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O
ver the past few decades, unpre-
cedented progress has been made
in the diagnosis and detection of

many diseases, especially various forms of
cancer. Various imaging techniques includ-
ing ultrasound (US) imaging, magnetic
resonance (MR) imaging, computed tomo-
graphy (CT), positron emission tomography
(PET), and optical microscopy have been
widely employed to gain diagnostic infor-
mation and determine efficient and safe
therapies.1 Among all of these imaging
techniques, US imaging is the most com-
monly used despite its relatively low resolu-
tion, due to its low cost, facile operation,
real-time capabilities (more than 200 fps),
and ability to image structure and function
simultaneously. In contrast, MR imaging has
excellent spatial resolution and is believed
to be one of the most powerful diag-
nostic tools currently available. However,

MR imaging often has problems with low
sensitivity.2 However, the combination of
US and MR imaging can offer complemen-
tary medical information for the diagnosis
of various diseases.
In general, dual-mode contrast agents are

necessary in order to further enhance the
accuracy and efficacy of imaging techni-
ques. Once the contrast agents enter the
specific tissues of interest, they can reveal
exact sizes and characteristics of the ab-
normalities present.3,4 Microbubble-based
agents loaded with superparamagnetic iron
oxide (SPIO) nanoparticles5�7 and micro-
bubbles functionalized with gadolinium
complexes8 have been constructed and
shown to enhance both US andMR imaging
simultaneously. Recently, Shi and co-workers
developed manganese-functionalized inor-
ganic nanosized silica systems encapsu-
lated by perfluorocarbon and loaded with
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ABSTRACT A dual-enzyme-loaded multifunctional hybrid nanogel probe (SPIO@GCS/acryl/biotin-

CAT/SOD-gel, or SGC) has been developed for dual-modality pathological responsive ultrasound (US)

imaging and enhanced T2-weighted magnetic resonance (MR) imaging. This probe is composed of

functionalized superparamagnetic iron oxide particles, a dual enzyme species (catalase and superoxide

dismutase), and a polysaccharide cationic polymer glycol chitosan gel. The dual-modality US/MR imaging

capabilities of the hybrid nanogel for responsive US imaging and enhanced T2-weighted MR imaging have

been evaluated both in vitro and in vivo. These results show that the hybrid nanogel SGC can exhibit

efficient dual-enzyme biocatalysis with pathological species for responsive US imaging. SGC also

demonstrates increased accumulation in acidic environments for enhanced T2-weighted MR imaging.

Further research on these nanogel systems may lead to the development of more efficient US/MR contrast agents.
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SPIO particles.9,10 Enhanced US and MR imaging was
achieved due to the nanosize and high stability of
these inorganic agents. The presence of SPIO nano-
particles and monodispersed manganese in this sys-
tem as well as the large number of phase-changed
perfluorocarbon microbubbles present under intensi-
fied US irradiation contributed to the effective en-
hancement of the MR and US imaging. However,
there is still room for improvement, in particular
achieving more effective accumulation of the agent
within the target tissue with smaller side effects. To
address this, one strategy is to provide the contrast
agent with the ability to respond to stimuli in the
biological microenvironment of the target area.11 The
abnormalities found in the biological microenviron-
ment relative to normal tissue, such as those concern-
ing vascular activity, oxygenation, perfusion, pH, and
overexpressed enzymes, are the basis for any corre-
sponding diagnostic and therapeutic strategies.12�14

Rao and co-workers have also designed specific
nanosensors for the rapid, real-time in vivo imaging
of reactive oxygen or nitrogen species as well as
caspase-3/7, allowing for the direct evaluation of acute
hepatotoxicity and tumor apoptosis.15,16

Specifically, reactive oxygen species (ROS) are often
induced by inflammation,17 which is the first response
of the immune system to protect against infection,
irritation, or injury and is associatedwithmanydiseases
including cancer, atherosclerosis, asthma, and cystic
fibrosis.18 Detection of ROS, including hydrogen per-
oxide (H2O2), superoxide anions (O2

•�), and hydroxyl
radicals (•OH), can provide important physiological and
biological information about the state of the living
system. Recent progress in the fields of biomedicine
and nanotechnology has enabled the development of
various nanoprobes that detect abnormally high levels
of ROS for responsive biomedical imaging of patholo-
gical tissues. Fluorescent and luminescent probes are
also usually designed for the detection of ROS.19 Due to
the intracellular acidification of pathological tissues,
there have been awide variety of studies conducted on
lower-pH responsive tumor imaging. The large amount
of pH-responsive fluorescent molecular and acid-labile
polymers developed for this type of imaging make it a
relatively easy-access and effective technique.20,21 Less
research has focused on the detection of pathological
tissues using US and MR imaging. Gu and co-workers
were the first to observe the catalytic breakdown of
H2O2 into oxygen by Prussian blue nanoparticles
(KFe3þ [Fe2þ(CN)6]). The paramagnetic oxygen bub-
bles formed by this technique can be used to simulta-
neously enhance both US and T1-weighted MR
imaging.22

