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a b s t r a c t

This work described a proof of concept study of hybrid nanogel-based magnetic resonance contrast
agents, SPIO@GCS/acryl/biotin@Mn-gel, abb. as SGM, for highly efficient, pH-responsive T1 and T2 dual-
mode magnetic resonance imaging (MRI). SGM have been synthesized by assembling superparamagnetic
iron oxide particles into polysaccharide nanoclusters, followed by in-situ reduction of the manganese
species on the clusters and a final mild polymerization. The dual-mode SGM showed an interesting pH-
responsiveness in in vitro MRI, with both T1 and T2 relaxivities turned “ON” in the acidic environment,
along with an increase in the r1 and r2 relaxivity values by 1.7-fold (from 8.9 to 15.3 mM�1 S�1) and 4.9-
fold (from 45.7 to 226 mM�1 S�1), due to desirable silencing and de-silencing effects. This interesting
acidic-responsiveness was further verified in vivo with both significantly brightened signal of tumor
tissue in T1-weighted MR images and a darkened signal in T2-weighted MR images 50 min post-injection
of SGM. This smart hybrid nanogel may serve as a promising candidate for further studies of dual-mode
(T1 and T2) contrast agents in MRI, due to its high stability, interesting pH-response mechanism and
indicative imaging of tumors.

© 2015 Published by Elsevier Ltd.
1. Introduction

Magnetic resonance imaging (MRI) is one of the most important
and efficient tools in clinical diagnostics and biomedical research,
especially for the early diagnosis of cancer [1,2]. In most cases of
clinical application, MR contrast agents (CAs) are utilized, not only
to distinguish regions of diagnostic interest from background tissue
but also to provide greater detail in images of abnormalities,
revealing their exact sizes and characteristics once CAs have
entered the specific tissues [3,4]. Specifically, CAs are employed to
greatly alter the relaxation times of water molecules in their
proximity, then increase tissue contrast on relaxation-weighted
imaging sequences [5]. There are two types of MR CAs: T1 CAs,
which are typically comprised of paramagnetic materials such as
gadolinium (Gd) complexes and manganese (Mn) oxide nano-
particles that facilitate the spin-lattice relaxation of protons,
.
g).
causing a “positive” (or bright) MR image; and T2 CAs, which
commonly consist of superparamagnetic nanoparticles (super-
paramagnetic iron oxide particles, SPIO) that cause protons in their
vicinity to undergo spinespin relaxation and produce “negative”
(or dark) MR images [6]. High T2 relaxivity CAs are preferred for
imaging softer tissue with high feasibility of detection of a lesion,
while much attention has also been paid to T1 mode contrast im-
aging, or bright imaging with high tissue resolution [7].

However, such single mode CAs are not ideal. CAs that are ver-
satile for exhibiting both T1 and T2 relaxivity, namely the dual-
mode contrast agent (DMCA), would allow both imaging modes
to be utilized simultaneously and optionally and thus potentially be
useful for yielding complementary diagnostic information and
lowering adverse medication reactions and clinical issues [8e10].
The individual functional species (Fe, Mn and Gd) are found to
facilitate both T1 and T2 mode imaging under specific synthesis
procedures. The monodispersed water-soluble ultrasmall magnetic
iron oxide nanoparticles (UMIONs, D¼ 3.3 ± 0.5 nm) obtained from
a high temperature co-precipitation route [11], manganese-loaded
dual-mesoporous silica spheres (Mn-DMSSs) [12] and Gd (III)
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dendritic macromolecule complexes [13] were successfully
employed as positive and negative dual-mode contrast agents for
MRI. In addition, the integration of iron oxide (magnetite and
maghemite) nanoparticles with Gd species or Mn species should
therefore produce the possible dual-mode contrast agents. How-
ever, the inevitable severe interference phenomenon between
these two different contrast agents always occurs. For example, T1
MR agents conjugated with T2 MR agents can be considered “si-
lent”, since T2 relaxation timescales near nanoparticles in solution
are extremely rapid and orders of magnitude faster than a
completing T1 contrast agent species, further led to their T1 effect
on water relaxation is obscured by high local magnetic field in-
homogeneity generated by a superparamagnetic T2 contrast agent
[6]. Thus, developing a ingenious method to decrease or avoid the
disturbance between T1 and T2 contrast agents is still a great
challenge. Recently, the “coreeshell” structure and “inset” structure
have been developed by separating silica layers to prevent mag-
netic coupling between MnFe2O4 and Gd2O(CO3)2 [6] and
dispersing the Gd2O3 inside iron oxide nanoparticles (GdIO) to
avoid the disturbance of the two spin phenomena [14], respectively.
Even though, the dual-mode contrast agent still faces increasing
challenges in meeting the demand for both high T1 and T2 relax-
ivity, especially when accurate imaging of small biological targets is
needed.

