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Introduction

Aim. Evaluation of free—radical activity of rare—earth based nanoparticles (NPs) (orthovanadates and
CeO,) with different geometrical parameters, and organic complexes formed on their base with methyl-
ene blue (MB) photodynamic dye in abiotic and biotic systems (homogenate of liver, isolated mitochon-
dria and isolated hepatocytes). Methods. Effects of NPs were estimated using luminol-dependent chemi-
luminescence (ChL) and by measurement of the final product of lipid peroxidation — malondialdehyde
(MDA). Results. According to the ChL data in abiotic systems all NPs demonstrated antiradical activity.
In biotic systems spherical extra small (1-2 nm) NPs of both types showed prooxidant effects of different
degree; CeO, of 8-10 nm have demonstrated a week antioxidant effect. The data of ChL correlated with
the measurements of MDA-level. The effects of «NP-MB» complexes were the same as the correspond-
ing «bare» NPs in different examined systems. The most prooxidant NPs in the presence of glutathione
(GSH) did not aggravate free-radical processes. NPs demonstrated a more pronounced prooxidant effect
in cells at pH 7.8 that may be a result of pH-dependent changes in protonated GSH. Conclusions.
Differences in the effects of NPs in the biotic systems depend on their geometric parameters that deter-
mine their penetration and interaction with the cellular structures. This is also related to the processes on
the NPs surface as well as in the near-surface layers.
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luminescent properties allow in vitro and in vivo im-
aging. There is also a lot of reports about CeO, anti-

The understanding of the mechanisms of implemen-
tation of nanoparticles (NPs) and creation of NP-ba-
sed structures providing necessary effects in situ are
of great importance for solving a wide range of tasks
in the nanomedicine area. The NPs size, shape, che-
mical composition, methods of synthesis, the pres-
ence of functional chemical groups on the NPs sur-
face, heterogeneity and porosity, hydrophilicity and
hydrophobicity, agglomeration state — all these fac-
tors determine the NPs reactivity [1, 2].

Biological and medical application of the rare-
earth based NPs attracts a lot of attention [3]. Their

oxidant properties [4, 5]; of special interest are those,
which stated that CeO, acted similarly to superoxide
dismutase (SOD) [6] and catalase [7, 8]. However,
some other experiments demonstrated that the CeO,
NPs produced reactive oxygen species (ROS), pro-
voked inflammatory, lipid peroxidation, etc., and ex-
erted cytotoxicity by the apoptotic process [9—11].
It is widely accepted that the NPs toxic effects can
be mediated mainly by generation of free-radicals
(induction of oxidative stress) when the particles in-
teract with biological objects. NPs-induced oxida-
tive stress is determined by their influence on the
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mitochondrial functional state. Mitochondria (mito-
chondrial electron transport chain) are the primary
sources and target of ROS in the cell [12], and they
are very sensitive to oxidative damage. NPs can alter
the mitochondrion function by embedding in a respi-
ratory chain and absorbing/giving electrons or me-
chanically injuring the mitochondrion membranes.
The data obtained in vitro and in vivo can differ sig-
nificantly, because the final effect of NPs depends con-
siderably on the environment of the particles. Surface
properties are very important factors in the NPs-bioob-
jects interaction. Thus, the final effect of the «NP-or-
ganic compound» hybrid complexes on the free radi-
cals generation may differ from the NPs direct influ-
ence. For example, methylene blue (MB) is widely
used in photodynamic therapy [13]. The «NPs-MB»
complex can have an enhanced effect of phototherapy,
whereas the inorganic component (NPs, possessing
pronounced antioxidant properties like CeO,) can pro-
tect healthy cells against further damage and reduce
drug side effects. On the other hand, glutathione (GSH)
plays a key role in the thiol antioxidant buffer system
and in adaptive processes of the cell. It takes part in
neutralization of peroxides of lipids, preserves SH-
groups of proteins against oxidation, reduces S-S-bind-
ing induced by oxidative stress, is involved in the xeno-
biotics detoxication [ 14]. Thus, the NPs modification
by MB or the NPs-GSH interaction is able to change
completely the NPs properties and therapeutic effect.
For evaluation of NPs effects on the biosystem oxi-
dative balance several methods are required. In the
present research the NPs impact on the redox proc-
esses was investigated by the method of luminol-de-
pendent chemiluminescence (ChL) with Fenton's rea-
gent. Additionally, the end-products of lipid peroxi-
dation — malondialdehyde (MDA) was measured.

