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T1/T2 dual-mode magnetic resonance (MR) contrast agents (DMCAs) have gained much attention because
of their ability to improve accuracy by providing two pieces of complementary information with one
instrument. However, most of these agents are “always ON” systems that emit MR contrast regardless of
their interaction with target cells or biomarkers, which may result in poor target-to-background ratios.
Herein, we introduce a rationally designed magnetic relaxation switch (MGRS) for an activatable T{/T;
dual MR imaging system. Redox-responsive heteronanocrystals, consisting of a superparamagnetic Fe304
core and a paramagnetic Mn304 shell, are synthesized through seed-mediated growth and subsequently
surface-modified with polysorbate 80. The Mn304 shell acts as both a protector of Fe304 in aqueous
environments to attenuate T, relaxation and as a redoxable switch that can be activated in intracellular
reducing environments by glutathione. This simultaneously generates large amounts of magnetically
decoupled Mn?* ions and allows Fe304 to interact with the water protons. This smart nanoplatform
shows an appropriate hydrodynamic size for the EPR effect (10—100 nm) and demonstrates biocom-
patibility. Efficient transitions of OFF/ON dual contrast effects are observed by in vitro imaging and MR
relaxivity measurements. The ability to use these materials as DMCAs is demonstrated via effective
passive tumor targeting for Tq- and T,-weighted MR imaging in tumor-bearing mice.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnetic resonance (MR) imaging has been widely applied in a
variety of clinical diagnostic fields as a powerful noninvasive
technique [1,2]. MR imaging is particularly appealing because it can
provide anatomical images of tissues and organs with excellent
spatial resolution [3,4]. The diagnostic capabilities of MR imaging
can be greatly improved by introducing exogenous medical media,
such as T; or T, contrast agents, for enhanced target tissue contrast
on Ty-or Tp-weighted imaging sequences, respectively [5,6]. Ty
contrast agents, represented by clinically-available gadolinium
(Gd3*) chelates, are paramagnetic materials, which shorten the
longitudinal relaxation time (T;) of nearby water protons [7,8].
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However, despite their ability to generate a positive (bright)
contrast with high signal intensity, the use of T; contrast agents is
compromised by their lack of sensitivity and intrinsic low MR
relaxivity [9]. Alternatively, T, contrast agents commonly consist of
superparamagnetic nanoparticles, such as superparamagnetic iron
oxide nanoparticles (SPION), and can be magnetically saturated by
the typical magnetic field strengths in MRI scanners [2,10]. These
agents work by shortening the traverse relaxation time (T;) of
water protons in their vicinity [11,12]. While they have high
detection sensitivity for lesions, their magnetic susceptibility to
artifacts and inherent negative (dark) contrast effects can induce
low signal-to-noise ratios, which limits their application [13,14].
Consequentially, MR contrast agents that integrate both T; and T,
contrast capabilities are highly desirable for advanced MR imaging
techniques [14,15]. These dual-mode agents are able to overcome
the limitations of individual T; and T, imaging modalities by
improving the accuracy. This is done by validating the reconstruc-
tion and visualizing the data that is simultaneously provided by
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two complementary sources of information within a single in-
strument [15,16].

Recent investigations into T1/T> dual-mode contrast agents
(DMCAs) have evolved to combine T; and T, contrast agents into a
single nanoprobe [13,16—19]. In this case, severe proton relaxation
interference between the two different contrast agents (magnetic
coupling), which attenuates the T; contrast effect by the strong
local magnetic field of the superparamagnetic T, material, is
inevitable when they are in close proximity to one another [15,16].
Several designs have demonstrated that inserting distance modu-
lators between the T1 and T, materials, such as silica shells [13,15]
or inorganic linkers [16], can reduce the undesirable magnetic
coupling effect. For those nanoplatforms, however, fastidious pro-
cessing of the nanoparticles and well-defined DMCA design are
required to avoid quenching the T; and T, contrast effects.
Furthermore, most of the contrast agents are “always ON” systems,
exerting the MR contrast effect regardless of their proximity or
interaction with target cells or environmental markers in biology;
this can result in poor target-to-background ratios [20,21].

