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Simultaneous Immobilization of Gadolinium lons
and Di(o-carborano-1,2-dimethyl)borate on FesO4 Nanoparticles

Neutron capture therapy is a promising method for cancer treatment based on the targeted delivery of specific
isotopes into cancer cells and subsequent irradiation with epithermal neutrons. As a result, a large amount of
energy is released at a distance comparable to the size of the cell, destroying it from the inside. Magnetic iron
oxide nanoparticles can be used for the targeted delivery of isotopes. In this article, iron oxide nanoparticles
(FesO4) were modified with silanes and polyelectrolyte complexes for simultaneous immobilization of gado-
linium ions and carborane compounds through ionic interaction for potential application in targeted delivery
into cancer cells for neutron capture therapy. Structure, size and element composition was elucidated by the
Fourier-transform infrared spectroscopy (FTIR), Energy-dispersive X-ray spectroscopy (EDA), dynamic light
scattering (DLS) and X-ray diffraction (XRD) analysis. It was found that, according to EDA, resulting nano-
particles consist of 15.4 % boron and 1.5 % gadolinium, with average hydrodynamical size of 386 nhm meas-
ured by DLS. An in vitro cytotoxicity test using HepG2 (a cancer cell line) and human skin fibroblasts (a
normal cell line) showed minor cytotoxicity in concentration range from 0.05 to 1 mg/mL.

Keywords: FesO4 nanoparticles, silane, surface modification, targeted delivery of payload, BNCT, carborane,
cytotoxicity.

Introduction

The development of medicine has led to significant progress in cancer treatment during the past two
decades. Nevertheless, cancer remains a problem; for example, there were 2.7 million new cases and
1.3 million lethal cases in 2020. Such an approach as radiotherapy has shown its effectiveness, 40 % of can-
cer types can be treated using it alone or combined with other methods [1]. However, there is a type of tumor
considered to be radioresistant [2], and it cannot be treated with traditional radiotherapeutic approaches.
Neutron capture therapy (NCT) could be one of the ways to solve this problem [3].

To treat cancer with this method, a drug labeled with specific isotopes (usually *°B and *¥'Gd) is deliv-
ered to the tumor. After that, it is irradiated with epithermal neutron flux. As a result, we have a neutron cap-
ture reaction localized in tumor. In the case of B, the safety of nearby tissues can be achieved due to the path-
length of the resulting a-particles (4-9 um) and its high cellular response efficiency [4]. Other studies indi-
cate that the simultaneous use of Gd and B increases the efficiency of NCT by 80 % [5]. Currently, only clin-
ical trials have been conducted with BPA (p-borophenylalanine) and BSH (disodium mercaptoundeca-
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hydrododecaborate), and they have shown no selectivity. On the other hand, selectivity can be improved by
using nanocarriers as a drug delivery system. Nanoparticles possess unique physical properties, such as a
high surface-to-volume ratio, the ability to penetrate through vascular architecture and cellular membranes,
and, in some cases, low cytotoxicity [6, 7].

In this study, we present a method for the simultaneous immobilization of Gd ions and di(o-carborano-
1,2-dimethyl)borate to the core-shell Fe;O4 nanoparticles covered with polyacrylic acid/polyallylamine
(PAA/PALAM) polyelectrolyte. This approach has the following goals: The presence of Gd can not only
increase the efficiency of NCT, but also be used as a diagnostic agent for MRI, so after the injection of
nanocarriers it is possible to determine the drug distribution in body area [8, 9]. On the other hand, the mag-
netic core makes it possible to manipulate nanoparticles using an external magnetic field. In addition, alt-
hough di(o-carborano-1,2-dimethyl)borate has a large number of boron atoms in its structure, it is insoluble
in water. Therefore, simple injection of it into the blood could be problematic. This problem can be avoided
if it is immobilized on the nanocarriers surface. In contrast to our previous study [10], di(o-carborano-1,2-
dimethyl)borate is bonded to PAA/PALAm through NHs* groups via ionic bond, which may provide better
drug release.