Materials and Methods

Synthesis of NPs. In present research nanoparticles with
different form-factors and sizes were used: spherical —
GdYVO,:Ev** (1-2 nm), CeO, (1-2nm and 8-10 nm);
spindle — GAVO_:Eu’* (25 x 8 nm); rod-like — La
VO,:Eu* (57 x 6-8 nm). NPs were characterized us-
ing the transmission electron microscopy (TEM-
125K electron microscope, Selmi, Ukraine) [15].

The synthesis of nReVO,:Eu’* (Re = Gd, Y, La) and
CeO, water colloidal solutions was carried out accor-
ding to the method reported earlier [16, 17, 6]. The final
concentration of NPs in each sample was 0.05 g/I1.

Preparation of complexes NPs-MB. Preparation
of «NPs-MB» complexes was performed in accord-
ance to [18]. Briefly, water colloidal solution of NPs
with concentration of 1 g/l was mixed with water so-
lution of MB. After addition of NPs to MB solution
the part of dye monomers (A = 665 nm) decreased
and part of H-type dimers (A = 568 nm) increased
that provides an evidence about the formation of
«NPs-MB» hybrid particles [19]. Concentration of
NPs in the solution was 0.5 g/, MB — 10 M.

An ability of the complexes to influence the free-
radical processes in biotic system was investigated
using luminol-dependent ChL (described below).

Biological material preparation. Hepatocytes were
isolated from male Wistar normal rats with body weight
of 180200 g by the method described earlier [20] in
accordance with International Rules of «The European
Convention for the protection of vertebrate animals used
for experimental and other scientific purposes» (Stras-
bourg, 1986). The number of cells was counted and their
viability was evaluated by trypan blue exclusion. In the
experiments the preparations with viability higher than
90 %, homogenate of liver (cell-free system: after de-
capitation liver was elicited and placed in ice medium of
homogenization —0.05 M tris-buffer pH = 7.4; homoge-
nate was filtered through the double layer of nylon), and
isolated mitochondrion were used. Isolation of mito-
chondrion was performed using the differential centrifu-
gation method ascribed elsewhere [21].

Luminol-dependent chemiluminescence. ChL was
stimulated by Fenton's reagent. Abiotic system for esti-
mation of the NPs ability to generate free radicals
contained 0.05 M tris-buffer, pH = 7.4, 50 uM lumi-
nol, 10 uM Fe?*; the investigated NPs with final con-
centration of 0.05 g/1. H,O, (1.35 mM) were added to
activate the reaction. The ChL spectra were meas-
ured using chemiluminometer Lum-5773 (Russia).
The light sum and intensity of ChL spectra were
measured during 5 min.

The biotic cell-free system for estimation of pro-
or antioxidant properties of NPs, their complexes
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Fig. 1. Model systems: (A) — Chemiluminescence of Fenton’s solution in the presence of nanoparticles. (B) — General antioxidant
activity of NPs in the system Fe** —induced LP (level of MDA). 1 —spherical; 2 — spindle; 3 —rod-like; 4 — CeO, (1-2 nm); 5 - CeO,

(8-10 nm)

«NPs-MB» (with final concentration of NPs 0.025 g/I)
and effects of NPs in the presence of GSH (with final
concentration of NPs 0.05 g/l and final concentration
of GSH 0.5 mM ) contained additionally homoge-
nate of liver cells with final protein concentration of
70-80 pg/ml. Samples were incubated with NPs for
30 min at 37 °C and then placed into temperature-
controlled cavity of chemiluminometer. ChL was
measured as described above.

To estimate NPs influence on the oxidative balan-
ce of isolated hepatocytes, cells (5x10° cell/ml) were
stained with the particles (final concentration was
0.05 g/1) in Krebs—Henseleit solution pH = 6.9, pH =
= 7.4 and pH = 7.8 within 1 h. Then the mixture was
centrifuged, the supernatant was removed and cells
were replaced with 0.05 M tris-buffer, pH 7.4. Measu-
rements of ChL were performed as described above.

