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and antitumor effect of
doxorubicin-loaded Fe3O4–Au nanocomposite
synthesized by electron beam evaporation for
magnetic nanotheranostics

Valerii B. Orel, *ab Yurii A. Kurapov, c Stanislav Ye. Lytvyn, c Valerii E. Orel, ab

Olexander Yu. Galkin, b Olga Yo. Dasyukevich, a Oleksandr Yu. Rykhalskyi, a

Anatolii G. Diedkov, a Vasyl V. Ostafiichuk, a Sergii A. Lyalkin, a

Anatoliy P. Burlaka, d Sergii V. Virko, de Mykola A. Skoryk, f

Viacheslav V. Zagorodnii, bf Yaroslav A. Stelmakh, c Gennadii G. Didikin, c

Olena I. Oranska, g Lucio Calcagnile, h Daniela E. Manno, h Rosaria Rinaldi h

and Yana V. Nedostup i

Magnetic nanocomposites (MNC) are promising theranostic platforms with tunable physicochemical

properties allowing for remote drug delivery and multimodal imaging. Here, we developed doxorubicin-

loaded Fe3O4–Au MNC (DOX-MNC) using electron beam physical vapor deposition (EB-PVD) in

combination with magneto-mechanochemical synthesis to assess their antitumor effect on Walker-256

carcinosarcoma under the influence of a constant magnetic (CMF) and electromagnetic field (EMF) by

comparing tumor growth kinetics, magnetic resonance imaging (MRI) scans and electron spin resonance

(ESR) spectra. Transmission (TEM) and scanning electron microscopy (SEM) confirmed the formation of

spherical magnetite nanoparticles with a discontinuous gold coating that did not significantly affect the

ferromagnetic properties of MNC, as measured by vibrating-sample magnetometry (VSM). Tumor-

bearing animals were divided into the control (no treatment), conventional doxorubicin (DOX), DOX-

MNC and DOX-MNC + CMF + EMF groups. DOX-MNC + CMF + EMF resulted in 14% and 16% inhibition

of tumor growth kinetics as compared with DOX and DOX-MNC, respectively. MRI visualization showed

more substantial tumor necrotic changes after the combined treatment. Quantitative analysis of T2-

weighted (T2W) images revealed the lowest value of skewness and a significant increase in tumor

intensity in response to DOX-MNC + CMF + EMF as compared with the control (1.4 times), DOX (1.6

times) and DOX-MNC (1.8 times) groups. In addition, the lowest level of nitric oxide determined by ESR

was found in DOX-MNC + CMF + EMF tumors, which was close to that of the muscle tissue in the

contralateral limb. We propose that the reason for the relationship between the observed changes in MRI

and ESR is the hyperfine interaction of nuclear and electron spins in mitochondria, as a source of free

radical production. Therefore, these results point to the use of EB-PVD and magneto-

mechanochemically synthesized Fe3O4–Au MNC loaded with DOX as a potential candidate for cancer

magnetic nanotheranostic applications.
1. Introduction

The unique physicochemical properties of magnetic nano-
particles have driven the application of nanotechnology for
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cancer diagnostics and treatment.1,2 Recently, considerable
effort has been directed to nanostructures synthesized from the
combination of two or more different materials. This has the
advantage of developing nanocomposites with tunable
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Fig. 1 Schematic representation of Fe3O4–Au MNC synthesis via EB-
PVD: (A) iron and sodium chloride are vaporized by an electron beam,
then the vapors condense on a cooled substrate, forming iron nano-
particles embedded in NaCl matrix; (B) following oxidation the nano-
particles are coated with gold evaporated from a reactor.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

5:
35

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
characteristics distinct from their constituent materials.
Magnetic nanocomposites (MNC) based on iron oxide, in
particular magnetite (Fe3O4), are garnering great interest
because of their use in drug delivery, magnetic resonance
imaging (MRI) and magnetic hyperthermia. These have proven
effective since such materials exhibit ferromagnetic or super-
paramagnetic properties and a large surface area to volume
ratio.3 Nonetheless, iron oxide nanostructures are prone to
aggregate in a nonuniform manner upon interaction with the
biological media, which may limit their biodistribution and
even result in toxic side effects. One solution is to coat the
surface of magnetite nanoparticles with another material, such
as a noble metal or a polymer.4,5 Gold represents an attractive
material for enhancing the biocompatibility of MNC while
maintaining the ability to initiate free radicals, including reac-
tive oxygen (ROS) and nitrogen species (RNS).6 Furthermore, the
optical properties of gold can be used to promote plasmon-
assisted free radical production by MNC under the inuence
of magnetic elds.7,8

It is important to begin with an understanding that mito-
chondria are one of the major sources of free radicals in
mammalian cells due to proton-coupled electron transfer
processes.9 ROS generation is a widely accepted mechanism by
which many anticancer drugs, such as doxorubicin (DOX), act
on the tumor and its microenvironment. Drug-induced eleva-
tion in ROS levels leads to oxidative stress and cell damage.10