Experimental

Reagents and materials

Iron chloride (I1) tetrahydrate, iron chloride (I11) hexahydrate, acrylic acid (AA), polyallylamine hydro-
chloride (PALAmM), aluminum oxide, 3-(trimethoxysilyl)propyl methacrylate (TMSPM), 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AAPH), gadolinium (I11) nitrate hexahydrate were purchased at
Sigma-Aldrich (Germany). Ethanol, methanol, benzene, o-xylol, diethyl ether, hydrochloric acid, ammonium
hydroxide aqueous solution, NaOH, and ethyl acetate were analytical grade (Russia).

Synthesis of iron oxide nanoparticles and its modification

FesO4 nanoparticles (NPs) were synthesized by the precipitation method described in our previous work
[10]. FesO. nanoparticles were modified according to the scheme presented in Figure 1.
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Figure 1. Schematic representation of iron oxide NPs modification,
and gadolinium and carborane immobilization via ionic interaction

To form methacrylate groups on iron oxide nanoparticles, 1 g of FesO4 NPs was added to a solution of
100 ml o-xylol, then it was ultrasonicated for 2 hrs, and bubbled with argon. After that, 3 ml of
3-(trimethoxysilyl)propyl methacrylate was dropped under vigorous stirring, then the reaction was heated to
80 °C and continued for 5 h. The precipitate was magnetically separated and washed with 0-xylol and diethyl
ether.

Then, for acrylic acid grafting, 1g of FesO4 NPs with methacrylate groups was ultrasonicated to 50 %
ethanol (90 ml) for fine desperation and degassing, moreover, argon was bubbled during 15-20 min to re-
move oxygen. 10 ml of purified AA and 0.05 g of thermal initiator 2,2’-azobis(2-methylpropionamidine) di-
hydrochloride (AAPH) were added to the solution. The reaction was heated to 80 °C and kept at this temper-
ature for 24 h. After that, obtained precipitate was magnetically separated and washed with water several
times.

To form a polyelectrolyte complex on modified nanoparticles, 1 g of grafted NPs was ultrasonicated in
a 0.012 g/ml of polyallylamine solution for desperation for 2 h and then shaken using tube shaker for 24 h.
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Then, Gd ions formed complexes from 0.016 g/ml of gadolinium (I11) nitrate solution in ethanol and
were shaken for 48 hrs. Samples were washed several times in ethanol and water and magnetically separated
from the solution.

Synthesis of di(o-carborano-1,2-dimethyl)borate

0.62 g (0.01 M) of an aqueous solution of boric acid was added to 4.08 g (0.02 M) of a dioxane solution
of 1,2-bis(oxymethyl)-o-carborane, and the reaction was stirred for 2 h. The precipitate was filtered. The ex-
tract was dried over Na,SO4 and evaporated. The yield was 3.58 g (86 %), m.p. > 400 °C.

FTIR (v, cm™'): 3000 (CH), 2625, 2596, 2568 (BH), 1350 (B-O).

NMR H (DMSO-d6, 5, ppm): 0.3-3.7 (m., 20H, B-H); 4.02 (s., 8H, CHy).

NMR B (DMSO-d6, §, ppm): 4.47 (s., 1B, B-0); 4.66 (s., 6B, B-H); 11,29 (s., 14B, B-H).

Complexation of di(o-carborano-1,2-dimethyl)borate on modified FesO4

1 g of NPs was dispersed in a 0.5 % solution of di(o-carborano-1,2-dimethyl)borate in CH;COOC;Hs
for 1 h and then it was additionally shacked for 1 h. The samples were washed several times in ethyl acetate
and aceton, magnetically separated from the solution, and dried.

Methods of characterization

InfraLum FT-08 FTIR (Russia) was used to record FTIR spectra in KBr pellets. The scanning range
was 4000-400 cm?, the resolution was 2 cm™, and the number of scans was 25.

Hitachi TM3030 (Japan) was used for EDA. Samples were magnetron sputtered with gold before the
analysis.

D8 ADVANCE ECO diffractometer (Germany) was used for X-ray diffraction analysis. To identify the
phases and study the crystal structure, the software BrukerAXSDIFFRAC.EVAv.4.2 and the international
database ICDD PDF-2 were used.