The development of inventive imaging strategies based on
stimuli-responsive smart nanosystems with high T{ and T, relax-
ivity would be an ultimate solution and enable accurate imaging of
biological targets. In particular, the redox potential variation
induced by concentration changes of reducing agents across
different intra/extracellular regions has been one of the most
extensively employed biological triggers for stimuli-responsive
imaging nanoparticles [22,23]. Glutathione (GSH) is an abundant
reducing agent in cytoplasm (1~15 mM), which plays a central role
in cell growth and function [24,25]; the fact that cancer cells have
higher GSH concentrations than corresponding normal cells en-
ables redox-responsive nanoplatforms to be promising cancer
diagnostic probes [24,26]. Therefore, the introduction of a redox-
responsive moiety that can cage T; and T, contrast agents in a
magnetically coupled state and initially shield them from water
molecules would greatly improve the MR signal transition in
stimuli-responsive DMCA systems for cancer diagnosis.

In this study, we developed an activatable T;/T, dual-mode
imaging probe with a magnetic relaxation switch (MGRS) that ex-
hibits high sensitivity and effective silencing/activation of the MR
contrast effect in target conditions. This was accomplished by
constructing heteronanocrystals that consist of a super-
paramagnetic core and a redox-responsive paramagnetic shell. For
a proof of concept, we designed a Mn304-coated Fe304 hybrid
nanocrystal that is encapsulated within amphiphilic polyethylene
glycol (PEG) derivatives; we refer to these crystals as redox-
responsive activatable nanostarshells (RANS). They can be acti-
vated under an intracellular reducing environment for ultrasensi-
tive bimodal MR imaging in vivo. To date, various Mn-based
materials, such as Mn chelates [27], MnO nanoparticles [28], and
hybrid nanomaterials [11,29], have been applied for MR imaging
with good biocompatibility. However, the application of a redox-
able Mn304 layer as the MGRS of a DMCA has not been reported.
The schematic illustration in Fig. 1 depicts the design of RANS and
its operation mechanism. The Fe3O4 core of RANS is initially
shielded from the aqueous environment by the Mn304 shell. The
Mn center is also restricted within the Mn3O4 structure, resulting in
low accessibility to water and magnetic coupling with the super-
paramagnetic core [30]; the T; and T, contrast effects are quenched
(“OFF” state). After accumulation of RANS on the tumor tissue,
which is caused by the enhanced permeation and retention (EPR)
effect, and subsequent internalization into the tumor cells, the
Mn304 shells are dissolved into Mn?* ions by a redox reaction
(“redox-mediated peeling”) in the presence of abundant GSH in the
cytoplasm. Numerous high-spin Mn?t ions and exposed Fe3;O4
cores can individually serve as MR contrast agents; these can be

collectively activated to generate a dramatic enhancement in the Ty
and T, signal contrast (“ON” state). The heteronanocrystals were
synthesized by sequential seed-mediated growth using an iron
precursor and a manganese precursor through a thermal decom-
position method. Using an emulsion and solvent evaporation
method, these nanocrystals were subsequently transferred into an
aqueous solution using polysorbate 80 (P80) as a biocompatible
capping molecule. The transition efficacy of the OFF/ON dual
contrast effects and the potential usefulness of RANS as a DMCA
were confirmed through in vitro and in vivo experiments.

2. Materials and methods
2.1. Materials

Iron (IIl) acetylacetonate, manganese (II) acetylacetonate, 1,2-
hexadecanediol, oleic acid (OA, 90%, technical grade), oleylamine
(70%, technical grade), polysorbate 80 (P80), benzyl ether, N-eth-
ylmaleimide (NEM), and a-lipoic acid (LA) were purchased from
Sigma Aldrich. Reduced glutathione (GSH) was obtained from
Tokyo Chemical Industry. Phosphate-buffered saline (PBS; 0.010 M,
pH 7.4), Roswell Park Memorial Institute medium (RPMI), and fetal
bovine serum (FBS) were purchased from Gibco. Centrifugal filters
(MW cut-off: 50 kDa) were obtained from Millipore. All chemicals
and reagents were of analytical grade and used as-received without
further purification.

2.2. Synthesis of superparamagnetic iron oxide (Fe304)
nanoparticles

Monodispersed Fe304 nanoparticles were prepared using the
reported thermal decomposition method [9]. In a typical reaction,
iron (III) acetylacetonate (2 mmol), 1,2-hexadecanediol (10 mmol),
oleic acid (6 mmol), and oleylamine (6 mmol) were dissolved in
benzyl ether (20 mL) and magnetically stirred under an ambient
nitrogen atmosphere. The mixture was pre-heated to 200 °Cfor 2 h
and then refluxed at 300 °C for 1 h. After being cooled down to
room temperature (RT), the product was purified with excess ethyl
alcohol three times and dispersed in hexane.