Previous in vitro studies reported more pronounced antitumor
effects of DOX-loaded Fe3O4–Au MNC (DOX-MNC) than that of
free DOX.11–13 Though conceptually simple, this approach alone
is unable to target ROS and RNS formation at the tumor site and
limit toxicity to normal tissues. The application of a constant
magnetic eld (CMF) offers the possibility of MNC delivery to
the tumor, whereas a radiofrequency electromagnetic eld
(EMF) affects the kinetics of free radical reactions and subse-
quent ROS and RNS formation. It is immediately apparent that
CMF not only aligns MNC with the eld gradient but also exerts
a magnetic force upon them. By applying mechanical stress on
tumor cells in response to CMF, MNC alter mechanochemical
transduction pathways involved in tumor development. A
combination of MNC, CMF and EMF is of particular interest in
the context of magneto-mechanochemical effects on proton-
coupled electron transfer processes in mitochondria.14 It has
also been shown that DOX-MNC enhances the antitumor
activity of the chemotherapeutic drug by modulating ROS
production through the magneto-mechanochemical effects in
the presence of CMF and EMF as well as improves tumor
contrast in different imaging modalities.15

In practice, a straightforward way to fabricate MNC is by
electron beam physical vapor deposition (EB-PVD) of iron in
a porous NaCl matrix onto a substrate. NaCl solution is a choice
of solvent for most chemotherapeutic agents. The effect of
annealing or exposure to the oxygen atmosphere serves to
oxidize iron embedded in the matrix.16 EB-PVD is a technique in
which molecule decomposition under electron irradiation
forms nanostructures by the deposition of nonvolatile frag-
ments on the substrate.17,18 Given a uniform evaporation rate
and distribution of vapor ows, this method does not lead to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
formation of metal–ligand bonds, unlike chemical synthesis.19

EB-PVD is also capable of engineering the surface functionality
of iron oxide with coatings composed of a few nanometer-sized
gold clusters.20 However, the emission of electrons and ions
during the procedure remains a serious challenge due to the
unwanted shadow evaporation, cross-linking and bubble bursts
associated with changes in the structure of MNC.21

In this study, we examine the physicochemical properties of
magnetite-based MNC with gold coating (Fe3O4–Au) prepared
using EB-PVD. Followingmagneto-mechanochemical synthesis,
we then assess the tumor response to treatment with DOX-MNC
under the inuence of CMF and EMF by comparing Walker-256
carcinosarcoma growth kinetics, MRI scans and electron spin
resonance (ESR) spectra.
2. Materials and methods
2.1 Synthesis of Fe3O4–Au MNC

The two steps in the synthesis of MNC by EB-PVD are the
preparation of Fe3O4 nanoparticles followed by gold coating
(Fig. 1).

Fe–NaCl nanostructures were deposited on a water-cooled
copper substrate in the same vacuum step with a residual
pressure of z10−2 Pa. Deposit morphology was controlled by
evaporation rate, duration and substrate temperature, with iron
nanoparticles embedded into a porous NaCl matrix. Aer the
samples were soaked in a vacuum and bleeding air, they were
detached from the substrate. Exposure to the atmosphere
facilitated the oxidation of iron nanoparticles captured within
the pores of the matrix material to magnetite. The resulting
sample was rened, washed several times with distilled water
and allowed to settle. Once Fe3O4 residue was collected and
dried, we ground it using an agate mortar and repeated washing
to remove NaCl.

Next, gold was vaporized by the electron beam in a reactor,
where the vapors traveled through a chamber to magnetite
nanoparticles placed in a water-cooled copper tank. The nano-
particles were thoroughly mixed while gold condensed to a solid
phase on their surface.
2.2 Characterization of Fe3O4–Au MNC

MNC were analyzed at each step during preparation. The
structure of Fe3O4 aggregates released from the NaCl matrix was
RSC Adv., 2024, 14, 14126–14138 | 14127
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followed by transmission electron microscopy (TEM) with
a HITACHI H-800 microscope (Hitachi, Japan) at 150 kV accel-
eration voltage. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was used to determine the concentra-
tion of gold in MNC with an Optima 2100 DV instrument (Per-
kinElmer, USA). Scanning electron microscope (SEM) images
were taken to study the morphology and size of MNC using
MIRA3 (TESCAN, Czech Republic) microscope with a eld
emission cathode (high-brightness Schottky cathode), energy
dispersive X-ray spectrometer (EDX), X-max 80 mm2 detector
(Oxford instruments, UK), operating at an accelerating voltage
of 5–20 kV. In order to investigate the crystalline structure of
MNC powder, X-ray diffraction (XRD) analysis was performed
using a DRON-UM1 (Burevestnik, USSR) diffractometer with
a Co Ka radiation congured for focused beam Bragg–Brentano,
a step scan size of 0.05° between 10–85° at 1 s exposure. Phase
identication was carried out using Match! v.1.0 soware
(Crystal Impact, Germany) coupled with the International
Centre for Diffraction Data (PDF-2).