Nanosize hydrogel (nanogel) is a soft polymer nanoparticle with
three-dimensional, hydrophilic networks trapping a high content
of solvent, and stabilized by the chemical and/or physical cross-
linking of polymers. It can be regarded as the perfect combination
of solids and fluids, with both dimensional stability as well as fluid-
like transport properties [15e17]. These particular physical prop-
erties, especially the similarity with natural tissue due to their
significant water content, make nanogel an ideal candidate for bio-
applications, such as drug delivery systems and bio-imaging
[18e21]. Compared to macro-hydrogels [22e24], the “killer appli-
cation” of nanogels has not emerged yet [25]. In the field of MRI,
this specific nanogel structure facilitates a perfect interaction of
functional species with proximal water molecules that strongly
contribute to the T1 or T2 contrast effect of MRI [26]. Concurrently,
sufficient water exchange between T1 and T2 contrast agents will, in
turn, strongly perturb the relaxation process between them. To
address this problem, in this work, an application-oriented design,
focused on exploiting the structure-function relationships of
nanogel, is attempted through synthesis of the hybrid nanogel-
based contrast agents for highly efficient T1 and T2 dual-mode
MRI. A pH-responsive dual-mode MR Cas, by incorporating Fe3O4
nanoparticles (T2 contrast agent) and the releasable and well-
dispersed Mn species (T1 contrast agent) into a chitosan-based
hybrid nanogel system, present both T1 and T2 effects “OFF” in
the normal tissues (pH ¼ 7.4) due to the desirable signal silencing
and with both effects “ON” in the acidic tumor tissues
(pH¼ 5.5e6.5) owing to the reduced signal interference along with
Mn ion release. As is known, the exact targeting behavior is difficult
and the unexpected accumulation is inevitable. This responsiveness
of hybrid nanogels in the acidic tumor microenvironment can
strongly increase the efficiency and safety of MRI, especially with
respect to the detection of small tumors.

2. Materials and methods

2.1. Materials

Glycol chitosan (GCS, MW250 kDa), biotin, N,N‘-Bis(acryloyl)cystamine (BAC)
and laccase (10 U/mg) were purchased from SigmaeAldrich. Acrylic acid N-
hydroxysuccinimide ester (NHS-acrylic acid), N-hydroxysuccinimide (NHS), and N-
(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), NaBH4 and
fluorescein isothiocyanate (FITC) were obtained from Shanghai Baoman Biotech-
nology Co., Ltd. and used as received. Tetrahydrofuran (THF), ethanol, potassium
permanganate solution (KMnO4) and iron (III) acetylacetonate were purchased from
Sinopharm Chemical Reagent Co. MES (pH¼ 6.5), PBS (pH¼ 6.5), NaOH (0.01M) and
HCl (0.01 M) were prepared by the related reagents also from Sinopharm Chemical
Reagent Co. Deionized water was used in all experiments.

2.2. Synthesis of functionalized GCS (GCS/acryl/biotin)

Polysaccharide ploymer glycol chitosan (GCS, 500 mg) was completely
dispersed in the MES (100 mL, 0.01 M, pH ¼ 6.5) with magnetic stirring at 35 �C
overnight for use. NHS-acrylic acid (33.8 mg, about 10% mol of amino group in GCS)
was then added into the above solution and reacted for other 5 h. After a dialyzed
process at room temperature, biotin (48.8mg, about 10%mol of amino group in GCS)
was further added to undergo an amidation reaction, by using EDC (350 mg) and
NHS (450 mg) as the activators. The GCS/acryl/biotin solution was obtained after
being dialyzed three times at room temperature against of deionized water, for 24 h
with magnetic stirring in order to remove the non-reactive complex.

2.3. Synthesis of superparamagnetic iron oxide (SPIO) particles

The monodispersed 6 nm SPIO nanoparticles were prepared following the
method reported by Sun et al. [27] benzyl ether (20 mL), iron (III) acetylacetonate
(2 mmol), 1, 2-dodecanediol (10 mmol), oleic acid (6 mmol) and oleylamine
(6 mmol) were mixed with magnetic stirring. The above solution was first heated to
200 �C under a nitrogen atmosphere and holding for 2 h. Then, the solution was
heated to 300 �C and holding for another 1 h, without nitrogen flow. After cooled to
room temperature, ethanol (40 mL) was added and the black precipitate (SPIO
nanoparticles) can be obtained after centrifuging at 6000 rpm for 20 min. In order to
purify the SPIO nanoparticles, the above precipitate was first washed with a mixed
solution with hexane (10 mL), oleic acid (50 mL) and oleylamine (50 mL), and then
with ethanol (20 mL). Finally, the obtained SPIO nanoparticles were redispersed in
tetrahydrofuran (THF) (10 mg/mL) for the further use.

