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Magnetic characteristics are crucial for the successful per-
formances of magnetic nanoparticles in biomedical applica-
tions such as magnetic resonance imaging (MRI), drug
delivery, cellular signaling, and hyperthermia.[1–4] Therefore,
the development of new types of nanoparticles is particularly
important. In this regard, a metal dopant substitution strategy
of metal ferrite nanoparticles has been pursued to achieve
high and tunable nanomagnetism.[5] In the case of Zn2+

doping, however, the use of nonequilibrium reactions has
typically resulted in nonstoichiometric or metastable states in
which Zn2+ ions are disordered between Td and Oh sites.[6–8] A
recent report of successful Zn2+ doping includes the use of
diethyl zinc (Et2Zn) as a new Zn2+ ion source;[9] however,
because of the highly unstable and pyrophoric nature of the
precursor, such a synthetic protocol for nanoparticles is still
far from ideal for the achievement of large-scale reproduci-
bility and precise dopant controls. In this study, we have
overcome a number of previous challenges; not only is size
monodispersity with a large-scale (ca. 10 g) synthesis ach-
ieved, the proper positioning of Zn2+ dopants in Td sites in
metal ferrite nanoparticles is also demonstrated, which
ultimately leads to successful magnetism tuning. Our
obtained nanoparticles exhibit an extremely high magnet-
ization value (175 emug�1) and provide the largest MRI
contrast effects (r2 = 860 mm

�1 s�1) among the contrast agents
reported to date. They have an eight- to fourteenfold increase
in MRI contrast and a fourfold enhancement in hyperthermic
effects compared to conventional iron oxide nanoparticles.

For decades, iron oxide (Fe3O4) nanoparticles have served
as the model material in the biomedical research field
associated with magnetism.[10] However, considering that the
effects of magnetic nanoparticles for biomedical applications

are strongly dependent on their magnetic characteristics, it is
important to devise nanoparticles with high and tunable
magnetism, especially saturation magnetization (Ms) values,
while maintaining high size monodispersity. For example,
nanoparticles with tunable magnetism, such as manganese-
doped metal ferrite and FeCo nanoparticles, have enhanced
MRI contrast effects that are significantly superior to that of
conventional iron oxide nanoparticles.[5a, 11] This enhancement
is significant for clinical purposes as the nanoparticle probe
dosage level can be progressively lowered when using probes
that have improved contrast enhancement effects. In the first
part of this study, we present a large-scale, simple, and reliable
synthetic protocol to achieve Zn2+ doping controlled metal
ferrite nanoparticles. A one-pot thermal decomposition
method was used, which involved a metal chloride (MCl2,
M = Zn2+, Mn2+, and Fe2+) and iron tris-2,4-pentadionate
([Fe(acac)3]) in the presence of oleic acid, oleylamine, and
octyl ether.[12] The Zn2+ doping level, a key parameter, was
carefully controlled by varying the initial molar ratio of the
metal chloride precursors. As shown in Figure 1a–c, a series
of 15 nm sized Zn2+ doped nanoparticles of (ZnxMn1�x)Fe2O4

and (ZnxFe1�x)Fe2O4 (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.8) with
single crystallinity and size monodispersity (s< 5%) were

Figure 1. a) TEM image of 15 nm (Zn0.4Fe0.6)Fe2O4 nanoparticles.
b) High-resolution TEM image of 15 nm (Zn0.4Fe0.6)Fe2O4 nanoparti-
cles. The inset shows the FFT pattern. c, d) TEM images of 15 nm
(ZnxMn1�x)Fe2O4 (c) and (ZnxFe1�x)Fe2O4 (d) nanoparticles (scale bar:
20 nm). e) Photograph showing that the synthesis of 15 nm
(Zn0.4Fe0.6)Fe2O4 nanoparticles can be scaled up to ca. 10 g.
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successfully obtained. High-resolution transmission electron
microscopy (TEM) analysis, its associated fast Fourier trans-
formation (FFT) pattern (Figure 1d), and X-ray diffraction
(XRD; see Figure S1 in the Supporting Information) indicate
that the nanoparticles have high-quality crystallinity.
Although typical syntheses were carried out to produce tens
of milligrams of nanoparticles, the reaction was easily scaled
up to the gram scale (ca. 10 g) in a one-pot reaction without
sacrificing the quality of the nanoparticles (Figure 1 e). The
Zn2+ doping level was estimated by using energy dispersive X-
ray spectroscopy (EDS) and inductively coupled plasma
atomic emission spectroscopy (ICP-AES; see Figure S2 in the
Supporting Information).

