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Silicon Nanoparticles Prepared by Plasma-Assisted
Ablative Synthesis: Physical Properties and Potential
Biomedical Applications
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Anatolii V. Koshelev, Sergei V. Zinovyev, Aleksandr V. Maximychev, Alida F. Alykova,
Nina V. Sharonova, Vitalii P. Zubov, Mikhail V. Gulyaev, Yurii A. Pirogov,
Aleksandr N. Vasiliev, Anatolii A. Ischenko, and Viktor Yu. Timoshenko*
Silicon (Si) nanoparticles (NPs) with small (10�3–10�1at%) content of iron
oxide (Fe2O3) are prepared by plasma-assisted ablative synthesis. Powders of
the prepared Si-iron oxide (SIO) NPs are investigated by means of the
transmission electron microscopy, Raman spectroscopy, electron paramagnetic
resonance, and magnetic susceptibility measurements. Aqueous suspensions of
the NPs are studied by using dynamic light scattering and nuclear magnetic
resonance technique. The longitudinal and transverse relaxation times of
protons in aqueous suspensions of the NPs are found to be dependent on the
iron content. The stronger decrease of the proton relaxation is detected for the
samples with higher iron content. Magnetic resonance imaging (MRI) experi-
ments show that SIO NPs have properties of the MRI contrast agent and it is
confirmed by in vivo experiments with cancer tumor. Aqueous suspensions of
SIO NPs are explored as sensitizers of electromagnetic radio frequency
hyperthermia and the highest heating rate is observed for the NPs with smaller
hydrodynamic size (�50 nm). The obtained results indicate possible ways for
applications of SIO NPs in the MRI diagnostics and mild therapy of cancer.
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1. Introduction

Inorganic nanoparticles (NPs) are promis-
ing for both cancer therapy and diagnosis
(theranostics) due to their size dependent
physical properties. It is known that NPs
with sizes less than 100 nm can be used in
drug delivery, fluorescent labeling, tissue
engineering, tumor detection, and destruc-
tion.[1–8] One of the major tasks in
biomedicine nowadays is the creation of
multimodal NPs, which would allow diag-
nose tumors at early stages of development
and provide combined therapy. Magnetic
resonance imaging (MRI) is one of the
powerful methods in medical diagnosis.
Contrast in the different-modes of MRI can
depend mainly on the proton spin density,
longitudinal (T1) and transverse (T2) relax-
ation times. In order to enhance quality and
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gainmore information from theMRimages contrast agents (CA) can
be administrated into the body. While CAs cannot be visualized
directly, they can change relaxation behavior of nearby protons and
thus enhance contrast of the images. Usually CAs are paramagnetic
metal complexes of gadolinium (III), iron (III), manganese (III).[9]

Gadolinium (Gd) based CAs are widely used. Despite the fact
that these CAs have effective contrasting properties safety issues
are still open. It was shown that Gd-based CAs can cause allergic
reaction, nephrogenic systemic fibrosis, and have long-term
accumulation into the brain.[10–12]

Superparamagnetic iron oxide (SPIO) NPs are also strong
enhancers of proton relaxation which caused by substantial
magnetic field disturbances due to large magnetic moment.
SPIO NPs can be used for intestine contrast, liver, spleen, node,
and marrow imaging.[13,14] The efficiency of CA can be
described by as-called relaxivity, which accounts r2¼ 100
mmol�1L s�1, r1¼ 30mmol�1L s�1 for SPIO NPs. The latter
values are much higher than of Gd-based agents r2¼ 6mmol�1

L s�1, r1¼ 4mmol�1L s�1.[15] However, it was shown that such
NPs may be unsafe for in vivo use.[16] In order to stabilize
properties of these nanoparticles several surface coatings have
been used.[17]

Radio frequency (RF) induced hyperthermia is efficient
noninvasivemedical technology developmentwhich can be applied
tocancer treatmentofdeep-seated tumors. Itwasshownthat there is
heating of tissues under RFradiation and also tumor tissue heat up
faster thannormal ones.[18] Therefore, it is important to control heat
distribution which can be achieved by energy adsorbing agents
within the tumors. Solid-state NPs can be used as sensitizers of
electromagnetic radiation.[19] Electrically conductive gold NPs
provide high absorption of RFradiation which causes Joule heating
due to electrical currents in NPs.[20,21] However, it was shown that
only 1% of the total dose of administered non-biodegradable
gold/silica NPs is accumulating in tumor.[22]

Silicon (Si) NPs are biocompatible and, unlike previous NPs,
they can excrete from the body by biodegradation into
orthosilicic acid.[23] It was shown that Si NPs can be used as
agents for MRI visualization of the tumors,[24,25] as active agents
for mild cancer therapy.[26–28]

