. 1a and b). The NPs/dyes/cho-
lesterol complexes are of about 70 nm in
diameters (Fig. 2, curve 7).

At used ratios of NCs/dyes molecules, all
NCs/dyes complexes are stable at least two
weeks without any changes in their aggre-
gation and optical properties.

3.2. Interaction of NCs/dyes complexes

with rat hepatocytes

One of the features of hepatocytes is
their high functional-metabolic activity
even in the isolated state that makes them
attractive to study metabolic processes at
the cellular level. In our research, we ana-
lyze (i) the dynamic and efficiency of
NCs/dyes complex accumulation in the cells
and (ii) kinetics of the dyes release from the
NCs to the cells. To study the efficiency of
NCs/dyes uptake by the hepatocytes, the in-
crease in total brightness of the cell images
taken in different time intervals of cells
incubation with the NCs/dyes complexes
was analyzed. The more complexes contain-
ing fluorescent dyes are uptaken by the
cells, the brighter cell image should be. To
take into account intact NCs/dyes com-
plexes fluorescence, where FRET emission is
dominate, and the complexes where dye
leakage is observed and, consequently, the
donor fluorescence part is remarkable, we

Functional materials, 22, 2, 2015

analyze total image brightness in both green
and red channels.

Fig. 4a shows different efficiency of
NCs/dyes complexes accumulation depend-
ing on NCs type. It is known that kinetics,
amount and mechanism of NPs uptake by
cells depends strongly on numerous factors
such as NPs type, size and surface proper-
ties, incubation conditions, cell type, etec.
[27—-29]. Analyzing the efficiency of
NCs/dyes complexes accumulation, we
should take into account the affinity of NCs
interaction with the cell membrane. It is
known that neutral and negatively charged
NPs adsorbed much less on the negatively
charged cell-membrane surface and conse-
quently show lower level of internalization
as compared to the positively charged parti-
cles [27-29]. As seen in Fig. 4a,
GdYVO, Eud* NPs/dyes complexes reveal
the most effective accumulation in rat hepa-
tocytes. After 24 h incubation the bright-
ness of the cells incubated with
GdYVO4:Eu3+ NPs/dyes complexes was the
highest. At the same time, the charac-
teristic time of the cell saturation with
GdYVO4:Eu3+ NPs/dyes complexes (Tg,;) es-
timated using the exponential law of bright-
ness change (B) as a function of an incuba-
tion time (t) B = Bge!/%,;, is about 9 h
(Fig. 4a, curve I). The observed effect corre-
lates with the data presented in [27-29]. We
suppose that the cationic dye adsorption on
the surface of NPs leads to the partial neu-
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Fig. 5. Fluorescence spectra of the complexes taken from different times of cell incubation (0, 1, 3

and 5 hours) with PC

liposomes/dyes (a),

GdYVO,Eu®*/dyes (b), CeO,/dyes (c) and

GdYVO4:Eu3+/dyes/cholesterol (d) complexes. Excitation with BP 460-490 filter.

tralization of NPs negative charge, while
formation of large NPs/dyes complexes pro-
vokes a creation of local regions with a posi-
tive charge that facilitates the adsorption of
complexes on a cell membrane (Fig. 3b).

On the contrary, NPs/dyes/cholesterol
complexes, where dyes are concentrated in
nano-sized cholesterol drops stabilized by
the GdYVO4:Eu3+ NPs, show the lowest af-
finity of interaction with the cells (Fig. 4a,
curve 2). That could be explained by the
stabilization of the cholesterol/dyes drops
with negatively charged NPs (Fig. 3c).
Moreover, cholesterol internalization by the
cells is known to require specific receptor-
mediated pathway [30] that can affect the
kinetics of this process. Obtained 7., value
(50 h) for GrdYVO4:Eu3+ NPs/dyes/cholesterol
complex is about 6 times higher as compared
to the GAYVO,:Eud" NPs/dyes ones.

NPs/dyes complexes on the base of CeO,
NPs show lower efficiency of their interac-
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tion with the cells as compared to
GdYVO4:Eu3+ NPs/dyes complexes. After
24 h incubation, the total brightness of the
cells is much smaller, the saturation time is
larger (t,,; = 13 h), Fig. 4a, curve 3. We
ascribe observed features to the larger size
of CeO, NPs/dyes complexes (Fig. 2) that
probably requires another mechanism of in-
ternalization, e.g. clathrin-mediated endocy-
tosis [27].

PC liposomes as NCs have large affinity
to cell membranes interaction facilitated by
the positively charged dye fluorophores incor-
porated in lipid bilayers (Fig. 4a, curve 4).
The cell total brightness after 24 h incuba-
tion is a bit smaller than that for
GdYVO4:Eu3+ NPs/dyes complexes, while ki-
netics of PC liposomes/dyes interaction ex-
hibit a pattern similar to GdYVO,:Eu3"
NPs/dyes complexes (t,,; = 7 h).