Isolated mitochondrion (concentration of protein
42 ng/ml) after separation was resuspended in 0.1 M
tris-buffer pH = 7.4. NPs (with final concentration
of 0.05 g/l) were added, samples were incubated at
25 °C within 20 min and then placed in ice. Incubation
of mitochondrion with NPs at 25 °C within 20 min is
necessary for the development of effects of particles.
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It should be noted that no difference was observed
during the experiment between the control samples
(without NPs) which were kept at 25 °C within 20
min and the control (without NPs) samples stained
in ice. Measurement of ChL was performed like for
all systems described above.

Measurement of lipid peroxidation. The level of
lipid peroxides, namely, MDA — a major end-product
and an indicator of lipid peroxidation, was measured
using the method described by Kumari et al. [22]
with some modifications [23].

Measurement of total antioxidant activity of NPs.
Each pattern contained: phosphate buffer pH = 7.45,
25 % suspension of lipoprotein of yolk, 25 mM Fe?*,
0.3 % sodium dodecyl sulphate. NPs (with final con-
centration 0.05 g/l) were added to each sample (ex-
cept control). The samples were heated in a water
bath (37 °C) within 15 min and 20 % trichloroacetic
acid and 0.01 M ionol were added to stop the reac-
tion. The mixture was centrifuged, the supernatant
fluid was removed and 1.8 ml of 0.5 % 2-thiobarbi-
turic acid were added. The mixture was heated for 15
min at 100 °C in a water bath and cooled for 10 min
to stop the reaction. The absorbance was measured
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at 532 nm and 580 nm using SPECORD 200 («Ana-
lytik Jenay) spectrometer. The results were presented
as AD (percentage over the untreated control).

The results were averaged from more than three
measurements and statistically processed by means
of the software Statistika v. 5.0 (StatSoft, USA) us-
ing the Student’s t-criterion. The results differed sta-
tistically and significantly at p< 0.05.

Results and Discussion

For all types of NPs the antiradical activity has been
observed using luminol-dependent ChL in the abio-
tic model system of Fenton stimulated reaction (Fig.
1, A). Measurement of the total antioxidant activity
of NPs in the system of Fe?*-induced lipid peroxida-
tion (LP) revealed that CeO, NPs of both sizes re-
duced MDA level most significantly (Fig. 1, B). In
spite of the antiradical activity detected in the abiotic
system, investigation of free radical processes in
liver homogenates preincubated with NPs showed a
considerable increase of light sum for spherical or-
thovanadate particles. Extra small (1-2 nm) CeO, NPs
also demonstrated prooxidant effects (Fig. 2, A). In
isolated hepatocytes only the CeO, NPs (810 nm)
keep the antiradical effect as compared to other NPs
(Fig. 2, B), whereas spherical orthovanadate NPs
have the most pronounced prooxidant effect. These
data correlated with the results of MDA determina-
tion in isolated hepatocytes, for both types of extra
small NPs (spherical orthovanadates and CeO,) the

prooxidant effect was also revealed (Fig. 2, C). At
the same time, the antioxidant effect of CeO, (8-
10 nm) was reproduced.

It is known from the literature that the mitochondri-
on is a general target for NPs in cells [24]. Their abnor-
mal functioning under influence of NPs led to an in-
crease of ROS and dysfunction of cells in general. In
the case of extra small (1-2 nm) NPs we can expect that
particles interact directly with membranes of mitochon-
dria and injure them, provoke dysfunction of membrane
pores and synthesis of ATP, etc. As can be seen from the
Fig. 3, in the case of investigation of isolated mitochon-
drion by means of ChL, strong prooxidant effect of
spherical orthovanadate NPs is reproduced.

Effects of NPs and their complexes with MB in
both abiotic (Fig 4, A) and biotic (Fig. 4, B) systems,
like in the case of unmodified NPs, differ significant-
ly. It was shown that antiradical effects of all types
of NPs in the abiotic system practically did not de-
pend on the presence of organic constituent in the
complexes. So, the microenvironment itself plays a
key role in reactivity of NPs though any enhance-
ment of prooxidant effect of spherical orthovanadate
NPs at including MB into the nanocomplex was not
achieved. In photodynamic therapy the therapeutic
effect was achieved by irradiation at certain wave-
lengths and intensities. The absence of required con-
ditions in the presented case may be a reason that
complexes «NPs-MB» have no effects in the biotic
system. This question is under investigation now.
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Fig. 2. (A) — Chemiluminescence of liver homogenate after 30 min and (B) hepatocytes after 1h exposure to NPs; (C) — MDA forma-
tion in isolated hepatocytes treated with NPs within 1 h (*p < 0.05 compared to control). 1 — spherical; 2 — spindle; 3 — rod-like; 4

