How to Cite: Korolkov, 1.V., Ludzik, K., Lisovskaya, L.I., Zibert, A.V. Yeszhanov, A.B., & Zdorovets, M.V. Madification of mag-
netic Fe;0, nanoparticles for targeted delivery of payloads. Bulletin of the University of Karaganda — Chemistry, 101(1), 99-108.
https://doi.org/10.31489/2021Ch1/99-108

UDC 544.77, 547.1, 546.05 https://doi.org/10.31489/2021Ch1/99-108

1.V. Korolkov! %, K. Ludzik®*, L.I. Lisovskaya®,
A.V. Zibert® A.B. Yeszhanov*?, M.V. Zdorovets™ 2

YInstitute of Nuclear Physic of the Republic of Kazakhstan, Almaty, Kazakhstan;
2L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan;
®Department of Physical Chemistry, University of Lodz, Poland;
“Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia
(*Corresponding author 5 e-mail: i.korolkov@inp.kz)

Modification of magnetic FesO, nanoparticles for targeted delivery of payloads

The development of methods for targeted delivery of payload is a rapidly developing area of research. For
this reason, iron oxide nanoparticles have potential to be used in delivery of substances by using. external
magnetic field. However it is necessary to develop methods of their modification, which will lead to the pos-
sibility of immobilization of payloads with the required concentration for therapeutic use: In this article,
supermagnetic iron oxide nanoparticles (Fe;O,) were modified with silanes such as (3-chloropropyl)-
trimethoxysilane, (3-mercaptopropyl)trimethoxysilane, (3-aminopropyl)trimethoxysilane and (3-glycidyl-
propyl)trimethoxysilane by reaction of polycondensation. Then carborane compound (payload) was success-
fully attached on the modified nanoparticles via covalent bonding. Structure, size and element composition
were studied by Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDA). It was found that resulting nanoparticles contain 16.6 % of bo-
ron (according to EDA), and their average size is 3249 nm (according to'SEM). In vitro test using HeLa (cer-
vical cancer cell) and PC-3 (prostate cancer cell) shows low cytotoxicity in concentration range of
1-200 pg/ml.

Keywords: Fe;O,4 nanoparticles, silane, surface modification, targeted delivery of payload, BNCT, carborane,
biological test, cytotoxicity.

Introduction

The science and engineering of nanometer-sized materials is currently being used to develop numerous
scientific, industrial, environmental, and-technological fields. Biology, medicine, chemistry, pharmaceuti-
cals, agriculture, food industry and materials science are the main areas that have benefited from the techno-
logical progress achieved in the field of nanoscience. In recent years, significant growth has been observed in
the biomedical application of nanostructured materials [1-4]. Nanostructures of different composition and
shapes form the basis for a huge variety of pharmaceutical and medical applications, including diagnosis and
drug delivery, and they have particular potential in cancer therapy. According to the International Agency for
Research on Cancer [5], 18.1 million new cancer cases and 9.6 million cancer deaths were reported in 2018.
Kazakhstan mortality index is-140.2 while average of worldwide is 102.4 and it is predicted that this index
will grow. Despite all the preventive measures and therapeutic efforts of the last decades, the upward trend in
incidence continues [6]. Typical chemotherapy drugs cannot be sufficiently concentrated in the area of the
tumor-and have a negative effect on the entire body. Thus, one of the problems is the development of meth-
ods of targeted therapy, which selectively affects the tumor, while maintaining healthy tissue and increasing
the effectiveness of the drugs used. Biomimetic properties as well as an unusual surface-to-volume ratio
make nanoparticles promising tools for the treatment of diseases [1].

Nanoparticles have unique physical and chemical properties due to their size, which can be comparable
with the sizes of antibodies, receptors, nucleic acids, proteins, and other biological macromolecules. In addi-
tion, the use of nanostructures may allow the use of compounds that have poor solubility in water or low
chemical and biological stability, metabolic barriers and etc. For these purposes, various nanostructures are
used: liposomes, polymer and protein nanocapsules, micelles, gold and silicon nanoparticles [7]. Moreover,
magnetic iron oxide nanoparticles have wide potential applications in biomedicine [8-12], including magnet-
ic resonance imaging, magnetic hyperthermia, cancer therapy, and targeted drug delivery; in catalysis [13—
15] and magnetic separation [16, 17]. Despite these promising results, their successful transition into clinical
conditions depends strongly on their physicochemical properties, toxicity, and functionalization possibilities.
Iron oxide nanoparticles are low stable, have a tendency to agglomerate in solutions, they have lack of bio-
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compatibility. Various materials, such as silanes, metals, polymers, fatty acids and amino acids, are used to
functionalize the surface and to stabilize magnetic nanoparticles [18-20]. Among other materials, silane
based compounds are the most promising because they have high biocompatibility, stability, low toxicity,
low cost, and high capacity for functionalization [21-23]. Moreover, the modification of magnetic nanoparti-
cles with silanes with various functional groups will allow immobilization of drugs with different chemical
nature. One of such drugs can be carborane derivatives for potential use in neutron capture cancer therapy
(NCT) and chemotherapeutic drugs.

