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Stimuli-responsive devices that deliver drugs or imaging contrast agents in spatial-, temporal- and dosage-
controlled fashions have emerged as the most promising and valuable platform for targeted and controlled
drug delivery. However, implementinghighperformance of these functions in one single delivery carrier remains
extremely challenging. Herein, we have developed a sequential strategy for developing glucose andmagnetic-re-
sponsive microvesicle delivery system, which regulates the glucose levels and spatiotemporally controls the
generation of nitric oxide gas free bubbles. It is observed that such injectable microvesicles loaded with enzyme
and magnetic nanoparticles can firstly regulate hyperglycemic level based on the enzymatic reactions between
glucose oxidase and glucose. In a sequential manner, concomitant magnetic field stimuli enhance the shell
permeability while prompts the reaction between H2O2 and L-arginine to generate the gasotransmitters nitric
oxide, which can be imaged by ultrasound and further delivered for diabetic nephropathy therapy. Therefore,
magnetic microvesicles with glucose oxidase may be designed as a novel theranostic approach for restoring
glucose homeostasis and spatiotemporally control NO release for maintaining good overall diabetic health.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, in order to establish more specific and individualized
therapies for various pathologies, the promising theranostics paradigm
involving a unionof diagnostic and therapeutic applications into a single
agent offers significant advantages over conventional drug delivery
systems [1–3]. These advanced delivery systems combined diagnosis,
drug delivery and treatment response are able to deliver a drug and/or
contrast agent in spatial-, temporal- and dosage-controlled fashions
when they are activated by specific physical (e.g., external triggers like
temperature [4], magnetic field [5], ultrasound [6], light [7], electric
pulses [8]) or chemical (e.g., endogenous changes in pH [9], enzymes
[10], redox gradients [11]) triggers. Various types of carriers including
organic polymers [12], inorganic/organic hybrid systems [13], and vari-
ous nanoparticle [14] delivery systems have been designed to realize
above mentioned unpredecendant properties. Magnetic nanoparticles
(MNPs), a class of nanomaterial composed of magnetic elements, can
bemanipulated under the influence of an external alternatingmagnetic
field (AMF) [15]. The magnetic properties of MNPs have been taken
advantages in numerous applications related to drug and gene delivery,
diagnostics and therapeutics [16–18]. Moreover, when MNPs are
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elaborately assembled with other multiple carriers, the magnetic
composites can be developed as synergistic or sequential drug delivery
systems to significantly increase delivery efficacy and reduce side
effects [19,20]. However, when developing such magnetic theranostic
carriers, it is still challenging to guarantee that the enhanced delivery
performance at the target site (spatial control) and at the right time
(temporal control) can be precisely obtained by accurate logic trigger
codes.

Diabetes is a metabolic disorder that is characterized by the inability
of the body to regulate blood glucose levels, among which the type 2
diabetes (non-insulin-dependent)makes up the vastmajority inworld-
wide [21,22]. Nowadays, although a number of novel electronic devices,
chemically controlled closed-loop delivery platforms, microgel, nano-
network, etc. [23–25] have been developed to regulate the blood glu-
cose effectively, it is still highly expected to identify hyperglycemia
states smartly and intervene with one single dose treatment effectively.
Especially, to develop an all-in-one platform combining intensive
management of hyperglycemia and decreasing the incidence of compli-
cations is much more attracting. Nitric oxide (NO) is one of key biolog-
ical signaling modulators in diverse physiological processes [26,27].
Deficiencies in NO production or a reduction in its bioavailability has
been associated with several pathological conditions [28]. For example,
some researchers have provided the evidences that NO availability in
diabetes is usually decreased, and it could constitute a factor of the
generalized vasculopathy present in diabetic nephropathy [29,30].
However, due to the reactive chemical nature of NO [31,32], the delivery
andmanipulation of NO to biological system is still a challenge. Based on
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specific enzymatic reactions between glucose and glucose oxidase
(GOx), we developed the glucose and magnetic-responsive nitric
oxide bubble generation theranostic delivery system to regulate the
glucose hemostasis as well as spatiotemporally control NO release
and delivery. As shown in Fig. 1, each GOx-MMVs structure consists of
L-arginine (NO pro-drug) in the inner core, magnetic nanoparticles in
the shell, and GOx assembled on the surface. The GOx-MMVs carrier
firstly can be used as a smart glucose stimuli system to decrease the
hyperglycemia levels. Then with the help of AMF, spatiotemporally
controlling the NO gas generation and delivery can be realized by
invoking the reaction of H2O2 and L-arginine [33]. The in situ generated
NO molecules can function as both efficient ultrasound scatters to
enhance ultrasound imaging and diabetic nephropathy therapeutic
agents. Thus, we expect that by both internal (glucose) and external
AMF stimulating, GOx-MMVs could act as effective blood glucose level
regulators and spatiotemporal reactor of NO molecules sin vitro and in
db/db type 2 diabetes mice.