TEM images of DOX-MNC were taken with 200 kV JEOL
(Japan) JEM-ARM200F NEOARM Holographic Electron Micros-
copy equipped with a 4 K resolution Gatan CCD camera at the
University of Salento (Lecce, Italy) and then processed with
DigitalMicrograph v. 3.53.4137.0 soware (Gatan Inc, USA).
Histogram and heterogeneity analysis of acquired images was
performed based on Moran's I spatial autocorrelation index22

using ImageJ 1.53a (National Institutes of Health, USA) and
Autocorrelation v.1.0 (NCI) soware. This research was con-
ducted within the scope of proposal 20232024 “Holo-TEM of
magnetic nanocomplexes Au–Fe3O4-DOXO for a more effective
ght against cancer”, which was nanced by the Central Euro-
pean Research Infrastructure Consortium (CERIC-ERIC).

The magnetic properties of MNC samples were determined
using a 7404 vibrating-sample magnetometer (VSM) with a sensi-
tivity of 10−7 emu in magnetic elds of up to 5000 Oe (Lake Shore
Cryotronics Inc., USA).Weightmeasurements of the samples were
performed with an AB135-S/FACT electronic microbalance scale
with a sensitivity of 10−5 g (Metller Toledo, Switzerland).

MNC hydrodynamic size was assessed using a Malvern
Zetasizer Nano S analyzer (Malvern Panalytical, UK) in an
aqueous colloidal system. The spectrometer could measure
particles ranging from 0.3 nm–10 mm with an accuracy of ±2%
and sensitivity of 0.1 mg ml−1 (lysozyme).

2.3 DOX loading

Loading of Fe3O4–Au MNC with DOX (Pzer, Italy) was carried
out through the magneto-mechanochemical synthesis using
a magneto-mechanical milling chamber (NCI, Ukraine) as
described in ref. 23. Previously observed a 10-fold decrease in
DOX size aer synthesis measured at 15 kV accelerating
voltage24 was not visualized in this study at 200 kV.

2.4 Experimental animals, tumor implantation and
treatment

Female noninbred rats with body weights of 123.4 ± 7.9 g were
obtained from the vivarium of the National Cancer Institute
14128 | RSC Adv., 2024, 14, 14126–14138
(NCI, Ukraine). Animals were randomly divided into four
experimental groups (n = 5): (1) control group undergoing no
treatment; (2) group treated with conventional DOX; (3) group
given DOX-MNC; (4) group receiving DOX-MNC and exposed to
CMF and EMF. All rats were implanted with Walker-256 carci-
nosarcoma cells (2 × 106 in medium 199) by intramuscular
injection into the right hindlimb. Walker-256 carcinosarcoma is
a rapidly growing experimental model with patterns of both
carcinoma and sarcoma, extensively studied and validated to
reliably induce tumor growth in experimental animals.25,26 The
current work was designed according to the research recom-
mendations outlined in ref. 27.

In groups 2–4, 1.5 mg kg−1 DOX or 3 mg kg−1 Fe3O4–AuMNC
loaded with 1.5 mg kg−1 DOX was administered by intravenous
injection every other day (ve times in total) starting on day 2
aer tumor implantation. Prior to CMF and EMF treatment, rats
in group 4 were anesthetized with 1–2% isourane inhalation
and immobilized. Tumor-bearing animals were exposed to 42
MHz EMF generated using an experimental prototype of
a MagTherm medical device (Radmir, Ukraine) for 15 min
following intravenous administration of DOX-MNC. We placed
a previously designed magnetic dipole applicator, comprising
an array of needle-shaped dipole antennas and NdFeB perma-
nent magnet with a eld strength of 30 mT,28 under the tumor
during EMF treatment in order to produce a nonuniform CMF
and thus target DOX-MNC to the tumor site by the eld
gradient. Recordings of tumor temperature, as measured by
TM-4 ber optical thermometer (Radmir, Ukraine), did not
exceed 39 °C in response to 15 min electromagnetic irradiation,
which maintained more physiological conditions of moderate
hyperthermia.23

This study was approved by the NCI Regional Committee for
Animals and Medical Research Ethics. All animal procedures
were carried out in accordance with the Law of Ukraine N 3447-
IV and European Directive 2010/63/EU.
2.5 Nonlinear growth kinetics of Walker-256
carcinosarcoma

Once palpable, tumors were measured in three orthogonal
dimensions: length, width and height using a digital caliper.29

Tumor volumes were estimated assuming an ellipsoid shape
according to the following equation:

V = L × W × H × p/6

where L is the length, W is the width and H is the height of the
tumor.

Differences in nonlinear tumor growth kinetics between
experimental groups were measured with respect to the role of
free radicals using the growth factor 4 and breaking ratio k.30
2.6 Magnetic resonance imaging

MRI studies were carried out at a magnetic eld strength of 1.5
T and transmission frequency of 63.9 MHz (Intera, Philips, the
Netherlands) using an 8-channel knee coil array (Sense Knee
Coil, Philips). Animals were anesthetized with isourane
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM image (A) and electron pattern (B) of Fe3O4 nanoparticles
synthesized using EB-PVD.

