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Abstract

Objectives. This paper presents data on the development and study of the structural properties of
iron-doped crystalline silicon (nc-Si/SiO /Fe) nanoparticles obtained using the plasma-chemical
method for application in magnetic resonance imaging diagnostics and treatment of oncological
diseases. This work aimed to use a variety of analytical methods to study the structural properties
of nc-Si/ SiO / Fe and their colloidal stabilization with citrate anions for in vivo applications.
Methods. Silicon nanoparticles obtained via the plasma-chemical synthesis method were
characterized by laser spark emission spectroscopy, atomic emission spectroscopy, Fourier-
transform infrared spectroscopy, and X-ray photoelectron spectroscopy. The hydrodynamic
diameter of the nanoparticles was estimated using dynamic light scattering. The toxicity of
the nanoparticles was investigated using a colorimetric MTT test for the cell metabolic activity.
Elemental iron with different Fe/Si atomic ratios was added to the feedstock during loading.
Results. The particles were shown to have a large silicon core covered by a relatively thin layer of
intermediate oxides (interface) and an amorphous oxide shell, which is silicon oxide with different
oxidation states SiO_(0 < x < 2). The samples had an iron content of 0.8-1.8 at %. Colloidal solutions
of the nanoparticles stabilized by citrate anions were obtained and characterized. According
to the analysis of the cytotoxicity of the modified nanosilicon particles using monoclonal K562
human erythroleukemia cells, no toxicity was found for cells in culture at particle concentrations
of up to 5 ug/mkL.
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Conclusions. Since the obtained modified particles are nontoxic, they can be used in in vivo
theranostic applications.
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AnHOMauus

IMenu. B pabome npugodsamcsi 0aHHble no paspabomke U usyueHUuro CmpyKkmypHslx ceoticma no-
JIYUEHHBLX NASMOXUMUUECKUM Memodom HaHouacmuy kpemHus nc-Si/ SiO / Fe, neeupogarHblx
okenesom. Llenv pabomosl — uccredogaHue c8olicmae HAHOUACMUY KPeMHUSL, JIe2UPOBAHHBIX JKe-
J1e30M, KOMNIeKCOM AHANUMUUECKUX Memo0o8 U UX cmabunu3ayus yumpam-aHUoOHaAMU ONs
npumeHeHus 8 duazHocmuKe Memooom MAZHUMHO-PE30HAHCHOT momozpapuu U leueHul OHKO-
Jloeuueckux 3a601e8aHull.

Memoout. Harouacmuybl KpemHUsl, NOAYUEHHbLE NAASMOXUMUUECKUM MemOoOoM cuHmesa, bbiiu
0XapaKmepus08aHsblL A3EPHO-UCKPOBLIM IMUCCUOHHBIM MEMOOOM, MEmMOOOM AMOMHOU IMUC-
CUuoHHOU cnexmpockonuu, dypwve-UK-cnexmpockonueli, peHmeeHO8CKOU ¢omoaieKmpoHHOU
cnexmpockonuetl. 'udpoouHamuueckuii ouamemp HAHOUACMUY OUEeHUBANLU MEMOOOM OUHAMU-
yeckoz0 ceemopaccesiHust. HecnedosaHue moKkcuuHocmu HAHOUACMUY, NPO8OOUNU C NOMOULLIO KO-
snopumempuueckozo MTT mecma Ha memabosuueckyro aKmueHoCcms Kiemok. B ucxodHoe colpbe
npu 3azpyske 006a8AANU dNIeMEeHMAPHOE HKese30 C PA3HbIM AMOMHbILM coomHoweHuem Fe/ Si.
Pesynemamet. Bolio nokasaHo, umo uacmuya umeem KpemHuesoe si0po ¢ amopgHOU OK-
cuoHoll obosoukoii, npedcmagasirtoujeti coboil oKcudbl KpemHUsl ¢ pa3Holl cmeneHblo oKuc/le-
Hus SiO_ (0 < x < 2). Codepokarue xenesa 6 obpasuax cocmaguno om 0.8 do 1.8 am. %. Beliu
NofYyueHbl U OXApPaAKmMepus08aHsbl KOJOUOHbBLE PACMBOPbL HAHOUACMUY, CMAOUNUSUPOBAHHbBLE
yumpam-aHUoOHaAMuU. AHAIU3 YLUMOMOKCUUHOCMU MOOUPUYUPOBAHHBLX UACMUY, HAHOKPEMHUS
C UCnob308aHUeM MOHOKJIOHUIUPOBAHHbBLX KAemOK spumposeltiko3a uenosexa K562 noxkasan
omecymemeue moKcuuHOCmu 015l K1emok 8 KYyJabmype Npu KOHUeHmMpayuu uacmuy, 00 5 mrxz/ M.
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Buieoowt. HOleH.eH.HbI.e Moducpuuupoeauubte uacmuybl He obadarom moKCU4YHOCMbro, NO3Momy
ux MO2KHO penomeudoeamb 0151 UCNOIL308AHUSL 8 TN VIO npuJlooKeHuUsx ons mepaHoCmurKu.