ZetaSizer Nano-ZS (United Kingdom) was used for evaluation of average hydrodynamical size and zeta
potential at different pH.

To determine the concentration of carboxyl groups, a colorimetric assay was applied [11]. The concen-
tration of carboxyl groups was determined using toluidine blue.

Cytotoxicity Assay

Cytotoxicity was evaluated using HepG2 cancer cell line and human skin fibroblasts as normal cells.
Cells were grown in a CO; incubator (Herra Cell) at 37 °C, 5 % CO-, 80 % relative humidity on 96-well
plates (50-70 thousand cells/ml was the seed concentration). Samples of NPs dissolved in Fetal Bovine Se-
rum were added to wells with adherent cells (second day of cultivation). After 24-hours of sample exposure,
total cell mitochondrial dehydrogenase activity in each well was measured photometrically in the methylte-
trazolium test (MTT).

Results and Discussion

The surface of FezO4 nanoparticles was functionalized according to the scheme presented in Figure 1 to
immobilize gadolinium ions and carborane compounds. At the first stage, iron oxide nanoparticles were cov-
ered with silane shell using 3-(trimethoxysilyl)propyl methacrylate (TMSPM) by reaction of hydrolysis and
condensation. This reaction is based on the removal of CH3;O- from alkoxysilane and attaching it to the OH
group of FesO4 nanoparticles. The reaction temperature of 80 °C makes it possible to remove effectively the
reaction product (methanol), forming an azeotropic mixture with xylene. The FTIR spectra presented in Fig-
ure 2 confirm the formation of Si-O-Si and C=C bonds at 1175, 1015 cm™! and 1640 cm™'. Also, Si-OH bond
was detected at 935 cm™!, it points to incompleteness of polycondensation reaction [12, 13]. EDA detected
silicon in elemental composition.

At the second stage, thermoinitiated graft polymerization of acrylic acid (AA) was performed on si-
lanized iron oxide nanoparticles. The effect of reaction time, temperature, concentration of initiator and
monomer on the efficiency of graft polymerization was studied. Considering the solubility of monomer and
initiator, and the good dispersion of NPs, 50 % ethanol is the optimal solvent.

The main peaks in the FTIR spectra, which can be seen after graft polymerization on iron oxide NPs,
appear at 2950 cm™! (C-H), and at 1725 cm™ (C=0 of carboxyl group). The amount of grafted polymeric
chains can be evaluated using ratio of intensities or area under the peak at 575 cm™ (Fe-O) and 1725 cm
(C=0 of PAA) [14]. Table 1 demonstrates the results. The amount of grafted polymer chain continuously
increased with time and decreased with the increase in the concentration of monomer due to homopolymeri-
zation but not grafting. Additionally, colorimetric assay was used to evaluate concentration of carboxylic
group on modified nanoparticles. Concentration of COOH groups was 174.61 uM/g (at 0.03125 % AAPH,
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10 % AA and 24 hour reaction time). This additionally confirms the grafting of PAA on the surface of nano-
particles.

Then, the samples were soaked in PAIAm solution to form polyelectrolyte layer on the surface of NPs.
In the FTIR spectra, the peaks were detected at around 1500-1600 cm*, which may be related to COO™ and
NHs*, 3340 cm™ (O-H/N-H), 1635 cm™' (N-H stretching), 1452 cm™ (C—H stretching) and 1178 cm™! (C-N
stretching) [12].

After the formation of polyelectrolyte complexes, the immobilization of Gd ions from their nitrate salt
was performed. After the complexation of Gd ions and the formation of chelates, as presented in Figure 1,
the FTIR spectra show a shift of the peak of the COO~ group from 1319 to 1399 cm™!. A peak was in addi-
tion recorded at 1386 cm™* (NO3") with low intensity. 2.9 % gadolinium has also been found in the EDA.

