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ABSTRACT: Magnetic nanostructures (MNS) have emerged
as promising functional probes for simultaneous diagnostics and
therapeutics (theranostic) applications due to their ability to
enhance localized contrast in magnetic resonance imaging
(MRI) and heat under external radio frequency (RF) field,
respectively. We show that the “theranostic” potential of the
MNS can be significantly enhanced by tuning their core
composition and architecture of surface coating. Metal ferrite
(e.g., MFe2O4) nanoparticles of ∼8 nm size and nitrodopamine
conjugated polyethylene glycol (NDOPA-PEG) were used as the core and surface coating of the MNS, respectively. The
composition was controlled by tuning the stoichiometry of MFe2O4 nanoparticles (M = Fe, Mn, Zn, ZnxMn1−x) while the
architecture of surface coating was tuned by changing the molecular weight of PEG, such that larger weight is expected to result
in longer length extended away from the MNS surface. Our results suggest that both core as well as surface coating are important
factors to take into consideration during the design of MNS as theranostic agents which is illustrated by relaxivity and thermal
activation plots of MNS with different core composition and surface coating thickness. After optimization of these parameters,
the r2 relaxivity and specific absorption rate (SAR) up to 552 mM−1 s−1 and 385 W/g were obtained, respectively, which are
among the highest values reported for MNS with core magnetic nanoparticles of size below 10 nm. In addition, NDOPA-PEG
coated MFe2O4 nanostructures showed enhanced biocompatibility (up to [Fe] = 200 μg/mL) and reduced nonspecific uptake in
macrophage cells in comparison to other well established FDA approved Fe based MR contrast agents.

KEYWORDS: magnetic nanostructures, theranostics, thermal activation, magnetic resonance imaging contrast, magnetic nanoparticles,
biomedical applications, hyperthermia, nanomedicine

■ INTRODUCTION

During the past decade, remarkable diagnostic and therapeutic
advances have been made in nanomedicine, the field that
originated through a combination of nanotechnology and
biomedicine to address the challenges in conventional
medicine.1 A variety of nanostructures have been explored
extensively due to the size similarity with biomolecules and
their unique physical properties. In particular, magnetic
nanostructures (MNS) have found significant attention due
to their potential for “theranostic” applications, wherein MNS
induced enhanced localized contrast in magnetic resonance
imaging (MRI) can be utilized for diagnostics while the heat
generation capability of MNS under external radio frequency
(RF) field can be exploited for thermal therapy or actuated
release of therapeutic cargo in bio/chemo/radio therapy.2−6 A
typical MNS architecture is composed of magnetic nanoparticle
core and a surface coating. While the core provides theranostic

properties, the coating provides stability, biocompatibility, and a
surface amenable to functionalization for tagging targeting
agents and bio/chemo/radio therapy cargo. MNS show
superparamagnetic properties, which means they can be
magnetized at very low magnetic fields (<0.5 T) but have no
remanent magnetization in the absence of an applied magnetic
field. Superparamagnetism is essential for biomedical studies
since no remanent magnetization prevents their coagulation
and sustains a long period of circulation in the body.
The theranostic properties of the MNS are characterized as r2

relaxivity and specific absorption rate (SAR). Higher values of
r2 and SAR correspond to better contrast effect and thermal
activation. In other words, higher r2 and SAR values means low
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dosage of theranostic administration is required. The
theranostic properties of the core part of MNS have been
tuned by controlling their size and composition.7 Cheon et al.8

have shown that by increasing the size from 4 to 12 nm, r2
relaxivity of Fe3O4 nanoparticles can be increased from 78 to
218 mM−1 s−1. Hyeon et al.9 reported r2 of 324 mM−1 s−1 by
increasing the size of iron oxide nanocubes to 58 nm. De la
Presa et al.10 showed increase in SAR from 10 to 55 W/g with
increasing Fe3O4 nanoparticles size from 8 to 13 nm.
Significantly high r2 relaxivity (860 mM−1 s−1) and SAR (432
W/g) were reported by doping Zn2+ and Mn2+ simultaneously
into 15 nm 2,3-dimercaptosuccinnic acid (DMSA) coated
Fe3O4 nanoparticles.11,12 In most cases, the diameter of the
nanoparticles was very close to or above the superparamagnetic
limit of MFe2O4 nanoparticles where there is always a
possibility of magnetic aggregation that affects stability.
In addition to core nanoparticle, the selection of coating of