Knroueesvle cnoea: HaHouacmuybl KpemHust, xesle3o, yumpam-aHUOHbl, PEeHIM2eHOo8CKasl d?O-
moaJleKMpPOHHAsL CNeKMpOCKONnusi, @ypbe—uHcppaKpaCHaﬁ cneKkmpocKonust, yumomorKCuUHOCmMb

Jna yumuposanus: Poxxos K.U., fArynaesa E.1O, Cuzosa C.B., JlazoB M.A., Cmupnosa E.B., 3y6os B.I1., Umenko A.A.
XapakTepu3salys HAaHOYACTUI] KPUCTAIUINIESCKOTO KPEMHHS, JISTHPOBAHHOTO YKEJIE30M, U MX MOIU(UKAIMS IUTPAT-aHUOHAMHU
JUTSL MCTIONIBb30BaHUs in vivo. Tonkue xumuueckue mexronoeuu. 2021;16(5):414—-425. https://doi.org/10.32362/2410-6593-2021-

16-5-414-425

INTRODUCTION

Various nanoparticles, such as paramagnetic
complexes of gadolinium(IIl), iron(Ill), and
manganese(Ill), are currently used in magnetic
resonance imaging (MRI). Despite the high
efficiency of contrasting properties and widespread
use in medicine, these complexes can cause allergic
reactions and nephrogenic systemic fibrosis and
accumulate in the brain for a long time [1, 2]. The use
of superparamagnetic iron oxide (Fe,0,) nanoparticles
is unsafe for living organisms because their high
magnetic moment causes significant disturbances
in the magnetic field in the body [3]. Therefore, the
search for new contrast agents is still ongoing.

Many researchers are interested in using
nanosized silicon particles and their composites for
in vivo applications because they do not exhibit toxic
properties and are biodegradable and biocompatible
[4]. Silicon is one of the most important trace
elements involved in the connective tissue repair
mechanisms of the body [5]. Silicon nanoparticles
in living organisms undergo biodegradation, forming
orthosilicic acid, which is then easily removed [6].

The superparamagnetic properties of porous
silicon dioxide nanoparticles with embedded magnetic
nanoparticles have been demonstrated to be promising
for magnetically targeted delivery of therapeutic
molecules and have significant clinical application
potential [7]. Hollow silicon nanospheres doped

with Fe’' ions, of which the surface is modified with
silane-polyethylene glycol (silane-PEG-COOH), can
be used as a low-cytotoxic and dual-mode ultrasonic
and magnetic resonance (US—MR) specific imager in
biopharmaceutical applications and clinical diagnosis
and treatment [8]. Magnetic particles based on Fe,O,
with a surface stabilized by silicon dioxide and citrate
ions are promising for the creation of drug delivery
vehicles for the treatment of oncological diseases [9].
According to electron paramagnetic resonance
(EPR) data, silicon nanoparticle samples obtained
by synthesizing crystalline silicon nanoparticles
(nc-Si/S10 ) via the plasma-chemical method contain
~10'® particles/g of paramagnetic centers [10].
Intratumoral administration of sols of iron-doped
crystalline silicon (nc-Si/SiO /Fe) nanoparticles
to mice with Lewis lung carcinoma (CLL) reduces
tumor cell growth [11]. The authors believe that
when nanoparticles dissolve, iron ions are released,
resulting in the formation of reactive oxygen species.
The MRI method was used to conduct experiments on the
observation of nanoparticle accumulation in tumors and
tumor growth inhibition. Thus, nc-Si/SiO /Fe nanoparticles
obtained via the plasma-chemical method of
synthesis can be used in MRI diagnostics, targeted
drug delivery, and oncological disease therapy as
thermal sensitizers for hyperthermia. However, for
wider nanoparticle applications, the nanoparticles
must be colloid stabilized to provide their delivery to
tumors in an pristine form. The presence of iron oxides
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in the near-surface layer of the nanoparticles was also
believed to facilitate their modification by colloidal
stability stabilizers.