2. Materials and methods

2.1. Materials

The oleic acid-coated supermagnetic iron oxide Fe3O4 nanoparticles
(MNPs) with a mean diameter of 12 nm were provided by the Jiangsu
Key Laboratory for Biomaterials and Devices (China) [34]. Polyvinyl
alcohol (PVA) (molecular weight (Mw = 31,000) was obtained from
Sigma-Aldrich and poly L-lactic acid (PLLA) (Mw = 30,000) from
Shandong Daigang Company (China). Sodium periodate and sodium
chlorite were purchased from Shantou Xilong Chemical Company
(China). L-arginine and 2′, 7′-dichlorofluorescein diacetate (DCFH-DA)
were purchased from Beyotime Institute of Biotechnology (Haimen,
China). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysulfosuccinimide (NHS) sodium salt, and 2-(N-morpholino)
ethanesulfonic (MES) acidwere purchased from ShanghaiMedpep Com-
pany (China). Glucose oxidase (GOx, G7141-10,000 U) was purchased
from Sigma Aldrich (USA). Chloroform and all the other chemicals were
of analytical grade and used without further purification.

2.2. Preparation and characterization of enzyme assembled magnetic
microvesicles

In order to covalently couple the glucose-specific enzymes (GOx)
into the magnetic microvesicles, firstly, polyvinyl alcohol (PVA)
polymer (outer shell of the microvesicles) with carboxyl group was
synthesized using our previous protocol [35]. Secondly, magnetic
microvesicles loaded with L-arginine (MMVs) were fabricated via a
Fig. 1. Schematic diagram of microvesicles encapsulated magnetic nanoparticles and glucose o
glucose-specific enzyme catalyzes glucose into gluconic acid and H2O2. The subsequent alter
between L-arginine and H2O2 to produce nitric oxides.
double-emulsion method. Briefly, chloroform organic solution
(10.00 mL) containing PLA (0.50 g) and oleic acid modification Fe3O4

superparamagnetic oxide nanoparticles (4 mg/mL, 40 μL) was emulsi-
fied with L-arginine (100 mM, 1.00 mL) solution and a little Tween 80
(about 0.05 mL) was added in the organic solution and sonicated
continuously for 5 min. The first W/O emulsion is brown and visibly
homogeneous. It was then poured into carboxyl group modification
PVA solution (3% w/v) and mixed mechanically for 4 h to form (W/O)/
W multiple emulsion MMVs. Thirdly, after separation, MMVs were
suspended in MES buffer (50 mM, pH = 5.4). When activated by EDC
(0.4 mg/mL) at room temperature, different concentrations of GOx
(100, 200, 300, 400, 500, 600, 700, 800 μg/mL) were respectively
added to and then incubated with MMVs solution at −4 °C. After 4 h,
glucose oxidase modified magnetic vesicles (GOx-MMVs) were collect-
ed and washed 3 times with PBS buffer.

The mean size distribution of the GOx-MMVs was measured by
particle sizing systems (AccuSizer 780 A, USA) at room temperature.
The morphology and structure of the GOx-MMVs were studied by a
scanning electron microscope (SEM, FEISirion-200, USA) working
under acceleration voltage of 1.00 kV and a transmission electron
microscope (TEM, JEOL, JEM-2000EX, Japan). Magnetization properties
were studied by using a vibrating sample magnetometer (VSM,
LakeShore 7407, USA) in the field H range of ±5000 Oe at room
temperature.

The enzyme content adhered tomagnetic vesiclewas determined by
the bicinchoninic acid (BCA) colorimetric protein assay. Briefly, a
tertrate buffer (pH = 11.25) containing 25 mM BCA, 3.2 mM CuSO4,
and appropriately diluted GOx or GOx-MMVs was incubated at 60 °C
for 30 min. After that the solution was cooled to room temperature,
absorbance readings at 562 nm were collected by a UV–Vis 3600
spectrophotometer (Shimadzu, Japan). BSA solutions with known
concentrations were used as standards. The enzymatic activity of free
GOx and GOx-MMVs was tested by the Amplex® Red Glucose/Glucose
Oxidase Assay Kit (Invitrogen, USA).
2.3. In vitro autonomous bubble formation