Fig. 3 SEM images with increasing magnification from (A) and (B) of
Fe3O4–Au MNC: EB-PVD formed island structures of gold (bright
spots) on the surface of magnetite nanoparticles (dark spots).
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inhalation prior to image acquisition. 1H MRI scans were
weighted according to the T1 (spin–lattice) relaxation time
(repetition time (TR)/echo time (TE) = 500/18 ms, slice thick-
ness = 2.5 mm) and T2 (spin–spin) relaxation time (TR/TE =

3230/100 ms, slice thickness = 2.5 mm). Imaging ndings of
tumor necrosis, intratumoral hemorrhage and peritumoral
edema were compared between animal groups based on ref. 31
and 32.

Since Fe3O4–Au nanoparticles are generally suitable to serve
as T2 contrast agents,33 circular regions of interest (ROIs) were
drawn on the acquired T2-weighted (T2W) coronal images:
tumor (1), muscle (2) and background (3) with Horos 4.0 so-
ware (Horos Project, Switzerland). The center of the tumor ROI
was dened as the intersection of the two longest diameters; the
center of the muscle ROI matched the intersection point of the
two longest diameters of the hamstring muscle in the contra-
lateral limb. In choosing the background ROI, we avoided
regions that might contain motion artifacts.34 Given ROI
intensity measurements, image contrast in the tumor was
calculated as follows:

Image contrast = (ROItumor − ROIbackground)/ROIbackground.

2.7 Electron spin resonance spectroscopy

ESR spectra of tissue specimens were recorded on a RE1307
spectrometer using a cylindrical resonator with H011 mode
at 9.09 GHz. Instrument settings: temperature 77 K, micro-
wave power 40 mW, modulation frequency 100 kHz. Tumor
and muscle tissue specimens were placed in a quartz Dewar
with an inner diameter of 4.5 mm. ESR signals were distin-
guished on the basis of g-factors, as described in ref. 35.
Levels of free radicals, including ubisemiquinone, super-
oxide (O2c

−) and nitric oxide (cNO), were interpreted accord-
ing to ref. 36–38.

2.8 Statistical analysis

The Kolmogorov–Smirnov test was used to assess the normality
of data distributions. Mann–Whitney U test was used to
compare TEM image brightness and Moran's spatial autocor-
relation. One-way analysis of variance (ANOVA) followed by
Tukey HSD multiple comparisons were performed to analyze
the tumor growth factor and ESR signals. ROI intensities on
MRI scans were compared between groups by the Kruskal–
Wallis test. Signicance was determined at the p < 0.05 level. All
statistical analyses were conducted using SPSS Statistics v. 25.0
(IBM, Inc., Armonk, NY, 2017).

3. Results and discussion
3.1 Microstructure and composition of Fe3O4–Au MNC

Fig. 2 shows a TEM image of Fe3O4 nanoparticles prior to gold
coating. In Fig. 2A the nanoparticles are spherical and have
a narrow size distribution, while their microdiffraction pattern
(Fig. 2B) demonstrates a high degree of crystallinity and
uniformity. XRD indicated that the crystallite size of the Fe3O4
© 2024 The Author(s). Published by the Royal Society of Chemistry
phase was 13 nm. Fig. 3 shows SEM images of magnetite
nanoparticles aer gold coating, with increasing magnication
from (A) to (B). The produced sample of MNC powder displayed
a structure comprised of Au nanoparticles with an average
diameter of 13 nm deposited in a discontinuous manner on the
surface of Fe3O4 aggregates (#200 nm). The presence of gold
(944 ppm) in MNC was conrmed by ICP-AES. It should be
noted that Fe3O4 nanoparticles bore island structures of Au on
their surface rather than a continuous shell, which would
otherwise completely reduce the reactivity of MNC and prevent
the formation of DOX-induced ROS in the tumor and its
microenvironment39 under the inuence of CMF + EMF. A
contributing factor here could also be the charge transfer from
Au to Fe3O4 surface atoms. Alterations in Fe2+ and Fe3+ ordering
lead to oxygen release as a result of magnetite reduction at the
interface with gold.40 Moreover, continuous and thick gold
shells were found to reduce the contrasting capability of Fe3O4–