2.4. Synthesis of SPIO clusters (SPIO@GCS/acryl/biotin, SG)

GCS/acryl/biotin solution was diluted to about 2e4 mg/mL with the PBS (0.1 M,
pH ¼ 6.5). The SPIO in THF (2.5 mg/mL) was added into the above GCS/acryl/biotin
solution and then ultrasonic mixed for 30 min. Different diameters and size distri-
butions of SPIO clusters (SPIO@GCS/acryl/biotin, SG) can be therefore obtained after
the dialyzed process for 24 h.

2.5. In-situ reduction of manganese species on SG (SPIO@GCS/acryl/biotin@Mn)

SPIO clusters (20 mL, 1 mg/mL) were dispersed in potassium permanganate
(KMnO4) solution (100 mL, 5 mM) and reacted at 30 �C for 4 h. Then the purple
solution was centrifuged at 11000 rpm for 15 min and washed for 3 times to get rid
of the non-reactive KMnO4. The manganese species loaded clusters (SPIO@GCS/
acryl/biotin@Mn) can be therefore obtained after a further reduction process by
using NaBH4 (10 mM).

2.6. Enzymatic polymerization process

In a typical example of hydrogelation, manganese species loaded clusters
(SPIO@GCS/acryl/biotin@Mn, 20 mg) was dispersed in PBS (100 mL, pH ¼ 8.5). NHS
(10 mL, 10 mM) in PBS (pH ¼ 8.5) and N,N‘-Bis(acryloyl)cystamine (BAC) (1 mg,
4 � 10�3 mmol in 50 mL methanol) were added into the above solution by magnatic
stirring at 25 �C. At last, laccase (10 mL, 10 U/mL in PBS) was rejected into the mixed
solution and reacted for further 1 h. The as-obtained nanogel particles (SGM) were
finally collected by centrifuging.

2.7. Synthesis of GCS/acryl/biotin macro-hydrogel

GCS was functionalized with NHS-acrylic acid (about 10% mol of amino group in
GCS) and biotin (about 10% mol of amino group in GCS) by the same procedure for
preparing SGM nanogel. The as-obtained GCS/acryl/biotin solution about 10 mg/mL
was dispersed in PBS (2 mL, pH ¼ 8.5). NHS (0.1 mL, 1 M) in PBS (pH ¼ 8.5) and N,N‘-
Bis(acryloyl)cystamine (BAC) (1 mg, 4 � 10�3 mmol in 50 mL methanol) were added
into the above solution bymagnatic stirring at 25 �C. At last, laccase (0.1 mL, 1000 U/
mL in PBS) was rejected into the mixed solution and reacted for further 4 h. The
macro-hydrogel with the same enzymatic polymerization process was finally ob-
tained as the control experiment.

2.8. Cytotoxicity and cell internalization of SGM

Human derived hepatoma cells HepG2 were obtained from Institute of
Biochemistry and Cell Biology, Shanghai Institutes of Biological Sciences, Chinese
Academy of Sciences (Shanghai, China). HepG2 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum, peni-
cillin (100 mg/mL) and streptomycin (100 mg/mL) in a humidified incubator at 37 �C
and 5% CO2. For the test of cytotoxicity, the cells were seeded in 96-well plates and
cultured overnight. Different concentrations of SGM (25, 50, 100, 200, 400, 500 and
1000 mg mL�1) were added and co-incubated for another 12 h and 24 h. Cell viability
was evaluated in microplate reader (Bio-Tek ELx800) at the wavelength of 490 nm
by adding 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT).
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For the evaluation of cell internalization, the SGM nanogels, the typical organic
fluorescent fluorescein isothiocyanate (FITC) was conjugated (FITC-SGM) by using
the amino group in GCS to facilitate the confocal laser scanning microscopy (CLSM)
observation. Specifically, FITC (10 mg) was dissolved in ethanol (10 mL) under dark
conditions and 1 mL of as-obtained solution was added and reacted with SGM so-
lution (10 mg, 1 mg/mL in ethanol) under dark conditions for about 24 h. FITC-
grafted SGM, namely FITC-SGM, was collected by subsequent washing with
ethanol and centrifugation several times to remove the unreacted FITC. The cells
were seeded in cell culture dish (NEST Biotech Co., LTD.) overnight and then FITC-
SGM (100 mg/mL) was added and co-incubated for another 4 h and 8 h. After
removing the suspending medium and rinsing the cells twice, 40 ,6-diamidino-2-
phenylindole (DAPI, Beyotime Institute of Biotechnology) nuclear stain was drop-
wise added onto the cells for the nuclear visualization. The fluorescence images of
cell internalization of this nanogel particles were observed using Olympus confocal
laser scanning microscope (Fluo-ViewTM FV1000).