Kinetic parameters of the dye release
from NCs to the cells that effect the redis-

Functional materials, 22, 2, 2015
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tribution of the donor/acceptor fluorescent
signal also should be taken into considera-
tion. Below we will show that obtained data
correlate with the efficiency of complexes
accumulation discussed above.

To study the kinetics of the hydrophobic
dyes release from the NCs to cells (cell
membranes and intracellular space), we ana-
lyze changes in time of the FRET ratio
IDI|/(IDIO+ IDI|)’ where IDI| and IDIO are
fluorescence intensities measured at the ac-
ceptor Dil and donor DiO maxima, respec-
tively [17-19]. When dyes molecules release
from NCs and diffuse apart in the cell mem-
brane or inside of cells depending on mecha-
nisms of NCs-to-cell interaction, the dis-
tance between donors and acceptors will in-
crease eliminating the energy transfer and a
redistribution of the donor and acceptor
peak intensities will be observed [16—19].
For all complexes under study, the remark-
able decrease in the FRET ratio was ob-
served in time, which is accompanied by the
blue shift of fluorescence maxima (Fig. 5).
That indicates dyes release from NCs and
transition to other environment, most prob-
ably, to cell membrane.

The process of redistribution of the dyes
between NCs and the cells can be described
by first-order reaction kinetics in the fol-
lowing form [25, 31]:

Ipil _ Ipj) okt D
(Ipio + Ipip) o (pio + Ipiy) o ’

where K is the dye release rate constant
(the dye leakage coefficient).

The FRET ratio changes are presented in
Fig. 4b. A nonlinear fit (Eq. 1) of the FRET
ratio changes was generated by the method
of last-squares and allows K values for all
NCs/dyes complexes to be obtained (Table).

For first-order reactions one can also use
the dye release half-life (in our case, time
for the initial FRET ratio to be reduced by
1/2), which can be obtained as [25]:

_In2 (2)

Tl

As show Table and Fig. 4b, NCs on the
base of GdYVO4:Eu3+ and CeOy NPs provide
very fast hydrophobic dye release to cells as
compared to PC liposome NCs. The dye re-
lease half-lives from GdYVO4:Eu3+/dyes and
CeO,/dyes complexes is about 2,4 and
3 times smaller compared to that of the PC
liposomes. The fast dye release is associated
with the lipophilic gradient that provokes a
fast transition of lipophilic dyes DiO and Dil

Functional materials, 22, 2, 2015

Table. Dye release constant (K) and half-
life (11/2) in rat hepatocytes

Type of NCs K, h1 Ty /20 h
PC Liposomes 1.5 0.46
GdYVO4:Eu3+ 3.78 0.19
CeO, 4.33 0.16
GdYVO,:Eu®*/cholesterol 0.27 2.56

to the abundant lipid components (cell mem-
brane). Such membrane-mediated pathway
for cellular uptake of Dil dye molecules pre-
loaded in polymeric micelles was reported in
[24]. The dye transition into the lipophilic
phase causes dyes dilution in cell mem-
branes, decrease of the aggregated dyes part
and, consequently, increase of the fluores-
cence intensity. So, the total fluorescence
intensity is sharply increased (Fig. 4a,
curve I). In GdYVO4:Eu3+/dyes/ch01esterol
complexes, cholesterol decreases sufficiently
the lipophilic gradient and noticeably slows
down the dyes release process (Fig. 4b,
curve 4). The 1,5 value increases more then
10 times. The lower rate of dyes release
from the GdYVO4:Eu3+/dyes/ch01esterol
complexes could be also associated with an-
other way of the complexes interaction with
the cells (described above) and correlates
with to the low efficiency of the total
brightness increase in time observed for
this system (Fig. 4a, curve 2).

4. Conclusions

The efficiency and dynamics of various
NCs/dye molecules complexes accumulation
in living cells and dye release kinetics have
been studied using the fluorescence mi-
crospectroscopic technique and two ap-
proaches for the cell incubation with
NCs/dye complexes. It has been shown that
NCs on the base of GdYVO,Eu3* NPs ex-
hibit effective accumulation in cell mem-
branes with saturation time 7., ~9 h and
provide the fast release of the lipophilic
cargo upon the interaction with cell mem-
branes (71,9 = 0.19 hours) that is important
for certain drug administration strategies.
Such high efficiency is explained by the fa-
cilitated adsorption of the complexes on cell
membrane surface due to the positively
charged dyes molecules, whereas the fast
dyes release is due to lipophilic gradient
appearance. Addition to the complexes of a
lipophilic compound (cholesterol) decreases
noticeable the rate of lipophilic dyes release
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(T1/

9 =2.56 h) and reduces the affinity of

NPs/dyes complex interaction with cells
(Tgq: ~ 50 h). So, the process of NPs-to-cell

interaction

could be controlled. Thus,

GdYVO,:Eud" NPs could be used as a nano-
scale platform for intracellular delivering
of hydrophobic agents that is a challenge to
be solved.
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