In this article, we present the results of synthesis and modification of iron oxide nanoparticles with var-
ious silanes and immobilization of carborane compound (payload) on their surface. Moreover, the biocom-
patibility was evaluated in vitro using human cancer cell lines: HelLa (cervical cancer cell) and PC-3 (pros-
tate cancer cell).

Experimental

Synthesis and modification of iron oxide nanoparticles

FesO4 nanoparticles were obtained by co-precipitation of a mixture of iron chloride (I1) and.iron chlo-
ride (111) with the addition of ammonium hydroxide according to the method described in the our previous
published article [24].

Modification of the surface of iron oxide nanoparticles with silanes such_.as® (3-chloropropyl)-
trimethoxysilane (Si-Cl), (3-mercaptopropyl)trimethoxysilane (Si-SH), (3-aminopropyl)trimethoxysilane
(Si-NH,) and (3-glycidylpropyl)trimethoxysilane (Si-epoxy) was performed by reaction of polycondensation.
With this aim, 0.5 g of Fe;O, was dispersed in 100 ml of o-xylene, 3:ml of silane was added, the reaction
mixture was purged with argon. The reaction was carried out at 90 °C for 5 hours. After that, the obtained
nanoparticles were separated with a magnet, washed in o-xylene,.acetone, and dried.

Immobilization of carboranes to functionalized Fe;O, nanoparticles

Commercial available isopropyl-o-carborane (0.016 M) was dissolved in 30 ml anhydrous benzene. The
solution was bubbled with argon, then freshly prepared:-butyl lithium solution (0.016 M) was added, isopro-
pyl-o-carboranyl lithium was precipitated after 1 hour of stirring. Diethyl ether was added to the reaction
mixture to dissolve the precipitate. After that, suspension of Fe;O,—Si-epoxy in benzene was added. The re-
action was carried out at room temperature during 6 hours. The resulting suspension was magnetically sepa-
rated, washed with benzene and diethyl ether several times, dried at 50 °C.

Methods of characterization

FTIR spectra were recorded on AnfraLum FT-08 FTIR Spectrometer (Lumex, Russia) with Single Re-
flection Diamond ATR accessory (GladiATR, PIKE) to study chemical group shifts before and after nano-
particles modification. Measurements were taken in the range of 400 to 4000 cm ™. All spectra (25 scans at
2 cm”' resolution) were recorded at 2125 °C.

JEOL JSM-7500F scanning electron microscope (SEM) was used for characterization of nanoparticle
morphology and size during functionalization. Nanoparticle distribution were evaluated by analyzing SEM
images using ImageJ. EDX analysis was done using Hitachi TM 3030 with microanalysis system Bruker
XFlash MIN SVE‘at 15 kV. Before the analysis, the samples were glued to carbon tape and sputtered with
gold on magnetron JFC-1600. The analysis of the elemental composition was carried out evaluating the spec-
tra from various points of the sample, the average values of the element content were calculated based on the
10 spectra.

Cytotoxicity Assay

In orderto monitor the cytotoxic effect of functionalised magnetic nanoparticles different human cancer
cell lines were used: HeLa (cervical cancer cell), PC-3 (prostate cancer cell). As recommended, fibroblasts
like cells of L929 obtained from subcutaneous adipose tissue of mouse were used as normal cells (PN-EN
ISO 10993-5:2009 norm). The cell culture for HeLa and PC-3 was described previously [25].