2.3. Synthesis of redox-responsive activatable nanostarshells
(RANS) and P80-coated Fe304 nanoparticles (P80-10)

Mn304-coated Fe304 (IO@MO) heteronanocrystals were pre-
pared by a seed-mediated growth method using Fe304 nano-
particles as seeds. 20 mg of Fe304 nanoparticles in hexane were
injected into an oleylamine (18.7 mL) solution containing 110 mg of
manganese (II) acetylacetonate. The solution was vacuumed at
100 °C for 1 h and heated to 180 °C under an ambient nitrogen
atmosphere. The reaction mixture was maintained at this temper-
ature for 6 h and then cooled to RT to form a brownish suspension.
The product was precipitated after centrifugation at 3000 rpm for
10 min and then re-dispersed into 2 mL of hexane. Ethyl alcohol
(20 mL) was added to the solution and precipitated after centrifu-
gation at 10,000 rpm for 10 min. The resulting nanocrystals were
re-dispersed in hexane. Hydrophilic RANS was prepared by
encapsulation of the hydrophobic surface of the I0O@MO nano-
particles with a PEG shell; this was done using a nano-emulsion
method in order to make the nanocrystals biocompatible and
dispersible in aqueous media for use in biomedical applications.
I0@MO nanoparticles (10 mg) were dissolved in 2 mL of hexane,
which was then mixed with 20 mL of a P80 aqueous solution (5 mg/
mL). After mutual saturation of the organic and aqueous phases, the
emulsion was ultra-sonicated in a bath for 20 min at 450 W. The
resulting suspension was stirred overnight at RT to evaporate the
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Fig. 1. Schematic illustration of the redox-responsive activatable nanostarshell (RANS). Superparamagnetic Fe;04 nanoparticle (NP) was coated with redox-responsive Mn304 shell
by seed-mediated growth through thermal decomposition method, and surface-modified with polysorbate 80 (P80). This nanoplatform performs like a starshell containing flares
(Fe304 cores and paramagnetic Mn-holding Mn304 shells) to illuminate the target area (enhancement of MR signal contrast of diagnostic interests) through “redox-mediated

peeling” by intracellular glutathione (GSH).

organic solvent and purified by three cycles of centrifugal filtering
for 20 min each at 3200 rpm. The products were re-dispersed in
deionized water. P80-I0 was synthesized by encapsulation of the
Fe304 nanoparticles with P80 using the same procedures used for
the synthesis of RANS.

2.4. Characterization

The morphology of the Fe304 nanoparticles, IO@MO nano-
particles, and RANS was evaluated using a transmission electron
microscope (TEM; JEM-2100, JEOL Ltd.) that was equipped with an
energy-dispersive X-ray spectrometer (EDS). The magnetic hyster-
esis loop and the saturation magnetization of the Fe304 nano-
particles and IO@MO nanoparticles were measured in dried
samples at 298 K using a vibrating sample magnetometer (VSM;
Model-7300, Lakeshore). The crystalline structure of the Fe3O4
nanoparticles and I0@MO nanoparticles was determined by
analyzing X-ray diffraction (XRD) patterns that were obtained on a
Rigaku Miniflex X-ray diffractometer (Rigaku Corporation, Japan) at
298 K. The hydrodynamic diameters of RANS and P80-I0 were
measured via laser scattering (ELS-Z, Otsuka Electronics). X-ray
photoelectron spectroscopy (XPS) experiments were performed
with a K-alpha system (Thermo U.K.). The absorbance of RANS and
P80-I0 was analyzed using a UV—vis spectrometer (Optizen
2120UV, MECASYS).

2.5. In vitro cytotoxicity test using the MTT assay

The cytotoxicity of Mn®>* (MnCl,) and RANS on MKN-45 cells

(human gastric cancer cell line, American Type Culture Collection
(ATCC), USA) was evaluated with a colorimetric assay based on the
mitochondrial oxidation of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) using a cell proliferation kit
(Roche). MKN-45 cells (1 x 10% cells per well) were plated in 96-
well plates, incubated in RPMI (containing 10% FBS and 1%
antibiotics-antimytotic) at 37 °C in a humidified atmosphere with
5% CO,, and treated with various concentrations (0—14 pgmetal
mL~1) of either Mn?* or RANS for 24 h. The relative percentage of
cell viability was then determined as the ratio between the for-
mazan intensity in the viable cells treated with the materials and
the intensity in non-treated cells; this is shown as an
average + standard deviation (n = 4). Non-treated cells were
normalized to 100% cell viability.

