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A B S T R A C T

In a search for efficient anti-tumor agent, silica-coated superparamagnetic nanoparticles were designed and used
in combination with vitamin E derivative as a potential new tool for anticancer treatment. The particles were
characterized by numerous techniques, such as transmission electron microscopy and dynamic light scattering to
determine the particle morphology and size both in dry state and water, atomic absorption spectroscopy to
analyze the iron content, Fourier-transform infrared spectroscopy to confirm the presence of the functional
groups, and vibrating sample magnetometry to determine the magnetic properties and content of maghemite.
The next aim was to assess effect of the nanoparticles on suppression of experimental mammary gland carci-
nosarcoma W-256. Strong antitumor effect was achieved only with combined application of γ-Fe2O3@SiO2 and
acetate derivative of α-tocopherol (Toc-6-Ac) resulting in 58% of tumor volume reduction. The results were
compared with those obtained with poly(N,N-dimethylacrylamide)-coated iron oxide particles described earlier.

1. Introduction

Magnetic iron oxide nanoparticles have recently received a great
deal of attention due to their potential biomedical applications [1–4] as
contrast agents in magnetic resonance imaging (MRI) [5], magnetic
separation of cells and proteins [1], drug delivery [6,7], hyperthermia
[8,9], etc. Iron oxide nanoparticles carrying anticancer drugs, such as
flutamide [10] or doxorubicin, demonstrated antiproliferative effect on
breast and prostate cancer cell lines [11]. Various procedures have been
suggested for synthesis of iron oxide nanoparticles involving co-pre-
cipitation of Fe(II) and Fe(III) salts, hydrothermal, sol-gel and sol-
vothermal reactions [12], sonolysis [13], flow injection, electro-
chemical and aerosol/vapor methods, thermal decomposition of
organo-metallic compounds, microbial [14] and laser evaporation
syntheses, microemulsion [15], etc. Aim of these syntheses was to form
stable aqueous iron oxide colloids with high saturation magnetization.
At the same time, the particles should be preferably uniform in size to
confer them the same physical, chemical, and biological properties

[16,17].
A plethora of surface modifications was suggested to prevent par-

ticle aggregation and to introduce functionalities for attachment of a
target biomolecule [18–20]. Uncoated magnetic particles might have
some limitations in practical applications as they tend to coagulate or
undergo rapid biodegradation during exposition to biological media.
There is considerable interest in introducing specificity, e.g., anticancer
effect, by functionalizing the nanoparticles with polymers, antibodies,
drugs or ligands directed against cancer [21]. Current literature sug-
gests that vitamin E may be a suitable candidate for the adjuvant
treatment of cancer [22–28]. Vitamin E is a well-known antioxidant
that acts as an essential component of biological membranes and cir-
culating lipoproteins. Vitamin E analogues epitomized by α-tocopheryl
succinate represent an exciting group of novel anticancer agents of
potentially high pharmacological importance [29]. α-Tocopheryl suc-
cinate inhibits the growth of breast cancer cells in vitro and in vivo
[27,30]. The mechanism of its in vivo effects may involve inhibition of
tumor angiogenesis and VEGF gene expression [31]. Vitamin E
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analogues with anticancer activity are typically hydrophobic esters
which are completely hydrolyzed upon intestinal uptake [32,33].

In this report, functionalizable silica, which is well-known for its
biocompatibility and easy bioconjugation with various drugs [34], was
used as a suitable inert coating to prevent leakage of iron ions and to
reduce Fe oxidation-reduction reactions in the living organism. Mini-
mized redox reactions of the magnetic particles are believed to affect
antitumor activity [35–37]. In contrast, increased redox activity of
combined administration of γ-Fe2O3 and acetate derivative of α-toco-
pherol with six-carbon side chain (Toc-6-Ac) is expected to restore the
antitumor activity. Although several methods have been suggested for
preparation of composite magnetic silica nanoparticles [38,39], the
most popular synthesis is based on the sol-gel process developed by
Stöber [40]. The method produces silica by in situ hydrolysis and con-
densation of a sol-gel precursor and is especially suitable for coating of
the magnetic nanoparticles dispersed in polar solvents such as water or
ethanol. Silica-modified maghemite (γ-Fe2O3) nanoparticles were thus
prepared and tested in combination with Toc-6-Ac for treatment of
mammary gland carcinosarcoma in an animal model. The results were
compared with those achieved by previously described maghemite
nanoparticles coated with poly(N,N-dimethylacrylamide) (γ-Fe2O3@
PDMA) [41].