- CeO, (1-2 nm); 5 — CeO, (8-10 nm)

141



K. A. Averchenko, N. S. Kavok, V. K. Klochkov et al.

200 + T

£ |
= T T
o
<100 | T
[}
2

0= P 3 4 5

Fig. 3. Chemiluminescence of isolated mitochondrion after 20
min exposure to NPs at 25 °C (* p < 0.05 compared to control).
1 — spherical; 2 — spindle; 3 — rod-like; 4 — CeO, (1-2 nm); 5 —
CeO, (8-10 nm)

Extra small NPs able to activate free-radical pro-
cesses (spherical orthovanadate and CeO, 1-2 nm
particles) (Fig. 2, 3), in the presence of exogenous
GSH did not show any prooxidant effect (Fig. 5). It

is possible that the prooxidant effects of NPs in bio-
systems may be related first of all to the changes in
GSH/GSSG (GSSG - oxidized form of glutathione)
ratio due to direct interaction of NPs with reduced
or/and oxidized form of compound or as a result of
detoxication processes which are catalyzed by glu-
tathione S-transferase. This process occurrs via
transport of sulfur atom into compounds and for-
mation of mercaptides, mercapturic acid, deriva-
tives of GSH with the substances. This process is
especially active in liver and, probably, provides
the NPs neutralization.

It is known that high levels of reduced GSH and
acidic conditions are associated with diminished
chemical lethality, the influence of these parameters
on the cellular response to oxidative stress was eval-
uated earlier [25]. It was shown that the oxidation of
DCFH and 2-deoxyribose was inhibited by GSH,
with about 4 times stronger inhibition efficacy at pH
6.8 than at pH 7.4. Thus, the authors concluded that
the protonated form of GSH was more likely the in-
hibitory species. We have investigated an NPs influ-
ence on free-radical processes in isolated hepato-
cytes at physiological range of pH from 6.9 to 7.8.
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Fig. 4. (A) — Chemiluminescence with Fenton’s reagent in abiotic system in the presence of complexes «NPs-MBy; (B) — Chemilu-
minescence of homogenate of hepatocytes after exposure to «NPs-MB» complexes. (*p < 0.05 compared to control). 1 — spherical +
+ MB; 2 — spindle + MB; 3 - rod-like + MB; 4 — CeO, (1-2 nm) + MB; 5 — CeO, (8-10 nm) + MB
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The data have demonstrated a pH-dependent in-
crease of MDA-level in cells after treatment with
NPs (Fig. 6, A). This tendency was preserved when
we analysed Chl in cells in the same conditions (Fig.
6, B). So, pH-dependent changes in the GSH redox
balance is the base of higher level of oxidative dis-
turbance induced by NPs at pH 7.8.

On the other hand, an inclination of extra small
NPs to aggregation is probably a more important
factor of damaging influence of NPs in biological
systems. In this case we assume that such effect of
NPs (GdYVO,:Eu*" and CeO,) can be explained by
changing of the NPs agglomeration state [2] and me-
chanical injury of cellular structures. The virtual ab-
sence of NPs effect on isolated hepatocytes at physi-
ological pH = 7.4 in the present experimental condi-
tion can be associated with a stronger integrity of
antioxidant defense systems in cells as compared to
other model biotic systems.