MNS is equally critical. Any external materials without suitable
coating get cleared from the blood circulation by the body’s
biological defense system that accumulate them in the liver and
spleen. A diverse group of coatings such as dextran,13

chitosan,14 polyethylene glycol (PEG),15 and silica16 have
been investigated to improve stability and biocompatibility in
biological media. In particular, PEG coating has shown promise
since it demonstrates excellent pharmacokinetic properties by
inhibiting phagocytosis and prolonging blood circulation time
of the MNS.17 As a result, the PEG coating reduces nonspecific
uptake in liver and spleen that promote active and/or passive
targeting of MNS that has been one of the key issue in targeted
theranostics.18 There have been systematic studies with surface
coating effect on r2 relaxivity. Bao et al.19 showed that the r2
relaxivity of the DSPE-PEG coated 14 nm Fe3O4 nanoparticles
first increased when the PEG molecular weight increased from
550 to 1000 and later decreased when the PEG size further
increased to 2000 and 5000. The coatings are usually
functionalized on the magnetic nanoparticle surface by an
anchoring group. Amstad et al.20 did a systematic study on such
anchor groups that possess irreversible binding affinity to iron
oxide nanoparticles. Nitrodopamine (NDOPA) showed the
highest packing density and binding on the surface of iron oxide
nanoparticles over other anchoring group including carbox-
ylates and dopamine.
So far all the published reports are mainly focused on either

theranostic properties (core + coating) or stability (coating +
anchoring group) of MNS. What is missing is the system that
has the both the qualities. Hence, the scope lies in the design of
MNS that has optimized core nanoparticle composition and
surface coating for improved stability and pharmacokinetics,
and core nanoparticle size not close to superparamagnetic limit.
Here we report MNS that has all qualities mentioned above and
show significantly high theranostic potential. By engineering
both the core composition and surface coating, the r2 relaxivity
up to 552 mM−1 s−1 and SAR up to 385 W/g were obtained.
The size was chosen as 8 nm which is well below
superparamagnetic limit and kept constant for all the
nanoparticles to avoid any size effect on the theranostic
properties. To the best of our knowledge, these are the highest
values reported for MNS with core magnetic nanoparticles
below 10 nm. MFe2O4 nanoparticles (where M = Fe, Mn,
Zn0.1Mn0.9, Zn0.2Mn0.8, and Zn0.4Mn0.6) were synthesized as
core of MNS to study the composition effect.
Considering the pharmacokinetics and stability, we designed

a new ligand, nitrodopamine conjugated PEG (NDOPA-PEG)

based on the findings by Amstad et al.20 The surface coating
effect was studied by tuning the PEG length of NDOPA-PEG
functionalized MFe2O4 nanostructures. The free COOH group
of NDOPA-PEG was utilized for conjugation of targeting agent
and therapeutic cargo, as published elsewhere recently.21

NDOPA-PEG coating on MFe2O4 nanostructures resulted in
excellent colloidal stability in water, 150 mM PBS, 5 mM PB,
and cell culture medium (SI Figure S1). The NDOPA-PEG
coated MFe2O4 nanostructures showed biocompatibility when
treated with Hela cells for Fe concentrations up to 200 μg/mL.
Also, they showed reduced nonspecific uptake in macrophage
cells in comparison to Ferumoxytol, a well known FDA
approved contrast agent.

■ EXPERIMENTAL DETAILS
Synthesis of MFe2O4 Nanoparticles. The MFe2O4 nanoparticles

were synthesized using well-known thermal decomposition method
that resulted in monodispersity, single crystallinity, and controlled
stoichiometric composition.22 The precursors chosen were stable at
ambient temperature that enables scaling of the process and magnetic
nanoparticles in gram scale were obtained. The one-pot thermal
decomposition approach was used to synthesize MFe2O4 nanoparticles
(where M= Fe, Mn, ZnxMn1−x).

22 In a typical Fe3O4 nanoparticles
synthesis, Fe(acac)3 (2 mmol), 1,2-hexadecanediol (10 mmol), oleic
acid (6 mmol), oleylamine (6 mmol), and benzyl ether (20 mL) were
charged in a 100 mL three-neck round-bottom flask and magnetically
stirred under a flow of nitrogen. The mixture was first heated to 110
°C for 1 h to remove moisture. Then the temperature was increased to
210 °C for 1 h and was finally refluxed for 1 h before cooling down to
room temperature. The black-brown mixture was precipitated, washed
three times using ethanol, and was then dispersed in hexane. The
composition was changed by choosing different precursors and their
ratios. MnFe2O4 nanoparticles were synthesized by adding Fe(acac)3
(2 mmol) and Mn(acac)2 (1 mmol) under identical conditions.
Similarly, to synthesize ZnxMn1−xFe2O4 nanoparticles, both Zn(acac)2
(x mmol) and Mn(acac)2 (1-x mmol) with Fe(acac)3 (2 mmol) were
used. The stoichiometry was controlled by tuning the initial molar
ratio of the Zn(acac)2 and Mn(acac)2. Co

2+ and Ni2+ were not used as
dopants due to their toxicity and lower magnetic moment than Fe2+,
respectively.