The effectiveness of Si NPs should be improved in order to
allow their application in biomedicine. In this paper nano-
composites mainly based on Si and small content of iron oxide
were synthesized by arc-discharge plasma ablative method and
were investigated as agent allowing cancer diagnosis, targeted
treatment, and monitoring response to the treatment.
Figure 1. Schematic view of the arc-discharge plasma ablative synthesis
used to create SIO NPs.
2. Experimental Section

2.1. Preparation of NPs

The preparation of SIO NPs was carried out by the arc-
discharge plasma ablative method in a closed gas cycle. The
system was filled with high purity gas (Ar or N2) at atmospheric
pressure. Purification of the process gas from impurities of
moisture and oxygen was carried out with the molten
aluminum or special finishing cleaners, irreversibly absorbing
impurities to a level of several ppb. A plasma evaporator-
condenser operating in an arc low-frequency discharge was
Phys. Status Solidi A 2019, 1800897 1800897 (
used as a reactor. The rawmaterial was Si powder (99.99%) with
addition of small (<1%) amount of iron powder (Fe 99.99%),
which was injected into the reactor chamber by a gas stream
from the corresponding dispenser. In the reactor the powder
was evaporated at a temperature of �5500 �C. At the exit from
the low-temperature plasma zone, the resulting vapor–gas
mixture was subjected to cooling gas jets, that is, conditions
were created for the condensation of the resulting powder. Then
the resulting aerosol with a temperature of 100–200 �C was fed
to the refrigerated area, where it was cooled to a temperature of
60–80 �C. Large particles, including the unrefined fraction,
were separated from the conditioned ultrafine powder in the
classifier of inertial type (for details see ref. [29] and Figure S1,
Supporting Information). A schematic view of the arc-discharge
plasma ablative synthesis is shown in Figure 1.
2.2. Characterization of NPs

Images of SIO NPs were obtained by LEO912 AB OMEGA
transmission electron microscope (TEM). Raman spectra were
measured by using a DFS-52 spectrometer (LOMO Inc., Russia)
under excitation with an Arþ laser (Spectra Physics Inc., USA) at
514.5 nm. Average size and potential of a double layer of
nanoparticles in suspensions were measured by dynamic light
scattering (DLS) method using Malvern Zetasizer Nano ZS.
Surface area of NPs was measured by gas absorption BET-
method. Electron paramagnetic resonance (EPR) spectra of dried
Si-NPs were measured at room temperature by using an EPR
spectrometer CMS 8400 ADANI (f� 9.4GHz, B� 0.7 T). The
effective g� factors of samples have been calculated with respect
to a reference sample of BDPA (a,g-bisdiphenyline-b-phenylallyl)
with g-factor 2.00359. To estimate the concentration of
paramagnetic centers from EPR data the reference sample of
CuCl2� 2H2O (6� 1018 spins) has been used. Relaxation times
T1 and T2 were measured for aqueous suspensions of SIO NPs
(1mgmL�1) by using a Bruker Minispec NMR relaxometer with
a 20MHz probe and magnetic field of 0.5 T at 40 �С. The RF
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 7)
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Figure 2. TEM images of SIO NPs with different iron content: (a) 0.004 at%, (b) 0.02 at%, (c) 0.2 at% and (d) typical electron diffraction pattern of
SIO NPs.
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radiation with frequency of 27MHz and maximal power of 60W
was provided by a medical device MedTeco-60 (MedTeco Inc.,
Russia). Aqueous suspensions of SIO NPs with concentration of
0.5mgmL�1 were put into glass bottles (10mL) and the latter
were located between electrodes of the RF device. The RF
treatment was done for 2min. Temperature of the suspension
Figure 3. (a) Raman spectra of SIO NPs with different iron content and (
correspond to the samples with 0.004, 0.02, and 0.2 at% of iron.

Phys. Status Solidi A 2019, 1800897 1800897 (
under RF heating was measured using a medical digital
precision thermometer TMDP-1 (MIREA, Russia) equipped
with EXACON temperature sensor. X-ray diffraction (XRD)
study was done by using a RENOM XRD apparatus (Expert
Center Ltd., Russia) with Cu Kα line (λ¼ 0.154184nm) at room
temperature in air.
b) DLS spectra of their aqueous suspensions, where curves 1, 2, and 3

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 7)
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Table 1. Investigated samples of SIO NPs and their characteristics.