To capture the bubbles formation in real-time, GOx-MMVs samples
were incubated with hyperglycemia glucose saline solution (1 mL,
400 mg/dL). The mixture was exposed to an alternating magnetic field
(AMF, Shuangpin SPG-06-III) with 390 kHz frequency at room temper-
ature, and then transferred immediately to be observed under the
optical microscopy (Olympus cell TIRF, Japan) to record images over
time. In order to understand the effect of AMF irradiation on the control
of NO production, the various AMF exposure periods (5, 10, 15, 20, 30,
40min)were investigated. At the same time, a fiber-optic thermometry
xidase for dual-stimuli responsive programmable delivery model. Firstly the encapsulated
nating magnetic field increases the porosity of the polymer shell, leading to the reaction
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device was introduced to measure the temperature change during the
AMF exposure [36].

The generated NO content was measured by using a multi-channel
gas detector (IQ-1000, international sensor technology, USA). And
DCFH-DA was used to dye the produced NO [37]. To assess glucose
and magnetic dual-regulated release profile, GOx-MMVs reacted with
glucose with and without magnetic treatment were similarly analyzed
under the same conditions. Further, in order to obtain the optimal NO
production, the GOx-MMVs encapsulated with different L-arginine
amount (10, 100, 1000 mM) reacted with glucose solution (400 mg/
dL) was studied.

The ultrasound imaging was obtained by the digital B-Mode
diagnostic ultrasonic instrument Belson 3000A (Belson Imaging Tech-
nology Co., Ltd., Wu Xi, China) equipped with a 3.5 MHz R60 convex
array probe. For each sample, the images of three scanned segments
were processed, and then the average value of the three mean gray
scales of the region of interests (ROIs) was taken as the mean gray
scale of the sample. Selection and calculation of the mean gray scale
for each ROI were done with Image J (NIH, USA).

2.4. In vivo glucose regulation of db/db diabetic mice

The efficacy of GOx-MMVs for glucose regulation in vivo was
evaluated in adult type 2 db/db diabetesmice (male, fromExperimental
Animal Center of Yangzhou University, China). Five diabetic mice were
selected for each group and administered with GOx-MMVs with and
without AMF treatment, MMVs with and without AMF treatment, and
control (1 × PBS) solution, respectively. All animal procedures were
performed in compliance with the animal experimentation guidelines
of the Animal Research Ethics Board of Southeast University.

The blood glucose levels of mice were tested continuously for two
days before administration by measuring the collected tail vein blood
(~3 μL) with the Accu-Chek Active Glucose Monitor (Roche, USA).
GOx-MMVs solution (150 μL) was administrated by tail vein injection.
The glucose level of each mouse was monitored in the first day of ad-
ministration and once per day for the followingdays. For AMF treatment
(390 kHz, 15 min), mice were exposed to the center of magnetic coil.

2.5. In vivo magnetic resonance imaging

In further, to confirm noninvasively the effective therapy of GOx-
MMVs when nitric oxide was produced in vivo, magnetic resonance
imaging (MRI) was introduced to quantify intrarenal oxygenation. The
in vivoMRI experimentswere performed using a 3.8 cmquadrature vol-
ume coil in transmit/receive mode on a 7 T small-animal MR imager
(Bruker PharmaScan MRI, Germany). The mouse was positioned prone
inside the coil on a heated pad with circulating water (37 °C) in the im-
ager, with the imaging field of view (FOV) centered at the abdomen.
Throughout the experiments, anesthesia was applied by inhalation of
a mixture of air and 5% isoflurane.

T2-weighted (T2*) spin-echo images were collected with the follow-
ing parameters: repetition time msec/echo time msec, 421/5; section
thickness, 1 mm; 512 × 512 matrix; FOV, 3.5 × 3.5 cm2. Synchronous
with blood glucose level monitoring over time, T2* images were moni-
tored at the same time point. T2* images were used as kidney anatomic
reference images.

Blood oxygen level-dependent (BOLD) magnetic resonance imaging
was collected by using a multi-echo T2* gradient-echo sequence with
the following parameters: 100/4–52; 10 echo times with spacing time
of 5.3 ms; 30° flip angle; section thickness, 1 mm; 256 × 256 matrix;
FOV, 3.5 × 3.5 cm2. To minimize the motion artifacts from breathing,
the respiratory rate of mice was maintained at about 30 breaths per
minute. The decay constants of T2* for different experimental conditions
were calculated by applying an algorithm to amono-exponentialmodel
on a pixel-by-pixel basis. ROIs that contained 15–20 pixels (about
0.25 mm2) for cortex of both kidneys were chosen from T2* spin-echo
images. Carefully avoiding vessels and renal sinuses, three chosen
ROIs were then transferred to the BOLD images to calculate a mean
T2* value in eachROI and to compare the kidney hypoxia changes before
and after injection of GOx-MMVs.