Functionalization of MFe2O4 Nanoparticles. A novel ligand
nitrodopamine functionalized PEG (NDOPA-PEG) was synthesized
and functionalized on the MFe2O4 nanoparticles. The as-synthesized
oleic acid coated hydrophobic MFe2O4 nanoparticles were function-
alized with the NDOPA-PEG via ligand exchange process (Scheme 1).

Scheme 1. MFe2O4 Nanoparticles before and after Ligand
Exchangea

aThe hydrophobic oleic acid coated MFe2O4 nanoparticles were made
water-soluble after ligand exchange with nitrodopamine functionalized
PEG (NDOPA-PEG).
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The length of PEG coating was tuned by changing the molecular
weight of PEG. Nitrodopmine was synthesized from dopamine
hydrochloride using previous reported method23 and conjugated to
one end of carboxylate functionalized PEG (biacid PEG) using EDC/
NHS chemistry.18 For conjugation, nitrodopamine (95 mg), PEG
diacid (240 mg), N-hydroxysuccinimide (45 mg), N,N′-dicyclohex-
ylcarbodiimide (80 mg), and sodium bicarbonate (200 mg) were
dissolved in a mixture containing 20 mL chloroform and 40 mL
dimethyl sulfoxide (DMSO). The solution was stirred at room
temperature for 4 h for the reaction to be complete. MFe2O4
nanoparticles (25 mg) were then added and the resulting solution
was sonicated overnight at room temperature under N2 protection.
The modified Fe3O4 nanoparticles were washed by dichloromethane 3
times, dried under nitrogen gas and were finally dispersed in water.
The dispersion was dialyzed to remove any residual surfactants using a
dialysis bag (MWCO = 10 000) for 2 days in water. A 200 nm syringe
filter was used to remove any precipitation and the final concentration
of the MFe2O4 nanostructures dispersed in water was determined by
ICP-MS analysis. TEM showed that the particles did not aggregate
after ligand exchange (SI Figure S4) and hydrodynamic sizes were
found in the range of 22−47 nm, depending upon the length (mol.
wt.) of the PEG coating. The NDOPA-PEG functionalized MFe2O4
nanostructures demonstrate high colloidal stability at a salt (NaCl)
concentration of 150 mM, across a wide pH range (pH 6−10) and cell
culture medium. Gel electrophoresis (1% agarose gel) was used to
examine the stability in 150 mM PBS and 5 mM PB solution with
DOPA-PEG and NDOPA-PEG (SI, Figure S1). The dark staining
seen at the top of DOPA-PEG MNS lane indicates trapping of MNS at
the top of the gel due to aggregation. However, no such staining was
found in NDOPA-PEG MNS, showing the superiority of NDOPA
coating over other coatings. The zeta-potential after functionalization
was found to be in the range of −40 mV, consistent with their colloidal
stability in water (SI, Figure S2). The atomic percent of Zn, Mn, and
Fe was found to be very similar as initial precursor molar ratios as
observed in EDX and ICP.
Structural and Magnetic Characterization. Particle size and

distribution was observed on a Hitachi H8100 TEM (200 kV). The
crystal structure of the particles was observed on Scintag powder XRD.
The hydrodynamic diameters of the nanostructures was measured by
Malvern Zeta Sizer Nano S-90 dynamic light scattering (DLS)
instrument. TGA analysis was done by TA Instruments Q500
Thermogravimetric Analyzer. M-H hysteresis loops and FC/ZFC
curves were recorded using superconducting quantum interference
device (SQUID). Energy dispersive X-ray (EDX) of the nanostruc-
tures were observed at Hitachi HD2300 (SI, Figure S3).
Measurement of r2 Relaxivity and Thermal Activation.

MFe2O4 magnetic nanostructures dispersed in water were diluted to
concentrations ranging from 0.01 to 0.11 mM of metal ion. T2
relaxation times were determined at 3.0 T Magnetom Verio (Siemens
Healthcare, Erlangen, Germany) using the multiple-echo-fast-spin−
echo sequence. Multiple echo Spin echo sequence with TR = 1290 ms,
8 echo times starting with 9.9 to 79.2 ms, 160 mm FOV, 266 × 256
matrix, slice thickness 3 mm. Given that we had multiple samples with
a distribution of T2 relaxation times, we had to limit range of echo
times. A commercial 12 channel head coil (diameter ∼160 mm) was
used. A 1.5 mL eppendorf centrifuge tube was used as a sample holder.
R2 maps were generated using a custom software using Matlab. The
signal decay was fit to a single exponential function to estimate T2 on a
pixel by pixel basis.
Thermal activation experiments were performed on an MSI