2.9. T1 and T2 relaxivity measurement of SGM in vitro

In vitro MR imaging experiment was performed on a 3.0 T clinical MRI instru-
ment (GE Signa HDx 3.0 T). The contents of Fe and Mn element in SGM were first
determined by inductively coupled plasma atomic emission spectrometry (ICP-AES,
IRIS 1000, Thermo Elemental). The different concentrations of SGM solution versus
manganese and iron concentration at PBS with pH ¼ 7.4 and pH ¼ 5.5 in the tubes
were prepared and aligned in the test box. For the T2-weighted imaging, fast-
recovery fast spin-echo (FR-FSE) sequence with the following parameters were
adopted: TR ¼ 2000 ms, TE ¼ 106 ms; For the T1-weighted imaging, fast spin-echo
(FSE) sequence with the following parameters were used: TR ¼ 1000 ms,
TE ¼ 7.8 ms. MR T1 mapping experiments to obtain T1 relaxation time were per-
formed with the following parameters: TR (repetition time) ¼ 1000 ms, 2000 ms,
3000 ms, 4000 ms, TE (echo time) ¼ 7.8 ms. Relaxivity values of r1 were calculated
through the curve fitting of 1/T1 relaxation time (s�1) versus the Mn concentration
(mM); MR T2 mapping experiments to obtain T2 relaxation time were performed
with the following parameters: TR ¼ 4000 ms, TE ¼ 13 ms, 26 ms, 39 ms, 52 ms.
Relaxivity values of r2 were calculated through the curve fitting of 1/T2 relaxation
time (s�1) versus the Fe concentration (mM). The MR images were captured and the
related data were recorded.

2.10. T1 and T2 MRI of SGM in vivo

The female athymic nudemice, weighing between 20 and 25 g, were supplied by
the Shanghai Tumour Research Institute. They were inoculated subcutaneously with
50 mL (2 � 105/mL) human epithelial carcinoma Hela cells (purchased from Cell
Bank, Chinese Academy of Sciences and cultivated in the DMEMmedium containing
10% fetal bovine serum) in right hind legs. Hela tumor-bearing nude mice were
obtained after about 2 week cultivation. The experiment was approved ethically and
scientifically by the University and complied with Practice for Laboratory Animals in
China. Before MRI experiments, the mice were anesthetized and fixed in the MR
imaging system (GE Signa HDx 3.0 T). SGM dispersed in PBS (100 mL at 5mg/mL) was
administrated via an tail vein. MRI was performed with a fast spin-echo sequence
(TR/TE ¼ 2800/88 ms (T2), TR/TE ¼ 560/16.2 ms (T1), field of view ¼ 9 cm, slice
thickness ¼ 2 mm, matrix ¼ 128x128).

The New Zealand white rabbits (2.5e3.0 kg) were supplied by the Laboratory
Animals Center of Tenth People's Hospital of Tongji University. The rabbit model
with VX2 tumor on the livers was built through burying the VX2 tumor pieces into
the rabbit liver surgically and left grow for another 3 weeks. The experiment was
approved ethically and scientifically by the University and complied with Practice
for Laboratory Animals in China. Before MRI experiments, the rabbits were anes-
thetized and fixed in theMR imaging system (GE Signa HDx 3.0 T). SGM dispersed in
PBS (5 mg/ml) was administrated via an ear vein (dose: 4 mg/kg). Then, the rabbit
was taken for the MRI test. MRI was performed with a fast spin-echo sequence (TR/
TE ¼ 3740/102 ms (T2), TR/TE ¼ 3.7/1.2 ms (T1), field of view ¼ 21 cm, slice
thickness¼ 5 mm, matrix ¼ 384 � 192). Also tumor and other different organ (liver,
spleen, lung, heart and kidney) tissues in different time intervals (10 min, 25 min,
50 min, 2 h and 12 h) post-injection were cllected and further investigated by ICP-
AES. The organ tissues of blank rabbit without any sample injection were also
collected as control, to offset the influence of the orignal Fe elements in the organs.

All MRI quantitative analyses were carried out by one radiologist. Signal in-
tensities (SIs) of the tumor tissues were measured in defined regions of interest
(ROI). Relative signal changed values were calculated using SI measurements before
(SIpre) and after (SIpost) injection of contrast agents, using the formula:
[(SIpost�SIpre)/SIpre] � 100; SIpost values were collected at different time points. The
standard deviation of signal intensity is derived from a group of the ROI (n ¼ 3).