Au MNC for MRI.41

To investigate changes in MNC structure aer DOX loading,
TEM images were taken with a JEM-ARM200F NEOARM Holo-
graphic Electron Microscope. Fig. 4 shows the formation of
monocrystalline MNC given visible interplanar distances on
individual nanoparticles (Fig. 4A, A0, B and B0) and correspond-
ing fast-Fourier-transform (FFT) images (Fig. 4C and D). Quan-
titative analysis of the acquired image series revealed that DOX
loading by magneto-mechanochemical synthesis increased the
average image brightness from 89 ± 0.2 a.u. to 120 ± 0.2 a.u.,
decreasedMoran's spatial autocorrelation index from 0.58± 0.01
a.u. to 0.45 ± 0.01 a.u. (p < 0.05) and slightly affected the size
RSC Adv., 2024, 14, 14126–14138 | 14129
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Fig. 4 TEM, FFT images and size distributions of Fe3O4–Au MNC before (A, A0, C and E) and after DOX loading (B, B0, D and F): TEM images with
increasing magnification from A to A0 and B to B0; FFT images (C and D): yellow marks correspond to the contributions of gold and red marks
correspond to the contributions of Fe3O4; size (nm) distributions (E and F) of Au and Fe3O4 nanoparticles comprising MNC.
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distribution of MNC (Fig. 4E and F). Au nanoparticles had an
average size of 11 nm, whereas Fe3O4 nanoparticles had an
average size of 17 nm. A 1.4-fold increase in the average bright-
ness of TEM images following DOX loading reects a change in
the distribution density of incident electrons, and given the
coupling between electric and magnetic properties a change in
reactivity of the resulting MNC can be expected.42 A 22% lower
value of Moran's index aer DOX loading indicates a greater
degree of MNC heterogeneity. There are several sources of DOX-
MNC heterogeneity that have an impact on its reactivity:
stochastic, interparticle and intraparticle. The former refers to
the nonlinear nature of DOX distribution on the MNC surface;
the latter are associated with heterogeneity of spatial organiza-
tion between Au and Fe3O4 nanoparticles as well as variation in
size and surface chemistry of MNC.43

The hydrodynamic size of the synthesized Fe3O4–Au MNC
transferred into an aqueous solution is shown in Fig. 5. The
Fig. 5 Hydrodynamic size (D) of Fe3O4–Au MNC in aqueous solution.

14130 | RSC Adv., 2024, 14, 14126–14138
mechanism by which gold nanoparticles aggregate is quite
different from magnetite nanoparticles, where the attraction
between the particles is not only due to ionic species in the
solution but also their magnetic moments. In line with ref. 44,
DOX-MNC was stable for 30 days under normal storage condi-
tions. It was also shown that aggregation of Fe3O4 nanoparticles
coated with Au varied depending on the concentration of gold
added during synthesis.45
3.2 Magnetic properties of Fe3O4–Au MNC

The magnetic hysteresis loop for Fe3O4–Au MNC measured at
room temperature is presented in Fig. 6. MNC shows behavior
like a ferromagnetic material with the saturation magnetic
moment (ms) of 50.9 emu g−1 and coercivity (Hc) at 63 Oe. While
it is possible that the electron transfer processes at the Fe3O4/Au
interface induce local changes in magnetization, the observed
Fig. 6 Magnetic hysteresis loop measured for Fe3O4–Au MNC at
room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of Fe3O4–Au MNC synthesized
by EB-PVDa

dcr, nm 13
Fe, wt% 96.7
Au content, ppm 944
Ms, emu g−1 50.9
MsFe, emu g−1 52.7
Mr, emu g−1 3.69
MrFe, emu g−1 3.81
Hc, Oe 63
D, nm 263

a dcr – average crystallite size, Ms – saturation magnetization, MsFe –
saturation magnetization calculated for iron, Mr – remnant
magnetization, MrFe – remnant magnetization calculated for iron, Hc –
coercive force, D – hydrodynamic size in aqueous solution.

Fig. 7 Growth kinetics of Walker-256 carcinosarcoma: (1) – control
(no treatment); (2) – DOX; (3) – DOX-MNC; (4) – DOX-MNC + CMF +
EMF.
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magnetic properties are mainly attributed to iron oxide.46 Our
previous study found that DOX alone was a diamagnetic
substance that did not signicantly change the magnetic
properties of DOX-MNC aer loading.23

The magnetic properties of Fe3O4 nanoparticles are deter-
mined by a number of factors such as crystalline size, shape and
domain structure. Bulk ferromagnets consist of many domains
in order to minimize their total magnetic energy under the
inuence of an external CMF. The boundaries between adjacent
domains are formed by domain walls in which the direction of
magnetization changes between different minima of the
Table 2 Treatment effect on Walker-256 carcinosarcoma growth kinet

Group Treatment

1 Control (no treatment)
2 DOX
3 DOX-MNC
4 DOX-MNC + CMF + EMF

a Signicant difference from control, p < 0.05. b Signicant difference fro

© 2024 The Author(s). Published by the Royal Society of Chemistry
crystalline anisotropy.47 As the particle size decreases, energy
considerations no longer favor their division into domains and
thus a transition from a multidomain to a single domain state
may occur. Importantly, spherical Fe3O4 nanoparticles tend to
be single domain at the critical size of 128 nm.48,49 We report
that the average size of Fe3O4 crystallites did not exceed 13 nm
in the synthesized MNC. Single domain nanoparticles are
uniformly magnetized due to a coherent rotation of the majority
of their magnetic moments displaying high coercivity and
remanent magnetization. The measured coercivity is linked
with the effective anisotropy constant as follows:

Hc = 2K/Ms

where K is the effective anisotropy constant,Ms is the saturation
magnetization.

