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ABSTRACT: A superparamagnetic nanoferrite (SPNF) with high magnetic moment, AC
magnetically induced heating (AC-heating) capacity, and good biocompatibility is the most
vital part of magnetic fluid hyperthermia for utilizing it in the clinics. Herein, we precisely
tune magnetic properties and AC-heating characteristics of MgxMn1−xFe2O4 SPNF via
chemically controlling the cations’ concentration and distribution to develop a tailored
MgxMn1−xFe2O4 SPNF as a potential magnetic fluid hyperthermia agent. The magnetic
and AC-heating characteristics of the tailored MgxMn1−xFe2O4 SPNF are strongly
dependent on the Mg/Mn cations ’ concentration and distribution, and
Mg0.285Mn0.715Fe2O4 SPNF exhibits the highest saturation magnetization and AC-heating
capacity as well as high biocompatibility.
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Magnetic fluid hyperthermia (MFH) using superparamag-
netic nanoferrites (SPNFs) has been drawing huge

attraction in cancer clinics due to its promising biomedical
features to realize both in vivo targeting cancer cells and an
effective local therapeutic heating of cancer cells under the
applied AC magnetic field (Scheme 1).1−9 To completely
eliminate cancer cells with minimized systemic side effects and
toxic problems,10−12 the SPNFs have to satisfy some crucial
requirements.2,13−15 First, the SPNFs need to generate an AC
magnetically induced heating temperature (AC-heating,
TAC,mag) as high as possible at a small concentration (a high
specific loss power, SLP). Second, the SPNFs should have a
high magnetic susceptibility (χm = χm′ + iχm″), particularly out-
of-phase magnetic susceptibility (χm″) directly relevant to the
AC-heating characteristics, and a superior biocompatibility.
Lastly, it has to generate a high TAC,mag in a physiologically
tolerable range of applied magnetic field (Happl), and frequency
( fappl). The Happl fappl should be less than 3 × 109 A m−1 s−1

(generally, Happl < 190 Oe and fappl < 120 kHz).16 Thus, to
address the needs, a great deal of approaches are still put
forward to develop new potential SPNFs and enhance the
performance of currently considered SPNFs.
Among the numerous SPNFs, the quarterly phase of

magnesium−manganese SPNF (MgxMn1−xFe2O4) is consid-
ered to be a potential material for MFH agent applications. The
main physical and physiological reasons are that it has
negligible Eddy current losses, high Curie temperature, and
that both Mg and Mn are biocompatible elements (essential
trace nutrients). Mg especially is a cofactor in enzymatic
reactions and required for protein and nucleic acid synthesis in

cell cycle process, and a part of cytoskeletal and mitochondrial
integrity.17 Furthermore, the magnetic properties (including
saturation magnetization, Ms, and magnetic susceptibility) and
correspondingly TAC,mag can be readily tuned and significantly
improved by precise tailoring of the concentration of Mg
cations in tetrahedral (A-site) and octahedral (B-site) sites of
MgxMn1−xFe2O4 SPNF.

18,19

To synthesize MgxMn1−xFe2O4 and control the Mg cation
concentration, a high temperature (750−1100 °C) is
required.20 However, the same high temperature is also
responsible for undesirable large particle size. Therefore, for
successful MFH applications, current technologies that utilize
MgxMn1−xFe2O4 SPNFs have to overcome a couple of critical
challenges: (1) how to successfully synthesize the super-
paramagnetic size (phase) of MgxMn1−xFe2O4 ferrite with an
uniform size and size distribution at a lower temperature, (2)
how to control the Mg cation concentration of the super-
paramagnetic MgxMn1−xFe2O4 ferrite to enhance Ms, TAC,mag, as
well as SLP.
In this study, we precisely controlled Mg cation concen-

tration at a lower synthesis temperature (<300 °C) to develop a
tailored MgxMn1−xFe2O4 SPNF as a potential MFH agent and
determined the optimal chemical composition that shows the
highest AC-heating characteristics at a low applied AC
magnetic field (Happl fappl < 1.11 × 109 Am−1s−1) and the
significantly improved Ms. The physical correlation between the
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magnetic properties tuned by tailoring the Mg cation’s
concentration and the TAC,mag characteristics were systemati-
cally investigated. In addition, the cell viability of the SPNFs
was quantitatively analyzed to evaluate the biocompatibility for
in vivo MFH agent applications.