2.6. Statistical analysis

The data are expressed as mean ± SD (standard deviation) unless
otherwise noted. For in vivo studies, the data were expressed as
means ± SD with a sample number of 5. Statistical analysis was
performed by Student's t-test for two groups, and one-way analysis of
variance for multiple groups. A value of p b 0.05 was considered as
statistical significant.

3. Results and discussion

3.1. Assembly of glucose oxidase and MNPs in the microvesicles

Polymeric microvesicles with diverse structures and controlled
properties have attracted much attention in targeted drug and/or con-
trast agent delivery due to their potential biomedical applications.
Since microvesicles fabricated by polymeric assembly offers a conve-
nient approach for cargo encapsulation, various active compounds can
be sequestered into the capsule shell and/or interior [38]. Especially,
incorporated or with surface-tailored inorganic nanoparticles such as
gold, silica, or iron oxide in the structure make polymeric microvesicles
promising as multi-stimuli responsive delivery systems [39–41]. They
can be designed as programmed site-specific all-in-one approach of
precise co-delivery imaging and therapeutic components. In this
study, GOx-MMVs were prepared by water-in-oil-in-water (W/O/W)
double emulsion-solvent evaporation method. The GOx was decorated
on the shell surface of GOx-MMVs by amine and carboxyl chemical
reaction [34]. Fig. S1 (Supporting Information) shows the amount of
GOx adhered to MMVs plotted against the initial amount of GOx in
the solution. The results demonstrated that with the increase of the
amount of added GOx in the solution, the amount of GOx conjugated
to MMVs increased until attained the saturation dose (510 μg/mL).
Therefore, the GOx concentration of 510 μg/mL was selected as optimal
enzyme loading amount on the MMVs.

Themean diameters were 2.32 ± 0.21 μmwith polydispersity index
of 0.09 and 2.54 ± 0.28 μmwith polydispersity index of 0.11 for MMVs
and GOx-MMVs, respectively (Fig. S2 shows the size distribution,
Supporting Information). In order to evaluate the storage stability, the
change of size and enzymatic activity of the prepared GOx-MMVs solu-
tion was observed. The results shown in Fig. S3 (Supporting Informa-
tion) indicated that there was no significant size change and enzyme
deactivation for the prepared GOx-MMVs solution for 7 days at−4 °C.

The surfacemorphology of representative SEM and TEM images was
shown in Fig. 2. SEM images indicate that theMMVswithout GOxmod-
ification exhibited a smooth and sphericalmorphology (Fig. 2a), while it
was rough for the GOx modified MMVs (Fig. 2c). Compared with Fig. 2
(b, b-1), TEM images of GOx-MMVs further demonstrated that GOx
was successfully decorated on the surface of MMVs. The quantities of
encapsulated MNPs in microspheres were 6.21 ± 2.13%.

3.2. Validation of glucose and magnetic responsive characteristics

The magnetic performance of the GOx-MMVs was investigated at
room temperature. Fig. 3a shows the magnetic hysteresis curves of the
GOx encapsulated magnetic microvesicles. No remanent magnetization
was observed in the curve, indicating that the superparamagnetic
behavior of GOx-MMVs was preserved. As MMVs could aggregate
toward the side of the cuvette nearest to themagnet, as shown in the in-
sert of Fig. 3a, the superparamagnetic Fe3O4 nanoparticles embedded in
the shells of microvesicles are able to spatially and temporally control
the behavior of GOx-MMVs by fine-tuning the area where and the