Cytotoxicity of nanoparticles was evaluated using in vitro model and day 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide [26, 27]. All cancer cell lines were plated into 96-well plates in volume of
8-10-10%100 ul/well. After 24 hours incubation, the samples were added in a concentration range of
1-200 pg/ml and a volume of 100 pl/well into wells with suspensions of particular cell lines. Subsequently,
cells were incubated for next 24 hours and 72 hours under standard conditions (37 °C and 5 % COy,). In ex-
periments two types of cell culture medium were used: with fetal bovine serum (FBS+) and without (FBS-).
After that time, fresh prepared MTT solution (5 mg/1 ml PBS) was added in volume of 20 ul to each well

100 Bulletin of the Karaganda University



Modification of magnetic FezO4 nanoparticles ...

and cells were incubated for the next 3 hours under the same conditions. Then, the wells contents were re-
moved and lasting crystals were dissolved by the addition of 100 ul DMSO to each well. Absorbance was
measured using BioTek Power Wave XS spectrophotometer at the wavelength of A=570 nm. Prior to investi-
gation the nanoparticles solution in PBS probes were sonicated in order to disintegrate particles with ultra-
sounds. Control values were absorbance measurements received for the wells with cells incubated without
the addition of the studied compounds. For each concentration of the nanoparticles 6 absorbance measure-
ments were carried out, for which average values + SEM were calculated. Obtained MTT results were pro-
cessed using GraphPad Prism 7 Program, into graphs, which depict inhibition of cell viability in relation to
compound concentration.

Results and Discussion

At the first stage of the study, methods of coating magnetic iron oxide nanoparticles with a silane shell
were studied. Silanes can serve as an intermediate link between inorganic nanoparticles and organic/organo-
element payloads. Trimethoxysilanes with different reactive groups such as chlorines; amino-, epoxy- and
mercapto- were chosen to be able to attach different payloads at next stage. To create the. shell, the
polycondensation reaction of silanes was used, which occurs both with silane molecules and with hydroxyl
groups that are on the surface of iron oxide nanoparticles. Thus (3-chloropropyl)trimethoxysilane, (3-
mercaptopropyl)trimethoxysilane, (3-aminopropyl)trimethoxysilane and (3-glycidylpropyl)trimethoxysilane
were chosen. The reaction was carried out in 0-xylene under argon. Magnetic separation made it possible to
well purify magnetically modified nanoparticles from non-magnetic silane nanoparticles, which were a by-
product. Figure 1 shows the results of Fe;O, modification with (3-chloropropyl) trimethoxysilane. It was
found out that size of nanoparticles increased from 21+4 nm (initial FezO4) to 29+5 nm according to SEM
analysis. At the same time, the weight gain was 2.8 %. Elemental composition according to EDA analysis is
as follows (Fig. 1c¢): Fe — 13 %, O — 43.6 %, C — 40.2 %, Cl — 0.6 %, Si — 0.5 %, Au — 1.1 %, Cu —
1 %. It should be noted that gold and copper appeared as a result of magnetron sputtering before SEM analy-
sis to avoid surface charge. The FTIR spectrum (Fig. 1d) of the initial Fe;O4 nanoparticles is characterized
by absorption at 3500-3000 cm™ (OH), 1614 cm* associated with O—H vibrations in combination with Fe
atoms, as well as at 544 and 399 cm ™ (Fe-O). The coating. of nanoparticles led to the appearance of new
peaks at 1040 and 1146 cm™ (Si—O-Si) and 628 cm™ (C—Cl). The absence of peak at 913 and 940 cm™ allow
us to conclude that the reaction of polycondensation completed.

1 ——Fe,0,-si-sH
——Fe,0,

1 —Fejo,sicl
] =——Fe,0,

Absorbance
Absorbance

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm"’! Wavenumber, cm”
Figure 1. Scheme of modification of Fe;0, Figure 2. Scheme of modification of Fe;0,
by (3-chloropropyl)trimethoxysilane (a), by (3-mercaptopropyl)trimethoxysilane (a),
SEM image (b), EDA (c) and FTIR spectra (d) SEM image (b), EDA (c) and FTIR spectra (d)
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Modification with (3-mercaptopropyl)-trimethoxysilane led to formation of nanoparticles with size of
26+6 nm (Fig. 2b). The FTIR spectra (Fig. 2d) show the appearance of new peaks at 706 cm™ (S—C), 1059
and 1144 cm™ (Si-O-Si). At the time the broad peak at 913 cm™ were detected which is related to Si—-OH
group. This indicates the incompleteness of the reaction. EDA (Fig. 2c) registered 1.3 % of sulfur and 1.5 %
of silicon.