2.11. Characterization

SEM (Scanning ElectronMicroscopy) and STEM (Scanning Transmission Electron
Microscopy) analysis was conducted on FEI Magellan 400L system. The mean
diameter of the samples was measured by dynamic light scattering using a Zeta
potential/particle Sizer Nicomp TM 380 ZLS (PSS Nicomp particle size system, USA).
The X-ray powder diffraction patterns were recorded on a BRUKER-AXS
diffractometer (Bruker, Germany) using Cu Ka radiation (l ¼ 0.1542 nm). Vibration
sample magnetometer (VSM) was used to examine the magnetic properties of dry
samples on lakeshore 735. Inductively coupled plasma atomic emission spectros-
copy (ICP-AES, Varian 710, USA) was used to determinate the metal element content
of samples.
3. Results and discussion

3.1. Construction and characterization of SGM

As shown in Scheme 1, for a successful polymerization proce-
dure and in vivo applications, the initial polysaccharide polymer
glycol chitosan (GCS) was functionalised with acrylic acid N-
hydroxysuccinimide ester (NHS-acrylic acid) and biotin through
esterification and amidation reactions to obtain the polymerizable
monomer (GCS/acryl/biotin) a). The SPIO clusters were therefore
integrated by the electrostatic self-assembly of GCS/acryl/biotin
with ammonium cations and 6 nm SPIO nanoparticles with car-
boxylic anions during the dialysis process (SPIO@GCS/acryl/biotin,
abb. as SG) b). To facilitate a sufficient interaction between the T2
and T1 species, the Mn source (potassium permanganate, KMnO4)
was reduced in-situ to Mn oxides (MnOx) on SG as a result of the
self-reducibility of polysaccharides and the strong reductive ability
of sodium borohydride (SPIO@GCS/acryl/biotin@Mn) c). At last, the
responsive dual-mode HNGCAs, namely SGM (SPIO@GCS/acryl/
biotin@Mn-gel), can be obtained with efficient crosslinking pro-
cesses by mild enzymatic polymerization with laccase as the
catalyst and N,N‘-Bis(acryloyl)cystamine (BAC) as the crosslinker d).
During circulation in vivo, the T1 and T2 effects of SGM silenced due
to the significant interference between them; no obvious MR im-
aging capability on the T1 or the T2 modes can be detected. After
accumulating in the more acidic extracellular environment of the
tumor, both the T1 and T2 relaxivities turned “ON” due to the
decreased signal interference betweenMn and SPIO e) owing to the
Mn ion release.

The typical morphology and structure of SGM were analysed by
various characterization techniques, as shown in Fig. 1. In Fig. 1aec,
typical scanning transmission electron microscopy (STEM) images
under different modes demonstrate the uniformity and spherical
morphology of SGM. In addition, the contrast in the images from
high angle annular dark field (HAADF, b and e) and bright field (BF,
c) imaging, highlight the location of SPIO nanoparticles in the SGM.
Energy dispersive X-ray spectroscopy (EDS) element mapping (d1-
d3) of SGM (a-c) and line scanning analysis (f1-f3) of single SGM
particle (e) further indicate that the functional species Fe and Mn
homodisperse in the nanogel particles, especially in the case of the
Mn species, which are well-dispersed in the SGM nanoparticles and
therefore fully contacting inside SPIO, rather than simply residing
on the surface of nanogel particles. This specific structure ensures
the desirable “OFF” and “ON” states of the MR contrast effects of
SGM. The average hydrodynamic diameter of SGM determined by
dynamic light scattering (DLS) is 201 nm, demonstrating that they
are monodispersed and do not aggregate inwater (Fig. 2a). Besides,
an excellent particle dispersion and stability of SGM can be
exhibited with an obvious Tyndall effect in the digital image of an
SGM solution (inset of Fig. 2a), further indicating a favorable hy-
drophilicity of SGMnanogels. The XRD pattern of SGM (Fig. 2b) only
shows the diffraction peaks of Fe3O4, indicating crystallised SPIO
and amorphous Mn oxides in the nanogels, as we expected. To
investigated the effects of experimental parameters on the quality
of hybrid nanogels, samples (SGM-1 and SGM-2) with different
morphology features (Supplementary Fig. S1) and hydrodynamic
diameters (Supplementary Fig. S1) can be synthesized by using
different synthetic conditions (Table S1). The results show that the
diameters of SGM can be adjusted by altering the amount of