2.6. Cellular uptake of RANS

MKN-45 cells (2.0 x 107 cells) were implanted in a Petri dish at
37 °C overnight and washed three times using PBS (pH 7.4). These
were then treated with various concentrations (1, 2, and
5 Ugmetal mL~1) of RANS solutions for 4 h. Subsequently, the cells
were washed with PBS three times to eliminate any free RANS,
detached using trypsin, collected, and then re-suspended in 200 mL
of a 4% paraformaldehyde solution. The cellular internalization was
verified by TEM (JEOL-1100) and MR imaging.

To reduce or increase the concentration of GSH before treating
the RANS solutions, the MKN-45 cells were pretreated with NEM (a
GSH scavenger: 0.01 mM and 0.05 mM) or LA (a GSH synthesis
enhancer: 0.05 mM and 0.1 mM) for 10 min and washed with PBS.



124 M.-H. Kim et al. / Biomaterials 101 (2016) 121—130

2.7. Animal experimental procedure

A xenograft tumor model was used to investigate tumor imag-
ing with RANS. MKN-45 cells (2.0 x 107 cells) suspended in 50 pL of
saline per mouse were injected into the proximal thigh of male
BALB/c-nude mice (4—5 weeks of age, n = 3). All animal experi-
ments were conducted with the approval of the Institutional Ani-
mal Care and Use Committee, Yonsei University Health System.

2.8. In vitro and in vivo MR imaging

In vitro MR imaging experiments were performed using a 1.5 T
clinical MRI instrument with a micro-47 surface coil (Intera; Philips
Medical Systems, Best, The Netherlands). The a) T; or b) T, weights
of the RANS solutions and RANS-treated cells were measured with
the Carr-Pur-cell-Meiboom-Grill sequence at RT with the following
parameters: a) point resolution of 0.234 mm x 0.234 mm, section
thickness of 3 mm, TE = 18 ms, TR = 625 ms, and number of
acquisitions = 2 and b) point resolution of 0.156 mm x 0.156 mm,
section thickness of 0.6 mm, 32 echoes with 12 ms even echo space,
TR = 10 s, and number of acquisitions = 1. For acquisition of a) T1-or
b) T,-weighted MR images of the RANS-treated cells, the following
parameters were adopted: a) point resolution of
0.234 mm x 0.234 mm, section thickness of 3 mm, TE = 18 ms,
TR = 625 ms, and number of acquisitions = 2 and b) point reso-
lution of 0.234 mm x 0.234 mm, section thickness of 0.6 mm,
TE = 60 ms, TR = 4000 ms, and number of acquisitions = 1.

In vivo MR imaging experiments were performed using a 3 T
clinical MRI instrument with a wrist coil (Intera; Philips Medical
Systems, Best, The Netherlands). For a) T1- and b) T,-weighted MR
imaging in the nude mouse model, we adopted the following pa-
rameters: a) point resolution of 0.234 mm x 0.234 mm, section
thickness of 1.0 mm, TE = 12.7 ms, TR = 694 ms, and number of
acquisitions = 1 and b) point resolution of 0.234 mm x 0.234 mm,
section thickness of 1.0 mm, TE = 70 ms, TR = 2635 ms, and number
of acquisitions = 1.