Modification with (3-aminopropyl) trimethoxysilane was carried out according to the same procedure in
o-xylene at 90 °C. The average size of obtained nanoparticles was 30+8 nm. Aminated nanoparticles are
characterized by the appearance of new peaks at 1677 cm™ (NH,), at 1163 and 1064 cm™ (Si—O-Si), and at
1265 cm™ (C-N) (Fig. 3). It was also found out appearance the peak related to Si—-OH bonds, but with a low-
er concentration than in the case of (3-mercaptopropyl)trimethoxysilane. Nitrogen in the amount of 7.6 %
was observed in EDA. Modification of Fe;O,4 by (3-glycidylpropyl)trimethoxysilane allowed to create chem-
ical active epoxy groups for further isopropyl-o-carborane attachment (payload). Epoxy ring were detected in
FTIR spectra at around 900-920 cm™. In the same region, the peak related to Si—-OH can be‘appeared. The
presence of the epoxy group will also be confirmed by further chemical transformations. SEM analysis
(Fig. 4b) shows an average nanoparticles size of 39+8 nm.

OH

HO, OH  (H;C0),Si
HO OH
HO OH
OH

Fe-0-Fe  (d)
~—— Fe;0,-epoxy
—— Fe 0,

Absorbance
Absorbance

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm’ Wavenumber, cm™

Figure 3. Scheme of modification of Fe;0,
by (3-aminopropyl)trimethoxysilane (a),
SEM image (b), EDA (c) and FTIR spectra (d)

Figure 4. Scheme of modification of Fe;O,
by (3-glycidylpropyltrimethoxysilane (a),
SEM image (b), EDA (c) and FTIR spectra (d)

Commercial available isopropyl-o-carborane was immobilized to Fe;0,-Si-epoxy nanoparticles via co-
valent bonding using butyl lithium as shown in Figure 5a. New peaks in FTIR spectra (Fig. 5d) appeared at
3353, 2924, 2572, 1496, 1433 and 860 cm™ are related to OH, C-H, B-H, &, CHs and carborane skeleton
vibrations respectively [29], with increase in average nanoparticles size according to SEM analysis to
32 + 9 nm (Fig. 5b-c).

EDA analysis was performed to study element content on Fe;O, nanoparticles surface before and after
modification. The data extracted from the EDA spectra are collected in Table 1. Initial Fe3O,4 consist of 43.1 %
Fe and 56.9 % O. Isopropyl-o-carborane attachment led to the appearance of boron in an amount of 16.5 %.

Table 1
Data from EDA spectra
sample Atomic content, %
P Fe 0 Si B c
Initial Fe;0, 43.1+2.1 56.9+3.6 — — —
Fe;0,/GPTMS 20.7£2.1 52.9+2.1 6.4+1.3 — 20.0+1.5
Fe;0,/GPTMS/Carborane 22.2+1.5 38.9+3.1 2.4+0.3 16.542.3 20.0+1.4
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SEM image of initial FesO,4 nanoparticles (b), SEM image of Fe;0,-Si-epoxy-carborane nanoparticles (c)

H
(H_\CO)«,Si/\/\O%
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—— Fe;0,/Si-epoxy/Carborane
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Figure 5. Scheme of Fe;04 modification and carborane immobilization (a),

and FTIR spectra of Fe30, before and after modification (d)

Results of XRD analysis of the studied nanoparticles-before and after modification are presented in Fig-
ure 6. The general view of X-ray diffraction patterns evidence to the polycrystalline type of nanoparticles
with a low degree of structural ordering and.crystallinity. Table 2 shows the results of changes in structural
parameters calculated based on the analysis of X-ray diffraction patterns, which were made according to

[30-31].
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Table 2
Data of XRD analysis
. . F93O4'Si'
Sample Initial Fe;0, | Fes0,-Si-Cl | Fes0,-Si-sH | Tes04Si- | FesOa-Si- epoxy-
NH, epoxy
carboranes
Structure type Cubic Fd-3m(227) PDF-00-065-0731
Lattice parameter, A a=28.4226 a=8.3384 a=_8.3139 a=28.3429 | a=28.3039 a=8.2603
1) 0.009 0.02 0.193 0.091 0.206 0.234
Structure Fe5.090, Fe.080,4 Fe»8104 Fe2.0104 Fe2.8004 Fe;770,4
Crystalline size, nm 18.92+1.86 14.89+1.54 21.33+1.78 | 18.03£1.69 | 17.82+1.49 | 17.41+1.39

It was found that with a high degree of probability (more than 85 %), the diffraction pattern of the ob-
tained nanoparticles corresponds to the cubic phase of magnetite, with the spatial system Fd-3m(227). Com-
parison analysis was carried out using the PDF-2 database. In this case, the parameters of the crystal lattice
differ from the reference values selected from the PDF-00-065-0731 database. The differences can be.caused
both by the processes of disordering of the structure arising as a result of synthesis, as well as by subsequent
oxidation processes associated with the processes of modification. In this case, the madification leads both to
a change in the stoichiometric ratio and in the crystallite size.