Automation Inc. Hyperthermia Research System (model hyper 5)
RF generator at a frequency of 300 kHz and a power of 5 kW. A 1 mL
suspension (2 mg Fe/mL) was placed inside the 5 cm coil generating
the AC magnetic field of 5 kA/m. A nonmagnetic nonmetallic optical
temperature probe (Fiso) was used to monitor the temperature. Each
experiment time duration was 10 min. A plot of time vs temperature
was generated and used to calculate the specific absorption rate (SAR).
Cell Culture. HeLa human cervical cancer cell line was cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and penicillin/streptomycin (100 units/mL and 100 μg/

mL). J774 cells (kindly provided by Prof. Colby Shad Thaxton in the
Department of Urology, Northwestern University Feinberg School of
Medicine) were grown in RPMI-1640 medium containing 10% FBS
and penicillin/streptomycin (100 units/mL and 100 μg/mL,
respectively).

MTS Assay for Cell Viability Test. HeLa cells were plated at
10 000 cells per well in 96-well plate with 70−80% of confluency. MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium) assay was used to quantify the cell viability
according to the protocol provided by the manufacture (CellTiter 96
Aqueous One Solution Cell Proliferation Assay; Promega). Cell were
incubated with different types of NDOPA-PEG600 coated nanostruc-
tures (Fe3O4, MnFe2O4, and Z0.2M0.8Fe2O4) at concentrations ranging
from 1 to 200 μg/mL for 24 h at 37 °C Following treatment, cells
were rinsed with PBS buffer briefly and further incubated with 20 μL
of MTS stock solution into each well for additional 1−4 h at 37 °C.
The optical densities were recorded at 490 nm and background
absorbance at 700 nm was subtracted.

Quantitative Analysis of Cellular Uptake Pattern of MFe2O4
Nanostructures. For the quantitative analysis, J774 murine macro-
phage cells were seeded in 6-well cell culture plates (3 × 106 cells per
well). Before the test, the cells were briefly washed with PBS twice and
incubated with different types of MFe2O4 nanostructures (3 μg Fe/
mL) for 1 h. Cells grown without any particles and with Ferumoxytol
(commercially available contrast agent) were used as negative and
positive control, respectively. After incubation, the membrane-bound
particles were collected using the PBS-acetate buffer (20 mM sodium
acetate in PBS, pH 3.0). All samples were digested with nitric acid and
analyzed using ICP-MS.

■ RESULTS AND DISCUSSION
Figure 1a−d shows TEM images of MFe2O4 nanoparticles. It
can be seen that all the particles are of same size (∼8 nm) and
have a narrow size distribution. The excellent monodispersity of
the MFe2O4 nanoparticles resulted in the large area assembly
(Figure 1a). Figure 1a inset shows gram-scale quantity of the
as-synthesized MFe2O4 nanoparticles. Structural information
on MFe2O4 nanoparticles was obtained from both electron and
X-ray diffraction. The stoichiometry was confirmed using EDX
(SI, Figure S3). Figure 1e shows a selected area electron
diffraction (SAED) pattern acquired from the 8 nm Fe3O4
nanoparticle assembly. The measured lattice spacing calculated
from the rings in the diffraction pattern matches well with
standard lattice spacing for bulk spinel phase of Fe3O4 with
their respective hkl indexes (SI, Table S1). Figure 2 shows XRD
patterns of as-synthesized Fe3O4, MnFe2O4, and
Zn0.2Mn0.8Fe2O4 nanoparticles. The position and relative
intensity of all diffraction peaks shows typical cubic spinel
structure and matches well with standard Fe3O4 powder
diffraction data (JCPDS 19−629). The size of the nanoparticles
calculated using the Scherrer’s formula24 is consistent with the
size determined by the statistical analysis of the TEM images
(SI, Table S2), indicating each nanoparticle is a single crystal.
Figure 2 inset shows enlarged view of the main peak (311) of
Fe3O4, MnFe2O4, and Zn0.2Mn0.8Fe2O4 nanoparticles. The peak
position for MnFe2O4 and Zn0.2Mn0.8Fe2O4 nanoparticles
shifted to a lower diffraction angle due to lattice strain,
confirming the successful incorporation of Mn2+ and Zn2+ ions
in the Fe3O4 nanoparticles.
Figure 3a shows the M-H loops of as-synthesized MFe2O4

nanoparticles measured at room temperature. The particles
show no hysteresis and demonstrate superparamagnetic
behavior at room temperature which is ideal for their use in
biomedical applications. For Fe3O4 nanoparticles, saturation
magnetization (Ms) was found to be 45 emu/g of metal ions.
This value was increased with Mn2+ doping and the Ms of
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MnFe2O4 nanoparticles was observed up to 84 emu/g of metal
ions. This increase can be explained by arrangement of Fe2+,
Fe3+, and Mn2+ ions in the crystal lattice of MnFe2O4
nanoparticles. Fe3O4 nanoparticles have an inverse spinel
crystal structure composed of face-centered cubic lattice of
oxygen atoms. The octahedral sites (Oh) of the lattice is
occupied by Fe3+ and Fe2+ ions whereas the tetrahedral sites
(Td) are occupied by Fe