Relaxivity, L g�1s�1

Sample Fe content, at. % Nanocrystal size
from XRD, nm

Most probable hydrodynamic
size of NPs from DLS, nm

r1 r2 RF heating rate,
Kmin�1

1 0.004 20� 5 130 0.05 0.47 6.1

2 0.02 25� 5 50 0.13 1.38 12.8

3 0.2 30� 5 120 0.83 7.30 1.2
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2.3. In Vivo 1MRI Studies

MRI experiments were performed a 7.05 T Bruker BioSpec 70/30
USR MR scanner driven by a ParaVision 5.0 console and
equipped with a 105mTm�1 gradient amplitude device.

For in vivo 1H MRI studies we used mice of C57BL line with
grafted to the right hind paw lung carcinoma (3LL) tumors. All
experiments on animals were carried out at animal facilities of
the Blokhin National Medical Research Center of Oncology
(Moscow, Russia) in accordance with the Principles of
Laboratory Animal Care (NIH publication No. 85-23, revised
in 1985) and the European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific
Purposes (Strasbourg, 18.III.1986, revised by the amending
protocol ETS 170). The use of experimental animals was
approved by Scientific and Ethic committees of the Blokhin
National Medical Research Center of Oncology.

Before MRI studies, the animals were anesthetized with 5%
isoflurane in the box, and during MRI studies they were
subsequently kept in the MR scanner under 1% isoflurane via
face mask.

As a transceiver RF coil the proprietary 1H volume coil with an
internal diameter of 72mm was used. The whole body 1H MR
images were obtained in the coronal projection using spin echo
(SE) pulse sequence with the following scan parameters: field of
view: 10� 4 cm; matrix: 200� 200; repetition time (TR)¼ 800
ms; echo time (TE)¼ 14.2ms; number of slices: 12; slice
thickness: 1.5mm; number of averages: 1; bandwidth:
50 000Hz; total scan time: 5min 20 s. Thus, proton density
(PD)-weighted MR images were acquired.

The protocol of in vivo MRI studies included the following
steps: obtaining whole body PD-weighted MR images before
injection the suspension SIO NPs; obtaining whole body PD-
weighted MR images 20min after intratumorally injection of
0.5mL suspension of SIO NPs (0.5mgmL�1).
Figure 4. EPR spectra of SIO NP powders with different iron (curves 1, 2,
and 3 correspond to the samples with 0.004, 0.02, and 0.2 at% of iron).
3. Results and Discussion

Figure 2 shows TEM images of SIO NPs. The TEM data reveal
almost spherical shape of the NPs and their broad size
distributions in the range from 10 to 100 nm. The electron
diffraction pattern indicates nanocrystalline structure of the
NPs. The crystallinity of SIO NP is also confirmed by XRD
measurements (see Figure S4 in Supporting Information). The
mean sizes of silicon nanocrystals estimated from the broaden-
ing of XRD diffraction line by using the Scherrer equation are
given in Table 1.
Phys. Status Solidi A 2019, 1800897 1800897 (
Figure 3a shows Raman spectra of SIO NPs with different
iron content. The observed spectra are centered near 521 cm�1,
which corresponds to the optical phonons in crystalline Si lattice.
The low frequency shoulders and a small (0.5–1 cm�1) shift to
lower frequencies of the Raman spectra of SIO NPs compared to
the spectrum of c-Si can be explained by a contribution of Si
nanocrystals with sized smaller than 10 nm.[26,29]

Figure 3b shows distribution of the hydrodynamic size of SIO
NPs dispersed in water. The size distribution possesses the main
maxima at 50–120 nmwith shoulders at larger sizes. The sample
with iron content of 0.02 at% exhibit smallest NPs (50 nm) and
additional peak at 100 nm. The latter is obviously related to
aggregates of the NPs. Zeta potentials of SIO NPs in aqueous
suspensions for all samples is around �20� 5mV, which is
typical for Si based NPs.[25–27]

Figure 4 shows EPR spectra of the prepared SIO NP powder
with different iron content. EPR signal is overlapping in nature
and allows resolving two resonance modes: broad and narrow
ones. The dominant broad mode with g-factor �2.1 can be
related to strongly interacting Fe3þ ions in γ-Fe2O3 (maghe-
mite).[30–34] The type of iron oxide was also confirmed by
temperature measurements of the magnetic susceptibility (see
Figure S2, Supporting Information). As one can see from the
EPR data all samples contain different amount of iron and
estimated content varies from 0.004 at% (sample 1) to 0.2 at%
(sample 3). Increasing iron concentration in the samples leads to
progressive broadening of the EPR line probably due to
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 7)
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Figure 5. Transients of the proton magnetization: (a) longitudinal and (b) transverse in pure water (green line) and aqueous suspensions of SIO NPs
with different iron content (curves 1, 2, and 3 correspond to the samples with 0.004, 0.02, and 0.2 at% of iron). Insets show the corresponding relaxivities
vs iron content.
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increasing role of spatially inhomogeneous interactions between
Fe3þ ions. Narrow central mode of the EPR spectrum is
characterized by effective g-factor of 2.0055 and it can be
assigned to Si dangling bonds at the Si/SiO2 interface.