3. Results and discussion

The strategy to synthesize redox-responsive activatable nano-
starshells (RANS) involves sequential crystallization of Fe304
nanoparticles and epitaxial growth of Mn304 shells on the nano-
particle surface via seed-mediated growth based on a thermal
decomposition method. To obtain efficient magnetic coupling be-
tween T, and T; materials, Fe304 and Mn304 were designed to be
directly contacted as a core/shell heteronanocrystal structure. The
superparamagnetic Fe304 nanoparticles, located in the core of
RANS, were synthesized as previously reported and dispersed in
hexane [9]. The Fe304 nanoparticles were transferred to an oleyl-
amine solution of manganese (II) acetylacetonate and reacted at
180 °C for further growth of the Mn304 shell. The monodispersed
Fe304 nanoparticles (10.2 + 1.2 nm, n > 30) and Mn30g4-coated
Fe304 (IO@MO) nanoparticles (13.3 + 2.0 nm, n > 30) were
observed in transmission electron microscopy (TEM) images
(Fig. 2a and b). The spherical Fe304 nanoparticles adopted a
popcorn-like shape after growth of the Mn304 shell because Mn304
nucleation occurred simultaneously at several sites on the surface
of Fe304. The energy dispersive X-ray spectroscopic (EDS) analysis
shows that the products are composed of Fe, Mn, and O elements
(Fig. S1). The Cu and C peaks are attributed to the copper grid and
carbon support film. To quantify the molar ratio of the core/shell
metal composition, we measured the amount of Fe and Mn in
IO@MO nanoparticles by inductively coupled plasma optical
emission spectrometry (ICP-OES). The molar ratio between Fe and
Mn in the sample was approximately 1:1.2, which corresponds to

the molar ratio between Fe304 and Mn304 in IO@MO, as calculated
from their size and density (Fe3O4: 5.18 g/cm® and Mn304: 4.86 g/
cm?) [31] using the formula n = 4pmr/3 MW (n = mole,
p = density, r = radius, and MW = molecular weight). This dem-
onstrates that the change in shape is entirely attributed to the
growth of the Mn304 shell. The magnetic properties of the Fe304
and IO@MO nanoparticles, confirmed from the magnetic hysteresis
loop taken at 298 K with a vibrating sample magnetometer (VSM),
indicated the superparamagnetic behavior of the nanoparticles,
which is in accordance with major property of Fe304 nanoparticles
(Fig. 2c and d). The metal contents of the VSM samples were ob-
tained by ICP-OES. Fe304 nanoparticles showed a high saturated
magnetization value (105.6 emu/mass of Fe) at 1.5 T. The I0@MO
nanoparticles exhibited a similar magnetization value (106.0 emu/
mass of Fe), suggesting that the magnetic properties of the [0@MO
nanoparticles were mainly derived from the core Fe3O4 nano-
particles; this is the case because the Mn304 shell exhibited para-
magnetic properties with a weak magnetization increase. The X-ray
diffraction (XRD) patterns in Fig. S2 show that the crystallinity of
Fe304 is preserved (JCPDS Card No. 88—0315) and that a Mn304
phase, with small characteristic peaks, is formed (JCPDS Card No.
24—0734).

To imbue the nanoparticles, which have been stabilized by a
hydrophobic capping agent, with water-solubility, the as-
synthesized I0@MO nanoparticles were surface-modified with
polysorbate 80 (P80), possessing tri-armed polyethylene glycol
(PEG) chains, through a nano-emulsion method. This process is
based on the fact that the oleyl groups of both the capping agents
and P80 have high hydrophobic interactions. The resulting RANS
displayed good colloidal stability in aqueous solutions without
aggregation, even after they were left for several months at RT.
Dynamic light scattering (DLS) analysis was performed to measure
the hydrodynamic size and aqueous dispersibility of the resultant
RANS. P80-coated Fe304 nanoparticles (P80-10) were prepared for
comparison. As shown in Fig. S3, both P80-I0 and RANS exhibited
narrow size distributions in water with single scattering peaks
located at 20.8 + 5.1 nm and 21.9 + 4.6 nm, respectively. This size is
appropriate for passive tumor targeting due to the enhanced
permeability and retention (EPR) effect [32,33].