2. Experimental

2.1. Materials

FeCl2·4H2O, FeCl3·6H2O, and tetramethyl orthosilicate (TMOS) were
purchased from Sigma-Aldrich (Steinheim, Germany). Sodium hypo-
chlorite solution (5 wt%) was from Bochemie (Bohumín, Czech
Republic), ammonium hydroxide solution (25%), methanol, and
ethanol were from Lach-Ner (Neratovice, Czech Republic). Doxorubicin
was obtained from Arterium (Kiev, Ukraine). α-Tocopherol acetate with
a six-carbon side chain (Toc-6-Ac) was prepared according to a patent
[42]. Poly(N,N-dimethylacrylamide)-coated maghemite (γ-Fe2O3@
PDMA) nanoparticles were prepared earlier [41]. Ultrapure Q-water
ultrafiltered on a Milli-Q Gradient A10 system (Millipore, Molsheim,
France) was used for preparation and washing solutions.

2.2. Preparation of maghemite (γ-Fe2O3) nanoparticles

Iron oxide nanoparticles were prepared from iron(III) and iron(II)
chloride according to a previously described standard procedure [43].
Shortly, aqueous 0.2M FeCl3 solution (100ml), aqueous 0.2M FeCl2
solution (50ml), and aqueous 0.5 M NH4OH (100ml) were sonicated
with 120W power (Sonicator W-385; Heat Systems-Ultrasonics; Farm-
ingdale, NY, USA) for 5min. The mixture was added to 3.3 wt% NH4OH
solution (460ml) and stirred (200 rpm) at 23 °C for 1 h. Resulting
magnetite was magnetically separated and washed by Q-water until
peptization and the colloid was sonicated with 5 wt% sodium hypo-
chlorite solution (16ml) for 5min. The precipitate was magnetically
separated and repeatedly washed with Q-water under formation of γ-
Fe2O3 colloid.

2.3. Preparation of silica-modified γ-Fe2O3 nanoparticles (γ-Fe2O3@SiO2)

Silica-coated iron oxide nanoparticles were synthesized by mod-
ification of Stöber’s method [40,44]. Briefly, 25% NH4OH (3ml) was
added to aqueous γ-Fe2O3 (100mg) colloid (10ml) and the mixture was
sonicated for 5min. Ethanol (60ml) and TMOS (4ml) were added and
the mixture was stirred at 50 °C for 18 h. The resulting γ-Fe2O3@SiO2

nanoparticles were carefully washed by magnetic separation and cen-
trifugation using methanol, ethanol, and several portions of Q-water to
remove reaction by-products.

2.4. Characterization of nanoparticles

γ-Fe2O3 and γ-Fe2O3@SiO2 nanoparticles were characterized by a
Tecnai Spirit G2 transmission electron microscope (TEM; FEI; Brno,
Czech Republic). The number-average diameter (Dn) and polydispersity
index (PDI=Dw/Dn) were calculated from ∼300 particles using Atlas
program. The hydrodynamic particle size (Dh) of γ-Fe2O3 and γ-Fe2O3@
SiO2 particles was determined by dynamic light scattering (DLS) using a
Nano-ZS Model ZEN3600 Zetasizer (Malvern Instruments; Malvern, UK)
at pH 7. Iron content was determined with a Perkin-Elmer 3110
(Norwalk, CT, USA) atomic absorption spectrometer (AAS) using a so-
lution obtained by mineralization of a sample with dilute HCl (1:1) at
80 °C for 1 h. Fourier-transform infrared (FTIR) spectra were recorded
in an attenuated total reflection (ATR) mode using a Thermo Nicolet
Nexus 870 FTIR spectrometer (Madison, WI, USA). The magnetization
was measured using an EV9 vibrating sample magnetometer (VSM;
DSM Magnetics, ADE Corporation; Lowell, MA, USA) at a room tem-
perature (RT).