Smaller nanoparticles have a larger surface to volume ratio
that confers their reactivity and gives rise to magnetic anisot-
ropy contributions from the surface layer.50 Furthermore,
aggregation of MNC with a discontinuous coating, as shown in
Fig. 3 and 4, is also associated with changes in the effective
anisotropy.51 Although the size of Fe3O4 crystallites may have
suggested the superparamagnetic properties of MNC, it
appeared that the magnetic anisotropy energy barrier was not
overcome by the thermal activation energy or the applied
magnetic eld. Taken together, the investigated MNC exhibited
ferromagnetic behavior. Table 1 summarizes the physico-
chemical properties of synthesized Fe3O4–Au MNC with
discontinuous gold shell for prevention of aggregation, better
MRI contrasting and initiation of ROS.
3.3 Walker-256 carcinosarcoma growth kinetics and host
body weight

Walker-256 carcinosarcoma growth kinetics are shown in Fig. 7
and Table 2. Growth rates were determined over 18 days
following implantation because this tumor model undergoes all
three stages of development (initiation, promotion and
progression) within a short period of time.52 Our observations
indicate that treatment with DOX-MNC under the inuence of
CMF + EMF had the most pronounced inhibitory effect on
Walker-256 carcinosarcoma growth kinetics. Evidence of this
includes 14% and 16% higher values of the breaking ratio in
response to DOX-MNC + CMF + EMF compared with DOX action
alone and DOX-MNC, respectively. However, there was no
signicant difference in the growth factor values between
ics 18 days after implantation, M ± m

Growth factor 4, per day Breaking ratio k, r.u.

0.66 � 0.009 1.00
0.58 � 0.003a 1.13
0.60 � 0.003a 1.11
0.50 � 0.003a,b,c 1.32

m DOX, p < 0.05. c Signicant difference from DOX-MNC, p < 0.05.

RSC Adv., 2024, 14, 14126–14138 | 14131
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Fig. 8 Changes in body weight of Walker-256 carcinosarcoma-
bearing animals relative to their weight before implantation.
*Significant difference from control, p < 0.05; &significant difference
from DOX, p < 0.05; §significant difference from DOX-MNC, p < 0.05.
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groups receiving DOX-MNC and DOX, which were 12% and 9%
lower than in the untreated control group (p < 0.05). This can be
explained by changes in the generation of different levels of free
radical species in response to free DOX and DOX-MNC, as
compared with those under CMF and EMF.

Tumor growth kinetics has been previously shown to inu-
ence the prognosis for cancer patients: tumors with larger growth
factor values are typically more resistant to chemotherapy and
have increased recurrence rates.53 The results from this study
provide further conrmation of earlier in vitro experiments in
which Fe3O4–Au nanostructures loaded with DOX were found to
exert antitumor effects via nonthermal and thermal mechanisms
underlying the action of CMF and EMF.54–56

Changes in body weight of Walker-256 carcinosarcoma-
bearing rats relative to their weight prior to tumor implanta-
tion are shown in Fig. 8. There was no signicant difference in
the host body weight between animal groups before the
implantation. The control group receiving no treatment showed
the highest gain in total body weight during the study period.
DOX and DOX-MNC resulted in nearly 25% lower weight gain
Fig. 9 Representative T2W coronal whole-body MRI scans of Walker
implantation: control (A), DOX (B), DOX-MNC (C), DOX-MNC+CMF+ EM
muscle ROI in the contralateral limb; yellow circles outline the backgrou

14132 | RSC Adv., 2024, 14, 14126–14138
than animals in the control group (p < 0.05), in agreement with
previous work in which Walker-256 carcinosarcoma-bearing
animals demonstrated less weight gain in response to chemo-
therapeutic agents than those receiving no treatment.57,58 DOX-
MNC + CMF + EMF did not signicantly affect the host body
weight when compared with the control group.
3.4 Magnetic resonance imaging

Representative T2W whole-body MRI scans obtained from
Walker-256 carcinosarcoma-bearing rats are shown in Fig. 9.

MRI visualization revealed the least pronounced necrotic
changes and the greatest extent of peritumoral edema in control
tumors as compared with any of the treated groups. DOX-MNC +
CMF + EMF led to more extensive regions of central tumor
necrosis than DOX alone or DOX-MNC. In addition, MRI nd-
ings of intratumoral hemorrhage were observed to a greater
degree in the control and DOX-MNC + CMF + EMF groups. This
can be explained by elevated interstitial uid pressure and
mechanical compression during tumor growth in animals
receiving no treatment or the magnetic force produced by DOX-
MNC under the inuence of CMF and EMF.59,60

Fig. 10 shows the results of histogram analysis for tumor
ROIs delineated on T2W MRI scans. Pixel distribution in ROIs
from all experimental groups was not normal (p < 0.05).