Before evaluating the performance of RANS as a DMCA, we first
confirmed the redox-responsive ability of RANS by measuring its
physicochemical changes in the presence of glutathione (GSH). GSH
is an abundant tripeptide in cytoplasm; its presence creates a
reducing environment [24,26,34]. The morphological change of
RANS after reduction by a GSH solution (10 mM) was observed by
analyzing TEM images (Fig. 3a). The Mn304 shell of RANS was
dissolved into Mn? ions by reduction. Additionally, the popcorn-
shaped RANS (left image) adopted a spherical shape, leaving
Fe304 cores (right image) with the initial size of Fe304 nanoparticles
(before Mn304 growth). The size of RANS in the 10 mM GSH solu-
tion was 20.6 + 4.6 nm with narrow size distribution (Fig. S3c). The
surface atomic composition of RANS was determined by X-ray
photoelectron spectroscopy (XPS) (Fig. 3b). Since the inorganic
shell of RANS was comprised of Mn304, Mn provided two peaks
(Mn 2pqp2 and Mn 2p3)3), which were attributed to Mn304 (652.6
and 641.2 eV, respectively). After the Mn304 surface was peeled by
the GSH solution, the Fe peaks (Fe 2pyj; at 724.3 eV and Fe 2p3; at
710.6 eV) increased and the Mn peaks decreased. This occurred
because the core Fe304 and a little part of Mn-doped Fe304 were
exposed to the outer surface after the shell was dissolved and
washed away. The response of RANS to GSH was determined by
examining the UV—vis absorbance spectra. RANS and P80-10 both
exhibited similar absorbance spectra, declining from under 400 nm
to higher wavelengths in deionized water (DW); this behavior is
attributed to the absorbance of Fe304 and Mn304 (Fig. 4a and b).
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Fig. 2. TEM images of a) Fe304 nanoparticles (10.2 + 1.2 nm) and b) I0O@MO nanoparticles (13.3 + 2.0 nm). Magnetic hysteresis loop of c¢) Fe304 nanoparticles and d) [0@MO

nanoparticles (black line: emu/mass of Fe, gray line: emu/mass of Fe + Mn).

When dispersed in a 10 mM GSH solution, the absorbance of RANS
decreased immediately due to dissolution of the Mn304 shell into
Mn?* ions. Alternatively, the absorbance of P80-I0 remained un-
changed because the Fe304 nanoparticles were durable in the
reducing environment that was induced by GSH. The peeling of
Mns304 in the RANS solution was completed within 30 min under
millimolar (0.5—5 mM) GSH concentrations (Fig. S4a and b). To
verify that RANS is durable in acidic conditions and only responsive
in a reducing environment, we analyzed the pH-dependent
changes of absorbance of RANS without GSH (Fig. S4c). In the
absence of GSH, no immediate changes in the absorbance features
of RANS were seen at an acidic pH (pH 5.5) over a period of 100 min.
As shown in Fig. 4c, RANS and P80-I0 were well-dispersed in the
DW, pH 5.5 PBS buffer solution, and 10 mM GSH solution; they did
not experience any aggregation. The brown colour of the RANS
solution turned to a lighter brown after redox-mediated peeling of
the Mn304 shell by GSH. These observations further support the
idea that RANS is specifically responsive to reducing environments.

The redox-dependent structural and physicochemical trans-
formation of RANS in water was expected to affect the proton
relaxation change in a magnetic field (Fig. 5a). The super-
paramagnetic Fe304 core, which generates a strong local magnetic
field, is a major contributor to T, relaxivity [12]. The Mn304 shell
exhibits intrinsic magnetic properties as a T; contrast agent [30]. In
the initial conditions, before the MGRS activation of RANS in a
reducing environment, the paramagnetic Mn centers are confined
within the Mn304 crystal structure so that their exposure to water
is limited compared to that of free Mn®* ions. We also hypothesized
that the strong magnetic field induced by the large magnetic
moment of the superparamagnetic Fe304 core would perturb the

relaxation process of the significantly weaker paramagnetic Mn304
shell (magnetic coupling), resulting in quenching of the T; signal. To
evaluate the effectiveness of RANS as an activatable T;/T, contrast
agent, we incubated RANS with DW and a GSH solution (10 mM) for
2 h and obtained T;- and Ty-weighted MR images (Fig. 5b and c).
The RANS solutions of different concentrations in DW exhibited low
11 and 1 relaxivities of 24 mM~! s! and 92.2 mM~' s~, respec-
tively (black lines in Fig. 5d and e). Interestingly, the r; relaxivity of
RANS was lower than that of the control (P80-I0) as a T, contrast
agent (197.3 mM~! s~ Fig. S5). This demonstrated the strong
silencing effect between the Fe304 core and Mn30y4 shell, inhibiting
both the local magnetic field and the water interactions of the
Fe304 core. After MGRS activation in the GSH solution, the Ti-
weighted MR image of RANS exhibited much stronger positive
contrast enhancement than that of RANS in the GSH-free DW; a 6.8-
fold increase of r; relaxivity was observed (161 mM~! s~1). In
addition, an obvious darkening contrast effect in the T,-weighted
MR image was observed, and the r, relaxivity increased by a factor
of 2.8 (258.6 mM~! s~1). Alternatively, the r; and r, relaxivities of
P80-I0 nanoparticles were unchanged in the presence of GSH
(Fig. S5). To account for the greatly enhanced MR relaxivities, the
following facts must be considered. (1) The water coordination
number to Mn centers increased due to the release of numerous
high-spin Mn?* ions upon the dissolution of Mn30Oy4 shells; there-
fore, large amounts of Mn?* ions, which individually serve as T;
contrast agents, were collectively activated to generate strong en-
hancements in T{-weighted MR imaging. (2) Water molecules
could easily penetrate and come into contact with Fe304 cores, and
the magnetic field barriers of the superparamagnetic Fe304 cores
were removed by elimination of the concrete Mn304 shells. (3) The
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Fig. 5. MR imaging contrast effects of RANS. a) Possible mechanism of magnetic relaxation switch (MGRS) in RANS for activatable MR imaging. b) T; and c) T,-weighted image of the
RANS after treatment of GSH (10 mM) and non-treatment. d, e) Relaxivity plot of R1 and R2 vs concentration of the metal (Mn, Fe).