Numerous  experimental and  theoretical
studies have shown that reducing the size of the
investigated particles to the nanometer range causes
a qualitative change in the properties of the object.
In this case, structural elements can acquire physical,
physicochemical, and chemical properties that differ
significantly from the properties of a bulk analog.
Conversely, the properties of objects with sizes in the
order of several nanometers differ from the properties
of individual atoms or molecules that compose these
objects. This applies to nanoscale crystals and clusters.
Therefore, a set of complementary analysis methods
are used to obtain information on the structural and
physical properties of nanoparticles [12, 13].

This work aimed to study the properties of
iron-containing silicon nanoparticles using a variety
of analytical methods, as well as their colloidal
stabilization with citrate anions for theranostic
applications, e.g., as MRI contrast agents.

MATERIALS AND METHODS

We used iron-containing nanocrystalline silicon
(GNIIKhTEOS, Russia) obtained using the plasma-
chemical method [12], deionized water from a Milli-Q
water purification unit with a specific conductivity of
18 uS/em, trisodium citric acid dihydrate (Helicon,
Russia), and a pH 7.4 phosphate salt buffer solution
(Helicon) for the modification.

We used K562 erythroleukemia cells (BioloT,
Russia), a Rosewell Park Memorial Institute medium
(PanEco, Russia) containing 10% fetal bovine serum (FBS)
(BIOSERA, France), 100 U/mL penicillin, and 100 pg/mL
streptomycin (PanEco) to assess cytotoxicity. A solution
of 3-[4,5-dimethylthiazol-2-yl]  2,5-diphenyltetrazolium
bromide (MTT) (Sigma-Aldrich, USA) in a phosphate
buffer solution with a concentration of 5 mg/mL
was used for the MTT test. The viability of the
nanoparticle-treated cells was measured on a plate
spectrophotometer after the cell lines were grown in
a CO, incubator.

Plasmochemical synthesis of nc-Si/SiO. .
The plasma-chemical method was used to produce
nanosilicon. The synthesis was carried out in a closed-
cycle gas system. The system was filled with a highly
purified inert gas (Ar, HP, 99.998%) from the line
[12]. A plasma evaporator—condenser operating in a
low-frequency arc discharge was used as a reactor.
A gas flow from an appropriate metering device was
used to feed the initial raw material, silicon powder
(99.99%), into the reactor. The reactor was fed

with elemental iron (from 2.5 to 10 at %), and at a
temperature of ~10000°C, the powder evaporated in
the reactor.

Elemental composition analysis. Laser spark
emission spectroscopy was used to determine
the following main impurity elements in silicon
nanoparticles obtained without the addition of iron
[12]: Fe, Cu, W, Ca, Mg, Al, Ni, Pb, Ti, Zr, Zn, Sn, Cr,
P, and Mo (arranged in decreasing order of the intensity
of the analytical signal). The analysis was carried out
after a tablet was formed from the powder sample.
The total impurity element content in the investigated
samples did not exceed 0.8%. Elemental analysis
was performed independently using atomic emission
spectroscopy with an excitation of the spectrum in an
alternating current arc. The following main impurity
elements were determined in the obtained nanosilicon
samples: Mg (0.03%), Al (0.02%), Ca (0.002%), Fe
(0.006%), Ni (0.002%), and Cu (0.019%). Thus, the
total content of impurity elements W, Pb, Ti, Zr, Zn,
Sn, Cr, P, and Mo did not exceed ~0.6%.

Fourier-transform infrared (FTIR)
Spectroscopy. We used a Nicolet iS5 infrared Fourier
spectrometer (Thermo Scientific, USA) with an iD1
attachment and a resolution of 4 cm™ (32 scans each
for each sample) in the transmission mode and in
the wavenumber range of 4000-400 cm™' to measure
the absorption spectra of the nc-Si/SiO_ samples and
an aerosil sample (SiO, powder) with a particle size
of about 15 nm. The samples were pre-compressed
into tablets using potassium bromide (KBr) as an
optically transparent matrix (0.30 mg of the sample
per 100 mg KBr).