Scheme 1. Schematic illustration of SGM. The fabrication process for SGM: a) modification of acryl bonds and the biotin group on glycol chitosan (GCS), b) self-assembly of the
modified GCS and superparamagnetic iron oxide particles (SPIO), c) in-situ reduction of potassium permanganate (KMnO4) on the GCS segments using the self-reduction of
polysaccharides and NaBH4 and d) efficient enzymatic polymerization of the hybrid system with laccase and N,N‘-Bis(acryloyl)cystamine (BAC). Step e) shows the smart dual-mode
MRI that results from the responsive Mn ion release and T1 and T2 signal recovery of SGM.
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modified GCS and SPIO. It is noted that higher SPIO concentrations
caused assembly of larger sizes of SPIO clusters (SG), which could
then assemble into a larger SGM. On the other hand, more GCS
amount would led to the broaded particle size distribution,
although SGM with smaller particle sizes was obtained. Thus, the
hybrid nanogels for subsequent MR application in the present work
were empolyed based on the sample (SGM) with the preferred size
(approximately 200 nm) and narrow particle size distribution.

The detailed process of the in-situ reduction of Mn species on
the SPIO clusters (Fig. 2c) can be described as the 1) partial ion
exchange between permanganate ions (MnO4

- , purple dots) and
hydroxyl counter ions (OH�, green dots) of the GCS layer and 2) the
catalysed reduction of permanganate ions inside the layer to Mn
oxides (MnOx) with low valence state. Fe element quality is further
calculated to be approximately 16.7 wt% of GCS and the molar ratio
of Fe toMn is approximately 7.6:1, based on the inductively coupled
plasma atomic emission spectroscopy (ICP-AES) result. The poly-
merization process with laccase as the catalyst was also evaluated.
This process has been regarded as a corresponding nitroxide radical
generation after the laccase-catalysed hydrogen abstraction reac-
tion by NHS [28], which can be further verified based on the suc-
cessful gelation of a GCS/acryl/biotin macro-hydrogel
(Supplementary Fig. S3). These SPIO- and Mn-species co-loaded
hybrid nanogels can therefore be used as a potential dual-modeMR
contrast agents.

Before investigating the application of nanogels in MRI, the
initial biocompatibility of the cytophagy and cytotoxicity of SGM
nanogels were evaluated on human liver hepatocellular HepG2
cells. The confocal laser scanning microscopy (CLSM) images of
HepG2 cells in Fig. 3 reveal that the SGM can be uptake or inter-
nalized by HepG2 cells via endocytosis and located in the cytoplasm
(but not in the nucleus) after incubationwith 100 mg/mL fluorescein
isothiocyanate (FITC) modified SGM (FITC-SGM) for 4 h and 8 h.
Besides, the viability of HepG2 cells after incubation with SGM for
12 h and 24 h at varying concentrations (25, 50, 100, 200, 400, 500
and 1000 mg mL�1) were recorded as shown in Fig. 4. All of the cell
viabilities are higher than 80%, demonstrating that no apparent
toxic effects of SGM were observed even at 1000 mg mL�1 for 24 h.
However, it shold be noted that slight toxicity of SGM can be found,
which may be attributed to the release of excess Mn ions from the
acidic environment (e.g., endosomes or lysosomes of cells) [29,30].
To confirm the hypothesis, the release curves of Mn ions from the
SGM in phosphate-buffered saline (PBS) solutions of various pH
values (7.4 and 5.5) have been tested. As shown in Supplementary
Fig. S4, only 9%Mn ions were released from the SGM at pH values of
7.4 within 4 h. In contrast, 23% Mn ions were found leached out
from the nanogels at pH 5.5. These results indicate that the man-
ganese species of hybrid nanogels were relative stable at neutral
condition but also displayed a releasable feature in acidic envi-
ronment. More importantly, this pH-responsive property would be
very helpful for tumor MR imaging as the pH value of tumor
microenvironment is acidic.

3.2. In vitro responsive T1 and T2 imaging

The responsive T1 and T2 imaging of SGM were first evaluated
under different pH values in vitro, as shown in Fig. 5a and b. The
different concentrations of SGM solution at pH ¼ 7.4 became
somewhat brighter in T1-and darker in T2-weighted MR images,
with low r1 and r2 relaxivities of 8.9 mM�1 S�1 (black line in Fig. 5a)
and 45.7 mM�1 S�1 (black line in Fig. 5b), respectively. Especially
for the T2-weighted images, no significant signal enhancement can



Fig. 1. Characterization of SGM. Typical scanning transmission electron microscopy (STEM) images of SGM under different modes: second electron (SE, a), high angle annular dark
field (HAADF, b and e) and bright field (BF, c), EDS mapping images (d1ed3) of SGM (aec) and EDS line profiles (f1ef3) of single particle (e). The scale bars in aec indicate 200 nm.
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be detected. It is interesting that the SG sample, without manga-
nese species introduction, showed an extremely high r2 relaxivity
of approximately 362 mM�1 S�1 (Supplementary Fig. S5), which
further demonstrates the strong interference and silencing effects
between the SPIO andMn species. After pre-treatment in the buffer
solution at pH 5.5 for only 3 h, the MR effects of the sample, namely
SG-deMn, strongly de-silenced and increased in both T1-and T2-
weighted MR images, with r2 values recovering to 15.3 mM�1 S�1

(red line in Fig. 5a) and 226 mM�1 S�1 (red line in Fig. 5b),
respectively. It is suggested that both T1 and T2 relaxivities turn
“ON” in the acidic environment, while the relaxivity values increase
to 1.7-fold and 4.9-fold with respect to the “OFF” values.