The MgxMn1−xFe2O4 SPNFs were synthesized at different
cation concentrations using a modified thermal decomposition
method (Figure 1a).21 The Mg cation concentration of
MgxMn1−xFe2O4 SPNFs was chemically controlled from x =
0.037 to 0.395 by adjusting the amount of the Mg/Mn
precursors and the reducing agent (1,2-hexadecandiol) during
the synthesis. The crystal structure, chemical composition, size,
and size distribution of the synthesized MgxMn1−xFe2O4 SPNFs
were measured and analyzed. The magnetic properties
including Ms, magnetic susceptibility, and minor hysteresis
behavior and AC magnetically induced heating characteristics of
the solid state and fluid state MgxMn1−xFe2O4 SPNFs were
systematically investigated. In addition, the correlation between
the cation concentration and the magnetic and AC-heating
characteristics was physically investigated (see detailed
descriptions of experimental procedure in the Supporting
Information.)
Prior to investigating the magnetic properties and AC-

heating characteristics, the crystal structure, size, and size
distribution of the MgxMn1−xFe2O4 nanoferrites were analyzed.
Figure 1 (b) shows the XRD patterns of the MgxMn1−xFe2O4

(x = 0.037−0.395) nanoferrites. The XRD patterns demon-
strate that the MgxMn1−xFe2O4 nanoferrites have a single phase
cubic spinel ferrite structure and do not exhibit any undesirable
crystalline phase. The absence of any undesirable peaks in the
XRD patterns demonstrates that the MgxMn1−xFe2O4 nano-
ferrites are phase pure. All the peaks shown in Figure 1a are
well-matched with the standard JCPDS data.22 The average
particle size was estimated using Scherrer’s formula.23 The
average size of MgxMn1−xFe2O4 nanoferrites calculated from
the XRD patterns is about 8.2 nm, making it close to the 7.5
nm average size determined by statistical analysis of the HR-

Scheme 1. Schematic Illustration of in Vivo MFH Using
Tailored MgxMn1−xFe2O4 SPNFs; MgxMn1−xFe2O4 SPNFs
Pass Throughout the Tumor Cell by EPR (Enhanced
Permeability and Retention) Effect

Figure 1. (a) Illustration of the SPNF synthesis: chemically modified thermal decomposition method and tailored MgxMn1−xFe2O4 SPNF, (b) XRD
patterns of MgxMn1−xFe2O4 nanoferrites for investigating crystal structures, and (c) particle size and its distribution of Mg0.285Mn0.715Fe2O4
nanoferrites analyzed from HR-TEM images.
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TEM images shown in Figure 1c. Figure 1c shows typical HR-
TEM images from representative Mg0.285Mn0.715Fe2O4 nano-
ferrites. The results clearly show that the particles have a mean
particle size of 7.5 nm with a 13.2% standard deviation.
Figure 2a shows the minor hysteresis loops of uncoated

(solid state) MgxMn1−xFe2O4 nanoferrites measured under a
Happl of ±140 Oe at room temperature. As clearly can be seen
in Figure 2a, all of the prepared MgxMn1−xFe2O4 nanoferrites
do not show any DC magnetic hysteresis loss. The particle size
(Figure 1) and the magnetic property analyzed from minor

hysteresis loops physically indicate that all the synthesized
MgxMn1−xFe2O4 nanoferrites in this study have superparamag-
netic properties.
After confirming the crystal structure and magnetic phase of

the synthesized MgxMn1−xFe2O4 SPNFs, we systematically
investigated the dependence of magnetic and AC magnetically
induced heating characteristics on the cation concentration of
the MgxMn1−xFe2O4 SPNFs. The results on top of Figure 2b
show the Ms of MgxMn1−xFe2O4 SPNFs at different cation
concentrations. As can be seen in the result, the Ms increases

Figure 2. Effect of Mg cation’s concentrations on the magnetic properties of MgxMn1−xFe2O4 SPNFs: (a) minor hysteresis loops and (b) saturation
magnetization and net magnetic moment.

Figure 3. (a) AC magnetically induced heating temperatures and (b) out-of-phase magnetic susceptibilities of MgxMn1−xFe2O4 SPNFs with different
Mg cation concentrations.
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when the cation concentration also increases. At the cation
concentration of Mg = 0.285, the Ms value peaks at 118.22
emu/g and then steadily decreases. The physical and materials-
mechanical reason for this pattern is the following. Mg cation’s
(Mg2+) preference site is the A-site of MgxMn1−xFe2O4. During
synthesis the A-site is the first to be filled. The Mg cation’s
(Bohr magnetron, μB = 0) replaces A-site’s Fe cations (μB = 5),
and the magnetic moment decreases. On the other hand, Mn
cation’s (Mn2+, μB = 5) preference site is the B-site. Therefore,
it first replaces B-site’s Fe cations (μB = 5). Because the μB is
the same, B-site’s magnetic moment stays the same.
Consequently, the total net magnetic moment (total net μB =
μB,B‑site − μB,A‑site) of MgxMn1−xFe2O4 increases.24 As the Mg
cation concentration increases in A-site the magnetic moment
also increases until the Mg cation concentration reaches x =
0.285. From this point on the Mg cations move to B-site and
consequently the total net magnetic moment starts to decrease.
The lower results in Figure 2b show the calculated μB. As can
be seen in the results, the calculated μB and the experimental μB
match. These results demonstrate that by modifying the cation
concentration, the magnetic property of MgxMn1−xFe2O4 can
be controlled, giving us a SPNF that has a greatly improved
magnetic moment than that of the current Fe-nanoferrites.
These improved MgxMn1−xFe2O4 SPNFs are qualified MFH
agents that have the ability to increase the magnetic softness,
and thus the sensitivity to applied AC magnetic fields.
In the course of studying magnetic property of the