3+ ions (Figure 3b). The magnetic spins
of Fe3+ ions at the Oh and Td sites align opposite to each other
and hence cancel. Therefore, the net magnetization of Fe3O4
nanoparticle is decided by magnetic moment of Fe2+ ions (4
μB) located on Oh sites. In case of MnFe2O4 nanoparticles, the
Mn2+ ions replaces Fe2+ ions on Oh sites. Hence, the higher
magnetic moment of Mn2+ (5 μB) results in higher saturation
magnetization of MnFe2O4 nanoparticles than Fe3O4 nano-
particles.
Interestingly, simultaneous doping of Mn2+ and Zn2+ ions in

Fe3O4 nanoparticles further increased the saturation magnet-

ization up to 110 emu/g of metal ions though Zn2+ ions have
no magnetic moment. Since ZnFe2O4 has a normal spinel
structure, Zn2+ ions prefers to occupy Td sites. As a result, spins
of Fe3+ at Oh and Td sites do not cancel each other completely
and the net magnetic moment increases due to the contribution
of Mn2+ as well Fe3+ ions (Figure 3b). The magnetization of
(ZnxMn1−x)Fe2O4 nanoparticles initially increases with doping
of Zn2+ ions (95 and 110 emu/g of metal ions for x = 0.1 and
0.2, respectively). However, at higher Zn2+ ions doping levels,
Fe3+ ions at Oh sites starts increasing and the antiferromagnetic
interaction of Fe3+ ions at Oh sites starts dominating, resulting
in the drop of the net magnetic moment (89 emu/g of metal
ions for x = 0.4). The similar trend has also been shown by
Cheon et al.11 This is the reason why the theoretical value of
Ms for ZnFe2O4 (x = 1) is predicted as zero since all the Zn2+

ions occupy Td sites while all Fe3+ ions occupy Oh sites. The
antiferromagnetic interactions between Fe3+ ions dominate,
cancel each other’s moment and net moment becomes zero.25

Based on the magnetization values, Zn0.2Mn0.8Fe2O4 nano-
particles were chosen for r2 relaxivity and thermal activation
measurements for comparison with Fe3O4 and MnFe2O4
nanoparticles.
Though all the MFe2O4 nanoparticles showed super-

paramagnetic behavior at room temperature, the M-H loops
measured at 4K showed ferromagnetic nature, indicating their
blocking temperature (Tb) between 4K and room temperature.
To find out the Tb, field-cooling (FC) and zero-field-cooling
(ZFC) magnetization plots were measured at 100 Oe (Figure
3c). The Tb of Fe3O4 (blue), MnFe2O4 (orange), and
Zn0.2Mn0.8Fe2O4 (green) nanoparticles was observed as 35,
75, and 100 K, respectively, suggesting the Tb increases after
doping of Fe3O4 nanoparticles. It is well-known the Tb is
strongly dependent on the size of the nanoparticles.26 However,
in this case since the particle size of all MFe2O4 nanoparticles
are similar, the highest Tb could be correlated to the strongest
coupling strength between electron spin and orbital angular
momentum (L-S).27 In other words, Zn0.2Mn0.8Fe2O4 nano-
particles showed highest anisotropy among all. Other than shift,
broadening of the ZFC peak was also observed in the doped
samples. Often, the broadening has been correlated with the

Figure 1. TEM images of (a,b) Fe3O4, (c) MnFe2O4, and (d)
Zn0.2Mn0.8Fe2O4 nanoparticles. All the nanoparticles were mono-
disperse and of size ∼8 nm. (e) Electron diffraction pattern of Fe3O4
nanoparticles. The inset in panel (a) shows 1.3 g of as-synthesized
MFe2O4 nanoparticles.

Figure 2. XRD spectra of as-synthesized Fe3O4, MnFe2O4, and
Zn0.2Mn0.8Fe2O4 nanoparticles. All the spectra show inverse spinal
AB2O4 structure. The grain size calculated from fwhm of (311) peak
using Scherrer’s formula matches well the particle size obtained from
TEM. Inset figure shows main XRD characteristic peak (311) of
Fe3O4, MnFe2O4, and Zn0.2Mn0.8Fe2O4 nanoparticles. The peak
positions of MnFe2O4 and Zn0.2Mn0.8Fe2O4 shift due to lattice strain
which is a clear indicator of Mn and Zn doping into Fe3O4
nanoparticles.
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large size distribution of nanoparticles.28 However, since the
size distribution of the nanoparticles is very narrow in our case,
the broadening can be explained due to the increased
interparticle interactions that arise from either dipolar
interactions between nanoparticles or the exchange interactions
between the magnetic ions at the surface of nanoparticles.29