2.5. Biological experiments

2.5.1. Blood serum preparation, white and red blood cells counts, bilirubin
content, and blood enzyme activities

After the euthanasia, blood was taken from Wistar rats (200 g body
weight) by heart puncture with a syringe, kept at 25 °C for 0.5 h, and
centrifuged for 15min at 1500 g to obtain serum, which was stored at
−80 °C.

The numbers of white and red blood cells were calculated in blood
(5ml) placed in a Li-heparin blood collection tube (Vacutest Kima;
Arzergande, Italy), which was turned upside down two times, using a
PCE210 apparatus (Erma; Tokyo, Japan).

The level of bilirubin and activities of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) in blood plasma were de-
termined using a Bio- and immunochemistry analyzer 2990 (Global
Biomarketing Group; Kiev, Ukraine) [45–47].

2.5.2. Determination of antitumor activity
As a mammary gland tumor model for in vivo experiments, Walker-

256 carcinosarcoma (W-256, female Wistar rats, 200 g body weight)
was used. To introduce the tumor cells, suspension of tumor tissue (23%
W-256) in cell culture medium 199 (0.4ml) was injected under the skin
of the animal back. Then, the rats were divided into seven groups: (i)
tumor-bearing controls without treatment (except saline), (ii) animals
with tumor size 7–10mm treated with doxorubicin (1.5 mg/kg) usually
on the third day from W-256 transplantation, (iii) tumor-bearing ani-
mals treated with Toc-6-Ac, (iv) γ-Fe2O3, (v) γ-Fe2O3@SiO2, (vi) γ-
Fe2O3 and Toc-6-Ac, and (vii) γ-Fe2O3@SiO2 and Toc-6-Ac. In (ii), the
doxorubicin was administered intraperitoneally, while the agents (ty-
pically 25mg Toc-6-Ac and 10mg nanoparticles per kg) were ad-
ministered per os into the stomach in other groups. The groups had 10
animals, which received five injections of doxorubicin, γ-Fe2O3, or γ-
Fe2O3@SiO2 nanoparticles, or ten injections of Toc-6-Ac daily within
10 days. After completion of the experiment, size of the tumor was
evaluated by a caliper and the tumor volume (V; cm3) calculated ac-
cording to the formula [48]:

= × × × ×V π L W D(4/3) ( /2) ( /2) ( /2)/1000 ,

where L stands for length, W – width, and D – depth (mm) of tumor.

2.5.3. Ethical issues of animals use
Experiments with non-transgenic Wistar female rats followed the EC

regulations and were approved by the ethical committee of the Palladin
Institute of Biochemistry and the R.E. Kavetsky Institute of
Experimental Pathology, Oncology and Radiobiology. The animals were
kept in a special facility and euthanasia was performed by necropsy
after carbon dioxide asphyxiation [49,50].
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2.5.4. Data analysis
To compare experimental differences, two-tailed Student’s t-test

with the significance level P < 0.05 was used. All data were presented
as means ± standard error (SE).

3. Results and discussion

3.1. γ-Fe2O3@SiO2 nanoparticles, their morphology and composition

Starting maghemite (γ-Fe2O3) nanoparticles were prepared by al-
kaline co-precipitation of ferrous and ferric ions followed by oxidation
with sodium hypochlorite. Silica-coated nanoparticles were then pro-
duced by simple hydrolysis and condensation of TMOS in the presence
of γ-Fe2O3 nanoparticles. TEM micrographs showed that the number-
average diameter Dn of γ-Fe2O3 was 11 nm with polydispersity index
PDI= 1.13 (Fig. 1 a) documenting a relatively narrow particle size
distribution. Size of the γ-Fe2O3@SiO2 particles can be controlled by
changing the TMOS/γ-Fe2O3 ratio and polymerization conditions, such
as temperature, pH, or hydrodynamic parameters (type of the reactor,
stirring speed, etc.) [51]. In this study, TMOS hydrolysis and con-
densation was catalyzed by ammonium hydroxide base to transform
silanols to siloxane bonds. Size of the γ-Fe2O3@SiO2 nanoparticles in-
creased to Dn= 16 nm (PDI= 1.09), which suggests that the shell
thickness reached ∼2.5 nm (Fig. 1b). Tiny iron oxide particles tended
to form aggregates during drying (Fig. 1), nevertheless they formed a
colloidally stable dispersion in water. Compared to TEM, hydrodynamic
diameter of both γ-Fe2O3 and γ-Fe2O3@SiO2 particles in water was
larger, amounting to 180 and 244 nm, respectively (Table 1). Larger Dh