Fig. 2. SEM and TEM characterization of magnetic microvesicles. SEM images of magnetic microvesicles without (a) and with (c) glucose oxidase. TEM images of magnetic microvesicles
without (b) and with (d) glucose oxidase. (b-1) and (d-1) are corresponding enlarged TEM of (b) and (d).
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time when the magnetic fields are applied. As a control, no magnetic
hysteresis curve was obtained for microvesicles without magnetic
nanoparticle encapsulation. Prussian blue staining results in Fig. 3b
Fig. 3. Magnetic and enzymatic characterization of GOx-MMVs. (a) VSM curve of GOx-MMV
superparamagnetic property. (b) Prussian blue dye microscopic image of GOx-MMVs. (c) C
buffer. (d) Comparison of free GOx and GOx-MMVs incubated with a 400 mg/dL glucose saline
showed clearly the blue colors resulting from Fe3O4 nanoparticles in
GOx-MMVs under the optical microscopy, confirming the existence of
MNPs in the microvesicles. As a result, the incorporation of MNPs into
s. The GOx modification on the surface of the magnetic microvesicles did not affect the
omparison of enzyme stabilities of free GOx, GOx-MMVs without and with AMF in PBS
solution with and without AMF at 37 °C for 4 h.
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polymermembranes allows the controlled release of the NOproduction
triggered by an AMF. Fig. S4 (Supporting Information) showed that
when GOx-MMVs solution is exposed in AMF for 15min, themaximum
produced NO amount can be reached and at the same time, the solution
temperature haven't been changed significantly. Thus, the results
indicated that the optimized parameters were 510 mg/mL GOx loaded
on the magnetic microvesicles and exposed to 390 kHz for 15 min.
Under this condition, different concentrations of L-arginine were
encapsulated into the GOx-MMVs to demonstrate the relationship
between L-arginine and NO production efficiency. The results in Fig. S5
(Supporting Information) indicated that when the L-arginine
concentration is 100 mM, the maximum produced NO amount can be
obtained.

Moreover, in order to determine the activity of glucose oxidase after
coupled on the shell of magnetic microvesicles, GOx stability and
activity of GOx-MMVs samples in PBS (pH = 7.4) were tested. In a
typical experiment, three samples were prepared, including the free
GOx as control batch, one which was exposed to an AMF (390 KHz,
15 min) while the other one without AMF treatment. Results in Fig. 3c
demonstrated that both GOx-MMVs without AMF and GOx-MMVs
stimulated by AMF retained 90% of the original activity of the free GOx
in PBS solution because of no reaction happened. However, when
Fig. 4. Characterization of microvesicles encapsulating magnetic nanoparticles and GOx. SEM
solution before (a) and after (b) AMF. (c) Optical microscopic image of capturing the NO free
microbubbles). (d) Fluorescent microscopic image of NO gas captured by DCFH-DA fluo
microvesicles reacted in a 400 mg/dL glucose saline solution without and with AMF, respective
samples were put in the hyperglycemia (400 mg/dL glucose) solutions,
as shown in Fig. 3d, it is interesting to see that the enzymatic reaction
activity rate of GOx-MMVs samples was decreased to 50% after 4 h
reactionwhen triggered byAMF. The reasonmay be that in thepresence
of an AMF, the vibration of the magnetic nanoparticles in the shell of
microvesicles would change the shell integrity [42] and the detachment
of GOx on the shell, which may influence the enzyme steric
conformation leading to enzyme deactivation. These enzyme activity
controlled characteristics are beneficial for maintaining the glucose
hemostasis by decreasing the hyperglycemic to normoglycemic level
while preventing further glucose from lowering to far below the
normoglycemic level.

3.3. In vitro real time bubble capture and ultrasound imaging

To evaluate the dual stimuli effect on the GOx-MMVs, suspensions of
GOx-MMVs in 400 mg/dL glucose saline solution were subjected to
treatment with an AMF (390 KHz, 15 min). Fig. 4 (a, b) shows SEM
images of the GOx-MMVs before and after AMF treatment. The
morphology of the GOx-MMVs is clearly changed after magnetic field
treatment. Fig. 4a shows that the original shell surface is relatively
smooth and perfect, however, after AMF treatment, more than 90% of
images of GOx loaded magnetic microvesicles incubation in a 400 mg/dL glucose saline
bubbles generation (black arrows are GOx-MMVs; and white arrows are the produced
rescence. (e) and (f) are the quantitative characterization of GOx loaded magnetic
ly.
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the shell surface of the GOx-MMVs are broken, as shown in Fig. 4b. An
opening state of the shell may be caused by the exposure to the AMF
with a concomitant nitric oxide (NO) free bubbles generation resulting
from the reaction between the produced H2O2 and L-arginine.
Optical microscopy study also confirmed the formation of spherical
micrometer-sized bubbles upon exposure to hyperglycemic microenvi-
ronment and AMF activation. Fig. 4c indicated the co-existence of
microvesicles and microbubbles clearly. The dynamics NO production
process was also recorded by live cell optical imaging system, which
demonstrated explicitly that the combined glucose and magnetic field
responses took place in a sequential trigger manner to produce in situ
microbubbles shown in Video S1 (Supporting Information).