MgxMn1−xFe2O4 SPNFs, the AC-heating characteristics have
been studied to see the actual potential of MgxMn1−xFe2O4
SPNFs applications, and Figure 3a presents TAC,mag of
MgxMn1−xFe2O4 SPNFs at fappl = 100 kHz and Happl = 140
Oe. As it is shown, the value increases in response to
incremental change in magnetic moment, and it exhibited the
highest value of 92.3 °C with Mg0.285Mn0.715Fe2O4 SPNFs
which possesses the highest magnetic moment. The Happl and
fappl used in this study are known to have no harm to human
body since they exert low energies (Happl fappl = 1.11 × 109 A
m−1 s−1) suggesting high potentiality of Mg0.285Mn0.715Fe2O4
SPNFs as a MFH agent.
To explain the physical mechanisms of MgxMn1−xFe2O4

SPNFs’ TAC,mag, we investigated the χ″m (Figure 3 (b)). The
main physical mechanism of SPNF’s TAC,mag is generally
understood that the “Neél relaxation loss power, PNeel″, which
is directly proportional to the χ″m, and magnetic softness (eqs 1
and 2).25−28
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where Ka is magnetic anisotropy, V is volume of SPNFs, mis
mass of SPNFs, TAC,mag is AC-heating temperature, μ
permeability (μ0, vacuum; μr, relative), and τeff, τN, τB: effective,
Neél, and Brown relaxation time)
As can be seen in Figure 3b, the trend of the χ″m at different

cation concentrations resemble the trends of the magnetic and
TAC,mag properties. In addition, at the highest temperature
point, the χ″m value was also the highest, being recorded as
Mg0.285Mn0.715Fe2O4 SPNFs. These χ″m characteristics, and

consequently the Ms, change with the cation concentration and
at Mg0.285Mn0.715Fe2O4 SPNFs produce the largest magnet-
ization, resulting in the greatest magnetic softness (eq 3).24

χ χ χ χ= = ′ + ″M H i,m appl m m m (3)

Upon analyzing the cation concentration dependent magnetic
and TAC,mag properties of uncoated (solid state)
Mg xMn 1 − xF e 2O 4 S PNF s , w e f o u n d t h a t t h e
Mg0.285Mn0.715Fe2O4 SPNFs showed the most promise as a
MFH agent. For investigating the performance of the
Mg0.285Mn0.715Fe2O4 SPNFs in in vivo environments, the
SPNFs were coated with lipid29−32 to form a fluidic state
(Mg0.285Mn0.715Fe2O4@lipid SPNFs).
Figure 4a shows the size, size distribution, and PDI of

Mg0.285Mn0.715Fe2O4@lipid SPNFs. The results obtained from

the DLS. Mg0.285Mn0.715Fe2O4@lipid SPNFs in D.I water have a
hydrodynamic diameter averaging 11.8 nm with a standard
deviation of 12.4%. The dispersibility of coated nanoparticles
can be known from the PDI value, which was 1.98. This value
shows that the Mg0.285Mn0.715Fe2O4@lipid SPNFs are currently

Figure 4. (a) Mean particle size and its distribution of lipid coated
Mg0.285Mn0.715Fe2O4 SPNFs measured by DLS system, (b) major
(left) and minor (right) magnetic hysteresis loops of
Mg0.285Mn0.715Fe2O4@lipid SPNFs measured in fluidic status, and
(c) AC magnetically induced heating temperature and SLP of
Mg0.285Mn0.715Fe2O4@lipid SPNFs measured in D.I water.
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in a high monodisperse condition. From the DLS results, we
are able to know that Mg0.285Mn0.715Fe2O4@lipid SPNFs have a
uniform coating layer, and are spread evenly. This means that in
in vivo environments, there will be minimal aggregation, leading
to smooth transportation to the target cancer cell via blood
circulation. The transportation process will have minimal side
effec t s , such as b lood c lo t t ing , and once the
Mg0.285Mn0.715Fe2O4@lipid SPNFs reach their target, they will
be able to efficiently invade the target cancer cell.
After analyzing the both lipid coat status and dispersibilty of