of γ-Fe2O3@SiO2 than that of γ-Fe2O3 was due to the presence of silica
shell around the iron oxide particles. It should be also noted that the
hydrodynamic diameter Dh of particles determined by DLS in water was
always larger than the number-average diameter Dn of dry particles
according to TEM. Moreover, Dh represents z-average, which is an in-
tensity-based value highly sensitive to the presence of a small number

of aggregates and should not be confused with number-mean value.
To further confirm coating of the γ-Fe2O3 particles with silica, AAS

and ATR FTIR spectroscopy was used. While the starting γ-Fe2O3 na-
noparticles contained 67.4 wt% of Fe according to AAS, amount of iron
in the γ-Fe2O3@SiO2 decreased to 41.5 wt% due to the presence of the
silica shell (Table 1). In the FTIR spectrum of the γ-Fe2O3 particles,
strong absorption bands at ∼540 and 618 cm−1 were ascribed to Fe-O
bonds (Fig. 2). After modification of the γ-Fe2O3 with silica, the pre-
sence of SiO2 shell was confirmed by a peak at ∼556 cm−1 ascribed to
Fe-O-Si bonds and by bands at 1058 and 958 cm−1 assigned to SiO-H
and Si-O-Si groups, respectively.

3.2. Magnetic measurements

Another characterization of the γ-Fe2O3 and γ-Fe2O3@SiO2 nano-
particles involved analysis of magnetic hysteresis curves, which showed
the dependence of the induced magnetization on the applied magnetic
field and provided an important parameter, the saturation magnetiza-
tion (Ms) reflecting a concentration of ferrimagnetic component in the
particles (Fig. 3a). The nanoparticles exhibited a superparamagnetic
behavior, which is important for biomedical applications, as it ensures
dispersibility of the particles in an aqueous medium in the absence of
magnetic field (Ms= 0), however, the nanoparticles are magnetized
and attracted by a magnet.

Superparamagnetic character of the particles was also confirmed the
Day diagram [52] illustrating the saturation remanent magnetization
Mrs/saturation magnetization Ms versus the coercivity of remanence
Hcr/Hc coercivity ratios (Fig. 3b). The shape of a hysteresis loop was

a b
Fig. 1. TEM micrographs of (a) γ-Fe2O3 and (b) γ-Fe2O3@SiO2 nanoparticles.

Table 1
Characterization of the nanoparticles.

Particles Dn
a

(nm)
PDIb Dh

c

(nm)
Fed

(wt%)
Ms

e

(A·m2/kg)

γ-Fe2O3 11 1.13 180 67.4 56.5
γ-Fe2O3@SiO2 16 1.09 244 41.5 51

a Number-average particle diameter (TEM).
b Polydispersity index (TEM).
c Hydrodynamic diameter (DLS).
d From atomic absorption spectroscopy.
e Saturation magnetization (VSM). Fig. 2. FTIR spectra of γ-Fe2O3 and γ-Fe2O3@SiO2 nanoparticles.
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determined partially by the domain state. There are three types of
particle behavior, single domain (SD), multidomain (MD), and pseudo-
single domain (PSD) [53]. SD magnetic particles are smallest and have
a near-uniform magnetization with all their atomic magnetic moments
aligned parallel to each other. When the particles are larger, the mag-
netic structure breaks into separate regions disconnected by magnetic
domain walls (MD). Smaller MD particles, which display SD-like mag-
netic behavior and have non-uniform magnetizations, are denoted as
PSD [54]. Estimation between SD, PSD, and MD behavior depends on
many factors, such as particle shape, intensity of the field used to in-
duce the remanence, temperature, etc. When particle size continues to
decrease within the SD range (high coercivities and remanence) and the
remanence, as well as the coercivity, reach zero, the particle becomes
superparamagnetic [55].