Additionally, in order to assess NO molecules in the inner of
microbubbles, DCFH-DA was used specifically to detect NO. The green
fluorescence of microbubbles in Fig. 4d proved the existence of NO
molecules. Fig. 4 (e, f) was the quantification of NO acquired from
GOx-MMVs in a 400 mg/dL glucose saline solution without and with
AMF, respectively. Without AMF treatment, the total produced NO
amount was 5.64 × 10−6 μmol and to the maximum after 14.4 h
reaction. Nevertheless, in the presence of AMF, the total produced NO
amountwas 6.33 × 10−5 μmol and to themaximumafter 2.7 h reaction.
The reason of delayedNOproduction under thewithout AMF irradiation
condition is that glucose andAMF are sequential triggers for GOx-MMVs
system. The NO generation efficacy can be controlled in a step-by-step
procedure: glucose triggers first and the following AMF activation
(Fig. 1). Since the NO generation is controlled in a serial manner, failure
of AMF in the second step may limit the quick contact between the
produced H2O2 and L-arginine. Thus, the NO production only can
happen until L-arginine in the inner side of themicrovesicles is naturally
released to outside, which needs longer time under without help of
AMF. However, AMF treatment makes the produced H2O2 quickly
contact with L-arginine because of the shell permeability enhancement
shown in Fig. 4b. These results quantitatively indicate the crucial role
played by AMF triggering in the time and amount controlled
mechanism.
Fig. 5. In vitro NO free gas bubble formation of GOx-MMVs triggered by AMF and hyperglycem
quantitative mean gray scale of in vitro ultrasound imaging enhancement over time. (c) In vitr
As the NO molecules produced from this system increasing above
the saturation concentration in the solution, the NO gas would be
formed the echogenic NO free gas bubbles to enhance the ultrasound
contrast imaging. A tissue-mimicking flow phantom containing a wall-
less vessel was imaged with a clinical ultrasound scanner to evaluate
the ultrasound imaging enhancement efficiency (Fig. 5a). The tested
samples included glucose (400 mg/dL) saline solution as control,
GOx-MMVs samples in glucose (400 mg/dL) saline solution with and
without treatment of AMF. The ultrasonic backscatter B-mode images
over time were shown in Fig. 5c. To measure the change in brightness
of the ultrasound images quantitatively, a mean gray scale of all pixels
within a ROI was calculated. Results shown in Fig. 5b indicated that in
the presence of AMF, the ultrasound images in the whole became
brighter than images in the absence of AMF. After 3 h, the ultrasound
contrast enhancement efficiency reached the maximum, which is
agreed with NO quantitative production result in Fig. 4f. After that,
with the decrease of reaction rate, NO molecules were released from
bubbles and then diffused in the solution to be undetectable by
ultrasound. These results convincingly demonstrated that under the hy-
perglycemic glucose levels, GOx-MMVs could serve as a blood glucose
regulation sensor and NO gas free bubbles production reservoir, the
gate of which could be remotely controlled by logic code of glucose
and AMF dual triggers. This design is engineered by two-step chemical
and physical stimuli. As depicted in Fig. 1, the incorporation of glucose
oxidase on the magnetic microvesicles surface has been used to gate
the dosage profiles. Results in Fig. 4f demonstrated that upon hypergly-
cemic activation, glucose can react abruptly with glucose oxidase to
produce H2O2 and gluconic acid in the microvesicle surface. Then AMF
can be used to trigger the reaction between H2O2 and L-arginine in situ
the targeted area with spatiotemporal profiles.

The magnetic field plays three roles here: (1) Since the
superparamagnetic GOx-MMVs can be directed to the magnetic field
in the presence of AMF, AMF can be used to realize the spatial control
of GOx-MMVs to the target site; (2) AMF can help to open the shell
gate quickly to stimulate the reaction between the produced H2O2 and
ia status. (a) Schematic of in vitro ultrasound imaging experimental apparatus. (b) The
o ultrasound imaging of the GOx-MMVs over time.
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encapsulated L-arginine to generate NO. Since the GOx-MMVs were
located in the targeted area, it also ensures that the enough NO
concentration in the local sites and the rapid formation of ultrasound
detectable free gas bubbles. (3) The enhanced permeability and the
following disruption of the shell during the AMF treatment would in
turn influence the glucose oxidase activity (Fig. 3c) to prevent the hy-
perglycemia status from further lowering below the normoglycemic
level, which is very important for maintaining the glucose hemostasis
for diabetic therapy.