On the basis of this pioneering work, we designed a
dual-enzyme-loaded multifunctional hybrid nanogel
system for dual-modality noninvasive pathological
responsive US and T2-weightedMR imaging. The probe

is composed of ROS-responsive enzymes and a poly-
saccharide cationic polymer glycol chitosan nanogel
functionalized with SPIO nanoparticles. This probe can
therefore react with ROS within the biological system
and generate bubbles for enhanced US imaging, while
also accumulating in high amounts in acidic environ-
ments for enhanced T2-weighted MR imaging. As an
emerging material, the nanogel system is a hydrogel
nanoparticle possessing three-dimensional hydrophi-
lic networks,23,24 similar to macro-hydrogels.25�27 Its
ideal fluid-like transport properties and hydrophilic en-
vironment make the nanogel a perfect candidate for
biocatalysis, biomedical diagnosis, and therapy.28�31

The immobilization (encapsulation) of enzymes within
the gel matrix provides protection from structural
alterations and subsequent deactivation of the en-
zymes, ensuring higher loadings and better substrate
mobility for efficient catalysis.32�34 In addition, the
unique hydrophilic environment and water-rich struc-
ture of this nanogel make it an ideal probe for MR
imaging,35�37 where the signal detected is directly
related to relaxation time.38 In this work, focused on
exploiting the structure�function relationships of
the hydrogel, the dual-enzyme-loaded multifunctional
magnetic nanogel can be developed to be an efficient
and safe probe for dual-modality pathological respon-
sive US and T2-weighted MR imaging.

RESULTS AND DISCUSSION

The proposed design of the multifunctional hybrid
nanogel, designated as SGC (SPIO@GCS/acryl/biotin-
CAT/SOD-gel), is shown in Scheme 1. Our design
includes the functionalization of the glycol chitosan
monomer (GCS) followed by hydrophilic/hydrophobic
interactions and electrostatic attraction between the
monomer and the SPIO particles and dual enzymes
(catalase and superoxide dismutase) in the buffers. The
fabrication process is completed by subsequent mild
enzymatic polymerization and generation of the cor-
responding nitroxide radicals from laccase-catalyzed
hydrogen abstraction by NHS,39 which has been pre-
viously reported as an efficient and mild gelation
procedure by our group.40�42 The selected catalase
(CAT) and superoxide dismutase (SOD) play an impor-
tant role in maintaining the redox balance of the living
organisms by scavenging excess ROS.43,44 The dual-
enzyme-loaded hybrid nanogel efficiently enables the
catalytic reaction with both the O2

•� and H2O2 species
in the pathological environment to generatemolecular
oxygen. The oxygen then forms bubbles, which can
change the acoustic impedance of the tissue and
enhance the US imaging. Concurrently, the nanogel
layer around the SPIO particles also simultaneously
lowers themolecular diffusion coefficient ofwater35,45,46

and increases the transverse relaxation rate, resulting in
an enhancement of T2-weightedMR imaging according
to the Bloembergen�Purcell�Pound theory.47 When
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entering an acidic pathological microenvironment, the
pH-sensitive glycol chitosans adopt a more cationic
surface. This results in improved accumulation of SGC
in the target area and facilitates enhancement of both
US and T2-weightedMR imaging.48 In other words, after
interacting with pathological stimuli (H2O2, O2

•�, and
Hþ) in vivo, the specific hybrid nanogel SGC potentially
serves as a highly efficient dual-modality US/MR con-
trast agent for pathological detection, including but not
limited to malignancy.

Construction and Characterization of SGC. The morphol-
ogy, structure, and in vitro performance of SGC were
characterized first as shown in Figure 1. The uniform
spherical morphology of SGC with highlighted SPIO
particles (approximately 13 nm shown in Figure S1 in
the Supporting Information, SI) is observed in the
scanning transmission electron microscopy (STEM)
images using different modes (SE, HAADF, and BF,
respectively). This morphology is also observed in
energy-dispersive X-ray spectroscopy (EDS) mapping
(Figure 1a) and transmission electron microscopy
(TEM) images (see Figure S2 in the SI). The X-ray
diffraction (XRD) patterns of SGC shown in Figure 1b
exhibited the expected strong diffraction peaks from
Fe3O4. In addition, the quantity of Fe was calculated
as approximately 24 wt % of SGC using inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
SGC also possesses an average dynamic diameter of
218 nm (Figure 1c) and is well dispersed in the
phosphate buffer solution (PBS) with an obvious Tyn-
dall effect, indicating favorable hydrophilicity of the
SGC nanogels (Figure S3 in the SI). Zeta potentials at
different pH values (Figure 1d) indicate that the sur-
face charge of SGC increases from nearly 0 to about
þ18.7 mV as the pH decreases from 7.4 to 6.5. This
sensitivity to pH gives SGC excellent stability during
circulation and may also contribute to enhanced accu-
mulations in acidic pathological microenvironments at

pH <7.4.48 Before loading the bioactive enzymes (CAT
and SOD), the successful removal of tetrahydrofuran
(THF) from the system was confirmed by the NMR
spectra of the SPIO@GCS/acryl/biotin cluster before
and after the dialysis process (Figure S4 in the SI).