Of great interest here are the intelligent SGM with both T1 and
T2 relaxivities silenced and de-silenced due to the interference
between two different MR contrast agents (SPIO and manganese
oxide) in the nanogel system. On the basis of a quantummechanical
outer-sphere theory, the mechanism for T1 contrast agents is pri-
marily direct proton interaction. Therefore, the relaxivity is affected
by the number of exposed sites on the surface, according to the
Solomon Bloemenbergen Morgan theory [31e34]. The enhanced T1
effect here can be explained by Mn ion release in the low pH
environment, as mentioned above in Supplementary Fig. S4, which
have also been found in the previous works [35e38], affording
desirable contact with proximal water in the SGM system.

Considering to the T2 MR contrast agents, T2 relaxivity increases
with the magnetization if other parameters are constant [39e42].
To further clarify the “switch” effect of SGM in MR imaging, the
field-dependent magnetization properties (M-H) of SG and SGM
were investigated (Fig. 5c). The results indicated that the in-situ
reduction of Mn species inside the SPIO clusters perturbed the
magnetization of SPIO, leading to a severe reduction of saturation
magnetization (Ms) values from 46.0 to 32.9 emu$g�1. As expected,
theMs value of SG-deMn recovered to approximately 37.8 emu$g�1

after a short treatment in the acid buffer solution, which is precisely
in accordance with the “OFF” and “ON” of the T2 contrast effects in
Fig. 5b. The responsiveness of T2 transverse relaxivity can be partly
attributed to the changes of magnetic strength of nanogels
assembled with Mn species contacting SPIO clusters.

Essentially, in this nanogel system, both the T1 and T2 relaxiv-
ities are exceptionally enhanced originally and thus strongly
mutual interfered under normal conditions and, as we observed,
recovered and were enhanced in the acid environment. The
possible interaction mechanism is illustrated in Fig. 5d. The
silencing mechanism between T1 and T2 relaxivity, however, is not
well understood in this nanogel system. Nevertheless, this proof-
of-concept study can provide guidance for the synthesis of a sin-
gle versatile agent for highly efficient dual-mode MRI.

3.3. In vivo responsive T1 and T2 imaging

The interesting responsive T1-and T2-weighted imaging were
firstly verified in in vivo MRI experiments performed on mouse
model bearing Hela tumors in right hind legs (Fig. 6). As shown in
Fig. 6a, both the T1-and T2-weighted MR images were recorded



Fig. 2. Hydrodynamic diameter of SGM determined by DLS in water (the inset is the digital photo of SGM in water under laser irradiation) (a). XRD pattern of SGM (b) and the
scheme of the in-situ reduction of Mn species on the SPIO clusters (c). The symbol * in (b) indicates the diffraction peaks of Fe3O4.

Fig. 3. CLSM images of HepG2 cells after incubation with 100 mg/mL fluorescein isothiocyanate (FITC) modified SGM (FITC-SGM) for 4 h and 8 h. Merged images: the combination of
the corresponding images from DAPI, FITC channel and bright field. The scale bars in all images indicate 100 mm.
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Fig. 4. Viability of HepG2 cells after incubation with SGM for 12 h and 24 h. Each
column is the average of 6 data.

Fig. 5. In vitro responsive T1 and T2 imaging: Plots of T1�1 versus manganese concentration a
deMn, red line), respectively. r1 and r2 relaxivities are derived from linear fitting of the plo
responding samples at different concentrations.The field-dependent magnetization curves (
sample magnetometer (VSM) c) and the possible interaction mechanism of the smart SGM
legend, the reader is referred to the web version of this article.)
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before SGM intravenous injection and at different time intervals
(20, 40 and 60 min) after intravenous injection of SGM. Compared
with the pre-injection images, a brightened signal from the tumor
can be detected in T1-weighted MR images, with a “positive” signal
enhanced by approximately 12.9% by just 20 min post-injection,
and approximately 15.4% increased darkened signals were found
in tumors in T2-weighted MR images (Fig. 6b). These results indi-
cate that SGM can enter the acidic environment of the tumor,
responsively release Mn ions into the tumor interstitium and
spectacularly contrast the tissue with responsive T1 relaxivity and
the recovered T2 relaxivity.