Additionally, it is important to confirm that the dopant
Zn2+ ions mainly occupy Td sites of the spinel matrix by using
extended X-ray absorption fine structure (EXAFS) analysis
to examine the Zn and Fe K-edges (Figure 2a). Fourier-
transformed (FT) Fe K-edge k3-weighted EXAFS spectra of
(ZnxFe1�x)Fe2O4 nanoparticles exhibit the characteristic FT
peak features of a spinel structure. For the partially substi-
tuted Zn2+ ions, the FT peak at 3.1 � in the Zn K-edge
EXAFS spectra originates from central Zn2+ ions in Td holes.
The FT peak intensity gradually increases as the Zn2+ doping
level of (ZnxFe1�x)Fe2O4 nanoparticles increases from x = 0.1
to 0.2, 0.3, and 0.4 (Figure 2a, red solid line). In contrast, the
peak at 2.6 �, which is due to the Zn2+ ions in Oh sites, is
almost negligible (Figure 2a, black dotted line). Therefore,
we conclude that the Zn2+ ions mainly reside in Td sites rather
than Oh sites.[13] Similarly, for (ZnxMn1�x)Fe2O4 nanoparticles,
the Zn2+ ion occupation in Td sites is also confirmed by
EXAFS analysis (see Figure S3 in the Supporting Informa-
tion).

The magnetism of the Zn2+ doped metal ferrite nano-
particles was measured using a superconducting quantum
interference device (SQUID) at 300 K (Figure 2e). The
Ms value gradually increases as the Zn2+ doping level of
(ZnxMn1�x)Fe2O4 nanoparticle increased from x = 0 to 0.1,
0.2, 0.3, and 0.4, with Ms values of 125, 140, 154, 166, and 175
emug�1 (Zn + Mn + Fe), respectively. The Ms value reaches
its maximum at x = 0.4 but diminishes to 137 emug�1 at x =

0.8 (Figure 2e, red line). In a similar fashion to
(ZnxFe1�x)Fe2O4 nanoparticles, the Ms value changes from
114 to 126, 140, 152, 161, and 115 emug�1 (Zn + Fe) for x = 0
to 0.1, 0.2, 0.3, 0.4, and 0.8, respectively (Figure 2e, black
line). In both cases, the Ms value reaches its maximum of 175
emug�1 (Zn + Mn + Fe) and 161 emug�1 (Zn + Fe) at x = 0.4,
which far exceeds the value of 127 emug�1 (Fe) observed for
undoped bulk iron oxide (Fe3O4), and are the highest values
observed among the various metal ferrite nanoparticles
reported to date.[14]

The magnetism tuning of nanoparticles is successful since
the change of antiferromagnetic coupling interactions
between Td and Oh sites can be modulated by using Zn2+

dopants.[15] For instance, when Zn2+ ions are added to the unit
cell of a spinel structure (x< 0.4), they occupy Td sites
(Figure 2c). This phenomenon induces the partial removal of
antiferromagnetic coupling interactions between Fe3+ ions in
the Td and Oh sites.[16] Incremental changes in the Ms value are
therefore clearly observed (Figure 2b–d). However, at very

high Zn2+ ion levels, antiferromagnetic coupling interactions
between Fe3+ ions in each Oh site are dominant and the net
magnetization moment decreases. In fact, the theoretical
magnetization value of pure ZnFe2O4 (x = 1) is calculated to
be zero.[17]