3.4. Regulation of blood glucose levels in diabetes mice

We continued to assess the in vivo efficacy of GOx-MMVs for regula-
tion of hyperglycemic glucose levels in db/db adult type 2 diabetic mice
triggered by AMF. The db/db diabeticmicewere divided intofive groups
and injected with GOx-MMVswith and without AMF treatment, MMVs
with and without AMF treatment, as well as control (1 × PBS) solution
(each mouse for 150 μL), respectively. The blood glucose levels of
administrated mice in each group were then monitored over time.
Fig. 6a is the schematic diagram for the in vivo setup. The magnetic
coil was put on purpose around themice abdomen to control the release
site. As shown in Fig. 6(b, c), there is no significant glucose level de-
crease for MMVs with and without AMF treatment, as well as PBS treat-
ment. However, blood glucose levels of mice injected with GOx-MMVs
quickly declined to a normoglycemic state (b200 mg/dL) within 2 h
after AMF (390 kHz, 15 min) treatment. Following further AMF activat-
ing, the magnetic nanoparticles in the shell of the GOx-MMVs would
move within the shell to weaken the polymer shell integrity, as proved
in Fig. 4. The detachment between GOx and polymer shell createdmore
accessible sites on GOx to accelerate enzymatic oxidation of glucose at
first. Compared with GOx-MMVs in the absence of AMF, the quicker
decrease of glucose level was observed in thosewith AMF, whichmain-
tained blood glucose hemostasis in the normoglycemic range up to 24 h
(Fig. 6c) and gradually increased a little within the next 6 days (Fig. 6b).
The relative long termglucose hemostasismaintenancemay result from
Fig. 6. AMF-mediated regulation of blood glucose levels in vivo. (a) Schematic of the experim
magnetic coil. Blood glucose levels in db/db diabetic mice (n = 5) after tail intravenous inje
blood glucose levels were monitored every other day (designated the day for injection as day
two aspects. One is the ability of glucose oxidase to spontaneously and
specifically react with glucose to rapidly decrease the glucose levels.
Second is the NO production can be sited conversion in a controlled
manner owing to following AMF trigger. Since some researchers have
demonstrated that the disturbed NO metabolism represents a con-
cause of nephropathy in diabetes [43–45], the formation of NO may be
beneficial for glucose-induced insulin secretion from pancreatic islets.
Therefore, both the abrupt enzyme response to the hyperglycemia
condition and AMF triggered NO production prompt the longer glucose
hemostasis even with single-dose injection of GOx-MMVs. The prelim-
inary amelioration effect for hyperglycemia associated nephropathy
complications was demonstrated in the following renal oxygenation
magnetic resonance imaging.

3.5. In vivo magnetic resonance imaging

In order to further prove that the sequential dual stimuli can also
reduce the consequences of diabetic kidney complications in db/db
mice, BOLD magnetic resonance imaging was applied for noninvasive
measurement of intrarenal oxygenation [46]. Results in Fig. 7 (a-1,
a-2) exhibited the kidney anatomic MR images before and after
GOx-MMV injection triggered by AMF over time. T2* value collected
from BOLD images demonstrated the quantification of intrarenal oxy-
genation as shown in Fig. 7b.Mean T2* in the renal cortex of the diabetic
mice at the baseline condition was significantly low, similar with previ-
ous studies [47]. For groups MMVswith andwithout AMF treatment, as
well as PBS treatment, it demonstrates no change of mean T2* in the
renal cortex of the diabetic mice. However, after injection of
GOx-MMVs and under AMF exposure, increases of 37.05% and 80.88%
in T2* value were observed in the diabetic kidneys at first and second
days respectively. The T2⁎ level in cortex of diabetic mice group
GOx-MMVs without AMF treatment was similar to those of control
group, suggesting a similar level of renal oxygenation without AMF
treatment. Although a 10.96% increase was found in the cortex of
diabetic mice group without AMF treatment after injection in 2 days,
ental apparatus. The abdomens of anesthetized mice were immobilized in the center of
ction with PBS, MMVs and GOx-MMVs with and without AMF from day 1 to day 7. The
0) (b) and on the first day (c).



Fig. 7. In vivo MRI images of diabetic kidney. Before and after GOx-MMVs injection
triggered by AMF over time. T2* images (a-1) and corresponding T2* intensity images
(a-2). (b) Measurement of T2* value in the renal cortex after injection of samples.
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the key differences between diabetic mice groups with and without
AMF treatment are the amount and rate of NO generation shown in
Fig. 4(e, f). Due to the sequential NO production based on the glucose
and magnetic-responsive strategy, MRI results further demonstrated
the strong inhibitory effect on high glucose-induced renal hypoxia.