Table 1
Effect of different parameters on efficiency of PAA grafting
Concentration of AAPH, % Concentration of AA, % Time, h
0.0125 | 0.03125 0.05 10 20 30 2 6 24
11725/ 1575 0.15 0.184 0.181 0.184 0.181 0.103 0.162 0.181 0.184
1 — FesO,
7 Fe304 -TMSPM
Fe304-TMSPM-PAA
4 —— Fe;0,-TMSPM-PAA/PALAM-Gd
Fe,0,-TMSPM-PAA/PALAM-Gd-Carborane
1 FeO B-H
c COO  (as), NHj «
S A =
g ] cN ch)é coo
2 - \ c=0
< |
E C=0 (PAA) oH
T Fe-0 siosi ¥ 7P (TSP Fe-OH
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Wavenumber, cm™?
Figure 2. FTIR spectra of Fe3O, at different stages of modification and carborane immobilization

After that, a second layer of polyelectrolyte was formed for attaching the di(o-carborano-1,2-di-
methyl)borate through ionic interaction, while in our recent article [10], attaching of carborane diborate was
performed by covalent bonding. A new peak at around 2600 cm™' (B—H stretching) of diborate [15] was de-
tected in the FTIR spectra. Moreover, B was found in EDA in the amount of 15.4 at.%. This sample was also
characterized by DLS analyses to evaluate hydrodynamic diameters and zeta potential at different pH. Fig-
ure 3 represents the results. It was found out that the average hydrodynamic diameter of the FesOs-
TMSPMS-PAA/PAIAM-Gd-diborate sample is 386 nm. DLS analyzes the solvated state of the sample, in
which H20 molecules associate with nanoparticle [16], it should also be noted that the obtained sample is
unstable and tends to agglomerate, so it is necessary to find a method for suspension stabilization (for in-
stance, surfactants can be used for this purpose). Figure 3b provides the results of zeta potential measure-
ments at different pH. It is clearly seen that the modified samples are negatively charged at pH range of 3.5—
7.5 due to an excess of negatively charged carboxylic groups of the grafted polyacrylic acid.
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Figure 4 illustrates the results of XRD analysis of the initial FesO4 and after diborate immobilization.

The diffraction patterns are characteristic for polycrystalline-like nanopowders, moreover, there are disor-
dered regions that are typical for oxide nanoparticles synthesized by wet chemistry. Full-profile analysis
shows that the presented peaks are attributed to cubic phase of magnetite with broadened reflections, in addi-
tion, the presence of altered positions of the interplanar distances indicates the disordering of the structure.
Modification is accompanied by partial ordering and an increase in the intensity of diffraction reflections due
to changes in the stoichiometry and defect structures. FesO4 NPs are characterized by a large number of dis-

ordered regions [13, 17].
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Figure 4. XRD patterns of: 1) initial FesO4; 2) Fe3sOs-TMSPM-PAA/PAIAM-Gd-diborate

Table 3 shows the results of XRD analysis; the stoichiometry was calculated according to method pre-

sented in [18]. It is seen that Fe (I1) oxidizes after modification and diborate immobilization. Thus, the initial
NPs have the Fe;gsOa stoichiometry, and the final NPs have Fe; 7504 stoichiometry.

Table 3
Data of XRD analysis
Sample Lattice parameter, A | Crystalline size, nm Degree Of struoctural Stoichiometry
ordering, %
Fes04 a = 8.29402 10.5 53.6 Fe2.8304
Fes0,-TMSPM-PAA/ _
PALAM-Gd-diborate a =8.30408 215 59.7 Fe2.7804

The cytotoxicity of FesO,-TMSPM-PAA/PALAM-Gd-diborate nanoparticles was elucidated by cell vi-

tality by the example of HepG2 and human fibroblasts cell lines. Figure 5 presents the results.
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Figure 5. Cell viability after incubation depends of NPs concentrations
for HepG2 and human fibroblast cell lines

The cytotoxicity of Fes04/TMSPM/PAA/PALAM/Gd-diborate towards HepG2 and human fibroblasts is
low even at the heist concentration of 1 mg/mL, so, it is not possible to determinate the ICs, for the consid-
ered cell lines. Thus, the obtained nanoparticles can be further studied for targeted delivery of
di(o-carborano-1,2-dimethyl) borate for BNCT.