The surfactant coating on nanoparticle increases the spacing
between particles that results in negligible exchange inter-
actions. Hence, the dipolar interactions are the main source of

the interparticle interaction.30,31 The dipole interaction energy
of a nanoparticle is calculated as32

μ
π

=E
M
d4d

0
2

3 (1)

where M is the magnetic moment and d is interparticle
distance. Since the interparticle distance is same for all MFe2O4
nanoparticles (due to the same coating), the difference in their
magnetic moment could be attributed to increased dipolar
interaction.33,34 It is clear from the Figure 3b that
Zn0.2Mn0.8Fe2O4 with highest dipolar interaction results in
most broadened ZFC peak.
In magnetic resonance imaging (MRI), the T2 contrast

enhancement effect of MNS is measured by r2 relaxivity, a slope
of relaxation rate R2 (s−1) plotted against MNS metal
concentration (mM). The higher relaxivity corresponds to
higher T2 contrast enhancement effect. The r2 relaxation rate of
MNS is defined as

π γ= =
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where T2 is transverse relaxation time, γ is proton gyromagnetic
ratio, Ms is saturation magnetization, V is volume of MNS, D is
diffusion coefficient of water molecules, r is radius of MNS
core, and L is thickness of MNS surface coating.35 According to
the eq 2, the increased magnetization values of ZnxMn1−xFe2O4
MNS should enhance T2 contrast in MR imaging compare to
Fe3O4 MNS. Figure 4 shows r2 relaxivity plots and color coded
T2-weighted magnetic resonance (MR) images of NDOPA-
PEG600 coated MFe2O4 nanostructures coated along with
Ferumoxtran and Ferumoxide (dextran coated Fe3O4 nano-
particles). The spin−spin relaxation time (T2) was observed at
3 T. Consistent with the magnetization results ,
Zn0.2Mn0.8Fe2O4 nanostructures showed the strongest MR

Figure 3. (a) Room temperature M-H hysteresis loops, (b) position of
Fe3+, Fe2+, Zn2+, and Mn2+ ions in crystal lattice, and (c) FC-ZFC
curves of as-synthesized Fe3O4 (blue), MnFe2O4 (orange), and
Zn0.2Mn0.8Fe2O4 (green) nanoparticles. The hysteresis loops shows
all the nanoparticles are superparamagnetic and the highest saturation
magnetization of 103 emu/g was observed with Zn0.2Mn0.8Fe2O4
nanoparticles, double than saturation magnetization of 51 emu/g of
Fe3O4 nanoparticles. The FC-ZFC curve of Fe3O4 shows the blocking
temperature increased from ∼40 to 110 K after doping with
(ZnxMn1−x)

+2, suggesting highest anisotropy in Zn0.2Mn0.8Fe2O4
nanoparticles.

Figure 4. (a) r2 relaxivity plots and (b) color coded T2-weighted (3 T)
magnetic resonance (MR) images of NDOPA-PEG coated Fe3O4,
MnFe2O4, and Zn0.2Mn0.8Fe2O4 nanostructures along with Ferumox-
tran and Ferumoxide (dextran coated Fe3O4 nanoparticles).
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contrast effect with the r2 relaxivity of 552 mM−1 s−1 while the
MnFe2O4 and Fe3O4 nanostructures demonstrated r2 relaxivity
of 448 and 355 mM−1 s−1. The increase in the r2 relaxivity from
355 to 552 mM−1 s−1 by just tuning the core composition
shows that the composition of the MNS core is critical for
modulating the spin−spin relaxation processes of protons in the
water molecules surrounding the MNS. It should also be noted
that the highest r2 relaxivity obtained from our PEG coated
sample is ∼8 times higher than Ferumoxtran (dextran coated
iron oxide nanoparticles), a well-known iron oxide MNS based
MRI contrast agent. One possibility of higher r2 relaxivity is due
to clustering of MNS during ligand exchange. Just to confirm
that, TEM was observed after NDOPA-PEG coating (SI Figure
S4). No aggregation of MNS was observed confirming that
higher relaxivity was due to doping and not clustering of MNS.
MNS can be thermally activated and generate heat under an

external RF field that makes the MNS unique for noninvasive
therapeutic applications in biomedicine.36 Rosensweig et al.37

described the analytical relationships and computational models
of thermal activation in a suspension of magnetic nanoparticles
under an external RF field. Thermal activation of the MNS
under an external RF field is defined as specific absorption rate
(SAR) that is the amount of heat generated per unit gram of
the MNS. Higher SAR is critical in order to obtain high
therapeutic efficacy of MNS in biomedical applications. The
SAR for monodisperse magnetic nanostructures under an
external RF field can be calculated as