The cytotoxicity of Fe;O4-Si-epoxy-Carborane nanoparticles was characterized by determination of cell
vitality. The percentages of active cells — cell viability + SEM values after 24h and 72 hours incubation are
shown in Figure 7.
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Figure 7. Cell viability after24 and 72 hours incubation with FBS and without FBS
as a function'of nanoparticles concentrations for HeLa (a) and PC-3 (b) cell lines

Visual inspection of cells along with the viability and cytotoxicity after 24 hours as well as 72 hours in-
cubation results indicated a low cytotoxicity of investigated particles for concentrations < 200ug/ml in case
all investigated cell.lines. For that reason, the value of IC50 (half maximal inhibitory concentration) has not
been established. The dose-dependent decrease in viability is well visible for HeLa and PC-3 cells. The ex-
periments indicate that mitochondrial and overall cell viability is maintained. Unexpected increase in viabil-
ity visible especially for medium without (FBS-) may be due to increased mitochondrial activity associated
with cell phagocytosis of nanoparticles.

Conclusions

Functionalization of Fe;O, nanoparticles with epoxy, amino, mercapto, chloro group using silanes was
carried out. The features of the reactions were studied; the optimal conditions for the process were estab-
lished. The formation of functional groups has been proven by FTIR spectroscopy, SEM, and EDA. Further,
the obtained modified nanoparticles with chemically active groups can be used to immobilize payload. For
this propose, carborane compound was successfully attached to the modified nanoparticles via formation of
covalent bond for potential application in boron neutron capture therapy of cancer. It was found that resulting
nanoparticles contain 16.6 % of boron (according to EDA), and their average size is 32+9 nm (according to
SEM). In vitro test using HeLa (cervical cancer cell) and PC-3 (prostate cancer cell) shows low cytotoxicity
in concentration range of 1-200 pg/ml.
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Iaiigansl :KYKTeMeHI JKeTKi3y YIIiH MarHUTTI
Fe;O,4 HanoOemIEeKTePiH MOU(UKAIUATAY

TTaimansl >KyKTeMeHI MaKCaTThl JKETKi3y OmICTEepiH jxacay — OyJI Ke[ed AaMbINl Kele JKaTKaH 3epTTey
6arbITel. OchIFaH OalTaHBICTBI TEMIP OKCUAIHIH HAaHOOOIIIEKTepi CEIPTKEI MArHUT ©pPICiH MalimganaHbIN 3aT-
Tapasl OKETKi3y VIIiH--[aiilaaHbUTysl MYMKiH. AJaiila Tepamusulblk KOJAaHy YIIH —KaKeTTi
KOHIIEHTPALUaFbl JOPUTIK 3aTTapAbl NMMOOMIHM3AIMIIAY MYMKIH/ITIHE OKeJeTiH olapasl MOAN(MHUKAIHS-
Jay ojictepiH o3ipyey KaxeT. Maxkanaza (3-XJIOPOMPOMKI)TPUMETOKCHCHIIAH, (3-MEpKanTOnpOI)TpHy-
MeTOKCHCHIIaH, (3-aMHHOMPOITHII)TPUMETOKCHCHIIAH KoHE (3-TUIHANIUIIIPONII)TPUMETOKCHCHIIAH CHSAKTBI
cunanaapmer cynepMarautTik (FesO4) Temip okcuai HaHoOemiekrepi Moaubukanustanapl. CoaaH KeHin
KapOopaHAbl KOCBUIBIC MOAN(HKAIMIIAHFAaH HaHOOOJIIEKTep/ie KOBAJCHTTI OalJIaHbIC TY3y apKbUIBI COTTI
uMMoOmmm3neHai. KypbsuibiMbl, Menmepi koHe snmeMeHTTIK Kypambl HK-®Dyppe TpanchopManusibIk
uHdpakpibl1 | cnekrpockonusicsl  (MK), ckaHepneiitin  anextponasl  Mukpockormsi  (COM)  xoHe
SHEPrOJNCHEPCHSIIBIK peHTreH crekTpockonuschl (D/IC) keMeriMeH 3epTTeni. AJIbIHFaH HAHOOOIIIeKTep e
(3AC mepextepi GoitpiHmia) 16,6 % Gop Oap exeHIiri aHBIKTaNpl, an onapiasiH opraima Mmesmepi (COM
aepekrepi OoiibiaIa) 34+9 Hm. In vitro tect Hela (»xatsip MoitHbI 00bIpBI XKacyiuanapsr) xone PC-3 (Kybik
actpl OesiniH Karepni iciri skacymanapsl) yumri 1-200 MKD/MJI KOHIIGHTpAllMs ayKbIMBIHAA TOMEH
LIATOTOKCHUKAIIBIKTBI KOPCETE/I].