The FT-IR spectrum (Figure S5) of SGC was also
measured to verify the presence of various functional
components. The strong peak at 540 cm�1 is attributed
to the iron oxide skeleton (Fe�O), while the bands
near 1643, 1534, and 1404 cm�1 are characteristic of
the carboxylate groups (COO�) of iron-oleate.49,50

The spectra of both glycol chitosan and SGC reveal
absorption bands characteristic of chitosan (N�H at
1656 cm�1) and a PEG group (�C�O�C� at 1057 cm�1,
�CH2� at 2932 cm�1, �CH� at 2864 cm�1, and a
hydroxyl group around 3400 cm�1).51,52 The increased
intensity of the peaks at 1656 and 1534 cm�1 in the SGC
spectrum belong to the�NH2 group in chitosan and the
protein amide band from CAT and SOD.53 On the basis
of these results, the composition of SGC nanogels was
verified to be the enzyme-loaded SPIO-functionalized
polysaccharide glycol chitosan nanosystem.

In addition, the loading amount and activity of the
dual enzymes (CAT and SOD) in the nanogel system
were evaluated by UV�vis spectroscopy, as shown in
Table S1 and Figure S6. The CAT and SOD loading
amount were calculated to be approximately 60 and
13 wt % of SGC, respectively (Figure S6a and b). The
enzyme activities were evaluated based on the ability
of CAT to catalyze H2O2 degradation and SOD to inhibit
the autoxidation of pyrogallol (Figure S6c and d). The
CAT and SOD enzymes within SGC retain 82% and 69%
of their activity, respectively, relative to the free en-
zymes. After being stored at 4 �C for 30 days, CAT and
SOD retained 66% and 60% of their enzymatic activity,
respectively (Figure S7). The relatively high activities
of CAT and SOD within the SGC nanogel make it a
potential responsive contrast agent for US imaging.

Scheme 1. Schematic illustration of the SGC (SPIO@GCS/acryl/biotin-CAT/SOD-gel) nanogel. The fabrication process of SGC
involves (1) modification of acryl bonds and the biotin group on glycol chitosan (GCS), (2) interaction between the modified
glycol chitosan and the superparamagnetic iron oxide particles (SPIO), as well as electrostatic attraction of the dual enzymes
(CAT: catalase, SOD: superoxide dismutase), (3) efficient enzymatic polymerization of the above hybrid system, and (4)
responsive bubble generation and protonation effect due to pathological stimuli (H2O2, O2

•�, and Hþ) for enhanced dual-
modality US/MR imaging.
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In Vitro Responsive US and T2-Weighted MR Imaging Cap-
ability of SGC. As a potential dual-modality contrast
agent for US and MR imaging, the in vitro responsive
bubble generation and magnetic properties of SGC
were evaluated, as shown in Figure 2. The in vitro

bubble generation from SGC was investigated in a
simulated pathological environment (50 μM H2O2

solution) and observed via an optical microscope
(Figure 2a,b). As expected, a large number of micro-
bubbles emerged after the H2O2 solution was injected
into the SGC solution, namely, as SGC/H2O2 (5 mg/mL
SGC in 50 μM H2O2 solution). The control solution
(50 μM H2O2 solution) did not generate any obvious
microbubbles in the area investigated (Figure S8 in the
SI). These results indicate that H2O2 can be efficiently
and rapidly converted into molecular oxygen in about
10 s. In addition, oxygen generation is faster than
diffusion, resulting in the accumulation of oxygen
bubbles, which is ideal for contrast in US imaging.
Within a relatively isolated system, the oxygen micro-
bubbles remain stable up to 12 h without any further
merging and diffusing, which is also favorable for
efficient US imaging.54

On the other hand, the magnetic properties and
in vitro T2-weighted MR imaging capabilities of SGC
were also studied. The SPIO nanoparticles within this
system have a saturation magnetization (Ms) value
of 60.3 emu 3 g

�1 and an r2 relaxation value of
154.8 mMFe

�1
3 S

�1, indicating excellent magnetization
properties for use inMR imaging (Figures S9 and S10 in

the SI). As shown in Figure 2d, no hysteresis loop is
observed from the magnetization curve collected at
room temperature, which demonstrates the superpar-
amagnetic nature of SGC. TheMs value of the dried SGC
is 29.1 emu 3 g

�1, which is significantly higher than the
magnetic clusters encapsulated in a polymer matrix or
mesoporous structure.55,56 To evaluate the MR imag-
ing capabilities of SGC, the transverse relaxivity was
also measured using a clinical 3.0 T MRI scanner. In
Figure 2e, the SGC solutions are observed to become
darker in T2-weightedMR images as Fe concentration is
increased, indicating excellent MR imaging capability.
Additionally, the r2 value of SGC (478 mMFe

�1
3 S

�1) is
significantly higher than most iron oxide-based MR
contrast agents57 (see Table S2 in the SI for further
details). The high r2 value of SGC may be attributed to
the high Fe loading amount (24 wt %) of SGC, resulting
in a highMs value and enhanced in vitroMR imaging.58

Another reason for the high r2 valuemay be the unique
nanogel network surrounding the SPIO nanoparticles,
which can lower thewater diffusion coefficient and there-
fore increase the transverse relaxation rates. Together,
these results demonstrate the in vitro efficiency of the
hybrid nanogel SGC as a dual-modality US/MR contrast
agent for the detection of pathological ROS and acid-
sensitive US and T2-weighted MR imaging (Figure 2c).