So, the final effect of NPs in living systems cannot
be explained only by the structure of material, shape,
covering, exposure time, or dose. At different struc-
tural levels of living systems the final effect of NPs
depends on the microenvironment properties, adap-
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Fig. 5. Chemiluminescence of liver homogenate after exposure
to NPs in the presence of exogenous GSH. (*p < 0.05 compared
to control). 1 — control; 2 — spherical; 3 — spher + GSH; 4 - CeO,
(1-2 nm); 5 - CeO, (1-2 nm) + GSH

tive and protective processes in response to the pres-
ence of NPs. The features of NPs influence must be

considered since it is one of the most important char-
acteristics of the toxicity of nanomaterials.
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Fig. 6. (A) — Effect of NPs on MDA-level in isolated hepatocytes at different pH; (B) — Effect of NPs on the light sum of chemilumi-
nescence in isolated hepatocytes at different pH. (*p < 0.05 compared to control). 1 — spherical; 2 — spindle; 3 — rod-like; 4 — CeO,

(1-2 nm); 5 — CeO, (8-10 nm)
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Conclusions

During interaction of nanoparticles with the cellular
structures the final prooxidant or antioxidant effect
may be determined not only by the properties of the
particles, but also by their microenvironment in a
biosystem. The expressed prooxidant activity of ex-
tra small NPs can also be associated with the chang-
es of aggregative properties and high reactivity of
these particles, the way they interact with nanoscale
cellular structures or ability of NPs to change the
balance of antioxidant defence system.
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BB HeopraHiYHUX HAHOYACTHHOK TA OPraHiYHHUX
KOMILIEKCIB Ha IX OCHOBI Ha BiIbHOPaJUKAJILHI IPOLIECH
B JeSIKHX MOJIeJIbHHX CHCTeMAax

K. A. Asepuenko, H. C. Kaok, B. K. Kioukos,
0. 0. Cenux, C. JI. €dimona, 0. B. Mamtokin

Merta. OLiHUTH BUIbHOPAIUKAIBHY aKTHBHOCTh HAHOYACTHHOK
(HY) Ha OCHOBI PigKiICHO3EMETBHUX EJIEMEHTIB — OPTOBaHAAA-
TiB Ta CeO, 3 pi3HUMM I'eOMETPUIHUMH NAPAMETPaMH i opra-
HIYHHX KOMIUIEKCIB Ha 1X OCHOBI 3 (poTOnMHAMIYHUM OapBHU-
KoM MeTHiieHoBUM OakutHiM (MB) B abioTHYHUX 1 6i0THYHMX
cucteMax (TOMOTCHAT IIe4iHKH, 130JIb0BaHI MITOXOH/PIT, 130710~
BaHi remarouut). Meroau. Edextn HY ouinroBamu 3a nomo-
MOTOIO JIFOMIHOJI-3aJIe)KHOT XemimoMinecteH i (XJI), a Takox
BHMIPIOIOYH PiBEHb MAJIIOHOBOTO Auanbaerbyty (MJIA) — kiHie-
BOT'O IPOJYKTY Nepokcuaanii nininis. Pesyasrarn. XJI nokasa-
HO, 110 B abioTnyHii cucremi Bci HY neMoHCTpyIOTh aHTHpa -
KaJIbHy aKTUBHICTh. B 6ioTHuHII cucTeMi cdepndni excTpamati
(1-2 M) HY 0060x THIIIB Pi3HOIO MipOK IEMOHCTPYIOThH IPO-
OKCHIaHTHY akTuBHicTh; CeO, posmipom 8-10 HM JeMOHCT-
pyBaB ciadkiii antTrnokcuaanTHii epext. Jani XJI kopenoroTs 3
pe3yJbTaTaMy, OTPUMaHUMHU HpH BUMiproBaHHI piBHsS MJIA.
Edexr xommnekcie «HU-Mb» OyB Takum e, sIK 1 y BHIAIKY
«romx» HY. Hait6insm npookcunantai HUy npucytHoCTi Ity-
tatioHy (GSH) He mocmiroBaIy BUIbHO-pAaIUKAIbHI POIECH.
B xmitunax npu pH = 7.8 HU nemoHcTpyBanu o4ikyBaHi mpo-
OKCHJIaHTHI e(eKTH, 1110 MOXKe OyTH 110B’s13aH0 3 pH-3anexHuMH
3Minamu nporoHoBaHoro GSH. BucHoBku. BinminnocTi edek-
TiB HU mNOsICHIOIOTBCS X TEOMETPUYHUMH IHapaMeTpamH, sKi
BIUTMBAIOTH HA MIPOHUKHEHHS 1 B3a€MOJII0 YACTHHOK 3 KJIITHH-

HUMHU CTPYKTypaMHu. Takox 1ie NOB's13aHO 3 IPOLeCaMy, 1110 po-
XOJSITh K Ha moBepxHi HY, Tax i B mpunoBepxHeBOMy HIapi.