Histogram features, skewness and kurtosis, extracted from
the control tumors demonstrated the largest values, which are
associated with increased tumor heterogeneity and poorer
prognosis in cancer patients.61 DOX-MNC or DOX-MNC + CMF +
EMF had a atter distribution than the control or DOX group.
Not only did DOX-MNC + CMF + EMF action result in negative
skewness of tumor ROIs but also the lowest absolute value
among other groups. In the latter situation, we cannot neglect
the possibility that DOX-MNC distribution could match the
chaotic structure of the tumor and the microenvironment in the
-256 carcinosarcoma-bearing rats acquired at 18 days after tumor
F (D). Red circles (1) indicate the tumor ROI; green circles (2) denote the
nd ROI (3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of ROI intensity on T2W MRI scans obtained from Walker-256 carcinosarcoma-bearing rats, median (min; max)

Group Tumor, a.u. Muscle, a.u. Background, a.u. Tumor/muscle ratio Tumor contrast

Control 794.6 (519.4; 2476.7) 1268.4 (130.7; 3997.1) 36.1 (0; 141.0) 0.6 21.0
DOX 693.4a (285.6; 1358.0) 706.0a (150.9; 2518.5) 41.3a (0; 111.4) 1.0 15.8
DOX-MNC 609.1a,b (217.3; 1333.9) 317.0a,b (37.4; 2368.7) 26.7a,b (0; 119.3) 1.9 21.8
DOX-MNC + CMF + EMF 1110.3a,b,c (429.0; 1769.5) 805.6a,b,c (154.7; 3945.8) 42.4a,b,c (0; 112.3) 1.4 25.2

a Signicant difference from control, p < 0.05. b Signicant difference from DOX, p < 0.05. c Signicant difference from DOX-MNC, p < 0.05.

Fig. 10 Image histograms of tumor ROIs on T2W MRI scans: control (A); DOX (B); DOX-MNC (C); DOX-MNC + CMF + EMF (D).
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presence of a nonuniform CMF, leading to the observed
difference in skewness on MRI.

Quantitative analysis of ROI intensity on T2W images is
summarized in Table 3. Intravenous administration of DOX and
DOX-MNC led to a signicantly lower intensity of both the
tumor and the muscle tissue in the contralateral limb. On the
contrary, there was a substantial increase in the image intensity
of tumor ROIs following DOX-MNC + CMF + EMF as compared
with the control (1.4 times), conventional DOX (1.6 times) and
DOX-MNC (1.8 times) groups. The ratio of the tumor ROI
intensity to the intensity of the muscle ROI changed across the
groups from 0.6 (control) to 1.9 (DOX-MNC). We also note that
the image contrast of DOX-MNC + CMF + EMF tumors was 1.2
times as much as in the control group. In the previous work,
Fe3O4–Au nanostructures were observed to produce a local
inhomogeneity of the applied eld and thereby shortening T2

relaxation time, once delivered to the tumor.62
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.5 Electron spin resonance spectroscopy

A comparison of ESR spectra and free radical levels recorded
from Walker-256 carcinosarcoma are shown in Fig. 11 and 12.
Signals measured in the tumor samples occurred around g =

2.007, indicating that free electron spins were present in the
triplet state. Further analysis of ESR spectra revealed that the
highest levels of free radicals were measured in the control
group. As a result of DOX-MNC + CMF + EMF treatment, there
was only a 7% difference in the nitric oxide level between the
tumor and the muscle tissue in the contralateral limb (p < 0.05).
Overall, DOX, DOX-MNC and DOX-MNC + CMF + EMF led to
a 47% reduction, on average, in the level of ubisemiquinone,
superoxide radical and nitric oxide in the tumor compared with
the control group. Interestingly, the differences in superoxide
and nitric oxide levels between the groups were in agreement
with the direction of changes in the extent of peritumoral
edema on MRI. It has been reported in previous studies that
RSC Adv., 2024, 14, 14126–14138 | 14133
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Fig. 11 Electron spin resonance spectra of Walker-256 carcinosar-
coma 18 days after implantation: (1) – control (no treatment); (2) –
DOX; (3) – DOX-MNC; (4) – DOX-MNC + CMF + EMF; T = 77 K.
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superoxide and nitric oxide are implicated in neoangiogenesis,
vasodilation and peritumoral edema formation.63,64

A high level of free radicals is thought to have detrimental
consequences on cell function and survival, whereas at
moderate and low levels they mediate redox signaling pathways.
In particular, overwhelming superoxide and nitric oxide
production has been found to rapidly lead to necrotic cell death,
as opposed to the initiation of apoptotic cell signaling under
mild oxidative stress.65–67 At physiological levels, superoxide
radical and nitric oxide are also involved in signaling pathways
that regulate muscle tissue remodeling, repair and regenera-
tion.68,69 As is the case with many processes in biological
systems, it is important to take into account the nonlinearity of
free radical initiation in mitochondria and their role in cellular
responses.70 These aspects of ROS and RNS function explain
why DOX-MNC + CMF + EMF demonstrated a notable decrease
Fig. 12 Redox state in Walker-256 carcinosarcoma 18 days after imp
difference from DOX, p < 0.05; §significant difference from DOX-MNC, p

14134 | RSC Adv., 2024, 14, 14126–14138
in ubisemiquinone, superoxide and nitric oxide levels in
Walker-256 carcinosarcoma.