In Vivo US Contrast Imaging. Before conducting in vivo

experiments, the cytotoxicity and cytophagy of the
SGC nanogels were evaluated on human liver hepato-
cellular HepG2 cells. The viability of the HepG2 cells

Figure 1. Characterization of SGC. (a) Scanning transmission electron microscopy (STEM) images of SGM using different
modes and energy dispersive X-ray (EDX) spectroscopy mapping images of the O and Fe elements (SE: second electronic,
HAADF: high-angle annular dark field, BF: bright field, DF: dark field). The scale bars in (a) indicate 50 nm. (b) XRD patterns of
the SPIO particles and SGC (* indicate the diffraction peaks of Fe3O4). (c) Diameter distributions in PBS by dynamic light
scattering (DLS) measurements. (d) Zeta potentials of SGC (n = 3) at different pH values.
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after incubation for 12 and 24 h with SGC ranging in
concentration from 100 to 1000 μg/mLwas above 90%
in all cases (Figure S11 in the SI). These results indicate
that the glycol chitosan-based nanogels possess good
biocompatibility. In the cytophagy tests, the fluores-
cein isothiocyanate (FITC) was conjugated to SGC
(FITC-SGC) to facilitate observation by confocal laser
scanning microscopy (CLSM) (Figures S12 and S13 in
the SI). Green fluorescence from FITC can be detected
in the CLSM images of the HepG2 cells after co-
incubation with FITC-SGC at different concentrations
(25, 50, and 100 μg/mL) for different amounts of time
(4 and 8 h). These images reveal successful uptake of
the hybrid nanogels by the cells. With increased con-
centrations and prolonged incubation, more SGC with
green fluorescence could be incorporated into HepG2
cells by endocytosis. These results indicate that SGC
can be taken up by HepG2 cells and demonstrates

relatively low cytotoxicity, which makes it suitable as a
contrast agent for in vivo US and MR imaging.

In order to confirm the responsively enhanced
imaging of pathologies, US imaging of rabbits bearing
VX2 tumors after intratumoral injection of SGC (1mL at
5 mg/mL) was conducted (Figure 3). Both the trans-
verse (x axis) and longitudinal scan (y axis) signals at
different time intervals (0, 10, 20, and 30 min) were
recorded in order to demonstrate increased US acous-
tic gray values in images after intratumoral injection of
SGC (Figure 3a). As shown in Figure 3b, the gray scale of
the VX2 tumor is relatively low before injection. How-
ever, immediately after injection of SGC, the tumor
tissue brightens immediately due to the fast reaction
between the dual enzymes (CAT and SOD) in the SGC
nanogel and the ROS (O2

•� and H2O2 species). These
results are in agreement with in vitro results showing
high efficiency of this enzyme-loaded hybrid nanogel

Figure 2. In vitro responsive bubble generation and magnetic properties of SGC: The in vitro bubble generation from SGC in
the simulated pathological environment (50 μMH2O2 solution) at various times (a, b) and the scheme of SGC for enhancedUS
andMR imaging in this nanogel system (c). (d) Field-dependentmagnetization curves (M�H) of the SGCnanoparticles at 300 K
using a vibrating-sample magnetometer (VSM) and (e) in vitroMR T2 signals versus Fe concentration at pH = 7.4. Transverse
relaxivities (r2) were derived from linear fitting of the plots. The scale bars in (a) and (b) indicate 50 μm.

Figure 3. (a) Scheme and (b) US imaging of rabbits bearing VX2 tumors before and after intratumoral injection of SGC at
different timesusingboth transverse scanning and longitudinal scanningmodes. Yellowarrows indicate injectionpositions in
the VX2 tumors. The bars in (b) indicate 0.5 cm.
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system (Figure 2a). A video of US imaging during the
rejection process can be found in the SI. More remark-
ably, enhanced US imaging of the tumor tissue is still
apparent 20 min after injection, which can be attrib-
uted to the diffusion of SGC into the interstitial tumor
tissue as well as continuously emerging bubbles in
response to the US wave. Approximately 30 min after
injection, the gray value decreases due to diffusion of
the bubbles and reduced amounts of reactive ROS.