Kiw4oBi ci0Ba: HAHOYACTUHKH, JTIOMIHOJ-3aJI€:KHA XEMi-
JIIOMIHECLCHLIS, IPOOKCUIAHTHHH, aHTHPaIUKATbHUHN.

Bausinue HEOPraHu4eCKUuX HAHOYACTHUI U OPraHUYEeCKUX
KOMIIJIEKCOB HaA UX OCHOBE€ Ha csoﬁozmopanmcaﬂbnme
nmpoueccobl B HEKOTOPbIX MOAEJIbHBIX CUCTEMax

E. A. ABepuenxo, H. C. Kapok, B. K. Knouxos,
0. O. Cenpix, C. JI. Edumosa, 0. B. Mantokur

Heab. OueHnts cBOOOIHOPAIUKAIBHYIO aKTHBHOCTH HAaHOYAC-
T (HY) Ha ocHOBE peko3eMeTbHBIX JJIEMEHTOB — OPTOBAHAIa-
ToB 1 CeO, ¢ PasnUIHBIM T€OMETPUIECKIMH MAPAMETPAMH H OP-
TaHUIECKUX KOMIUIEKCOB Ha MX OCHOBE C (DOTOAMHAMHUYECKHAM
KpacuTelleM METHICHOBBIM ronyObiM (M) B abmoTHueckux u
O6UOTHYECKNX CHCTeMaX (TOMOTeHAT TeYeHH, H30IMPOBaHHbIE
MHTOXOHPUH, U30JMPOBAHHbIC TermaTonuThl). MeTonbl. Dddek-
1ol HY olleHnBanM ¢ moMomnisio JIFOMHHO-3aBHCHMOM XEMHITIO-
muHecreHnuH (XJI), a Taxke M3Mepsisi ypOBEeHb MaJIOHOBOTO JIH-
anperuaa (MJIA) — KOHEUHOTO MPOIYKTa MePOKCHAAINH JIUITH-
noB. Pesyasrarbl. XJI ObUTo MOKa3aHO, YTO B a0MOTHYECKOH
cucreme Bce HY neMOHCTpUpYIOT aHTHpaJUKaJIbHYIO aKTHB-
HOCTh. B GnoTnueckoii cucreme cepuueckue sxkcrpamanbie (1-2
HM) HY 000uX THITOB B pa3HO# CTENCHH JIEMOHCTPUPYIOT IPOOK-
CUIIAHTHYIO aKTUBHOCTh; CeO, pasmepom 810 HM jeMOHCTPHU-
pyer cralblii aHTHOKCUIAHTHBIH dQdekT. Janupie XJI koppemnn-
PYIOT C JAaHHBIMH, MOIYYEHHBIMH MPH M3MepeHnH ypoBHsI MJIA.
Doddexr komruiekcoB «HY-MI» ObUT TAKUM IKe, KaK U B Cllydae
«ronbix» HY. Haubonee npookcunantasie HY B npucyrcTBun
nryratnona (GSH) He ycyry0msuti cBoOOTHO-paJUKaIBHBIE TIPO-
neccel. B knerkax npu pH = 7.8 HU nemoHcTpuposanu oxunae-
MBIE TPOOKCHAAHTHEIE 3G (PEKTHI, YTO MOXKET OBITH CBsI3aHO ¢ pH-
3aBHCHMBIMU U3MEHEHUsIMH TpoTHHpoBaHHOTO GSH. BBIBOABI.
Paznuunst 3¢ dexroB HU 00bACHAIOTCS UX TEOMETPHIESCKIMH T1a-
paMeTpaMu, KOTOpPbIE BIUSIOT Ha IPOHUKHOBEHUE U B3aUMOzeiic-
TBHE YaCTHI] C KJICTOUHBIMH CTPyKTypaMu. Taxke 3To CBSI3aHO C
HpoIeccaMH, MPOXOSIINMHU Kak Ha mosepxHocty HY, Tak u B
HPHUIIOBEPXHOCTHOM CIIO€.

KiwueBble €J0Ba: HAHOYACTHIIBI, JIIOMUHOI-3aBUCHMAs Xe-
MWIIOMHUHECUEHIIMS, TPOOKCUAAHTBIN, aHTUPAAUKaIbHbBIH.
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