Sample analysis by X-ray photoelectron
spectroscopy (XPS). The electronic structure
and valence states of the obtained nc-Si/SiO /Fe
samples were analyzed by XPS using an ESCALAB
MK2 electronic spectrometer (VG Scientific, Great
Britain) with an X-ray source MgK (hv = 1253.6 €V).
A nanoparticle powder sample was applied to a
conductive vacuum tape, and the total area of the
sample was analyzed (about 1 cm?). Survey spectra
had a transmission energy of =50 eV, while individual
lines of elements had a transmission energy of 20 eV.
The accumulation time per point was 0.3 s per 1 pass.
The binding energies for the element spectra ranged
from +10 tol5 eV relative to the position of the peak
maximum. The measurement steps were 0.1 eV for
the spectra of the individual lines of elements and
0.25 eV for the survey spectra. The pressure in the
analysis chamber of the spectrometer was up to 5-107 Pa.

The charge of the samples was corrected using the
standard binding energy (285.0 eV) of the C 1s line
of carbon contained in the adhesive tape. The valence
states of the elements in the samples were determined
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from the chemical shift and the shape (width) of the
lines. For elemental and chemical analysis of the
samples, Si 2p, C 1s, O 1s, and Fe 2p analytical lines
were used, which were measured separately and in
the form of an overview spectrum [14].

Preparation of the nc-Si/SiO /Fe colloidal
solution. To obtain an aqueous colloidal solution of
nc-Si/Si0 /FeO nanoparticles, 20 mg of the particles
was suspended in 10 mL of water. The resulting
suspension was dispersed for 5 min using an INLAB
ultrasonic generator (16-25 kHz frequency, power no
less than 630 W). The samples were centrifuged for
2 min at a rotation speed of 5000 rpm, and the supernatant
was collected and passed through a filter with a pore
diameter of 0.45 um (CHROMAFIL AO-45/25 MN).
The final particle concentration was 0.14 mg/mL, as
determined gravimetrically.

Modification of the nc-Si/SiO /FeO_ nanopar-
ticles with citrate ions. For modification, 20 mg of
nc-Si/Si0 /Fe nanoparticles was suspended in a
solution of citric acid trisodium salt dihydrate (1%,
2%, and 5%) and subsequently dispersed for 5 min in
an ultrasonic bath using a QSONICA SONICATORS
ultrasonic generator (USA) (frequency 20 kHz,
power 125 W). The mixture was stirred in a magnetic
stirrer for 24 h at a stirring rate of 600 rpm and
centrifuged for 2 min at a rotation rate of 5000 rpm.
The supernatant was collected and passed through a
filter with a pore diameter of 0.45 um (CHROMAFIL
AO-45/25 MN). Thereafter, the prepared solutions
were dialyzed against water for 24 h in a dialysis bag.
The final particle concentration was 0.6 mg/mL, as
determined gravimetrically.

The particle hydrodynamic diameter was
evaluated using a zeta potential and molecular
weight 90Plus Particle Size Analyzer (Brookhaven
Instruments Corporation, USA). The measured
particle sizes ranged from 4 nm to 6 pum. The
measurements were recorded at a temperature of
25°C and a fixed laser scattering angle of 90° at 661 nm.
The dispersion medium was deionized water from
a Milli-Q water purification unit with a specific
conductivity of 18 puS/cm.

The zeta potential of the obtained particles was
evaluated using a zeta potential and molecular weight
90Plus Partical Size Analyzer with an additional
device called Zeta-PALS, which has a sensitivity
that allows it to detect the zeta potential three orders
of magnitude more accurately than traditional light
scattering methods.

Analysis of nanosilicon cytotoxicity. A standard
colorimetric MTT test, which allows for the quantitative
determination of viable cells using a Multiskan Ascent
plate reader (Thermo Fisher Scientific, USA), was used

to investigate the toxicity of silicon nanoparticles. The
K562 erythroleukemia cells in a volume of 100 pL were
seeded in a 96-well plate. The initial suspension of the
nanosilicon particles was diluted in a physiological
solution with phosphate-buffered saline in a ratio of
1:100, resulting in a concentration of 730 pg/mL, and
thereafter, it was sonicated. Next, a series of 5-fold
dilutions was prepared from the first dilution of 1:100. For
each point, 5 pL of the obtained diluted suspensions was
added to the cells four times. Four wells with cells that
had not been treated with any compound (control wells)
remained. The plate was placed in a CO, incubator. After
48 h, 5 uL of the MTT reagent solution was added to all
wells, and the plate was placed in a CO, incubator for
3 h. After incubation, 100 pL of lysis buffer was added
to all the wells, and the plate was sealed in a bag and
left overnight at room temperature to allow cell lysis and
dissolution of the formed formazan crystals. The next
day, absorbance was measured at 540 nm (formazan) and
690 nm (background) using a plate spectrophotometer.
For each well with cells, the optical density (OD) of
formazan, which is proportional to the number of cells in
the well, was calculated:

OD (well with cells) = (OD540 — OD690) x
x (well with cells) — average (OD540 — OD690) %
x (wells without cells).