It should be noted that the magnetic behavior of the γ-Fe2O3 and γ-
Fe2O3@SiO2 nanoparticles was different from the bulk maghemite due
to the very small size, inter-particle interactions, and surface effects.
The saturation magnetization of uncoated γ-Fe2O3 particles, determined
from the hysteresis loop after subtraction of the linear part, was
56.5 A·m2/kg suggesting that the concentration of maghemite in the
sample was 70.6 wt%, assuming that the saturation magnetization of
pure maghemite is 80 A·m2/kg [56]. After the modification with SiO2,
the magnetization of γ-Fe2O3@ SiO2 particles decreased to 51 A·m2/kg
(Table 1), which corresponds to 63.8 wt% γ-Fe2O3 in the composite.
This value was approximately in agreement with data determined by
AAS (41.5 wt% Fe, i.e., 59.3 wt% γ-Fe2O3).

3.3. Treatment of tumor-bearing animals with the particles and/or a
vitamin E derivative

As shown in our previous report, poly(N,N-dimethylacrylamide-co-
acrylic acid)-coated γ-Fe2O3 induced lipid, protein, and glutathione
oxidation in vitro in the blood serum, which resulted in profound an-
titumor activity in mice with Lung Lewis carcinoma [57]. Experiments
on the same breed of rats with Walker-256 carcinosarcoma as used in
this study then demonstrated that combined administration of γ-Fe2O3

with Toc-6-Ac substantially enhanced the antitumor activity compared
to treatment with single agents [41]. Antitumor activity of the iron
oxide nanoparticles was ascribed to Fe2+ release, which increased after
addition of Toc-6-Ac [41].

In this report, we investigated antitumor activity of the γ-Fe2O3@
SiO2 nanoparticles on experimental mammary gland carcinosarcoma,
assuming that the inert silica shell will reduce the effect. To verify
tumor inhibitory effect of Toc-6-Ac, it was administered per os both
alone and jointly with the γ-Fe2O3 or γ-Fe2O3@SiO2 nanoparticles in
Wistar rats with W-256 (Fig. 4).

Fig. 3. (a) Hysteresis loops and (b) Day diagram of γ-Fe2O3 and γ-Fe2O3@SiO2 nanoparticles. SD, PSD, and MD is single, pseudosingle, and multidomain, respec-
tively.

Fig. 4. Schematic illustration of per os administration of γ-Fe2O3@SiO2 and
Toc-6-Ac in a rat with experimental mammary gland carcinosarcoma. VEA –
vitamin E analogue.

Table 2
Combined antitumor effect of vitamin E analogue (Toc-6-Ac) and iron oxide
nanoparticles administered per os in Wistar rats with Walker-256 mammary
gland carcinosarcoma compared to tumor-bearing rats intraperitoneally treated
with doxorubicin.

Run Active substance Drug or
particle
dose
(mg/kg)

Tumor volume
reduction (vol.%)

No. & (%)
of animals
with
complete
tumor
regression

1 Doxorubicin 1.5 68.11 ± 7.72* 1 (10)
2 Toc-6-Ac 25 68.68 ± 2.44* 1 (10)
3 γ-Fe2O3 10 25.10 ± 3.88* 1 (10)
4 γ-Fe2O3@SiO2 10 12.03 ± 3.82 0 (0)
5 γ-Fe2O3@PDMAa 10 61.89 ± 5.09* 0 (0)
6 γ-Fe2O3+Toc-6-Ac 10 and

25
36.25 ± 2.92*,# 4 (40)

7 γ-Fe2O3@SiO2+Toc-6-Ac 10 and
25

57.88 ± 10.47*,§ 2 (20)

8 γ-Fe2O3@PDMA+Toc-6-Aca 10 and
25

63.80 ± 3.56* 0 (0)

*,#,§Significantly different from control tumor-bearing animals without treat-
ment and animals treated with nanoparticles No. 3 and 4, respectively.

a From [41]. The data are means ± SE (number of animals n=10).