Conclusions

This study presents the results of simultaneous immobilization of gadolinium ions and carborane com-
pound on modified iron oxide nanoparticles through ionic interaction. Average hydrodynamic radius of the
prepared nanoparticles was 386 nm, the boron content was 15.4 %, and the Gd content was 1.5 % according
to EDA. An in vitro test using HepG2 (cancer cell) and human fibroblasts (normal cell line) showed minor
cytotoxicity in concentration range from 0.05 to 1 mg/mL.
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FesOs; nanobeamexTepine qu(o-kapoopan-1,2-numMeTni)oopar
JK9HE raJ0JIMHMI HOHAAPABI KATAP HMMOOM/IN3ANMAIAY

HelTpoHapIOackIl amy Tepanuschl — paKk KIeTKaJapblHa apHaiibl H30TONTAp/bl MaKCATThl TYP/E KETKizyre
JKOHE IMUTEPMIUIBIK HEHTPOHIApMEH KeHiHHEH COyJIeNIeHIipyTe HEeTi3ereH KaTepai icik aypybIH eMaeyIiH
MEepCeKTUBTI  omici. HoTmkeciHme jkacylIaHBIH ONIIEMIMEH CANBICTHIPBUIATHIH KAIIBIKTBHIKKA YJIKCH
MeJIepe dHeprusl OeiHill, OHBI iIIiHeH XKosAbl. V30TonTapapl MaKCaTTH KETKi3y YIIIH MarHUTTIK TEMip
OKCHUJIIHIH HaHOOeJIIEKTepiH Naijananyra Oojambl. Makanamga temip okcuai HanoGesmiextepi (Fe30Oa)
HEUTPOHIBIOACHIN ajly Tepanuschl KaTepii iCik jkacylaJapbIHBIH MaKCaTThI JKETKI3yJle JIeyeTTi maiiaany
YILIIH HOHJBIK ©3apa dPeKeTTeCy apKbUIbl raJONMHHUN MOHAApEl MEH KapOopaH KOCHUIBICTAPBIH Oip yaKbITTa
UMMOOMIM3AMsUIAY YIIH CHJIAHAApPMEH JKOHE MOJMIIEKTPOIUTTIK KelleHJepMeH MOANU(HKAINIIaHIbL.
KypbUIbIMBI, eJIIeMi KOHE BIEMEHTTIK Kypambl HH(PAKbI3BUT CIEKTPOCKONHS, SHEPTrOHUCTICPCHSIIBIK
PEHTICH CIEKTPOCKOMMSACHI, )KAPBIKTHIH JHHAMHUKAIBIK MIAIIBIPAYBl )KOHE PEHTTeHIIK (a3zaibIK Tayiay/IblH
KOeMeTiMeH 3epTTenii. AJbIHFAaH HaHoOemmekTepae 154% 6op sxeme 1,5% ragomumnit G6ap (EDA
MoJiMeTTepi OOMBIHINA) JKOHE ONIApABIH OpTamia THIPOAWHAMUKAIBIK Memmepi 386 HM Kypaimer (DLS
manimertepi Ooibiamma). HepG2 (kaTepii icik kacyIlalapblHBIH OKeJici) JKOHE ajgaM TepiciHiH
¢ubpobnacTrapsl (KaJbIlThl HKACylIa CHI3bIFBI) KONJAHBUIFAaH 1IN Vitro seprreymep 0,05-1 wmr/mn
KOHIIGHTPALHs IMANa30HbIH/a TOMEH [IUTOYBITTHUIBIKTBI KOPCETE/I].

Kinm ce30ep: Fe3Os nanoOemmiektepi, cunaH, OSTTiK MoanQuKanusiay, Maiizanbl )KYKTEMEHI MaKCcaTThl
*ketkizy, BHY T, kapOopaH, IUTOYBITTBUIBIK.