Next, the average of the four repetitions at each
point was calculated. The average OD values for the
points where compounds were added were divided by
the average OD value for the point where no compound
was added, which was set as 1, to obtain the proportion
of surviving cells relative to the control (untreated) cell.

RESULTS AND DISCUSSION

In this study, we used nc-Si/SiO /Fe nanoparticles
obtained from silicon powder (sample No. 1) using the
plasma-chemical method. According to the laser spark
emission spectroscopy and XPS results, the resulting
particles contain iron (about 0.2 at %). Arc laser ablation
of iron ions from the surface of metal electrodes may
have occurred during synthesis. According to the EPR
data, nc-Si/SiO /Fe contains about ~10" particles/g
of paramagnetic centers [10]. To increase magnetic
susceptibility, the nanoparticles were enriched with
iron during the synthesis. During loading, elemental
iron with different Fe/Si atomic ratios (from 2.5 to
10 at %, samples 2—7) was added to the feedstock.
Immediately after the synthesis, the dispersion of the
powder in different batches of material was controlled
by measuring nitrogen adsorption isotherms at 77 K
using the Brunauer—-Emmett—Teller (BET) method [12].
Samples were obtained with different specific surface
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areas ranging from 28 to 57 m?/g, which correspond
to the average particle size D, . ranging from
45 to 92 nm when converted to the diameter of an
equivalent sphere (Table 1).

To diagnose and predict the properties of a
nanomaterial, detailed information about its structural
and morphological properties is required. Therefore,
a detailed analysis of the particle structure of the
obtained material was conducted before its practical
application.

Analysis of the FTIR spectrum of the silicon
nanoparticles. FTIR spectroscopy can be used to
obtain information on the composition of the shell of
silicon nanocrystals, the state of their surface, and the
dynamics of their possible degradation.

The FTIR spectrum of the No. 1 nc-Si/SiO /Fe
sample (Fig. 1a) was compared with that of the aerosil
sample (SiO, powder) with a particle size of about
15 nm (Fig. 1b). Intense absorption bands were found
in the FTIR spectrum of the nanosilicon particle
sample obtained via plasma-chemical synthesis,
indicating the formation of an oxide shell (461, 799,
and 1097 cm™ SiO, or SiO, 0 < x < 2) [12]. The
low-intensity absorption peak corresponding to the
vibration of the Fe—O bond (580 cm™) [11] indicates
the presence of iron oxide in the near-surface layer of
the nanoparticle.

XPS data analysis. We used previously reported
data [15-17] to interpret the results obtained on the
possible oxide states of silicon in the investigated
samples. According to these data, the binding energy of
the Si’2p,  line is 99.8 eV [14, 18, 19], and the chemical
shifts of the oxide forms of Six+ relative to Si° are
0.9-1.0 eV (Si'"), 1.7-1.85 eV (Si*), 2.5-2.6 eV (Si*),

and 3.5-3.7 eV (Si*"). According to Crist [16], the peak
widths at half maximum for Si 2p and various silicon
oxide forms are 1.0 eV (Si°%), 1.8 eV (Si'), 1.9 eV (Si*),
2.1 eV (Si*"), and 1.4-1.5 eV (Si*).

The spectra of the Si 2p line were decomposed
using the technique proposed in a previous report
[20]. The nonlinear background of secondary
electrons was subtracted using the Shirley method
[21]. For each oxidation state of silicon, a Si 2p
spin doublet (Si 2p,, and Si 2p ,) with a spin-orbit
splitting of 0.61 eV and an area ratio of 2:1 was
specified. For different oxidation states of silicon,
the binding energies and the abovementioned peak
widths at half maximum were set [16, 17].