B.A. Zasońska et al. Journal of Magnetism and Magnetic Materials 471 (2019) 381–387

384



Antitumor effect of Toc-6-Ac and iron oxide nanoparticles was
compared not only to that of doxorubicin, which was intraperitoneally
injected in tumor-bearing rats, but also to γ-Fe2O3@PDMA (Table 2).

Tumor inhibitory activity was expressed in terms of tumor volume
reduction. Doxorubicin, Toc-6-Ac, and γ-Fe2O3 reduced the tumor vo-
lume by 68, 69, and 25 vol%, respectively. In contrast, administration
of γ-Fe2O3@SiO2 nanoparticles decreased the tumor volume by only
∼12 vol% due to the presence of inert SiO2 shell hindering the redox
activity of γ-Fe2O3. When Toc-6-Ac was administered in tumor-bearing
animals together with γ-Fe2O3, moderate tumor volume reduction was
noted compared to administration of neat γ-Fe2O3 (Table 2). However,
if Toc-6-Ac was jointly administered with the γ-Fe2O3@SiO2 nano-
particles, tumor inhibition was boosted reducing the tumor volume by
58 vol%. It can be thus supposed that while the γ-Fe2O3 redox activity
in the γ-Fe2O3@SiO2 nanoparticles was suppressed, addition of Toc-6-
Ac boosted reduction of Fe3+ to Fe2+ ions even in the presence of the
silica shell. Antitumor effect of γ-Fe2O3@SiO2 nanoparticles was lower
than that of γ-Fe2O3@PDMA nanoparticles (Table 2), which can be
explained by very rapid engulfment of γ-Fe2O3@PDMA nanoparticles
by the cells [43].

Antitumor effect of γ-Fe2O3@SiO2 nanoparticles and Toc-6-Ac on
Walker-256 mammary gland carcinosarcoma in Wistar rats was ex-
emplified on Fig. 5.

Tumor even completely disappeared (was undetectable) in some
animals treated with the iron oxide nanoparticles and/or Toc-6-Ac
(Table 2). Number of animals with complete tumor regression was
higher after combined treatment with Toc-6-Ac and γ-Fe2O3 or γ-
Fe2O3@SiO2 nanoparticles than that treated with doxorubicin, neat γ-
Fe2O3, Toc-6-Ac, or γ-Fe2O3@SiO2 nanoparticles. Complete tumor re-
gression can be ascribed to Fe2+ release from the particles, which was
boosted by Toc-6-Ac [41]. When considering the antitumor action of
the particles, they are supposed to move from the stomach in the small
intestine, from which they can resorb in the blood stream by a me-
chanism based on absorption of the particles by intestinal villus [58].
Being once in the bloodstream, more particles are absorbed by the
highly proliferating tumor cells than by the healthy ones. Moreover,
well-known differences between endocytosis pathways of the tumor
and healthy cells should be considered [59].

3.4. Cytotoxicity of the nanoparticles on blood cells and liver

To test biological effects of the nanoparticles before and after ad-
dition of Toc-6-Ac on Wistar rats with W-256 carcinosarcoma, white
and red blood cells were counted in the rat’s whole blood (Fig. 6).
Number of white blood cells decreased in all groups of the treated
tumor-bearing animals compared to the control untreated rats (Fig. 6a).
This decrease was dramatic in the animals treated with the γ-Fe2O3@

SiO2 nanoparticles; however, number of white blood cells was nor-
malized to that in healthy rats after co-administration with Toc-6-Ac.
Reduced number of white blood cells in rats treated with the γ-Fe2O3@
SiO2 nanoparticles suggested that the immune system was weak in-
creasing the risk of infection. The normalization of white blood cells
counts by co-administration of Toc-6-Ac can be attributed to the sti-
mulation of the immune system. In contrast to white blood cell de-
crease, no statistically significant changes were observed in red blood
cell counts in all groups of the tested animals (Fig. 6b). The absence of
changes in red blood cell counts reflects the normal number of ery-
throcytes containing hemoglobin, which carries oxygen to body’s tis-
sues and organs. The low hemoglobin level may result in anemia. The
higher red blood cell counts than normal (so-called erythrocytosis) may
occur due to abnormalities in the bone marrow.