In MRI, the contrast enhancement effects are directly
related to the Ms value of the nanoparticles. Specifically, spin–
spin relaxivity (R2 = 1/T2) represents the degree of T2-
weighted MRI contrast effect where the R2 value is roughly
proportional to the square of the Ms value.[18] The Zn2+

dopant effects of metal ferrite nanoparticles on the MRI
contrast enhancements were measured at 4.5 T and compared
with the effects of conventional iron oxide nanoparticles
(Feridex and cross-linked iron oxide (CLIO)) with the same

Figure 2. a) Zn K edge EXAFS spectra of (ZnxFe1�x)Fe2O4 nanoparticles
(x = 0.1, 0.2, 0.3, and 0.4). The intensity of the peak at 3.1 � (red line)
gradually becomes stronger as the Zn2+ doping level is increased,
which indicates that the amounts of Zn2+ ions in Td sites progressively
increase. b) Undoped, c) Zn2+ doped (x = 0.2), and d) Zn2+ doped
(x = 0.4) magnetic spin alignment diagrams in spinel-structured
(ZnxFe1�x)Fe2O4 nanoparticles under an applied magnetic field.
e) Graphs of Ms versus Zn2+ doping level (ZnxM1�x)Fe2O4 (M =Mn2+,
Fe2+) nanoparticles (red line: (ZnxMn1�x)Fe2O4, black line:
(ZnxFe1�x)Fe2O4).
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concentration and MRI sequence (Figure 3a–c). The relax-
ivity coefficient (r2), which is obtained as the gradient of the
plot of R2 versus the molarity of magnetic atoms, increases as
the Zn2+ doping level of (ZnxMn1�x)Fe2O4 nanoparticles

increases from x = 0 to 0.1, 0.2, 0.3, and 0.4 with values of 422,
516, 637, 754, and 860 mm

�1 s�1, respectively. The r2 value
reaches its maximum at x = 0.4 but decreases to 388 mm

�1 s�1

at x = 0.8 (Figure 3c, red line). Similarly, for (ZnxFe1�x)Fe2O4

nanoparticles, the r2 value changes from 276 to 397, 466, 568,
687, and 307 mm

�1 s�1 for x = 0 to 0.1, 0.2, 0.3, 0.4, and 0.8,
respectively (Figure 3c, black line). The r2 value of CLIO is

62 mm
�1 s�1 and Feridex is 110 mm

�1 s�1 (Figure 3 c, dashed
lines). Based on the r2 values, the 15 nm sized
(Zn0.4Mn0.6)Fe2O4 nanoparticles have MRI contrast effects
of 860 mm

�1 s�1 that are 13.8 and 7.8 times larger than those of
CLIO and Feridex, respectively. Also, these (Zn0.4Fe0.6)Fe2O4

and (Zn0.4Mn0.6)Fe2O4 nanoparticles have superior MRI
contrast effects that are 2.5 and 2 times larger than those of
undoped Fe3O4 (276 mm

�1 s�1) and MnFe2O4 (422 mm
�1 s�1)

nanoparticles, respectively (Figure 3d).
The high Ms value of the nanoparticles can also be used to

achieve magnetically induced heat generation for the thermal
treatment of cancer and other diseases.[19] Enhancement of
SLP (specific loss power), the standard criterion for hyper-
thermia effects (defined as the thermal power dissipation
divided by the mass of the magnetic material and the heat
capacity of solution), is important in order to obtain high
efficacy with smaller dose levels in biomedical applications.[20]

The SLP values are highly dependent on magnetic relaxation
processes and are roughly proportional to the Ms value and
the magnetocrystalline anisotropy constant (K), and are
inversely proportional to the size distribution of the nano-
particles (s).[21] Our 15 nm sized (Zn0.4Mn0.6)Fe2O4 nano-
particles with a high Ms value of 175 emug�1 (Zn + Mn + Fe),
monodispersity (s< 5%), and increased anisotropy are
therefore ideal candidates for hyperthermic studies. The
SLP value of (Zn0.4Mn0.6)Fe2O4 nanoparticles is 432 W g�1,
which is four times larger than that of Feridex (115 Wg�1)
when measured under identical conditions (Figure 4a). Fur-
ther in vitro hyperthermic cancer cell treatment tests were
performed. As shown in Figure 4b, most (84.4 %) HeLa cells
treated with (Zn0.4Mn0.6)Fe2O4 nanoparticles died after
10 minutes of alternating current (AC) magnetic field appli-