The spectra of the Si 2p line were decomposed
on the assumption that silicon was present on the
surface of the analyzed particles only in the form of
elemental silicon and oxygen-containing compounds,
except for the formation of silicon carbide and the
presence of residual hydride (SinHm) or iron silicide
(FeSi, FeSi)), which are indistinguishable from Si'
in terms of chemical shift and Si® and are present in
small amounts.

The binding energies of Si 2p, , O ls, C ls,
and Fe 2p,, were 99.6, 532.8, 285.0, and 706.7 €V,
respectively [16, 17]. In the case of sample charging
and line broadening, the possible peak widths at
half maximum in the decomposition of the spectra
for various forms of silicon and carbon were set in
the form of intervals, monotonically increasing as
the oxidation state of silicon increased. For the iron
line, the spectra had a more complex shape due to a
large number of valence electrons, but they were set
similarly, with a shift relative to the standard position.

Table 1. Characteristics of the nc-Si/SiO /Fe samples

Sample 1 2 3 4 5 6 7
Iron content in raw materials, at % 0 2.5 2.5 5.0 5.0 10.0 10.0
Specific surface, m*/g 57.0 28.0 57.0 31.6 48.1 41.6 48.3
Average particle diameter, D, nm 45.2 91.9 452 81.5 535 61.0 533
Si* content, at % 341+1.7 | 206+1.0 | 95+0.5 | 36.5+1.8 | 359+1.8 |61.6+3.1|321+1.6
Fe* content, at % 0.2 0.5 0.4 0.4 0.5 2.2 0.8
Atomic ratio Fe/Si, % 0.6 2.5 4.0 1.1 1.5 3.5 2.6

*Element content in near-surface nc-Si/SiO /Fe layers according to the XPS data (scanning depth up to 5 nm).
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Fig. 1. FTIR spectrum of (a) the studied nc-Si/SiO /Fe sample (0.3 mass % in KBr) and (b) the aerosil sample
(powdered SiO, with a particle size of 15 nm).

Table 1 shows a summary of the measurement
results. The particle composition was assumed to
be average and constant up to the depth of selection
of analytical information in the calculations, with
components in the order of 5 nm for silicon and
silicon dioxide.

The following conclusions can be drawn from
the calculated atomic percentages. Sample 6 mainly
contains silicon dioxide on the surface. Samples 2,
3, 4, and 7 have a very similar distribution of silicon
oxide forms. The significant difference in the silicon
content in the different samples can be explained

by the peculiarities of sample preparation for XPS
and the ability of the nanosilicon surface to adsorb
various impurities.

The difference between the diminished iron
content and the estimated one based on the initial
load can be explained as follows. Since the process of
mixing iron with the silicon starting material occurs
at elevated temperatures, iron oxide particles melt
and become covered with silicon, which oxidizes
into silicon dioxide during oxidation, significantly
reducing the signal from iron (exponential decay of
the photoelectron intensity due to the coating layer).
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This could also explain why silicon is predominantly
present in the form of dioxide. Thus, samples in
which the iron content is proportional to the iron
content in the feedstock or slightly exceeds its value
(measurement and processing error) have a large
specific surface area and small particle size, and
therefore, silicon (or its dioxide) does not cover iron
oxide particles to the same extent as in samples with
a relatively small specific surface.

Based on the obtained data, the particle can be
assumed to have a silicon core with an amorphous
oxide shell, which is silicon oxide with different
oxidation states SiO_(0 < x < 2). This is consistent
with the data obtained in a previous study [10]
based on the analysis of transmission electron
images, microscope images, and radiographs. X-ray
diffraction studies [11] revealed that the oxidation
of the surface of silicon particles resulted in the
formation of particles with a “core-shell” structure,
which has a silicon nanocrystal as the core and silicon
oxides of various oxidation states in the shell. The
degree of crystallinity of the sample is ~10% for the
amorphous shell and ~42% for the crystalline core [11].

For modification with citrate anions, we used
an nc-Si/Si0 /Fe sample (No. 5) with a diameter of
about 48.1 nm and an iron content of about 0.5 at %.