proton relaxation interference caused by the magnetic coupling
effect between the T1 materials (Mn304 shells or Mn centers) and T,
materials (Fe304 cores) was attenuated. These results suggest that
the MGRS of RANS is effectively activated under a reducing envi-
ronment and demonstrates a dramatic enhancement in the T;/T;
MR contrast effect.

In order to assess their usefulness for biological applications, the
cytotoxicity of RANS was first evaluated on human gastric cancer
cell line MKN-45. After incubation with RANS for 24 h, the cell
viability of MKN-45 cells remained high (over 80%) without any
inhibitory effects on the growth or proliferation at concentrations
below 14 pgmetas mL~! (Fig. 6a). Mn®* ions (MnCl,) also showed
similar cell viability at low metal concentrations; however, signif-
icant cell death (with survival less than 50%) was observed at
14 pgmetat ML~ L This might be due to the gradual degradation of
Mn304 and the remaining Mn®* ions in the organic coating of RANS
as opposed to the direct influx of metal ions, which could mitigate
the cellular toxicity of free Mn?* in the MKN-45 cells [35,36]. In
Fig. 6b, the considerable number of black dots in the MKN-45 cell
treated with RANS indicates the internalization of RANS into the
cytoplasm without damaging the cellular structures. We investi-
gated the T1/T, MR contrast effect of RANS at the cellular level by
performing MR imaging on MKN-45 cells at 1.5 T. The incubation of

RANS with MKN-45 cells led to a pronounced enhancement in the
Ty and Ty contrast as the concentration of the treated nanoprobes
increased (1, 2, and 5 pgmetas ML~ 1) (Fig. 6¢). The MR signal intensity
ratio, which represents the relaxation ratio (R = T~!) difference
between RANS-treated cells and non-treated cells (AR/Rnon-treat,
where AR = |R - Rnon-treat|), Showed remarkable MR imaging per-
formance with significantly enhanced contrast in the MKN-45 cells
treated with RANS; for a 5 ugmetas ML~ ! treatment, this increase was
up to 187.9% in the T;-weighted image (AR1/R1Non-treat) and 338.5%
in the T,-weighted image (AR2/R2Non-treat) (Fig. 6€). To verify the
influence of GSH on the activatable T;/T, imaging ability of RANS in
tumor cells, we used N-ethylmaleinide (NEM; a GSH scavenger) to
modulate the intracellular GSH concentration [23,34]. The MKN-
45 cells were incubated with NEM (0.01 mM or 0.05 mM) 10 min
prior to incubation with RANS (5 pgmetat mL~1). Cells were subse-
quently collected for MR imaging. As seen in Fig. 6d and f, the NEM-
pretreated cells showed a noticeable loss of contrast in both the Ty-
and T,-weighted images. The R1 and R2 values also decreased
compared to those of the free medium-pretreated cells. This is
caused by the fact that NEM decreased the intracellular GSH con-
centration [23,34]; the dissolution of Mn3O4 shells was negligible,
which decreased the subsequent activation of RANS. In parallel
experiments, we observed strong T1/T> MR contrast effects of RANS
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for MKN-45 cells pretreated with a-lipoic acid (LA; a GSH synthesis
enhancer: 0.05 mM and 0.1 mM), which were similar to those
exhibited by free medium-pretreated cells (Fig. S6) [23,34,37].
Thus, we concluded that intracellular GSH was strongly related to
the efficacy of the T1/T> MR imaging capabilities of RANS. Addi-
tionally, the GSH level of the intracellular environment was suffi-
cient to activate RANS in the tumor cells.