To further verify the efficiency and safety of SGC,
first US images after the intratumoral injection of
SGC and single-SOD-loaded nanogel (SPIO@GCS/acryl/
biotin-SOD-gel, abbreviated as SGC-SOD) were con-
ducted at a lower density of 1 mg/mL (Figure S14).
After injection, the tumor tissue brightened immedi-
ately, and the image was also significantly enhanced
10 min after intratumoral injection of either dual-
enzyme-loaded SGC or single-SOD-loaded SGC-SOD.
Furthermore, acridine orange (AO)/ethidium bromide
(EB) (Figure S17) and annexin V-FITC/propidium iodide
(PI) double staining (Figure S18) of HepG2 cells after
co-incubation with SGC at 5 mg/mL for different times
(4 and 8 h), as well as the pathological experiments
with related tumor tissues by hematoxylin/eosin stain-
ing (Figure S19) after intratumoral injection of SGC
(1 mL at 5 mg/mL), were investigated. The cell death
and apoptosis staining experiments indicate that most
of the cells were alive, and SGC has no discernible
impact on cell apoptosis at the maximum working
concentration. In addition, no significant damage was
found in the observed tissue samples. These results
confirm that the enzyme-loaded hybrid nanogel SGC
has excellent potential as a responsive contrast agent
for stable and effective US imaging.

US contrast imaging was also evaluated at various
time intervals on the rabbit model bearing VX2 liver
tumors after intravenous injection of SGC via ear vein.
In vivo US images (Figure 4a) and their corresponding
gray scales (Figure 4b) at different time intervals (0min,

10min, 30min, 1 h, and 2 h) after intravenous injection
of SGC (2 mL at 5 mg/mL) were investigated. Prior to
injection, the tumor exhibited a relatively low acoustic
signal. The corresponding average gray scales prior to,
during, and 10 min after injection were approximately
5.1, 6.9, and 10, respectively. However, 30 min after
injection and blood circulation the tumor tissues be-
came considerably more brightened, with a signifi-
cantly increased average gray scale of 31. After an
additional 30 min of circulation, even more enhanced
tumor imaging was observed, which can be attributed
to the efficient accumulation of SGC particles in the
tumor and their diffusion into the tumor interstitial
tissue via passive enhancedpermeability and retention
(EPR) effects. These effects lead to increased formation
of bubbles from the enzyme-loaded SGC, effectively
enhancing tumor signals with an average gray scale of
36, which is approximately a 7-fold increase relative to
preinjection. The gray value of the tumor subsequently
decreased to approximately 12, which is consistent
with the intratumoral injection experiment. The pro-
posed reaction mechanism is shown in Figure 4c. The
mechanism begins with the conversion of superoxide
(O2

•�) to hydrogen peroxide (H2O2) and molecular
oxygen by SOD and the subsequent conversion of
H2O2 to water andmolecular oxygen by CAT. The rapid
accumulation of oxygen (O2) leads to the formation of
bubbles, which provide excellent contrast during US
imaging. This contrast may also be attributed to a
favorable gel lattice that ensures fast and effective
catalytic reactions that fully utilize ROS present in
pathological tissue. The dual-enzyme-loaded hybrid
nanogel SGC can therefore be used as a responsive
contrast agent for efficient US imaging.

In Vivo T2-Weighted MR Contrast Imaging. As a dual-
modality contrast agent, SGC-based T2-weighted MR
imaging was further investigated in vivo for the rabbit
model bearing VX2 tumors on the livers (Figure 5). Both
the T2-weighted MR images and their corresponding

Figure 4. In vivo US imaging. (a) US imaging and (b) the corresponding average gray values of VX2 tumors on rabbit livers
before and after intravenous injection of SGC at various times. (c) Schematic mechanism of responsive bubble generation for
US imaging. (d) The yellow arrows indicate outlines of the VX2 tumors. The bars in (a) correspond to 0.5 cm. The standard
deviation in (b) is derived from a group within the region of interest (ROI) (n = 3).
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signal intensities at 15 min, 30 min, 1 h, and 2 h after
SGC injection were recorded. The signal intensity of a
single time point was averaged from three slices near
the region of interest (ROI) (Figure 5a). The results
showed that the T2 signal of the normal liver tissues
decreases sharply (approximately 56%) 15 min after
the administration of SGC, as shown in Figure 5b,
indicating significant retention of SGC in the liver.
The decrease in the T2 signal can be attributed to the
phagocytosis of the reticuloendothelial system (RES)
(e.g., Kupffer cells in the liver).59 Concentrations of SGC in
the liver reach∼49.8 ng/mg (nanograms of Fe per milli-
gram of tissue), as calculated by the time-dependent
biodistribution of SGC using ICP-AES analysis (see
Figure S18 in the SI). Further circulation results in an
increase in signal intensity of approximately 46%.
This result is consistent with ICP-AES results, which
show less SGC accumulation 1 h (35.7 ng/mg) and 2 h
(24.4 ng/mg) after injection.

In contrast, a significantly darker tumor signal is
observed relative to the preinjection image. This darker
tumor signal is detected 30 min, 1 h, and 2 h after
injection, with declines in brightness of 7.0%, 11%, and
16%, respectively. The darker signal observed 1 and 2 h

after injection corresponded to SGC concentrations
in the tumor of 21.5 and 24.0 ng/mg, respectively.
This result suggests that the SGC nanoparticles are
accumulating and entering into the tumor region.
Accumulation of SGC within the tumor was fur-
ther confirmed by ex vivo Prussian blue staining of
tumor tissue extracted from the rabbits immediately
after in vivo MR imaging 2 h after injection of SGC
(Figure S19). At this time, parts of the tumor tissues
were also stained blue, indicating the accumulation of
iron oxide-based SGC within the tumor areas.