Kinm ce3z0ep: Fe30, nanoOemmiektepi, cunaH, OeTTik MoanGHKalusiIay, Halaanbsl *KYKTEMEHI MaKCaTThl
xketkizy, BH¥ T, kapOopaH, OHONOTHSIIBIK ChIHAK, IIATOTOKCHKABIK.
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Modification of magnetic FezO4 nanoparticles ...

N.B. Koponbkos, K. JIymxkuk, JI.W. JIucoBckas,
A.B. 3ubeprt, A.b. Ecxxanos, M.B. 3noposen

Moaudukanus MArHUTHBIX HaHOYacTHI Fe;0,
1JI51 AIPECHOI I0CTABKH T0JIE3HOT0 IPy3a

PazpaboTka MeTo0B aipecHON JOCTaBKU MOJIE3HOTO Ipy3a — OBICTPO pa3BHUBAIOLIEECs HAMIPABICHUE UCCIe-
JOBaHUH. B CBS3M C 9THM HaHOYACTHUIIBI OKCHJIA JKelle3a MOTEHIIMAIBFHO MOTYT OBITH UCIIONB30BaHbI IS JOC-
TaBKH BEUIECTB C IIOMOIIBI0 BHEIIHETO MarHUTHOTO 1oyist. OJiHaKO He0OX0ANMO pa3paboTaTh METOIBI HX MO-
IU(UKAIIH, KOTOPbIe MPUBEAYT K BO3MOXXHOCTH MMMOOWMIN3AUY JICKAPCTBEHHBIX BEIIECTB HEOOXOIMMOit
KOHIICHTPALMH JUI1 TepPaleBTHIECKOT0 HCIIONb30BaHUs. B craThe cymepMarHUTHBIE HAHOYACTHIIBI OKCHIA
xeneza (FesO,) Obutn MOIMQUIMPOBAaHBI CHIAHAMH, TaKUMH Kak (3-XJIOPIPOMHI)TPHUMETOKCHUCHIIAH,
(3-MepKanTonpoOITHI) TPUMETOKCHCHIIAH, (3-aMUHOIPOIMI) TPUMETOKCHCHIAH | (3-TIIHIHIHIIIPOIIHI) TP~
METOKCHCHIIaH. 3aTeM KapOOpaHOBOE COEeMHEHNE ObIIO YCIIEITHO MMMOOMIM30BaHO Ha MOAU(UIIMPOBAHHbIC
HAHOYACTHUIIBI TTOCPEACTBOM 00pa30BaHUsA KOBaJEHTHOU cBsi3u. CTPyKTypa, pasMep U 3JIEMEHTHBIA COCTaB
U3y4eHbl C MOMOIIbI0 HMH(paKpacHOil cmekrpockomuu ¢ mpeobpazoBanuem @Dypre (MK), ckanupyromieit
INEeKTPOHHON MHKpockoruu (COM) 1 9HeproucIepCHOHHON peHTreHoBcKoH criiektpockonun (DJA). beuio
0o0Hapy»XeHO, YTO IOJIydeHHbIC HAHOUACTHUIEI conepxar 16,6 % Oopa (o nanHeM DJIA), a IX cpemHuil pas-
Mep cocrasisieT 3449 um (o manapiM COM). Tecrt in Vitro mokassBaeT HU3KYIO [IUTOTOKCHYHOCTD B JHala-
30He KoHueHTparmii 1-200 mkr/mi s HeLa (kietkn paka meliku Matkn) 1 PC-3 (KiI€TKH paka IpOCTaThl).

Knrouegvie crosa: nanouactuusl FesOy, cunad, Moandukanus MoBEpXHOCTH, apecHas JOCTaBKa MOJIE3HOTO
34, > >
rpy3a, BH3T, xapOopaH, OHOIOTHYECKHI TECT, TUTOTOKCHYHOCTb.
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