Since some investigations have provided evidences that endothelial
dysfunction is the key factor required for diabetic nephropathy [48],
then agents that improve endothelial function or raise intraglomerular
nitric oxide level could be beneficial in the treatment of diabetic
nephropathy. However, the versatile chemical nature of NO and its
reactivity make it difficult to be delivered directly in the body [49,50].
Thus, there is a keen interest to seek newer strategies by which NO do-
nors can be smartly manipulatedwithin biomaterials so that NO release
and kinetic profiles can be optimized. Moreover, controlled release of
short-lived NO is very important because both imaging and therapeutic
effects of NO are often governed by its concentration, duration and loca-
tion. In this study, upon glucose and magnetic stimuli, in vitro bubble
capture and ultrasound imaging results shown in Fig. 4 and Fig. 5 clearly
indicated the formation of NO bubbles, which demonstrates that small
amount of signal gas molecules can be imaged by ultrasound based on
the precise fine- tuning control. According to the chemical reaction in
Fig. 1, the release kinetics of NO can be formulated in a sequential man-
ner, which can be quantitatively described as Eqs. (1)–(2) as previously
report [51].

H2O2½ � ¼ Cglucose
� �

e�k1t ð1Þ

NOgas
� � ¼ H2O2½ �e�k2t ¼ Cglucose

� �
e� k1þk2ð Þt ð2Þ

where k1 and k2 are the kinetic constants. According to Eq. (1), for dual
stimuli strategy, the H2O2 can produced triggered by internal glucose
levels, which can be dose controlled according to the different glucose
conditions. Then following next step reaction as Eq. 2, AMF can help
the immediately contact between H2O2with L-arginine to spatiotempo-
rally control nitric oxide release.

For ultrasound imaging, it may be desirable to produce NO in a
higher and more sudden dose, which can be realized by sequential
trigger control in this study. For therapeutics, since the NO after libera-
tion from the microbubbles is extremely unstable and thus only locally
active, the targeting control is also very important for NO therapeutics.
We demonstrate herein the NO bubbles can be produced in situ around
GOx-MMVs (Supporting Information Video S1). During this process,
spatiotemporally activating the NO donor, L-arginine, needs to release
NO at a sufficiently fast rate to be used as detectable ultrasound contrast
agents at the targeted area by the intrinsic conversion of GOx-MMVs
structure. The external magnetic field located around the abdomen
can passively target NOmolecules into the kidney over a therapeutically
meaningful time. When the dissolved NOmolecules in the blood vessel
were delivered into the kidney, it is helpful for alleviating the endothe-
lial dysfunction of diabetic renal disease proved by MR imaging of the
kidney, as shown in Fig. 7. Although modulation of NO production is
not yet a common therapeutic strategy, the experimental proofs have
been primarily demonstrated as potential interventions to treat the
nephropathy in diabetes in this study. Especially, based on one single in-
trinsic conversion of GOx-MMVs delivery platform activated by glucose
and magnetic field, both the direct glucose decrease and indirect NO
therapeutic effects benefit for long-lasting control of hyperglycemia
that persist beyond the period of glycemic control.
4. Conclusions

In summary, we have developed a design based on assembling
glucose oxidase and magnetic nanoparticles into a single and well-
defined polymer microvesicle unit as a smart and extreme versatile
all-in-one delivery platform to effectively lower glucose and prompt
the therapeutic effect for hyperglycemic. By fine-tuning of magnetic
field and specific enzyme reaction trigger, the glucose oxidase modified
magnetic microvesicles could be converted into in situ nitric oxide
microbubbles reservoir. The nitric oxide generation process then can
be diagnosed with real-time ultrasound imaging technique. After ultra-
sound imaging, the dissolved nitric oxide molecules can be delivered
into the targeted location to play therapeutic roles. In vivo results
show that such sequential in situ conversion is possible in db/db type
2 diabeticmice for dose regulation of hyperglycemic levels andNO ther-
apy for renal hypoxia. With this spatiotemporally control, GOx-MMVs
delivery system can potentially be used as new class of promising
attractive systems for the future noninvasive, rapid, and controlled regu-
lation of glucose hemostasis. Given the fact of complex spatiotemporal
control characteristics triggered by both external and internal triggers, fu-
ture experiments will need to optimize the accurate balance and predict-
ability of glucose levels in the blood andnitric oxide therapeutic functions.
Furthermore, bio-safety in larger amounts of animals will also be tested.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2016.03.002.
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