A mechanistic scheme illustrating the ability of SGC
to act as a highly efficient T2 contrast agent in MR
imaging is shown in Figure 5c. The magnetic particles
within the nanogel matrix significantly enhance the
transverse relaxation rate of the gel by lowering the
diffusion coefficient of water in order to generate
strong MR signals while also increasing SGC accumula-
tion in the targeted acidic environment.48 Therefore,
the dual-enzyme-loaded multifunctional hybrid nano-
gel system SGC may be used as a new nanoprobe for
efficient enzyme-responsive US imaging. In addition,
the favorable hydrophilic hydrogel environment
around the SPIO particles as well as the acid-sensitive

Figure 5. In vivo T2-weighted MR imaging. (a) T2-weighted MR images and (b) their corresponding signal intensities
for rabbits bearing VX2 tumors on the livers preinjection and 15 min, 30 min, 1 h, and 2 h after intravenous SGC injection.
(c) Schematic mechanism of enhanced MR imaging. The standard deviation of the signal intensities is derived from a group
within the ROI (n = 3). L and T in the image refer to the liver and tumor, respectively. The bars in (a) correspond to 2.0 cm.
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accumulation of SGC makes it an excellent contrast
agent for enhanced T2-weighted MR imaging.

CONCLUSIONS

In summary, a dual-enzyme-loaded multifunctional
hybrid nanogel was designed and constructed for
highly efficient pathological responsive US and T2-
weighted MR imaging. The favorable design of the
SGC agent facilitates a fast and effective enzymatic
reaction to generate a sufficient amount of oxygen (O2)
bubbles for contrast in US imaging. This SGC agent
also exhibits increased accumulation in the acidic

environment of the targeted areas and ensures en-
capsulation of the SPIO particles within the hydrogel in
order to significantly enhance transverse relaxation
rates and generate strong MR signals. In vivo results
indicate that signals obtained from US imaging from
tumors 1 h after injection are enhanced approximately
7-fold. In the case of MR imaging, significantly dark-
ened tumor signals with approximately 16% enhance-
ment were detected after the introduction of SGC. This
hybrid nanogel has the potential to be used as a new
dual-modality contrast agent for responsive US and
T2-weighted MR imaging.

EXPERIMENTAL SECTION

Synthesis of Functionalized Glycol Chitosan (GCS/acryl/biotin). A
500 mg amount of polysaccharide polymer glycol chitosan
was initially dispersed in 100mLof 2-morpholinoethanesulfonic
acid buffer (MES buffer, 0.01M, pH= 6.5). and stirred overnight at
35 �C. At this time, 33.8mgof NHS-acrylic acid (about 10%mol of
amino group in glycol chitosan) was added to the solution, and
the mixture was stirred an additional 5 h. After dialysis at room
temperature, 48.8 mg of biotin (about 10% mol of amino group
in glycol chitosan) was added to initiate an amidation reaction,
using 350 mg of EDC and 450 mg of NHS as activators. The GCS/
acryl/biotin solution was then obtained after being dialyzed
three times at room temperature against deionized water over
24 h while stirring in order to remove the nonreactive complex.

Synthesis of the Dual-Enzyme-Loaded SPIO Clusters. The monodis-
persed 6 nm SPIO nanoparticles were prepared using a method
reported by Sun et al.60 The SPIO particles in THF (10 mg,
2 mg/mL) were injected into the GCS/acryl/biotin solution
(40 mg, 2 mg/mL) and then sonicated for 30 min. SPIO clusters
(SPIO@GCS/acryl/biotin) were obtained after dialyzing three
times against DI water (5 L), replacing the media for dialysis
every 8 h. Catalase (20 mg, 10 mg/mL) and superoxide dis-
mutase (4 mg, 2 mg/mL) in PBS (50 mM phosphate buffer
solution, pH = 6.8) were then added into the SPIO@GCS/acryl/
biotin solution (20 mg, 2 mg/mL) and stirred at room tempera-
ture for another 30 min (GCS/acryl/biotin-CAT/SOD). The dual-
enzyme-loaded SPIO clusters (SPIO@GCS/acryl/biotin-CAT/
SOD) were centrifuged at 10 000 rpm for 10 min. The super-
natant was analyzed in order to calculate the amount of residual
enzyme.

Synthesis of Multifunctional Hybrid Nanogel via Enzymatic Polymeri-
zation. In a typical hydrogelation, 20 mg of bienzyme-loaded
clusters (SPIO@GCS/acryl/biotin-CAT/SOD) was dispersed in
100 mL of PBS (pH = 8.5). NHS (10 mL, 10 mM) in PBS (pH =
8.5) and 1 mg of N,N0-bis(acryloyl)cystamine (4� 10�3 mmol in
50 μL ofmethanol) were then added to the above solutionwhile
stirring at 25 �C. Finally, 10 mL of laccase (10 U/mL in PBS (pH =
8.5)) was injected into the solution, and the mixture was stirred
for an additional hour. The nanogel particles (SGC) were col-
lected by centrifugation.