In order to verify the responsive signal “ON” in the tumor and
“OFF” in the normal tissue, the MR contrast imaging of SGM were
furtherevaluatedona rabbitmodel bearingaVX2 tumoron the liver.
In vivoT1-and T2-weightedMR images and the corresponding signal
intensities pre- and 50 min post-injection of SGMwere recorded in
Fig. 7. For T1-mode MRI with a “positive” signal (Fig. 7a), a signifi-
cantly brightened tumor signal can be detected compared with the
one inpre-injection image.Quantitatively, the intensity of the tumor
signal was enhanced by 18.2% by 50 min post-injection (Fig. 7b).
While the T1 signal of normal liver tissues oppositely decreased
approximately 29.5%, evenwith a large amount of SGM retention in
the liver, obtained from the time-dependent bio-distribution of
SGM by ICP-AES analysis (Supplementary Fig. S6), indicating the
high efficiency of SGM as a responsive T1 contrast agent.
) and T2�1 versus iron concentration b) at pH ¼ 7.4 (GSM, black line) and pH ¼ 5.5 (GS-
ts. The insets are the corresponding T1-weighted and T2-weighted images of the cor-
M-H) of SG, SGM and SG-deMn nanoparticles at 300 K, obtained by using a vibrating-
for MR contrast imaging d). (For interpretation of the references to color in this figure



Fig. 6. In vivo T1-and T2-weighted MR images of mice bearing Hela tumors in right hind legs pre- and in different time intervals (20, 40 and 60 min) post-injection of SGM a).
Relative T1 and T2 signal intensities of tumors (marked with red dots) as a function of time b). The standard deviation of signal intensity is derived from a group of the region of
interest (ROI, n ¼ 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. In vivo T1- (aeb) and T2- (ced) weighted MR images of rabbits bearing VX2 tumors on their livers and relative signal intensities pre- and 50 min post-injection of SGM. The
standard deviation of signal intensity is derived from a group of the region of interest (ROI, n ¼ 3) with liver tissues (near the tumors) and tumors (marked with yellow dots). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Concurrently, partially darkened signals were found in tumor in
T2-weighted MR images (Fig. 7c), as compared with the pre-
injection images. T2 signals were detected in the tumor regions
where the SGM entering, not thewhole tumor aera, which propably
verifies that only a small amount of SGM can accumulated and
entered tumor region. The “negative” signal intensity of the tumor
increased approximately 23.1% (with actual signal intensity
decreasing from 1111 to 854) by 50min post-injection. The T2 signal
intensity of normal liver tissues, however, was raised approxi-
mately 45.0% by 50 min post-injection (with actual signal intensity
decreasing from 260 to 143), which can be attributed to the tran-
sient and large accumulation of SGM (approximately 34.5 ng of Fe
per milligram of tissue, from the ICP results shown in
Supplementary Fig. S6) due to the inevitable phagocytic effect of
the mononuclear phagocyte system (MPS) in the liver [43,44].
Considering the large size and the high original signal intensity of
the tumor, the large “negative” T2 signal intensity here has already
sufficiently verified the efficiency of SGM as responsive T2 contrast
agents in the tumor. The above results verified the tumor acidity
responsiveness of this smart nanogel-based dual-mode MR
contrast agent in vivo, with evident T1-and T2-weighted contrast
signals “OFF” in normal tissues and “ON” in tumors.

4. Conclusions

In conclusion, a hybrid nanogel system, SPIO@GCS/acryl/
biotin@Mn-gel, abb. as SGM, has been designed and constructed
to be a highly efficient acid-responsive dual-mode contrast agent
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for magnetic resonance imaging (MRI) by fully considering the
structure-function relationships of the nanogel system. This spe-
cific structure of hybrid nanogel-based contrast agents facilitated a
perfect interaction of functional species (iron and manganese) with
the proximal water that strongly contributed to the T1 and T2
relaxivities in MR imaging and, in turn, strongly perturbed the
relaxation process between them, which resulted the desirable
silencing and de-slilencing effects between them. Both the T1 and
T2 relaxivities of SGM turned “OFF” under neutral pH conditions
and “ON” in the acidic environment in in vitro experiment, due to
the reduced signal interference along with Mn species release.
In vivoMRI results further verified the tumor acidity responsiveness
of this smart nanogel-based smart MR contrast agents with
responsive T1 relaxivity and the recovered T2 relaxivities. This
design and approach of SGM can provide a new pathway to obtain
potential intelligent MR contrast agents with high safety and effi-
ciency for MR imaging in the future.
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