To demonstrate the feasibility of RANS as a T;/T; DMCA for
in vivo applications, we performed MR imaging of MKN-45 tumor-
bearing nude mice injected via the tail vein with RANS (200 pL,
7 mgre . mn kg~! mouse body weight). After administration in the
bloodstream, the RANS favors extravasations through leaky tumor
vasculature with hyper-permeability due to their relatively small
size (21.9 nm) and surface properties (PEGylation for stealth
coating) [16]. This was followed by deep penetration and retention
at the tumor tissue (the EPR effect) [32,33]. In Fig. 7a, the Ti-
weighted images showed obvious positive signal enhancement in
the tumor sites after injection of RANS, as compared with the pre-
injection image, while the tumor signals from T,-weighted images

became darker. Such a significant change in the MR contrast at the
tumor was attributed to accumulation in the tumor (via the EPR
effect) and the subsequent activation of RANS. To obtain quantita-
tive and dependable results for signal intensity measurements, we
analyzed the MR signal in the tumor by drawing ROIs of whole
tumor volumes on both the T;- and T,-weighted images (Fig. 7b).
The Ty signal intensity increased sharply after administration of
RANS and gradually grew by 49.8% at a post-injection time of 2 h;
alternatively, the T, signal intensity was decreased to 63.7% of the
value of the pre-injection scans. The H&E stained image and
Prussian blue stained image showed the tumor sections and
accumulation of RANS in the tumors (Fig. S7). These results indi-
cated that RANS simultaneously provided both distinct positive Ty
and negative T, contrast enhancement in the MR imaging of tu-
mors. The dual-contrast enhancing effect of this nanoprobe enables
the synergistic combination of the two relaxation effects for accu-
rate diagnosis of vague tumor sites. To investigate the in vivo
toxicity after administration of RANS, the main organs (brain, heart,
liver, kidney, lung, and spleen) of healthy mice (control) and RANS-
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treated mice (7 mgre.mn kg~ ! mouse body weight) were collected
18 days after RANS treatment. Notably, the mice behaved normally
without any noticeable sign of toxic side effect for the period after
treatment of RANS. No appreciable sign of organ damage or in-
flammatory lesion was noticed for mice 18 days after RANS treat-
ment compared to the healthy control mice, as revealed by H&E
stained major organ slices of those mice (Fig. S8). Therefore, our
RANS would be a safe candidate of MR imaging agent for in vivo use.

4. Conclusions

In summary, a smart activatable imaging nanoplatform (i.e.,
RANS) was designed and synthesized for T{/T, dual-mode MR
imaging by considering the structure-proton relaxation relation-
ships in the nanosystem. We successfully developed hetero-
nanocrystals by fusing superparamagnetic Fe304 cores and redox-
responsive paramagnetic Mn3O4 shells. This forms a magnetic
relaxation switch (MGRS) that is based on the change of water
molecule interactions and the attenuation of the magnetic coupling
effect after decomposition of the Mn304 in a reducing environment
to dramatically enhance the MR contrast. Upon arrival and intro-
duction to a tumor intracellular reducing environment, the Mn304
shells are decomposed to release free Mn?* ions through a GSH/
Mn304 redox reaction, which exposes the interior Fes04 cores to
the aqueous environment. The fabricated RANS, which has a rela-
tively small mean hydrodynamic size (21.9 nm), exhibited greatly
increased ry (6.8-fold increase) and r, (2.8-fold increase) relaxiv-
ities. This improvement is due to the collective activation of the
released free Mn?* ions and the interior Fe304 cores, which occurs
after the redox-mediated peeling of Mn30,4 shells in the reducing
conditions (GSH solution). We also demonstrated the potential
utility of RANS as an MR imaging agent. RANS shows synergistic
dual-contrast enhancing capabilities in cellular/animal studies and
exhibits clear brightening (positive) or darkening (negative)
contrast in the Ti-or T-weighted MR images, respectively, for
cancer detection. Through this approach, we believe that the fea-
tures of RANS can be further extended and developed to new
nanoplatforms with high imaging performance for a wide range of
biological applications in the near future.
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