Loading Amount and Activity Test of CAT and SOD. The loading
amount of CAT was determined by the UV absorbance of
the residual free CAT in the supernatant liquids. Specifically,
the residual CAT in the supernatant liquids can be quantified by
the UV absorbance at 403 nm. CAT activity was evaluated based
on its ability to degrade H2O2 in the examined samples.61,62 The
activity of SGCwas determined by adding 100 μL of SGC (50mM
potassium phosphate buffer, pH = 7.0) to 2.9 mL of H2O2

solution (0.067 M) and measuring the decrease in absorbance
at 206 nm at 25 �C. The activity of the free CATwas also tested as
a control by adding 100 μL of CAT solution at the same enzyme
concentration found in the SGC nanogels. The specific activity is
expressed as the activity of SGC relative to the activity of free
CAT: CATactivity (%) = D � 100/DFree, where D and DFree are the

H2O2 degradation rates (the slope of the absorbance curve) of
the CAT-loaded SGC and the free CAT, respectively.

Both the amount and activity of the loaded SOD were
assayed based on SOD's ability to inhibit the autoxidation of
pyrogallol.63,64 The autoxidation rate of pyrogallol was deter-
mined from the slope of the absorbance curve during the first
minute of the reaction. The rate of inhibition is expressed
according to the following equation: inhibition (%) = (A � B) �
100/A, where A and B are the autoxidation rates of pyrogallol in
the absence and presence of SOD, respectively. The inhibition
rate increases linearly with the concentration of pyrogallol when
the SOD concentration is lower than 2 μg/mL. The residual SOD
in the supernatant liquidswasassumed tobe free enzymeand can
therefore be quantified from the standard curve of the inhibi-
tion rate of free SOD. Specifically, 10 μL of pyrogallol (50 mM in
10 mM HCl) and 10 μL of free SOD at various concentrations in
50 mM PBS at pH 7.8 (from 0.05 to 0.125 mg/mL) were added to
a quartz cuvette, followed by the injection of Tris-HCl solution
(3 mL, 50 mM, pH = 8.2). Dynamic measurements using UV
spectroscopy were conducted immediately after injection. The
intensity of the absorbance peak at 325 nm was recorded in
order to calculate the autoxidation rate. The activity of the SOD
is expressed as the specific inhibition rate of the sample relative
to the inhibition rate of free SOD: SODactivity (%) = I � 100/IFree,
where I and IFree are the rates of inhibition of pyrogallol auto-
xidation in SOD-loaded SGC and free SOD, respectively.

Enzyme-Sensitive Bubble Generation for Ultrasound Imaging. A
clean sheet of glass was dipped into 0.5 mL of SGC solution
(5 mg/mL in 50 μM H2O2 solution) and covered by a glass slide,
excluding all air. An adhesive layer was necessary to fix the SGC
solution in place and facilitate observation. The generation of
enzyme-sensitive O2 bubbles from the SGC/H2O2 solution
(5 mg/mL SGC in 50 μM H2O2 solution) as well as the control
solution (50 μMH2O2) was observed by optical microscopy after
approximately 10 s and after 12 h.

Cytotoxicity and Cell Internalization of SGC. Human-derived
hepatoma cells (HepG2) were obtained from the Institute of
Biochemistry and Cell Biology, Shanghai Institutes of Biological
Sciences, Chinese Academy of Sciences (Shanghai, China).
Before evaluating SGC's cytotoxicity, the HepG2 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) con-
taining 10% (v/v) fetal bovine serum, 100 units/mL penicillin,
and 100 mg/mL streptomycin for 24 h in a 96-well culture plate
in a humidified incubator at 37 �C and 5% CO2. After removing
any residual culturemedium, 100 μL of SGC solution of different
concentrations (100, 200, 400, 500, and 1000 μg/mL in culture
medium) was added into each well and co-incubated for
another 12 and 24 h. Cell viability was evaluated by adding
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) and using a microplate reader (Bio-Tek ELx800) at a
wavelength of 490 nm.

The cell internalization of SGC was further investigated by
co-incubating the seededHepG2 cellswith 25, 50, and100μg/mL
SGC solution for 4 and 8 h in a cell culture dish (NEST Biotech Co.,
Ltd.). The SGC was first conjugated with the organic fluorescent

A
RTIC

LE



WANG ET AL . VOL. 9 ’ NO. 6 ’ 5646–5656 ’ 2015

www.acsnano.org

5654

FITC using the amino group in SGC to obtain FITC-SGC and
facilitate observation by CLSM (Fluo-ViewTM FV1000). After
removing the suspending medium and rinsing the cells twice
to get rid of any unreacted FITC-SGC, 40 ,6-diamidino-2-phenylin-
dole (DAPI, Beyotime Institute of Biotechnology) nuclear stain
was added dropwise to the cells for nuclear visualization. Fluo-
rescence images of the cell internalization of SGC were observed
by CLSM.