[35,36] The
oxidation state of SIO NP surfaces was additionally analyzed by
X-ray photoelectron spectroscopy, which revealed the main
contribution of SiO2 surface coating (see Figure S3, Supporting
Information).

Figure 5 shows transients of the longitudinal and transverse
proton magnetization in suspensions of SIO NPs with different
iron content and in pure water (for comparison). The
magnetization transients reveal strong shortening for the
samples with larger iron concentration. The shortening effect
is maximal for the transverse magnetization measurements. To
characterize the shortening efficiency one can use the
longitudinal and transverse relaxivity, which can be defined as
follows[24,25]

r1;2 ¼ R1;2=CNP ð1Þ

where R1,2 is the corresponding relaxation rate defined as

R1;2 ¼ 1=T1;2 � 1=Tw
1;2 ð2Þ

where CNP is the concentration of SIO NPs, T1,2 and T1,2
w are the

relaxation times of SIO NP suspensions and pure water,
respectively.
Figure 6. MRI of cancer tumor in mouse (a) before and (b) 20min after in

Phys. Status Solidi A 2019, 1800897 1800897 (
The maximal relaxivity values of r1¼ 0.8 L g�1 s�1 and
r2¼ 7.3 L g�1 s�1 are provided by SIO NPs with highest iron
content.

Insets in Figure 5 show that both the longitudinal and
transverse proton relaxation rates are nearly linear depended on
the iron concentration. The higher the iron contents, the higher
longitudinal and transverse relaxivities. The transverse relaxivity
of SIO NPs with maximal iron content accounts 7.3 L g�1 s�1,
which corresponds to the molar relaxivity about 200mmol�1L
s�1. The latter value is higher than that for clinically used CAs
based on SPIO NPs.[15] The higher relaxivity of SIO NPs can be
explained by the contributions of both the iron ions and intrinsic
paramagnetic centers (Si dangling bonds).[24,25]

In vivo MRI visualization of mice with grafted tumor was
carried out by using SIO NPs with highest relaxivity (sample 3).
Figure 6 shows PD-weightedMR images of the tumor before and
after intratumoral injection of SIO NPs. It is seen that tumor
area with injected SIO NPs became darker and have more clear
boundaries. The MRI study of the mice for time period of 24 h
after injection of SIO NPs showed a decrease of the NP induced
contrast. This fact can be explained by biodegradation of SIO
NPs similarly to that of pure Si NPs.[26,27]

Figure 7 shows time dependent temperature growth of
aqueous suspensions of SIO NPs and pure water (for
comparison) under RF irradiation. While the heating rate for
the sample with highest iron content (curve 3 in Figure 7) was
similar to that for pure water (1 Kmin�1), the corresponding
jection of SIO NPs.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 7)
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Figure 7. Time dependences of the temperature of SIO NP suspensions
(1mgmL�1) with different iron content (curves 1, 2, and 3 correspond to
the samples with 0.004, 0.02, and 0.2 at%) and pure water (green curve)
under RF irradiation with frequency 27MHz and intensity 10W cm�2.
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value for the sample with 0.02 at% of iron approached
13Kmin�1. This fact can be explained by smaller size of SIO
NPs in aqueous media for the latter sample (see Figure 3b),
which influences strongly the RF heating.[26]
4. Conclusions

Crystalline Si NPs with iron content varied from 0.004 to 0.2 at%
and mean nanocrystal sizes of 20–30 nm were produced by a
scalable plasma ablative method and were investigates as
potential contrast agents for MRI and sensitizers for RF
hyperthermia. It was found that SIO NPs dispersed in aqueous
media significantly affected both the longitudinal and transverse
proton relaxations. The maximal longitudinal and transverse
relaxivities were obtained for the samples with the highest iron
content. The RF-induced heating rate of aqueous suspensions of
NPs was maximal for the NPs with smaller hydrodynamic
diameter of about 50 nm. The obtained results indicate that SIO
NPs with optimized iron content can be promising for
applications as MRI contrast agents and sensitizers of the RF-
induced hyperthermia of cancer. The optimal size and content of
Si/iron oxide nanoparticles to satisfy requirements for the both
modalities are subjects of further research.
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