In addition to the blood cell tests, the hepatic function of the in-
vestigated animals was assessed by measuring ALT and AST activities
and bilirubin content in blood plasma (Fig. 7). In all the animal groups,
with the exception of tumor-bearing rats treated with γ-Fe2O3@SiO2,
both enzyme activities decreased compared to those in untreated ani-
mals with W-256 carcinosarcoma (Fig. 7a and b).

This decrease corresponded to that achieved in the rats treated with
doxorubicin, which is commonly used an anticancer drug in clinics. In
contrast, the ALT and AST results confirmed that the γ-Fe2O3@SiO2 did
not change enzyme activity. Compared to both tumor-bearing and in-
tact control rats, bilirubin content decreased in all groups of treated
animals, with this decrease being more pronounced in rats treated with
γ-Fe2O3 and γ-Fe2O3@SiO2 nanoparticles (Fig. 7c). Co-administration
of the γ-Fe2O3 and γ-Fe2O3@SiO2 particles with Toc-6-Ac normalized
bilirubin levels to those of the intact controls. These results thus proved
that combined oral administration of γ-Fe2O3@SiO2 nanoparticles with
Toc-6-Ac did not induce toxicity in the liver, which is a dominant organ
of nanoparticle accumulation [60].

4. Conclusions

Superparamagnetic iron oxide nanoparticles were obtained by a co-
precipitation method and coated with silica. We preferred maghemite
to magnetite particles since Fe2+ ions are known to have higher adverse
effects on the cell microenvironment than the Fe3+ ions [61,62]. Re-
sulting γ-Fe2O3@SiO2 nanoparticles represent an important example of
core-shell particles. While the core provides magnetic property en-
abling easy and rapid manipulation of the particles in the magnetic field
or imaging by MRI, the silica shell renders the particles with bio-
compatibility and colloidal stability in biological applications. Addi-
tional advantage of silica consists in its simple modifiability introducing
typically amino or carboxyl groups, that are available for future at-
tachment of target biomolecules.

It can be hypothesized that redox activity of the iron oxide particles
is playing a key role in influencing their biological functions [41]. For
example, γ-Fe2O3@PDMA nanoparticles exhibited a strong antitumor
activity in Walker-256 carcinosarcoma-bearing rats, i.e., tumor volume
was substantially reduced. In the present report, we have confirmed
that coating of γ-Fe2O3 particles with silica dramatically decreased the
antitumor activity. While the neat γ-Fe2O3 reduced the tumor volume
by 25 vol%, the γ-Fe2O3@SiO2 particles by only 12 vol%. However, co-
administration of the γ-Fe2O3@SiO2 particles with Toc-6-Ac sub-
stantially boosted the antitumor activity, as documented by reduction
of the tumor volume by 58 vol% and complete tumor regression in 20%
of animals. This antitumor effect was explained by Fe2+ release from γ-
Fe2O3 particles, which is in agreement with our previous report [41].

This study thus offered a new experimental approach for pro-
spective effective treatment in oncology using a combined oral ad-
ministration of silica-modified superparamagnetic nanoparticles to-
gether with Toc-6-Ac. This joint application lacks undesirable toxic
side-effects, which are typical for doxorubicin. The finding can be
exploited in the future design of magnetically manipulatable and

Fig. 5. Antitumor effect of nanoparticles on Walker-256 mammary gland car-
cinosarcoma (Wistar rats). (a) Untreated rat with tumor (control), (b) rat with
tumor treated per os by γ-Fe2O3@SiO2 nanoparticles, and (c) γ-Fe2O3@
SiO2+Toc-6-Ac.
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targetable redox-active anticancer agents. However, more studies on
polymer-coated iron oxide nanoparticles are required using different
experimental tumors than the mammary gland.
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