Modification of nc-Si/SiO /Fe nanoparticles
with citrate anions

Crystalline silicon nanoparticles doped with iron
oxide are hydrophilic and form a colloidal solution
in aqueous media. However, even freshly prepared
nc-Si/Si0O /Fe colloidal solutions are unstable. Sols
are characterized by a wide particle size distribution.
The average particle diameter was about 100 nm,
and it increased to 200 nm within a week, then
reaching 1000 nm (Table 2). The concentration of
the sols changes because of the agglomeration and
sedimentation of the particles. The large variation
in the zeta potential values of nc-Si/SiO /Fe (from
—20 to +20 mV) also indicates the instability of

the colloidal system. An increase in the diameter
of silicon nanoparticles results in a change in their
physicochemical characteristics [22]. Thus, it is
necessary to stabilize silicon nanoparticle sols to use
them in vivo for theranostics.

To stabilize nc-Si/Si0 /Fe, the use of citric acid
salt was proposed. Citric acid anions have previously
been shown to bind to the surface of hematite (Fe,0,)
through chemisorption [23]. The surface of the
nc-Si/Si0O /Fe particles was shown to be stabilized
after being modified with citrate anions. Stable colloidal
solutions with a monomodal particle size distribution
were formed (Fig. 2). Sols of nc-Si/SiO /Fe-citric
nanoparticles modified with citrate anions using a 1%
concentration of citric acid trisodium salt dihydrate
have a monomodal size distribution with an average
diameter of about 60 nm that does not change for
a long time (up to 1.5 years). Thus, chemosorption
of citrate anions electrostatically stabilizes the
interaction forces that determine the tendency of
silicon nanoparticles particles to agglomerate.

A
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Fig. 2. Molecular weight distribution of modified
nc-Si/SiO /Fe-citric nanoparticles (1%). The average
hydrodynamic diameter was 57 nm.

Table 2. Changes in the particle size and aggregation stability of nc-Si/SiO /Fe sols
in the original solution and in the solution one week after receiving

Sample Nanoparticles concentration C, mg/mL D,, nm D,, nm
nc-Si/SiO /Fe 0.14 112 255-1000
nc-Si/8i0 /Fe-citric 1% 0.54 57 64
nc-Si/SiO /Fe-citric 2% 0.70 240 263
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Nanoparticles can be modified with citrate
anions because of the presence of iron oxides in the
near-surface layer of the nanoparticles. An attempt to
stabilize iron-free nc-Si/SiO -citric acid nanoparticles
obtained by laser CO, pyrolysis of silane [24]
resulted in their complete precipitation. Therefore,
the presence of iron ions in the investigated samples
is indirectly confirmed by the formation of stable
nc-Si/Si0 /Fe-citric colloidal solutions.

Cytotoxicity analysis of citrate-modified nanosilicon

The cytotoxicity of citrate-modified nanoparticles
was investigated. We used monoclonal K562 human
erythroleukemia cell lines for this purpose.
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Fig. 3. Dependence of the number of surviving cells
on the concentration C of added nc-Si/SiO /Fe-citric
nanoparticles after 48 h of exposure.

Figure 3 shows that nc-Si/SiO /Fe-citric
nanoparticles do not exhibit cellular toxicity at a
concentration of 5 pg/mL. At low concentrations of
nc-Si/Si0 /Fe-citric nanoparticles, a slight increase in
cell proliferation is observed.

CONCLUSIONS

Iron-containing hybrid silicon nanoparticles
were obtained using the plasma-chemical synthesis
method. Complementary analytical methods,
including laser spark emission spectroscopy, FTIR
spectroscopy, X-ray phase analysis, and XPS, were
used to analyze the nanoparticles. Based on the
obtained data, the nanocrystalline silicon particle
can be concluded to have a silicon core covered with a
relatively thin layer of intermediate oxides (interface)

and an amorphous oxide shell, which is silicon oxide
with different oxidation states SiO_(0 < x < 2). The
degree of crystallinity of the sample is ~10% for
the amorphous shell and ~42% for the crystalline
core According to the XPS data, iron oxides
and/or silicides were present in the particle shell in
amounts ranging from 0.2 to 2.2 at %, depending on
the amount of elemental iron in the starting material.
The total content of impurity elements W, Pb, Ti, Zr,
Zn, Sn, Cr, P, and Mo did not exceed ~0.6%.

A technique for stabilizing the surface of
nanosilicon particles with citrate anions has been
developed. It was demonstrated that the presence of
iron oxides in the near-surface layer of nanoparticles
allows them to be modified with citrate anions,
resulting in the formation of stable nc-Si/SiO /Fe
colloidal solutions. Since the obtained modified
particles are nontoxic, they can be recommended for
use in in vivo theranostic applications, such as MRI
diagnostics.
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