Mg0.285Mn0.715Fe2O4@lipid SPNFs, we investigated their
magnetic properties and AC-heating characteristic in D.I
water. Figure 4b shows the magnetic properties of
Mg0.285Mn0.715Fe2O4@lipid SPNFs. Analysis of the major
hy s t e r e s i s l oop (F i gu r e 4b , l e f t ) shows th a t
Mg0.285Mn0.715Fe2O4@lipid SPNFs have a magnetization value
of 109.57 emu/g. This value is similar to the 118.22 emu/g of
uncoated (solid state) Mg0.285Mn0.715Fe2O4 SPNFs. After
coating Mg0.285Mn0.715Fe2O4 with lipid and dispersing them in
D.I water, we found the magnetization properties do not
change. Analysis of the minor hysteresis loop (Figure 4b, right)
reports no DC magnetic hysteresis loss, leading to the
conclusion that the Mg0.285Mn0.715Fe2O4@lipid SPNFs are
still maintaining their superparamagnetic phase. From the
results above, we were able to see that there were little change
in magnetic properties, leading us to the conclusion that there
was no clustering inside the D.I water, and that the SPNFs were
dispersed properly.
Figure 4c shows the TAC,mag characteristics of the

Mg0.285Mn0.715Fe2O4@lipid SPNFs in D.I water. The concen-
tration of the Mg0.285Mn0.715Fe2O4@lipid SPNFs was 16 mg/
mL, and fappl = 100 kHz, Happl = 140 Oe. Not only
Mg0.285Mn0.715Fe2O4@lipid SPNFs show a high TAC,mag of
52.1 °C at a low concentration and AC magnetic field, but they
also give a high SLP value of 2170 W/g. SLP is affected by both
nanoparticle concentration and heat-up time. A low SLP is
predicts either multiple side effects from use a high
concentration of nanoparticle, or cancer cells developing a
thermal tolerance due to a slow heat-up time. The high SLP
shows that the Mg0.285Mn0.715Fe2O4@lipid SPNFs can
efficiently eliminate cancer cells at low AC magnetic field
with use of low concentration. In this way, we demonstrated
the potential of Mg0.285Mn0.715Fe2O4@lipid SPNFs as an in vivo
MHF agent that not only has a high TAC,mag and SLP
respectively, but also manages to retains its magnetization value
and superparamagnetic phase in D.I water.
Finally we tested the cytotoxicity of Mg0.285Mn0.715Fe2O4

SPNFs before and after they were subject to coating. This was
done to see how the SPNFs affect regular cells after they have
killed off the cancer cells by measuring metabolic activity of
HPDE normal cells. In terms of viability test, HPDE cells
exhibit higher sensitivity under toxic environment comparing to
that of pancreatic cancer cells. Due to this reason, alamar blue,
an alternative reagent to MTT with improved redox reaction
outcome, is utilized to measure metabolic activity which reflects
viability of the subjected cells. As can be seen in Figure 5,
uncoated and lipid coated Mg0.285Mn0.715Fe2O4 SPNFs showed
over 80% cell viability in the 1−100 μg/mL concentration
range, leading to the conclusion they are either nontoxic or
mod-toxic.
In conclusion, by utilizing a chemically modified thermal

decomposition method, MgxMn1−xFe2O4 SPNFs with precisely
manipulated cations synthesized. MgxMn1−xFe2O4 SPNFs made

of this systematic synthesis mechanism have magnetic and AC-
heating characteristics that are greatly sensitive to the Mg cation
concentration. As the Mg cation concentration increases, so
does the magnetization and TAC,mag value. This is because the
Mg cation replaces the Fe cation at A-site, and thus creates an
increase in both total magnetic moment and magnetic softness.
As the Mg cation concentration increases above the critical
concentration, the Mg cation replaces B-site’s Fe cations,
causing the total magnetic moment and TAC,mag to decrease.
After many attempts, the highest magnetization and TAC,mag
values were found to be with Mg0.285Mn0.715Fe2O4 SPNFs.
Mg0.285Mn0.715Fe2O4@lipid SPNFs especially declared itself a
highly possible in vivo MFH agent. Not only did it maintain a
superparamagnetic phase in D.I water, but it also had a high
magnetization value, a high TAC,mag, a high SLP, and a high cell
viability as some of its notable characteristics.
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