μ χ
ρφ

π
π τ

π τ
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+
H
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where μ0 is the permeability of free space, H0 is the magnetic
field intensity in the material, and f is the field frequency. χ0 is
the equilibrium susceptibility and can be calculated as
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where ms is saturation magnetization of magnetic nanoparticle,
V is sample volume, ξ is Langevin parameter, φ is volume
fraction of magnetic nanostructures, k is Boltzmann constant,
and T is the temperature.
Figure 5 shows the thermal activation plots and SAR values

of NDOPA-PEG600 coated Fe3O4, MnFe2O4, and

Zn0.2Mn0.8Fe2O4 nanostructures ([Fe+Mn+Zn] = 2 mg/mL)
under RF field of 5 kA/m (5 kW, 300 kHz). The field (H0) and
frequency ( f) were chosen such that the H0 f factor was well
below the experimentally estimated threshold of 5 × 109 A/
ms.38 SAR was calculated from the thermal activation plots
using the following equation

= ⎜ ⎟⎛
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m

T
t
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d
d
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where C is the specific heat capacity of the solvent, dT/dt is the
initial slope of the thermal activation plot, Vs is the sample
volume, and m is mass of magnetic material in the sample.
According to the eqs 3 and 4, the SAR is highly dependent on
the saturation magnetization of the MNS. The calculated SAR
values based on the thermal activation plots showed that
NDOPA-PEG600 coated Zn0.2Mn0.8Fe2O4 nanostructures with a
higher magnetization and anisotropy have superior thermal
activation properties over NDOPA-PEG600 coated MnFe2O4
and Fe3O4 nanostructures. The SAR value of 8 nm
Zn0.2Mn0.8Fe2O4 nanostructures is 345 W/g, four times higher
than 8 nm MnFe2O4 (90 W/g) and around 40 times higher
than 8 nm Fe3O4 nanostructures (9 W/g). This dramatic
change in SAR further support our claim that tuning
composition can significantly enhance theranostic properties
of MNS.
The surface coating effect was studied by tuning the PEG

length of NDOPA-PEG coating. Zn0.2Mn0.8Fe2O4 nanostruc-
tures (size 8 nm) were used as core selected for the study due
to their higher theranostic properties among all MFe2O4
nanostructures. The measured hydrodynamic diameters of the
NDOPA-PEG coated Zn0.2Mn0.8Fe2O4 nanostructures with
PEG mol. wt. 200, 400, 600, and 2000 were observed to be 22,
25, 34, and 47 nm, confirming that larger mol. wt. of PEG
resulted in longer length extended away from the nanoparticle
surface. The r2 relaxivity of the Zn0.2Mn0.8Fe2O4 nanostructures
increased when the PEG chain length increased from 200 to
600 (Figure 6a). The significantly higher relaxivity of all the
NDOPA-PEG coated MNS over widely used dextran and silica
coated MNS suggest that water permeable PEG layer influence
the spin−spin relaxation processes of water protons in a much
larger area than dextran and silica. According to eq 1, the r2
relaxivity is inversely proportional to the coating thickness and
r2 should decrease with increasing coating thickness. However,
the eq 2 assumes the coating (L) as impermeable39 but the
PEG coating is permeable to water, hence the inversely
proportional relationship cannot be correlated with our results.
Since protons that are within the range of PEG coating will
relax much faster than those in bulk water, it is expected
observe increment in r2 values with increasing PEG thickness.
However, with further increasing the PEG coating length to
2000 reduced the r2 values (Figure 6a). These results clearly
indicate that an optimum PEG coating is required to obtain the
highest r2 relaxivity. The similar trend was demonstrated by Bao
et al.19,40 They showed that the r2 relaxivity of the DSPE-PEG
coated 14 nm Fe3O4 nanostructures first increased when the
PEG molecular weight increased from 550 to 1000 and later
decreased when the PEG size further increased to 2000 and
5000. They addressed this issue experimentally as well as
theoretically by developing two simulation models. They
explained there are several competing factors such as thickness
and packing of hydrophilic and hydrophobic parts of the
polymer determine the final r2 of a magnetic nanostructure.