CHEMISTRY Series. No. 2(106)/2022 93


https://doi.org/10.1016/j.rpor.2018.07.002
https://doi.org/10.1016/j.bbrc.2021.06.045
https://doi.org/10.3390/ijms22168687
https://doi.org/10.1021/ja302649g
https://doi.org/10.1088/1361-6528/aa87fa
https://doi.org/10.31489/2021Ch1/99-108
https://doi.org/10.1007/s12221-014-1422-2
https://doi.org/10.1016/j.polymdegradstab.2016.05.006
https://doi.org/10.1016/j.ultramic.2017.07.001
https://doi.org/10.1016/j.vacuum.2019.02.029
https://doi.org/10.3390/nano10081499

1.V. Korolkov, A.V. Zibert et al.

N.B. Koponskos, A.B. 3ubept, JI.W. Jlucosckas, K. Jlymxuk,
M.B. Anucosuy, M.M. Bacuibesa, A.E. [llymckas, A. Yceunos, A.b. Ecxxanos, M.B. 3noposen

OaHoBpeMeHHAsi MMOOHIH3AIUS HOHOB I'a/10JIMHUS
u 1u(0-kapoopano-1,2-qrumeTnin)6opaTa Ha HaHOYACTUIBI Fe304

Helitpono3axBaTHas Tepanusi — NEPCIEKTUBHBIM METOJ JIEUEHUsI paka, OCHOBAaHHBIN Ha aJpeCHON OCTAaBKe
crier(pUIecKUX M30TONOB B PAKOBEIE KIETKH U ITOCIEAYIONEM OOIyYeHHH SIUTEIUIOBEIME HeHTpoHamu. B
pe3yJibTaTe BBLICICHO OONBIIOE KOJMIECTBO YHEPIUHU Ha PAcCTOSHHE, CPABHIMOE C pa3MepoM KIIETKH, pas-
pymas ee U3HYTpH. st aipeCHON TOCTaBKH H30TOIIOB MOTYT OBITh MCIIOJIb30BaHBl MArHUTHBIE HAHOYACTHIIBI
oKcHIa kerne3a. B crarbe HaHOUacTHIBI OkcHaa xxene3a (FesO4) Obun MOAMQUIMPOBAHBI CUIIAHAMH U T1OJIU-
3MEKTPOIUTHBIMUA KOMIIJIEKCAMH JUISI OHOBPEMEHHOW MMMOOMIIN3AI[MY HOHOB TaJ0JMHUA U KapOOPaHOBBIX
COEIMHEHUH TTOCPEICTBOM HOHHOTO B3aMMOIEHCTBHS Ul MOTEHIMAIBHOTO MPUMEHEHHS B LIENIEBOM JTOCTaB-
K€ B PAKOBbIE KIIETKH JUI HEMTPOHHO-3aXxBaTHOM Tepamuu. CTPyKTypa, pa3Mep U JIEMEHTHBIH cOCcTaB ObLIH
U3YydeHBI C TIOMOIIBI0 HH(PPAKPACHOH CHEKTPOCKOIHHU, SHEPTOAUCIIEPCUOHHON PEHTI€HOBCKOH CIEKTPOCKO-
MY, AUHAMHUYECKOTO PACCESHUS CBETa M PEHTTeHO(a30BOro aHanu3a. [1omydeHHbIe HAHOYACTHIBI COAEPIKAT
15,4 % 6opa u 1,5 % ragommuus (o ganaeiM EDA), a ux cpeaHuil THApOANHAMHIECKHI pa3Mep COCTaBIIsET
386 M (o manHeIM DLS). In vitro uccnenoBanus ¢ ucrosnb3oBanneM HepG2 (MHMS pakoBBIX KIETOK) M
(ubpobIIacTs! KOXKH denoBeka (HOpManbHasl JIMHUS KIETOK) MOKa3bIBAIOT HU3KYIO IUTOTOKCHYHOCTH B JTHa-
na3oHe koHneHTpamumit 0,05—1 mr / M.

Knrouegvie crosa: nHanoyactuusl FesO4, cunad, MoauduKanus MOBEPXHOCTH, apecHast JOCTaBKa MOJIC3HOTO
rpy3a, BH3T, kapOopaH, TUTOTOKCHYHOCTb.
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