Evaluation of SGC at Relatively High Concentration on Cell Death and
Apoptosis. The effect of SGC at relatively high concentration
(5 mg/mL) on HepG2 was studied by staining the cells with a
combination of the fluorescent DNA-binding dyes AO and EB.
Cells were harvested and washed three times with PBS, after
being incubated with SGC at 5 mg/mL for 4 and 8 h, and were
then stained with AO and EB (AO/EB) for 2 min and observed
under a fluorescence microscope. To quantitate apoptosis, pre-
pared cells were washed twice with cold PBS and then resus-
pended in buffer solution at a concentration of 1� 106 cells/mL.
Annexin V-FITC and PI were then added to these cells and
analyzed by flow cytometry.

T2 Relaxivity Measurement of SGC in Vitro. Before measuring the
T2 relaxivity, the quantity of Fe element in SGC was determined
using ICP-AES (IRIS 1000, Thermo Elemental). Different concen-
trations of SGC solution versus Fe concentration in PBS (100mM,
pH= 7.4) were prepared in the tubes and aligned in the test box.
The relaxivity was measured by a 3.0 T clinical MRI instrument
(GE Signa HDx 3.0 T). MR T2 mapping experiments were
performed to obtain the T2 relaxation time with the following
parameters: TR = 4000 ms, TE = 13, 26, 39, and 52 ms. Relaxivity
values (r2) were calculated through curve fitting the plot of 1/T2
relaxation time (s�1) versus Fe concentration (mM). MR images
were captured, and the associated data were recorded.

US and MR Imaging of SGC in Vivo. All experiments involving
animals were ethically and scientifically approved by the Uni-
versity and complied with Practice for Laboratory Animals in
China. The New Zealand white rabbits (2.5�3.0 kg) with a VX2
tumor on their livers were supplied by the Laboratory Animals
Center of Tenth People's Hospital of Tongji University. The
tumor model was built by surgically burying pieces of the VX2
tumor in the rabbit liver and allowing the tumors to grow for an
additional 3 weeks.

The rabbits bearing VX2 tumors were shaved prior to US
imaging (Mylab ultrasound, ESAOTE, contrast harmonic imag-
ing (CHI) mode, MI = 0.5, Frq = 15 Hz). After the rabbits were
anesthetized and fixed, in vivo US imaging was conducted
before and after intratumoral and intravenous injection of
SGC. In order to evaluate the enzyme sensitivity in the tumors,
US imaging of the tumorswas first conducted after intratumoral
injection of SGC and the single enzyme SOD-loaded nanogel
(SGC-SOD) (1 mL at 1 and 5 mg/mL) at different times (0, 10, 20,
and 30 min). US images and video using both transverse
scanning and longitudinal scanning were recorded. In order
to further investigate enzyme-responsive US imaging for the
tumors, SGC solution (2 mL, 5 mg/mL in PBS) was injected via
ear vein, and the corresponding US images were captured at
different time intervals (0 min, 10 min, 30 min, 1 h, and 2 h) after
intravenous injection. The corresponding average gray scales
were calculated by using GrayVal 1.0 software (ChongqingHaifu
Technology, Chongqing, China). In detail, first the correspond-
ing US images were imported into the software, and a manual-
defined ROI was specified as large as the whole tumor area. The
gray-scale levels of all pixels within the ROI were averaged by
the software, and an average gray-scale value can be therefore
obtained. A standard deviation is derived from a group within
the ROI (n = 3).

ForMRI experiments, the rabbits were first anesthetized and
fixed in the MR imaging system (GE Signa HDx 3.0 T). SGC
solution (2 mL at 5 mg/mL, about 4 mg/kg) was then admini-
strated via an ear vein. MRI was performed with a fast
spin�echo sequence (TR/TE = 3740/102 ms (T2), field of view
= 21 cm, slice thickness = 5 mm, matrix = 384 � 192). MR
imaging of the tumor tissueswas conducted prior to injection as
well as 15 min, 30 min, 1 h, and 2 h after injection. A single
radiologist carried out all quantitative MRI analyses. Signal
intensities (SIs) of the tumor tissues were measured in defined

ROIs. The change in the relative signal intensities was calculated
using SI measurements before (SIpre) and after (SIpost) injection
of the contrast agents with the formula [(SIpost � SIpre)/SIpre] �
100. SIpost values were collected at different time points.
Accumulation of contrast agents within the tumor was further
confirmed by ex vivo Prussian blue staining images of the tumor
tissues 2 h after intravenous injection of SGC. Tumor tissue and
other organ tissue (liver, spleen, lung, heart, and kidney) were
collected at different time intervals (30 min, 1 h, and 2 h)
postinjection investigated by ICP-OES. In addition, the indicated
organs from the control animal not injected with SGC were also
collected for further analysis in order to avoid any interference
by the original Fe element present in vivo.
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