Figure 3. MR contrast effects of (ZnxM1�x)Fe2O4 (M= Mn2+, Fe2+)
nanoparticles upon changes in the Zn2+ doping level. a) T2-weighted
MR images of (ZnxM1�x)Fe2O4 (M =Mn2+, Fe2+) nanoparticles, Feridex,
and CLIO and b) their color-coded images, where red indicates low R2
and violet indicates high R2 values. c) Graphs of r2 versus Zn2+ doped
(ZnxM1�x)Fe2O4 (M= Mn2+, Fe2+) nanoparticles at 4.5 T. d) Comparison
of r2 values of nanoparticles, showing that Zn2+ doped nanoparticles
have significantly enhanced MRI contrast effects compared to conven-
tional iron oxide nanoparticles.

Figure 4. a) SLP values for (Zn0.4Mn0.6)Fe2O4 and Feridex in a 500 kHz
AC magnetic field with an amplitude of 3.7 kAm�1. b) Percentage of
HeLa cells killed after treatment with (Zn0.4Mn0.6)Fe2O4 nanoparticles
or Feridex and the subsequent application of an AC magnetic field for
10 min. Fluorescence microscopy images of AC magnetic field applied
HeLa cells treated with c) (Zn0.4Mn0.6)Fe2O4 nanoparticles and d) Fer-
idex, stained with calcein indicating live cells as green fluorescence.
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cation, whereas only 13.5% of cells died when treated with
Feridex. After AC magnetic field application, fluorescence
microscope images in which live cells were stained with
calcein, which emits green fluorescence, show very weak
fluorescence for the cells treated with (Zn0.4Mn0.6)Fe2O4

nanoparticles, whereas intense green fluorescence is observed
for those treated with Feridex (Figure 4 c,d). Additionally, our
preliminary in vitro study indicates that these Zn2+ doped
nanoparticles are nontoxic to healthy cells (see Figure S7 in
the Supporting Information).

We have successfully demonstrated that the high magnet-
ism of metal ferrite nanoparticles can be very effectively
modulated and achieved by Zn2+ dopant control. The nano-
particles act as MR contrast and hyperthermia agents, which
have r2 values that are eight to fourteen times greater for
MRI and SLP values that are four times greater for hyper-
thermia cancer cell treatments than conventional nanoparti-
cle agents. In addition, these nanoparticles are nontoxic. Such
high-performance magnetic nanoparticles fabricated by using
this magnetism engineering concept could play a significant
role in the improvement of current diagnostics, therapeutics,
and other biomedical studies such as cell actuation.

Experimental Section
Materials and instruments: All chemicals were purchased from
Aldrich. Zinc(II) chloride, manganese(II) chloride, iron(II) chloride,
and iron(III) tri-2,4-pentadionate were used as received. Oleic acid
and oleylamine were purified by distillation under an argon
atmosphere. Feridex was obtained from TAEJOON Pharmaceutical
Co. Transmission electron microscopy (TEM) and high-resolution
TEM analyses were performed on JEOL-2100 and JEM-ARM 1300S
instruments. Elemental analysis was carried out by using inductively
coupled plasma atomic emission spectroscopy (OPTIMA 4300DV,
PerkinElmer, USA) and energy dispersive X-ray spectroscopy (EDS;
INCA, Oxford Instruments). X-ray powder diffraction studies were
conducted using a Rigaku D/MAX-RB diffractometer equipped with
a graphite-monochromated CuKa radiation source (40 kV, 120 mA).
Magnetic properties were measured with a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design
MPMS-7).