Figure 5. Thermal activation plots and SAR values of NDOPA-PEG600
coated Fe3O4, MnFe2O4, and Zn0.2Mn0.8Fe2O4 (green) nanostructures.
The thermal activation plots shows drastic change in dT/dt in three
different ferrites that resulted in significant difference in their SAR
values.
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On the other hand, the SAR of Zn0.2Mn0.8Fe2O4 nanostruc-
tures decreased when the PEG chain length increased from 200
to 2000 (Figure 6b). The surface coating affects the Brownian
relaxation of MNS which is based on a physical rotation of
MNS and one of the main reason for thermal activation of
MNS. Hence, thicker coating can result in higher Brownian
losses that reduces the SAR of MNS which is consistent with
our observations. So, there is certainly a trade-off between r2
and SAR with increasing PEG thickness. However, the drop in
SAR was not as significant as increment in r2 with increasing
PEG thickness. Hence we chose NDOPA-PEG600 to do further
in vitro studies.
The cytotoxicity of NDOPA-PEG600 coated MFe2O4 MNS

was evaluated using an MTS assay on HeLa cells. It is a
colorimetric assay that determines the quantity of formazan end
product, which is directly proportional to the number of viable
cells. The ratio of absorbance in treatment wells to control was
used to report percent viability of HeLa cells. It is evident from
the Figure 7 that even at concentrations as high as 200 μg/mL
of NDOPA-PEG coated MFe2O4 MNS, the viability of HeLa
cells was not affected significantly. This indicates that the
particles at the concentrations reported here, do not induce
toxic effects in the cells making them biocompatible for further
use as theranostic agents.
To check whether PEG coating reduce nonspecific uptake by

macrophages, we have investigated the cellular uptake pattern
of NDOPA-PEG coated MFe2O4 nanostructures incubated
with J774 macrophage cell line at the concentration of 3 μg Fe/
mL for 1 h at 37 °C. The concentration of Fe ion bound to
membrane were measured by using inductively coupled plasma
- mass spectrometry (ICP-MS) analysis. The samples treated
with Ferumoxytol (polyglucose sorbitol coated Fe3O4 nano-
structures) with same Fe concentration were used as a control
for comparison. NDOPA-PEG coated MFe2O4 nanostructures
showed ∼51 to 70% lower Fe ion uptake than Ferumoxytol

(Figure 8), confirming that our NDOPA-PEG coated MNS
show reduced nonspecific uptake in macrophage cells that can

result in longer blood circulation time. Further, we noticed that
Fe ion uptake decreased with increasing PEG length of
nanostructures, indicating that length of PEG chain also affect
the nonspecific uptake by macrophage cells.

■ SUMMARY AND CONCLUSIONS
We have developed a facile and scalable approach to synthesize
MNS with MFe2O4 (M= Fe, Mn, ZnxMn1−x) nanoparticles as
core and nitrodopamine conjugated PEG (NDOPA-PEG) as
surface coating. By tuning the core composition and length of
surface coating, enhanced theranostic properties of magnetic
nanostructures were obtained, indicating that both core as well
as coating are important factors to take into consideration
during the design of theranostic MNS. The composition was
controlled by doping Mn2+ and Zn2+ ions into Fe3O4
nanoparticles and tuning their stoichiometry while the length
of surface coating was tuned by changing the mol. wt. of PEG.
These engineered magnetic nanostructures with enhanced
magnetization and anisotropy (Ms = 110 emu/g and TB = 100
K) resulted in r2 relaxivity value up to 552 mM−1 s−1 (3 T) and
SAR up to 385 W/g (5kA/m, 5 kW, 300 kHz) which are

Figure 6. (a) r2 relaxivity values and (b) specific absorption rates of
NDOPA-PEG coated Zn0.2Mn0.8Fe2O4 nanostructures with variable
PEG chain length (PEG mol. wt. 200, 400, 600, and 2000).

Figure 7. Cell viability of HeLa cells after treatment with NDOPA-
PEG600 coated Fe3O4 (blue), MnFe2O4 (orange), and Zn0.2Mn0.8Fe2O4
(green) MNS at concentrations ranging from 1 to 200 μg/mL of metal
ions for 24 h. MTS reading with untreated cells was used as a control.

Figure 8. Macrophage uptake study of NOPDA-PEG coated MFe2O4
nanostructures in J774 macrophage cells after 1 h incubation with 3 μg
Fe/mL. Fe uptake in the membrane-bound portion in cells shows that
Ferumoxytol shows the highest uptake and the uptake drops ∼51 to
70% for NDOPA-PEG coated MFe2O4 nanostructures.
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among the highest values reported for MNS with similar size
core magnetic nanoparticles (<10 nm). By increasing the
particle size, the r2 relaxivity and SAR of our particles can be
further increased. However, intention to choose 8 nm core size
was to stay well below superparamagnetic limit and avoid any
possibility of aggregation. In addition, NDOPA-PEG coated
MFe2O4 nanostructures showed enhanced biocompatibility (up
to [Fe] = 200 μg/mL) and reduced nonspecific uptake in
macrophage cells in comparison to other well established FDA
approved Fe based MR contrast agents. When coupled with the
desired targeting agents, these ultrastable MNS have great
potential in targeted theranostic applications.
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