Since free radicals contain unpaired electrons in the outer
shell, they tend to be extremely reactive, enabling interactions
with most cellular macromolecules, such as proteins, DNA
and lipids. Many of the well-established strategies for cancer
treatment aim to modulate free radical levels in the tumor
and its microenvironment. For instance, the accumulation of
DOX in tumor cells leads to ROS elevation. DOX can be
reduced to its semiquinone radical by the cytochrome P450
system and the electron transport chain in mitochondria.
Semiquinone radicals have a half-life of several days at 37 °C
retained as relatively stable radicals. However, semiquinone
still serves as an electron donor in the vicinity of molecular
oxygen giving rise to superoxide formation that itself is
subject to redox cycling with hydrogen peroxide (H2O2) and
hydroxyl radical (cOH) formation.71,72 Superoxide is involved
in the regulation of nitrogen oxide and peroxynitrite (ONOO−)
levels; the latter is a powerful and toxic oxidant.73 In addition,
DOX contributes to mitochondrial iron overload by redox
cycling between Fe2+ and Fe3+ ions which in turn induces the
generation of hydroxyl radicals via the Fenton and Haber–
Weiss reactions. Oxidative stress thus represents one of the
mechanisms proposed for toxicity associated with MNC
composed of iron oxide.39 It should also be noted that elec-
tromagnetic irradiation alone can change the kinetics and
yields of free radical reactions, leading to some level of tumor
growth inhibition.74,75

Based on our earlier works,23,28,76 we applied a nonuniform
CMF and radiofrequency EMF in order to target DOX-MNC
distribution and inuence free radical reactions in the tumor
through changes in spin-regulated electron and proton trans-
port in mitochondria. Comparative analysis of ESR and MRI
results indicates a possible relationship between electron and
proton transfer processes in biochemical reactions underlying
Walker-256 carcinosarcoma response to DOX-MNC + CMF +
EMF treatment. The unpaired electrons could interact with
protons under electromagnetic irradiation during ESR and 1H
MRI. Therefore, the observed changes in ESR spectra and
intensity of tumor ROIs in MRI scans may be linked by the
hyperne interaction between the magnetic moment of the
electron in a free radical produced by DOX-MNC and nuclear
spins.77 This is further supported by the ability of DOX and ROS
to alter T2 relaxation time and image intensity on MRI.78,79
lantation: *significant difference from control, p < 0.05; &significant
< 0.05; #significant difference from DOX-MNC + CMF + EMF, p < 0.05.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In summary, our results demonstrate that DOX-MNC can be
prepared using EB-PVD in combination with magneto-
mechanochemical synthesis for cancer nanotheranostic applica-
tions. Characterization of MNC involved several methods,
including TEM, SEM, ICP-AES, XRD analysis, VSM and spectro-
photometry. We found that a discontinuous gold coating depos-
ited on spherical magnetite nanoparticles had negligible effects
on the ferromagnetic properties of the resulting Fe3O4–Au MNC.
Following DOX loading, we investigated the antitumor effect of
DOX-MNC on Walker-256 carcinosarcoma under the inuence of
a nonuniform CMF and radiofrequency EMF by comparing
tumor growth kinetics, MRI scans and ESR spectra. DOX-MNC +
CMF + EMF treatment caused a 14% and 16% more pronounced
inhibitory effect on Walker-256 carcinosarcoma growth kinetics
than DOX and DOX-MNC alone, respectively. MRI visualization
revealed more substantial tumor necrotic changes in response to
DOX-MNC combined with CMF and EMF than in the control,
DOX or DOX-MNC groups. Furthermore, quantitative analysis of
T2W MRI scans showed a signicant increase in image intensity
of tumor ROIs in the DOX-MNC + CMF + EMF group as compared
with the control (1.4 times), conventional DOX (1.6 times) and
DOX-MNC (1.8 times) groups. Pixel distribution of tumor ROIs
had the lowest absolute value of skewness aer DOX-MNC + CMF
+ EMF. Although the level of ubisemiquinone radical, superoxide
radical and nitric oxide measured by ESR spectroscopy in the
tumor was on average 47% lower in response to any of the given
treatments than in the control group, DOX-MNC + CMF + EMF
resulted in the lowest level of nitric oxide, which was close to that
of the muscle tissue in the contralateral limb. The observed
differences in superoxide and nitric oxide levels between experi-
mental groups matched with the direction of changes in the
extent of peritumoral edema on MRI. In principle, the relation-
ship between changes in ESR spectra and intensities ofMRI scans
may be explained by the hyperne interaction between the
magnetic moment of the electron in a free radical generated by
DOX-MNC in mitochondria and nuclear spins. Future studies
should therefore support the translation of DOX-MNC prepared
using EB-PVD in combination with magneto-mechanochemical
synthesis from preclinical to clinical development as an MRI
contrast agent and a remotely controlled drug delivery platform
under CMF and EMF by giving rise to a clearer understanding of
the spin-regulated electron and proton transport in DOX-MNC,
tumor and its microenvironment.
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