15 nm (ZnxMn1�x)Fe2O4 and (ZnxFe1�x)Fe2O4 (x = 0, 0.1, 0.2, 0.3,
0.4, and 0.8) nanoparticles were prepared following a slightly
modified procedure.[5a, 11] A typical small-scale synthesis to produce
(Zn0.4Mn0.6)Fe2O4 nanoparticles is as follows: ZnCl2 (0.03 g), MnCl2

(0.04 g), and [Fe(acac)3] (0.353 g) were placed in a 50 mL three-neck
round-bottom flask in the presence of surfactants (oleic acid and
oleylamine) in octyl ether. The reaction mixture was heated at 300 8C
for 1 h and, after removing the heating source, the reaction products
were cooled to room temperature. Upon addition of ethanol, a black
powder precipitated and was isolated by centrifugation. The isolated
nanoparticles were dispersed in a solvent such as toluene. The typical
yield of nanoparticles was 40 mg. For large-scale synthesis, the same
procedures were utilized in which the amounts of reagents used were
ZnCl2 (3.6 g), MnCl2 (4.8 g), and [Fe(acac)3] (42.4 g) and the yield of
obtained nanoparticles was 9.8 g. (Zn0.4Fe0.6)Fe2O4 nanoparticles were
obtained by using FeCl2 instead of MnCl2 under identical conditions.
In order to control the Zn2+ doping level, different amounts of Zn2+/
Mn2+ or Zn2+/Fe2+ metal chloride precursors were used under
identical conditions. (Zn0.1Mn0.9)Fe2O4: ZnCl2 (0.01 g) and MnCl2

(0.06 g); (Zn0.2Mn0.8)Fe2O4: ZnCl2 (0.015 g) and MnCl2 (0.05 g);
(Zn0.3Mn0.7)Fe2O4: ZnCl2 (0.02 g) and MnCl2 (0.045 g);
(Zn0.8Mn0.2)Fe2O4: ZnCl2 (0.06 g) and MnCl2(0.015 g). In the case of
(ZnxFe1�x)Fe2O4 nanoparticles, an equivalent amount of FeCl2 was

used instead of MnCl2. The organic surfactants on the nanoparticle
surface were removed and exchanged with 2,3-dimercaptosuccinic
acid (DMSA) to make the nanoparticles completely dispersed in the
aqueous medium.[22] Then these water-soluble nanoparticles were
used for MR measurements and hyperthermic experiments.

SLP measurements and in vitro hyperthermia experimental
methods: The sample of nanoparticles ((Zn0.4Mn0.6)Fe2O4 or Feridex,
5 mgmL�1) was placed inside a water-cooled copper coil which
produced an alternating magnetic field in the frequency range of
500 kHz with an amplitude of up to 3.7 kAm�1. The temperature was
measured with a thermometer (TES-1307) placed in the center of the
sample. In order to compare cell extinction effects, HeLa cells (1 � 106
cells), which were treated with (Zn0.4Mn0.6)Fe2O4 nanoparticles and
Feridex (0.5 mgmL�1), respectively, were heated for 10 min.

MRI contrast effect measurement of Zn2+ doped metal ferrite
nanoparticles: All MRI experiments were performed with a 4.7 T
animal MRI instrument (Bruker, Germany) with a 72 mm volume
coil at the Korea Basic Science Institute in Ochang. We measured the
relaxivity coefficients (r2, mm

�1 s�1) of various (ZnxM1�x)Fe2O4 nano-
particles (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.8, M = Mn2+, Fe2+) by using the
Carr–Purcell–Meiboom–Gill (CPMG) sequence at room temper-
ature: TR(repetition time) = 5 s, 128 echoes with 7 ms even echo
space, 2 acquisitions, in-plane pixel size = 547 mm � 547 mm, section
thickness = 2 mm.

XAS measurements: Zn, Fe, and Mn K-edge X-ray absorption
spectra were recorded on the BL7C1 beam line of the Pohang light
source with a ring current of 130–190 mA at 2.5 GeV. A Si(111)
double-crystal monochromator was employed to monochromatize
the X-ray photon energy. The incident X-ray photon flux was
monitored by N2 gas-filled ionization. The EXAFS data from samples
were collected in fluorescence mode. Higher-order harmonic con-
taminations were eliminated by detuning to reduce the incident X-ray
intensity by approximately 30%. Energy calibration was simultane-
ously carried out for each measurement with Zn, Fe, and Mn metallic
films placed in front of the third ion chamber.
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